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A DFT study ofN-acetyl-L-leucine-N′-methylamide conformers in the gas phase and in solution was carried
out. The theoretical computational analysis revealed 43 different conformations at the B3LYP/6-31G(d) level
of theory in the gas phase. In addition, the effects of three solvents (water, acetonitrile, and chloroform) were
included in the calculations using the isodensity polarizable continuum model (IPCM) and the Poisson-
Boltzmann self-consistent reaction field (PB-SCRF) method. The stability order of the different conformers
in solution has been analyzed. The theoretical results were compared with some experimental data (X-ray,
IR, and NMR).

1. Introduction

Conformational preferences of single amino acid residues in
the context of a polypeptide sequence are of great interest1-7

because folding pathways of protein molecules must be primarily
restricted by the total conformational space determined by the
individual amino acid residues.

A fundamental question that has not been satisfactorily
answered yet is how side chains and backbones interact in
peptides. Side-chain folding is not only interesting but also
important because side-chain orientation can influence backbone
folding via side-chain/backbone interaction. In fact, the analysis
of the phenomenon of side-chain folding requires relatively long
aliphatic side chains, and there are only a handful of amino
acids that fulfill this requirement. The isomeric amino acids
leucine and isoleucine have branched and strongly hydrophobic
four-carbon side chains, with the only difference in the
branching position. Isoleucine possesses aâ-branched side chain
and leucine, aγ-branched side chain. Both residues have
powerful capacities for inducing ordered secondary structures
in a polypeptide chain. Leucine is considered to be the strongest
R-helix-forming residue.8-10 However, the analysis of the
leucine residue distribution between helical and nonhelical
regions in globular proteins also gives no real arguments to
ascribe special helix-forming properties to leucine.11 On the
other hand, isoleucine, due to its bulkiness at theâ-position,
strongly favors theâ-conformation.12-14 As both helix and
â-conformations are stabilized by hydrophobic contributions,15-18

these strongly hydrophobic residues are excellent candidates for
participation in the nucleation of these secondary structures.

Concerning isoleucine, we reported an exhaustive conforma-
tional and electronic study ofN-acetyl-L-isoleucine-N-methyl-
amide in the gas phase and in solution showing the influence
of its nonpolar side chain on the conformational preferences.19

Density functional theory (DFT) calculations predicted theγL

(C7
eq) andâL (C5) forms as the highly preferred conformations

in the gas phase. In contrast, theâL and particularly theRL forms
were significantly favored by effects of three different solvents.
The results obtained for the right-handed helix (RL) conforma-
tions of isoleucine compared with those attained previously for
glutamate,20 glutamine,21 and aspartic acid22 offered new insight
into the influence of charged and noncharged (polar or nonpolar)
side chains on the conformational preferences. Thus, it was
demonstrated that the insertion of a nonpolar side chain into a
peptide structure is conformationally relevant, producing sig-
nificant structural changes.19

In light of the above background, we here focus on the amino
acidL-leucine because this amino acid has, as well as isoleucine,
a long enough nonpolar side chain and has been recognized as
an important residue that participates in the inter- and intramo-
lecular hydrophobic interactions based on its lipophilic side
chain in polypeptides.23-26 Therefore, it is of interest to predict
by theoretical methods the structure and relative stability of
leucine and, more important, to prove that these theoretical
methods serve as a reliable tool in the modeling of biological
systems and processes.

The present paper is the first in which the full conformational
space ofN-acetyl-L-leucine-N′-methylamide (I , Figure 1) has
been calculated at the RHF/3-21G and B3LYP/6-31G(d) levels
of theory in the gas phase and also in various solvents by
applying the isodensity polarizable continuum model (IPCM)27

and the Poisson-Boltzmann self-consistent reaction field (PB-
SCRF) method.28,29 Three dielectric constants of media, i.e.,
4.90, 36.64, and 78.39 (corresponding to chloroform, acetoni-
trile, and water, respectively), have been selected. Our results
have been compared with experimental data. The electron
correlation and the solvent effects on the conformational
preferences of leucine dipeptide have been studied in detail.

2. Methods

2.1. Nomenclature and Abbreviations. For any given
peptide with two optimizable dihedral angles about the peptide
bond,φ and ψ, the laws of multidimensional conformational
analysis (MDCA)30-32 predict nine possible backbone (BB)
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conformations. These conformations are often depicted on a
Ramachandran map and labeled asRD (Rleft), εD, γD (C7

ax), δL

(â2), âL (C5), δD (R′), γL (C7
eq), εL (PPII), andRL (Rright) (Figure

2a). IUPAC-IUB33 rules recommend the use of 0° f +180°
for clockwise rotation and 0° f -180° for counterclockwise
rotation (-180° e φ e 180° and-180° e ψ e 180°).

In Leu, there are four additional dihedral angles of interest
in the side chain (SC):ø1 ø2, ø3, and ø4 (Figure 1). For SC
rotation, this implies the following range:-180° e ø1 e 180°,
-180° e ø2 e 180° , -180° e ø3 e 180°, and-180° e ø4

e 180°. Like the BB dihedrals, each SC dihedral can assume
three possible conformations, gauche+ (g+ = 60°), anti (a =
180°), and gauche- (g- = -60°), leading to 3× 3 ) 9 possible
SC conformations (Figure 2b).

