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Abstract

Quantum mechanical calculations have been used to investigate how the incorporation of an amino
group to the CP- or CY-positions of the pyrrolidine ring affects the intrinsic conformational properties
of the proline. Specifically, a conformational study of the N-acetyl-N'-methylamide derivatives of
four isomers of aminoproline, which differ not only in the - or y-position of the substituent but also
in its cis or trans relative disposition, has been performed. In order to further understand the role of
the intramolecular hydrogen bonds between the backbone carbonyl groups and the amino side group,
a conformational study was also performed on the corresponding four analogues of
dimethylaminoproline. In addition, the effects of solvation on aminoproline and
dimethylaminoproline dipeptides have been evaluated using a Self Consistent Reaction Field model,
and considering four different solvents (carbon tetrachloride, chloroform, methanol and water).
Results indicate that the incorporation of the amino substituent into the pyrrolidine ring affects the
conformational properties, with backbone---side chain intramolecular hydrogen bonds detected when
it is incorporated in a cis relative disposition. In general, the incorporation of the amino side group
tends to stabilize those structures where the peptide bond involving the pyrrolidine nitrogen is
arranged in cis. The aminoproline isomer with the substituent attached to the C¥-position with a cis
relative disposition is the most stable in the gas-phase and in chloroform, methanol and water
solutions. Replacement of the amino side group by the dimethylamino substituent produces
significant changes in the potential energy surfaces of the four investigated dimethylaminoproline-
containing dipeptides. Thus, these changes affect not only the number of minima, which increases
considerably, but also the backbone and pseudorotational preferences. In spite of these effects,
comparison of the conformational preferences, i.e. the more favored conformers, calculated for
different isomers of aminoproline and dimethylaminoproline dipeptides showed a high degree of
consistency for the two families of compounds.

* Correspondence to: carlos.aleman@upc.edu and jcasanovas@quimica.udl.cat.

Supporting Information: Structural and energy parameters obtained for the Pro-containing dipeptide at the B3LYP/6-31+G(d,p) level.
Coordinates and energy of the minimum energy conformations characterized for all the Amp- and Dmp-containing dipeptides studied in
this work. This material is available free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Flores-Ortega et al.

Page 2

Introduction

Proline (Pro) is unique among naturally occurring amino acids in that its side chain is bonded
to both the a-carbon and its preceding amide nitrogen. As a consequence, rotation about the N
—C%bond is prohibited and the ¢ torsion angle is confined to values around —60°. Accordingly,
Pro is overwhelmingly found in the a-helical (¢,~—60°,—30°) and semi-extended (¢,y~—60°,
140°) regions of the conformational map.! In addition, Pro shows a higher propensity to
promote y-turn conformations (¢~ —70°,60°) than other proteogenic amino acids.1d:2
Another effect derived from its cyclic structure is that the peptide bond preceding Pro (that
involving the pyrrolidine nitrogen) has a relatively high probability of accommodating a cis
arrangement3 as compared to other peptide bonds, for which the cis form is almost inexistent.
Recent studies in Pro dipeptides observed that the cis/trans isomerization is an enthalpy driven
process that depends on the polarity of the environment.? Thus, although the electronic effects
that stabilize the cis form are enhanced in polar environments, the cis/trans rotational barriers
increase with the polarity of the environment. These structural features play a fundamental role
in directing the secondary structure of proteins,® inducing special motifs like reverse turns and
bends.® Furthermore, the cis-trans isomerization of Pro has been speculated to play a role not
only in important biological processes’ but also in the rate determining steps for folding and
refolding of some proteins.8

4R-Hydroxyproline (Hyp) is a hydroxylated derivative of Pro that shares the same features as
its parent amino acid. It is formed by a post-translational modification where a Pro residue is
converted to Hyp by an enzyme with a ferrous ion at its active site, called prolyl hydroxylase.
Both Hyp and Pro, along with glycine, are found in collagen, the most abundant protein in
vertebrates. As a consequence of their importance, the intrinsic conformational preferences of
Pro39-12 and Hyp?3 have been examined in detail on the corresponding dipeptide analogues
using advanced theoretical methods. Interestingly, in spite of the capabilities of the hydroxyl
side group to form intramolecular hydrogen bonds able to induce significant structural
distortions, the minimum energy conformations found for the N-acetyl-N"-methylamide
derivatives of Pro and Hyp (Ac-Pro-NHMe and Ac-Hyp-NHMe dipeptides, respectively) were
very similar. Specifically, a strong correlation was observed between the optimized dihedral
angles of these dipeptides. Indeed, the largest effect produced by hydroxylation of Pro was
detected in the puckering of the pyrrolidine ring. Thus, the down puckering is preferred for
Ac-Pro-NHMe, while the up puckering with the hydroxyl group occupying an equatorial
position is the most stable for Ac-Hyp-NHMe.

