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Abstract  

The biasing of proteins as ordered folds specific for their polypeptide sequences 

remains unknown in its basis. Several studies of unfolded states in folding-unfolding 

equilibrium with oligoalanine models have established that the polypeptide structure will 

unfold as ensembles which sample largely PPII and β-conformations and that the effects 

internal to main-chain and that of solvent envelop are critical. While unfolded to largely 

extended conformation, the folded proteins are a sequence-specific mix of β and α-

conformations. The specificity is unclear in its basis, which we had addressed during last 

years with statistical mechanical studies using appropriate simpler models. In the present 

study, oligopeptides are aimed as models to elucidate the effect of N-terminal 

modification in the sampling of the α-conformation. Specifically, equilibrium sampling 

of the models for α-conformation is assessed for dependence on the force field and 

effects of specific structure perturbation in the models. Thus, Ac-
L
Ala4-NHMe (Ia), Ac-

D
Ala-

L
Ala3-NHMe (Ib), Ac-

L
Pro-

L
Ala3-NHMe (IIa), Ac-

D
Pro-

L
Ala3-NHMe (IIb), and 

Ac-
L
Pro2-

L
Ala2-NHMe (IIIa), Ac-

D
Pro-

L
Pro-

L
Ala2-NHMe (IIIb) are compared as the N-

terminal alanine or proline and L- or D-residue stereochemically perturbed models. These 

models are equilibrated in water as explicit-solvent using molecular dynamics and the 

ordering of polypeptide to α-conformation is tested for the effect of force fields and of 

the specific structural perturbation. The results of molecular dynamics ensembles imply 

appreciable shift in equilibrium sampling of conformation from β + PPII basin to α-basin 

of φ, ψ space including ordering of helical microstates. The results involving well 

calibrated force fields imply that the ensembles appearing macroscopically as PPII 

helices have participating microstates that occasionally samples α-basins. We observed 

the nucleation of α-helical fold with N-terminal residue in 
D
PPII conformation in mixed-

L,D structure. The results imply that N-terminal L- to D-residue mutation is the stronger 

effect that induces folding than N-terminal alanine-to-proline or dialanine-to-diproline 

mutation. The present study will provide better understanding about the nucleation of 

helical fold in short peptides and will aid in the design of novel peptides with α-helical 

structure. 

Keywords: Protein folding, Protein stereochemistry, Oligoalanine, Molecular dynamics 

simulations, N-terminal proline, Peptide conformation 
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Introduction   

The ordering of proteins in specificity of their sequences remains a challenge to 

deciphering the basis.
1-6

 The primary challenge is not only the size of proteins but also 

the thermodynamic systems which orders the structures. Ab initio theory is far too 

complex to lend an easy or direct application for the larger and complicated systems. The 

empirically developed simple force fields are applicable, however, lacking the legitimacy 

of ab initio theory necessitate verification with experiment or validation against 

benchmarks.
7-13

 A number of studies with the use of oligoalanines and their solubilized 

derivatives as the protein main-chain models has established that these models will not 

unfold as statistical ensembles over the conformational options of polypeptide structure 

but as the structures rather well ordered to PPII conformation.
14-19

 We have adopted 

polyalanines as the structural templates relevant for addressing the thermodynamics in 

possible critical issues with rigor.
16,20-23

 The issue of main-chain role was probed by 

stereochemical perturbation of natural poly-L structure to alternating-L,D. The ordering of 

main-chain–main-chain hydrogen bonds to β-turn, 310-helix, and α-helix folds turned out, 

by mandating α-conformation in one or more residues, to entail the cost of unfavorable 

electrostatics in sequence-neighboring peptide units  due to adoption of mutually parallel 

alignment of the peptide bond dipoles. Does the effect provide for the mediation of 

conformational selection in protein folding?  To address this question, we probed the 

specific oligoalanine diastereomers with solvents in earlier studies.
20,21

 The folding-

unfolding equilibrium specifically in poly-L structure turned out to involve two 

independent solvent effects, (i) screening of electrostatics to allow or disallow α-

conformation, (ii) solvation of peptides to allow or disallow main-chain–main-chain 

hydrogen bonds. The unfavorable electrostatics of α-conformation was thus implicated as 

a possible mediator of α vs. β conformational selection in folding of poly-L structure.   

The fundamental thermodynamic block in α-helix folding has been a long 

standing issue much researched and intensely debated. The unfolded proteins were 

historically thought of as random coils
24

 and thus the entropy loss in ordering of a chain- 
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length of four to five consecutive residues to α-conformation was considered as the 

fundamental thermodynamic cost in ordering of helical fold to its first main-chain–main-

chain hydrogen bond.
25,26

 The unfolded structures are now proven to adopt, at least in 

localized segments, PPII-helix conformation. The maximization of favorable 

electrostatics in sequence-neighboring peptides and interaction of dipoles with solvent is 

proven to provide for PPII-helix being the minima of energy. The insight that PPII helix 

is the energy minima in the unfolded structure is conflicted with the classical notion that 

conformational disorder comprises the thermodynamic cost to ordering of the first main-

chain–main-chain hydrogen bond of α-helix structure.  

In the present study, using oligopeptides model we aim to address the effect of N-

terminal proline and residue stereochemistry in the ordering of α-helical fold. The 

structures are evolved to equilibrium with molecular dynamics in water as explicit-

solvent. The equilibria are resolved to the contributing microstates of polypeptide 

structure which are analyzed in the basis of conformational specificity and 

thermodynamic stability of the structures. Alanine is an α-helix promoting residue;
27

 

however, oligoalanines will order as α-helix only when it approach or exceed 20-residues 

in chain-length.
28

 The structures of long chain-length (≥ 20) cannot be modeled to 

equilibrium with rigor. We circumvent the problem by assessing much shorter chains for 

effects of specific structures in N-terminal residue for possible promotion of helix folding. 

