
 

 

DIRECT UV RESONANCE RAMAN MONITORING OF PROTEIN FOLDING 

REACTION COORDINATE: α-HELIX MELTING AND FORMATION REVISITED 

University of Pittsburgh 

 

2006 

Submitted to the Graduate Faculty of 

Arts and Sciences in partial fulfillment  

of the requirements for the degree of 

Doctor of Philosophy 

by 

Aleksandr V. Mikhonin 

B.S., Moscow Institute of Physics and technology, 1995 

M.S., Moscow Institute of Physics and technology, 1997 

 



 ii 

UNIVERSITY OF PITTSBURGH 

FACULTY OF ARTS AND SCIENCES 

This [thesis/dissertation] was presented 

 

by 

Aleksandr V. Mikhonin 

It was defended on 

November 22, 2006 

and approved by 

David Waldeck, Professor, Department of Chemistry 

Christian Schafmeister, Professor, Department of Chemistry 

Ivet Bahar, Professor, Department of Computational Biology 

Thesis Director/Dissertation Advisor: Sanford A. Asher, Professor, Department of Chemistry

asher group
Text Box
      This dissertation was presented

asher group
Text Box
               Dissertation Advisor: Sanford A. Asher, Professor, Department of Chemistry



 iii 

Copyright © by University of Pittsburgh 

2006 



 iv 

Advisor:  Prof. Sanford A. Asher 

Abstract. Spectroscopic investigations of protein folding mechanism(s) require the elucidation 

of the relationship between spectral features and the protein folding reaction coordinate(s). This 

thesis describes the development and demonstrates the applications of a novel UV resonance 

Raman (UVRR) spectroscopic methodology, which quantitatively correlates the UVRR 

amide III3 (AmIII3) frequency of a peptide bond to its Ψ Ramachandran angle (which is arguably 

the most important folding reaction coordinate). This information, then, allows us, for the first 

time, to obtain Ψ angular population distributions of peptide bonds in peptides and proteins from 

their UVRR AmIII3 band profiles, as well as the Gibbs free energy landscapes along the Ψ 

Ramachandran angle folding coordinate. Application of this methodology allows us to 

quantitatively characterize the ensembles of folded and unfolded states in peptides and proteins. 

We show that the unfolded state ensembles show no evidence of completely disordered “random 

coil” conformation, and are usually dominated by PPII-like conformations. In addition, we for 

the first time experimentally detected the extended 2.51-helix conformation in poly-L-lysine and 

poly-L-glutamic acid, which is stabilized by electrostatic repulsion between side-chain charges. 

Most importantly, we resolved and quantitatively characterized the 310-helix and π-bulge 

contributions within the “α-helix melting” of ala-rich peptides. We for the first time obtained 

their individual experimental melting curves, estimated their Zimm and Bragg parameters, and 

estimated their individual kinetic (un)folding rates. These results challenge the classical view of 

protein folding and provide an important quantitative basis for future studies.  
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1.0  CHAPTER 1.  INTRODUCTION 

1.1 PROTEIN FOLDING  

Protein folding is one of the major problems in modern biochemistry. This problem refers to the 

questions of how a protein adopts a unique biologically active conformation under specific 

conditions, and how this information is encoded in protein primary sequences.1-3 A vast 

theoretical and experimental literature exists on peptide and protein folding and unfolding.1-97 A 

number of mechanisms have been proposed.8-11,16-18,36,45-48,51,54,58-61,64,69,74,75,94-97 However, only 

limited progress is made in de novo design of proteins;98-103 because still little insight exists on 

how the primary sequences dictate the protein folding mechanism. In general case, it is still 

impossible to predict the protein 3D-structure from primary structure unless these sequences 

have been previously observed in a protein with known structure. Thus, the arguably most 

important problem in enzymology is to translate the primary sequence into the encoded protein 

folding mechanism(s), and to use this information to predict the ultimate native structure from 

the primary sequence information. Solving this problem will directly lead to a number of 

practical applications in biochemistry, biotechnology and medicine. 

For example, the recent completion of the human genome project elucidated the primary 

sequence of all human proteins. Thus, solving protein folding problem will also reveal the 

mechanisms of many diseases of humans. Specifically, mutations in the secondary structure of 

proteins lead to diseases such as Huntington’s, Parkinson’s, cystic fibrosis, as well as 

Alzheimer’s and prion diseases.104-109 In addition, solving the protein folding problem will open 

new opportunities in drug design and drug delivery.110 
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1.1.1 Levels of Protein Structural Organization 

Proteins are biological macromolecules consisting of one or more polypeptide chains. Monomer 

units in a polypeptide chain are called amino acid residues. The amino acid residues in 

polypeptide chains are linked together by covalent bonds. There are 20 naturally occurred amino-

acids, which serve as building blocks for all proteins found in live organisms. The covalent 

structure of proteins is determined by the structure of each amino acid, and by the order of these 

amino acids in the polypeptide chain.3 

Protein structure is very complex. The number of all possible conformations of a 

polypeptide chain is too large to be sampled exhaustively. For the sake of simplicity, four levels 

of structural organization of proteins are usually considered: so called primary, secondary, 

tertiary, and quaternary structures (IUPAC-IUB, 1970).  

The term primary structure means the chemical structure of the polypeptide chain(s) in a 

given protein - i.e., the number and sequence of amino acid residues linked together by peptide 

bonds. 

The term secondary structure means the local spatial arrangement of main-chain atoms 

of a polypeptide chain segment. The spatial arrangements of side-chain atoms as well as the 

relationship of the polypeptide chain segment with other segments is not included in this level.   

The tertiary structure of a protein molecule, or of a subunit of a protein molecule, takes into 

account the spatial organization of all its atoms. However, the relationship of the protein 

molecule (or the subunit) to neighboring molecules or subunits is disregarded at this level.   

Finally, the term quaternary structure of a protein molecule means the arrangement of its 

subunits (for example, folded domains) in space as well as the intersubunit contacts and 

interactions. The internal geometry of subunits is disregarded at this level. The subunits in a 

quaternary structure must be in noncovalent association. For example, haemoglobin contains 

four polypeptide chains (alpha2b2) held together noncovalently in a specific conformation as 

required for its function.   
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1.1.2 Definition of Native and Denatured States of Proteins. 

The term “native state” or “folded state” usually denotes the biologically active state of a protein. 

Generally, native states are assumed to exist as either a single well defined conformation or a 

restricted subset of similar conformations, which occur at the minimum (or minima) of its 

conformational energy landscape at biological conditions, at which the environment favors 

folding.3,9,13,15,18,45,46,51,58,61,92,96 It is believed that the biological properties of a protein are 

determined by the specific main chain and side chain topologies of its unique native 

conformation.   

Term “denatured state” or “unfolded state” usually denotes any conformational state of a 

protein, which is different from the compact native state. Denatured states of proteins are much 

less defined58,111-115 than native state(s), since, at least in principle, there exists a huge number of 

all possible protein chain conformations, which are different from that of native state(s).   

Usually, the transition from the native state to the denaterd state is called “unfolding” or 

“denaturation” (Fig. 1). In contrast, the transition from the unfolded (denatured state) to the 

native state is denoted as “folding” (Fig. 1). However, these definitions should be used with care, 

because there is an evidence, that the unfolded states of proteins may also have biological 

functions.116,117  

Native  protein

• • •

Unfolded protein

Folding

Unfolding

Native  protein

• • •

Unfolded protein Native  protein

• • •

Unfolded protein

Folding

Unfolding
 

Figure 1.  Schematic Diagram of folding and unfolding of a protein.   

 

It should be also noted that the unfolded proteins, until recently, were assumed to exist in 

a completely disordered “random coil” conformation.118-123 However, this view has been 

challenged by Tiffany and Krimm124,125 as well as by Dukor and Keiderling,126 who suggested 
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that the unfolded conformations of peptides and proteins exhibit a local order, which often can be 

explained in terms of polyproline II (PPII) conformation. There is an accumulating number of 

recent studies, which also suggest that the unfolded states of proteins,127-131 long and medium 

peptides132-137 and even short peptides129,138-141 contain a significant fraction of PPII 

conformation. In Chapters 2 and 6 of this thesis we discuss this issue in more detail. 

1.1.3 Elucidation of Protein Folding Reaction Coordinate(s).  

Any attempt to understand protein folding mechanism(s) requires the elucidation of the 

important protein folding reaction coordinate(s). Then, monitoring of the chosen reaction 

coordinate(s) should provide the understanding of the relationships between the different levels 

of protein structure organization (see sub-Section 1.1.1 above), and ultimately allow the 

prediction of the complex 3D-structure of proteins from their primary sequences. 

First arguably most important step in understanding the protein folding mechanism is to 

reveal the relationship between proteins primary sequences and their secondary structure 

compositions, since protein folding reaction unavoidably involves secondary structure changes. 

Thus, both the characterization of the most common protein secondary structure motifs as well as 

the elucidation of secondary structure protein folding reaction coordinates, are crucially needed.  

The secondary structure of a polypeptide/protein backbone can be characterized by three 

dihedral angles: Φ, Ψ and ω (Fig. 2).1,2 Φ angle is defined as an angle of rotation around N-Cα 

bond (Φ=0° if Cα-C is trans to N-H);  Ψ angle is defined as an angle of rotation around Cα-C 

bond (Ψ=0° if Cα-N is trans to C=O);  ω angle is defined as an angle of rotation around C-N 

bond (ω=0° if Cα-C is cis to N-Cα). 

It should be noted that there is a strong preference of a peptide bond to be trans,142-145 so 

the ω angle is almost always ~180°. In actual structures, this angle can vary only up to 10°-15°. 

Thus, the peptide bonds can often be considered as a rigid plates, which rotate about Φ and Ψ 

angles (Fig. 2).1,2 
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Figure 2.  Φ, Ψ and ω angle definitions in alanine tripeptide. Note that ω angle is essentially constant  

(~180°) for most abundant secondary structures.  Thus, the peptide bonds on either side of the central alpha carbon 

can be treated as rigid plates, which rotate about, Φ and Ψ.1,2  Obtained from: http://www.cgl.ucsf.edu/home/ 

glasfeld/ tutorial/AAA/AAA.html 

 

Summarizing, almost all secondary structure changes in peptides/proteins can be 

characterized by the changes in Φ and Ψ angles. Thus, these two angles are the main protein 

folding reaction coordinates. In the Chapter 5 of this thesis, we show, that Ψ angle changes 

dominate the overall (Ψ,Φ) secondary structure changes. Thus, Ψ angle is arguably the most 

important protein (un)folding reaction coordinate.   

1.1.4 Ramachandran Plot.  

An enormous number of all possible conformations of a polypeptide chain can be significantly 

reduced, if one takes into account the steric constraints. These constraints were first described by 

Ramachandran and coworkers.142 The original Ramachandran plot for ala, which shows the 

sterically allowed Φ and Ψ angles is shown in Fig. 3. 
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Figure 3.  The original Ramachandran plot for alanine.142 Yellow and red regions show the allowed Ψ and Φ 

Ramachandran angles.  Obtained from:  http://www.cryst.bbk.ac.uk/PPS95/course/3_geometry/rama.html. 

 

The original Ramachandran plot for alanine (Fig. 3) have broken an important new 

ground in understanding of protein folding mechanism(s). However, side chains which differ 

from that of alanine, may result in different steric constraints for a protein backbone (Fig. 4).   

Recently, number of groups146-148 have updated the Ramachandran plot. Specifically, 

using protein x-ray structure data banks, they obtained the Ramachandran plots for most of 

individual amino acid residues; the combined Ramachandran plots for non-Gly residues, for non-

Gly and non-Pro residues; as well as the combined Ramachandran plot for all residues (Fig. 4).   

Ramachandran plots for most of individual amino acid residues, except for Gly and Pro, 

are similar to that for Ala (Fig. 4). Gly is unique because its smallest side chain significantly 

increases the allowed range of Φ angles. In contrast, the existence of the bond from the side 

chain to the imino nitrogen significantly reduces the allowed range of Φ angles for Pro (Fig. 4).   
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Figure 4.  Recent Ramachandran plots for individual amino acid residues (such as Ala, Arg, Glu, Lys, Gly and Pro), 

as well as that for non-Gly residues, non-Gly and non-Pro residues and all amino acid residues.146 All these 

Ramachandran plots were obtained from:  http://alpha2.bmc.uu.se/gerard/rama/ramarev.html.   

 

The general conclusion, which can be made from the Ramachandran plots shown in Fig. 

4, is that typically much larger range of Ψ angles is allowed compared to that of Φ (except for 

Gly). It also can be seen that α-helix melting is likely to also involve the much greater change in 

Ψ angle compared to that of Φ. In the Chapter 5 of the thesis we provide a method, which can be 

used to qualitatively monitor Ψ Ramachandran angles using UV Resonance Raman (UVRR) 

spectroscopy. We believe that this quantitative methodology makes the UVRR spectroscopy 

competitive to the 13C NMR analysis.   
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1.1.5 Common Secondary Structure Motifs in Proteins 

The most abundant types of protein secondary structures are α-helix and β-sheet (Appendix A, 

Fig. 84). Until recently, various turns are thought to be the third most frequent types of protein 

secondary structure (Chapter 5, Fig. 56). However, the polyproline II helix (PPII) was also 

recently found to be common in proteins127-131 and peptides129,132-141 (Chapter 5, Fig. 55). There 

are also a number of less abundant protein secondary structures such as 310- and π-helices 

(Chapter 5, Fig. 55). In addition, polypeptides with charged side chains may create unusual 

secondary structure motifs, such as for example 2.51-helix135 (Chapter 5, Fig. 55). Ψ and Φ 

Ramachandran angles for the secondary structure motifs, mentioned throughout this thesis are 

summarized in Tables 1 and 2.   

 
Table 1.  Ψ and Φ Ramachandran angles for common protein and peptide secondary structure motifs.   

Secondary Structure Φ Ramachandran angle Ψ Ramachandran angle 

α-helix −57° −47° 

Anti-parallel β-sheet −139° 135° 

Parallel β-sheet −119° 113° 

PPII helix −75° 145° 

2.51-helix −130° 170° 

310-helix −60° −26° 

π-helix −57° −70° 

γ-turn 70° −60° 

Inverse γ-turn −70° 60° 
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Table 2.  Ψ and Φ Ramachandran angles for i+1 and i+2 residues in various β-turns. 

β-turn Φ (i+1) Ψ (i+1) Φ (i+2) Ψ (i+2) 

Type I −60° −30° −90° 0° 

Type I’ 60° 30° 90° 0° 

Type II −60° 120° 80° 0° 

Type II’ 60° −120° −80° 0° 

Type III −60° −30° −60° −30° 

Type III’ 60° 30° 60° 30° 

Type V −80° 80° 80° −80° 

Type V’ 80° −80° −80° 80° 

Type VIII −60° −30° −120° 120° 

 

The α-, 310-, π-helices as well as β-sheets are mainly stabilized by peptide bond-to-

peptide bond hydrogen bonding (PB-PB HB).1,2 Most of the turn motifs are also stabilized 

mainly by PB-PB HB. Primary sequence may also favor a specific turn formation, since some 

amino acids, for example Gly and Pro, have a strong preference to occur only at a certain 

position in the specific turn(s). In contrast, PPII conformation is mainly stabilized by peptide 

bond-water (PB-water) interactions.149-153 Alternatively, Hinderaker and Raines154 proposed that 

the PPII stabilization is substantially aided by electronic effects such as hyperconjugation. The 

unusual secondary structure motifs, which occur in polypeptides with relatively long and ionized 

side chains (such as 2.51-helix conformation in poly-L-lysine and poly-L-glutamic acid), are 

stabilized by the electrostatic repulsion between the side chain charges.135 
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1.1.6 Classical View of α-Helix Melting and Formation 

The α-helix is far the most abundant secondary structure motif in native proteins. Specifically, 

the analysis of modern protein databases indicates that ~32-38% of all amino-acid residues in 

globular proteins occur in α-helical conformation.1,155 Thus, the understanding of of α-helix 

melting (formation) mechanism(s) is a key task in the peptide and protein conformational 

dynamics, because this is the most common process in peptide and protein conformational search 

between folded and unfolded structures.  

The α-helix melting process has been extensively studied for over 50 years. The classical 

view, which describes α-helix melting, was proposed by Zimm and Bragg118, Lifson and Roig119 

and Polland and Sheraga122,123. This theory envisiones the α-helix melting as a transition 

between an ordered α-helix structure and a disordered random coil structure with uncorrelated, 

but allowed Ψ and Φ Ramachandran angles. Such a melting involves the breakage of intra-α-

helical hydrogen bonds.  

This theory, which appears to adequately describe the thermodynamics of α-

helix↔random coil transition in most of cases (however, see Section 1.3. below), is based on the 

following assumptions. It is assumed that each peptide bond unit exists either in “helix”(h) or 

“coil” (c) state. Residue is considered α-helical (in “h” state) if all its dihedral angles correspond 

to α-helix. If one or more of the unit dihedral angles are different from those of the α-helix then 

this resudue is considered to be in a coil state. It is also assumed that free energy of successive 

sequences of h’s and c’s are independent, that is free energy of a sequence depends only on its 

length and does not depend on its position in the chain or on the parameters (length etc.) of the 

neighboring sequences. In addition, it is also assumed that there exist two types of helical 

residues: involved in hydrogen bonding, and not involved in hydrogen bonding. 

Under the above assumptions, it is possible to assign the statistical weights for each 

conformational state of a peptide bond unit (Table 3). This procedure is described in detail in the 

Polland and Sheraga’s book.122 Briefly, the statistical weights of coil residue, helix residue 

participating in hydrogen bonding, and helix residue not participating in hydrogen bonding 

residue are u, w, and v. The assignments of statistical weights are based on the following 

physical picture: the stability of α-helix depends mainly on the formation of hydrogen bonds, 
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therefore  w ∼ exp(−EHB/RT); while the main contribution to free energy of random coil is the 

entropy of internal rotations (conformational entropy), so  u ∼ exp(S/R) = Ω, where Ω is the 

average number of isoenergetic positions of internal rotations per residue. When ratio w/u=s is 

greater, less than, or equal to unity, than α-helix conformation is, respectively, favored, 

unfavored, and equal probability with respect to coil. The s parameter, thus, is directly related to 

the α-helix annealing and is also known as a propagation parameter.   

In addition, this classical theory proposes that there exist a nucleation free energy barrier 

for the formation of first α-helical turn. This barrier is associated with an entropic cost due to 

compulsory restriction of four consecutive peptide bonds at α-helical Ψ and Φ angles prior to 

enthalpic compensation by the intra-α-helix hydrogen bonds. This barrier is reflected in this 

theory by small nucleation parameter, σ=(v/u)2 (see Table 3). It is estimated by Zimm and 

Bragg118 that σ is equal or less than ~10-2. This estimate is consistent with later experimental 

studies of α-helix melting,156-162 which usually report the σ-values of ~ 10-3 − 10-4. However, we 

suggest in Chapter 8 of this thesis (see also ref163), that the actual pure α-helix melting nucleation 

parameter in a 21-residue ala-rich peptide, AP is much less (≤~10-5); i.e. that the pure α-helix 

melting shows much higher cooperativity than it is typically assumed. The origin of this 

inconsistency is the inability of earlier researches to resolve the 310-helix and π-bulge 

contributions to so-called “α-helix” melting, which resulted in less cooperative net melting curve 

than that for pure α-helix melting.163  

Using the Table 3 assignments for statistical weights, it is possible to calculate the 

partition function for any system of interest in terms of three parameters: σ (nucleation 

parameter), s (propagation parameter) and N (peptide chain length). To reduce the number of 

possible states while performing the summation, Poland and Sheraga122 proposed three models 

applicable for different chain lengths (see below). Their proposition is based on the following 

arguments. On the one hand, if an α-helical segment exists in a polypeptide chain; then it tends 

to elongate to maximize the negative free energy per peptide bond in the α-helical segment. On 

the other hand, the α-helical segment tends to shorten to maximize the configurational entropy 

for the rest of the chain. This competition between the free energy benefit per residue and the 

configurational entropy of the peptide molecule largely determines the physics of α-helix 

melting, dictating different scenaria, which primarily depend on the chain length.  
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Table 3. Classical Notations for Statistical Weights of Individual Peptide Bond Units in a Peptide Chain.122 

 

Statistical Weight 

 

State 

 Lifson and Roig  

Notation 

Zimm and Bragg  

Notation 

Coil u 1=u/u 

Helix involved in Hydrogen Bonding w s=w/u 

Helix not involved in Hydrogen Bonding v σ1/2=v/u 

 

Finally, Polland and Sheraga122 concluded, that for very short chains the α-helix melting 

is likely to follow so-called “all-or-none” scenario (Fig. 5A and sub-Section 1.2.1), because the 

shorter the chain the less combinatorial entropy is potentially available. In case of somewhat 

longer chains, only one α-helical sequence of any size is likely to show up in such a chain 

(Fig. 5B and sub-Section 1.2.2). In contrast, a number of α-helical segments of moderate lengths 

are likely to occur in long chains. We do not describe the latter scenario in detail, because it is 

not applicable to the experimental data reported in this thesis.   

1.1.6.1 “All-Or-None” Model.  

The simplest “all-or-none” (AON) model assumes that a polypeptide chain can exist only in two 

conformations: either all peptide bond units occur in α-helical state; or all peptide bond units 

occur in coil state (Fig. 5A). In this case, the AON partition function, ZAON(N), and AON 

fraction of hydrogen bonds, ΘAON(N), can be simply found as122: 

ZAON(N) = v2wN-2 + uN = uN⋅[σ⋅sN-2 +1]                                                                              (1A) 

ΘAON(N) = [1/(N-2)]⋅∂lnZAON(N)/∂lns = v2wN-2/(v2wN-2 + uN) = σ⋅sN-2/(σ⋅sN-2 + 1)          (1B) 

Fig. 6 below, which compares the α-helix melting curves obtained using AON and 

Zipper models with the equal propagation and nucleation parameters, agrees well with a 

proposition of Sheraga and Polland that AON model is applicable only for very short chains. 
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Specifically, if we set the enthalpy of hydrogen bonding and entropy to −1.1 kcal/mol⋅peptide 

bond (kcal/mol⋅PB), and 2.8 cal/mol⋅K⋅PB, respectively (similar values are typically reported for 

α-helix-forming peptides152-158); then only for very short chains of N<~10 there would be a good 

agreement between AON and more realistic Zipper models (see text below for detail).  
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Figure 5.  Typical models, which serve as a basis for classical description of α-helix melting in very short and/or 

moderately short α-helix-forming peptides122:  A. All-or-none model;  B. Zipper model.   

 

1.1.6.2 Zipper Model 

To study α-helix↔random coil transition in case of moderately long peptide chains (~10 < N < 

~40), one should use more realistic zipper model (Fig. 5B).122 This model generally assumes that 

only one α-helical segment of any length n may occur in the polypeptide chain of length N. In 

addition, this model proposes that the unwinding of α-helical peptide bonds during melting starts 
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from the ends of the α-helical segments and then propagates toward the middle. This proposition 

is supported by the argument that it is necessary to break two intra-α-helical hydrogen bonds to 

enable the “uncorrelated” rotation of a peptide bond located at the middle of an α-helical 

segment around its Ψ and Φ Ramachadran angles; whereas it is necessary to break only one 

hydrogen bond to enable the rotation of a peptide bond at the end of the α-helical segment to 

enable such a rotation. In this case, fraction of hydrogen bonds ΘZ, parametrized in terms of 

nucleation parameter (σ), propagation parameter (s) and chain length (N), is given by122:  
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Fig. 6 below, which compares the α-helix melting curves obtained using AON and 

Zipper models with the equal propagation and nucleation parameters, shows that for very short 

chains (N ≤ ~10) AON and Zipper model melting curves are very similar to each other. In 

contrast, AON and Zipper model melting curves differ more and more different as the chain 

length increases. Thus, for very short chains, one can use simple AON model (Eq. 1B) to 

accurately describe α-helix melting, whereas it is necessary to use more complicated Zipper 

model for longer chains.  

The Eqs. 1B and 2 above can be used to fit the experimentally obtained helical melting 

curves (see Chapter 8), so the nucleation and propagation parameters can be found using the 

least-square criteria.  
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Figure 6.  Comparison between the α-helix melting curves for different peptide chain lengths, N, obtained using the 

“All-Or-None” (AON, Eq. 1B) and Zipper (Eq. 2) models: N=9, N=15, and N=35. Nucleation parameter, enthalpy 

of intra-α-helical hydrogen bonding and conformational entropy are set to 10-5, −1.1kcal/mol⋅PB, and 2.8 

cal/mol⋅K⋅PB, respectively. 

1.1.6.3 Physical Meaning of Propagation and Nucleation Parameters 

The physical meaning of the propagation parameter s=exp(−EHB/RT)/exp(ΔS/R) can be 

illustrated by Figs. 7A and 7B. For example, if we set the nucleation parameter (σ) and 

conformational entropy (ΔS) to 10-5 and 2.8 cal/mol⋅K⋅PB, respectively, then the increase in 

negative value hydrogen bonding enthalpy (EHB) would increase the value of propagation 

parameter and expectedly result in stabilization of α-helix conformation. In this case, the melting 

temperature (Tm) of the transition shifts to higher temperatures (Fig. 7A).  

In contrast, the increase of conformational entropy ΔS (at fixed σ=10-5 and EHB=−1.1 

kcal/mol⋅PB), decreases the propagation parameter and destabilizes the α-helix conformation. In 

the latter case, Tm shifts to lower temperatures (Fig. 7B).  
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It should be also noted that the changes in the enthalpy of hydrogen bonding and/or the 

moderate changes in conformational entropy does not change the cooperativity of the transition, 

since steepness of the melting curves remains essentially the same (Figs. 7A and 7B).  
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Figure 7.  Zipper and AON α-helix melting curves, generated for a 21-residue peptide at fixed σ=10-5, by varying 

either the enthalpy of hydrogen bonding (EHB) or configurational entropy (ΔS):  A) ΔS is fixed to 2.8 cal/mol⋅K⋅PB, 

whereas the EHB varies from −1.2 to −1.0 kcal/mol⋅PB;  B) EHB is fixed to −1.1 kcal/mol⋅PB, whereas ΔS varies from 

2.6 to 3.0 cal/mol⋅K⋅PB. It can be concluded that the propagation parameter, s=exp(−EHB/RT)/exp(ΔS/R), is directly 

related to the α-helix stability (see text for detail).  
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Physical meaning of nucleation parameter, σ, can be understood from Fig. 8. 

Specifically, we generated three AON and three Zipper α-helix melting curves at σ-values of 10-

3, 10-5 and 10-7. Simultaneously, we kept both EHB=−1.1 kcal/mol⋅PB and ΔS=2.8 cal/mol⋅K⋅PB 

fixed. It is clear from Fig. 8 that σ is a measure of cooperativity of α-helix↔random coil 

transition, since the change in σ results in change of the melting curve steepness. 
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Figure 8.  Zipper and AON α-helix melting curves generated for a 21-residue peptide at different nucleation 

parameters, σ, of 10-3, 10-5 and 10-7. Both the enthalpy of hydrogen bonding (EHB) and entropy (ΔS) kept fixed at 

−1.1 kcal/mol⋅PB and 2.8 cal/mol⋅K⋅PB, respectively.  It can be concluded that nucleation parameter, σ, is a measure 

of the cooperativity of the α-helix↔random coil transition (related to steepness of the melting curve).   
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1.1.7 Classical View of α-Helix Melting and Formation Must Be Revisited 

The classical theories of α-helix melting (described above) have long and distinguished histories. 

They provided the basis for numerous recent experimental38,55,156-158,164-203 and 

theoretical9,40,77,81,137,159,204-266 works, which study the α-helix↔random coil transition in short α-

helix-forming peptides. However, there is an accumulating number of recent evidences that this 

classical view must be carefully revisited and updated.  

First challenge comes from the recent observations that simple α-helix-forming peptides 

often melt to a PPII conformation.127,134,137,152,267-270 In fact, there is no evidence in favor of 

melting to, or even the existence of random coil peptides in solution. Even single ala peptide 

bonds in aqueous solutions, which are intrinsically expected to be disordered, were recently 

reported to show PPII-like spectra.138 Thus, the fact that α-helix melting (formation) is rather a 

transition between two ordered conformations than that between ordered and completely 

disordered ones, must be incorporated into the new α-helix melting theories.  

In addition, there exist steric restrictions, which prevent direct simple connection between 

the α-helical and PPII/β-strand segments in a peptide chain.77 Thus, α-helix melting (formation) 

must involve at least one additional interfacial conformational state. Various turn conformations 

are the likely candidates for such an interfacial state, because their Ψ and Φ Ramachandran 

angles belong to the region of Ramachandran plot allowed for this interfacial state.  

Further, it was also proposed that the additional intermediate states (presumably β-turns 

and 310-helices), which are involved in α-helix melting/formation, facilitate the α-helix 

nucleation process.271-273 Thus, classical α-helix melting theories may have overestimated the 

entropic cost associated with nucleation of a first helical turn. Further, the physical meaning of 

classical nucleation parameter, σ, becomes no longer straightforward.  

Finally, there is also evidence that the α-helical ensembles of short α-helix forming 

peptides rich in alanine, in fact, are not homogenious and contain the contributions not only from 

pure α-helices, but also from 310-helices163,206,222,224,240,273-285 and π-bulges/helices163,207,251,281,286-

288 (see also Chapters 8 and 9). These π-bulge and 310-helical conformations show a decreased 

melting temperatures (Tm) compared to that of pure α-helix,163 which results from their less 
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optimized intra-peptide hydrogen bonding compared to that of perfect α-helix. Whereas, the low 

temperature stability of these more solvent exposed π-bulges289 and 310-helices (type III turns272) 

derives from the increase in the peptide bond-water hydrogen bonding strengths as the 

temperature decreases.134,135,164,290  

Taking into account these complications, it is somewhat surprising that the existing basic 

theories often adequately predict the α-helix melting behavior. In most cases, the melting 

relaxation kinetics appears to be single-exponential within the experimental 

error.156,157,164,165,169,171-174,176,181 However, there are also clear departures from simple classical 

theories reported by Werner et al.169, Huang et al.187 and Ramajo et al.180 time-resolved IR 

isotopically labeled (C=O) spectroscopic studies, which observe the position-dependence of α-

helix melting rates in ~20-residue long ala-rich α-helical peptides. In addition, Huang et al.187-189, 

Wang et al.190 and Bredenbeck et al.177 found the evidence for non-exponential relaxation 

kinetics in their ala-rich peptides. Some of recently proposed theoretical models9,188,291 may help 

to rationalize the complicated kinetic behavior of α-helix melting in proteins and peptides. 

However, more experimental data is needed to test the validity of these theories.  

In Chapters 8 and 9 of this thesis, we also observe the unusual non-classical α-helix 

melting behaviors of two 21-residue mainly alanine peptides, AP and AdP, which cannot be 

understood from classical α-helix melting models. We succesfully explain this behavior in terms 

of different relative contributions of pure α-helix, π-bulge and 310-helix conformations melting 

into the so-called “net α-helix” melting. Our novel mathematical model succesfully explains not 

only the Chapter 8 and 9 results, but also the anti-Arrhenius AP kinetics of Lednev et al.164 as 

well as the non-exponential kinetic behaviors of similar peptides reported earlier by Huang et 

al.189 and Bredenbeck et al.177 
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1.1.8 Experimental Methods for Studying Protein Folding 

1.1.8.1 Methods to Study Protein Structure (Structural Probes) 

Scientists use many experimental techniques to elucidate the protein structure (Fig. 9).  A brief 

description of the most important ones is given below. 
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Figure 9.  Spectroscopic techniques to study protein folding.  Adapted from: http://scholar.hw.ac.uk/site/chemistry 

/topic3.asp. 

 

X-ray.  X-ray diffraction is a gold standard for the solid state studies.292-295 In the most 

favorable cases (for small peptides, for example), x-ray structures can provide the equilibrium 
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bond distances up to 0.1 Å resolution.  However, for large proteins, x-ray structures show ~Å 

resolution.   

NMR.  NMR (and especially 2D-NMR) techniques296-305 are certainly a gold standard for 

protein solution studies at high concentrations if any dynamical processes of interest are not 

much faster than miliseconds. 2D-NMR, in favorable cases, can provide higher resolution than x-

ray.   

SAXS.  Small-angle X-ray scattering (SAXS) using synchrotron source can be combined 

with a stopped- or continuous-flow device to directly monitor the overall size and shape of 

proteins during folding.306-308 These difficult experiments, which typically consume large 

quantities of protein, can allow one to explore folding events in the time window from ~1 ms to a 

few seconds with time resolution of ~100 μs. 

In contrast to NMR and X-ray techniques, optical spectroscopic methods monitors the 

light absorption, emission, or scattering, and allow the studies of proteins at low concentration as 

well as fast dynamic processes down to femtoseconds. These techniques include the ultraviolet 

(UV), visible (VIS) and infrared (IR) absorption; circular dichroism (CD); vibrational circular 

dichroism (VCD); fluorescence; visible and near-infrared Raman scattering (normal Raman); 

Raman optical activity (ROA), and UV resonance Raman (UVRR) scattering techniques.  The 

brief description of some of these techniques is given below. 

Absorption. Absorption techniques are usually used for submillisecond fast protein 

folding studies. Signals from either amide chromophore in IR,169,309-311 or from some prosthetic 

groups in VIS regions312-314 can be measured. IR absorption measurements directly probe the 

polypeptide backbone secondary structure, however, only the amide I region is readily available 

for quantitative studies in D2O due to severe overlap of this band with the HOH bending band of 

water.315   

Circular dichroism (CD). Far-UV CD spectra probe the secondary structure of the 

polypeptide backbone, since the n →π*, π →π* electronic transitions of the amide group 

contribute to CD signal at 180-250 nm. Far-UV CD is widely used to quantitatively analyze 

protein secondary structure.316-319 Near-UV CD can describe some tertiary structure changes 

during protein folding.87,320,321 The signal in this region (260-290 nm) originates from the 

aromatic amino-acid side chains. Generally, standard CD spectropolarimeters allow to work in 
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millisecond timescales. Although, fancy laser-based nanosecond and even picosecond time-

resolved CD techniques were also reported.322,323  

Fluorescence.  Fluorescence can be used to probe global kinetics of folding, solvent 

exposure of aromatic chromophores, motional anisotropy and the formation of specific tertiary 

contacts.324-328 Intrinsic fluorescence of proteins without prosthetic groups derives from the 

aromatic residues, mainly tryptophan (Trp). Trp fluorescence can be excited with ~290 nm 

radiation; the emission maximum shifts from ~350 to ~330 nm upon burial of the Trp within a 

protein’s hydrophobic core. Quenchers such as acrylamide can be used to probe solvent 

accessibility in fast-folding experiments. Although the fluorescence spectrum lifetime and 

quantum yield do not simply report on protein structure, fluorescence measurements can provide 

useful complementary information on formation of protein tertiary contacts during the folding. 

UV Resonance Raman spectroscopy. UV Resonance Raman (UVRR) spectroscopy 

with ~200 nm excitation has been shown to be a powerful tool in protein conformational studies, 

since the frequencies and intensities of amide vibrations (Am I, II, III) as well as of the Cα-H 

bending vibration are critically depend on protein secondary structure.135,164,329-337 It also can be 

used to monitor changes in local environment of prosthetic groups and aromatic amino-acid 

residues.338-340 Quantitative methods for the analysis of a protein/peptide conformation by this 

technique has been recently developed.164,332,336,337 Further, recent advances in UVRR 

spectroscopy allow to directly monitor the Ψ Ramachandran angle134,135,163,341 (which is one of 

the most important protein folding reaction coordinates) as well as to obtain the information on 

protein energy landscape features.135,163 (For more detail see Section 1.2. below). 

1.1.8.2 Typical Methods to Initiate (Un)Folding Reaction during the Kinetic Studies. 

To study protein (un)folding it is often necessary to carry out a relaxation experiment. First, it is 

needed to initiate the (un)folding reaction. It could be done, for example, by a fast change in the 

protein environment such as pH, temperature, solvent composition, etc. After that, the protein 

starts its relaxation towards a new thermodynamic equilibrium, and it is necessary to monitor in 

time the conformational changes, which occur in studied protein, using spectroscopic “structural 

probe” techniques. If relaxation leads the sample to the formation of higher content of its folded 

conformation, then we deal with refolding kinetic experiment. If the opposite is true, then we 

deal with the unfolding kinetic experiment.   
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Typical methods to initiate (un)folding reactions are: 

Fast mixing techniques, such as stopped-flow, continuous-flow and quenched-flow 

techniques. These methods allow us to change rapidly the pH, denaturant concentration, 

temperature, etc. by a rapid mixing of two solutions. The time resolution of stopped flow mixers 

is typically a few milliseconds.342,343 As for continuous-flow method, it has better submillisecond 

resolution time range.344 However, the disadvantage of the latter method is that it requires 

relatively large volumes of the sample.  

Pressure jump technique. Pressure is also one of the thermodynamic parameters which 

could shift a conformational equilibrium in the system. Time ranges between tens of 

microseconds to tens of seconds are available in this method.345 

Temperature jump (T-jump) technique. Protein native conformations are often stable 

over only limited range of temperatures. Unfolding of proteins, in favorable cases, can be 

observed at both high and low temperatures. Thus, the temperature jump technique (T-jump) is 

very attractive for protein folding studies.156,164,169,310,311,346,347 Especially, it is attractive for 

refolding studies of cold denaturing samples, because it is possible to reach the final native-like 

conditions in the absence of any denaturant. By resistive heating methods it is possible to obtain 

microsecond resolution times. As for recently developed laser T-jump methods they are able to 

easily access time-range from nanosecond to seconds. 

Photochemical triggering and electron injection techniques. These techniques induce 

the folding process photochemically.348-350 They can be applied to proteins with heme or other 

prosthetic/binding groups. Either ligand unbinding or electron transfer to/from a prosthetic group 

in response to a laser pulse is monitored and related to protein folding events in nanosecond-to-

millisecond time range. 
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1.2 UV RESONANCE RAMAN (UVRR) SPECTROSCOPY 

In this subsection, we explain the basic principles of UVRR spectroscopy and briefly describe 

the UVRR instrumentation. We also show the examples of typical UVRR spectra of proteins at 

different exciation wavelengths with brief explanations. In addition, we briefly describe normal 

mode compositions and conformational sensitivity of ~200 nm excitation UVRR bands of a 

polypeptide backbone, which is necessary to understand work described in this thesis. Finally, 

we summarize those features of UVRR spectroscopy, which make this technique especially 

attractive for protein folding studies.  

1.2.1 Background 

Raman spectroscopy is a very important method for investigation of vibrational and rotational 

dynamics of molecules. It is based on inelastic scattering of light from molecules, when the 

scattered light has different frequencies relative to incident light. Raman frequency shifts 

corresponds to the difference between vibrational and/or rotational energy levels of molecules. 

This effect was first observed by Raman in 1928 in liquids,351-353 and by Landsberg and 

Mandelstam in crystals.354,355 Raman effect can be partially understood from the classical point 

of view.356 However, the quantum mechanical approach provides a more complete and accurate 

picture.357-360  

Since Raman scattering discovery, many applications of this effect for studying structure 

and molecular interactions has been developed. Raman spectroscopy gives a lot of 

complementary information in addition to conventional IR spectroscopy, since very often 

vibrational bands, which are active in Raman spectra, are not active in IR. This comes from 

different selection rules: a change in dipole moment is needed for a mode to be IR active, while 

the change in polarizability is required for the mode to be Raman active. For example, the 

vibrational bands corresponding to totally symmetric vibrations of non-polar molecules are not 
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active in IR, because there is no change in total dipole moment. However, since there is a change 

in polarizability, these bands appear in Raman spectra. 
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Figure 10.  Schematic diagram for “Normal” and “Resonance” Raman scattering 

1.2.2 Resonance Raman Can Selectively Monitor the Vibrations of Chosen Chromophore 

Group(s) 

If Raman scattering is stimulated by light with a frequency which is far enough from any 

absorption band of the molecule (Fig. 10), then all electrons could be considered as equally 

perturbed by the external electric field. In this case Raman intensity of each species will 

contribute to Raman spectrum in proportion to their concentration. In contrast, if Raman 

excitation is within an absorption band (Fig. 10), then all the electrons involved in this electronic 

transition will start to oscillate with their natural frequencies, causing much larger (up to ~6 

orders of magnitude) Raman intensity. Therefore, resonance Raman spectroscopy is highly 
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selective, and provides a very attractive opportunity to probe different chromophores in the 

molecule by changing the excitation wavelength. 
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Figure 11.  Absorption and resonance Raman spectra of myoglobin (Mb).  Resonance excitation allows to 

selectively enhance the vibrations of different chromophore groups.  This figure is adapted from Boyden361.   

 

For example, one can selectively enhance the amide bond vibrations of a protein by 

choosing the ~200 nm resonance excitation361 (Fig. 11). In contrast, ~230 nm resonance 

excitation enhances the vibrations of aromatic amino acid side chains in the protein and allows 

the selective monitoring of the aromatic amino acid environment (Fig. 11). If a protein contains 

the heme-group, ~415 nm excitation would allow to selectively study the heme-group vibrations 

(Fig. 11). This selectivity dramatically simplifies the spectral analysis compared to normal 
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Raman, since there is no interference from the vibrational bands, which are not resonantly 

enhanced.   

1.2.3 Normal Mode Composition of ~200 nm Excitation UVRR Amide Bands 

It was mentioned above (Fig. 11), that the ~200 nm resonance excitation within the π→π* 

transition336,362-364 of a peptide bond selectively enhances the vibrations of a polypeptide 

backbone. Typical ~200 nm excitation UVRR spectra of a 21-residue alanine-rich peptide, AP at 

different temperatures are shown in Fig. 12B. The AP UVRR spectrum exhibits the Amide I 

band (involves mainly C=O stretch (C=O s), Fig. 12A) which typically shows up between 1620–

1670 cm-1 depending on a peptide/protein secondary structure conformation, hydrogen bonding 

pattern and degree of coupling between different peptide bonds; the Amide II band at 1540–1560 

cm-1 (mainly out-of-phase combination of CN stretch (CN s) and NH bending (NH b), Fig. 12A) 

and the Cα-H bending band(s) (with maybe a contribution from the CH3-umbrella mode156,365, 

Fig. 12A) at 1360–1400 cm-1. The Cα-H b bands are resonancely enhanced only in PPII-like and 

β-strand-like conformations and do not show up in the α-helix conformation.164,290,330,335  

Our recent study of the Amide III region UVRR bands has demonstrated the complex 

origin of these bands.290 The normal mode composition of the most intense Amide III3 band 

(Fig. 12A) is very close to that of “classical” Amide III band. Specifically, the Amide III3 band 

mainly involves CN s and NH b vibrations coupled to C-Cα s and Cα-H b motions.330 In contrast, 

the normal mode compositions of the Amide III2 and Amide III1 vibrations are significantly 

different from that of the “classical” Amide III band. Specifically, the Amide III2 band mainly 

involves Cα-C s, N-C s, with possibly a small amount of C-N s and N-H b.290 The Amide III1 

band derives from a vibration mainly involving Cα-C s and N-C s with possibly a small amount 

of C-N s.290  

1.2.4 Conformational Sensitivity of UVRR Amide Bands 

Fig. 12B shows the temperature dependent UVRR spectra of 21-residue mainly alanine peptide, 

AP, which contain three arginines for solubility. This peptide is ≥55% α-helical at 0 °C,156,164 
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whereas it is essentially in a pure PPII conformation at +65 °C.134 It is obvious from Fig. 12B 

that the UVRR Amide III3 and Cα-H bands (highlighted in yellow, Fig. 12B) are the most 

sensitive to secondary structure changes.  
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Figure 12.  A. Assignment of ~200 nm excitation UVR amide bands, and their normal mode composition.  B. 204 

nm UVRR spectra of 21-residue mainly ala peptide, AP, at different temperatures.  Note, that the AmIII3 and Cα-H 

bands (highlighted in yellow) are the most sensitive to secondary structure changes. 

 

The intensity of the Cα-H band(s) is directly proportional to the relative fraction of non-

α-helical conformations, making these band an extremely sensitive non-α-helical 
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marker.164,290,330,335 However, the frequencies of these bands are insensitive to the peptide 

secondary structure composition (Fig. 12B).  

In contrast, both the intensity and frequency of the Amide III3 band are highly sensitive to 

conformation (Fig. 12B). It was already mentioned that the Amide III3 vibration mainly involves 

CN s and NH b vibrations coupled to C-Cα s and Cα-H b motions. The degree of such a coupling 

is sensitive to Ψ and Φ Ramachandran angles of a peptide bond, resulting in the outstanding 

conformational sensitivity of the Amide III3 band frequency290,330,341 (Fig. 12B). As we show in 

detail in Chapter 5, the Ψ angular dependence dominates the overall (Ψ,Φ)-dependence, so the 

frequency of this band sinusoidally depends on a peptide bond Ψ Ramachandran angle, allowing 

to directly estimate the Ψ angle (which is the most important protein folding coordinate) from 

the UVRR experiment. 

1.2.5   Methods for Quantitative Protein and/or Peptide Secnondary Structure 

Determination using UVRR Spectroscopy 

UVRR amide bands allow the quantitative determination of a protein/peptide secondary 

structure.163,164,332,336,337 One approach to such a determination was described in detail by Chi et 

al.332 Specifically, a set of UVRR basis spectra for pure secondary structures (Fig. 13) can be 

used to find the linear combination, which best describes the experimental spectrum of a 

particular protein.   

Similar approach was used by Lednev et al.,164 for 21-residue mainly alanine peptide, AP. 

However, the Lednev et al.’s method was improved by also taking into account the monotonic 

temperature dependence of pure PPII spectra. (Note, that these PPII spectra134 were originally164 

incorrectly called “random coil”). This monotonic temperature dependence of PPII amide band 

frequencies, intensities and bandwidths derives from weakening of the peptide bond-water 

hydrogen bond strength as the temperature increases.134,135,164,290 

Further improved method was recently proposed by Shashilov et al.337 Specifically, these 

authors applied latent variable analysis of UVRR spectra to quantitatively characterize the first 

stages of amyloid fibril formation in lysozyme.  
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Figure 13.  UVRR spectra fo pure protein secondary structures taken from Chi et al.329 

 

Finally, protein and peptide secondary structure composition can be obtained from the 

UVRR-determined Ψ angle population distributions of peptide bonds (see Chapters 6 and 8). 

This novel approach is extremely powerful, because it directly monitors the folding reaction 

coordinate. This methodology is able to distinguish not only between major peptide and protein 

secondary structures, but also between similar secondary structure motifs with very similar 

Ramachandran angles. For example, we for the first time detected the extended 2.51-helix 

conformation in unfolded poly-L-lysine and poly-L-glutamic acid.135 In addition, we for the first 

time resolved the individual contributions of pure α-helices, π-bulges and 310-helices melting to 

the net “α-helix-like” melting in 21-residue mainly ala peptide163 and obtained their individual 

melting curves, which allows us to estimate their Zimm and Bragg parameters (see Chapter 8). 
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1.2.6 Summary of UVRR Spectroscopy Attractive Features 

UVRR spectroscopy has many additional attractive features for protein conformational studies, 

compared to that of the other spectroscopic methods. For example, NMR spectroscopy, which is 

definitely a gold standard for conformational studies of peptides and proteins in aqueous 

solutions, requires relatively high sample concentrations of at least ~50-100 mg/ml.296-305 In 

contrast, UVRR spectroscopy is able to measure both high and low concentrations of proteins 

even down to 0.15 mg/ml.290 In addition, NMR spectroscopy is not readily available to study 

protein dynamics, if processes of interest are faster than microseconds. In contrast, various laser 

spectroscopic techniques, including the UVRR spectroscopy, allow the dynamic characterization 

of proteins and peptides from as slow as minutes to as fast as femtoseconds.  

Circular dichroism (CD) spectroscopy, in spite of its convenience and commercial 

availability, allows only rough estimation of protein and peptide secondary structure 

composition. For example, CD is unable to detect short α-helixes.366-368 In contrast, UVRR 

spectroscopy is able to detect both long and short α-helices and, thus, provides more accurate 

quantitative results.366  

Typical VIS and NIR (normal) Raman spectra of peptides and proteins are very complex 

and not easily available for quantitative analysis.369-371 This complexity comes from the number 

of severely overlapping bands, which originate from many similar covalent bonds located at both 

the amide backbone and different side chains. In contrast, the ability of UVRR spectroscopy to 

selectively monitor the vibrations of a chosen chromophore group(s) (such as, for example, 

amide or aromatic side chain chromophores, Fig. 11), dramatically simplifies spectral analysis, 

allowing the concentration only on vibrations of particular interest.  

It is also known that the quantitative structural characterization of peptides and proteins 

using IR spectroscopic techniques are mainly limited to that in heavy water (D2O). This is 

because the HOH bending band of natural abundance water severely overlaps with the most 

intense IR Amide I band.315 In contrast, UVRR spectra show no significant interference from 

neither water nor D2O.156,164 Moreover, at peptide and protein concentrations of ≥ ~ 5 mg/ml, 

water and D2O spectral contributions are essentially suppressed.156,164  

In addition, there is an evidence of strong coupling, which exists between different 

peptide bonds in the Amide I region of the IR spectra.372-374 Thus, the IR Amide I band 
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frequencies and intensities cannot be linearly related to a peptide or protein secondary structure 

composition. In contrast, Amide III and Cα-H (and maybe also Amide II) band regions of ~200 

nm excitation UVRR spectra show essentially no coupling between different peptide bonds.375,376 

Thus, the UVRR bands (except for the Amide I band) can be considered as being independently 

contributed by the individual peptide bonds. This “linearity” also dramatically simplifies the use 

UVRR spectroscopy for peptide and protein structural studies. 

One more attractive feature of UVRR, normal Raman and ROA spectroscopies is that 

these techniques are based on detection of scattered photons, and does not require transmission 

of light through samples prior to detection. This makes UVRR and normal Raman techniques 

applicable for studying turbid and even not transparent samples. In case of protein and peptide 

conformational studies, this property of UVRR spectroscopy allows to monitor, for example, the 

amyloid fibril formation.331,377,378  

Finally, the recent advances in UVRR spectroscopy make this technique especially 

attractive for protein folding studies. Specifically, UVRR spectroscopy allows the direct monitor 

of peptide bond Ψ Ramachandran angle,134,135,163,341 which is the most important folding reaction 

coordinate (see above). In addition, UVRR spectroscopy can be used to estimate the energy 

landscape features along the Ψ angle folding reaction coordinate,135,163 providing a crucially 

needed quantitative basis for testing of numerous theoretical studies.  

1.2.7 UV Resonance Raman Instrumentation 

The UVRR T-jump apparatus used for this thesis studies is shown in the Fig. 12. It was 

described in detail elsewhere.164,379 However, a brief description is given below.   

The third harmonics of a Coherent Infinity Nd:YAG laser operating at 90-100 Hz with a 

3 nsec pulse width was Raman shifted by five anti-Stokes harmonics in 40 psi hydrogen gas to 

204 nm to excite the amide band UVRR spectra. The Raman scattered light was collected at an 

angle close to backscattering and was dispersed with a partially subtractive double 

monochromator. The Raman scattered light was detected by using a Princeton Instruments Spec-

10:400B CCD camera purchased from Roper Scientific. The spectral accumulation times were 

~5 min with a spectral resolution of ~10 cm-1. 
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Figure 14.  Schematic diagram of UVRR T-jump setup.   

