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Dear Professor Ernest Giralt  
Journal of Peptide Science 

Thank you very much for your e-mail dated January 16, 2017. On behalf of all authors, I 
would like to thank the Journal of Peptide Science editorial staff for the handling of our 
manuscript. The manuscript (Manuscript ID: PSC-16-0198, Title: N-terminal diproline and 
charge group effects on the stabilization of helical conformation in alanine-based short 
peptides: CD studies with water and methanol as solvent) has been revised in obedience to 
the reviewer’s suggestions as follows.  

Very truly yours, 
Bhupesh Goyal, Ph.D. 
Assistant Professor 
Department of Chemistry, 
Sri Guru Granth Sahib World University, 
Fatehgarh Sahib–140406, Punjab, India 
Email: bhupesh@iitbombay.org 

Response to the editor and reviewer’s comments 

Many thanks for the valuable comments, which have helped us to improve the manuscript. 
Replies to specific queries are as follows: 

Editor: 

Comment: The peptides were synthesized on resin by standard procedures, but after 
cleavage from the resin no purification is mentioned. Are the products pure enough to 
conduct conformational studies? 

Response: The peptides were synthesized manually on Rink Amide AM resin using standard 
Fmoc chemistry and HOBt/DIC as coupling reagents. The purity of the peptides were 
assessed by high-performance liquid chromatography (HPLC) over reverse-phase (RP) C18 
column (10 μM, 10 mm × 250 mm; Merck) eluting with water/acetonitrile (0.1% TFA) 5–
95% gradients, and determined to be at least 95% pure by analytical HPLC. The details 
regarding purification of the synthesized peptides have been added on page 10 of the revised 
manuscript.  

Comment: Reduce the references number chosing the most representative and show each 
article separately according to the style of the journal. 

Response: As suggested by the editor, the references section of the manuscript has been 
revised.  
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Comment: Please, do not use numbering of the residues in the sequence with subscripts.  

Response: As suggested by the editor, the numbering of the residues in the sequence with 
subscripts has been removed in the revised manuscript. 

Referee: 1 

Comments: 

The manuscript by Durani et al. reported the effects of N-diproline and charged group on the 
conformation of Ala-based short peptides. The design and experimental data may be 
interested to peptide researchers and could be published in this journal. However, the 
following issues need to be addressed and considered to improve the manuscript.  

Comment: Three peptides A1, A2, and A3 were designed and synthesized in this work. 
However, temperature-dependent and solvent variation experiments were only performed for 
A1 and A2. How about A3? It is suggested that the authors should add more experimental 
data for A3 and interpretation. 

Response: In the present study, a cationic peptide Ac–Pro–Pro–Ala–Lys–Ala–Lys–Ala–Lys–
Ala–NH2 (A1) was designed to assess the effect of N-terminal diproline and lysine side 
chains for the inducement of helical conformation. The ion-pair peptides, Ac–Pro–Pro–Glu–
Glu–Ala–Ala–Lys–Lys–Ala–NH2 (A2) and Ac–DPro–Pro–Glu–Glu–Ala–Ala–Lys–Lys–Ala–
NH2 (A3), were designed to assess the effect of Glu...Lys (i, i + 4) salt bridge interactions on 
the nucleation of helical conformation.  

The folding simulations of all-alanine peptides and a number of short alanine-based helical 
peptides with positively or negatively charged residues have highlighted the role of 
hydrophobic interaction and charged side chains in the folding of α-helical peptides 
(Chowdhury, et al., Biopolymers, 2003, 68, 63–75; Pande,  et al., Biopolymers, 2003, 68, 91–
109; Ferrara, et al., Proteins: Struct., Funct., Genet., 2002, 39, 252–260; Snow, et al., Ann. 
Rev. Biophys. Biomol. Struct., 2005, 34, 43–69). In addition, computer simulations of these 
short helical alanine-based peptides and the peptides with salt bridge pairs have provided 
deeper insights into the role of charged side chains in the stability of helical peptides (Garcia, 
et al., Proc. Natl. Acad. Sci. USA, 2002, 99, 2782–2787; Nymeyer, et al., Proc. Natl. Acad. 
Sci. USA, 2003, 100, 13934–13939).  

The diproline segments have been reported as potential nuclei for initiating helical folding in 
peptides (Venkatachalapati, et al., Nature, 1979, 281, 83–84). Kemp, et al., have highlighted 
that covalently constrained diproline surrogate as the effective template for inducing helical 
conformations in short acyclic sequences (Kemp, et al., Nature, 1991, 352, 451–454; Kemp, 
et al., J. Org. Chem., 1991, 56, 6683–6697; Kemp, et al., J. Org. Chem., 1991, 56, 6672–
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6682; Job, et al., Angew. Chem., 2004, 116, 5767–5769; Angew. Chem. Int. Ed., 2004, 43, 
5649–5651; Heitmann, et al., J. Am. Chem. Soc., 2005, 127, 1690–1704). The main objective 
of the present study was to address a combined effect of N-terminal diproline and charge 
groups for possible inducement of helical folds in the de novo designed nonapeptides using 
CD studies. Thus, a cationic peptide (A1) and an ion-pair peptide (A2) was further selected 
for the temperature-dependent and solvent variation experiments to assess the effect of 
positively charged residues and Glu...Lys (i, i + 4) salt bridges on the nucleation of helical 
conformation. 

