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However, despite or perhaps because of the experimental challenges, 

these fuzzy objects with fuzzy structures and fuzzy functions are 

among the most interesting targets for modern protein research. 

 

—Vladimir N. Uversky (2013) 
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1 Introduction: Raman optical activity in the 

unfoldomics decade 

1.1 Two decades of failure 

In January 2018, one of the world’s largest pharmaceutical companies, Pfizer, 

announced it was ending its efforts to develop new drugs for the treatment of 

Alzheimer’s and Parkinson’s disease. Many people reacted with disbelief and 

disappointment. In Belgium, Christine Van Broeckhoven and Bart De Strooper, 

both leading scientists in dementia research, plead in public media “to not forget 

about Alzheimer’s disease”. In analogy with the “Kom op tegen Kanker” 

organization that bundles efforts to combat cancer, De Strooper already in 2017 

called for a new initiative, “Kom op tegen Alzheimer”, freely translated to “Put it 

on against Alzheimer’s” to raise awareness for these debilitating diseases and the 

societal challenges to come. 

The announcement by Pfizer might actually not have been such a surprise and 

reminded us again of the common trend of failure in the battle against these 

dreadful diseases. Not only Pfizer but also Merck, Janssen Pharmaceutica, Eli 

Lilly and GlaxoSmithKline had already reported failures in the development of 

therapeutics for Alzheimer’s disease. The reason for these discouraging results, 

is that the basis of these diseases is not understood. Which immediately explains 

the calls by renowned researchers such as Van Broeckhoven and De Strooper to 

keep investing in basic scientific research focussing on these diseases. What we 

do know, is that in the pathology of diseases such as Alzheimer’s, Parkinson’s, 

Creutzfeldt-Jakob, multiple system atrophy, dementia with Lewy bodies and 

many more, a certain type of very flexible and dynamic proteins play a central 
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role.1 What these proteins have in common is their structural properties or 

rather their apparent lack of structure.1–4 

1.2 Fuzzy objects with fuzzy structures and fuzzy functions 

 Challenging the structure-function paradigm 1.2.1

Generally, proteins are considered from a structure-centric viewpoint; which 

considers that the specific function of a protein is determined by its rigid three-

dimensional structure.3,5 The past two decades, however, this so-called 

“structure-function paradigm”, has been challenged by the growing awareness of 

the existence of a very broad class of flexible proteins, collectively known as 

“intrinsically disordered proteins” or IDPs.2,6–9 

Protein structure in general biochemistry courses and text-books is commonly 

presented based on the hierarchical classification as shown in Figure 1.1.2,3,5  

 
Figure 1.1: Protein structure: (a) the primary structure or amino acid sequence; (b) the secondary 
structure, or the local conformation; (c) the tertiary structure or three-dimensional structure of 
one polypeptide chain and (d) the quaternary structure or spatial arrangement of the different 
subunits. The protein is hemoglobin (PDB id. 4HHB) represented as a cartoon ribbon with VMD 
1.9.2. 

The primary structure of a protein consists of the sequence of the amino acids 

(see Figure S 1.1 for the structure of the amino acids) linked together by peptide 

bonds. This polypeptide chain folds into specific local conformations. Because of 

the partial double bond character of the N-C bond, the four atoms in the peptide 

bond (-NH-C=O-) take a planar arrangement. Therefore, the local conformation 

surrounding the α-carbon of each amino acid in the peptide chain can be 
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described using the two torsion angles  and . As shown in Figure 1.2, these 

angles in proteins take preferential values which correspond to the preferred 

local conformations. The most common secondary structures are the right-

handed α-helix and the β-sheet, which both are stabilised by hydrogen bonds. 

The left-handed poly-L-proline type II (PPII) helix conformation has not been 

recognised for a long time as an individual secondary structure element, 

however comprehensive studies of both ordered and intrinsically disordered 

proteins demonstrate that this is a frequently occurring secondary structure 

element.3,10,11 The PPII helix is an extended left-handed helix defined by torsion 

angles clustering around ; = -75°; 145°.11 Compared to for example the α-helix, 

the PPII helix does not support regular patterns of intramolecular hydrogen 

bonds. The backbone of the PPII helix is exposed and as such can form hydrogen 

bonds with water. Although proline has a high propensity for PPII helix, also 

sequences that do not contain this residue can adopt this conformation.11,12 

To obtain a globular protein structure, the direction of the polypeptide chain has 

to be reversed, which is commonly accomplished by a secondary structure 

element called a turn. Turns can be characterised either by the occurrence of a 

hydrogen bond between residue i and residue i+n or by the distance between the 

Cα carbons of residue i and i+n being smaller than 7 Å. Different turns can thus 

be defined, such as δ-turns (n=1), γ-turns (n=2), β-turns (n=3), α-turns (n=4) and 

π-turns (n=5). The most common variant is the β-turn which is characterised by 

a hydrogen bond between (C=O)i and (N-H)i+3 The segments of a protein’s 

sequence that are not described by the different secondary structure elements, 

are often classified as coils or loops. 

