Journal of Molecular Structure 934 (2009) 103-111

journal homepage: www.elsevier.com/locate/molstruc

Contents lists available at ScienceDirect

Journal of Molecular Structure

Conformational and electronic study of cis-peptides (non-proline residues)

occurring in natural proteins

Lucas J. Gutierrez, Héctor A. Baldoni, Ricardo D. Enriz *

Departamento de Quimica, Universidad Nacional de San Luis, Chacabuco 917, 5700 San Luis, Argentina

Instituto de Matemadtica Aplicada San Luis, CONICET, Argentina
IMIBIO/SL-CONICET, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 9 March 2009

Received in revised form 11 June 2009
Accepted 17 June 2009

Available online 30 June 2009

Keywords:

Conformational potential energy surfaces
Peptide model

Non-proline cis-peptide bonds

Ab initio

DFT calculations

First-principle computations were carried out on the conformational hyperspace of cis-peptide bond iso-
mers of Ac-Gly-Gly-NHMe, Ac-Gly-Ala-NHMe, Ac-Ala-Gly-NHMe and Ac-Ala-Ala-NHMe. Using the con-
cept of multidimensional conformational analysis (MDCA), geometry optimisations were performed at
B3LYP/6-31G(d) level of theory, and single point energies were calculated at the B3LYP/aug-cc-pVDZ//
B3LYP/6-31G(d) level of theory for the corresponding optimized structures. The relative stabilities of
the various conformers were analysed using the theory of atoms in molecules. The theoretical results
were compared with some experimental data (X-ray).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In protein structures, the peptide bond conformation is found
to be trans in the majority of cases [1]. Exceptions to this are the
peptide bonds between any amino acid and proline, for which an
appreciable fraction occurs in the cis conformation. It is clear that
the cis form is energetically less stable, due to the steric repul-
sion of the two neighbouring C* atoms, but the absolute num-
bers have been the basis of much debate. The planar peptide
bond in proteins is known to occur predominantly in the trans-
conformation (1). Planarity is thought to be maintained by a high
rotational barrier due to partial double bond character [2-7].
Kang [8] reported that in the gas phase the rotational barriers
to the trans-to-cis and cis-to-trans isomerizations for the non-
prolylpeptide bond of the alanine dipeptide are estimated to be
19.81 and 15.02 Kcal/mol at the RHF/6-31G(d) level, respectively,
and 19.66 and 15.63 Kcal/mol at the B3LYP/6-311++G(d,p) level,
respectively. These barriers increase as the solvent polarity in-
creases (12). Our own results for N-acetyl-1-prolin-N-methylam-
ide indicate a range between 17 and 21 Kcal/mol in function of
the molecular system using DFT [9] and ab initio calculations
with extended basis set [10]. Recently it has been tried to spell
out the residual conformational flexibility of Ac-{Pro-NH, using
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matrix isolation IR and VCD spectroscopy in Ar and Kr matrices
[11]. This study suggests that proline can at as a conformational
lock, since the backbone predominantly adapts to the ty.
structure.

Due to the energy barrier, cis-trans isomerization of peptide
bond is a rather slow process at room temperature and has been
shown to play an important role in protein folding [12-17].
Interestingly, it has been noticed recently that cis-peptide bonds
may play a more significant role in protein structures than was
hitherto imagined. The analysis of protein data bank (PDB) re-
vealed an unexpected number of cis-peptide bonds [18,19]. Even
if proline cis-peptide bonds, which are the most abundant, are
discounted an unexpectedly large number was still observed.
There is mounting evidence [20,21] that cis-peptide bonds play
significant biological roles in several areas even though their
abundance is considerably minor with respect to the trans-iso-
mer. Furthermore, it has been established that cis-peptide bonds
may be both structural and functionally important [8]. For exam-
ple it has been detected in breast tumour antibody (SM3) [22]
and it has been found to play a role in protein folding and
unfolding [23]. Several studies on the non-prolyl cis-trans isom-
erization of mutant proteins, in which prolines are replaced by
alanines or other residues, have been carried out to explore the
role of the prolyl cis-trans isomerization in the kinetics of folding
and refolding and in protein stabilities. [24-32]. Despite the dif-
ferent kinetics for prolyl and non-prolyl isomerization, non-prolyl
isomerization has been also known to be involved in the slow
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steps for protein folding and refolding [32-34]. Peptide bond cis/
trans isomerases have evolved to allow enzyme control switching
backbone conformation in native proteins, folding intermediates,
and unfolded chains. In addition, the intrinsic property of peptide
bond cis/trans isomerases to decrease the internal barrier to rota-
tion enhances the rotational flexibility around the targeted C—N
bond, which in turn leads to backbone “liquificacion” localized to
a “hot spot” protein region. In some cases, the slow rotational
movement underlying peptide bond cis/trans isomerizations is
found to control the biological activity of proteins. A comprehen-
sive review on this topic has been reported by Fischer and
Aumuller [35].