Comment: Since D-Pro was incorporated in A3, what was the effect of D-Pro on peptide 
conformation? This should be discussed in the main text. 

Response: The percentage helical content calculated from the mean residue molar ellipticity 
at 222 nm highlight that A3 sample higher helical content in water than A2 (Table 2). Saha, 
et al., have investigated conformational states for the diproline segment (LPro-LPro) found in 
606 protein structures in the non-redundant data set (Saha, et al., Biopolymers, 2012, 97, 54–
64). The study highlighted that PPII–PPII and PPII–α are the most favorable conformational 
states for the diproline segment which is consistent with the results of present study that 
highlight higher PPII content for A2 (N-terminal homochiral diproline, LPro-LPro, segment) 
as compare to A3 (N-terminal heterochiral diproline, DPro-LPro, segment) which in turn 
implies lower helical content for A2 than A3.  

Raghavender investigated linear hydrophobic sequences containing centrally positioned 
diproline motifs, heterochiral (DL/LD) and homochiral (LL/DD), for their ability to form β-
hairpins (Raghavender, J. Biomol. Struct. Dyn., 2013, 31, 1404–1410). The author reported 
that the propensity of homochiral diproline segments to adopt PPII conformations is higher 
than heterochiral segments which are consistent with the results of the present study. DFT 
calculations highlight that the energetics of folding critically depend on the geometrical 
relationship between backbone peptide units of the polypeptide structure (Goyal, et al., RSC 
Adv., 2016, 6, 113611–113619). The effect of the orientation of backbone peptide units of 
polypeptide main-chain on the energetics of folding has been examined with DFT by utilizing 
end-protected model peptides of LLLL- and DLLL-stereochemical structure. DFT calculations 
highlighted that enthalpy change and free energy change from an extended state to the folded 
state is more favourable for Ac–DPro–LPro–LAla2–NHMe as compare to Ac–LPro2–LAla2–
NHMe which is consistent with the present results that highlight more helical structures for 
A3 than A2. Although a number of studies reported diproline segments as potential nuclei for 
initiating helical folding in peptides, however, the precise role of diproline segments in the 
nucleation and stabilization of folded structures remain elusive; thus, merits further 
consideration. The above discussion have been included on page 6 of the revised manuscript. 

Comment: The helical content of A2 is smaller than that of A3 in aqueous solution, but it is 
reversed in methanol. Can the authors add explanation to this? 
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Response: The helical content of A2 is smaller than that of A3 in water that is consistent 
with the following studies: 

Saha, et al., have investigated conformational states for the diproline segment (LPro-LPro) 
found in 606 protein structures in the non-redundant data set (Saha, et al., Biopolymers, 2012, 
97, 54–64). The study highlighted that PPII–PPII and PPII–α are the most favorable 
conformational states for the diproline segment which is consistent with the results of present 
study that highlight higher PPII content for A2 (N-terminal homochiral diproline, LPro-LPro, 
segment) as compare to A3 (N-terminal heterochiral diproline, DPro-LPro, segment) which in 
turn implies lower helical content for A2 than A3.  

Raghavender investigated linear hydrophobic sequences containing centrally positioned 
diproline motifs, heterochiral (DL/LD) and homochiral (LL/DD), for their ability to form β-
hairpins (Raghavender, J. Biomol. Struct. Dyn., 2013, 31, 1404–1410). The author reported 
that the propensity of homochiral diproline segments to adopt PPII conformations is higher 
than heterochiral segments which are consistent with the results of the present study.  

DFT calculations highlight that the energetics of folding critically depend on the geometrical 
relationship between backbone peptide units of the polypeptide structure (Goyal, et al., RSC 
Adv., 2016, 6, 113611–113619). DFT calculations highlighted that enthalpy change and free 
energy change from an extended state to the folded state is more favourable for Ac–DPro–
LPro–LAla2–NHMe as compare to Ac–LPro2–LAla2–NHMe which is consistent with the 
present results that highlight more helical structures for A3 than A2.  

The observed variation in the helical content of A2 as compare to A3 in methanol can be 
explained on the basis of change in the N-terminal diproline. Hwang, et al., highlighted that 
local sequence and environment play a significant role in determining whether methanol 
tightens or loosens the local protein structure (Hwang, et al., J. Phys. Chem. B, 2011, 115, 
6653–6660). The above discussion have been included on page 6,7 of the revised manuscript.  

Comment: On page 7, the authors describes that A1 transforms from PPII to beta-strand 
upon increasing temperature based on CD spectra. Why not disordered structures? Did the 
authors have any other evidences to support this arguments? How about the temperature 
effects on A2? This part was not explained clearly. 

Response: On raising the temperature, the weak positive maximum at 217–220 nm observed 
for A1 disappear, meanwhile the absolute value of negative band at ~197 nm decreases. The 
results indicate that a β-strand conformer become more populated at the expense of PPII-
conformer at a higher temperature. In addition, a clear isodichroic point at ~207 nm was 
observed. Accordingly, temperature effect in the CD spectrum can be interpreted in terms of 
a two-state transition between a PPII and a β-strand conformation in agreement with the 
result from a CD spectrum of cationic trialanine (Eker, et al., J. Am. Chem. Soc., 2003, 125, 
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8178–8185). Srivastava, et al., highlighted that serine nonapeptide, Ac–(Ser–Ala)4–Ser–NH2, 
display a PPII-helix conformation in water which unfolds to extended β-conformation with 
increase in temperature, apparently in a two-state equilibrium (Srivastava, et al., AIP 
Advances, 2014, 4, 067140). Mu, et al., performed classical molecular dynamics (MD) 
studies of trialanine in aqueous solution and highlighted that two extended conformers, β and 
PPII, of AAA coexist in aqueous solution (Mu, et al., J. Phys. Chem. B, 2002, 106, 5294–
5301).  