2.2. Molecular Computations of Structures and Energies.
All gas-phase computations were carried out using the Gaussian
03 program package (G03).34 Each structure was initially
optimized using the ab initio35 restricted Hartree-Fock (RHF)36

method with the split valence 3-21G basis set.37-39 The RHF/
3-21G geometry optimized structural parameters were then used
as the input in a subsequent theoretical refinement step with
the inclusion of electron correlation effects at the B3LYP/6-
31G(d) level of theory to obtain more reliable geometry and
stability data. Here, B3LYP40 denotes the combination of
Becke’s three-parameter exchange functional with the Lee-
Yang-Parr (LYP)41 correlation functional and also employs the
mathematically more complete 6-31G(d) basis set. Total energies
are given in hartrees, and the relative energies are given in
kilocalories per mole (with the conversion factor 1 hartree)
627.5095 kcal‚mol-1). Additionally, each stable conformer was
subjected to frequency calculations at the B3LYP/6-31G(d) level
of theory to confirm their identities as being true minima.

2.3. Solvation Effects.The solvation effects were added using
two continuum models: (i) isodensity polarizable continuum
model (IPCM)27 and (ii) Poisson-Boltzmann self-consistent
reaction field (PB-SCRF) method.28,29

(i) Isodensity Polarizable Continuum Model (IPCM).The
effect of three different solvents (water, acetonitrile, and
chloroform) was calculated by the IPCM method implemented
in Gaussian 03. IPCM is more advanced than the polarizable
continuum model (PCM) method42 because in IPCM the cavity
of a solute is defined by the electron isodensity surface while
the PCM method defines the cavity from a set of overlapping

spherical atoms having the appropriate van der Waals radii. The
efficiency of this method has been recognized in conformational
behaviors in solution for small peptides.43 It should be empha-
sized, however, that the evaluation of the solvent effect implies
a comparison to the gas-phase results. The IPCM energies were
obtained by single-point calculations over the gas-phase opti-
mized geometries. Thus, both sets of results with and without
the solvent are required.

(ii) Poisson-Boltzmann Self-Consistent Reaction Field (PB-
SCRF).The effect of three different solvents (water, acetonitrile,
and chloroform) was calculated by the Poisson-Boltzmann self-
consistent reaction field (PB-SCRF) method incorporated in the
Jaguar 5.5 program package.44 The practical implementation of
SCRF involves the synthesis of a polarizable quantum mechan-

Figure 1. Numbering system employed for CH3CO-Leu-NHCH3 with
definition of backbone and side-chain dihedral angles.

Figure 2. (a) Topological representation of the Ramachandran
backbone potential energy surface (PES). (b) Topological representation
of the side-chain PES. In both cases, the central box denoted by a
hatched-lines area (-180° e φ or ø1 e 180° and-180° e ψ or ø2 e
180°) represents the cut suggested by the IUPAC convention. The
quadrant denoted by a gray shady area is the conventional or traditional
cut (0° e φ or ø1 e 360° and 0° e ψ or ø2 e 360°).
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ical solute and a continuum description of the solvent. First,
the gas-phase electron density for the solute is determined and
the resulting charge distribution is used to calculate atom-
centered charges via an electrostatic potential (ESP) least squares
fitting procedure. The gas-phase ESP charges are then passed
to a Poisson-Boltzmann (PB) equation solver along with the
van der Waals radii for each atom.29 The radii are used to
determine a solvent accessible surface, which defines the solute/
solvent boundary. The interior solute region is assigned a
dielectric constant of 1.00, and the exterior solvent region is
assigned a dielectric of 78.39 for bulk water. The PB solver
computes the charge distribution at the solute-solvent interface,
which is then used to compute the solute-solvent part of the
Hamiltonian. The interaction polarizes the solute and a new ESP
charge distribution is then calculated and passed to the PB
solver. The calculations are repeated until convergence is
reached. In this model, the entire solute ESP charge was placed
inside the solute cavity. Although some penetration of charges
outside the cavity is unavoidable, this approximation has been
shown to yield quite good results.29,45-48 PB-SCRF model
geometries, energies, and frequencies were obtained by full
optimization starting from the gas-phase geometry.

3. Results and Discussion

3.1. Gas Phase.The overall expression of the potential energy
hypersurface (PEHS) for compoundI is a function of eight
variables E ) E(ω0,φ,ψ,ω1,ø1,ø2,ø3,ø4). When limiting our
considerations only totrans-peptide bonds (i.e.,ω0 ≈ ω1≈
180°), the full conformational space will include six torsional
angles,φ, ψ, ø1, ø2, ø3, andø4, as defined in Figure 1. Thus, in
principle, the conformational PEHS is a function of six variables:

It should be noted that methyl rotations may be ignored due
to the fact that the-CH3 group has only one unique orientation.
In fact, only two torsional angles in the SC need to be varied,
and these are the torsional angles labeledø1 andø2 in I . Thus,
the PEHS ofI can be expressed as a function of only four
independent variables.

As three minima (g+, a, g-) are expected for each variable
according to MDCA,30-32 this would lead to the existence of
34 ) 81 conformers. These 81 conformers would be distributed
evenly, namely, nine SC conformers for each of the nine BB
structures. Using 81 MDCA-predicted geometries as input, a
total of 62 conformers were located on the PEHS (eq 2) at the
RHF/3-21G level of theory, instead of the 81 expected structures.
The results of full optimization of the title compound at the
RHF/3-21G level of theory including geometric parameters, total
energies, and relative energies are given in Table S1 of the
Supporting Information. Subsequent refinement of these stable
conformers at the B3LYP/6-31G(d) level of theory resulted in
43 structures. The SC conformers found for each BB conformer
are given in Figure 3a. The DFT results of geometry optimiza-
tions of the title compound at the B3LYP/6-31G(d) level of
theory including geometric parameters, total energies, and
relative energies are given in Table S2 of the Supporting
Information. Figure S1, also available as Supporting Information,
provides the spatial view of all optimized structures obtained
at B3LYP/6-31G(d) level of theory.