As the modeled folds can have their specificity defined with the force field, we assess 

three popular force fields before choosing one for the detailed investigation. 

Consequently, the end-protected oligopeptides are assessed for dependence of structure 

and stability of their specific folds on the force field and the structural changes applied. 

The structural changes applied involve mutating N-termini from alanine-to-proline 

residue and from L- to D-residue. The alanine-to-proline mutation constrains the rotation 

in a critical bond of polypeptide main-chain structure which may test entropy as a 

thermodynamic cost in folding. The L- to D-mutation will impose stereochemical cost in 

conformational adoption for a residue of 
L
αR-conformation; however, facilitate adoption 
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of inverse proline conformation, viz., 
D
PPII conformation. The adoption of 

D
PPII 

conformation facilitates the nucleation of helix by participation in a type II’ β-turn fold 

being known as a helix nucleator. The role of D-amino acids in the delineation of protein 

folding mechanism is reported in literature.
29

 The D-amino acids have been employed to 

increase the stability of proteins,
30,31

 to redesign an active and specific ion channel,
32

 and 

in the design of novel folds.
33-37

 Recently, Rodriguez-Granillo et al. have shown the 

stabilizing effect of D-Ala, D-Asn, and D-Gln on the folding free energy of the mini-

protein Trp-cage.
38

  

We observed appreciable shifts in equilibrium sampling of conformations of 

modeled oligopeptides from β + PPII basin to α-basin of φ, ψ space including ordering of 

helical microstates. The N-terminal structure-dependent effects in sampling of α-helical 

conformation have been observed. The present study will enrich our understanding about 

nucleation of α-helical conformation in short peptides that will help in the design of 

novel helical peptides. Recent studies highlight the critical role of α-helical structures in 

the inhibition of the disease-relevant intracellular or extracellular protein-protein 

interactions and in the rational design of biocompatible hydrogels.
39-46

  

Results  

In the present study, we aim to address the effect of N-terminal proline and 

residue stereochemistry in polyalanine peptides in the nucleation of α-helical 

conformation. In pursuing our aim, we have selected the oligoalanines that were long 

enough to fold and relinquish PPII conformation but too short to fold as α-helix. The 

polyalanine structures of chain-length greater than four residues are relatively tough to 

equilibrate computationally; we circumvent the problem by induction of α-helix 

conformation with specific stereochemical effect in the shorter polyalanine model 

peptides. The tetraalanine peptides are, therefore, adopted as promising models for 

addressing nucleation of α-helical conformation in unfolded structure. The study is 
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implemented with end-protected oligopeptides (Ac- at N-terminal and -NHMe at C-

terminal) having four residues in chain-length varied in its N-terminal residue. The N-

termini are alanine or proline and L- or D-residue. Shorter oligoalanines do not adopt 

stable folds under vacuum or in solvent, as main-chain–main-chain hydrogen bonds are 

possible only beyond a critical chain-length. The tetra-alanine with terminal blocking 

groups adopts two main-chain hydrogen bonds of α-helix fold and three main-chain 

hydrogen bonds of 310-helix fold.  The model oligopeptides varied in the structure of N-

terminal residue chosen for the present study are shown in Table 1.   

The oligopeptides are submitted to molecular dynamics (MD) simulations in 

water as explicit-solvent. The three specific force fields and specific water models, as 

described in the computational details, are initially tested with an end-protected 

tetraalanine. The molecular dynamics trajectories are monitored and assessed in 

conformational phase space of polypeptide structure. The peptide conformers were 

clustered in Cartesian space with root-mean-square deviation (RMSD) cut-off of 0.15 nm 

over backbone atoms (N, Cβ, Cα, and C). The peptide conformers were clustered using 

GROMACS package with the clustering algorithm of Duara et al.
47

 that is widely used 

for conformational clustering.
48

 The central member in each cluster is taken to model a 

microstate, viz., a discrete fold populating the equilibrium. The oligopeptides are 

compared in evolution of microstates during molecular dynamics simulation as shown in 

Fig. 1.  The oligopeptides are noted to achieve equilibrium early and saturate to defined 

populations in microstates.  

The ensembles are compared as macrostates and over the microstates, equivalent 

to conformational clusters, of the polypeptide structure. The macrostates are assessed in 

distribution of radius-of-gyration (Rg) and mean Rg over the populated conformers, in 

occupancies of specific φ, ψ basins, and in percentage occurrence of specific main-chain–

main-chain hydrogen bonds, short-ranged (SR), medium-ranged (MR), and long-ranged 

(LR). The SR hydrogen bond encompasses γ-turn; the turn enclosing a residue in semi-
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extended conformation does not mandate α-conformation and tends to be associated 

more copiously with unfolded than folded polypeptide structures. The MR hydrogen 

bond encompasses β-turn and α-helix folds and mandates one or two intervening residues 

(in β-turns), or all participating residues (in helical folds) to α-conformation. The LR 

hydrogen bond encompasses β-sheet structures; in oligoalanines this involves typical 

hairpin folds which encompass residues of mixed conformation, one or two in β-turn 

having  α-conformation and the remaining residues in β-conformation.     

Effect of force fields on the conformational sampling of end-protected tetraalanine 

We assess three popular force fields using end-protected tetraalanine of poly-L 

structure (Ia). As we note in Table 2, Gromos96 43a1 promotes significantly greater 

number of microstates i.e. 15 than AMBER03 and OPLS-AA, i.e. 4 and 7, respectively. 

