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“Chance is a word void of sense; nothing can exist without a cause”.  
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vviiii  

 
O B JE C TI VE S  

 
 

(1) Examine the conformational preferences of proline analogs having one or 
more double bonds in the pyrrolidine ring. Analyze the influence of the 
insaturations on: (i) the stability of the cis arrangement of the peptide bond 
involving the pyrrolidine nitrogen; and (ii) the conformational flexibility 
of the backbone. 

 
(2) Analyze the intrinsic conformational preferences of two representative α-

tetrasubstituted proline analogs (α-methylproline and α-phenylproline) 
and compare them with those of conventional proline. Understand the 
effects of the substituent incorporated at the α position on the preferred 
backbone conformation, the puckering of the pyrrolidine ring and the 
cis/trans disposition of the amide bonds. 

 
(3) Compare the conformational properties of different aminated and 

dimethylaminated derivatives of proline. Examine how the formation of 
side chain···backbone hydrogen bonds affects not only the conformational 
flexibility but also the trans/cis disposition of the peptide bond involving 
the pyrrolidine nitrogen.  

 
(4) Determine the conformational preferences of the aminoproline analogs 

protonated at the amino side group. Analyze the influence of the pH on the 
relative stability of the different possible isomers, the backbone flexibility 
and the disposition of the peptide bond.  

 
(5) Characterize the conformational profile of the CREKA sequence, which 

defines a very efficient tumor-homing pentapentide, and identify the 
corresponding bioactive conformation. A satisfactory achievement of this 
objective is essential for designing of synthetic analogs able to provide 
protection from proteases, which is an important step before the 
development of potential applications of tumor-homing peptides. 

 
(6) Improve the biological performance and pharmacological profile of 

CREKA by engineering an analogue that incorporates a non-proteinogenic 
amino acid. This residue should be conceived to retain the most relevant 
characteristics of the conformational profile of the natural peptide and 
simultaneously impart stability against proteolytic cleavage. 
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1  
Introduction 

 

1.1 Proline: structure and properties 

 Among the 20 amino acids that universally constitute all proteins, Proline 

(Pro) is the only one that presents specific conformational features: its chemical 

constitution is characterized by presenting its aliphatic side chain fused to the 

molecule back bone1. Thus, the characteristic primary amino group, that the other 

19 amino acids present in their free form, becomes a secondary amino group by 

the bond formed between its nitrogen atom and the delta carbon of the side chain 

(Chart I). This structural feature first implies that Proline loses one of the two 

main chain conformational degrees of freedom, since the cyclized side chain locks 

the backbone torsion defined by the bond N-Cα (ψ at Chart I) around -60°. This 

conformational restriction limits its presence in protein structural motifs, as it will 

be pointed bellow. The five member ring (pyrrolidine ring) also features its own 

conformational profile. In the available crystal structures of peptides and proteins, 

two particular puckered conformations are the most populated and equally 

probable: The down and up ring puckerings are defined as those in which the Cγ 

and C=O group of the Pro residue lie on the same and opposite sides, respectively, 

of the plane defined by Cδ, N, and Cα atoms.

N

OH

O
H

α

βγ

δ

2 

   

N
O

ψ ϕ

 
 

Figure 1.1: Chart I 
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Another unique property associated with this residue is the relatively high 

impact that the cis configuration has on the peptide bonds preceding the Pro in 

many naturally occurring protein systems (5-6%) in front of the almost negligible 

impact for the other 19 residues (0.03 %).3-5 The cis-trans isomerization of Pro 

(Chart II) is often involved in the rate-determining steps for folding and refolding 

of some proteins.

 

6-7 

N

C O

N

O

N

C O

N

O  

Figure 1.2: Chart II 

The conformational restrictions imposed by its constitution determine the 

structural impact of Pro in natural peptides and proteins. Hence, Pro is usually 

placed as secondary structure disruptor, whereas its prominent presence in the first 

positions of turns is an especial case of such feature. Its presence in helical 

segments generally is limited to the forward positions, since the lack of hydrogen 

bonded to the main chain nitrogen when forming peptide bonds only habilitates 

Proline as hydrogen bond acceptor. As mentioned before, Pro has a remarkable 

impact in turns, since its conformational restrictions make Pro an excellent hinge 

for changing the direction in β strands.8 Finally, the fixed value for ψ dihedral 

angle around gauche– conformation aims the formation of a special helical 

arrangement, the polyproline helix, when Pro (and 4-hydroxiproline) polymerize. 

This type of regular arrangement is the predominant secondary structure in 

collagen fibers, which are constituted by the lateral assembly of 3 polypeptide 

chains folded in the aforementioned helical conformation. 
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1.2 Survey of modified Proline residues. Conformational      
features 

Among other strategies, the chemical modification of natural proteogenic 

amino acids has proven to be an efficient approach for restricting the 

conformational space of such molecular species.9 This feature is of great interest 

for further nanotechnological applications, since a major part of the work devoted 

to redesign natural biomacromolecules implies exercising conformational control 

over such systems (either as a whole or small parts of them).10

The most characterized chemical substitution in Proline is the presence of a 

functional group at the position 4 of the ring (C

 The particular 

conformational features of Proline has made of it a major target for potential 

molecular engineering modifications, since its inner constitutional restrictions aids 

limiting its low energy accessible conformations, helping biasing the 

conformational freedom of the peptide in which this residue is included. 

γ at chart II). This modification has 

special relevance in biological systems since the substitution of the Prochiral 

hydrogen R in such carbon by a hydroxyl group (4R-hydroxy-L-proline, Hyp) is 

detected in about the 50% of the Prolines present in natural collagen (Chart III).1 

The presence electron-withdrawing groups significantly affects the 

conformational dynamics of the pyrrolidine ring puckering transition. Thus, the 

presence of either a hydroxyl group or a Fluoride atom (4R-fluoro-L-proline, Flp) 

affect the transition barriers between the up and down fall puckering.11 Moreover, 

these changes also have a reflection over the main chain conformational 

preferences, since an increment in the population on the up-puckered 

conformation aids the stabilization of the εL conformation (also denoted 

polyproline II-like or PPII), which is very unfavored in the unsubstituted Pro.

C4 C3

C2

N1

C5
OH

O
H

α

βγ

δ

X

12 

   X= -OH, Hyp        X= -F, Flp 

Figure 1.3: Chart III 
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Other ways of altering the conformational features of Proline is playing with 

its chemical constitution. The ring size can be changed, either reducing its 

flexibility by diminishing the ring size (eliminating a methylene group, the L-

azetidine-2-carboxylic acid, Aze) or by inducing the opposite effect by enlarging 

the cyclized segment (inserting a new methylene group, the (S)-piperidine-2-

carboxylic acid, Pip).13 In both systems, when comparing with the native proline, 

there is a reduction of the energy difference between C7 arrangement (also 

denoted γL) and εL, becoming the former the most favored conformation as the 

solvent polarity increases. It is worth noting that despite the notable differences 

between the new constitutions and the Pro there isn’t great differences respect to 

both the main chain conformational preferences and the cis-trans equilibrium in 

the peptide bond.

Another possibility is changing the chemical nature of the pyrrolidine ring: it 

is possible to think about replacing the methylene unit of the gamma position by 

another functional group. For instance Kang and Park

13 

14 explored the possibility of 

converting the Pro ring into and heterocyclic species (see Chart IV) by 

introducing in such position either an oxygen atom ((S)-oxazolidine-4-

carboxylicacid, named Oxa) or a thiol group ((R)-thiazolidine-4-carboxylicacid, 

named Thz). In these pseudo proline residues the main chain conformation 

preferences are very influenced by the polarity of the solvent, as also observed for 

the unmodified proline.15 Thus, in both Oxa and Thz the population of γL 

conformation decreases as the medium polarity increases, favoring εL 

arrangement. The puckering preferences though invert their tendencies in the case 

of the new rings respect to the natural residue, since the polarity promotes the 

presence of up arrangements for the latter but unfavors them for the former 

residues.  
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X4 C3

C2
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C5
OH

O
H

α

βγ

δ

  

C4 C3

N2

N1

C5
OH

O
H

α

βγ

δ

 

X= O, Oxa     azPro 

X= S-H, Thz 

Figure 1.4: Chart IV 

Finally, the proper backbone of the amino acid can also be modified: if the Cα 

is replaced by a nitrogen atom, the azaproline (azPro) is obtained (Chart IV).16 In 

this case the new electronic structure resulting from the insertion of the azo 

moiety drastically changes the new residue conformational preferences, highly 

stabilizing β-sheet like arrangements (δL conformation). Furthermore, the effect of 

the non-bonded electron pairs of the new nitrogen atom aids over stabilizing the 

cis arrangement for the second peptide bond, when azPro is inserted between a 

dipeptide moiety. As the polarity of the medium increases the preferences of this 

residue tend to meet those of the natural proline by favoring the εL arrangement 

over the δL

1.3 Peptide design: improving nature for 
bionanotechnological applications 

 one.  

The relationship between folding and function among proteins has long been a 

source of fascination to the molecularly inclined scientist. The interplay between 

R-amino acid residue sequence and the three-dimensional arrangement of these 

subunits that results from adoption of a specific conformation enables proteins to 

manifest an extraordinary range of functions. Among such sequences, short 

peptides have found tremendous attention in diverse aspects of science ranging 

from rational drug design17 to nanomaterials.18 These diverse applications are due 
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to their distinctive properties, such as ease of synthesis and characterization, 

introduction of chemical diversity by simple amino acid substitution, and 

modulation of 3D structure by chemical modification. The application of peptides 

as drugs stems from their key role in many signal transduction pathways, which 

makes them an attractive avenue to target diseases. Despite the high activity and 

receptor selectivity of naturally occurring bioactive peptides (or active protein 

fragments), they have distinct disadvantages for practical application in medicine, 

such as short half-life in vivo and lack of oral availability. The initial step in drug 

research of peptides is usually simplification (e.g., reduction in size), followed by 

peptidomimetic approaches to ensure metabolic stability, with the final goal of an 

orally available, highly active, and selective drug. Whereas the preliminary steps 

can be done in a rational way with relatively high probability of success, the final, 

crucial step of conversion from peptide into a drug is often more problematic.  

On the other hand, not all of the amino acids in a peptide sequence are 

essential to achieve the biological effect. The initial identification of the 

“bioactive sequence”, the minimal sequence19 required to achieve the biological 

activity, is often done by alanine scanning. This is the systematic substitution of 

each amino acid by alanine to identify the key residues, that is, those whose 

substitution results in reduced activity. The next important factor is the 

conformation of the peptide. In the majority of such peptides, a major obstacle in 

the study of the “bioactive sequence” is intrinsic flexibility. Thus, the active 

sequence must be rigidified in a defined conformation in order to achieve the 

desired activity and selectivity. Reduction of conformational space can be 

achieved by cyclization, resulting in highly active and selective derivatives when 

the bioactive conformation is matched.20 This search of matching is done by 

“spatial screening”.21 An alternative strategy can be the systematic exploration of 

the hypersurface of potential energy of the studied segment. Hence, the first step 

would consist of in silico exploring all the accessible conformations that the 

peptide can adopt under physiological (or under those conditions that 

experimental information has been recorded).22 Once the accessible conformations 

have been identified, specific chemical modifications can be targeted to enhance 

those conformations that contribute to the collective of bioactive conformations.  
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Another major problem in developing peptidic drugs is their enzymatic 

degradation in vivo, which eventually results in the lowering of the 

pharmacokinetic profile (half-life, bioavailability, etc.). Medicinal chemists have 

developed an array of strategies over the years to confront this problem, such as 

incorporating peptide bond isosters,23 peptoids,24 retro-inverso peptides,25 and 

peptidomimetics.26 Although these strategies have elegant properties of their own, 

they demand careful design with challenging syntheses. Despite this complexity, 

targeted modifications of the natural peptides present high potential, since they 

can allow to both enhance the peptide inner properties (specificity and activity) 

and to provide new physicochemical features to the modified segment, such as 

resistance to endogen proteases. 
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2  
Methods 

 

2.1 Introduction  

In this chapter the methods used throughout this Thesis, which can be 

organized in quantum mechanical methods and molecular dynamics simulations, 

will be discussed. In the section 2.2, the basic elements of quantum mechanical 

methods are presented. Specifically, the more essential trends of ab initio and 

DFT methods are described. In section 2.3 classical methods based on Molecular 

Dynamics simulations are briefly discussed. Finally, section 2.4. presents the 

basic concepts of the conformational search procedures used in this Thesis. 

 

2.2 Quantum Mechanical Methods  

These methods provide a reliable description of the energies, geometries and 

electronic properties of the systems under study. In this approach, nuclei are 

arranged in the space while the corresponding electrons are spread all over the 

system in continuous electronic density and computed using the Schrödinger 

equation. 

When the Schrödinger equation 2.1 is solved, quantum mechanical methods 

postulate the existence of a wave function, Ψ, that contains all the information of 

the system: 

Ψ=Ψ
∧

EH  (2.1)  

where 
∧

H  is the Hamiltonian operator that includes the kinetic and potential 

energy of the nuclei and electrons, and E is the energy of the system. Two basic 
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quantum mechanical methodologies are currently used to study chemical 

problems: ab initio and Density Functional Theory (DFT), which differ in the 

procedure to obtain Ψ . 

2.2.1 Ab Initio Methods  

 For a system of N nuclei and M electrons, the
∧

H  is expressed as (in atomic 

units): 

∑ ∑ ∑∑∑∑∑∑
= = 〉=〉===

∧

++−∇−∇=
N

i

M

A

M

AB AB

BA
M

A

N

j ij

N

i

M

A iA

A
N

i
A

A
i R

ZZ
rr

Z
m

H
1 1 11111

22 1
2

1
2
1

  

 

 

(2.2)  

where Am is the relation of the nucleus mass with respect to the electron mass, AZ  

is the atomic number of the nucleus A, 22
Ai and∇∇  are operators that refer to the 

differentiation between the coordinates of electron i and the atom A, respectively. 

In equation 2.2 each term is an operator defining the energy components of the 

system: the first term represents the kinetic energy of the electrons, the second 

term is the kinetic energy of the nucleus, the third one is the electrostatic 

attraction between nucleus and electrons, the fourth one is the electrostatic 

repulsion between the electrons and, finally, the fifth one corresponds to the 

electrostatic repulsion between nuclei. Taking into account the high ratio between 

nuclear and electronic masses, the Born-Oppenheimer approach allows discard the 

second and the fifth terms, the general Hamiltonian being transformed into an 

electronic Hamiltonian ( elH
∧

):  

∑ ∑ ∑∑∑
= = = 〉=

∧

+−∇=
N

i

N

i

N

i

N

j ij

M

A iA

A
iel rr

ZH
1 1 1 11

2 1
2
1

 
(2.3)  

In principle, it is possible to describe all chemical systems by solving the 

Schrödinger equation. However, in practice, only the simplest ones may be 

studied exactly using this level of theory, and the introduction of some 
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approximations necessary (Hartree-Fock, post-Hartree-Fock or Density 

Functional).  

The reliability of the results obtained by applying the Schrödinger equation 

depends on the quality of quantum chemical procedure but also on the number of 

atomic orbitals employed to describe the chemical system (see next section). It 

should be noted that the more sophisticated the basis set is, the longer calculation 

time is needed. The 3-21G1, 6-31G (d)2, 6-31+G (d,p)3and 6-311G(d,p)4

2.2.2 Hartree-Fock Method 

 are, in 

increasing order of complexity, the basis sets more frequently used.  

The Hartree-Fock method (HF) is an approximated process for the 

determination of the ground state wavefunction and the energy of a chemical 

system. The HF method assumes that the wavefunction of the system can be 

approximated by a single Slater determinant of spin-orbitals and solves the 

Schrödinger equation through an iterative process applying the variational 

principle. In addition, the molecular orbitals are required to be orthogonal. The 

first step of this iterative process consists on the generation of a test wave 

function, and then the Fock operator used to describe how each particle is 

subjected to the mean field created by all the other particles is build. The 

equation’s values and their own functions are solved and the procedure is repeated 

till reach the convergence. For this reason, the HF method is also known with the 

name of Self Consistent Field (SCF). The functions that the HF method uses are 

expressed as an antisymmetrical linear combination of spin-orbital products (i.e. a 

Slater determinant; equation 2.4): 

Nio χχχχ ......21=Ψ  (2.4)  

The spin-orbitals (χi

v

k

v
vii C φχ ∑

=

=
1

) are represented as a linear combination of 

monoelectronic orbitals (also called base functions), which often correspond to 

atomic orbitals. This approximation is known as Linear Combination of Atomic 

Orbitals: 

 (2.5)  
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where k is the number of base functions φ used to describe the spin-orbital χi, and 

Cvi

The base functions are usually Gaussian-type because of their computational 

efficiency. The results provided by the HF method strongly depend on the number 

of base functions used. The smallest number of functions that can accommodate 

all the electrons of the system is denoted minimum basis set. In the split-valence 

basis sets, which are have been used to study the bio-organic chemical systems 

reported in this work, the internal electrons are described with a single base 

function, whereas two or more basis are used for valence electrons. Furthermore, 

additional functions, as polarization and diffuse functions, can be added to 

improve the description of the electronic density. As was mentioned above, the 

quality of the results increases with the size of the basis set. Accordingly, the 

energy of the system decreases with the number of base functions until it reaches 

the HF limit. Once this limit is reached, the reduction of the energy cannot 

continue by enlarging the basis set.  

 are the coefficients multiplying each atomic orbital.  

Many chemical systems bring all their electrons in a coupled form. Such 

kinds of systems, which are denoted closed shell systems, are determined by 

means of the Restricted Hartree-Fock (RHF) approach. In this approach spin-

orbitals χi χi+1

2.2.3 Other Ab Initio Methods  

 are described as having the same space function but different spin 

function. However, charged and excited systems require the Unrestricted Hartree-

Fock (UHF) approach in which spin-orbitals also differ in the space function. 

An intrinsic approach of the HF method lies in the assumption that each 

electron moves in a field generated by the average electronic distribution 

produced by the remaining electrons. Since the repulsion between electrons is not 

explicitly considered in this approach, the HF method cannot provide good results 

for some properties, as for example excited states and chemical reactions. 

However, more sophisticated ab initio methods can be used to study such 

properties, in which the electronic correlation is crucial. 

An easy way to include the electronic correlation is through the configuration 

interaction method. In this procedure the ground electronic state is described as a 
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mixture of all the possible electronic states (full-CI). In practice, this expansion is 

usually truncated to a few accessible electronic states (truncated-CI). The CI 

method allows obtain the most complete non-relativistic description of chemical 

systems, but is computationally prohibitive for  medium and large size systems. 

Another way to include the electronic correlation is through perturbational 

methods. Without any doubt, the Møller-Plesset (MP) procedure5

2.2.4 DFT Methods  

, which is based 

on the theory of Rayleigh and Schrödinger, is the most frequently used. 

The DFT approach is based on the theorems of Hohenberg-Kohn10

The DFT methods are based in the theory developed by Kohn and Sham: the 

electronic density of a system can be represented as the sum of N monoelectric 

orbital densities, which ensures the DFT calculations to be easily applicable. 

Using these ideas, the electronic energy, which includes electron correlation, is 

calculated as the sum of several terms that depend on the electronic density. In 

this context the electronic energy can be calculated using the equation 2.6: 

 which 

demonstrate the existence of an electronic density functional able to provide the 

energy of the fundamental state, even although the form of such functional cannot 

be determined. 

XCJVT EEEEE +++=  (2.6)  

where ET is the kinetic energy, Ev contains the terms of the potential energy 

nucleus-electron and the repulsive term between nuclei, EJ represents the 

Coulombic repulsion energy between electrons and, finally, EXC

The term E

 is interchange-

correlation energy. All of these energetic terms, with exception of the nucleus-

nucleus repulsion, depend on the electronic density ρ. 
XC is not determined directly in this approximation, due to its 

unknown mathematical formulation. Usually this term is described as a sum of an 

exchange term EX and another of electronic correlation EC

)()( ρρ CXXC EEE +=

 (equation 2.7). 

 (2.7)  
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2.2.4.1 Correlation Term 

 
This term can be calculated by local or non local functionals. In the present 

thesis we have used the non local functional proposed by Lee, Yang and Parr 

(LYP)11

2.2.4.2 Hybrid Functionals     

. 

In order to calculate more efficiently the term EX, it is possible to use a 

mixture of the HF exchange with the DFT exchange-correlation, what is known as 

hybrid functional. The hybrid functional more frequently used corresponds to that 

derived by Becke (proposed in 1988)12

Nowadays, one of the most known combinations, and used in this thesis, is the 

combination of the Becke three parameters hybrid functional (B3) with the non 

local correlation provided by the LYP expression (B3LYP) It is well established 

that B3LYP calculations provide a reliable description of a large number of 

organic chemical systems from both qualitative and quantitative points of view. 

.   

2.2.5 Solvent Effects 

Evaluate the solvent effects is one of the majors goals in computational 

chemistry, since many important chemical processes take place in solution rather 

than in the gas-phase. 

The continuum models, describe the solvent as a dielectric continuum, which 

can interact with the solute molecules. Within these models, the Self-Consistent 

Reaction Field (SCRF), have been the most successful. This method treats the 

solute at the quantum mechanical level, while the solvent is represented as a 

dielectric continuum.  

In particular, the Polarizable Continuum Model developed by Tomasi and co-

workers,13 

 

and used in this Thesis, calculates the molecular free energy of a 

system in solution as a sum over three terms:  

     G + G + G = G cavdressol  (2.8)  
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where Ges represents the electrostatic, Gdr the dispersion-repulsion and the 

Gcav

All three terms are calculated using a solvent cavity defined through 

interlocking van der Waals-spheres centered at the atomic positions of the solute 

and involves the calculation of virtual point charges on the cavity surface. The van 

der Waals radius of each atom is a function of the atom type, connectivity, overall 

charge of the molecule, and the number of attached hydrogen atoms. The 

magnitude of the charges is proportional to the derivative of the solute 

electrostatic potential at each point calculated from the molecular wavefunction. 

Then, the point charges may be introduced in the electron Hamiltonian what 

represents the polarization of the solute. An iterative calculation is carried out 

until the wavefunction and the surface charges are self-consistent.  

 the cavitation energy contributions to the free energy. 
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2.3 Molecular Dynamics Simulation 

2.3.1. Force Field 

The basis of all molecular simulation methods is a potential energy function 

Φ (R). This function gives the potential energy of a system containing N atoms 

and depends on the position ri of each atom i, which we denote by the 3N-

dimensional vector R = (r1, r2, …, rN

[ ] [ ]

[ ] [ ]
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). Ideally one would like to obtain this 

energy quantum chemically in which case Φ (R) would describe the Born-

Oppenheimer surface for the motion of the nuclei (see section 2.2). In practice this 

would only be feasible for systems containing a few tenths of atoms, whose 

dynamics could then only be simulated for very short times due to the large 

computational time spent to evaluate Φ (R) throughout the simulation. 

Unfortunately, such approach is not useful for peptides or macromolecular 

systems containing hundreds up to thousands of atoms. Instead, Φ (R) is expressed 

as series of analytical terms: a so-called force field. The analytical form can, in 

principle, be chosen freely; in practice, however, it expresses the chemical 

common sense. A typical force field of a system of N atoms looks like: 

  
 

(2.9)  

The first two terms in Eq.(2.9) represent stretching and bond angle bending 

energies of the covalent bond, respectively. The next two terms describe the so-

called improper dihedrals – torsion angles that do not undergo transitions (e.g. 

dihedral within aromatic rings) – and a sinusoidal term for the other dihedral 

angles, which may make 360o turns. The last term, the nonbonded part, models the 

interactions between atoms that are three or more bonds away plus all 

intermolecular interactions. It is composed of the van der Waals interaction, 

consisting of hard core repulsion (r -12 –term) and dispersive attraction (r -6 –term), 

and the Coulomb interaction (r -1 –term). 
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The parameters Kb, bo Kθ, θo, Kε, εo, Kε, εo, Kφ , η , δ, C6, C12

Many force fields are available. A proper choice should be made bearing in 

mind the properties that were used for parametrization. If one intends to calculate 

the excess free energy of liquid water, i.e. the free energy for turning one mole of 

water into an ideal gas, a force field designed to properly describe the heat of 

vaporization will be a good candidate.  

 and q are the 

force field parameters. Quantum chemical calculations can be used to obtain some 

of these, i.e. the molecular geometries (angles, bond lengths), torsional potentials 

and atomic charges, whereas others are usually obtained empirically. In particular, 

the non-bonded terms are often parametrized to properly describe the liquid state 

properties, e.g. density, second virial coefficient, heat of vaporization, radial 

distribution function and/or time dependent properties such as the diffusion 

coefficient or rotational correlation time. 

2.3.2. Classical Dynamics 

The motion of atoms in a molecular system can be simulated using the 

classical equation of motion provided that the force field Φ(R) is available. The 

classical equation read 

 

))(()( 1 tRFmdttdv iii
−=

 (2.10)  

)()( tvdttdr ii =

 
(2.11)  

where )(tvi  is the velocity of atom i at time t, mi iF is its mass and  is the force 

on i,  

i
i r

RF
∂

Φ∂
=

)(
 (2.12)  

Equation (2.10) and (2.11) cannot be solved analytically and one therefore is 

forced to use finite difference methods. A simple finite Taylor expansion of vi (t) 

at time point t = tn yields14,15

)(!2)2/()2/()()2( 32
2

2

tOt
dt

vdt
dt
dvtvttv

nn t

i

t

i
nini ∆+∆+∆±=∆±

. 

 (2.13)  

Subtraction of these two expressions and using Eq. (2.10) gives 
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)())(()2/()2( 31 tOttRFmttvttv ninini ∆+∆+∆−=∆+ −  (2.14)  

Using the same procedure for Taylor expansions of ri.(t) at time point t = tn

)()2()()( 3tOtttvtrttr niini ∆+∆∆++=∆+

 + 

Δt/2 gives in combination with Eq. (2.11) 

 (2.15)  

In this work bond lengths have been constrained using the method proposed 

by Ryckaert et al., which is known as the SHAKE algorithm16

2.3.3. Periodic boundary conditions 

.  

 The MD simulation of a liquid is performed using a simulation box that is 

typically filled with a few thousands of atoms. Dealing with macromolecular 

systems this means that we usually simulate chains each containing several 

hundreds of atoms. To remove the otherwise significant wall effects, a practical 

trick, known as the periodic boundary condition, is applied. This consists on 

surround the simulation box by identical copies to form a bulk system. This 

condition ensures that atoms moving out of the box at one side are able to re-enter 

the box at the opposite side since the replicas of this particle in the neighbouring 

boxes move in exactly the same way. This strategy eliminates the walls at the 

boundary of the central box and the surface molecules. 

2.3.4. Temperature and pressure 

The algorithm for molecular dynamics described above generates the time 

evolution of the system with fixed number of particles N, volume V and energy U, 

where the latter is the sum of the kinetic energy and the potential energy. 

Experimentally one often obtains information at constant volume and temperature 

(NVT) or at constant pressure and temperature (NPT). One therefore would like to 

have an algorithm that simulates the dynamics of the system at fixed values of P 

and or T. 

Temperature is controlled by adjusting the velocities of the atoms during the 

simulation. This is done because the average kinetic energy of the molecules in 

the system defines temperature. The extent to which the velocities need to be 

adjusted is made to depend on the instantaneous value of the kinetic energy at a 
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given time together with the desired kinetic energy (temperature) of the system (a 

large difference causes a larger adjustment). 

A fixed pressure means that volume must be able to fluctuate; e.g. a torsional 

transition in a molecule in solution at fixed pressure causes a small sudden 

volume fluctuation, or, dissolving a molecule in a membrane at fixed pressure 

causes the membrane to swell. In constant pressure simulations one therefore 

needs to adjust the volume of the simulation box by multiplying the cartesian 

coordinates of the atoms with an appropriate value (which is very close to 1) after 

each time step in the numerical integration scheme. The extent to which this is 

done again depends on the instantaneous and the desired values; a large difference 

between the desired pressure and the actual one requires a larger volume 

adjustment. The pressure is calculated using the virial expression. 

2.4 Conformational Search Methods 

 Conformational analysis consists on the characterization of the structures that 

a molecule is able to adopt and how these influence its properties. A key 

component of the conformational analysis is the conformational search, the object 

of which is to identify the preferred conformations of a molecule, i.e. those 

conformations that determine its behavior. This usually requires the 

characterization of conformations that are minima on the potential energy surface. 

For a peptide, due to its high conformational flexibility in solution, there is a so 

large number of minima on the potential energy surface that is impractical to 

characterize all them. Specifically, most of the peptides exist in physiological 

conditions as a mixture of interchangeable conformations with similar energies 

populated according to the Boltzmann distribution. It is important to remember 

that the statistical weights of the different conformations involve also entropic 

contributions. Solvation effects may also be important, and various schemes are 

now available for calculating the solvation free energy of a conformation, that 

may be added as an additional term to the intramolecular energy. Under such 

circumstances, it is often assumed that the native (i.e. naturally occurring) 

conformation is the one with the very lowest value of energy. This conformation 

is usually referred to as the global minimum. Although the global minimum 
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exhibits the lowest energy value, it may not be highly populated because of the 

contribution of the vibrational entropy to the statistical weight of each structure. 

Moreover, the global minimum may not be the active (i.e. the functional) 

structure. In this case, it may be even necessary for a molecule to adopt more than 

one conformation. For example, a substrate might bind in one conformation to an 

enzyme and then adopt a different conformation prior to reaction is produced. 

Indeed, in some cases it is possible that the active conformation does not 

correspond to any minimum on the energy surface of the isolated molecule. 

Computational methods for the exploration of the conformational space of a 

peptide started about thirty years ago17. From then different strategies have been 

described and reviewed 18-20

A conformational search method that has shown to be particularly effective for 

the exploration of the conformational space of peptides is the iterative simulated 

annealing

, and, although many efforts have been devoted, this 

field of research still remains open. Conformational search methods can be 

divided into the following categories: systematic search algorithms, model-

building methods, random approaches, distance geometry and MD. Independently 

from the strategy selected, four key elements are needed to carry out the 

exploration of a peptide conformational space. The first consists of employing a 

peptide model description based on classic mechanics, i.e. a force field that 

permits to calculate the energy of a determined conformation. The second is to 

find a method capable of generating different conformations, in order to explore 

all the low energy regions of the conformational space. The third key element 

consists of minimizing the different conformations, whereas the fourth and last 

element is to find a convergence criterion to assess if the conformational space 

has been sufficiently explored.  

21. The method has been used in the present thesis work in chapter 4. 

The simulated annealing method was first described in 198322. This method is 

based on the similarity that exists between locating the global minimum of the 

potential energy function of a molecule and the slow cooling required to obtain a 

perfect crystal (Figure 2.1). In fact, crystal growing will probably be perfect if the 

system is cooled very slowly by reaching the thermodynamic equilibrium when 

passing through restrained regions of the phase space. Application of this concept 

to the exploration of the conformational space can be translated in terms of 

starting the simulation at a sufficiently high temperature and subsequently 
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decreasing it gradually until the system is frozen in the global minimum. All the 

studies carried out using the simulated annealing method have demonstrated that 

although the cooling scheme is not sufficiently slow to find the global minimum, 

it is capable to find local energy minima of the regions explored. This means that 

simulated annealing combined with a searching strategy, which permits to cross 

different potential energy barriers and to reach the low energy regions, is a very 

efficient method to explore the conformational space. 

Under such circumstances, a protocol based on the simulated annealing method 

combined with MD (SA-MD) have been used in this work for the exploration of 

the conformational space of peptides.. This strategy is schematically shown in 

Figure 2.1. The method, which is particularly efficient in the case of large peptide 

sequences, consists of performing independent SA-MD cycles and selection of a 

large number of structures (500) from each SA-MD cycle for energy 

minimization. This procedure is robust enough to locate the lower-energy 

minimum structures of the system under study, i.e. structures that are quasi-

degenerate with the global minimum but situated in different valleys of the 

peptide landscape. The development of this sampling technique was inspired not 

only in the work of Filizola et al.21 but also in other recent studies, which 

demonstrated that very low energies are obtained by minimizing the energy of 

structures generated at the initial and intermediate states of conventional SA-

MD23,24

 

. 

  
2.1 Schematic diagram of the  simulated annealing protocol 
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3.1 Conformation of Proline 
Analogs Having Double 
Bonds in the Ring 
 

The intrinsic conformational preferences of proline analogs having double 
bonds between carbon atoms in the ring have been investigated using 
quantum mechanical calculations at the B3LYP/6-31+G(d,p) level. For this 
purpose, the potential energy surface of the N-acety-N’-methylamide 
derivatives of three dehydroprolines (proline analogs unsaturated at α,β; 
β,γ;  and γ,δ) and pyrrole (proline analog with unsaturations at both α,β 
and γ,δ) have been explored, and the results are compared with those 
obtained for the derivative of the non-modified proline. We found that the 
double bonds affect the ring puckering and the geometric internal 
parameters, even though the backbone conformation was influenced the 
most. Results indicate that the formation of double bonds between carbon 
atoms in the pyrrolidine ring should be considered as an effective procedure 
to restrict the conformational flexibility of prolines. Interestingly, we also 
found that the N-acetyl-N’-methylamide derivative of pyrrole shows a high 
probability of having a cis peptide bond preceding the proline analog.*

3.1.1 Introduction 

 

Among the amino acids that occur in proteins, proline (Pro) is unique due to 

the presence of a five-membered cycle that produces distinct conformational 

restrictions, i.e. the dihedral angle ϕ  (N-Cα rotation) is restrained to about –60º, 

and to the lack of amide hydrogen atom, which precludes the participation of the 

backbone in intramolecular hydrogen bonds. These structural features play a 

crucial role in the secondary structure of peptides and proteins, with Pro usually 

involved in special motifs like turns and bends.

Pro has two additional important structural characteristics. First, the five-

membered cycle, i.e. pyrrolidine ring, may adopt two distinct puckered 

conformations, known to be almost equally probable from X-ray crystallography 

of peptides and proteins.

1-5 

6-9 The down and up ring puckerings are defined as those 

in which the Cγ  and C=O group of the Pro residue lie on the same and opposite 

sides, respectively, of the plane defined by Cδ, N and Cα

                                                 
* The work described in this chapter previously appeared in  J. Phys. Chem. B 2007, 111, 5475-5482  

 atoms. Second, the Pro 
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residue relatively often exhibits a cis peptide bond. Analyses of X-ray protein 

structures show that the peptide bond preceding the Pro has a relatively high 

intrinsic probability (~ 5-6%) of having a cis arrangement as compared with other 

amino acids (~0.03%).10-12 The cis-trans isomerization of Pro is often involved 

in the rate determining steps for folding and refolding of some proteins.13,14 The 

unique structural properties of Pro have been examined in detail through both 

experiments15-21 and calculations22-35 on small blocked model peptides, i.e. mono-, 

di- and tripeptides. Interestingly, gas-phase experiments on Pro indicated that 

some of the conformational features previously discussed, as for instance the 

existence of distinct low-energy puckered arrangements, are intrinsic to this 

amino acid and should not be attributed to the environment when it is contained 

into a peptide or protein.

During the last few years we have devoted a great deal of attention to non-

proteogenic amino acids with restricted conformational properties, in particular 1-

aminocycloalkanecarboxylic acid derivatives, using theoretical methodologies.

20,30 

36-

40 We used quantum chemical methodologies to study the conformational 

properties of amino acids with a significant tendency to promote γ- and/or β-turn 

motifs. Our overall goal has been to enhance the thermodynamic stability of 

nanotubular structures constructed by self-assembling protein fragments with a β-

helical conformation, using targeted replacements in the loop region of the β -

helix by amino acids with a high tendency to promote turn conformations.41-43 

Specifically, in some cases we found that the stability of β-helix nanotubes 

increases significantly by introducing 1-aminocyclopropanecarboxylic acid 

derivatives.

In this work we propose to enhance the intrinsic ability of Pro to adopt turn 

motifs

42,43  

1-5 by introducing additional constraints in the cyclic side chain of this 

amino acid. Specifically, we introduced a double bond between two carbon atoms 

to generate dehydro amino acids. Unsaturation of the pyrrolidine ring can occur in 

three different locations: between the Cα and Cβ atoms (∆α,βPro), Cβ  and Cγ  

atoms (∆β,γPro), and Cγ  and Cδ  atoms (∆γ,δPro). In the present study we consider 

N-acetyl-N’-methylamide derivatives of these three Pro analogs having a double 

bond in the ring, hereafter denoted Ac-∆α,βPro-NHMe, Ac-∆β,γPro-NHMe and Ac-

∆γ,δPro-NHMe, respectively (Figure 3.1.1). The N-acetyl-N’-methylamide analog 
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with two double bonds located between the Cα and Cβ atoms and Cγ and Cδ atoms 

have been also considered (Figure 3.1.1). In the latter compound, abbreviated Ac-

Py-NHMe, the pyrrolidine transforms into the pyrrole ring. Modification of the 

Pro structure by introducing double bonds in the side chain may have some 

important structural consequences for the following three reasons: (i) the double 

bond acts as an additional stereochemical constraint; (ii) in some cases (Ac-

∆α,β

 

Pro-NHMe and Ac-Py-NHMe) the chirality gets lost; and (iii) in some cases a 

cross-conjugated system with the peptide bond is formed. 
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Figure 3.1.1:  Compounds studied in this work 
 

Although analogs of Pro having double bonds in the ring were synthetized and 

characterized a long time ago44 and they have some biomedical applications,45-47 

their conformational preferences have not been reported. In this work we 

investigate the conformational preferences of Ac-∆α,βPro-NHMe, Ac-L-∆β,γPro-
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NHMe, Ac-L-∆γ,δPro-NHMe and Ac-Py-NHMe using Density Functional Theory 

(DFT) calculations. The influence of double bonds between carbon atoms on the 

conformational properties have been examined by comparing the minimum 

energy conformations of these dipeptides with those of the N-acetyl-N’-

methylamide derivative of Pro (Ac-L-Pro-NHMe), which has been investigated 

using the same quantum mechanical method. Specifically, we have examined how 

the double bonds affect the backbone conformation, the puckering of the ring, the 

internal geometric parameters and the relative stabilities of the cis conformers. 