The temperature-dependent CD measurement of poly-L-lysine by Tiffany and Krimm also 
clearly depicted an isodichroic point reflecting the coexistence of two conformations 
(Tiffany, et al., Biopolymers, 1968, 6, 1767–1770]. Shi, et al., analyzed the seven-residue 
alanine peptide (XAO peptide) by NMR and CD spectroscopy and found a transition between 
PPII (stabilized at low temperature) and β-strand structure (stabilized at high temperature) 
(Shi, et al., Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 9190–9195; Shi, et al., Adv. Protein 
Chem., 2002, 62, 163–240). The authors reported that the increase in 3JHNα coupling constant 
with increase in temperature strongly suggests that β strand is the new backbone 
conformation produced at higher temperatures. 

The CD spectrum of A2 measured at different temperatures between 20 °C and 75 °C is 
shown in Fig. 4 (right panel). The spectra display strong negative bands at ~197 nm, 
however, the ellipticity values are smaller as compare to A1. The absolute value of negative 
band at ~197 nm decreases with an increase in temperature and an isodichroic point at ~207 
nm was observed. The results highlight that a β-strand conformer become more populated at 
the expense of PPII-conformer at a higher temperature as observed with A1. The above 
discussion have been added on page 8,9 of the revised manuscript. 

Comment: The solvent variation measurements for A1 indicate the structure changes from 
PPII to other conformation. What type of other conformation could be? The authors may 
want to add sentences to explain this. 

Response: For better clarity and understanding of the readers, the statement is rephrased as 
“On increase of methanol concentration, A1 manifest a shift from the weak positive peak at 
~220 nm and a large negative peak around 197 nm, diagnostic for the PPII structure, to a 
weak negative shoulder at around ~225 nm and negative peak at near ~204 nm which 
highlight the existence of helical folds in the equilibrium ensemble.” The rephrase statement 
is mentioned on page 9 of the revised manuscript. Dalgicdir, et al., highlighted that two 
synthetic peptides, LKKLLKLLKKLLKL (LK) and EAALAEALAEALAE (EALA), adopt 
neither random coil nor fully formed α-helical structure in water (Dalgicdir, et al., PLoS 
Comput. Biol. 2015, 11, e1004328). Using molecular dynamics simulations, the authors 
reported that the peptides adopt multiple conformations with short lifetimes in water. 
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Comment: On page 7, line 8 describes "With the increase of methanol concentration....", but 
in Figure 3, only the peptide concentration is changing. This is very confusing, and needs to 
be clarified and corrected. 

Response: We thank the reviewer for bringing this to our notice. The statement is revised as 
“With the increase in peptide concentration, no marked change of peak position was 
observed, however, variation in the intensity of the positive peak at 193 nm was observed for 
A1, A2, and A3 (Fig. 3, right panel)” on page 8 of the revised manuscript. 

Comment: The authors used the CD spectra at different peptide concentrations to show that 
there are no peptide oligomers formed in solution. The concentration range is relatively small 
(40-100 uM) and may not be enough to support the argument. A larger concentration range, 
such as 10-fold between lowest and highest, may be more appropriate. 

Response: Banerji, et al., observed a red shift in the CD signature of a tetrapeptide 
constellated with alternative D- and L-proline upon an increase in the peptide concentration in 
water which highlight the formation of the oligomeric structure of the peptide (Banerji, et al., 
RSC Adv., 2012, 2, 6744–6747). The absence of a red shift in the CD signature of A1, A2, 
and A3 on the concentration variation in water indicate that each peptide exists as a 
monomeric fold in the working concentration regime (40–100 µM).  

Guarracino, et al., designed and synthesized short 6–8 residue α- and β-peptides by using 
primary sequence design features that influence helical control and directly compared the 
helicity across peptides with the most minimal epitopes (Guarracino, et al., J. Biomol. Struct. 
Dyn., 2015, 33, 597–605). For each of the peptides studied, the CD signature was examined 
for three different concentrations of peptide: 25, 50, and 100 μM. In every case, no 
remarkable change was seen and the helical signature was identical at every concentration 
evaluated. The CD spectral results of each peptide indicated that, for this concentration range, 
the peptides showed near identical signature, signifying a lack of concentration dependence. 
The above discussion is included on page 7,8 of the revised manuscript.  

Comment: The NMR spectra in Fig. S2 are not clear and hard to be read. 

Response: As suggested by the reviewer, the NMR spectra in Fig. S2 have been revised for 
better clarity.  

Referee: 2 

Comments: 
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In my opinion the data do not support all the author’s conclusions and the main objectives of 
this paper were not completely demonstrated. Additional examples using analogous peptides 
could be useful to prove the effects of the N-terminal diproline motif on the initiation of the 
helix. In addition, a more detailed NMR analysis is required for a description of the 
conformational behaviour of the peptides. 

Response: The short sequences of Ala peptides, Alan, (n=10) do not form helices in water 
(Ingwall, et al., Biopolymers, 1968, 6, 331–368; Platzer, et al., Macromolecules, 1972, 5, 
177–187). The NMR data for short polyalanine peptides, (Ala3−7), highlighted that the 
peptides exist as polyproline II (PPII) helix-like structures with very little population in the α-
helical conformation (Graf, et al., J. Am. Chem. Soc., 2007, 129, 1179−1189).  

