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Abstract


The thesis entitled “Peptides  and  Polypeptides  Derived  from 4S/R-(hyp/amp)-Proline: 


Synthesis  and  Characterisation  of β-structure‟‟  is  comprised  of  studies  towards  the 
 design  and  synthesis  of  peptides  based  on  4-substituted  prolines  in  hybrid  amides  and 
 polyproline  and  study  of  their  conformational  behavior  under  variable  physical 
 environments which may have importance in understanding their biological functions. The 
 work  describes  different  conformational  behavior  of  4-amino/hydroxy  hybrid  amides  and 
 polyproline peptides  under different  solute  and solvent conditions  and  characterisation of 
 β-structure. The investigation of β-structure in 4S-hyp9 may gives new directions of future 
 research work in protein engineering. The thesis is presented as four chapters 


Chapter 1:   Introduction and importance of polyproline conformations 


Chapter 2:   Synthesis and study of foldamer properties of unnatural (N-amino 
 ethyl)glycyl and pyrrolidine peptides of different length  


Chapter 3:   Poly-4S(hyp/amp)proline peptides: Characterization of β-structure  
 Chapter 4:   Orientation of β-Structure: parallel or antiparallel? 


Chapter 1:   Introduction and importance of polyproline conformations 


This  chapter  gives  an  overview  on  the  background  literature  for  undertaking  the 
 research work,  emphasizing recent  advancements in  the field  of  polyproline  peptides and 
 their applications. 


The  polyproline  type  conformations  PPI  and  PPII  have  been  recognized  for  their 
 presence in both folded and unfolded protein structures. PPI helix as all backbone tertiary 
 amide  bonds  are  in  the cis  (ω0 = 0°)  disposition,  while  in  PPII,  these  bonds  are  all trans 


(ω0 = 180°).  The  right  handed  PPI  helix  is  thus  compact  while  the  PPII  helix  is  a  fully 


extended left-handed structure.  


n→π* interaction is the main structural feature responsible for the stabilization of 
polyproline  structures.  Polyproline  conformations  are  affected  by  different  factors 



(16)xii 


including endo/exo  pucker  for  prolyl  ring, cis-trans  isomerism,  stereoelectronic  (gauche 
 interactions). Recent literature and advancements in the area of polyproline emphasize on 
 the utility of proline, and synthesis of series of peptides functionalized with substitution to 
 examine  the  effects  of  proline  substitution  on  PPI  and  PPII  conformations  with 
 combination  of  stereoelectronic  and  steric  effects  on  proline  conformation  and  thus 
 consequently  on  peptide  main-chain  conformation  and  to  develop  new  biologically 
 important tools.  


Chapter 2:   Synthesis and study of foldamer properties of unnatural (N-amino 
 ethyl)glycyl and pyrrolidine peptides of different length  


This  chapter  is  directed  towards  the  comparative  study  of  hybrid  amides 
 (aminoethyl-glycyl,  aminoethyl-prolyl,  ae-4(R/S)-aminoprolyl-polyamides)  to  understand 
 the  effect  of  chain  length,  proline  conformation  and  stereochemistry  of  proline  C4 
 substituent  on  the  secondary  structures  adopted  by  (ae-pro)  polyamides  in  water  and 
 Fluoro-alcohols  and  investigation  of  conformation  adopted  by  these  polyamides  by 
 different spectroscopy. 


Fully  protected  monomers  (Scheme1)  aminoethyl  glycine  (aeg)  (6),  aminoethyl 
prolyl  (ae-Pro)  (8),  aminoethyl  4S-hydroxyprolyl  (ae-4S-Hyp)  (17),  and  aminoethyl  4R-
hydroxyprolyl  (ae-4R-hyp)  (24)  were  synthesized  and  these  were  incorporated  into  the 
homo  oligopeptides 1 (aeg)n, 2 (ae-pro)n, 3  (ae-4R-Hyp)n,  and 4  (ae-4S-hyp)n,  of  various 
length from tetramer to hexamer by solid phase synthesis on Rink amide resin, using Fmoc 
chemistry with t-Boc protection for the 4-amino function on proline (Scheme 1). 
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 Scheme 1. 


The  conformational  studies  of  oligopeptides  were  carried  out  by  CD  and  FT-IR 
 spectral  analysis  in  water  (sodium  phosphate  buffer  pH  7.2)  and  trifluoroethanol  (TFE). 


The  peptides 1  and 2 had  no  ordered  secondary  structure  in  both  water  and  TFE  due  to 
 non-chiral  amino  acid  glycine  and  unsubstituted  proline.  In  peptide  3,  with  4R-NH2


substitution on proline, no CD or FT-IR signal indicated secondary structure, reflecting the 
steric inability of 4R-NH2 group to engage in any H-bonding. However, the peptide 4, with 
4S-amino substituent on proline can take part in intermolecular hydrogen bonding between 
two strands (Figure1). 
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Figure 1. (A) CD profile of peptides aeg-4S-amp6 at concentration 200 to 500 μM in TFE; 


(B) Possible intermolecular H-bonding 


Chapter 3:   Poly-4S(hyp/amp)proline peptides: Characterization of β-structure  
 Structural and conformational analyses of biopolymers reveal the fact that most of 
 the  biological  events  result  from  their  stable  compact  conformation,  stabilized  by  a 
 collection  of  non-covalent  interactions.  Polyproline helices,  along  with  α-helices  and β-
 sheets,  are  the  three  most  important  types  of  protein  secondary  structure  that  exist  in 
 nature.  