The mole fraction in the most-populated microstate as evident from percent population 

listed in Table 2 is the highest i.e. ~0.8 with OPLS-AA and the lowest i.e. ~0.6 with 

Gromos96 43a1 force field. Accordingly the minima of energy as noted in Table 2 

acquires the greatest thermodynamic stability with OPLS-AA and the lowest with 

Gromos96 43a1. AMBER03 promote more compact folds as evident from Rg distribution 

in macrostate and in top microstate as reported in Table 2 and shown in Fig. 2. The basis 

clearly is in promotion of macrostate to relatively higher occupancy in α-basin as shown 

in Fig. 3 and reported in Table 2. From the statistics of basin occupancy reported in Table 

2, all force fields are noted to promote the highest occupancy in PPII-basin, however, this 

varies significantly from low i.e. ~37% with AMBER03 and high i.e. ~47% with OPLS-

AA. Similar differences in occupancies of α- and β-basins are observed. AMBER03 

promote highest i.e. ~24% occupancy in α-basin and OPLS-AA promote lowest i.e. 

~13% occupancy in α-basin. The occupancy in β-basin is highest i.e. ~40% with 

Gromos96 43a1 and lowest i.e. ~24% with AMBER03. Correlated with promotion of α-

conformation, AMBER03 promote most number of hydrogen bonds per fold and a 
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smaller proportion of SR hydrogen bonds and correspondingly higher proportion of MR 

hydrogen bonds as reported in Table 2.   

The stick representation of top three microstates populating specific ensembles, 

with percent populations shown in parenthesis and φ, ψ plots shown underneath, are 

presented in Fig. 4. All energy minima are PPII helices conforming to the current insights 

that maximization of favorable electrostatics in mutual antiparallel arrangement of 

peptide dipoles and maximization of their solvation provides for PPII helix being the 

minima of energy for at least the local segments of the polypeptide chain structure. All 

ensembles in the populated microstates are ordered in one or more residues to α-

conformation with or without participation of main-chain–main-chain hydrogen bond. 

Specifically, AMBER03 promote second microstate as 310-helix with two main-chain–

main-chain hydrogen bonds as shown in Fig. 4. The dielectric effect of solvent water may 

promote excursion of one or more residues to electrostatically unfavorable α-

conformation. The role of water as a bridge between hydrogen bonding groups of 

polypeptide structure may explain ordering of specific microstates to α-conformation 

without involving main-chain–main-chain hydrogen bonds.
49-52

  

Results obtained with AMBER03 depart from other force fields in promoting 310-

helix to nearly a quarter mole fraction as the second microstate of the ensemble as shown 

in Fig. 4. This is at variance with the conclusion from diverse reported studies that short 

oligoalanines are practically fully ordered PPII helices mainly due to maximization of 

favorable electrostatics over peptide dipoles and maximization of the dipoles in 

solvation.
53

 Overall, consensus of the present results involving well calibrated force fields 

implies that ensembles appearing macroscopically as PPII helices may have participating 

microstates occasionally sampling α-basins. The three independent effects of water as 

solvent are relevant to enforcing or facilitating the excursions. The screening of 

electrostatics of α-conformation may be an effect that facilitates the excursions. The 

participation of water molecules in hydrogen-bonded bridges may enforce folds even in 
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absence of main-chain–main-chain hydrogen bonds.
49-52

 The strength of water dipole 

may passively allow main-chain–main-chain hydrogen bonds between peptides being 

appreciably stronger dipoles than water. With solvent-promoted diversification the 

conformational entropy may be a small but nontrivial cost in folding, while with 

dielectric effect of solvent the electrostatics of α-conformation may be a diminished but 

significant cost in folding of PPII helix. We have chosen Gromos96 force field for 

investigation of the conformational landscape of oligopeptides model as it has been 

widely used for conformational analysis of peptides in a number of recent studies.
54

 The 

replica exchange simulations of (AAQAA)3 peptide with three different force fields, 

CHARMM22/CMAP, AMBER99SB, and AMBER03, revealed large deviations with 

experimental data.
9
 CHARMM22/CMAP and AMBER03 overstabilized the helix (95% 

and 87% helix at 300 K, respectively), whereas AMBER99SB understabilized the helix 

(2% at 300 K). The α-helical propensity of the AMBER99SB
55

 is arguably too low 

relative to experimental measurements,
12

 while α-helical propensity is too high for 

AMBER03 force field.
13

 On the other hand, OPLS force field was regarded as the best 

force field for description of microstructures of organic molecules (i.e. liquid benzene).
56

   

Effect of N-terminal alanine-to-proline mutation and residue stereochemistry on 

conformational sampling 

Proline is strong in conformational effects. As side-chain is linked to backbone 

nitrogen, proline lacks peptide-NH and has restricted rotational freedom in N-CO bond, 

viz., in φ torsion. Consequently, the residue is restricted to PPII and α-conformations and 

is precluded from adoption of fully extended β-conformation. Lacking donor atom for 

main-chain–main-chain hydrogen bond and unfavorable in sterics of its side-chain 

structure, proline normally does not occupy internal positions of α-helix fold but is a 

relatively high propensity N-terminal residue. The diproline structure less frequent in 

proteins is stronger in conformational effects; the effects were described recently by 

Shamala and coworkers in a comprehensive study.
57
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Diverse roles of proline include effect of cis-trans isomerism in Xxx-Pro peptide 

bond.
58-60

 Saha, et al. have investigated the conformational states for the diproline 

segment (
L
Pro-

L
Pro) found in 606 protein structures in the non-redundant data set with an 

emphasis on the cis and trans states for the Pro-Pro peptide bond.
57

 The analysis reveals 

that cis–cis configuration of the peptide bond is very rare and trans peptide bond is 

mostly favored between the diproline segment in protein structures. The analysis and 

comparison of conformational states with Xaa-Pro-Yaa sequence reveals that Xaa-Pro 

peptide bond exists preferably as trans conformer rather than cis conformer. With N-

terminal proline acylated, isomers are possible in the amide bond in our models. In 

diproline models, isomers are possible also in the peptide bond between prolines. 

Uniquely for Xxx-Pro peptide bond, cis isomer can be appreciable in stability and 

isomerization relatively modest in activation energy; the effect has been characterized as 

an interesting slow step in protein folding. Our starting structures were modeled as trans 

proline isomers; cis isomers may become populated during MD. We assessed the 

ensembles in proline peptides for possible occurrence of cis proline isomers. According 

to the results in Fig. 5, no cis proline isomers are found to be populated in any of the 

ensembles. Thus, Gromos96 43a1 did not promote proline isomerization during 

molecular dynamics simulations. Consequently, all our results pertain to trans proline 

isomers.     