In the present study, CD studies highlight inducement of helical conformation in a short 
alanine-based peptides by employing N-terminal diproline and lysine, glutamic acid residues 
in the i, i + 4 arrangement which is significant for a peptide of nine-residue length. The 
results of the present study will enhance our understanding on stabilization of helical 
conformation in short peptides and hence aid in the design of novel peptides with helical 
structures. 

The CD studies have been employed to assess the conformational behaviour of the short 
peptides (Guarracino, et al., J. Biomol. Struct. Dyn., 2015, 33, 597–605; Eker, et al., J. Am. 
Chem. Soc., 2003, 125, 8178–8185). Guarracino, et al., designed and synthesized short 6–8 
residue α- and β-peptides by using primary sequence design features that influence helical 
control and directly compared the helicity across peptides with the most minimal epitopes 
(Guarracino, et al., J. Biomol. Struct. Dyn., 2015, 33, 597–605). Using CD spectroscopy, the 
authors highlighted that both α- and β-peptides abided by their respective design principles, 
with no significant “cross-helicity” inducing an α- or a β-peptide to fold into the oppositely 
controlled helix. Eker, et al., measured the UV circular dichroism (UVCD) spectra of 
trialanine dissolved in D2O, H2O, and glycerol (Eker, et al., J. Am. Chem. Soc., 2003, 125, 
8178–8185). The results highlight the coexistence of a polyproline II or 31-helix and a 
somewhat disordered flat β-strand conformation, in complete agreement with predictions 
from spectroscopic data (Eker, et al., J. Am. Chem. Soc., 2002, 124, 14330–14 341). 

 

N-terminal diproline and charge group effects on the stabilization of helical 

conformation in alanine-based short peptides: CD studies with water and 

methanol as solvent  

Bhupesh Goyal,*[a, b] Kinshuk Raj Srivastava,[a, c] and Susheel Durani* [a] 
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Abstract 

Protein folding problem remains a formidable challenge as main chain, side chain and solvent 

interactions remain entangled and have been difficult to resolve. Alanine-based short peptides 

are promising models to dissect protein folding initiation and propagation structurally as well 

as energetically. The effect of N-terminal diproline and charged side chains are assessed on 

the stabilization of helical conformation in alanine-based short peptides using Circular 

dichroism (CD) with water and methanol as solvent. A1 (Ac–Pro–Pro–Ala–Lys–Ala–Lys–

Ala–Lys–Ala–NH2) is designed to assess the effect of N-terminal homochiral diproline and 

lysine side chains for the inducement of helical conformation. A2 (Ac–Pro–Pro–Glu–Glu–

Ala–Ala–Lys–Lys–Ala–NH2) and A3 (Ac–DPro–Pro–Glu–Glu–Ala–Ala–Lys–Lys–Ala–NH2) 

with N-terminal homochiral and heterochiral diproline, respectively, are designed to assess 

the effect of Glu...Lys (i, i + 4) salt bridge interactions on the stabilization of helical 

conformation. The CD spectra of A1, A2, and A3 in water manifest different amplitudes of 

the observed PPII signals which indicate different conformational distributions of the 

polypeptide structure. The strong effect of solvent substitution from water to methanol is 

observed for the peptides and CD spectra in methanol evidence A2 and A3 as helical folds. 

Temperature-dependent CD spectra of A1 and A2 in water depict an isodichroic point 

reflecting coexistence of two conformations, PPII and β-strand conformation, which is 

consistent with the previous studies. The results illuminate the effect of N-terminal diproline 

and charged side chains in dictating the preferences for extended-β, semi-extended PPII and 

helical conformation in alanine-based short peptides. The results of the present study will 

enhance our understanding on stabilization of helical conformation in short peptides and 

hence aid in the design of novel peptides with helical structures.  

Keywords: Alanine-based peptides; circular dichroism; helical conformation; N-terminal 

diproline; polyproline II (PPII) conformation; protein folding 

This article is protected by copyright. All rights reserved.



10 
 

Introduction 

Pr oteins are character ized by the abil ity to adopt  unique folds specif ic  for  their  sequences [1]. 

The folds are specif ied sequent ially and character izing the basis r ema ins a  grand challenge 

given the size of  a  typical  protein and the complexity of  it s int eract ions [2-4]. The problem 

has been addressed using bottom up a pproach of simpl e to incrementally compl ex models. 

The model s are designed t o observe the confor mat ional  pr eferences of  the polypept ide chain 

and addressing the basis with theory using computat ional  model ing [5-7]. The empir ical  force 

fields have been a ppl ied for  simulat ion of  equil ibr ia  to address the ther modynamics with 

r igor  [8-10]. Much r esearch has been r eported in  recent  years with ol igoalanine as the protein 

ma in chain model s [11-15]. The model s have establ ished that  unfolded proteins t end to adopt  

appr eciabl e order  as semi-ext ended structures in correspondence of  PPII confor mat ion [16-

18].  