Compared  to  the  other  common  secondary  structure  elements  found  in  protein, 
 absence  of  local  hydrogen  bonds  involving  main  chain  atoms  is  one  of  the  distinctive 
 structural  properties  of  PPII  helices.  This  structural  feature  leaves  several  unsatisfied 
 hydrogen  bond  acceptors  free  to  establish intra  or inter-molecular  interactions.  A  recent 
 computational  study1  as  well  as  Chapter  2  has  suggested  that  in  4S-aminoproline, 
 intramolecular hydrogen bond that is feasible between 4S-NH2 and the carbonyl carbon of 
 same  proline  moiety2,  leads  to  increase  in  the trans/cis  ratio  of  peptide  bond.  In  view  of 
 these  findings,  it  was  proposed  to  study  the  effect  of  4R/S-amino/hydroxyl  group,  which 
 unlike  fluorine3  or  azide4  can  participate  in  intramolecular  and  intermolecular  hydrogen 
 bonding. 4-Hydroxy group should act like the 4-amino group in terms of its ability to form 
 hydrogen bonding and influence the PPI and PPII conformation of proline polypeptides. 


A  B 
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The  4S-L-hydroxyproline  (32)  and 4R-D-hydroxyoproline  (38)  monomers  were 
 synthesized  (Scheme  2).  These  were  incorporated  into  the  homo  oligopeptides 7 (4S-L-
 hyp9) and 9 (4R-hyp9) by solid phase synthesis on Rink amide resin, using Fmoc chemistry 
 with t-butyl  protection  for  the  4-hydroxy  function  on  proline  (Scheme  2).  The  readily 
 available  N-Fmoc  proline  (39)  and  4R-hydroxyproline  (40)  was  used  for  the  synthesis  of 
 control  proline  oligomer  5  (Pro9)  and  6 (4R-Hyp9).  The  peptide 8  (4S-Achyp9)  was 
 obtained by treatment of peptide 7 (4S-hyp9) with acetic anhydride. 


Scheme 2. 


The  conformational  studies  of  oligopeptides  were  carried  out  by  CD  spectral 
analysis as a function of different solvents  trifluoroethanol (TFE) aliphatic alcohol and 
solutes  (urea,  sodium  chloride  and  sodium  perchlorate).  It  is  commonly  known  that 
urea  denatures  proteins  by  promoting  disorder  in  peptide  backbone.  The  first  step  of 
unfolding is opening up of the hydrophobic core, which then gets solvated by water and 
later  by  urea.  It  is  well  known  that  urea  promotes  PPII  helicity  while  salt  (NaCl) 
disrupts the PPII helix.5 The effects of these solutes on the conformation of peptides (5-
7) were examined by CD spectroscopy. It was found that the PPII helicity of peptides 5 
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(Pro9)  and 6  (4R-Hyp9)  increases  smoothly  with  increase  in  concentration  of  urea, 
 while  it  enhanced  rapidly  in  case  of  peptide 7  (4S-hyp9).  The  addition  of  salt  slightly 
 decreases  the  PPII  helicity  for  peptides  5  (Pro9)  and  6  (4R-Hyp9),  while  drastic 
 decrease was seen in case of peptide 7 (4S-hyp9).  


The  hydrophobic  solvent  like  trifluoroethanol  (TFE)  affects  the  conformational 
 properties of peptide and hence the effect of TFE on peptides (5-9) was investigated by CD 
 spectroscopic  study.  Peptides 5  (Pro9)  and 6  (4R-Hyp9)  retained  PPII  conformation  in 
 trifluoroethanol. In this solvent, very interestingly β-structure formed in case of peptide 7 
 (4S-hyp9) which transformed (Figure 2B) to PPII by addition of tiny amount of water. It is 
 seen  that  the  peptide  8 4S-(OAc)-Pro9  failed  to  form β-structure  in  TFE  unlike  the 
 hydroxyl  peptide 7  4S-(OH)-Pro9  and  remains  in  PPII  conformation  even  in  TFE  like 
 peptide 6 4R-(OH)-Pro9. 


Figure 2. CD profiles of peptides 7 (4S-hyp9) (A) in sodium-phosphate buffer (pH 7.2). 


(B) in TFE; All measurements done at concentration 50 to 300 μM . 


The cis position of 4-OH (L) and 2-carboxyl can also be realized with 4R-OH (D) 
 but with D-proline and the peptide 9 (4R-hyp9) is derived from 4R-OH-D-proline (Figure 
 4).  The  D-prolyl  peptide  exhibited  PPII  form  of  opposite  handedness  compared  to  the 
 natural  right-handed  PPII  form  in  water  (mirror  image  CD)  (Figure  3A)  and  mirror β-
 structure in TFE  (Figure 3B). Although the  reversal of sign of CD bands  is seen, the CD 
 profile amplitudes are not exactly inverted (Figure 3B). 


β-structure 


PPII 
A 
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Figure  3.  CD  profiles  of  peptide 7  (4S-L-hyp9,  red) and 9  (4R-D-hyp9, black)  (A) 
 Sodium-phosphate buffer (pH 7.2). (B) in TFE at concentration 100 μM.  


The  presence  of β-structure  in  TFE  for  peptide 7  (4S-hyp9)  was  supported  by 
 Raman spectroscopy. The present results will add a new design principle to a growing 
 repertoire  of  strategies  for  engineering  peptide  secondary  structural  motifs  for  new 
 biomaterials.  The  structural  conversion  illustrates  a  fine  balance  between 
 stereoelectronic  and  H-bonding  effects  in  novel  tuning  of  the  secondary  structure  of 
 4R/S-hydroxyproline polypeptides is discussed in this chapter. 


Figure 4. β-structure formed in case of peptide 7 (4S-L-hyp9) and 9 (4R-hyp9). 