The folding of the peptide chain in three dimensions is called the tertiary 

structure of the protein. In principle this is described by the coordinates of all 
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atoms, but it can more generally be viewed as how the different secondary 

structure elements are organised and how they interact with each other. 

A protein in native state does often not consist of a single polypeptide chain, but 

rather as an assembly of subunits. The quaternary structure of a protein 

describes the stoichiometry of these different subunits and their spatial 

arrangement. 

 
Figure 1.2: Protein secondary structure elements indicated in the Ramachandran plot of all non-
glycine and non-proline residues in the Top8000 database,

13
 adapted from Williams et al. with 

permission.
14

 

The static structure-function paradigm of proteins has been very successful, as it 

for example describes the catalytic function of enzymes reasonably well, based 

on the “lock-and-key” hypothesis formulated in 1894 by Emil Fisher.2,5,15 In that 

model, the enzymatic domain of a protein is described by a sturdy lock, that 

only fits one key; a specific molecular substrate.15,16 As such, this model provides 

a rationalization of the very strong specificity of enzymes. This static perception 
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of protein structure was further solidified by the vast amount of crystal 

structures of proteins that have been deposited in the Protein Data Bank (PDB) 

over the past decades.2,17  

Although already a lot of evidence had accumulated that numerous proteins 

exist that lack intrinsic globular structure under physiological conditions the 

decades before, it was only in the late 1990s that the generality of the 

phenomenon was recognised.18–20 In 1999, Wright and Dyson therefore called for 

a re-assessment of the protein structure-function paradigm.20 However, as 

reported for example by Tompa and Uversky, many researchers did not accept 

the notion that such “structure-less” proteins could be functional and it 

therefore took even more time for the concept to be widely accepted.2,3,6  

 Structural heterogeneity of IDPs 1.2.2

From the above, it can be concluded that proteins cannot be generally 

considered as rigid structural entities, but that they always contain a certain 

degree of structural flexibility and dynamics. The classical structure-function 

paradigm was challenged by showing that besides ordered proteins also largely 

disordered proteins exist. Uverksy visualised this by the two ends of Figure 1.3, 

as the ordered protein represented by a rock on the left and the completely 

structure-less protein by a hairball on the right.2,21 However, all structural 

varieties in between also exists, going from highly ordered proteins with 

intrinsically disordered regions (IDPRs; grass on rocks) and a mixture of ordered 

regions and IDPRs (hairy camel) to molten-globule like (greasy ball) and pre-

molten globule states (spaghetti with sausages). All these structural varieties of 

proteins exhibit a certain degree of dynamicity and flexibility. 

Since disorder in proteins is “fuzzy” as it comes in so many flavours and because 

it was only until the late 1990s and early 2000s that the concept of structural 
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disorder in proteins was generalised, the field also had to settle on a general 

name to describe the concept. Many different names had been used in scientific 

literature because it was challenging to characterize the properties of the 

proteins that exhibited structural behaviour differing from the classic static 

picture of protein structure. Some of these ambiguous names used in scientific 

literature were rheomorphic, flexible, mobile, partially folded, natively 

denatured, natively unfolded, intrinsically unstructured, chameleon and so 

forth.9 Eventually a large group of scientists involved in the field proposed the 

term “intrinsically disordered proteins” (IDPs) as a general descriptor of 

biologically active proteins lacking unique 3D-structures to cut through all the 

fuzziness.9 

 

Figure 1.3: Structural heterogeneity of IDPs and IDPRs: proteins can exist from fully ordered 
(comparison with a rock) to completely structure-less proteins (comparison with a hairball) and 
everything in between. Ordered/rock; ordered with IDPR/rock with grass; ordered with significant 
amount of IDPRs/hairy camel; molten globule/greasy ball; pre-molten globule-like extended 
IDPs/spaghetti with sausages; unstructured extended IDPs/hairball. Adapted from Uversky (2013) 
with permission.