In spite of the importance of the cis-peptide bonds relatively
little has been done theoretically on the subject. Previously we
reported the 3D-Ramachandran map of formylglycinamide [9].
More recently we reported the conformational study of cis and
trans N-formyl-N-methyl-l-glycin-N'-amide and N-acetyl-N-
methyl-L-glycin-N'-methylamide using ab initio and DFT calcula-
tions [36]. In the present paper we report the ab initio and DFT
conformational study of cis-peptide bonds of non-prolyl residues
occurring in natural proteins. The present study aims to explore,
characterize and present the geometric preferences of four cis-
dipeptides: Ac-Gly-Gly-NHMe (I); Ac-Gly-Ala-NHMe (II), Ac-Ala-
Gly-NHMe (III) and Ac-Ala-Ala-NHMe (IV) (Fig. 1). One of the
goals of this paper is to compare the results of our theoretical
calculations with previously reported experimental data obtained
from X-ray analysis. Thus, the cis sequences: Gly124-Gly125
(present in Dihydrofolate reductase (Pneumocystis carinii))(PDB
Code (1dyr)) [35]; Gly23-Ala24 (Glucoamylase-1I) (PDB Code
(1gai)) [38] and Ala74-Ala75 (Bacterial luciferase) (PDB Code
(1luc) [39] were selected. We also include cis-Ala-Gly in the cal-
culations in order to compare the conformational behaviour of
this compound with those of the other non-prolyl cis-peptides
reported here. An exhaustive electronic study employing the
atoms in molecule (AIM) theory [40] was also carried out. Bader
established the way to characterize the chemical bonds by the
analysis of the electronic charge density in the bond critical
points (BCPs). This methodology is used to establish the presence
of hydrogen bonding in the different conformations of dipeptides
in greater detail. It is an interesting approach which has been
previously employed by our group on glutamate [41], glutamine
[42] and isoleucine [43].
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Fig. 1. Skeletal diagram showing the torsion angles of compounds I-IV.

2. Methods of calculation
2.1. Nomenclature and Abbreviations

IUPAC-IUB [44] rules recommend the use of 0° — +180° for
clockwise rotation and 0° — —180° for counterclockwise rotation.
On the Ramachandran map (Fig. 2), the central box denoted by a
broken line (—180° < @ < 180°) represents the cut suggested by
the IUPAC convention. The four quadrants denoted by solid lines
are the traditional cuts. Most peptide residues exhibit nine unique
conformations, labelled as ad (Qef), €p, Yo (C3°), 8 (B2), (Cs), p (o),
v (C5%), €1, and oi. (Oligne). However, for graphical presentation of
the conformational potential energy surface, we use the traditional
cut (0° < @ <360 and 0° < ¢ < 360°), similar to that suggested
previously by Ramachandran and Sasisekharan [1]. Refs.
[9,36,41-43,45] give more details about these conformational
codes.

In this study, four dipeptides (compounds I-IV) (Fig. 1) were
investigated using molecular orbital computations. Thus, we are
using the modular N- and C-protecting groups’ approach whereby
N-acetyl and N-methyl groups mimic the alpha carbons of the
neighbouring amino acids in a polypeptide chain. Gly and Ala were
chosen because they are the simplest amino acids with and with-
out a side chain, which implies that it can be used as a template
for the study of other amino acids.

2.2. Computations of molecular conformers

All the calculations were carried out using the Gaussian 03 pro-
gram package [46]. In a first step, computations were carried out at
the Restricted Hartree Fock/3-21G level of theory. The basis of this
exploratory study was to identify the global and local minima of
these four dipeptides on their respective Ramachandran maps.
The importance of including electronic correlations in the confor-
mational study has been previously reported [47]. Improta et al.
[48] reported that conventional density functional theory (DFT)
methods give an accurate description of both the geometry and
the relative energy on these kind of molecular systems. Correlation
effects were included in the present work using DFT with the
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Fig. 2. Topological features of the Ramachandran map, E = E(®,}/) associated with
an aminoacid residue.
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Fig. 3. Minima on the 4D-Ramachandran map of compound Ac-Gly-cis-Gly-NHMe (a), Ac-Gly-cis-Ala-NHMe (b), Ac-Ala-cis-Gly-NHMe (c) and Ac-Ala-cis-Ala-NHMe (d). Those
conformers in bold rectangle are the conformers found from RHF/3-21G calculations, conformers in shaded grey are obtained from DFT calculations. The conformation

obtained with X-ray diffraction is denoted with a red star.