  Chapter 4: Orientation of β-Structure: parallel or antiparallel? 


This  chapter  is  directed  towards  distinguishing  the  parallel/antiparallel 
 orientation  of  possible β-structure  in  4S-hydroxy-L-proline  and  4R-hydroxy-D-proline 


A  B 


β-structure 
PPII 
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peptides  in  TFE  by  using  polyhdroxyproline  peptides  modified  with  FRET  probes, 
 hydrophobic  interaction  of  fatty  acid  chain  which  are  attached  at  the  N -terminal  and 
 FT-IR studies. 


Section 1: Distinguishing the β-structure arrangements by FRET 


For  FRET  studies,  peptides 10-12  were  synthesized  to  contain  a  tryptophan  or 
 dansyl at N-terminus in two different peptides and both in same peptides with tryptophan 
 at  C-terminus  and dansyl  at  N-terminus.  Tryptophan as donor  and  dansyl as  acceptor  are 
 well known to serve as a FRET pairs to monitor biomolecular geometries.  


CD  spectroscopic  studies  suggest  that  the  ability  of  the  fluorescent  peptides 
 labeled at N-terminus 10 (4S-hyp9-Ds), 11  (4S-hyp9-Trp) and dual labeled 12 (Trp-4S-
 hyp9-Ds) to  form  PPII  in  water  and β-structure  in  TFE  is  not  altered  by  FRET  probe 
 labeling at various concentrations.  


In  FRET  experiments,  concentration  of  either  donor  or  acceptor  peptide  was 
 kept  constant  and  the  second  component  peptide  was  added  in  0.5  or  1.0  equivalent. 


Emission signal from acceptor (Dansyl) was recorded at the excitation frequency (287 
 nm) of donor (Tryptophan). 


Increasing  amounts  of  acceptor  peptide 10 (4S-hyp9-Ds)  were  added  to  the 
constant  amount  of  donor  peptide  11(4S-hyp9-Trp)  and  vice  versa  in  separate 
experiments. Upon excitation of tryptophan at 287 nm, emission was observed only at 
tryptophan  emission  351  nm.  The  non-observance  of  FRET  signal  after  addition  of 
peptide 10 (4S-hyp9-Ds)  and 11  (4S-hyp9-Trp)  can  be  attributed  to  an  antiparallel 
orientation  of  two  strands  with  the  FRET  components  at  opposite  termini .  After 
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addition  of  acceptor  peptide 10  (4S-hyp9-Ds)  to 12 (Trp-4S-hyp9-Ds), it  is  found  that 
 emission  signal  intensity  at  549  nm  corresponding  to  dansyl  fluorescence  increased 
 upon  excitation  at  Trp  287  nm.  Importantly,  the  emission  corresponding  to  donor 
 tryptophan  decreases  which  is  due  to  transfer  of  fluorescence  energy  from  tryptophan 
 to  excite  dansyl  followed  by  emission  from  dansyl  at  541  nm  (Figure  5).  All  these 
 results  can  be  explained  only  when  peptide  associates  in  an  antiparallel  orientation 
 which was also well supported by FT-IR studies. 


Figure 5. (A) Emission spectra of the modified peptide 12 (Trp-4S-hyp9-Ds) before and 
 after addition of 10 (4S-hyp9-Ds); For FRET, donor excited at λ287 nm (donor emission 
 monitored at λ351nm emission and acceptor emission λ351nm), (B) Plausible orientation of 
 peptides in β-structure. 


Section 2. Morphology and polymorphism of self-assembling polyproline peptides 
 conjugated with fatty acid chains 


The  peptides  (13-18)  were  synthesized  to  monitor  the  relative  orientation 
dependent morphology. 
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The  antiparallel  disposition  of β-structure  of  4S-peptides  seen  in  TFE  is  further 
 substantiated  from  morphological  structures  of  nano-structure  formed  visualized  through 
 FESEM  images  of  their  fatty  acid  conjugates.  The  hydrophobic  interactions  among  the 
 chains are superimposed on the interchain hydrogen bonding in β-structure.  


200 nm 200 nm


200 nm 
 200 nm


Figure 6. FESEM images for peptides (A) 7 (4S-hyp9), (B) 16 (4S-hyp9-C12), (C) 17 (4S-
 hyp9-C14)and (D) 18 (4S-hyp9-C16) in TFE at 50µM. 


Figure 7. FESEM images for 4R-peptides (A) 6 4R-Hyp9, (B) 13 (4R-Hyp9-C12), (C) 14 
 4R-Hyp9-C14 and D) 4R-Hyp9-C16 in water at 300µM. 


Only  the  4S-peptides-lipid  conjugates  that  show  β-structure  exhibit  nanofiber 
structures  (Figure  6)  while  those  from  4R-peptides  remains  as  rods  (Figure  7).  These 
nanostructures  arise  from  an  antiparallel  arrangement  in  which  fatty  acid  chains  from 
opposite stands can hydrophobically interact leading to continuous extension of structures 
to form nanofibers. A parallel arrangement of strands will remain as non-extendible rods. 
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The 4S-NH2/OH substitution on proline with S-stereochemistry leads to formation 
 of β-structure in TFE, assembled by interchain hydrogen bonding. The extent of β-structure 
 increases  with  chain  lengths  and  critical  at  lengths  of  pentamer  and  hexamer.  The cis 
 position  of  4-NH2/OH  and  2-carboxyl  is  important  since β-structure  observed  in  peptide 
 derived from 4S-OH-L-proline, was also found in peptide composed of 4R-OH-D-proline.  