 

To initiate relaxation kinetics using the T-jump technique, we Raman-shifted the 1.06-μm 

Nd YAG fundamental to 1.9 μm (1st H2 Stokes shift) by using a 1-m Raman shifter (Light Age 

Inc.; 1000 psi H2) to obtain 1.5 mJ pulse energies at our 90 Hz repetition rate. This 1.9 μm 

excitation is absorbed by a water combination band and the energy is thermalized within 

picoseconds by vibrational relaxation. To accurately estimate the value of T-jump, we used the 

O-H stretch band(s) of water at ~3300 cm-1, whose bandshape and frequency are very sensitive 

to temperature, using the methodology described in detail by Lednev et al.164 
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1.3 OVERVIEW OF THESIS WORK 

This thesis details the most recent developments in UVRR spectroscopy, which make this 

technique especially attractive for protein fodling studies. Most importantly, this work 

establishes the relationship between UVRR spectroscopic features (such as AmIII3 band profile) 

and a protein folding reaction coordinate (such as Ψ Ramachandran angle), allowing the direct 

experimental quantitative monitoring of protein and peptide (un)folding. Application of the 

described methodology immediately results in muber of important quantitative results, which 

broke an important new ground in the field of protein folding and should serve as a benchmark 

for future studies. Specifically: 

Chapter 2 discusses a new paradigm for protein folding that finds that the unfolded states 

of proteins and peptides, rather than being completely disordered, exhibit local order, which 

often can be described as a polyproline II (PPII) conformation. In particular, we show that the 

21-residue mainly alanine peptide, AP, melts from an α-helical to a PPII conformation. We also 

show that two central peptide bonds of penta-alanine exist essentially in a PPII conformation, as 

well as that a significant fraction of acid denatured apo-myoglobin peptide bonds also occur in a 

PPII-like conformation(s). In contrast, we find that the non-α-helical and non-β-sheet segments 

in a small library of folded proteins exhibit little evidence of PPII conformation. This is 

expected, since native-like packing in these proteins creates specific steric constrains, which are 

absent in acid denatured apo-myoglobin. In addition, the Chapter 2 describes our original semi-

empirical relationship between the Ψ Ramachandran angle and AmIII3 frequency in water 

solutions (which we further refine and generalize in Chapter 5). Further, Chapter 2 describes our 

preliminary method to obtain the Ψ angular distributions from the AmIII3 band profile.   

In Chapter 3, we investigated in detail the normal mode composition of α-helical and 

PPII UVRR amide bands, concentrating on the amide III region bands. We utilized isotopic 

substitutions, conformational sensitivity of the amide bands as well as their temperature 

dependence. Our assignments of these bands in some cases agree, but in other cases challenge 

previous assignments by Lee and Krimm,365 Overman and Thomas,380 and Diem et al.381 
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In Chapter 4, we examine the degree of vibrational coupling, which occurs between the 

adjacent peptide bonds. We find that negligible coupling occurs for the amide III and II’ bands of 

both α-helical and PPII conformations as well as for the amide I, I’ and II bands of PPII 

conformations.  This dramatically simplifies the use of these vibrational bands in UVR studies of 

peptides and proteins.  In contrast, the amide I and I’ bands of the α-helical conformation show 

evidence for vibrational coupling.  Thus, care is necessary in utilizing the amide I and I’ bands of 

α-helical peptides and proteins, since these bands are most likely perturbed by coupling, so their 

parameters are not directly related to a peptide/protein secondary structure composition.   

In Chapter 5, we further refine and generalize the semi-empirical relationship between 

the AmIII3 frequency and Ψ Ramachandran angle, taking into account the hydrogen bonding.  

This consideration dramatically improves our ability to experimentally monitor the Ψ angle, 

which we believe is the most important protein folding reaction coordinate.   

In Chapter 6, we apply the methods developed in Chapters 2 and 5 to obtain the Ψ 

angular distributions for individual poly-L-lysine (PLL) and poly-L-glutamic acid (PGA) in their 

unfolded states, as well as that for anti-parallel β-sheet conformation of the PLL-PGA 

stoichiometric mixture. This leaded us to an experimental discovery of a novel 2.51-helix 

conformation in individual PLL and PGA, which is stabilized mainly by the electrostatic 

repulsion between the side chain charges. In addition, applying simple Boltzmann argument, we 

developed a method to obtain the energy landscape features of these polypeptides from their Ψ 

angular population distribution.   

In Chapters 7, we investigate the mechanism of of α-helix↔PPII transition in an 

isotopically edited analog of AP, AdP, using steady-state UVRR spectroscopy. The AdP exterior 

peptide bonds were perdeuterated, leaving the interior peptide bonds hydrogenated to allow 

separate monitoring of equilibrium melting of the middle versus the end peptide bonds. This 

equilibrium data demonstrates that the central peptide bonds of AdP have higher α-helix melting 

temperature, Tm (~32 °C) than that of exterior peptide bonds (~5 °C). We use this result in 

Chapter 9 to understand the AdP kinetic results.  

In Chapter 8, we quantitatively characterize the mechanism of of α-helix↔PPII transition 

in AP, applying the methodology described in Chapters 2 and 5. Specifically, we montitored the 

AP equilibrium Ψ Ramachandran angular population distributions at different temperatures. The 
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results are striking. We resolved the contributions of pure α-helix, π-bulge and 310-helix melting 

to what was previously thought to be the homogenious α-helix melting. We for the first time 

obtained the individual melting curves for these “α-helix-like” conformations and estimated their 

Zimm and Bragg parameters. Strikingly, pure α-helix melting is much more cooperative and 

occurs at higher temperature, than it was originally reported for similar peptides. We also 

directly observe population of turn/β-strand conformers at higher temperatures prior to melting 

to a mainly PPII conformation. This novel quantitative experimental characterization of 

intermediates in peptide and protein (un)folding pathway will serve as the benchmark for the 

numerous previously untested theoretical studies of protein folding.  

In Chapter 9, we kinetically investigate the mechanism of α-helix↔PPII transition in an 

isotopically edited analog of AP, AdP. The isotopic labeling allowed us to separately monitor the 

T-jump induced secondary structure relaxation of middle versus end peptide bonds. Our data 

indicates that the end and the middle of the peptide show significantly different and non-classical 

relaxation behaviors. Specifically, for a T-jump from 5 to 30 °C, the end peptide bonds show 

about 2-fold faster relaxation time (97±15 ns) than that of the middle (189±31 ns). In contrast, 

for the T-jump from 20 to 40 °C, the end peptide bonds surprisingly show a ~2-fold slower 

relaxation time (131±46 ns) than that of the middle peptide bonds (56±6 ns). We developed a 

quantitative kinetic model, which successfully explain this unusual behavior in terms of different 

relative contributions of different “α-helix-like” conformations, such as pure α-helices (which 

melt slower), and 310-helices and π-helices/bulges (which melt faster) to the melting kinetics. 

This methodology allowed us, for the first time, to experimentally estimate the characteristic 

(un)folding times for all the “α-helix-like” conformations. Strikingly, we find that the perfect α-

helix (un)folding rate constants are in μsec time range at room temperature, which are ~5-10 fold 

slower than typically reported for similar peptides. In contrast, pure 310-helices and π-

helices/bulges show ~12-fold faster (un)folding rate constants than those of pure α-helices. We 

also, for the first time, quantitatively estimated the spatially resolved individual relative 

contributions of the pure α-helix, 310-helix and π-helix/bulge melting to the overall AdP melting 

kinetics as well as that for AdP end and center peptide bonds melting. Strikingly, we find the 

evidence that the AdP N-terminus has higher pure α-helix propensity than those of the AdP 

center and C-terminus. These results are the first experimental ones to quantitatively show that 
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the folding mechanism of end residues of ala-rich peptides significantly differs from that of 

middle residues in terms of different relative contributions of different “α-helix-like” species to 

the melting kinetics.  

It should be emphasized that most of novel quantitative results, reported in this thesis, 

seriously challenge classical theories of α-helix melting, which envision such a melting as a 

transition between ordered α-helix and completely disordered “random coil” conformations. 

First, we see no evidence for “true random coil” conformations in protein and peptide unfolded 

state ensembles. Rather, unfolded states of peptides and proteins exhibit a significant amount of 

extended polyproline II-like structures (Chapters 2 and 5). In addition, we also show that low 

temperature “α-helix-like” ensembles of relatively simple α-helical peptide, AP, are not 

homogenious and contain the additional contributions from π-bulges and 310-helices (Chapter 8). 

Further, we developed a quantitative kinetic model (Chapter 9), which includes the melting of all 

these α-helix-like conformations. This model successfully explains complicated non-classical α-

helix melting kinetic behavior recently observed for short alanine-rich peptides. Specifically, 

Chapter 9 kinetic model accounts for the apparent anti-Arrhenius behavior of AP folding rate 

constant observed by Lednev et al.164 In addition, this model also explains the complicated 

nonexponential kinetic behavior of ala-rich peptides reported recently by Huang et al.189 and 

Bredenbeck et al.177 

Summarizing, we developed a powerful analytical tool to, for the first time, directly 

monitor a major secondary structure reaction coordinate in peptides and proteins using 

vibrational spectroscopy. We demonstrate power of this novel methodology to quantitatively 

study conformational transitions in peptide and proteins. Our results not only challenge classical 

view of peptide and protein folding but also provide an important quantitative basis for future 

theoretical and experimental works in this field. 
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2.0  CHAPTER 2.  UV RAMAN DEMONSTRATES THAT α-HELICAL 

POLYALANINE PEPTIDES MELT TO POLYPROLINE II CONFORMATIONS 

Work discussed in this chapter is published in J. Am. Chem. Soc., 2004, 126(27), 8433-8440 

(Authors:  Asher, S. A.; Mikhonin, A. V.; and Bykov, S. V.).  We examined the 204 nm UV 

resonance Raman (UVRR) spectra of the peptide (XAO), which was previously found by Shi et 

al’s NMR study to occur in aqueous solution in a PPII conformation (Proc. Natl. Acad. Sci. 

U.S.A. 2002, 99, 9190). The UVRR spectra of XAO are essentially identical to the spectra of 

small peptides such as A5 and to the large 21 residue predominantly Ala peptide, AP. We 

conclude that the non-α-helical conformations of these peptides are dominantly PPII. Thus, AP, 

which is highly α-helical at room temperature, melts to a PPII conformation. There is no 

indication of any population of intermediate disordered conformations. We continued our 

development of methods to relate the Ramachandran Ψ angle to the amide III band frequency. 

We describe a new method to estimate the Ramachandran Ψ angular distributions from amide III 

band lineshapes measured in 204 nm UVRR spectra. We used this method to compare the Ψ 

distributions in XAO, A5, non-α-helical state of AP and acid denatured apomyoglobin. In 

addition, we estimated the Ψ angle distributions of peptide bonds which occur in non-α-helix and 

non-β-sheet conformations in a small library of proteins. 

2.1 A NEW PARADIGM IN PROTEIN FOLDING: NON-NATIVE 

CONFORMATION(S) OF PEPTIDES AND PROTEINS ARE NOT “RANDOM COIL”.  

The classical view of protein structure and function is that a native protein structure is defined by 

a single conformation, or a restricted subset of similar conformations, which occur at the 

minimum (or one of the minima) of the conformational protein energy landscape.1-7 For many 
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proteins the native structure is defined as the conformation that an isolated denatured protein 

evolves into when the chemical environment is altered to favor folding.8-12 The denatured states 

are much less defined,9,13-16 with the likelihood, that numerous states are involved, particular 

subsets of which are favored by different denaturing environmental conditions. These 

conformational subsets, as sampled by the peptide bond conformations, are expected to be much 

smaller than those conformations possible by simply excluding the sterically disallowed peptide 

bond dihedral angles, which occur in the forbidden portions of the Ramachandran plot.17 The 

conformational subspace(s) of the amide bonds of denatured proteins is also expected to be much 

smaller than the conformational subspace which would remain by additionally excluding all 

sterically problematic sidechain conformations.18 

The term “denatured” or “non-native”-state is generally used to denote a variety of 

protein unfolded states which conformationally differ from that of the biologically active native 

state. Care is necessary when using these definitions, since unfolded states may have biological 

function.19,20 In many cases the denatured structure is expected to have a random secondary 

structure, where the backbone randomly adopts energetically allowed Ψ and Φ Ramachandran 

angles, since it has been thought, until recently, that conformational correlations should not exist 

between adjacent peptide bonds.21 In this case, for a random coil peptide sequence there would 

be no correlation in peptide bond conformations between adjacent or distant peptide bonds. It 

should be mentioned however, that this assumption has been recently questioned.22-27 

Evidence has recently been presented which indicates that even small peptides have 

defined solution backbone conformations, and that the “random coil conformation” 

approximation is invalid even for small peptides such as dialanine.28,29 These new data have 

resurrected the early arguments by Tiffany and Krimm30 that CD spectra indicate a nonrandom 

secondary structure for poly-glutamic acid and poly-lysine peptides, whose structure was 

proposed to resemble the poly-proline II type helical structure (PPII-helix, or 31-helix). This PPII 

left-handed backbone helical structure shows Ψ and Φ angles of 145° and -75° respectively, with 

3 residues per helical turn. 

The unfolded states of other small peptides such as A3,31,32 A7,33 K7,34 and much larger 

peptides such as poly-L-lysine35,36, poly-L-glutamic acid35,36 and poly-L-glutamate36 and poly-L-

aspartate peptides36 have also been reported to adopt locally ordered PPII-helical conformations. 
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Evidence for local order has also appeared in VCD studies of high molecular weight 

poly-L-lys and poly-L-glutamic acid.37 In addition, researchers have recently presented evidence 

that the so-called unordered regions of native proteins contain considerable amount of PPII 

structure.35,38-40 The recent excellent reviews discussing PPII conformations by Shi et al.41 and 

Bochicchio et al.42 should also be consulted for recent views regarding the importance of the 

PPII structure. In addition, Blanch et al.43 recently used Raman Optical Activity to examine 

melting of lysozymes and a 21 amino acid alanine rich peptide, and found evidence for melting 

to a PPII conformation. 

In this Chapter, we used UV Raman spectroscopy44,45 to examine the melting of a 21-

residue A-based peptide AAAAA(AAARA)3A (AP) which contains three R to confer 

solubility.46,47 We find that the melting occurs from an α-helix to a mainly PPII conformation. 

We find no evidence for a “random coil” conformation. The fact that the melting involves a 

transition mainly between two defined conformations calls into question the validity of the 

models48,49 typically used to model α-helix folding and unfolding. These models assume a large 

entropic penalty for α-helix nucleation, since they imagine the nucleus requires the 

conformational constraint of four residues from a high-entropy random coil conformational state 

in order to begin the growth of longer α-helices. It appears that the α-helix nucleation is not as 

entropically expensive as proposed, since the conformational change involves transitions 

between restricted peptide conformational subspaces, between the PPII state(s) to the α-helix-

like nucleus. These considerations may dramatically change modeling of the folding and 

unfolding of α-helices, at least for AP-type peptides. 

2.2 EXPERIMENTAL SECTION 

2.2.1 Sample preparation 

The 21-residue alanine-based peptide AAAAA(AAARA)3A (AP) was prepared (HPLC pure) at 

the Pittsburgh Peptide Facility by using the solid-state peptide synthesis method. The AP 

solutions in water contained 1 mg/ml concentrations of AP, and 0.2 M concentrations of sodium 
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perchlorate, which were used as internal intensity and frequency standards46,47. All Raman 

spectra were normalized to the intensity of the ClO4
- Raman band (932 cm-1). 

A5 and A3 peptides were purchased from Bachem Bioscience Inc. (King of Prussia, PA), 

and used as received. The A5 – A3 Raman difference spectral measurements utilized identical 

molar concentrations of A5 and A3 (0.34 mg/ml and 0.2 mg/ml, respectively) in solutions 

containing identical sodium perchlorate concentrations (0.2 M). We normalized the Raman 

spectra to the intensity of the 932 cm-1 perchlorate internal standard band. The A5 – A3 difference 

spectra were calculated by subtracting the normalized A3 spectrum from the normalized A5 

spectrum at each temperature. 

The undecapeptide XAO (MW=985) was prepared (HPLC pure) at the Pittsburgh Peptide 

Facility by using the solid-state peptide synthesis method. The sequence of this peptide is Ac-

XXAAAAAAAOO-amide, where all amino acids are in their L form, A is alanine, X is 

diaminobutyric acid (side chain CH2CH2NH3
+), and O is ornithine (side chain (CH2)3NH3

+). We 

used 1 mg/ml solutions of XAO-peptide containing 0.15 M of sodium perchlorate. The UVRR 

spectra of XAO were also normalized to the ClO4
- Raman band intensity. 

Horse heart metmyoglobin (holoMb) was purchased from Sigma Chemical Co. (St. 

Louis, MO). ApoMb was made by a 2-butanone extraction of the heme using the procedure of 

Teale50, followed by Sephedax-25 gel chromatography. Absorption measurements indicate that 

>99% of the heme was removed. The apoMb was lyophilized and stored at -20°C. We used 200 

μM apoMb solutions (~3 mg/ml) for the steady state Raman measurements. The apoMb sample 

pH was adjusted to the desired value (pH=1.86) by using HCl. Concentrations were determined 

from UV absorption spectra by using a molar absorptivity of 14,260 M-1cm-1 at 280 nm.51,52 

2.2.2 Instrumentation 

The UV Resonance Raman instrumentation has been described in detail elsewhere.46,47 A 

Coherent Infinity Nd:YAG laser produced 355 nm (3rd harmonic) 3 nsec pulses at 100 Hz. This 

beam was Raman-shifted to 204 nm (5th anti-Stokes) by using a 1 m tube filled with hydrogen 

(60 psi). A Pellin Broca prism was used to select the 204 nm excitation beam. The Raman 

scattered light was imaged into a subtractive double spectrometer53 and the UV light was 

detected by either a Princeton Instruments solar blind ICCD camera or a Roper Scientific 



 61 

unintensified, backthinned, liquid nitrogen-cooled CCD camera. All samples were measured in a 

thermostatted free surface flow stream. 

2.3 RESULTS AND DISCUSSION 

2.3.1 UV Raman Spectra of PPII XAO Indicate that Melted AP is in a PPII Conformation 

Shi et al.33 carefully measured the temperature dependence of the NMR spectra of XAO peptide, 

and definitively showed that at 2 °C the structure in water was mainly PPII helix (with no more 

than 10 % β-strand). The structure remained dominantly PPII helix at 52 °C, with a ~12 % 

increase in β-strand concentration. We compared the UV resonance Raman spectrum of XAO to 

the melted form of AP, a 21-amino acid mainly Ala peptide.  Fig. 15 shows the 204 nm UV 

Raman spectra of XAO-peptide between 0 and 80 °C. 204 nm excitation occurs within the π→π* 

transitions of the amide peptide bonds.54 Excitation into these electronic transitions mainly 

enhances the vibrations of the amide backbone.55-58 

The XAO UV Raman spectra are essentially invariant with temperature. At 20 °C the 

spectra46,47 show the AmI band (~1657 cm-1, mainly C=O stretching of the peptide bond), the 

AmII band (~1550 cm-1, CN-stretch and NH-bending) and the Cα-H sb doublet (~1388 and 1365 

cm-1, a symmetric bending vibration which is enhanced due to coupling with the AmIII 

vibration). The amide III spectral region is very complex59-62 and normally is considered to have 

a number of contributing bands which also derive from CN-stretch and NH-bending as well as 

other amide coordinates. We described in detail the assignment of these bands,63 but here only 

enumerate two of the important amide III-region bands, the AmIII2 (~1302 cm-1) and the AmIII3 

(~1244 cm-1) bands.64 

The frequency of the amide III bands and the resonance Raman enhancement of the Cα-H 

sb bands depends mainly on the degree of coupling between Cα-H sb and N-H sb motions, which 

strongly depends on the amide bond Ψ angle.65 The lowest amide III3 band frequencies and the 

strongest mixing were originally expected65 at Ψ ~ 180°, where the Cα-H and N-H bonds are cis. 
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In contrast, essentially no mixing occurs for Ψ = -60° (α-helix Ψ-angle), where the Cα-H and N-

H bonds are trans.65 
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Figure 15.  A) 204 nm UVRR spectra of PPII-helical XAO-peptide at 0, +20, +40, +60, and +80 °C. B) 

Temperature dependence of PPII-helix UVRR bands. The contribution of the broad water bending band centered at 

~1630 cm-1 and the sharp O2 stretching band at 1556 cm-1 have been numerically removed. 

 

The low frequency of the amide III bands and the strong enhancement of the Cα-H sb 

vibration in XAO are fully consistent65 with the PPII conformation (Ψ ~145°) determined by 

NMR. However, this low frequency could also be consistent with a β-strand conformation. The 

lack of a temperature dependence of the UV Raman spectra, except for the small monotonic 

frequency shifts46 discussed below in detail, indicates a single, essentially invariant secondary 

structure conformation. 

The band positions and the spectral shape of the XAO UV Raman spectra are very 

similar to those observed for unfolded state of the ala-based AP-peptide (Fig. 16) and the A5 – A3 

difference spectra.46 The main difference is that XAO-peptide spectrum shows a decreased 

AmIII3 frequency (1240 cm-1 at +60 °C) and a smaller relative intensity compared to both AP 
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(1247 cm-1 at +62 °C) and A5 – A3 (1250 cm-1 at +50 °C). This frequency shift could result from 

small differences in the Ψ angles from their normal PPII values of 145°. 

Asher et al’s study65 of the Ψ and Φ dependence of the AmIII vibrational frequencies 

exposed the simple relationship: υ ~ υo + A sin (Ψ - δ), where υ is the calculated AmIII 

frequency, υo is the AmIII frequency baseline, A is the amplitude of the frequency dependence 

on Ψ, and δ is the relative phase of the sine curve with respect to Ψ. As discussed below (Eqn. 4) 

we have fit this relationship to new solution and crystal Raman data and find that this 7 cm-1 

frequency increase in AP could result from a ~10° increase to Ψ = 155°. 
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Figure 16.  Comparison of 204 nm Raman spectra of predominantly PPII-helical XAO-peptide at +60 °C, to that of 

non-α-helical AP at +62 °C, and A5 – A3 at +50 °C. 

 

It is, however, more likely that the spectral differences between AP and XAO derive from 

the ~50% XAO amide bonds contributed by non-ala amino acids, which are likely to influence 

the Φ angle as shown by Ianoul et al.66 This could decrease their AmIII3 frequencies, which 

would broaden the band and decrease the peak height as observed here. Mirkin & Krimm67 also 

demonstrated that the AmIII frequency depends upon both the Ψ- and Φ-angles rather than the 

Ψ-angle alone.68 

The temperature dependence of the XAO UV Raman band frequencies (Fig. 15 and 

Table 4) is essentially identical to that of AP (within experimental precision46). The XAO AmII 

band shows a -0.14 cm-1/K temperature coefficient while the AmIII3 band shows a somewhat 
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smaller -0.10 cm-1/K coefficient, as shown in Table 4. The Cα-H bending shows no temperature 

dependence (within experimental error), while the AmI bands show small positive coefficients. 

 
Table 4. Temperature dependence of amide UV Raman bands for different unfolded (non-α-helical) poly-

peptides compared to that of PPII-helical XAO-peptide. 

XAO-peptide 

(>80% PPII-
helical), neutral pH 

Ala5 – Ala3 

“random coil”, 
neutral pH 

 

AP, 

Non-α-helical, 
neutral pH 

 

Unfolded Apo-Mb 

pH=1.86 

(<20% α-helix) 

 

 

dν/dT ν60°C , 

 cm-1 

dν/dT ν50°C , 

 cm-1 

dν/dT ν60°C , 

 cm-1 

dν/dT ν56°C , 

  cm-1 

AI 0.02 ± 

±0.01 

1659 0.052± 
±0.02 

1667 0.052± 
±0.02 

1659 0.06 ± 

±0.01 

1671 

AII -0.14± 
± 0.01 

1545 -0.14 ± 

± 0.01 

1558 -0.14 ± 

± 0.01 

1548 -0.17 ± 

± 0.04 

1550 

CαH(1) 0.008± 
±0.016 

1388 -0.015± 

± 0.02 

1397 -0.015± 

± 0.02 

1399 -0.02 ± 

± 0.04 

1393 

CαH(2)  0.018± 
±0.017 

1365 -0.01 ± 

± 0.02 

1373  -0.01 ± 

± 0.03 

1377 

broad 

N/A 1378 

broad 

AIII2 -0.03 ± 

± 0.02 

1300 -0.03 ± 

± 0.01 

1305 -0.03 ± 

± 0.01 

1311 -0.05 ± 
±0.04 

1295 

AIII3 -0.10 ± 

± 0.02 

1241 -0.094± 

± 0.018 

1250 -0.094± 

± 0.018 

1247 -0.11 ± 

± 0.03 

1240 

 

As discussed in detail elsewhere,69,70 this spectral dependence derives from a weakening 

of the hydrogen bonding of water to the amide carbonyl and N-H groups. The hydrogen bonding 

coordinate is anharmonic, which results in an increased water-to-amide hydrogen bond length as 

the temperature increases (Fig. 17). The consequent decrease in hydrogen bond strength, 
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increases the contribution of the Fig. 17b resonance form, which would decrease the AmII and 

AmIII band frequencies and would increase the AmI band frequency, as observed. 

The identical amide band frequency temperature dependencies for AP, A5-A3 and XAO 

clearly indicate essentially identical exposures to water and identical backbone hydrogen 

bonding to water. All of these results force us to conclude that non-α-helical AP, and the inner 

peptide bonds of A5 occur in PPII-like conformations. Although we find that non-α-helical AP 

occurs in a predominantly PPII-helix conformation, this does not mean that the PPII-helix 

conformation spans the entire AP length. Rather it is more likely that stretches of PPII-helix 

occur which are separated by β-turns, for example. 
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Figure 17.  Resonance forms of amide peptide bond.  Hydrogen bonding stabilizes resonance form a, which 

stabilizes C-O single bonding and C=N double bonding. 

2.3.2 AP Melts from an α-Helix to a mainly PPII Conformation 

The Fig. 18 temperature difference spectra between 60 °C and 0 °C for XAO and non-α-

helical AP peptides are very similar. This AP difference spectrum was modeled from Lednev et 

al’s data46 by numerically removing the α-helix contribution from the 0 °C AP spectrum. 
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AP is 55% α-helical at 0 °C. The helix melts as the temperature increases. Lednev et al’s 

kinetic measurements46,47 showed that α-helical AP melts in the ~200-nsec time regime 

following 3-nsec T-jumps. They found that the transient AP difference spectra at the shortest 

(~14 nsec) times look identical to the equilibrium temperature difference spectra for the non-α-

helical form of AP between the two temperatures (compare Fig. 18 to Fig. 3 of Lednev et al.47). 

Thus, these spectral changes were interpreted to result from the T-induced difference spectra of 

the “disordered” form of AP, which we can now ascribe to the mainly PPII conformations of a 

fraction of the AP chains. Only at times >50 nsec do spectral changes appear which indicate 

melting of α-helices to a conformation which is predominantly PPII. We see no evidence of any 

additional intermediate conformations. Whatever the reaction pathway, the melting from α-helix 

to PPII is fast. 
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Figure 18.  UV Raman difference spectra between +60 °C and 0 °C for the PPII conformation of XAO and that of 

AP. 

2.3.3 Temperature Dependence of Amide Frequencies 

Recent studies have also demonstrated that small peptides adopt the PPII structure in solution.31-

33  Fig. 19 shows the temperature dependence of the Raman difference spectra between Ala5 and 

Ala3 (A5-A3). This difference spectrum removes the spectral contributions of the penultimate 

amide bonds and allows us to concentrate on the two central amide bonds of Ala5. As noted by 

Lednev et al.46 these A5-A3 spectra are very close to the spectra of non α-helical AP (PPII 

structure). In fact they show the same temperature dependence of the amide frequencies. This 
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allows us to conclude that the interior amide bonds of Ala5 are predominantly in a PPII 

conformation. 

A similar PPII type spectrum can also be obtained from proteins denatured at low pH. For 

example, Fig. 20 shows the 204 nm UV Raman spectra of apoMb at pH=1.86 and +25 °C (<20% 

α-helix). Essentially, all α-helices have melted. The unfolded apoMb spectrum is close to that of 

XAO and AP, suggesting significant population of the PPII conformation in this unfolded 

protein. However, the amide bands are broad, and the higher frequency AmIII3 shoulder 

indicates additional contributions from non PPII conformations. 
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Figure 19.  Temperature dependence of A5 – A3 204 nm Raman difference spectra and temperature dependence of 

the A5 – A3 amide band frequencies. 
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2.3.4 UVRR Frequency Dependence of Disordered Peptide Bonds of Folded Proteins 

The UV Raman spectra of “disordered segments” of folded proteins show little evidence of PPII 

conformations. Fig. 20 shows the UV Raman basis spectrum of the disordered conformations of 

the library of native proteins measured by Chi et al.71 The UV Raman spectra from this protein 

library were found to have three main factors which completely determined its spectral features, 

the α-helix, β-sheet and “unordered” forms. Since the conformations of all of these proteins were 

known from x-ray diffraction, we were able to calculate the basis spectra of the three 

contributing secondary structure motifs, the α-helix, β-sheet and “unordered” conformations of 

these folded proteins. 
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Figure 20.  Comparison of 204 nm PPII-helical XAO spectrum (+20 °C) to the spectra of non-α-helical structures 

for different peptides and proteins: A5 – A3 (+20 °C), AP (+25 °C), acid denatured apoMb (pH=1.86, +25 °C), 

“average protein” (+25 °C).  The “average protein random coil” spectrum is the average UV Raman spectrum 

obtained for non-α-helical and non-β-sheet secondary structures in a library of 13 native proteins71. 
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The UV Raman basis spectrum of the “disordered” peptide bonds is extremely broad. For 

example, the AmIII band spans the 1220 – 1320 cm-1 spectral region. This frequency span is 

likely to result from a subset of amide bonds with Ψ and Φ angles spanning a broad region of 

angles within the Ramachandran dihedral angle plane. 

We could use these spectral data to determine the range of Ψ and Φ angles if we knew the 

homogeneous linewidth of the AmIII3 bands and the dependence of the center frequencies on the 

Ψ and Φ angles. We can estimate the intrinsic homogeneous linewidth of the bands from UV 

Raman spectra of crystals of peptides. 

2.3.5 Determination of Amide Band Homogeneous Linewidth 

Fig. 21 shows the 229 nm Raman spectra of a powder of Gly-Ala-Leu trihydrate crystals grown 

out of a methanol-water mixture72 (for which we have also determined a crystal structure). In 

addition, Fig. 21 shows the Raman spectrum of a powder of Gly-Ala-Leu directly out of the 

Bachem Company bottle. This powder is claimed by Bachem to result from drying an aqueous 

solution of Gly-Ala-Leu. 
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Figure 21.  Comparison of 229 nm Raman spectrum of crystal Gly-Ala-Leu · 3H2O ({Ψ,Φ}={-40°,-67°}) to that of 

“powder” Gly-Ala-Leu 
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The X-ray diffraction crystal structure72 of this Gly-Ala-Leu-trihydrate crystal shows that 

the Ala-Leu peptide bond has α-helix-like Φ and Ψ angles (-67°, -40°). As expected, the Raman 

spectrum of the trihydrate crystal shows a high-frequency, sharp α-helix-like Am III3 band at 

1292 cm-1. The Gly-Ala-Leu powder from Bachem shows a similar sharp AmIII3 band, which is 

shifted 50 cm-1 to lower frequency. We do not know the peptide structure in this powder. 

However, the AmIII3 frequency is consistent with a more planar β-strand-like or PPII-like 

conformation. 

Since the trihydrate crystal shows a single well defined hydrogen bonding geometry, the 

observed Raman bandwidths should be close to that of the homogeneous linewidth of the Raman 

band (assuming identical dephasing rates in the crystal and in solution). Both the trihydrate 

crystal and the Bachem powder show AmIII3 bandwidths of 15 cm-1 (full width at half height). 

This bandwidth is significantly larger than our spectral resolution of 6 cm-1
. Thus, assuming a 

Lorentzian bandshape we calculate 7.5 cm-1 homogeneous linewidths. The fact that the Bachem 

powder shows a similar narrow bandwidth indicates that the peptide also occurs in a single well-

defined conformation in this powder environment. 

2.3.6 Deconvolution of AmIII3 Frequency Distribution for Non-α-helical States of 

Peptides and Proteins 

Given this homogeneous linewidth, we can very roughly estimate the distribution of Ψ angles, 

by neglecting the dependence of the AmIII3 frequencies on the Φ angle. Previous works by both 

ourselves and others have shown a much smaller AmIII band frequency dependence on the Φ 

angle than on the Ψ angle.65-67 Further, only a very limited region of Φ angles can be populated 

due to steric constraints. We note that our argument also neglects the unlikely possibility that 

major contributions occur from Φ angles which occur in the left handed α-helix conformation. 

We assume that the inhomogeneously broadened experimentally measured AmIII3 band 

profile, A(ν) is the sum of M single Lorentzian bands with identical homogeneous linewidths, Γ, 

with different center frequencies, νei : 

( )∑
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Γ
=

−

−+
⋅=

M
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2
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where Li is the probability for a band to occur at frequency νei. 

We deconvoluted the measured XAO, AP, acid denatured apoMb, and average disordered 

protein spectra into their population distributions of identical 7.5 cm-1 Lorentzians. Fig. 22 shows 

histogram plots of the underlying spectral probability distributions.  A5 – A3 shows the narrowest 

distribution of frequencies, while the “protein library” shows the broadest.  AP is similar to XAO 

except that it is shifted to higher frequency. Acid denatured apoMb shows a broad range of 

frequencies, however, it shows a significant maximum around the PPII frequencies. 
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Figure 22.  Deconvolution of homogeneously broadened AmIII3 Raman bandshape from Fig. 20 of XAO, A5 – A3, 

non-α-helical AP, acid denatured apoMb, and “disordered” protein conformations.  The resulting histogram shows 

the population distribution associated with the plotted AmIII3 frequencies. 

 

These deconvolutions also assume that the Raman cross sections of these bands are 

independent of frequency (i.e. Ψ angle independent). This is a reasonable assumption, since the 

only major amide band cross section dependence observed, to date, is for the α-helix 
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conformation, which appears to result from hypochromic α-helix excitonic interactions by the 

resonance electronic transitions.54,55,73-76 This cannot occur here because no extended α-helices 

contribute, and each amide bond scatters independently.77,78 The only possible Raman cross 

section dependence would occur in the presence of a large normal mode composition 

dependence on the band frequency. 

2.3.7 Quantitative Correlation of Ψ and the AmIII3 Frequency 

We previously used Gaussian 98W to calculate the Ψ dihedral angle dependence of the amide III 

frequency of alanine methylamide in vacuum.65 The frequency dependence was carried out by 

fixing Ψ at the angles of interest and then optimizing the geometry of the peptide at each angle. 

The vibrational frequencies were determined for each optimized geometry. We found a sin Ψ 

dependence: υ = υo + A sin (Ψ + a). 

This equation is likely to only roughly estimate the correlation between the AmIII3 

frequency and the Ψ angle. However, it appears to capture the physics of the frequency 

dependence in that it calculates the Ψ angular of the coupling of the AmIII3 vibration with Cα-H 

bending. It predicts a sinusoidal relationship which correlates with the projection of N-H and Cα-

H sb motion. The parameters found from the theoretical fit can be made more predictive for 

peptides in water by refitting this equation to experimental data for peptide bonds at known Ψ 

angles. Thus, we fit the expression to three points: the α-helix-like peptide gly-ala-leu-trihydrate 

with Ψ = -40° and νIII3 = 1292 cm-1; the XAO peptide in water in the PPII state with Ψ = 145° 

and 1242 cm-1; and poly-L-lysine, poly-L-glutamic acid mixture (which forms a β-sheet69), with 

Ψ = 120° and 1227 cm-1. We obtain: 

υ = 1265 cm-1 - 46.8 cm-1 sin (Ψ + 5.2°).             (4) 

We can then use the preliminary Eqn. 4, which we will further refine and generalize in 

Chapter 5, to analyze the Fig. 22 frequency distributions to roughly estimate the Ψ angle 

distribution of our peptides and proteins (Fig. 23).  

We are aware that Mirkin and Krimm67 calculations show a significant dependence of the 

AmIII band frequency on the Φ angle. They point out that this dependence will tend to confound 

a simple correlation relationship such as Eqn. 4, proposed here. However, the Ψ dependence still 

generally dominates the Ψ, Φ dependence in the allowed regions of Ramachandran plot (see 
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Chapter 5 for detail). The relationship in Eqn. 4 derives from a theoretical dependence that 

captures the physics of the coupling of Cα-H and N-H motions, which is then empirically fit to 

spectral data for particular known conformations. The proposed relationship is likely to span the 

region of the β-sheet, PPII and α-helical conformations discussed here and lead to rough 

estimates of Ψ angles. We will further refine and generalize the Eqn. 4 in Chapter 5.  

Our approach here is used to estimate the correlation between the AmIII frequency and 

the Ψ angle. For AP we find Ψ=152 ± 26°. The distribution in Ψ suggests significant population 

of β-strand conformations. This would be consistent with Sreerama and Woody’s molecular 

dynamics calculation of A8,79 which indicated that each amide bond populates both the PPII and 

β-strand conformations. However, the β-strand was found to be 2-to 3-fold less populated than is 

the PPII conformation. 

 

100 140 ±180 -140

0

0

0.1

0.2

XAO

0

0.1

0.2
A5 – A3

0.1

0.2

AP

0

0.1 Apo-Mb

0

0.1 Protein                             Library

Ψ- Ramachandran Angle / °

Ψ = 145°

Pr
ob

ab
ili

ty
 D

is
tr

ib
ut

io
n

100 140 ±180 -140

0

0

0.1

0.2

XAO

0

0.1

0.2
A5 – A3

0.1

0.2

AP

0

0.1 Apo-Mb
0

0

0.1

0.2

XAO

0

0.1

0.2
A5 – A3

0.1

0.2

AP

0

0

0.1

0.2

XAO

0

0.1

0.2
A5 – A3

0.1

0.2

AP

0

0.1

0.2

XAO

0

0.1

0.2

XAO

0

0.1

0.2
A5 – A3

0

0.1

0.2
A5 – A3

0.1

0.2

AP0.1

0.2

AP

0

0.1 Apo-Mb

0

0.1 Apo-Mb

0

0.1 Protein                             Library

Ψ- Ramachandran Angle / °

Ψ = 145°

Pr
ob

ab
ili

ty
 D

is
tr

ib
ut

io
n

 
Figure 23.  Estimated Ψ-Ramachandran angle distribution of XAO, A5 – A3, non-α-helical AP, acid denatured 

apoMb, and “disordered” state of an “average protein” (from a library of folded proteins) 
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The Ψ angle distribution found for the non α-helix and non-β-sheet protein library 

spectrum indicates that a large range of Ψ angles are populated (80° to 180° and –180° to –120°). 

These include even angles outside the normally allowed range of 40°<Ψ<180° and -180°<Ψ<-

160° for unconstrained amide bonds. This large range of amide bonds Ψ angles is expected since 

the folded protein structures utilize packing constraints to create these unusual dihedral angles. 

2.3.8 Transient melting of AP α-helix to PPII 

Fig. 24, which was adapted from Fig. 3 of Lednev et al.47 shows the time dependence of 

the UVRR spectral changes induced by a T-jump between 4 and 35 °C for AP in water. We can 

now interpret this data in terms of α-helix→PPII transition, rather than to a random coil 

conformation. A careful measurement of the frequency of the difference peak finds it identical to 

that in the steady state spectrum (top) indicating the dominant conformation is to a state with Ψ= 

150°, almost certainly PPII.  

At short delay times (≤ 40 ns) we only see features, which are due to changes in the 

temperature dependent hydrogen bonding strength between PPII AP and water. These spectral 

changes are not associated with α-helix → PPII conformational transition.47 These features show 

up immediately after the IR heating pulse, and stay constant until α-helix melting (discussed 

below) begins at longer delay times (≥ 50 ns) in AP difference spectra. These short delay time 

spectral changes (Fig. 24) are identical to the difference spectra shown in Fig. 18. 

It was shown earlier,46,47 that the 1236, 1374, 1534, and 1678 cm-1 difference spectral features 

are contributed by the population of AP non-α-helical conformations. We now conclude that 

these spectral features derive from PPII conformations. The relative contributions of PPII 

conformations increase in the difference spectra at delay times longer than 40-50 ns. At ~ 400 ns 

the spectral evolution is complete and the difference spectra becomes identical to all the 

difference spectra at longer delay times, as well as to steady state difference spectrum between 4 

and 35 °C, which can be considered as a difference spectrum with an “infinite” delay time. 
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Figure 24.  AP UVRR spectrum (top curve) measured in H2O at 4 °C and transient difference UVRR of AP solution 

initially at 4 °C at different delay times after T-jump of ~31 °C. The steady state difference UVRR spectrum 

between 35 and 4 °C is equivalent to the transient difference spectrum at infinite delay time. Adapted from Fig. 3 of 

Lednev et al.47 
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2.4 CONCLUSIONS 

Numerous groups recently demonstrated the occurrence of PPII conformations in large and small 

peptides. We verified these conclusions for small peptides as well as for a 21 residue, mainly Ala 

peptide, which exists below room temperature as a mixture of α-helix and PPII helix. AP is 

mainly in an α-helix conformation at 0 °C and is mainly in a PPII conformation above room 

temperature. AP undergoes a thermal melting transition between the α-helix and a PPII 

conformation without any evidence of other significantly populated intermediates. This a 

distinctly different transition than envisioned by previous theoretical methods which considered 

a melting transition from an ordered α-helical state to a disordered state. 

We developed a method to estimate the Ramanchandran Ψ angle from the AmIII 

frequency of peptide bonds in water solution (which we will further improve in the Chapter 5 

taking into account the hydrogen bonding of a peptide bond). This has allowed us to estimate the 

Ψ angle distribution in small and large peptides and in acid denatured apoMb. We also estimated 

the distribution of Ψ angles in disordered regions of folded proteins. As expected, we find 

population of Ψ angles in the disordered amide bonds of folded proteins that are normally 

disallowed for unconstrained peptide bonds. 
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3.0  CHAPTER 3.  ASSIGNMENTS AND CONFORMATIONAL DEPENDENCIES 

OF THE AMIDE III PEPTIDE BACKBONE UV RESONANCE RAMAN BANDS 

Work described in this chapter is published in J. Phys. Chem. B, 2004, 108, 19020-19028 

(Authors:  Mikhonin, A. V.; Ahmed, Z.; Ianoul, A.; and Asher, S. A.).  We investigated the 

assignments and the conformational dependencies of the UV resonance Raman bands of the 21-

residue mainly alanine peptide (AP) and its isotopically substituted derivatives in both their α-

helical and PPII states. We also examined smaller peptides to correlate conformation, hydrogen 

bonding and structure. Our vibrational mode analysis confirms the complex nature of the Amide 

III region, which contains many vibrational modes. We assign these bands by interpreting the 

isotopically induced frequency shifts, the conformational sensitivity of these bands and their 

temperature dependence. Our assignments of the amide bands in some cases agree, but in other 

cases challenge previous assignments by Lee and Krimm (Biopolymers 1998, 46, 283-317), 

Overman and Thomas (Biochemistry 1998, 37, 5654-5665), and Diem et al (J. Phys. Chem. 

1992, 96, 548-554). We see evidence for the partial dehydration of α-helices at elevated 

temperatures.  

3.1 INTRODUCTION 

UV Resonance Raman (UVRR) spectroscopy1 has recently been demonstrated to be a powerful 

tool for studying the early stages in protein folding.2-4 The power of the methodology stems from 

its ability to easily utilize the numerous amide vibrational bands which occur within the 500–

2000 cm-1 Raman frequency region to probe peptide and protein secondary structure. The amide 

backbone vibrational frequencies and their normal mode compositions depend sensitively on the 

peptide backbone secondary structure.2,3,5-8 For example, the amide III (AmIII) vibrational mode 
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composition depends sensitively on the peptide bond’s Ramachandran dihedral angles.7-9 This 

sensitivity of vibrational frequencies to conformation is the basis for the use of vibrational 

spectroscopy to study molecular structure in general. 

The use of vibrational spectroscopy to study protein secondary structure has a long and 

distinguished history.10-12 Recent advances in the theory and practice of vibrational spectroscopy 

indicate that vibrational spectroscopy will continue to evolve more incisive methods to determine 

peptide and protein structure.13,14 

Infrared absorption studies generally are limited to examining proteins and peptides in 

D2O13,15,16 to avoid the overwhelming water absorption.17 IR studies of proteins and peptides in 

D2O allow the study of the AmI’ and AmII’ bands (where the prime designates vibrations from 

amides which have exchanged their amide NH with deuterium); the AmI’ band frequency clearly 

depends on the protein secondary structure.13,18-20 Vibrational circular dichroism (VCD) gives 

additional information on protein and peptide secondary structure.21-26 

Raman measurements show little interference from water,10 and thus, the Raman spectra 

display numerous amide bands including the AmI, AmII, AmIII bands, as well as other backbone 

bands.2,5,27-31 In normal Raman spectra excited in the near IR or in the visible spectral region, 

these bands overlap sidechain bands,29,32,33 and often only the AmI band is well resolved, 

although the amide III bands can often also be observed. The AmII band is not observed in the 

absence of resonance excitation.34 Raman optical activity (ROA) can give additional insight into 

the secondary structure due to its sensitivity to backbone conformation.35-39 

Excitation in the UV enhances numerous Raman bands of the backbone amide peptide 

bonds.2,5,30,40-44 These bands include the AmI, AmII and AmIII bands, as well as, a mainly CαH 

bending vibration which mixes with the AmIII vibration to a degree which depends on the 

backbone Ramachandran dihedral angles.7-9,43,45 This mixing leads to conformationally sensitive 

UV Raman spectra that can be analyzed to obtain quantitative secondary structure information.2,5 

The challenge in interpreting the peptide bond vibrational spectra is that there is an 

incomplete understanding of the amide vibrational modes, in spite of years of excellent 

experimental and theoretical studies. The spectral region encompassing the “AmIII spectral 

region” is the least understood; as a result, the normal mode composition of the AmIII bands still 

remain under intense investigation. For example, Oboodi et al’s. Raman46 and Diem et al’s. 

VCD47,48 isotopic substitution studies identified at least three “AmIII” bands in alanylalanine and 
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proposed that these bands originate from mixing between NH in-plane, (N)Cα-H and (C)Cα-H b 

bending vibrations. Lee and Krimm’s49-51 theoretical and experimental studies of α-helical 

polyalanine also revealed significant complexity in the AmIII region. Their normal mode 

analysis proposed contributions of CN-stretch, NH ib, Cα-H b, Cα-C s modes to the observed 

AmIII region bands. More recently, Overman and Thomas’s Raman isotopic substitution studies 

of α-helical filamentous virus fd demonstrated difficult to reconcile features in the AmIII and 

Cα-H bending spectral region.27,33,52 Although they proposed that all of their viral protein 

“classical AmIII bands” involving CN s and NH b occur only below ~1310 cm-1, they 

demonstrated that the largest Cα-D substitution isotopic frequency dependencies occurred at 

~1345 cm-1! 

In our study here we reexamine the UV Raman enhanced amide vibrational bands of the 

peptide backbone, especially the “amide III vibrations”. We should note, that our interpretations 

of the vibrational spectra are aided by the fact that the amide bonds independently Raman scatter 

and there is little complication of the spectra by the coupling of vibrational motion between 

amides.53,54 

In this study we examine the AmIII region of a 21-residue, mainly ala peptide (AP) and 

smaller peptides. The AP peptide is an excellent model since we have shown that at temperatures 

below room temperature, the AP Raman spectra can be described as a sum of the spectra of α-

helical and polyproline II (PPII) conformations.2,9 At temperatures above room temperature, AP 

is predominantly PPII2,9. Time-resolved Raman studies of AP revealed that fast mono-

exponential α-helix melting occurs with a relaxation time of about 200 ns.2,3 Melting from the α-

helix to the PPII state spectrally appears to be a two-state process without any evidence of 

significantly populated intermediate states.2,3,9 We originally thought that the AP unfolded state 

was a disordered random coil state.2,3 However, we recently demonstrated that it is 

predominantly a PPII helix.9 

In this work, we examine the assignments of UVRR backbone amide bands of AP in both 

its α-helical and PPII states by using isotopic substitutions that dramatically change the amide 

group normal mode composition, by using resonance Raman enhancement of these bands, and 

by using the temperature dependence of the amide band frequencies of each conformational 

state, which gives information on the contribution of N-H bending, CN stretching, and C=O 

stretching to these vibrations. 
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3.2 EXPERIMENTAL SECTION 

3.2.1 Sample Preparation.  

The 21-residue alanine-based peptide AAAAA(AAARA)3A (AP) was prepared (HPLC pure) at 

the Pittsburgh Peptide Facility by using the solid-state peptide synthesis method. All AP samples 

contained 1 mg/ml AP and included 0.2 M sodium perchlorate as an internal standard.  

The 21-residue alanine-based AdP peptide of sequence AAAAAAAARAAAARAAAARAA 

(where A is L-alanine (2,3,3,3 – D4)), R is L-arginine, and A is normal abundance L-alanine) 

was prepared (HPLC pure) at the Pittsburgh Peptide Facility and at Anaspec Corp. (San Jose, 

CA) using the solid-state peptide synthesis method. AdP is a perdeuterated AP peptide, except 

for the R residues and the central A10-A13 residues; essentially all but the internal six residues 

R9AAAAR14 are perdeuterated (except for R19). All AdP samples contained 0.5 mg/ml AdP and 

included 0.15 M of sodium perchlorate. All Raman spectra were normalized to the intensity of 

the 932 cm-1 ClO4
- Raman band. Prior to the UVRR measurements, the AP and AdP in D2O 

solutions were kept at +62 °C for 5 min to ensure complete N-deuteration. 

Short poly-alanine peptides An (n = 2, 3, … , 6) as well as Ala-Asp, Val-Lys di-peptides 

were purchased from Bachem Bioscience Inc. (King of Prussia, PA), and used as received in 

water solutions. We utilized peptide concentrations in water between 0.15 – 5 mg/ml. Sodium 

perchlorate (0.1 – 0.15 M) was used in each solution as an internal standard. 

Ala-Asp, Val-Lys and Ala-Ala crystals were prepared by growing them directly from 

water solution. All crystal structures and Ψ and Φ dihedral angles were obtained from X-ray 

diffraction measurements at the University of Pittsburgh and/or from literature X-ray diffraction 

studies. N-methyl-acetamide (NMA, Aldrich) concentrations in both water and D2O were ~0.033 

M (5 ml of NMA in 20 ml of water/D2O). 