3.1.2 Methods 

3.1.2.1 Computational Details 

All calculations were carried out using the Gaussian 03 computer program.48 

DFT calculations were performed using the following combination: the Becke´s 

three-parameter hybrid functional (B3)49 with the Lee, Yang and Parr (LYP)50 

expression for the nonlocal correlation (B3LYP). Thus, all the calculations 

presented in this work were performed using the B3LYP method combined with 

the 6-31+G(d,p) basis set.51

The backbone (ω

  

0,ϕ,ψ,ω) and side chain (χi; endocyclic) dihedral angles of 

the N-acetyl-N’-methylamide derivatives of Pro and its analogs studied in this 

work are defined in Figure 3.1.2. Because ϕ is severely restrained by the geometry 

of the five-membered ring, only three minima may be anticipated for the potential 

energy surfaces E=E(ψ) of the dipeptides if all peptide bonds (ω0 and ω) are 

considered in trans conformation.52 Thus, the flexible backbone dihedral angle ψ 

is expected to have three minima, i.e. gauche+ (60º), trans (180º) and gauche- (–

60º). Cyclic side chains can adopt two different conformational states, which 

correspond to the up and down ring puckerings. Accordingly, for each dipeptide 

with the two peptide bonds arranged in trans, 3(backbone)×2(cyclic side chain)= 6 

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) with both thermal and 

entropic corrections. These statistical terms were used to compute the 
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conformational Gibbs free energies (∆G) at the B3LYP/6-31+G(d,p) level. No 

frequency scale factor has been used for thermochemistry analysis. 
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Figure 3.1.2: Dihedral angles used to 
identify the conformations of the N-
acetyl-N’-methyamide derivatives of 
Pro and Pro analogs having double 
bonds between carbon atoms. The 
dihedral angles ω0, ϕ, ψ and ω have 
been defined using backbone atoms 
while the atoms of the ring have been 
employed for the endocyclic dihedral 
angles χi. In particular, the sequence of 
atoms used to define the dihedral angles 
ϕ and χ0 are C(=O)-N-Cα-C(=O) and 
Cδ-N-Cα-Cβ

 
, respectively. 

Furthermore, all the minimum energy conformations obtained with the two 

peptide bonds in trans were re-optimized, and subsequently characterized as 

mimima, following the change in the dihedral angle associated with the first 

peptide bond (ω0

3.1.2.2 Nomenclature and Pseudorotational Parameters 

) from trans to cis. These calculations provided information 

relating to how the cis-trans isomerization of Pro is affected by the incorporation 

of double bonds between carbon atoms in the pyrrolidine ring.  

The minimum energy conformations of the dipeptides studied in this work 

have been denoted using a three-labels code that specifies the arrangement of the 

first peptide bond, the backbone conformation and the puckering of the five 

membered ring. The first letter refers to the trans (t) or cis (c) arrangement of ωo. 

The second label identifies the backbone conformation using the nomenclature 

introduced by Perczel et al.53 more than fifteen years ago. Accordingly, nine 

different backbone conformations can be found in the potential energy surface 

E=E(ϕ,ψ) of amino acids: γD, δD, αL, εD, βL, εL, αD, δL and γL. Finally, the up or 

down puckering of the five-membered ring is indicated using the labels [u] and 

[d], respectively. In particular, the [d] ring puckering was identified when χ1 and 

χ3 are positive while χ2 and χ4 are negative. Therefore, the [u] ring puckering is 

characterized by negative values of χ1 and χ3 and positive values of χ2 and χ4. We 
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note that the cyclic side chain adopts a planar arrangement in two of the studied 

molecules, and no indication of the puckering was included in the code used for 

these cases. 

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 was previously applied to Pro by Hudaky and Perczel.28,29

( ) 202 )(PsinAA χ+=

 The 

pseudorotational parameters are A and P, which describe the puckering amplitude 

and the state of the pucker in the pseudorotation pathway, respectively. The 

parameters are derived from the endocyclic dihedral angles as follows: 

, where 
)º72sinº144(sin2

PsinA
4321

+−
−+−

=
χχχχ  (3.1.1)  
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0

χ
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 (3.1.2)  

 

Accordingly, parameter A is defined to be positive while P falls between –

180º and 180º. 

3.1.3 Results and Discussion 

3.1.3.1 Ac-L-Pro-NHMe  

Considering only trans peptide bonds, three minimum energy conformations 

have been characterized for Ac-L-Pro-NHMe at the B3LYP/6-31+G(d,p) level 

(Table 3.1.1). Two of them, the global minimum and the most stable local 

minimum, correspond to the t-γL conformation differing only in the puckering of 

the pyrrolidine ring (Figures 3.1.3a and 3b). Specifically, the local minimum t-

γL[u] is 1.3 kcal/mol less stable than the global minimum t-γL[d]. Both the t-γL[d] 

and t-γL[u] conformations are stabilized by an intramolecular hydrogen bond that 
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takes place in the seven-membered hydrogen bonded ring. The parameters of this 

interaction are [d(H···O)= 1.971 Å, ∠N-H···O= 146.4º] and [d(H···O)= 1.984 Å, 

∠N-H···O= 143.6º], respectively. Thus, the γL conformation is equivalent to the 

typical γ-turn arrangement. Finally, the third minimum was found to be the t-

αL[u] (Figure 3.1.3c). This conformation, which does not involve any 

intramolecular hydrogen bond, is unfavored with respect to the t-γL[d] by 4.0 

kcal/mol. The results presented in Table 3.1.1 are in excellent agreement with 

those reported by Csizmadia and co-workers32 and Kang34b for the same 

compound. Thus, these authors found the same three minima using the HF/6-

31G(d), HF/6-31+G(d), B3LYP/6-31G(d) and B3LYP/6-311++G(d,p) methods, 

the relative free energies (∆G) of the t-γL[u] and t-αL

The five endocyclic bond angles associated with the pyrrolidine ring and 

selected bond distances for the three minimum energy conformations of Ac-L-Pro-

NHMe are listed in Tables 2 and 3, respectively. These parameters, which will be 

compared with those obtained for the analogs studied in this work (see below), do 

not show any significant variation with the conformation.  

[u] at the latter level of 

theory being 1.2 and 4.0 kcal/mol, respectively. 

       (a)                        (b)                      (c) 
 

 

 
Figure 3.1.3: Minimum energy conformations of Ac-L-Pro-NHMe at the 
B3LYP/6-31+G(d,p) level: (a) t-γL[d]; (b) t-γL[u]; and (c) t-αL

 
[u]. 
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Table 3.1.1 Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P, in degrees), relative energy (∆E; in kcal/mol) and relative 
free energy (∆G; in kcal/mol) for the minimum energy conformations of Ac-L-Pro-
NHMe with the two peptide bonds in trans calculated at the B3LYP/6-31+G(d,p) 
level. 

# Conf. ω ϕ 0 ψ ω (A, P) ∆E ∆G 

t-γL -172.6 [d] -83.4 70.3 -177.7 (37.4, -111.9) 0.0a 0.0b c 

t-γL -173.9 [u] -81.6 77.3 -175.9 (37.5, 75.8) 1.0 d 1.3 

t-αL -171.0 [u] -77.5 -11.5 175.9 (37.8, 89.2) 4.9 e 4.0 

a χ0= -13.9º, χ1= 31.4º, χ2= -37.6º, χ3= 28.7º and χ4= -9.3º. b E= -573.315217 a.u. 
c G= -573.132049 a.u. d χ0= -10.3º, χ1= -13.4º, χ2= 31.0º, χ3= -36.6º and χ4= 
29.8º. e χ0= 0.5º, χ1= -22.9º, χ2= 36.1º, χ3= -35.4º and χ4

3.1.3.2 Ac-∆

= 22.0º.  

α,β

Conformational parameters of the two minimum energy conformations found 

for Ac-∆

Pro-NHMe  

α,βPro-NHMe with the peptide bond in trans are listed in Table 3.1.4. As 

can be seen, these two minima, which are separated by 2.7 kcal/mol, are 

significantly different from those previously described for Ac-L-Pro-NHMe. The 

global minimum corresponds to the t-γL[u] (Figure 3.1.4a), which is stabilized by 

a seven membered intramolecular hydrogen bonded ring with parameters 

[d(H···O)= 1.722 Å, ∠N-H···O= 156.2º]. The dihedral angles ϕ,ψ of this 

minimum are significantly closer to zero than those found for the t-γL[d] and t-

γL[u] conformations of Ac-L-Pro-NHMe. On the other hand, interestingly the 

seven atoms involved in the intramolecular hydrogen bonded ring of the t-γL[u] 

conformation of Ac-∆α,βPro-NHMe are almost in the same plane, i.e. the 

hydrogen bonded ring is planar. These striking conformational features have not 

been detected in other dehydroamino acids.54,55 For instance, the dihedral angles 

ϕ,ψ of the γL minimum detected for the N-acetyl-N’-methyl-dehydroalanineamide 

are –66º,27º, the geometry of the seven-membered hydrogen bonded ring being 

similar to that detected for Ac-L-Pro-NHMe.54,55 
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Table 3.1.4 Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P, in degrees), relative energy (∆E; in kcal/mol) and relative 
free energy (∆G; in kcal/mol) for the minimum energy conformations of the N-
acetyl-N’-methylamide derivatives of the proline analogs having double bonds in 
the ring calculated at the B3LYP/6-31+G(d,p). In all cases the two peptide bonds 
are in trans. 
# Conf. ω ϕ 0 ψ ω (A, P) ∆E ∆G 

Ac-∆α,βPro-NHMe 

t-γL 180.0 [u] -22.1 7.4 179.3 (21.3, 123.7) 0.0a 0.0b 

t-ε

c 

L 179.1 [u] -34.5 126.7 -176.4 (19.3, 125.6) 3.7 d 2.7 

Ac-L-∆β,γPro-NHMe 

t-γ -172.4 L -80.2 67.0 -179.4 (6.7, 164.3) 0.0e 0.0f 

t-α

g 

-169.6 L -81.9 -6.6 175.6 (2.9, -180.0) 1.9 h 1.6 

Ac-L-∆γ,δPro-NHMe 

t-γL -172.0 [d] -81.3 67.2 -178.0 (10.0,-162.2) 0.0i 0.0j 

Ac-Py-NHMe 

k 

t-γ 180.0 0.0 0.1 179.9 - 0.0l 0.0m 

t-ε

n 

166.5 L -24.3 137.8 179.3 (0.4, 80.6) 3.1 o 2.1 

a χ0= -11.8º, χ1= -1.6º, χ2= 13.6º, χ3= -19.6º and χ4= 19.4º. b E= -572.078301 a.u. 
c G= -571.918781 a.u. d χ0= -11.1º, χ1= -0.9º, χ2= 11.8º, χ3= -17.3º and χ4= 17.8º. 
e χ0= -6.4º, χ1= 4.1º, χ2= -0.3º, χ3= -3.6º and χ4= 6.3º. f E= -572.078932 a.u.. g G= 
-571.920148 a.u. h χ0= -2.9º, χ1= 2.4º, χ2= -1.1º, χ3= -0.8º and χ4= 2.4º. i χ0= -
9.5º, χ1= 9.1º, χ2= -6.1º, χ3= 0.2º and χ4= 6.1º. j E= -572.084141 a.u.. k G= -
571.924761 a.u. l χ0= 0.0º, χ1= 0.0º, χ2= 0.0º, χ3= 0.0º and χ4= 0.0º. In this case 
no pseudorotational parameter has been provided because the ring is ideally 
planar. m E= -570.873298 a.u.. n G= -570.736367 a.u. o χ0= 0.1º, χ1= -0.3º, χ2= 
0.4º, χ3= -0.4º and χ4= 0.2º. 
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The most relevant characteristic of the second minimum, t-εL[u] (Figure 

3.1.4b), is that the two amide groups are arranged perpendicularly with respect to 

each other. On the other hand, the extraction of two hydrogen atoms alters not 

only the conformational preferences of the backbone but also the puckering of the 

cyclic side chain. Thus, the pseudorotational pathway obtained for the minima of 

Ac-∆α,βPro-NHMe is different from those calculated for the minima of Ac-L-Pro-

NHMe. Furthermore, the puckering amplitude is significantly smaller for the 

minima of the former dipeptide than for those of the latter one. On the other hand, 

it should be noted that due to the achiral nature of Ac-∆α,βPro-NHMe the t-γD[d] 

and t-εD

Inspection of the geometric parameters listed in Table 3.1.2 indicates that, as 

expected, the bond angles ∠N-C

[d] are degenerated minima of those mentioned above.  

α-Cβ and ∠Cα-Cβ-Cγ are about 5º-8º larger for 

Ac-∆α,βPro-NHMe than for Ac-L-Pro-NHMe due to the double bond between Cα 

and Cβ. Furthermore, ∠Cδ-N-Cα is a few degrees smaller in the former dipeptide 

than in the latter one. This suggests a change in the conjugation pattern of the 

modified residue. Thus, inspection of the bond lengths displayed in Table 3.1.3 

for Ac-∆α,βPro-NHMe indicates that the peptide bond extends the conjugation to 

the double bond of the cycle. d(N-Cα) and d(Cα-CXX) are significantly smaller 

than in Ac-L-Pro-NMe, while the value of d(Cα-Cβ) is slightly larger than the 

value typically expected for a Csp2=Csp2 bond, i.e. 1.332 Å for C2H4

(a)                        (b) 

 at the 

B3LYP/6-31+G(d,p) level.  

 

Figure 3.1.4: Minimum 
energy conformations 
of Ac-∆α,βPro-NHMe at 
the B3LYP/6-31+G(d,p) 
level: (a) t-γL[u]; and 
(b) t-εL
 

[u]. 
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Table 3.1.2 Selected angles (in degrees) for the minimum energy 
conformations of the N-acetyl-N’-methyl derivatives of proline and its analogs 
having double bonds in the ring characterized at the B3LYP/6-31+G(d,p) level.  
 ∠N-Cα-C ∠Cβ α-Cβ-C ∠Cγ β-Cγ-C ∠Cδ γ-Cδ ∠C-N δ-N-Cα 

 Ac-L-Pro-NHMe 

t-γL 103.1 [d] 103.6 103.6 103.7 112.1 

t-γL 104.4 [u] 105.4 103.1 102.8 110.7 

t-αL 104.0 [u] 104.2 102.9 103.3 111.5 

 Ac-∆α,βPro-NHMe 

t-γL 109.7 [u] 112.1 102.1 104.5 107.2 

t-εL 111.3 [u] 110.4 102.5 103.8 108.5 

 Ac-L-∆β,γPro-NHMe 

t-γ 102.1 L 111.8 111.7 102.4 111.8 

t-α 102.3 L 111.7 111.6 102.5 111.6 

 Ac-L-∆γ,δPro-NHMe 

t-γL 104.0 [d] 103.7 110.7 111.8 108.8 

 Ac-Py-NHMe 

t-γ 106.5 109.5 107.2 109.3 109.3 

t-ε 107.6 L 108.5 107.3 108.5 108.5 
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Table 3.1.3 Selected distancesa

 

 (in Å) for the minimum energy conformations 
of the N-acetyl-N’-methyl derivatives of proline and its analogs having double 
bonds in the ring characterized at the B3LYP/6-31+G(d,p) level. 

CAc C=O Ac N-C-N Cα α-C CXX 
α-C Cβ β-C Cγ γ-C Cδ δ-N 

 Ac-L-Pro-NHMe 

t-γL 1.241 [d] 1.360 1.483 1.553 1.533 1.538 1.536 1.4770 

t-γL 1.241 [u] 1.361 1.485 1.554 1.543 1.540 1.533 1.471 

t-αL 1.241 [u] 1.375 1.480 1.534 1.550 1.535 1.534 1.476 

 Ac-∆α,βPro-NHMe 

t-γL 1.239 [u] 1.367 1.449 1.520 1.343 1.500 1.539 1.490 

t-εL 1.228 [u] 1.378 1.415 1.507 1.342 1.514 1.551 1.481 

 Ac-L-∆β,γPro-NHMe 

t-γ 1.240 L 1.360 1.484 1.557 1.506 1.333 1.504 1.476 

t-α 1.230 L 1.375 1.476 1.545 1.510 1.334 1.505 1.478 

 Ac-L-∆γ,δPro-NHMe 

t-γL 1.239 [d] 1.366 1.493 1.558 1.549 1.509 1.336 1.417 

 Ac-Py-NHMe 

t-γ 1.223 1.403 1.433 1.508 1.374 1.425 1.363 1.404 

t-ε 1.212 L 1.422 1.397 1.497 1.376 1.431 1.370 1.394 

a CAc and CXX denote the carbon atoms of the carbonyl groups in the acetyl 
and the Pro residue (or its analogue), respectively. 
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3.1.3.3 Ac-L-∆β,γ

Two minimum energy conformations have been characterized for Ac-L-

∆

Pro-NHMe  

β,γPro-NHMe when the two peptide bonds are in trans (Table 3.1.4). The lowest 

energy minimum corresponds to a γL backbone conformation (Figure 3.1.5a) with 

backbone dihedral angles similar to those of the global minimum of Ac-L-Pro-

NHMe. The hydrogen bonding parameters associated with the stabilizing 

intramolecular interaction found in the t-γL conformation are [d(H···O)= 1.939 Å, 

∠N-H···O= 147.0º]. The second minimum was found to be t-αL (Figure 3.1.5b), 

which was previously detected in Ac-L-Pro-NHMe but not in Ac-∆α,β

(a)                      (b) 

Pro-NHMe. 

This structure is destabilized by 1.6 kcal/mol with respect to the global minimum. 

On the other hand, a detailed inspection of Figure 3.1.5 indicates that the cyclic 

side chain adopts an almost planar arrangement in the two minima. This is 

confirmed by the low puckering amplitude parameters calculated from the 

endocyclic dihedral angles (see Table 3.1.4). 

  
     

  
 

Figure 3.1.5: Minimum 
energy conformations of Ac-
L-∆β,γPro-NHMe at the 
B3LYP/6-31+G(d,p) level: 
(a) t-γL; and (b) t-αL
 

. 

On the other hand, Table 3.1.2 indicates that only the angles centered at 

the Cβ and Cγ atoms differ from those obtained for Ac-L-Pro-NHMe, with no 

resonance between the backbone amide group and the side chain double bond 

being detected. The latter feature is fully consistent with the bond lengths listed in 

Table 3.1.3. Specifically, d(N-Cα) and d(Cα-CXX) are very similar to those found 

for Ac-L-Pro-NMe, while the d(Cβ-Cγ) is larger than the d(Cα-Cβ) calculated for 

Ac-∆α,βPro-NHMe. Tables 5 analyzes the relative stabilities between Ac-∆α,βPro-

NHMe and Ac-L-∆β,γPro-NHMe isomers in terms of energies and free energies. 

The t-γL conformation of the latter isomer is 0.9 kcal/mol more stable than the t-

γL[u] of the former one.  
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3.1.3.4 Ac-L-∆γ,δ

 The first noticeable result for this isomer is that only one minimum energy 

conformation was found when the two peptide bonds are arranged in trans. This 

corresponds to a γ

Pro-NHMe 

L (Figure 3.1.6) conformation, which is characterized by a 

seven-membered hydrogen bonded ring with the parameters [d(H···O)= 1.938 Å, 

∠N-H···O= 147.3º]. Thus, the position of the double bond restricts the 

conformational flexibility of the Ac-L-∆γ,δPro-NHMe with respect to the other 

isomers. The structural parameters listed in Table 3.1.4 indicate that the ring 

presents an incipient [d] puckering, which is manifested by the low value of A.  

 

Figure 3.1.6: Minimum energy 
conformation (t-γL[d]) of Ac-L-∆γ,δ

 

Pro-
NHMe at the B3LYP/6-31+G(d,p) level. 

Inspection of the bond angles and distances listed in Tables 2 and 3 suggests 

that the partial sp2 character of the amide nitrogen is slightly smaller in Ac-L-

∆γ,δPro-NHMe than in the dehydroproline isomers presented above. This is 

particularly evidenced by the d(N-Cα) bond length, which is even larger than 

those found for the minimum energy conformations of Ac-L-Pro-NHMe. 

Inspection of Table 3.1.5 reveals that Ac-L-∆γ,δPro-NHMe is the most stable N-

acetyl-N’-methylamide derivative of Pro analogs having one double bond in the 

ring. Thus, the global minimum of Ac-L-∆β,γPro-NHMe and Ac-∆α,βPro-NHMe is 

destabilized by 2.9 and 3.8 kcal/mol, respectively, with respect to the t-γL[d] 

conformation of Ac-L-∆γ,δPro-NHMe.  
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Table 3.1.5 Relative stability at the B3LYP/6-31+G(d,p) among the three 
isomers calculated in this work. Relative energy (∆E; in kcal/mol) and relative 
free energy (∆G; in kcal/mol) of the minimum energy conformations obtained for 
the N-acetyl-N’-methylamide derivatives of proline analogs having one double 
bond in the ring. 

Compound  ∆E ∆G 

Ac-∆α,β t-γPro-NHMe L 3.7 [u] 3.8 

 t-εL 7.4 [u] 6.4 

Ac-L-∆β,γ t-γPro-NHMe 3.3 L 2.9 

 t-α 5.2 L 4.5 

Ac-L-∆γ,δ t-γPro-NHMe L 0.0 [d] 0.0 

3.1.3.5 Ac-Py-NHMe  

As can be seen in Table 3.1.4, the conformational preferences of Ac-Py-

NHMe are relatively similar to those found for Ac-∆α,βPro-NHMe. Thus, two 

minimum energy conformations were characterized when the two peptide bonds 

are arranged in trans. The ϕ,ψ dihedral angles of the global minimum are zero, 

which represents a small but non-negligible reduction of the dihedrals found for 

the global minimum of Ac-∆α,βPro-NHMe. As evidenced in Figure 3.1.7a, this 

minimum presents a perfectly planar seven-membered hydrogen bonded ring. The 

corresponding geometric parameters, [d(H···O)= 1.767 Å, ∠N-H···O= 153.5º], 

suggests that the intramolecular hydrogen bond is very strong in this case. 

Furthermore, the global minimum of Ac-Py-NHMe, which is not found in 

proteogenic amino acids, is between the γL and γD arrangements. Accordingly, 

this conformation has been denoted hereafter t-γ, i.e. the L or D character typically 

attributed to the γ conformation has been omitted. The second minimum is the t-

εL (Figure 3.1.7b), which is disfavored by 2.1 kcal/mol with respect to the t-γ. The 

most important difference between Ac-Py-NHMe and Ac-∆α,βPro-NHMe was 

found to be the arrangement of the cyclic side chain. Thus, as expected, the 

pyrrole ring adopts a planar conformation in the two minima. On the other hand, it 
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should be noted that t-εD

(a)                           (b) 

 is the only degenerated minimum expected for Ac-Py-

NHMe because of the particular dihedral angles found for the t-γ global minimum. 

  
 

Figure 3.1.7:  
Minimum energy 
conformation of Ac-
Py-NHMe at the 
B3LYP/6-31+G(d,p) 
level: (a) t-γ; and (b) 
t-εL

 
. 

On the other hand, inspection of Table 3.1.2 indicates that the bond angles are 

essentially those expected for a planar pyrrole ring, no significant conformational 

dependence being detected. Indeed, they do not differ too much from those 

calculated for Ac-L-Pro-NHMe with the exception of ∠Cγ-Cδ-N, which is about 6º 

larger in Ac-Py-NHMe. However, bond lengths illustrate an opposite behavior in 

Table 3.1.3. Thus, the bond length between the carbonyl carbon atom of the Ac 

group and the nitrogen of the pyrrole ring, d(CAc-N) is very large, whereas the 

d(N-Cα) and d(Cα-CXX) are very short. These features combined with the values 

of the endocyclic bonds lengths suggest that conjugation effects extend from the 

pyrrole ring to the dipeptide backbone. Furthermore, the differences found 

between the bond lengths of the t-γ and t-εL

3.1.3.6 Relative Stability of the Cis Conformers 

 minima indicate that this electronic 

process depends on the conformation. 

 The dihedral angle ω0 of the three minimum energy conformations 

characterized for Ac-L-Pro-NHMe was changed from the values displayed in 

Table 3.1.1 to 0º. The resulting conformations were used as starting points for full 

geometry optimizations at the B3LYP/6-31+G(d,p) level. The conformational 

parameters of the new minima are listed in Table 3.1.6. Results indicate that the 

starting conformations c-γL[d] and c-γL[u] evolve towards two completely 

different conformations. These are the c-αL[d] and c-εL[u], which are disfavored 

with respect to the global minimum of Ac-L-Pro-NHMe (t-γL[d] in Table 3.1.1) 

by 2.3 and 5.0 kcal/mol, respectively. On the other hand, the starting c-αL[u] 

conformation was retained as energy minimum after complete geometry 
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optimization. This conformation is 3.6 kcal/mol less stable than the t-γL[d]. 

However, the most noticeable feature is that c-αL[u] is slightly more stable than t-

αL[u], i.e. 0.4 kcal/mol. These results are in excellent agreement with those 

reported by Csizmadia and co-workers32 and Kang34b

Table 3.1.6 Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P, in degrees), relative energy (∆E; in kcal/mol) and relative 
free energy (∆G; in kcal/mol) for the minimum energy conformations of Ac-L-Pro-
NHMe with the first peptide bond in cis calculated at the B3LYP/6-31+G(d,p) 
level. The initial conformation

 at similar levels of theory. 

a

Conformation 
 (see text) is also indicated. 

       
# Starting. # Final ω ϕ 0 ψ ω (A, P) ∆E ∆Gb 

c-γ

b 

L c-α[d] L 10.2 [d] -90.9 -5.1 -179.6 (37.5, -111.6) 3.3 c 2.3 

c-γL c-ε[u] L -0.1 [u] -61.2 145.3 177.5 (37.4, 88.0) 6.6 d 5.0 

c-αL c-α[u] L 8.00 [u] -79.2 -18.4 -177.1 (37.5, 89.8) 4.2 e 3.6 

a The initial conformations were generated by changing from trans to cis the 
dihedral angle ω0 of the minimum energy conformations listed in Table 3.1.1. b 
∆E and ∆G are relative to the t-γL[d] conformation of Ac-L-Pro-NHMe (Table 
3.1.1). c χ0= -13.8º, χ1= 31.4º, χ2= -37.6º, χ3= 29.0º and χ4= -9.5º. d χ0= 1.3º, χ1= -
23.3º, χ2= 36.0º, χ3= -34.6º and χ4= 21.2º. e χ0= -0.1º, χ1= -22.1º, χ2= 35.7º, χ3= -
35.2º and χ4

The same strategy was applied to the N-acetyl-N’-methyl derivatives of 

proline analogs having double bonds in the ring, with results displayed in Table 

3.1.7. For all dipeptides, geometry optimization of the starting point derived from 

the global minimum, i.e. modifying the dihedral angle ω

= 22.3º. 

0, leads to a new 

minimum with different backbone conformation that is at least 2.4 kcal/mol less 

stable than the lowest energy minimum (Table 3.1.4). On the other hand, 

optimization of the conformations generated by changing the local minimum of 

Ac-∆α,βPro-NHMe and Ac-L-∆β,γPro-NHMe produce structures with the same 

backbone conformation but more stable than those with the two peptide bonds 

arranged in trans. Thus, the relative free energies of the t-εL[u] and c-εL[u] 

minima of Ac-∆α,βPro-NHMe are 2.7 and 1.0 kcal/mol, respectively, while the 

relative free energies of the t-αL and c-αL minima of Ac-L-∆β,γPro-NHMe are 1.6 

and 1.1 kcal/mol. 
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Table 3.1.7 Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P, in degrees), relative energy (∆E; in kcal/mol) and relative 
free energy (∆G; in kcal/mol) for the minimum energy conformations of the N-
acetyl-N’-methyl derivatives of proline analogs having double bonds in the ring 
with the first peptide bond in cis. The initial conformation (see text) is also 
indicated.

Conformation 

a 

       
# Starting. # Final ω ϕ 0 ψ ω (A, P) ∆E ∆G 

Ac-∆α,βPro-NHMeb 

c-γL c-α[u] L 11.7 [u] -55.3 -29.0 -173.4 (23.1, 127.0)c 3.2 2.4 

c-εL c-ε[u] L -0.4 [u] -27.8 140.9 175.3 (16.8, 125.6)d 2.3 1.0 

Ac-L-∆β,γPro-NHMee 

c-γ c-εL -0.5 L -66.0 155.7 177.9 (6.3, 172.8)f 4.7 3.2 

c-α c-αL 9.5 L -83.0 -14.6 -176.0 (2.8,-175.2)g 1.4 1.1 

Ac-L-∆γ,δPro-NHMeh 

c-γL c-α[d] L 1.3 [d] -77.9 -17.1 -176.5 (11.5,-153.6)i 3.4 2.4 

Ac-Py-NHMej 

c-γ c-α -11.4 L -29.7 -39.7 -173.6 (0.2,180.0)k 4.1 3.2 

c-ε c-εL -12.6 L -21.1 151.8 175.0 (0.4,90.0)l 0.7 0.0 

a The initial conformations were generated by changing from trans to cis the 
dihedral angle ω0 of the minimum energy conformations listed in Table 3.1.4. b 
∆E and ∆G are relative to the t-γL[u]conformation of Ac-∆α,βPro-NHMe (Table 
3.1.4). c χ0= -13.9º, χ1= -0.4º, χ2= 13.8º, χ3= -20.9º and χ4= 21.6º. d χ0= -11.8º, 
χ1= -1.0º, χ2= 11.9º, χ3= -17.4º and χ4= 17.9º. e ∆E and ∆G are relative to the t-
γL conformation of Ac-L-∆β,γPro-NHMe (Table 3.1.4). fχ0= -6.3º, χ1= 4.5º, χ2= -
1.2º, χ3= -2.6º and χ4= 5.6º. g χ0= -2.8º, χ1= 2.3º, χ2= -1.1º, χ3= -0.6º and χ4= 
2.2º. h ∆E and ∆G are relative to the t-γL

 

[d]conformation of Ac-∆γ,δPro-NHMe 
(Table 3.1.4). i χ0= -10.3º, χ1= 10.8º, χ2= -8.3º, χ3= 2.1º and χ4= 5.6º. j ∆E and 
∆G are relative to the t-γ conformation of Ac-Py-NHMe (Table 3.1.4). k χ0= -0.2º, 
χ1= 0.1º, χ2= 0.0º, χ3= -0.1º and χ4= 0.2º. l χ0= 0.0º, χ1= -0.2º, χ2= 0.4º, χ3= -
0.3º and χ4= 0.2º.  

The most noticeable feature has been found for the Ac-Py-NHMe dipeptide. 

Thus, geometry optimization of the generated c-εL conformation led to a 

minimum with similar backbone conformation, which is not only more stable that 
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the t-εL

Finally, it should be mentioned that analyses of the bond lengths and angles 

(data not shown) for the minima with one peptide bond in cis do not provide any 

finding different from those discussed above.  

 local minimum but also isoenergetic with the t-γ global minimum. This 

indicates that the intrinsic probability of having a cis peptide bond is higher in 

peptides containing the analog with two double bonds than in peptides containing 

unmodified Pro or analogs with one double bond. 

3.1.4 Conclusions 

DFT calculations on Ac-L-Pro-NHMe, Ac-∆α,βPro-NHMe, Ac-L-∆β,γPro-

NHMe, Ac-L-∆γ,δPro-NHMe and Ac-Py-NHMe at the B3LYP/6-31+G(d,p) level 

allow us to draw the following conclusions about the conformational impact of the 

incorporated double bonds: 

(i) The incorporation of double bonds at the ring is an effective way to 

reduce the conformational flexibility. Interestingly, the results obtained 

for Ac-L-∆γ,δPro-NHMe, which only presents one minimum energy 

conformation when the two peptide bonds are in trans, indicate that the 

analog γ,δ-unsaturated is the most constrained one.  

(ii) The backbone conformation of Pro is clearly affected by the 

incorporation of double bonds in the ring, especially when the two 

peptide bonds are arranged in trans. This is particularly evidenced in 

Ac-∆α,βPro-NHMe and Ac-Py-NHMe, where the ϕ,ψ values found for 

the lowest minimum energy conformation found of these dipeptides 

are significantly lower than those obtained for Ac-L-Pro-NHMe.  

(iii) Some of the N-acetyl-N’-methyl derivatives of Pro analogs having 

double bonds in the ring, in particular Ac-∆α,βPro-NHMe and Ac-Py-

NHMe, show interesting electronic effects. The geometric parameters 

of these dipeptides evidence conjugation between the backbone amide 

group and the side chain double bonds. 

(iv) For the N-acetyl-N’-methyl derivatives of Pro and its analogs having 

one double bond in the ring, the conformations with one peptide bond 

in cis are less stable than those with the two peptide bonds in trans. 
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However, the global minimum of Ac-Py-NHMe, t-γ, is isoenergetic 

with the c-εL
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3.2 Conformational Preferences 
of α-Substituted Proline 
Analogues 

   
   

    
 

DFT calculations at the B3LYP/6-31+G(d,p) level have been used to 
investigate how the replacement of the α hydrogen by a more sterically 
demanding group affects the conformational preferences of proline. 
Specifically, the N-acetyl-N’-methylamide derivatives of L-proline, L-α-
methylproline and L-α-phenylproline have been calculated, with both the 
cis/trans isomerism of the peptide bonds and the puckering of the 
pyrrolidine ring being considered. The effects of solvation have been 
evaluated using a Self Consistent Reaction Field model. As expected, 
tetrasubstitution at the α carbon destabilizes the conformers with one or 
more peptide bonds arranged in cis. The lowest energy minimum has 
been found to be identical for the three compounds investigated, but 
important differences are observed regarding other energetically 
accessible backbone conformations. The results obtained provide 
evidence that the distinct steric requirements of the substituent at Cα may 
play a significant role in modulating the conformational preferences of 
proline.*

3.2.1 Introduction 

  

The incorporation of conformationally constrained amino acids into a peptide 

chain is a powerful tool to reduce its intrinsic flexibility. Among the residues 

whose structural rigidity can be exploited in the design of peptides with well-

defined backbone conformations are α-tetrasubstituted α-amino acids.1

The simplest α-tetrasubstituted analogue of a proteinogenic amino acid that 

can be considered is that resulting from the replacement of the α hydrogen by a 

methyl group. In the last two decades, extensive efforts have been directed at the 

development of efficient methodologies for the synthesis of the α-methyl 

derivatives of all genetically coded amino acids

  

2 (glycine excluded, since it leads 

to alanine). The simplest one is α-methylalanine (α-aminoisobutyric acid, Aib), 

whose conformational properties have been deeply investigated and are well 

established.1,3,4

                                                 
* The work described in this chapter previously appeared in  J. Org. Chem, 2008, 73, 3418-3427 
 

 In comparison, the α-methylated analogues of all other 
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proteinogenic amino acids have been much less studied, mainly due to synthetic 

difficulties: α-methylation of Ala gives rise to a symmetric achiral residue, 

whereas two enantiomeric forms are possible for all other residues. Although not 

as extensively as for Aib, the study of the conformational properties of the α-

methyl derivatives of other proteinogenic amino acids (mainly valine, leucine and 

phenylalanine) has been addressed.1c,e,5

The unique properties of proline make the study of its α-methylated derivative 

(in general, α-substituted analogues) particularly intriguing. The singularity of 

proline lies in its cyclic structure, which includes the amino function. As a 

consequence, rotation about the N—C

 In general, these α-methylated residues 

behave as the prototype Aib, although they present particular conformational 

features derived from their chiral nature. 

α bond is prohibited and the ϕ torsion angle 

is confined to values around –60º. Accordingly, proline is overwhelmingly found 

in the α-helical [(ϕ,ψ) ≈ ( –60º,–30º)] and semi-extended [(ϕ,ψ) ≈ ( –60º,140º)] 

regions of the conformational map.6 In addition, proline shows a higher 

propensity to promote γ-turn conformations [(ϕ,ψ) ≈ ( –70º,60º)] than other 

proteinogenic amino acids.6d,7 Another effect derived from its cyclic structure is 

that the peptide bond preceding proline (that involving the pyrrolidine nitrogen) 

has a relatively high probability of accommodating a cis arrangement8 as 

compared to other peptide bonds, for which the cis form is almost inexistent. 

Recent studies in proline dipeptides evidenced that the cis/trans isomerization is a 

enthalpy driven process that depends on the polarity of the environment.9

Due to its particular structural properties, proline plays a key role in the 

structure and biology of peptides and proteins, and, hence, α-substituted 

derivatives are of great interest. The conformational preferences of the α-

methylated analogue (αMePro) remain little explored.

 Thus, 

although the electronic effects that stabilize the cis form become enhanced in 

polar environments, the cis/trans rotational barriers increases with the polarity of 

the enviroment. 

10,11 Studies on the N-acetyl-

N’-methylamide derivative indicated a preference for the γ-turn conformation in 

solution,10c,d whereas an α-helical structure was found in the solid state.10b 

Spectroscopic and computational studies on other peptides containing αMePro 

suggested a stabilization of the βI-turn in comparison with proline.11 In contrast to 
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the scarce structural studies, the large number of papers11,12 and patents13

In this work, we have investigated the intrinsic conformational preferences of 

α-methylproline (αMePro) and α-phenylproline (αPhPro) using Density 

Functional Theory (DFT) methods. Calculations were performed on the N-acetyl-

N’-methylamide derivatives of the L-amino acids, hereafter denoted as Ac-L-

αMePro-NHMe and Ac-L-αPhPro-NHMe(Figure 3.2.1), respectively. The 

influence of the methyl and phenyl groups has been determined by comparison 

with the proline derivative Ac-L-Pro-NHMe, which has been investigated for 

comparative purposes using the same quantum mechanical method. Specifically, 

we have examined how the substituent incorporated at the α position affects the 

preferred backbone conformation, the puckering of the pyrrolidine ring and the 

cis/trans disposition of the amide bonds. On the other hand, as was mentioned 

above, the role of the environment, in particular of the solvent, in the cis/trans 

rotational isomerism of proline was reported to be crucial.

 dealing 

with the incorporation of αMePro into bioactive peptides and other biologically 

relevant systems provide evidence for the enormous potential of this amino acid. 

However, the exploitation of αMePro and other α-tetrasubstituted proline 

analogues in the design of peptides with controlled fold in the backbone relies on 

the previous knowledge of their conformational propensities.   