DFT calculations predict theγL (ag+) conformation as the
global minimum. This BB conformation is folded (C7

eq form),

and the side chain is partially folded. Considering an energy
window of 2 kcal‚mol-1, there are fiveγL forms (ag+, g-a, aa,
g-g+, andag-) and oneâL conformation (g-a). In other words,
DFT calculations predict theγL (C7

eq) andâL (C5) forms as the
highly preferred conformations for the BB of compoundI in
the gas phase, showing a preference for theγL conformations.
Table 1 shows the calculated relative populations in the gas
phase for all BB types of compoundI . Under thermodynamic
equilibrium in the gas phase, the most populated BB conformer
falls within theγL region (89.84%), whereas theâL region has
a relative population of 8.23%. Also, it should be noted that
although extended (aa), partially folded (ag+, ag-, and g-a)
and folded (g-g+) SC conformations were found for this energy
gap of 2 kcal‚mol-1, there is a conformational preference for
the (ag+) and (g-a) SC orientations. Table 2 provides the
calculated relative populations in gas phase for all SC types of
compoundI . The relative populations calculated for (ag+) and
(g-a) SC orientations are 48.75% and 33.38%, respectively.

Examination of the relative energy differences obtained for
the conformations of Leu allows a comparison between theoreti-
cal calculations reported here and previously reported experi-
mental data obtained from X-ray49-53 studies. It is interesting
to note that our theoretical calculations are in good agreement
with the experimental data, fundamentally in relation to the SC
orientation of the global minimum (ag+) and the second local
minimum (g-a).

In most single amino acid systems using the diamide
approximation, not all nine legitimate conformers will appear
as energy minima on the Ramachandran PES.54-56 Most often
the RL andεL conformations are annihilated. Nevertheless, for
Ile,19 Glu,20 and Thr,57 RL andεL conformations were reported
as energy minima on the Ramachandran PES at DFT level of
theory. On the other hand, for Gln,21 Tyr,58 and Trp59 the RL

form appears as an energy minimum, butεL conformation was
annihilated. Particularly noteworthy is the fact that, until now,
Ile was the only reported nonpolar amino acid that contains
stable conformers at all nine BB conformations using B3LYP/
6-31G(d) calculations. Leu is the isomeric amino acid of Ile,
having the only structural difference in the position of the SC
branching. However, our results show that, for Leu,εL

conformation is not an energy minimum on the Ramachandran
PES whereas B3LYP/6-31G(d) calculations predict the existence
of one conformerRL (ag-) that possesses 6.98 kcal‚mol-1 above
the global minimum.

Considering an energy window of 5 kcal‚mol-1, there are 27
different conformations for Leu as well as for Ile, indicating a
considerable conformational flexibility in both blocked single
residues. Therefore, we might conclude that Ile and Leu show
a similar conformational behavior, at least in the gas phase.
However, solvent effect should be considered to reflect more
reliable conformational preferences. Moreover, the geometry
relaxation induced by the solvent on the solute molecules cannot
often be neglected. Thus, in the next section we performed an
energetic and conformational analysis taking into account the
solvent effect in order to obtain more precise information about
the conformational preferences adopted by compoundI .

3.2. Solution.Theoretical studies on the effect of the solvent
on the properties and behavior of molecules are at present
performed according to a large variety of methods which can,
however, refer to two basically different strategies: supermol-
ecule and continuum approaches. The supermolecule approach
includes explicit water molecules surrounding the solute. It
provides information about the structure of the solvation layer,
but a large number of water molecules is needed in order to

E ) E(φ,ψ,ø1,ø2,ø3,ø4) (1)

E ) E(φ,ψ,ø1,ø2) (2)

10684 J. Phys. Chem. A, Vol. 111, No. 42, 2007 Masman et al.



obtain a system more stable than the normal form since long-
range interactions are neglected. Continuum models do not
provide such information, but they include long-range interac-
tions, which are important in the stabilization of the solute.
Among the several approaches proposed to describe the solvent
effect at the ab initio level, continuum models are quite popular
due to their flexibility and efficiency.60-63 In such models the
solute molecule, possibly supplemented by some solvent

molecules belonging to the first solvation shell, is placed in a
cavity surrounded by a polarizable continuum, whose reaction
field modifies the energy and the properties of the solute. In
the most advanced ab initio models27,42,64-68 the cavities are of
molecular shape, and the reaction field is described in terms of
apparent polarization charges or reaction field factors included
in the solute Hamiltonian, so it is possible to perform iterative
procedures leading to self-consistency between the solute wave

Figure 3. Schematic representation of the minima on the PEHS of four independent variablesE ) E(φ,ψ,ø1,ø2) for CH3CO-Leu-NHCH3. The
global minimum is denoted by a bold symbol, and the energy gap above the global minimum is in relationship with the highest of the block. In this
representation the traditional cut (0° e φ e 360° and 0° e ψ e 360°) is used. (a) Minima obtained at B3LYP/6-31G(d) level of theory in vacuo.
(b) Minima obtained at PB-SCRF/B3LYP/6-31G(d) level of theory in water (ε ) 78.39).