2
 

 Residual structure of IDPs and chiroptical spectroscopy 1.2.3

Even though IDPs and IDPRs can be very flexible and dynamic, they are never 

completely random coils and still possess residual structure due to their 

heteropolymeric nature.2,21–25 As stated e.g by Uversky in 2013, “gaining 

structural and functional information about these proteins is a challenge, since 

they do not typically ‘freeze’ while their pictures are ‘taken’.”2 Therefore, the 
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study of IDPs relies on technologies other than X-ray crystallography. One of the 

most powerful tools to study the structural propensities of proteins, is nuclear 

magnetic resonance (NMR) spectroscopy.2,3,26 The spectral data obtained by 

NMR provides structural restraints which form the basis for describing 

conformational ensembles of IDPs.26,27 NMR restraints can for example be used 

in molecular dynamics (MD) simulations to study the structural behaviour of 

the protein.28 Another possibility is to use selection algorithms to identify 

subsets of structures from large conformer pools that fit the experimental NMR 

data.26 However, because of the many degrees of freedom in IDPs, the 

agreement of NMR data with the structural models does not ensure that the 

result is valid.27 Often multiple structural ensembles can be selected to fit with 

the experimental data.29 Therefore, NMR data is frequently supplemented by 

experimental data from other techniques such as small angle X-ray and neutron 

scattering (SAXS and SANS)3,30,31 or Förster resonance energy transfer (FRET)29,32 

to refine the structural ensembles. Small-angle scattering provides low-

resolution information about the molecular dimensions and shape of IDPs in 

solution.3,29 FRET probes long-range distances and dynamics in IDPs by 

introducing a donor-acceptor pair of chromophores at specific sites in the 

protein. FRET is the transfer of the excited state energy of the donor fluorophore 

to the acceptor fluorophore. The rate of the energy transfer is reverse 

proportional to the sixth power of the distance.3,32 As such, FRET can be used to 

provide distance information between the labelled sites, typically in the range of 

2-10 nm.32 By measuring the time-resolved decay of the donor fluorescence, the 

structural dynamics of an IDP can be probed. Yet, because of the huge challenge 

in describing IDPs with many degrees of structural freedom, other techniques 

are of high interest and are still under development. Spectroscopic techniques 

are prime tools in structural biology as they can be applied to study the structure 

of proteins in solution. Furthermore, many spectroscopic techniques can be 
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applied without the need to use labels, compared to e.g. FRET and paramagnetic 

relaxation enhancement (PRE) NMR methods, which thus avoids the 

preparation steps to introduce the labels and studies the proteins without 

modifications. Furthermore, spectroscopic methods provided the inception and 

basis for the general recognition of the flexible and dynamic nature of proteins 

in solution. 

From the 1960s to the 2000s, evidence from spectroscopic methods 

accumulated on the residual structure of disordered peptides and IDPs.11,33 By 

reviewing studies of specific peptides and proteins with NMR, ultraviolet 

circular dichroism (UVCD or CD), infrared spectroscopy, its chiroptical version 

vibrational circular dichroism (VCD) and Raman optical activity (ROA), the 

chiroptical version of Raman spectroscopy, Shi et al. in 2002 suggested that the 

PPII helix could be a major secondary structure element of IDPs.33 Interestingly, 

UVCD, VCD and ROA are all three chiroptical spectroscopies, which means that 

these methods are sensitive to chirality. Because of their chiroptical nature, 

these spectroscopies have an additional sensitivity to molecular conformations 

compared to their parent techniques, which explains their usefulness in the 

study of protein structure. While UVCD is an indispensable technique to study 

the solution structure of proteins, it arises from electronic transitions and as 

such gives rise to broad spectroscopic signals. VCD and ROA, on the other hand, 

probe vibrational transitions in molecules, which in principle results in much 

more structure rich spectra.34–36 Both VCD and ROA have indeed proven to be 

very sensitive to biomolecular structure in solution and are considered 

complementary techniques.34–37 ROA has the added advantage that water is an 

ideal solvent for routine measurements and as such is very powerful in the study 

of biomolecular structure in solution.34,38 Laurence Barron, who discovered and 

developed ROA, spent considerable effort to study the solution structure of 
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proteins together with his research group.34,38 As noted above, their work, 

especially in the 1990s and 2000s, contributed to the identification of residual 

structure in unfolded proteins and IDPs and underpinned the importance of 

PPII helix in their structural ensembles.23,39–46 As a chiroptical probe, ROA 

signals of very dynamic protein segments are believed to cancel out to some 

extent depending on the conformational freedom.34,41,47 Because of the specific 

ROA patterns that are assigned to PPII secondary structure, this spectroscopic 

technique is thus of high interest to resolve local PPII structural propensities 

and dynamics.48 Furthermore, ROA is compatible with a number of aqueous 

buffers, salts and excipients and can therefore be supplementary to other 

spectroscopic techniques such as NMR and (V)CD and provide information on 

the dependence structure and dynamics of an IDP on its environment.49–51 

Another striking observation is that proteins that were unfolded by denaturation 

show very distinct spectral differences compared to IDPs.23,34 Although these 

differences are yet to be interpreted, this suggests that ROA has a unique 

structural sensitivity probably owing to its chiroptical nature and the very short 

time scale of the Raman scattering process, which is much faster than that of 

conformational fluctuations.34 Creating a better understanding of the 

dependence of the ROA patterns of IDPs and their local structural propensities 

is thus an endeavour well worth pursuing, as recently reviewed by pioneers in 

the field of chiroptical spectroscopy, such as Barron34 and Nafie,48 because of the 

unique sensitivity of the technique to local secondary structure such as PPII and 

dynamics, and the complementarity to other techniques. Ultimately ROA could 

provide additional information about the structural propensities of IDPs and 

thus aid in the ensemble description of their structure. 
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1.3 Biomolecular spectroscopy at the University of Antwerp 
and Ghent 