9

N Me
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 In spite of this, no 

information about the solvent effects on the isomerization of the α-substituted 

proline analogs has been provided yet. Accordingly, we decided to evaluate the 

influence of the solvent polarity on the conformational preferences of the 

compounds under study using a Self Consistent Reaction Field method. 

 

Figure 3.2.1: α-substituted Proline Analogues studied in this work 
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3.2.2 Methods 

3.2.2.1 Computational Details.  

DFT calculations were carried out using the Gaussian 03 computer 

program,14 combining the Becke´s three-parameter hybrid functional (B3)15 with 

the Lee, Yang and Parr (LYP)16 expression for the nonlocal correlation (B3LYP). 

This method provides a very satisfactory description of the conformational 

properties of cyclic constrained amino acids, including Pro and 

pseudoprolines.17,18 Accordingly, all the calculations presented in this work were 

performed using the B3LYP method combined with the 6-31+G(d,p) basis set,19 

even although some additional single point calculations on selected conformations 

were performed using the aug-cc-pVTZ20

The backbone (ω

 basis set. 

0,ϕ,ψ,ω) and side chain (χi; endocyclic) dihedral angles of 

the N-acetyl-N’-methylamide derivatives of Pro, αMePro and αPhPro are defined 

in Figure 3.2.2. Since ϕ is fixed by the geometry of the five-membered ring, only 

three minima may be anticipated for the potential energy surfaces E=E(ψ) of the 

dipeptides for a given arrangement of the peptide bonds. The flexible angle ψ is 

expected to have three minima, i.e. gauche+ (60º), trans (180º) and gauche– (–

60º), while each amide bond (ω0, ω) can be arranged in cis or trans. It should be 

noted that only the peptide bond preceding proline (that involving the pyrrolidine 

nitrogen, corresponding to the ω0 torsion angle) is likely to adopt a cis 

configuration. However, we considered also the cis and trans states of the amide 

bond formed by the proline carbonyl (the methylcarboxamide group, –CONHMe, 

given by ω) with the aim of exploring how α-methylation affects the isomerism of 

this amide linkage. For the αPhPro derivative, only the cis/trans arrangement of 

ω0 was considered. 
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Figure 3.2.2:   Dihedral angles used to identify the conformations of the N-
acetyl-N’-methylamide derivatives of proline and its α-substituted analogues 
studied in this work. The dihedral angles ω0, ϕ, ψ and ω are defined using 
backbone atoms while the endocyclic dihedral angles χi are given by the atoms 
of the five-membered ring. In particular, the sequence of atoms used to define ϕ 
and χ0 are C(=O)–N–Cα–C(=O) and Cδ–N–Cα–Cβ

 

, respectively. compounds 
studied in this work. 

The cyclic side chains of the compounds under study may adopt two main 

different conformational states, corresponding to the down and up puckering of 

the five-membered ring. They are defined as those in which the Cγ 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 Cδ, N and Cα

Accordingly, for Ac-L-Pro-NHMe and Ac-L-αMePro-NHMe, 3(ψ backbone) 

× 2(ω

 atoms.  

0 cis-or-trans) × 2(ω cis-or-trans) × 2(cyclic side chain) = 24 structures 

were considered as starting points for complete geometry optimizations at the 

B3LYP/6-31+G(d,p) level. Regarding Ac-L-αPhPro-NHMe, ω was kept in the 

trans configuration, while for the arrangement of the phenyl substituent three 

different orientations were considered. Therefore, the number of starting 

structures for geometry optimizations were 3(ψ backbone) × 2(ω0 cis-or-trans) × 

2(cyclic side chain) × 3(Ph substituent) = 36. 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) with both thermal and 

entropic corrections, the latter statistical terms being used to compute the 

conformational Gibbs free energies in the gas phase (∆Ggp) at the B3LYP/6-

31+G(d,p) level.  
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To obtain an estimation of the solvation effects on the relative stability of the 

different minima, single point calculations were also 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.21 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 and considering the 

dielectric constants of carbon tetrachloride (ε = 2.228), chloroform (ε = 4.9), 

methanol (ε= 32.6) and water (ε= 78.4). The conformational free energies in 

solution (∆G#sol#, where #sol# refers to the solvent) were computed using the 

classical thermodynamics scheme, that is, the free energies of solvation provided 

by the PCM model were added to the ∆Ggp values.  
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3.2.2.2 Nomenclature and Pseudorotational Parameters.  

The minimum energy conformations of the three dipeptides studied in this 

work have been denoted using a four-label code that specifies the arrangement of 

the two peptide bonds, the (ϕ,ψ) 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 preceding proline (ω0). The second label identifies the backbone 

conformation using the nomenclature introduced by Perczel et al.22 more than 

fifteen years ago. Accordingly, nine different backbone conformations can be 

distinguished in the potential energy surface E=E(ϕ,ψ) of amino acids: γD, δD, 

αD, εD, βL, εL, αL, δL and γL. In the case of proline, only the γL (γ-turn or C7), αL 

(α-helical), and εL (polyproline II-like) conformations are accessible due to ϕ 

being fixed in the neighborhood of –60º. 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 χ1 and χ3 were positive 

while χ2 and χ4 were negative. Conversely, the up ring puckering is characterized 

by negative values of χ1 and χ3 and positive values of χ2 and χ4

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.

. Finally, the last 

letter indicates the trans (t) or cis (c) arrangement of the amide bond involving the 

proline carbonyl group (ω). 

23
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 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: 
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Accordingly, parameter A is defined to be positive while P falls between –

180º and 180º. 

3.2.3 Results and Discussion 

3.2.3.1 Ac-L-Pro-NHMe.  

Table 3.2.1 lists the most relevant structural parameters together with the 

relative energy (∆Egp) and free energy (∆Ggp) in the gas phase for the 14 minimum 

energy conformations characterized for Ac-L-Pro-NHMe (Figure 3.2.3). These 

minima are distributed according to the disposition of the peptide bonds (defined 

by the ω0 and ω angles, Figure 3.2.2) as follows: both amide moieties adopt a 

trans arrangement in 3 minima (trans-trans conformers), one peptide bond is cis 

in 7 minima (4 cis-trans and 3 trans-cis conformers) and, finally, both peptide 

bonds exhibit a cis configuration in 4 minima (cis-cis conformers). It is worth 

noting that the structural data and ∆Egp values displayed in Table 3.2.1 for the 14 

minima characterized for Ac-L-Pro-NHMe are in excellent agreement with the 

results recently reported by Csizmadia24 and Kang8b at the B3LYP/6-31G(d) and 

B3LYP/6-311++G(d,p) levels, respectively.  
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Figure 3.2.3: Representation of the minimum energy conformations 
characterized for Ac-L-Pro-NHMe at the B3LYP/6-31+G(d,p) level.Table of 
contents graphics. 
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Table 3.2.1:Backbone dihedral angles (in degrees), pseudorotational 

parameters (A and P; in degrees) and relative energy (∆Egp; in kcal/mol) and free 
energy (∆Ggp

# Conf. 

; in kcal/mol) of the minimum energy conformations characterized 
for Ac-L-Pro-NHMe at the B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (A, P) ∆E ∆Ggp gp 

t-γL -172.6 [d]-t -83.4 70.3 -177.7 (37.4, -111.9) 0.0a 0.0b c 

t-γL -173.9 [u]-t -81.6 77.3 -175.9 (37.5, 75.8) 1.0 d 1.3 

t-αL -171.0 [u]-t -77.5 -11.5 175.9 (37.8, 89.2) 4.9 e 4.0 

c-αL 10.2 [d]-t -90.9 -5.1 -179.6 (37.5, -111.5) 3.3 f 2.3 

c-αL 8.0 [u]-t -79.2 -18.4 -177.1 (37.5, 90.1) 4.2 g 3.6 

c-εL 1.2 [d]-t -75.2 147.9 174.6 (36.8, -114.4) 6.3 h 4.8 

c-εL -0.1 [u]-t -61.2 145.3 177.5 (37.4, 88.0) 6.6 i 5.0 

t-εL -179.9 [d]-c -76.7 125.9 -14.6 (35.2, -114.4) 6.1 j 6.2 

t-εL 177.9 [u]-c -63.3 128.1 -18.6 (37.6, -48.1) 6.5 k 6.7 

t-αL -173.4 [u]-c -61.6 -35.4 12.0 (37.8, 77.9) 11.3 l 11.3 

c-εL 0.6 [d]-c -75.6 159.3 -6.0 (37.2, -116.4) 9.3 m 8.5 

c-εL -1.6 [u]-c -61.9 155.1 -5.8 (37.4, 91.5) 9.8 n 9.2 

c-αL 4.3 [u]-c -63.5 -38.7 0.3 (37.2, 81.4) 10.1 o 9.7 

c-αL 6.9 [d]-c -82.5 -16.2 -0.8 (36.1, -111.2) 10.8 p 10.7 
a χ0= -13.9º, χ1= 31.4º, χ2= -37.6º, χ3= 28.7º and χ4= -9.3º. b E= -573.315217 
a.u. c G= -573.132049 a.u. d χ0= -10.3º, χ1= -13.4º, χ2= 31.0º, χ3= -36.6º and χ4= 
29.8º. e χ0= 0.5º, χ1= -22.9º, χ2= 36.1º, χ3= -35.4º and χ4= 22.0º. f χ0= -13.8º, χ1= 
31.4º, χ2= -37.6º, χ3= 29.0º and χ4= -9.5º. g χ0= -0.1º, χ1= -22.1º, χ2= 35.7º, χ3= -
35.2º and χ4= 22.3º. h χ0= -15.2º, χ1= 31.6º, χ2= -36.7º, χ3= 27.4º and χ4= -7.5º. i 
χ0= 1.3º, χ1= -23.3º, χ2= 36.0º, χ3= -34.6º and χ4= 21.2º. j χ0= -14.5º, χ1= 30.3º, 
χ2= -35.1º, χ3= 26.0º and χ4= -7.2º. k χ0= 25.1º, χ1= -3.6º, χ2= -19.5º, χ3= 34.4º 
and χ4= -35.8º. l χ0= 7.9º, χ1= -28.1º, χ2= 37.7º, χ3= -32.5º and χ4= 15.5º. m χ0= -
16.5º, χ1= 32.5º, χ2= -36.9º, χ3= 26.8º and χ4= -6.3º. n χ0= -1.0º, χ1= -21.5º, χ2= 
35.3º, χ3= -35.3º and χ4= 23.1º. o χ0= 5.5º, χ1= -26.1º, χ2= 36.8º, χ3= -33.1º and 
χ4= 17.3º. p χ0= -13.1º, χ1= 30.1º, χ2= -36.2º, χ3= 28.0º and χ4

As expected, the lowest energy minimum, denoted as t-γ

= -9.3º. 

L[d]-t, was found to 

be trans-trans with the backbone defining a γL conformation, i.e. a seven-

membered intramolecularly hydrogen-bonded ring [d(H···O) = 1.971 Å, ∠N–

H···O = 146.4º] and the pyrrolidine moiety exhibiting a down puckering. The next 

minimum, t-γL[u]-t, only differs in the ring puckering and this change produces a 
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destabilization of 1.0 and 1.3 kcal/mol in terms of ∆Egp and ∆Ggp, respectively. 

The last trans-trans conformer combines the αL

The cis-trans conformer of lowest energy corresponds to c-α

 backbone conformation with an 

up-puckered pyrrolidine and is disfavored by more than 4 kcal/mol. 

L[d]-t, which is 

destabilized with respect to the global minimum by 2.3 kcal/mol in terms of ∆Ggp. 

A down-to-up transition of the pyrrolidine puckering leads to a further 

destabilization of 1.3 kcal/mol so that the ∆Ggp of the c-αL[u]-t minimum is 3.6 

kcal/mol. The remaining cis-trans minima as well as all the trans-cis and cis-cis 

conformers are highly destabilized with respect to the global minimum, with their 

∆Ggp values ranging from 4.8 to 11.3 kcal/mol. Surprisingly enough, the least 

stable minimum, t-αL

A detailed inspection of Table 3.2.1 allows the establishment of a clear 

relationship between the characterization of certain backbone conformations as 

energy minima and the cis/trans state of the amide bonds. Specifically, the γ

[u]-c, corresponds to a trans-cis rather than to a cis-cis 

conformer. In order to check that the 6-31+G(d,p) basis set describes satisfactorily 

the stability of the different conformers, single point calculations were performed 

at the B3LYP/aug-cc-pVTZ level on all the trans-trans and cis-trans conformers 

of Ac-L-Pro-NHMe. As expected, differences between the relative energies 

provided by these two basis sets are very small (see Supporting Information) 

evidencing the suitability of the 6-31+G(d,p) one.  

L 

structure appears as an energy minimum only when the two peptide bonds adopt a 

trans disposition (necessary for the formation of the intramolecular hydrogen 

bond), while minima in the εL region are located provided that at least one of the 

amide linkages is cis. Moreover, the latter becomes the preferred backbone 

conformation when the cis peptide bond is that involving the proline carbonyl 

group (–CONHMe, ω ≈ 0º). In contrast, if the acetamido group adopts a cis 

arrangement (ω0 ≈ 0º) while ω remains close to 180º, the εL backbone 

conformation is an energy minimum but becomes less stable than the αL 

arrangement. It is noteworthy that, even if the εL conformation was not detected 

as an energy minimum for all trans peptide bonds, proline is experimentally found 

to accommodate this disposition with high frequency.6 Indeed, (ϕ,ψ) values in the 

εL region correspond to the i+1 position of a βII-turn,6d which is known to be 

among those preferred by proline.6 Interestingly, calculations on Ac-L-Pro-NHMe 
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at levels of theory lower than that used in this study, locate the trans-trans εL 

conformation as an energy minimum,24 but it disappears when going to larger 

basis sets, as seen in the present and previous8b,24,,25

Table 3.2.2 lists the relative free energies in carbon tetrachloride, chloroform, 

methanol and water solutions for the 14 minima mentioned above. PCM 

calculations were performed using the geometries optimized in the gas phase. It 

should be noted that previous studies 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 solvation.

 works. 

The solvent introduces significant changes in the relative stability of the 

different minima (Table 3.2.2). Carbon tetrachloride was found to considerably 

stabilize conformers with at least one cis amide bond. Thus, in this solvent, the c-

α

26 

L[d]-t conformer becomes almost isoenergetic with the global minimum, t-γL[d]-

t. Furthermore, the c-εL[d]-t and c-εL[u]-t minima are 3.2 and 2.5 kcal/mol, 

respectively, more stable than in the gas phase. In spite of the stabilization 

produced by this solvent in conformers with cis amide bonds, the trans-cis and 

cis-cis minima are not within the set of conformations energetically accessible at 

room temperature. 



3.2 CONFORMATIONAL PREFERENCES OF α -SUBSTITUTED PROLINE ANALOGUES  
 

65 

Table 3.2.2:  Relative free energy in the gas-phase (∆Ggp; in kcal/mol) and in 
carbon tetrachloride, chloroform, methanol and aqueous solutions 
(∆GCCl4, ∆GCHCl3, ∆GCH3OH and ∆GH2O

# Conf. 

, respectively; in kcal/mol)  for the 
minimum energy conformations of Ac-L-Pro-NHMe at the B3LYP/6-31+G(d,p) 
level. 

∆G ∆Ggp ∆GCCl4 ∆GCHCl3 ∆GCH3OH H2O 

t-γL 0.0 [d]-t 0.0 0.3 4.5 1.3 

t-γL 1.3 [u]-t 1.4 1.7 5.9 2.8 

t-αL 4.0 [u]-t 3.0 1.9 4.0 0.3 

c-αL 2.3 [d]-t 0.1 1.0 3.8 0.2 

c-αL 3.6 [u]-t 2.7 2.1 4.9 0.8 

c-εL 4.8 [d]-t 1.6 0.2 0.3 0.7 

c-εL 5.0 [u]-t 2.5 0.0 0.0 0.0 

t-εL 6.2 [d]-c 4.5 3.8 6.8 3.2 

t-εL 6.7 [u]-c 4.9 3.9 6.6 3.1 

t-αL 11.3 [u]-c 7.3 4.8 5.7 1.7 

c-εL 8.5 [d]-c 5.3 3.2 3.3 0.4 

c-εL 9.2 [u]-c 6.5 3.7 4.8 0.9 

c-αL 9.7 [u]-c 6.4 4.9 7.0 3.3 

c-αL 10.7 [d]-c 7.4 5.9 8.2 4.6 

The higher polarity of chloroform results in a further stabilization of 

conformers with cis peptide bonds. In fact, the lowest energy minimum in this 

solvent is c-εL[u]-t, with the c-εL[d]-t and t-γL[d]-t conformations being 

disfavored by only 0.2 and 0.3 kcal/mol, respectively. Moreover, the ∆GCHCl3 

value of the least stable cis-trans conformer is 2.1 kcal/mol, which provides 

evidence for the strong stabilizing effect of this solvent on cis peptide bonds. 

Although trans-cis and cis-cis conformers are not energetically accessible in 

chloroform solution, their ∆GCHCl3

The c-ε

 are about half the values in the gas phase.  

L[u]-t is again the most stable conformation in both methanol and 

aqueous solutions, even although in the latter environment the c-αL[d]-t and t-

αL[u]-t are unfavored by only 0.2 and 0.3 kcal/mol, respectively. However, the 

most remarkable result in polar environments is the stabilization of the cis-trans 
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conformers, which is consistent with the theoretical estimation previously 

reported for the Pro dipeptide.8

The overall of the results obtained in solution suggests that the conformational 

flexibility induced by the environment is considerable in terms of both the ψ 

dihedral angle and cis/trans isomerism. However, the latter effect seems to be 

overestimated by the PCM solvation model, this effect being very large when 

polar solvents like methanol and water are considered. According to the results in 

Table 3.2.2, conformers exhibiting a cis configuration for the peptide bond 

involving the Pro nitrogen (ω

 Thus, in such studies it was found that polar 

environments favor the cis conformation in Pro peptidic bonds.  

0 ≈ 0º) should predominate over trans conformers, 

which contradicts experimental data.6-9

3.2.3.2 Ac-L-αMePro-NHMe.  

 Thus, although in condensed phases, i.e. 

solid state or solution, the peptide bond preceding Pro has a relatively high 

probability of adopting a cis arrangement, the trans is by far preferred. 

Accordingly, solvent-induced stabilizations seem to be considerably 

overestimated by the PCM method. Caution is therefore required when 

interpreting the results provided by PCM calculations, which should be 

considered only qualitatively. 

The 17 minimum energy conformations characterized for Ac-L-αMePro-

NHMe in the gas phase are displayed in Figure 3.2.4. Their structural and energy 

data are given in Table 3.2.3. According to the cis/trans state of the peptide bonds, 

these minima are distributed as 4 trans-trans, 4 cis-trans, 5 trans-cis and 4 cis-cis. 

Interestingly, α-methylation of Ac-L-Pro-NHMe produces an enlargement of the 

number of minimum energy conformations, which suggests a higher flexibility for 

the non-proteinogenic residue. However, a detailed inspection of the energy data 

in Table 3.2.3 reveals that the replacement of the α hydrogen in proline by a 

methyl group results in a general destabilization of the minimum energy 

conformations, particularly, of the trans-cis and cis-cis subgroups. 
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Figure 3.2.4: Representation of the minimum energy conformations 
characterized for Ac-L-αMePro-NHMe at the B3LYP/6-31+G(d,p) level. 
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Table 3.2.3: Backbone dihedral angles (in degrees), pseudorotational 

parameters (A and P; in degrees) and relative energy (∆Egp; in kcal/mol) and free 
energy (∆Ggp

# Conf. 

; in kcal/mol) of the minimum energy conformations characterized 
for Ac-L-αMePro-NHMe at the B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (A, P) ∆E ∆Ggp gp 

t-γL -172.2 [d]-t -77.2 57.1 178.7 (35.0, -108.7) 0.0a 0.0b c 

t-γL -176.2 [u]-t -69.8 60.7 178.8 (31.2, 86.9) 1.6 d 1.7 

t-εL 175.4 [u]-t -55.1 123.4 -174.0 (31.3, 91.7) 3.3 e 2.8 

t-αL -172.6 [u]-t -64.2 -20.1 177.6 (33.6, 72.8) 4.2 f 3.2 

c-αL 10.8 [d]-t -77.7 -17.1 -179.1 (37.3, -94.3) 4.5 g 3.3 

c-αL 3.0 [u]-t -63.5 -28.1 -177.9 (37.6, 74.9) 4.6 h 3.1 

c-εL -3.0 [u]-t -48.5 141.5 176.4 (37.8, 74.9) 7.6 i 6.9 

c-εL 0.0 [d]-t -66.3 149.5 178.3 (36.8, -100.0) 7.7 j 6.6 

t-εL 175.3 [u]-c -55.5 125.9 -32.4 (38.3, 88.5) 10.3 k 11.2 

t-εL 177.8 [d]-c -61.1 127.7 -32.4 (36.1, -94.3) 10.6 l 11.5 

t-αL -174.4 [u]-c -54.6 -41.1 15.8 (36.8, 68.3) 10.6 m 11.1 

t-εL 173.9 [d]-c -67.2 164.4 -2.0 (36.1, -116.5) 11.6 n 11.7 

t-αL -170.2 [d]-c -73.7 -18.9 18.6 (37.7, -95.5) 11.8 o 11.7 

c-αL -0.2 [u]-c -56.5 -40.0 3.5 (36.4, 71.2) 10.6 p 10.8 

c-αL 12.9 [d]-c -64.9 -38.6 -8.4 (32.2, -68.8) 12.8 q 12.7 

c-εL -2.5 [d]-c -70.0 177.0 -4.1 (37.7, -111.0) 13.9 r 14.1 

c-εL -11.7 [u]-c -57.5 177.3 3.7 (37.9, 94.5) 14.6 s 14.4 
a χ0= -11.2º, χ1= 30.9º, χ2= -39.4º, χ3= 31.6º and χ4= -12.8º. b E= -612.629968 
a.u. c G= -612.419998 a.u. d χ0= -0.9º, χ1= -22.5º, χ2= 37.1º, χ3= -36.8º and χ4= 
23.8º. e χ0= 1.7º, χ1= -24.0º, χ2= 37.0º, χ3= -35.1º and χ4= 21.2º. f χ0= 9.9º, χ1= -
29.4º, χ2= 38.1º, χ3= -31.4º and χ4= 13.4º. g χ0= -2.8º, χ1= 24.4º, χ2= -36.5º, χ3= 
33.9º and χ4= -19.7º. h χ0= 9.8º, χ1= -29.1º, χ2= 37.9º, χ3= -31.2º and χ4= 13.4º. i 
χ0= 9.8º, χ1= -29.3º, χ2= 38.0º, χ3= -31.4º and χ4= 13.6º. j χ0= -6.4º, χ1= 26.6º, 
χ2= -36.7º, χ3= 32.1º and χ4= -16.2º. k χ0= 1.0º, χ1= -23.5º, χ2= 36.9º, χ3= -35.4º 
and χ4= 21.8º. l χ0= -2.3º, χ1= 22.5º, χ2= -33.7º, χ3= 31.3º and χ4= -18.2º. m χ0= 
13.6º, χ1= -30.9º, χ2= 317.1º, χ3= -28.3º and χ4= 9.1º. n χ0= -16.1º, χ1= 31.7º, χ2= 
-36.0º, χ3= 25.7º and χ4= -5.9º. o χ0= -3.6º, χ1= 25.2º, χ2= -37.1º, χ3= 33.9º and 
χ4= -19.2º. p χ0= 11.3º, χ1= -29.3º, χ2= 36.7º, χ3= -29.3º and χ4= -11.2º. q χ0= 
11.6º, χ1= 8.8º, χ2= -24.9º, χ3= 31.3º and χ4= -27.5º. r χ0= -13.5º, χ1= 31.5º, χ2= -
38.0º, χ3= 29.2º and χ4= -9.7º. s χ0= -3.0º, χ1= -20.1º, χ2= 35.1º, χ3= -36.1º and 
χ4= 25.0º. 
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The lowest energy conformation characterized for Ac-L-αMePro-NHMe in the 

gas phase corresponds to a t-γL[d]-t conformer, which was also identified as the 

global minimum for Ac-L-Pro-NHMe. The geometric parameters of the hydrogen 

bond associated with this conformation [d(H···O) = 1.874 Å, ∠N–H···O = 

151.4º] indicate that this intramolecular interaction is stronger in the α-methyl 

derivative. The other two trans-trans conformers found for Ac-L-Pro-NHMe, t-

γL[u]-t and t-αL[u]-t (Table 3.2.1), were also located as energy minima for Ac-L-

αMePro-NHMe (Table 3.2.3), with similar geometries and energies. Thus, the 

main difference between Pro and αMePro when both peptide bonds exhibit a 

trans arrangement is the characterization of a minimum in the εL region for the α-

methylated compound. No such semi-extended backbone conformation was 

detected as an energy minimum for Ac-L-Pro-NHMe. This could be indicative of 

this backbone conformation being more favorable for αMePro than for the parent 

amino acid, which is contrary to the general observation that semi-extended and 

fully extended conformations are more stable for proteinogenic amino acids than 

for their α-methylated counterparts.1c,e,3-5

This singularity is specifically evidenced in Figure 3.2.5, where the potential 

energy curves E= E(ψ) of Ac-L-Pro-NHMe and Ac-L-αMePro-NHMe for trans 

peptide bonds and an up-puckered ring are compared. As can be seen, the two 

profiles differ almost uniquely in the flat region that appears for the latter 

compound at ψ values ranging from 120º to 150º, that is, where the ε

  

L semi-

extended conformation is located. However, as already mentioned, conformations 

in the εL region are very often observed experimentally6 for Pro-containing 

peptides longer than that considered in the present work. 
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Figure 3.2.5:  Potential energy curves E=E(ψ) cross sections of the 
conformational potential energy surfaces of Ac-L-Pro-NHMe (filled squares 
and solid lines) and Ac-L-αMePro-NHMe (empty squares and dashed lines). In 
both compounds, the pyrrolidine ring is up-puckered and the peptide bonds are 
arranged in trans. 

 

 
Also cis-trans αL and εL conformers similar to those observed for proline 

were characterized for αMePro. They are disfavored with respect to the global 

minimum by about 3 and 7 kcal/mol, respectively, the influence of the pyrrolidine 

ring puckering being negligible (Table 3.2.3). Comparison between the ∆Ggp 

values obtained for the cis-trans conformers of Ac-L-Pro-NHMe and Ac-L-

αMePro-NHMe indicates that, in general, α-methylation produces a 

destabilization of 1–2 kcal/mol. This result is not unexpected since the α-methyl 

group increases the steric hindrance around Cα, thus disfavoring the cis 

disposition between the acetyl methyl group and the α carbon (ω0 ≈ 0º). The 

effect of α-methylation in the destabilization of cis amide bonds becomes more 

evident for the –CONHMe moiety (corresponding to ω). In fact, all trans-cis and 

cis-cis conformers exhibit ∆Ggp

Table 3.2.4 shows the effects of solvation on the 17 minima of Ac-L-αMePro-

NHMe. As can be seen, the t-γ

 values above 10.8 kcal/mol (Table 3.2.3) and 

significantly higher than those obtained for the equivalent conformers of Ac-L-

Pro-NHMe (Table 3.2.1). 

L[d]-t is the most stable conformation not only in 
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the gas phase but also in carbon tetrachloride and chloroform solutions. 

Significant differences are observed between the results obtained for Ac-L-Pro-

NHMe (Table 3.2.2) and Ac-L-αMePro-NHMe (Table 3.2.4) in chloroform. 

Specifically, for the latter peptide, the ∆GCHCl3 values of all four trans-trans 

conformers lie below 1.6 kcal/mol, whereas all the cis-trans conformers show 

∆GCHCl3

Table 3.2.4: Relative free energy in the gas-phase (∆G

 values above this limit, indicating that only trans-trans arrangements are 

energetically accessible in chloroform. This is in sharp contrast with the results 

obtained for Ac-L-Pro-NHMe, for which certain cis-trans conformers were found 

to exhibit a high stability. 

gp; in kcal/mol) and in 
carbon tetrachloride, chloroform. methanol and aqueous solutions 
(∆GCCl4, ∆GCHCl3, ∆GCH3OH and ∆GH2O

# Conf. 

, respectively; in kcal/mol)  for the 
minimum energy conformations of Ac-L-αMePro-NHMe at the B3LYP/6-
31+G(d,p) level. 

∆G ∆Ggp ∆GCCl4 ∆GCHCl3 ∆GCH3OH H2O 

t-γL 0.0 [d]-t 0.0 0.0 0.9 1.4 

t-γL 1.7 [u]-t 1.5 1.4 2.4 2.8 

t-εL 2.8 [u]-t 2.1 1.6 1.7 2.0 

t-αL 3.3 [u]-t 2.4 1.2 0.2 0.3 

c-αL 3.3 [d]-t 1.1 1.9 1.1 0.5 

c-αL 3.1 [u]-t 0.8 1.7 0.4 0.0 

c-εL 6.9 [u]-t 2.7 4.5 0.0 0.6 

c-εL 6.6 [d]-t 2.3 4.3 0.5 0.6 

t-εL 11.2 [u]-c 8.9 8.0 7.7 7.5 

t-εL 11.5 [d]-c 9.4 8.6 8.5 8.4 

t-αL 11.1 [u]-c 7.2 4.7 2.6 2.2 

t-εL 11.7 [d]-c 8.5 6.7 5.1 5.1 

t-αL 11.7 [d]-c 8.2 6.2 4.8 4.5 

c-αL 10.8 [u]-c 7.1 5.4 4.8 4.5 

c-αL 12.7 [d]-c 9.0 7.2 6.7 6.2 

c-εL 14.1 [d]-c 9.8 7.2 5.2 4.8 

c-εL 14.4 [u]-c 10.0 7.4 5.5 5.0 
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Although the stability of the cis-trans conformers in Table 3.2.4 is probably 

overestimated in carbon tetrachloride, the general tendencies derived from PCM 

calculations in non-polar environments are fully consistent with data from NMR 

experiments, which showed no cis conformers for Ac-L-αMePro-NHMe in 

chloroform solution.10d In good agreement, our calculations predict the peptide 

involving the pyrrolidine nitrogen (ω0

Finally, analysis of the results obtained for Ac-L-αMePro-NHMe in methanol 

and aqueous solution indicates that the cis-trans conformers are the most favored 

in these polar environments. Thus, the c-ε

) to exhibit a considerably smaller 

probability of adopting a cis disposition in αMePro than in Pro. 

L[u]-t and c-αL[u]-t are the lowest 

energy minimum in methanol and water, respectively, and, in addition, the 

∆GCH3OH and ∆GH2O of the remaining three cis-trans conformers are lower than 

1.5 kcal/mol. These results clearly evidence that the stability of the cis 

configuration for the peptide bond involving the αMePro nitrogen (ω0 

3.2.3.3 Ac-L-αPhPro-NHMe.  

≈ 0º) is 

significantly overestimated by the PCM method when polar solvents are 

considered. 

Table 3.2.5 shows the structural parameters together with the ∆Egp and ∆Ggp 

values for the 8 minimum energy conformations found for the αPhPro-containing 

peptide (Figure 3.2.6). Specifically, 4 minima with two trans amide bonds were 

characterized, while the other 4 correspond to cis-trans conformers. It should be 

noted that the cis arrangement of the –CONHMe peptide bond (corresponding to 

the ω angle) was not considered for this compound. 
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Figure 3.2.6:  Representation of the minimum energy conformations 
characterized for Ac-L-αPhPro-NHMe at the B3LYP/6-31+G(d,p) level. 

 
 

Table 3.2.5: Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P; in degrees) and relative energy (∆Egp; in kcal/mol) and free 
energy (∆Ggp

# Conf. 

; in kcal/mol) of the minimum energy conformations characterized 
for Ac-L-αPhPro-NHMe at the B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (A, P) ∆E ∆Ggp gp 

t-γL -174.9 [d]-t -75.4 59.1 178.9 (39.1, -107.0) 0.0a 0.0b c 

t-γL -179.6 [u]-t -67.9 66.2 -179.9 (39.2, 89.8) 1.7 d 1.3 

t-εL 172.0 [u]-t -46.5 120.3 -172.0 (39.9, 76.6) 2.6 e 2.6 

t-εL 176.7 [d]-t -61.2 161.7 176.6 (37.8, -98.4) 7.8 f 7.5 

c-γL 10.8 [d]-t -85.5 5.5 -176.4 (38.7, -103.8) 4.5 g 4.0 

c-αL 3.2 [u]-t -59.9 -28.1 -175.9 (38.6, 68.2) 5.1 h 3.8 

c-εL -5.0 [u]-t -43.3 129.6 -179.5 (39.9, 66.0) 5.6 i 5.5 

c-εL -4.7 [d]-t -73.3 -162.6 -177.4 (39.7, -118.2) 8.2 j 7.6 
a χ0= -11.4º, χ1= 31.2º, χ2= -39.5º, χ3= 31.7º and χ4= -12.7º. b E= -804.371070 
a.u. c G= -804.113301 a.u. d χ0= 0.1º, χ1= -23.4º, χ2= 37.5º, χ3= -36.6º and χ4= 
23.1º. e χ0= 9.3º, χ1= -30.3º, χ2= 40.2º, χ3= -33.7º and χ4= 15.3º. f χ0= -5.5º, χ1= -
26.6º, χ2= -37.4º, χ3= 34.0º and χ4= -17.6º. g χ0= -9.2º, χ1= 29.5º, χ2= -38.9º, χ3= 
32.6º and χ4= -14.6º. h χ0= 14.3º, χ1= -32.4º, χ2= 38.9º, χ3= -29.7º and χ4= 9.4º. i 
χ0= 16.2º, χ1= -34.3º, χ2= 40.1º, χ3= -29.7º and χ4= 8.2º. j χ0= -18.8º, χ1= 35.4º, 
χ2= -39.5º, χ3= 27.6º and χ4= -5.2º.  
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As observed before for Pro and αMePro, the γL backbone conformation with 

all trans peptide bonds is the most stable arrangement for αPhPro, with the down 

puckering of the pyrrolidine ring being preferred. Thus, t-γL[d]-t appears as the 

global minimum while t-γL[u]-t is destabilized by 1.3 kcal/mol. In spite of this 

parallelism, the conformational profile of the α-phenyl derivative shows important 

differences with respect to those described above for Pro and αMePro. The semi-

extended structure t-εL[u]-t characterized as an energy minimum for the α-

methylated compound, but not for the parent amino acid, was also located for 

αPhPro, 2.6 kcal/mol above the global minimum (Table 3.2.5). Moreover, an 

additional εL minimum with a down puckering was found for the latter compound, 

although this arrangement of the five-membered ring proved very unfavorable 

energetically. The overall of these results suggests that conformations in the εL 

region could be more favored for α-substituted proline derivatives than for proline 

itself, contrary to the general behavior expected for α-tetrasubstituted amino acids 

in comparison with their proteinogenic counterparts.

Another distinct feature in the conformational map of Ac-L-αPhPro-NHMe is 

the disappearance of trans-trans minima of the α-helical type. Thus, the t-α

1c,e,3–5 

L

The effect of α-substitution on the cis/trans isomerism described above for 

Ac-L-αMePro-NHMe is also observed for αPhPro. The cis-trans conformers in 

Table 3.2.5 exhibit ∆G

[u]-t, 

which was characterized for both Ac-L-Pro-NHMe and Ac-L-αMePro-NHMe, 

was not a minimum in the potential energy hypersurface of Ac-L-αPhPro-NHMe. 

Although calculations on small peptide systems like these in the present study are 

known to underestimate the stability of α-helical conformations (in general, of 

those lacking an intramolecular hydrogen bond) in favor of γ-turns, this finding is 

highly remarkable. 

gp values ranging from 3.8 to 7.6 kcal/mol, evidencing a 

destabilization of the cis disposition of the ω0

Table 3.2.6 compares the solvation effects estimated for the 8 minima 

characterized for Ac-L-αPhPro-NHMe. As can be seen, the conformational 

properties predicted in carbon tetrachloride and chloroform solutions are very 

similar to those obtained in the gas phase. The trans-trans conformers are scarcely 

 amide bond with reference to that 

observed for Pro.  
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affected by solvation, while the relative free energy of the cis-trans conformers 

decreases on going from the gas phase to solution, and with the solvent polarity. 

In spite of such stabilization, minima with a cis peptide bond remain inaccessible 

at room temperature. In fact, only the t-γL[d]-t and t-γL[u]-t conformers present 

energies below 2.0 kcal/mol in both solvents and are therefore predicted to be 

populated. However, results in methanol and aqueous solutions reflect again the 

limitations of the PCM model to describe the cis/trans isomerism of ω0

Table 3.2.6: Relative free energy in the gas-phase (∆G

 in polar 

environments.  

gp; in kcal/mol) and in 
carbon tetrachloride, chloroform, methanol and aqueous solutions 
(∆GCCl4, ∆GCHCl3, ∆GCH3OH and ∆GH2O

# Conf. 

, respectively; in kcal/mol) for the minimum 
energy conformations of Ac-L-αPhPro-NHMe at the B3LYP/6-31+G(d,p) level. 

∆G ∆Ggp ∆GCCl4 ∆GCHCl3 ∆GCH3OH H2O 

t-γL 0.0 [d]-t 0.0 0.0 0.0 0.3 

t-γL 1.3 [u]-t 1.2 1.3 1.4 1.6 

t-εL 2.6 [u]-t 2.4 2.2 1.6 1.3 

t-εL 7.5 [d]-t 6.9 6.1 4.5 4.4 

c-γL 4.0 [d]-t 2.8 2.5 2.3 2.1 

c-αL 3.8 [u]-t 2.4 2.0 1.4 0.9 

c-εL 5.5 [u]-t 3.5 2.5 1.3 2.8 

c-εL 7.6 [d]-t 4.8 2.8 0.5 0.0 

 

3.2.4 Conclusions 

Quantum mechanical calculations at the B3LYP/6-31+G(d,p) level have been 

used to explore the conformational preferences of Ac-L-αMePhe-NHMe and Ac-

L-αPhPro-NHMe. Comparison of the results with those obtained for Ac-L-Pro-

NHMe at the same theoretical level allows us to draw the following conclusions: 

(i) Replacement of the α hydrogen in proline by a more bulky group 

destabilizes the cis configuration of the amide bond involving the 

pyrrolidine nitrogen. The percentage of cis conformers usually 
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observed for the peptide bond preceding proline, if any, is thus 

predicted to be much inferior for α-tetrasubstituted proline derivatives. 