Table 1

Torsional angles, total energies values, calculated relative energies (AE) of compound Ac-Gly-cis-Gly-NHMe optimized at B3LYP/6-31G(d) level of theory.

Topology B3LYP/6-31G(d) E (hartree) AE (kcal/mol) Yo o P1 U2} et b2 /23 > b3

€L YL —664.5443676 0.00 147.51 167.39 293.95 149.53 0.25 267.06 30.71 176.16 239.80
T €L —664.5439063 0.28 52.92 172.93 265.26 108.87 -17.28 247.25 121.69 182.15 239.01
BL BL —664.5430540 0.82 179.99 180.00 180.00 180.01 0.00 180.00 180.02 180.01 240.69
dp YL —664.5420107 1.48 12.59 172.86 121.57 288.77 9.02 280.20 119.69 179.34 240.37
BL YL —664.5416040 1.73 233.03 183.93 171.82 176.14 5.56 262.72 3.49 180.26 240.67
BL €p —664.5404158 2.48 227.85 180.33 189.56 172.39 15.80 76.12 156.95 175.50 240.67
YL BL —664.5395972 2.99 225.14 187.02 240.87 59.83 5.01 146.89 198.36 182.85 240.77
gL Yp —664.5389971 3.37 147.17 169.84 275.38 124.05 18.26 97.65 358.18 178.24 240.63
dp olp —664.5384477 3.71 213.04 177.24 12091 315.38 7.71 98.89 11.75 177.04 238.73
3L €L —664.5378336 4.10 217.14 180.77 204.74 52.26 2.74 263.28 220.21 183.48 238.73
Yp dp —664.5372612 4.46 215.21 176.93 118.58 295.27 14.73 124.78 337.81 178.75 240.70
ol olp —664.5362296 5.11 296.33 186.55 289.61 326.82 9.39 97.29 13.92 182.86 240.04

Becke3-Lee-Yang-Parr (B3LYP) [49] functional and the 6-31G(d)
basis set. The preferred conformations of each dipeptide derivative

were optimized using B3LYP/6-31G(d) computations. An energy
window of 5 Kcal/mol above the global minimum of each molecule
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was considered to perform the DFT calculations. Thus RHF/3-21G
geometry optimized structural parameters were 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.

N-acetyl and N-methylamide functionalities were added to the
ends of the dipeptides as protecting groups to mimic the alpha car-
bon relationship in longer peptide chains. A standardized number-
ing system was used to define the molecules (Fig. 1) as it was
numbered into and along the peptide backbone.

Multi-dimensional conformational analysis (MDCA) [50,51], a
systematic method to predict the location of all minima as input
ab initio calculations, was used to predict all topologically probable
conformers. The Ramachandran PESs associated with a single ami-
no acid has nine discrete possible conformations labelled as oy, op,
B, YL Yp, OL Op, €L and ep. The topological arrangement of these

minima and their defined dihedral angles are shown in Fig. 2. In
addition to the dihedral angles, associated with the cis—trans pep-
tide bonds (wq, w1 and w;), four torsional angles (&%, ®,¥>),
were used as independent variables of the energy function

E=f(®;¥;, D, ¥,) (1)

In the case of dipeptide derivatives, each of the amino acids has nine
conformers. Thus results in 9 x 9 = 81 legitimate conformations de-
noted in terms of subscript Greek letters.

2.3. Topological analysis of electron density

The topology of the electron density was analyzed using atoms
in molecules theory (AIM) [40,52,53]. In this analysis, the gradient
(Ap) and it Laplacian (A2%p) play important roles. A critical point of

Table 2

Torsional angles, total energies values, calculated relative energies (AE) of compound Ac-Gly-cis-Ala-NHMe optimized at B3LYP/6-31G(d) level of theory.