β-Structure  formed  by  4S-peptides  is  a  result  of  association  of  two  polyproline 
 strands  through interchain  H-bond  and  addition  of  fatty  acid  tail  at  the  end  of  these 
 peptides formed elongated fibers. The FRET experiment and formation of fiber exhibit the 
 antiparallel orientation of two strands in β-structure. 
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 1. Introduction 


Nature  is  an  excellent  source  of  inspiration  in  the  design  of  stimulus  responsive 
 materials. Proteins  and  peptides  that  encompass  in  nature  forming  variety  of  functional 
 structures should be good as building blocks for design of materials. They have the ability 
 to self-assemble into complex architectures, respond to environmental stimuli such as pH, 
 temperature,  solvent,  presence  of  small  molecules  or  enzymes,  and  oxidising/reducing 
 environment.  Unlike  proteins  that  are  highly  fragile  molecules,  peptides  are  small,  rigid 
 units  that  have  protein-mimicking  properties.  They  are  ideally  suited  due  to  the  range  of 
 distinct physical properties thrusted on them from the naturally occurring amino acids.1  


The basic properties of peptides are ultimately defined by their primary amino acid 
 sequence. The different amino acid residues provide diversity via non-covalent interactions 
 such  as  hydrophobic  interactions,  aromatic  stacking,  hydrogen  bonding,  disulfide  bridges 
 and electrostatic interactions. The individual interactions are weak, but as an ensemble they 
 give rise to stable secondary structure and tertiary structure essential for function.2  


1.1. Conformational analysis of polypeptides 


Proteins  are  linear  chains  of  amino  acids  that  fold  into  precise  three-dimensional 
 shapes which are crucial to perform a wide range of the functions in cell, the sequence of 
 their  amino  acid  residues  directing  the  folding  to  a  particular  native  state  conformation.3
 Polypeptide  conformations  can  be  described  in  terms  of  three  main  chain  torsion  angles; 


(a)  the  torsion  angle  about  Cα-N -bond  (R-Cα-N-H)   (phi),  (b)  the  angle  about  the -
bond  between  carbonyl  group  and  Cα  (R-Cα-C-O)  ψ  (psi),  and  (c)  the  angle  about  the 
amide bond (O-C-N-H)   (Figure 1). The -bonds  (except  in  the imino acid  proline) are 
relatively  flexible  and  the  preferred  values  for   and  ψ  angles  depend  primarily  on  the 
nature  of  the  α-substituent.  Allowed  values  for   and  ψ  are  graphically  revealed  in  a 
Ramachandran  when  is  plotted versus  ψ.4  The  torsional  angles  of  each  residue  in  a 
peptide define the geometry of its attachment to its two adjacent residues by positioning its 
planar peptide bond relative to the two adjacent planar peptide bonds. Thus torsion angles 
are among the most important local structural parameters that control protein folding. 
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Figure 1. Illustration of peptide plane and the torsion angles.5
 1.1.1 Ramachandran plot 


The  sterically  allowed  values  of   and  ψ  can  be  determined  by  calculating  the 
 distances between the atoms of a tripeptide at all values of  and ψ for the central peptide 
 unit. Sterically forbidden conformations, such as the one shown in Figure 2A, are those in 
 which any nonbonding interatomic distances is less than its corresponding Van der Waals 
 distance.  Such  calculations  lead  to  Ramachandran  plot4  (Figure  2B),  which  defines  the 
 energetically allowed secondary structures for all sets of combinations of  and ψ angles.


A  B 


Figure 2. (A) Steric interference between adjacent residues, the collision between carbonyl 
oxygen  and  the  following  amide  hydrogen  prevents  the  conformation   =  -60°, ψ = -30°, 
(B) Ramachandran plot for variety of peptide structures.6
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Ramachandran  observed  that   and  ψ  values  of  accurately  determined  structures 
 fall within the allowed regions  that -ψ plot.  The contours indicate the extent of allowed 
 (light  blue) and most favored (dark blue) combinations of (, ψ). The black circles show 
 the locations of the ideal phi, psi values for the most common regular secondary structural 
 features, β-strands (in antiparallel and parallel sheets) and α-helices. Outside the contours, 
 the corresponding conformations are disfavored  or disallowed.  There  are, however, some 
 notable exceptions: 


  Glycine is less sterically hindered, allows high flexibility in the polypeptide chain 
 as well as torsion angles and is often found in loop regions, where the polypeptide 
 chain takes a sharp turn. This is also the reason for the high conservation of glycine 
 residues  in  protein  families,  since  the  presence  of  turns  at  certain  positions  is  a 
 characteristic of a particular fold of protein structure. 


  Proline  is  often  found  at  the  end  of  helices  and  functions  as  a  helix  disruptor.  In 
 contrast to glycine, proline fixes the torsion angles at values, which are very close 
 to those of an extended conformation of the polypeptide (like in a β-sheet).  


The  three-dimensional  geometry  of  a  protein  molecule  thus  optimized  due  to 
structural and conformational constrains is vital to its function. Four levels of structure are 
used  to  describe  a  protein. The  short  regions  of  proteins  called  as  peptides  and  basic 
structures are determined by the primary amino acid sequence. The diversity provided by 
residues  is  based  on  the  possible  non-covalent  interactions  such  as  hydrophobic 
interactions,  aromatic  stacking,  hydrogen  bonding,  disulfide  bridges  and  electrostatic 
interactions.  The  most  common  secondary  structures  are  α-helix  and β-sheets,  although 
other  structures  such  as  the  310  helix,  polyproline  helix  and  the  π-helix  also  exist.  The 
nature  of  secondary  structure  formed  indicated  by  the  primary  structure  and  different 
amino acids have different secondary structure propensities.2
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1.2 Protein secondary structures: the α helix and the β-sheet 


Secondary structures arise from intra chain interactions in a stretch of peptide and 
 are  mainly  composed  of α-helices, β-sheets,  turns  and  rest  associated  with  random  coils. 