(ii) Another general structural trend associated with Cα-tetrasubstitution 

seems to be the stabilization of the semi-extended polyproline II 

conformation (εL

(iii) Although α-tetrasubstitution results in general conformational changes 

like those outlined above, more subtle but equally important 

differences seem to be associated with the particular nature of the 

substituent incorporated at C

), which was identified as an energy minimum for 

both αMePro and αPhPro but not for the proteinogenic amino acid. 

α. Thus, even if the γ-turn (γL) is the 

lowest energy minimum for both Ac-L-αMePhe-NHMe and Ac-L-

αPhPro-NHMe in all the environmental conditions examined, the α-

helical conformation (αL

(iv) PCM calculations in solution indicate that the stability of the 

conformers with a cis configuration for the peptide bond involving Pro 

nitrogen increases with the polarity of the environment. However, in 

this case results in solution must be analyzed with caution since SCRF 

calculations overestimate this effect significantly, especially when 

polar solvents (as water or methanol) are considered.  

) with trans amide bonds was also found to be 

accessible for the α-methyl derivative but was not located as an energy 

minimum for the αPhPro-containing peptide. 
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3.3 Conformational Preferences 
of β− and γ−Aminated 
Proline Analogues 
 

Quantum mechanical calculations have been used to investigate how the 
incorporation of an amino group to the Cβ- or Cγ-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 β- or γ-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 Cγ-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.*

3.3.1 Introduction 

 

Proline (Pro) is unique among naturally occurring amino acids in that its side 

chain is bonded to both the α-carbon and its preceding amide nitrogen. As a 

consequence, rotation about the N—Cα

                                                 
* The work described in this chapter previously appeared in  J. Phys. Chem. B 2008, 112, 14045–14055 
  

 bond is prohibited and the ϕ torsion angle 
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is confined to values around –60º. Accordingly, Pro is overwhelmingly found in 

the α-helical (ϕ,ψ≈ –60º,–30º) and semi-extended (ϕ,ψ≈ –60º,140º) regions of the 

conformational map.1 In addition, Pro shows a higher propensity to promote γ-

turn conformations (ϕ,ψ≈ –70º,60º) 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.4 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,5 inducing 

special motifs like reverse turns and bends.6 Furthermore, the cis-trans 

isomerization of Pro has been speculated to play a role not only in important 

biological processes7 but also in the rate determining steps for folding and 

refolding of some proteins.

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 

Pro

8 

3a,9-12 and Hyp13 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 
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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.14 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 β-helical conformation.15 

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.16 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 β-peptides 

with helical secondary structures,17

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 C

 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.  

β- or Cγ

 

-

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 Figure 3.3.1: Ac-βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-γtAmp-

NHMe and Ac-γcAmp-NHMe. 
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Figure 3.3.1:  Compounds studied in this work 
 

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-βtDmp-NHMe, Ac-βcDmp-NHMe, 

Ac-γtDmp-NHMe and Ac-γcDmp-NHMe in Figure 3.3.1. In addition we have 

examined how the incorporation of amino and dimethylamino substituents at the β 

and γ 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,12b

3.3.2 Methods 

 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 
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Becke´s three-parameter hybrid functional (B3)19 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.21 This computational procedure 

provided a very satisfactory description of the conformational properties of cyclic 

constrained amino acids, including Pro and its dehydro- and α-substituted 

derivatives.22,12

The backbone (ω

  

0,ϕ,ψ,ω) and side chain (χi; endocyclic) dihedral angles of 

the N-acetyl-N’-methylamide derivatives of conventional Pro, Amp and Dmp are 

defined in Figure 3.3.2. Since ϕ is fixed by the geometry of the five-membered 

ring, only three minima may be anticipated for the potential energy surfaces 

E=E(ψ) of the dipeptides for a given arrangement of the peptide bonds. Thus, the 

flexible angle ψ is expected to have three minima, i.e. gauche+ (60º), trans (180º) 

and gauche– (–60º), while each amide bond (ω0, ω) can be arranged in trans or 

cis. It should be noted that only the peptide bond involving the pyrrolidine 

nitrogen, which corresponds to the ω0 torsion angle, is likely to adopt a cis 

configuration. Therefore, both the trans and cis states were considered for ω0, 

while the amide bond involving the N-methylamide blocking group (given by ω) 

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 Cγ 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 Cδ, N and Cα

Accordingly, for each of the eight dipeptides under study (Figure 3.3.1), 3(ψ 

backbone) × 2(ω

 

atoms.  

0 trans-or-cis) × 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 (∆Ggp) at 298 K. 
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Figure 3.3.2:  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 ω0, ϕ, ψ and ω are defined using backbone 
atoms while the endocyclic dihedral angles χi are given by the atoms of the 
five-membered ring. In particular, the sequence of atoms used to define ϕ and 
χ0 are C(=O)–N–Cα–C(=O) and Cδ–N–Cα–Cβ

 
, respectively 

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 (ε = 

2.228), chloroform (ε = 4.9), methanol (ε= 32.6) and water (ε= 78.4). The 

conformational free energies in solution (∆G#sol#, where #sol# refers to the 



3.3 CONFORMATIONAL PREFRENCES OF β-AND-γ ANIMATED PROLINE ANALOGUES 
 

89 

solvent) were computed using the classical thermodynamics scheme, i.e. the free 

energies of solvation provided by the PCM model were added to the ∆Ggp

3.3.2.1 Nomenclature and Pseudorotational Parameters 

 values..  

The minimum energy conformations of the dipeptides studied in this work 

have been denoted using a three-labels code that specifies the arrangement of the 

first peptide bond, the backbone conformation and the puckering of the five 

membered ring. The first letter refers to the trans (t) or cis (c) arrangement of ωo. 

The second label identifies the backbone conformation using the nomenclature 

introduced by Perczel et al.53 more than fifteen years ago. Accordingly, nine 

different backbone conformations can be found in the potential energy surface 

E=E(ϕ,ψ) of amino acids: γD, δD, αL, εD, βL, εL, αD, δL and γL. Finally, the up or 

down puckering of the five-membered ring is indicated using the labels [u] and 

[d], respectively. In particular, the [d] ring puckering was identified when χ1 and 

χ3 are positive while χ2 and χ4 are negative. Therefore, the [u] ring puckering is 

characterized by negative values of χ1 and χ3 and positive values of χ2 and χ4

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 was previously applied to Pro by Hudaky and Perczel.

. We 

note that the cyclic side chain adopts a planar arrangement in two of the studied 

molecules, and no indication of the puckering was included in the code used for 

these cases. 

28,29

( ) 202 )(PsinAA χ+=

 The 

pseudorotational parameters are A and P, which describe the puckering amplitude 

and the state of the pucker in the pseudorotation pathway, respectively. The 

parameters are derived from the endocyclic dihedral angles as follows: 

, where 
)º72sinº144(sin2

PsinA
4321

+−
−+−

=
χχχχ  (3.1.1)  

 

and 
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 (3.1.2)  

 

Accordingly, parameter A is defined to be positive while P falls between –

180º and 180º. 

3.3.3 Results and Discussion 

3.3.3.1 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 Figure 3.3.1, which have been 

compared to the dipeptide of conventional Pro that was recently reported at the 

same level of theory.12b Table 3.3.1 lists the more relevant structural parameters 

together with the relative energy (∆Egp) for the 4, 6, 3 and 7 minimum energy 

conformations characterized for Ac-βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-

γtAmp-NHMe and Ac-γcAmp-NHMe, respectively, selected minima being 

displayed in Figures 3.3.3 and 3.3.4. The relative stability of the four dipeptides is 

indicated in Table 3.3.1 through ∆E#gp#, which corresponds to the energy relative 

to the lowest energy conformation of the most stable isomer. Table 3.3.2 

compares the relative free energies in the gas-phase (∆Ggp), carbon tetrachloride 

(∆GCCl4), chloroform (∆GCHCl3), methanol (∆GMeOH) and water (∆GH2O) 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.27 Finally, Table 3.3.3 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 



3.3 CONFORMATIONAL PREFRENCES OF β-AND-γ ANIMATED PROLINE ANALOGUES 
 

91 

conformation of lowest free energy of the most stable isomer: ∆G#gp#, ∆G#CCl4#, 

∆G#CHCl3#, ∆G#MeOH# and ∆G#H2O#

Table 3.3.1 Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P; in degrees), relative energy (∆E

. 

gp; in kcal/mol) and relative 
energy with respect to the lowest energy conformation of the most stable dipeptide 
(∆E#gp#

# Conf. 

; in kcal/mol) of the minimum energy conformations characterized for Ac-
βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-γtAmp-NHMe and Ac-γcAmp-NHMe at the 
B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (A, P) ∆E ∆Egp #gp# 

Ac-βtAmp-NHMe 

t-γL -174.0 [d] -83.1 71.9 -177.6 (38.4, -117.2) 0.0a 1.4 b 

c-εL 1.2 [u] -66.7 178.8 175.9 (38.2, 92.2) 2.8 c 4.2 

c-αL 6.8 [u] -69.6 -35.1 179.4 (37.8, 82.2) 5.9 d 7.3 

c-εL -0.6 [d] -77.5 145.8 176.0 (37.5, 75.8) 5.9 e 7.3 

Ac-βcAmp-NHMe 

t-γL -174.1 [d] -83.6 78.6 -175.5 (39.8,118.8) 0.0f 0.5 g 

t-αL -170.5 [d] -88.7 -7.5 173.9 (39.2, -112.5) 4.0 h 4.5 

c-αL 10.4 [d] -84.3 -17.4 -177.2 (36.2, 104.0) 4.3 i 4.8 

c-εL -3.0 [d] -74.5 172.9 177.8 (39.3, -126) 5.0 j 5.5 

c-αL 8.2 [u] -96.2 -0.7 178.6 (42.8, -122.2 ) 5.6 k 6.1 

t-αL -170.8 [u] -70.5 -19.3 175.2 (40.2, 78.1) 8.6 l 9.1 

Ac-γtAmp-NHMe 

t-γL -170.8 [u] -83.7 75.2 -176.6 (37.3, 102.6) 0.0m 1.3 n 

c-αL 10.5 [d] -91.6 -3.9 -179.9 (37.8, -112.5) 2.8 o 4.1 

c-εL -0.8 [u] -62.5 147.7 175.7 (39.3, 93.1) 5.9 p 7.2 

Ac-γcAmp-NHMe 
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t-γL -172.8 [d] -82.9 76.6 -176.0 (32.73,-116.5) 0.0q 0.0 r 

t-γL -174.5 [u] -81.8 77.4 -176.2 (37.8, 109.3) 1.5 s 1.5 

c-αL 8.5 [d] -68.5 -47.6 -176.4 (34.1, -93.2 ) 2.7 t 2.7 

c-αL 8.0 [u] -79.0 -18.9 -177.6 (37.2, 89.4) 5.2 u 5.2 

t-αL -170.9 [u] -79.3 -9.2 175.5 (37.9, 93) 5.7 v 5.7 

c-εL 3.8 [d] -70.8 148.6 174.6 (35.4, -104.1) 6.0 w 6.0 

c-εL 0.9 [u] -62.5 148.2 176.9 (39, 89.3 ) 7.9 x 7.9 

a χ0= -17.5º, χ1= 33.5º, χ2= -38.0º, χ3= 27.4º and χ4= -6.0º. b E= -628.667446 
a.u. c χ0= -1.4º, χ1= -21.6º, χ2= 35.7º, χ3= -36.2º and χ4= 23.9º. d χ0= 5.1º, χ1= -
26.01º, χ2= 37.3º, χ3= -33.9º and χ4= 18.1º. e χ0= -10.3º, χ1= -13.4º, χ2= 31.0º, χ3= 
-36.6º and χ4= 29.8º. f χ0= -18.7º, χ1= 34.5º, χ2= -38.3º, χ3= 27.0º and χ4= -5.0o. g 
E= -628.668896 a.u. h χ0= -15.0º, χ1= 32.9º, χ2= -39.2º, χ3= 30.2º and χ4= -9.2º. i 
χ0= -8.8º, χ1= 27.5º, χ2= -36.3º, χ3= 30.7º and χ4= -13.7º. j χ0= -23.1º, χ1= 36.5º, 
χ2= -37.4º, χ3= 23.8º and χ4= -0.1º. k χ0= -22.8º, χ1= 39.0º, χ2= -41.6º, χ3= 28.0º 
and χ4= -3.0º. l χ0= 8.3º, χ1= -29.5º, χ2= 39.9º, χ3= -35.0º and χ4= 16.7º. m χ0= -
8.2º, χ1= -15.5º, χ2= 31.9º, χ3= -36.3º and χ4= 28.4º. n E= -628.667515 a.u. o χ0= -
14.4º, χ1= 31.0º, χ2= -37.7º, χ3= 28.7º and χ4= -9.1º. p χ0= -2.1º, χ1= -21.9º, χ2= 
36.6º, χ3= -37.1º and χ4= 25.1º. q χ0=-14.6º, χ1= 28.9º, χ2= -32.4º, χ3= 23.1º and 
χ4= -5.6º. r E= -628.669674 a.u. s χ0= -12.5º, χ1= -11.8º, χ2= 29.9º, χ3= -36.8º and 
χ4= 31.3º. t χ0= -1.9º, χ1= 21.8º, χ2= -33.0º, χ3= 31.1º and χ4= -18.7º. u χ0= 0.4º, 
χ1= -22.5º, χ2= 35.4º, χ3= -34.6º and χ4= 21.9º. v χ0= -2.0º, χ1= -21.2º, χ2= 35.2º, 
χ3= -35.9º and χ4= 24.1º. w χ0= -8.6º, χ1= 27.4º, χ2= -35.3º, χ3= 29.6º and χ4= -
13.4º. x χ0= 0.5º, χ1= -23.7º, χ2= 37.2º, χ3= -36.3º and χ4= 22.8º. 
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Table 3.3.2 Relative free energy in the gas-phase (∆Ggp; in kcal/mol) and in 

carbon tetrachloride, chloroform, methanol and aqueous solutions 
(∆GCCl4, ∆GCHCl3, ∆GCH3OH and ∆GH2O

# Conf. 

, respectively; in kcal/mol)  for the 
minimum energy conformations of Ac-βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-
γtAmp-NHMe and Ac-γcAmp-NHMe at the B3LYP/6-31+G(d,p) level. 

∆G ∆Ggp ∆GCCl4 ∆GCHCl3 ∆GCH3OH H2O 

Ac-βtAmp-NHMe 

t-γL 0.0[d] 0.0 a 1.3 5.8 6.4 

c-εL 2.7 [u] 1.0 0.8 3.2 3.5 

c-αL 4.7 [u] 3.0 2.5 4.1 4.2 

c-εL 3.9 [d] 1.6 0.0 0.0 0.0 

Ac-βcAmp-NHMe 

t-γL 0.0[d] 1.0 b 0.0 2.7 3.3 

t-αL 2.7 [d] 0.0 0.2 1.1 1.4 

c-αL 3.3 [d] 0.6 1.3 2.5 2.3 

c-εL 4.4 [d] 3.3 0.3 0.0 0.0 

c-αL 4.4 [u] 1.6 2.6 3.9 3.7 

t-αL 7.6 [u] 6.4 2.9 1.5 1.2 

Ac-γtAmp-NHMe 

t-γL 0.0[u] 0.0 c 0.5 4.4 5.1 

c-αL 1.7 [d] 4.2 0.4 2.9 2.9 

c-εL 4.4 [u] 5.4 0.0 0.0 0.0 

Ac-γcAmp-NHMe 

t-γL 0.0[d] 0.4 d 2.3 7.0 7.9 

t-γL 1.3 [u] 0.8 1.7 5.4 6.3 

c-αL 2.2 [d] 0.0 0.0 2.7 3.4 

c-αL 3.9 [u] 2.3 2.2 4.4 4.3 

t-αL 3.7 [u] 1.2 1.5 2.9 3.2 

c-εL 4.6 [d] 2.3 1.3 1.8 2.1 

c-εL 6.0 [u] 2.8 0.8 0.0 0.0 
a G=-628.468989 a.u. b G= -628.469683 a.u. c G=-628.468329 a.u. d

 

 G= -
628.470592 a.u. 
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Table 3.3.3 Relative free energy in the gas-phase (∆G#gp#; in kcal/mol) and in 
carbon tetrachloride, chloroform, methanol and aqueous solutions 
(∆G#CCl4#, ∆G#CHCl3#, ∆G#CH3OH# and ∆G#H2O#

# Conf. 

, respectively; in kcal/mol) 
calculated at the B3LYP/6-31+G(d,p) level for the minimum energy 
conformations of Ac-βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-γtAmp-NHMe and Ac-
γcAmp-NHMe with respect to the lowest energy minimum of the most stable 
isomer. 

∆G ∆G#gp# ∆G#CCl4# ∆G#CHCl3# ∆G#CH3OH# #H2O# 

Ac-βtAmp-NHMe 

t-γL 1.0 [d] 2.6 2.0 5.8 6.6 

c-εL 3.7 [u] 3.7 1.5 3.2 3.7 

c-αL 5. 7 [u] 5.6 3.2 4.1 4.4 

c-εL 4. 9 [d] 4.2 0.7 0.0 0.2 

Ac-βcAmp-NHMe 

t-γL 0.6 [d] 2.7 2.5 7.0 7.8 

t-αL 3.2 [d] 1.7 2.8 5.4 6.0 

c-αL 3.8 [d] 2.3 3.8 6.8 6.9 

c-εL 5.0 [d] 5.0 2.8 4.3 4.6 

c-αL 5.0 [u] 3.3 5.1 8.2 8.3 

t-αL 8.2 [u] 8.1 5.4 5.6 5.9 

Ac-γtAmp-NHMe 

t-γL 1.4 [u] 0.0 2.1 5.9 6.8 

c-αL 3.2 [d] 3.7 2.0 4.4 4.6 

c-εL 5.8 [u] 4.9 1.6 1.5 1.7 

Ac-γcAmp-NHMe 

t-γL 0.0 [d] 2.2 2.3 7.0 7.9 

t-γL 1.3 [u] 2.6 1.7 5.4 6.3 

c-αL 2.2 [d] 1.8 0.0 2.3 3.4 

c-αL 3.9 [u] 4.1 2.2 4.4 4.3 

t-αL 3.7 [u] 3.0 1.5 2.9 3.2 

c-εL 4.6 [d] 4.1 1.3 1.8 2.1 

c-εL 6.0 [u] 4.6 0.8 0.0 0.0 
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Our previous calculations revealed three minimum energy conformations for 

Ac-Pro-NHMe when the two amide bonds are arranged in trans: t-γL[d], t-γL[u] 

and t-αL[u], the two latter being 1.0 and 4.9 kcal/mol, respectively, less stable 

than the former.12b These results, which are in excellent agreement with those 

reported by other authors,10,3b 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 3.3.1 indicates that β- and γ-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-βtAmp-NHMe and Ac-γtAmp-NHMe when ω0 is arranged in trans, 

which corresponds to the t-γL[d] (Figure 3.3.3a) and t-γL[u] (Figure 3.3.3b), 

respectively. Moreover, although three minima were characterized for Ac-

βcAmp-NHMe, the t-γL[d] conformation (Figure 3.3.3c) is favored with respect to 

the t-αL[d] and t-αL[u] ones by 4.0 and 8.6 kcal/mol, respectively. Finally, the t-

γL[d] (Figure 3.3.3d), t-γL[u] and t-αL

As a consequence of their γ

[u] structures were identified as minimum 

energy conformations of Ac-γcAmp-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. 

L 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 C7) between the 

NH and O=C moieties of the NHMe and Ac blocking groups (Figure 3.3.3). 

However, it is worth noting that only the t-γL conformers of 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-γcAmp-NHMe and Ac-βcAmp-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 3.3.3c and 3.3.3d). This feature is reflected by the ∆E#gp# 

values displayed in Table 3.3.1. On the other hand, it should be mentioned that, 

independently of both the arrangement of the peptide bond ω0 and the puckering 
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of the five membered ring, the minima with an αL 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 3.3.3 for the c-αL

(a)                    (b)                  (c) 

[d] 

conformation of both Ac-γtAmp-NHMe and Ac-βcAmp-NHMe. 
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Figure 3.3.3:  Representation of selected minimum energy conformations 
characterized in the gas-phase for the Amp-containing dipeptides studied in 
this work: (a) t-γL[d] for Ac-βtAmp-NHMe; (b) t-γL[u] for Ac-γtAmp-NHMe; 
(c) t-γL[d] for Ac-βcAmp-NHMe; (d) t-γL[d] for Ac-γcAmp-NHMe; (e) c-εL[u] 
for Ac-βtAmp-NHMe; (f) c-αL[d] for Ac-γtAmp-NHMe; (g) c-αL[d] for Ac-
γcAmp-NHMe; and (h) c-αL

 
[d] for Ac-βcAmp-NHMe. 

Regarding the structures with ω0 arranged in cis, four minimum energy 

conformations were characterized for the Ac-Pro-NHMe dipeptide: c-αL[d], c-

αL[u], c-εL[d] and c-εL[u], which were destabilized by 3.3, 4.2, 6.3 and 6.6 
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kcal/mol with respect to the global minimum.12b Interestingly, the energy 

difference between the global minimum and most stable conformations with ω0 

arranged in cis is about 0.5 kcal/mol lower for Ac-βtAmp-NHMe, Ac-γtAmp-

NHMe and Ac-γcAmp-NHMe than for Ac-Pro-NHMe. Three minima were 

characterized for Ac-βtAmp-NHMe, the c-εL[u] structure (Figure 3.3.3e) being 

more stable than the c-αL[u] and the c-εL[d] by 3.1 kcal/mol. The c-εL[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-γtAmp-NHMe, the c-αL (Figure 

3.3.3f) being more stable than the c-εL by 3.1 kcal/mol. Regarding Ac-γcAmp-

NHMe, four structures with the dihedral angle ω0 arranged in cis were 

characterized as energy minima. The most favored one is the c-αL[d] (Figure 

3.3.3g), while the c-αL[u], c-εL[d] and c-εL[u] are higher in energy by 2.5, 3.3 and 

5.6 kcal/mol. In this case, the c-αL[u] and c-εL[u] do not show intramolecular 

hydrogen bonding interactions, while such type of interactions were found in the 

c-αL[d] and c-εL

The situation is completely different for Ac-βcAmp-NHMe since, in this case, 

the minimum of lowest energy with ω

[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 γcAmp residue.  

0 in cis, c-αL[d] (Figure 3.3.3h), is less 

stable than the global minimum by 4.3 kcal/mol. This result indicates that the cis-

amination of the β-carbon atom produces a significant destabilization of the cis 

disposition of the ω0 amide bond with reference to that observed for Pro. As can 

be seen in Figure 3.3.3, the c-αL[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 βcAmp 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 ω0 arranged in cis, c-εL[d] and c-

αL[u], are unfavored with respect to the c-αL[d] one by 1.0 and 1.6 kcal/mol, 

respectively. In spite of their high ∆Egp values (Table 3.3.1), these two structures 
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show stabilizing intramolecular hydrogen bonds between the amino side group 

and the NHMe (c-εL[d]) or Ac (c-αL

Inspection of the free energies listed in Table 3.3.2 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 ∆E

[u]) blocking groups. 

gp into ∆Ggp 

represents relative variations usually higher than 1 kcal/mol. Specifically, the 

largest change which was detected in both the c-αL[u] of Ac-βtAmp-NHMe and 

the t-αL[u] of Ac-γcAmp-NHMe, is 2.0 kcal/mol. Nonetheless, the t-γL is still the 

most favored conformer for the four dipeptides, the ∆Ggp of the other structures 

being higher than 1.5 kcal/mol. Thus, according to a Bolzmann distribution of 

minima, the ∆Ggp values indicate that the population at room temperature of all 

the local minima is negligible for the four dipeptides under study, i.e. the t-γL 

Table 3.3.2 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 ω

is 

the only populated conformation.  

0 arranged in cis. Thus, although the 

most stable conformations of Ac-βtAmp-NHMe and Ac-βcAmp-NHMe, t-γL[d] 

and t-αL, respectively show the two amide bonds in trans, yet ω0 presents a cis 

arrangement in the most favored conformation of Ac-γcAmp-NHMe, c-αL[d] 

(Figure 3.3.3g). 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-γtAmp-NHMe in carbon tetrachloride is 

completely different from that discussed for the other three dipeptides, in this case 

the relative stability of the c-αL[d] and c-εL

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 ω

[u] structures being smaller than in the 

gas-phase.  

0 arranged in cis for three of the dipeptides 

under study, i.e. c-εL[d] (Figure 3.3.4a), c-εL[u] (Figure 3.3.4b) and c-αL[d] 
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(Figure 3.3.4c) for Ac-βtAmp-NHMe, Ac-γtAmp-NHMe and Ac-γcAmp-NHMe, 

respectively. The only exception to this behaviour was for Ac-βcAmp-NHMe, in 

which the lowest energy minimum corresponds to the t-γL[d] conformation 

(Figure 3.3.3c). However, it should be noted that in this case the t-αL[d] and c-

εL[d] structures are destabilized by only 0.2 and 0.3 kcal/mol, respectively. On the 

other hand, the ∆GCHCl3

2.084 Å
149.5 º

2.289 Å
118.4 º

(a) (b) (c)

(d) (e)

2.084 Å
149.5 º

2.289 Å
118.4 º

(a) (b) (c)

(d) (e)

 value of the least stable conformer is 2.5, 2.9, 0.5 and 2.3 

kcal/mol for Ac-βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-γtAmp-NHMe and Ac-

γcAmp-NHMe, respectively, suggesting that chloroform induces a strong 

stabilizing effect in all the structures.  

 

Figure 3.3.4:  Representation of selected minimum energy conformations 
characterized for the Amp-containing dipeptides studied in this work: (a) c-
εL[d] for Ac-βtAmp-NHMe; (b) c-εL[u] for Ac-γtAmp-NHMe; (c) c-αL[d] for 
Ac-γcAmp-NHMe; (d) c-εL[d] for Ac-βcAmp-NHMe; (e) c-εL

 

[u] for Ac-γtAmp-
NHMe. These minima are especially relevant because they are relatively stable 
in chloroform, methanol and/or aqueous solution. 

The c-εL 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 β-aminated dipeptides prefer a 
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down puckering, while the ring is arranged up when the substituent is introduced 

at the γ-carbon atom. The conformational characteristics of these structures are 

displayed in Figure 3.3.4. However, the most remarkable result in polar 

environments is the destabilization of the remaining structures, especially those 

with ω0 arranged in trans. This feature is fully consistent with theoretical 

estimations previously reported for the Pro dipeptide.3

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.

 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. 

12 Thus, in a recent study PCM calculations 

predicted that ω0 exhibits a considerably smaller probability of adopting a cis 

disposition in α-methylproline and α-phenylproline than in Pro,12b which was in 

good agreement with experimental information.29
 Comparison of the results 

provided in Table 3.3.2 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 ω0 arranged in cis. Thus, although the c-εL[u] conformation was 

predicted as the most favored for Ac-Pro-NHMe in both chloroform and water, 

the lowest energy structure with ω0 in trans was unfavored by only 0.3 kcal/mol 

(t-γL[d]) and t-αL[u], respectively).12b

Table 3.3.3 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-γcAmp-NHMe dipeptide, even though as reflected in Table 3.3.2, the 

preferred conformation depends on the polarity of the environment. Moreover, in 

the gas-phase the most stable conformation of each isomer shows ∆G

 Table 3.3.2 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. 

#gp#< 1.5 
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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-βtAmp-NHMe dipeptide, satisfies such condition. These results 

clearly indicate that the stability of Ac-βcAmp-NHMe and Ac-γtAmp-NHMe 

decreases with the polarity of the environment. Finally, it should be noted that the 

Ac-γtAmp-NHMe is the lowest energy isomer in carbon tetrachloride solution. 

Accordingly, it can be concluded that Ac-βtAmp-NHMe is stabilized by the 

favorable electrostatic interactions between the solute and the solvent, while Ac-

γtAmp-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.  

3.3.3.2 Dimetylaminoproline (Dmp) dipeptides 

Results provided by B3LYP/6-31+G(d,p) calculations for the four Dmp-

containing dipeptides (Figure 3.3.1) are reported in Tables 3.3.4, 3.3.5 and 3.3.6, 

atomistic pictures of the more relevant minima being displayed in Figures 3.3.5 

and 3.3.6.  

The ∆Egp values displayed in Table 3.3.4 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 ω0 arranged in cis, 

were obtained for Ac-βtDmp-NHMe, while four were found for Ac-βtAmp-

NHMe. The only structures detected for the former dipeptide below a relative 

energy threshold value of 1.5 kcal/mol were the t-γL[d] and t-γL[u] (Figures 3.3.5a 

and 3.3.5b), which are almost isoenergetic and present a seven-membered 

hydrogen bonded ring. This represents another important difference with respect 

to Ac-βtAmp-NHMe, since for this compound the only structure with ∆Egp < 1.5 

kcal/mol was the t-γL[d]. The relative stability of the c-εL[u] conformation (Figure 

3.3.5c), which is the most stable structure with ω0 in cis, with respect to the global 

minimum is similar for both Ac-βtDmp-NHMe and Ac-βtAmp-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. 
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Furthermore, remarkable differences appear in the ∆Egp of the minima with c-αL

Table 3.3.4 Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P; in degrees), relative energy (∆E

 

backbone conformation. Thus, these are more stable in Ac-βtDmp-NHMe than in 

the corresponding βtAmp-containing analogue by about 3 kcal/mol. 

gp; in kcal/mol) and relative 
energy with respect to the lowest energy conformation of the most stable dipeptide 
(∆E#gp#

# Conf. 

; in kcal/mol) of the minimum energy conformations characterized for Ac-
βtDmp-NHMe, Ac-βcDmp-NHMe, Ac-γtDmp-NHMe and Ac-γcDmp-NHMe at the 
B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (A, P) ∆E ∆Egp #gp# 

Ac-βtDmp-NHMe 

t-γL -170.6 [d] -85.0 72.0 -176.9 (40.5, -110.2) 0.0a 2.3 b 

t-γL -175.1 [u] -81.5 78.8 -175.8 (37.5, 110.2) 0.2 c 2.5 

c-εL 0.1 [u] -67.4 179.9 176.0 (38.7, 95.0) 2.9 d 5.2 

c-αL 12.0 [d] -94.1 -4.9 179.3 (39.4, -111.2) 3.2 e 5.5 

c-αL 3.9 [u] -84.1 -17.2 179.8 (35.6, 113.7) 3.4 f 5.7 

c-εL 3.6 [d] -79.6 141.4 177.8 (39.1, -111.9) 5.0 g 7.3 

c-εL -0.2 [u] -74.8 120.7 -178.5 (38.4, 106.5) 6.3 h 8.6 

Ac-βcDmp-NHMe 

t-γL 179.1 [d] -77.8 122.0 -174.1 (39.2, -123.2 ) 0.0i 4.0 j 

c-εL 0.9 [d] -87.3 -137.3 -177.6 (43.1, -134.6) 1.6 k 5.6 

t-αL -171.8 [d] -81.7 -23.9 174.4 (39.6, -106.7) 1.7 l 5.7 

t-εL 175.7 [d] -92.9 -159.7 180.0 (46.2, -142.2) 1.8 m 5.8 

c-αL 7.6 [d] -83.7 -27.2 178.0 (38.2, -110.9) 2.0 n 6.0 

t-εL 179.5 [u] -65.1 143.8 -176.5 (32.5, 99.3) 4.2 o 8.2 

c-εL -1.5 [d] -81.8 138.3 174.1 (40.6, -125.2) 4.4 p 8.4 

t-αL -172.1 [u] -65.9 -26.9 175.9 (42.6, 75.3) 5.6 q 9.6 
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c-αL 9.8 [u] -66.0 -32.0 -175.4 (41.8, 76.2) 5.6 r 9.6 

c-εL 2.3 [u] -62.0 156.9 171.6 (31.8, 88.3) 6.6 s 10.6 

Ac-γtDmp-NHMe 

t-γL -171.6 [d] -83.9 69.5 -178.1 (37.1, -109.5) 0.0t 0.0 u 

t-γL -171.0 [u] -83.1 75.7 -176.5 (40.3, 98.3) 3.1 v 3.1 

c-αL 8.9 [u] -89.4 -4.5 -179.3 (37.2, -111.4) 3.4 w 3.4 

c-εL 1.0 [d] -73.1 148.6 -175.9 (36.1, -112.2) 6.5 x 6.5 

t-αL -168.1 [u] -81.0 -6.9 175.3 (40.8, 87.9) 6.7 y 6.7 

c-εL 4.1 [u] -65.0 143.8 177.7 (41.8, 76.2) 8.0 z 8.0 

Ac-γcDmp-NHMe 

t-γL -173.6 [u] -81.5 74.5 -176.9 (38.1, 105.2) 0.0aa 1.3 bb 

t-γL -171.1 [d] -79.2 47.8 175.4 (36.7, -105.2 ) 2.0 cc 3.3 

c-αL 8.6 [u] -79.0 -18.8 -176.1 (37.1, 89.1) 2.7 dd 4.0 

c-αL 7.8 [d] -67.5 -44.5 -176.3 (38.1, -92.7) 3.2 ee 4.5 

t-αL -170.8 [u] -77.5 -11.3 -176.0 (37.5, 88.6) 3.5 ff 4.8 

c-αL 9.7 [d] -90.8 3.7 -175.5 (38.1, -111.7) 3.6 gg 4.9 

c-εL 1.1 [u] -62.1 147.5 177.0 (37.4, 87.6) 5.5 hh 6.8 

c-εL -0.1 [d] -76.4 -178.8 178.6 (40.8, -117.9) 8.9 ii 10.2 

a χ0= -14.0º, χ1= 32.9º, χ2= -40.5º, χ3= 32.3º and χ4= -11.3º. bE= -707.281408 
a.u. c χ0= -13.0º, χ1= -10.8º, χ2= 29.3º, χ3= -36.7º and χ4= 31.6º. d χ0= -3.4º, χ1= -
20.3º, χ2= 35.4º, χ3= -37.0º and χ4= 25.8º. e χ0= -14.3º, χ1= 32.4º, χ2= -39.3º, χ3= 
31.1º and χ4= -10.3º. f χ0= -14.3º, χ1= -8.1º, χ2= 26.5º, χ3= -34.7º and χ4= 30.9º. g 
χ0= -14.6º, χ1= 32.3º, χ2= -39.0º, χ3= 30.6º and χ4= -9.7º.  h χ0= -10.9º, χ1= -13.3º, 
χ2= 31.6º, χ3= -37.7º and χ4= 30.7º. i χ0= -21.4º, χ1= 35.9º, χ2= -37.9º, χ3= 25.1º 
and χ4= -2.1º. j E= -707.278763 a.u. k χ0= -30.3º, χ1= 41.5º, χ2= -38.6º, χ3= 20.8º 
and χ4= 6.4º. l χ0= -11.4º, χ1= 31.2º, χ2= -39.8º, χ3= 32.7º and χ4= -13.2º. m χ0= -
36.5º, χ1= 44.8º, χ2= -38.0º, χ3= 17.0º and χ4= 12.7º. n χ0= -13.6º, χ1= 31.6º, χ2= -
38.3º, χ3= 30.0º and χ4= -10.0º. o χ0= -5.3º, χ1= -14.8º, χ2= 28.8º, χ3= -31.8º and 
χ4= 23.4º. p χ0= -23.4º, χ1= 37.6º, χ2= -38.8º, χ3= 25.0º and χ4= -0.7º. q χ0= 10.8º, 
χ1= -32.3º, χ2= 42.4º, χ3= -36.4º and χ4= 15.6º. r χ0= 10.0º, χ1= -31.3º, χ2= 41.7º, 
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χ3= -36.2º and χ4= 15.9º. s χ0= 0.9º, χ1= -19.3º, χ2= 30.4º, χ3= -29.9º and χ4= 
18.2º. t χ0= -12.4º, χ1= 30.6º, χ2= -37.2º, χ3= 29.2º and χ4= -10.7º. u E=-
707.285136 a.u. v χ0= -5.8º, χ1= -19.6º, χ2= 35.8º, χ3= -38.6º and χ4= 28.6º. w χ0= 
-13.6º, χ1= 31.2º, χ2= -37.1º, χ3= 28.6º and χ4= -9.6º. x χ0= -13.7º, χ1= 30.6º, χ2= -
36.0º, χ3= 27.5º and χ4= -8.8º. y χ0= 1.5º, χ1= -25.8º, χ2= 38.9º, χ3= -37.5º and χ4= 
23.2º. z χ0= 10.0º, χ1= -31.3º, χ2= 41.7º, χ3= -36.2º and χ4= 15.9º. aa χ0= -10.0º, 
χ1= -14.3º, χ2= 31.7º, χ3= -37.1º and χ4= 30.0º. bb E= -707.283071 a.u. cc χ0= -
9.6º, χ1= 29.01º, χ2= -36.7º, χ3= 30.1º and χ4= -13.3º. dd χ0= 0.6º, χ1= -22.7º, χ2= 
35.3º, χ3= -34.5º and χ4= 21.6º. ee χ0= -1.8º, χ1= 24.4º, χ2= -36.6º, χ3= 34.7º and 
χ4= -21.4º. ff χ0= 0.9º, χ1= -23.2º, χ2= 35.8º, χ3= -34.8º and χ4= 21.6º. gg χ0= -
14.1º, χ1= 32.4º, χ2= -38.0º, χ3= 29.0º and χ4= -9.6º. hh χ0= 1.6º, χ1= -23.7º, χ2= 
36.0º, χ3= -34.4º and χ4= 21.0º. ii χ0= -19.0º, χ1= 36.4º, χ2= -40.0º, χ3= 28.5º and 
χ4 = -6.1 º 
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Figure 3.3.5:  Representation of selected minimum energy conformations 
characterized in the gas-phase for the Dmp-containing dipeptides studied in 
this work: (a) t-γL[d], (b) t-γL[u] and (c) c-εL[u] for Ac-βtDmp-NHMe; (d) t-
γL[d] and (e) c-εL[d] for Ac-βcDmp-NHMe; (f) t-γL[d] and (g) c-αL[u] for Ac-
γtDmp-NHMe; (h) t-γL[u] and (i) c-αL

 
[u] for Ac-γcDmp-NH. 