In recent years we have been involved in a broad project devoted to the design and application
of synthetic amino acids with restricted conformational mobility in different fields of
nanobiology. Non-proteogenic amino acids have been found to be very useful for the re-
engineering of physical protein modules and the generation of nanodevices.4 More
specifically, we observed that insertion of chemically constrained residues with suitable
backbone conformational tendencies enhance the thermodynamic stability of the nanotubular
structures constructed by self-assembling protein fragments with a p-helical conformation.1>
We have further selectively incorporated synthetic amino acids to impart resistance against
proteases not only at the mutated position but also at neighboring amino acids.1® In this work,
we investigate the intrinsic conformational preferences of different aminated derivates of Pro.
These non-proteogenic amino acids, which have been already used to construct 3-peptides with
helical secondary structures,1” are expected to be of potential interest in many nanobiological
applications. This is because the topological characteristics of the amino and hydroxyl groups
are different and, therefore, intramolecular hydrogen bonds in aminoproline (Amp) derivatives
are expected to alter significantly the structural properties of Pro.
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Theoretical calculations based on Density Functional Theory (DFT) methods have been used
to investigate the conformational properties of the N-acetyl-N’-methylamide derivatives of
Amp that incorporate an amino group to the CP- or C¥-positions of the pyrrolidine ring, both
the cis and trans isomers being considered in each case. Accordingly, calculations were
performed on the four compounds displayed in Scheme 1: Ac-ptAmp-NHMe, Ac-pcAmp-
NHMe, Ac-ytAmp-NHMe and Ac-ycAmp-NHMe.

In order to provide a better understanding of the crucial role of intramolecular hydrogen bonds,
the study has been further extended to the four dipeptides constructed by replacing the Amp
residue by the corresponding dimethylaminoproline (Dmp) analogue: Ac-ptDmp-NHMe, Ac-
BcDmp-NHMe, Ac-ytDmp-NHMe and Ac-ycDmp-NHMe in Scheme 1. In addition we have
examined how the incorporation of amino and dimethylamino substituents at the  and y
positions of Pro affects the trans/cis disposition of the peptide bond involving the pyrrolidine
nitrogen. Finally, the influence of the environment, in particular of the solvent, on the
conformational preferences of the different Amp- and Dmp-containing dipeptides has been
evaluated using a Self Consistent Reaction Field (SCRF) method. Results have been compared
with those recently reported for Ac-Pro-NHMe,120 which were calculated using the same
theoretical procedures.

All calculations were carried out using the Gaussian 03 computer program.18 DFT calculations
were performed using the following combination: the Becke's three-parameter hybrid
functional (B3)!° with the local functional developed by Lee, Yang and Parr (LYP),20 which
is gradient corrected. Thus, all the calculations presented in this work were performed using
the B3LYP method combined with the 6-31+G(d,p) basis set.2! This computational procedure
provided a very satisfactory description of the conformational properties of cyclic constrained
amino acids, including Pro and its dehydro- and o-substituted derivatives.22:12

The backbone (wg,¢,v,®) and side chain (y; endocyclic) dihedral angles of the N-acetyl-N'-
methylamide derivatives of conventional Pro, Amp and Dmp are defined in Figure 1. Since
o is fixed by the geometry of the five-membered ring, only three minima may be anticipated
for the potential energy surfaces E=E(y) of the dipeptides for a given arrangement of the
peptide bonds. Thus, the flexible angle y is expected to have three minima, i.e. gauche* (60°),
trans (180°) and gauche™ (—60°), while each amide bond (wq, @) can be arranged in trans or
cis. It should be noted that only the peptide bond involving the pyrrolidine nitrogen, which
corresponds to the wq torsion angle, is likely to adopt a cis configuration. Therefore, both the
trans and cis states were considered for wg, while the amide bond involving the N-methylamide
blocking group (given by @) was arranged in trans only. The cyclic side chains of the
compounds under study may adopt two main different conformational states that correspond
to the down and up puckering of the five-membered ring. They are defined as those in which
the C¥ atom and the carbonyl group of the Pro residue (or analogue) lie on the same and opposite
sides, respectively, of the plane defined by the C% N and C* atoms.

Accordingly, for each of the eight dipeptides under study (Scheme 1), 3(y backbone) x 2
(wotrans-or-cis) x 2(cyclic side chain) = 12 structures were considered as starting points for
complete geometry optimizations at the B3LYP/6-31+G(d,p) level. 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) as well as both thermal and entropic
corrections, these statistical terms being used to compute the conformational Gibbs free
energies in the gas phase (AG9) at 298 K.
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To obtain an estimation of the solvation effects on the relative stability of the different minima,
single point calculations were conducted on the B3LYP/6-31+G(d,p) optimized structures
using a Self-Consistent Reaction Field (SCRF) model. SCRF methods treat the solute at the
quantum mechanical level, while the solvent is represented as a dielectric continuum.
Specifically, the Polarizable Continuum Model (PCM) developed by Tomasi and co-workers
was used to describe the bulk solvent.23 This method involves the generation of a solvent cavity
from spheres centered at each atom in the molecule and the calculation of virtual point charges
on the cavity surface representing the polarization of the solvent. The magnitude of these
charges is proportional to the derivative of the solute electrostatic potential at each point
calculated from the molecular wave function. The point charges may, then, be included in the
one-electron Hamiltonian, thus inducing polarization of the solute. An iterative calculation is
carried out until the wave function and the surface charges are self-consistent. PCM
calculations were performed using the standard protocol implemented in Gaussian 0318 and
considering the dielectric constants of carbon tetrachloride (e = 2.228), chloroform (g = 4.9),
methanol (¢= 32.6) and water (¢= 78.4). The conformational free energies in solution
(AG#O% where #sol# refers to the solvent) were computed using the classical thermodynamics
scheme, i.e. the free energies of solvation provided by the PCM model were added to the
AGYP values.