TABLE 1: Relative Population (%) a in the Gas Phase and in Solution for Backbone (BB) Types of CH3CO-Leu-NHCH3,
Computed at B3LYP/6-31G(d), IPCM/B3LYP/6-31G(d), and PB-SCRF/B3LYP/6-31G(d) Levels of Theory

IPCM/B3LYP/6-31G(d) PB-SCRF/B3LYP/6-31G(d)

BB types
B3LYP/6-31G(d)

gas phase
chloroform
(ε ) 4.90)

acetonitrile
(ε ) 36.64)

water
(ε ) 78.39)

chloroform
(ε ) 4.90)

acetonitrile
(ε ) 36.64)

water
(ε ) 78.39) experimental

RD 6.58× 10-4 0.04 0.28 0.31 0.01 0.05 0.14 0.93
εD 9.94× 10-7 9.77× 10-6 1.27× 10-5 1.14× 10-5 2.06× 10-6 2.00× 10-5 4.92× 10-5 0.23
γD 1.50 33.17 56.34 63.06 1.96 1.60 1.28 0.16
δD 7.77× 10-6 2.22× 10-4 1.03× 10-3 1.11× 10-3 4.50× 10-5 1.98× 10-4 3.77× 10-4 0.38
âL 8.23 6.40 22.88 18.77 38.73 43.94 47.94 8.53
δL 0.43 6.01 11.24 11.40 3.96 15.88 20.08 2.50
γL 89.84 54.37 9.24 6.44 55.33 36.57 29.60 9.55
RL 2.46× 10-4 6.06× 10-3 1.31× 10-2 1.24× 10-2 4.70× 10-3 0.06 0.05 52.75

εL 0.00 0.00 0.00 0.00 0.00 1.90 0.91 24.96

a Populations are calculated from electronic energies (Ei) values of gas-phase, IPCM, and PB-SCRF calculations, i.e., e-(Ei/RT)/e-(Emin/RT), wherei
corresponds to theith conformer. Populations of conformers with the BB in the same catchment region are summed.
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function and the solvent polarization. Moreover, the geometry
relaxation induced by the solvent on the solute molecules cannot
often be neglected; thus, an efficient solvation model must
provide energy gradients and allow geometry optimizations in
solution. In other words, it is desirable that both direct (i.e.,
polarization) and indirect (i.e., relaxation) solvent effects be
treated with the same accuracy. Therefore, in the present
analysis, besides the IPCM model27 we also adopt the Poisson-
Boltzmann self-consistent reaction field (PB-SCRF) methodol-
ogy28,29 in order to obtain relaxed geometries of leucine in
solution. The entire behavior of Leu in solution is not expected
to be explained by such a reduced treatment. Our aim in this
study is less ambitious: we wish to obtain a reasonable
indication of the direction and magnitude of changes in the

conformational preferences of the isolated molecule when it
enters different solutions, and from this point of view, the
inclusion of three solvents in the computations with different
dielectric constants should be particularly significant.

When the solvent effect was applied with the IPCM method,
the relative energies of stable conformers for Leu in solution
were significantly different from those in the gas phase (Table
3 and Figure 4). TheγD, âL, and δL conformations were
stabilized in solution irrespective of the solvent type. Thus, the
most notable change observed corresponds to theγD (ag+) form.
This conformation possesses 2.24 kcal‚mol-1 above the global
minimum in vacuo, but it becomes the global minimum in
solution for the three solvents used. Table 1 reports the
calculated relative populations in solution using the IPCM

TABLE 2: Relative Population (%) a in the Gas Phase and in Solution for Side-Chain (SC) Types of CH3CO-Leu-NHCH3,
Computed at B3LYP/6-31G(d), IPCM/B3LYP/6-31G(d), and PB-SCRF/B3LYP/6-31G(d) Levels of Theory

IPCM/B3LYP/6-31G(d) PB-SCRF/B3LYP/6-31G(d)

SC types
B3LYP/6-31G(d)

gas phase
chloroform
(ε ) 4.90)

acetonitrile
(ε ) 36.64)

water
(ε ) 78.39)

chloroform
(ε ) 4.90)

acetonitrile
(ε ) 36.64)

water
(ε ) 78.39)

g+, g+ 1.04 0.80 0.32 0.25 3.61 4.63 3.47
g+, a 0.57 0.84 0.20 0.14 1.15 1.17 0.90
g+, g- 0.03 6.45× 10-3 5.53× 10-4 3.66× 10-4 0.07 0.09 0.07
a, g+ 48.75 54.35 81.20 83.10 39.79 33.48 34.16
a, a 9.14 3.09 0.70 0.53 4.44 4.30 3.95
a, g- 3.00 2.32 0.40 0.29 0.75 0.44 0.58
g-, g+ 3.17 2.66 1.63 1.42 3.21 4.90 4.06
g-, a 33.38 34.39 14.79 13.60 46.25 50.47 51.95
g-, g- 0.92 1.53 0.76 0.67 0.72 0.53 0.86

a Populations are calculated from electronic energies (Ei) values of gas-phase, IPCM, and PB-SCRF calculations, i.e., e-(Ei/RT)/e-(Emin/RT), wherei
corresponds to theith conformer. Populations of conformers with the SC in the same catchment region are summed.

TABLE 3: Relative Energiesa for the Conformations of CH3CO-Leu-NHCH3 with ∆Erel e 5.00 kcal‚mol-1 b

B3LYP/6-31G(d) IPCM/B3LYP/6-31G(d) PB-SCRF/B3LYP/6-31G(d)

gas phase chloroform (ε ) 4.90) acetonitrile (ε ) 36.64) water (ε ) 78.39) chloroform (ε ) 4.90) acetonitrile (ε ) 36.64) water (ε ) 78.39)