In  t he int erest  of  protein folding problem, it  is useful  to perturb ol igoalanine model  with 

effect s such as to induce t heir  order ing as specif ic folds to character ize the effect  with both 

exper iment  as well  as theory. Specif ically, dissect ion of  effect s that  concern the int eract ions 

of the ma in cha in against  int eract ions of  side chains evokes int erest . The st ereochemical  

effect  of  N-t er minal  modif icat ion that  is ca pable of  influencing confor mat ion at  the l evel  of 

ma in cha in structure [19-21], and the role of  r esidue st ereochemistry in the del ineat ion of 

pr otein folding mechanism [22], t o increase the stabil ity of  proteins [23], t o r edesign an 

act ive and specif ic  ion channel  [24], and in  t he design of  novel  folds is highl ight ed in the 

l it erature [25-29]. The electrostat ic int eract ions among ma in cha in as well  as side cha ins are 

well  r ecognized for  their  role in  promot ing confor mat ional  folding in the polypept ide 

structure [30,31].  

The helical fold is of paramount importance in protein folding research as it constitute major 

secondary structure found in natural proteins and control numerous biological activities and 

functions [32,33]. The helical fold plays a key role in the vast majority of proteins that are 

found in the cell and is often found at the interface between proteins mediating protein-

protein interactions [34]. The misregulation of helical promoted interactions leads to the 

This article is protected by copyright. All rights reserved.



11 
 

disease state. Thus, a better understanding of the helical structure and the elucidation of the 

factors that dictate its structure and stabilization is of key importance.  

The folding simulations of all-alanine peptides and a number of short alanine-based helical 

peptides with positively or negatively charged residues have highlighted the role of 

hydrophobic interaction and charged side chains in the folding of α-helical peptides [35]. The 

diproline segments, covalently constrained diproline surrogate have been reported as 

potential nuclei for initiating helical folding in peptides [36-38]. The present study addresses 

nonapeptide composed of L-amino acids for the effect in N-terminal diproline and charge-

group effect over side chains that are capable of ordering the peptide as a helical fold. Due to 

charged side chains, nonapeptides are water soluble and hence amenable to experiment. The 

peptides were designed, synthesized and examined with Circular dichroism (CD) to assess 

the possible contribution of extended-β, semi-extended PPII and helical conformation in the 

equilibrium ensemble. Subtle variations of these conformational possibilities are indicated in 

the designed peptides with CD. CD spectral studies have been employed to identify stable 

and nascent secondary structure in short peptide fragments which lack tertiary interactions in 

a number of studies [39-41]. The implications for the understanding of nucleation and 

stabilization of helical conformation are discussed. The results of the present study will aid in 

the design of novel peptides with helical structures. The role of helical structures in the 

rational design of biocompatible hydrogels and inhibition of disease-relevant intracellular or 

extracellular protein-protein interactions have been reported in the literature [42,43].   

Results and discussion 

Design, synthesis and characterization of peptides 

The study is impl emented with nine-r esidue pept ides (Tabl e 1). The model s are pr imar ily 

ol igoalanine sequences having intr insically hel ix favor ing r esidue [44]. The model  

ol igoalanine is subst ituted with int ernal  Lys and Gl u r esidues for  impart ing solubil ity. The N-

ter minal  dialanine is subst ituted with a  diprol ine segment  of  homochiral  and heterochiral  

structure for  possibl e inducement  of hel ical  confor mat ion. The diprol ine segment , covalently 
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constrained diprol ine surrogate have been employed as pot ent ial  nuclei for  inducing hel ical  

confor mat ions in  pept ides [36-38]. Thus, a  combinat ion of  charge-group effect  over  side 

chains and st ereochemical  effect  of  the N-t erminal  structure are examined for  possibl e 

inducement  of  hel ical  folds.  

A1 is designed to assess t he effect  of  N-t er minal homochiral  diprol ine segment  and lysine 

side cha ins for  the inducement  of  hel ical  confor mat ion. A2 and A3, with N-t er minal  

homochiral  and het erochiral  diprol ine segment , r espect ively, are designed to assess the effect  

of Glu...Lys (i, i + 4) salt  br idge int eract ions on the nucleat ion of  hel ical  confor mat ion. The 

designed pept ides were synthesized by manual  sol id-phase synthesis using standard Fmoc-

chemistry. The pept ides displayed expect ed MS peaks in  QTOF-ESI-MS, m/z 922 for  A1, 

m/z 981 for  A2 and A3 (Fig . S1). 1H NMR spectra for  A1, A2, and  A3 r ecorded at  2.5 mM 

concentrat ion in  90% H2O/10% D2O at  298 K ar e pr esented in  Fig . S2. 1H NMR spectra were 

recorded at  t en-fold dilution for  each pept ide. No not iceable dilut ion effect on chemical  shift s 

or  l ine widths were observed for  the synthesized pept ides. This indicates that  the pept ides do 

not  aggregate in  the concentrat ion r egime of  NMR exper iment . A2 and A3 manifest  similar  
1H-NMR spectra except  in  t heir  NH r egions in  accordance with st ereochemically 

different iated structure of  the pept ides (Fig. S2). NMR spectra in  methanol  were 

character ized by a pparent  rapid solvent  exchange r esult ing in  non-observat ion of  a mide-NH 

resonances. Ther efore, no further  NMR studies were pursued in  methanol .  

Characterization of conformation of peptides in water 

The CD spectra of peptides A1, A2, and A3 in water are displayed in Fig. 1. The spectrum of 

A1 is characterized by a weak positive peak at ~220 nm and a sharp negative peak below 200 

nm. In the absence of interfering signals from aromatic side chains, such a couplet is 

characteristic for the PPII conformation [45-47]. The CD spectrum of A1 in water resembles 

the pattern that Kallenbach and co-workers characterized as a signature for PPII helix [18]. 