3.2.2 Instrumentation. 

The UV Resonance Raman instrumentation has been described in detail elsewhere.2,3 A Coherent 

Infinity Nd:YAG laser produced 355 nm (3rd harmonic) 3 nsec pulses at 100 Hz. This beam was 
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Raman shifted to 204 nm (5th anti-Stokes) by using a 1 m tube filled with hydrogen (60 psi). A 

Pellin Broca prism was used to select the 204 nm excitation beam. The Raman scattered light 

was imaged into a subtractive double spectrograph and the UV light was detected by either a 

Princeton Instruments solar blind ICCD camera or a Roper Scientific unintensified liquid 

nitrogen cooled CCD camera. All samples were measured in a thermostatted free surface flow 

stream. 

UVRR powder crystal spectra, as well as, some solution spectra of short peptides were 

measured by using the 229 nm line of a CW doubled Ar+ laser. The scattered light was collected 

by Spex Triplemate spectrograph coupled to a Princeton Instruments solar blind ICCD camera. 
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Figure 25.  204 nm UVRR spectra (at 62 °C) of AP PPII in water (red).  At this temperature AP is fully in the PPII 

conformation. b) 2,3,3,3-deuterated poly-alanine PPII in water (blue).  This is a calculated spectrum where the 

contribution of nondeuterated residues were numerically subtracted, c) AP PPII in D2O. At this temperature AP is 

fully in the PPII conformation. d) 2,3,3,3-deuterated poly-alanine PPII in D2O (black).  This is a calculated spectrum 

where the contribution of nondeuterated residues were numerically subtracted. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Assignment of the Amide III Region Bands (1230 cm-1 – 1410 cm-1) of AP in its PPII 

Conformation. 

Fig. 25 shows the 204 nm excited UV resonance Raman (UVRR) spectra55 of the PPII 

conformation of AP in H2O and D2O, as well as, the calculated spectrum of the PPII 

conformation of an isotopically substituted AP where 14 ala were perdeuterated. We designate 

the intense 1245 cm-1 band of the PPII conformation of AP in water as the “classical” AmIII 

band because it shows the largest dependence upon peptide bond conformational changes (vide 

infra). 

This band, which disappears upon N-deuteration, also shows the large -0.15 cm-1/°C 

frequency temperature dependence typical for the AmIII and AmII bands of non-α helical and 

non-β-sheet peptides, and simple amides such as N-methylacetamide (NMA, Fig. 26). This 

temperature coefficient of -0.15 cm-1 is higher than the -0.1 cm-1 temperature reported earlier by 

Lednev et al.2 for A5 – A3.  We measured the AP temperature coefficient from high S/N spectra 

at +49 °C and +65 °C. 
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Figure 26.  Temperature dependence of the 204 nm UVRR spectra of N-methylacetamide and their 70 °C – 20 °C 

difference spectrum. 
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For NMA the AmII and III bands shift by -0.11 and –0.09 cm-1/°C, while the AmI band 

shifts up by a much smaller amount. This temperature dependence derives from the decrease in 

hydrogen bonding by water as the temperature increases.56,57 The mode frequencies decrease as 

the weakened water hydrogen bonding decreases the amide N-H bending and the C-N stretching 

force constants.9,56,58 

This conclusion is evident from the temperature dependence of N-deuterated NMA 

(NMAD). The substitution of the much heavier N-D decouples N-D bending from C-N 

stretching, and we have almost a pure C-N stretch which appears as a Fermi resonance doublet59 

at ~1500 cm-1 (Fig. 27). 
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Figure 27.  204 nm excited UVRR spectra temperature dependence of NMAD showing the large downshift of the 

965 cm-1 AmIII’ band and the smaller downshift of the AmII’ doublet.  The AmI’ band slightly upshifts and changes 

bandshape. 

 

We find that changes in water hydrogen bonding impact the N-D bend force constant 

more than the C-N stretch force constant; NMAD shows a smaller, -0.07 cm-1/°C temperature 

dependence of the mainly C-N stretching AmII’ band, compared to the -0.11 cm-1/°C frequency 

decrease in the N-D bending dominated NMAD AmIII’ band at 965 cm-1 (Fig. 27). If an 

analogous pure N-H bending mode occurred at ~1400 cm-1, it would show a significantly larger 

temperature dependent frequency shift of ~ -0.16 cm-1/°C. 
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This result indicates that the change in water hydrogen bonding impacts the N-H bending 

coordinate motions significantly more than the C-N stretching coordinates. The Cα-H bending 

bands show no temperature dependence, while the C=O stretching dominated AmI bands of 

peptides and NMA show only a small positive frequency dependence on temperature. Small 

anhydrous peptide crystals show a negligible temperature dependence (data not shown). 

Thus, a significant temperature dependence signals significant contributions of N-H 

bending and C-N stretching to a Raman band. From this, we conclude that the 1245 cm-1 PPII 

AP band in water contains a significant contribution of NH ib and C-N stretching. Thus, the 1245 

cm-1 PPII AP band can be clearly assigned to the “classical AmIII vibration”. 
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Figure 28.  229 nm excited UVRR spectra of dipeptide crystal powders.  Also shown are the Φ and Ψ dihedral 

angles obtained from the x-ray crystal structures. 

 

2,3,3,3-deuteration of the ala sidechains and Cα positions shifts the 1245 cm-1 PPII AP 

band to 1320 cm-1 (Fig. 25). The 1320 cm-1 band shows a significant, but somewhat smaller, 

temperature dependence (-0.7 cm-1/°C) than the 1245 cm-1 band. This band also disappears on 

NH deuteration. Thus, this vibration contains significant fractions of NH ib and C-N stretching. 

The main difference is that this vibration no longer contains CαH bending. This 81 cm-1 

frequency shift on deuteration is heartwarmingly close to that expected from the relationship 
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proposed by Asher et al.7,9 which correlates the AmIII band frequency to the extent of AmIII and 

Cα-H sb coupling (υ = 1265 cm-1 - 46.8 cm-1 sin (Ψ + 5.2°)). 

The 1303 cm-1 and 1337 cm-1 bands of PPII AP in water disappear upon N-D 

deuteration, which suggests significant contributions from NH bending. However, this is 

contradicted by the fact that the 1303 cm-1 and 1337 cm-1 bands show only a small temperature 

dependence. The much weaker bands at 1284 cm-1 and 1328 cm-1, which occur in D2O, could 

possibly be remnants of the 1303 cm-1 and 1337 cm-1 bands if the new modes in D2O lost 

contributions of C-N, C=O, C-C and N-C motions that gave rise to their original resonance 

Raman enhancements. 
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Figure 29.  Temperature dependence of the 229 nm, UVRR spectra of AA in water.  Power- 5 mW, sample 

concentration 5 mg/ml. Spectral resolution 8 cm-1. 

 

A more likely explanation is that the existence of the 1303 cm-1 and 1337 cm-1 normal 

modes of PPII AP depend sensitively on their N-H contributions. The removal of the N-H 

bending component could alter their vibrational mode compositions sufficiently that the resulting 

modes shift outside the 1250 – 1400 cm-1 region. 
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Dipeptides such as AA, AD and VK also show bands at these frequencies (1300 cm-1 and 

1340 cm-1), which often appear overlapped either in solution on in crystals, as is evident from the 

resonance Raman spectra of crystals of dipeptides shown in Fig. 28, along with their Φ and Ψ 

dihedral angles determined from their crystal structures. Ala-asp and ala-ala, which have β-

strand-like Ψ angles show a ~1338 cm-1 band, while the PPII-like Ψ = 137° of val-lys shows only 

a 1301 cm-1 band. We assume the 1305 cm-1 and ~1338 cm-1 bands have similar origins to those 

of PPII AP. From their small temperature dependence (Fig. 29) and their large conformational 

dependence, we assign these bands to vibrations mainly involving C-Cα stretching mixed with 

CαH bending. 
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Figure 30.  204 nm UVRR spectra of different poly-ala in water and the 229 nm UVRR of A2 crystal powder. 

 

Our assignment appears to contradict that of Diem and coworkers48 who “unequivocally” 

assigned the 1336 cm-1 band in ala-ala to an unperturbed NH deformation motion. The future 

will further illuminate the assignments of this complex spectral region. 

Fig. 30 shows the dependence of the 204 nm UVRR spectra of increasingly long alanine 

peptides. Ala-ala shows a much stronger 1337 cm-1 band than occurs in the larger peptides; the 
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decreased intensity observed for the 1337 cm-1 band in the ala-ala crystals may be due to its 

preresonance excitation at 229 nm, to the red of the amide π→π* transition. 

The relative intensity of the 1337 cm-1 band smoothly decreases as the peptide length 

increases to A6 (Fig. 30). The various difference spectra between these peptides shown in Fig. 31 

display no feature close to 1337 cm-1 for peptides larger than ala3. Thus, the existence of a small 

peak in AP at this frequency at elevated temperatures is quite surprising. This 1337 cm-1 peak 

clearly derives from AP, which is predominantly PPII at this temperature. It does not derive from 

small peptide fragments, since HPLC-MS analysis of AP samples clearly demonstrate the 

absence of significant hydrolysis or photolysis to smaller fragments. Temperature difference 

spectra between 50 and 80 °C show a small intensity increase and broadening of this band. 
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Figure 31.  204 nm UVRR difference spectra between different poly-ala in water. 
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This band must signal a minority population of some conformation of AP. It is 

impossible at this point to determine the nature of this conformation solely from the spectra since 

the 1337 cm-1 band appears both in β-strand and α-helix-like conformations. We would need to 

resolve whether the other bands which are signatory of non PPII conformations are also present 

in the underlying the spectra. It is most likely, however, that this small band derives from a small 

β-strand contribution, in view of the known occurrence of minor β-strand contributions to the 

mainly PPII conformation of the alanine rich XAO peptide.60 

3.3.2 Assignment of the Amide I Region Bands of AP in its PPII Conformation. 

The N-D PPII state of AP and AdP in D2O both show 2 bands in the AmI’ region at ~1614 cm-1 

and ~1660 cm-1 (Fig. 25). The 1660 cm-1 band shows the expected AmI band’s temperature 

dependence, in which it slightly upshifts in frequency as the temperature increases. In contrast 

the 1614 cm-1 band shows negligible temperature dependence. As shown below (Chapter 4, Fig. 

42), the 1614 cm-1 band derives from an arg sidechain vibration, while the ~1660 cm-1 band is 

the AmI’ band. 

3.3.3 Assignment of the Amide III Region Bands of AP in the α-Helical Conformation. 

Fig. 32 shows the calculated 204 nm UVRR spectra of α-helical AP, and of its perdeuterated 

derivative in both water and D2O. These α-helical spectra were calculated by removing 

contributions from PPII conformations, and in the cases of the perdeuterated derivatives, from 

protonated amino acids in the chain. The details are described in the figure caption. 

The UVRR spectra of α-helical AP displays a triplet of bands at 1261 (AmIII3), 1303 

(AmIII2), and 1337 cm-1 (AmIII1) in the amide III region. We should caution that there is no 

implication in this labeling scheme that the AmIIIi bands of the α-helix correspond to the same 

labeled bands of the PPII conformation. 

The temperature dependence of the entire α-helix spectrum is negligibly small below 10 

°C (Fig. 33), as originally noted by Lednev et al.2,3,61-63 However, at temperatures above 20 °C 

the spectrum shows a surprising downshift for the AmIII3 band which is accompanied by an AmI 
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bandshape change and the appearance of an additional, AmI1 band (Fig. 34). In Chapter 8, we 

explain the AmIII3 profile change in terms of pre-melting of water-mediated α-helical defects, 

such as π-bulges and 310-helices. The decreased S/N of the higher temperature α-helix spectra 

displayed in Fig. 33 is due to the decreased α-helical fractions of AP at +20 and +30 °C, 

compared to those2,3,61-63 at -3.5, 0, and +10 °C. 
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Figure 32.  Calculated 204 nm UVRR α-helical spectra of AP and its isotopically substituted derivatives at 0 °C: a) 

α-helical AP in water. This spectrum was obtained by subtracting the 0 °C calculated AP PPII spectrum from the 

measured 0 °C AP spectrum (~45% PPII); b) 2,3,3,3-deuterated poly-L-alanine α-helix in water where the 

contribution from the protonated amides was numerically removed. This spectrum was obtained by subtracting the 

calculated 0 °C AdP PPII spectrum from the measured 0 °C AdP spectrum followed by subtraction of appropriate 

amount of 0 °C AP α-helix spectrum; c) α-helical AP in D2O. This spectrum was obtained by subtracting the 0 °C 

AP PPII spectrum from the experimental 0 °C AP spectrum (~45% PPII); d) α-helical AdP in D2O. This spectrum 

was obtained by subtracting the 0 °C AdP PPII spectrum from the experimental 0 °C AdP spectrum (~45% PPII). 

Note that AdP sequence contains fourteen  2,3,3,3-deuterated ala, 4 non-deuterated ala and 3 non-deuterated arg. 
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Figure 33.  Calculated temperature dependence of 204 nm UVRR spectra of α-helical AP in water. The spectra were 

calculated by subtracting the appropriate amount of PPII AP spectrum from the measured spectrum at the 

corresponding temperature.  The low S/N of the AmII band results from the incomplete subtraction of the Raman 

band of O2. 
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Figure 34.  UVRR spectra of α-helical AP at 0 and 30 °C and their difference specrtrum showing the downshift of 

AmIII3 and the appearance of a higher frequency AmI1 band. 
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We suggest that these spectral changes result from an α-helix hydration change at higher 

temperatures. The polyala α-helix should be well hydrated by water.56,58,64-68 The temperature 

increase should decrease the extent of hydration of a fraction of the α-helical peptide bonds due 

to the decrease in the water-peptide hydrogen bonding strength.58,68 This then shifts those bands 

with significant N-H b and C-N s to lower frequency and shifts the AmI band to higher 

frequency. The new AmI1 band is shifted to 1682 cm-1, which may be a signature of a 

nonhydrated helix. 

Obviously, our spectral changes are discontinuous, and a transition appears around 20 °C, 

yielding a partially “dehydrated” helix. Possibly, these dehydrated helix segments are an 

intermediate in the α-helix to PPII conformational transition. The dehydrated helical segments 

may have an increased propensity to evolve into the PPII form, because temperature increase 

raises the free energy of partially “dehydrated” α-helical segments above that of the PPII 

conformation. 

Whatever the case, we conclude that the AmIII3 band contains a large amount of N-H 

bending. Therefore, we label the 1261 cm-1 band as the “classical AmIII band”. 

This triplet of bands disappears upon N-deuteration (Fig. 32), leaving only a very weak 

~1293 cm-1 band. The spectral intensities can be referenced to a constant AmI band intensity, 

since the AmI cross sections change little with temperature, conformation or isotopic 

substitution. 

The AmII’ doublet of AP in D2O is replaced by a singlet in the perdeuterated derivative 

AdP in D2O because of a loss of the Fermi resonance between CN s and CH3 bending.59 

However, the AdP spectrum still shows some remnant of the doublet due to the contribution of 

the AmII’ doublet from the 4 non-perdeuterated ala residues. 

The largest change that occurs upon the perdeuteration of α-helical AP is the 

disappearance of the AmIII3 band which leaves behind a doublet spectral contour (Fig. 32). We 

attempted to determine whether the AmIII3 band disappeared or whether it shifted underneath the 

doublet. Unfortunately, the Fig. 35 deconvolution attempt does not by itself definitively resolve 

whether two or three bands underlie the broad doublet contour of perdeuterated α-helical AP. 

The contour can be fit by two bands if the lower frequency band is allowed to have a >50 cm-1 

bandwidth. However, a more likely conclusion is that a triplet of ~30 cm-1 bandwidth bands at 
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1284, 1308, and 1335 cm-1 underlie this contour; the 50 cm-1 bandwidth appears unphysically 

large. 
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Figure 35.  Attempts to deconvolute the ala perdeuterated α-helix AP AmIII region into a doublet and triplet of 

underlying bands using GRAMS software. 

 

Some shift of the AmIII3 band to higher frequency upon Cα deuteration is consistent with 

the expectation7 that the AmIII band frequency depends on coupling between N-H and CαH 

motions of two essentially degenerate vibrations. However, because the Cα-H and N-H bonds are 

trans in the α-helix conformation we expect only a small shift. It should be noted, however the 

AmIII3 band might also contain contributions of other components of Cα-H motion, whose 
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removal might cause a frequency upshift, resulting in the overlap of the original AmIII1 and 

AmIII2 bands with the AmIII3 band blueshifted to ~1326 cm-1. 

In contrast, we conclude that the AmIII3 band disappears, if we consider the resonance 

Raman intensities and expect that the integrated Raman cross section would be conserved if the 

AmIII3 band shifts into the doublet contour. We utilized the measured intensity ratio of the 

AmIII band envelope relative to the AmI band(s) to determine whether the doublet envelope 

contains the AmIII3 band. We assume that that the resonance Raman enhancement of these 

Raman bands derive from their C-N s, C=O s, Cα-CO s and N-C s motions.59 Our analysis 

requires that isotopic substitution does not perturb the electronic transitions, and that the loss of 

CαH bending does not change the Raman intensities. If the AmIII3 band shifts underneath the 

doublet contour, the integrated intensity within the contour, relative to that of the AmI band 

(whose intensity remains relatively constant) would remain identical to that of natural abundance 

α-helical AP. In contrast, the ratio decreases almost 2-fold in the perdeuterated derivative, 

suggesting that the band disappears. Thus, we are unable to come to a definitive conclusion of 

what happens to the AmIII3 band in the deuterated derivative. 

Thus, we assign the 1261 cm-1 band to the classical AmIII of an α-helix conformation, 

which as pointed out by Lee and Krimm involve CN s and NH b motions. It may also contain 

some Cα-C s. 

We assign the 1306 cm-1 band of natural abundance α-helical AP to a vibration which 

involves mainly C-C and N-C stretching since this band shows little temperature dependence and 

may be slightly affected by hydration (Fig. 33). This band is not conformationally sensitive since 

it shows up in both the α-helix (~1306 cm-1) and the PPII (~1303 cm-1) conformations (Figs. 25, 

33 and 36). The assignments of the other bands are indicated above. 

We should note the recent results of Overman et al.27 who examined the impact of ala Cα-

D substitution on normal Raman α-helical virus coat proteins. Upon replacement of Cα-H they 

observe that a 1345 cm-1 band shifts to 1296 cm-1. This behavior is almost exactly the opposite of 

what we observe. Barron et al.69-71 also have observed a hydrated α-helix band at ~1345 cm-1 

with visible excitation ROA. We see no hydration dependence for our 1337 cm-1 band. Thus, we 

conclude that their hydrated~1345 cm-1 α-helix band is not enhanced upon 204 nm resonance 

excitation. 
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3.3.4 Assignment of Other Amide Bands of AP in the α-Helical Conformation. 

The intensity of the 1380 cm-1 band of α-helical AP in D2O decreases significantly in AdP in 

D2O (Fig. 25 and 32). This observation is completely consistent with the assignment of this band 

to mainly CH3 sb mode of ala side chain by Lee and Krimm,49 since AdP contains only 4 non-

perdeuterated ala while the AP contains 18 non-perdeuterated ala. 

The 1614 cm-1 band, which shows up in the UVRR spectra of both α-helical and PPII 

states of AP and AdP in D2O (Fig. 25 and 32) cannot be assigned to the AmI’ band, because it is 

not conformationally sensitive, and it does not show the temperature dependence typical of the 

AmI bands. We assign this band to an arginine side chain CN s mode based on Fig. 42 of 

Chapter 4. The observed 1630 cm-1 arg band in water downshifts in D2O.  

Tables 5 and 6 summarize the spectroscopic information used to assign the amide III 

region of the PPII and α-helical conformations of AP. 
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Table 5.  Assignments, Isotopic and Temperature Dependencies of Amide III Region UV Raman Bands of the PPII 

Conformation of AP. 

 

UVRR Band 
Assignment 

 

Conformational 
Dependence 

 

NH / ND 
substitution 

 

Cα-D 
Substitution 

 

T 
dependence 

 

Included 
Atomic Motions 

 

 

Excluded 
Atomic 
Motions 

 

 

1245 cm-1 

“Classical 
amide III” 

 

 

Most sensitive to 
conformation 

” 

 

Disappears 
with AmIII’ 

band 
appearing at 
~950 – 1000 

cm-1 

 

Shifts to 

1326 cm-1 

(NH b and  
CN s) 

 

Large 

T-dependence 

 

NH b coupled to 

Cα-H b and CN 
stretch 

 

 

None 

 

1303 cm-1 

 

 

No? 

 

 

disappears 

 

 

Transforms to 
shoulder at 

1278 cm-1? 

 

 

moderate T-
dependence 

 

 

Stretches of 
heavy atoms, Cα-
C s, NC s, CN s 
+ some Cα-H b 

 

NH b 

 

 

1337 cm-1 

 

 

Originates from 
extended β-
strand-like 

conformation? 

 

 

disappears 

 

 

Hidden under 
the broad 

~1326 cm-1 
envelope? 

 

Small 

T-dependence 

 

 

Cα-C s and NC s 

 

 

NH b 

CN s 

 

1370 cm-1 

 

 

Most sensitive to 
conformation 

 

disappears 

 

disappears 

 

No 

T-dependence 

Cα-H b, Cα-C s, 
CH3 umbrella. 

Maybe small 
amount of C-N s 

 

NH b 

 

 

1394 cm-1 

 

 

Most  sensitive 
to conformation 

 

disappears 

 

disappears 

 

No T-
dependence 

Cα-H b, Cα-C s 

Maybe small 
amount of C-N s 

 

 

NH b 
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Table 6.  Assignments and Isotopic and Temperature Dependence of Amide III Region UV Raman Bands of the α-

helical Conformation of AP. 

Band 
Assignment 

Conformatio
nal 

Dependence 

NH / ND 
substitution 

Cα-D, and 
CD3 

Substitutio
n 

T- 
dependence 

Hydration 
Dependence 

Included 
Atomic 
Motions 

Excluded 
Atomic 
Motions 

 

1261 cm-1 

“Classical 

amide III” 

Most 
sensitive to 

conformation
? 

 

 

Disappears 
with AmIII’ 

band 
appearing at 
~950 – 1000 

cm-1 

??? (see 
text) 

 

Strong T-
dependence 
(at T > +10 

°C) 

Most 
sensitive to 
hydration 

NH b and 
CN s and 

maybe Cα-C 
b 

 

None 

1306 cm-1 

 

 

Not sensitive 

 

 

disappears 

 

 

Either shifts 
to ~1284 
cm-1 or 

remains at 
~1308 cm-1 

 

Small T-
dependence 

 

 

Only 
slightly 

influenced 
by hydration 

Cα-C s  and 
NC s maybe 

some and 
small 

amount of 
CN s 

NH b, and 
maybe Cα-

H b, 

 

1337 cm-1 

 

 

Not sensitive 
? 

disappears Remains at 
the same 
position? 

No No Cα-C s, NC 
s maybe 

small 
amount of 

CN s 

 

NH b, Cα-
H b, 

 

3.3.5 Comparison Between UVRR Spectra of α-Helical and PPII Conformations of AP 

and AdP. 

Fig. 36 compares the UVRR spectra of the α-helix and PPII conformations of AP. As earlier 

found by Chi et al.5 the intense PPII ~1245 cm-1 AmIII3 band and the intense ~1400 cm-1 Cα-H sb 

band (called incorrectly random coil2,3,61-63) dramatically decrease in intensity in the α-helix 

conformation, and are replaced by a broad envelope of bands centered at ~1300 cm-1.  The ~1400 

Cα-H sb band contour in PPII disappears completely and is replaced by a weak band ~1390 cm-1 
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due to the methyl umbrella mode. The intensity of the PPII AmII band decreases by more than 2-

fold, while its frequency downshifts by ~12 cm-1 in the α-helix. The peak height intensity of the 

AmI band remains essentially constant, while its frequency downshifts by ~13 cm-1. 

The decrease in intensity results from a decrease in the oscillator strength of the amide 

π→π* transition due to excitonic interactions in the α-helical conformation.40,72-76 This is clearly 

evident in the Fig. 37 comparison between the α-helix and PPII UVRR spectra of AP and AdP in 

D2O. Resonance Raman enhancement is dominated by the AmII’ band which is mainly C-N s.59 

The intensity of the AmI’ band stays constant while the integrated intensity of the AmII’ band of 

the α-helix conformation decreases by more than 2-fold for AP and AdP. In contrast, the Fig. 38 

AmII’ comparison between AP and AdP conformations show that the enhancement remains 

relatively constant even though AdP residues are deuterated. The small AmII’ enhancement 

decrease in PPII AP is made up by small enhancement increases for the AmIII’ band as well as 

other small bands. For the α-helix, essentially identically enhanced AmII’ bands occur. 
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Figure 36.  Comparison of the 204 nm calculated UVRR spectra of the α-helix and PPII conformations of AP at 0 

°C and their difference spectrum. 
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Figure 37.  Comparison between measured PPII and calculated α-helix AP and AdP in D2O UVRR spectra. 
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Figure 38.  Comparison of measured PPII and calculated α-helix AP and AdP in D2O UVRR spectra. 
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The Fig. 36 UVRR spectra display the significant spectral changes which occur between 

the PPII and α-helix conformations of natural abundance AP in H2O. The maximum changes 

occur in the Amide III spectral region. It is not possible to assign bands of the PPII and α-helix 

conformations to similar vibrations, but the AmIII3 vibrations of both conformations seem to 

have both N-H b and C-N s contributions. For example, the ~1245 cm-1 AmIII3 band of PPII has 

significant N-H bending and C-N s as evident from the -0.15 cm-1 / ºC temperature coefficient. 

Similarly, the α-helix AmIII3 band shows a -0.15 cm-1 / ºC temperature coefficient between 10 

and 30 ºC (while showing no temperature dependence below 10 ºC). This agrees well with Lee 

and Krimm50 who calculate a band at 1263 cm-1 which is dominated by N-H bending, which also 

contains a large component of C-N s which gives rise to enhancement. 

The bands labeled AmIII1 and AmIII2 of PPII and α-helical conformations significantly 

differ. Perhaps this point is most succinctly shown by the differences between the calculated 

UVRR spectra of PPII and α-helix conformations of fully perdeuterated AP (Fig. 39). Even 

though deuteration has removed coupling with the CαH b, significant differences occur in the 

Amide III region, in addition to the hypochromic α-helix spectral intensity decrease. 
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Figure 39.  Comparison of calculated UVRR spectra of PPII and α-helix of fully 2,3,3,3-D4 deuterated A21 

 



 104 

This investigation of the melting of AP from the α-helix to PPII conformations indicates 

that the melting can be quantitated by the characteristic difference spectra displayed in Fig. 36. 

Obviously, these difference spectra will change at different temperatures due to the temperature 

dependence of the basis spectra. 

Although we expect that the other α-helix peptide conformations will show qualitatively 

similar spectra, we expect to also see significant differences, due to the fact that sidechains 

differ, the environments differ, and the α-helix exposure to solvent and its resulting hydration 

may differ.56,58,68 This is clearly evident in the Fig. 40 UVRR spectral temperature dependence of 

the mainly α-helical apoMb. The contributions from the unordered states of apoMb were 

numerically removed by subtracting the acid denatured apoMb spectra from the neutral pH 

apoMb spectra. The resulting overlapped AmIII triplet contour α-helix apoMb spectra shows 

little temperature dependence even up to 56 °C. 
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Figure 40. Temperature dependence of the UVRR spectra of apoMb α-helices. Non-α-helical spectral contributions 

were removed by subtracting pH=1.86 unordered apoMb spectra. 
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The spectral temperature changes observed are significantly smaller than in α-helical AP 

(at T > +10 °C). The largest change is the blue shift of the AmI band high frequency edge which 

shows up at the highest temperatures. Obviously, the apoMb α-helices are much more stable and 

show much less hydration changes than are observed for AP which is monomeric and fully water 

exposed. 

Careful UV Raman studies of proteins may be able to monitor subtle effects such as helix 

hydration changes, in addition to being able to monitor the larger conformational changes. 

3.4 CONCLUSIONS 

We have reexamined in detail the assignment of the amide III region of the PPII and α-

helix conformations of peptides and proteins using UV Raman spectra of a mainly polyala 

peptide. Many of our assignments agree with previous studies, while others challenge the 

conventional understanding. The conformational dependence of the UVRR spectra make this 

methodology a sensitive probe of protein and peptide secondary structure. We appear to see 

spectral signatures of α-helix hydration changes with temperature. 
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4.0  CHAPTER 4.  UNCOUPLED PEPTIDE BOND VIBRATIONS IN α-HELICAL 

AND POLYPROLINE II CONFORMATIONS OF POLYALANINE PEPTIDES 

Work described in this Chapter is published in J. Phys. Chem. B., 2005, 109, 3047-3052 

(Authors:  Mikhonin, A. V.; and Asher, S. A.).  We examined the 204 nm UV resonance Raman 

(UVRR) spectra of the polyproline II (PPII) and α-helical states of a 21-residue mainly alanine 

peptide (AP) in different H2O/D2O mixtures. Our hypothesis is that, if the amide backbone 

vibrations are coupled then partial deuteration of the amide N will perturb the amide frequencies 

and Raman cross sections since the coupling will be interrupted; the spectra of the partially 

deuterated derivatives will not simply be the sum of the fully protonated and deuterated peptides. 

We find that the UVRR spectra of the AmIII and AmII’ bands of both the PPII conformation and 

the α-helical conformation (and also the PPII AmI, AmI’, and AmII bands) can be exactly 

modeled as the linear sum of the fully N-H protonated and N-D deuterated peptides. Negligible 

coupling occurs for these vibrations between adjacent peptide bonds. Thus, we conclude that 

these peptide bond Raman bands can be considered as being independently Raman scattered by 

the individual peptide bonds. This dramatically simplifies the use of these vibrational bands in IR 

and Raman studies of peptide and protein structure. In contrast, the AmI and AmI’ bands of the 

α-helical conformation cannot be well modeled as a linear sum of the fully N-H protonated and 

N-D deuterated derivatives. These bands show evidence of coupling between adjacent peptide 

bond vibrations. Care must be taken in utilizing the AmI and AmI’ bands for monitoring α-

helical conformations since these bands are likely to change as the α-helical length changes and 

the backbone conformation is perturbed 
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4.1 INTRODUCTION 

Vibrational spectroscopy1-25 is a very powerful tool for studying peptide and protein structure. 

The utility of vibrational spectroscopic methods derive from their inherently high resolution. In 

addition, these methods are uniquely powerful since they can be used kinetically to examine 

short time (nsec, psec, and fsec) dynamics.26-37 UV resonance Raman (UVRR) spectroscopy4-

7,27,28 is an especially powerful approach since it can be used to selectively excite within the 

amide backbone π→π* transition38 in order to selectively examine numerous amide vibrations.39-

42 In addition, it shows little interference from the vibrations of the ubiquitous solvent water,27,43 

in contrast to IR absorption based methods.44 

We recently demonstrated that UVRR spectroscopy is the most powerful method to 

determine secondary structure of proteins and peptides in dilute solutions.6,27,45 The method 

utilizes the unique UVRR spectral signatures of each of the protein secondary structure motifs.6 

The intrinsic assumption is that the basis spectra of each motif can be linearly added to fit the 

observed spectra and that the linear weighting factors give the relative abundancies of each 

motif. 

The use of this approximation could be problematic. For example, it is clear that the 

Raman cross section of the α-helix conformation is relatively small due to the dependence of the 

Raman cross sections on the molar absorptivity of the peptide bond electronic transitions.39 It is 

well known that the amide backbone π→π* transitions suffer hypochromism due to excitonic 

interactions.38,39,46-49 This causes hypochromism in the resonance Raman cross sections. Thus, 

the Raman spectra of an amide bond with α-helical Φ and Ψ angles, but not in an α-helix will 

display the identical spectrum as a peptide bond within a long α-helix.7 However, the long α-

helix peptide bond Raman cross sections will be smaller due to hypochromism.50 The α-helical 

Raman intensities increase as the helix length shortens, exactly the opposite behavior seen for 

CD α-helical molar ellipticities. In fact, the CD molar ellipticity vanishes for short helices.45,51,52 

The intrinsic assumption utilized in many vibrational spectroscopic studies: that the 

measured spectra derive from the linear summation of spectra contributed by the individual 

peptide bonds. This assumption ignores the possibility of coupling of the vibrational motion of 

adjacent peptides. This assumption is used even though there are numerous reports that indicate 

coupling of the amide I (AmI) bands of peptides.36,53-59 
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The nature of amide vibrations is very complex50,60-65 and not yet fully understood. The 

vibrations of a peptide group involve atomic motions such as CO stretching (CO s), CN 

stretching (CN s), Cα-C stretching (Cα-C s), NH bending (NH b), Cα-H bending (Cα-H b). The 

individual vibrational modes of adjacent peptide bonds could strongly couple to each other, to 

form complex collective vibrations. This coupling could occur as a result of through-bond 

interactions between adjacent amide groups,54,58,59 through hydrogen bond interactions,58 and/or 

through the interactions between the oscillating electronic charge densities of adjacent peptide 

groups. The latter interactions can be expressed either in terms of a relatively simple transient 

dipole coupling model (TDC),55-57,59 or in terms of a somewhat more complex transient charge 

model (TCM).13,54,55 TDC is expected to have the greatest impact on vibrations with large dipole 

moment changes. As expected, there are examples of coupling between the AmI modes peptide 

groups due to their large dipole moment changes.36,53-59 

In a previous investigation66 we attempted to examine the coupling between adjacent 

peptide bonds by investigating the UVRR spectra of two linked amides in mixed H2O/D2O 

solutions. Deuteration of the amide N (N-D) dramatically perturbs the amide vibrational modes. 

The experiment probed whether deuteration of one amide perturbed the vibrational modes of the 

linked amide. In the case studied we clearly demonstrated independent AmIII, AmII and AmII’ 

vibrations in this small peptide. Unfortunately we were unable to come to a definitive conclusion 

for the AmI bands due to their weak intensities.66 

In the work here we examine the same issue in a 21 residue mainly ala peptide AP which 

is ~50 % α-helix at 0 °C27,28 and melts to a polyproline II (PPII) conformation at higher 

temperatures.67 We already examined the UVRR spectra and the normal modes of this peptide in 

both its α-helical and PPII states in detail.50 We demonstrated that, as in the amide functional 

group, N-deuteration of a peptide bond dramatically changes the normal mode composition of 

the peptide bond vibrations due to the decoupling of CN s and NH b motion.60,68 This gives rise 

to completely differentiable spectra of the N-H and N-D peptide bonds, which permits us to 

monitor spectral changes due to the deuteration of adjacent peptide bonds. We searched for 

evidence of perturbation of the spectra due to adjacent peptide bond deuteration. As shown 

below we see no evidence for coupling of the amide vibrations, except for the lone case of the 

AmI/AmI’ vibrations of the α-helix conformation of AP. This indicates that in most cases 

vibrational spectra can be simply interpreted as the linear sum of the spectra of the individual 
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peptide bonds. This result increases the utility of vibrational spectroscopic methods for studying 

protein structure and function. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Sample Preparation. 

The 21-residue ala-based peptide AAAAA(AAARA)3A (AP) was prepared (HPLC pure) at the 

Pittsburgh Peptide Facility by using the solid-state peptide synthesis method. The AP H2O/D2O 

mixtures contained 1 mg/ml AP and 0.2 M sodium perchlorate. All Raman spectra were 

normalized to the intensity of the ClO4
- internal standard Raman band (932 cm-1). 

To ensure the random deuteration of the peptide groups along the AP chain in its α-

helical state, all the AP solutions in H2O/D2O mixtures were held at +62 °C for 5 min prior to 

lowering the temperature to form the α-helix conformations. At 62 °C AP exists predominantly 

in a highly water exposed PPII conformation, which ensures fast and random H/D exchange of 

the amide nitrogens. All UVRR measurements were cycled through the temperature sequence: 0, 

+50, +62, 0 °C. 

L-arginine was purchased from Sigma Chemical (St. Louis, MO) and used as received. 

All the arg solutions in H2O/D2O mixtures contained 5 mg/ml concentrations of arg, and 0.5 M 

concentrations of sodium perchlorate. 

4.2.2 Instrumentation 

The UV resonance Raman instrumentation has been described in detail elsewhere.27,28 A 

Coherent Infinity Nd:YAG laser produced 355 nm (3rd harmonic) 3 nsec pulses at 100 Hz.  This 

beam was Raman shifted to 204 nm (5th anti-Stokes) by using a 1 m tube filled with hydrogen 

(60 psi). A Pellin Broca prism was used to select the 204 nm excitation beam. The Raman 

scattered light was imaged into a subtractive double spectrometer69 and the UV light was 
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detected by a Roper Scientific nitrogen cooled CCD camera. All samples were measured in a 

thermostatted free surface flow stream. 

4.3 RESULTS AND DISCUSSION 

AP is >50% α-helical at 0 °C and melts as the temperature increases to 30 °C.27 The unfolded 

state of AP peptide was initially assumed to be disordered or in a random coil state.27,28,70 

However, we recently demonstrated that the AP α-helix melts to a predominantly polyproline II 

(PPII) conformation.67 The kinetic studies27,28,70 reveal fast (~200 ns) α-helix melting to the PPII-

state without any significantly populated intermediates. 

4.3.1 AP PPII bands in pure H2O. 

204 nm excitation occurs within the π→π* electronic transitions of the amide backbone,38 which 

enhances the backbone amide bond vibrational modes.39-42 UVRR spectra of the AP PPII-state in 

water at +62 °C (Fig. 41) show an AmI band at 1660 cm-1 (mainly CO stretching), the AmII 

band at 1558 cm-1 (mainly CN s and NH b) and the Cα-H b doublet (with a contribution from the 

CH3-umbrella mode) at 1370 and 1394 cm-1. The Cα-H b bands are resonancely enhanced only in 

PPII-like and β-sheet-like conformations and do not appear in the α-helix conformation.6,7,50,67,71 

Our recent study of the AmIII region50 has demonstrated the complex origin of these bands 

which involve CN s and NH b coupled to C-Cα s and Cα-H b motions.7,50 The 1245 cm-1 

(AmIII3) band,50 which is assigned to the “classic” AmIII band shows dominating contributions 

from NH bending and C-N stretching. The 1303 cm-1 (AmIII2) band derives mainly from C-Cα 

stretching mixed with CαH bending, with possibly a small contribution from CN stretching.50 

The weak AmIII1 band at 1336 cm-1 was suggested50 to result from a minor β-strand 

conformation of AP. In this case the band would contain contributions from mainly Cα-C s and 

N-C s. 
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Figure 41.  204 nm UVRR spectra of AP PPII-state in different H2O/D2O mixtures at +62 °C.  Neither H2O nor D2O 

Raman spectra were subtracted.  The O2 stretching contribution (sharp band at ~1555 cm-1, overlapping the AmII 

band) was not removed. 

4.3.2 AP PPII bands in pure D2O. 

The 204 nm UVRR spectrum of PPII AP in pure D2O at 62 °C (Fig. 41) shows a dominating Am 

II’ doublet at 1444 and 1476 cm-1 due to the exchange of the peptide bonds to form the N-D 

derivatives. In the N-D derivative the ND b is decoupled from the CN s. This doublet derives 

from the resonance coupling of an almost pure CN s vibration with a CH3 asymmetric bending 

vibration.28,50,60,72 This coupling disappears50 upon substitution of natural abundance ala by 

perdeuterated 2,3,3,3-D4 ala to form the deuterated derivative AdP. 
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AP in D2O also shows a doublet in the AmI’ region, with bands at 1614 cm-1 and 1660 

cm-1 (Fig. 41). We recently demonstrated that the 1660 cm-1 band is the AmI’ vibration,50 while 

the ~1614 cm-1 band results from arg side chain vibration(s) (Fig. 42), as discussed in detail 

below. The protonated ala sidechains in D2O give rise to a small band at ~1380 cm-1 from the 

CH3 umbrella mode.50,60 Thus, N-D deuteration of AP in D2O results in the loss of the AmIII3, 

AmIII2, the weak AmIII1 and the AmII bands, which are replaced by the dominating AmII’ 

doublet. Small frequency shifts occur between the AmI and AmI’ bands. Thus, we can separately 

monitor the spectral features of protonated and deuterated peptide groups since most strong 

bands do not overlap. 
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Figure 42.  204 nm UVRR spectra of L-arg (5 mg/ml) in pure D2O, pure H2O and in a H2O/D2O mixture (1:1) at 

+25 °C.  The ~1640 cm-1 band in H2O shifts to ~1613 cm-1 in D2O. 

4.3.3 AP PPII bands in H2O/D2O mixtures. 

We can examine the UVRR spectra of PPII AP in mixed H2O/D2O solutions to determine 

whether there is coupling of the amide vibrations between peptide bonds. The hypothesis is, that 

if coupling occurs between protonated segments, random deuteration will break this coupling 

and cause changes in the coupled normal modes and shifts in the vibrational frequencies. This 
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will result in an inability to model the spectra of randomly deuterated AP simply as the weighted 

sums of AP in pure H2O and D2O. Obviously, if coupling is absent then we can treat the Raman 

scattering from PPII conformations as independent scattering from individual peptide bonds. Our 

earlier study of two linked amides concluded that there was no coupling between adjacent 

peptide groups in that small peptide(s).66  

The rate of H/D exchange at the amide nitrogen depends mainly on the peptide/protein 

conformation as well as on the pH/pD value.73-75 Exposed amino acid residues at neutral pH’s 

exchange fast, while the rates for buried amino acid residues in native state may be reduced by 

factors as large as 108 relative to the same residues in unfolded state.76 
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Figure 43.  204 nm UVRR spectra of pure H2O, pure D2O, and 1:1 H2O/D2O mixture.  Spectra clearly shows that 

1:1 mixture consists of 25% H2O, 50% HOD, and 25% D2O. Note: the contribution from atmospheric oxygen (O2 s) 

has not been removed. 

 

Since the PPII state of AP is highly exposed to H2O and/or D2O, and/or H2O/D2O, the 

H/D exchange at the amide nitrogen will be complete at neutral pH/pD values within min, as we 

confirmed by our spectral measurements. Thus, we have complete statistical exchange of H and 

D, and the numbers of both N-protonated and N-deuterated amide groups is simply proportional 

to the relative concentrations of H2O and D2O. 
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Fig. 41 shows AP PPII spectra taken at +62 °C in various mixtures. Though water, D2O, 

and HOD contributions are not subtracted from these UVRR spectra their relative contributions 

for AP concentration of 1 mg/ml are low. The broad H2O OH bending band at ~1651 cm-1 

contributes only to the AmI region, while the broad D2O OD bending band at ~1209 cm-1 does 

not overlap any band in the 1240 – 1670 cm-1 region of interest. However, the HOD bending 

band, in D2O/H2O mixtures at ~1456 cm-1, may overlap the AmII’ band (Fig. 43). 

In contrast, the arg sidechain bands complicate the AmI spectral region (Fig. 42). For 

example, the ~1640 cm-1 arg band in water downshifts to ~1614 cm-1 in D2O. There is also an 

arg band at ~1450 cm-1 which overlaps the AmII’ doublet. However, the AmII and AmIII 

regions are free from any overlap from arg, H2O, HOD and D2O vibrations. 

The Fig. 41 spectra show that the AmIII and AmII band intensities are proportional to the 

relative concentration of H in the H2O/D2O mixtures, while the AmII’ band intensity is 

proportional to a relative concentration of D. There are no obvious changes in spectral 

bandshapes as the relative H2O and D2O concentrations change. No new bands appear. 

Fig. 44 compares the experimentally measured AP PPII spectrum in a 1:1 H2O/D2O 

mixture at +62 °C to the equally weighted sum of the AP PPII spectra in pure water and AP PPII 

in pure D2O at +62 °C. In Fig. 44 we digitally removed the spectral contributions from H2O, 

HOD, D2O, as well as from arg sidechains. Fig. 44 clearly shows no evidence of spectral 

differences between the mixed and pure H2O/D2O spectra; the entire 1:1 H2O/D2O spectrum is 

modeled well by linearly summing AP spectra in pure H2O and D2O. 

This observation is not particularly surprising for the AmII, II’ and III vibrations since 

they have modest dipole moments and would not couple well through a transition dipole 

coupling mechanism.55-57,59 However, the lack of coupling for the AmI vibration may be 

surprising in view of the Hochstrasser group’s recent 2-D IR spectral observation of AmI 

coupling in an α-helical peptide.53,54 There is no real conflict here since our PPII structure is 

quite different; the carbonyls are not coparallel and the PPII structure does not have intrapeptide 

hydrogen bonds. Further, because of their relative orientation and because the through space 

distance between carbonyls is longer in the PPII structure compared to that in the α-helix, we 

expect a decreased transition dipole coupling in the PPII conformation compared to that in the α-

helix conformation.55,56 
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Figure 44.  204 nm UVRR spectra of the AP PPII state in a D2O/water mixture (1:1) at +62 °C can be modeled well 

by the sum of spectra of AP PPII in pure water and AP PPII in pure D2O. Note that the contributions of the arg 

sidechain in D2O, H2O and in H2O/D2O were digitally removed, as were the D2O, H2O, and HOD spectral 

contributions. 

 

Deuteration dramatically changes the amide normal modes,28,50,60 where the UVRR 

AmIII and AmII bands disappear and are replaced by an AmII’ band which contains a large 

amount of CN s. In a 1:1 mixed H2O/D2O solution, 75 % of the N-H (N-D) derivatives possess 

an adjacent N-D (N-H) peptide bond, while in the 6:1 mixture only 36.7% of the N-H (N-D) 

have at least one adjacent N-D (N-H) (Table 7). Thus we can clearly conclude that coupling 

between the identical vibrations of adjacent peptide groups (namely AmI, II, III, II’ and I’) 

does not occur in the AP PPII conformation and each peptide bond vibrates independently 

from its neighbors. Alternatively, we would conclude that coupling results in insignificant 

spectral changes in either intensity or frequency. 
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Table 7. Population of protonation/deuteration states of three adjacent peptide bonds in different D2O/H2O 

mixtures. 

Population Fraction of 
Pure Protonation or 

Deuteration States, % 

Population Fractionof Mixed Protonation and 
Deuteration States, % 

 

H2O/D2O 
ratio 

 
HHH DDD Total HHD DHH DHD DDH HDD HDH Total 

6:1 63 0.29 63.3 10.5 10.5 1.7 1.7 1.7 10.5 36.7 

1:1 12.5 12.5 25 12.5 12.5 12.5 12.5 12.5 12.5 75 

3:10 1.2 45.5 46.7 4.1 4.1 13.7 13.7 13.7 4.1 53.3 

1:9 0.1 72.9 73 0.9 0.9 8.1 8.1 8.1 0.9 27 

 

4.3.4 Calculation of AP α-helical UVRR spectra in different H2O/D2O mixtures. 

It is not possible to prepare pure α-helical conformation samples of AP. Even low temperature 

samples are a mixture of α-helical and PPII AP conformations. We calculated the pure AP α-

helical spectra by numerically removing the PPII spectral contribution. This is straightforward 

since we previously characterized the AP PPII spectrum in pure water and pure D2O27,28,50,67 and 

determined the temperature dependence of the PPII amide bands between -5.5 °C to 80 °C. Thus, 

we calculate the AP α-helix spectra at 0 °C from the relationship:  

Sα(0 °C) = [Sobs(0 °C) – (1-fα)*SPII(0 °C)] / fα                                                          (5) 

where Sα(0 °C) is the calculated AP α-helix spectrum, Sobs(0 °C) is the observed AP spectrum, 

and SPII(0 °C) is the calculated AP PPII spectrum, all at T=0 °C in a specific H2O/D2O mixture. 

fα=0.55 is the α-helix fraction of AP at 0 °C determined by Lednev et al.27 Fig. 45 shows an 

example of the decomposition of the T = 0 °C AP spectrum in H2O/D2O (1:1) into its α-helix and 

PPII components, while Fig. 46 compares the calculated α-helix spectra of six different H2O/D2O 

mixtures ranging from pure water to pure D2O. 
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Figure 45.  Example of decomposition of 204 nm UVRR spectra of AP into its PPII and α-helical components in a 

H2O/D2O mixture (1:1) at 0 °C. The PPII spectrum at 0 °C was calculated from the experimental AP PPII spectrum 

at +50 °C utilizing the measured temperature dependence of its UVRR bands. The α-helix spectrum at 0 °C was 

calculated by subtracting the calculated 0 °C PPII UVRR spectrum from the 0 °C experimental UVRR spectrum 

using the Eqn. 5.  Note: arg, water, DOD, and D2O contributions were not subtracted. 

4.3.5 AP α-helix bands in pure water. 

We recently examined the assignment of the UVRR bands of α-helical AP in water in detail.50 

The AmI band occurs at ~1646 cm-1, while the AmII band occurs at 1547 cm-1 (Fig. 46). The 

AmI and AmII bands of the α-helix are 13 cm-1 and 11 cm-1 downshifted compared to those of 

the PPII conformation.50 In addition, the AP α-helix, N-H amide bond AmIII region shows a 

characteristic triplet of bands between 1250 and 1350 cm-1, which are denoted as AmIII3 ( ~1261 

cm-1), AmIII2 (~1306 cm-1) and AmIII1 (~1337 cm-1).50 The normal mode composition of these 

bands is complicated; the vibrations were shown to involve different combinations of NH ib, CN 

s, NC s, Cα-H b, and Cα-C s.50 The shape of AmIII band envelope dramatically changes between 

the PPII and α-helix conformations (See Fig. 12 of Mikhonin et al.50 or Fig. 36 of Chapter 3). It 
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was also shown that the AmIII3 band frequency is very sensitive to the Ψ dihedral angle, which 

specifies the backbone secondary structure,7,67 due to the Ψ dependence of the coupling between 

NH b and Cα-H b vibrations. NH b was shown to be highly mixed with Cα-H b at Ψ ~ 120° (β-

strand-like or PPII-like), but almost free from this mixing at Ψ = -60° (α-helix-like Ψ-angle). 

The AmIII band envelope suffers a large relative intensity decrease upon α-helix formation (See 

Fig. 12 of Mikhonin et al.50 or Fig. 36 of Chapter 3) due to the hypochromism due to α-helix 

excitonic interactions.38,39,46-49 

 

1200 1400 1600 

AmIII3

AmIII2
AmIII1

AmII’1

AmII’2

AmII

AmI
And/or

AmI’

H2O

6/1

1/1

3/10

1/9

D2O

AP α-helices at 0 °C in H2O/D2O → x/y

Raman Shift / cm-1
1200 1400 1600 

AmIII3

AmIII2
AmIII1

AmII’1

AmII’2

AmII

AmI
And/or

AmI’

H2O

6/1

1/1

3/10

1/9

D2O

AP α-helices at 0 °C in H2O/D2O → x/y

Raman Shift / cm-1
 

Figure 46.  UVRR spectra of AP α-helices calculated at 0 °C in different H2O/D2O mixtures using the Eqn. 5. Note: 

arg, water, DOD, and D2O contributions are not subtracted. 