Nomenclature and Pseudorotational Parameters

The minimum energy conformations of the eight dipeptides studied in this work have been
denoted using a three-label code that specifies the arrangement of the wq peptide bond, the
(p,w) backbone conformation and the puckering of the five-membered ring. The first letter
refers to the trans (t) or cis (c) arrangement of the peptide bond involving the pyrrolidine
nitrogen. The second label identifies the backbone conformation using the nomenclature
introduced by Perczel et al.24 more than fifteen years ago. Accordingly, nine different backbone
conformations can be distinguished in the potential energy surface E=E(¢p,w) of amino acids:
YD» 9D, OD, €Ds BLs €L, 0, 0 and vy, . In the case of Pro, only the y, (y-turn or C7), o (a-helical),
and g (polyproline l1-like) conformations are accessible due to the fact that ¢ is fixed in the
neighborhood of —60°. Next, the up or down puckering of the five-membered ring is indicated
using the [u] and [d] labels, respectively. In particular, the down ring puckering was identified
when %! and 3 were positive while 2 and x* were negative. Conversely, the up ring puckering
is characterized by negative values of ¥ and %2 and positive values of ¥2 and y*.

The puckering of the five-membered ring was described using the classical pseudorotational
algorithm, which uses a very simple model based on only two parameters, as previously applied
to proline by Perczel et al.2> The pseudorotational parameters A and P, which describe the
puckering amplitude and the state of the pucker in the pseudorotation pathway, respectively,
are derived from the endocyclic dihedral angles as follows:

A=~/ (AsinP)*+(x°)
, where AsinP
) XI—X2+X3—X4
—2(sin144°+sin72°)’

and
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0
P arccos’-,  if AsinP >0
- 0
—arccos®-,  if AsinP<0

Accordingly, parameter A is defined to be positive while P falls between —180° and 180°.

Results and Discussion
Aminoproline (Amp) dipeptides

This section reports the results obtained at the B3LYP/6-31+G(d,p) level for the four Amp-
containing dipeptides displayed in Scheme 1, which have been compared to the dipeptide of
conventional Pro that was recently reported at the same level of theory.12b Table 1 lists the
more relevant structural parameters together with the relative energy (AE9P) for the 4, 6, 3 and
7 minimum energy conformations characterized for Ac-ptAmp-NHMe, Ac-pcAmp-NHMe,
Ac-ytAmp-NHMe and Ac-ycAmp-NHMe, respectively, selected minima being displayed in
Figures 2 and 3. The relative stability of the four dipeptides is indicated in Table 1 through
AE#9P% 'which corresponds to the energy relative to the lowest energy conformation of the
most stable isomer. Table 2 compares the relative free energies in the gas-phase (AG9P), carbon
tetrachloride (AGCC!4), chloroform (AGCHCI3), methanol (AGMeOH) and water (AGH20)
solutions for the minima of the four dipeptides mentioned above. Calculations in solution were
performed by applying the PCM method to the geometries optimized in the gas phase. Thus,
previous studies on simple organic and bio-organic compounds indicated that solute geometry
relaxations in solution and single point calculations on the optimized geometries in the gas
phase give almost identical free energies of salvation,26 even although nuclear relaxation in
solute has been found to be essential in some specific cases.2” Finally, Table 3 compares the
relative stability of the four Amp-containing dipeptides by showing the free energies in the
different environments calculated in each case with respect to the conformation of lowest free
energy of the most stable isomer: AG#9P# AGHCCI4# AGHCHCIS# AG#MeOH# gng AG#H2O#,

Our previous calculations revealed three minimum energy conformations for Ac-Pro-NHMe
when the two amide bonds are arranged in trans: t-y, [d], t-y,_[u] and t-oy [u], the two latter
being 1.0 and 4.9 kcal/mol, respectively, less stable than the former.12P These results, which
are in excellent agreement with those reported by other authors,19:3° indicate that the backbone
of conventional Pro tends to adopt a turn-like conformation that is compatible with both the
down and up puckerings of the pyrrolidine ring, even though the former is the most favored.
Table 1 indicates that B- and y-amination reduce the intrinsically restricted conformational
flexibility of conventional Pro, especially when the amino group is introduced in trans position.
Thus, only one minimum energy conformation was found for Ac-BtAmp-NHMe and Ac-
ytAmp-NHMe when wg is arranged in trans, which corresponds to the t-y, [d] (Figure 2a) and
t-y_[u] (Figure 2b), respectively. Moreover, although three minima were characterized for Ac-
BcAmp-NHMe, the t-y| [d] conformation (Figure 2c) is favored with respect to the t-o [d] and
t-o_[u] ones by 4.0 and 8.6 kcal/mol, respectively. Finally, the t-y, [d] (Figure 2d), t-y, [u] and
t-o_[u] structures were identified as minimum energy conformations of Ac-ycAmp-NHMe,
the two latter being unfavored with respect to the former by 1.5 and 5.7 kcal/mol, respectively.
It is worth noting that these energy differences are larger by 0.5 and 0.8 kcal/mol, respectively,
than those calculated for the same structures in Ac-Pro-NHMe.