For many years, the research groups Molecular Spectroscopy (formerly the 

Cryospectroscopy group) at the University of Antwerp and Quantum Chemistry 

at Ghent University have collaborated based on the fruitful combination of 

experimental and theoretical expertise. Until the beginning of 2013, the 

application of VCD to study small chiral molecules was the prime focus of the 

collaboration between these two research groups. In January 2013, a brand new 

ROA spectrometer was installed in Antwerp and simultaneously prof. Christian 

Johannessen joined the research group. One month later, the first biomolecular 

studies using ROA were initiated at the University of Antwerp when I started my 

master thesis project. During that time, we evaluated the performance of the 

spectrometer in picking up small differences in the spectra of proteins with a 

small structural difference.50 Furthermore, we assessed simulation techniques 

that could be used to study the ROA patterns of protein secondary structure, 

which served as the preliminary work for this thesis. 

1.4 Goals and outline 

The intriguing ROA spectra reported by the Barron group show small spectral 

differences for different IDPs.23,39–46 However, currently, the most important 

(and probably only) spectral assignment in the ROA spectra of IDPs is that of 

two spectral bands that are assigned to PPII secondary structure. Considering 

the ubiquitous presence of IDPs and IDPRs in biological processes such as DNA 

and RNA binding, transcription, translation, cell-cycle regulation,1,3,29 but also 

definitely because of the involvement of IDPs in diseases such as Alzheimer’s 

and Parkinson’s,1,52–54 a more thorough understanding of the ROA patterns of 

IDPs could contribute to a better knowledge of this group of proteins and their 

pathological properties.3 The prime question this thesis revolves around, is: 
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“what structural elements of IDPs are responsible for the experimental ROA 

patterns of these proteins?”. This is a very challenging task that extends beyond 

the interpretation of the ROA spectra of IDPs and requires a better 

understanding of the structure-spectrum relation in general. 

While traditional secondary structure elements such as the α-helix or β-sheet 

can readily be identified in the ROA spectrum of a protein, the detailed 

structure-spectrum relation is unknown.3,34 Because of theoretical developments 

and the gain in computer power, ROA can now be simulated using density 

functional theory (DFT) calculations.55 In this PhD research, the structure-

spectrum relation was studied in much detail by using a highly systematic 

approach and detailed comparisons between DFT calculated Raman and ROA 

spectra and experimental spectra. 

First, the theoretical background of ROA is described together with its 

application in the study of protein structure in solution in chapter 2. Next, the 

experimental and computational procedures that were used throughout our 

research are outlined in chapter 3. 

In chapter 4, the secondary structure sensitivity of ROA is demonstrated by the 

study of the solution structure of α-synuclein, which is a protein that plays a 

central role in the pathology of Parkinson’s disease.54,56,57 Depending on its 

direct environment, this protein adopts a distinctly different secondary 

structure, which was captured with ROA. While α-synuclein is an IDP in 

aqueous solution, upon binding with micelles it becomes predominantly α-

helical. Based on these results, we further investigated the secondary-structure 

spectrum relationship in detail, which was one of the main goals of this PhD. 

Since ROA mainly arises from the vibrations in the protein backbone,34,38 its 

secondary structure dependence was evaluated in chapter 5 using DFT 
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calculations of poly-L-alanine in specific conformations by systematically 

varying the backbone conformation. In this way, secondary structure 

conformations spanning the entire Ramachandran plot were generated. Based 

on a numerical comparison of the spectra in this newly developed database and 

the experimental Raman and ROA spectra of model peptides that adopt a 

specific secondary structure, earlier spectral assignments in scientific literature 

were evaluated. Using the insights obtained in chapter 5, the subsequent 

chapters describe how different structural properties that are not directly 

included in the database, being: structural disorder, β-turn formation, solvent 

effects and the amino acid side-chains contribute to the structure-spectrum 

relation. 

An interesting observation in the study described in chapter 5 was that the 

experimental ROA spectrum of a flexible peptide could be very well reproduced 

by the simulated spectra corresponding to a specific backbone conformation. 

This prompted us to analyse in depth how conformational disorder and 

dynamics would be perceived in ROA spectra. In chapter 6, the effect of 

increasing structural disorder on the Raman and ROA spectra of peptides and 

proteins is therefore systematically examined. Furthermore, the mixing of 

secondary structures, specifically in the case of IDPs is considered. 