4.3.6 AP α-helix bands in pure D2O. 

N-deuteration also dramatically affects the AP α-helix UVRR spetra (Fig. 46). The decoupling 

of ND b from CN s and Cα-H b again leads to a dominating enhancement of the AmII’ band, 

where CN s motion is resonancely coupled with one of the components of the CH3 bending 
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mode.28,50,60,72 Though the AmII’ band of the AP α-helix is only slightly downshifted compared 

to the AmII’ band of the AP PPII, it shows a ~2-fold intensity loss50 due to the α-helix excitonic 

interactions.38,39,46-49 

The AmI’ band, which occurs in α-helical AP at 1639 cm-1, shows no significant change 

in relative intensity compared to that of AmI’ band of AP PPII. However the frequency of the 

AmI’ band downshifts ~20 cm-1 upon α-helix formation. The AmIII’ bands, which are almost 

pure N-D b, are weak and occur between 900 – 1000 cm-1 (not shown). 

4.3.7 Coupling of AP α-helical amide bond vibrations. 

We can determine whether coupling occurs between amide vibrations in adjacent α-helical 

bonds in AP by testing whether the UVRR spectra of mixed H2O/D2O mixtures can be modeled 

as the sum of α-helical spectra of AP in pure H2O and D2O. We can easily and independently 

monitor the N-H and N-D AmIII and AmII’ bands since they do not significantly overlap with 

themselves nor with water or D2O. Even though the ~1450 cm-1 arg sidechain, as well as the 

~1456 cm-1 HOD bands overlap the AmII’ band, they are too weak to significantly interfere 

(Figs. 42 and 43). 

Fig. 46 shows that the intensity in the AmIII and AmII regions in the N-H α-helix UVRR 

spectra smoothly decrease as the concentration of D2O increases. In contrast, the AmI region 

shows discontinuous changes such as the appearance of a high frequency AmI shoulder at ~1675 

cm-1. The low frequency AmI’shoulder at ~1614 cm-1 simply results from an arg sidechain band 

downshifted in D2O to ~1613 cm-1 from its ~1640 cm-1 value in H2O (Fig. 42). 

Fig. 47 clearly shows the AmIII and AmII’ regions of α-helical AP can be satisfactory 

modeled as the sum of spectra of α-helical AP in pure H2O and D2O. The situation is difficult to 

resolve for the AmII N-H α-helix region since it is plagued by overlapping bands from 

atmospheric oxygen, arg and HOD, which make the results unreliable. 

In contrast, it is clear that the AmI/AmI’ region cannot be modeled as the weighted sum 

of individual α-helices in pure water and pure D2O. We, thus, find evidence of adjacent 

peptide coupling in the AmI/AmI’ region of α-helical AP. The high frequency shoulder at 

~1675 cm-1 derives from a band contributed by the N-H peptide bonds (Fig. 46), which is not, 
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however, present in pure H2O (Fig. 43). It is a collective vibrational frequency which is not 

observed in the absense of partial deuteration. 
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Figure 47.  204 nm calculated UVRR spectra of AP α-helix in 1:1 D2O/water mixture at 0 °C.  The AmIII and 

AmII’ regions are well modeled by the sum of the AP α-helix in pure H2O and AP α-helix in pure D2O. We 

attempted to digitally remove overlapping bands from arg in D2O, H2O, and H2O/D2O contributions as well as D2O, 

H2O, and HOD.  The AmII band fitting is unreliable because of the overlapping contributions of these bands to the 

AmII region and the contribution from atmospheric oxygen. The spectral differences in the AmI/AmI’ region clearly 

indicate vibrational coupling between adjacent peptides in this α-helix conformation. 

 

Our observation of coupling of the AmI/AmI’ bands of α-helical AP is consistent with 

Hochstrasser’s group’s53,54 recent demonstration of coupling between the AmI’ bands of α-

helical peptides. These studies were accomplished by ultrafast, transient 2-D IR studies of 
13C=18O isotopically edited peptides. 

The lack of coupling of the amide vibrations in the PPII conformation, and the lack of 

coupling of the AmIII, AmII’ (and probably AmII) bands in the α-helix conformation, is 

important since it makes these bands very straightforward indicators of the conformation of 

peptides and proteins. The UVRR spectra can be assumed to result from the independent Raman 

scattering of different peptide bonds. Obfuscation of spectral interpretations of conformational 

changes will not result from alterations in the characteristic basis spectra as the peptide or protein 

adopts different conformations. This promises to make vibrational spectroscopy of even higher 
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utility for protein structural studies. This is especially important because it increases the utility of 

kinetic vibrational spectroscopy to elucidatethe initial steps in protein folding.26-33 

4.4 CONCLUSIONS 

UV Raman studies of α-helical and PPII conformations of AP in mixed H2O and D2O samples 

show that the AmIII (PPII and α-helix), AmII (PPII) and AmII’ (PPII and α-helix) bands can be 

modeled as being independently Raman scattered by the individual peptide bonds. Negligible 

coupling occurs for these vibrations between the adjacent peptide bonds. This dramatically 

simplifies the use of vibrational spectral modeling to elucidate peptide and protein structure. The 

AmI and AmI’ vibrations of PPII also show no evidence of coupling between adjacent peptide 

bonds. In contrast, the AmI and AmI’ bands of the α-helical conformation clearly indicate the 

occurrence of interamide coupling. The interamide coupling in the α-helix is probably the result 

of the proximity of the amide C=O groups to one another, the fact that they are oriented parallel 

to one another, and because the C=O of different amides are linked through interamide hydrogen 

bonding. 
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5.0  CHAPTER 5.  PEPTIDE SECONDARY STRUCTURE FOLDING REACTION 

COORDINATE: CORRELATION BETWEEN UV RAMAN AMIDE III FREQUENCY, 

Ψ RAMACHANDRAN ANGLE AND HYDROGEN BONDING 

Work described in this chapter is published in J. Phys. Chem. B., 2006, 110 (4), 1928-1943 

(Authors:  Mikhonin, A. V., Bykov, S. V.; Myshakina, N. S.; and Asher, S. A.).  We used UVRR 

spectroscopy to quantitatively correlate the peptide bond AmIII3 frequency to its Ψ 

Ramachandran angle and to the number and types of amide hydrogen bonds at different 

temperatures. This information allows us to develop a family of relationships to directly estimate 

the Ψ Ramachandran angle from measured UVRR AmIII3 frequencies for peptide bonds (PB) 

with known hydrogen bonding (HB). These relationships ignore the more modest Φ 

Ramachandran angle dependence, and allow to determine the Ψ angle with a standard error of 

±8°, if HB state of a PB is known. This is normally the case if a known secondary structure motif 

is studied. Further, if HB state of a PB in water is unknown, the extreme alterations in such a 

state could additionally bias the Ψ angle by ±6°. The resulting ability to measure Ψ 

spectroscopically will enable new incisive protein conformational studies, especially in the field 

of protein folding. This is because any attempt to understand reaction mechanisms, requires 

elucidation of the relevant reaction coordinate(s). The Ψ angle is precisely the reaction 

coordinate that determines secondary structure changes. As shown elsewhere (Mikhonin et al., J. 

Am. Chem. Soc. 2005, 127, 7712), this correlation can be used to determine portions of the 

energy landscape along the Ψ reaction coordinate. 
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5.1 INTRODUCTION 

The various techniques of molecular spectroscopy constitute the toolset used by scientists for 

investigating molecular conformations and reaction mechanisms. These various spectroscopic 

techniques require quantitative correlations between the spectral parameters measured and the 

molecular conformational parameters. NMR, and especially multi-dimensional NMR techniques 

are certainly the most powerful spectroscopic methods for solution studies.1-13 The origin of the 

power of NMR derives from its ultrahigh spectral resolutions and because the important spin 

interactions can be accurately modeled in terms of distances between atoms. The NMR 

techniques are certainly the gold standard methods for studying systems at high concentrations 

where the dynamical questions probed are slower than the μsec time scale.14,15 

In contrast, optical spectroscopic methods are used for lower concentration samples and 

for systems controlled by faster dynamics. For example, vibrational spectroscopic techniques can 

often be easily applied to studying low concentrations of species,16-21 as well as to probe both 

very fast (fsec) and very slow processes.22-34 Unfortunately, the resulting vibrational 

spectroscopic information cannot as easily be interpreted to obtain quantitative information on 

molecular conformation.35 Although it is possible to calculate normal modes of large molecules 

in vacuum, the uncertainties in these calculated frequencies and their assignments in the 

condensed phase prevent interpreting these results in terms of the molecular geometry present in 

the condensed phase. In general, the vibrational spectra are interpreted through indirect empirical 

arguments. It is unusual to be able to interpret vibrational spectra quantitatively by correlating 

measured vibrational spectral parameters to bond lengths, angles etc.36,37 

In the work here we have determined the frequency dependence of the Amide III (AmIII) 

band observed in the ~200 nm UVRR spectra of peptides and proteins on the Ψ Ramachandran 

angle, which largely defines the peptide bond secondary structure.22,38,39 The understanding of 

the dependence of the AmIII band on the Ψ Ramachandran angle has a long and distinguished 

history; almost 30 years ago Lord proposed that the AmIII band correlates with the peptide 

secondary structure.40 During the succeeding years numerous investigators have used this band 

to determine protein and peptide secondary structure.38,39,41-58 

Recently Asher et al.47 theoretically examined the dependence of the AmIII band on the 

Ψ angle, and discovered that this dependence resulted from coupling between the peptide bond 



 132 

N-H and Cα-H in-plane bends. They found that this coupling varied sinusoidally with Ψ angle. 

They also discovered that there was much less dependence of the AmIII band on the Φ 

Ramachandran angle.47,59 They also carefully examined42 the amide III region of peptides and 

proteins and assigned a number of the bands in this region. They assigned one band in this 

spectral region, the AmIII3 band to the vibration whose frequency varies with the Ψ angle.43,60 

Further, they also recently showed that this Raman band derives from independent contributions 

from individual peptide bonds in the peptide and protein; there is no evidence of coupling of this 

vibration between adjacent peptide bonds,61,62 unlike the commonly used AmI band.61,63 

These observations are important because they indicate that the AmIII3 band may be 

uniquely useful in peptide and protein conformational studies. This band is easily observed 

because it is strongly enhanced by resonance excitation in the peptide bond ~200 nm π→π* 

transitions.39,64-66 Further, we showed that this band can be selectively measured for a single 

peptide bond by isotope editing the peptide or protein by replacing the Cα-H by Cα-D.42,47,67,68 

The high S/N difference spectrum directly displays the AmIII3 frequency. 

In the work here we carefully examined the dependence of this AmIII3 frequency on 

hydrogen bonding (HB), in order to separate the HB dependence from the Ψ angle dependence. 

This allows us to propose a family of relationships which can be used to determine the Ψ angle 

directly from the measured AmIII3 frequency with a typical accuracy of ±8°, assuming a known 

HB state (however, see discussion below). 

We are optimistic that these relationships will be very useful for protein conformational 

studies, especially in the field of protein folding. This is because any attempt to understand 

reaction mechanisms, such as, for example protein folding, requires elucidation of the relevant 

reaction coordinate(s). The Ψ angle is precisely the reaction coordinate that determines 

secondary structure changes. As shown elsewhere60 the correlation we propose can be used to 

experimentally determine features of the energy landscape along this Ψ reaction coordinate. Such 

an experimental insight into a protein conformation and energy landscape is crucially needed, 

since there are still a lot of unresolved questions regarding the theoretical modeling of protein 

folding in spite of remarkable recent achievments.69-71 
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5.2 EXPERIMENTAL SECTION 

5.2.1 Sample preparation 

N-methylacetamide (>99% pure) was purchased from Sigma Chemicals (St. Louis, MO) and 

used as received without any further purification. Neat liquid NMA (~13 M) as well as 0.13 M 

NMA in water solutions were used. 

As described elsewhere,43 the 21-residue alanine-based peptide AAAAA(AAARA)3A 

(AP) was prepared (HPLC pure) at the Pittsburgh Peptide Facility by using the solid-state 

peptide synthesis method. The AP solutions in water contained 1 mg/ml concentrations of AP, 

and 0.2 M concentrations of sodium perchlorate, which was used as an internal intensity and 

frequency standard.22,29 All Raman spectra were normalized to the intensity of the ClO4
- Raman 

band (932 cm-1). 

The undecapeptide XAO (MW=985) was prepared (HPLC pure) at the Pittsburgh Peptide 

Facility by using the solid-state peptide synthesis method. The sequence of this peptide is Ac-

XXAAAAAAAOO-amide, where all amino acids are in their L form, A is alanine, X is 

diaminobutyric acid (side chain CH2CH2NH3
+), and O is ornithine (side chain (CH2)3NH3

+). We 

used 1 mg/ml solutions of XAO-peptide containing 0.15 M of sodium perchlorate. The UVRR 

spectra of XAO were also normalized to the ClO4
- Raman band intensity. 

As described elsewhere,60 poly-L-lysine HCl (PLL, MWvis=28,500, MWLALLS=20,200) 

and the sodium salt of poly-L-glutamic acid (PGA, MWvis =17,000, MWmALLS=8853) were 

purchased from Sigma Chemical, and used as received. Solution spectra of PLL and PGA were 

measured at pH=2 and pH=9, respectively, to ensure the absence of α-helix contributions. The 

mixed PLL and PGA neutral pH sample solutions contained identical concentrations of lysine 

and glutamic acid residues. These samples were freshly prepared before the Raman 

measurements. The total peptide concentrations were kept below 0.3 mg/ml to avoid gel 

formation. 
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5.2.2 UV resonance Raman instrumentation 

The Raman instrumentation has been described in detail elsewhere.22,72 A Coherent Infinity 

Nd:YAG laser produced 355 nm (3rd harmonic) 3 nsec pulses at 100 Hz. This beam was Raman 

shifted to 204 nm (5th anti-Stokes) by using a 1 m tube filled with hydrogen (60 psi). A Pellin 

Broca prism was used to select the 204 nm excitation beam. The Raman scattered light was 

imaged into a subtractive double spectrometer72 and the UV light was detected by a Princeton 

Instruments solar blind ICCD camera or a Roper Scientific UV CCD camera. All samples were 

measured in a thermostatted free surface flow stream. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Dependence of AmIII3 Frequency on Ramachandran Angles and Hydrogen Bonding 

The amide III (AmIII) band region is complex. We recently examined this spectral region in 

detail and identified a band, which we call AmIII3 and which is most sensitive to the peptide 

bond conformation.42 As briefly discussed in the introduction, the peptide bond (PB) AmIII3 

frequency depends upon its secondary structure which is defined by its Ψ and Φ Ramachandran 

angles.43,47,59,73 The AmIII3 frequency also depends on whether the PB hydrogen bonds (HB) to 

water (HBP-W),74-77 or to other PBs (HBP-P).77-81 Although there is a modest Φ angle AmIII3 

frequency dependence, our studies to date show that the Ψ dependence dominates.43,47,59 We 

discuss the relative Ψ and Φ angular dependencies in detail below. In addition, PB HB to water 

leads to a characteristic temperature dependence22,29,42,43 that derives from anharmonicities25,82-87 

in the PB and water HB potential functions (see Appendix A for detail). Thus, we write: 

( )THBHB WPPPIIIIII ,,,,33 −−= φψνν                                   (6) 
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5.3.2 AmIII3 Frequency Dependence on Coupling Between Cα-H and N-H Bending 

Motions 

We showed earlier that the conformational sensitivity of the AmIII3 band derives from coupling 

between the N-H and Cα-H bending motions.47 For example, for β-strand-like Ψ and Φ 

Ramachandran angles the N-H and Cα-H bonds are approximately cis (Fig. 48), which gives rise 

to strong N-H to Cα-H bend coupling. In contrast, for α-helix-like Ψ and Φ Ramachandran 

angles the N-H and Cα-H bonds are approximately trans (Fig. 48), and the N-H to Cα-H coupling 

disappears. The stronger the coupling, the lower the AmIII3 frequency, as explained in detail 

elsewhere.47 
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Figure 48.  Model of a polypeptide chain (A) at β-strand-like, and (B) at α-helix-like Ψ and Φ Ramachandran 

angles.  The distance between Cα-H and N-H hydrogens depends on the Ψ Ramachandran angle. 
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This coupling between the N-H and Cα-H bending motions can be completely removed 

by Cα-D isotopic substitution because of the dramatically lowered C-D bending frequency. Ala-

ala (AA) in water exists in a PPII-like conformation with Ψ and Φ angles of 132° and −67°, 

respectively.88 The N-H and Cα-H bending motions strongly couple. Cα-D isotopic substitution in 

AA47 results in a 68 cm-1 upshift of the AmIII3 band frequency from 1270 to 1338 cm-1. This 

occurs because of the loss of this strong coupling between the N-H and Cα-H bending motions. 

This shift upon Cα deuteration is also observed in the 21-residue mainly ala peptide (AP). 

Natural abundance AP in its unfolded state (essentially PPII, Ψ≈145°, Φ≈−75°) shows the 

AmIII3 band at 1252 cm-1 (at 0 °C).42,43 2,3,3,3-D4 isotopic substitution (Cα-D, CD3) results in a 

~74 cm-1 upshift of the AmIII3 band to ~1326 cm-1.42 

The extreme lowest frequency experimental value observed to date for the AmIII3 

frequency of 1227 cm-1 occurs in anti-parallel β-sheet PB in water (Ψ≈135°, Φ≈−139°) formed 

by PLL and PGA mixtures. Thus, it appears that the AmIII3 frequency can be shifted by a 

maximum of ~100 cm-1 due to this coupling of Cα-H and N-H bending motions. 

The physical origin of this Ψ angle AmIII3 frequency dependence is that the hydrogen 

van der Waals radii in the Cα-H and N-H bonds are in contact for positive Ψ angles (Fig. 48), and 

the distance between the two H atoms shows a sinusoidal angular dependence. The coupling of 

these bending motions increases with the proximity of the hydrogen atoms. The coupling of 

bending motion causes a splitting of the vibrations into a high and low frequency component, the 

AmIII3 band and an anomalously enhanced Cα-H bending band which contains additional 

motions such as CO-N stretching. 

5.3.3 Relative Impact of the Ψ and Φ Ramachandran Angles on the AmIII3 Frequency 

Although, the projections of the N-H and Cα-H bending motions on each other (and as a result 

the degree of coupling between them) depend upon both the Ψ and Φ Ramachandran angles, an 

examination of a model of a peptide bond (Fig. 48), clearly shows that for the allowed regions of 

the Ramachandran plot only the Ψ angle directly alters the distance between the two hydrogens, 

while the Φ angle has little direct impact. Thus, for steric reasons alone we expect little influence 

on the AmIII3 frequency due to variations in the Φ angle. 
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Asher et al.47 theoretically investigated the Ψ angular dependence of AmIII3 frequency in 

isolated alanine methylamide (AMA). AMA geometry was optimized at fixed Ψ angles using 

Gaussian 98W, and then the vibrational frequencies were calculated. This approach revealed the 

strong dependence of the AmIII frequency on the Ψ Ramachandran angle with a ~61 cm-1 total 

span of calculated AmIII frequencies (~74 cm-1 span from sinusoidal fit of these calculated data 

points, Fig. 49). 
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Figure 49.  Black boxes (�): AmIII frequencies for isolated alanine methylamide (AMA) at fixed Ψ angles but with 

all the other parameters optimized, calculated by Gaussian 98W (see Asher et al.47 for detail).  Black line (––): fit of 

calculated points using the Eqn. 8 (see text for detail).  Note: Grey regions show the forbidden and/or nearly 

forbidden Ψ Ramachandran angles based on recent Ramachandran plots.90-92 

 

Mirkin and Krimm73 theoretically examined the Ψ and Φ frequency dependence of the 

AmIII band of “alanine dipeptide” (N-acetyl-L-alanine-N-methylamide). They concentrated on 

peptide bond 2, whose frequencies were close to those measured experimentally. Although 

Mirkin and Krimm claim in their conclusions, that AmIII frequency shows strong dependence on 

both Ψ and Φ Ramachandran angles, we note that the impact of changes in the Φ angle is 

relatively modest if we only include the allowed regions of the Ramachandran plot (Fig. 50). 

In the allowed regions of Ramachandran plot, Mirkin and Krimm73 calculated a 25-40 

cm-1 AmIII frequency span over the allowed Ψ angles for fixed Φ angles (Figs. 50 and 51). This 

25-40 cm-1 Ψ angular frequency variation is somewhat lower, than the 61 cm-1 span we47 

estimated for AMA. However, it is ~3-fold greater than the 6-16 cm-1 AmIII frequency 
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dependence calculated for the Φ angular dependence for fixed Ψ angles over the allowed regions 

of the Ramachandran plot (Figs. 50 and 51). 
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Figure 50.  This AmIII vibrational frequency map for peptide group 2 of the alanine dipeptide is adapted from a 

figure by Mirkin and Krimm’s.73 This map is overlaid with the recent Ramachandran plot for ala (obtained from 

http://alpha2.bmc.uu.se/gerard/rama/ramarev.html). The results show that over the allowed regions of 

Ramachandran plot the AmIII band shows a 3-fold greater frequency dependence on the Ψ angle than on the Φ 

angle. 

 

In addition, the largest 16 cm-1 span in the AmIII frequency with Φ angle occurs in an 

almost forbidden region of the Ramachandran plot in between the β-sheet and α-helical regions 

(at Φ angles of −134° and −90° and Ψ angle of 60°, Figs. 50 and 51). In contrast, in the α-helical 

region of Ramachandran plot the AmIII frequency of alanine dipeptide shows no more than 8 

cm-1 Φ angular span, while in β-strand region of Ramachandran plot the AmIII frequency shows 

no more than 6 cm-1 Φ dependence (Fig. 50). 

Fig. 51, which shows Mirkin and Krimm’s73 Ψ angular dependence of peptide bond 2 

alanine dipeptide AmIII frequency at fixed Φ angles, emphasizes the dominance of the Ψ 

angular dependence in the allowed regions of Ramachandran plot (Fig. 50). Fig. 51 indicates that 
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in most of the β-strand region of Ramachandran plot (Ψ=120 - 180°) there is essentially a 

negligible dependence of the AmIII frequency on the Φ angle. 
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Figure 51.  Ψ angular dependence of Mirkin and Krimm’s73 alanine-dipeptide AmIII frequencies at fixed Φ angles 

in the allowed regions of recent Ramachandran plot for ala (Fig. 50, obtained from 

http://alpha2.bmc.uu.se/gerard/rama/ramarev.html): (�) at Φ=±180°;  (×) at Φ=−134°;  (O) at Φ=−115°; (◊) at 

Φ=−90°;  (⊕) at Φ=−60°; (+) at Φ=+61.°  Note: Grey regions show the forbidden and/or nearly forbidden Ψ 

Ramachandran angles. 

 

Ianoul et al.’s59 combined experimental and theoretical studies of Ac-X-OCH3 (X=Val, 

Ile, Leu, Lys, Ala) revealed a 9 cm-1 AmIII3 frequency shift upon an 18° increase of the Φ 

Ramachandran angle from −96 to −78°. In addition, Ianoul et al. also performed theoretical 

calculations for Ala-Ala at a fixed α-helix-like Ψ angle of −21° and calculated only a 3 cm-1 

AmIII3 frequency upshift upon the 20° increase of Φ angle from −95° to −75°. Thus, Ianoul et al. 

never observed more than 9 cm-1 shift of AmIII3 frequency due to variation of Φ Ramachandran 

angle. 

In addition, we recently60 measured the UVRR AmIII3 frequencies of two different 

secondary structure conformations in aqueous solutions with very similar Φ angles, but very 

different Ψ angles. Specifically, an equimolar mixture of PLL and PGA forms an anti-parallel β-

sheet60 (Ψ≈135°, Φ≈−139°), which shows an AmIII3 frequency at 1227 cm-1. In contrast 

individual PLL and PGA samples form extended 2.51-helices60 (Ψ≈170°, Φ≈−130°), which show 

AmIII3 frequencies at ~1271 cm-1. Figs. 50 and 51 demonstrate that the entire frequency shift 
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derives from changes in the Ψ Ramachandran angle alone; the 35° increase in the Ψ angle is 

mainly responsible for the large 44 cm-1 AmIII3 frequency upshift. As discussed in detail in the 

Appendix A, the difference in peptide HB in this case also has a minor impact on the AmIII3 

frequency difference. 

To summarize, the total Φ angular span of the AmIII3 frequencies appears 

experimentally59 to be no more than 9 cm-1, and no more than 16 cm-1 in the allowed regions of 

Ramachandran plot from theoretical calculations.73 In contrast, Ψ angular span was observed to 

be as high as 44 cm-1 from the experiment (see above), and as high as 61 cm-1 from theoretical 

calculations47 over the allowed region of Ramachandran plot (Fig. 49). We will show below that 

the Ψ Ramachandran angular span of the AmIII3 frequency can be as high as 80 cm-1 in the 

allowed regions of Ramachandran plot (Fig. 52). 

Thus, we conclude that Ψ Ramachandran angular dependence of the AmIII3 

frequency dominates the Φ angular dependence in the allowed regions of Ramachandran 

plot!!! 

If we totally neglect the Φ angular dependence of AmIII3 frequency, this could enable an 

error in the Ψ dependent AmIII3 frequency of no more than ±8 cm-1 (since the total Φ angular 

span of AmIII3 frequencies no higher than 16 cm-1, Fig. 50). Thus, we can rewrite Eqn. 6: 

( ) ( )THBHBTHBHB WPPPIIIWPPPIII ,,,,,,, 33 −−−− ≅ ψνφψν
      (7) 

It was already mentioned that the AmIII3 frequency dependence on the Ψ Ramachandran 

angle results from the Ψ angular dependence of coupling between the N-H and Cα-H bending 

motions.47 Our theoretical calculations of alanine methylamide (AMA) in vacuum47 showed that 

the extent of this coupling depends on the projections of these motions onto one another, and that 

this dependence results in a sinusoidal-like AmIII3 frequency dependence for a non-HB PB: 

( ) )sin( 003 αψνψν −⋅−≅ AIII                                                                          (8) 

Further, we assume that the AmIII3 frequency dependencies on its Ψ Ramachandran 

angle and on its HB are independent. Thus, we can rewrite Eqn. 7: 

( ) ),,()}sin({,,, 3003 THBHBATHBHB WPPPIIIWPPPIII −−−− Δ+−⋅−≅ ναψνψν  (9) 

where ΔνIII3 (HBP-P, HBP-W, T) is the AmIII3 frequency shift due to HB of the PB N-H and/or 

C=O groups. 
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Formation of PB-water and PB-PB HBs upshift the AmIII3 frequency, in part, due to the 

resulting increased C(O)=N double bond character.75,76 The magnitude of this AmIII3 frequency 

upshift depends on whether C=O and/or N-H sites HB, and whether these HB occur to water or 

to other PB. The Appendix A below details our determinations of the AmIII3 frequency shifts 

due to HB for all the common PB conformations and HB patterns. These considerations allow us 

to write three families of equations 10, 11A-D, and 12A-C which display the dependence of the 

AmIII3 frequency on the Ψ angle, on the PB HB and on temperature. These relationships and 

Figs. 52-54 can be used to determine the Ψ angle of a particular PB from its experimentally 

determined AmIII3 frequency, given its known HB state with an error as discussed below. 

In addition, we also developed the “average” Eqn. 11E, if the HB state of a PB in water is 

unknown. 

Determining these correlations between the AmIII3 frequency and PB HB requires 

detailed considerations of the many HB states (see Appendix A). In order to make the results of 

our study easily accessible to the reader we first discuss the conclusions. We leave the discussion 

of the detailed considerations of the different HB patterns to a lengthy Appendix A, which must 

be examined in order to judge the reliability of our conclusions. 

The relationships given below by equations 10 (for non-HB PB in vacuum), 11A-E (PB 

in aqueous solutions), and 12A-C (PB in the absence of water) are shown in Figs 52, 53 and 54, 

respectively. 

5.3.4 Correlation between AmIII3 Frequency and Ψ Ramachandran Angle in the Absence 

of HB 

We measured the UVRR AmIII3 frequencies for the AP α-helix42,89 (~1263 cm-1, 0 °C), XAO 

PPII42,43 (1247 cm-1, 0 °C), PLL and PGA 2.51-helix60 (~1271 cm-1, 0 °C), and PLL-PGA 

mixture anti-parallel β-sheet60 (~1227 cm-1, 0 °C) conformations of different polypeptides in 

aqueous solutions. Each of these conformations has known Ramachandran angles (Table 8). 
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Table 8.  Dependence of AmIII3 frequencies on hydrogen bonding (HB) for different secondary structures 

at 20 °C (unless stated otherwise) under conditions specified 

 AmIII3 frequency 

without any PB-PB 

and PB-water HB 

(in vacuum) 

AmIII3 frequency 

with PB-PB HB, but 

without PB-water 

HB 

AmIII3 frequency in 

water, but without 

any PB-PB HB 

AmIII3 frequency 

both in water and 

with PB-PB HB 

PPII 
(Ψ=145°, Φ= −75°) 

1183 cm-1 N/A *1247 cm-1 N/A 

2.51-helix 
(Ψ=170°, Φ= −130°) 

1207 cm-1 N/A *1271 cm-1 N/A 

α-helix 
Internal residues 

(Ψ=−47°, Φ= −57°) 

 

1211 cm-1 

 

*1258 cm-1 

 

N/A 

 

*1263 cm-1 

α-helix 
three terminal 
residues on C-
terminus site 

(Ψ=−47°, Φ= −57°) 

 

1211 cm-1 

 

1246 cm-1 

 

N/A 

 

1266 cm-1 

α-helix 
three terminal 
residues on N-
terminus site 

(Ψ=−47°, Φ= −57°) 

 

1211 cm-1 

 

 

1223 cm-1 

 

 

N/A 

 

1272 cm-1 

Anti-||  β-sheet 
All residues, which 

are two end-on PB-PB 
H-bonded (see text) 

(Ψ=135°, Φ= −139°) 

 

1175 cm-1 

 

1222 cm-1 

 

N/A 

 

*1227 cm-1 

Anti-||  β-sheet 
residues from exterior 

strands (see text) 
(Ψ=135°, Φ= −139°) 

 

1175 cm-1 

1175 cm-1 

 

1210 cm-1 

1184 cm-1 

 

N/A 

N/A 

 

1230 cm-1 

1236 cm-1 

*Measured experimentally. The Appendix A describes these frequency assignments in detail 

 

We can calculate the AmIII3 frequencies that would result from the above peptide 

conformations in the fictitious case where the PB did not partake in any HB at all. This would be 

done by subtracting the HB-induced AmIII3 frequency shifts (Table 9), determined in the 

Appendix A, from the experimentally measured AmIII3 frequencies in aqueous solutions 

(Table 8). The resulting AmIII3 frequencies for non-HB PB at corresponding Ψ Ramachandran 

angles are shown in the second column of Table 8. Removal of this HB dependence then allows 

us to refine our theoretically calculated frequency dependence of the AmIII3 band on the Ψ angle 

dependent coupling between N-H and Cα-H bends (Eqn. 8). 
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Table 9.  AmIII3 Frequency Upshifts for Different Peptide Secondary Structures Due to PB-water and PB-

PB HB at 0 °C with respect to non-HB PB in vacuum 

 

AmIII3 frequency upshift due to PB-
water HB at specific sites,a  cm-1 

 

AmIII3 frequency 
upshift due to PB-PB 
HB at specific sites,a  
cm-1 

 

Secondary Structure 

ΔνA ΔνB ΔνC ΔνD,D* Total ΔνE ΔνF Total 

 

Total AmIII3 
frequency 
upshift due to 
HB,  cm-1 

PPII  15 33 16 N/A 64 N/A N/A N/A 64 

2.51-Helix 15 33 16 N/A 64 N/A N/A N/A 64 

Extended β-strand 15 33 16 N/A 64 N/A N/A N/A 64 

AP solid state α-
helix (dehydrated) 

N/A N/A N/A N/A N/A 35 12 47 47 

AP α-helix in water N/A N/A N/A 5 5 35 12 47 52 

PLL-PGA mixture 
anti-|| β-sheet 

N/A N/A N/A 5 5 35 12 47 52 

a  See Figures 80, and 85-87 and text of the Appendix A for detail.  

 

By fitting the above 4 “non-HB” data points to Eqn. 8, we obtain the following semi-

empirical relationship, which relates the AmIII3 frequency to the Ψ Ramachandran angle 

dependent coupling between N-H and Cα-H bending motions: 

)]26sin(541192[)( 011
3 +⋅−= −− ψψν cmcmIII                        (10) 

Figure 52 shows the dependence of the AmIII3 frequency on the Ψ angle as predicted by 

Eqn. 10. The grey regions in Fig. 52 (as well as in Figs. 53 and 54) show the sterically forbidden 

Ψ Ramachandran angles based on revised Ramachandran map for non-Gly, non-Pro, and non-

pre-Pro residues.90-92 
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Figure 52.  Refinement of correlation between AmIII3 frequency and Ψ Ramachandran angle for non-HB PB, which 

reflects only coupling between N-H and Cα-H bending motions, as predicted earlier for AMA.47  A) (◊) show the 

AmIII3 frequencies, where the HB-induced frequency upshifts were subtracted from the experimentally measured 

values (see Appendix A).  B) Black curve shows the best fit of these data (Eqn. 10).  Note: Grey regions show the 

sterically forbidden/nearly forbidden Ψ Ramachandran angles based on recent Ramachandran plots for non-Gly, 

non-Pro, and non-pre-Pro residues.90-92 

5.3.5 Correlation of AmIII3 Frequency and Ψ Ramachandran Angle for PB Fully 

Exposed to Water: PPII, 2.51-Helix and Extended β-strand 

PB fully exposed to water, such as in the PPII, 2.51-helix and extended β-strand-like 

conformations, will HB to three waters/water clusters at sites A, B, C (Appendix A, Fig. 80). As 

discussed in the Appendix A, this results in an AmIII3 frequency upshift of 64 cm-1 (at T=0 ºC) 

compared to that predicted by the Eqn. 10. In addition, the AmIII3 frequency will show a 

temperature dependence for these conformations42,43,60 because the strength of the PB-water HB 

decreases as the temperature increases (see Eqns. 43-45 of the Appendix A). Thus, we can write: 

)}(11.0)]26sin(541256[),,( 0

1
011

3 TT
C

cmcmcmHBT
O

EXT
III −⋅⋅−+⋅−=

−
−− ψψν

   (11A) 

where T0=0 °C 
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The blue curve in Fig. 53 shows the dependence of the AmIII3 frequency on Ψ angle as 

predicted by Eqn. 11A at T=0 ºC for these water-exposed conformations. The experimentally 

observed AmIII3 frequencies of the XAO PPII (0 °C) and PLL or PGA 2.51-helix (0 °C) lie on 

this curve. 
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Figure 53.  Correlation between AmIII3 frequency, HB pattern, and Ψ Ramachandran angle. (�) measured AmIII3 

frequencies of α-helix, antiparallel β-sheet, PPII and 2.51 helix in aqueous solutions; (◊) measured AmIII3 

frequencies of peptide crystals, plotted against their Ψ Ramachandran angles:  1–Ala-Asp;  2–Gly-Ala-Leu•3H2O;  

3–Val-Glu;  4–Ala-Ser;  5–Val-Lys;  6–Ser-Ala;  7–Ala-Ala;  Blue curve theoretically predicted correlation 

(Eqn. 11A) for PB, which are fully exposed and fully HB to water (PPII, 2.51-Helix, extended β-strand);  Green 

curve theoretically predicted correlation (Eqn. 11B) for PB, for two end-on PB-PB HB (infinite α-helix, interior 

strands of β-sheet); Magenta curve theoretically predicted correlation (Eqn. 11C) for PB where only the C=O group 

has a PB-PB HB (example: three α-helix N-terminal PB, half of PB of the exterior strands of a β-sheet; Black curve 

theoretically predicted correlation (Eqn. 11D) for PB with just their N-H group PB-PB HB (example: three α-helix 

C-terminal PB, the other half of PB of exterior strands of β-sheet). 

5.3.6 Correlation of AmIII3 Frequency and Ψ Ramachandran Angle for Two-End-On 

PB-PB HB: Infinite α-Helix, Interior Strands of β-Sheet in Water 

Each PB in infinitely long α-helices and in interior strands of multi-stranded β-sheets in aqueous 

solutions (Appendix A, Figs. 84 and 85), will partake in two-end-on PB-PB HB at sites E and F. 

In the Appendix A we show that in this case the AmIII3 frequency upshifts by 47 cm-1 for α-
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helix and β-sheet due to PB-PB HB (Table 9, Fig. 85). It upshifts an additional 5 cm-1 in both α-

helices and β-sheets due to an additional PB-water HB producing a total HB-induced upshift of 

52 cm-1 (Table 9, Fig. 85). In addition, there is essentially no temperature dependence for the 

AmIII3 frequency for the long α-helix42,89 and multi-stranded β-sheet60 conformations (see 

Appendix A, Eqn. 46). Thus, we include a 52 cm-1 HB-induced shift to Eqn. 10 and write: 

)]26sin(541244[),,( 011
03 +⋅−= −− ψψν α cmcmHBTi

III
                 (11B) 

The green curve in Fig. 53 shows the predicted Eqn. 11B behavior. The experimentally 

observed AmIII3 frequencies of the AP α-helix and the PLL-PGA antiparallel β-sheet 

conformations (dominated by interior strands) lie on this curve. 

5.3.7 Correlation of AmIII3 Frequency and Ψ Ramachandran Angle for PB Where only 

the C=O Group Participates in PB-PB HB: Three N-Terminal α-Helix PB, Half of PB of 

Exterior Strands of β-Sheet in Water 

The three N-terminal PBs of α- helices and half of the PBs of exterior strands of β-sheets 

(Appendix A, Figs. 84 and 86) will have just their C=O groups HB to PB (with possibly an 

additional C=O HB to water). In contrast, their N-H groups will HB to water clusters. In the 

Appendix A (Fig. 86) we estimate that the AmIII3 upshift is 61 cm-1 (with respect to the same 

PB, which does not partake in any HB). As discussed in the Appendix A, we expect a smaller 

temperature dependence (see discussion below the Eqn. 47 in the Appendix A) than for the fully 

water HB PB. Thus, we can write: 

)(08.0)]26sin(541253[),,( 0

1
0111,1

3 TT
C

cmcmcmHBT
O

ee

III −⋅⋅−+⋅−=
−

−− ψψν βα   (11C) 

The magenta curve in Fig. 53 shows the behavior of Eqn. 11C at T=0 °C. We do not, at 

present, have any experimentally measured data points for peptides with the HB patterns 

considered in Eqn. 11C. However, experimentally measured UVRR spectra of double-stranded 

β-sheet and/or short α-helices must contain contributions from such HB conformations. 
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5.3.8 Correlation of AmIII3 Frequency and Ψ Ramachandran Angle for PB in Which 

only the N-H Group Participates in PB-PB HB: Three C-Terminal α-Helix PB, Other Half 

of PB of Exterior Strands of β-Sheet in Water 

The three C-terminal PBs of α-helices and the other half of the PBs of the exterior strands of β-

sheet (Appendix A, Figs. 84 and 87) will have just their N-H groups HB to another PB at site E, 

while their C=O groups will be HB to water at sites A and C. In the Appendix A we estimate that 

in this case the HB-induced AmIII3 upshift is 55 cm-1 (Appendix A, Fig. 87). In addition, we 

estimate the temperature dependence to be half that of the PPII conformation (discussion below 

Eqn. 47 in Appendix A). Thus, we can add 55 cm-1 HB-induced upshift as well as the 

temperature-dependent term to Eqn. 10 and write: 

)(05.0)]26sin(541247[),,( 0

1
0112,2

3 TT
C

cmcmcmHBT
O

ee

III −⋅⋅−+⋅−=
−

−− ψψν βα

  (11D) 

The black curve in Fig. 53 shows the behavior of Eqn. 11D. We do not, at present, have 

any experimentally measured data points for peptides with the HB patterns considered in 

Eqn. 11D.  However, experimentally measured UVRR spectra of double-stranded β-sheet and/or 

short α-helices will contain contributions from these HB conformations. 

5.3.9 Correlation of AmIII3 Frequency and Ψ Angle for a PB in Water If Its HB State is 

Unknown 

If the HB state of a PB in aqueous solution is unknown, we suggest the use of equation 11E, 

which is the “average” of Eqns 11A-D. This will minimize the error in determination of the Ψ 

Ramachandran angle and will allow the estimation of the Ψ angle with the error bounds 

discussed below. 

)}(06.0)]26sin(541250[),,( 0

1
011

3 TT
C

cmcmcmHBT
O

EXT
III −⋅⋅−+⋅−=

−
−− ψψν

   (11E) 
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5.3.10 Correlation Between AmIII3 Frequency and Ψ Ramachandran Angle in Peptide 

Crystals 

Figs. 53 and 54 show the correlation of the previously measured42 AmIII3 frequencies and the 

Ramachandran Ψ angles for crystal powders of the three anhydrous dipeptides Val-Lys, Ala-Ala, 

and Ala-Asp, and three new anhydrous dipeptides Ser-Ala, Val-Glu, and Ala-Ser, as well as for a 

hydrated crystal43 powder of Gly-Ala-Leu•3H2O (GAL). The structures of these peptides are 

known from single-crystal x-ray diffraction measurements.93-99 We grew the crystal powders and 

measured the lattice constants using powder pattern x-ray diffraction. If our lattice constants 

matched that of known crystal structures confirmed, we assumed these published crystal 

structures Ψ and Φ Ramachandran angles (Table 10). 

 
Table 10.  UVRR AmIII3 Frequencies and x-ray Ψ and Φ Ramachandran angles for peptide crystals 

 AmIII3 Frequency, cm-1 Ψ angle, ° Φ angle, ° 

Gly-Ala-Leu•3H2O 1292 −40 −67 

Ala-Ser (anhydrous) 1262 125 −157 

Val-Glu (anhydrous) 1243 125 −82 

Val-Lys (anhydrous) 1251 137 −105 

Ser-Ala (anhydrous) 1252 163 −80 

Ala-Ala (anhydrous) 1260 165 −113 

Ala-Asp (anhydrous) 1275 179 −113 

 

Figs. 53 and 54 show that the crystal data appear to roughly follow the sinusoidal 

relationship between the AmIII3 frequency and the Ramachandran angle (see red dashed curve in 

Fig. 54); however, the crystal data are systematically upshifted. This upshift is largest when 

comparing the data to the green, black and magenta theoretical curves in Fig. 54, where the 

curves model PB-PB HB in the absence of water. The systematic upshifts in the crystal 

frequencies almost certainly result from the different types, numbers, and increased strengths of 

HB in these peptide crystals. Specifically, in these di- and tripeptide crystals,93-99 N-H groups of 
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PB usually HB to carboxylates instead of carbonyls (as in longer peptides), while C=O groups of 

PB usually HB to N-H3
+ groups instead of N-H groups (as in longer peptides). In spite of sharing 

many common features, the HB patterns of these peptide crystals differ from each other. Thus, 

some scatter of AmIII3 frequencies in these crystals (Figs. 53 and 54) probably occurs due to 

these differences in HB. We are presently attempting to understand these affects in detail, but for 

the moment we only use these data to further indicate the veracity of our correlations. 
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Figure 54.  Correlation between AmIII3 frequency, HB pattern, and Ψ Ramachandran angle for lyophilized 

anhydrous peptides.  (�) is measured AmIII3 frequencies of anhydrous AP α-helix; (◊) are measured AmIII3 

frequencies of peptide crystals, plotted against their Ψ Ramachandran angles:  1–Ala-Asp;  2–Gly-Ala-Leu⋅•3H2O;  

3–Val-Glu;  4–Ala-Ser;  5–Val-Lys;  6–Ser-Ala;  7–Ala-Ala;  Green curve is theoretically predicted correlation 

(Eqn. 12A) for anhydrous PB with two end-on PB-PB HB (infinite α-helix, interior strands of β-sheet); Magenta 

curve is theoretically predicted correlation (Eqn. 12B) for anhydrous PB where only the C=O group has a PB-PB 

HB (example: three N-terminal PB of anhydrous α-helix, half of PB of the exterior strands of an anhydrous β-

sheet); Black curve is theoretically predicted correlation (Eqn. 12C) for anhydrous PB with just their N-H group PB-

PB HB (example: three C-terminal PB of anhydrous α-helix, the other half of PB of exterior strands of anhydrous β-

sheet). 
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5.3.11 Anhydrous α-helical and β-sheet Conformations 

If we dehydrate a two-end-on PB-PB HB α-helical conformation, we will see a 5 cm-1 AmIII3 

frequency downshift due to the loss of hydrogen bonding to the normally present sheath of 

water.89 In this case we can subtract out 5 cm-1 from the Eqn. 11B and write the Eqn. 12A (see 

also Fig. 85 of Appendix A): 

)]26sin(541239[),,( 011
0

,

3 +⋅−= −− ψψν βα cmcmHBTii

III
                (12A) 

The Fig. 54 green curve shows the Eqn. 12A relationship. The square data point in 

Fig. 54 indicates Pimenov et al.89 AmIII3 frequency of an anhydrous α-helix AP sample 

(Table 8) as discussed in detail in the Appendix A (Fig. 85). 

In the case of a PB where only the C=O group is involved in PB-PB HB, we estimate that 

the AmIII3 frequency is 12 cm-1 upshifted with respect to non-HB PB (Appendix A, Fig. 86). 

This would be the case for the three N-terminal PB of anhydrous α-helices and for half of the PB 

of the exterior strands of anhydrous β-sheets (Appendix A, Fig. 84 and 86). Thus, we can write: 

)]26sin(541204[),,( 011
0

1,1

3 +⋅−= −− ψψν βα cmcmHBTee

III
             (12B) 

The Fig. 54 magenta curve shows the Eqn. 12B relationship. 

In case of PB, where only the NH group is PB-PB HB, we estimate the AmIII3 frequency 

to be 35 cm-1 upshifted with respect to non-HB PB (Appendix A, Fig. 87). This would be the 

case for the three C-terminal PB of anhydrous α-helix and half of the PB of the exterior strands 

of anhydrous β-sheet (Figs. 84 and 87 of Appendix A). Thus, we can write: 

)]26sin(541227[),,( 011
0

1,1

3 +⋅−= −− ψψν βα cmcmHBTee

III
             (12C) 

The black curve in Fig. 54 shows the Eqn. 12C relationship. 

The impact of different HB patterns, reflected by Eqns. 12A-C, produce much greater 

differences in AmIII3 frequencies under anhydrous conditions compared to those in aqueous 

solutions (Compare Figs. 53 and 54), since PB-water HB-induced AmIII3 frequency upshifts do 

not compensate for the differences in PB-PB HB-induced upshifts. It should be also noted that 

the Eqns. 12A-C behavior will only dominate the behavior of relatively long, anhydrous, 

lyophilized peptides. 
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Thus, the families of equations 11A-D and 12A-C predict the correlation between the 

AmIII3 frequency and the Ψ angle for the common conformations of peptides and proteins. If the 

HB is known for a particular PB the appropriate equation can be used to determine its Ψ angle 

from the observed AmIII3 frequency. In case the HB state of a PB in aqueous solution is 

unknown, one can use the Eqn. 11E. These relationships will become less accurate if the PB has 

an unusual Φ angle or unusual HB pattern (see below). 

5.3.12 Prediction of UVRR AmIII3 Frequencies of Other Secondary Structures 

Based on the known Ψ Ramachandran angle and HB patterns we can predict the AmIII3 

frequencies of other secondary structures such as the π-helix, 310-helix (Fig. 55), parallel β-sheet 

and various turns (Fig. 56). Using Eqn. 11B we predict ~1281 cm-1, ~1244 cm-1, and ~1209 cm-1 

AmIII3 frequencies for two end-on PB-PB HB π-helix (Ψ=−70°), 310-helix (Ψ=−26°), and 

parallel β-sheet (Ψ=+113°) in water, respectively. 
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Figure 55.  Predicted AmIII3 frequencies (black numbers) from the Ψ Ramachandran angles and HB patterns for 

different types of helices in water.  Red numbers: measured AmIII3 frequencies at 0 °C.  Eqn. 11A was used for PPII 

and 2.51 helices.  Eqn. 11B was used for π-, α-, and 310-helices. 
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Figure 56.  Predicted AmIII3 frequencies from Ψ Ramachandran angle and HB pattern for interior strands of 

antiparallel and parallel β-sheets in water as well as that of different types of turns (Black numbers).  Measured 

AmIII3 frequencies of PLL-PGA antiparallel β-sheet, dominated by interior strands (red number).  Pictures of β-

sheets were taken from http:// cmgm.stanford.edu/biochem201/Slides/ 

 

Fig. 56 displays our estimates for interior strands of β-sheets and different turns in water. 

For the γ-turn we predict an AmIII3 band at 1277 cm-1 (Eqn. 11D), for an inverse γ-turn at 1193 

cm-1 (Eqn. 11D). Assuming that the different PB in the chain contribute to UVRR spectra 

independently from their neighbors,61,62 for a type I turn we predict AmIII3 bands at 1260 

(Eqn. 11A) and 1223 cm-1 (Eqn. 11D) for the (i+1) and (i+2) PB in the turn, respectively; for a 
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type I’ turn we predict 1211 (Eqn. 11A) and 1223 cm-1 (Eqn. 11D) for the two PB in the turn, 

respectively; for a type II turn we predict 1226 (Eqn. 11A) and 1223 cm-1 (Eqn. 11D) for the two 

PB in the turn; for a type II’ turn we predict 1309 (Eqn. 11A) and 1223 cm-1 (Eqn. 11D) for the 

two PB in the turn. For a type III turn we predict 1260 (Eqn. 11A) and 1251 cm-1 (Eqn. 11D) for 

the two PB in the turn; for a type III’ turn we predict 1200 (Eqn. 11A) and 1191 cm-1 (Eqn. 11D) 

for the two PB in the turn, for a type V turn we predict 1192 (Eqn. 11B) and 1290 cm-1 

(Eqn. 11D) for the two PB in the turn, and for a type VIII turn we predict 1260 (Eqn. 11A) and 

1226 cm-1 (Eqn. 11A) for the two PB in the turn. 

UVRR spectra of HEWL amyloid fibrils,100 which are dominated by β-sheet 

conformations contain three spectroscopic features in the AmIII3 region: ~1210, ~1230, and 

~1255 cm-1. The dominating ~1230 cm-1 feature certainly derives from anti-parallel β-sheet, 

though a minor contribution of several turn conformations is also possible (Fig. 56). The ~1255 

cm-1 feature probably derives from turn conformations. Our results above suggest that a type I 

turn, or a rare types III and VIII turns, could contribute to the ~1255 cm-1 feature of HEWL 

(Fig. 56). The ~1210 cm-1 feature most likely derives from aromatic amino acid sidechains, 

whose vibrations are enhanced with 197 nm excitation. However, there could be some 

contribution from either type I’ turn or type III’ turns (Fig. 56). 