Topology B3LYP/6-31G(d) E (hartree) AE (kcal/mol) Yo (o b1 [V2} et b2 V2 (0% b3

YL YL —703.8623231 0.00 134.45 172.53 267.00 111.51 —13.85 244.00 112.94 183.06 240.32
gL YL —703.8606171 1.07 147.51 167.19 294.64 148.30 5.09 263.92 29.33 175.32 239.97
3p Yo —703.8594372 1.81 135.54 171.85 122.20 290.34 —-8.34 279.89 115.26 179.04 240.45
BL B —703.8589435 2.12 121.85 179.20 180.82 181.61 1.05 209.23 153.21 176.93 240.59
BL YL —703.8584889 241 223.12 184.66 170.61 175.20 6.67 262.22 2.00 179.80 240.62
€p BL —703.8575230 3.01 218.49 192.19 105.04 214.47 12.98 194.31 156.26 176.24 240.78
€p Yo —703.8566826 3.54 211.66 192.26 63.73 213.76 —11.58 78.71 356.05 180.68 239.76
€p ol —703.8558169 4.08 130.11 185.87 85.45 235.50 19.71 263.16 359.48 181.61 240.59
€p Yo —703.8558117 4.09 216.84 190.00 82.98 235.01 20.25 261.51 0.39 181.38 240.72
S o —703.8551582 4.50 146.89 182.47 238.59 44.41 9.89 261.06 346.40 183.32 240.68
Yo S —703.8540126 5.21 142.40 182.64 242.51 68.32 18.60 229.29 24.52 179.36 240.63
olp oLy —703.8530128 5.84 190.09 174.33 7091 32.22 10.47 262.87 344.87 177.20 240.03
Table 3

Torsional angles, total energies values, calculated relative energies (AE) of compound Ac-Ala-cis-Gly-NHMe optimized at B3LYP/6-31G(d) level of theory.

Topology B3LYP/6-31G(d) E (hartree) AE (kcal/mol) Yo (o5 b1 2} cr b2 V2 (o)) b3

€L YL —703.8609411 0.00 149.16 167.81 295.87 144.77 0.84 262.87 32.06 176.00 239.74
YL Br —703.8593000 1.03 131.18 174.71 263.99 106.96 —8.52 208.53 161.65 178.80 238.66
BL BL —703.8585920 1.47 121.88 177.79 203.97 158.41 —10.89 187.41 182.09 180.74 240.70
Yo €p —703.8574679 2.18 126.33 176.22 265.93 100.51 12.50 71.11 154.97 173.84 240.66
BL dp —703.8568461 2.57 290.82 174.83 206.13 166.01 -15.35 121.57 347.09 180.60 240.63
BL Yo —703.8567575 2.63 237.28 179.37 203.04 155.11 —2.54 263.32 7.25 178.70 240.70
Yo &L —703.8565212 2.77 264.43 170.21 254.9 93.84 —21.09 274.08 198.19 189.19 240.52
oL BL —703.8565152 2.78 216.55 189.33 237.29 64.28 —1.05 153.66 198.13 183.21 240.76
YL Yp —703.8562842 2.92 147.72 171.14 272.62 118.36 —-14.04 95.28 358.88 177.35 240.78
BL &L —703.8551382 3.64 130.96 175.25 201.95 165.91 —26.60 290.37 200.52 184.88 240.76
oL &L —703.8550153 3.72 335.16 179.62 208.30 60.55 -8.03 265.75 215.04 183.90 240.51
BL €p —703.8549383 3.77 353.58 179.46 207.84 150.11 5.69 98.31 157.18 175.89 238.56
S oL —703.8548719 3.81 144.23 184.52 233.34 51.92 2.53 262.10 348.38 182.19 240.69
Yo dL —703.8543739 4.12 132.27 185.16 240.43 73.01 9.10 235.94 25.96 179.03 240.82
olp YL —703.8524871 5.30 203.93 170.04 48.16 52.04 4.85 241.12 17.87 178.37 240.30
ol olp —703.8524845 5.31 47.99 187.06 286.02 330.60 -7.76 96.91 12.60 184.38 240.62
Table 4

Torsional angles, total energies values, calculated relative energies (AE) of compound Ac-Ala-cis-Ala-NHMe optimized at B3LYP/6-31G(d) level of theory.

Topology B3LYP/6-31G(d) E (hartree) AE (kcal/mol) Yo (o b1 V) et b2 V2 (0% b3

Yo YL —743.1797400 0.00 123.15 175.29 266.10 109.50 —12.47 242.23 112.51 182.99 240.32
€ YL —743.1772136 1.59 149.95 167.51 296.08 143.09 5.74 258.03 33.58 175.36 239.79
BL YL —743.1735709 3.87 109.79 180.55 201.91 155.26 -0.17 262.24 5.28 178.08 240.60
BL Br —743.1731812 4.12 122.11 176.59 206.26 163.29 -13.76 239.78 139.20 178.21 240.77
3 o —743.1715626 513 145.03 184.31 232.74 51.93 4.50 262.09 346.22 182.38 238.77
olp YL —743.1688407 6.84 278.96 165.67 51.35 50.21 11.60 240.74 12.57 177.68 239.40
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the electron density along the line of two interacting atoms in a
molecule is called the bond critical point (BCP), where Ap = 0.
The bond path is made up of a pair of gradient paths, originating
to a BCP and terminating at neighbouring nuclei. The necessary
condition for two atoms to be bonded to each other is that their
nuclei must be linked by a bond path. The bond path is regarded
as “a universal indicator of bonded interaction” [54]. The method
is widely used for proving the existence of hydrogen bonds [55].