The effect of N-terminal proline and diproline structures are evaluated as a 

function of L- and D-structures in the N-terminal residue. The poly-L and mixed-L,D 

tetraalanine are assessed for effect of mutating N-terminal alanine-to-proline and 

dialanine-to-diproline structures. From another perspective, alanine, proline, and 

diproline peptides of poly-L structure are examined for effect of N-terminal mutation to 

D-structure. The results in Table 2 establish that mutations diminish number of 

microstates marginally from 15 and 13 in tetraalanine peptide of poly-L and mixed-L,D 

structure, respectively, to 14 and 11 in proline peptides and 9 each in diproline peptide of 

specific stereochemical structure. Accordingly, thermodynamic stabilities in minimum-

energy folds based on the mole fractions implied in percent populations given in Table 2 
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are similar in alanine and proline peptides and marginally greater in diproline peptides. 

The conformational restriction in one and two of four main-chain N-CO bonds should 

have modest, if any, effect on thermodynamic stability of minimum-energy fold, however, 

mutations affect relative stabilities of folds and thus explain the effects observed 

macroscopically.  

Considering the locked conformation of proline,
61

 alanine-to-proline mutation 

could be expected to promote occupancy of PPII basin, α-basin and diminish occupancy 

of β-basin. Conformed to this expectation, alanine-to-proline and dialanine-to-diproline 

mutation promote reciprocal change in occupancy of PPII basin and β-basin but increases 

occupancy of α-basin from ~15% in alanine peptides to ~20% in proline peptides and 

surprisingly diminishes it to < 10% in diproline peptides as noted in Table 2 and shown 

in Fig. 6. The mean Rg over macrostates are specific for stereochemistry appreciably 

smaller in mixed-L,D structure as shown in Fig. 7. The number of hydrogen bonds, 

although < 0.3 per molecule, are higher in mixed-L,D than in poly-L structures as noted in 

Table 2. Thus, N-terminal L- to D-residue mutation is the stronger effect folding the 

macrostate than N-terminal alanine-to-proline or dialanine-to-diproline mutation.   

The effect of mutation and their basis become clear on examining microscopic 

folds and their thermodynamic stabilities. The specific folds of poly-L and mixed-L,D 

structure are compared in Fig. 8 and Fig. 9, respectively. The folding follows similar 

mechanism in the stereochemical series as is implied in φ, ψ plots shown underneath, but 

has contrasted effects on thermodynamics of folds that depends on stereochemistry as is 

evident in relative populations of folds noted in Fig. 8 and Fig. 9. The alanine-to-proline 

and dialanine-to-diproline mutation does not change folds or folding mechanism that 

involves isomerization of one or more residues invariably by ~180
o
 ψ rotation of 

L
PPII to 

L
α-conformation. The effect of isomerizations on thermodynamics of folds is 

dramatically stereospecific.      
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As noted in Fig. 8, PPII helix of poly-L structure being ~0.6 mole fraction of the 

ensemble in alanine and proline structures and ~0.8 in diproline structure is the minima 

of energy in each ensemble. The helix folds by ~180
o
 ψ rotation in Ala2 as the second 

most stable fold in alanine and proline structures with identical ~0.2 in mole fraction and 

by ordering of Ala4 to 
D
α-conformation in diproline structure as the second most stable 

fold in the ensemble with 0.13 in mole fraction. The PPII helix folds by ~180
o
 ψ rotation 

in Ala3 to the third most stable fold ~0.06 mole fraction in alanine and diproline 

structures and ~0.12 mole fraction in proline structure. These folds account for > 0.9 

mole fractions in proline and diproline ensembles but one more fold occurs in alanine 

peptide in appreciable 0.04 mole fraction. The fold noted to be a helix nucleus (Fig. 8) 

having three N-terminal residues ordered over two main-chain–main-chain hydrogen 

bonds of bifurcated structure to α-conformation. 

As we note in Fig. 9, PPII helix of mixed-L,D structure is 0.64 mole fraction in 

diproline peptide, 0.56 in alanine peptide as the most stable fold, however only 0.38 in 

proline peptide as the second most stable fold in this structure. PPII helix folds by ~180
o 

ψ rotation in Ala2/Pro2 as the most stable fold in proline peptide to > 0.5 mole fraction 

and as the second most stable fold in alanine and diproline peptides close to 0.3 in mole 

fraction. The fold is a type II’ β-turn according to hydrogen bonding of acyl function with 

Ala3 NH in the alanine and diproline peptides and according to φ, ψ‘s of Xxx1 and Xxx2 

residues in all the peptides as shown in Fig. 10. With Xxx2 in α-conformation, the fold is 

a helix templating structure capable of ordering succeeding residues to α-conformation. 

The PPII helix folds by ~180
o ψ rotation in Ala3 as the third most stable fold in alanine 

peptide ~0.07 in mole fraction and in diproline peptide ~0.04 in mole fraction. In proline 

peptide, PPII helix folds not only in Ala3 but also in Ala2 to αR-conformation as ~0.05 

mole fraction of the ensemble. Interestingly, proline peptide manifests excursion of PPII 

helix in steps of ~180
o
 isomerization into α-basin first over Ala2 and then over both Ala3 

and Ala2. This is an example of step-by-step propagation of helical fold.    
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Discussion  

It is by now well proven that the unfolded state of protein structure are comprised 

of segments of polypeptide chain structure semi-extended in PPII-helix conformation.
7-11

 

The structure is a close analog of fully extended β-structure being an isomer of PPII 

structure related by ~60
o
 φ rotation. Furthermore it has been shown that PPII-helix and 

extended-β structures are relatives in thermodynamic sense since maximization of 

hydration of dipoles favors PPII conformation in water at low temperature, while 

maximization of electrostatics of peptide dipole in mutually antiparallel arrangement 

favors extended-β conformation in water at higher temperature.
62

 Given thus that the 

unfolded protein structure is in equilibrium between PPII and β-conformational folds, at 

least in local segments of the polypeptide chain structure, the fundamental question in 

protein folding is the folding of the chain to α-conformation in respect of both 

mechanism and thermodynamics of the folding. In conformational sense the folding 

involves a ~180
o
 ψ rotation between PPII and α-conformation. The ordering of an 

isolated residue to α- conformation or of a pair of residues to α-conformation 

characterizes folding of the poly-L chains in local β-turns and in hairpin like folds. While 

the structure have been targets of intense and incisive research, the critical crux of protein 

folding problem is that of the ordering a consecutive residues to α-helix conformation. 