The various secondary structures are characterised by their specific geometric and derived 
 biophysical properties .7  


1.2.1 The α helix 


 α-Helix  (Figure  3)  is  a  common  secondary  structural  element  of  protein  and 
 consists of right hand coiled or spiral conformation. An ideal α-helix has a pitch 0.54 nm, 
 rise of 0.15 nm, and the number of amino acid residues for one complete turn is 3.6 (Figure 
 3). However, α-helices are slightly distorted in proteins with 3.5 to 3.7 amino acid residues 
 per turn. 


In an α-helix, carbonyl oxygen of ith residue of polypeptide backbone is hydrogen-
 bonded  to  amide  NH  of  the i+4th  residue  toward  the  C-terminus.  Each  hydrogen  bond 
 closes  a  loop  containing  13  atoms  (the  carbonyl  oxygen,  11  backbone  atoms,  and  the 
 amide hydrogen) and α-helix is also termed as 3.613 helix. The hydrogen bonds stabilizing 
 the helix are nearly parallel to the long axis of the helix. 


Figure 3. The α helix, dashed lines indicate hydrogen bonds between polypeptide strands.
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 1.2.2 The β-sheet 


A  β-sheet  (Figure  4)  is  made  up  of  individual  strands  of  peptide  chains  held 
 together by hydrogen bonding between the neighbouring chains (interstrand) rather than in 
 the  same  chain  as  in  an  α-helix  (intrastrand).The  side  chains  project  above  or  below  the 
 sheet, and well placed to interact with side chains of adjacent sheet. β-sheets are stabilized 
 by (i) hydrogen bonds, (ii) their side chains interactions, (iii) favorable (, ψ) angles (in the 
 β-region of the Ramachandran map), and (iv) van der Waals attractions. 


A Parallel  


B Antiparallel 


Figure 4. The β-sheets with dashed lines indicating hydrogen bonds between polypeptide 
 strands, (A) an antiparallel β- sheet, (B) a parallel β-sheet.6


Depending  upon  relative  orientations  of  adjacent  chains,  which  can  run  in  either 
 same or opposite directions, β-sheets are categorised as two types  


 The  antiparallel β-sheet,  in  which  the  neighboring  hydrogen-bonded  polypeptide 
chains run in opposite directions (Figure 4A). (N→C; C→N) 
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 The parallel β-sheet, in which both the hydrogen-bonded chains extend in the same 
 direction (Figure 4B). (N→C; N→C). 


Successive side chains of polypeptides in a β-sheet extend in opposite sides of the 
 sheet with a two-residue repeat distance of 7.0 Å. 


1.3 Other Secondary Structures: 310 helix, β-hairpin and turns 
 1.3.1 The 310- helix 


The  310  helix  (Figure  5A)  is  a  structural  form  present  in  globular  proteins  and 
 differs from α-helix in hydrogen bonding pattern. The –C=O….H-N hydrogen bond occurs 
 between residues i and i+3 with 10 atoms in rings of 310-helix (Figure 5B), while in α-helix 
 hydrogen bonds occur between residues i and i + 4. 


A   B 


Figure  5.  (A)  A  representative  model  of  310  helix,  (B)  Intramolecular  hydrogen-bonding 
 pattern of a 310-helix. 


The amino acids in a 310 helix are arranged in a right-handed form with each amino 
acid  taking  a  120°  turn  on  the  helix  axis  corresponding  to  three  residues  per  turn,  and  a 
translation of 2.0 Å along the helical axis. 310-helical conformation has been implicated as 
an intermediate in unfolding of α-helices to form extended conformation. 
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 1.3.2 The β-hairpin 


β-Hairpins (Figure 6) are widespread in globular protein structures and arise from a 
 β-turn connecting two strands of an antiparallel β-sheet.9 Characteristic average values for 
 the   and  ψ  angles  of β-strand  residues  in  antiparallel β-sheets  are  –139°  and  +135°, 
 respectively. β-hairpins  can  occur  in  isolation  or  as  part  of  a  series  of  hydrogen  bonded 
 strands  that  collectively  comprise  a  β-sheet/β-barrel.  β-Hairpin  motifs  adopt  specific 
 conformations,  depending  upon  the  number  of  residues  in  the  turn  and  the  number  of 
 interstrand hydrogen bonds between the residues flanking the turn. 


Figure 6. A representative model of β-hairpin.6
 1.3.3 Turns 


Depending upon the number of intervening atoms in a turn before the first H-bond 
is formed, the types of turns are identified. β-Turns have been identified based on criterion 
that  the  distance  between  Cα (i)  and  Cα  (i+3)  is  less  than  7  Å  and  the  chain  is  not  in  a 
helical conformation.10 In contrast to helices, the backbone dihedral angles are not constant 
for all the residues in the turn. Although the close proximity of the two terminal Cα atoms 
correlate  with  the  formation  of  one  or  two  hydrogen  bonds  between  the  corresponding 
residues, such hydrogen bonds are not strictly required in the definition of the turn.  
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Figure 7. Representation of (A) α-turn, (B) β- turn, (C) γ-turn and (D) π turn. 


In an α-turn, the end residues are separated by four peptide bonds (i  i4) (Figure 
 7A); in a β-turn (the most common form), by three bonds (i i3) (Figure 7B), in a γ-turn, 
 by two bonds (i i2) (Figure 7C), in a δ-turn, by one bond (I i1) (Figure 7D) and in a 
 π-turn, by five bonds (i i5) (Figure 7E). 