5.3.13 Ψ Ramachandran Angle Determination Error Estimates 

To estimate the likely error and bias in the determination of the Ψ angle from the Raman 

measurements we have to analyze the likely errors in determination of the AmIII3 frequency of 

the peptide bond of interest, as well as the error associated with the theoretical relationships that 

neglect the Φ dependence of the AmIII3 frequency. In the simplest case, where we have only one 

amide bond our error is determined by the error in resolving the AmIII3 band from the AmIII2 

band and other adjacent interfering bands. In the case of homopeptides we often attempt to 

determine the band frequency from a particular conformation, which presents the increased 

complexity of resolving between the AmIII3 bands of multiple conformations. Finally, we expect 

to be challenged by the case where we specifically examine the AmIII3 band of a particular 

peptide bond in a polypeptide or protein. In this case, for example, we isotopically substitute the 

Cα-H of that peptide bond and compare the spectra of the natural abundance and the isotopic 
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derivative to model the difference spectrum to selectively determine the peptide bond AmIII3 

frequency. 

Thus, the likely error is very sample dependent and derives from the spectral S/N and the 

reliability of our modeling. In fitting, the resulting standard deviation of the fit depends upon 

peak overlap and spectral S/N. Typically our spectral fitting, assuming Voigt profiles, calculates 

standard deviations of ~2-3 cm-1 in the majority of cases; it is never more than ~7 cm-1, even in 

the most unfavorable cases. The derivative of the Ψ angle with respect to the AmIII3 frequency: 
1deg/1 −≅∂

Ψ∂ cmν  over essentially all of the allowed values of Ψ (Figs. 52-54). Thus, we 

obtain measurement error standard deviations in the determined Ψ angles of ~2-3° for most 

cases, and extreme standard deviations of ~7° for rare unfavorable cases. 

The error associated with neglecting the Φ angle also gives rise to the uncertainty in the 

Ψ angle determination. Ianoul et al.59 theoretically and experimentally showed that different Φ 

angles could cause a maximum 9 cm-1 shift of the AmIII3 frequency, while Mirkin and Krimm73 

indicates a potential span of AmIII frequency as much as 16 cm-1 in the allowed regions of 

Ramachandran plot (Fig. 50). However, in the β-strand region of the Ramachandran plot we find 

that a Φ span is less than ~6 cm-1, while that in the α-helix region is less than ~8 cm-1 (Fig. 50). 

Thus, the extreme maximum spans of Ψ angle which could occur by neglecting the Φ angle is 

~16°. Thus, the extreme standard error of Ψ angle associated with the neglecting the Φ angle is 

±8° (for an average Φ angle). Further, for the most abundant secondary structure motifs from the 

α-helical and β-strand regions of Ramachandran plot, the Φ angle associated errors are only ±4° 

and ±3°, respectively. 

Additional bias can occur if we do not know the HB state of a PB in water. This could 

give rise to a bias of the AmIII3 frequency of ±6 cm-1, which would lead to a Ψ angle bias of ±6° 

in equation 11E. Thus, a typical UV Raman measurement of a typical sample would find a 

random error of ≤±8° in the Ψ angle, assuming a known HB state. However, extreme 

alterations in the unknown HB state of a PB in water could additionally bias the Ψ angle by ±6°. 
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5.4 CONCLUSIONS 

We used UV resonance Raman spectroscopy to investigate the dependence of the AmIII3 

frequency on the Ψ Ramachandran angle and on the nature of PB HB. These results allow us to 

formulate relationships that allow us to estimate the Ψ Ramachandran angles from observed 

AmIII3 frequencies for both aqueous solutions of peptides and proteins as well as for the 

anhydrous states of peptides and proteins. A typical Raman measurement of a typical sample 

would find a random error of ≤±8° in the Ψ angle, assuming a known HB state. However, if 

HB state of a PB in water is unknown, extreme alterations in such a state could additionally bias 

the Ψ angle by ±6°. 

We are optimistic that these relationships will be very useful for protein conformational 

studies, especially in the field of protein folding. This is because any attempt to understand 

reaction mechanisms, such as protein folding, requires elucidation of the relevant reaction 

coordinate(s). The Ψ angle is precisely the reaction coordinate that determines secondary 

structure changes. As shown elsewhere,60 the correlation we propose can be used to determine 

features of the energy landscape along this Ψ reaction coordinate. 
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6.0  CHAPTER 6.  UV RESONANCE RAMAN DETERMINATION OF 

POLYPROLINE II, EXTENDED 2.51-HELIX, AND β-SHEET Ψ ANGLE ENERGY 

LANDSCAPE FEATURES IN POLY-L-LYSINE AND POLY-L-GLUTAMIC ACID 

Work, described in this chapter, is published in J. Am. Chem. Soc., 2005, 127(21), 7712-7720 

(Authors:  Mikhonin, A. V.; Myshakina, N. S; Bykov, S. V.; and Asher, S. A.).  UV Resonance 

Raman (UVRR) spectroscopy was used to examine the solution conformation of poly-L-Lysine 

(PLL) and poly-L-Glutamic acid (PGA) in their non-α-helical states. UVRR measurements 

indicate that at pH=2 PLL and pH=9 PGA exist mainly in a mixture of PPII and a novel left-

handed 2.51-helical conformation, which is an extended β-strand-like conformation with Ψ ~ 

+170° and Φ ~ −130°. Both of these conformations are highly exposed to water. The energies of 

these conformations are very similar. We see no evidence of any disordered “random coil” states. 

In addition, we find that a PLL and PGA mixture at neutral pH is ~60% β-sheet, and contains 

PPII and extended 2.51-helix conformations. The β-sheet conformation shows little evidence of 

amide backbone hydrogen bonding to water. We also developed a method to estimate the 

distribution of Ψ Ramachandran angles for these conformations, which we used to estimate an 

energy curve along the Ψ Ramachandran angle coordinate. We believe that these are the first 

experimental studies to give direct information on protein and peptide energy landscape features. 

6.1 INTRODUCTION 

The primary sequence of a protein encodes both the native structure as well its folding 

mechanism1-8 (in the absence of chaperones or posttranslational modifications). The arguably 

most important problem in enzymology is to translate the primary sequence into the encoded 

protein folding mechanism(s), and to use this information to predict the ultimate native structure 
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from the primary sequence information. In general, the native conformation(s) are thought to be 

located at distinct minima in the potential energy landscape.9-15 The native conformation occurs 

when the protein environment favors folding.16-20 

Until recently, protein unfolded states were assumed to consist of random coil 

conformations, where the polypeptide chains would adopt energetically allowed, but randomly 

distributed Φ and Ψ dihedral angles. Ideally, these structures were considered to be completely 

disordered with no correlations between adjacent peptide bonds Φ and Ψ Ramachandran dihedral 

angles.21 However, this assumption has recently been seriously challenged.22-28 

Numerous theoretical and experimental groups have been working on elucidating protein 

folding mechanisms over the last fifty years.1-21,23-28 A major challenge in this work is the 

required development of an energetic understanding of protein folding motifs, and the sequence 

specific phenomena which determine the folding energy landscape. In this regard new theoretical 

paradigms such as the energy landscape theories have significantly aided thinking about protein 

folding. In addition, new theoretical studies have examined the conformational subspace of small 

and large peptides and have examined conformational energies. Molecular dynamic studies are 

becoming available which examine the temporal evolution of protein structure in timescales 

which are relevant for folding into equilibrium structures.29-33 

This work has been aided by new experimental studies which characterize peptide 

conformations.34-49 What is most needed to make rapid continuing progress is additional 

experimental insight into protein folding motifs and the energy landscapes that surround these 

structures. 

We50-52 as well as others53-58 have been developing UV resonance Raman (UVRR) 

spectroscopy to probe protein structure and dynamics. We recently examined the first stages in 

unfolding of α-helices and discovered that a mainly ala 21-residue peptide melts from an α-helix 

conformation into a polyproline II conformation (PPII).34 

In the work here we now examine peptide conformations of charged peptides such as 

poly-L-glutamic acid (PGA) and poly-L-Lysine under conditions where their sidechains are 

charged. We find that they occur in a mixture of PPII and a novel conformation, which is a 

subset of extended β-strand conformations, but which is best described as a 2.51 helix. If the 

sidechain charges are neutralized these peptides form α-helices, while if peptides with oppositely 

charged sidechains are mixed, they form β-sheet conformations.59 
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We have developed insights into peptide secondary structures through examinations of 

their ~200 nm UVRR spectra. We obtain the most information from the amide III3 (AmIII3) 

vibration whose frequency we earlier found was correlated to the peptide conformational 

Ramachandran Ψ angle.34,60,61 We have recently developed quantitative relationships between 

peptide bond AmIII3 frequencies the peptide bond Ψ angle and its hydrogen bonding pattern.61 In 

the work here these relationships are used to estimate the conformational energy differences 

between the PPII and 2.51 helix conformations, as well as the Ψ angle energy landscape for the 

PPII and 2.51 helix conformations as well as for the β-sheet structure. To our knowledge these 

are the first experimental studies to directly give information on the energy landscape of peptide 

conformations along coordinates involved in conformational evolution. 

The work here shows clearly that the UVRR spectra of β-sheet conformations 

significantly differ from those of PPII and 2.51-helix (“single” β-strand) conformations. This 

ability to discriminate between conformations may prove useful for early detection of amyloidal 

fibril formation in solutions of proteins.62 

6.2 EXPERIMENTAL SECTION 

6.2.1 Sample preparation 

Poly-L-Lysine HCl (PLL, MWvis = 28,500, MWLALLS = 20,200) and the sodium salt of poly-L-

Glutamic acid (PGA, MWvis – 17,000, MWmALLS = 8853) were purchased from Sigma Chemical, 

and used as received. Solution spectra of PLL and PGA were measured at pH=2 and pH=9, 

respectively, to ensure the absence of α-helix contributions. The mixed PLL and PGA neutral pH 

sample solutions contained identical concentrations of lysine and glutamic acid residues. These 

samples were freshly prepared before the Raman measurements. The total peptide concentrations 

were kept below 0.3 mg/ml to avoid gel formation. 

The 21-residue alanine-based peptide AAAAA(AAARA)3A (AP) was prepared (HPLC 

pure) at the Pittsburgh Peptide Facility by using the solid-state peptide synthesis method. The AP 

solutions in water contained 1 mg/ml concentrations of AP, and 0.2 M concentrations of sodium 
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perchlorate, which was used as an internal intensity and frequency standard. All Raman spectra 

were normalized to the intensity of the ClO4
- Raman band (932 cm-1). 

A5 and A3 peptides were purchased from Bachem Bioscience Inc. (King of Prussia, PA), 

and used as received. The A5 – A3 Raman difference spectral measurements utilized identical 

molar concentrations of A5 and A3 (0.34 mg/ml and 0.2 mg/ml, respectively) in solutions 

containing identical sodium perchlorate concentrations (0.2 M). We normalized the Raman 

spectra to the intensity of the 932 cm-1 perchlorate internal standard band. The A5 – A3 difference 

spectra were calculated by subtracting the normalized A3 spectrum from the normalized A5 

spectrum at each temperature. 

The undecapeptide XAO (MW=985) was prepared (HPLC pure) at the Pittsburgh Peptide 

Facility by using the solid-state peptide synthesis method. The sequence of this peptide is Ac-

XXAAAAAAAOO-amide, where all amino acids are in their L form, A is ala, X is 

diaminobutyric acid (side chain CH2CH2NH3
+), and O is ornithine (side chain (CH2)3NH3

+). We 

used 1 mg/ml solutions of XAO-peptide containing 0.15 M of sodium perchlorate. The UVRR 

spectra of XAO were also normalized to the ClO4
- Raman band intensity. 

6.2.2 UV Resonance Raman Instrumentation 

The Raman instrumentation has been described in detail elsewhere.51,63 A Coherent Infinity 

Nd:YAG laser produced 355 nm (3rd harmonic) 3 nsec pulses at 100 Hz. This beam was Raman 

shifted to 204 nm (5th anti-Stokes) by using a 1 m tube filled with hydrogen (60 psi). A Pellin 

Broca prism was used to select the 204 nm excitation beam. The Raman scattered light was 

imaged into a subtractive double spectrometer64 and the UV light was detected by a Princeton 

Instruments solar blind ICCD camera. All samples were measured in a thermostatted free surface 

flow stream. 
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6.3 RESULTS AND DISCUSSION 

6.3.1 Unfolded States of PLL and PGA 

Fig. 57 shows the 204 nm UV resonance Raman (UVRR) spectra of the unfolded conformations 

of PLL (pH=2) and PGA (pH=9) at high (+70 °C) and low (0 °C) temperatures. At these pH 

values PLL and PGA have charged sidechains, whose repulsions prevent formation of α-helical 

conformations. The UVRR spectra of the PLL and PGA samples are essentially identical. 

Further, the insignificant spectral shifts occurring between the low and high temperature spectra 

indicate a lack of conformational transitions over this temperature range. 
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Figure 57.  204 nm UVRR spectra of unfolded states of PGA (pH=9) and PLL (pH=2) in water at 0 °C and at +70 

°C 
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The 0 °C spectra show the AmI bands at ~1670 cm-1 (mainly CO s), the AmII bands at 

~1564 cm-1 (mainly out of phase combination of CN s and NH b), the (C)Cα-H bending bands at 

~1396 cm-1 and a complex series of bands in the AmIII region between 1210 and 1350 cm-1. The 

AmIII region contains at least 4 resolved bands, which as discussed below derive from two 

conformations in equilibrium. We assign these two conformations to a polyproline II 

conformation (PPII, P superscript) and an extended β-strand-like conformation (S superscript). 

As discussed below, the latter conformation can be described as an extended 2.51-helix. As 

evident from previous UVRR studies36,37,52,60 the AmIII bands are significantly more sensitive to 

conformation than are the AmI and AmII, bands that are more typically used by IR absorption 

and normal non resonance Raman secondary structure studies. Moreover, the UVRR AmIII3 

band is independently contributed by the individual peptide bonds in the polypeptides with no 

evidence of inter-amide coupling,37,65 in contrast to commonly utilized AmI band.37,40 This 

important observations dramatically simplify the spectral analysis in AmIII region. 

Thus, we enumerate these bands as AmIII3
S (~1271 cm-1 (PLL) and ~1272 cm-1 (PGA)), 

and AmIII3
P (~1245 cm-1 (PLL) and ~1249 cm-1 (PGA), and AmIII2

S? (~1316 cm-1 (PLL) and 

~1319 cm-1 (PGA)), AmIII2
P? (~1296 cm-1 (PLL) and ~1298 cm-1 (PGA)), where the subscripts 

label different amide III spectral region bands as we recently discussed in detail,36 and the 

superscript question mark labels assignments which remain uncertain. 

The temperature dependence of the spectra involves small downshifts for the AmIII and 

AmII bands and small upshifts for the AmI band (Table 11). This temperature dependence is 

characteristic of peptide backbone conformations where the amide carbonyl and N-H groups are 

hydrogen bonded to water.34,36,66 The shifts occur because the water-amide hydrogen bond 

strengths decrease as the temperature increases.34 This favors a peptide bond resonance form 

with stronger bonding for the carbonyl and weaker bonding for the C(O)-N linkage, which result 

in the observed amide band shifts. 
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Table 11.  Temperature dependence of amide UV Raman bands of non-α-helical poly-peptides: pH=2 

PLL, pH=9 PGA, and PPII peptides: XAO, Ala5-Ala3, AP 

XAO-peptide 

>80% PPII, 
neutral pH 

Ala5 – Ala3 

essentially PPII, 
neutral pH 

AP 

essentially PPII, 
neutral pH 

PLL 

unfolded (PPII 
+ extended), 
pH=2 

PGA 

unfolded (PPII 
+ extended), 
pH=9 

 

 

dν/dT ν60°C , 

 cm-1 

dν/dT ν50°C ,

 cm-1 

dν/dT ν60°C ,

 cm-1 

dν/dT ν70°C , 

  cm-1 

dν/dT ν70°C , 

  cm-1 

AI 0.02 ± 

±0.01 

1659 0.052± 
±0.02 

1667 0.052± 
±0.02 

1659 0.06 1673 0.03 1673 

AII -0.14± 
± 0.01 

1545 -0.14 ± 

± 0.01 

1558 -0.14 ± 

± 0.01 

1548 -0.15 1553 -0.13 1555 

CαH(1) 0.008± 
±0.016 

1388 -0.015± 

± 0.02 

1397 -0.015± 

± 0.02 

1399 -0.01 1399 0.02 1396 

CαH(2)  0.018± 
±0.017 

1365 -0.01 ± 

± 0.02 

1373  -0.01 ± 

± 0.03 

1377 

broad 

-0.04 1377 0.036 1359 

AIII2 -0.03 ± 

± 0.02 

1300 -0.03 ± 

± 0.01 

1305 -0.03 ± 

± 0.01 

1311 -0.033 

 

 

-0.036 

1313 

 

 

1293 

-0.003 

 

 

-0.006 

1319 

 

 

1298 

AIII3
S 

(2.51-
helix) 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

N/A 

 

 1270 

 

 1269 

 

AIII3
P  

(PPII) 

-0.10 ± 

± 0.02 

1241 -0.094± 

± 0.018 

1250 -0.094± 

± 0.018 

1247 -0.1 1242 -0.12 1240 
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6.3.2 AmIII3
P band (~1245 cm-1) signals PPII conformations 

Fig. 58 compares the 204 nm UVRR spectra of the unfolded PGA and PLL samples to spectra of 

the three ala-based peptides: XAO, AP, and A5-A3 under conditions where they are 

predominantly in PPII conformations. The observed AmIII3
P band frequency closely coincides 

with the AmIII3 frequency of the PPII conformations of XAO, AP, A5-A3. Since we know that 

the AmIII3 frequency strongly depends on the Ψ angle,34,60 (and to much lesser degree on 

allowed Φ angles34,60,67-69) we conclude that both PLL and PGA have solution conformations 

with Ψ angles similar to that of the PPII conformation. 
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Figure 58.  Comparison of 204 nm UVRR spectra of unfolded states of PGA (pH=9) and PLL (pH=2) in water at 0 

°C to the spectra of the PPII states of alanine-rich peptides XAO, AP, A5-A3 at 0 °C. 

 

The coincidence in frequency and the similar temperature dependencies (Table 11) of the 

AmIII3
P bands to those of PPII conformations militates for the assignment of this band to PPII 

conformations of PGA and PLL. This conclusion is consistent with previous studies which also 

concluded that the unfolded state(s) of PLL and PGA have significant PPII content.22,70-81 
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The PPII structure is a commonly observed non-α-helix low energy conformation 

because of its stabilization by peptide-water interactions.72,82,83 This open conformation permits 

the simultaneous hydrogen bonding of water to amide bonds, as well as important bridging 

hydrogen bonds between water molecules. In addition, Hinderacker and Raines84 recently 

proposed an additional PPII stabilization mechanism. They proposed that the PPII conformation 

is stabilized because of especially favorable n-π∗ interactions between the carbonyl oxygen of 

peptide bonds and the carbonyl carbons of adjacent peptide bonds. Whatever the case, 

investigators now find that the unfolded states of many proteins71,82,85-89 as well as the unfolded 

states of moderate and long peptides35,70-73, and even small peptides90-92 contain significant 

fractions of PPII. 

6.3.3 AmIII3
S band (~1271 cm-1) signals the presence of a 2.51-helix conformation 

The electrostatic repulsions between the PLL and PGA charged sidechains prevent formation of 

α-helical conformations, and should force more extended conformations, such as PPII and/or 

extended β-strand(s). The PPII conformation clearly does not require sidechain repulsion since it 

occurs for polyalanine derivatives such as AP and XAO.34,35,93 Further, the K7 peptide shows 

significant PPII content at pH=12 in the absence of salt as well as in 4 M NaCl.70 

The pH=2 PLL and pH=9 PGA spectra also show a second AmIII3 region band at ~1271 

cm-1 denoted as AmIII3
S (Fig. 57 and 58). This band is absent in mainly PPII ala-based peptides 

with neutral side chains. Thus, it must result from the additional PLL and PGA electrostatic 

repulsions between ionized side chains. We expect that these repulsions will induce a more 

extended conformation with a Ramachandran angle greater than the Ψ = 145° of the PPII 

conformation. Given the dependence of the AmIII3 frequency on the Ψ angle that we previously 

demonstrated,34,36,60 we expect a new AmIII3 band to occur at a higher frequency, as observed. 

Because of the severe overlap with the AmIII3
P bands it is not possible to accurately 

determine the AmIIIS temperature dependence. However, the temperature dependence is 

qualitatively similar to that of fully exposed conformations like PPII. Thus, we assign the 

conformation to an extended β-strand like conformation (2.51-helix, see below), and conclude 
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that these PGA and PLA samples contain a mixture of PPII and extended β-strand-like 

conformations. 

Assuming similar Raman cross sections for these conformations, we roughly estimate 

that “unfolded” PLL and PGA both consist of ~60% PPII and ~40% β-strand. In contrast, we 

only detect very small contributions from β-strand-like conformations in AP at high 

temperature.36 The lack of a temperature dependence of the relative intensity ratios suggests that 

these conformations have similar energies (as we prove later by Table 14). 

It should be noted that Raman Optical Activity studies of “unfolded” peptides and 

proteins show positive features between ~1314 to ~1325 cm-1, which are thought to signal the 

PPII conformation.93-96 The large frequency spread for these positive bands may indicate the 

existence of a variety of PPII-like left-handed helical conformations with significantly differing 

Ψ and Φ angles. 

Whatever the case, we detect only PPII and extended β-strand-like conformations which 

significantly differ spectrally from those of β-sheet conformations (Compare Figs. 58, 63 and 

64). 

As discussed in Chapter 5 (Eqn. 11A), the ~1271 cm-1 AmIII3
S band frequency results in 

a calculated β-strand-like Ψ angle of ~170°, if we neglect any Φ angle frequency dependence. 

This neglect of the Φ angle dependence is justified in view of the known small Φ angle amide III 

frequency dependence60,67 and the fact that only modest changes in the Φ angle are likely to 

occur between the relevant conformations with different Ψ angles. Further, we and others 

recently estimated that the Ψ angle dependence can result in up to ~110 cm-1 shift,61 while Φ 

angle only in no more than 20 cm-1 AmIII3 frequency shift.67,68 

6.3.4 The β-strand-like conformation is a 2.51-helix 

We developed insight into this new conformation by examining the dependence of the 

electrostatic repulsion energies on the Φ angle, for a fixed Ψ = +170° (Fig. 59). We utilized the 

HyperChem© amino acid data base to construct approximate structures to estimate the distances 

between charges located on PLL and PGA side chains. Fig. 59 shows that the total electrostatic 
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repulsion energy has a minimum near Φ ~ −130° for PGA. The situation for PLL has the same 

trend (Table 12). 
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Figure 59.  A) Distances between the i-th and (i+k)-th sidechain charges of PGA as a function of Φ Ramachandran 

angle as calculated using Hyperchem. B) Electrostatic repulsion energy between the sidechains as a function of Φ 

Ramachandran angle. NOTE:  The Ψ angle is fixed at the value of 170° estimated from the UV Raman data. 

 

Figure 60 indicates a rough structure for our PGA minimum repulsion energy 

conformation which utilizes the determined Ψ and Φ angles of +170° and −130°, respectively. 

The resulting extended β-strand occurs as a 2.51-helix conformation. 

Krimm and Mark’s97 previous theoretical study of conformations of polypeptides with 

ionized sidechains, also proposed that the charged sidechains of PLL and PGA stabilize a helical 

conformation with approximately 2.5 residues per helical turn. They also showed that the 

number of residues per turn was essentially independent of sidechain length for side chains equal 

to or longer than that of glutamic acid. However, for a 64-residue PGA they proposed a 

minimum energy conformation with Ψ = −170° and Φ = −155° (in their original paper they used 

an older definition for the Ψ and Φ angles).98 Future work will be required to discrimate between 

these very similar structures in order to determine the actual Φ angles for these structures. 
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Table 12.  Distances between ionized sidechain charges in PLL and PGA for Ψ and Φ angles of PPII and 

2.51 helix conformations. 

 

 

Distance between 
sidechain charges 

PPII 

Ψ = +145°,   Φ = -75° 

Extended 2.51-helix 

Ψ = +170°,   Φ = -130° 

i→i+1 11.245 11.67 

i→i+2 12.389 10.146 

i→i+3 9.232 12.266 

 

 

PLL 

 

 
i→i+4 16.427 18.130 

i→i+1 8.328 8.421 

i→i+2 9.852 8.639 

i→i+3 9.232 11.381 

 

 

PGA 

 

i→i+4 14.563 16.101 

 

Our study here is the first, to our knowledge, to experimentally detect a stable 2.51-helix 

conformation in peptides and proteins. We also compared the distances between charges in our 

putative 2.51-helix to those in a PPII helix. Table 12 shows that the larger separation distances 

occur in the 2.51-helix compared to the PPII helix. This lowers the 2.51-helix total energy such 

that it is very close to that of the PPII conformation (Table 14). 

Our spectral data and the lack of a significant temperature dependence of the relative 

Raman intensities clearly demonstrate that these conformations are close in energy. Given our 

present inability to accurately curve resolve the PPII peak from the 2.51 AmIII3 peaks, our 

incomplete understanding of the degeneracies of these two conformation, the unknown 

dependence of the Raman cross sections on conformation, and the measured modest temperature 

dependence, on the basis of the relative intensity ratios, we can only visually roughly estimate 

from the relative Raman intensities that the 2.51 conformations of PLL and PGA are <300 

cal/mol higher in energy than the PPII conformation at room temperature (however, see below). 
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We are in the process of modeling this 2.51 helix conformation to better determine its detailed 

geometry. 

5 residues per 
2 helical turns

Extended 2.51-helix (left-handed): 
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2 helical turns
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Ψ = +170°, Φ = −130°

i …

i+1 …

i+2 …i+3 …

i+4 …

i+5 …

 
Figure 60.  Visualization of 2.51-helix in PGA (Ψ=+170°, Φ=−130°).  This structure occurs in both ionized PLL 

and PGA due to electrostatic repulsion between bulky and charged sidechains.  Carboxyl carbons of glu side-chains 

are shown in yellow. 

 

Our observations of the 2.51 helix was, in fact, partially presupposed by Tiffany and 

Krimm22 who originally proposed that aqueous solution denatured states of PLL and PGA would 

contain some local order and would not be in a completely “disordered” form. The structure was 

suggested to involve an extended 31-helix or a PPII helix, which is also left-handed helix, with 

three amino acid residues per turn, with Φ and Ψ Ramachandran angles of -75° and 145°, 

respectively. In addition, more recent studies report evidence for PPII content in “unfolded” PLL 

and PGA.70-78,94-96 
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6.3.5 PLL-PGA Mixture β-Sheet Conformation 

Equimolar mixtures of PLL and PGA at neutral pH are known to form antiparallel β-sheets.59 

This is clearly demonstrated in the Fig. 61 comparison of the CD spectrum of a PLL-PGA 

mixture to the CD spectra of α-helical, β-sheet and “unordered” peptides. The PLL-PGA mixture 

spectrum, especially the ~217 nm negative feature, clearly demonstrates a significant fraction of 

β-sheet. In addition, the CD spectra of the PLL-PGA mixture shows an increasing 217 nm trough 

as the temperature increases, which indicates that the β-sheet content slightly increases with 

temperature (see inset to Fig. 61). 
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Figure 61.  Comparison of CD spectra of different peptide and protein conformations to that of a neutral pH mixture 

of PLL and PGA at +70 °C.  This sample obviously contains a significant fraction of β-sheet, due to the similarity of 

the PLL and PG mixture CD spectrum to that of the β-sheet. The pure secondary structure CD spectra were obtained 

from the Lawrence Livermore National Laboratory website (http://www-structure.llnl.gov/cd/cdtutorial.htm). 

 

Fig. 62 shows that the UVRR spectra of the PLL-PGA mixture at 0 and +70 °C. The 

entire AmIII3 band profile of the PLL-PGA mixture is red-shifted compared to unfolded PLL and 

PGA (Figs. 57, 58 and 63; Tables 11 and 13) due to formation of the antiparallel β-sheet 

structure. Fig. 62 shows that overall spectra of the PLL-PGA mixture are almost independent of 

temperature, indicating that the β-sheet conformation does not melt significantly over this 
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temperature range. Further, the temperature dependence of the AmI, II and III band frequencies 

in the PLL-PGA mixture (~60% β-sheet) is significantly decreased (~2-fold) compared to those 

in the PPII and β-strand (2.51-helix) conformations due to the decreased peptide-water hydrogen 

bonding of the β-sheet structure. 
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Raman Shift / cm-1
 

Figure 62.  204 nm UVRR spectra of neutral pH  PLL-PGA mixture at 0 and +70 °C. 

 
Table 13.  Temperature dependencies of amide UV Raman bands of PLL-PGA mixture. 

PLL-PGA mixture, ~60% β-
sheet, ~40% unfolded, a 

 neutral pH 

PLL-PGA mixture, pure 
PPII, 2.51 conformationsb 

neutral pH 

PLL-PGA mixture, pure β-
sheet spectrumc 

neutral pH 

 

 

dν/dT ν70°C , 

 cm-1 

dν/dT ν70°C , 

 cm-1 

dν/dT ν70°C , 

 cm-1 

AI 0.022 1668 0.045  0.018 1672 

AII -0.071 1548 -0.14  -0.005 1550 

CαH(1) -0.007 1402 0.005  -0.031 1403 

CαH(2)  0 1381 -0.005  0 1379 weak 

AIII2 0 1290 

1310 

-0.03    

AIII3 -0.062 1239 -0.11  -0.003 1228 

a  experimental spectra, neutral pH (~60% β-sheet, ~40% unfolded);   b, c see text for details 
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6.3.6 Calculation of pure β-sheet spectrum from PLL-PGA mixture UV Raman spectra 

The Figs. 62 and 63 PLL-PGA mixture UVRR spectra are broad and show high frequency 

shoulders. This contrasts with the AmIII symmetric bandshape found by Chi et al.52 for the β-

sheet conformation of a library of proteins (Fig. 63). Thus, the PLL-PGA mixture sample 

appears to contain additional peptide conformations. Since the PLL and PGA sidechains are 

highly ionized at this neutral pH, it is likely that these other conformations are the extended 2.51-

helix and the PPII conformations discussed above. 
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Figure 63.  204 nm UVRR spectra of PLL-PGA mixture at 0 °C, and those of the PPII and β-strand (2.51-helix) 

conformations of PLL and PGA.  Also shown is the β-sheet basis spectrum determined by Chi et al.52 from a library 

of proteins. 

 

We can calculate the pure β-sheet PGA-PLL Raman spectrum by subtracting off the 

spectra of these other conformations. We assume that the spectra of these other conformations 

are the sum of the individual PLL and PGA PPII and β-strand (2.51-helix) spectra. The criteria 

for the amounts subtracted are that the resultant spectra (Fig. 63) best fit the β-sheet spectrum of 

Chi et al.52 (except that we do not include the amide I region in the fit due to the potential 

residual contribution of the water bending band). We find non β-sheet conformation fractions of 

42% at 0 °C, and 35% at 70 °C. Thus, the β-sheet content slightly increases with temperature. 
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Fig. 64 shows these calculated pure β-sheet spectra at 0 and 70 ºC. The β-sheet AmIII 

peak is symmetric without any shoulders and is similar to that found by Chi et al.52 (Compare 

Figs. 63 and 64). As also shown in Fig. 64 the pure PLL-PGA mixture β-sheet spectrum shows a 

~10-fold decreased temperature frequency dependence for the AmII and III bands and a ~3 fold 

decreased AmI band frequency dependence than occurs for the PPII and 2.51-helix 

conformations. This is expected due to the decreased water-amide bond hydrogen bonding of the 

β-sheet; since the β-sheet satisfies its hydrogen bonding mainly through inter-peptide hydrogen 

bonds. 
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Figure 64.  Calculated 204 nm UVRR spectra of PLL-PGA mixture β-sheet at 0 and +70 °C.  The contributions 

from the PLL and PGA PPII and β-strand (2.51-helix) conformations were numerically removed (See text for 

details).  UVRR bands of β-sheet show a very small temperature dependence compared to PPII (Compare Tables 11 

and 13). 

 

The large UVRR spectral differences between the PLL-PGA mixture pure β-sheet 

conformation and that of PLL and PGA in their unfolded states (compare Figs. 63-65) offers 
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opportunities for characterizing subtle issues of β-sheet conformation. This could be valuable in 

kinetic and steady state investigations of systems such as amyloid fibrils.62 

6.3.7 Ψ Ramachandran Angular Distribution for PLL and PGA β-sheet, PPII and 2.51-

helix 

The β-sheet, PPII and 2.51-helix amide bands are significantly broadened from their estimated 

7.5 cm-1 homogeneous linewidth determined in crystals.34 This broadening probably results from 

the distribution of Ψ angles that occurs for these conformations in solution. We developed a 

deconvolution method for the AmIII3 band frequencies which determines the inhomogeneous 

distribution of AmIII3 band frequencies.34 We then developed a method to use this frequency 

distribution to calculate the Ψ angle distribution from the measured AmIII3 bandshapes.34,61 

Originally34 we utilized the Eqn. 4 of Chapter 2 below: 

υIII3(Ψ) = 1265 cm-1 - 46.8 cm-1 sin (Ψ + 5.2°)          

which allows to roughly estimate the relationship between the AmIII3 frequency and Ψ 

Ramachandran angle for peptides and proteins in water solutions. The sinusoidal nature of the 

Eqn. 4 was theoretically predicted by Asher et al.,60 and explained in terms of different degree of 

coupling between the N-H and Cα-H bending motions at different Ψ angles. 

In our most recent study61 (see also Chapter 5 of the thesis), we examined the dependence 

of the AmIII3 frequencies of peptide bonds upon the peptide bond hydrogen bonding. This study 

also elucidated the temperature dependence of the AmIII3 frequencies which result from the 

temperature dependence of its hydrogen bonding. We quantified this hydrogen bonding-induced 

frequency dependencies for all major peptide/protein secondary structure conformations;61 and 

were able to propose a family of equations to relate the AmIII3 frequency directly to the Ψ 

Ramachandran angle given its particular state of hydrogen bonding. 

Thus, for extended and highly exposed to water conformations, such as PPII and 2.51-

helix, we would use the Eqn. 11A below, which is developed in Chapter 5: 

)}(11.0)]26sin(541256[),,( 0

1
011

3 TT
C

cmcmcmHBT
O

EXT
III −⋅⋅−+⋅−=

−
−− ψψν       

where T0=0 °C. 
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In contrast, for PLL-PGA mixture antiparallel β-sheet, which is dominated by two end-on 

peptide bond-peptide bond hydrogen bonding,61 we would use Eqn. 11B from Chapter 5: 

)]26sin(541244[),,( 011
0

,

3 +⋅−= −− ψψν βα cmcmHBTii

III
                  

Fig. 65 shows the Ψ angle distribution calculated for PLL (pH=2) and PGA (pH=9) and 

for the PLL-PGA mixture β-sheet. Fig. 65 displays the existence of the two different 

conformations of unfolded PLL and PGA, with two distinct maxima near Ψ~145° (PPII) and 

Ψ~170° (2.51-helix). 
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Figure 65.  Estimated Ψ-Ramachandran angular distribution for pH=2 PLL and pH=9 PGA samples and for the 

pure β-sheet conformation of the PLL-PGA mixture. The pure β-sheet spectrum was calculated by numerically 

removing the unfolded state contribution as discussed in the text. 
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As shown in Fig. 65 these calculated distributions are well fit by Gaussian lineshapes. 

The estimated standard deviation for PLL at pH=2 is σ~11º for both the PPII and the 2.51-helix 

conformations, while PGA at pH=9 shows a broader distribution for PPII with σ~22º and a 

sharper distribution for the 2.51-helix with σ~5º (Table 14). Both of these distributions are 

consistent with an electrostatic repulsive interaction which destabilizes the PPII conformation 

relative to the 2.51-helix. The electrostatic interactions are larger for the shorter sidechain PGA 

relative to PLL, which should lead to a sharper distribution of angles for the 2.51 helix. In fact, 

the PGA PPII conformation minimum Ψ angle is shifted towards that of the 2.51 helix 

conformation. 

The calculated β-sheet spectrum of the PLL-PGA mixture shows the broadest distribution 

of Ψ angles with σ~23º. This indicates that the β-sheet conformations shows the smallest energy 

penalty for changes in their Ψ angles. This is expected since a significant flexibility should exist 

for interpeptide bond hydrogen bond linkages; the angular dependence of hydrogen bond 

energies should be small around the equilibrium configuration. 

 
Table 14.  Ψ angle distribution of PPII-helix, 2.51-helix and β-sheet conformations of PLL and PGA.  The 

table lists the standard deviation of the Ψ angle, σ, the ratio R of amplitudes of the 2.51-helix relative to that of the 

PPII conformation, the Gibbs free energy difference between the 2.51-helix and the PPII conformations, and the 

torsional constant K for Ψ angle deformations. 

 

Conformation 

 

σ,  deg 

 

R = 2.51-helix/ 
PPII-helix 

 

ΔG=G(PPII)–G(2.51), 
cal/mole 

 

K,  cal/(deg)2 

PLL PPII- 11° 2.7 

PLL 2.51 11° 

 

0.87 

 

−74 2.6 

PGA PPII 22° 1.0 

PGA 2.51 5° 

 

0.76 

 

−152 4.9 

PLL-PGA    
β-sheet 

23° N/A N/A 0.73 
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6.3.8 Determination of Gibbs Free Energy Curves for PPII↔2.51-Helix along the Ψ Angle 

Reaction Coordinate 

We can estimate the Gibbs free energy landscape of the PPII and 2.51-helix conformations along 

the Ψ angle reaction coordinate from the calculated Ψ angle distributions. We assume that the 

distributions have identical degeneracies and that the probability of each conformation to occur 

at a particular Ψ angle is given by a simple Boltzmann distribution: 

( ) TkNGG

o

i BAoien
n /))()((

)(
Ψ−Ψ−=

Ψ
Ψ

                                (13) 

where n(Ψi)/n(Ψo) is the ratio of populations with Ramachandran angles Ψi  and Ψo, G(Ψi) is the 

Gibbs free energy of the conformation with angle Ψi, NA is Avogadro’s number, kB is the 

Boltzmann constant, T is temperature. 

Thus, Gibbs free energy difference between the PPII and 2.51-helix conformations can be 

estimated as: 

ΔG = GPPII – G2.51 = −NA kB T ln(nPPII /n2.51) = −NA kB T lnR                (14)  

where R is the amplitude ratio at the energy minimum of the two conformations in Fig. 65. 

Using the Eqn. 14, we obtain ΔG of -152 and -74 cal/mol for PGA and PLL, respectively, 

for Ψ angles at the minimum of these energy distributions (see Table 14). The fact that these Ψ 

angle distributions are well modeled by Gaussians (Fig. 65) results from the fact that the 

potential energy of a conformation about its equilibrium is given by E = Eo + K ΔΨ2, where Eo is 

the energy at the minimum Ψ of a conformation and K is the torsional force constant. Table 14 

shows that the torsional constant is the smallest for the β-sheet conformation while it is the 

largest for the PGA 2.51 conformation. The 2.51-helix → PPII crossing barriers for PLL and 

PGA have similar values of ~170 and ~200 cal/mol, respectively. In contrast, PPII → 2.51-helix 

crossing barriers for PLL and PGA have values of ~250 and ~100 cal/mol, respectively. These 

observations are expected, since the stronger electrostatic repulsion between charges located on 

shorter side chains of PGA (with respect to that of PLL) should stabilize the 2.51-helix and 

destabilize the PPII conformations. 
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We can use this information to calculate the Gibbs free energy landscape of these 

peptides along the Ramachandran Ψ angle coordinate (Fig. 66). We find similar energy 

landscapes for PGA and PLL when their side chains are ionized. The side chain electrostatic 

repulsions lower the 2.51-helix conformation energy relative to that of the PPII conformation. 

This effect is more significant for the shorter side chain PGA peptides, where the electrostatic 

repulsions exert a larger energetic penalty for deviations from the minimum energy Ψ angle 

conformation geometry of the 2.51 helix. The barriers between these two conformations are 

slightly less than NAkBT (~540 cal/mol at 0 °C). Thus, it is likely in solution that these 

conformations rapidly interconvert. The major changes in geometry would involve mainly the Ψ 

and Φ coordinates. These changes would merely change the number of residues per turn. 
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Figure 66.  Estimated Gibbs free energy landscapes G-G0 for pH=2 PLL, pH=9 PGA, and PLL-PGA pure β-sheet 

along the Ψ angle coordinate. We define G0=G(Ψ0)=0 (see text for detail).  
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The α-helix conformation is the most stable PGA and PLL conformation at 0 ºC if the 

side chains are neutralized by changing pH.60,99 In this case the α-helix conformations melt 

mainly to the PPII conformations upon temperature increases to room temperature. 

The molecular mechanism of this conformational change is difficult to envision since not 

only do the interpeptide hydrogen bonds have to rupture, but the helix must unwind and then 

rewind to reverse its handedness. Previous considerations of α-helix melting imagined that it was 

induced by a the step-wise α-helix hydration which stabilized intermediates such as β-turns and 

reverse turns.100-102 However, the set of steps that would lead to a reverse helix are harder to 

visualize. 

6.4 CONCLUSIONS 

Our study of unfolded states of PLL and PGA indicates that they exist as a mixture of PPII and 

the extended 2.51-helix (β-strand-like) conformations. The charged side chains of pH=2 PLL and 

pH=9 PGA force the PLL and PGA chains in water to adopt a more extended conformations that 

minimize interchain repulsions. The β-sheet structure of the PLL-PGA mixture showed little 

evidence for hydrogen bonding between the polypeptide backbone and water. We also utilized a 

new algorithm which allows us to estimate the Ψ Ramachandran angle from the AmIII3 

frequency. This analysis demonstrates that each conformation has a distribution of Ψ-angles 

about the minimum Ψ conformational energy. The sharper Ψ angle distribution of the PGA 2.51-

helix than that of PLL 2.51-helix, as well as, the absence of the 2.51-helix conformation in 

alanine-based peptides are consistent with the hypothesized electrostatic mechanism of 

stabilization of the 2.51-helix. We were able to calculate the Ψ-angle energy landscape features 

of these observed conformations. This is an important advance since the Ψ-angle coordinate is 

the most important coordinate for protein and peptide secondary structure changes. 
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7.0  CHAPTER 7.  UV RESONANCE RAMAN STUDY OF THE SPATIAL 

DEPENDENCE OF α-HELIX UNFOLDING 

Work described in this chapter is published in J. Phys. Chem. A, 2002, 106, 3621-3624 (Authors:  

Ianoul, A.; Mikhonin, A. V.; Lednev, I. K.; and Asher, S. A.).  We used ultraviolet resonance 

Raman (UVRR) spectra to examine the spatial dependence and the thermodynamics of α-helix 

melting of an isotopically labeled α-helical, 21-residue, mainly alanine peptide. The peptide was 

synthesized with six natural abundance amino acids at the center and mainly perdeuterated 

residues elsewhere. Cα deuteration of a peptide bond decouples Cα-H bending from N-H 

bending, which significantly shifts the PPII conformation amide III band; this shift clearly 

resolves it from the amide III band of the nondeuterated peptide bonds. Analysis of the 

isotopically spectrally resolved amide III bands from the external and central peptide amide 

bonds show that the six central amide bonds have a higher α-helix melting temperature (~ 32 °C) 

than that of the exterior amide bonds (~5 °C). 

7.1 INTRODUCTION 

An elucidation of the mechanism of protein folding requires the understanding of the structural 

and dynamical aspects of α-helix unfolding.1-4 Previous theoretical examinations of α-helix 

unfolding predicted that at equilibrium all but the longest α-helices would contain only a single 

helix sequence and that this helix would unfold from its ends.5 Recent transient fluorescence 

probe,6,7 IR absorption4 and UV resonance Raman (UVRR) studies1,8 have found that the 

unfolding dynamics occurs on a 200 ns time scale and that the kinetics have the appearance of a 

two state unfolding mechanism. However, detailed kinetic temperature dependent measurements 



 191 

indicate that the unfolding does not show a simple two state Arrhenius behavior.1 This clearly 

signals that the true mechanism follows an intrinsically complicated energy landscape. 

Our recent kinetic UVRR investigations1,8 have allowed us to examine the dynamics of 

peptide unfolding by examining the evolution of the UVRR spectra caused by a ns T-jump. The 

Raman spectra are highly resolved and can be used to quantitatively determine the secondary 

structure composition. The obvious next step in the study of the helix unfolding process is to 

understand the spatial dependence of unfolding. 

We show here that it is possible to determine the spatial dependence of peptide unfolding 

through isotopic labeling. Isotopic labeling shifts the vibrational bands such that the 

conformational evolution of an isotopically labeled region can be resolved from the 

conformational evolution of an unlabeled region. We, thus, measure the temperature induced 

melting of different parts of the α-helix, and find different melting temperatures for the exterior 

versus the central peptide amide bonds. 

7.2 EXPERIMENTAL 

7.2.1 Materials. 

The alanine based polypeptide (AP) of composition A5(A3RA)3A and the deuterium labeled 

peptide AAAAAAAA-RAAAAR-AAAA-R-AA (AdP), where A is L-Ala(2,3,3,3-D4) were 

synthesized (>95% purity) at the Pittsburgh Cancer Institute by the solid-phase peptide synthesis 

method. 

7.2.2 Instrumentation 

The UV-Raman instrumentation is described in detail elsewhere.1,8 UVRR spectra were 

measured using 204 nm excitation obtained by antiStokes Raman shifting the third harmonic of 

an Infinity YAG laser (Coherent Inc.) in H2. The Raman scattered light was collected in a ~135° 

back-scattering geometry and dispersed by a Spex double monochromator. An intensified CCD 
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detector (Princeton Instrument Co.) was used for detection. The samples were measured in a 

temperature controlled free-surface flow stream. 

All spectra were normalized to the ClO4
-
 internal standard band at 932 cm-1. The broad 

1640 cm-1 H2O Raman bending band was subtracted using a measured solvent reference 

spectrum. 

The CD spectra were measured by using a Jasco 710 spectropolarimeter. 

7.3 RESULTS AND DISCUSSION 

In order to spectrally spatially resolve the central from the exterior peptide bonds we compared 

the UVRR spectra of natural abundance AP to the deuterium labeled peptide AAAAAAAA-

RAAAAR-AAAA-R-AA (AdP), where A is L-Ala(2,3,3,3-D4). Both peptide termini are fully 

deuterated, except for the residue nineteen arg group, while the central two arg and the four ala 

are natural abundance. 

7.3.1 UVRR spectra of AP and AdP. 

Figure 67 shows 204 nm excited UVRR spectra of AdP and the natural abundance alanine 

peptide (AP) at low (-0.2 °C) and high (+70 °C) temperatures as well as their temperature 

difference spectra. Originally, Lednev et al.1 incorrectly assumed that unfolded AP at 70 °C is 

essentially random coil and shows bands at ~1660 cm-1, ~1550 cm-1, ~1380 cm-1 and ~1249 cm-1 

which are assigned to the amide I, amide II, Cα-H bending and amide III vibrations, 

respectively.1 However, later we showed that unfolded AP is essentially in a PPII conformation 

(see Chapter 2 for detail). We measure an amide III Raman cross section of ~60 mBarn/(peptide 

bond⋅sr). 

As shown previously, the temperature-induced spectral differences result from the α-

helix→PPII transition combined with a modest monotonic temperature dependence for the PPII 

Raman bands.1 The AP difference spectrum (Fig. 67c) shows a peak at 1234 cm-1 due to the loss 

of the PPII amide III intensity. The broad peak at ~1377 cm-1 derives from the loss of the PPII 
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Cα-H bending band. Other difference features also occur, such as the derivative shaped amide I 

feature, due to the fact that the PPII amide I band occurs at higher frequency than does the α-

helix form. 
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Figure 67.  204 nm excited UV RR spectra of the 21 unit peptide AP (AAAAAAAA-RAAAAR-AAAA-R-AA) (a, 

b, c) and the deuterated peptide AdP (AAAAAAAA-RAAAAR-AAAA-R-AA, where A is L-Ala(2,3,3,3-D4)). 

alanine peptide AP (d, e, f) at –0.2°C (b, e), +70°C (a, d) and their difference spectra (c, f).  The experimental setup 

is described in ref.1 The 932 cm-1 band of 0.15 M sodium perchlorate was used as an internal standard, and the 
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peptide concentrations were 0.5 mg/ml. We utilize a spectral accumulation time of 20 min, with a spectral resolution 

of ~10 cm-1.  The star marks a peak assigned to molecular oxygen.  Spectra (c) and (f) were multiplied by 2. 

 

The UVRR spectra of AdP differ from those of AP mainly in an upshift of the Cα 

deuterated amide III band to ~1325 cm-1.9-13 The deuterated amide III band displays a 

dramatically increased Raman cross section of ~217 mBarn/(peptide bond⋅sr). In addition, the 

Cα-H bending band intensity decreases due to deuteration of some of the Cα carbon amide bonds. 

Thus, the ~1325 cm-1 band intensity derives mainly from the amide III band from the 

deuterated amide bonds. The non-deuterated part of AdP shows a spectrum similar to that of AP 

(Fig. 67); the shoulders observed at ~1240 and 1380 cm-1 in the spectrum of AdP derives from 

the amide III bands of the non-deuterated amide bonds. The remainder of the AdP spectrum is 

very similar to that of AP. 

The AdP difference spectrum shows peaks at 1240, 1325, and 1370 cm-1, in addition to 

the derivative shaped amide I difference band (Fig. 67f). The 1240 and 1370 cm-1 peaks are 

similar to those in the AP difference spectrum (Fig. 67c). They derive from the amide III and Cα-

H bending of the increased concentration of the PPII conformation in the non-deuterated, center 

of AdP. In contrast, the 1325 cm-1 band, absent in the difference spectrum of AP (Fig. 67c), 

derives mostly from the deuterated part of AdP and is dominated by the conversion of deuterated 

amide bonds from the α-helix to the PPII conformation. 

The intensity of the 1325 cm-1 deuterated amide III difference spectral peak is determined 

mainly by the difference in the amide III Raman cross section between the α-helix and the PPII 

deuterated amide bonds, since there is little change in the amide III frequency between the α-

helix and PPII conformations. The temperature dependence of the frequencies appears to be 

negligible, as evident from the lack of a derivative feature in the difference spectrum. 

The intensities of the 1240 and 1370 cm-1 difference spectral peaks are determined 

mainly by the increase in the number of PPII amide bonds, since only PPII amide bonds give rise 

to the peaks at 1235 and 1370 cm-1. Thus, the magnitude of the deuterated and non-deuterated 

peptide bond temperature difference spectral peaks is proportional to the total number of amide 

bonds undergoing the conformational transition from α-helix to PPII. 
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7.3.2 Melting of AP and AdP. 

Fig. 68A shows the calculated α-helical fractions of AP and AdP determined from their 

measured CD spectra, according to the method described in reference 1.  Figs. 68B and 68C 

show the calculated α-helical fraction of AP, and the spatially resolved calculated α-helical 

fractions of the central six and exterior fourteen amide bonds of AdP determined by analyzing 

the UVRR spectra as described in the Appendix B below. 

The Fig. 68A CD data show the expected identical α-helix melting curves for AdP and 

AP, which yield Tm=5° C for the average peptide bond melting temperatures. As previously1 

discussed in detail, we calculate a significantly higher average peptide bond Tm = 17 °C from the 

Fig. 68B UV Raman data because the Raman spectra more heavily weight shorter α-helical 

segments than do the CD spectra.1,14 This modeling assumes that a total of six penultimate 

residues will not form an α-helix, since they cannot have both stabilizing α-helix hydrogen 

bonds. Thus, we expect that a maximum of eight of the thirteen deuterated external peptide 

bonds can be involved in an α-helix (62% maximum α-helix fraction). 