In chapter 7, the study of the mixing of secondary structure elements was 

extended by looking at ROA patterns arising from β-turns. This type of 

structural element could be important in the interpretation of the ROA spectra 

of IDPs.24 Although a number of spectral patterns have been proposed to arise 

from β-turns based on both experimental and theoretical studies, yet the 

contribution of this structural element has not been firmly established.38,58–60 

Therefore, in chapter 7, a systematic evaluation of the β-turn is presented. 
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It has been suggested in scientific literature that the hydration of the peptide 

backbone could have an important contribution to the ROA patterns of proteins, 

yet the effect on the spectral characteristics arising from the secondary structure 

are unkown.38,59,61 Building on the previous chapters, the effect of the aqueous 

environment of peptides and proteins on the spectral patterns was analysed in 

chapter 8. 

While the chapters listed above describe the secondary structure sensitivity of 

ROA, the side-chains could have a contribution to the spectral 

characteristics.38,59,62–66 How the side-chains impact the spectral patterns arising 

from the protein backbone is unknown. It is generally believed that the 

contributions of most side-chains to a large extent cancel out.34,38 However, up 

till now, this has not been assessed in detail. This is a very challenging task since 

out of the 20 amino acids that make up proteins, 18 have a side-chain that can 

adopt different side-chain conformations. In chapter 9, the development of an 

elaborate database is described to evaluate the influence of the 18 side-chains on 

the backbone vibrations in a systematic way. 

As a general conclusion, in chapter 10, the Raman and ROA spectra of a few 

IDPs such as α-synuclein and Tau, involved in Parkinson’s and Alzheimer’s 

disease, respectively, are reported and discussed briefly in relation with the 

results of the chapters listed above. 
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Figure S 1.1: The building blocks of proteins: amino acids (all in neutral form). 
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In this way the new subject of Rayleigh and Raman optical activity was 

born. However, it was nearly stillborn, because I left my briefcase 

containing the handwritten draft manuscript of my paper with Peter 

on the subject on the pavement in Mansfield Road when getting into 

my car. 

 

— Laurence D. Barron (2015) 
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2 Raman optical activity: An incisive probe of 

biomolecular structure 

2.1 The birth of Raman optical activity 

The work of Laurence Barron when he was a doctoral candidate under the 

supervision of Peter Atkins led to the discovery of a new scattering mechanism 

of polarised light from chiral molecules.1 In a paper published in 1969, Atkins 

and Barron for the first time described the Rayleigh scattering of right- and left-

handed circularly polarised light by optically active molecules.2 Together with a 

second paper by Barron and Buckingham describing the Raman scattering of 

circularly polarised light that appeared in 1971, these two papers laid the 

foundations for a new spectroscopic technique called Raman optical activity 

(ROA).3 Two years later, in 1973, the first experimental observations of ROA 

were reported.4 And another two years later, in 1975, the experimental 

observation of ROA was confirmed by Werner Hug when he published ROA 

measurements of α-pinene and α-phenylethylamine.5 ROA was born.  

In the next section, the most important aspects of the theory describing Raman 

and ROA are discussed. For detailed theoretical descriptions of Raman and 

ROA, the dedicated books by Derek Long6, Laurence Barron7 and Laurence 

Nafie8 are recommended. After the theoretical background, sections on the 

application of Raman and ROA to study biomolecules in solution are presented 

highlighting the questions that still need to be resolved. 
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2.2 Theoretical background 

 Basic considerations 2.2.1

ROA was discovered as the tiny difference in the scattering of circularly 

polarised right- and left-handed radiation from chiral molecules, which is 

expressed by the dimensionless circular intensity difference (CID) , as defined 

by Barron and Buckingham in the early seventies:3 






R L

R L

I I

I I
 (2.1) 

The superscript notation of RI and LI  denote the scattered intensities of 

incident right- and left-circularly polarised light, which is called incident circular 

polarization (ICP). It is in this way that the original discovery of ROA was 

described.3 However, it was later shown that ROA is also manifested in a small 

circularly polarised component in the beam scattered from a chiral molecule.7 

This is termed scattered circular polarization (SCP) and can be defined by a 

similar CID expression, using subscript notation of RI  and LI , which refer to 

right-and left-handed circular polarization of the scattered light, respectively.3,7 

Furthermore, both for ICP and SCP, the scattered light can be detected in 

different orientations relative to the incident laser light as depicted in Figure 2.1 

for SCP. 
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Figure 2.1: The scattered light (yellow helices) can be collected in a forward (0°), backward (180°) 
or right-angle (90°) geometry relative to the light beam incident on the sample, here for the SCP 
strategy. Adapted from Haesler and Hug (2008).