1.4. Polyproline conformation 


Apart  from  the  above  regular  secondary  structures  and  turns,  another  important 
 characterized secondary structure is the Polyproline II (PPII) helix which is present in both 
 folded and unfolded proteins. Proline is the only naturally occurring imino acid in proteins 
 and plays unique structural and role in guiding protein folding, fiber formation and protein-
 protein interactions.11  


1.4.1 Peptidyl prolyl cis-trans isomerisation 


Cis-trans  isomerization  of  the  peptide  bond  plays  an  important  role  in  many 
protein-folding  pathways.12  Proline  being  imino  acid  forms  tertiary  amide  bonds  in 
proteins and can exist in distinct cis and trans peptide bond conformations. It is estimated 
that 5-7% of the proteins possesses peptidyl-prolyl bonds and switch to a cis conformation 
during  normal  physiological  processes,  leading  to  their  proper  folding,  assembly  or 
transport.  The cis-trans  isomerization  is  a  relatively  slow  process  and  serves  as  a  rate-
limiting  step  of  protein  folding.  However,  this  process  is  significantly  accelerated  by 
peptidyl-prolyl cis-trans  isomerases  (PPIases)  that  catalyze  protein  folding  by cis-trans 
conversion of peptide bonds preceding the amino acid proline.13
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 1.5 Polyproline conformations 


Polyproline  helix  in  proteins  comprises  of  repeating  proline  residues  displaying  a 
 specific  type  of  protein  secondary  structure. The  poly-L-proline  II  (PPII)  helix  is  an 
 important structural class not only of fibrillar proteins like collagen, but also of the folded 
 and unfolded proteins. Apart from the structure, PPII conformation plays an important role 
 in  a  wide  variety  of  biologically  important  protein-protein  and  protein-nucleic  acid 
 interactions  and  a  major  role  in  signal  transduction  and  protein  complex  assembly.  This 
 structure is often found in numerous binding sites, specifically those of widely spread SH3 
 domains.PPII helices are also present in functional proteins involved in transcription, cell 
 motility, self-assembly, elasticity, and bacterial and viral pathogenesis. 


Two  types  of  poly-(L-Pro)n helices  are  known,  termed  as  polyproline  I  (PPI)  and 
 polyproline  II  (PPII).  The  most  interesting  aspect  of  PPI  and  PPII  conformation  is  that, 
 being tertiary amides, thus lack N-H bond to form any interchain or intrachain H-bonds to 
 stabilize  helical  structures.  PPI  helix  has  all  backbone  tertiary  amide  bonds  in  the cis 


(ω0 = 0°) disposition, while in PPII, these bonds are all trans (ω0 = 180°). The right handed 


PPI  helix  is  thus  compact  with  all  amide  bonds  in  the cis conformation,  while  the  PPII 
 helix  is  a  fully  extended  left-handed  structure  with  all  amide  bonds  in  the  trans 
 conformation. 


Figure 8. Solvent induced switching between PPII↔PPI conformations. 
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Polyprolines  adopt  PPII  conformation  in  water  and  PPI  conformation  in 
 hydrophobic solvents (Figure 8). Table 1 summarizes the structural parameters of PPI and 
 PPII forms and Figure 9 gives the conformational models of the two stricture. 


Table 1. Shows a comparison between PPII and PPI conformations in peptides


Parameter  PPII conformation  PPI conformation 


Direction of helix  Left handed  Right handed 


Amide bond conformation  Trans  Cis 


Nature of helix  Fully extended  More compact  


Dihedral angles  ω=180°,  = -75°, ψ = +145°  ω=0°,  = -75°, ψ = +160° 


Helical pitch   9.4 Å per turn, 3.3 proline residues 
 per turn 


5.6 Å per turn, 3.3 proline 
 residues per turn 


Orientation of amide bond in 
 peptide backbone 


Nearly perpendicular to the helix 
 axis 


Nearly parallel to the helix axis 


Preferred solvent  Water  Aliphatic alcohols 


Figure 9. (A) Model structure of polyproline II (PPII) conformation along with top view. 


(B) Model structure of polyproline I (PPI) conformation along with top view. 
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 1.5.1 Stability of polyproline conformation 


Absence  of  local  hydrogen  bonds  involving  main  chain  atoms  is  one  of  the 
 distinctive structural properties of PPII helices, compared to the other common secondary 
 structure  elements  found  in  protein.  This  structural  feature  leaves  several  unsatisfied 
 hydrogen bond acceptors free to establish intra or inter-molecular interactions. Due to the 
 absence  of  specific  hydrogen  bonding  patterns,  formation  of  long  PPII helices  is  rather 
 unusual  in  globular  proteins.  It  has  been  proposed  that  the  backbone  conformations  of 
 unfolded proteins  often include short stretches of PPII structural  motifs interspersed with 
 turns and bends.14  


In  addition  to  the  entropic  effects  favoring  the  formation  of  PPII  structures  by 
 imino  acids,  the n→π*  electronic interaction between  lone pair (n) on one carbonyl  (Oi) 
 and  the  empty,  electrophilic  π*  orbital  on  the  subsequent  carbonyl  (Ci+1)  atom  provides 
 stabilization  to  the  left-handed  PPII.15  Different  studies  also  suggested  the  importance  of 
 coordinating  water  molecules  for  the  stability  of  the  PPII  helix.16  In  the  absence  of 
 coordinating  water  molecules,  a  PPI  helix  with  all cis-amide  bonds  predicted  to  be  most 
 stable.17


1.5.2 A Crystal Structure of an Oligoproline PPII-Helix 


Recently, Wennemers et al.18 reported crystal structure of hexaproline  crystallized 
 by  vapor  diffusion  using  acetonitrile  as  solvent  and  tetrahydropyran  as  cosolvent  (Figure 
 10).  Analysis  of  the  dihedral  angles  showed  correlation  between   and  ψ  angles  and  the 
 ring  pucker.  If   and  ψ  are  close  to  −65°  and  +140°,  more  pronounced  the  Cγ-exo  ring 
 pucker was observed.Conversely,  and ψ angles around −73° and +155°, respectively, are 
 realized in the Cγ-endo puckers. 