A total of 10 minimum energy conformations were characterized for Ac-

βcDmp-NHMe, 5 for each arrangement of ω0. Surprisingly, the lowest energy 

conformation corresponds to a t-γL[d] with the dihedral angles ϕ and ψ 

significantly distorted towards those of a conventional t-εL (Figure 3.3.5d). As 

indicated by the corresponding geometric parameters, i.e. dH···O= 2.929 Å and 
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∠N-H···O= 108.3º, 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=O of the Ac. Indeed, a standard t-γL conformation with a 

strong intramolecular hydrogen bond forming a seven-membered ring is not 

possible for the Ac-βcDmp-NHMe dipeptide. This is because such combination of 

ϕ and ψ 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 

∆Egp of the other four conformations with ω0 arranged in trans ranges from 1.7 (t-

αL[d]) to 5.6 (t-αL[u]) kcal/mol, these energy values being significantly lower 

than those found for Ac-βcAmp-NHMe, i.e. in the latter dipeptide the ∆Egp of the 

first (t-αL[d]) and the last (t-αL[u]) local minimum were 4.5 and 9.1 kcal/mol, 

respectively. On the other hand, the c-εL[d] is the lowest energy conformation 

with ω0 arranged in cis, this structure being destabilized with respect to the global 

minimum by 1.6 kcal/mol. Figure 3.3.5e 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 3.3.1 for Ac-βcAmp-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-βcDmp-NHMe (c-εL[u]) is 

destabilized by 5.0 kcal/mol with respect to that of c-εL[d], whereas in Ac-

βcAmp-NHMe the most (c-αL[d]) and the least (c-αL[u]) stable conformations 

with ω0

Six minimum energy conformations, three with ω

 arranged in cis are separated by only 1.3 kcal/mol. 

0 arranged in trans, were 

found for Ac-γtDmp-NHMe. The lowest energy one corresponds to the t-γL[d] 

(Figure 3.3.5f), the t-γL[u], which was the global minimum of Ac-γtAmp-NHMe, 

being unfavored by 3.1 kcal/mol. Interestingly, the lowest energy conformation 

and the t-αL[u], which is destabilized by 6.7 kcal/mol, were not found as energy 

minima in Ac-γtAmp-NHMe. Regarding the three conformations with ω0 in cis, 

the most stable, c-αL[u] (Figure 3.3.5g), is stabilized by a five-membered 

intramolecular hydrogen bonded ring involving the backbone nitrogen atom of the 

γtDmp residue and the N-H of the NHMe blocking group. This structure is 
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unfavored by 3.4 kcal/mol with respect to the global minimum, while the ∆Egp 

values of the other two cis conformers are 6.5 (c-εL[d]) to 8.0 kcal/mol (c-εL

Eight minimum energy conformations were characterized for Ac-γcDmp-

NHMe. The lowest energy one corresponds to the t-γ

[u]). 

L[u] (Figure 3.3.5h), while 

the other structures with ω0 in trans, t-γL[d] and t-αL[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-γL structures, 

whereas in the t-αL[u] conformation the nitrogen of the γcDmp residue and the N-

H of the NHMe group forms a five-membered intramolecular hydrogen bonded 

ring. Comparison with the minima listed in Table 3.3.1 for Ac-γcAmp-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-γL[u] and t-γL[d] is exchanged and the t-αL[u] minimum transform into 

the t-αL

On the other hand, ω

[d]. 

0 is arranged in cis in the remaining five minima of Ac-

γcDmp-NHMe, the most stable cis structure being the c-αL[u] (Figure 3.3.5i). 

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-

αL[u] minimum. Interestingly, the Ac-γcDmp-NHMe dipeptide shows two 

minima with c-αL[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 γcDmp 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 ∆Egp 

values of the c-εL[u] and c-εL

The ∆G

[d] structures are 5.5 and 8.9 kcal/mol, respectively. 
gp values listed in Table 3.3.5 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-βtDmp-NHMe, Ac-
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βcDmp-NHMe, Ac-γtDmp-NHMe and Ac-γcDmp-NHMe, is -0.9 (c-εL[u]), -1.1 

(c-αL[d]), -1.3 (c-εL[u]) and -1.4 kcal/mol (c-εL[u]), respectively. Inspection of 

the relative free energies in carbon tetrachloride, also displayed in Table 3.3.5, 

indicates that in general, solute-solvent interactions tend to stabilize the minimum 

energy conformations with ω0

Table 3.3.5 Relative free energy in the gas-phase (∆G

 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-βcAmp-

NHMe and Ac-γcAmp-NHMe (Table 3.3.2). 

gp; in kcal/mol) and in 
carbon tetrachloride, chloroform. methanol and aqueous solutions 
(∆GCCl4, ∆GCHCl3, ∆GCH3OH and ∆GH2O

# Conf. 

, respectively; in kcal/mol) for the minimum 
energy conformations of Ac-βtDmp-NHMe, Ac-βcDmp-NHMe, Ac-γtDmp-NHMe 
and Ac-γcDmp-NHMe at the B3LYP/6-31+G(d,p) level. 

∆G ∆Ggp ∆GCCl4 ∆GCHCl3 ∆GCH3OH H2O 

Ac-βtDmp-NHMe 

t-γL 0.0[d] 0.0 a 0.4 3.0 4.0 

t-γL 0.4 [u] 0.6 0.8 3.0 4.0 

c-εL 2.6 [u] 1.0 0.0 0.7 1.4 

c-αL 2.6 [d] 1.8 1.4 0.7 3.0 

c-αL 2.7 [u] 1.7 1.6 3.1 3.5 

c-εL 5.3 [d] 3.4 4.3 0.5 0.6 

c-εL 5.4 [u] 3.6 1.0 0.0 0.0 

Ac-βcDmp-NHMe 

t-γL 0.0[d] 0.0 b 0.0 0.4 1.6 

c-εL 0.8 [d] 0.2 0.2 0.7 1.9 

t-αL 2.6 [d] 2.4 2.0 1.5 2.2 

t-εL 2.4 [d] 1.7 1.2 0.8 2.4 

c-αL 0.9 [d] 1.1 1.5 2.1 2.9 

t-εL 4.8 [u] 4.0 3.4 2.7 3.8 

c-εL 2.9 [d] 2.0 1. 2 0.0 0.4 
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t-αL 5.9 [u] 5.0 4.6 4.2 0.0 

c-αL 5.1 [u] 4.0 4.3 5.0 5.9 

c-εL 5.5 [u] 4.0 2.8 1.4 2.1 

Ac-γtDmp-NHMe 

t-γL 0.0[d] 0.0 c 0.6 4.8 5.5 

t-γL 2.9 [u] 3.1 3.8 8.2 8.9 

c-αL 2.3 [u] 1.7 1.4 4.1 3.9 

c-εL 4.5 [d] 2.1 0.0 0.0 0.0 

t-αL 5.6 [u] 5.2 4.5 6.9 6.7 

c-εL 6.7 [u] 4.6 2.8 3.1 3.1 

Ac-γcDmp-NHMe 

t-γL 0.0[u] 0.0 d 1.3 5.6 6.3 

t-γL 2. 6 [d] 2.8 4.5 8.9 3.7 

c-αL 1.8 [u] 0.9 1.3 4.6 4.8 

c-αL 2.5 [d] 0.8 1.2 5.1 5.5 

t-αL 2.4 [u] 1.5 1.6 4.2 4.6 

c-αL 3.5 [d] 2.7 3.5 7.1 7.4 

c-εL 4.1 [u] 1.5 0.0 0.0 0.0 

c-εL 7.7 [d] 6.8 9.1 7.6 0.5 
a G= -707.030159 a.u. b G= -707.026345 a.u. c G= -707.033869 a.u. d

The stabilization of conformers with the peptide bond in cis is enhanced in 

chloroform solution (Table 3.3.5). Thus, the lowest energy minimum in this 

solvent for Ac-βtDmp-NHMe, Ac-γtDmp-NHMe and Ac-γcDmp-NHMe 

corresponds to the c-ε

 G= -
707.031747 a.u. 

L[u] (Figure 3.3.5c), c-εL[d] (Figure 3.3.6a) and c-εL[u] 

(Figure 3.3.6b), respectively. It is worth noting that the tendency to adopt the c-εL 

conformer in chloroform solution was also detected in Ac-βtAmp-NHMe and Ac-

γtAmp-NHMe (Table 3.3.2), while Ac-γcAmp-NHMe preferred a c-αL helical 

structure. In contrast, the t-γL[d] (Figure 3.3.5d) is the lowest energy conformation 

of Ac-βcDmp-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-βcAmp-NHMe.  
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The most stable conformation in both methanol and aqueous solutions of Ac-

βtDmp-NHMe, Ac-γtDmp-NHMe and Ac-γcDmp-NHMe also corresponds to the 

c-εL conformer (Figures 3.3.6c, 3.3.6a and 3.3.6b, 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-βcDmp-NHMe dipeptide, the lowest energy 

conformations in methanol and aqueous solutions are the c-εL[d] (Figure 3.3.6d) 

and t-αL

   (a)                       (b)                    (c) 

[u] (Figure 3.3.6e), 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. 

(e)(d)

2.399 Å
105.5 º

(e)(d)

2.399 Å
105.5 º  

Figure 3.3.6:  Representation of selected minimum energy conformations 
characterized for the Dmp-containing dipeptides studied in this work: (a) c-
εL[d] for Ac-γtDmp-NHMe; (b) c-εL[u] for Ac-γcDmp-NHMe; (c) c-εL[u] for 
Ac-βtDmp-NHMe; (d) c-εL[d] and (e) t-αL

 

[u] for Ac-βcDmp-NHMe. These 
minima are especially relevant because they are relatively stable in 
chloroform, methanol and/or aqueous solution. 

The free energies relative to the lowest energy minimum of the most stable 

Dmp-containing isomer are listed in Table 3.3.6. The most stable isomer in gas-
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phase is Ac-γtDmp-NHMe, even though the Ac-γcDmp-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-γcDmp-NHMe > Ac-γtDmp-NHMe > Ac-βcDmp-NHMe 

> Ac-βtDmp-NHMe. A detailed comparison of these results with those reported in 

the previous section (see Table 3.3.3) 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-γcAmp-NHMe > Ac-

βtAmp-NHMe > Ac-γtAmp-NHMe > Ac-βcAmp-NHMe, while in methanol and 

carbon tetrachloride solutions the relative orders were Ac-γcAmp-NHMe ≅ Ac-

βtAmp-NHMe > Ac-γtAmp-NHMe > Ac-βcAmp-NHMe and Ac-γtAmp-NHMe > 

Ac-βcAmp-NHMe > Ac-γcAmp-NHMe > Ac-βtAmp-NHMe, respectively. 

Table 3.3.6 Relative free energy in the gas-phase (∆G#gp#; in kcal/mol) and in 
carbon tetrachloride, chloroform, methanol and aqueous solutions 
(∆G#CCl4#, ∆G#CHCl3#, ∆G#CH3OH# and ∆G#H2O#

# Conf. 

, respectively; in kcal/mol) 
calculated at the B3LYP/6-31+G(d,p) level for the minimum energy 
conformations of Ac-βtDmp-NHMe, Ac-βcDmp-NHMe, Ac-γtDmp-NHMe and Ac-
γcAmp-NHMe with respect to the lowest energy minimum of the most stable 
isomer. 

∆G ∆G#gp# ∆G#CCl4# ∆G#CHCl3# ∆G#CH3OH# #H2O# 

Ac-βtDmp-NHMe 

t-γL 2.3 [d] 3.8 6.9 11.8 12.7 

t-γL 2.7 [u] 3.9 6.9 11.5 12.4 

c-εL 4.9 [u] 2.1 3.9 6.9 7.5 

c-αL 4.9 [d] 2.9 5.3 6.5 9.2 

c-αL 5.0 [u] 2.7 5.4 9.2 9.5 

c-εL 7.6 [d] 1.8 5.5 4.0 4.1 

c-εL 7.7 [u] 1.9 2.1 3.5 3.4 

Ac-βcDmp-NHMe 

t-γL 4.7 [d] 2.2 4.0 7.0 7.5 

c-εL 5.5 [d] 1.6 3.4 6.6 7.0 

t-αL 7.3 [d] 1.9 3.4 5.5 5.9 
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t-εL 7.1 [d] 1.5 2.8 5.0 5.8 

c-αL 5.6 [d] 2.4 4.7 7.9 7.9 

t-εL 9.5 [u] 1.3 2.6 4.5 4.8 

c-εL 7.6 [d] 1.3 2.4 3.7 3.4 

t-αL 10.6 [u] 1.2 2.7 4.9 4.7 

c-αL 9.8 [u] 1.1 3.3 6.5 6.6 

c-εL 10.2 [u] 0.6 1.3 2.4 2.4 

Ac-γtDmp-NHMe 

t-γL 0.0[d] 2.8 a 2.6 10.5 5.1 

t-γL 2.9 [u] 3.0 2.4 10.9 4.6 

c-αL 2.3 [u] 2.1 4.2 7.3 7.4 

c-εL 4.5 [d] 0.4 0.7 1.1 1.4 

t-αL 5.6 [u] 2.4 4.1 6.9 7.0 

c-εL 6.7 [u] 0.7 1.2 2.1 2.3 

Ac-γcDmp-NHMe 

t-γL 1.0 [u] 2.7 5.4 9.7 10.5 

t-γL 3. 6 [d] 2.9 6.1 10.5 5.3 

c-αL 2.8 [u] 1.8 3.7 7.0 7.2 

c-αL 3.5 [d] 0.9 2.9 6.6 7.1 

t-αL 3.4 [u] 1.7 3.3 5.9 6.3 

c-αL 4.5 [d] 1.9 4.2 7.8 8.1 

c-εL 5.1 [u] 0.0 0.0 0.0 0.0 

c-εL 8.7 [d] 1.1 2.1 3.3 3.1 
a

3.3.4 Conclusions 

 G= -707.033869 a.u. 

Quantum mechanical calculations at the B3LYP/6-31+G(d,p) level have been 

used to explore the conformational preferences of Ac-βtAmp-NHMe, Ac-βcAmp-

NHMe, Ac-γtAmp-NHMe, Ac-γcAmp-NHMe, Ac-βtDmp-NHMe, Ac-βcDDmp-

NHMe, Ac-γtDmp-NHMe and Ac-γcDmp-NHMe. Comparison of the results with 
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those obtained for Ac-L-Pro-NHMe at the same theoretical level allows us to draw 

the following conclusions: 

(i) Incorporation of the amino group into the β- or γ-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 one energetically accessible 

minimum in the gas-phase, i.e. ∆Egp < 1.5 kcal/mol, when ω0 is 

arranged in trans. On the other hand, the stability of conformations 

with ω0

(ii) In general the solvent enhances the stability of the conformers with ω

 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.  

0 

in cis. Thus, the c-εL was the most stable conformation for Ac-βtAmp-

NHMe, Ac-βcAmp-NHMe and Ac-γtAmp-NHMe in chloroform, 

methanol and aqueous solution, whereas for Ac-γtAmp-NHMe the 

most stable conformer in solution was the c-αL (chloroform) or the c-

εL

(iii) 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. 

 (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. 

(iv) The stabilization of the structures with ω0 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. 
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(v) 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-γcAmp-NHMe 

dipeptide. In contrast, Ac-γtDmp-NHMe is the most stable Dmp-

containing dipeptide in the gas-phase, even although the Ac-γcDmp-

NHMe is most favored isomer in solution, independently of the 

polarity of the environment. 
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3.4 Protonation of the side group 
in β−and γ−Aminated Proline 
Analogues: Effects on the 
Conformational Preferences 
 

Density Functional Theory calculations have been performed on the N-
acetyl-N’-methylamide derivatives of the four possible isomers of 
aminoproline protonated at the amino side group. Comparison of the results 
obtained for these isomers, which differ in the β- or γ-position of the 
substituent and its cis or trans relative disposition, with those reported for 
the corresponding neutral analogues [J. Phys. Chem. B 2008, 112, 14045] 
has allowed to reach the following conclusions: (i) protonation of the amino 
group produces a reduction of the backbone conformational flexibility and a 
destabilization of the cis configuration of the amide bond involving the 
pyrrolidine nitrogen; (ii) the planarity of the peptide bond is broken in some 
cases to form strong side chain···backbone interactions, which induce a very 
significant pyramidilization at the amide nitrogen atom; (iii) as was also 
detected for the neutral analogues, the formation of side chain···backbone 
intraresidue interactions favour the cis disposition of the substituent; and 
(iv) protonation of the amino side group increases the energy gaps that 
separate the different investigated isomers, which results in an enhancement 
of the destabilization of the dipeptides with the substituent attached in 
trans∗

3.4.1 Introduction 

. 

The design and application of synthetic amino acids with restricted 

conformational mobility in different fields of nanobiology, e.g. the re-engineering 

of physical protein modules and the generation of nanodevices,1,2 is a topic of 

growing interest. Within this context, we recently observed that the insertion of 

chemically constrained residues with suitable backbone conformational 

tendencies enhance the thermodynamic stability of the nanotubular structures 

constructed by self-assembling protein fragments.

Among the large variety of amino acids that can be designed, those achieved 

by introducing chemical modifications to Proline (Pro) are particularly attractive. 

This is because the side chain of Pro is bonded to both the α-carbon and its 

3 

                                                 
∗ Submitted for Publication.  
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preceding amide nitrogen providing conformational properties that are unique 

among naturally occurring amino acids. As a consequence, rotation about the N—

Cα bond is prohibited and the ϕ torsion angle is confined to values of around –60º. 

Accordingly, Pro is overwhelmingly found in the α-helical (ϕ,ψ≈ –60º,–30º) and 

semi-extended (ϕ,ψ≈ –60º,140º) regions of the conformational map.4 In addition, 

Pro shows a higher propensity to promote γ-turn conformations (ϕ,ψ≈ –70º,60º) 

than other proteogenic amino acids.4d,5 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 arrangement6 

as compared to other peptide bonds, for which the cis form is almost inexistent. 

The conformational properties of a relative wide number of synthetic Pro 

derivatives have been reported. These compounds were obtained by incorporating 

a substituent at the Cα atom (α-substituted Pro analogues)7,8 or in the pyrrolidine 

ring (e.g. hydroxylated, fluorinated and aminated Pro analogues),9-11 or altering 

the chemical nature of the own pyrrolidine ring (e.g. diminishing or enlarging the 

ring size,12 replacing a carbon atom by an heteroatom,13 and incorporating a 

double bond through a deshydrogenation14). Within this context, we recently 

reported the intrinsic conformational properties of different aminoproline (Amp) 

derivatives,11 which have been already used to construct β- and γ-peptides with 

helical secondary structures.15 Specifically, we investigated the N-acetyl-N’-

methylamide derivatives of both the cis and trans Amp isomers that incorporate 

an amino group to the Cβ- or Cγ

In 

-positions of the pyrrolidine ring. Theoretical 

calculations based on Density Functional Theory (DFT) methods on these four 

compounds, which were denoted Ac-βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-

γtAmp-NHMe and Ac-γcAmp-NHMe (Figure 3.4.1), evidenced that the 

incorporation of the amino group reduces the intrinsically low conformational 

flexibility of conventional Pro. Furthermore, the stability of conformations with 

the peptide bond involving the pyrrolidine nitrogen arranged in cis was, in 

general, higher for Amp derivatives than for Pro. This was attributed to the 

formation in such conformations of stable intramolecular hydrogen bonds with the 

nitrogen of the amino substituent acting as acceptor. 

Although these results suggested that Amp derivatives have potential 

interest for many nanobiological applications, the conformational properties of 
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these amino acids may be easily altered by transforming the amino group, a 

reasonably weak base, into the positively charged ammonium group, i.e. amines 

react readily with acids. This proteolitic equilibrium is especially important in 

aqueous solution, in which the pH can be used to control the conformation of the 

Amp derivatives. However, the conformational preferences of the protonated 

Amp derivatives, hereafter denoted Ac-βtAmH+p-NHMe, Ac-βcAmH+p-NHMe, 

Ac-γtAmH+p-NHMe and Ac-γcAmH+

H3C N C N
H

CH3

O O

H3C N C N
H

CH3

O O

R

R

H3C N C N
H

CH3

O O

R

H3C N C N
H

CH3

O O

R

Ac-βtAmp-NHMe Ac-βcAmp-NHMe

Ac-γtAmp-NHMe Ac-γcAmp-NHMe

Ac-βtAmH+p-NHMe Ac-βcAmH+p-NHMe

Ac-γtAmH+p-NHMe Ac-γcAmH+p-NHMe

R= NH2

R= NH3
+

R= NH2

R= NH3
+

p-NHMe (see Figure 3.4.1) remain totally 

unknown yet. In this work we have used DFT calculations to explore 

systematically the potential energy hypersurfaces of these four dipeptides, the 

influence of the solvent being been evaluated through a Self Consistent Reaction 

Field (SCRF) method. Furthermore, we have also examined the influence of the 

proteolitic equilibrium on both the trans/cis disposition of the peptide bond 

involving the pyrrolidine nitrogen and the relative stability of the four isomers 

generated by the substitution at different positions. 

 

Figure 3.4.1:  Compounds studied in this work 
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3.4.2 Methods 

All calculations were carried out using the Gaussian 03 computer 

program.16 DFT calculations were performed using the B3LYP method17 

combined with the 6-31+G(d,p) basis set,18 which was previously employed to 

study the N-acetyl-N’-methylamide derivatives of conventional Pro7 and Amp.11 

Torsion angles for the backbone and side chain of the AmH+p derivatives 

studied in this work are defined in Figure 3.4.2. Since each flexible backbone 

dihedral angle is expected to have three minima, i.e. gauche+ (60º), trans (180º) 

and gauche- (–60º), and ϕ is fixed by the geometry of the five-membered ring, the 

number of minima that may be anticipated for the potential energy surface E= 

E(ψ) of each AmH+p dipeptide is 3. Additionally, each amide bond (given by the 

torsional angles ω0 and ω) can be arranged in trans or cis, even though only the 

peptide bond involving the pyrrolidine nitrogen (ω0) is likely to adopt a cis 

configuration. Therefore, both the trans and cis states were considered for ω0, 

while the amide bond involving the N-methylamide blocking group (ω) was 

arranged in trans only. Furthermore, due to the cyclic nature of the side chain, two 

puckering states (denoted down and up) are expected for each backbone minimum 

energy conformation. The down and up arrangements are defined as those in 

which one atom of the pyrrolidine ring and the carbonyl group of the AmH+p 

residue lie on the same and opposite sides, respectively, of the plane defined by 

the remaining four atoms of the pyrrolidine ring. 
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Figure 3.4.2:  Dihedral angles used to identify the conformations of the N-
acetyl-N’-methylamide derivatives of the AmH+p analogues studied in this 
work. The dihedral angles ω0, ϕ, ψ and ω are defined using backbone atoms 
while the endocyclic dihedral angles χi are given by the atoms of the five-
membered ring. In particular, the sequence of atoms used to define ϕ and χ0 
are C(=O)–N–Cα–C(=O) and Cδ–N–Cα–Cβ

 

Accordingly, for each of the four dipeptides under study (Figure 3.4.1), 3(ψ 

backbone) × 2(ω

, respectively. 

0 trans-or-cis) × 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 were used to evaluate the conformational Gibbs free energies in the gas 

phase (∆Ggp

To examine the solvation effects on the molecular geometry and 

conformational stability, 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, 

and the solvent is represented as a dielectric continuum. Specifically, we chose the 

polarizable continuum model (PCM) developed by Tomasi and co-workers to 

describe the solvent.

) at 298 K. 

19 The PCM represents the polarization of the liquid by a 

charge density appearing on the surface of the cavity created in the solvent, i.e. the 

solute/solvent interface. This cavity is built using a molecular shape algorithm. 
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PCM calculations were performed in the framework of the B3LYP/6-31+G(d,p) 

level using the standard protocol, and considering the dielectric constant of water 

(ε= 78.1). The conformational free energies in solution (∆GWAT) were estimated 

by adding the free energies of solvation to the ∆Ggp values. 

The minimum energy conformations of the four dipeptides studied in this 

work have been denoted using the same three-label code that was used for the 

Amp derivatives,11 which specifies the arrangement of the ω0 peptide bond, the 

(ϕ,ψ) 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.20 more than 

fifteen years ago. In the case of Pro and its derivatives, only the γL (γ-turn or C7), 

αL (α-helical), and εL (polyproline II-like) conformations are accessible to the 

backbone since ϕ is fixed in the neighborhood of –60º. Finally, the up or down 

puckering of the five-membered ring is indicated using the [u] and [d] labels, 

respectively. The puckering of the ring was described using the classical 

pseudorotational algorithm, which uses a very simple model based on the 

puckering amplitude and the state of the pucker in the pseudorotation pathway. 

This model was previously applied by Perczel et al.21

3.4.3 Results and Discussion 

 to describe conventional 

Pro. 

Calculations at the B3LYP/6-31+G(d,p) level led to 3, 5, 5 and 3 minimum 

energy conformations characterized for Ac-βtAmH+p-NHMe, Ac-βcAmH+p-

NHMe, Ac-γtAmH+p-NHMe and Ac-γcAmH+p-NHMe, respectively. Table 3.4.1 

lists the more relevant structural parameters together with the relative energy 

(∆Egp) of all these structures, which are displayed in Figures 3.4.3-3.4.6. Table 

3.4.1 also shows the relative stability of the four dipeptides (∆E#gp#), which 

corresponds to the energy relative to the lowest energy conformation of the most 

stable isomer. Table 3.4.2 compares the relative free energies in the gas-phase 

(∆Ggp) and aqueous solution (∆GH2O) for the minima of the four dipeptides. 
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Furthermore, the relative free energies in these two environments calculated in 

each case with respect to the conformation of lowest free energy of the most 

stable isomer, ∆G#gp# and ∆G#H2O#, have been also included in Table 3.4.2. 

Table 3.4.1 Backbone dihedral angles (in degrees), pseudorotational 
parameters (A and P; in degrees), relative energy (∆Egp; in kcal/mol) and relative 
energy with respect to the lowest energy conformation of the most stable dipeptide 
(∆E#gp#; in kcal/mol) of the minimum energy conformations characterized for Ac-
βtAmH+p-NHMe, Ac-βcAmH+p-NHMe, Ac-γtAmH+p-NHMe and Ac-γcAmH+

# Conf. 

p-
NHMe at the B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (A, P) ∆E ∆Egp #gp# 

Ac-βtAmH+p-NHMe 

t-γL -170.5 [u] -66.2 33.5 176.0 (42.3, 73.0) 0.0a 6.2 b 

c-αL 15.5 [u] -88.7 4.1 -178.5 (42.3, 83.5) 6.8 c 13.0 

c-αL 7.2 [d] -97.1 12.1 178.0 (35.6, -131.9) 12.7 d 18.9 

Ac-βcAmH+p-NHMe 

t-γL -171.5 [d] -83.7 65.3 -179.9  (34.0,-114.0)e 0.0 2.8 f 

t-γL -170.9 [u] -79.2 68.6 179.1  (38.2, 90.0)g 1.6 4.4 

c-αL 14.3 [d] -109.9 22.0 176.8  (42.6,-128.7)h 7.2 10.0 

c-αL 21.2 [u] -113.1 20.4 175.2  (39.1, 133.1)i 10.3 13.1 

c-εL 13.0 [u] -45.9 117.2 178.6  (43.2, 41.7)j  11.0 13.8 

Ac-γtAmH+p-NHMe 

g+-δL 63.0 [u] -147.6 33.8 175.9  (43.8, 154.7)k 0.0 13.1 l 

g+-δL 60.0 [u] -149.0 104.6 -177.6  (44.1,154.6)m 0.2 13.3 

t-γL -177.5 [d] -83.6 85.8 -176.8  (40.8,-118.3)n 2.0 15.1 

t-γL 172.4 [u] -75.2 87.0 -176.9  (42.8, 128.8)o 2.8 15.9 

c-εL -2.3 [d] -91.2 115.8 -179.2  (38.5, 145.0)p 4.7 17.8 

Ac-γcAmH+p-NHMe 
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t-γL -173.5 [d] -83.5 95.9 176.8  (33.1,-113.9)q 0.0 0.0 r 

c-εL 7.2 [d] -81.5 121.0 178.9  (33.6,-104.6)s 4.3 4.3 

c-αL 13.6 [d] -98.4 -12.4 172.9  (36.1,-112.7)t 15.9 15.9 

a χ0= 12.4º, χ1= -34.4º, χ2= 42.6º, χ3= -33.9º and χ4= 13.7º. b E= -629.0390489 
a.u. c χ0= 4.8º, χ1= -29.4º, χ2= 41.2º, χ3= -37.6º and χ4= 21.0º. d χ0= -23.8º, χ1= 
34.1º, χ2= -32.6º, χ3= 18.3º and χ4= 3.6º. e χ0= -16.0º, χ1= 34.0º, χ2= -39.7º, χ3= 
29.0º and χ4= -8.1º. f E= -629.044445 a.u. g χ0= 0.0º, χ1= -22.8º, χ2= 36.4º, χ3= -
36.0º and χ4= 22.6º. h χ0= -22.6º, χ1= 40.8º, χ2= -39.9º, χ3= 23.8º and χ4= 2.2º. i 
χ0= -26.8º, χ1= 3.9º, χ2= 18.6º, χ3= -34.3º and χ4= 38.9º. j χ0= 32.2º, χ1= -42.3º, 
χ2= 37.5º, χ3= -18.1º and χ4= -9.4º. k χ0= -39.6º, χ1= 20.5º, χ2= 5.1º, χ3= -29.4º 
and χ4= 43.5º. l E= -629.028031 a.u. m χ0= -39.8º, χ1= 20.4º, χ2= 5.2º, χ3= -29.3º 
and χ4= 43.9º. n χ0= -19.3º, χ1= 35.4º, χ2= 40.4º, χ3= 28.8º and χ4= -5.6º. o χ0= -
26.8º, χ1= 0.8º, χ2= 23.4º, χ3= -38.6º and χ4= 41.4º. p χ0=-31.5º, χ1= 36.9º, χ2= -
30.9º, χ3= 12.6º and χ4= 12.3º. q χ0=-13.4º, χ1= 28.3º, χ2= -33.1º, χ3= 24.6º and 
χ4= -7.0º. r E= -629.049002 a.u. s χ0= -8.5º, χ1= 25.9º, χ2= -33.8º, χ3= 28.1º and 
χ4= -12.4º. t χ0= -13.9º, χ1= 30.5º, χ2= -36.1º, χ3= 27.5º and χ4= -8.4º. 

Table 3.4.2 Relative free energy in the gas-phase and in aqueous solutions 
(∆Ggp and ∆GH2O, respectively; in kcal/mol)  for the minimum energy 
conformations characterized for Ac-βtAmH+p-NHMe, Ac-βcAmH+p-NHMe, Ac-
γtAmH+p-NHMe and Ac-γcAmH+p-NHMe at the B3LYP/6-31+G(d,p) level. The 
relative free energy in the gas-phase and in aqueous solutions calculated with 
respect to the lowest energy minimum of the most stable isomer (∆G#gp# and 
∆G#H2O#

# Conf. 
, respectively; in kcal/mol) are also displayed. 

∆G ∆Ggp ∆G#gp# ∆GH2O #H2O# 

Ac-βtAmH+p-NHMe 

t-γL 0.0[u] 7.6 a 0.5 8.1 

c-αL 8.2 [u] 15.8 1.7 9.3 

c-αL 14.8 [d] 22.4 0.0 7.6 

Ac-βcAmH+p-NHMe 

t-γL 0.0[d] 1.7 b 0.0 3.6 

t-γL 2.2 [u] 3.9 3.2 6.8 

c-αL 9.3 [d] 11.0 3.9 7.5 

c-αL 9.1 [u] 10.8 3.7 7.3 

c-εL 13.8 [u] 15.5 3.7 7.3 

Ac-γtAmH+p-NHMe 

g+-δL 0.0[u] 17.4 c 11.9 16.3 
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g+-δL 0.2 [u] 17.6 1.0 5.4 

t-γL 2.0 [d] 19.4 1.9 6.3 

t-γL 2.4 [u] 19.8 3.3 7.6 

c-εL 2.9 [d] 20.3 0.0 4.4 

Ac-γcAmH+p-NHMe 

t-γL 0.0[d] 0.0 d 1.3 1.3 

c-εL 5.3 [d] 5.3 0.0 0.0 

c-αL 20.9 [d] 20.9 10.5 10.5 
a G=-628.831142 a.u. b G= -628.840562 a.u. c G=-628.815530 a.u. d G= -
628.843287 a.u. 

 
 

Ac-βtAmH+p-NHMe. The lowest energy conformation found for this 

dipeptide corresponds to the t-γL[u] (Figure 3.4.3a), which is the only minimum 

identified with ω0 arranged in trans. This structure is stabilized by a 

backbone···backbone hydrogen bonding interaction involving the NHMe and Ac 

blocking groups and by an intraresidue interaction between the ammonium side 

group and the carbonyl oxygen atom of the βtAmH+p. The latter side 

chain···backbone interaction is consequence of the change in the pyrrolidine 

puckering produced by the protonation of the lowest energy minimum of Ac-

βtAmp-NHMe, which was the t-γL[d].11 Thus, the Cβ-exo (βE) conformation 

found for the pyrrolidine ring in this minimum transforms into Cβ-endo (βE) when 

the neutral peptide transforms into Ac-βtAmH+-NHMe. 
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c-αL[d]  
Figure 3.4.3: Representation of the minimum energy conformations characterized in 
the gas-phase for the Ac-βtAmH+

 

The peptide bond ω

p-NHMe dipeptide. 

0 shows a cis arrangement in the other two minima 

characterized for Ac-βtAmH+p-NHMe, c-αL[u] (Figure 3.4.3b) and c-αL[d] 

(Figure 3.4.3c), which only differ in the puckering of the five membered ring. 

Thus, the up puckering (βE) favors the formation of a side chain···backbone 

interaction in the former structure, while this interaction is precluded by the down 

arrangement (βE) showed in the latter conformation. The energy difference 

between such two minima, 5.9 kcal/mol, provides an estimation of the strength of 

the interaction between the charged ammonium group and the carbonyl oxygen 

atom of the same residue. Comparison with the results obtained for the Ac-

βtAmp-NHMe evidences the annihilation of the εL backbone conformation, which 

was identified in two minima of the neutral peptide, upon protonation of the 

amino side group. On the other hand, the c-αL[u] minimum was detected for both 

Ac-βtAmp-NHMe and Ac-βtAmH+p-NHMe, even although the two dipeptides 

differ significantly in the ϕ,ψ backbone dihedral angles i.e. ϕ,ψ= -69.6º,-35.1º for 

the neutral compound. Indeed, the dihedral angles of the two c-αL minima found 

for Ac-βtAmH+p-NHMe are relative close to those usually observed in the so-

called bridge region (ϕ,ψ= -80º,0º),22

Inspection of the free energies listed in Table 3.4.2 shows the importance of 

the ZPVE, thermal and entropic corrections to the relative stability of the minima 

characterized for the Ac-βtAmH

 which are typically adopted by amino acids 

accommodated in the i+2 position of types I and II β-turns. 

+p-NHMe dipeptide. Consideration of these 

statistical terms for the transformation of ∆Egp into ∆Ggp produces a relative 
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destabilization of 1.4 and 2.1 kcal/mol for the c-αL[u] and c-αL[d] conformations, 

respectively. According to a Bolzmann distribution of minima, the ∆Ggp values 

indicate that the only populated conformation at room temperature in the gas-

phase is the t-γL[u]. 

Table 3.4.2 includes the relative free energies in aqueous solution. As can be 

seen, this solvent introduces significant changes in the relative stability of the 

three minima. Thus, the c-αL[d] conformation, which was the least stable in the 

gas-phase, becomes the most favored in water. However, it is worth noting that 

the ∆GH2O values of the other two conformations are relatively close. Indeed, the 

population predicted at room temperature for the c-αL[d], t-γL[u] and c-αL[u] 

conformations in water is 67.3%, 28.9% and 3.7%, respectively. Our previous 

calculations on Amp derivatives also evidenced a significant stabilization of the 

conformers with the peptide bond ω0 arranged in cis,11 i.e. the most stable 

conformation found for Ac-βtAmp-NHMe in aqueous solution was the c-εL

Previous studies

[d], 

the other minima being destabilized by more than 3.5 kcal/mol in this 

environment. 
7,11 evidenced that, although the stability of the cis conformers 

in protic solvents able to form specific hydrogen bonds with the solute is 

overestimated by PCM calculations, the general tendencies provided by this 

theoretical method for Pro derivatives describe very satisfactorily the 

experimental observations from a qualitative point of view. Thus, PCM 

calculations recently predicted that ω0 exhibits a considerably smaller probability 

of adopting a cis disposition in α-methylproline and α-phenylproline than in Pro,7 

which was in good agreement with experimental information. Comparison of the 

results provided in Table 3.4.2 for Ac-βtAmH+p-NHMe with those reported for 

Ac-βtAmp-NHMe11 and Ac-Pro-NHMe7 at the same theoretical level suggests 

that, although the incorporation of the amino group to the pyrrolidine ring 

enhances the stability of the conformers with ω0 arranged in cis, its protonation 

tends to compensate this effect. Thus, although the c-εL[u] conformation was 

predicted as the most favored for Ac-Pro-NHMe in water, the t-αL and t-γL were 

unfavored by only 1.3 and 0.3 kcal/mol, respectively.7 These differences are 

similar to that found for the t-γL[u] conformation of Ac-βtAmH+p-NHMe (0.5 
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kcal/mol in Table 3.4.2) and significantly smaller than that reported for the t-γL[d] 

minimum of Ac-βtAmp-NHMe (6.4 kcal/mol in reference 11). However, caution 

is required in the analysis of PCM results, when protic solvents able to form 

specific solute-solvent interactions are considered. 