3. Results and discussion
3.1. Conformational study

Ab initio molecular orbital computations were carried out on
the putative 81 conformations of the four dipeptide models (I-
IV) at the RHF/3-21G level of theory in order to determine the
location of selected minima on their conformational potential en-
ergy hypersurfaces (PEHSs). The found minima are depicted in
Fig. 3a-d. In contrast to the idealised topology, instead of 81,
only 31, 35, 35 and 31 different conformations were found for
compounds I, II, IIl and IV, respectively, (Fig. 3a-d). It should
be noted that some conformations obtained at RHF/3-21G level,
displayed relatively high energy with respect to the global min-
imum and therefore they are not significant from a thermody-
namic point of view. In the next step of our study we
optimized those conformations within an energy window of
5 Kcal/mol with respect to each global minimum using more
accurate B3LYP/6-31G(d) calculations. Thus, 12, 12, 16 and 6 con-

Fig. 4. Spatial view of the low-energy conformation obtained for (a) compound I
(eryL) and (b) compound IV (7y.7yL).

formers were obtained at DFT level for compounds I, II, Il and
IV, respectively. These results are shown in Tables 1-4. Compar-
ing the results shown in Fig. 3a-d and Tables 1-4, it is possible
to obtain interesting general features. Both RHF/3-21G and
B3LYP/6-31G(d) calculations predict a moderate but significant
molecular flexibility for these compounds indicating that some
conformational interconversions can take place without high en-
ergy requirements. However, there is also striking differences be-
tween the results obtained using these approaches. RHF/3-21G
calculations predict the €y, conformation as the highly energet-
ically preferred form for the four compounds reported here.
These results indicate that for the RHF/3-21G calculations, the
presence of the methyl group of Ala residues it is not relevant
for the conformational preferences. In contrast, the B3LYP/6-
31G(d) calculations predict the y;y,. conformation as the global
minimum for compounds II and IV . This form was not found
from RHF/3-21G optimizations. Interestingly, for compound III,
the conformation g7, (the global minimum) possess a closely re-
lated spatial ordering to those of the vy,y, conformations of com-
pounds II and IV, varying only the torsional angle yr; in 24° (see

Table 5
Relative energies for the different conformations of compound I-IV obtained from
single point. Calculations using aug-cc-pDVZ basis set.

Compound Topology E (hartree) AE (kcal/mol)
I BL BL —664.6464772 0.00
g YL —664.6463024 0.11
YL €L —664.6452314 0.78
BL YL —664.6451217 0.85
dp YL —664.6439470 1.59
BL €p —664.6431156 2.11
YL BL —664.6421502 2.72
gL Yp —664.6414599 3.15
3p op —664.6397465 4.22
Yp 3p —664.6393441 4.48
3 €L —664.6390577 4.66
o op —664.6379374 5.36
11 YL YL —703.9663549 0.00
BL BL —703.9648693 0.93
e YL —703.9645652 1.12
BL YL —703.9643657 1.25
3p YL —703.9639570 1.50
€p BL —703.9620630 2.69
€p o —703.9608209 347
€p YL —703.9607803 3.50
€p b —703.9604783 3.69
S o —703.9591713 4.51
YL Sy —703.9584970 493
op oy —703.9573626 5.64
111 = YL —703.9660838 0.00
YL BL —703.9642750 1.14
BL BL —703.9642011 1.18
BL YL —703.9628443 2.03
BL dp —703.9620516 2.53
YL €p —703.9618623 2.65
Sy BL —703.9615159 2.87
YL Yb —703.9612040 3.06
YL €L —703.9605005 3.50
BL € —703.9601515 3.72
BL €p —703.9600994 3.76
YL 3 —703.9589983 445
S o —703.9586796 4.65
Sy € —703.9584061 4.82
o op —703.9568304 5.81
op YL —703.9557323 6.50
v YL YL —743.2862796 0.00
12 YL —743.2843987 1.18
BL YL —743.2819667 2.71
BL BL —743.2816636 2.90
S o —743.2782556 5.04
olp YL —743.2744837 7.40
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Tables 2-4). From these results it appears that DFT calculations
predict that the methyl group causes a moderated but significant
disturbance of rotamers populations. The marked influence on
rotational barriers which alter considerably the energy gaps
among the conformers might be the responsible of these results.