Crystal structure suggested the importance of coordinating water molecules for the 
 stability  of  the  PPII  helix,  but  hydration  is  not  a  prerequisite  for  PPII  helicity.


Crystallographic  data  showed  that  the  amide  bonds  within  the  oligoproline  helix  interact 
with each other and the degree of interaction is largest in the Cγ-exo ring puckered residues 
indicating n→ π* interactions are favored by Cγ-exo and disfavored by Cγ-endo puckering.  
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Figure  10.  (a)  Hexaproline p-Br-C6H4-Pro6-OH  (b)  Crystal  structure  of  hexaproline  (c) 
 segmental side view (d) View along the axis 18


1.5.3 A survey of left-handed polyproline II helices  


Adzhubei and Sternberg19 in their first systematic search, found 96 PPII helices in a 
 protein  databank  of  80  proteins.  They  are  composed  of  not  only  proline  successions  but 
 also  without  proline,  e.g.  short  stretches  of  polyglutamines  adopt  PPII  conformation. 


Stapley and Creamer20 presented a survey of 274 non-homologous polypeptide chains from 
proteins  of  known  structure  for  regions  that  form  PPII  structures.  Although  such  regions 
are rare, majority of proteins contain at least one PPII helix. Most PPII helices are shorter 
than five residues, the longest one containing 12 amino acids. Proline predominates in PPII 
helices,  but  glutamine  and  positively  charged  residues  are  also  favoured.  The  basis  of 
glutamine  prevalence  is  its  ability  to  form  an i  to i+1  side-chain  to  main-chain  hydrogen 
bond with the backbone carbonyl oxygen of the preceding residue; this helps to fix the ψ 
angle of the glutamine and the  and ψ of the preceding residue in PPII conformations and 
explains why glutamine is favoured at the first position in a PPII helix.  
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1.5.4  Conformational  preference  and cis-trans  isomerization  of  4(R/S)-substituted 
 proline peptides 


Song  and  Kang21  reported  the  conformational  preference  and  prolyl cis-trans 
 isomerization  of  4(R/S)-substituted  proline  dipeptides,  N-acetyl-N-methylamides  of 
 4(R/S)-hydroxy-L-proline  and  4(R/S)-fluoro-L-proline  (Ac-Hyp-NHMe  and  Ac-Flp-
 NHMe, respectively), using quantum calculations. It was found that the 4R-substitution by 
 electron-withdrawing  groups  did  not  result  in  significant  changes  in  backbone  torsion 
 angles as well as endocyclic torsion angles of the prolyl ring. However, small changes in 
 backbone  torsion  angles  and ψ and  the  decrease  in  bond  lengths r(Cβ-Cγ)  or r(Cβ-Cγ) 
 appear  to  enhance  the  relative  stability  of  the trans exo-puckered  conformation.  The 
 population  of trans exo-puckered  conformation  increased  in  the  order  Ac-Pro-NHMe  < 


Ac-Hyp-NHMe  <  Ac-Flp-NHMe  in  chloroform  and  water.22  This  increase  in  population 
 for trans exo-puckered (Figure 11) conformation in solution is attributed to favoured steric 
 and stereoelectronic factors in polyproline-II like conformation with exo puckering.  


Figure 11. Ring conformations of 4-substituted proline residues.22


For  4S-substitution  by  electron-withdrawing  groups,  opposite  effect  is  obtained. 


The population of cis endo-puckered conformations increased in the order Ac-Pro-NHMe 


< Ac-Hyp-NHMe < Ac-Flp-NHMe in aliphatic alcohols. This increase in population for cis 
 endo-puckered conformations in solution is attributed to an increase in population for the 
 polyproline-I like conformations with endo puckering. 


1.5.5 Conformational preferences of β- and γ-aminated proline analogues 


Aleman and co-worker23 investigated theoretically, the effect of incorporation of an 
amino  group  at  the  Cβ(3)-  or  Cγ(4)-positions  of  the  pyrrolidine  ring.  This  affects  the 
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intrinsic  conformational  properties  of  the  proline.  Specifically,  a  conformational  study  of 
 the N-acetyl-N′-methylamide derivatives of four isomers of aminoproline, which differ not 
 only in the β- or γ-position of the substituent but also in its cis or trans relative disposition, 
 has been studied. A seven membered intramolecular hydrogen bond is possible between 4S 
 amino  group  and  carbonyl  oxygen.  The  formation  of  this  intra-residue  hydrogen  bond 
 (Figure  12)  explains  the  higher  stability  of  the  Ac-γ-cisAmp-NHMe  and  Ac-β-cis-Amp-
 NHMe  dipeptides,  compared  to  that  of  the  corresponding  analogues  with trans  amino 
 group.  


Figure  12.  Representation  of  minimum  energy  conformations  characterized  in  the  gas 
 phase  for  the  Amp-containing  dipeptides  studied  (A)  Ac-γ-cisAmp-NHMe  (B)  Ac-β-
 cisAmp-NHMe. 