Ac-βcAmH+p-NHMe. Five minimum energy conformations, including the 

three with the peptide bond ω0 arranged in cis, were obtained for Ac-βcAmH+p-

NHMe, while six were found for the non-protonated Ac-βcAmp-NHMe. In both 

cases the lowest energy minimum corresponds to the t-γL[d] (Figure 3.4.4a) 

evidencing that the stability provided by the side chain···backbone interaction, 

which forms simultaneously to the backbone···backbone hydrogen bond typically 

associated to the γL conformation, is independent of the protonation state. In 

contrast, the t-γL[u] (Figure 3.4.4b) was only characterized as minimum in the 

potential energy surface of Ac-βcAmH+p-NHMe dipeptide. This structure, which 

also presents an intramolecular hydrogen bond between the side ammonium group 

and the O=C of the own AmH+p residue, only differ from the global minimum in 

the arrangement of the five membered ring, i.e. βE and βE for the t-γL[d] and t-

γL[u], respectively. The t-αL[d] and t-αL[u] conformations of Ac-βcAmp-NHMe, 

which were found to be destabilized by 4.0 and 8.8 kcal/mol, respectively,11 

annihilate upon protonation of the side amino group.  
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Figure 3.4.4: Representation of the minimum energy conformations 
characterized in the gas-phase for the Ac-βcAmH+

 

p-NHMe dipeptide. 

The c-αL[d] (Figure 3.4.4c) is the most stable minimum of Ac-βcAmH+p-

NHMe with the peptide bond ω0 arranged in cis. Although this conformation 

presents a strong side chain···backbone intraresidue interaction, it is unfavored by 

7.2 kcal/mol with respect to the lowest energy minimum. These results are fully 

consistent with those showed above for Ac-βtAmH+p-NHMe, which indicated 

that the structures with ω0 in cis become strongly destabilized upon protonation of 

the amino group attached to the Cβ atom. Thus, for Ac-βcAmp-NHMe the energy 

of the c-αL[d] was higher than that of the global minimum by 4.3 kcal/mol only. 

On the other hand, the other two minima found for Ac-βcAmH+p-NHMe 

correspond to the c-αL[u] (Figure 3.4.4d) and c-εL[u] (Figure 3.4.4e) with ∆Egp 

values of 10.3 and 11.0 kcal/mol, respectively. Interestingly, the ϕ,ψ values of the 

two minima that show a αL
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detected in the two c-αL minima of Ac-βtAmH+p-NHMe, are consequence of the 

interaction between the ammonium group and the peptide bond ω. 

Inspection to the ∆Ggp values indicates that the statistical corrections added to 

the electronic energies produce a relative destabilization of the t-γL[u], c-αL[d] 

and c-εL[u] structures, which range from 0.6 to 2.8 kcal/mol. In opposition, the c-

αL[u] conformation becomes more stable by 1.2 kcal/mol, even although its 

population in the gas-phase is negligible. Thus, the only structure of Ac-

βcAmH+p-NHMe that presents a significant population (97.6%) in the gas-phase 

is the t-γL[d]. Similarly, this minimum is the only populated conformation in 

aqueous solution, the ∆GH2O of the other four conformers ranging between 3.2 and 

3.9 kcal/mol. The fact that the global minimum in the gas-phase is also the most 

favored conformation in water represents a remarkable difference with respect to 

the Ac-βcAmp-NHMe dipeptide. Thus, for the latter system the t-γL[d] was 

destabilized by 3.3 kcal/mol in aqueous solution, the c-εL[d] becoming the most 

favored in this polar environment. These results are fully consistent with the 

destabilization of the structures with ω0 arranged in cis discussed above for Ac-

βtAmH+

Ac-γtAmH

p-NHMe. 
+p-NHMe. The conformational preferences displayed in Table 3.4.1 

for Ac-γtAmH+p-NHMe are unique. As can be seen, two almost isoenergetic 

minima with the peptide bond ω0 arranged in a gauche+ conformation (labeled as 

g+) are the most favored for this dipeptide. The distortion from the planarity of the 

peptide bond in these structures, g+-δL[u] (Figures 3.4.5a and 3.4.5b), must be 

attributed to the strength of the side chain···backbone interaction, which shows a 

favorable geometry because of the N-exo (NE) conformation of the pyrrolidine 

ring, i.e. this envelope conformation breaks the planar disposition of the peptide 

bond. This distortion is evidenced by a notable pyramidalization of the amide 

nitrogen, the sum of the valence angles around this atom (θ) being 338.5 and 340º 

for the two g+-δL[u] minima. This large deformation evidences that the 

pyramidalization of ω0 in the g+-δL[u] structures is similar, or even higher, than 

that observed for the bicyclic amide nitrogen of highly constrained Pro 

analogues.23 Interestingly, the two g+-δL[u] minima only differ in the dihedral 

angle ψ, which defines the orientation of peptide bond ω. The orientation of the 
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polar -CONH- moiety in such minima does not affect to their intrinsic stability in 

the gas-phase, i.e. the ∆Ggp values differ by 0.2 kcal/mol only, even though their 

relative stabilities in aqueous solution are completely different. Thus, the strength 

of the solute···solvent attractive interactions increases with the accessibility of 

this peptide group to the solvent, i.e. the g+-δL[u] conformation with ψ= 104.6º is 

favored by 11.1 kcal/mol, which explains the difference found in their ∆GH2O

(a) 

 

values (Table 3.4.2). 

(b) (c) 

1.721 Å
156.9º

g+-δL[d]

 

 
 

 

 1.724 Å
157.7º

g+- δL[d]

 
 

 

  

2.204 Å
133.6º

t-γL[d]

 

 

(d)                           (e) 
 
 

Figure 3.4.5: Representation of the minimum energy conformations characterized 
in the gas-phase for the Ac-γtAmH+

 
p-NHMe dipeptide. 

 
The next two minima, which correspond to the conventional t-γL[d] (Figure 

3.4.5c) and t-γL[u] (Figure 3.4.5d) conformations, are destabilized by 2.0 and 2.8 

kcal/mol, respectively. These structures, in which the two peptide bonds adopt a 

planar trans arrangement, are stabilized by the backbone···backbone 

intramolecular hydrogen bond only, no side chain···backbone interaction being 

detected. This feature explains the lower stability of the two t-γL

  

 
 

c-εL[d]

 conformations 

 1.724 Å
157.7º

g+- δL[d]
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with respect to the two g+-δL minima. Thus, the strong side chain···backbone 

interaction of the latter, which is more attractive than the seven-membered 

intramolecular hydrogen bond, almost compensates the energy penalty associated 

to the geometric deformation of the peptide bond ω0. Finally, the least stable 

conformation, c-εL[d] (Figure 3.4.5e), which is unfavored by 4.7 kcal/mol with 

respect to the global minimum, corresponds to the only conformation with ω0 

arranged in cis. As can be seen, this structure does not show any N-H···O 

intramolecular interaction. 

Comparison of the ∆Egp and ∆Ggp values reveals that, in this case, the 

influence of the statistical corrections is very small. Thus, with exception of two 

minima of higher energy, which become stabilized by 0.4 (t-γL[u]) and 1.8 

kcal/mol (c-εL[d]) by the addition of the thermal and entropic terms, the relative 

stability of the other three structures remained unaltered. On the other hand, the 

relative free energy order undergoes a drastic change in aqueous solution. 

Specifically, the most stable structure in water is the c-εL[d], which was the least 

favored in the gas-phase. This feature is consistent with the overestimation of the 

conformers with ω0 arranged in cis previously attributed to the PCM solvation 

model. Furthermore, the lowest energy minimum in the gas-phase is the least 

favored in aqueous solution, this feature being consequence of the poor interaction 

between the C=O group of the peptide bond ω and the solvent (Figure 3.4.5a). In 

contrast, the second minimum with a distorted peptide bond results less favored in 

aqueous solution than the c-εL[d] by 1.0 kcal/mol only, which is due to the very 

favorable interactions of the peptide bond ω with the environment. Finally, the 

stability in water of the two structures with the t-γL backbone conformation is 

similar to that obtained in the gas-phase. The overall of these results indicate that 

the conformational populations predicted for Ac-γtAmH+p-NHMe in aqueous 

solution, considering Boltzmann distribution of the identified minima, are: 81.7 % 

c-εL[d], 15.0 % g+-δL[d], and 3.3% t-γL

Ac-γcAmH

[d]. 
+p-NHMe. Only three minima were detected for Ac-γcAmH+p-

NHMe evidencing that the protonation of the amino side group reduces drastically 

the conformational flexibility of neutral Ac-γcAmp-NHMe.11 Thus, seven minima 

with relative energies of up 7.9 kcal/mol were found for the latter dipeptide: three 
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with ω0 arranged in trans and four in cis. The lowest energy minimum found for 

Ac-γcAmH+p-NHMe corresponds to the t-γL[d] (Figure 3.4.6a), which presents 

both backbone···backbone and side chain···backbone favorable interactions, the 

latter being facilitated by the βE arrangement of the pyrrolidine ring. This 

conformation was also identified as the most stable conformation of Ac-γcAmp-

NHMe, even although the t-γL[u] and t-αL

(a) 

[d] minima annihilate when the amino 

group of this dipeptide transforms into ammonium. 

(b) (c) 

 
  

Figure 3.4.6: Representation of the minimum energy conformations characterized 
in the gas-phase for the Ac-γcAmH+

 
p-NHMe dipeptide. 

 
The second minimum of Ac-γcAmH+p-NHMe shows a c-εL[d] structure 

(Figure 3.4.6b) with the pyrrolidine ring arranged like in the global minimum, i.e. 

βE conformation. This structure, which is unfavored by 4.3 kcal/mol, is similar to 

the least stable minimum of the Ac-γtAmH+p-NHMe dipeptide, even although the 

cis disposition of the substituent allows the formation of an attractive side 

chain···backbone interaction that was not possible in the latter compound. Finally, 

the last minimum, c-αL[d] (Figure 3.4.6c), is strongly destabilized, i.e. ∆Egp= 15.9 

kcal/mol. This should be attributed to the simultaneous combination of a number 

of factors: (i) the cis arrangement of ω0; (ii) the lack of backbone···backbone 

intramolecular hydrogen bond; and, especially, (iii) the nature of side 

chain···backbone interaction, which is of the N-H···N type. Thus, the stabilizing 

effect provided by the latter interaction is lower than that achieved through the N-

H···O(=C) one.24 It is worth noting that the c-εL[d] and c-αL[d] minima of Ac-

γcAmp-NHMe were unfavored by 6.0 and 2.7 kcal/mol,11
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 1.662 Å
160.3º

c-εL[d]

 

2.316 Å
124.4º

1.631 Å
162.8º

t-γL[d]

 

 



3.4 PROTONATION OF THE SIDE GROUP IN β-AND γ-AMINATED PROLINE 
ANALOGUES: EFFECTS ON THE CONFORMATIONAL PREFERENCES 

 

136 

reflects the large change that the ionization of the side group produces in the 

potential energy surface of this dipeptide. 

The most significant change produced by the transformation of ∆Egp into ∆Ggp 

is the destabilization of the c-αL[d] conformation, which increases 5.0 kcal/mol. 

Accordingly, the t-γL[d] is predicted to be the only populated conformation in the 

gas-phase. On the other hand, inspection to the ∆GH2O values indicates again that 

the PCM model produces a considerable stabilization of the c-εL[d] structure. 

Thus, the latter conformation becomes the most favored in aqueous solution, 

whereas the t-γL[d] is higher in energy by 1.3 kcal/mol, i.e. the populations of the 

c-εL[d] and t-γL[d] conformations in aqueous solution are 90.1% and 9.9%, 

respectively. These preferences are significantly different from those reported for 

Ac-γcAmp-NHMe, in which the c-εL[d] was predicted to be only conformation 

with a significant population in aqueous solution,11

Relative Stability of the four isomers. The ∆E

 i.e. all the other minima were 

destabilized by more than 2 kcal/mol. 
#gp# and ∆G#gp# values displayed 

in Tables 3.4.1 and 3.4.2, respectively, indicate that the Ac-γcAmH+p-NHMe is 

the most stable isomer, the Ac-βcAmH+p-NHMe being unfavored by only 1.7 

kcal/mol (2.8 kcal/mol in terms of ∆E#gp#). The stability of these isomers, which is 

significantly higher than that of the analogues with a trans disposition of the 

charged side group, should be attributed to the formation of side chain···backbone 

interactions. Thus, intraresidue interactions are clearly stronger when the 

substitution is attached in cis. This feature is reflected by the H···O distances 

displayed in Figures 3.4.4 and 3.4.6, which are ∼1.65 Å for the minima of the 

γcAmH+p- and βcAmH+p-containing dipeptides. In contrast, these distances are 

1.770 and 1.890 Å for the two minima of Ac-βtAmH+p-NHMe that present a side 

chain···backbone interaction (Figures 3.4.3a and 3.4.3b), this isomer being 

unfavored by 7.6 kcal/mol (6.2 kcal/mol in terms of ∆E#gp#) with respect to the 

most stable. Similarly, the values of the ∠N-H···O angles are consistent with a 

more favorable interaction when the substituent is attached in cis. The Ac-

γtAmH+p-NHMe is not able to form side chain···backbone interactions without 

induce a remarkable distortion of the peptide bond, which produces a significant 
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energy penalty. Consequently, this isomer is unfavored by 17.4 kcal/mol (13.1 

kcal/mol in terms of ∆E#gp#) with respect to the Ac-γcAmH+p-NHMe dipeptide. 

The relative stability order obtained for the neutral Amp-containing dipeptides 

was identical, i.e. Ac-γcAmp-NHMe > Ac-βcAmp-NHMe > Ac-βtAmp-NHMe > 

Ac-γtAmp-NHMe.11 However, in this case the energy differences among the 

different isomers were significantly lower than those obtained for the AmH+p 

derivatives. Thus, the lowest ∆G#gp# value of the βcAmp-, βtAmp- and γtAmp-

containing dipeptides was 0.6, 1.0 and 1.4 kcal/mol, respectively. The remarkable 

energetic difference between Amp and AmH+p dipeptides should be attributed to 

the strength of the intraresidue interaction, which is significantly higher when the 

side group is ionized.  

On the other hand, ∆G#H2O# values indicate that the solvent does not alter the 

preferences by the isomers with the ammonium group attached in cis with respect 

to those in trans. Thus, the Ac-γcAmH+p-NHMe is the most stable in water 

followed by the Ac-βcAmH+p-NHMe, which is unfavored by 3.6 kcal/mol. 

Accordingly, the solvent destabilizes the latter isomer 1.9 kcal/mol with respect to 

the gas-phase. Regarding to the Ac-βtAmp-NHMe and Ac-γtAmp-NHMe, their 

relative stabilities are exchanged with respect to the gas-phase, the latter being 

favored with respect to the former by 3.2 kcal/mol. Thus, these isomers are 5.4 

and 7.6 kcal/mol, respectively, less stable than the Ac-γcAmH+p-NHMe one. 

Comparison with the results reported in aqueous solution for the neutral Amp-

containing dipeptides reveals considerable differences. Specifically, the relative 

energy order reported for these dipeptides were:11 Ac-γcAmp-NHMe ≈ Ac-

βtAmp-NHMe (∆G#H2O#= 0.2 kcal/mol) > Ac-γtAmp-NHMe (∆G#H2O#= 1.7 

kcal/mol) > Ac-βcAmp-NHMe (∆G#H2O#= 5.9 kcal/mol). Accordingly, the 

protonation of the amino substituent in water produces a pronounced stabilization 

of the isomers substituted in cis with respect to those with the substituent in trans. 
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3.4.4 Conclusions 

DFT calculations at the B3LYP/6-31+G(d,p) level have been used to examine 

the conformational preferences of Ac-βtAmH+p-NHMe, Ac-βcAmH+p-NHMe, 

Ac-γtAmH+p-NHMe and Ac-γcAmH+

(i) Protonation of the amino group attached to the β- or γ-position of the 

pyrrolidine ring reduces the backbone conformational flexibility of the 

Amp derivatives, which was low compared to that conventional Pro. 

Specifically, the number of minima identified for the four AmH

p-NHMe, both in the gas-phase phase and 

aqueous solution, which have been compared with those reported for the neutral 

analogues Ac-βtAmp-NHMe, Ac-βcAmp-NHMe, Ac-γtAmp-NHMe and Ac-

γcAmp-NHMe. Results allow us to draw the following conclusions: 

+

(ii) The stability of conformations with ω

p-

containing dipeptides was smaller than that found for their Amp 

analogues. Furthermore, the relative energies and free energies 

increase upon protonation of the side group. 

0 in cis is significantly lower for 

AmH+p than for Amp. This is a very remarkable result because the 

incorporation of the non-protonated amino group to the pyrrolidine 

ring of conventional Pro produced a stabilization of such 

conformations. Accordingly, the population of cis conformers in 

Amp/AmH+

(iii) The intrinsic conformational preferences of the Ac-γtAmH

p derivatives could be easily controlled with the pH.  
+

(iv) The Ac-γcAmH

p-NHMe 

dipeptides show that the strength of the side chain···backbone 

attractive interaction allows compensate the energy penalty associated 

to the deformation of the peptide bond. Thus, in order to reach such 

interactions, this compound tends to break the planarity of the peptide 

bond inducing a large pyramidalization of the amide nitrogen atom. 
+p-NHMe dipeptide, followed by the Ac-βcAmH+p-

NHMe, are the more stable isomers in both the gas-phase and aqueous 

solution. The cis disposition of the substituent is favored because of 

the attractive side chain···backbone interactions. Comparison, between 
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Amp and AmH+p derivatives reveals that the energy gap between the 

different isomers increases upon ionization of the side group. This 

should be attributed to the strength of the intraresidue interactions, 

which is higher when a positively charged ammonium group is 

involved. 
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4.1 The energy landscape of 
a selective tumor-homing 
pentapeptide 
 

Recently, a potentially powerful strategy based on the of phage-display 
libraries has been presented to target tumors via homing peptides attached 
to nanoparticles. The Cys-Arg-Glu-Lys-Ala (CREKA) peptide sequence has 
been identified as a tumor-homing peptide that binds to clotted plasmas 
proteins present in tumor vessels and interstitium. The aim of this work 
consists of mapping the conformational profile of CREKA to identify the 
bioactive conformation. For this purpose, a conformational search 
procedure based on modified Simulated Annealing combined with 
Molecular Dynamics was applied to three systems that mimic the 
experimentally used conditions: (i) the free peptide; (ii) the peptide attached 
to a nanoparticle; and (iii) the peptide inserted in a phage display protein. 
In addition, the free peptide was simulated in an ionized aqueous solution 
environment, which mimics the ionic strength of the physiological medium. 
Accessible minima of all simulated systems reveal a multiple interaction 
pattern involving the ionized side chains of Arg, Glu and Lys, which induces 
a β-turn motif in the backbone observed in all simulated CREKA systems.*

4.1.1 Introduction 

 

Over the last few years Ruoslahti and coworkers1-3 have identified a series of 

tumor-homing peptides by using in vivo screening of peptide libraries. These 

tumor-homing peptides were obtained from phage display libraries targeting 

highly-expressed molecular receptors in tumor blood vessels. Nanoparticles 

coated by the homing peptides were shown to efficiently focus at these sites and 

the potential of these nanoparticles for imaging and as drug-carriers has already 

been indicated. Among the homing peptides discovered by in vivo phage 

screening is a linear peptide that contains only 5 amino acids with the sequence 

CREKA (Cys-Arg-Glu-Lys-Ala). Synthesized CREKA peptide labeled with an 

attached fluorescent dye was detectable in human tumors from minutes to hours 

after intravenous injection, while it was essentially undetectable in normal 

tissues.3

                                                 
* The work described in this chapter previously appeared in  J. Phys. Chem. B, 2008,112, 8692-8700  
 

 In vivo experiments revealed that CREKA bound to clotted plasma 
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proteins, establishing its being a clot-binding peptide. The CREKA peptide was 

further linked to amino dextran-coated iron oxide (SPIO) nanoparticles.3 

Strikingly, experiments with CREKA-SPIO nanoparticles indicated that they not 

only bind to blood and plasma clots but can also effectively induce further 

localized tumor clotting, thus amplifying the nanoparticle homing. It was further 

found that the chemical nature of the nanoparticle is not important for this activity 

since both CREKA-SPIO nanoparticles and CREKA-coated liposomes were 

found to cause clotting in tumor vessels. A similar activity, i.e. binding to plasma 

clot, was observed when CREKA was inserted into phage display proteins.4

At the same time, in spite of the potential interest in CREKA in cancer 

diagnostics and therapeutics, the application of this and other homing peptide 

sequences might be endangered by short half life times; after injection 

endogenous proteolytic enzymes could rapidly digest the peptides. Thus, 

protection from proteases is an important step in the development of potential 

applications of tumor-homing peptides. Several strategies have been proposed to 

protect proteogenic peptide sequences from proteases; among these, targeted 

replacements with synthetic amino acids have been the most successful.

 The 

clotting caused by CREKA in tumor vessels is expected to be useful in improving 

tumor detection by microscopic- and whole body- imaging techniques as well to 

tumor treatment by physical blockage of vessels through local embolism and 

drug-carrying nanoparticles. 

5-12 

Selective incorporation of synthetic amino acids induces a significant resistance 

against proteases not only at the mutated position but also at neighboring amino 

acids. Non-proteogenic amino acids are compounds with many potential 

applications in Nanobiology, and have been found to be very useful for the re-

engineering of physical protein modules and the generation of nanodevices.13-15

Within the framework of a broad project devoted to improve the affinity of 

CREKA to its targets as well as to impart resistance against proteases, we have 

started by performing a computational analysis on such peptide sequence. Thus, 

the first step prior to the design of synthetic analogs which incorporate non-

proteogenic amino acids, consists of the identification of the conformational 

profile and, if possible, the bioactive conformation of the peptide. Although no 

information about the conformational profile of this peptide is available, that is, 

the CREKA sequence does not occur in the Protein Data Base, experiments using 

. 
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the free peptide, the CREKA-SPIO nanoparticles and phage display proteins 

containing expressed CREKA suggest that the bioactive conformation for this 

sequence does not depend on the molecular environment.1-4 Identification of the 

low-energy regions of the conformational profiles of the natural CREKA 

sequence is important since any candidate synthetic analogue should not present 

significant differences with respect to the native. Theoretical methods based on 

computer simulations of atomic models have proven to be powerful techniques to 

sample the conformational space of biomolecules.

In this work we use computer simulation methods based on Molecular 

Dynamics (MD) to characterize the conformational profile of the CREKA 

sequence and identify the corresponding bioactive conformation. For this purpose 

we used a multiple conformational search strategy considering the three 

experimentally tested environments: free peptide, peptide attached to a 

nanoparticle, and a peptide inserted in a phage display protein. The influence of 

the ionic strength on the conformational preferences of CREKA has also been 

examined. We note that computer simulation methods are usually applied 

considering a dilute solution of pure water while physiological media consists of 

ionized aqueous solutions. Accordingly, in this work we decided to examine how 

the addition of NaCl molecules to the aqueous environment affects the three-

dimensional organization of the peptide. 

16-18 

4.1.1.1 Simulated Systems and Bioactive Conformation 

The conformational profiles of four different molecular systems based on the 

CREKA peptide sequence have been determined using atomistic computational 

methods. The four systems under consideration are the following: 

4.1.1.1.1 System I 
The CREKA linear peptide was capped at the N- and C-terminus with acetyl 

(Ac) and N-methyl amide (NHMe) groups respectively, and was immersed in a 

dilute aqueous solution. 

4.1.1.1.2 System II 
CREKA was blocked at the ends with Ac and NHMe and was immersed in a 

solution that mimics the ionic strength of the physiological medium. The ionized 

solution was obtained by adding sodium and chloride ions to the environment. 
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Comparison between the conformational profiles obtained for systems I and II 

should permit testing the influence of the simulation conditions on the 

conformational preferences of the peptide. 

4.1.1.1.3 System III 
CREKA was attached to a surface through the sulfhydryl group of the Cys 

residue. This surface was formed by 100 spherical particles, which were 

distributed in a 10×10 square (47.5 Å2

4.1.1.1.4 System IV 

), with van der Waals parameters [R= 2.35 

Å and ε= 0.90 kcal/mol] and without electric charge. The whole system was 

immersed in a dilute aqueous solution. System III mimics the situation in which 

CREKA is bound to the surface of a SPIO nanoparticle. It should be noted that, in 

this simple model, electrostatic charges were omitted for the particles used to 

represent the surface. This is because many other chemical species that should 

induce a significant screening in the electrostatic interaction between the surface 

and the peptide have been also neglected in this model, e.g. neighboring peptides 

attached to the particle (about 8000 peptides were attached to each particle), ionic 

salts.  The conformational freedom of the peptide is expected to be lower in III 

than in I and II because of the effect of having the end tethered to the surface. 

This molecular system mimics the CREKA peptide when it is inserted in a 

phage display protein. Copies of the expressed peptides are usually presented on 

the flexible regions of the phage display proteins, for example in loops. In order to 

mimic such flexible regions, two Gly were added to each termini of CREKA, 

making the peptide sequence of system IV GGCREKAGG. The two Gly located 

at both ends of the chain were attached to spherical particles similar to those used 

in III to construct the surface. Such particles represent the secondary structure 

motifs that tether the flexible regions to the protein. The separation between the 

two added particles was restrained to a distance D through a force constant, k= 5 

kcal·mol-1
·Å-2, and the whole system was immersed in a dilute aqueous solution. 

The conformational profiles of IV were characterized considering D= 5.0, 7.0, 

10.0, 15.0 and 20.0 Å. It is expected that such wide range of values will allow 

sampling a large number of potential positions and configurations in which the 

CREKA peptide is inserted in the flexible regions of phage display proteins. 
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Although the conformational profiles of I, II, III and IV may be significantly 

different, the bioactive conformation of the CREKA peptide sequence should 

appear within the set of lower-energy structures of each system. As stated in the 

Introduction, the experimental results suggest that the bioactive conformation is 

unique for this sequence independently of the molecular environment, i.e. the 

bioactive conformations when the peptide is free, attached to a SPIO nanoparticle 

or inserted in a phage display protein are practically identical. At the same time, 

the bioactive conformation does not necessarily correspond to the lowest 

minimum energy conformation, even though it must be contained within the set of 

accessible energy minima, i.e. the energy of the bioactive conformation is 

relatively close to that of the global minimum. Accordingly, a thorough 

exploration of the conformational space of the four CREKA-based systems is 

necessary to identify such a bioactive conformation. 

4.1.2 Methods 

4.1.2.1 Conformational Search 

The structural features of the four CREKA-based systems studied in this work 

were explored using a modified simulated annealing combined with MD (SA-

MD) as a sampling technique.19,20 In the SA-MD strategy, which relies on 

temperature evolution in time, the starting temperature is gradually reduced 

during the simulation. Thus, the system is given the opportunity to surmount 

energy barriers in a search for conformations with energies lower than the local-

minimum typically found by energy minimization. However, in practice, when 

used with a regular force-field, SA-MD does not always lead the system to the 

most stable region at the end of the simulation. Recent studies demonstrated that 

very low energies are obtained by minimizing the energy of structures generated 

at the initial and intermediate states of a SA-MD process.21,22 In the present study 

we applied the latter strategy to locate the lower-energy minimum structures of 

the CREKA-based systems. A large number of structures (500) were selected for 

energy minimization from each SA-MD cycle, which is justified since the 

temperature was decreased very slowly along a relatively large trajectory (see 

below). As mentioned above, the bioactive conformation does not necessarily 
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correspond to the lowest energy minimum, even though it should be a low-energy 

structure. Accordingly, the sampling technique applied to the four systems under 

study must be robust enough to obtain low-energy structures that may be quasi-

degenerate with the global minimum but situated in different valleys of the 

peptide landscape. 

4.1.2.2 Molecular Dynamics and Computational Details.  

Each simulated system was placed in the center of a cubic simulation box (a= 

47.5Å) filled with at least 3405 explicit water molecules, which were represented 

using the TIP3 model.23

Before the production cycles with the modified SA-MD, the content and the 

density of the simulation box were equilibrated. For this purpose, each system was 

initially minimized to relax the conformational and structural tension using the 

conjugate gradient method. Next, different consecutive rounds of short MD runs 

were performed. Thus, 0.5 ns of NVT-MD at 500 K were used to homogeneously 

distribute the solvent and ions in the box. Next, 0.5 ns of NVT-MD at 298 K 

(thermal equilibration) and 0.5 ns of NPT-MD at 298 K (density relaxation) were 

run. The last snapshot of the NPT-MD was used as the starting point for the 

conformational search process. This initial structure was quickly heated to 900 K 

at a rate of 50 K/ps to force the molecule to jump to a different region of the 

conformational space. Along 10 ns, the 900 K-structure was slowly cooled to 500 

K at a rate of 1 K per 25 ps. A total of 500 structures were selected and 

subsequently minimized during the first cycle of modified SA-MD. The resulting 

minimum energy conformations were stored in a rank-ordered library of low 

energy structures. The lowest energy minimum generated in a modified SA-MD 

cycle was used as starting conformation of the next cycle. 

 One negatively charged chloride and two positively 

charged sodium atoms were added to the simulation box to reach electric 

neutrality (net charges were considered for Arg, Lys and Glu residues at neutral 

pH). For the conformational search of free CREKA under physiological 

conditions (system II), four additional NaCl molecules were added to the 

simulation box. 

The 100 spherical particles used to construct the surface in system III were 

kept fixed at the initial positions in all MD simulations and energy minimizations. 
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The energy was calculated using the AMBER force-field,24,25 with the 

required parameters taken from the AMBER libraries. Atom pair distance cutoffs 

were applied at 14.0 Å to compute the van der Waals and electrostatic 

interactions. Both temperature and pressure were controlled by the weak coupling 

method, the Berendsen thermo-barostat,26 using a time constant for heat bath 

coupling and a pressure relaxation time of 1 ps. Bond lengths were constrained 

using the SHAKE algorithm27

4.1.2.3 Conformation Classification and Clustering Analysis.  

 with a the numerical integration step of 2 fs. 

In order to construct a list of unique minimum energy conformations, the 500 

minimized structures provided by each cycle of modified SA-MD were compared 

not only among themselves but also with unique minima generated in previous 

cycles. The list was organized by rank ordering all the unique minimum energy 

conformations found following an increasing order or energy. Previously listed 

conformations were discarded. After testing different criteria, the one selected to 

identify unique minimum energy conformations was based on the values of virtual 

dihedral angles, which were defined using main-chain atoms, and the presence of 

interaction patterns, i.e. salt bridges, hydrogen bonds and dipole-dipole 

interactions. 

Five virtual dihedral angles were defined considering the α-carbon atoms of 

the CREKA peptide and one methyl hydrogen atom of the Ac and NHMe capping 

groups. The hydrogen atoms of Ac and NHMe were chosen instead of the methyl 

carbon atoms, to retain the two-particle separation imposed by the consecutive α-

carbon atoms of the peptide sequence. Each of these virtual dihedral angles was 

associated with the conformation of one amino acid of the CREKA peptide. The 

existence of different interactions was accepted on the basis of the following 

geometric criteria: a) salt bridges: distance between the centers of the interacting 

groups shorter than 4.50 Å; b) hydrogen bonds: distance H···O (dH···O) shorter 

than 2.50 Å and angle ∠N-H···O higher than 120.0º; and (c) dipole-dipole: 

distance between dipoles shorter than 3.00 Å and the interaction has not been 

counted as hydrogen bond. Two structures were considered different when they 

differ in at least one of their virtual dihedral angles by more than 60º or in at least 

one of the interactions counted. 
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For each system, all the structures categorized as different were subsequently 

clustered according to a criterion based on the presence of the intramolecular 

interactions mentioned above: salt bridges and hydrogen bonds. For each studied 

system, a representation of the number of clusters versus the number of structures 

within a given cluster is provided in the Supporting Information. 

4.1.3 Results  

4.1.3.1 Free CREKA in Unionized and Ionized Aqueous 
Solution (Systems I and II) 

Thirteen production cycles of modified SA-MD were run for each of the two 

systems, with 500 selected structures minimized from each cycle. This procedure 

led to 3130 and 3114 unique minimum energy conformations for systems I and II, 

respectively. Figure 4.1.1, which represents the evolution of the number of unique 

conformations against the number of SA-MD cycles, clearly indicates that the 

conformational search converges for the two systems. However, interestingly, the 

molecular dynamics of the conformational search procedure was influenced by the 

chemical nature of the aqueous solution. Thus, inspection of the energies of the 

unique conformations obtained in each SA-MD cycle indicates that in unionized 

aqueous solution (system I) the energy of at least one new unique conformation is 

lower than those of the conformations previously generated for cycles 2, 3, 4 and 

8, i.e. the global minimum appears in the 8th cycle of modified SA-MD. In 

contrast, in the ionized solution (system II) the lowest energy conformation of free 

CREKA appears after only 3 cycles, and no improvement in the energy has been 

detected subsequently. Analysis of the number of new unique conformations 

generated by each cycle reveals that it is lower than 1% after the 9th and 11th cycle 

for I and II, respectively. 
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Figure 4.1.1: Number of unique minimum energy conformations found for 
systems I (black line, solid squares), II (black line, empty squares) and III (grey 
line, solid triangles) against the number of modified SA 

 

Figure 4.1.2 shows the distribution of energies, which are relative to that of 

the global minimum, for the unique minimum energy conformations of I and II. 

As can be seen, the two profiles are very similar, with the highest energy 

bordering ∼23 kcal/mol in both cases. The histograms displayed in Figure 4.1.3, 

which represent the distribution of the virtual dihedral angles used to define the 

conformation of the five CREKA residues (see Methods), permit a comparison of 

the similarity between the sets of unique minima detected for the free peptide in 

aqueous and ionized solutions. Thus, the incorporation of additional NaCl 

molecules into the aqueous medium does not alter, in general terms, the 

conformational profile of the free CREKA peptide. A more detailed comparison 

between the energy minima of systems I and II is provided in the Supporting 

Information section (Figure S1), which shows the distribution of the main chain 

dihedral angles ϕ,ψ of the five CREKA residues. It is worth noting that special 

attention has been paid to the comparison of the structures with a relative energy 

lower than 2.0 kcal/mol, i.e. 27 and 23 structures for I and II respectively, which 
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are expected to be the more significant ones. Accordingly, the values of ϕ,ψ for 

these accessible energy minima are highlighted in the Ramachandran maps of 

Figure S1 (see Supporting Information). As can be seen, a very notable 

resemblance between the results reached for the two systems is indicated again. 

Overall, these results allow us to conclude that the conformational profile of the 

peptide is not affected by the increase of the ionic concentration. 
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Figure 4.1.2: Distribution of energies for the minimum energy conformations 
found for systems I (black line, solid squares), II (black line, empty squares) 
and III (grey line, solid triangles). In each case represented energies are 
relative to the corresponding global minimum. 
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Figure 4.1.3: Distribution of the virtual dihedral angles (see methods) used to 
define the conformation of five CREKA residues in all the unique minima 
obtained for systems I (a) and II (b). Colour code for the bars is: black for 
dihedral angle values ranging from 0º-to-60º, red from 60º-to-120º, green from 
120º-to-180º, blue from 180º-to-240º, yellow from 240º-to-300º and grey from 
300º-to-360º. 
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Figure 4.1.4a shows the lowest energy minimum obtained for system I. In this 

structure the backbone amide groups form intramolecular hydrogen bonds leading 

to the formation of two γ-turns and one β-turn. Specifically, γ-turns (7-membered 

intramolecular hydrogen bonds) are formed between the (Ac)C=O···H-N(Arg) 

[dH···O= 1.999 Å, ∠N-H···O= 149.2º] and (Lys)C=O···H-N(NHMe) [dH···O= 1.828 

Å, ∠N-H···O= 153.8º], where Ac and NHMe are the blocking groups at the Nt- 

and Ct-termini, respectively. The β-turn (10-membered intramolecular hydrogen 

bond) involves the Cys and Lys residues: (Cys)C=O···H-N(Lys) [dH···O= 1.917 Å, 

∠N-H···O= 168.0º]. The view provided in Figure 4.1.4a of the global minimum 

suggests that the (Cys)C=O and H-N(Ala) moieties form a 13-membered 

intramolecular hydrogen bond, which is the interaction typically found α-helices. 

However, the poor geometric parameters found in this case, [dH···O

Figure 4.1.4b shows the superposition of the global minimum found for 

systems I and II. As can be seen, the two structures show a remarkable similarity 

in the backbone conformation, the only difference between them corresponding to 

the orientation of the Lys side chain. Specifically, in the global minimum of 

system II no salt bridge interaction between the Glu(C=O) and H-N(Lys) was 

detected. However, this small difference does not allow us to conclude that ionic 

concentration leads to structural changes in the accessible conformations. 

= 2.375 Å, ∠N-

H···O= 112.3º], indicates that it should considered as a simple dipole-dipole 

interaction. Inspection of the side chains reveals a multiple interaction pattern 

formed by salt bridges between the negatively charged carboxylate group of Glu 

and the positively charged side chains of Arg and Lys. Furthermore, the 

carboxylate group of Glu also forms a hydrogen bond with its own backbone N-H 

amide group, i.e. one oxygen atom of the carboxylate forms two interactions with 

the guanidium group of Arg while the second oxygen participates in one salt 

bridge with the Lys side chain and one intra-residue hydrogen bond (Figure 

4.1.4a). 
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Figure 4.1.4: (a) Lowest energy minimum obtained for free CREKA in 
unionized aqueous solution (system I). (b) Superposition of the global minimum 
found for systems I (blue) and II (green). (c) Lowest energy minimum obtained 
for CREKA attached to a SPIO nanoparticle (system III). (d) Lowest energy 
minimum obtained for GGCREKAGG inserted in a phage display protein 
(system IV; D= 20.0 Å). The surface used to mimic the nanoparticle in system 
III and the connections to the phage display protein in system IV have been 
represented using a single grey ball. Intramolecular hydrogen bonds between 
the backbone amide groups are displayed using green dashed lines, while side 
chain···side chain and side chain···backbone interactions are marked with pink 
(salt bridges) and orange (hydrogen bonds) dashed lines. 
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A detailed analysis of the minima obtained for systems I and II below a 

relative energy threshold of 2 kcal/mol shows two common structural patterns for 

at least 90% of the relevant conformations: (i) a β-turn involving the Cys and Lys 

residues is systematically formed; and (ii) the ionized side chains of the three 

central residue are arranged to form a multiple interaction pattern, which is 

dominated predominantly by salt bridges. 