Banerji, et al., reported that tetrapeptide constellated with alternative D- and L-proline 

displayed a negative CD band at ~199 nm which highlight that peptide exists in the PPII 
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conformation [48]. The weak positive maximum at 217–220 nm is the most pronounced for 

A1 which suggest that A1 has, relatively, the highest contribution of the PPII-like conformer.  

As shown in Fig. 1, the small positive maximum at ~220 disappear and the absolute value of 

negative band at ~197 nm decreases along with ~1 nm redshift for A2 and A3. In addition to 

the negative band at ~197 nm for A3, we observe a broad negative shoulder at ~224 nm for 

A3 which highlight existence of other conformational folds in the equilibrium ensemble. 

Thus, observation of variation in the level of ordering of PPII conformation imply the 

equilibrium that involves the participation of other conformational folds which highlight the 

role of N-terminal diproline and Glu...Lys salt bridge interactions in the conformational 

landscape of the designed peptides. The participation of other conformational folds is evident 

from the percentage helical content calculated from the mean residue molar ellipticity at 222 

nm which highlight that A2 and A3 sample helical conformation, i.e., 9% and 26%, 

respectively (Table 2). The ellipticity at 222 nm has been employed to estimate the α-helix 

content from CD spectra in a number of studies [49,50].  

Saha, et al., have investigated conformational states for the diproline segment (LPro-LPro) 

found in 606 protein structures in the non-redundant data set [51]. The study highlighted that 

PPII–PPII and PPII–α are the most favorable conformational states for the diproline segment 

which is consistent with the results of present study that highlight higher PPII content for A2 

as compare to A3 which in turn implies lower helical content for A2 than A3.  

Raghavender investigated linear hydrophobic sequences containing centrally positioned 

diproline motifs, heterochiral (DL/LD) and homochiral (LL/DD), for their ability to form β-

hairpins [52]. The author reported that the propensity of homochiral diproline segments to 

adopt PPII conformations is higher than heterochiral segments which is consistent with the 

results of the present study. DFT calculations highlight that the energetics of folding critically 

depend on the geometrical relationship between backbone peptide units of the polypeptide 

structure [21]. The effect of the orientation of backbone peptide units of polypeptide main-

chain on the energetics of folding has been examined with DFT by utilizing end-protected 
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model peptides of LLLL- and DLLL-stereochemical structure. DFT calculations highlighted 

that enthalpy change and free energy change from an extended state to the folded state is 

more favourable for Ac–DPro–LPro–LAla2–NHMe as compare to Ac–LPro2–LAla2–NHMe 

which is consistent with the present results that highlight more helical structures for A3 than 

A2. 

Effect of solvent on the conformation of peptides     

The alcohols, methanol and trifluoroethanol (TFE), have been extensively used in the protein 

folding and structure examinations by experimental approaches such as NMR, CD, Fourier 

transform infrared spectroscopy (FTIR), light scattering, fluorescence etc [53,54]. Methanol 

plays an important role as a raw material or solvent in numerous enzymatic syntheses due to 

its low cost and easily supplied industrial organic solvent [55]. Thus characterization of the 

conformation of peptides in methanol is of key importance. 

The strong effect of solvent substitution from water to methanol is observed on the 

conformation of A1, A2, and A3 as shown in Fig. 2. With reduced polarity and dielectric 

strength of methanol as solvent, mutual interactions of suitably placed charged side chains 

could affect conformation.  

As depicted in Fig. 2, CD spectra in methanol evidence A2 and A3 as helical folds 

specifically on the basis of observation of two strong negative bands at ~205 nm and ~224 

nm and a positive band at ~193 nm [56]. Thus, there is a combined effect of N-terminal 

diproline and Glu...Lys salt bridge in the ordering of A2 to helical conformation in methanol. 

The negative bands at ~205 nm and ~224 nm for A2 are much more pronounced which 

suggest that the content of the helical structure is highest for A2 (Fig. 2, Table 2). Hwang, et 

al., highlighted that local sequence and environment play a significant role in determining 

whether methanol tightens or loosens the local protein structure [49]. The observed variation 

in the helical content of A2 as compare to A3 in methanol can be explained on the basis of 

change in the N-terminal diproline segment. The ratio (R) of the two negative maxima of the 

ellipticity, R = [θ]222/[θ]207, has been employed to estimate the helical type (whether 310-helix 
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or α-helix) [57-59]. For A2 and A3, the ratio (R) is 0.57 and 0.56, respectively, which 

highlights that A2 and A3 adopt 310 helical conformations in methanol.   

Lack of concentration dependence observed by CD spectroscopy 

For each peptide A1, A2, and A3, CD signature was examined at four different concentration 

of the peptide: 40, 60, 80, and 100 μM in water as well as in methanol. For each peptide, no 

remarkable change was observed and CD signature was identical at every concentration in 

water (Fig. 3, left panel). These CD spectral results of A1, A2, and A3 indicate that, for this 

concentration range, the peptides display near identical signature, signifying a lack of 

concentration dependence (Fig. 3, left panel). Banerji, et al., observed a red shift in the CD 

signature of a tetrapeptide constellated with alternative D- and L-proline upon an increase in 

the peptide concentration in water which highlights the formation of the oligomeric structure 

of the peptide [48]. The absence of a red shift in the CD signature of A1, A2, and A3 on 

concentration variation in water indicate that each peptide exists as a monomeric fold. 