The ordering is a cooperative all-or-none transition and has for this reason been difficult 

to examine computationally since the minimal model capable of adopting stable helical 

folds is too long to permit simulation to address the phenomenon with rigor. The question 

of thermodynamics concerns equilibrium states that are observed macroscopically, while 

those of mechanism involve microscopic interactions. The possible microscopic 

pathways in conformational phase space of polypeptide structure will necessitate analysis 

with close conjunction between experiment and theory. 

Aiming to explore α-helix folding with statistical mechanics, we sought to induce 

the fold in small oligopeptides stereochemically. Protein residues of L-structure are 

Page 13 of 41 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

similar in φ, ψ landscapes with the exception of L-proline.
63,64 

This residue manifests 

strong avoidance and preference patterns in folded proteins.
57 

Specifically constrained in 

φ to − 60 ± 30
o
 and free in ψ  like any other L-residue, proline samples 

L
PPII 

conformation having ψ = ~145
o
, γ conformation having ψ = ~75

o
, and 

L
αR conformation 

in N-terminus of helical fold having ψ = ~ − 45
o
. However, proline is prohibited from 

sampling the extended-β conformation that require φ ≥ −120
o
 and 

L
αL conformation (the 

basin in correspondence of left-handed helical fold) that require φ = ~ 60
o
. Thus, relative 

to alanine, proline has drastic limits of conformational access.       

Proline, diproline, and D-structures were tested as inducers of helix folding.  

Protein helices are well populated in N-terminus with proline in 
L
αR conformation.

65
 The 

glycine residue readily accommodate conformational options of L- and D-residue as it 

lack side-chain and being achiral. Accommodating DPPII conformation, glycine is the 

principal protein residue in the first corner position of type II’ β-turn.
66

 The role of 

glycine has been exploited with application of D-residues as the inducer of type II’ β-

turn;
66

 the turn has been exploited as β-hairpin nucleator,
67 

and less commonly as proto-

helix nucleator.
68,69

 With the first corner residue locked to 
D
PPII conformation, type II’ β-

turn may serve as helix N-cap and order second corner residue and succeeding residues to 

α-conformation. The L-proline as first helical residue and D-proline as N-cap residue in 

D
PPII conformation are the recipes

70
 applied for inducement of consecutive β-turns as 

incipient 310/α-helix structures and possible helix nuclei.     

Specifically, prolines and D-residues were deployed as test of “electrostatics” vs. 

“entropy” theory of protein folding. Constrained in φ, proline may induce helix folding 

entropically and by adopting 
D
PPII conformation, D-residue may induce helix folding 

electrostatically. The end-protected tetraalanine of poly-L structure was noted to manifest 

force field-dependent effects in the equilibrium sampling of α-conformation. However, 

on consensus PPII helix was minima of energy and α-conformation was sampled 

partially with each force field. The common effects of participating structures may be 

involved; electrostatics of poly-L structure, dielectric effect of solvent, and solvation of 
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peptides may be critical. Surprisingly, substitution of “flexible” alanine with “rigid” 

proline manifested practically no effect in conformational diversity of the polypeptide 

structure.   

   The molecular dynamics ensembles over alanine, proline, and diproline peptides 

of poly-L and mixed-L,D structure were comparable in the density of microstates as well 

as in stability of minimum-energy folds. Yet, D-proline manifested a strong effect 

apparently with no role of entropy. The residue redefined minimum energy fold (Fig. 10) 

without affecting diversity or specificity of conformation. Thus, minima of energy were 

distinct folds in D-proline and D-alanine structures. The effect mirrors the role of D-

proline as inducer of helix folds but presents a puzzle in its basis.   

Clearly, there is no dramatic effect of the restricted conformation of proline 

evident in either conformational specificity of the ensemble or thermodynamic stability 

of the minima of energy. We conclude that proline manifests surprising little effect of its 

covalent lock relative to alanine in conformational properties of the ensembles.    

The results have suggested a critical role of stereochemistry not only in energetics 

but also in mechanism of helix folding. Distinct from energetics, the helix folding 

mechanism concerns pathways and thus time scales, kinetics of folding. The unfolded 

protein may populate as PPII helices interrupted with residues enforced to α-

conformation may be critical in pathways of β-sheet and α-helix folding. The PPII-helix 

will require ~ − 60
o
 φ rotations in ordering to β-sheet conformation and ~ −180

o
 ψ 

rotation in ordering to α-helix conformation. On consensus between force fields, the 

isomerizations were direct between residue-level structures. While microscopic details 

differed, the effects relevant to energetics and mechanism of α-helix folding could be 

generic to the structures tested in the present study. According to results obtained with 

Gromos96 43a1 the N-terminal D-structure residue promoted ordering of helix in zipper-

like isomerizations of ψ. The mechanism is implied according to which, minimized in 

energy, α-helix will fold in a single step by coordinated isomerization of all participating 
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ψs. Considering electrostatic and desolvation penalty in folding of barrier-less kinetics,
71-

74
 α-helix may manifest critical role for solvent as a strong screening of electrostatics and 

weak dipolar solvent of peptides.   