Clustering analyses of systems I and II indicate that 69.5% (2165 structures) 

and 76.4% (2380 structures) minima present at least one intramolecular 

interaction (see Supporting Information). As can be seen, only 13 (I) and 19 (II) 

clusters contain more than 25 structures grouping 37.9% and 56.9% of the minima 

stabilized by intramolecular interactions, i.e. many clusters are constituted by a 

very small number of minimum. A more detailed analysis of the structures 

contained in the different clusters reveals that a total of 4243 and 4522 

interactions were detected in the 2165 and 2380 minima of I and II, respectively, 

stabilized by intramolecular interactions, which is consistent with ∼ 2 interactions 

per minimum. These interactions are distributed as follows:  

(a) System I. Main chain···main chain hydrogen bonds: 84.7% (3593 

interactions); main chain···side chain hydrogen bonds: 6.7% (285 interactions); 

and side chain···side chain salt bridges: 8.6% (365 interactions). 

(b) System II. Main chain···main chain hydrogen bonds: 80.9% (3658 

interactions); main chain···side chain hydrogen bonds: 5.7% (258 interactions); 

and side chain···side chain salt bridges: 13.4% (605 interactions). 

Figure 4.1.5 compares the number of minimum energy conformations found 

for the more populated clusters of I and II. As can be seen, there is a quantitative 

agreement between the interaction patterns detected in the two systems. Thus, the 

more populated patterns are clearly conserved in the two systems. The overall of 

the results reflects a significant resemblance between the conformational profiles 

of I and II, which is also consistent with the small influence of the ionic 

concentration in the conformational profile of CREKA (see above). 
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Figure 4.1.5:  Number of minimum energy conformations found for the more 
populated clusters, i.e. those containing more than 25 structures, of I and II. 

 

4.1.3.2 CREKA Attached to the Surface of a SPIO-Nanoparticle 
(System III).  

After seven production cycles of modified SA-MD, which provided 1306 unique 

minima, the conformational search of system III fully converged. This is seen in 

Figure 4.1.1, which indicates that the last 3 cycles (minimization of 1500 selected 

structures) only provided 4 new unique conformations. The global minimum was 

obtained in the 2nd cycle of SA-MD reflecting the efficiency of the conformational 

search procedure. The number of unique minimum energy conformations is about 

40% of those obtained for systems I and II indicating that, as expected, the 

conformational flexibility of the peptide becomes severely restricted when the 

sulfhydryl group of the Cys residue is attached to a surface. On the other hand, 

inspection of the distribution of the relative energies displayed in Figure 4.1.2 

shows that the tethering of the peptide to the SPIO nanoparticle induces a 

significant reduction in both the height and width of the peak. The number of 
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minima with a relative energy smaller than 2 kcal/mol is only 12, which means 

that the number of significant minima decreases by about 50-55% with respect to 

the free CREKA peptide. 

The distribution of the virtual dihedral angles used to define the conformation 

of CREKA attached to a SPIO nanoparticle is displayed in Figure 4.1.6. 

Comparison with the histograms obtained for free CREKA (Figure 4.1.3) reveals 

very interesting features. First, the conformation of the Cys residue is completely 

different in the free peptide as compared to that of system III. Thus, the linking of 

the sulfhydryl group to the surface used to represent the SPIO nanoparticle 

induces significant perturbations in the backbone conformation of the Cys. 

Second, and most importantly, the conformational distribution of the backbone for 

the remaining four residues is very similar in systems I, II and III. Thus, the 

surface of the nanoparticle does not alter the conformational preferences of the 

polar amino acids, which are dominated by the strong interactions between the 

ionized side chains. This interesting result is fully consistent with the binding to 

plasma clot of both free CREKA and CREKA-SPIO nanoparticle found by 

Ruoslahti and coworkers.1-3 The resemblance between the conformational 

preferences of the free peptide and system III is also reflected in Figure S2 (see 

Supporting Information), which shows the distribution of the dihedral angles 

ϕ,ψ  for the five residues for the latter system. As can be seen, the regions of the 

Ramachandran map visited by the unique minimum energy conformations are 

very similar to those displayed in Figure S1. In addition, the tethering to the 

surface does not influence the positions of the more significant minima of 

CREKA, which are highlighted in the same Figure. Thus, with the exception of 

the Cys residue, the positions of the accessible minima for the other four residues 

is similar in Figures 4.1.4 and 4.1.8, even though the dispersion is significantly 

lower in the latter. The latter feature is a consequence of the reduction of the 

conformational flexibility induced by the linking to the nanoparticle. 
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Figure 4.1.6:  Distribution of the virtual dihedral angles (methods) used to 
define the conformation of five CREKA residues in all the unique minima 
obtained for system III. Colour code for the bars is identical to that of Figure 
4.1.3. 

 

The global minimum found for system III is depicted in Figure 4.1.4c. As can 

be seen, there is a notable resemblance between the global minimum of the three 

systems. In spite of this, there is a critical difference between the most stable 

structure of CREKA attached to the nanoparticle and that obtained for the free 

peptide: the two γ-turns found at the ends of the latter system are not detected 

when the peptide is tethered to the surface. Thus, the only backbone···backbone 

intramolecular interaction detected in the global minimum of system III 

corresponds to a β-turn, which involves (Cys)C=O···H-N(Lys) [dH···O= 2.048 Å, 

∠N-H···O= 147.0º]. This structural motif, which is topologically identical to that 

obtained for I and II, is also detected in many of the minima with relative energies 

below 2 kcal/mol. On the other hand, the carboxylate group of the Glu is involved 

in a multiple interaction pattern similar to that described above for the free 
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peptide. The only difference with respect to the latter is that the salt bridge 

between the oxygen atom of the carboxylate group and the guanidinium group of 

Arg involves two centers rather than three. Accordingly, one oxygen atom of the 

carboxylate forms a salt bridge with the Arg while the second oxygen participates 

in one salt bridge and one hydrogen bond (Figure 4.1.4c). Furthermore, multiple 

interaction patterns involving the ionized side chains of Arg, Glu and Lys were 

also found in the 12 significant minima, the main difference among them being 

the number of centers involved in the salt bridges. 

Clustering analysis of system III indicates that 82.1% (1072 structures) of the 

minimum energy conformations present at least one intramolecular interaction 

(see Supporting Information). Interestingly, only 8 clusters contain more than 25 

structures grouping 25.5% of the minima stabilized by intramolecular interactions. 

A more detailed analysis of the structures contained in the different clusters 

reveals that a total of 2198 interactions were detected in the 1072 minima of III 

stabilized by intramolecular interactions, i.e. ∼ 2 interactions per minimum. These 

interactions are distributed as follows: (i) main chain···main chain hydrogen 

bonds, 83.6% (1839 interactions); (ii) main chain···side chain hydrogen bonds, 

4.7% (102 interactions); and side chain···side chain salt bridges, 11.7% (257 

interactions). It is worth noting that these results, i.e. both the average number of 

interactions per minima and the distribution of the interactions, are fully 

consistent with those discussed above for I and II. 

4.1.3.3 CREKA Inserted in a Phage Display Protein         
(System IV).  

After four cycles of modified SA-MD for each value of D (minimization of 2000 

selected structures), we observed that the energies of the minima obtained for 

system IV are considerably higher when D= 5.0, 7.0, 10.0 and 15.0 Å. Thus, a 

significant strain is induced in the peptide if the distance between the two ending 

particles is too short. The reduction of the strain of the peptide when the distance 

between the particles that tether CREKA to the phage display protein increases is 

clearly reflected in Figure 4.1.7, which depicts the lowest energy minimum for 

each such D value. For the unique minima obtained for D= 20.0 Å, the 

corresponding energies show reasonable values although still higher than those of 

systems I, II and III. This led us to focus on the analysis of the 527 resulting 
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unique minimum energy conformations obtained using the latter distance. 

However, due to the extra energy penalty observed for these structures with 

respect to those of the previously discussed systems, no additional modified SA-

MD cycle was performed. Despite this shortcoming, the high efficiency shown by 

this conformational search procedure combined with the restricted conformational 

freedom of system IV, which is imposed by the restraint at the ends, suggests that 

the number of minima provided in four cycles is enough to provide qualitative 

information about the influence of the phage display protein on the 

conformational preferences of CREKA. On the other hand, the lack of 

experimental information about the structure of the loops of phage display 

proteins precludes a more realistic modeling of system IV. 

 
Figure 4.1.7:  Lowest energy minimum obtained for GGCREKAGG attached to 
two particles (system IV), which represents the tethering to a phage display 
protein, separated by D= 5 (a), 7 (b), 10 (c) and 15 Å (d). 
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The distribution of the backbone dihedral angles ϕ,ψ for the CREKA peptide 

obtained using D= 20.0 Å is provided in the Supporting Information section 

(Figure S3), omitting the analysis of the four Gly residues included in system IV. 

As can be seen, the Ramachandran maps are very similar to those reported for the 

free peptide (Figure S1) and the peptide attached to a SPIO-nanoparticle (Figure 

S2). This coincidence, which also extends to the accessible energy minima, allows 

us to conclude that the chemical environment does not influence the 

conformational preferences of CREKA. Thus, analysis of the unique energy 

minima obtained for the four systems under study provides evidence that the 

conformational profile of this peptide is mainly characterized by both the β-turn 

motif and the interactions that form the side chains of the three charged residues.  

Figure 4.1.4d depicts the lowest energy minimum obtained for system IV with 

D= 20.0 Å. Again, this structure is dominated by the (Cys)C=O···H-N(Lys) 

[dH···O

Clustering analysis of system IV reveals that 75.0% (395 structures) minima 

show one or more intramolecular interactions (see Supporting Information). 

Analysis of these minima evidence a total of 715 interactions distributed in such 

395 structures, i.e. ∼ 2 interactions per minimum, which can be categorized as 

follows: (i) main chain···main chain hydrogen bonds, 89.0% (636 interactions); 

(ii) main chain···side chain hydrogen bonds, 2.2% (16 interactions); and side 

chain···side chain salt bridges, 8.8% (63 interactions). The overall of these results 

are in excellent agreement with those reported for I, II and III. 

= 2.226 Å, ∠N-H···O= 152.1º] β-turn and the multiple interaction that 

involve the ionized side chains of Arg, Glu and Lys. Furthermore, the intraresidue 

hydrogen bond between the amide N-H and the oxygen atom of the carboxylate 

group of Glu is also detected in this conformation. The noticeable agreement 

between the lowest energy minimum of systems I, II, III and IV is graphically 

displayed in Figure 4.1.8, which provides the superposition of all structures. 
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Figure 4.1.8: Superposition of the lowest energy minimum obtained for systems 
I, II, III and IV (D= 20.0 Å). The CREKA peptide is the only represented, the 
other elements included in simulations of systems III and IV being omitted for 
clarity. 

 

4.1.3.4 Stability of the β-Turn Motif  in CREKA.  

Results obtained in previous sections indicate that the β-turn motif is significantly 

favored for the CREKA peptide sequence. Thus, this conformation was found to 

be present in many of the minima found for systems I-IV evidencing its 

accessibility. In this section we demonstrate that the β-turn motif is not only an 

accessible conformation but also a stable one. For this purpose, NPT MD 

simulations were performed in aqueous solution at 310 K (physiological 

temperature) and P= 1 atm using as starting points three of the minima found for I. 
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Specifically, we considered two different minima arranged in a β-turn 

conformation, hereafter denoted Ia and Ib, and one minimum with a helical-like 

conformation, Ic. These three minima are schematically depicted in Figure 4.1.9a. 

As can be seen, minimum Ia corresponds to the lowest energy minimum of system 

I (Figure 4.1.4a). 

(a) 

(b) 

(c) 

 

                Ia                       IIa                  IIIa 

Figure 4.1.9: (a) Minimum energy conformations (labelled as Ia, Ib and Ic) of free 
CREKA in unionized aqueous solution (system I) selected for MD studies at 310 K 
(physiological temperature). (b) Structure of Ia, Ib and Ic after the equilibration 
period. (c) Superimposition of the snapshots recorded at intervals of 1 ns during the 
MD simulations of Ia, Ib and Ic. 
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Before the production series, the thermodynamic variables of the system were 

equilibrated using the protocol indicated in the Methods section. Specifically, 

consecutive rounds of short MD runs were performed as follows: (i) 0.5 ns of 

NVT-MD at 500 K were used to homogeneously distribute the solvent and ions in 

the box; (ii) 0.5 ns of NVT-MD at 298 K (thermal equilibration); and (iii) 0.5 ns 

of NPT-MD at 298 K (density relaxation) were run. The conformations obtained 

for Ia, Ib and Ic after equilibration are displayed in Figure 4.1.9b. It is worth 

noting that both dynamical and thermal effects induce some re-arrangements in 

the three minima, even although the more important motifs of the three initial 

conformations are retained, especially of Ia and Ib. After equilibration, a NPT-

MD in aqueous solution was run during 10 ns for each structure. 

Figure 4.1.10a compares the root mean square deviation (RMSD) of the three 

minima, while Figure 4.1.10b displays the root mean square fluctuation (RMSF) 

of individual residues averaged over the whole simulation. Both RMSD and 

RMSF were computed with respect to the backbone atoms (-N-Cα-C-). Inspection 

to the RMSD, which were calculated without considering the Ac and NHMe 

capping groups, indicates that the three minima are very stable, the average 

RMSD being around 1.5 Å in all cases. Similarly, the RMSF profiles clearly show 

that the only distortions are located at the capping groups. This feature is also 

reflected in Figure 4.1.9c, which shows the superimposed snapshots that were 

recorded every 1 ns. These results indicate that the more main structural 

characteristics of these accessible minima are retained through the whole 

trajectories evidencing the high stability of the β-turn motif. 
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Figure 4.1.10: (a) Temporal evolution of the backbone RMSD and (b) RMSF 
of the minimum energy conformations Ia (black), Ib (green) and Ic (red) of the 
CREKA peptide. 

 

4.1.4 Discussion and Conclusions 

Considering all the results reported in this work, it is clear that the modified 

SA-MD is a powerful method to explore the conformational space of peptides. 

Complete convergence was reached for systems I, II and III after a few simulation 

cycles. The limited influence exerted, in this case, by the NaCl molecules used to 

mimic the ionic strength of the physiological medium was confirmed by 

comparing the conformational profiles of systems I and II. Unique structures 

produced by independent searches for these two systems reveal a strong degree of 
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similarity, as was also evidence by the clustering analyses. Accordingly, these 

results demonstrate that simulations in unionized aqueous solution are able to 

represent the behavior of CREKA in the ionized physiological medium. 

The conformational space of both the free peptide and the peptide attached to 

a nanoparticle has been explored exhaustively. Results indicate that the 

conformational profile of the REKA sequence is very similar in both cases, the 

only difference being the Cys residue. This coincidence is particularly evident for 

the accessible minima, as can be deduced from the Figures 4.1.4 and 4.1.8. Thus, 

comparison between all the minimum energy conformations with relative energies 

lower than 2.0 kcal/mol reveals a high degree of concordance. Furthermore, 

complete clustering analyses also reflect to a significant agreement, as is 

demonstrated by the similarities in the average number of interactions per 

minimum and the distribution of hydrogen bonding interactions and salt bridges. 

The overall of these results allows us to conclude that the conformational profile 

of the peptide is independent of the chemical environment, i.e. the conformational 

preferences of the peptide are very similar when it is free or attached to a SPIO 

nanoparticle. This agreement is expected to facilitate the future design of synthetic 

analogs to protect the peptide from the attack of proteases since the choice of the 

synthetic amino acid will be based on a general conformational profile rather than 

on a specific conformation. It should be noted that the conformational preferences 

of synthetic amino acids are typically controlled by the introduction of chemical 

restraints, e.g. Cα↔Cα cyclization and/or the introduction of side groups. 

Therefore, in recent years it has been demonstrated that synthetic amino acids 

with restrained and well-defined conformational preferences can be designed for a 

given application.

On the other hand, the pattern of multiple interactions which involves salt 

bridges and hydrogen bonds, defined by the ionized side chains of Arg, Glu and 

Lys determines the backbone conformation of the peptide. This is clearly reflected 

in the lowest energy minimum, which is very similar for both the free CREKA 

and the CREKA-SPIO nanoparticle. Thus, the β-turn motif that characterizes the 

global minimum and many of the accessible minima is a consequence of such 

interactions. Moreover, the ionized side chains of Arg, Glu and Lys are probably 

essential for the binding activity of CREKA. Thus, peptide sequences used to 

recognize tumors are frequently formed by charged amino acids.

13,15,28 

29 Therefore, the 
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multiple interaction pattern mentioned above together with the backbone β-turn 

should be preserved in the engineered CREKA synthetic analogs. 

Calculations on system IV have shown that it is not easy to mimic peptide 

sequences expressed in phage display proteins. Thus, the lack of available 

structural and chemical information about such proteins makes their simulation 

extremely difficult. Our results indicate that, when the dimensions used mimic the 

loop that contains the expressed peptide are too short, the produced minimum 

energy conformations are significantly strained. Accordingly, the results obtained 

for system IV should be considered with caution. In spite of these limitations, the 

results are fully consistent with those obtained for the free peptide and the peptide 

attached to a nanoparticle when the separation between the two extremes of the 

loop that contains CREKA is 20.0 Å. This separation provides the lowest strain, 

even though an unfavorable energy penalty is still involved in the resulting 

minima. However, the good agreement with the conformational profiles of 

systems I, II and III supports the conclusion reached above: the conformational 

preferences of CREKA are not determined by the chemical environment but by 

the strong interactions between the charged residues. 

The coincidence between the global minimum of the four studied systems, 

which is reflected in Figure 4.1.8, together with the analysis of the accessible 

conformations suggest that the bioactive conformation of CREKA involves both a 

β-turn motif and strong interactions involving the side chains of Arg, Glu and Lys. 

Furthermore, MD simulations show that this is a very stable conformation. Thus, 

overall, the results indicate that the shape of the global minimum is appropriate to 

form intermolecular interactions with a receptor, i.e. it is like a pocket with the 

charged groups pointing outwards. Accordingly, the future design of CREKA 

synthetic analogs should take care to retain these elements to preserve the peptide 

binding activity. 
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4.2 
In silico molecular engineering for 
a targeted replacement in a tumor-
homing peptide  
 

A new amino acid has been designed as a replacement for arginine (Arg, R) 
to protect the tumor-homing pentapeptide CREKA from proteases. This 
amino acid, denoted (Pro)hArg, is characterized by a proline skeleton 
bearing a specifically oriented guanidinium side chain. This residue 
combines the ability of Pro to induce turn-like conformations with the Arg 
side-chain functionality. The conformational profile of the CREKA analogue 
incorporating this Arg substitute has been investigated by a combination of 
simulated annealing and Molecular Dynamics. Comparison of the results 
with those previously obtained for the natural CREKA shows that (Pro)hArg 
significantly reduces the conformational flexibility of the peptide. Although 
some changes are observed in the backbone···backbone and side chain···side 
chain interactions, the modified peptide exhibits a strong tendency to 
accommodate turn conformations centered at the (Pro)hArg residue and the 
overall shape of the molecule in the lowest energy conformations 
characterized for the natural and the modified peptide exhibit a high degree 
of similarity. In particular, the turn orients the backbone such that the Arg, 
Glu and Lys side chains face the same side of the molecule, which is 
considered essential for bioactivity. These results suggest that replacement 
of Arg by (Pro)hArg in CREKA may be useful in providing resistance 
against proteolytic enzymes while retaining conformational features which 
are essential for tumor-homing activity.*

4.2.1 Introduction 

 

The linear pentapeptide CREKA (Cys-Arg-Glu-Lys-Ala) was recently 

discovered1 by in vivo screening of phage-display peptide libraries2 for tumor-

homing in tumor-bearing MMTV-PyMT transgenic breast cancer mice.3 After 

intravenous injection of synthetic CREKA, the peptide was detected in human 

tumors; but not in normal tissues.4

                                                 
 
*Submitted for Publication.  
 

 In vivo experiments revealed that this tumor-

homing pentapeptide binds to clotted plasma proteins, thus establishing its 

behavior as a clot-binding peptide. In addition, experiments carried out with 
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CREKA linked to amino dextran-coated iron oxide (SPIO) nanoparticles indicated 

that these systems not only bind to blood and plasma clots but also effectively 

induce further localized tumor clotting, thus amplifying the nanoparticle homing.1 

It has been established that the chemical nature of the nanoparticle is not essential 

for this activity since both CREKA-SPIO nanoparticles and CREKA-coated 

liposomes were found to cause clotting in tumor vessels.1 

In a recent study,5 we determined the energy landscape and proposed the 

bioactive conformation of CREKA by using a multiple conformational search 

strategy based on Molecular Dynamics (MD) simulations. Two experimentally 

tested environments were considered: (i) the free peptide immersed in either a 

dilute aqueous solution or an ionized aqueous solution mimicking the 

physiological medium; (ii) the peptide attached to a nanoparticle through the 

sulfhydryl group of cysteine. In addition, we considered a molecular system that 

mimics the CREKA peptide when inserted in a phage display protein, although in 

this case the search strategy did not converge completely and the conformational 

space was not explored exhaustively. Results indicated5 that the conformational 

profile of the REKA sequence is very similar in all cases; significant differences 

were observed only for the Cys residue. Complete clustering analyses based on 

the number and distribution of intramolecular interactions showed that such 

coincidence was particularly remarkable for the accessible minima, i.e. those with 

relative energies lower than 2.0 kcal/mol.  

Despite the high potential of CREKA in cancer diagnostics and therapeutics, 

the application of this and other tumor-homing peptide sequences may be 

hampered by short half-life times since endogenous proteases rapidly digest such 

peptides. Protection from proteolytic cleavage is therefore crucial for tumor-

homing peptide applications, similar to most peptides exhibiting biological 

activity. Several strategies have been proposed for this purpose, targeted 

replacements with non-coded amino acids being among the most successful 

ones.6–13

Within the framework of a project aimed at improving the biological 

performance and pharmacological profile of CREKA, we have undertaken the in 

silico study of a CREKA analogue incorporating a non-proteinogenic amino acid. 

This residue has been conceived to retain the most relevant characteristics of the 
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conformational profile of the natural peptide and simultaneously impart stability 

against proteolytic cleavage. One should bear in mind that any possible analogue 

able to overcome the limitations of CREKA while retaining its tumor-homing 

activity should exhibit a conformational profile with low-energy regions close to 

those characterizing the natural peptide.5 Computer simulations based on the 

application of theoretical methodologies have proven to be powerful techniques 

not only for sampling the conformational space of biomolecules5,14–16 as small 

peptides, but also for designing, engineering and testing non-proteinogenic amino 

acids with potential applications in nanobiology.17–19 

In this work, we report the explicit design and subsequent conformational 

study of a CREKA analogue generated by replacing an amino acid in the 

sequence by a non-proteinogenic counterpart. The work is divided into three parts. 

First, the new amino acid is engineered. Then, force-field parameters for this non-

coded residue are determined using quantum mechanical calculations. Finally, the 

conformational profile of the modified CREKA sequence attached to a 

nanoparticle is examined using as the sampling technique a computational 

procedure that combines a modified simulated annealing20,21

4.2.2 Computational Methods 

 with molecular 

dynamics (SA-MD). A detailed comparison between the conformational 

properties exhibited by the natural and modified CREKA sequences is provided.  

4.2.2.1 Quantum mechanical calculations  

Density Functional Theory (DFT) methods were applied for quantum 

mechanical calculations, which were carried out using the Gaussian 03 computer 

program.22 Specifically, calculations were performed by combining the Becke´s 

three-parameter hybrid functional (B3)23 with the Lee, Yang and Parr (LYP)24 

expression for the nonlocal correlation (B3LYP). Accordingly, all the quantum 

mechanical calculations presented in this work were performed using the 

unrestricted formalism of the B3LYP method combined with the 6-31+G(d,p) 

basis set.25 Frequency analyses were carried out to verify the nature of the 

minimum state of all the stationary points provided by geometry optimizations 
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and to calculate the zero-point vibrational energies (ZPVE) with both thermal and 

entropic corrections, the latter statistical terms being used to compute the 

conformational Gibbs free energies in the gas phase (∆Ggp).  

To obtain an estimation of the solvation effects on the relative stability of the 

different minima, single point calculations were also conducted 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.26 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 and considering the dielectric constants of carbon tetrachloride (ε = 

2.228), chloroform (ε = 4.9) and water (ε = 78.4). The conformational free 

energies in solution (∆Gsol, where sol refers to the solvent) were computed using 

the classical thermodynamics scheme, that is, the free energies of solvation 

provided by the PCM model were added to the ∆Ggp

4.2.2.2 Conformational search and force-field calculations.  

 values. 

The conformational preferences of the CREKA analogue studied in this work 

were explored using the sampling strategy previously employed for the natural 

peptide.5 This procedure is based on the minimization of structures generated at 

the initial and intermediate states of several SA-MD cycles. The starting 

temperature is gradually reduced during the simulation, thus allowing the system 

to surmount energy barriers. In spite of this, in practice, this sampling technique 

does not always lead the system to the most stable region at the end of the 

simulation. However, recent studies showed that very low energies are obtained 

by minimizing the structures extracted from SA-MD processes.27,28 According to 
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our previous study,5 this sampling technique, which was found to be robust 

enough to obtain low-energy structures that may be quasi-degenerate with the 

global minimum but situated in different valleys of the peptide landscape, was 

applied by submitting 500 structures to energy minimization from each SA-MD 

cycle.  

The simulated system consisted of the CREKA analogue attached to a surface 

through the sulfhydryl group of the Cys residue. The N- and C-termini of the 

peptide backbone were capped with acetyl (Ac, MeCO–) and methylamide (–

NHMe) groups, respectively. The surface was formed by 100 spherical particles 

distributed in a 10×10 square (47.5 Å2), with van der Waals parameters R = 2.35 

Å and ε = 0.90 kcal/mol and no electric charge. This system is identical to that 

considered for natural CREKA in our previous work5 and mimics the 

experimental conditions1,4 in which the peptide is bound to the surface of a 

nanoparticle. Therefore, the results obtained in this work for the CREKA 

analogue are compared with those reported for natural CREKA attached to an 

identical surface (system III in ref. 5), unless otherwise indicated. 

The CREKA analogue attached to the surface was placed in the center of a 

cubic simulation box (a = 47.5Å) filled with 3405 explicit water molecules, which 

were represented using the TIP3 model.29 Two negatively charged chloride atoms 

and one positively charged sodium atom were added to the simulation box to 

reach electric neutrality (net charges were considered for Arg, Lys and Glu at 

neutral pH). Force-field parameters for natural residues were extrapolated from 

AMBER libraries,30

Prior to the production cycles with the modified SA-MD, the simulation box 

was equilibrated. Thus, 0.5 ns of NVT-MD at 500 K were used to homogeneously 

distribute the solvent and ions in the box. Next, 0.5 ns of NVT-MD at 298 K 

(thermal equilibration) and 0.5 ns of NPT-MD at 298 K (density relaxation) were 

run. The last snapshot of the NPT-MD was used as the starting point for the 

conformational search process. This initial structure was quickly heated to 900 K 

at a rate of 50 K/ps to force the molecule to jump to a different region of the 

conformational space. Along 10 ns, the 900 K-structure was slowly cooled to 500 

K at a rate of 1 K per 25 ps. A total of 500 structures were selected and 

 while those for the non-coded amino acid proposed in this 

work were explicitly developed (see below).  
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subsequently minimized during the first cycle of modified SA-MD. The resulting 

minimum energy conformations were stored in a rank-ordered library of low 

energy structures. The lowest energy minimum generated in a modified SA-MD 

cycle was used as starting conformation of the next cycle.  

The energy was calculated using the AMBER potential.30 Atom pair distance 

cut-offs were applied at 14.0 Å to compute the van der Waals and electrostatic 

interactions. In order to avoid discontinuities in the potential energy function, 

non-bonding energy terms were forced to slowly converge to zero, by applying a 

smoothing factor from a distance of 12.0 Å. Both temperature and pressure were 

controlled by the weak coupling method, the Berendsen thermobarostat,31 using a 

time constant for heat bath coupling and a pressure relaxation time of 1 ps. Bond 

lengths were constrained using the SHAKE algorithm32

4.2.2.3 Conformation classification and clustering analysis.  

 with a numerical 

integration step of 2 fs. 

The list of unique minimum energy conformations was generated by 

comparing the 500 minimized structures provided by each cycle of modified SA-

MD not only among themselves but also with unique minima generated in 

previous cycles. The list was organized by rank ordering all the unique minimum 

energy conformations found in an increasing energy, with the previously listed 

conformations discarded. Unique minimum energy conformations were identified 

based on the virtual dihedral angles which characterize the peptide backbone 

conformation and on hydrogen-bond and salt-bridge interactions. Five virtual 

dihedral angles were defined considering the α-carbon atoms of the five residues, 

the methyl carbon atom of the acetyl and methylamide capping groups and one 

acetyl hydrogen atom (Figure 4.2.1a). The existence of interactions was accepted 

on the basis of the following geometric criteria: a) for salt bridges: distance 

between the centers of the interacting groups shorter than 4.50 Å; b) for hydrogen 

bonds: H···O distance shorter than 2.50 Å and N–H···O angle higher than 120.0º. 

Two structures were considered different when differing in at least one of their 

virtual dihedral angles by more than 60º or in at least one of the above 

interactions. All the structures classified as different were subsequently clustered 

based on salt bridges and hydrogen bonds.  
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(a) 
 

(b) 

 

(c) 

Figure 4.2.1: (a) Schematic representation of the system under study showing the 
position of the particles (black dots) used to define the virtual dihedral angles (see 
Methods Section). (b) Bioactive conformation proposed for CREKA (according to 
ref. 5). (c) CREKA analogue constructed by replacing the Arg residue by 
(Pro)hArg within the bioactive conformation. The Arg and (Pro)hArg side chains 
are depicted in yellow. 
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4.2.3 .Results and Discussion  

4.2.3.1 Design of the Chemical Modifications in CREKA 

The bioactive conformation proposed for natural CREKA on the basis of 

theoretical calculations5 is depicted in Figure 4.2.1b. In this structure, the 

backbone defines a β type turn motif. The functionalized side chains of the central 

residues (Arg, Glu and Lys) face the same side of the molecule, and the backbone 

Cys CO and Lys NH groups are hydrogen bonded. This structural motif was 

identified in the global minimum of the free peptide, when inserted in a phage 

display protein, and in many of the accessible minima. Inspection of the side 

chains reveals salt bridges involving the negatively charged carboxylate group of 

Glu and the contiguous positively charged side chains of Arg and Lys. These side-

chain interactions are made possible by the peptide backbone turn conformation. 

An extended backbone would place the positively and negatively charged side 

chains pointing towards opposite sides (Figure 4.2.1a). The salt-bridges presented 

multiple interaction patterns, with the specific atoms involved being dependent on 

the chemical environment considered, i.e. the peptide in the free state, attached to 

a nanoparticle or inserted in a phage display protein. Accordingly, the salt bridges 

identified in many of the significant minima were found to differ in the atoms 

involved in these interactions.  

The structural features observed5 for CREKA therefore lie in the β-turn 

conformation adopted by the peptide backbone. In this turn motif, Arg occupies 

the i+1 position. Proline (Pro) is known to exhibit a high propensity to induce 

turns (of either the β- or the γ-type) and, in particular, to occupy position i+1 of β-

turns.33–35 Moreover, the cyclic structure of Pro, which is unique among naturally-

occurring amino acids, is known to impart stability against enzymatic 

hydrolysis.36–39

We therefore considered the replacement of Arg in CREKA by a proline 

derivative bearing the guanidinium group present in the Arg side chain at the γ-

 Thus, replacing the Arg in CREKA by a proline-like derivative of 

this amino acid could lead to an increase in stability with a simultaneous retention, 

or even enhancement, of the propensity to adopt a folded turn-like conformation. 
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position of the pyrrolidine ring. Proline derivatives of this type may be 

synthetically accessible by transformation of γ-hydroxyproline, a starting material 

available in enantiomerically pure form from commercial sources. The exact 

chemical structure of the newly designed amino acid needs however to be 

selected: an Arg side chain incorporated at the Cγ in proline can exhibit either a cis 

or a trans conformation with respect to the carbonyl function. In addition, the 

guanidinium group may be attached to the Cγ atom of the pyrrolidine ring through 

a variable number (n) of methylene units, whose optimal value for formation of 

salt-bridge interactions with the proximal Glu side chain should be determined. 

For this purpose, graphical molecular modeling was performed using the 

proposed bioactive conformation5

  

 of natural CREKA (Figure 4.2.1b) as a 

template. This qualitative analysis provided the best fitting when the Arg side 

chain was arranged in cis with respect to the proline carbonyl group and for a 

chain length corresponding to n = 2 (Figure 4.2.1c). The amino acid thus designed 

was denoted as (Pro)hArg, where hArg stands for homoarginine, that is, the Arg 

homologue containing one more methylene unit. Figure 4.2.2 shows the structures 

of Arg, hArg and their corresponding cis proline-like derivatives (Pro)Arg and 

(Pro)hArg, respectively, for comparison.  

Figure 4.2.2: Structure 
of arginine (Arg) and 
its homologue 
containing an 
additional methylene 
group (hArg), as well 
as that of their 
respective proline-like 
derivatives considered 
in this work. 
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4.2.3.2 Conformational Profile and Force-Field 
Parametrization.  

Before analyzing the conformational impact derived from the incorporation of 

(Pro)hArg into CREKA, parametrization of this non-proteinogenic residue is 

necessary. For this purpose, the conformational properties of its N-acetyl-N’-

methylamide derivative, Ac-(Pro)hArg-NHMe (Figure 4.2.3b), have been 

analyzed. Given the large number of dihedral angles in this molecule and the 

subsequent huge number of starting geometries to be considered, a simplified 

methodology has been applied. Thus, the minimum energy conformations of this 

compound have been derived from those obtained for the residue containing one 

less methylene unit, Ac-(Pro)Arg-NHMe (Figure 4.2.3a). 

N
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CαH3C
C

O
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H

HN

NH2H2N

Ac-(Pro)Arg-NHMe
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(a) 

Figure 4.2.3: Dihedral angles used to 
identify the conformations of the N-
acetyl-N’-methylamide derivatives of 
(Pro)Arg (a) and (Pro)hArg (b) studied 
in this work. The dihedral angles ω0, ϕ, 
ψ and ω are defined using backbone 
atoms, whereas the endocyclic dihedral 
angles (χi) and ξ1, respectively, are 
given by the atoms of the five-
membered ring. In particular, the 
sequence of atoms used to define ϕ, χ0 
and ξ1 are C(O)–N–Cα–C(O), Cδ–N–
Cα–Cβ and Cβ–Cγ–CH2

 

–N,  
respectively. 
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The backbone (ω0,ϕ,ψ,ω) and side chain (χi, endocyclic; ξi exocyclic) 

dihedral angles considered for Ac-(Pro)Arg-NHMe and Ac-(Pro)hArg-NHMe are 

defined in Figure 4.2.3. The minimum energy conformations of these compounds 

have been denoted using a three-label code describing the backbone conformation, 

the puckering of the five-membered ring and the conformation of the exocyclic 

substituent. Specifically, the first label identifies the backbone conformation, 

defined by the ϕ,ψ dihedral angles, using Perczel’s nomenclature.40 Accordingly, 

nine different backbone conformations can be distinguished in the potential 

energy surface E=E(ϕ,ψ) of an α-amino acid: γD, δD, αD, εD, βL, εL, αL, δL and 

γL. In the case of proline, only the γL (γ-turn or C7), αL (α-helical), and εL 

(polyproline II) conformations are possible because ϕ is fixed around –60º.33–35 

The up or down puckering of the five-membered pyrrolidine ring is next indicated 

using the [u] and [d] labels, respectively. These conformational states are defined 

as those in which the Cγ atom and the carbonyl group of proline (or the proline-

like residue) lie on the same or opposite sides, respectively, of the plane defined 

by the Cδ, N and Cα atoms. In particular, the down ring puckering is identified 

when χ1 and χ3 are positive while χ2 and χ4 are negative. Conversely, the up ring 

puckering is characterized by negative values of χ1 and χ3 and positive values of 

χ2 and χ4. Finally, the last set of letters indicates the gauche+ (g+), skew+ (s+), 

trans (t), skew– (s–) or gauche– (g–) arrangement of each exocyclic dihedral angle 

ξi

In a first step, the intrinsic conformational properties of Ac-(Pro)Arg-NHMe 

(Figure 4.2.3a) were investigated, using DFT calculations at the B3LYP/6-

31+G(d,p) level. The conformational search was performed considering that this 

compound retains the restrictions imposed by the five-membered pyrrolidine ring 

in proline. Thus, the three minimum energy conformations previously 

characterized for Ac-Pro-NHMe

. 

41 with all trans amide bonds (ω0 and ω  ≈ 180º), 

namely γL[d], γL[u] and αL[u], were used to generate the starting structures of Ac-

(Pro)Arg-NHMe. The arrangement of the side group in (Pro)Arg is defined by the 

flexible dihedral angles ξ1 and ξ2 (Figure 4.2.3a), which are expected to exhibit 

three different minima: trans (180º), gauche+ (60º) and gauche– (–60º). 

Accordingly, 3 (minima of Ac-Pro-NHMe) × 3 (minima of ξ1) × 3 (minima of ξ2) 
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= 27 minima were anticipated for the potential energy hypersurface (PEH) E = 

E(ϕ,ψ,χi,ξi) of Ac-(Pro)Arg-NHMe. All these structures were used as starting 

points for subsequent full geometry optimizations.  