It should be note that the vy, forms are folded conformations
possessing an internal hydrogen bond which is stabilising this spa-
tial ordering (Fig. 4b). The same observation is also valid for the
€yL conformations (Fig. 4a).

The torsional angle w¢_t (Fig. 1), which determine the cis-trans
character of the peptide bond, displayed an average value of 5.93°
(SD=9.3), 541° (SD=11.3), -5.02° (SD=10.9) and -0.76
(SD =10.2) for compounds I, II, IIl and IV, respectively. High reso-
lution X-ray data obtained from 43 cis-peptide bonds of non-pro-
line residues, displayed a value of 1.6° (SD =4.7) (54) for this
angle. Thus, both experimental data and theoretical calculations
indicate that this torsional angle it is not totally planar, but very
close to the planarity.

Table 5 gives the energy gaps obtained for the different confor-
mations of compounds I-IV from more accurate calculations using
an extended and flexible basis set. These results, in general are in
agreement with the DFT results being the main difference the glo-
bal minimum obtained for compound I. B3LYP/aug-cc-pVDZ//
B3LYP/6-31G(d) calculations predict that the B, B, form is the
energetically preferred conformation. However, it should be noted
that the energy gap obtained between the BB, and vy, conforma-
tions are expected to be populated significantly.

A comprehensive conformational analysis for For-Ala-t-Ala-NH,
has been previously reported from ab initio calculations [45]. Thus,
it is possible to perform some comparisons between those previous
results with our data obtained for Ac-Ala-c-Ala-NMe. It has been
proposed that the preceding or following diamide unit can stabilize
the oy and g, conformations, as substructures, which were found to
be intrinsically unstable geometries in the For-Ala-NH,. Our results
indicate that the same appreciation is also valid for the Ac-Ala-c-

Ala-NMe molecule. (Note that o; and g are stable forms for some
conformers of (I-IV) Table 1-4.

At this stage of our work some general observations can be
made with respect to the conformational intricacies of compounds
[-IV. DFT and B3LYP/aug-cc-pVDZ// B3LYP/6-31G(d) calculations
indicate that the energetically preferred conformations of these
compounds are slightly influenced by the presence of the methyl
groups of Ala residues. Also observing the energetically preferred
conformations it is evident that the preferred forms are stabilized
by internal hydrogen bonds. To understand better the above re-
sults, a detailed electronic study using AIM theory was carried
out. The purpose was to obtain more precise information about
the intramolecular interactions which are stabilising the different
spatial orientations adopted by compounds I-IV.

3.2. Intramolecular interactions

An alternative method to analyze hydrogen bonding involves
the topological analysis of electronic density distribution, which
can be used to analyze intramolecular hydrogen bonding between
H and a nearby heteroatom (Y) to gain some insight into the effect
of hydrogen bond interactions on the conformations of dipeptides.

Table 6 shows the most significant topological local properties
geometrical properties (interatomic distances and interaction an-
gles), electron density (p); Laplacian of the electron density
(A2p), ellipticity (¢), cocient between the Lagrangian of kinetic en-
ergy and electronic density (G/p) and total energy density (E4) for
the most representative structures obtained for compounds I-IV.
The topological local properties reported correspond to the bond
critical points from X—H---Y, where H represents the hydrogen
atom involved in the bond.

All the BCPs (Bound Critical Points) found present two negative
eigenvalues (4; and 4,) and one positive (/3) corresponding to a
(3, —1) BCP type. All the geometries of these hydrogen bonds cor-
respond to a length bond H---Y in the order of 1.98-2.4 A; whereas