conf ∆Erel conf ∆Erel conf ∆Erel conf ∆Erel conf ∆Erel conf ∆Erel conf ∆Erel

γL (a, g+) 0.00 γD (a, g+) 0.00 γD (a, g+) 0.00 γD (a, g+) 0.00 γL (a, g+) 0.00 âL (g-, a) 0.00 âL (g-, a) 0.00
γL (g-, a) 0.33 γL (g-, a) 0.15 âL (a, g+) 0.53 âL (a, g+) 0.71 âL (g-, a) 0.15 γL (a, g+) 0.13 âL (a, g+) 0.08
γL (a, a) 0.95 γL (a, g+) 0.23 δL (g-, a) 1.00 δL (g-, a) 1.05 γL (g-, a) 0.25 âL (a, g+) 0.29 δL (g-, a) 0.19
âL (g-, a) 1.18 δL (g-, a) 1.06 γL (g-, a) 1.51 γL (g-, a) 1.78 âL (a, g+) 0.66 δL (g-, a) 0.33 γL (a, g+) 0.30
γL (g-, g+) 1.58 âL (g-, a) 1.15 γL (a, g+) 1.59 γL (a, g+) 1.88 γL (a, a) 1.21 γL (g-, a) 0.34 γL (g-, a) 0.39
γL (a, g-) 1.70 γL (a, a) 1.45 δL (g- g+) 2.12 δL (g-, g+) 2.25 âL (g+, g+) 1.24 âL (g+, g+) 1.02 âL (g+, g+) 1.26
âL (a, g+) 2.23 γL (a, g-) 1.51 âL (g-, a) 2.44 âL (g-, a) 2.70 δL (g-, a) 1.28 γL (a, a) 1.20 γL (a, a) 1.31
γD (a, g+) 2.24 âL (a, g+) 1.72 γL (a, a) 2.85 γL (a, a) 3.10 γL (g-, g+) 1.57 εL (g-, g+) 1.47 δL (g-, g+) 1.37
γL (g-, g-) 2.36 γL (g-, g+) 1.78 γL (a, g-) 2.85 γL (a, g-) 3.13 âL (g+, a) 1.88 δL (g-, g+) 1.55 âL (a, a) 1.56
âL (g+, g+) 2.39 γL (g-, g-) 1.87 γL (g-, g-) 2.92 γL (g-, g-) 3.16 γD (g-, a) 1.96 γL (g-, g+) 1.62 γL (g-, g+) 1.72
γD (g-, a) 2.65 δL (g-, g+) 2.04 γL (g+, g+) 2.98 γL (g+, g+) 3.18 γD (a, g+) 2.07 âL (a, a) 1.67 δL (g+, g+) 1.88
δL (g-, a) 2.81 γD (g-, a) 2.13 γD (a, a) 3.04 γD (a, a) 3.21 âL (a, a) 2.09 âL (g+, a) 1.79 âL (g+, a) 1.99
γL (g+, a) 2.85 γL (g+, g+) 2.17 γD (g-, a) 3.40 RD (g-, g-) 3.53 γL (a, g-) 2.13 γD (g-, a) 1.97 εL (g-, g+) 2.00
γL (g+, g+) 2.93 γL (g+, a) 2.22 γL (g+, a) 3.44 γD (g-, a) 3.66 âL (g-, g+) 2.18 δL (g+, g+) 2.06 γD (g-, a) 2.01
âL (g+, a) 3.07 γD (a, a) 2.49 γL (g-, g+) 3.44 γD (g-, g-) 3.68 δL (g-, g+) 2.29 γD (a, g+) 2.08 γL (a, g-) 2.18
âL (g-, g+) 3.39 γD (g-, g+) 2.94 γD (g-, g-) 3.49 γL (g+, a) 3.70 âL (g-, g-) 2.59 γL (a, g-) 2.42 γD (a, g+) 2.24
âL (g-, g-) 3.39 γD (g-, g-) 3.00 RD (g-, g-) 3.52 γL (g-, g+) 3.75 γL (g-, g-) 2.59 δL (g-, g-) 2.64 δL (g-, g-) 2.24
âL (a, a) 3.73 âL (a, a) 3.08 γD (g-, g+) 3.76 γD (g-, g+) 3.97 δL (g+, g+) 3.01 γL (g-, g-) 2.75 εL (g-, g-) 2.72
γD (a, a) 3.79 âL (g-, g+) 3.12 δL (g+, a) 3.99 δL (g+, a) 4.19 γD (a, a) 3.45 δL (g+, a) 3.03 γL (g-, g-) 2.78
γD (g-, g+) 4.01 δL (g+, a) 3.29 âL (a, a) 4.38 âL (a, a) 4.65 γD (g-, g+) 3.46 γD (a, a) 3.18 δL (g+, a) 2.81
γD (a, g-) 4.23 âL (g-, g-) 3.31 âL (g-, g-) 4.66 RD (a, g+) 4.88 δL (g-, g- 3.56 εL (g-, g-) 3.29 γD (a, a) 3.41
δL (g+, g+) 4.25 âL (g+, a) 3.50 âL (g-, g+) 4.68 RL (a, g-) 4.90 âL (g+, g-) 3.85 γD (g-, g+) 3.30 RD (a, g+) 3.44
δL (g-, g+) 4.28 âL (g+, g+) 3.69 RD (a, g+) 4.79 âL (g-, g-) 4.92 γL (g+, g+) 3.99 RL (a, g-) 3.42 RL (a, g-) 3.50
δL (g+, a) 4.69 γD (a, g-) 4.19 RL (a, g-) 4.80 âL (g-, g+) 4.98 δL (g+, a) 4.02 âL (g+, g-) 3.53 γD (g-, g+) 3.56
âL (g+, g-) 4.75 δL (g+, g+) 4.24 γD (a, g-) 4.13 γD (a, g-) 3.76 RD (a, g+)2 3.67
γD (g-, g-) 4.78 δL (g-, g-) 4.30 γD (g-, g-) 4.35 RD (g-, g+) 3.97 γL (g+, g+) 3.76
δL (g- g-) 4.94 RD (g-, g-) 4.45 γL (g+, a) 4.60 RD (a, g+) 4.12 âL (g+, g-) 3.83