As a consequence of their y. conformation, the lowest energy minimum of all the Amp-
containing dipeptides studied in this work is stabilized by a seven-membered intramolecular
hydrogen bond (typically denoted as C) between the NH and O=C moieties of the NHMe and
Ac blocking groups (Figure 2). However, it is worth noting that only the t-y,_ conformers of
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the dipeptides with the amino group arranged in cis are able to form simultaneously an
intramolecular hydrogen bond between the side amino group and the O=C of the own Amp
residue. Thus, the stability of the Ac-ycAmp-NHMe and Ac-BcAmp-NHMe dipeptides, which
is higher than that of the corresponding analogues with the amino group in trans, should be
attributed to the formation of this intraresidue hydrogen bond (Figures 2c and 2d). This feature
is reflected by the AE#9P# values displayed in Table 1. On the other hand, it should be mentioned
that, independently of both the arrangement of the peptide bond wq and the puckering of the
five membered ring, the minima with an o conformation of the four Amp-containing
derivatives are typically stabilized by an intramolecular hydrogen bond between the N-H
moiety of the NHMe blocking group and the nitrogen atom of the pyrrolidine ring. This
interaction is illustrated in Figure 2 for the c-ay [d] conformation of both Ac-ytAmp-NHMe
and Ac-pcAmp-NHMe.

Regarding the structures with wq arranged in cis, four minimum energy conformations were
characterized for the Ac-Pro-NHMe dipeptide: c-ay [d], c-ay [u], c-g_[d] and c-g_[u], which
were destabilized by 3.3, 4.2, 6.3 and 6.6 kcal/mol with respect to the global minimum.12P
Interestingly, the energy difference between the global minimum and most stable
conformations with wq arranged in cis is about 0.5 kcal/mol lower for Ac-ptAmp-NHMe, Ac-
ytAmp-NHMe and Ac-ycAmp-NHMe than for Ac-Pro-NHMe. Three minima were
characterized for Ac-ptAmp-NHMe, the c-g [u] structure (Figure 2e) being more stable than
the c-ay [u] and the c-¢| [d] by 3.1 kcal/mol. The c-¢|_ [u] presents an intramolecular hydrogen
bond between the amino group, which acts as hydrogen bonding acceptor, and the NHMe
blocking group. Only two minimum energy conformations were detected for Ac-ytAmp-
NHMe, the c-o,_ (Figure 2f) being more stable than the c-¢; by 3.1 kcal/mol. Regarding Ac-
ycAmp-NHMe, four structures with the dihedral angle wq arranged in cis were characterized
as energy minima. The most favored one is the c-a_ [d] (Figure 2g), while the c-o, [u], c-¢ [d]
and c-g_[u] are higher in energy by 2.5, 3.3 and 5.6 kcal/mol. In this case, the c-o [u] and c-
¢ [u] do not show intramolecular hydrogen bonding interactions, while such type of
interactions were found in the c-ay_[d] and c-g_[d] structures. Specifically, the amino nitrogen
acts as hydrogen bonding acceptor with respect to the NHMe blocking group in the former
conformation, whereas in the latter one the amino side group interacts with the carboxyl oxygen
of the ycAmp residue.

The situation is completely different for Ac-BcAmp-NHMe since, in this case, the minimum
of lowest energy with wq in cis, c-oy [d] (Figure 2h), is less stable than the global minimum by
4.3 kcal/mol. This result indicates that the cis-amination of the p-carbon atom produces a
significant destabilization of the cis disposition of the wg amide bond with reference to that
observed for Pro. As can be seen in Figure 2, the c-o, [d] structure shows two intramolecular
hydrogen bonds. The first is between the amino side group, which acts as donor, and the
carboxyl oxygen of the BcAmp residue, and the second corresponds to the interaction between
the N-H of NHMe and the nitrogen of the pyrrolidine. The other two minimum energy
conformations with wq arranged in cis, c-g [d] and c-oy [u], are unfavored with respect to the
c-a_[d] one by 1.0 and 1.6 kcal/mol, respectively. In spite of their high AE9P values (Table 1),
these two structures show stabilizing intramolecular hydrogen bonds between the amino side
group and the NHMe (c-¢( [d]) or Ac (c-ay_[u]) blocking groups.

Inspection of the free energies listed in Table 2 shows the importance of the ZPVE, thermal
and entropic corrections to the relative stability of the minimum energy conformations found
for the Amp-containing dipeptides. Consideration of these statistical terms for the
transformation of AE9P into AG9P represents relative variations usually higher than 1 kcal/mol.
Specifically, the largest change which was detected in both the c-ay [u] of Ac-ptAmp-NHMe
and the t-oy [u] of Ac-ycAmp-NHMe, is 2.0 kcal/mol. Nonetheless, the t-y,_ is still the most
favored conformer for the four dipeptides, the AGYP of the other structures being higher than
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1.5 kcal/mol. Thus, according to a Bolzmann distribution of minima, the AG9 values indicate
that the population at room temperature of all the local minimima is negligible for the four
dipeptides under study, i.e. the t-y, is the only populated conformation.