Table 6
Topological properties at hydrogen bond critical points of the most representative structures four compounds I-VI.
Dipeptido ~ Topologia®  PCE® Interaction Distancia® H—Y  Angulo® X-H—Y  100p® 100 Azp’ 100¢® G/p" 100E4'
Gly-Gly e-YL 3,-1) 07---H15—N12 2.02 154.50 2.2342455 7.1908644 0.4958585 0.8180975 —1.8278307
Yi-€L (3,-1)  0O7:--Hy;s—Nj2 2.05 153.80 2.0456803 6.8245813 4.1444786  0.8344408 —1.7069992
Sp=TL (3,-1) 0y--H;s—N;» 2.06 163.10 2.0247774  6.5261895 24546673  0.8160893  —1.6523991
d—-€L 3,-1) Ns---Hi6—013 2.04 143.70 2.3229329 7.3250046 4.7898603 0.8118946 —1.8859766
Gly-Ala Yi=YL 3,-1) 07---H15—Nq2 2.02 158.20 2.1474172 7.1399763 4.6356027 0.8343616 —1.7917225
e-YL 3,-1) 0O7---H15—Ni2 2.04 151.80 2.1419979 6.9204352 0.8064128 0.8190712 —1.7544487
Sp—YL 3,-1) O7---H15—N12 2.05 164.70 2.0797652 6.6468998 2.1335714 0.8128372 —1.6905105
€p—Yp 3,-1) 07---H15—N12 2.06 144.40 2.0979814 6.8882508 3.1961317 0.8273006 —1.7356613
Ep—0l. 3,-1) 07---Ha3—Cyo 2.40 152.10 1.1720980 3.7388103 7.8036460 0.7524715 —0.8819704
Ala-Gly £-7L (3,-1) 0y-His—N;,  1.98 157.00 24210852  7.8648054 0.2626916  0.8244756  —1.9961257
Yi-BL 3,-1) 07---Ha3—Cypo 2.22 159.90 1.7088962 5.1106183 5.3481926 0.7548054 —1.2898840
YL—€p 3,-1) 07---H19—Cio 2.28 152.30 1.4945469 4.5863546 5.9533379 0.7562376 —1.1302326
Yi~Vp (3,-1) 07 -H—Cio 235 152.00 12772238  4.0749814 75767855  0.7617200  —0.9728870
d1-€p 3,-1) Ns---Hi6—013 2.10 138.70 2.0586540 6.6407175 7.2706400 0.8170252 —1.6819721
Y-8 3,-1) 07---Ha3—Cqo 2.30 152.30 1.4227843 44851052 6.6173904 0.7669879 —1.0912583
Op—YL 3,-1) 0O7---H15—Nq2 2.23 141.40 1.4265005 4.9698342 9.8841582 0.8349337 —1.1910333
Ala-Ala ViYL 3,-1) 0O7---H15—N12 2.02 158.40 2.1585244 7.1248049 4.5823509 0.8326550 —1.7973061
VL (3,-1)  0O7:--Hy;5—Nj2 1.99 155.30 2.3614329 7.6744832 0.2055672 0.8243803 —1.9467187
op—YL 3,-1) 07---H15—Nq2 231 137.80 1.2232017 4.4068638 16.1099643 0.8400465 —1.0275464
¢ Obtained from MDCA.
b Critical point range of 0.--H bond.
¢ Interatomic distance (A).
94 Interaction angle (degrees).
€ Electronic density.
f Laplacian of the electronic density.
¢ Ellipticity.
h

Cocient between the lagrangian of kinetic energy and electronic density.
! Total energy density.
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the bond angles X—H- - -Y range from 137.8° to 164.7°. According to
the scheme elaborated by Popelier [52], the characterization of in-
tra- and/or inter-molecular interactions, two criteria must be
obeyed: (1) besides the proton donor, the acceptor center for posi-
tive charge must contain a minimum level of electron density (p),
and (2) typical values for the Laplacian descriptor of charge density
(A%p) must be carefully interpreted. The laplacian descriptors lead
to consider A%p <0 and A?p >0 when covalent bonds (shared) or
inter-/intra-molecular (closed-shell) contact are present [52],
respectively. On another hand, Popelier [52] and Bader [53] pro-
posed the existence of hydrogen bonding within the AIM formal-
ism when p and A?p at the BCP of two hydrogen bonded atoms
are in the range of 0.002 < p <0.035 and 0.024 < A%p < 0.139
a.u., respectively.

It is evident from the values listed in Table 6 that the represen-
tative structures obtained for compound I-IV fall into the common
accepted range for hydrogen bonds mentioned above [53]. From
Table 6 one can see some important points. O---H—N bonds with
having suitable topological parameters at its BCP, namely:
0.0202 < p < 0.0242, 0.0496 < A%p <0.0786 and 0.0020< &<
0.0988, can make strong hydrogen bond interaction in comparison
with other HBs. It is interesting to note that the topological prop-
erties at the O- - -H—N BCP for the apy; conformation of compound
IV (namely: p = 0.0122, A%p = 0.0440 and ¢ < 0.1610, respectively)
do not fall within the previous mentioned range, indicating a loose
stabilization of this conformer by intramolecular HB. Topological
values for O---H—C HBs are: 0.0117 < p <0.0170, 0.0373 <
A%p <0.0511 and 0.0534 < £ < 0.0780; these values shows low
charge density and high ellipticity indicating weak interaction at
these BCP.