Table 4.2.1 lists the geometric parameters and the relative energies (∆Egp) of 

the five minima characterized for this compound in the gas phase, which are 

displayed in Figure 4.2.4. In the lowest energy minimum (γL[u]g+t, Figure 4.2.4a), 

the backbone acetyl CO and methylamide NH sites form an intramolecular 

hydrogen bond defining a seven-membered cycle (γ-turn or C7 conformation), 

while the pyrrolidine ring exhibits an up puckering and the exocyclic dihedral 

angles ξ1 and ξ2 are arranged in gauche+ and trans, respectively. This side chain 

disposition allows formation of a strong hydrogen bond involving the (Pro)Arg 

carbonyl oxygen and the NH moiety in the guanidinium group. Similar 

backbone···backbone and backbone···side chain hydrogen-bond interactions are 

present in the third minimum (γL[d]s+s+, Figure 4.2.4c) although, in this case, a 

down puckering of the pyrrolidine ring and a skew+ conformation of both ξ1 and 

ξ2 are required, and this side chain rearrangement is associated with an energy 

penalty of 3.6 kcal/mol.  
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Figure 4.2.4: Minimum energy conformations of Ac-(Pro)Arg-NHMe 
obtained from B3LYP/6-31+G(d,p) calculations: (a) γL[u]g+t; (b) 
γL[d]ts-; (c) γL[d]s+s+; (d) εL[d]g-s+; (e) γL[d]g-s+ (see Table 1 for 
geometries). Distances (H···O) and angles (N–H···O) associated with the 
backbone···backbone and backbone···side chain interactions (dashed lines) 
are given. 
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Table 4.2.1 Dihedral anglesa,b of the backbone and the exocyclic side group, 

pseudorotational parametersa of the pyrrolidine ring (A and P), and relative 

energyc (∆Egp

 

) of the minimum energy conformations characterized for Ac-

(Pro)Arg-NHMe at the B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (P, A) ξ ξ1 ∆E2 gp 

γL[u]g+ -175.9 t -82.3 84.4 -176.7 (177.2, 27.7) 67.7 d -164.5 0.0e 

γL[d]ts -170.2 - -82.9 74.0 -178.8 (-108.9, 30.7) -171.4 f -115.3 0.4 

γL[d]s+s -169.0 + -82.0 71.4 179.4 (-97.4, 38.3) 149.8 g 110.3 3.6 

εL[d]g-s -172.9 + -69.2 137.4 -178.5 (-91.1, 33.3) -38.5 h 104.7 5.6 

γL[d]g-s -176.4 + -82.4 98.4 -175.8 (-152.0, 29.0) -36.4 i 108.8 6.4 

a In degrees. b See Figure 4.2.3a for definition. c In kcal/mol. d χ0= -27.7º, χ1= 
20.4º, χ2= -7.3º, χ3= -8.7º and χ4= 23.2º. e E= -817.237062 a.u.. f χ0= -9.9º, χ1= 
25.2º, χ2= -30.8º, χ3= 24.3º and χ4= -9.2o. g χ0= -4.9º, χ1= 26.7º, χ2= -37.8º, χ3= 
33.8º and χ4= -18.6º. h χ0= -0.6º, χ1= 20.4º, χ2= -31.7º, χ3= 30.8º and χ4= -19.5º. i 
χ0= -25.6º, χ1= 27.8º, χ2= -20.9º, χ3= 5.8º and χ4= 12.6º.  

Indeed, for a γL backbone conformation, the most favorable backbone···side 

chain interaction when the pyrrolidine ring is down-puckered seems to involve the 

NH2 rather than the NH site in the guanidinium side chain. This is inferred from 

the geometry of the second conformer in Table 4.2.1 (γL[d]ts-, Figure 4.2.4b), 

which is destabilized with respect to the global minimum by only 0.4 kcal/mol. 

Interestingly, deviation of the ψ angle in this second conformer to values around 

100º results in a new minimum energy structure (γL[d]g-s+, Figure 4.2.4e) where 

the backbone···backbone and backbone···side chain hydrogen-bond interactions 

are retained. However, the large ψ angle leads to a much less favorable geometry 

for the hydrogen bond stabilizing the γ-turn conformation and this results in a 

∆Egp

The only conformer in Table 4.2.1 with a backbone structure other than γ

 value of 6.4 kcal/mol. 

L is 

the fourth minimum (εL[d]g-s+, Figure 4.2.4d), which corresponds to a polyproline 

II conformation. Despite the presence of a strong interaction involving the 

(Pro)Arg carbonyl and one guanidinium NH2 moiety, this conformer is unfavored 
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by 5.6 kcal/mol, due to the absence of hydrogen bonds linking the backbone 

amide groups. 

The free energies in the gas phase (∆Ggp) calculated for the five minimum 

energy conformations of Ac-(Pro)Arg-NHMe are displayed in Table 4.2.2. As can 

be seen, consideration of the ZPVE, thermal and entropic corrections for the 

transformation of ∆Egp into ∆Ggp represents relative variations lower than 0.2 

kcal/mol in all cases with the exception of the γL[d]ts- disposition, for which these 

statistical corrections produce a destabilization of 1.2 kcal/mol. Accordingly, 

γL[u]g+t is the only conformation significantly populated in the gas phase at room 

temperature according to a Boltzmann distribution since all the local minima 

exhibit ∆Ggp values higher than 1.5 kcal/mol.  

Table 4.2.2 Relative free energya in the gas phase (∆Ggp) and in carbon 
tetrachloride, chloroform and aqueous solutions (∆GCCl4, ∆GCHCl3 and ∆GH2O

 

, 
respectively) for the minimum energy conformations of Ac-(Pro)Arg-NHMe at the 
B3LYP/6-31+G(d,p) level. 

∆G ∆Ggp ∆GCCl4 ∆GCHCl3 H2O 

γL[u]g+ 0.0t 1.1 b 2.6 6.2 

γL[d]ts 1.6 - 0.0 0.0 1.7 

γL[d]s+s 3.8 + 3.7 4.3 6.6 

εL[d]g-s 5.7 + 2.4 0.6 0.0 

γL[d]g-s 6.4 + 4.1 3.3 4.2 

a In kcal/mol. b

In order to obtain an estimation of the solvation effects on the relative stability 

of the different minima, single point calculations were conducted on the optimized 

structures using the PCM method. Table 4.2.2 includes the relative free energies 

in carbon tetrachloride, chloroform and water solutions (∆G

 G= -816.963546 a.u. 

 

CCl4, ∆GCHCl3 and 

∆GH2O, respectively). The solvent introduces significant changes in the relative 

stability of the different minima characterized for Ac-(Pro)Arg-NHMe. Carbon 

tetrachloride was found to considerably stabilize the γL[d]ts-, εL[d]g-s+ and γL[d]g-
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s+ conformations, to the point that the former becomes the most stable structure 

and the two latter are stabilized by 3.3 and 2.3 kcal/mol, respectively, with respect 

to the gas phase. The higher polarity of chloroform results in a further 

stabilization of the εL[d]g-s+ conformation, even though the lowest energy 

structure remains γL[d]ts-, as in carbon tetrachloride. Finally, εL[d]g-s+ becomes 

the most stable structure in aqueous solution, the ∆GH2O values of the other four 

conformers being higher than 1.5 kcal/mol. 

The γL[u]g+t and εL[d]g-s+ arrangements, corresponding to the lowest free 

energy conformations of Ac-(Pro)Arg-NHMe in the gas phase and in aqueous 

solution, respectively (Table 4.2.2), were used as starting structures for the 

conformational study of Ac-(Pro)hArg-NHMe (Figure 4.2.3b). Thus, the starting 

geometries for the latter compound were prepared by including an additional 

methylene group in the side chain of (Pro)Arg for such two representative 

structures. The conformation of the new methylene group is defined by the 

dihedral angle ξ3 (Figure 4.2.3b), for which three different arrangements were 

considered: gauche+, trans and gauche–. Accordingly, the conformational search 

of Ac-(Pro)hArg-NHMe was carried out considering 2 [representative minima of 

Ac-(Pro)Arg-NHMe] × 3 (minima of ξ3

1.877 Å
147.4º

1.675 Å
165.1

(a)
 

 

) = 6 starting geometries. Energy 

minimizations at the B3LYP/6-31+G(d,p) level led to five different minimum 

energy structures, the three most stable being given in Table 4.2.3 and Figure 

4.2.5. The remaining two are not included since their relative energies were found 

to be above 10 kcal/mol and therefore were not considered representative. 

 
 

 

1.704 Å
160.7º

(b)

 

 

 

 

 

2.012 Å
141.5º

(c)

 
Figure 4.2.5: Minimum energy conformations of Ac-(Pro)hArg-NHMe obtained 
from B3LYP/6-31+G(d,p) calculations: (a) γL[d]tg+g-; (b) εL[d]g-g+g+; (c) 
γL[d]g-tt (see Table 3 for geometries). Distances (H···O) and angles (N–H···O) 
associated with the backbone···backbone and backbone···side chain interactions 
(dashed lines) are given. 
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Table 4.2.3. Dihedral anglesa,b of the backbone and the exocyclic side group, 
pseudorotational parametersa of the pyrrolidine ring (A and P), and relative 
energyc (∆Egp

 

) of the minimum energy conformations characterized for Ac-
(Pro)hArg-NHMe at the B3LYP/6-31+G(d,p) level in the gas phase. 

ω ϕ 0 ψ ω (P, A) ξ ξ1 ξ2 ∆E3 gp 

γL[d]tg+g -169.4 - -82.5 68.8 -179.5 (-105.0, 35.2) -159.3 d 52.3 -85.3 0.0e 

εL[d]g-g+g -171.0 + -68.9 139.9 -179.4 (-86.6, 37.1) -51.8 f 70.0 69.8 5.5 

γL[d]g- -170.9 tt -83.7 78.1 -178.4 (-105.5, 32.9) -72.2 g 179.3 -176.2 9.6 

a In degrees. b See Figure 4.2.3b for definition. c In kcal/mol. d χ0= -9.1º, χ1= 
27.6º, χ2= -35.1º, χ3= 29.0º and χ4= -12.9º. e E= -856.547433 a.u. f χ0= -10.4º, χ1= 
26.8º, χ2= -32.9º, χ3= 26.0º and χ4= -10.2º. g χ0= 2.2º, χ1= 20.5º, χ2= -34.3º, χ3= 
35.0º and χ4= -24.1º. 

 
The lowest energy conformation (γL[d]tg+g-, Figure 4.2.5a) corresponds to a γ-

turn conformation stabilized by a hydrogen bond linking the backbone terminal 

CO and NH sites. The (Pro)hArg CO group and one of the NH2 moieties in the 

guanidinium side chain are also involved in a strong hydrogen-bond interaction. 

The latter is lost in the γL[d]g-tt minimum (Figure 4.2.5c), which explains its high 

relative energy. Conversely, the second conformer in Table 4.2.3 (εL[d]g-g+g+, b 

Figure 4.2.5) exhibits no backbone···backbone hydrogen bond, as expected for an 

εL conformation, while being stabilized by a strong side chain···backbone 

interaction. Accordingly, it is destabilized by 5.5 kcal/mol with respect to the 

lowest energy minimum.  

Table 4.2.4 lists the ∆Ggp, ∆GCCl4, ∆GCHCl3 and ∆GH2O values calculated for 

the three Ac-(Pro)hArg-NHMe minima described above. Notably, the ZPVE, 

thermal and entropic corrections stabilize the γL[d]g-tt structure in the gas phase 

by 3.5 kcal/mol. In spite of this, the γL[d]tg+g- remains the only accessible 

conformation both in the gas phase and in carbon tetrachloride solution. In 

contrast, γL[d]g-

These results indicate that (Pro)hArg retains the most important structural 

features of proline,

tt becomes the most stable structure in the presence of chloroform 

or water.  

41 reflecting a high tendency to induce peptide turns. It should 

also be noted that, even if the γL and εL conformations are characterized by 

different values of the ψ dihedral angle, both of them correspond to turn-like 
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backbone conformations, namely the i+1 position of a γ- and a βII-turn, 

respectively.33–35  

Table 4.2.4 Relative free energya in the gas phase (∆Ggp) and in carbon 
tetrachloride, chloroform and aqueous solutions (∆GCCl4, ∆GCHCl3 and ∆GH2O

 

, 
respectively) for the minimum energy conformations of Ac-(Pro)hArg-NHMe at 
the B3LYP/6-31+G(d,p) level. 

∆G ∆Ggp ∆GCCl4 ∆GCHCl3 H2O 

γL[d]tg+g 0.0- 0.0 b 2.1 5.3 

εL[d]g-g+g 5.1 + 3.8 4.3 5.1 

γL[d]g- 6.1 tt 1.7 0.0 0.0 

a In kcal/mol. b G= -856.244850 a.u. 

The stretching, bending, torsion and van der Waals parameters used in the 

AMBER force-field30 to describe Pro and Arg were directly transferred to 

(Pro)hArg. Atomic centered charges for the minimum energy conformations listed 

in Table 4.2.3 were calculated by fitting the UHF/6-31G(d) quantum mechanical 

and the Coulombic molecular electrostatic potentials (MEPs) to a large set of 

points placed outside the nuclear region. It should be noted that the electrostatic 

parameters derived at this level of theory are fully compatible with the current 

AMBER force-field.30 On the other hand, electrostatic force-field parametrization 

using a strategy based on weighted multiple conformations through a Boltzmann 

distribution in the gas phase, which was originally proposed by different 

authors,42 has been demonstrated to be especially successful for non-proteinogenic 

residues.42b,43 Accordingly, parameters for (Pro)hArg (Figure 4.2.6) have been 

obtained considering the atomic charges of the lowest energy minimum only 

(γL[d]tg+g-, Table 4.2.4) since the other two local minima are unfavored by more 

than 5.1 kcal/mol and, therefore, their contribution to a normalized Boltzmann 

distribution can be considered negligible.  
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Figure 4.2.6: Electrostatic 
parameters determined for the 
(Pro)hArg residue  

 

4.2.3.3 Conformational Search of the CREKA Analogue 
Attached to a Nanoparticle.  

Comparison with the Natural Peptide. The conformational preferences of the 

CREKA analogue incorporating (Pro)hArg as an Arg substitute, hereafter denoted 

as CR*EKA, have been explored using the sampling technique previously 

employed for the study of the natural pentapeptide.5 Figure 4.2.7a represents the 

evolution of the number of unique minimum energy conformations against the 

number of modified SA-MD production cycles necessary for the conformational 

search of CR*EKA to converge. As can be seen, the exploration is completed 

after seven cycles, the last one providing only 3 new structures to the list of 

unique conformations. Interestingly, the replacement of Arg by (Pro)hArg did not 

lead to a reduction in the amount of modified SA-MD cycles required to complete 

the conformational search, but the number of accessible low energy 

conformations diminished dramatically, i.e. 612 and 1305 minima were obtained 

for CR*EKA and CREKA, respectively. Moreover, the energetic distribution of 

the minima generated was also affected by this targeted replacement, as indicated 

in Figure 4.2.7b. Thus, the conformational restrictions imposed by the presence of 

(Pro)hArg eliminated a large number of minima with relative energies in the 

interval between 4 and 11 kcal/mol, which was found to be the most populated for 
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CREKA. This effect is shown by the plateau distribution obtained for CR*EKA, 

which contrasts with the gaussian-like distribution achieved for the natural 

peptide. 

 
Figure 4.2.7: (a) Number of unique minimum energy conformations found 
for CR*EKA (grey line and diamonds) and natural CREKA (black line and 
circles) against the number of modified SA-MD cycles used for the 
conformation search. (b) Distribution of energies for the unique minimum 
energy conformations of CR*EKA and natural CREKA. Energies are 
computed relative to the corresponding lowest energy minimum. 

 
 

The conformational preferences of the backbone in the two pentapeptides have 

been compared by analyzing the virtual dihedral angles used to define the specific 

arrangement of each residue. Results are given in Figure 4.2.8, which represents 

the distribution of such dihedrals through histograms. As can be seen, the 

incorporation of (Pro)hArg produces some changes in the general conformational 

profile of the peptide. The distributions obtained for the (Pro)hArg and Glu 

residues in CR*EKA are very similar to those found for their Arg and Glu 

counterparts in CREKA, while important variations are detected for the other 
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three residues, especially Lys and Ala. Indeed, the conformational space of the 

two latter amino acids is significantly narrower in CR*EKA, indicating that the 

incorporation of (Pro)hArg reduces the conformational flexibility of the whole 

peptide. This is also reflected in Figure 4.2.9, which compares the distribution of 

the ϕ,ψ backbone dihedral angles of the five residues for the minima with relative 

energies lower than 2 kcal/mol.  

 

 
Figure 4.2.8: Comparison of the distribution of virtual dihedral angles used to 
define the backbone conformation of CREKA (a) and CR*EKA (b) in each 
unique minimum energy structure obtained. Color code for the bars: black for 
dihedral angle values ranging from 0° to 60°, red from 60° to 120°, green from 
120° to 180°, blue from 180° to 240°, yellow from 240° to 300° and grey from 
300° to 360°.  
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Figure 4.2.9: Distribution of the unique minimum energy structures generated 
for CR*EKA (top) and CREKA (bottom) in clusters, which have been grouped on 
the basis of the formation of hydrogen bonds and salt bridges. 
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Figure 4.2.10: Ramachandran plot distribution for the five residues of CR*EKA 
(open circles) and CREKA (filled black circles) considering the more 
representative minimum energy structures, i.e. those within a relative energy 
interval of 2 kcal/mol. 

 

A clustering analysis based on hydrogen bonds and salt bridges indicated that 

68% of the CR*EKA minima (417 structures) present at least one such 

interaction, while this value reaches 82% (1092 structures) for natural CREKA. 

The total number of interactions (either of the hydrogen-bond or salt-bridge type) 

detected in these minima is 667 (1.6 interactions per structure) and 2198 (2.1 

interactions per structure) for CR*EKA and CREKA, respectively, which are 

distributed in 106 and 448 clusters (Figure 4.2.10). It is interesting to note that 

only 3 clusters in CR*EKA and 8 in CREKA contain more than 25 structures, 

respectively grouping 31% and 25% of the minima. Clusters are organized as 

follows: (i) backbone···backbone hydrogen bonds: 79.3% (529 interactions) for 

CR*EKA and 83.6% (1839 interactions) for CREKA; (ii) backbone···side chain 

hydrogen bonds: 0.0% (no interaction) for CR*EKA and 4.7% (102 interactions) 

for CREKA; (iii) side chain···side chain salt bridges: 20.7% (138 interactions) for 

CR*EKA and 11.7% (257 interactions) for CREKA. 
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The most frequent interactions in the modified peptide are the Glu(N–

H)···(O=C)Cys hydrogen bond (219 interactions; 32.8%) and the Glu···Lys salt 

bridge (138 interactions; 20.7%), while in natural CREKA they are the Glu(N–

H)···(O=C)Ac, Lys(N–H)···(O=C)Cys and Ala(N–H)···(O=C)Arg 

backbone···backbone hydrogen bonds (251, 225 and 207 interactions, 

respectively; 11.4%, 10.2% and 9.4%, respectively) and the Arg···Glu salt bridge 

(187 interactions; 8.5%). These distinct interaction patterns suggest important 

differences between the two peptides, which are confirmed upon a cross-

comparison of the frequency in which a particular interaction is observed. Thus, 

the backbone···backbone hydrogen bond most frequently detected in CR*EKA, 

Glu(N–H)···(O=C)Cys, accounts for only 3.4% of the CREKA interactions. 

Conversely, the Glu(N–H)···(O=C)Ac, Lys(N–H)···(O=C)Cys and Ala(N–

H)···(O=C)Arg hydrogen bonds are, respectively, 0.8%, 3.6% and 5.1% of the 

CR*EKA interactions. Regarding side chain···side chain contacts, the frequency 

of the Glu···Lys salt bridge is 7.5% in CREKA, while the Arg···Glu interaction 

was not identified in any of the CR*EKA minima. 

These results indicate that the conformational restrictions imposed by the 

presence of (Pro)hArg lead to some alterations in the conformational profile of the 

whole peptide that affect the turn type generated and the residues involved in this 

turn, as well as the interactions between adjacent ionized side chains. As 

expected, the conformational propensities of the (Pro)hArg-containing peptide 

seem to be more clearly defined than those of the natural sequence, as shown by 

the smaller variation observed for the preferred backbone···backbone and side 

chain···side chain interactions in CR*EKA with respect to CREKA. This is 

deduced from the cluster analysis described above and it becomes even clearer 

when the interaction schemes of the three conformations of lowest energy 

generated for the two peptides are compared (Table 4.2.5). Thus, up to three 

different β-turns are detected in these CREKA conformations, namely those 

centered at Arg-Glu [stabilized by a Lys(N–H)···(O=C)Cys hydrogen bond; 

minima # 1 and 3], Glu-Lys [stabilized by a Ala(N–H)···(O=C)Arg hydrogen 

bond; minimum # 2] and Lys-Ala [stabilized by a NHMe(N–H)···(O=C)Glu 

hydrogen bond; minimum # 2]. In comparison, all three CR*EKA conformers in 

Table 4.2.5 share a γ-turn centered at the (Pro)hArg residue and stabilized by a 
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Glu(N–H)···(O=C)Cys hydrogen bond. This is due to the much higher propensity 

of proline, when compared to other proteinogenic amino acids, in nucleating turns 

and therefore occupying the central turn positions.33–35 The fact that the turn 

observed in the lowest energy conformation in CREKA is of the β type whereas it 

is of the γ type in CR*EKA, suggests that the difference in the overall shapes of 

the molecules is rather small. In both turns the i+1 position is occupied by either 

Arg (in CREKA) or its substitute (in CR*EKA) and both turn conformations 

orient the charged side chains of the three central residues toward the same region 

of the molecule. Thus, the main structural requirements considered to be essential 

for the bioactivity of CREKA5 are also present in CR*EKA. 
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Table 4.2.5 Comparison between the interaction patterna of the three minima 
of lowest energy generated for natural CREKAb and its analogue CR*EKA. 
Relative energiesc

# 
 (∆E) are also given. 

∆E CR*EKA ∆E CREKA 

1 0.0 HB Glu(N–H)···(O=C)Cys 

SB Lys···Glu 

0.0 HB Lys(N–H)···(O=C)Cys 

SB Arg···Glu 

SB Lys···Glu 

2 1.0 HB Glu(N–H)···(O=C)Cys 

HB Ala(N–H)···(O=C)Cys 

HB NHMe (N–H)···(O=C)Glu 

SB Lys···Glu 

1.0 HB Ala(N–H)···(O=C)Arg 

HB NHMe(N–

H)···(O=C)Glu 

SB Arg···Glu  

3 1.0 HB Glu(N–H)···(O=C)Cys 

HB NHMe(N–H)···(O=C)Lys 

SB Lys···Glu 

2.0 HB Lys(N–H)···(O=C)Cys 

HB Ala(N–H)···(O=C)Cys 

SB Arg···Glu 
a Hydrogen bonds and salt bridges are labeled as HB and SB, respectively. b 
According to reference 5. c

Overall, these results suggest that, although the targeted replacement of Arg 

by (Pro)hArg in CREKA induces some changes in the conformational profile of 

the peptide, the most important structural trends of the natural compound are 

retained. This general resemblance is reflected in the lowest energy conformations 

found for CR*EKA and for CREKA, with the backbones within 1.5 Å of each 

other. Figure 4.2.11 shows the superposition of the two structures. This shape 

similarity between the most stable minima suggests that the incorporation of 

 In kcal/mol. 
In spite of this similarity, the natural peptide and its analogue differ in the 

interactions involving the three charged side chains. Specifically, the only salt-

bridge type detected in the three CR*EKA minima in Table 4.2.5 involves Glu 

and Lys, while the natural CREKA presents multiple salt bridges Arg···Glu···Lys 

(minimum # 1) or an Arg···Glu only (minima # 2 and 3). The Arg···Glu salt 

bridge seems to be disfavored when (Pro)hArg replaces Arg, but the biological 

consequences of this change are difficult to predict since this specific interaction 

may not be essential to bioactivity. In the peptide-receptor recognition process, 

the Arg, Gly and Lys side chains are likely to interact with the complementary 

groups in the receptor, rather than among themselves. 
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(Pro)hArg to provide resistance against the proteolytic enzymes would not induce 

major alterations in the conformational features considered to be essential for the 

tumor-homing activity of the pentapeptide. 

 

Figure 4.2.11: Lowest energy 
minimum obtained for CR*EKA 
(a) and CREKA (b) attached to a 
nanoparticle, and superposition 
of both structures (c). The surface 
used to mimic the nanoparticle is 
represented by a single green ball  

4.2.4 Conclusions 

A targeted replacement strategy has been followed to protect CREKA, a 

promising tumor-homing pentapeptide for cancer diagnostics and treatment, from 

proteolytic cleavage. For this purpose, a proline-like derivative of arginine, 

denoted as (Pro)hArg, has been designed, parameterized and incorporated into 

CREKA, replacing Arg. The conformational flexibility of the CREKA analogue 

incorporating (Pro)hArg is significantly reduced with respect to the natural 

CREKA. We attribute this reduction to the conformational restrictions imposed by 

the cyclic residue. The presence of this arginine surrogate produces some 

alterations in the interaction patterns as observed in the clustering analysis based 

on hydrogen bonds and salt bridges and in the detailed comparison of the 

interactions in the lowest energy conformations in the natural and modified 

peptide. In spite of this, the most important features proposed for the bioactive 

conformation of CREKA, i.e. a turn motif orienting the charged side chains 

towards the same side of the molecule, are retained in the (Pro)hArg-containing 
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analogue. The shape of the lowest energy conformation of the modified peptide 

shows a significant degree of similarity with that proposed for the bioactive 

conformation of the natural peptide. Thus, our results suggest that the 

incorporation of (Pro)hArg into CREKA as an arginine substitute could be useful 

to protect the peptide from proteolytic attack while retaining, or even enhancing, 

those structural features of the parent peptide considered to be essential for its 

tumor-homing activity. 
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5  
Discussion of the Results 

  

The major aims of this work are: (i) the understanding of the conformational 

preferences of synthetic proline derivatives; (ii) the design of new proline derives 

useful for well-defined applications within the field of nanobiology, and (iii) the 

“in vitro” application of the engineered proline derivative to demonstrate the 

reliability of the design process. These aims have been led to divide the 

presentation of the results achieved in this work in two different chapters. The 

first one involves the conformational study using DFT methods of different 

proline derivatives that were obtained by introducing chemical modifications on 

the pyrrolidine ring (dehydroproline analogs) and the amino acid backbone (α-

alkyl-proline analogs) or by incorporating new substituents (aminated proline 

analogs). The second chapter of results presents the molecular engineering of a 

new proline derivative that has been subsequently used to protect a very efficient 

tumor-homing peptide from the attack of proteases.. 

Initially, a highly constrained family of proline analogs, which was obtained 

by introducing one or more double bonds in the cyclic side chain, was studied. 

Specifically, the dehydro-derivatives of proline, which incorporate a single 

insaturation in the pyrrolidine ring, investigated in this work were: ∆α,βPro 

(double bond betwee Cα and Cβ atoms), ∆β,γPro (double bond between Cβ and Cγ 

atoms) and ∆γ,δPro (double bond between Cγ and Cδ atoms). Furthermore, the 

analog with two double bonds located between the Cα and Cβ atoms and Cγ and Cδ 

atoms (Py) atoms was also examined. The objective of this study was to predict if 

this type of constraint enhance the ability of proline to adopt turn motifs. Results 

evidenced that the insaturations not only reduced the intrinsically low 

conformational flexibility of proline but also affect to the values adopted by the 

backbone dihedral angles ϕ,ψ in the minimum energy conformations. 

Interestingly, the ∆α,βPro and Py derivatives show striking conformational 
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properties that are consequence of the electronic effects produced by the side 

chain – backbone conjugation. Thus, these effects induce the formation of planar 

intramolecular hydrogen rings, which have not reported in any other synthetic nor 

natural amino acid. As expected, the restriction imposed by a double bond in the 

pyrrolidine ring produce a remarkable destabilization of the cis arrangement of the 

amide bond involving the pyrrolidine nitrogen. However, this effect disappears 

when the second double bond is incorporated to the pyrrolidine ring. Thus, 

conformations with the peptide bond arranged in trans and cis resulted 

isoenergetic for the Py derivative. 

In the next step, a detailed conformational study of two α-substituted proline 

analogs was developed. Specifically, we used DFT calculations to examine the 

intrinsic preferences of α-methylproline (αMePro) and α-phenylproline (αPhPro). 

It should be noted that α-substituted derivatives are of great interest because a 

large number of papers and patents dealing with the incorporation of α-

tetrasubstituted proline analogs into bioactive peptides and other biologically 

relevant systems evidenced the potential of these type of synthetic amino acids. 

Results showed that the restrictions introduced by the replacement of the α 

hydrogen by a more bulky group also destabilize the cis configuration of the 

peptide bond involving the pyrrolidine nitrogen. A distinctive structural feature 

identified for both αMePro and αPhPro is the stabilization of the semi-extended 

polyproline II conformation, which is clearly due to the Cα-tetrasubstitution. Thus, 

the εL was identified as an energy minimum for both αMePro and αPhPro but not 

for the natural amino acid. Furthermore, the results obtained provide evidence that 

the distinct steric requirements of the substituent at Cα

On the other hand, the intrinsic conformational properties of aminated 

derivates of Pro (Amp), which were constructed by incorporating the amino 

functional group at the C

 may play a significant role 

in modulating the conformational preferences. Thus, although the γ-turn was 

found to be the lowest energy minimum of both αMePro- and αPhPro-containing 

dipeptides, independently of the environment, the α-helical conformation was 

accessible for the former but not for the latter.  

β- or Cγ-positions of the pyrrolidine ring (βtAmp / 

βcAmp and γtAmp / γcAmp, respectively, where c / t refer to the cis and trans 

isomers), were investigated because they can be considered as an alternative to the 
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conventional hydroxylated proline derivatives, i.e. the amino and hydroxyl groups 

can act as hydrogen bonding donors and acceptors. Interestingly, as was 

previously found for the other families of proline derivatives, the incorporation of 

the amino group in the pyrrolidine ring reduced the conformational flexibility of 

the amino acid. Specifically, the γ-turn was found to be the only accessible 

minimum of the four aminated prolines with the peptide bond involving the 

pyrrolidine nitrogen atom in trans, independently of the β- or γ-position of the 

amino group and its cis or trans isomerization state in the cycle. However, 

comparison between Amp and α-alkylated and dehydro proline derivatives 

reveals a very important difference. Thus, the stability of the conformations with 

the peptide bond in cis was, in general, higher for Amp than for conventional 

proline. This is because the amino substituent forms intramolecular hydrogen 

bonds, in which the nitrogen atom acts as an acceptor, when the peptide bond 

adopts such conformation. A better understanding of the role of the hydrogen 

bond has been provided by extending the conformational study to the intrinsic 

properties of the corresponding dimethylaminoproline (Dmp) analogs: βtDmp, 

βcDmp, γtDmp and γcDmp. As expected, the elimination of the side 

chain···backbone hydrogen bonds reduces the drastic conformational restrictions 

found in the Amp analogs. However, the stability of the conformers with the 

peptide bond in cis was similar for Dmp and Amp derivatives, this type of 

structures being the most favored when the polarity of the environment is slightly 

higher than that of a carbon tetrachloride solution.  

Obviously, the conformational properties of the Amp analogs can be 

drastically altered by the proteolitic equilibrium of the side amino group, which 

will be particularly relevant in aqueous solution. This feature led to examined the 

conformational preferences of the four protonated Amp (AmH+p) derivatives: 

βtAmH+p, βcAmH+p, γtAmH+p and γcAmH+p. Results evidences that the 

protonation of the amino side group produces a reduction of the backbone 

conformational flexibility and a des destabilization of the cis configuration of the 

amide bond involving the pyrrolidine nitrogen. Interestingly, the isomers with the 

amino group disposed in cis were the most stable independently of the ionization 

state because of the stabilizing effect produced by attractive side chain···backbone 
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intraresidue interactions. In contrast, the analogs with the side group disposed in 

trans become destabilized by the protonation of the amino side group. 

After investigate the conformational preferences of some proline derivatives, a 

relevant application in the field of the nanotechnology was developed. 

Specifically, the resistance against proteases of CREKA, a tumor-homing peptide 

recently discovered, has been developed using a targeted replacement strategy by 

a synthetic proline derivative. Synthesized CREKA peptide labeled with an 

attached fluorescent dye has been found to be detectable in human tumors from 

minutes to hours after intravenous injection, while it is essentially undetectable in 

normal tissues. However, in spite of the potential interest of CREKA in cancer 

diagnostics and therapeutics, the application of this and other homing peptide 

sequences was endangered by short half life times; after injection endogenous 

proteolytic enzymes rapidly digested the peptides. Thus, protection from proteases 

is an important step in the development of potential applications of tumor-homing 

peptides. It is worth noting that, among the several strategies proposed to protect 

proteogenic peptide sequences from proteases; among these, targeted 

replacements with synthetic amino acids have been the most successful. Thus, 

selective incorporation of synthetic amino acids induces a significant resistance 

against proteases not only at the mutated position but also at neighboring amino 

acids. 

The first step prior to the design of synthetic analogs which incorporate non-

proteogenic amino acids, consists of the identification of the conformational 

profile and, if possible, the bioactive conformation of the peptide. This was 

performed for CREKA using computer simulation methods based on Molecular 

Dynamics (MD), which allowed characterize the conformational profile of the 

CREKA sequence. Specifically, the procedure followed in this investigation was 

based on a multiple conformational search strategy considering the three 

experimentally tested environments: free peptide, peptide attached to a 

nanoparticle, and a peptide inserted in a phage display protein. The influence of 

the ionic strength on the conformational preferences of CREKA was also 

examined. Results indicated that the conformational profile of the REKA 

sequence is very similar in allcases, the only difference being the Cys residue. 

This coincidence allowed to conclude that the conformational profile of the 

peptide is independent of the chemical environment, i.e. the conformational 
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preferences of the peptide are very similar when it is free or attached to a 

nanoparticle. In the bioactive conformation proposed for CREKA, the backbone 

defines a β type turn motif. The functionalized side chains of the central residues 

(Arg, Glu and Lys) face the same side of the molecule, and the backbone Cys CO 

and Lys NH groups are hydrogen bonded. Inspection of the side chains reveals 

salt bridges involving the negatively charged carboxylate group of Glu and the 

contiguous positively charged side chains of Arg and Lys. These side-chain 

interactions are made possible by the peptide backbone turn conformation.  

Finally, the last part of this Thesis presents the targeted replacement strategy 

followed to protect CREKA from proteolytic cleavage. Specificially, a proline-

like derivative of arginine, denoted as (Pro)hArg, was designed, parameterized 

and incorporated into CREKA, replacing Arg. The conformational flexibility of 

the CREKA analogue incorporating (Pro)hArg was found to be smaller than that 

of natural CREKA, which was attributed to the conformational restrictions 

imposed by the cyclic residue. On the other hand, although the presence of this 

arginine surrogate produces some alterations in the interaction patterns, the most 

important features proposed for the bioactive conformation of CREKA, i.e. a turn 

motif orienting the charged side chains towards the same side of the molecule, 

were retained in the (Pro)hArg-containing analogue. The shape of the lowest 

energy conformation of the modified peptide showed a significant degree of 

similarity with that proposed for the bioactive conformation of the natural peptide. 

Thus, our results suggested that the incorporation of (Pro)hArg into CREKA as an 

arginine substitute could be useful to protect the peptide from proteolytic attack 

while retaining, or even enhancing, those structural features of the parent peptide 

considered to be essential for its tumor-homing activity.  
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6  
Conclusions  

  

(1) The modification of conventional proline by introducing double bonds or 
an amino group in the pyrrolidine ring or by replacing the α-hydrogen 
atom by an alkyl group has an impact on the conformational flexibility, 
which is severely reduced. In the case of aminoproline derivatives, the 
conformational flexibility decreases by protonating the amino side group. 

 
(2) Conjugation effects between the backbone and the side chain have been 

detected in the α,β-unsaturated proline analog and the proline 
incorporating two double bonds. 

 
(3) The restrictions introduced by the incorporation of a single double bond in 

the pyrrolidine ring and the substitution of the α hydrogen atom by an 
alkyl group produce a destabilization of the cis configuration of the 
peptide bond involving the pyrrolidine nitrogen.  

 
(4) The incorporation of two double bonds located between the Cα and Cβ 

atoms and Cγ and Cδ

 

 atoms increases significantly the probability of 
having a cis peptide bond.  

(5) The incorporation of an amino or dimethylamino substituent in the 
pyrrolidine ring stabilizes the conformations with the peptide bond 
involving the pyrrolidine nitrogen arranged in cis 

 
(6) The protonation of the side group in aminoproline analogs destabilizes the 

conformations with the peptide bond arranged in cis. Accordingly, the 
isomerism of the peptide group in this family of proline derivatives could 
be controlled with the pH. 
 

(7) Replacement of the α hydrogen in proline by a more bulky alkyl group 
results in the stabilization of the semi-extended polyproline II 
conformation. This conformation was identified as an energy minimum 
for both α-methyl and α-phenyl proline derivatives but not for the 
proteinogenic amino acid. 
 

(8) The conformational preferences of α-tetrasubstituted proline derivatives 
depend on the particular nature and size of the substituent incorporated at 
Cα. This is particularly evident for the α-helical conformation which was 
identified as a minimum for the α-methylproline dipeptide but not for the 
α-phenylproline one. 
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(9) The aminoproline analogs with the side group attached in a cis disposition 

are energetically favored with respect to the isomers with the amino group 
in trans. This feature, which does not depend on the protonation of the 
amino group, is consequence of the attractive side chain···backbone 
interactions found in the cis isomers. 
 

(10) Rigorous multiple conformational analyses of CREKA indicated that 
the conformational profile of the REKA sequence is very similar in the 
different cases investigated: the free peptide, the peptide attached to a 
nanoparticle and the peptide inserted in a phage display protein. This 
coincidence, which was particularly remarkable for the accessible minima, 
evidenced that the conformational profile of CREKA does not depend on 
the chemical environment. 
 

(11) The bioactive conformation presents a β-turn motif, strong interactions 
involving the functionalized side chains of the central residues (Arg, Glu 
and Lys), which face the same side of the molecule, and the backbone Cys 
CO and Lys NH groups are hydrogen bonded. 
 

(12) A new amino acid has been designed as a replacement for arginine to 
protect the tumor-homing pentapeptide CREKA from proteases. This 
amino acid, denoted (Pro)hArg, is characterized by a proline skeleton 
bearing a specifically oriented guanidinium side chain. This residue 
combines the ability of Pro to induce turn-like conformations with the Arg 
side-chain functionality. 
 

(13) The substitution of Arg by (Pro)hArg in CREKA produces a significant 
reduction of the conformational flexibility. Although some changes are 
observed in the interaction pattern, the peptide analog exhibits a strong 
tendency to accommodate turn conformations centered at the (Pro)hArg 
residue and the overall shape of the molecule in the lowest energy 
conformations characterized for the natural and the modified peptide 
exhibit a high degree of similarity. These results suggest that replacement 
of Arg by (Pro)hArg in CREKA may be useful in providing resistance 
against proteolytic enzymes while retaining conformational features which 
are essential for tumor-homing activity. 
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