Table 2 includes the relative free energies in carbon tetrachloride, chloroform, methanol and
water solutions. The solvent introduces significant changes in the relative stability of the
different minima characterized for Amp-containing dipeptides. In general, carbon tetrachloride
was found to considerably stabilize conformers with the amide bond wq arranged in cis. Thus,
although the most stable conformations of Ac-BtAmp-NHMe and Ac-BcAmp-NHMe, t-y, [d]
and t-a_, respectively show the two amide bonds in trans, yet wq presents a cis arrangement
in the most favored conformation of Ac-ycAmp-NHMe, c-a_ [d] (Figure 2g). As a consequence
of the stabilization produced by this solvent in conformers with a cis peptide bond, these
structures are within the set of conformations energetically accessible at room temperature.
Interestingly, the conformational behavior detected for Ac-ytAmp-NHMe in carbon
tetrachloride is completely different from that discussed for the other three dipeptides, in this
case the relative stability of the c-o, [d] and c-g [u] structures being smaller than in the gas-
phase.

The higher polarity of chloroform results in a further stabilization of conformers with cis
peptide bonds. Thus, the most favored conformation in this environment shows the amide bond
wg arranged in cis for three of the dipeptides under study, i.e. c-g_ [d] (Figure 3a), c-g [u]
(Figure 3b) and c-oy [d] (Figure 3c) for Ac-ptAmp-NHMe, Ac-ytAmp-NHMe and Ac-ycAmp-
NHMe, respectively. The only exception to this behaviour was for Ac-BcAmp-NHMe, in which
the lowest energy minimum corresponds to the t-y, [d] conformation (Figure 2¢). However, it
should be noted that in this case the t-o, [d] and c-g| [d] structures are destabilized by only 0.2
and 0.3 kcal/mol, respectively. On the other hand, the AGCHCI3 value of the least stable
conformer is 2.5, 2.9, 0.5 and 2.3 kcal/mol for Ac-BtAmp-NHMe, Ac-BcAmp-NHMe, Ac-
ytAmp-NHMe and Ac-ycAmp-NHMe, respectively, suggesting that chloroform induces a
strong stabilizing effect in all the structures.

The c-¢_is the most stable conformation in both methanol and aqueous solutions for all the
Amp-containing dipeptides, the only difference between them being the puckering of the ring.
Thus, the two B-aminated dipeptides prefer a down puckering, while the ring is arranged up
when the substituent is introduced at the y-carbon atom. The conformational characteristics of
these structures are displayed in Figure 3. However, the most remarkable result in polar
environments is the destabilization of the remaining structures, especially those with wq
arranged in trans. This feature is fully consistent with theoretical estimations previously
reported for the Pro dipeptide.® Thus, it was found that the electronic effect that stabilize the
cis form of the peptide bond become enhanced in polar environments, even though the cis/
trans rotational barriers increase with the polarity of the solvent.

Although the stability of the cis conformers in solution was found to be overestimated by PCM
for Pro derivatives, especially in protic solvents able to form specific hydrogen bonds with the
solute, the general tendencies provided by this theoretical method describe very satisfactorily
the experimental observations from a qualitative point of view.12 Thus, in a recent study PCM
calculations predicted that wq exhibits a considerably smaller probability of adopting a cis
disposition in a-methylproline and a-phenylproline than in Pro,12° which was in good
agreement with experimental information.2® Comparison of the results provided in Table 2 for
Amp-containing dipeptides with those reported for Ac-Pro-NHMe at the same theoretical level
suggests that the incorporation of the substituent to the pyrrolidine ring enhances, in general,
the stability of the conformers with wg arranged in cis. Thus, although the c-¢| [u] conformation
was predicted as the most favored for Ac-Pro-NHMe in both chloroform and water, the lowest
energy structure with wg in trans was unfavored by only 0.3 kcal/mol (t-y,_[d]) and t-oy [u],
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respectively).120 Table 2 illustrates that this energy difference is higher for the investigated
Amp-containing dipeptides. However, caution is required in the analysis of PCM results,
especially when protic solvents able to form specific solute-solvent interactions are considered.

Table 3 shows the free energies relative to the lowest energy minimum of the most stable Amp-
containing isomer for each environment. As can be seen the most favored isomer in the gas-
phase, chloroform, methanol and water solutions is the Ac-ycAmp-NHMe dipeptide, even
though as reflected in Table 2, the preferred conformation depends on the polarity of the
environment. Moreover, in the gas-phase the most stable conformation of each isomer shows
AG"9P# < 1 5 kcal/mol indicating that the relative stability of the other three dipeptides is still
significant. However, in chloroform, methanol and aqueous solutions only one isomer, the Ac-
BtAmp-NHMe dipeptide, satisfies such condition. These results clearly indicate that the
stability of Ac-pcAmp-NHMe and Ac-ytAmp-NHMe decreases with the polarity of the
environment. Finally, it should be noted that the Ac-ytAmp-NHMe is the lowest energy isomer
in carbon tetrachloride solution. Accordingly, it can be concluded that Ac-BtAmp-NHMe is
stabilized by the favorable electrostatic interactions between the solute and the solvent, while
Ac-ytAmp-NHMe is preferred in non-polar organic solvent where solute-solvent interactions
are dominated by non-electrostatic terms, i.e. van der Waals and cavitation.

Dimetylaminoproline (Dmp) dipeptides

Results provided by B3LYP/6-31+G(d,p) calculations for the four Dmp-containing dipeptides
(Scheme 1) are reported in Tables 4, 5 and 6, atomistic pictures of the more relevant minima
being displayed in Figures 4 and 5.