Guarracino, et al., designed and synthesized short 6–8 residue α- and β-peptides by using 

primary sequence design features that influence helical control and directly compared the 

helicity across peptides with the most minimal epitopes [60]. The CD signature was 

examined for three different concentration of synthesized peptides, i.e., 25, 50, and 100 μM. 

No remarkable change was seen in the CD signature of the synthesized peptides and helical 

signature was identical at every concentration. The peptides display near identical CD 

signature signifying a lack of concentration dependence for this concentration range. 

With the increase in peptide concentration, no marked change of peak position was observed, 

however, variation in the intensity of the positive peak at 193 nm was observed for A1, A2, 

and A3 (Fig. 3, right panel). The minimum at ~205, ~224 nm and a maximum at ~193 nm 

represent helical structures and the absolute values at these points indicate the percentage of 

helical residues in the peptide. The variation in the intensity of the positive peak at 193 nm 

thus highlights minor changes in the percentage of helical residues in the designed peptides. 

Any change in the helical signature as a result of concentration variation designate potential 

helical oligomerization [61]. Thus, based on these results no oligomerization appeared to 
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occur in the synthesized peptides in methanol and hence each peptide fold is monomeric in 

concentration regime of CD experiment in both water and methanol which is consistent with 

the results from the NMR spectra as well.  

Effect of temperature and solvent variation on the conformation of peptides  

The main objective of the present study was to address a combined effect of N-terminal 

diproline and charge groups for the possible inducement of helical folds in the de novo 

designed nonapeptides using CD studies. Thus, a cationic peptide (A1) and a ion-pair peptide 

(A2) was selected for the temperature-dependent and solvent variation experiments to assess 

the effect of positively charged residues and Glu...Lys (i, i + 4) salt bridges on the nucleation 

of helical conformation. The CD spectrum of A1 and A2 in water measured at different 

temperatures between 20°C and 75°C at an interval of 5°C is shown in Fig. 4.  

On raising the temperature, the weak positive maximum at 217–220 nm observed for A1 

disappear, meanwhile the absolute value of negative band at ~197 nm decreases. The results 

indicate that a β-strand conformer become more populated at the expense of PPII-conformer 

at a higher temperature. In addition, a clear isodichroic point at ~207 nm was observed. 

Accordingly, temperature effect in the CD spectrum can be interpreted in terms of a two-state 

transition between a PPII and a β-strand conformation in agreement with the result from a 

CD spectrum of cationic trialanine [62]. Srivastava, et al., highlighted that serine 

nonapeptide, Ac–(Ser–Ala)4–Ser–NH2, display a PPII-helix conformation in water which 

unfolds to extended β-conformation with increase in temperature, apparently in a two-state 

equilibrium [63]. Mu, et al., performed classical molecular dynamics (MD) studies of 

trialanine in aqueous solution and highlighted that two extended conformers, β and PPII, of 

AAA coexist in aqueous solution [64]. Temperature-dependent CD measurement of poly-L-

lysine by Tiffany and Krimm also clearly depicted an isodichroic point reflecting the 

coexistence of two conformations [65]. Shi, et al., analyzed the seven-residue alanine peptide 

(XAO peptide) by NMR and CD spectroscopy and found a transition between PPII 

(stabilized at low temperature) and β-strand structure (stabilized at high temperature) [18]. 
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The CD spectrum of A2 measured at different temperatures between 20 °C and 75 °C is 

shown in Fig. 4 (right panel). The spectra display strong negative bands at ~197 nm, 

however, the ellipticity values are smaller as compare to A1. The absolute value of negative 

band at ~197 nm decreases with an increase in temperature and an isodichroic point at ~207 

nm was observed. The results highlight that a β-strand conformer become more populated at 

the expense of PPII-conformer at a higher temperature as observed with A1.  

On increase of methanol concentration, A1 manifest a shift from the weak positive peak at 

~220 nm and a large negative peak around 197 nm, diagnostic for the PPII structure, to a 

weak negative shoulder at around ~225 nm and negative peak at near ~204 nm which 

highlight the existence of helical folds in the equilibrium ensemble (Fig. 5). A2 manifest a 

clear transition from the PPII-conformer to the helical conformation on increase of methanol 

concentration on account of the observation of strong negative bands at ~205 nm and ~224 

nm which highlight the role of N-terminal diproline segment as well as Glu...Lys (i, i + 4) salt 

bridge interaction on the nucleation of helical conformation.   

Conclusions 

In the present study, the effect of N-terminal diproline and charged side chains in the alanine-

based short peptides has been investigated as an approach to scrutinize the specific role of 

interactions within the main chain and between side chains in inducement and stabilization of 

helical conformation. The subtle variations in the intensity of CD bands characterizing PPII 

signature were observed for the model peptides in water which highlight contribution of other 

conformational states of the polypeptide structure in the equilibrium ensemble. Temperature-

dependent CD studies in water provided clear evidence that PPII ensemble will melt to 

extended β-conformation with an increase in temperature which is consistent with previous 

studies. Solvent-dependent CD spectra indicate a transition from PPII-conformer to helical 

conformation for A2 which illustrate the role of N-terminal diproline segment as well as 

Glu...Lys (i, i + 4) salt bridge interactions on the nucleation of helical conformation in 

alanine-based short peptides. The present study will enhance our understanding on the 
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stabilization of helical conformation in short peptides and hence aid in the design of novel 

peptides with helical structures. 