 

Conclusion 

The ordering of proteins from the unfolded structure to the folded structure in 

specificity of their sequences remains a challenge to deciphering the basis. The unfolded 

protein structure is in equilibrium between PPII and β-conformational folds at least in 

local segments of the chain structure. The fundamental question in protein folding is that 

of the folding of the polypeptide chain to α-conformation in respect of both mechanism 

and thermodynamics of the folding. In the present study, end-protected oligopeptides are 

assessed for dependence of structure and stability of their specific folds on the force field 

and the structural changes involving mutation of N-termini from alanine-to-proline 

residue and from L- to D-residue. The consensus of the present results involving well 

calibrated force fields implies that the ensembles appearing macroscopically as PPII 

helices have participating microstates occasionally sampling α-basins. We observed 

appreciable shifts in equilibrium sampling of conformation from β + PPII basin to α-

basin of φ, ψ space including ordering of helical microstates. In mixed-L,D structure 

nucleation of helical fold with N-terminal residue in 
D
PPII conformation is noted in 

examples involving stepwise propagation of the helix. Thus, N-terminal L- to D-residue 

mutation is the stronger effect that induces folding than N-terminal alanine-to-proline or 

dialanine-to-diproline mutation. The results of the present study will provide better 

understanding about the nucleation of helical fold in short peptides and will aid in the 

design of novel short peptides with α-helical structures.  

Computational details 

Modeling of peptides 
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The peptides were modeled using in-house software package CAPM (Computer 

Aided Peptide Modeling),
34

 capable of handling D-amino acids effectively. In-house 

program PDBmake was used to generate coordinates of CAPM modeled structure. 

Molecular dynamics simulations and preparation of equilibrium ensembles 

The molecular dynamics simulations were performed with Gromos96 43a1 force 

field in GROningen MAchine for Chemical Simulations (GROMACS) 3.3.3 in a periodic 

box with water as explicit-solvent.
75,76

 Using ffamber ports
77,78

 in GROMACS, 

simulation of Ia was performed with AMBER03 force field.
13

 An all-atom version of 

OPLS force field
79

 available in GROMACS, referred to as OPLS-AA, has been used for 

simulation of Ia. TIP3P water model
80

 was used with AMBER03 and OPLS-AA force 

fields whereas SPC water model
81

 was used with Gromos96 43a1 force field. The 

simulations were performed under NVT condition, viz., fixed number of particles, 

constant volume, and constant temperature. The non-bonded list cutoff was 1.4 nm with a 

shift at 0.8 nm. The integration step was 2 fs. Initial velocities were drawn from 

Maxwellian distribution. The temperature was coupled to an external bath with relaxation 

time constant of 0.1 ps. The bond lengths were constrained with SHAKE
82 

to geometric 

accuracy 10
−4

. The electrostatics was treated by Particle Mesh Ewald (PME)
83

 method 

implementing a Coulomb cutoff of 1.4 nm, a Fourier spacing of 0.12 nm, and an 

interpolation order of 4.  

The peptides were modeled in PPII conformation with φ L/D = -/+75°, ψ L/D = +/- 

145°. The modeled alanine, proline and diproline peptides were constrained to the center 

of a periodic cubic box of edge length 4.4 nm in each case. The model peptides were 

soaked in water that was added to 1 atm density at 298 K. First the solute was energy 

minimized, then the solvent while restraining solute, and finally, both were energy 

minimized after removing restraint. The molecular dynamics simulations were initialized 

and the initial 3 ns trajectory was exempted from the analysis as a pre-equilibration 

period. The total simulation time was 100 ns for all model peptides. The simulations were 
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performed in multiple runs in parallel and have been merged together to generate the 

equilibrium in order to avoid the biasness for the starting conformer over the evolution of 

equilibria. The five different MD simulations of length 20 ns each have been merged 

together to avoid the biasness for the starting conformer. The trajectories were sampled at 

4 ps interval for all model peptides. 

Analysis and characterization of macrostate, polypeptide microstates 

Conformational microstates were clustered in cartesian space with root-mean-

square deviation (RMSD) cutoff of 0.15 nm over backbone atoms (N, Cβ, Cα, C), giving 

microstates diminishing in population, viz., diminishing thermodynamic stability. The 

clustering was performed in GROMACS package according to Daura et. al. algorithm.
47
 

This procedure is widely used for conformational clustering in a number of recent 

studies.
48

 In this procedure, conformer with largest number of neighbors was defined as 

central member of the first cluster or the most-populated microstate. All members of this 

microstate were removed from the ensemble, and the procedure was iterated until all the 

remaining conformers in the ensemble were assigned to specific microstates, diminishing 

in population. The free energy of the first microstate (most-populated) was estimated 

using equation ∆G = –RT ln K, where R is gas constant, T is temperature, K = p1 / ptotal-p1, 

p1 is the population of first microstate and ptotal is the population of whole ensemble. We 

considered the most-populated first microstate as the ordered state and evaluated its 

stability with regard to remaining microstates considered as unordered state. The most-

populated first microstate considered as the ordered state because it has maximum 

thermodynamic stability compared to other microstates. The radius-of-gyration (Rg) was 

computed using the g_gyrate utility in GROMACS. The percentage occupancy of the 

macrostate in α, β and PPII basins was evaluated computed using in-house program. The 

definition of φ, ψ basins in Ramachandran diagram that were adopted in the present study 

is as follows: α (
 L/Dφ = -/+ 20 to -/+ 100, 

L/Dψ = -/+ 20 to -/+ 80), β ( L/Dφ = -/+ 90 to -/+ 170, 

L/Dψ = +/- 80 to +/- 180), and PPII (
 L/Dφ = -/+ 30 to -/+ 90, 

L/Dψ = +/- 80 to +/- 170). The 
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percentage population of specific φ, ψ basins was evaluated using in-house written scripts. 