The AE9P values displayed in Table 4 indicate that the conformational preferences of the Dmp-
containing dipeptides are completely different from those described in the previous section for
the Amp-containing ones. Seven minimum energy conformations, including those with the
peptide bond wq arranged in cis, were obtained for Ac-ptDmp-NHMe, while four were found
for Ac-ptAmp-NHMe. The only structures detected for the former dipeptide below a relative
energy threshold value of 1.5 kcal/mol were the t-y, [d] and t-y, [u] (Figures 4a and 4b), which
are almost isoenergetic and present a seven-membered hydrogen bonded ring. This represents
another important difference with respect to Ac-BtAmp-NHMe, since for this compound the
only structure with AE9P < 1.5 kcal/mol was the t-y; [d]. The relative stability of the c-g [u]
conformation (Figure 4c), which is the most stable structure with wq in cis, with respect to the
global minimum is similar for both Ac-BtDmp-NHMe and Ac-ptAmp-NHMe. This is a
surprising feature since in the former dipeptide, this conformation presents a stabilizing
hydrogen bond between the N-H of the NHMe blocking group and the nitrogen of the
dimethylamino substituent that was not detected in the latter. Furthermore, remarkable
differences appear in the AE9P of the minima with c-o,_backbone conformation. Thus, these
are more stable in Ac-BtDmp-NHMe than in the corresponding ptAmp-containing analogue
by about 3 kcal/mol.

A total of 10 minimum energy conformations were characterized for Ac-pcDmp-NHMe, 5 for
each arrangement of wq. Surprisingly, the lowest energy conformation corresponds to a t-
vL[d] with the dihedral angles ¢ and v significantly distorted towards those of a conventional
t-g_ (Figure 4d). As indicated by the corresponding geometric parameters, i.e. dy..o= 2.929
Aand £N-H---0=108.3°, this structure is stabilized by a very weak intramolecular interaction
that defines a seven-membered hydrogen bonded ring between the N-H of NHMe and the C=0
of the Ac. Indeed, a standard t-y._ conformation with a strong intramolecular hydrogen bond
forming a seven-membered ring is not possible for the Ac-BcDmp-NHMe dipeptide. This is
because such combination of ¢ and v dihedral angles leads to a strong repulsive interaction
between the lone pair of the dimethylamine group and the carbonyl oxygen of the Dmp residue.
The AE% of the other four conformations with wq arranged in trans ranges from 1.7 (t-ay_[d])
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to 5.6 (t-oy_[u]) kcal/mol, these energy values being significantly lower than those found for
Ac-BcAmp-NHMe, i.e. in the latter dipeptide the AE9P of the first (t-a_[d]) and the last (t-
a_[u]) local minimum were 4.5 and 9.1 kcal/mol, respectively. On the other hand, the c-g [d]
is the lowest energy conformation with wq arranged in cis, this structure being destabilized
with respect to the global minimum by 1.6 kcal/mol. Figure 4e reveals that this conformation
is stabilized by an intramolecular hydrogen bond between the N-H of the NHMe blocking
group and the nitrogen of the dimethylamino substituent. Comparison with the results listed
in Table 1 for Ac-BcAmp-NHMe indicates that the replacement of the amino substituent by
the dimethylamino group also alters the potential energy hypersurface of the dipeptide with
the peptide bond arranged in cis. Thus, the least favored cis minimum of Ac-pcDmp-NHMe
(c-g[u]) is destabilized by 5.0 kcal/mol with respect to that of c-g; [d], whereas in Ac-BcAmp-
NHMe the most (c-a_[d]) and the least (c-o, [u]) stable conformations with wq arranged in
cis are separated by only 1.3 kcal/mol.

Six minimum energy conformations, three with wg arranged in trans, were found for Ac-
ytDmp-NHMe. The lowest energy one corresponds to the t-y, [d] (Figure 4f), the t-y; [u], which
was the global minimum of Ac-ytAmp-NHMe, being unfavored by 3.1 kcal/mol. Interestingly,
the lowest energy conformation and the t-oy [u], which is destabilized by 6.7 kcal/mol, were
not found as energy minima in Ac-ytAmp-NHMe. Regarding the three conformations with
wy in cis, the most stable, c-oy [u] (Figure 4g), is stabilized by a five-membered intramolecular
hydrogen bonded ring involving the backbone nitrogen atom of the ytDmp residue and the N-
H of the NHMe blocking group. This structure is unfavored by 3.4 kcal/mol with respect to
the global minimum, while the AE9P values of the other two cis conformers are 6.5 (c-g [d])
to 8.0 kcal/mol (c-g_[u]).

Eight minimum energy conformations were characterized for Ac-ycDmp-NHMe. The lowest
energy one corresponds to the t-y, [u] (Figure 4h), while the other structures with wq in trans, t-
vL[d] and t-a [u], are unfavored by 2.0 and 3.0 kcal/mol, respectively. These three
conformations are stabilized by an intramolecular hydrogen bond. Thus, a seven-membered
hydrogen bonded ring involving the NHMe and Ac blocking groups is shown by the two t-
vL structures, whereas in the t-oy [u] conformation the nitrogen of the ycDmp residue and the
N-H of the NHMe group forms a five-membered intramolecular hydrogen bonded ring.
Comparison with the minima listed in Table 1 for Ac-ycAmp-NHMe indicates that the
incorporation of the methyl groups into the amino substituent mainly affects to the puckering
of the pyrrolidine ring, i.e. the relative stability between t-y, [u] and t-y, [d] is exchanged and
the t-a;_[u] minimum transform into the t-o_[d].