9
 

Besides these two measurement schemes (ICP and SCP), ROA can also be 

observed in two dual circular polarization forms in which both the incident and 

the scattered radiations are circularly polarised. This can either be in-phase 

(DCPI) or out-of-phase (DCPII), as illustrated in Figure 2.1. These diagrams 

display the excitation of a molecule in vibrational ground state g0 to the 

vibrational state g1 via a virtual intermediate state. The polarization of the 

incident light (upward arrow) and the scattered light (downward arrow) is taken 

as different combinations of either right- (R) or left-handed (L) circularly 

polarised or unpolarised (α) light. If the energy of the incident photon is much 

smaller than the energy difference between the ground state and the first 

electronic excited state, the scattering event is termed far from resonance (FFR). 

This is very often the situation in Raman and ROA studies of biomolecules, by 

using a laser with a wavelength in the visible region of the electromagnetic 

spectrum.  
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Figure 2.2: The four basic forms of ROA illustrated in an energy-level diagram. R and L denote 
right- and left-handed circularly polarised light, respectively; the upward arrows represent the 
incident photon, the downward arrows the scattered photon; α indicates either linearly or 
unpolarised light. g0 and g1 indicate the initial and final states, respectively. The dashed 
horizontal lines indicate the intermediate state and e,v indicate the electronic-vibrational levels. 
Adapted from Nafie (1997) with permission.

10
 

All four forms given in Figure 2.2 have been measured in the past11 to verify the 

theory by Nafie and Freedman that first suggested the DCP forms12 and more 

recently Li and Nafie published simultaneous measurements of all four forms.13 

The DCP measurements are more challenging to obtain experimentally and 

require frequent realignment, which renders these forms of less interest 

considering that there is a stable commercial instrument by Biotools Inc. on the 

market based on the SCP strategy. Far from resonance, DCPI gives a slightly 

better birefringence suppression, which is lost over time due to misalignment.13 

 CID expressions 2.2.2

The ICP measurement was the variant that was reported in the original 

discovery of ROA.2,4 Therefore, the basic theory based on that scheme is 

outlined here. The theoretical basis of Raman and ROA spectroscopy can be 

described semi-classically by treating the molecule as a quantum mechanical 

object that interacts with an electromagnetic wave that is treated 

classically.6,7,14,15 The interaction of the incident light beam with a molecule 

induces oscillating electric and magnetic multipole moments in that molecule. 
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These oscillating induced moments in turn generate a characteristic radiation 

field, which is the scattered light.6,7,14,15 A general description of Raman and ROA 

(general unrestricted theory8) is complicated and beyond the purpose of this 

introduction, however, different approximations can be invoked that 

considerably simplify the theoretical treatment of Raman and ROA. Specifically 

in the FFR approximation, when the lowest excited electronic state in a molecule 

is much higher in energy than the incident or scattered photon, the transition 

moments can be simplified.6 Furthermore, within the Born-Oppenheimer 

approximation, the electronic and nuclear motions can be separated.6–8 Since 

the electrons are much lighter and move much faster than the nuclei, the 

coupling between their movements can be ignored and the wavefunction of a 

molecule can be subdivided into its electronic and nuclear components. Based 

on these simplifications, the formula described below describe Raman and ROA 

based on time-dependent perturbation theory.6–8 The basic theory described 

below, follows closely the form and notation that is often used in scientific 

literature.7,8,16,17 In this form, the equations in principal apply specifically to 

Rayleigh (elastic) scattering. As shown at the end, the equations are also valid 

for Raman (inelastic) scattering if the normal vibrational coordinates are 

considered.7 

For ICP, an appropriate experimental quantity is the CID (see eq. 2.1), which in 

terms of different scattering geometries (0°, 180° or 90°) is given by:7  
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which describe the CID for forward (∆(0°)), backward (∆(180°)) and right-angle 

scattering, respectively. In the right-angle scattering geometries (90°), a linear 

polarization analyser is used in the scattered beam with its transmission axis 

either perpendicular (polarised; ∆x(90°)) or parallel and (depolarised; ∆z(90°)) 

to the yz scattering plane (see Figure 2.3).7,17 The first experimental 

measurements of ROA were based on depolarised ∆z(90°) scattering, since this 

observable is generated purely by anisotropic scattering and was therefore the 

least susceptible to artefacts (eq. 2.5).7,17,18 

 

Figure 2.3: ICP in right-angle scattering (90°): two distinct measurements can be made with a 
linear polarization analyser in the scattered beam with its transmission axis either perpendicular 
(x) or parallel (z) the scattering plane (yz). Adapted from Barron et al. (2004) with permission.

17
 

In an isotropic solution, the orientation of molecules is random relative to the 

laboratory reference frame. Therefore in the above expressions, the following 

tensor invariants are used, which are invariant to axis rotations.7,14 Equations 
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(2.6) and (2.7) describe the isotropic invariants of the polarizability tensor and 

the electric dipole-magnetic dipole optical activity tensor, respectively. 