The Fig. 68B peptide melting curves are scaled to the total number of amide bonds 

(twenty), while the Fig. 68C melting curves are scaled to show the relative α-helical fraction of 

the central six residues, and the relative α-helical fraction of the exterior eight dueterated 

residues that can potentially form an α-helix. 

Fig. 68B and 68C show significantly different melting curves for the central and exterior 

AdP peptide bonds. The six central peptide bonds show a complete melting curve with an 

apparent Tm = 32 °C (Fig. 68C). The central six peptide bonds are essentially 100 % α-helical at 

0 °C and have negligible α-helix content at 60 °C. 

In contrast, the exterior peptide bonds are ~60 % α-helical at 0 °C and are negligibly α-

helical by 40 °C. We calculate a Tm = 5° C. Thus, at the average AdP and AP peptide bond 

melting temperature of Tm= 17 °C, where the α-helix conformation involves half (seven) of all of 

the amide bonds capable of forming an α-helix (fourteen), ~80% of the six central amide bonds 

(~five) occur in an α-helix. In contrast, only ~20 % of the exterior peptide amide bonds (eight) 

are α-helical (~two) as shown in Fig. 68C. These results, which demonstrate a decreased Tm for 
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exterior amide bonds, are predicted by theory,5 and are similar to the results of 13C NMR studies 

of the α-helical peptide acetyl-W(EAAAR)3A.15 
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Figure 68.  A) Temperature dependence of the AP and AdP α-helicity as calculated from CD measurements using 

the method described in reference 1. The CD data were fitted to expressions for the molar ellipticity analogous to 

equations 15 and 16 assuming the maximum α-helical fraction 0.78.1  B) α-helical fraction temperature dependence 

calculated from the UVRR spectra of AP (●), non- deuterated central amide bonds (◊) and deuterated external amide 

bonds (♦) of AdP. The α-helix composition was ratiod to the total number of AdP peptide bonds (twenty).  Solid 

lines are the best fits obtained using Eqs. 15 and 16 with the parameters listed in Table 15, assuming the maximum 

α-helical fractions 0.7 for AP, 0.3 for the central peptide bonds of AdP and 0.4 for the external peptide bonds of 

AdP.1 C) α-helical fraction temperature dependence from Fig. 68B normalized to the number of peptide bonds of 

the central and of the external segments that can form an α-helix. Solid lines are the best fits obtained using Eqs. 15 

and 16 with the parameters listed in the Table 15. 
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Table 15.  Thermodynamic Parameters for AdP and AP Coil↔Helix Transition. 

 Tm, °C ΔH, kcal/mol peptide ΔS, kcal/(mol peptide⋅K) 

AP 17+/-5 -14.8+/-2 -51+/-6 

AdP, ends 5+/-5 -14.4+/-4.1 -51.9+/-14 

AdP, center 32+/-5 -18.7+/-5.5 -61.2+/-18 

 

We calculated the thermodynamic parameters for the central, and exterior peptide bonds 

(Table 15) from the UVRR melting curves by assuming the simplest two- state model for both 

internal as well as penultimate amide bonds of AdP: 

 

)
R
ΔS

RT
ΔHexp(1

f
(T)f max

+−+
=α

                                              (15) 

 

)
R
ΔS

RT
ΔHexp(1

fd(T)fd
dd

max
α

+−+
=

                                   (16)  

 

Here fα(T) and fdα(T) are the temperature dependent fractional α-helix content of the 

central and exterior peptide bonds, while fmax is maximum α-helix fraction of the six central 

nondeuterated peptide bonds.  fdmax is the α-helix fraction of eight exterior peptide bonds which 

can occur in an α-helix.  fmax = 6/20=0.3 and fdmax = 8/20 = 0.4. 

Although we see clear differences in Tm, the differences in ΔH and ΔS for the central 

residues compared to the external residues, are within the error bars of the modeling, due to the 

limited spectral signal to noise ratios. We will revisit this issue in the future when we obtain 

higher signal to noise ratio data from higher concentration peptide samples; we presently have 

only small amounts of the AdP peptide. 
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7.4 CONCLUSIONS 

The work here demonstrates that UVRR measurements of a selectively deuterium labeled α-

helical peptide allows us to spatially resolve the conformation of individual peptide bonds. We 

observe significantly higher Tm values for peptide bonds in the center of the peptide compared to 

the external peptide bonds. We are beginning nsec UV resonance Raman T-jump studies of this 

peptide to spatially resolve the dynamics of α-helix unfolding (See Chapter 9 for detail).  
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8.0  CHAPTER 8. DIRECT UV RAMAN MONITORING OF 310- AND π-HELIX 

PREMELTING DURING α-HELIX UNFOLDING 

Work, described in this chapter, is published in J. Am. Chem. Soc., 2006, 128(42), 13789-13795 

(Authors:  Mikhonin, A. V.; and Asher, S. A.). We used UV resonance Raman (UVRR) 

spectroscopy exciting at ~200 nm within the peptide bond π→π* transitions to selectively study 

the amide vibrations of peptide bonds during α-helix melting. The dependence of the amide 

frequencies on their Ψ Ramachandran angles and hydrogen bonding enables us, for the first time, 

to experimentally determine the temperature dependence of the peptide bond Ψ Ramachandran 

angle population distribution of a 21-residue mainly alanine peptide. These Ψ distributions 

allows us to easily discriminate between α-helix, 310-helix and π-helix/bulge conformations, 

obtain their individual melting curves, and estimate the corresponding Zimm and Bragg 

parameters. A striking finding is that α-helix melting is more cooperative and shows a higher 

melting temperature than previously erroneously observed. These Ψ distributions also enable the 

experimental determination of the Gibbs free energy landscape along the Ψ reaction coordinate, 

which further allows us to estimate the free energy barriers along the AP melting pathway. These 

results will serve as a benchmark for the numerous untested theoretical studies of protein and 

peptide folding. 

8.1 INTRODUCTION 

The formation and melting of α-helices is the most fundamental secondary structure dynamic of 

peptides and proteins in their conformational search between their folded and unfolded 

structures. This conformational search has been studied for well over 50 years. The basic theory, 

which modeled this transition was proposed by Zimm and Bragg1 and Poland and Sheraga2 
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approximately forty five years ago, envisioned a transition between an ordered α-helix structure 

and a disordered random coil structure. Cooperativity in the transition was modeled through the 

assumption that the nucleation step for α-helix formation occurs at a higher free energy because 

of the entropic expense associated with restricting four amino acid residues to occur in α-helical 

conformation prior to compensation by the intrahelix hydrogen bonding. 

This theory, which appeared to adequately model α-helix stability is parameterized in 

terms of three parameters, б, the small nucleation parameter, s the propagation parameter and N 

the length of the peptide. Experimental studies of typical synthetic peptides which form α-

helices (such as peptides rich in ala) indicate that the α-helix melting and formation is only 

weakly cooperative, with melting temperatures of between 10 and 30 °C.3-7 Recent kinetic α-

helix melting studies, which have utilized pump-probe spectroscopic techniques such as 

temperature-jump fluorescence, IR and UV Raman investigations often demonstrate single 

exponential melting.3-6,8 More complex multiexponential and/or nonexponential behavior is also 

sometimes observed,7,9,10 as are different kinetics for T-jumps between different initial and final 

temperatures. IR studies of peptides isotopically labeled at specific positions, also indicate that 

the different parts of polypeptide chains have different melting rates.11,12 The time scale for 

melting appears to be ~200 nsec, a long time compared to the sub-nsec expected propagation 

times required to add or remove individual α-helical residues at the α-helix ends. 

Recent molecular dynamics (MD) simulations of α-helix conformational dynamics have 

demonstrated that α-helix melting and formation is likely to be complex,13-19 since the other 

states such as turns, 310- and π-helices are involved as the α-helix conformation nucleates, grows 

and melts.20-32 These MD studies suggest that these 310 and π helical conformations, as well as 

different turn motifs, are intermediates in α-helix formation and melting, and can also be present 

as defects in long α-helices. 

A number of recent experimental α-helix melting studies have begun to challenge the 

standard view of the α-helix conformational dynamics discussed above. A major challenge is the 

clear recent demonstrations that α-helices do not melt to random coil conformations.33-37 Rather, 

the unfolded peptides and proteins exist in PPII conformations,33-50 which consist of left handed 

helices with 3 residues per helical turn, where the peptide bonds hydrogen bond to water.51-53 
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In the work here, we utilize UV resonance Raman (UVRR) spectroscopy with excitation 

within the peptide bond π→π* transitions54 to selectively probe the vibrational spectra of the 

peptide bonds.55-58 Our recent examination of the UVRR spectra of peptides and proteins has 

uncovered a quantitative correlation between the frequency of a particular vibrational band called 

the amide III3 (AmIII3) band and the peptide bond Ramachandran Ψ angle.59 This quantitative 

correlation enables the revolutionary determination of motion along the major reaction 

coordinate for secondary structure evolution. Here, we utilize this correlation for the first time to 

quantitatively monitor the different secondary structures involved in α-helix melting and how 

they evolve with temperature. This enables us for the first time to monitor both the change in 

average α-helical length and the presence of non α-helical defects. 

8.2 EXPERIMENTAL SECTION 

8.2.1 Materials 

The 21-residue alanine-based peptide AAAAA(AAARA)3A (AP) was prepared (HPLC pure) at 

the Pittsburgh Peptide Facility by using the solid-state peptide synthesis method. The AP 

solutions in water contained 3 mg/ml concentrations of AP, and 0.2 M concentrations of sodium 

perchlorate, which was used as internal intensity and frequency standards. All UVRR spectra 

were normalized to the intensity of the ClO4
- Raman band (932 cm-1). 

8.2.2 UV resonance Raman Instrumentation 

The UVRR apparatus is described in detail by Bykov et al.60 and Lednev et al.5 Briefly, the third 

harmonic of a Coherent Infinity Nd:YAG laser operating at 100 Hz with a 3 nsec pulse width 

was Raman shifted by five anti-Stokes harmonics in 40 psi hydrogen gas to 204 nm to excite the 

amide band UVRR spectra. The Raman scattered light was collected at an angle close to 

backscattering and was dispersed with a partially subtractive double monochromator. The Raman 

scattered light was detected by using a Princeton Instruments Spec-10:400B CCD camera 
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purchased from Roper Scientific. The spectral accumulation times were ~5 min with a spectral 

resolution of ~10 cm-1. 

8.3 RESULTS AND DISCUSSION 

8.3.1 UVRR α-Helix-Like AmIII3 Band Dramatically Narrows at Elevated Temperatures 

Fig. 69 shows the temperature dependence of the 204 nm-excited UVRR spectra of a 21 amino 

acid residue mainly ala peptide, AP, containing three arg for solubility. This peptide is >55 % α-

helical at 0°C and less than 10 % α-helical by 50°C.5,6 At 50°C, the peptide is predominantly in 

the PPII conformation.34 

The measured UVRR spectra at different temperatures are shown in Fig. 69A, while Fig. 

69B shows spectra of the pure PPII conformation at different temperatures. The 49 and 65 °C 

Fig. 69A spectra are essentially pure PPII spectra, while the lower temperature spectra are a 

mixture of PPII and α-helix-like spectra. 

We previously5 calculated the underlying pure PPII spectra at different temperatures, as 

shown in Fig. 69B. Originally, we incorrectly denoted these spectra as “random coil”5, but later 

showed that these are essentially pure PPII spectra, although minor contributions from various 

turns and β-strand conformations could also exist.34 The major temperature induced spectral 

differences in the PPII spectra derive from small frequency shifts due to the decreased peptide 

bond-water hydrogen bond strength as the temperature increases.34,38,61 The Figs 69C-F 

difference spectra at different temperatures, which were calculated by subtracting off the PPII 

spectral contributions, look α-helix-like,5 but contain additional features. 

The high temperature Fig. 69A spectra and the Fig. 69B PPII spectra show a strong 

AmIII3 band at ~1245, a minor AmIII2 band at ~1303, and a ~1370 and 1394 cm-1 doublet from 

the Cα-H b of the PPII conformation. The Fig. 69C-F spectra are α-helix-like. The α-helical 

spectrum shows an AmIII3 band (which we denote AmIII3H) at ~1261 cm-1, a ~1306 cm-1 AmIII2 

band, and a ~1337 cm-1 AmIII1 band. Small bands at ~1365 and 1387 cm-1 may originate either 

from the CH3 umbrella mode of ala side chains,61,62 or derive from Cα-H b of minor turn or β-
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strand conformations (see below). The band at ~1165 cm-1 originates from the arg side chain,63 

and is useful as an additional internal standard band since its intensity should be independent of 

temperature. 
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Figure 69.  Temperature dependence of the Amide III region of the 204 nm excited UV resonance Raman (UVRR) 

spectra of AP. (A) Experimental spectra.  (B) Calculated temperature dependent PPII spectra. Temperature 

dependence of the residual α-helical spectra at after removal of the PPII contributions: (C) 0 °C, (D) 10 °C, (E) 20 

°C, and (F) 30 °C.  The AmIII3 bands of α-helix-like conformations are shown in blue. 
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As shown in detail below, the ~1228 and ~1200 cm-1 bands (30 °C), which increase in 

relative intensity with temperature in Fig. 69C-F, derive from turn (or β-strand) conformations.59 

Thus, we designate them as AmIII3T1 and AmIII3T2 bands. 

The most striking spectral change with increasing temperature is an about two-fold 

decrease in the AmIII3H peak width with little accompanying change in the relative peak heights. 

In addition, the relative intensities of the AmIII3T1 and AmIII3T2 bands increase with temperature. 

The decreased signal-to noise ratio (S/N) of the higher temperature α-helix spectra (Fig. 69E, F) 

results from the decreased α-helical fractions of AP at 20 and 30 °C, compared to that at lower 

temperatures.5,6 

8.3.2 Temperature Dependence of Ψ Ramachandran Angle Distributions of AP 

We recently developed a method to determine the peptide bond Ψ Ramachandran angular 

distributions from the UVRR AmIII3 profiles.34,38,59,64 Fig. 70 shows the temperature dependence 

of the Ψ angular distributions calculated from the AmIII3 bands of the Fig. 69 UVRR spectra of 

AP. 

The Fig. 70 Ψ distributions shown in “blue-green” were obtained from the Fig. 69C-F 

AmIII3H band profiles using the Eq. 11B from Chapter 5 below developed for the interior α-helix 

peptide bonds.59 

 

)]26sin(541244[)( 011,
3 +⋅−= −− ψψν βα cmcmii

III
                                      

where )(,
3 ψν βα ii

III  is the “α-helical” AmIII3 frequency, which sinusoidally depends on Ψ angle. 

 

The “blue-green” distributions for “α-helical” peptide bonds remain essentially identical 

between 0 and 20 °C (Fig. 70A-C), but begin to narrow and upshift as the temperature increases 

to 30 °C (Fig. 70D). If these distributions are modeled as Gaussians; their average Ψ angle shifts 

from 48° to 42°, while their bandwidth parameter, σα (half width at half height), narrows from 

14.7°±3.3° to 5.2°±1.4° (Fig. 70). 
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Figure 70.  Temperature dependence of the calculated α-helix Ψ Ramachandran angular distributions from the 

Fig.69C-F AP α-helix UVRR spectra:  (A) 0 °C;  (B) 10 °C;  (C) 20 °C;  (D) 30 °C. 
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The Fig. 70 magenta distributions were calculated from the AmIII3 bands of PPII 

conformations shown in Fig. 69B, using the Eqn. 11A from Chapter 5 developed for peptide 

bonds fully exposed to water59: 

)}(11.0)]26sin(541256[),( 0

1
011

3 TT
C

cmcmcmT O
PPII
III −⋅⋅−+⋅−=

−
−− ψψν

     

where ),(3 TPPII
III ψν  is the PPII AmIII3 frequency, T is the experimental temperature, T0 = 0 °C. 

 

The Fig. 70 Ψ angle distributions shown in blue and black, were calculated from the 

AmIIIT1 and AmIIIT2 bands shown in Fig. 69C-F using the Eq. 11E from Chapter 5 developped 

for peptide bonds with unknown hydrogen bonding pattern in water solutions59: 

)}(06.0)]26sin(541250[),( 0

1
011

3 TT
C

cmcmcmT O
TURNS
III −⋅⋅−+⋅−=

−
−− ψψν

    

where all the parameters have the same physical meanings as in the Eqs. 11A and 11B. 

 

Each of the AmIIIT1 and AmIIIT2 bands gives two physically possible Ψ angle solutions 

as shown in Fig. 70. The AmIIIT1 band at ~1228 cm-1 (30 °C) gives a “blue” Ψ distribution 

which is either centered at Ψ ≈ −5° (which would derive from the i+2 residue of either type I, I’, 

II, II’ turns59), or Ψ ≈ +133° (which would derive from the i+1 residues of type II turns, the i+2 

residues of type VIII turns or β-strands59). The AmIIIT2 band at 1200 cm-1 (30 °C) has solutions 

Ψ ≈ +34° (which would derive from the i+1 residue of type I’ or III’ turns, or the i+2 residue of 

type III’ turns, or from an inverse γ-turn59), or Ψ ≈ +94° (which would derive from the i+1 

residues of type V turns, and β-strand conformations59). We are working on developing a method 

to determine the Ф angle to discriminate between these conformations. 

The relative contribution of these turn (or β-strand) conformations increases as the 

temperature increases, while the integrated intensity of the broad “α-helix-like” AmIII3H band 

decreases and its Ψ angle distribution narrows. The intensities of the turn (or β-strand) bands are 

small, indicating concentrations of less than 7 % presuming UVRR cross sections similar to that 

of the α-helix, or less then 3.5% presuming UVRR cross sections similar to that of PPII.61 
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8.3.3 Simultaneous Existence of α-Helix, 310-Helix, and π-Helix/Bulge Conformations 

The very broad AmIII3H Ψ angle distribution at low temperatures (Fig. 70A-C) spans the Ψ 

angles of the 310-helix and π-helix/bulge conformations. In contrast at 30 °C the bandwidth is 

only ~50% larger than the homogeneous bandwidth of 7.5 cm-1, which we measured for a small 

peptide in a single well defined crystal conformation.34 

The AP α-helical ensemble at 30 °C is centered at ΨMAX = −42° with a standard deviation 

of ±5.2° (Fig. 70D). This ±5.2° standard deviation is less than that found in the protein data bank 

for α-helices in single-crystal proteins.65 Thus, we conclude that the “α-helix-like” conformation 

of AP at 30 °C is a pure homogeneous α-helical conformation, while at lower temperatures 

additional conformations occur. The low Ψ angle standard deviation for the AP pure α-helix 

conformation presumably results from the high homogeneity of the AP primary sequence. 

The 3-fold broader “α-helix-like” Ψ angular distributions (Fig. 70A-C, “blue-green” 

distributions) compared to that at 30 °C (Fig. 70D) indicates the presence of additional 

conformations. We investigated the lower temperature Ψ angular distributions by subtracting the 

30 °C pure α-helix distribution from the lower temperature “α-helix-like” distributions. This 

subtraction is appropriate, because the individual peptide bonds Raman scatter UV light in the 

AmIII region independently,63 thus, the resulting UVRR spectra are the linear sums of individual 

peptide bond contributions.  Fig. 71, which shows the resulting Ψ angle distributions at 0, 10 and 

20 °C, demonstrates two relatively symmetric maxima at approximately −28° and −58°. 

The −28° maximum can be directly assigned to 310-helices (type III turns) which have Ψ 

and Φ Ramachandran angles of −26° and −60°, respectively. Hydrogen bonding in the 310-helix 

occurs between the ith and i+3th peptide bonds, making the 310-helix more tightly coiled than the 

α-helix. Our observation of 310-helices agrees with the recent evidence for 310-helices in ala-rich 

peptides.20,23-26,66-81 

The Ψ≈−58° distribution most likely originates from π-bulges, which are known to be a 

common deformation in α-helices.65 These π-bulges are short intrahelical deformations 

involving “π-helix-like” hydrogen bonding between the ith and i+5th residues. Though ideal π-

helices show Ψ and Φ Ramachandran angles of −69° and −57°, respectively, π-bulges show Ψ 
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angles close to Ψ≈−58°. Our observation of π-bulges agrees with recent reports on π-helix/π-

bulge conformations in ala rich peptides.21,25-27,30,80,82 
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Figure 71.  Temperature dependence of Ψ angular distributions for α-helical “defects”, calculated by subtracting 

pure α-helix (Fig. 70D) from total (Fig. 70A-C) distributions:  (A) 0 °C; (B) +10 °C;  (C) +20 °C. 
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We considered the possibility that the Ψ angle distribution assigned to π-bulges instead 

resulted from the three N-terminal and three C-terminal residues of α-helices which cannot fully 

intrahelix hydrogen bond. These peptide bonds, which are hydrogen bonded to water, would be 

frequency upshifted by 9 and 3 cm-1, respectively, compared to those which intrahelix hydrogen 

bond.59 However, the high temperature Fig. 70D α-helix distribution indicates that the terminal 

pure α-helix Ψ angle conformations overlap those of the central α-helix peptide bonds. Thus, we 

conclude that the terminal residues of the α-helices do not contribute to the Ψ = −58° 

distribution. 

8.3.4 Different Melting Temperatures (Tm) For α-Helix, 310-Helix, and π-Helix/Bulge 

If we assume identical Raman cross sections for the internal and terminal α-helix residues, as 

well as for the 310- and π-helices, we can calculate the melting curves for these conformations 

(Fig. 72), as well as the temperature dependence of their Gibbs free energy landscapes (Fig. 73). 

The most striking feature of the Fig. 72 melting curves is that α-helix melting now looks highly 

cooperative, with a Tm~45 °C, a substantially larger Tm than previously determined by CD4 and 

Raman5. Melting of the 310-helices and π-bulges is also cooperative with Tm~20 and 10 °C, 

respectively. Previous studies,6 unable to distinguish between these conformations, determined a 

much less cooperative average melting curve which could be well fit by a Zimm and Bragg 

nucleation parameter, б, of ~8⋅10-4 and a lower Tm = ~27 °C for the so called “α-helix”. As 

discussed later, we find that the Fig. 72 resolved α-helix melting curve results in quite different 

Zimm and Bragg nucleation and thermodynamic parameters. 

Recently, Ianoul et al.83 deuterium substituted the penultimate AP residues and 

demonstrated that the α-helix-like penultimate segments melt at lower temperatures than do the 

~6 central α-helical peptide bonds. This allows us to conclude that the 310-helices and π-bulge 

conformations preferentially occur in regions outside the six central AP peptide bonds, towards 

the ends of the α-helical segments. We can now reconsider the kinetic Raman melting studies of 

Lednev et al.6 who measured melting using a T-jump from 4 to 26 °C.  Fig. 72 shows that the π-

bulges are the dominant melting species between these temperatures. Thus, we now can conclude 

that melting of π-bulges occurs with a relaxation time of 180±60 ns. If these π-bulges melted to 
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PPII conformations directly in a two-state transition, we would estimate π-bulge folding and 

unfolding rate constants of as 4.0 x 105 and 5.2⋅x 106 s-1, respectively. 
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Figure 72.  Melting/formation curves for AP major pure secondary structure conformations.  (×) – Original “α-

helix” melting curve as reported by Lednev et al.5,6, which is a sum of individual α- π- and 310-helical melting 

curves;  (♦) – Perfect α-helix melting; (■) – 310-helix (type III turn) melting;  (●)– π-bulge (π-helix) melting; (⊕) – 

PPII formation.  The lines through the points for the “α-helix-like” conformations derive from the Zimm-Bragg 

model as described in the text. 

 

However, molecular dynamical studies indicate that the 310-helix and π-bulge 

conformations are transient α-helix defect structures,23-27 which are less stable than the pure α-

helix conformations and, therefore, melt at lower temperatures. Thus, our estimation of rate 

constants using a 2-state model is questionable. The stability of 310-helix and π-bulge 

conformations derives from the increased peptide bond-water hydrogen bonding stabilization34,38 

that occurs at lower temperatures for the more solvent exposed 310-helices (type III turns)84 and 

π-bulges65. 
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8.3.5 Experimental Gibbs Free Energy Landscapes 

We can utilize our calculated conformation population distributions (Fig. 70) to calculate 

portions of the Gibbs free energy landscape (GFEL) along the Ψ Ramachandran angle folding 

reaction coordinate, applying the simple Boltzmann argument.38 Fig. 73 shows the resulted AP 

GFEL at 0, 10, 20 and 30 °C. The black lines through circles show the well-determined portions 

of the GFEL in the α-helix and the PPII regions of the Ramachandran plot. The red line shows 

the fit of α-helical part of the GFEL using a harmonic oscillator model Gα=G0α+kα⋅(Ψ−Ψ0)2/2. 

This fit allows us to estimate the torsional restoring force constant (kα) for a perfect α-helix 

conformation at 30 °C, kα≈92 J/deg2. 

The dotted blue line in Fig. 73 shows a very roughly estimated GFEL in the “turn” 

regions of the Ramachandran plot, assuming that the assigned turns T1 and T2 exist at Ψ≈−5° 

and +34°, respectively. In this case, it is not possible to determine the portion of GFEL between 

Ψ values of ~60° and 100°, nor to reliably determine the free energy barrier between the α-helix 

and the PPII conformations (60° to 100°, Fig. 73). However, we can estimate that the barriers at 

other angles are <12.5 kJ/mol⋅peptide bond (kJ/mol⋅PB). 

The dashed green line in Fig. 73 shows another option for the GFEL in the “turn” region 

of the Ramachandran plot, which assumes that the turns T1 and T2 (or β-strands) exist at 

Ψ≈+133° and +94°, respectively. Under this assumption, we estimate that the free energy 

barriers between the α-helix and PPII conformations lie between 9 and 14 kJ/mol⋅PB. 

The experimental Fig. 73 AP GFELs are qualitatively similar to those theoretically 

estimated by Young and Brooks20 for Ace-(Ala)n-NMe (n=4, 5, 10, 15) in water. However, the 

Fig. 73 GFELs, in addition to pure α-helix and 310-helix conformations, also include 

contributions from a π-bulge conformation. It is striking that the Fig. 73 activation free energy 

barriers of ~10-12 kJ/mol⋅PB are essentially identical to that of Young and Brooks20 (~2-3 

kcal/mol⋅PB). However, we find that the apparent Gibbs free energy difference between the α-

helix and 310-helix conformations is ~2 kJ/mol⋅PB, which is smaller than the ~0.6-1.6 

kcal/mol⋅PB values calculated by Young and Brooks,20 as well as the ~1 kcal/mol⋅PB calculated 

value of Tirado-Rives et al.31 
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Figure 73.  Relative Gibbs energy landscapes (GFEL) for AP at different temperatures: (A) 0 °C, (B) +10 °C, (C) 

+20 °C, (D) +30 °C.  Black lines with circles represent well-determined portions of the GFEL in the α-helix and 

PPII regions of the Ramachandran plot.  The dotted blue line in the uncertain “turn” regions of the Ramachandran 

plot, assumes that the turns T1 and T2 exist at Ψ≈−10° and +30°, respectively.  The dashed green line assumes that 

turns T1 and T2 exist at Ψ≈+130° and +90°, respectively.  The red line shows the fit of α-helical part of GFEL using 

the harmonic oscillator approximation.  “PB” means “peptide bond”. 
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Applying the similar Boltzmann distribution argument,38 we can use, for example, the 

Fig. 71C 310-helix and π-bulge peptide bond distribution to estimate their relative Gibbs free 

energies, which allows us to determine the torsional constants for the 310-helix and the π-

bulge/helix conformations (Fig. 74). We find torsional constants k310≈146 and kπ≈33 J/deg2 for 

the 310-helix and the π-bulge at 20 °C, respectively. Thus, the more tightly coiled the “helical” 

structure, the larger is its torsional force constant (kπ<kα<k310), as expected. 
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Figure 74.  Relative Gibbs free energies of 310-helix and π-bulge at +20 °C as a function of Ψ angle.  Black line 

through circles shows the calculated GFEL obtained from the Fig. 71C distributions.  The red line shows the fit of 

these data points to a harmonic oscillator model.  “PB” means “peptide bond”. 
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8.3.6 Insights into Complex Melting Kinetics of AP-like Peptides 

Our results provide new insights into the melting phenomena of α-helices. The obvious 

population heterogeneity of the low temperature α-helix-like ensembles should contribute to 

complicated multi-exponential and/or non-exponential kinetics for α-helix melting, which is, in 

fact, observed for similar peptides.7,9 This population heterogeneity clarifies why the observed α-

helix kinetic melting in these peptides depends on the initial and final temperatures; complicated 

kinetic behaviors occur for low initial T-jump temperatures,7,9 whereas at higher initial 

temperatures sample the pure α-helix shows essentially monoexponential kinetic melting.7,9 

In addition, the recent kinetic studies of Decatur and coworkers11,12 suggest that the ala-

rich peptides show different mono-exponential relaxation times for different isotopically labeled 

segments of the ala-rich chains, which clearly suggests that the melting of these peptides is not a 

simple two-state process. 

Our melting studies here simply explain the anti-Arrhenius melting kinetics observed by 

Lednev et al.5 Folding kinetics are fast at low temperatures where relaxation involves 310-helices 

and π-bulges melting to PPII conformations. In contrast, the higher temperature melting T-jumps 

sampled only pure α-helix melting which was slower. The kinetic measurements were unable at 

that time to differentiate these different conformations. 

8.3.7 Zimm-Bragg Parameters for α-Helix, 310-Helix, and π-Helix/Bulge Conformations 

We can compare the Zimm and Bragg apparent nucleation parameters for these structures and 

estimate the melting enthalpies and entropies. The system is underdetermined so that these 

parameters are not independent. Since the perfect α-helix melting is more cooperative than that 

of the “so-called α-helix” (Fig. 72), we will assume that the perfect α-helix бα = ~10-5, 

somewhat less than the бα = ~8⋅10-4 reported by Lednev et al.6 The entropic cost for forming the 

first hydrogen bond in 310- and α-helices is counted in the nucleation parameter, б. Sheinerman 

and Brooks85 argued that two additional dihedral angles must be restricted to initially form a 310-

helical turn, while four additional dihedral angles must be restricted to initially form an α-helical 

turn. This led them to estimate that the nucleation parameter for the 310-helix is б310~(бα)0.5. 
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Applying this argument to a π-bulge we estimate that бπ ~ (бα)1.5, since six additional dihedral 

angles must be restricted to form first π-helical turn. Thus, taking бα~ 10-5, we estimate 

б310~3⋅10-3 and бπ~3⋅10-8. This approach allows for an adequate fit to the observed melting 

curves for perfect α-helices and π-helices/bulges (Fig. 72). We find hydrogen bonding enthalpies 

of ΔH = −7.2 and −4.4 kJ/(mol⋅res) for the perfect α-helix and the π-helix/bulge, respectively. 

We also estimate entropies ΔS = −17.4 and −7.8 J/(mol⋅K⋅res) for the perfect α-helix and π-

helix/bulge, respectively. In contrast, the Zimm and Bragg model fails to adequately describe the 

melting of 310-helices with physically reasonable nucleation and propagation parameters б and s, 

although it is possible to get an adequate fit (Fig. 72). 

Alternatively we can constrain the enthalpy for all these structures to be −6.3 kJ/(mol⋅res) 

and then estimate the nucleation parameters and the entropies. This approach provides the 

nucleation parameters of ~1⋅10-7, 1⋅10-8, and 1⋅10-5, for α-helix, 310-helix and π-helix/bulge 

respectively. We also estimate entropies of ~ −7.9, −7.8 and −14.6 J/(mol⋅K⋅res), respectively. 

Assuming the same enthalpies we find that the nucleation parameters follows a trend, exactly 

opposite of that expected by Sheinerman and Brooks.85 Whatever the case, the melting of α-

helix-like AP is definitely far from a two state transition. Thus, the physical meaning of these 

Zimm and Bragg parameters is no longer straightforward. 

8.4 CONCUSIONS 

Our ability to directly monitor the Ψ Ramachandran angles of peptide bonds allows us for the 

first time to separately study the melting of the α-, 310- and π-helix/bulge conformations. It is 

somewhat surprising to find that the 310- and π-helix/bulge conformations melt prior to melting 

of pure α-helices, since these conformations are proposed to be intermediates in the unfolding 

pathway. Apparently they are much more transient at the higher α-helix melting temperature. 

We estimated Zimm and Bragg nucleation (б) and propagation (s) parameters for perfect 

α-helix, and π-helix/bulge conformations. A striking finding is that the AP pure α-helix melts 

with much higher cooperativity and shows much higher Tm ~ 45 °C then it was originally 

reported by CD4 and Raman5. We were able for the first time to experimentally monitor the 
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Gibbs free energy landscapes and the free energy barriers on the AP melting reaction pathway. 

These experimental measurements should serve as a benchmark for theoretical studies of protein 

folding. Future equilibrium and kinetic studies of isotopically edited peptides will allow us to 

more deeply examine “α-helix” to PPII melting, as well as other peptide backbone 

conformational transitions. 
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9.0  CHAPTER 9.  UV RAMAN SPATIALLY RESOLVED MELTING DYNAMICS 

OF ISOTOPICALLY LABELED POLYALANYL PEPTIDE: SLOW α-HELIX 

MELTING FOLLOWS 310-HELICES AND π-BULGES PREMELTING 

Work, described in this Chapter, is submitted to the J. Phys. Chem. B, 2006. (Authors:  

Mikhonin, A. V.; Asher, S. A.; Bykov, S. V.; and Murza, A.).  We used UV resonance Raman 

(UVRR) to examine the spatial dependence of the T-jump secondary structure relaxation of an 

isotopically labeled 21-residue mainly ala peptide, AdP. The AdP penultimate ala residues were 

perdeuterated, leaving the central residues hydrogenated, to allow separate monitoring of melting 

of the middle versus the end peptide bonds. For 5 to 30 °C T-jumps, the central peptide bonds 

show a ~2-fold slower relaxation time (189±31 ns) than do the exterior peptide bonds (97±15 

ns). In contrast, for a 20 to 40 ºC T-jump, the central peptide bond relaxation appears to be faster 

(56±6 ns) than that of the penultimate peptide bonds (131±46 ns). We show that if the data are 

modeled as a 2-state transition, we find that only exterior peptide bonds show anti-Arrhenius 

folding behavior; while the middle peptide bonds show both normal Arrhenius-like folding and 

unfolding. This anti-Arrhenius behavior results from the involvement of π-bulges/helices and 

310-helix states in the melting. The unusual temperature dependence of the (un)folding rates of 

the interior and exterior peptide bonds is due to the different relative (un)folding rates of 310-

helices, α-helices and π-bulges/helices. Pure α-helix unfolding rates are ~12-fold slower (~1 

µsec) than that of π-bulges and 310-helices. In addition, we also find that the α-helix is most 

stable at the AdP N-terminus where eight consecuitive ala occur; whereas the three hydrophilic 

arg located in the middle and at the C-terminus destabilize the α-helix in these regions and 

induce defects such as π-bulges and 310-helices. 
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9.1 INTRODUCTION 

The classical picture of α-helix melting envisions an elementary process whereby individual 

peptide bonds at the ends of the α-helix rotate from conformations with α-helical Ramachandran 

Ψ and Φ dihedral angles to random coil conformations with uncorrelated, but allowed 

Ramachandran Ψ and Φ dihedral angles.1-3 This melting also involves breaking the intra-α-

helical hydrogen bonds. This highly simplistic view is the basis for the standard theories which 

are used to model the cooperativity in melting from the α-helix to its melted conformational 

state(s). This helix↔coil transition for short helix-forming peptides has recently been the subject 

of numerous experimental4-52 and theoretical53-116 investigations. 

This simple view of α-helix melting is now being challenged, because it appears that 

simple α-helical peptides often melt to a PPII conformation.117-124 In fact, there is no evidence in 

favor of melting to, or even for the existence of random coil peptides in solution. Thus, the 

standard theories for α-helix formation and melting must be modified to include the fact that the 

transition is not between an ordered α-helix and a disordered random coil conformation, but 

rather the transition is between two ordered conformations. Further, this transition must be more 

complex, since at least one additional interfacial state must occur to connect the α-helix segment 

to the PPII segment, due to the steric features that prevent any simple connection.68 

Given these complications, it is somewhat surprising that existing theory predicts the α-

helix melting behavior pretty well. In most cases, the melting relaxation kinetics appears to 

follow a single exponential decay.4-6,10,13-15,17,18,21,26 It should, however, be noted that clear 

departures from simple theory to date have been observed such as an α-helix peptide position 

dependence for the melting kinetics by Werner et al.’s10, Huang et al.’s32 and Ramajo et al.’s25 

time-resolved IR isotopically (C=O) labeled spectral study of the unfolding kinetics of ~20-

residue α-helical peptides. In addition, Huang et al.32-34 and Bredenbeck et al.22 found evidence 

for nonexponential relaxation. Theoretical models have been proposed to explain the observed 

nonexponential kinetics.33,63 

We recently used UV resonance Raman (UVRR) spectroscopy7 to examine the spatial 

dependence of melting of an isotopically labeled mainly ala α-helical peptide, AdP. UVRR 

spectroscopy is a powerful method to quantitatively determine peptide secondary 
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structures.4,7,125-130 UV excitation within the peptide bond π ́→π* transition selectively enhances a 

number of amide vibrations, whose frequencies and intensities report on the polypeptide 

backbone conformation.4,125-128,131 The UVRR spectra are highly resolved. Laser induced 

temperature-jump (T-jump) kinetic UVRR measurements allow detailed studies of peptide 

unfolding.4-6 In these studies the temperature of the peptide aqueous solution is increased within 

nsec by an IR laser pulse whose wavelength is completely absorbed by a water combination 

band. The temperature increase initiates peptide unfolding. A subsequent 204 nm UV excitation 

pulse at the appropriate delay time after the T-jump excites the UVRR spectra. 

These UVRR spectra can be used to monitor the relaxation of the peptide conformation. 

For natural abundance AP we previously observed4-6 a simple moderately cooperative melting 

curve with apparently simple single exponential relaxation kinetics (~200 nsec). The only 

indication of complexity in the kinetics came from a 2-state analysis of the temperature 

dependence which demonstrated an anti-Arrhenius temperature dependence for α-helix folding 

rate constant. The relaxation kinetics observed were similar to the melting behaviors observed 

for similar α-helical polypeptides.4-6,10,13-15,17,18,21 

In a previous study we isotopically labeled AP in order to separately monitor the end 

peptide bonds melting versus that of the interior peptide bonds.7 We found that the central 

peptide bonds have a higher equilibrium melting temperature than do the end peptide bonds. In 

the work here we directly examine the spatial dependence of unfolding kinetics for this partially 

deuterated peptide, AdP. As discussed below we find faster relaxation kinetics for the end 

peptide bonds compared to the middle for a 5 to 30 °C T-jump. In contrast, we find slower 

relaxation kinetics for the end peptide bonds compared to the middle for the 20 to 40 °C T-jump. 

We find that this behavior results from different relative contributions in the different regions of 

slower melting pure α-helices and faster melting π-bulges and 310-helices to the observed 

melting kinetics. 

The AdP kinetic data can be adequately fit by single exponentials, within the S/N of our 

data. However, if we apply a two-state model similar to that of Lednev et al.4 we calculate strong 

anti-Arrhenius behavior for folding of the end peptide bonds, whereas, the middle peptide bond 

(un)folding shows a normal Arrhenius behavior. This apparent anti-Arrhenius behavior results 

from involvement of additional states. These results are consistent with recent evidence that the 

ends of AdP-like peptides are frayed.7,12,23,25,28,29,31,37,43,75,80 We successfully model the observed 
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anti-Arrhenius behavior by taking into account π-bulge and 310-helical conformation melting, in 

addition to that of pure α-helix. This model is supported by recent studies by us and others, 

which report evidence for 310-helix56,72,74,86,132-145 and π-helix/bulge57,98,140,145-148 conformations 

in ala-rich peptides. Further, our model also explains the complicated nonexponential behavior 

observed earlier by Huang et al.34 and Bredenbeck et al.22 for similar peptides. 

9.2 MATERIALS AND METHODS 

9.2.1 Materials 

The partially deuterated 21-residue alanine-based peptide (AdP) as well as its natural abundance 

analog AP, were synthesized by AnaSpec. Inc.  The eight terminal ala at the amino end and the 

six terminal ala at the carboxyl end of the AdP peptide were perdeuterated while maintaining a 

non-deuterated center (AdAdAdAdAdAdAdAd-RAAAA-RAdAdAdAd-RAdAd, where the bold 

letters label the 2,3,3,3-deuterated residues). 

The AdP purity as well as the position of deuterated amino-acid residues was 

independently verified by MALDI MS analysis kindly performed by Anton Karnoup (The Dow 

Chemical Company, Midland, MI). Analysis was carried out using a Voyager DE-STR MALDI-

TOF mass spectrometer (Applied biosystems) operated in reflection and post-source decay 

(PSD) modes. 

9.2.2 T-jump Raman Spectral Measurements. 

The UV Raman spectrometer is described in detail elsewhere.4,149 Briefly, the third harmonic of a 

Coherent Infinity Nd:YAG laser operating at 90 Hz with a 3 nsec pulse width was Raman shifted 

five anti-Stokes harmonics in 40 psi hydrogen gas to 204 nm to excite the amide band UVRR 

spectra. The Raman scattered light was collected at an angle close to backscattering and 

dispersed with a partially subtractive double monochromator. The Raman scattered light was 
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detected by using a Princeton Instruments Spec-10:400B CCD camera (Roper Scientific). We 

used spectral accumulation times of ~5 min with spectral resolutions of ~10 cm-1. 

To selectively heat the water solvent, we Raman-shifted the 1.06-μm Nd YAG 

fundamental to 1.9 μm (1st H2 Stokes shift) by using a 1-m Raman shifter (Light Age Inc.; 1000 

psi H2) to obtain 1.5 mJ pulse energies at our 90 Hz repetition rate. This 1.9 μm excitation is 

absorbed by a water combination band and the energy is thermalized in psec by vibrational 

relaxation. 

We studied T-jumps from 5 to 30 °C and from 20 to 40 °C. These T-jumps were obtained 

by focusing the 1.5 mJ 1.9 μm laser pulses to a ~300 μm diameter spot in the flowing sample 

stream. To ensure that the Raman signal was obtained from the sample volume maximally heated 

by the IR pulse4 we adjusted the sample absorbance at 204 nm to 40 cm-1 by utilizing a 15 mg/ml 

concentration of AdP. 

We independently verified the magnitude of the T-jump by measuring the pump beam 

energy dependence of the 204 nm excited ~3000 cm-1 water Raman band. This band shows a 

large, well-known frequency and band shape temperature dependence.4,150,151 We constructed a 

T-jump calibration curve as described by Lednev et al.4, by using the UVRR water difference 

spectrum in the presence versus absence of the IR pump beam to determine the actual T-jump in 

the probed volume. 

There exist low temporal frequency variations of the measured Raman spectral intensities 

that can interfere with the T-jump spectral measurements. These variations may derive from 

variations in the UV laser pulse energy at the sample. Alternatively this variation may derive 

from low frequency motion of the sample stream, which may correlate with changes in the 

sample stream surface. We found that we could remove this fluctuation in the spectra by 

measuring for each time delay two duplicate T-jump spectra which were bracketed by identically 

measured cold spectra where the T-jump pump pulses were blocked. We only accepted as valid, 

T-jump spectra which were bracketed by essentially identical cold UVRR spectra. This allowed 

us to ignore the set of fluctuations which did not span the time scale of repeated T-jump 

measurements. 
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9.2.3 Uncertainties in the Nonlinear Parameter Estimation 

We determined the secondary structure composition from the steady state and transient spectra 

for the AdP Cα-H peptide bonds in the center, and for the Cα-D penultimate amide bonds by 

fitting the experimentally measured spectra to a linear combination of the four basis spectra of 

the α-helix and PPII conformations of the Cα-H and Cα-D peptide bonds, as deteremined 

earlier.127 The fits were obtained by using least-squares criteria. In this modeling, we assume that 

each of the amide groups scatter independently,152 and the spectra derived from the previously 

determined basis spectra of the α-helix and PPII conformations,4,120,127 taking into account that 

the PPII basis spectra were previously4 incorrectly denoted as deriving from the “random coil” 

conformation. 

We deconvoluted the 82 ºC PPII spectrum of AdP into a minimum number of bands as in 

Lednev et al.4 We then determined the temperature dependence of the band intensities, 

bandwidths and frequencies in spectra measured of AdP at 52, 62, 70 and 82 ºC, temperatures at 

which AP and, thus, AdP is predominantly PPII.4,6,120 We assumed that this observed linear 

temperature dependence extrapolates down to 0 ºC, and calculated the pure temperature 

dependent PPII spectra of AdP. Since the individual PPII peptide bonds independently contribute 

to the UVRR spectra,152 the AdP PPII spectra have a 35 % contribution from the Cα-H PPII 

peptide bonds (7 out of 20 bonds) and a 65% contribution from the Cα-D PPII peptide bonds (13 

out of 20 bonds). We subtracted the necessary amount of the temperature dependent Cα-H AP 

PPII spectra from the AdP PPII spectra to uniquely calculate the temperature dependent Cα-D 

AdP PPII spectra. 

We know that AdP is ~53% α-helix-like at 5 °C.4,6,7,145 Since AdP contains 35% Cα-H 

peptide bonds and 65% Cα-D peptide bonds, and the Cα-H b Raman band derives only from the 

Cα-H peptide bond PPII Raman spectrum,4,126,127,131 we can determine the Cα-H PPII fraction at 5 

°C directly from the Cα-H b band intensity. This Cα-H PPII fraction knowledge allows us to 

directly estimate the Cα-D PPII and Cα-H α-helix-like fractional compositions. We can also 

calculate the pure Cα-D peptide bond α-helix-like basis spectrum by subtracting the calculated 5 

°C Cα-D peptide bond PPII spectrum, as well as the calculated 5 °C Cα-H peptide bond PPII and 

α-helix spectra from the measured 5 °C AdP spectrum. We assume that this α-helix-like basis 

spectrum is independent of temperature.4,153 
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We estimated the errors in our secondary structure determinations by calculating the 

Jacobian matrix as we iterate to the best fit solutions.154-156 To relate the parameter standard error 

to the experimental error and to the Jacobian matrix we make the following assumptions: The 

measured spectral data are assumed to have the form  

yi, j = f(xi; p1, p2,…) + εi      [17]  

where the errors εi are assumed to be normally distributed random values with standard 

deviation, σi. The second assumption is that the true noiseless spectrum can be f(xi; p1, p2,…) 

exactly modeled as for the specific set of j parameters (p1, p2, … , pj). Under these assumptions 

we express an uncertainty bound for each individual parameter using information obtained from 

the variance-covariance matrix c, which is approximated by the Jacobian matrix155-157 evaluated 

at the sum of squares minimum values p*, which give rise to the best spectral fit  f(xi; p1
*, 

p2
*,…). Thus,  

c(p*) = C-1(p*) = [JT(p*)⋅J(p*)]-1        [18]  

where J is the Jacobian  Ji, j = ∂f(xi; p1, p2,…) / ∂pj    [19].  

Equation [18] implies the additional assumptions: (1) that the optimal function f(xi; p1
*, 

p2
*,…) is well approximated by a multidimensional Taylor expansion around the minimum, 

which includes the curvature matrix C(p*) in its second-order term, and (2) that C(p*)  is, in turn, 

well approximated by the product  JT(p*)⋅J(p*).156,157 

The estimated standard error of the parameter pj is  

 σj = (cjj⋅χ2)1/2         [20]  

where cjj refers to the diagonal element of the variance-covariance matrix and χ2 is the reduced 

chi-squared statistical parameter.154-157  χ2 is calculated as: 
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where DOF is the degrees of freedom, DOF = n-j, as previously described158. 

9.2.4 Weighting the Least-Squares Fit 

We performed weighted least-squares fitting of the resulting calculated time-dependent AdP Cα-

H peptide bond and Cα-D peptide bond PPII concentrations to single exponential functions to 
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determine relaxation rates for the center and penultimate peptide bonds. The weighted sum of 

squares to be minimized was evaluated as159: 

∑
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where the weights wi are calculated from the estimated variances бi
2 in the fractions of AdP Cα-H 

peptide bond and Cα-D peptide bond PPII concentrations:  

wi = (1 / бi)2         [23] 

and t is the kinetic delay time after the T-jump. Equation [20] estimates the standard error of the 

calculated parameter. The reduced χ2 was obtained as: 
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9.3 RESULTS 

9.3.1 AdP UV Resonance Raman Spectra 

Fig. 75 shows the 5 °C 204 nm excited UVRR spectra of aqueous solutions of the 21 amino acid 

residue peptides AdP and AP, where AP is the natural abundance analog of AdP. At 5 °C, AdP 

and AP are ~53 % α-helix-like and ~47 % PPII.4,6,7,120,145 We previously calculated the UVRR 

spectra of the individual α-helix-like and PPII conformations.7,127 Most recently we showed that 

the 5 °C α-helix-like conformations actually consist of ~24% pure α-helix, ~20% π-

bulges/helices, and ~9% 310-helices whose spectra overlap (see below).145 

As discussed in detail elsewhere,127,145 α-helix-like AP conformations display a triplet of 

bands in the amide III region. The 1261 cm-1 AmIII3H band was originally127 assigned to the 

“classical α-helix AmIII band” and involves mainly N-H b, C-N s and possibly Cα-C s. 

However, we recently showed that this AmIII3H band has contributions not only from pure α-

helix conformations but also from overlapping bands due π-bulges and 310-helices at T<30 °C, 
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that broaden the AmIII3H band.145 The 1306 cm-1 band was assigned to the AmIII2 vibration, 

which mainly involves Cα-C s, N-C s, with possibly a small amount of C-N s and N-H b,127 while 

the 1337 cm-1 band was assigned to the AmIII1 band which derives from a vibration mainly 

involving Cα-C s and N-C s with possibly a small amount of C-N s.127 The α-helix-like AmII 

band, which occurs at 1542 cm-1 is mainly associated with C-N s and N-H ib, while the 1647 cm-

1 α-helix-like Am I band involves mainly C=O s.127,160 
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Figure 75.  204 nm UV Resonance Raman spectra of AdP (15 mg/mL) and its natural abundance analog AP 

(3 mg/mL) at 5 ºC.  The AP solution contained 0.2 M NaClO4.  The star marks an overlapping molecular oxygen 

stretching band. 