On the other hand, e is arranged in cis in the remaining five minima of Ac-ycDmp-NHMe,
the most stable cis structure being the c-ay [u] (Figure 4i). This conformation is 2.7 kcal/mol
less stable than the global minimum, and is stabilized by an intramolecular hydrogen bond
similar to that described for the t-o [u] minimum. Interestingly, the Ac-ycDmp-NHMe
dipeptide shows two minima with c-ay_[d] conformation, which differ in the nitrogen atom that
acts as acceptor in the stabilizing intramolecular hydrogen bond. In the most favored
conformation that is 3.2 kcal/mol less stable than the global minimum, the nitrogen of the
ycDmp residue participates in such interaction, whereas the interaction in the second
conformation which is 0.4 kcal/mol less favored than the first one, involves the nitrogen of the
dimethylamino side group. Finally, the AE9P values of the c-¢|_ [u] and c-g|_[d] structures are
5.5 and 8.9 kcal/mol, respectively.

The AG9P values listed in Table 5 show that the effects produced by the incorporation of the
ZPVE and the thermal and entropic corrections are less dramatic for Dmp-containing
dipeptides than for the Amp ones. Thus, the addition of these statistical terms represents relative
variations typically smaller than 1 kcal/mol. Specifically, the largest change found in Ac-
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BtDmp-NHMe, Ac-pcDmp-NHMe, Ac-ytDmp-NHMe and Ac-ycDmp-NHMe, is -0.9 (c-

g [u]), -1.1 (c-o [d]), -1.3 (c-g_[u]) and -1.4 kcal/mol (c-g|_[u]), respectively. Inspection of the
relative free energies in carbon tetrachloride, also displayed in Table 5, indicates that in general,
solute-solvent interactions tend to stabilize the minimum energy conformations with wg in
cis. In spite of this, the lowest energy conformation in carbon tetrachloride solution and in the
gas-phase is the same for the four Dmp-containing dipeptides. This is an important difference
with respect to the four Amp-containing dipeptides since, as we previously showed, this organic
solvent is able to alter the conformational preferences of Ac-pcAmp-NHMe and Ac-ycAmp-
NHMe (Table 2).

The stabilization of conformers with the peptide bond in cis is enhanced in chloroform solution
(Table 5). Thus, the lowest energy minimum in this solvent for Ac-ftDmp-NHMe, Ac-ytDmp-
NHMe and Ac-ycDmp-NHMe corresponds to the c-g_[u] (Figure 4c), c-g [d] (Figure 5a) and
c-¢ [u] (Figure 5b), respectively. It is worth noting that the tendency to adopt the c-¢_
conformer in chloroform solution was also detected in Ac-ptAmp-NHMe and Ac-ytAmp-
NHMe (Table 2), while Ac-ycAmp-NHMe preferred a c-o;_helical structure. In contrast, the
t-y_[d] (Figure 4d) is the lowest energy conformation of Ac-pcDmp-NHMe, which was also
the global minimum in both the gas-phase and carbon tetrachloride solution. Amazingly this
exceptional behavior is identical to that observed in the previous section for Ac-pcAmp-NHMe.

The most stable conformation in both methanol and aqueous solutions of Ac-ptDmp-NHMe,
Ac-ytDmp-NHMe and Ac-ycDmp-NHMe also corresponds to the c-g; conformer (Figures 5c,
5a and 5b, respectively), even though the puckering of the pyrrolidine ring depends on the
position of the substituent. Again, this result is fully consistent with that obtained for the Amp-
containing dipeptides. Regarding the Ac-pcDmp-NHMe dipeptide, the lowest energy
conformations in methanol and aqueous solutions are the c-g [d] (Figure 5d) and t-oy [u]
(Figure 5e), respectively. However, it should be noted that in the latter environment the former
conformation is destabilized by only 0.4 kcal/mol. This indicates that in the presence of polar
solvents the four Dmp-containing dipeptides follow a similar behavior.

The free energies relative to the lowest energy minimum of the most stable Dmp-containing
isomer are listed in Table 6. The most stable isomer in gas-phase is Ac-ytDmp-NHMe, even
though the Ac-ycDmp-NHMe is destabilized by only 1.0 kcal/mol. However, the latter is the
most favored isomer in solution, independent of the polarity of the environment. Moreover,
the relative order in terms of stability is: Ac-ycDmp-NHMe > Ac-ytDmp-NHMe > Ac-fcDmp-
NHMe > Ac-BtDmp-NHMe. A detailed comparison of these results with those reported in the
previous section (see Table 3) for the Amp-containing dipeptides reveals some important
differences. Thus, the relative order found for the aminated dipeptides in aqueous and
chloroform solution was Ac-ycAmp-NHMe > Ac-tAmp-NHMe > Ac-ytAmp-NHMe > Ac-
BcAmp-NHMe, while in methanol and carbon tetrachloride solutions the relative orders were
Ac-ycAmp-NHMe = Ac-ptAmp-NHMe > Ac-ytAmp-NHMe > Ac-BcAmp-NHMe and Ac-
ytAmp-NHMe > Ac-BcAmp-NHMe > Ac-ycAmp-NHMe > Ac-BtAmp-NHMe, respectively.