      
1 1

( )
3 3

xx yy zz  (2.6) 

   
1 1

' ' ( ' ' ' )
3 3

xx yy zzG G G G G  (2.7) 

Using the above equations, 2 and  'G  become: 

        2 1
( ... )
9

xx xx yy yy zz zz  (2.8) 

     
1
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The symmetric anisotropic invariants of the polarizability-polarizability and 

polarizability-optical activity tensor component products are given by: 

          
1

( )² 3
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 (2.10) 

       
1
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2
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      0

1
( )²

2
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In the above equations Einstein notation is used. Repeated Greek subscripts 

imply summation over Cartesian axes x, y and z.
 is the third-rank unit 

antisymmetric tensor; it is the alternating tensor that equals +1 for even 

permutations of x, y and z, -1 for odd permutation and 0 otherwise. ω0=2πν0 is 

the angular frequency of the incident photon (the laser light).  
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In the above equations, the polarizability tensor
 , in the FFR and Born-

Oppenheimer approximations is defined by time-dependent perturbation theory 

as: 

 




           

 2 2
0
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jn
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j n jn
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for the initial and virtual intermediate states of the molecule indicated by n and 

j, respectively. ωjn is the angular frequency separation of the two states. 

For the evaluation of the ROA intensity, we need two additional property 

tensors for the electric dipole/magnetic dipole polarizability 
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also referred to as the magnetic dipole optical activity tensor, and the electric 

dipole/electric quadrupole polarizability, 
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which is also known as the electric quadrupole optical activity tensor. In these 

equations, the electric dipole moment operator µ, the magnetic dipole operator 

m and the electric quadrupole moment operator Θ, are respectively defined as: 
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In which qn is the charge, rn is the position vector, c is the speed of light, mn is 

the mass and pn the momentum of particle n. rnα and rnβ are the position 

operator elements and Kronecker’s delta δαβ is defined as 1 for α=β and 0 for α≠β.  

The CID expressions discussed above apply specifically to Rayleigh scattering.7,8 

For Raman scattering, the same CID expressions apply but the molecular 

property tensors have to be replaced by the vibrational Raman transition tensors 

between initial ( nv ) and final ( mv ) vibrational states that depend on the normal 

vibrational coordinates Q.7,8 

         
m n

m nv v
v Q v  (2.19) 

      ' ' '
m n

m nv v
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m n

m nv v
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In this way, the molecular property tensors depend on the normal vibrational 

coordinates and the ROA intensity depends on products such as 

       
0 0

/ ' /Q G Q  and        
0 0

/ /Q A Q .7,17 For example, for 

each vibrational mode i ,  2
i

is: 
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0 0
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i iQ Q
 (2.22) 

 ROA is maximised in the backscattering geometry 2.2.3

ROA is a very weak effect, with CID ratios that are usually less than 10-3.19,20 

Therefore, it is of vital importance to measure ROA in the optimal scattering 

geometry. To illustrate this optimum, a simple bond polarizability theory of 

ROA was reported by Barron and Buckingham, leading to β(G’)² = β(A)² and αG’ 

= 0.21 Equations 2.2-2.5 are reduced in this way to: 
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In forward scattering the signal thus vanishes ((∆x(0°))). The comparison of 

equation 2.24 with equation 2.25 shows that the ROA signal in backscattering is 

twice that in polarised scattering (∆x(90°)). Direct comparison of the two right-

angle scattering CID’s is more complicated, as discussed by Barron et al.22 They 

showed that in this approximation the ∆x(90°) is about a factor 2 greater than 

∆z(90°).  

To conclude, the backscattering geometry is the optimal scattering geometry, 

which is therefore used in most homebuilt ROA instruments and in the 

currently only commercially available ROA spectrometer.1,17,23–27 The details of 

the commercial ROA spectrometer and its operation are discussed in the 

experimental methodology in chapter 3.  

Starting from the basic theory outlined above, a lot of developments have been 

made as outlined in the next section to eventually implement the theory in 

available software packages.16 

 Software implementations 2.2.4

As made clear in the previous section, the calculation of ROA intensities is more 

complex than that of Raman scattering intensities, as more property tensors 

need to be evaluated. It was only in 1989 that the first theoretical predictions on 