RL (a, g-) 4.92 γD (g-, g-) 4.18 RD (g-, g+) 3.84
RD (a, g+) 4.94 γL (g+, g+) 4.45 γD (g-, g-) 4.41

RD (a, a) 4.59
γD (a, g-) 4.72
δL (g+, g-) 4.89
RD (g-, g-) 4.96

a Relative energies in kcal‚mol-1; total energy values are available as Supporting Information (Tables S1-S6). b Obtained at B3LYP/6-31G(d),
IPCM/B3LYP/6-31G(d), and PB-SCRF/B3LYP/6-31G(d) levels of theory. Three different solvents are simulated.
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method for all BB types of compoundI . The relative populations
calculated forγD, âL, andδL BB conformations are 63.06%,
18.77%, and 11.40% in water, respectively. A similar tendency
was observed when the environment was changed to acetonitrile
(γD ) 56.34%,âL ) 22.88%, andδL ) 11.24%). Nevertheless,
the effects of solvent polarity are rather small by changing the
medium from vacuum (ε ) 1.0) to chloroform (ε ) 4.90). The
C7 (γ) BB conformations were the most populated ones in
chloroform, as well as in vacuo. The relative populations
calculated forγL and γD BB conformations are 54.37% and
33.17% in chloroform, respectively. It is interesting to note that
the γL (ag+) andγL (g-a) conformations which are the global
minimum and the second local minimum in vacuo possess 0.15
and 0.23 kcal‚mol-1, respectively, above the global minimum
in chloroform, being the second and third local minima in this
solvent. In contrast, theâL (ag+) form shifts from the seventh
local minimum in gas phase to the second local minimum
for acetonitrile (ε ) 36.64) and water (ε ) 78.39). On the
other hand, theδL (g-a) form was stabilized in solution. This
conformation is the 12th local minimum with 2.81 kcal‚mol-1

above the global minimum in vacuo, displaying an energy
gap of only 1.06 kcal‚mol-1 (fourth minimum) in chloro-
form, 1.00 kcal‚mol-1 (third minimum) in acetonitrile, and
1.05 kcal‚mol-1 (third minimum) in water. Besides, theRL (ag-)
conformation was moderately stabilized for the three different
solvents. These results are in agreement with those previously
reported for Ile,19 Gly,43 and Ala43 on the IPCM potentials. For
these amino acids the stable conformers were located mainly
in C5 (âL) and C7 (γ) regions in vacuo. Instead, stable energy
minima appeared in theR andâ2 (δL) regions when the solvent
effect was taken into account. This behavior might be attributed
to the fact that the intramolecular hydrogen bonds present in
the C5 (âL) and C7 (γ) forms are strong in vacuo but they are
weak in polar environments. A high conformational flexibility
was observed for Leu in solution, as well as in vacuo. Thus,
considering an energy window of 5 kcal‚mol-1, 27 conforma-
tions in vacuo, 29 conformations in chloroform, and 24 forms
in water and acetonitrile were obtained (Table 3). This result is

in complete agreement with that obtained for Ile.19 Table S3,
which is available as Supporting Information, summarizes total
energies and relative energies of all the conformations found
for the title compound at IPCM/B3LYP/6-31G(d) level of theory
in chloroform (ε ) 4.90), acetonitrile (ε ) 36.64), and water (ε
) 78.39).

According to the results of PB-SCRF calculations summarized
in Table 3, Figure 3b, and Figure 4, it is clear that the
conformational preferences for compoundI are different from
those obtained in vacuo, as well as for those obtained using the
IPCM method. Although theγL (ag+) conformation is the global
minimum in chloroform, as well as in vacuo, an increment in
the conformational preference ofâL BB forms in chloroform
was observed. Table 1 shows that the calculated relative
populations forγL andâL BB conformations in chloroform are
55.33% and 38.73%, respectively, whereas in the gas phase they
are 89.84% and 8.23%, respectively. On the other hand, the
most remarkable result is the fact thatâL BB forms are highly
favored in acetonitrile and water. Thus,âL (g-a) is the global
minimum in both solvents. The relative populations calculated
for âL BB conformation are 43.94% and 47.94% in acetonitrile
and water, respectively. From the results summarized in Table
1, it is noteworthy to compare PB-SCRF with IPCM results in
actonitrile and water. Both methods favor C7 BB conformations;
thus, theγD (C7

ax) is the most populated BB form for IPCM,
whereas theγL (C7

eq) is the second more populated BB form
using the PB-SCRF method. Moreover, theδL (â2) BB form is
also stabilized by the PB-SCRF method showing a higher
relative population in acetonitrile and water. Also, this type of
calculations moderately stabilized theRL (ag-) conformation,
mainly in acetonitrile and water environments. This form
possesses an energy gap of 3.42 and 3.50 kcal‚mol-1 in
acetonitrile and water, respectively. This result does not
completely agree with the well-known property of leucine
residue of being the strongestR-helix-forming amino acid
residue.8-10 This conformational discrepancy could be attributed
to the limitations of the dipeptide approximation to describe

Figure 4. Energy window of 2 kcal‚mol-1 showing the relative energies of CH3CO-Leu-NHCH3 conformations obtained at B3LYP/6-31G(d)
(denoted by “G”), IPCM/B3LYP/6-31G(d) (denoted by “IPCM”), and PB-SCRF/B3LYP/6-31G(d) (denoted by “PB-SCRF”) levels of theory. Three
different solvents were simulated: C, chloroform (ε ) 4.90); A, acetonitrile (ε ) 36.64); and W, water (ε ) 78.39).
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the intrinsic interactions ofR-helix structure which play a crucial
role in its stabilization.