The conformational properties may be altered by protonation  of amino group to  a 
 charged ammonium group. This equilibrium in aqueous solution can be used to control the 
 conformation  of  the  4R/S-aminoproline  derivatives  by  altering  pH.  The  conformational 
 preferences  of  the  protonated  4R/S-aminoproline  derivatives  indicated  that  protonation 
 reduces the backbone conformational flexibility and destabilizes.24  


1.6 Factors Affecting Polyproline Conformation 
 1.6.1 Cis/trans peptide bond  


Proline has two key conformational equilibria: endo versus exo ring pucker,25 and 
trans versus cis amide bond26 (Figure 13). The analysis of protein structures have indicated 
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that  there  is  a  correlation  between  proline  puckering  and  the  cis/trans  peptide  bond 
 conformation.27  


Trans versus cis amide bond conformation defines the ω torsion angle (Figure 13A) 
 and proline ring pucker  correlates with  protein   and ψ main-chain  conformation (Figure 
 13B). Exo ring pucker favors more compact conformations (PPII) and an endo ring pucker 
 more  extended  conformations.  The exo  ring  pucker  stabilizes  the  trans  amide  bond, 
 whereas  an endo  ring  pucker  is  strongly  favored  in  a cis  amide  bond.  Thus,  control  of 
 proline ring pucker permits control of all protein backbone torsion angles.26


Figure 13. A) Cis-trans isomerism of prolyl amide bond B) Exo and endo ring pucker of 
 proline.28


1.6.2 n→π* interaction  


Stereoelectronic  effect  (Figure  14)  is  the  relationship  between  structure, 
conformation  and  reactivity  resulting  from  the  alignment  of  filled  or  unfilled  electronic 
orbitals.  Raines and co-workers29,15g  suggested that  the backbone n→π* interaction could 
play a key factor in stabilizing the PPII helices by enhancing stereoelectronic effects that 
favour the trans prolyl peptide bond and increase the folding stability of the triple-helical 
collagen structure comprised of PPII helices. 
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Figure 14. A) An n→π* interaction stabilizes the trans isomer of the peptide bond but is 
 substantial only when Pro derivatives are in the Cγ-exo ring pucker (e.g., R1 = OH or F, R2


= H), B) Depiction of overlap between n and π* natural bond orbitals in a Pro residue with 
 Cγ-exo pucker. 


In  studies  using  short  polyproline  peptides,  it  has  been  shown  that  the 
 stereoelectronic  effects  have  a  significant  impact  on  polyproline  conformation 29  The 
 substitution of proline by 4R-hydroxyproline (Hyp) or 4R-Fluoroproline (Flp) was found to 
 enhance the backbone n→π* interaction and stabilize PPII conformation by inhibiting the 
 conversion  of  PPII  to  PPI.  On  the  other  hand,  the  4S-fluoroproline  (flp)  substitution 
 favoured  conversion  of  PPII  to  PPI  and  destabilized  PPII  conformation  due  to  steric 
 effects.  An  electron-withdrawing  substituent  in  the  4R  position  constrains  the   and  ψ 
 dihedral angles to be close to that in a PPII helix and favors its requisite trans peptide bond 
 by  enhancing  the  n→π*  interaction  between  Oi–1  and  Ci.29b An  electron-withdrawing 
 substituent in the 4S position obviates the n→π* interaction and thereby alters the relative 
 free energy in favour of the PPI helix.  


Recently, Horng and co-workers30 used host-guest peptides to demonstrate that an 
 electron-withdrawing  substituent  in  the  4R  or  4S  position  has  a  substantial  impact  on  the 
 kinetics of PPII→PPI conversion. The kinetic consequences from stereoelectronic effects 
 lead  to  difference  in  the  stability  of  PPII  helices.  Accordingly,  stereoelectronic  effects 
 provide a rational means to modulate polyproline conformation. 


1.6.3 Gauche effect 


Complex balance of noncovalent interactions (e.g., ionic interactions, H-bonding), 
 steric  hindrance,  and  stereoelectronic  effects  determine  the  conformations  of  flexible 
 molecules. In  the  absence  these  effects,  comparatively  weak  stereoelectronic  effects,  like 


“gauche effect”, can have a large influence on the conformation of molecules. This effect 
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describes  the  hyperconjugative  electron  donation  of  the  bonding  orbital  (ζ)  into  the 
 antibonding  orbital  (ζ*),  consequently  placing  the  best  ζ-donor  bond anti to  the  best  ζ-
 acceptor  bond31  (Figure  16C,  16D), with  preference  of  gauche  conformer  over  the 
 corresponding anti conformer. 


In  proline,  it  has  been  demonstrated  that  electron-withdrawing  groups  in  the  4-
 position inductively withdraw electron density from the peptide bond and reduce the bond 
 order of the C-N linkage, which facilitates the interconversion of the cis and trans species 
 to  favor  the  form  with  lower  energy.  In  the  case  of  4R-substitution, trans-disposition  of 
 electron withdrawing group (EWG) with respect to α-carbonyl, leads to a strong preference 
 for a Cγ-exo  puckering  of the pyrrolidine  ring (Figure 15A) due to  gauche  effect  (Figure 
 16D). 


Figure  15. A) Stereoelectronic  effect  in  4R-substituted  proline  favors  of  Cγ-Cδ-bond 
 gauche  between  the  amine  and  electron  withdrawing  (EWG),  B)  unfavored  anti 
 conformation.28


Gauche conformation with 4S-substitution leads to a strong preference for Cγ-endo 
ringpuckering of the pyrrolidine ring due to relative hyperconjugative interactions (Figure 
16A and Figure 16E).31f
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