 

We demonstrated earlier127 that the AmIII band triplet of the AP PPII conformation 

occurs at 1245 (AmIII3), 1303 (AmIII2) and 1337 cm-1 (AmIII1), with the 1245-cm-1 band labeled 

as the “classical AmIII band”. The PPII conformation of AP also shows a doublet at 1370 and 
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1394 cm-1 which mainly derives from Cα-H b with maybe some contribution from CH3 umbrella 

modes. These Cα-H bands are absent in the α-helix conformation.4,126,127,131,161 

The AP PPII conformation AmII and AmI bands are upshifted and broadened compared 

to those of the α-helix-like conformations.4,127 AmII appears at 1558 cm-1, while AmI appears at 

1655 cm-1 in the PPII conformation. There are also relatively broad arg side chain bands, one of 

which occurs at ~1646 cm-1 in water and overlaps the AP AmI band.152 In contrast, this arg band 

in D2O is much sharper, and occurs at ~1614 cm-1, well separated from the AmI’ band.152 

The AdP UVRR spectra are much more complex because of contributions from both Cα-

H and Cα-D peptide bonds which occur in both α-helix-like and PPII conformations. Mikhonin 

and Asher152 recently demonstrated that the peptide amide III − Cα-H bands region UVRR 

spectra result from the independent UVRR contributions of the different peptide bonds. Thus, the 

spectra of AdP can be considered to result from independent scattering from Cα-H and Cα-D 

peptide bonds in α-helix-like and PPII conformations. 

The Cα-D peptide bonds show UVRR spectra126,127 that differ from those of natural 

abundance AP mainly in an upshift of the Cα-D peptide bond amide III band envelope to ~1321 

cm-1. In AdP, the 1321 cm-1 band dominates the amide III spectral region (Fig. 75). Deuteration 

of the ala residue Cα-H decouples the NH bend from the Cα-H bending motion.126 The resulting 

Cα-D amide III band no longer shows a triplet, but displays a complex bandshape with an 

increased Raman cross section.7,126,127 The loss of Cα-H bending coupling leaves this band’s 

frequency insensitive to the peptide bond conformational difference between the α-helix and 

PPII conformations.7,126,127 However, the Raman cross section of this band is much larger for the 

PPII conformation,127 due to the hypochromism present in the α-helix conformation.162-171 

Although the Cα-H ala CH3 sidechain umbrella bending vibration contributes to the 1370-

1400 cm-1 spectral region,160 the intensity in this region is dominated by the resonantly enhanced 

Cα-H b doublet of the Cα-H ala PPII conformation.120,127 Thus, changes in PPII concentration 

dominate the intensity changes within this spectral region. Furthermore, the CH3 umbrella 

UVRR bands are expected to be insensitive to conformational changes in the peptide backbone, 

as shown recently.127 
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9.3.2 Transient AdP UVRR Difference Spectra 

Fig. 76 shows a series of calculated UVRR difference spectra measured at different delay times 

subsequent to a T-jump. The raw spectra were obtained by measuring UVRR spectra at specified 

delay times after the T-jump. The time delay difference spectra shown in Fig. 76 were calculated 

by subtracting a spectrum measured 10 nsec after the T-jump from the individual time delayed 

spectra. We utilized T-jumps which increased the sample temperature from 5 to 30 °C, and from 

20 to 40 °C. 
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Figure 76.  T-jump difference UVRR spectra of AdP at different delay times between the pump and probe laser 

pulses. These difference spectra were obtained by subtracting the 10 nsec delay time spectra from each of the longer 

delay time spectra.  A. Difference spectra for a T-jump from 5 to 30 °C. B. Difference spectra for a T-jump from 20 

to 40 °C. 
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We subtracted the 10 nsec delay spectra from the original T-jump difference spectra to 

selectively remove spectral changes which derive from sample non-conformational temperature 

changes.4-6,120 We earlier showed that these non-conformational changes derive from a decreased 

hydrogen bond strength to water at elevated temperatures.4,6,120,127,128 This allows us to 

concentrate on spectral alterations induced by conformational changes, which occur at later 

times. Our previous AP studies4-6,120 clearly showed that no conformational changes occur until 

longer (>50 nsec) delay times. 

The main Fig. 76 UVRR difference features occur as bands at 1320 and 1381 cm-1 whose 

intensities increase with the time delay after the T-jump. The 1320 cm-1 feature derives from an 

AmIII band intensity increase from the Cα-D peptide bonds of AdP due to the increasing PPII 

concentration. Melting to the PPII conformation results in hyperchromism162-171 of the resonant 

absorption band and a consequent hyperchromism of the Raman cross sections.127 The 1381 cm-1 

intensity increase results from the appearance of the Cα-H b band of the AdP melted Cα-H PPII 

conformation.120 

9.3.3 Modeling the Transient Temperature Dependence of AdP Secondary Structure 

We used the calculated AP and AdP pure secondary structure-Raman spectra (PSSRS) to 

determine the time delay dependent secondary structure composition for each observed transient 

AdP UVRR spectrum at each T-jump. Fig. 77A shows the calculated temperature-dependent 

PPII Cα-H peptide bond and Cα-D peptide bond basis spectra, and the temperature-independent 

α-helix Cα-H peptide bond and Cα-D peptide bond basis spectra.4,127 

We did not attempt to resolve the underlying pure α-helix, π-helix/bulge and 310-helix 

conformations recently discovered by Mikonin and Asher145 in these transient spectra given our 

limited S/N. The affect of their contribution is to broaden the Cα-H peptide bond “α-helix-like” 

AmIII3 band.145 

We can precisely determine AdP PPII fractions for the Cα-H peptide bonds using the 

basis spectra, since the Cα-H b band(s) between 1380-1400 cm-1 (Fig. 77A)serves as an isolated, 

extremely sensitive non-α-helical marker.4,126,127,131 For the Cα-D peptide bonds, Cα-D 

deuteration breaks the coupling between the Cα-D b and N-H b motions, which makes the Cα-D 
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AmIII band frequency insensitive to the Ψ Ramachandran angle.126,127 However, it is still 

possible to reliably find the Cα-D PPII fraction by using the normalized basis spectra, because 

the intensity of the Cα-D PPII AmIII band is more than 2-fold greater than that of Cα-D “α-helix-

like” AmIII band (Fig. 77A)127 due to hypochromic excitonic interactions in the α-helix.162-171 

Using this approach we can reliably estimate the PPII fractional compositions in AdP Cα-H 

center peptide bonds as well as in the Cα-D end peptide bonds from the different transient spectra 

shown in Fig. 76 at different delay times, t, subsequent to T-jumps from 5 to 30 °C, and 20 to 40 

°C. 
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Figure 77.  A. Calculated 30 °C pure secondary structure spectra of AdP: Cα-H peptide α-helix-like conformation 

(black); Cα-H peptide bond PPII conformation (brown); Cα-D peptide α-helix-like conformation (green); and  Cα-D 

peptide PPII conformation (magenta).  B. measured transient difference spectrum obtained after a time delay of 10 

μs during a T-jump from 5 to 30 °C (red); Best fit of AmIII – Cα-H region (1200-1480 cm-1) to a linear combination 

of the AdP basis spectra shown in Fig. 77A (blue). 
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9.3.4 AdP Mono-Exponential Relaxation Rates 

Figs. 78A and B show the time dependence of the calculated total PPII concentration of AdP, as 

well as the individual end Cα-D PPII and the center Cα-H PPII concentrations for the T-jumps 

from 5 to 30 ºC and 20 to 40 ºC, respectively. Using mono-exponential fitting for total PPII 

concentration (Cα-D plus Cα-H peptide bonds), we find the relaxation time (τR=kR
-1) of 116±17 

ns (Fig. 78A, Table 16) for the T-jump from 5 to 30 ºC, whereas for the T-jump from 20 to 40 ºC 

we find a 109±27 ns relaxation time (Fig. 78B, Table 16). These relaxation times are identical 

(within the experimental error) to that found earlier by Lednev and coworkers4 for AP peptide, 

the natural abundance analog of AdP. Specifically Lednev et al.4 found 180±60 ns, 120±50 ns 

and 70±30 ns relaxation times for T-jumps from 4 to 37 ºC, from 4 to 48 ºC and from 4 to 64 ºC, 

respectively. 

As pointed out by Lednev et al.4 if the α-helix melting in AdP were truly a two-state 

transition, the α-helix folding, kF and unfolding rate constants, kU could be simply calculated 

from the “two-state” relaxation rate constant relationship kR = kU + kF, and from the two-state 

equilibrium constant KEQ= kU/kF independently obtained from the measured equilibrium UVRR 

spectra.4,7 If we use the two-state model, then the Cα-H center (un)folding rate constant shows a 

“normal” Arrhenius behavior. In contrast, the Cα-D ends folding rate constant decreases with 

increasing temperature. This is an apparent anti-Arrhenius behavior (with negative folding 

activation barrier). 

As expected, the end peptide bonds melt at lower temperatures than do the middle 

peptide bonds.7 However, our kinetic results are quite unusual. For the 5 to 30 ºC we calculate a 

2-fold faster relaxation time for the end peptide bonds (97±15 ns, Fig. 78C) than that of the 

middle (189±31 ns, Fig. 78E). In contrast, for the 20 to 40 ºC T-jump we calculate a somewhat 

slower relaxation time for the end peptide bonds (131±46 ns, Fig. 78D) than the middle (56±6 

ns, Fig. 78F). 

If this data are modeled as if they result from a two-state transition, we find that the 

folding rate constants for the AdP end peptide bonds show the strong anti-Arrhenius behavior 

with negative activation energy barrier (Table 16). In contrast, we find that all the (un)folding 
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rate constants for the AdP center peptide bonds show the normal Arrhenius-like behavior with 

positive activation energy barriers (Table 16). 
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Figure 78.  T-jump relaxation of the total PPII concentration (A and B) as well as the PPII concentrations of the end 

Cα-D (C and D) and center peptide bonds (E and F) due to T-jumps from 5 to 30 °C and 20 to 40 °C. Unfolding is 

monitored by changes in the relative compositions of the basis spectra shown in Fig. 77.  The mono-exponential 

relaxation times are τtotal
 = 114 ± 46 ns, τend = 89 ±17 ns and τcen

 = 188 ± 46 ns for the T-jump from 5 to 30 ºC; and 

τtotal
 = 96 ± 39 ns, τend = 122±51 ns and τcen = 54 ± 11 ns for the T-jump from 20 to 40 °C.  The dotted lines in Figs. 

78A and 78B are fits to the Eq. 31 kinetics for the total PPII concentrations.  These fits find the unfolding times, τπ
U, 

for π-bulges (or 310-helices) of 109±24 ns for the 5 to 30 ºCT-jump and 61±23 ns for the 20 to 40 ºC T-jump.  The 

dotted lines in Figs. 78C-F are fits to the Eq. 32 kinetics for the individual Cα-H and Cα-D PPII concentrations.  

These fits find the relative fractional contributions of slow melting α-helices (Δfα
Ind) and fast melting π-bulges and 

310-helices (Δfπ+310
Ind) to the individual melting kinetics of AdP Cα-H center and Cα-D ends peptide bonds.  
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Table 16.  Two-State Kinetic Parameters and Equilibrium Constants for α-Helix↔PPII Conformational Transition 

Calculated for AdP, AdP, and the Cα-H Center and AdP Cα-D End Peptide Bonds 

Final T-jump Temperature,° C  

 +30 °C +40 °C 

Activation 
Energy, 

ΔG,  kcal/mol⋅PB 

Relaxation time, τR=(kR)-1
 / ns 

Cα-H + Cα-D 

Cα-H Center 

Cα-D Ends 

 

116 ± 17 ns 

189 ± 31 ns 

97 ± 15 ns 

 

109 ± 27 ns 

56 ± 6 ns 

131 ± 46 ns 

 

1.0 ± 5.5 

22.8 ± 3.6 

−5.6 ± 7.3 

Equilibrium constant,a KEQ=fPPII/fα 

Cα-H + Cα-D 

Cα-H Center 

Cα-D Ends 

 

3.35 

0.75 

9.0 

 

5.25 

2.03 

19.0 

 

 

 

 

Unfolding time constant, τU=(kU)-1, ns 

Cα-H + Cα-D 

Cα-H Center 

Cα-D Ends 

 

150 ± 28 ns 

440 ± 100 ns 

108 ± 19 ns 

 

130 ± 39 ns 

84 ± 11 ns 

138 ± 51 ns 

 

2.7 ± 6.5 

31.2 ± 4.9 

−4.6 ± 7.7 

Folding time constant, τF=(kF)-1, ns 

Cα-H + Cα-D 

Cα-H Center 

Cα-D Ends 

 

502 ± 91 ns  

332 ± 75 ns 

971 ± 167 ns 

 

684 ± 202 ns 

164 ± 21 ns 

2620 ± 970 
ns 

 

−5.8 ± 6.5 

13.3 ± 4.9 

−18.7 ± 7.7 

a Equilibrium constant between α-helix-like and PPII conformations (see text for detail).  

 

The anti-Arrhenius behavior of AdP ends folding rate constants indicates that the AdP 

ends melting is clearly not a two-state state process, and that the additional states must be 

involved in the α-helix melting. This is consistent with the recent reports that indicate that the 

ends of AP and AdP-like peptides are frayed.7,12,23,25,28,29,31,37,43,75,80 
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In contrast, the normal Arrhenius-like behavior of AdP center (un)folding rate constants, 

at the first glance, could indicate that the AdP center melting occurs in “two-state-like” 

mechanism. However, the Table 16 calculated “two-state” activation energy barriers of ~10-35 

kcal/mol⋅peptide bond (kcal/mol⋅PB) are much higher than those of ~2−4 kcal/mol⋅PB estimated 

earlier for ala-rich peptides both theoretically56,89,93 and experimentally.145 Below, we explain 

this unusual kinetic behaviors of both AdP ends and AdP center in terms of competition between 

the slower melting pure α-helices, and faster melting π-bulges and 310-helices. 

9.4 DISCUSSION 

We show below that this apparent anti-Arrhenius behavior (Table 16) is the result of the failure 

of the two-state model to describe both the conformational equilibrium and the dynamics of AP 

or AdP melting. As shown below, we can model the observed melting behavior by including the 

melting of 310-helical and π-bulge conformational states,145 in addition to that of pure α-helix 

(Fig. 79 and Table 17). This modeling explains the observed apparent anti-Arrhenius behavior 

(Table 16). The individual (un)folding rate constants for pure α-helices, π-bulges and 310-helices 

show normal Arrhenius behavior (Table 18). 

9.4.1 Resolved AdP Equilibrium Melting Curves show melting of α-Helix, π-Helix/Bulge 

and 310-Helix Conformations 

Recently we showed that the “α-helix-like” UVRR spectra of AP, which is the natural 

abundance analog of AdP contains contributions from π-bulges/helices and 310-helices.145 Fig. 79 

shows the melting curves for AP (and, thus, AdP) and demonstrates that the pure α-helix, π-

helix/bulge and 310-helix conformations have different melting curves. The π-bulges/helices and 

310-helices melt at lower temperatures than the pure α-helices, and are fully melted by 30 °C. 

The decreased Tm values for the π-bulge and 310-helix conformations results from their less 

optimized intra-peptide hydrogen bonding compared to that of the α-helix. The more solvent 



 239 

exposed π-bulges172 and 310-helices (type III turns)173 populate due to the increased peptide 

bond-water hydrogen bond strengths at lower temperatures.4,120,127,128 
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Figure 79.  Melting/formation curves for AdP “α-helix-like” conformations.  (×) – Original “α-helix” melting curve 

as reported for the natural abundance analog of AdP, AP, by Lednev et al.4,6, which is actually the sum of the 

individual α- π- and 310-helical melting curves;  (♦) – Pure α-helix melting; (■) – 310-helix (type III turn) melting;  

(●)– π-bulge (π-helix) melting;  (⊕) – PPII formation.  Arrows show the conformational differences spanned by the 

5 to 30 °C and 20 to 40 °C T-jumps.  Adapted from Ref145. 

 

The arrows in Fig. 79 show the temperature intervals for the 5→30 °C and 20→40 °C T-

jumps, while Table 17 summarizes the α-helical, 310-helical and π-bulge/helical fractions of AdP 

at initial and final T-jump temperatures. Clearly, different conformations are melting to the PPII 
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conformation at the different intial and final T-jump temperatures. These different conformations 

have different (un)folding rates and different relative contributions to the net AP melting kinetics 

at the different temperatures (Fig. 79). 

 
Table 17.  Total equilibrium concentrations of AdP α-helix like conformations (including both Cα-H and Cα-D 

peptide bonds) at initial and final T-jump temperatures 

Temperature, 
°C 

α-helix fractiona, 
% 

π-helix/bulge 
fractiona, % 

310-helix 
fractiona, % 

Total α-helix-like 
fractionb, % 

+5 °C 

+30 °C 

 

24% 

23% 

Δfα = 1% 

20% 

0% 

Δfπ = 20% 

9% 

0% 

Δf310 = 9% 

53% 

23% 

Δfα+π+310 = 30% 

+20 °C 

+40 °C 

22% 

15% 

Δfα = 7% 

11% 

0% 

Δfπ = 11% 

6% 

0% 

Δf310 = 6% 

39% 

15% 

Δfα+π+310 = 24% 
a We assume that AdP contains the same fractions of α-helix-like conformations as its natural abundance analog, 

AP145.  

b As was originally reported by Lednev et al.4,6, since it was not possible at that time to discriminate between the 
different α-helix-like conformations. 

 

Below we show that the AdP π-bulge and 310-helix conformations have ~12-fold faster 

unfolding rates than that of pure α-helix conformation (Table 18). Thus, the lower temperature 

T-jumps predominantly samples the faster melting π-bulge and 310-helix conformations 

(Fig. 79). In contrast, the higher temperature T-jump (Fig. 79) samples a larger fraction of pure 

α-helix melting with slower (un)folding rates. 

9.4.2 Model for the Summed Cα-H and Cα-D Peptide Bonds AdP Kinetics 

We expect that the relaxations of the π, 310, and α-helical conformations occur in parallel. This 

results in mono-exponential relaxations for these conformations with relaxation times, which are 

determined by their activation free energy barriers, which separate each “α-helix-like” 
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conformations from the PPII basin conformation. We expect identical attempt frequencies since 

the motions will involve similar Ψ torsional motions. 

The relative contribution of each relaxation to the overall kinetics is determined by the 

differences in equilibrium fractions of each conformation between the final and initial T-jump 

temperatures (Table 17).  

Thus, the time dependence of the fractional PPII conformation (summing both the Cα-H 

and Cα-D peptide bonds) subsequent to the T-jump is:  

])(exp[])(exp[
])(exp[)()(

310310
310 tkkftkkf

tkkfftf

FUFU

FU
Tf

PPII
TfTi

PPII

⋅+−⋅Δ−⋅+−⋅Δ−

−⋅+−⋅Δ−∞≅→

αα
α

ππ
π

                  [25] 

where )(tf TfTi
PPII

→  is the PPII fraction monitored at delay time t for the T-jump between the initial, 

Ti and final temperatures, Tf;  )(∞Tf
PPIIf  is the known equilibrium PPII fraction at Tf 

(Table 17); while )()( ,310,,310,,310, TffTiff απαπαπ −=Δ  are the known differences in the 

equilibrium fractions of the π, 310, and α-helical conformations at Ti and Tf (Table 17). 
απ ,310,

Uk  

and απ ,310,
Fk  are the unknown unfolding and folding rate constants of the π-bulges, 310-helices 

and α-helices, respectively, at Tf.  

Inserting the corresponding α-helix, π-bulge, 310-helix and PPII fractions from Table 17 

we can describe the time dependence of the PPII fractions for the 5→30 °C and 20→40 °C T-

jumps: 

])(exp[01.0])(exp[09.0
])(exp[2.077.0)(
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FU
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PPII

O
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         [26B] 

At the final T-jump temperatures of 30 and 40 °C, there are essentially no π-bulges and 

310-helices left (Table 17 and Fig. 79). Thus, ππ
FU kk >>  and 310310

FU kk >> . Indicating 

that: 
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])(exp[01.0
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As discussed in the Appendix (Fig. 88), the Gibbs free energy activation barriers for 

unfolding of the π-bulge and 310-helix conformations are essentially identical. Thus, their 

unfolding rate constants will be equal and: 

])(exp[01.0]exp[29.077.0)(305 tkktktf FUU
C

PPII

O

⋅+−⋅−⋅−⋅−≅→ ααπ          [28A] 

])(exp[07.0]exp[17.084.0)(4020 tkktktf FUU
C

PPII

O

⋅+−⋅−⋅−⋅−≅→ ααπ        [28B] 

Also as shown in the Appendix (Fig. 88), the AdP pure α-helix conformation is stabilized 

by ~1.5 kcal/mol⋅PB with respect to both π-bulge and 310-helix conformations (at T≥+30 °C). 

Thus, we can estimate the ratio between the α-helix and π-bulge (310-helix) unfolding rate 

constants as: 

)/5.1exp(310

TR
molkcalkkk UUU ⋅

+⋅≅≈ απ                                                             [29] 

Thus, we estimate that at 30 °C: απ
UUU kkk ⋅≅≈ 1.12310 , whereas at 40 °C 

απ
UUU kkk ⋅≅≈ 1.11310 . 

Since only pure α-helix remains at the Tf values of 30 °C and 40 °C. Thus: 

αααα
U

PPII
UEQF k

Tff
TffkKk ⋅=⋅= −

)(
)(1

                      [30] 

where αα
α FUPPIIEQ kkTffTffK == )()(  is the known equilibrium constant for 

the pure α-helix↔PPII melting (Tables 16 and 18); )(, Tff PPIIα
 are the known equilibrium 

pure α-helix and PPII fractions at Tf (Table 17).  

Thus, we estimate that the “apparent two-state relaxation constant”  

at +30°C to be:          πααα
UUFU kkkk ⋅≅⋅≅+ 11.03.1  

and at +40 °C to be:  πααα
UUFU kkkk ⋅≅⋅≅+ 11.02.1  
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Thus, we can further simplify Eqs 28A and 28B: 

])11.0(exp[01.0]exp[29.077.0)(305 tktktf UU
C

PPII

O

⋅⋅−⋅−⋅−⋅−≅→ ππ         [31A] 

])11.0(exp[07.0]exp[17.084.0)(4020 tktktf UU
C

PPII

O

⋅⋅−⋅−⋅−⋅−≅→ ππ       [31B] 

The Eq. 31A fit to the summed Cα-H and Cα-D peptide bond kinetics (Fig. 78A dotted 

line) is slightly improved compared to the original mono-exponential fit (Fig. 78A solid line); 

while the Eq. 31B fit (Fig 78B dotted line) is significantly improved compared to the 

monoexponential fit (Fig. 78B solid line).  

Specifically, the pure α-helix relaxation time (τR) at +30 °C is 1017±148 nsec, while the 

relaxation times for the π-bulge and 310-helix conformations at +30 °C are much faster, 109±16 

ns (Table 18). At 40 °C the relaxation times decrease; the pure α-helix relaxation time at +40 °C 

is 568±165 nsec, while the π-bulge and 310-helix conformation relaxation times decrease to 

61±18 nsec. These results are striking, since they indicate that the pure α-helix melting is much 

slower than the 100−200 ns times, which are typically reported for ~20 residues-long alanine-

rich peptides.4-6,10,13,17,18,22,25,32-35 This discreapancy derives from the previous inability to 

discriminate between the different α-helix like conformations (Fig. 79 and Table 18).  

In addition, our results here explain the complicated non-exponential and/or multi-

exponential behavior of melting kinetics of alanine-rich peptides previously observed.22,34 

Specifically, the heterogeneity of the low temperature α-helical ensembles (Fig. 79) explains the 

observed complicated kinetic behavior for low initial T-jump temperatures.22,34 In contrast, the 

homogeneity of the above room temperature α-helical ensembles (Fig. 79) explains the 

essentially mono-exponential melting behavior of these peptides for higher initial temperature T-

jumps.22,34 
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Table 18.  Eqns 31 Kinetic parameters for AdP pure α-Helix, π-Bulge and 310-Helix (un)folding, calculated from 

the overall (Cα-H and Cα-D peptide bond) kinetic and equilibrium data, as well as that of Eq. 32 calculated from the 

individual Cα-H center peptide bonds and and Cα-D end peptide bond kinetic and equilibrium data 

Final T-jump Temperature,° C  

 +30 °C +40 °C 

Activation 
Energy, 

ΔG /  kcal/mol⋅PB

Equilibrium constant a, KEQ=fPPII/fα
  

Cα-H + Cα-D 

Cα-H Center 

Cα-D Ends 

 

3.35 

0.75 

9.0 

 

5.25 

2.03 

19.0 

 

 

 

 

Mono-exp relaxation time, τR=(kR)-1
 / ns 

Cα-H + Cα-D 

Cα-H Center 

Cα-D Ends 

 

116 ± 17 ns 

189 ± 31 ns 

97 ± 15 ns 

 

109 ± 27 ns 

56 ± 6 ns 

131 ± 46 ns 

 

1.0 ± 5.5 

22.8 ± 3.6 

−5.6 ± 7.3 

Pure conformation folding time,          
τF = (kF)-1 / ns  

Pure α-Helix b 

π-Bulge and/or 310-Helix b 

 
 

4421 ± 802 ns 

τF >> 109 ns 

 
 

3553 ± 1207 ns 

τF >> 61 ns 

 
 

4.1 ± 7.2  

4.1 ± 7.2 c 

Pure conformation unfolding time,       
τU = (kU)-1 / ns  

Pure α-Helix b 

π-Bulge and/or 310-Helix b 

 
 

1321 ± 239 ns 

109 ± 16 ns 

 
 

677 ± 230 ns 

61 ± 18 ns 

 
 

12.6 ± 7.2  

11.0 ± 6.2  

Pure conformation relaxation time,   
(1/τU + 1/τF)-1 / ns 

Pure α-Helix b 

π-Bulge and/or 310-Helix b 

 

 

1017 ± 148 ns 

109 ± 16 ns 

 

 

568 ± 165 ns 

61 ± 18 ns 

 

 

11.0 ± 6.2  

11.0 ± 6.2  

Relative contributions of slower pure α-
helix relaxation to the observed 

relaxation kinetics, Δfα / % 
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Cα-H + Cα-D b 

Cα-H Center d 

Cα-D Ends d 

5 ± 8 %  

27 ± 9 %  

−3 ± 9 % 

29 ± 14 %  

7 ± 12 %  

35 ± 22 % 

Relative contributions of faster π-bulges 
and 310-helix  relaxations to the observed 

relaxation kinetics, Δfπ+310 / % 

Cα-H + Cα-D b 

Cα-H Center d 

Cα-D Ends d 

 

 
95 ± 8 %  

73 ± 9 %  

103 ± 9 %  

 

 
69 ± 14 %  

93 ± 12 %  

65 ± 22 %  

 

a These data are identical to those in Table 16.  However here we recognize that for T≥+30 °C that the equilibrium 
includes only the pure α-helix and the PPII conformations145 (see text for detail).  Data from Ianoul et al7.  

b We calculated these parameters from the overall (Cα-H and Cα-D peptide bond) kinetic data using Eqs. 31A and 
31B and the equilibrium data summarized in Table 17 (see text for detail).  

c We assume that the activation energy barriers for both the π-bulge and 310-helix formation (folding) are equal to 
that of the pure α-helix, because formation of α-helix, π-bulge and 310-helix conformations should start from the 
same (presumably PPII) basin, and pass through the same intermediate “turn” region of the Ramachandran plot.  

d We calculated these parameters from the individual Cα-H center and Cα-D end peptide bond kinetic data using 
Eq. 32 (see text for detail). 

 

9.4.3 Model for Individual Cα-H Center and Cα-D End Peptide Bonds Melting Kinetics 

Table 18 summarizes our pure α-helix, π-bulge and 310-helix folding and unfolding rate constants 

that we determined by fitting the overall (Cα-D plus Cα-H peptide bond) kinetic data to 

Eqns 31A and 31B. If we assume that the (un)folding rates of the π, 310, and α-helical 

conformations are independent of location along the AdP chain, we can estimate the relative 

contributions of both the slow α-helix melting, and fast 310-helix and π-bulge melting to the 

observed individual relaxation kinetics of Cα-D end and Cα-H center peptide bonds using the 

following equation: 

]/exp[]/exp[)()( 310310 ααππ ττ tftfftf IndIndTf
PPII

TfTi
PPII −⋅Δ−−⋅Δ−∞≅ ++

→      [32] 
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where )(tf TfTi
PPII

→  is the time dependent PPII concentration for the Cα-D or the Cα-H peptide 

bonds;  )(∞Tf
PPIIf  is the known equilibrium Cα-D or Cα-H peptide bond PPII fraction at Tf 

(Tables 16 and 18);  Δfπ+310
Ind is the unknown weighted contribution of π-bulges and 310-helices 

melting to the observed individual Cα-D (or Cα-H) peptide bond kinetics;  Δfα
Ind is the unknown 

weighted contribution of pure α-helix melting to the observed individual Cα-D (or Cα-H) peptide 

bond kinetics, τα and τπ+310 are the known relaxation times for the pure α-helix, π-bulge and 310-

helix conformations (Table 18).  

Thus, we find the relative contributions of the slow α-helix melting (Δfα
Ind) and fast 310-

helix and π-bulge melting (Δfπ+310
Ind) to the observed individual relaxation kinetics of Cα-D end 

and Cα-H center peptide bonds (after the 5→30 °C and 20→40 °C T-jumps) by fitting the 

experimental data (Figs. 78C-F) to Eq. 32 above. The calculated fractions are summarized in 

Table 18. 

9.4.4 Dynamics of End Cα-D Peptide Bond Unfolding 

Figs. 78C and 78D show the time-dependence of the calculated PPII concentration of the Cα-D 

ends peptide bonds as a result of the T-jumps from 5 to 30 ºC and 20 to 40 ºC, respectively. If the 

time dependent changes in the Cα-D peptide bond PPII concentration were modeled assuming 

mono-exponential decays, we find that the Cα-D end peptide bonds show a relaxation time (kR-

Ends
-1) of 97±15 ns (Fig. 80C) for the 5 to 30 °C T-jump, whereas for the 20 to 40 °C T-jump we 

obtain a relaxation time of 131±46 ns (Fig. 78D). 

The fast mono-exponential relaxation time of 97 ± 15 ns found for the 5 to 30 °C T-jump 

(Fig. 78C and Table 18), indicates that the melting kinetics of Cα-D end peptide bonds is 

contributed mainly by the melting of π-bulges and 310-helices (109±16 ns at +30 °C). Using 

Eq. 32, we estimate that the Cα-D end kinetics is essentially completely due to melting of π-

bulges and 310-helices, without contributions from pure α-helix melting for the 5 to 30 °C T-

jump (Fig. 78C and Table 18). 

In contrast, the relaxation time of 131±46 ns found for the 20 to 40 °C T-jump (Fig. 78D 

and Table 18) indicates that in addition to fast π-bulge and 310-helix melting (61±18 ns at +40 
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°C), there is also a contribution of slow α-helix melting (568±165 ns at +40 °C). Using Eq. 32, 

we roughly estimate that in this case the Cα-D end peptide bonds kinetics is still dominated by 

the melting of π-bulges and 310-helices (~65%) but there is also a ~35% contribution from the 

pure α-helix melting of (Fig. 78D and Table 18). 

Summarizing, we observe that the melting kinetics of Cα-D end peptide bonds is 

dominated by the faster melting of π-bulges and 310-helices over the slower melting of pure α-

helices for both 5→30 °C and 20→40 °C T-jumps. These results are consistent with the with the 

number of recent studies, which propose that the α-helical ends are frayed.7,25,28,29,31,32,37,43,75,80 

They are also consistent with the recent NMR and ESR results of Millhauser and coworkers133,138 

as well as with that of Sorin and Pande’s MD simulation studies72, which report that 310-helices 

tend to occur at the ends of α-helical segments in ala rich peptides. 

9.4.5 Dynamics of Center Cα-H Peptide Bond Unfolding 

Figs. 78E and 78F show the time-dependent changes in the PPII concentration of the central AdP 

Cα-H peptide bonds due to the T-jumps from 5 to 30 ºC and from 20 to 40 ºC. The unfolding 

kinetics of Cα-H peptide bonds shown in Figs. 78E and 78F, depend upon the T-jump initial and 

final temperatures. We find that for the 5 to 30 °C T-jump the Cα-H peptide bonds show a 

189±31 ns mono-exponential unfolding relaxation time (Fig. 78E), while for the 20 to 40 °C T-

jump we obtained 56±6 ns relaxation time (Fig. 78F). 

The 189±31 ns mono-exponential relaxation time calculated for the 5 to 30 °C T-jump 

(Fig. 78C and Table 18) indicates that the slow α-helix melting (1017±148 ns at 30 °C) 

contributes to the observed kinetics. However, the observed kinetics is dominated by the fast π-

bulge and 310-helix melting (109±16 ns at 30 °C). Using Eq. 32 (Fig. 78D dotted line), we 

roughly estimate a ~73% contribution from the π-bulges and 310-helices to the Cα-H center 

peptide bonds kinetics; and a ~27% contribution from pure α-helix melting (Fig. 78D and 

Table 18). 

In contrast, the 56±6 ns mono-exponential relaxation time found for the 20 to 40 °C T-

jump (Fig. 78D, Table 18), surprisingly indicates that the Cα-H center peptide bond kinetics are 

dominated by π-bulge and 310-helix melting (61±18 ns at 40 °C), with little contribution of slow 
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α-helix melting (568±165 ns at 40 °C). This is a surprising result, since at 20 °C “α-helix-like” 

segments6 are assumed to preferrentially occur in the middle of the peptide, and thus α-helix 

melting should dominate the observed Cα-H center peptide bond kinetics. This suggests that the 

α-helix stability/propensity in AdP is position-dependent (see below). Specifically, we suggest 

below that the AdP N-terminus has the higher α-helical propensity than does the AdP middle and 

C-terminal regions. 

9.4.6 Dynamics of Center Cα-H versus End Cα-D Peptide Bond Unfolding 

The Figs. 78C and 78E show that for the 5 to 30 °C T-jump, the AdP center unfolds slower 

(189±31 ns) than do the ends (97±15 ns). We also estimated that at 30 °C the relaxation time of 

pure α-helices is 1017±148 ns, whereas that of π-bulges and 310-helices is 109±16 ns (Table 18). 

If the relaxation rates of these “α-helix-like” species are independent of location in the AdP 

chain, we can conclude that the melting of π-bulges and 310-helices dominate both the AdP Cα-D 

ends (~100%) and Cα-H center (~73%) melting kinetics (Table 18). However, pure α-helix 

melting also have a small contribution (~27%) to the Cα-H center melting kinetics for the 5 to 30 

°C T-jump (Table 18). These kinetic results are consistent with the Fig. 79 equilibrium melting 

curves obtained for pure α-helix, π-bulge and 310-helix conformations,145 as well as with the 

earlier studies of us7 and others12,23,25,28,29,31,37,43,75,80, which indicate that the ends of AdP-like 

peptides are frayed. 

In contrast, for the 20 to 40 °C T-jump, the center of AdP unfolds faster (56±6 ns, 

Fig. 78F) than do the ends (131±46 ns, Fig. 78D). The faster center melting for the 20 to 40 °C 

T-jump, especially given the higher Tm of the center peptide bonds7 appears initially surprising. 

We suggest that the faster melting of π-bulges and 310-helices still dominate both the Cα-H center 

(~93%) and Cα-D ends (~65%) melting kinetics. However, we surprisingly find that the pure α-

helix melting contributes ~35% to the Cα-D ends melting kinetics, and contributes very little to 

the Cα-H center kinetics (Table 18). These results can only be understood if one of the AdP 

termini has a significantly higher pure α-helix propensity than the AdP center and the other 

terminus. 
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We propose that the AdP N-terminus has a higher α-helix propensity, than the middle 

and C-terminus. Such a preference would derive from the AdP primary sequence. Specifically, 

the N-terminus of AdP contains a sequence of eight ala, which stabilize the α-helix 

conformation.52 In contrast, three hydrophilic arg are distributed within the AdP center and C-

terminus. These three arg partially destabilize the α-helices and favor formation of the water-

mediated α-helical defects such as π-bulges172 and 310-helices173. 

The higher α-helix stability at the AdP N-terminus agrees well with the MD simulation 

studies of Sorin and Pande,72 which suggested that the N-terminus of 21-residue α-helical Fs-

peptide (which is a natural abundance analog of AdP) has a higher α-helical content than occurs 

in the middle and at the C-terminus. These MD studies also suggest that the arginines destabilize 

α-helices in Fs (and, thus, in AdP). We suggest that these hydrophilic arg are likely not only to 

partially destabilize α-helices but also induce the formation of water-mediated α-helical defects 

such as π-bulges172 and 310-helices (type III turns)173 at low temperatures, at which the peptide 

bond-water hydrogen bonding strength increases.120,127,128 

Whatever the case, our calculated ~4.4 and ~1.3 μsec (+30 °C) and ~3.6 and ~0.7 μsec 

(+40 °C) pure α-helix folding and unfolding times (Table 18), respectively, are much slower than 

the (un)folding times previously reported for similar peptides. It is now obvious that the 

~100−200 ns relaxation times typically reported for ala-rich peptides,4-6,10,13,17,18,22,25,32-35,120 

signal the dominating contribution of π-bulge and/or 310-helix melting to the observed overall 

relaxation kinetics. In addition, it is also clear that at least some of the observed deviations from 

the mono-exponential behavior22,33,34 for ala-rich peptide melting results from the temperature 

dependence of the relative contributions of pure α-helices, π-bulges and 310-helices melting to 

the overall relaxation kinetics. Our results here are the first to resolve the kinetic behavior of the 

different α-helix like conformations. 

9.5 CONCLUSIONS 

We examined the relaxation kinetics of a 21 amino acid residues mainly ala peptide AdP, which 

contains three arg to give solubility. This peptide is ≥55% α-helix-like at 0 ºC and melts to a 
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PPII conformation at higher temperature. Previous isotopic substitution studies demonstrated a 

significantly higher TM=32 ºC for the 6 center residues compared to a TM=5 ºC for the end 

residues.7 We used T-jump measurements to examine the melting kinetics. We find that the 

middle AdP peptide bonds show a relaxation time ~2-fold slower than the end residues for 5 to 

30 °C T-jump. In contrast, for a 20 to 40 °C T-jump the middle AdP peptide bonds appear to 

show faster kinetics than the end AdP peptide bonds. 

We explain the observed kinetics in terms of different relative contributions of different 

α-helix-like motifs such as pure α-helices, π-bulges and 310-helices to the observed melting 

kinetics. We estimated that the melting rate constant of pure α-helices is ~12-fold slower than 

those of π-bulges and 310-helices (Table 18). This strikingly suggests that the pure α-helix 

(un)folding occurs at ~μsec time scale at room temperature. 

For 5 to 30 °C T-jump, the faster melting of π-bulges and 310-helices dominate both the 

AdP ends and center kinetics, with also a minor contribution of slower pure α-helix melting to 

the AdP center kinetics. In contrast, for 20 to 40 °C T-jump the faster melting of π-bulges and 

310-helices dominates both the AdP ends and center kinetics, whereas there is also a minor 

contribution of slower pure α-helix melting to the AdP ends kinetics. These surprising results 

can be explained in terms of a higher pure α-helical propensity at the AdP N-terminus compared 

to the middle and C-terminus. 

The higher stability of pure α-helix at the AdP N-terminus can be understood in terms of 

AdP primary sequence. Specifically, three hydrophilic arg located in the AdP middle and at the 

AdP C-terminus destabilize the pure α-helices and induce formation of water-mediated α-helical 

defects (such as π-bulges and 310-helices), which melt faster. 

In addition, we developed a kinetic model to calculate the (un)folding rate constants for 

pure α-helices, π-bulges and 310-helices. We successfully explain the apparent anti-Arrhenius 

behavior observed earlier by Lednev et al.4 as resulting from the parallel melting of these 

different conformations. Further, our model also explains the complicated nonexponential 

behavior observed earlier by Huang et al.34 and Bredenbeck et al.22 for similar peptides. 

Summarizing, we believe that our results here are the first experimental ones to 

quantitatively show that the folding mechanism of end residues of ala-rich peptides significantly 

differs from that of middle residues in terms of different relative contributions of different “α-
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helix-like” species to the melting kinetics. In addition, we for the first time measured the kinetic 

(un)folding rate constants for pure α-helices, 310-helices and π-bulges in ala-rich peptides of ~20 

residues long. Thus, our results not only directly demonstrate that α-helix melting and formation 

in peptides are not a simple two-state processes but also provide an important quantitative basis 

for testing theoretical studies in the field of peptide and protein folding. 
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10.0  CONCLUSION SUMMARY 

The main conclusion of this thesis is that we developed an extremely powerful UV resonance 

Raman (UVRR) analytical tool to directly monitor the major peptide and protein folding reaction 

coordinate (the Ψ Ramachandran angle). We demonstrated the power of this methodology to 

directly obtain Ψ Ramachandran angular population distributions of peptide bonds from the 

UVRR amide III3 band profile for water solutions of natural abundance peptides and proteins. 

Then, this Ψ angular distributions can be used to estimate the Ψ angular Gibbs free energy 

landscape features. Potentially, this methodology combined with isotopic labeling can be used 

even to determine Ψ angles of individual peptide bonds (see future work chapter for detail).  

Numerous groups recently demonstrated the occurrence of PPII conformations in large 

and small peptides. We verified these conclusions in Chapters 2 of this thesis for small peptides 

as well as for a 21 residue, mainly Ala peptide, AP, which exists below room temperature as a 

mixture of α-helix and PPII helix, while it is mainly in a PPII conformation above room 

temperature. At least in this peptide, α-helix melting is a distinctly different transition than that 

envisioned by previous theoretical methods, which considered such a melting as a transition 

between an ordered α-helical state and a completely disordered “random coil” state. 

In Chapter 3, we have reexamined in detail the assignment of the amide III region of the 

PPII and α-helix conformations of peptides and proteins using UV Raman spectra of a mainly 

polyala peptide, AP, utilizing isotopic substituions, conformational sensitivity and hydration 

sensitivity of UVRR amide bands. Many of our assignments agree with previous studies, while 

others challenge the conventional understanding. In addition, we succinctly show, that the 

conformational dependence of the UVRR spectra make this analytical technique a sensitive 

probe of protein and peptide secondary structure.  

In Chapter 4, we show that α-helical and PPII conformations of AP in mixed H2O and 

D2O samples show that the UVRR AmIII (PPII and α-helix), AmII (PPII) and AmII’ (PPII and 

α-helix) bands can be modeled as being independently Raman scattered by the individual peptide 
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bonds. Negligible coupling occurs for these vibrations between the adjacent peptide bonds. This 

dramatically simplifies the use of vibrational spectral modeling to elucidate peptide and protein 

structure. The AmI and AmI’ vibrations of PPII also show no evidence of coupling between 

adjacent peptide bonds. In contrast, the AmI and AmI’ bands of the α-helical conformation 

clearly indicate the occurrence of interamide coupling, which may complicate spectral modeling 

in AmI region for α-helix-like conformations. The interamide coupling in the α-helix is probably 

the result of the proximity of the amide C=O groups to one another, the fact that they are 

oriented parallel to one another, and because the C=O of different amides are linked through 

interamide hydrogen bonding. 

In Chapter 5, we used UV resonance Raman spectroscopy to investigate the dependence 

of the AmIII3 frequency on the Ψ Ramachandran angle and on the nature of peptide bond 

hydrogen bonding. These results allow us to formulate relationships that allow us to estimate the 

Ψ Ramachandran angles from the observed AmIII3 frequencies for both aqueous solutions of 

peptides and proteins as well as for the anhydrous states of peptides and proteins. A typical 

Raman measurement of a typical sample would find a random error of ≤±8° in the Ψ angle, 

assuming a known HB state. However, if HB state of a PB in water is unknown, extreme 

alterations in such a state could additionally bias the Ψ angle by ±6°. We are optimistic that these 

relationships will be very useful for protein conformational studies, especially in the field of 

protein folding. This is because any attempt to understand reaction mechanisms, such as protein 

folding, requires elucidation of the relevant reaction coordinate(s). The Ψ angle is precisely the 

reaction coordinate that determines secondary structure changes. As shown in Chapters 6, 8 and 

9 of this thesis, the correlation we propose can be used to determine features of the Gibbs free 

energy landscape along this Ψ reaction coordinate. 

In Chapter 6, we use UVRR spectroscopy to study the unfolded conformations of 

individual pH=2 poly-L-lysine and pH=9 poly-L-glutamic acid, as well as to study the anti-

parallel β-sheet conformation of pH=7 PLL-PGA equimolar mixture. Our study indicates that the 

unfolded states of individual PLL and PGA exist as a mixture of PPII and the extended 2.51-helix 

(β-strand-like) conformations. The charged side chains of pH=2 PLL and pH=9 PGA force the 

PLL and PGA chains in water to adopt more extended conformations (compared to classical 

PPII) to minimize electrostatic interchain repulsions. The β-sheet structure of the PLL-PGA 

mixture showed little evidence for hydrogen bonding between the polypeptide backbone and 
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water. We also utilized our new methodology (developed in Chapter 5), which allows us to 

estimate the Ψ Ramachandran angle from the AmIII3 frequency. This analysis demonstrates that 

each conformation has a distribution of Ψ-angles about the minimum Ψ conformational energy. 

The sharper Ψ angle distribution of the PGA 2.51-helix than that of PLL 2.51-helix, as well as, 

the absence of the 2.51-helix conformation in alanine-based peptides are consistent with the 

hypothesized electrostatic mechanism of stabilization of the 2.51-helix. We were able to calculate 

the Ψ-angle energy landscape features of these observed conformations. This is an important 

advance since the Ψ-angle coordinate is the most important coordinate for protein and peptide 

secondary structure changes. 

In Chapter 7, we use UVRR spectroscopy to study the equilibrium α-helix melting in 

isotopically labeled derivative of AP, AdP. The work here demonstrates that UVRR 

measurements of a selectively deuterium labeled α-helical peptide allows us to spatially resolve 

the conformation of individual peptide bonds. We observe significantly higher Tm values for 

peptide bonds in the center of the peptide compared to the external peptide bonds. We use the 

results of this equilibrium studies in Chapter 9 of this thesis, where we kinetically examine α-

helix melting in AdP.  

In Chapter 8, we show the power of Chapter 5 methodology to directly monitor the 

temperature-induced evolution of Ψ Ramachandran angle population distributions of peptide 

bonds in AP, which allows us for the first time to separately study the melting of the α-, 310- and 

π-helix/bulge conformations. It is somewhat surprising to find that the 310- and π-helix/bulge 

conformations melt prior to melting of pure α-helices, since these conformations are proposed to 

be intermediates in the unfolding pathway. Apparently they are much more transient at the 

higher α-helix melting temperature. We estimated Zimm and Bragg nucleation (σ) and 

propagation (s) parameters for perfect α-helix, and π-helix/bulge conformations. A striking 

finding is that the AP pure α-helix melts with much higher cooperativity and shows much higher 

Tm ~ 45 °C then it was originally reported by CD and Raman. We were able for the first time to 

experimentally monitor the Gibbs free energy landscape and the free energy barriers on the AP 

melting reaction pathway. These experimental measurements should serve as a benchmark for 

future theoretical and experimental studies of protein folding.  
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In Chapter 9, we examined the relaxation kinetics of a 21 amino acid residues mainly ala 

peptide AdP. This peptide is ≥55% α-helix-like at 0 ºC and melts to a PPII conformation at 

higher temperature. The isotopic labeling allowed us to separately monitor the T-jump induced 

secondary structure relaxation of middle versus end peptide bonds. Previous equilibrium isotopic 

substitution studies (see Chapter 7) demonstrated a significantly higher TM=32 ºC for the 6 

center residues compared to a TM=5 ºC for the end residues. In addition, our T-jump kinetic data 

indicates that the end and the middle of the peptide show significantly different and non-classical 

relaxation behaviors. We find that the middle AdP peptide bonds show a relaxation time ~2-fold 

slower than the end residues for 5 to 30 °C T-jump. In contrast, for a 20 to 40 °C T-jump the 

middle AdP peptide bonds appear to show ~2-fold faster kinetics than the end AdP peptide 

bonds. We explain the observed kinetics in terms of different relative contributions of different 

α-helix-like motifs such as pure α-helices, π-bulges and 310-helices to the observed melting 

kinetics. We developed a kinetic model to calculate the (un)folding rate constants for pure α-

helices, π-bulges and 310-helices. Strikingly, we estimate that the melting rate constant of pure α-

helices is ~12-fold slower than those of π-bulges and 310-helices (Table 18). This suggests that 

the pure α-helix (un)folding occurs at ~μsec time scale at room temperature. In addition, our 

model successfully explains the apparent anti-Arrhenius behavior observed earlier by Lednev et 

al. (J. Am. Chem. Soc., 1999, 121, 8074) as resulting from the parallel melting of these different 

conformations. Further, our model also explains the complicated nonexponential behavior 

observed earlier by Huang et al. (J. Am. Chem. Soc., 2001, 123, 9235) and Bredenbeck et al. 

(Proc. Natl. Acad. Sci. USA, 2005, 102, 2379) for similar peptides. We also see the evidence of a 

higher pure α-helical propensity at the AdP N-terminus compared to the middle and C-terminus. 

These results are the first experimental ones to quantitatively show that the folding mechanism of 

end residues of ala-rich peptides significantly differs from that of middle residues in terms of 

different relative contributions of different “α-helix-like” species to the melting kinetics. Future 

equilibrium and kinetic studies of isotopically edited peptides will allow us to more deeply 

examine “α-helix” to PPII melting, as well as other peptide backbone conformational transitions. 

It should be emphasized that most of novel quantitative experimental results, reported in 

this thesis, seriously challenge classical theories of α-helix melting, which envision such a 

melting as a transition between ordered α-helix and completely disordered “random coil” 
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conformations. First, we see no evidence for “true random coil” conformations in protein and 

peptide unfolded state ensembles. Rather, unfolded states of peptides and proteins exhibit a 

significant amount of extended polyproline II-like structures (Chapters 2, 6 and 8). In addition, 

we also show that low temperature “α-helix-like” ensembles of relatively simple “α-helical” 

peptide, AP, are not homogenious and contain the additional contributions from π-bulges and 

310-helices (Chapter 8). Further, we developed a quantitative kinetic model (Chapter 9), which 

includes the melting of all these α-helix-like conformations, and for the first time estimates their 

(un)folding rates as well as their relative contributions to exterior and interior peptide bond 

melting in ala-rich peptides ~20 residues long. Summarizing, our results not only directly 

demonstrate that α-helix melting and formation in relatively simple peptides are not simple two-

state processes but also provide an important quantitative basis for testing theoretical studies in 

the field of peptide and protein folding.  
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11.0  FUTURE WORK 

11.1.1 Ultimate Goal of the Methodology Described in the Thesis 

It was discussed in the introduction, that essentially all secondary structure conformational 

transitions in peptides and proteins can be accurately described in terms of change in two 

Ramachandran angles, Ψ and Φ (Fig. 2). Thus, to completely elucidate a protein and/or peptide 

secondary structure from the UVRR experiment, it is ultimately necessary to enable the direct 

experimental monitor of both Ψ and Φ Ramachandran angles for any peptide bond of interest, 

or any selected group of peptide bonds.  

11.1.2 Further Developments of the Described Methodology Required for Achieving the 

Ultimate Goal. 

The methodology described in this thesis has been demonstrated to provide the Ψ Ramachandran 

angular population distributions of peptide bonds in water solutions of peptides and proteins. 