Conclusions

Quantum mechanical calculations at the B3LYP/6-31+G(d,p) level have been used to explore
the conformational preferences of Ac-ftAmp-NHMe, Ac-BcAmp-NHMe, Ac-ytAmp-NHMe,
Ac-ycAmp-NHMe, Ac-ptDmp-NHMe, Ac-cDDmp-NHMe, Ac-ytDmp-NHMe and Ac-
ycDmp-NHMe. Comparison of the results with those obtained for Ac-.-Pro-NHMe at the same
theoretical level allows us to draw the following conclusions:

i. Incorporation of the amino group into the B- or y-position of the pyrrolidine ring
reduces the intrinsically low conformational flexibility of conventional Pro.
Specifically, the four Amp-containing dipeptides investigated in this work only show
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one energetically accessible minimum in the gas-phase, i.e. AE9P < 1.5 kcal/mol, when
g is arranged in trans. On the other hand, the stability of conformations with e in
cis is, in general, higher for Amp than for Pro. This is because some such
conformations are stabilized by intramolecular hydrogen bonds in which the nitrogen
of the amino substituent acts as acceptor.

In general the solvent enhances the stability of the conformers with wq in cis. Thus,
the c-g_was the most stable conformation for Ac-ftAmp-NHMe, Ac-pcAmp-NHMe
and Ac-ytAmp-NHMe in chloroform, methanol and aqueous solution, whereas for
Ac-ytAmp-NHMe the most stable conformer in solution was the c-a,_ (chloroform)
or the c-g_ (methanol and water). However, PCM results must be analyzed with
caution since this SCRF method overestimates the stability of the cis structures
significantly, especially when protic solvents (as water or methanol) are considered.

Characterization of the minimum energy conformations of the four Dmp-containing
peptides indicates that substitution of the amino by the dimethylamino reduces
considerably the conformational restriction found in the N-acetyl-N'-methyl
derivatives of Amp. This is indicated by both the increase in the number of minimum
energy conformations and the decrease of relative conformational energies.

The stabilization of the structures with wq in cis in the Dmp-containing dipeptides is
similar to that found for the Amp derivatives. Thus, this type of structures is the most
favored in chloroform, methanol and aqueous solutions. However, the conformational
preferences of the Dmp-containing dipeptides in the gas-phase and in carbon
tetrachloride solution are identical.

A detailed energetic comparison of the dipeptides studied in this work indicates that
the most favored Amp isomer in the gas-phase, chloroform, methanol and water
solutions is the Ac-ycAmp-NHMe dipeptide. In contrast, Ac-ytDmp-NHMe is the
most stable Dmp-containing dipeptide in the gas-phase, even although the Ac-ycDmp-
NHMe is most favored isomer in solution, independently of the polarity of the
environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Dihedral angles used to identify the conformations of the N-acetyl-N'-methylamide derivatives
of the Amp and Dmp analogues studied in this work. The dihedral angles wq, ¢, w and w are
defined using backbone atoms while the endocyclic dihedral angles ' are given by the atoms
of the five-membered ring. In particular, the sequence of atoms used to define ¢ and 0 are C
(=0)-N-C*-C(=0) and C>-N-C*—CB, respectively.
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Figure 2.

Representation of selected minimum energy conformations characterized in the gas-phase for
the Amp-containing dipeptides studied in this work: (a) t-y,_[d] for Ac-BtAmp-NHMe; (b) t-
vL[u] for Ac-ytAmp-NHMe; (c) t-y[d] for Ac-BcAmp-NHMe; (d) t-y, [d] for Ac-ycAmp-
NHMe; (e) c-g( [u] for Ac-BtAmp-NHMe; (f) c-ay [d] for Ac-ytAmp-NHMe; (g) c-a [d] for
Ac-ycAmp-NHMe; and (h) c-o, [d] for Ac-BcAmp-NHMe.
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Figure 3.

Representation of selected minimum energy conformations characterized for the Amp-
containing dipeptides studied in this work: (a) c-g [d] for Ac-ptAmp-NHMe; (b) c-¢_[u] for
Ac-ytAmp-NHMe; (c) c-o, [d] for Ac-ycAmp-NHMe; (d) c-¢ [d] for Ac-BcAmp-NHME; (e)
c-g [u] for Ac-ytAmp-NHMe. These minima are especially relevant because they are relatively
stable in chloroform, methanol and/or aqueous solution.
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Figure 4.

Representation of selected minimum energy conformations characterized in the gas-phase for
the Dmp-containing dipeptides studied in this work: (a) t-y,_[d], (b) t-y_[u] and (c) c-g [u] for
Ac-ptDmp-NHMe; (d) t-y, [d] and (e) c-¢_[d] for Ac-BcDmp-NHMe; (f) t-y [d] and (@) c-
a_[u] for Ac-ytDmp-NHMe; (h) t-y_[u] and (i) c-ay [u] for Ac-ycDmp-NHMe.
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Figure 5.

Representation of selected minimum energy conformations characterized for the Dmp-
containing dipeptides studied in this work: (a) c-g [d] for Ac-ytDmp-NHMe; (b) c-¢ [u] for
Ac-ycDmp-NHMe; (c) c-g_[u] for Ac-BtDmp-NHMe; (d) c-g [d] and (e) t-ay [u] for Ac-
BcDmp-NHMe. These minima are especially relevant because they are relatively stable in
chloroform, methanol and/or aqueous solution.
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