Experimental section 

Materials 

Fmoc-protected amino acids, reagents for solid-phase peptide synthesis, Rink-Amide AM 

resin, dried solvents–dimethylformamide (DMF), methanol, diethylether, dichloromethane 

were purchased either from Sigma-Aldrich or Novabiochem-Merck. 

Peptide Synthesis 

The peptides were synthesized manually on Rink-Amide AM resin as solid support using 

standard Fmoc chemistry and HOBt/DIC as coupling reagents [66]. The coupling reaction 

was monitored with standard Kaiser and chloranil tests, each coupling reaction typically 

required about 6 hrs. Subsequent deprotection step was carried out by 30% (v/v) piperidine-

DMF solution. N-terminal was acetylated (–NHCOCH3) with Ac2O: DIPEA: DMF in 1:2:20 

ratio. The cleavage of the end-protected final polypeptide and simultaneous deprotection of 

side chains were accomplished with reagent K (82.5% TFA/5% dry-phenol/5% 

thioanisole/2.5% ethandithiol/5% water). The filtrate from the resin was precipitated with 

anhydrous diethyl ether and lyophilized in 1:4 H2O:tBuOH solution to obtain peptide in 

powdered form. The purity of the peptides were assessed by high-performance liquid 

chromatography (HPLC) over reverse-phase (RP) C18 column (10 μM, 10 mm × 250 mm; 

Merck) eluting with water/acetonitrile (0.1% TFA) 5–95% gradients and determined to be at 

least 95% pure by analytical HPLC. 

Mass Spectra 

Mass spectra of the synthesized peptides were recorded on QTOF-ESI mass spectrometer. 

Positive ions were detected in linear/reflectron mode.  

Nuclear Magnetic Resonance (NMR) 
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1H NMR experiments were recorded on Bruker 700 MHz spectrometer at 298 K. Peptide 

concentration of 2.5 mM was used. The solutions were prepared in 90% H2O/10% D2O with 

4, 4-dimethyl-4-silapentane-1-sulfonic acid (DSS) as an internal reference. The 1D 1H spectra 

were recorded for all peptides at 10-fold dilution to check the formation of aggregates.  

Circular Dichroism (CD) 

CD measurements were performed on JASCO J-180 CD spectropolarimeter calibrated with 

D-(+)-10-camphorsulfonic acid (CSA). Data were collected at 298 K in 0.2 cm path length 

quartz cell with 2 nm bandwidth in far-UV (190–250 nm) range. Scanning was done at 100 

nm/min with 1.0 s time constant, in 1 nm steps, and five scans were averaged after 

background subtraction for solvent water. Because of lack of aromatic residues in the 

designed peptides, the peptide concentration was determined using the UV absorbance (A205) 

at 205 nm [67,68]. The observations in millidegree ellipticity were converted to mean residue 

molar ellipticity [θ]MRW. 
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Figure captions 

Fig. 1. CD spectra of A1, A2, and A3 in water at 298 K. Y-axis represents mean residue 

molar ellipticity and X-axis represents wavelength in nm. The peptide concentration is 40 

μM. Inset show the wavelength region (207–230 nm) that include the characteristic maxima 

(217–220 nm) for the PPII conformation in higher magnification. 

Fig. 2. CD spectra of A1, A2, and A3 in methanol at 298 K. The peptide concentration is 40 

μM. 

Fig. 3. CD spectra of peptides A1, A2, and A3 in water (left panel) and methanol (right 

panel) at 298 K in 40–100 µM concentration range. The peptides’ structures are concentration 

independent in their molar ellipticities in both water and methanol, thus apparently, free of 

aggregation.  

Fig. 4. CD spectra of A1 (left panel) and A2 (right panel) in water displaying temperature 

dependent equilibrium between different conformations. The peptide concentration is 40 μM. 

Fig. 5. CD spectra of A1 (left panel) and A2 (right panel) displaying solvent dependent 

equilibrium between different conformations. The peptide concentration is 40 μM. The 

solvent composition is shown as water (W) to methanol (M) ratio.  
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Table 1. Sequence of the designed nine-residue alanine-based peptides A1, A2, and A3. The 

N-terminal homochiral and heterochiral diproline segment, and amino acids with charged 

side chains are shown in bold.  

Model Alanine-based peptides 

A1 Ac–Pro–Pro–Ala–Lys–Ala–Lys–Ala–Lys–Ala–NH2 
A2 Ac–Pro–Pro–Glu–Glu–Ala–Ala–Lys–Lys–Ala–NH2 
A3 Ac–DPro–Pro–Glu–Glu–Ala–Ala–Lys–Lys–Ala–NH2 
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Table 2. Mean residue molar ellipticity at 222 nm i.e. [θ]222 and estimated helix content from 

CD spectra of A1, A2, and A3 in water and methanol. 

 Water Methanol 

 [θ]222 
estimated helix 
contenta (%)  [θ]222  estimated helix 

contenta (%) 

A1   57.38 0 –5730.46 20 
A2 –2603.26 9 –22214.72 76 
A3 –7767.65 26 –15232.78 52 
a Helix content was calculated from the mean residue molar ellipticity at 222 nm i.e. [θ]222 using the following 
equation, % helix = 100 [[θ]222/{–39500(1–2.57/n)}], where n is the number of peptide bonds [20]. 
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