The hydrogen bonds were enumerated to 0.35 nm distance (N−O) and 30° angle 

(H−N−O) cutoff. The hydrogen bonds are defined as short-ranged (SR; i→ i ± 2), 

medium-ranged (MR; i→i ± 3, i→i ± 4) and long-ranged (LR; i→i ± 5, i→i ± ≥ 6) 

according to sequence separation between donor and acceptor residue. 
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Figure captions 

Fig. 1: The evolution of microstates over end-protected oligopeptides, tetra-alanine 

peptide of poly-L (Gromos96 43a1, AMBER03 and OPLS-AA force fields), mixed-L,D 

stucture (upper panel), and proline, diproline peptides of poly-L, mixed-L,D structure 

(lower panel), during molecular dynamics simulations with water as explicit-solvent. 

The Y-axis represents number of microstates and X-axis represents molecular dynamics 

simulation time in ns. 

Fig. 2: The radius-of-gyration (Rg) distribution of end-protected tetraalanine peptide of 

poly-L structure over conformers defining macrostate with Gromos96 43a1, AMBER03 

and OPLS-AA force fields. The Y-axis represents the distribution of Rg over conformers 

sampled during molecular dynamics simulation and X-axis represents Rg in nm. 

Fig. 3: The φ, ψ spread and preferential basin occupancies of macrostate over end-

protected tetraalanine peptide of poly-L structure during molecular dynamics simulation 

with Gromos96 43a1, AMBER03 and OPLS-AA force fields.  

Fig. 4: The central member of three most-populated microstates (m1, m2, and m3) of end-

protected tetraalanine peptide of poly-L structure populated with Gromos96 43a1 (upper 

panel), AMBER03 (middle panel) and OPLS-AA (lower panel) force fields is shown in 

stick representation. The hydrogen bonds among NH, C=O groups are shown in purple 

dashed lines. The percent population of each microstate is shown in parenthesis and φ, ψ 

plots for folds are shown underneath stick models.  

Fig. 5: The distribution of ω in conformers populating molecular dynamics ensembles 

over end-protected proline (IIa, IIb) and diproline (IIIa, IIIb) peptides of poly-L and 

mixed-L,D structure. 

Page 27 of 41 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



28 

 

Fig. 6: The φ, ψ spread and preferential basin occupancies of macrostates over end-

protected tetraalanine (Ia, Ib), proline (IIa, IIb) and diproline (IIIa, IIIb) peptides of 

poly-L (upper panel) and mixed-L,D structure (lower panel) during molecular dynamics 

simulations. 

Fig. 7: The radius-of-gyration (Rg) distribution of end-protected tetraalanine (Ia, Ib), 

proline (IIa, IIb) and diproline (IIIa, IIIb) peptides over conformers defining macrostate 

(upper panel) and most-populated microstate (lower panel). The Y-axis represents the 

distribution of Rg over conformers sampled during molecular dynamics simulation and X-

axis represents Rg in nm. 

Fig. 8: The central member of four most-populated microstates (m1, m2, m3 and m4) of 

end-protected tetraalanine (Ia), proline (IIa) and diproline (IIIa) peptides of poly-L 

structure is shown in the stick representation. The hydrogen bonds among NH, C=O 

groups are shown in purple dashed lines. The percent population of each microstate is 

shown in parenthesis and φ, ψ plots for folds are shown underneath stick models. 

Fig. 9: The central member of four most-populated microstates (m1, m2, m3 and m4) of 

end-protected tetraalanine (Ib), proline (IIb) and diproline (IIIb) peptides of mixed-L,D 

structure is shown in the stick representation. The hydrogen bonds among NH, C=O 

groups are shown in purple dashed lines. The percent population of each microstate is 

shown in parenthesis and φ, ψ plots for folds are shown underneath stick models. 

Fig. 10:  The root-mean square (RMS) superposition of specific microstates, m2 of Ib 

(dark purple, ~ 0.3 mole fraction), m1 of IIb (blue, ~ 0.5 mole fraction), and m2 of IIIb 

(cyan, ~ 0.3 mole fraction), of end-protected tetraalanine, proline and diproline peptides 

respectively. The identical fold is varied in thermodynamic stability in alanine, proline, 

and diproline structures. 

Page 28 of 41RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



29 

 

 

Fig. 1: The evolution of microstates over end-protected oligopeptides, tetra-alanine 

peptide of poly-L (Gromos96 43a1, AMBER03 and OPLS-AA force fields), mixed-L,D 

stucture (upper panel), and proline, diproline peptides of poly-L, mixed-L,D structure 

(lower panel), during molecular dynamics simulations with water as explicit-solvent. 

The Y-axis represents number of microstates and X-axis represents molecular dynamics 

simulation time in ns. 
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Fig. 2: The radius-of-gyration (Rg) distribution of end-protected tetraalanine peptide of 

poly-L structure over conformers defining macrostate with Gromos96 43a1, AMBER03 

and OPLS-AA force fields. The Y-axis represents the distribution of Rg over conformers 

sampled during molecular dynamics simulation and X-axis represents Rg in nm. 
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Fig. 3: The φ, ψ spread and preferential basin occupancies of macrostate over end-

protected tetraalanine peptide of poly-L structure during molecular dynamics simulation 

with Gromos96 43a1, AMBER03 and OPLS-AA force fields.  
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Fig. 4: The central member of three most-populated microstates (m1, m2, and m3) of end-

protected tetraalanine peptide of poly-L structure populated with Gromos96 43a1 (upper 

panel), AMBER03 (middle panel) and OPLS-AA (lower panel) force fields is shown in 

stick representation. The hydrogen bonds among NH, C=O groups are shown in purple 

dashed lines. The percent population of each microstate is shown in parenthesis and φ, ψ plots 

for folds are shown underneath stick models.  
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Fig. 5: The distribution of ω in conformers populating molecular dynamics ensembles 

over end-protected proline (IIa, IIb) and diproline (IIIa, IIIb) peptides of poly-L and 

mixed-L,D structure. 
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Fig. 6: The φ, ψ spread and preferential basin occupancies of macrostates over end-

protected tetraalanine (Ia, Ib), proline (IIa, IIb) and diproline (IIIa, IIIb) peptides of 

poly-L (upper panel) and mixed-L,D structure (lower panel) during molecular dynamics 

simulations. 
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Fig. 7: The radius-of-gyration (Rg) distribution of end-protected tetraalanine (Ia, Ib), 

proline (IIa, IIb) and diproline (IIIa, IIIb) peptides over conformers defining macrostate 