Tables S4-S6, which are available as Supporting Information,
provide geometric parameters, total energies, and relative
energies calculated for the title compound at PB-SCRF/B3LYP/
6-31G(d) level of theory in chloroform (ε ) 4.90), acetonitrile
(ε ) 36.64), and water (ε ) 78.39), respectively. Taking into
account that the PB-SCRF method includes geometric relaxation,
a few conformational changes were found when the solvent
effect was taken into account for any of the solvents here used.
Thus, εD (ag+) and εD (aa) forms seem to be unstable in
chloroform and water solution since their BB conformations
turn to theRD form keeping the same side-chain orientation
(Figure 5a,c, points labeled 1 and 2). Moreover,âL (g-g+) and
âL (g-g-) conformers experience a slight change in the value
of φ torsional angle, sufficient to shift toεL (g-g+) and εL

(g-g-), respectively (Figure 5b,c, points labeled 3 and 4). The
former behavior was observed only in acetonitrile and water
environments. The full correlation of the torsional angles (in
the present case,φ, ψ, ø1, ø2, ω0, andω1) computed in solution
using the three different solvents for the title compound is shown
in Figure 5. The least-squares fit was of they ) mx + b type.
Neither m is unity nor b is zero for any of the solvents here
selected. Thus, the fitted lines show a good correlation sug-
gesting that some geometric changes were observed when the
PB-SCRF method was applied. It is also notable that the
geometric changes are only slightly in the solvents (ε ) 4.90-
78.39) but are rather different from those in vacuo. It is prudent,
at this time, to make a comparison of the relative energies
obtained in solution and the gas phase. The relative energies
(∆Erel) of the title compound, computed in three different
solvents, are compared in Figure 6. Since the global minimum,
on the relative energy scale, is always zero by definition, ay )
mxequation was fitted to the data points so that the fitted line
passes over the origin. Although the slopes of the fitted lines
are never unity, it is clear that the PB-SCRF/B3LYP/6-31G(d)
results in chloroform reproduce the trend quite well. However,

Figure 5. Correlation of torsional angles computed at B3LYP/6-
31G(d) and PB-SCRF/B3LYP/6-31G(d) levels of theory for CH3CO-
Leu-NHCH3. Three different solvents were simulated: (a) chloroform
(ε ) 4.90), (b) acetonitrile (ε ) 36.64), and (c) water (ε ) 78.39).
Those points labeled 1-4 were omitted from the least-squares fit.

Figure 6. Correlation of relative energies computed at B3LYP/6-
31G(d) and PB-SCRF/B3LYP/6-31G(d) levels of theory for CH3CO-
Leu-NHCH3. Three different solvents were simulated: chloroform (ε

) 4.90), acetonitrile (ε ) 36.64), and water (ε ) 78.39).
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the tendency of the relative energies exhibited in acetonitrile
and water suggest a fairly different conformational preference
from that observed in the gas phase. Figure S2, which is
available as Supporting Information, provides the spatial view
of optimized structures obtained at PB-SCRF/B3LYP/6-31G-
(d) level of theory in water.

The validity of PB-SCRF calculations might be assessed by
comparing the predicted structures with those derived experi-
mentally, by either X-ray crystallographic69 or IR70 studies. It
is interesting to mention that our theoretical calculations are in
agreement with these experimental data. Particularly, it is
worthwhile to compare the preferred conformations obtained
at PB-SCRF/B3LYP/6-31G(d) level of theory in water with
those previously reported from X-ray studies.69 Mitra et al.
reported the crystal structure of a dipeptideL-leucyl-L-leucine
which adopts an extended (âL) backbone conformation, whereas,
for the first leucyl residue, the side-chain orientation corresponds
to an (ag+) form and the second leucyl residue adopts a sterically
unfavorable (g+g+) conformation. These results are closely
related to those reported here as the predominant aqueous
conformations. Thus,âL (ag+) form is our second local
minimum (∆E ) 0.08 kcal‚mol-1) andâL (g+g+) conformation

displays an energy gap of 1.26 kcal‚mol-1 (sixth minimum)
above the global minimum in water. In Figure 7 we overlapped
the structure reported by Mitra et al. (in white) with two
conformations obtained for Leu at PB-SCRF/B3LYP/6-31G(d)
level of theory in water. In this figure it can be appreciated that
the first leucyl residue (Figure 7a) shows a complete overlap,
not only with the backbone but also with the side chain. Also,
for the second leucyl residue (Figure 7b), although there is not
a complete fit, the resemblance is still apparent.

3.3. Correlation between Experimental Data and Com-
puted Stability. Although the results reported here using diverse
approaches are comparable, they displayed some differences,
in particular with respect to the preferred conformations
suggested by the different methods. At this stage of our work
we consider it a reasonable step to take a look for an arbitrage
by experimental results. Thus, to better understand the above
theoretical results, we performed a comparison of structural
parameters (torsional angles) from experimental databases (X-
ray and NMR) with our DFT results. To keep the modeling as
simple as possible, it will be assumed that the probability of
each conformer in proteins depends only on its relative energy.
Obviously, in this model several well-known phenomena are
neglected, such as inter-residue interactions and long-range
effects. However, we believe that it is possible to correlate, in
a simple way, the relative energies and the relative probabilities
in an ensemble of proteins. Thus the former correlation by using
a nonhomologous database is a potential technique for the cross-
validation of the two approaches.