The strength of these interactions might be well appreciated in
Fig. 5. In this figure we plotted bond length vs. total energy density
(Eq) and electronic density (p), respectively, as well. We can ob-
serve in this figure that the stronger interaction energies corre-
spond to the shorter bond lengths and the higher electrostatic
density. In other words, while the distance between the atoms de-
crease, stronger is the interaction and therefore the electrons are
more localized.

Fig. 6 gives the contour map of A2p obtained for the electronic
density of the g7y, conformation of compound IV calculated at
B3LYP/6-31G(d) level of theory. Solid lines show rich-charged
zones (p values lower than 0.0), whereas the poor-charged regions
(p values higher than 0.0) are denoted by dot lines. The interatomic
bonds are shown in green in this figure. The crossover between the
interatomic surfaces and the plot plane are also in this Fig. 6. In

Egand p(ua)

. ] . ] . ] . I . ]
1.9 2.0 21 22 2.3 24

d (HeeeY) A

Fig. 5. Relationships obtained between: electronic density (p) versus distance
(upper); and total energy density (E4) versus distance (bottom).

addition, the BCP (3, —1) position is denoted by a double asterisk
showing the corresponding hydrogen bond.

Fig. 7 displays the contour map of the A?p obtained for the elec-
tronic density of the y;,B; conformation of compound III calculated
at B3LYP/6-31G(d) level of theory. We display here only two con-
tour maps of the most representative forms. These results account
for the general characteristics shown in Table 6. Different plots
have been obtained for the rest of the conformations, with these
results being considered representative of the overall
phenomenon.

3.3. Correlation between natural occurrence of conformers and
computed stability

The validity of this type of calculations may be assessed, at least
in part, by comparing the predicted structure with that derived

Fig. 6. (a) Contour map obtained for the laplacian of electronic density for the &y,
form of compound I. This figure was plotted considering the N—H. - -O interaction
and the values were obtained from B3LYP/6-31G(d) calculations. (b) Spatial view of
the conformation used for the AIM theory analysis.
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experimentally by X-ray crystallographic studies [37-39]. Thus,
the comparison of the preferred forms obtained from theoretical
calculations with the spatial orderings reported from X-ray data
is possible for this cross-validation. We will assume that the prob-
ability of conformers in proteins depends only on its relative en-
ergy. This is a model in which several stabilizing factors are
neglected, such as interresidue interactions, long-range effects,
and hydration, among others. Acknowledging the limitations of
this approach, the relative energy of a conformer can be correlated
with the relative probability of the same backbone structure in an
ensemble of proteins with known X-ray structures. Fig. 8 gives a
comparison between the energetically preferred forms obtained
from DFT calculations with those attained from X-ray data. The
root main square deviation (RMSD) obtained between compounds
I, Il and IV with their experimental data are: 0.58 A, 0.37 A and
1.15 A, respectively. The comparison of these conformations shows
an emerging promising similarity.

Fig. 7. (a) Contour map obtained for the laplacian of electronic density for the y;y.
form of compound III. This figure was plotted considering the C—H- - -O interaction
and the values were obtained from B3LYP/6-31G(d) calculations. (b) Spatial view of
the conformation used for the AIM theory analysis.

4. Conclusions

We report here the PEHSs of compounds I-IV. Thus, the confor-
mational preferences of these compounds have been determined
by theoretical calculations at different levels of theory. In general,
the different calculations reported here RHF/3-21G, B3LYP/6-
31G(d) and B3LYP/aug-cc-pVDZ//B3LYP/6-31G(d) displayed quali-
tatively similar results indicating that RHF computations using a
modest basis set like 3-21G are sufficient to realize an exploratory
and preliminary conformational analysis. However, higher levels of
theory that consider the electronic correlation are necessary to
confirm critical points and assign the conformational preferences.
This is in particular apparent after examining that the energy gaps
observed are different according to the employed levels of theory.
Also the global minimum obtained for some compounds varies in
function of the method used.

Using topological analysis of the electron density, we found
hydrogen bonds, which stabilize the different conformers of com-
pounds I-IV. On the basis of our results it appears that the Bad-
er-type analysis gives a better understanding of the electronic
structure showing the utility of this method of calculation to inves-
tigate the electronic structure of cis-dipeptides.

Fig. 8. Overlapped stereoview of the backbone conformations obtained from X-ray
diffraction (blue) and conformations attained from DFT calculations (red). Com-
pound I (a), coumpound II (b) and compound IV (c).
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The conformations energetically preferred obtained for com-
pounds I-IV are reasonably consistent with the experimental val-
ues obtained from X-ray. We believe that this study can
contribute to a better understanding of some less noticeable ef-
fects, which might strongly influence the conformational prefer-
ences of these cis-dipeptides.
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