(upper panel) and most-populated microstate (lower panel). The Y-axis represents the 

distribution of Rg over conformers sampled during molecular dynamics simulation and X-

axis represents Rg in nm. 
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Fig. 8: The central member of four most-populated microstates (m1, m2, m3 and m4) of 

end-protected tetraalanine (Ia), proline (IIa) and diproline (IIIa) peptides of poly-L 

structure is shown in the stick representation. The hydrogen bonds among NH, C=O 

groups are shown in purple dashed lines. The percent population of each microstate is 

shown in parenthesis and φ, ψ plots for folds are shown underneath stick models. 
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Fig. 9: The central member of four most-populated microstates (m1, m2, m3 and m4) of 

end-protected tetraalanine (Ib), proline (IIb) and diproline (IIIb) peptides of mixed-L,D 

structure is shown in the stick representation. The hydrogen bonds among NH, C=O 

groups are shown in purple dashed lines. The percent population of each microstate is 

shown in parenthesis and φ, ψ plots for folds are shown underneath stick models.    
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Fig. 10: The root-mean square (RMS) superposition of specific microstates, m2 of Ib 

(dark purple, ~ 0.3 mole fraction), m1 of IIb (blue, ~ 0.5 mole fraction), and m2 of IIIb 

(cyan, ~ 0.3 mole fraction), of end-protected tetraalanine, proline and diproline peptides 

of mixed-L,D structure respectively. The identical fold is varied in thermodynamic 

stability in alanine, proline, and diproline structures. 
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Table 1: The end-protected alanine, proline, and diproline peptides varied in N-terminal 

residue stereochemistry chosen for molecular dynamics.  

Model Oligopeptides 

Ia Ac-LAla-LAla-LAla-LAla-NHMe 

Ib Ac-DAla-LAla-LAla-LAla-NHMe 

IIa Ac-LPro-LAla-LAla-LAla-NHMe  

IIb Ac-DPro-LAla-LAla-LAla-NHMe  

IIIa Ac-LPro-LPro-LAla-LAla-NHMe  

IIIb Ac-DPro-LPro-LAla-LAla-NHMe  
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Table 2: Population statistics, free energy of microstates, specific structural and conformational properties of macrostates of end-

protected alanine, proline, and diproline peptides varied in N-terminal residue stereochemistry. 

     Rg  (nm) % Occupancy
 
in M

d
 Hydrogen bonds

 
in M

d
 

Model Force Field N
a
 

 

% Pop. 

in m1
b
 

∆∆∆∆G
c
 M

d
 m1

b
 αααα

e
 ββββe PPII

e
 Avg. 

/Conf 

% SR
f
 % MR

f
 % LR

f
 

Ia Gromos96 43a1 15 61.1 -1.1 0.45 ± 0.06 0.48 ± 0.02 14.7 39.0 43.2 0.1 32.5 66.9 0.6 

 AMBER03 4 74.6 -2.7 0.37 ± 0.05 0.38 ± 0.04 24.2 23.6 36.9 0.2 10.3 89.7 0.0 

 OPLS-AA 7 80.2 -3.6 0.41 ± 0.04 0.41 ± 0.04 13.3 31.9 47.0 0.1 34.8 64.7 0.5 

Ib Gromos96 43a1 13 56.1 -0.6 0.40 ± 0.06 0.44 ± 0.03 15.3 36.5 44.2 0.2 27.2 72.2 0.6 

IIa 
 

Gromos96 43a1 14 57.6 -0.8 0.44 ± 0.05 0.47 ± 0.03 17.5 27.9 50.2 0.1 37.8 62.2 0.0 

IIb Gromos96 43a1 11 52.2 -0.2 0.38 ± 0.06 0.34 ± 0.03 20.8 25.8 49.5 0.3 12.1 87.8 0.0 

IIIa 
 

Gromos96 43a1 9 78.4 -3.2 0.46 ± 0.04 0.47 ± 0.02 7.5 22.1 69.5 0.0 75.3 24.7 0.0 

IIIb Gromos96 43a1 9 64.1 -1.4 0.40 ± 0.05 0.42 ± 0.03 9.9 21.8 65.7 0.1 34.6 65.4 0.0 

a
 N: Total number of microstates; 

b
 m1: first microstate (most-populated); 

c 
∆G (kJ/mol) = –RT ln K, with K determined by mole fraction in m1; 

d
 M: Macrostate;  

e
 Basin 

definitions are, α: 
 L/Dφ = -/+ 20 to -/+ 100, 

L/Dψ = -/+ 20 to -/+ 80; β: 
 L/Dφ = -/+ 90 to -/+ 170, 

L/Dψ = +/- 80 to +/- 180; PPII: 
 L/Dφ = -/+ 30 to -/+ 90, 

L/Dψ = +/- 80 to +/- 170; 
f
 Hydrogen bonds are short-ranged (SR; i→i ± 2), medium-ranged (MR; i→i ± 3, i→i ± 4) and long-ranged (LR; i→i ± 5, i→i ± ≥ 6) according to sequence separation 

between donor and acceptor residue. 
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N-terminal L- to D-residue mutation nucleate helical fold in Ac-
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Ala-
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Pro-
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Ala3-NHMe (IIb, m1) and Ac-
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Pro-

L
Pro-
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Ala2-NHMe (IIIb, m2) peptides 
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