Using a recent (November 2006) X-ray and NMR determined
protein data set of nonhomologous proteins,71 a population
distribution map was generated. The backbone conformers of
all 39 494 Leu residues, found in a total of 1395 nonhomologous
proteins (99.29% trans and 0.71% cis conformers), were plotted
showingφ againstψ values (Figure 8). To perform a comparison
between calculated and observed backbone conformers, an
additional plot was made with the SCRF/B3LYP/6-31G(d)

Figure 7. Overlapped stereoviews of the structure reported in ref 69
in white and two conformations obtained for CH3CO-Leu-NHCH3 at
PB-SCRF/B3LYP/6-31G(d) level of theory in water. (a)âL (ag+) in
red; (b)âL (g+g+) in green. All hydrogens are omitted for clarity.

Figure 8. Backbone conformers of all 39 494 Leu residues taken from
1395 nonhomologous proteins. Using their backbone dihedral param-
eters, all of the above Leu residues were plotted on a [φ, ψ] map (in
light blue). Locations of Leu backbone conformers obtained at PB-
SCRF/B3LYP/6-31G(d) level of theory in water (ε ) 78.39) in an
energy window of 5 kcal‚mol-1 are also shown (in dark blue).
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results obtained in water (ε ) 78.39). Comparison of these data
sets shows an overall emerging promising similarity. The
experimental (X-ray and NMR) data indicate highly populated
zones: the first one corresponds to theRL (right-handedR-helix)
with 52.75% of the total population and the second one
corresponds to theεL region with 24.96% of the total population.
As can be seen in Table 1, neitherRL nor εL BB forms exhibit
high calculated populations. As previously stated, this confor-
mational discrepancy could be attributed to the limitations of
the dipeptide approximation to describe the intrinsic interactions
which play a crucial role in the stabilization of these BB types.
The following most populated regions correspond to theγL

(inverseγ-turn), âL (extendedâ-strand), andδL BB conforma-
tions with 9.55%, 8.53%, and 2.50%, respectively. It is
interesting to note that SCRF/B3LYP/6-31G(d) calculations
obtained in water (ε ) 78.39) predict theâL (47.94%), γL

(29.60%), andδL (20.08%) BB conformations as the energeti-
cally preferred conformers (Table 1). From the results shown
in Figure 8 it is clear that theoretical calculations are in complete
agreement with experimental data. Such a correlation permits
us to assume that although the diamide model does not
reproduce some BB conformations with high accuracy, it is a
good approximation to describe and predict, at least in part,
the main protein chain folding.

4. Conclusions

We investigated the conformational preference ofN-acetyl-
L-leucine-N′-methylamide (I ) using the ab initio and DFT
methods and the advanced solute-treatment IPCM and PB-SCRF
models. The relatively stable conformers of compoundI were
examined in gas and solution phases, and the relative energies
of stable conformers depended significantly on solvation
methods as well as medium phase.

The exploration of the full conformational space of compound
I , considering nine backbone (alongφ and ψ) and nine side-
chain (alongø1 and ø2) geometries leading to 9× 9 ) 81
conformations, has been investigated. Geometry optimizations
initially carried out at the RHF/3-21G level of theory were
subsequently refined at the B3LYP/6-31G(d) level of theory,
resulting in 43 stable conformers in the gas phase. DFT
calculations predict theγL (C7

eq) andâL (C5) forms as the highly
preferred conformations for the backbone of compoundI ,
showing a preference for theγL conformations. Also, there is a
conformational preference for the (ag+) and (g-a) side-chain
orientations. All these theoretical results are in good agreement
with the experimental X-ray data.

Comparing the results obtained for compoundI with Ile, a
nonpolar amino acid previously reported, a similar conforma-
tional flexibility was found in both blocked single residues.
However, for Ile all nine backbone conformations exhibited
energy minimum forms whereas only eight backbone conform-
ers were obtained for Leu as theεL backbone conformation was
annihilated at all side-chain orientations in the gas phase.

The solvent effects observed in the IPCM results of compound
I suggest the following: (1) that the conformational preferences
change only slightly in acetonitrile (ε ) 36.64) and water (ε )
78.39) but are significantly different from those in vacuo and
chloroform (ε ) 4.90); (2) that theγD, âL, andδL conformations
are stabilized in solution irrespective of the solvent type; (3)
that theγD (ag+) form is the global minimum for the three
solvents used; (4) that a high conformational flexibility was
observed for Leu in solution, as well as in vacuo. The former
result is in agreement with that previously reported for Ile.

The PB-SCRF results show that solvation plays an important
role in the stability ofâL backbone forms in the three solvents

here used. Thus,âL (g-a) form is the global minimum in
acetonitrile and water. However, the effects of solvent polarity
are rather small in chloroform (ε ) 4.90) sinceγL (ag+)
conformation is the global minimum in this solvent, as well as
in vacuo. Moreover,γL (C7

eq) andδL (â2) backbone forms are
also favored. In a very good agreement with the experimental
results reported by Mitra et al., the PB-SCRF model predicts
an extended backbone conformation with (ag+) side-chain
orientation in aqueous solution. On the other hand, theRL and
εL backbone forms are only moderately stabilized in solution
for the PB-SCRF method. Some plausible explanation could
be the lack of ability of the dipeptide approximation to describe
the intrinsic interactions of these backbone motifs. However,
the correlation by using a nonhomologous protein database and
the results obtained using the PB-SCRF method are in good
agreement in spite of the limitations of the above-mentioned
approximation.

It is interesting to note that although there were no substantial
conformational changes, remarkably different conformational
preferences were exhibited using the PB-SCRF method. It is
also notable that the geometric changes are only slight in the
solvents (ε ) 4.90-78.39) but are rather different from those
in vacuo. Thus, this peptide model study shows that the inclusion
of the geometric relaxation seems to be essential to carry out
an extensive study of the solvent effects. Therefore, the
possibility to reoptimize the molecular geometry of Leu taking
the solvent effect into account sensibly improves the quality of
the energy description and electronic properties of this system
in solution.
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