Thus, UVRR spectroscopy has been shown to directly monitor the Ψ angles, but not yet at 

individual peptide bond level (however, see sub-section 1.3.2.1 below). In addition, our 

methodology in its current form cannot yet provide the direct experimental monitor of the 

Φ Ramachandran angle. Thus, recalling the ultimate goal of this methodology (see sub-section 

1.3.1 above), there are two obvious future directions to improve the described methodology: 

a) Demonstrate the ability of this methodology to monitor the Ψ angles of individual 

peptide bonds of interest (or any selected group of peptide bonds). We show below, that such a 

monitoring is quite possible by combining the described methodology (even in its current form) 

with selective Cα-D labeling.  
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b) Elucidate the UVRR bands sensitive to the second Ramachandran angle, Φ; 

quantitatively relate the parameters of these bands to Φ Ramachandran angle; and then develop a 

quantitative practical method to directly monitor Φ angles of peptide bonds ideally at individual 

peptide bond level.  

11.1.2.1 Combining the Developed Methodology with Cα-D Labeling Enables Monitor 

of Ψ Ramachandran Angles of Individual Peptide Bonds! 

It was mentioned above, that the methodology described in this thesis has been shown to 

provide the Ψ angular population distributions of peptide bonds in natural isotope abundance 

peptides and proteins. The application of this methodology, even in its current form, has led us to 

many novel and important discoveries. However, there exists another extremely powerful ability 

of this methodology, which has not yet been demonstrated in this thesis.  

Specifically, this methodology combined with a Cα-D labeling can monitor the Ψ angles 

of individual peptide bonds of interest (or any selected group of peptide bonds). As discussed in 

the thesis (Chapters 3, 5, 7 and 9), the Cα-D labeling dramatically upshifts the amide III3 

frequency of a peptide bond, resulting in an up to ~110 cm-1 frequency upshift. Thus, the UVRR 

difference spectrum between a natural abundance peptide or protein and its derivative with a Cα-

D labeled peptide bond of interest, would reveal the amide III3 frequency and, thus, the Ψ angle 

of the labeled peptide bond.  

This powerful ability to monitor the Ψ Ramachandran angles of individual peptide bonds 

in equilibrium and dynamic (as well as those of any chosen group of peptide bonds) leads to a 

great variety of important future projects. Some of them are discussed in sub-section 1.3.3.  

11.1.2.2 Elucidation of Φ Ramachandran Angle.  

In case of α-helix melting to PPII or β-strand-like conformations, the Ψ Ramachandran 

angle is the major secondary structure reaction coordinate, as pointed out in this thesis. However, 

monitoring of the second Ramachandran angle, Φ, will provide the important additional 

information. Obviously, the additional ability to monitor Φ angle is especially attractive for 

studying those conformational transitions, which does not involve large Ψ angle changes, such 

as, for example, β-hairpin, β-sheet formation and amyloid fibril formations. In addition, the 
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simultaneous monitoring of Ψ and Φ angles should help to better characterize the intermediate 

states, which show up in protein folding pathway.  

Summarizing, the elucidation of both Ψ and Φ angles of peptide bonds would simply 

provide the complete secondary structure information. It would enable the additional quantitative 

insight into the mechanisms of most (if not all) peptide and proteins conformational transitions.  

Concerning this thesis, the additional elucidation of Φ angles of peptide bonds would 

allow us to further refine the Chapter 5 correlation between the Ψ angle and amide III3 

frequency. In addition, we would be able to distinguish between different intermediate turn 

conformations detected in Chapter 8 and ultimately obtain more accurate Gibbs free energy 

landscape features along the Ψ angle coordinate of AP (Fig. 73, Chapter 8).  

We are currently working on the elucidation of UVRR bands, which are sensitive to the 

second Ramachandran angle, Φ. For example, UVRR spectra of peptide crystals with known Ψ 

and Φ Ramachandran angles (Chapters 3 and 5) combined with normal mode calculations using 

Gaussian, may help to resolve this issue.  

11.1.3 Possible Applications of the Developed Methodology.  

11.1.3.1 Quantitative Insight into the Mechanisms of Conformational Transitions in 

Model Peptides. 

First, this methodology combined with isotopic labeling can be applied for studying of 

conformational transitions in different model peptides to reveal the Ψ angles of individual 

peptide bonds. Such experimental data are crucially needed to test the validity of many recent 

theoretical works in the field of protein folding, since the theoretical works are often limited to 

model peptide studies by current computer abilities.  

For example, it is now possible to continue our UVRR studies of 21-residue mainly ala 

peptide, AP, and reveal the equilibrium and dynamic Ψ angular evolution of any chosen peptide 

bond or group of peptide bonds. As mentioned above, this could be done by subtracting the 

UVRR spectra of different Cα-D labeled derivatives of AP from those of natural abundance AP. 

Specific questions of interest could be the detailed information about the exact location of 
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recently resolved pure π-bulges, α-helices and 310-helices (Fig. 72, Chapter 8), as well as that 

about their formation and melting times.  

We can also continue our studies of various conformational transitions, which occur in 

poly-L-lysine and poly-L-glutamic acid peptides. For example, in case of poly-L-lysine, our 

methodology can provide an important additional quantitative insight into the mechanisms of 

salt-induced, pH-induced and/or temperature-induced α-helix melting and/or formation. In case 

of poly-L-glutamic acid, we can also revisit the mechanism(s) of pH- and/or temperature-

induced α-helix melting.  

In addition, we can also continue the Ahmed and Asher studies of a 310-helix forming 

peptide, gp41659-671 (Biochemistry, 2006, 45, 9068). This peptide shows the evidence of 310-

helix, π-helix/bulge-like conformations, but little α-helix conformations in its folded state. In 

contrast, this peptide exhibits the PPII and β-turn-like conformations in its unfolded states. The 

use of isotopic substitutions can reveal the Ψ angles of individual peptide bonds. This 

information should provide the explaination why this peptide shows a uniquely rough energy 

landscape with nearly degenerate folded and unfolded states over a wide temperature range.  

11.1.3.2 Quantitative Insight into the Mechanisms of Conformational Transitions in 

Proteins. 

In addition to model peptide studies, we can apply the described methodology to 

quantitative characterize the conformational transition in naturally occurred proteins. We 

demonstrated our ability to do so in Chapter 2 of this thesis, where we obtained the Ψ angular 

population distributions of acid denatured apo-myoglobin as well as that for non-α-helical and 

non-β-sheet conformations of a small library of native proteins.  

We can continue these studies, for example, to quantitatively characterize the equilibrium 

and dynamic Ψ angular evolution during the temperature and/or acid-induced α-helix melting in 

apo-myoglobin. These studies will definitely provide the additional insight into the equilibrium 

conformations and dynamics of cold, heat and acid induced denaturation of proteins.  

In addition, Ahmed et al.’s UVRR equilibrium studies of Trp-cage, showed that melting 

of this synthetic mini-protein is not a simple two-state process (J. Am. Chem. Soc., 2005, 127, 

10943). We can continue these studies by combining our novel methodology and the Cα-D 
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labeling to reveal the equilibrium and dynamic mechanism of Trp-cage melting at individual 

peptide bond level.  

11.1.3.3 Developing a Methodology to Experimentally Monitor Ψ and Φ 

Ramachandran Angles of Peptide Bonds and Hydrogen Bond Strengths in Peptide 

Crystals.  

In Chapter 5 of this thesis, we showed that the amide III3 frequencies of peptide crystals 

with known structure qualitatively follow the sinusoidal trend predicted by equations 8 and 9. 

However, peptide crystal amide III3 frequencies are systematically upshifted compared to those 

of relatively long peptides and proteins in water solutions (Fig. 53). We explained this 

observation in terms of increased hydrogen bond (HB) strengths in these peptide crystals, which 

results in the additional amide III3 frequency upshift. The origin of the HB strengths increase is 

that peptide bond carbonyls in these crystals hydrogen bond to NH3
+ groups (instead of NH 

groups in case of relatively long peptides and proteins in water solutions); whereas the peptide 

bond NH groups hydrogen bond to carboxyl groups (instead of carbonyl groups).   

Thus, it is now possible to quantitate these HB-induced upshifts in these peptide crystals 

and ultimately develop a methodology to quantitatively monitor the Ψ Ramachandran angles of 

peptide bonds directly from UVRR experiment. In addition, these crystal data may also help to 

elucidate the UVRR bands sensitivity to the Φ Ramachandran angle, and to develop a 

quantitative methodology to monitor the Φ Ramachandran angle using UVRR spectroscopy.  

11.1.4 Other Possible Future Projects 

Finally, we want to mention possible future projects, which do not necessarely require the use or 

further developments of methodology described in this thesis, but logically follow some of the 

thesis findings.  
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11.1.4.1 Direct Measurements of Pure α-Helix and π-Bulge Relaxation Melting Rates 

in AP. 

In Chapter 8 of this thesis (Fig. 72), we for the first time obtained the individual melting 

curves for pure α-helix, π-helix/bulge and 310-helix conformations in 21-residue mainly ala 

peptide, AP. In Chapter 9, we estimated the melting and formation rates of these “α-helix-like” 

conformations using a fit of the experimental data to equations 31A and 31B. These studies can 

be continued to directly measure (rather than estimate from the fit to equations 31A and 31B) the 

pure α-helix and pure π-bulge relaxation melting rates. Specifically, the T-jump measurements at 

both final (Tf) and initial (Ti) T-jump temperatures < +20 °C would report the pure π-bulge 

relaxation rates; whereas the T-jumps at Tf and Ti≥+30 °C would reveal that for pure α-helix 

(Fig. 72).  

11.1.4.2 Equilibrium and Dynamic Melting of N-terminus vs C-Terminus in AP 

Derivatives. 

In Chapter 9 of this thesis we found an evidence that the AdP (and, thus, AP) N-terminus 

has higher pure α-helical content than that of C-terminus. These studies can be continued by 

equilibrium and dynamic melting studies of AP derivatives, which contain, for example, ten Cα-

D labeled peptide bonds at either N- or C-terminus. If the pure α-helical content at the N-

terminus is indeed higher than that at the C-terminus, then we should observe the following: 

a) equilibrium melting temperature (Tm) of ten N-terminal peptide bonds is higher than 

that of ten C-terminal peptide bonds. This is because pure α-helices show higher Tm’s than those 

of the 310-helices and π-bulges (Fig. 72); 

b) dynamic relaxation melting time(s) for ten N-terminal peptide bonds is slower than that of ten 

C-terminal peptide bonds. This is because pure α-helices show ~10-fold slower relaxation times 

than those of π-bulges and 310-helices (Table 18, Chapter 9). 
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APPENDIX A 

QUANTITATIVE CORRELATION BETWEEN THE PEPTIDE BOND AMIDE III3 

FREQUENCY, HYDROGEN BONDING AND Ψ RAMACHANDRAN ANGLE 

In this Appendix, which is directly related to Chapter 5 of this thesis, we carefully investigate the 

dependence of AmIII3 frequency on the Ψ Ramachandran angle, the peptide bond-water 

hydrogen bonding (PB-water HB) and the peptide bond-peptide bond hydrogen bonding (PB-PB 

HB) based on both experimental and theoretical studies. These considerations allow us to 

quantitatively characterize the HB-induced AmIII3 frequency shifts (summarized in Table 9 of 

Chapter 5) in the cases of the common protein/peptide secondary structure conformations. Then, 

we subtract these HB-induced shifts from the experimentally measured UVRR AmIII3 

frequencies for pure secondary structure conformations (Table 8), in order to refine Asher et al’s. 

theoretically predicted47 sinusoidal correlation between the AmIII3 frequency and Ψ 

Ramachandran angle (Eqn. 8, Chapter 5). The reason we neglect the Φ angular dependence of 

AmIII3 frequency is explained in great detail in Chapter 5. 

NOTE: All the references to this Appendix can be found after the Chapter 5.  

A.1 DEPENDENCE OF AMIDE III3 FREQUENCY ON PB HB 

In N-methylacetamide (NMA), theoretical calculations75,76 show that the formation of a single N-

H PB-water HB upshifts the AmIII band by ~17−20 cm-1, while formation of a C=O PB-water 

HB upshifts the AmIII frequency only 11−13 cm-1. Qualitatively, similar shifts should occur for 
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PB-PB HB. However, N-H group PB-PB HB are somewhat stronger than PB-water N-H group 

HB.101 In contrast, C=O group PB-PB HB have strengths similar to individual PB-water C=O 

HB.101 To complicate things, the total AmIII frequency shift nonlinearly depends both on the 

number of PB HB formed, as well as on their individual strengths.75,76 For example, three 

simultaneous waters HB to a PB result in a larger AmIII frequency upshift, than the sum of 

upshifts of the individual HB. 

Recently42 we identified the AmIII3 band in peptides and proteins, the normal mode 

composition of which is essentially similar to that of “classical” AmIII band of NMA (Fig. 81), 

which shows the possible water HB geometries to a PB, indicates the estimated hydrogen bond 

AmIII3 frequency shift for each possibility. 
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Figure 80.  AmIII3 upshifts due to PB-water HB in case of fully exposed PB, i.e. for PPII, 2.51-helix and extended 

β-strand conformations. Note that water can HB to the PB at sites A, B and C. The values of these upshifts derive 

from calculations of NMA by Torii et al.76 and measurements by Kubelka and Keiderling.74  The largest shift of 62 

cm-1 at room temperature (or 64 cm-1 for NMA in water at 0 °C, Tables 9 and 19) is measured by Kubelka and 



 273 

Keiderling.  These upshifts are explained in terms of water cluster hydrogen bonding by the very recent important 

paper of Schmidt et al.77 

 

PB-water HB gives rise to a large temperature dependence of the AmIII3 

frequency22,29,42,43 due to anharmonicities.25,82-87 A significantly smaller temperature dependence 

of the AmIII3 frequency occurs for α-helix and β-sheet peptides because they are extensively PB-

PB HB.22,42,43,60,89 This difference occurs between NMA dissolved in water and pure NMA, 

where the pure NMA HB only to other NMA molecules (Table 19). 

 
Table 19.  Frequencies and temperature dependencies of 204 nm UVRR amide bands of neat NMA and 

0.13 M (1 volume %) NMA in water. 

NMA, neat liquid 0.13 M NMA in 
water 

Amide Band 

ν at 79 °C, cm-1 Δν/ ΔT,  cm-1/°C ν at 70°C, cm-1 Δν/ ΔT, cm-1/°C 

AmIII 1293 − 0.05 ± 0.01 1309 − 0.09 ± 0.01 

AmII 1558 − 0.069 ± 0.015 1574 − 0.11 ± 0.01 

AmI 1668 + 0.04 ± 0.01 1649 + 0.01 ± 0.03 *  

* it is hard to accurately determine the temperature dependence of AmI band of 0.13 M NMA 
in water due to overlap between strong AmII and weak AmI bands (see Fig. 81). 

 

Fig. 81 compares the 204 nm UVRR spectra of neat liquid NMA to a 0.13 M solution (1 

volume %) of NMA in water at high and low temperatures. We find that the neat NMA AmII 

and AmIII frequency shifts/ºC are ~40% less than that those of NMA in water (Table 19), 

showing that the impact on the AmIII3 frequency of the anharmonicity in the PB-PB HB is less 

than that of PB-water HB.42,43 PBs fully exposed to water usually have three PB-water HBs 

(Fig. 82, I).75-77,102 Two water molecules HB to the PB C=O group at sites A and C, while a third 

water molecule HB to the PB N-H group at site B.75,76 Monte Carlo simulation studies of NMA 

hydration,103 show that the NMA is dominantly HB to three waters at sites A, B and C as shown 

in Fig. 80. 

PB-PB HB is dominated by two-end-on HB77,104-107 between the N-H and C=O groups at 

sites E and F (Fig. 82, II). We recently showed that formation of an additional PB-water HB to 
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the PB C=O groups at sites D and D* (Fig. 82, II) gives rise to an additional ~5 cm-1 frequency 

upshift.89 This smaller ~5 cm-1 upshift results from water HB simultaneously at sites D and D* 

because the D* water hydrogen bond weakens the C=O to H-N HB (Fig. 9 of Schmidt et al.77). 
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Figure 81.  204 nm UVRR spectra of NMA at high and low temperatures as well as their difference spectra (high − 

low T):  A) 0.13 M  NMA in water at +20 and +70 °C;  B) NMA neat liquid at +43 and +79 °C.  Sharp band at 

~1555 cm-1 originates from atmospheric O2. 

 

Thus, the resulting AmIII3 HB-induced frequency dependence in Eqn. 9 (Chapter 5) is: 
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where ( )TDDCBA
WP

*,,,,
−Δν  are the temperature dependent AmIII3 frequency shifts due to HB of 

individual water molecules to specific sites A, B, C or D and D* (Figs. 80 and 82); ( )TFE
PP

,
−Δν  

are the temperature dependent AmIII3 frequency shifts due to individual PB-PB HB at NH and/or 
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CO sites (Fig. 82); nA,B,C,D,D* and n,E,F are the coordination numbers, which are equal to “1” if a 

particular site HB and “0” otherwise. 
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Figure 82.  Definitions of all possible HB sites for: I) a PB, which is fully exposed to water (PPII, 2.51-helix and 

extended β-strand); II) a PB, with two PB-PB end-on HB (as in the interior PBs of an α-helix, and PBs of interior 

strands of β-sheet). 

 

In this Appendix we will concentrate on exploring the two cases where the PB is either 

fully exposed to water (PPII, 2.51-helix and extended β-strand conformations), or is involved in 

two-end-on PB-PB HB, as in an infinite α-helix or multiple-stranded β-sheet conformation. We 

assume that the N-H HB is completely fulfilled by one HB of either type, while the C=O may 

have one or two HBs. If a PB is fully exposed to water, its N-H will always HB to one 

water/water cluster, while its C=O will always HB to two waters/water clusters (Figs. 82, I). 

Thus, in Eqn. 33 if nA= n,B= nC=1, then we define nD= nD*=nE= nF=0. 

If the PB N-H is HB to another PB, it cannot additionally HB (Fig. 82, II). Thus, in 

Eqn. 33 if nE=1, then n,B=0 and vice versa). If the C=O of a PB is HB to another PB, it cannot 
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HB to an additional PB, but it can additionally HB to water at site D, depending upon its water 

exposure (Fig. 82, II). 

Thus, Eqn. 9 of Chapter 5 can be rewritten inserting Eqn. 33: 
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where νvac(ψ=0) is the AmIII3 frequency of a non-HB PB in vacuum with ψ = 0°. Ac measures 

the impact on the AmIII3 frequency of the coupling between the N-H and Cα-H bending motions. 

We found that maximum coupling occurs at a Ψ Ramachandran angle43 of ~ +85 °, where 

the Cα-H and N-H bonds are approximately cis, while a minimum coupling occurs for an α-

helix-like Ramachandran angles43,47 of Ψ ~ −95° (in a sterically forbidden region of 

Ramachandran surface), where these bonds are essentially trans. 

We now need to quantitatively characterize the remaining parameters of Eqn. 34. 

A.2 DEPENDENCE OF AMIDE III3 FREQUENCY ON PB-WATER HB (PPII, 2.51 

HELIX, AND EXTENDED β-STRAND CONFORMATIONS) 

Kubelka and Keiderling’s74 experimental studies of NMA hydration indicate that the AmIII 

frequency of fully hydrated NMA at room temperature is 62 cm-1 upshifted, compared to that of 

gas-phase NMA at ~100 °C. Taking into account the slope of temperature-induced coefficients 

(Table 19), we estimate the AmIII frequency upshift from the high-temperature gas-phase NMA 

to 0 °C NMA in water to be 64 cm-1 (Fig. 80). However, the theoretical studies of Besley75 and 

Torii et al.76 suggest somewhat lower upshifts of 54 and 41 cm-1 for NMA HB to the three 

individual water molecules at sites A, B, and C. We think that a larger experimental PB-water 

HB-induced shift of NMA occurs in real liquid water, since water clusters rather than the 

individual water molecules HB to NMA (especially at low temperatures), increasing the actual 

PB-water HB strength (Fig. 80). 
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Calculations of Schmidt et al.77 also suggest that HB of a three-water cluster to site B 

results in a 20 cm-1 larger upshift of the AmII band of NMA, than occurs upon HB of one water 

to site B. Table 19 shows, that temperature slope of the AmIII frequency shifts/ºC of NMA 

(which are measures of the temperature dependence of the HB strength) are ~25 % less than that 

of AmII. Thus, we estimate an additional upshift for the AmIII band due to HB to the water 

cluster compared to that of one water at site B to be ~0.75•20 = 15 cm-1. This is consistent with 

Kubelka and Keiderling’s74 FTIR measurements which suggest that the upshift of the NMA 

AmIII band (62 cm-1) from the gas phase to water solution is ~75% of that of the NMA AmII 

band upshift (83 cm-1). Thus, HB of NMA to water clusters, instead of to individual water 

molecules at sites A, B and C additionally increase the AmIII frequency upshift from 41 to 62 

cm-1 at room temperature, or to ~64 cm-1 at 0 °C (Fig. 80). 

The situation becomes more complex for PBs of long peptides and proteins, since 

different side chains and different secondary structural motifs will show different water 

exposures of C=O and N-H groups. Thus, we will need to carefully specify the HB pattern for 

each PB for these systems. 

The PPII structure, which is an extended structure with all of its PBs fully exposed to 

water, appears to be mainly stabilized by PB-water interactions.108-110 The PPII conformation has 

three waters/water clusters HB at each A, B, and C PB site, like that of NMA. Thus, we expect 

that the PPII conformation will show an AmIII3 HB-induced frequency shift from vacuum to 

water similar to that of NMA. Fig. 80 shows our estimated AmIII3 frequency upshifts for all 

possible HB to water situations; we estimate that the AmIII3 frequency of fully hydrated PPII at 

T0=0 °C will be ~64 cm-1 upshifted relative to the PPII chain in vacuum, similar to that of 

NMA.74  

Thus, hydration of the PPII conformation gives rise to a shift of: 
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We recently discovered 2.51-helix conformations of PLL and PGA, which are stabilized 

by charged sidechain electrostatic repulsions.60 These almost fully extended conformations have 

Ramachandran angles not far from those of the PPII conformation, and show a similar water 

exposure (based on monotonic frequency shifts60) with three water/water clusters HB to the PB. 
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Thus, we expect the 2.51-helix AmIII3 frequency will also be 64 cm-1 upshifted from vacuum to 

water (Tables 8 and 9 of Chapter 5): 
1
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WPWP νν                                        [36] 

We also expect a similar result for all water-exposed extended β-strand structures: 
1
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Assuming, that the PB of these extended β-strand-like structures HB to water clusters, 

rather than to single water molecules, we can quantitatively estimate the individual HB AmIII3 

upshifts at site A, B and C from the AmII upshifts of Schmidt et al.77 The HB-induced upshifts of 

AmIII3 band are ~75% of·the AmII frequency upshifts (see discussion above). 

However, the sum of the AmIII3 upshifts, estimated from the Shmidt et al.’s77 AmII 

upshifts, is slightly lower than the empirically obtained 64 cm-1 upshift (Eqn. 37). This is 

consistent with theoretical studies of Besley75 and Torii et al.76, which propose that the three 

simultaneous PB-water HBs at sites A, B, and C result in a slightly higher AmIII3 frequency 

upshift, than the sum of upshifts due to the individual HB. For simplicity, we neglect this non-

linearity and estimate the parameters in Eqn. 37 as 
A

WP−Δν =15 cm-1, 
B

WP−Δν =33 cm-1, and 
C

WP−Δν =16 cm-1 to make their sum equal to 64 cm-1. Thus, in the case of a fully exposed to water 

extended β-strand structures we write: 
111

03 163315),( −

−

−

−

−

− ⋅+⋅+⋅=Δ cmncmncmnHBT C
WP

B
WP

A
WPIIIν        [38] 

where T0=0 °C. 

A.3 DEPENDENCE OF AMIDE III3 FREQUENCY ON PEPTIDE BOND-PEPTIDE 

BOND HB IN NEAT NMA 

We can estimate the influence of PB-PB HB on the AmIII3 frequency directly from the 

experimentally measured AmIII frequencies of neat NMA and NMA in water (Fig. 81 and 

Table 19).  NMA in water shows a 1315 cm-1 AmIII frequency at 0 °C, 64 cm-1 upshifted with 
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respect to that in vacuum74 at 1251 cm-1. There seems to be some systematic difference between 

the gas-phase NMA 1255 cm-1 value reported by Kubelka and Keiderling74 and the 1259 cm-1 

value reported by Mayne and Hudson.111 

The NMA AmIII frequency upshifts from 1251 cm-1 in the gas phase to 1295 cm-1 in the 

neat liquid (at +40 °C) is caused by PB-PB HB. Neat NMA solutions are dominated by NMA 

clusters with only two PB-PB HB.104,106,107 Thus, utilizing the temperature induced frequency 

shifts of Table 19, we estimate a 46 cm-1 AmIII3 frequency upshift at 0 °C due to PB-PB HB: 
1
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since nE= n,F=1. 
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Figure 83.  AmIII3 frequency upshifts due to N-H (site E) and C=O (site F) PB-PB HB in neat NMA.  Note: ~48 

cm-1 AmIII upshift for two end-on PB-PB HB was measured, while the AmIII upshifts for PB-PB HB at individual 

sites E and F were estimated from their AmII band upshifts.77 

 

Alternatively, Schmidt et al’s.77 calculations predict a 43 cm-1 NMA AmII upshift upon 

N-H PB-PB HB at site E, and 16 cm-1 AmII upshift upon C=O PB-PB HB at site F. Recalling74 

that ΔνIII ≈ 0.75•ΔνII, we can estimate the AmIII frequency upshifts due to NH (site E) and C=O 
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(site F) PB-PB HB as 35 + 12 cm-1= 47 cm-1, respectively. Our third independent estimate of the 

AmIII3 upshift due to PB-PB HB in antiparallel β-sheet (see Eqn. 41) gives the value of 48 cm-1. 

These values are very close to the 46 cm-1 value measured for NMA (Figs. 81 and 83). We will 

use the 47 cm-1 value for PB-PB HB-induced AmIII3 frequency upshifts, since it is the average 

of these three estimates. 

In spite of the theoretical studies,75,76 which propose that two simultaneous HBs to NH 

and C=O groups of a PB may result in a slightly higher AmIII3 frequency upshift than the sum of 

upshifts due to the individual HB, we for simplicity estimate the NMA parameters in Eqn. 39 

as
E

PP−Δν =35 cm-1, while 
F

PP−Δν =12 cm-1.  

A.4 DEPENDENCE OF AMIDE III3 FREQUENCY ON α-HELIX HB 

The ideal α-helix conformation has the i-th residue N-H group intramolecularly HB to the i+4-th 

residue C=O group (Fig. 84). In addition, there is evidence of HB of the exposed PBs to the 

surrounding sheath of waters.80,81,89,105,112-114 The three C-terminal α-helix residues have just 

their N-H groups intramolecularly HB (Fig. 84), while the three N-terminal α-helix residues 

have just their C=O groups intramolecularly HB (Fig. 84). Since each PB contributes to the 

AmIII Raman bands independently from their neighbors,61 the UVRR spectra of an α-helix of 

seven or more residues long will have contributions from three differently HB PBs, which have 

the same α-helix Ramachandran angles (Fig. 85-87). 

We expect the AmIII3 frequency of the PB of interior residues, which have two-end-on 

PB-PB HB at their C=O and N-H sites (Fig. 85) to be 47 cm-1 upshifted due to PB-PB HB (sites 

E, F), with an additional 5 cm-1 upshift due to PB-water HB (sites D and D*).89 Thus, the AmIII3 

frequency of a long α-helix in water is expected to show an AmIII3 band 52 cm-1 upshifted when 

compared to the fictitious case of an identical 3D-structure where no HB occurred. 

Ham et al.81 α-helix hydration studies suggest that for a polyalanine α-helix, only one 

water molecule (on average) HB, and that this water HB to the carbonyl oxygen. The water HB 

results in only an additional ~5 cm-1 upshift, as observed by Pimenov et al.,89 because the water 
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HB to the adjacent (i+4) PB carbonyl weakens the (i+4)C=O•••H-N(i) HB as explained by 

Schmidt et al.77 

It should be noted, that α-helices consisting of amino-acid residues with larger side 

chains than ala will be less hydrated than are polyalanine α-helices,112 and their AmIII3 

frequency should be less upshifted. Thus, α-helical segments of real proteins will be, in general, 

less upshifted because they will be involved in less PB-water HB. 
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Figure 84.  Diagram of α-helix and anti-parallel (anti-||) β-sheet PB-PB HB patterns.  Note: Both α-helical segment 

of N≥7 residues long and β-sheet segment of n≥3 strands contain three types of PBs, which differ in PB-PB HB (see 

text and Figs. 85-87 for detail). 

 

We can easily estimate the AmIII3 frequency upshift for the three PB N-terminal residues 

that are PB-PB HB at their C=O sites from Schmidt et al.’s77 AmII upshifts due to PB-PB HB 
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(Fig. 86). We expect the AmIII3 frequency to be 12 cm-1 upshifted due to PB-PB HB (site F), 

with an additional 11 cm-1 upshift due to PB-individual water HB (site D)77 or 16 cm-1 due to 

PB-water sheath HB (site D, Fig. 86). An additional 33 cm-1 upshift comes from HB of their N-

H group to water clusters at sites B (Eqn. 38). Thus, we calculate a total AmIII3 frequency 

upshift of 61 cm-1. 
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Figure 85.  AmIII3 frequency upshifts due to two-end-on HB; i.e. for interior PBs of α-helix and for PBs of interior 

strands of β-sheet.  Note: 46 cm-1 AmIII3 upshifts are estimated from the neat NMA (Fig. 83) and anhydrous α-helix 

data, while 51 cm-1 upshifts are measured from α-helix in water data of Pimenov et al.89 The individual upshifts 

upon HB at sites D and D* are estimated from the calculated AmII frequencies of NMA.77 

 

In contrast, the PBs of the three C-terminal residues (Figs. 84 and 87) will show a 35 cm-1 

upshift due to PB-PB HB at the N-H site (E), with an additional 31 cm-1 upshift due to HB of the 

C=O to two waters at sites A and C, as can be estimated from Eqn. 38 (total 66 cm-1). However, 

the additional PB-water HB at site D* of the neighboring PB (Figs. 82 and 87) will cause an 11 

cm-1 AmIII3 frequency downshift. Thus, the total AmIII3 frequency upshift for the three C 

terminal PB of an α-helix will be 55 cm-1. 
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These considerations indicate that there is no more than a 9 cm-1 AmIII3 frequency 

difference (Figs. 53, 85-87) between any of the different α-helical HB states in water, given that 

the PB is constrained to be at the α-helix Ψ angle. In contrast, the terminal six α-helical residues 

of anhydrous α-helices which are not bound to water could show AmIII3 frequencies 35 and/or 

12 cm-1 below that of the interior of the α-helix (Figs. 54, 85-87). 
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Figure 86.  HB pattern and AmIII3 frequency upshifts due to HB of PBs, which are PB-PB HB at their C=O sites;  

i.e. for the three N-terminal PBs of α-helices and half of PBs of exterior strands of β-sheet.  Note: all these AmIII3 

upshifts were estimated from the calculated AmII frequencies of NMA.77 

 

The impact of this AmIII3 HB dependence on the measured UVRR spectra of our α-

helical 21-residue AP peptide depends upon the detailed melting behavior. If melting 

conformations followed the all-or-none α-helix peptide model,22 the UVRR spectra of α-helical 

AP would be dominated by the interior α-helix PBs whose AmIII3 frequencies are upshifted by 

52 cm-1 due to PB-PB and water HB. The three C-terminal residues would be shifted by 61 cm-1, 

while the three N-terminal residues would by shifted by 55 cm-1. Thus, the AmIII3 would be 

slightly broadened by the contributions of the terminal residues. 
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In contrast, the relative contributions of the interior α-helix PBs will decrease if we 

assume the zipper model where a distribution of α-helical lengths occur.29 In fact it appears that 

an examination of the AmIII3 bandshape might allow us to distinguish the all-or-none versus the 

zipper model behaviors. 

Thus, in case AmIII3 upshift of AP α-helix (T0=0 °C), which is dominated by two-end-on 

PB-PB HB, we write: 
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Figure 87.  HB pattern and AmIII3 frequency upshifts due to HB of PBs, which are PB-PB HB at their N-H site;  

these include the three C-terminal PBs of α-helix and half of PBs of exterior strands of β-sheet.  Note: all these 

AmIII3 upshifts were estimated from the calculated AmII upshifts of NMA.77 
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A.5 DEPENDENCE OF AMIDE III3 FREQUENCY ON β-SHEET HB 

Fig. 84 shows a schematic diagram of an anti-parallel β-sheet structure. The total number of PB-

PB HBs formed in anti-parallel and parallel β-sheet depends on the number of participating 

single peptide strands. In a double-stranded β-sheet, half of the water exposed PBs are involved 

in both PB-PB C=O HB (site F) and C=O PB-water HB (sites D and D*, Figs. 86, 87), while 

their N-H groups HB to water (site B, Fig. 86); and the other half participate in N-H PB-PB HB 

(E site, Fig. 87) while their C=O groups HB to water (sites A and C, Fig. 87). 

Interior strand PBs of multiple-strand β-sheets participate in two PB-PB HBs (sites E and 

F, Fig. 85), and additionally may have C=O PB-water HB (sites D and D*, Fig. 85). The PBs of 

their exterior strands will have the same HB pattern as those of double stranded β-sheets (Figs. 

86 and 87). 

Since each PB is expected to independently contribute to the AmIII region61,62 we expect 

that the β-sheet spectrum will contain overlapping contributions of the three different HB species 

which have the same β-strand-like Ramachandran angles, but different HB patterns (Figs. 85-87; 

Table 8 of Chapter 5). 

A.6 HB SHIFTS FOR Β-SHEET ASSUMING Α-HELIX-LIKE PB-PB HB 

STRENGTHS 

If PB-PB HBs in anti-parallel β-sheet are equivalent to those in α-helices (Eqn. 40), we expect 

that half of the PBs (Figs. 84 and 86) of exterior strands of β-sheet will show AmIII3 bands, 

which are 12 cm-1 upshifted due to the C=O PB-PB HB (site F), 16 cm-1 upshifted due to the 

additional PB-water clusters HB (sites D), and 33 cm-1 upshifted due to N-H PB-water clusters 

HB at site B, for a total upshift of 61 cm-1 (Fig. 86). 

In contrast, the other half of PBs from exterior strands of a β-sheet (Fig. 87) will produce 

an AmIII3 band, which is 35 cm-1 upshifted due to N-H PB-PB HB (site E) and 31 cm-1 upshifted 

due to two C=O PB-water HB at sites A and C. However, the additional PB-water sheath HB at 
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site D* of the neighboring PB reduces the AmIII3 frequency by 11 cm-1, giving a total AmIII3 

frequency upshift of 55 cm-1 (Fig. 87). 

In contrast, the interior PBs in β-sheet strands will have the HB pattern shown in Fig. 85, 

and will show an AmIII3 band which is 47 cm-1 upshifted due to both N-H and C=O PB-PB HBs 

(sites E and F) and 5 cm-1 upshifted due to an additional C=O PB-water HB at sites D and D*, 

for a total upshift of 52 cm-1 (Table 9 of Chapter 5). Thus, the maximum AmIII3 frequency 

difference which can result due to different β-sheet hydration states, given identical β-sheet Ψ 

angles, is only 9 cm-1. 

The PLL-PGA antiparallel β-sheet structure is multistranded. Thus, its UVRR spectra are 

dominated by its interior strand PBs (Fig. 85). The antiparallel β-sheet chains have their PB more 

exposed to water than occurs in an α-helix. Although water could HB to the β-sheet carbonyls 

from both sides, it is unlikely that more than one water/water cluster will HB to each C=O 

(Fig. 85). Thus, we estimate that PB-water HB at sites D and D* for a β-sheet will also cause a 5 

cm-1 upshift of the AmIII3 frequency of the PBs in the interior β-sheet strands. Because HB at 

sites D and D* compensate,77 differing PB-water HB strengths in β-sheets from those in α-

helices would cause only small differences in the AmIII3 frequency upshifts (Fig. 85). 

We achieve a similar conclusion by using a second independent argument which allows 

the possibility that the β-sheet PB-PB HB strengths may be somewhat weaker than in α-

helices.115 We can calculate the AmIII3 band frequencies of two non-HB β-strand-like 

conformations with similar Ψ angles. We measured a 1247 cm-1 (at 0 °C) AmIII3 frequency for 

the PPII conformation of XAO,42,43 and a 1227 cm-1 (at 0 °C) frequency for anti-parallel β-sheet 

of a PLL-PGA mixture.60 PPII and anti-parallel β-sheet have similar Ψ angles of 145° and 135°, 

respectively. 

We can calculate the downshifts which would occur if their HB were removed, while 

maintaining their conformations. The PPII AmIII3 frequency in water at 0 °C is expected to be 

64 cm-1 upshifted with “anhydrous PPII” (Fig. 80) which gives a 1183 cm-1 AmIII3 frequency for 

this fictitious isolated PPII (Ψ~145º, Table 8 of Chapter 5). From the correlations in Eqn. 10 

(Chapter 5) and Eqn. 4 (Chapter 2), which have similar ∂Ψ/∂νIII3 derivatives of ~ 1 °/cm-1 in 

PPII/β-strand region of Ramachandran plot, we conclude that the AmIII3 frequency of an isolated 

non-HB β-strand will be at 1174 cm-1. 
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Anti-parallel PLL-PGA β-sheets (Ψ~135º) participate in both PB-PB and PB-water HBs. 

We estimate a 48 cm-1 of this upshift derives from the PB-PB HB. 
148511741227 −−

− ≈+−≈Δ cmSheet
PP

βν                                     [41] 

Thus, the upshift value of 48 cm-1 due to PB-PB HB in PLL-PGA antiparallel β-sheet, 

estimated by Eqn. 41, is very close to the 46 cm-1 value for PB-PB HB in NMA (Eqn. 39). We 

will utilize a refined value of 47 cm-1, and assign an AmIII3 1175 cm-1 frequency to an isolated 

non-HB β-strand (Ψ~135º). Thus, for PLL-PGA β-sheet in water at 0 °C we write: 
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where all the parameters have the same meaning as in Eqns. 40. 

A.7 TEMPERATURE DEPENDENCE OF AMIDE III3 FREQUENCY 

The AmIII3 UVRR bands as well as AmI and AmII bands of the pure secondary structure 

conformations, show monotonic frequency shifts with temperature that are independent of 

conformational changes.22,29,42,43 These monotonic frequency shifts occur due to a decrease in the 

PB-to-water HB strength as the temperature increases.42,43,80,81,105,112-114 For example, in case of 

XAO peptide, which is in a highly hydrated PPII conformation, the AmIII3 band monotonically 

downshifts with an increase of temperature with a slope of −0.11 cm-1/°C.43 

Thus, we can write for PPII conformation: 

1
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where T0=0 °C. 

Assuming the similar HB pattern for 2.51-helix, we can write: 
1

0
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We can generalize this result for any extended β-strand structure, i.e. any extended 

structure consisting of a single strand with Ψ and Φ Ramachandran angles in the β-strand region 

of the Ramachandran plot: 
1

0 )(11.0)()( −−⋅−=Δ≅Δ cmTTTT PPII
III

EXTENDED
III νν            [45] 

We recently measured the temperature slope of the frequency shifts of the AmIII3 and 

other amide bands for systems dominated by PB-PB HB, for the pure β-sheet60 and pure α-

helix42,89 conformations and for neat NMA (Fig. 81, Table 19). The temperature slopes for neat 

NMA are ~40% less than that of fully hydrated NMA (Table 19). In contrast, in water we found 

much smaller AmIII3 shifts for two-end-on HB (Fig. 85) α-helix42,89 and β-sheet60 conformations 

at the edge of measurability: 
10)()( −−− ≈Δ≅Δ cmTT Sheet

III
Helix

III
βα νν                                                               [46] 

The smaller dependence of the amide band frequencies on temperature in the α-helix and 

β-sheet intramolecularly hydrogen bonded structures results from collective nature of the 

extensive hydrogen bonding network, which requires more perturbation to significantly change 

the average hydrogen bond lengths. 

Generalizing, we can write for monotonic frequency shifts of AmIII3 band of any 

conformation: 

1
0 )}(11.0{)( −−⋅−⋅≅Δ cmTTTIII δν                                     [47] 

where δ is a parameter, which mainly reflects the degree of hydration of a particular secondary 

structure element, and which we set at this time equal to “0” for long α-helix and multi-stranded 

β-sheet, and is equal to “1” in case of PPII, 2.51-helix, or any extended β-strand-like 

conformation consisting of a single strand. 

We estimate δ to be 0.8 for both the three N-terminal PB in α-helices and the exterior PB 

in β-sheet strands (Figs. 84, 86). In contrast, we estimate δ to be ~ 0.5 for both the three C-

terminal PB of α-helices and the exterior PB of β-sheet strands (Figs. 84, 87). These estimates 

derive from the assumption that the temperature dependence originates from PB-water HB 
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strength changes, and that the relative frequency dependence scales with the extent of water HB 

frequency upshift compared to that found in the PPII conformation. 

A.8 QUANTITATIVE CORRELATION OF THE AMIDE III3 FREQUENCY TO THE 

PB Ψ RAMACHANDRAN ANGLE, AND HB 

Inserting Eqns. 10, 38, 40, 42, and 47 into the Eqn. 34 we obtain the following general 

expression, which relates the AmIII3 frequency, Ψ Ramachandran angle and HB: 
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where all the parameters are described above (in the text of the Appendix A). 

For ease of use we have decomposed Eqn. 48 into three different families of equations 

which are listed as Eqns. 10, 11A-D, and 12A-C. These are each specific to particular secondary 

structures with their particular HB patterns as described above in the Results and Discussion 

section of this manuscript. We also created an “average” Eqn. 11E for estimation of Ψ 

Ramachandran angle of a PB in aqueous solution, if the HB state of a PB is unknown. 
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APPENDIX B 

SPECTRAL ANALYSIS OF ADP STEADY STATE UVRR SPECTRA 

NOTE: All references in this Appendix can be found after the Chapter 7 of this thesis. 

 

The AP α-helical fraction was calculated from the AP Raman spectra using the 

temperature dependent AP α-helix and PPII basis Raman spectra and the procedure of Lednev et 

al.1 It should be noted though that AP PPII conformation was originally1 incorrectly assumed to 

be a random coil.  

We modeled the AdP UVRR spectra )I(T,v  by: 

 

)(T,I(T)f)(T,I(T)f)(T,Id(T)fd)(T,Id(T)fd)I(T, PIIPIIααPIIPIIαα vvvvv ⋅+⋅+⋅+⋅=      [49] 

 

where T is the temperature and v is the Raman frequency. The terms fdα(T) and fα(T) are the 

fractional α-helix content of the deuterated and nondeuterated segments of AdP.  fdPII(T) and 

fPII(T) are the fractional PPII content of the deuterated and nondeuterated segments of AdP and 

are normalized by the total number of amide bonds in the peptide (deuterated plus non-

deuterated).  Idα(T,v) and IdPII(T,v), are the spectra of the pure α-helix and the PPII (PII) 

conformations of the deuterated segments of AdP. Iα(T,v) and IPII(T,v), are the α-helix and PPII 

spectra of the nondeuterated peptide segments. 

Thus,   fdα(T)+ fdPII(T)+ fα(T)+ fPII(T)= 1.                                                                 [50] 
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The α-helical amide III frequency and bandshape is temperature independent, while the 

AP PPII amide III shows modest temperature dependence.1 Therefore, Idα(T,v)= Idα(v) and 

Iα(T,v)= Iα(v). 

We find that the PPII deuterated amide III band is also essentially temperature 

independent. This probably results from the fact that Cα deuteration removes the variable 

contribution of Cα-H bending,9-11 which is responsible for the large sensitivity of the amide III 

band to the peptide bond conformation.9 Therefore, IdPII(T,v)= IdPII(v) for the amide III spectral 

region (1200-1400 cm-1). 

Thus, 

)(T,I(T)f)(I(T)f)(Id(T)fd)(Id(T)fd)I(T, PIIPIIααPIIPIIαα vvvvv ⋅+⋅+⋅+⋅=  [51] 

At high temperature (T≥60 °C) AP and AdP are essentially 100% PPII (Chapter 2 and 

ref. 1). Thus, nd deuterated and nn non-deuterated amide bonds (nd + nn = n = 20) occur in the 

PPII form. The high temperature, T1 AdP spectrum I(T1,v) is thus: 

),(TI
n
n)(Id

n
n),I(T 1PII

n
PII

d
1 vvv ⋅+⋅=   [52] 

and the difference spectrum can be written: 

)],(TI),(T[I
n
n)],(TI)([I)(Tf)](Id)([Id)(Tfd

),I(T),I(TIΔ

1PII2PII
n

2PIIα2αPIIα2α

12

vvvvvv

vv

−⋅−−⋅+−⋅=

=−=
 [53] 

Since the 1240 cm-1 AdP difference spectral peak results from the α-helix→PPIIl 

transition of the non-deuterated part of AdP: 

)],(TI),(T[I
n
n)],(TI)([I)(Tf)I(Δ 11PII12PII

n
12PII1α2α1 vvvv −⋅−−⋅=v   [54] 

Here v1 is 1240 cm-1, since there is no contribution of the deuterated segment to the 1240 

cm-1 spectral change. Using the previously calculated1 temperature dependent AP UVRR spectra 

for the α-helix Iα(v) and PPII conformations IPII(T,v), we determined the temperature 

dependence of the α-helical fraction of the non-deuterated (internal) α-helical segments fα(T2) 
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from Eqn. 54. The temperature dependence of this calculated α-helical fraction is shown in 

Fig. 68B of Chapter 7, ◊. 

We calculated the α-helical fraction of the deuterated part of AdP from the UVRR 

spectra using the dependence of the 1325 cm-1 band Raman cross sections on the α-helix and 

PPII composition. Using values of fα(T2), obtained from Eqn. 54 by using the 1240 cm-1 non-

deuterated amide III band, we can calculate the product )](Id)([Id)(Tfd PIIα2α vv −⋅  from 

Eqn. 53 since all other parameters are known: 

)],(TI),(T[I
n
n)],(TI)([I)(Tf)I(vΔ

)](Id)([Id)(Tfd

21PII22PII
n

22PII2α2α2

2PII2α2α

vvvv

vv

−⋅+−⋅−=

=−⋅
                       [55] 

where v2 is 1325 cm-1. We obtained the value of )](Id)([Id 2PII2α vv − , which we assume is 

temperature independent,12 from the measured value of fdα(T) at T=0 °C obtained by subtracting 

the α-helical fraction of the non-deuterated part of AdP from the calculated α-helical fraction of 

AP, since AP and AdP show identical α-helical fraction temperature dependencies, Fig. 68A 

(Chapter 7). These calculated values are shown by the ♦ in the Fig. 68B (Chapter 7). In the 

future we will directly determine more accurate values of )](Id)([Id 2PII2α vv − and its 

actual temperature dependence from UVRR spectra of fully deuterated peptides. 
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APPENDIX C 

PURE ADP α-HELICES AT +30 AND +40 °C ARE STABILIZED BY ~1.5 

KCAL/(MOL⋅PB) WITH RESPECT TO π-BULGES AND 310-HELICES. 

Note: Bibliography for the Appendix C is given after Chapter 9 of this thesis 

 

Recently we developed a method to estimate the Ψ Ramachandran angular population 

distributions of peptides and proteins from their UVRR AmIII3 band profiles.120,126,128,145,153 

These Ψ angular population distributions can then be used to estimate the Gibbs free energy 

landscapes (GFEL) along the Ψ angle folding coordinate.128,145 

Figure 88 shows the estimated GFELs for AdP at +30 and +40 °C, which are important in 

understanding the AdP kinetics. The +30 °C AdP GFEL (Fig. 88A) was estimated exactly same 

way as for AP,145 which is a natural abundance analog of AdP. To estimate the +40 °C AdP 

GFEL (Fig. 88B), we assumed that the Ψ angular distribution of pure α-helix at +40 °C has the 

maximum value of Ψ= −42° and the same halfwidth, σ, of ~5° as that at +30 °C.145 This is a 

reasonable assumption, because we showed earlier that the ~11 cm-1 half width at half height 

(HWHH) of the +30 °C α-helical AmIII3 UVRR band in water145 is only slightly larger than the 

~7.5 cm-1 homogenious linewidth (HWHH) measured in peptide crystals.120 

The black lines in Fig. 88 show the well determined portions of GFELs in the α-helical 

and PPII Ψ angular regions. This allows us to reliably determine the energy differences between 

pure α-helix, π-bulge and 310-helix conformations of AdP, whose minima occur at Ψ angles of 

−42°, −58° and −28°, respectively.145 Specifically, we find that at both +30 and +40 °C, the 

Gibbs free energies of π-bulges and 310-helices are approximately equal to each other. In 
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contrast, the pure α-helix conformation is stabilized by ~1.5 kcal/mol⋅PB with respect to π-

bulges and 310-helices (Fig. 88), as expected.56,93 
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Figure 88.  Relative equilibrium Gibbs free energy landscapes (GFEL) for AdP at different temperatures: (A) +30 

°C, (B) +40 °C.  Black lines with circles represent well-determined portions of the GFEL in the α-helix and PPII 

regions of the Ramachandran plot.  The dotted blue line in the uncertain “turn” regions of the Ramachandran plot, 

assumes that the turns T1 and T2 exist at Ψ≈−10° and +30°, respectively.145  The dashed green line assumes that 

turns T1 and T2 exist at Ψ≈+130° and +90°, respectively.145 
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The dotted blue line in Fig. 88 shows a very roughly estimated Ψ angle GFEL in the 

uncertain “turn” regions of the Ramachandran plot, by assuming that the detected minor turn 

conformations occur at Ψ≈−5° and +34°, respectively.145 In this case, it is not possible to 

determine the portion of GFEL between Ψ values of ~60° and 100°, nor to reliably determine the 

energy barrier between the α-helix and the PPII conformations (60° to 100°, Fig. 6). However, 

we can estimate that the barriers at the other angles are <3.6 kcal/mol⋅peptide bond 

(kcal/mol⋅PB). 

The dashed green line in Fig. 88 shows another option for the GFEL in the “turn” region 

of the Ramachandran plot, which assumes that the turns T1 and T2 (or β-strand) exist at 

Ψ≈+133° and +94°, respectively.145 Under this assumption, we estimate that the energy barriers 

between the α-helix and PPII conformations are between ~3.5 and 4.2 kcal/mol⋅PB (Fig. 88). 

We estimated from our Chapter 9 kinetic data that a 5.4−19.8 kcal/mol⋅PB unfolding and 

0−11.3 kcal/mol⋅PB folding Gibbs free energy activation barriers exist between the α-helix and 

PPII conformations (Table 18). The higher kinetic activation barrier found for unfolding 

(Table 18) than that estimated from the equilibrium GFELs (Fig. 88) may indicate the existence 

of the additional intermediate states involved in the α-helix unfolding reaction of AdP. These 

additional states would slow down the α-helix unfolding rates at low temperatures, making the 

serial calculated unfolding free energy activation barrier higher than any of the individual 

barriers. 
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