ROA were published.28–30 Nevertheless, the field made major developments over 
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the past decades.16,31,32 In 2001 Quinet and Champagne proposed an analytical 

derivative procedure for evaluating the polarizability tensors at time-dependent 

Hartree-Fock level.33 Subsequent, also schemes for evaluating the analytical 

derivatives of the electric dipole/electric quadrupole and electric 

dipole/magnetic dipole tensors were published.34,35 This was followed by a 

general Kohn-Sham density functional response-theory scheme for evaluating 

property tensors, that was published in 2008.36 Implementations of the 

analytical ROA property calculations are now available through the Dalton35,37 

and Gaussian program suites.38,39 As a result of these major developments, ROA 

calculations have dominated the recent literature and are pushing ROA research 

ever increasingly further.16 The conclusion of this section is clearly the 

substantial gain in momentum in ROA research due to the major advances in 

computational ROA. The past decade, the above implementations of ROA 

theory have been extensively used to create a better understanding of the ROA 

spectra of chiral molecules and especially biomolecules.1,32 

2.3 Raman optical activity of proteins 

 The traditional structure-spectrum relation 2.3.1

The ROA spectra of carbohydrates,40–42 nucleic acids,19,43,44 peptides,45–47 

proteins,48,49 glycoproteins,40,50 natural products51,52 and viruses53–55 are very rich 

in structural information. The biggest challenge lies in the detailed analysis of 

these complicated spectral patterns. While the experimental ROA spectra of 

small molecules can often be simulated with high accuracy using density 

functional theory (DFT) calculations,51,56–58 for large (bio)molecules this is a 

considerable challenge.16  

One of the most important applications of ROA is the study of the solution 

structure of proteins.1,19,23,32 Before the advent of DFT calculations of ROA 
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spectra, the interpretation of protein ROA spectra was purely empirical,19 

starting with the first report of the spectra of a few peptides and proteins in 

1990.59 Later, in the 1990s and early 2000s the first structure-spectrum relations 

were proposed based on the comparison of the ROA spectra of proteins with 

those of peptides in specific secondary structure conformations, supported by 

relations between the experimental spectra and the crystal structures of these 

proteins.19,60 During that period, many assignments were tentatively proposed 

and sometimes altered again.19,61 A comprehensive review was reported by 

Barron et al. in 2000 that until now describes the structure-spectrum relations 

as they are mostly still considered today.19 However, many questions still exist 

about some of these empirical spectral assignments. With the increase in 

computational power the past 10 years, these earlier assignments can now be 

evaluated by simulating spectral patterns using DFT calculations. 

 The Raman and ROA patterns of proteins 2.3.2

First, we will begin where it all started in 1990, with the Raman and ROA 

spectrum of hen egg white lysozyme.59 The ROA spectrum reported at that time 

was considerably noisier than what is considered standard today, and a lot of 

improvements were made in the instrumental design since then (see chapter 3).1 

At that time, Barron et al. did not even know whether they were recording plain 

rubbish or a genuine signal.1 Using our commercial spectrometer, the ROA 

spectral patterns that are shown here in Figure 2.4 are all real and have a much 

better signal-to-noise ratio than in the first ROA acquisition in 1990.59 The 

Raman and ROA spectra are recorded simultaneously and are shown here as the 

top and bottom panel, respectively. A first observation is that the Raman 

contains exclusively positive signals. On the other hand, the ROA is a differential 

spectrum and has both positive and negative parts. Furthermore, the Raman 

spectrum and the corresponding ROA spectrum are completely different. The 
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Raman spectrum contains strong signals across the entire spectral window. On 

the other hand, the strongest signals in the ROA spectrum are observed in very 

specific spectral windows, such as the amide I, amide III regions and skeletal 

stretch region, as highlighted in Figure 2.4. This is a very important observation 

as the vibrational modes responsible for these spectral bands arise from the 

backbone of the protein.19,62  

 
Figure 2.4: The backscattered SCP Raman (IR+IL) and ROA (IR-IL) spectra of hen egg white 
lysozyme at 150 mg/mL in aqueous solution. 

The amide I vibrational modes (1630-1700 cm-1) arise mostly from C=O 

stretching vibrations in the amide group.19,63,64 The extended amide III modes 

(1240-1350 cm-1) are complex vibrational modes that consists of amide C-N 

stretching coupled in-phase with N-H in-plane bending. The coupling of the N-

H bending with Cα-H bending modes makes the amide III very conformationally 



Chapter 2 

36 
  

sensitive (see chapter 5).19,48,63,65 The skeletal stretching region originates in Cα-

C, Cα-Cβ and Cα-N stretching vibrations.19,63,66 The amide II region (1510-1570 

cm-1) is assigned to out-of-phase combination of the in-plane N-H deformation 

with the C-N stretch. This region is however very weak or not observed at all in 

conventional Raman and ROA spectra of proteins.19 

Some of the residues’ side-chains generate ROA signals in distinct spectral 

regions.19 For example, CH2- and CH3- side-chain deformations give raise to 

Raman and ROA bands in the range 1400–1480 cm-1. While the bulky 

polarizable side-chains give strong Raman signals, it is important to note that 

the corresponding ROA signals in that region are considerably less intense. Due 

to the chiroptical nature of ROA, the most prominent signals thus arise in the 

backbone of the protein (skeletal stretch, amide III, amide I) and it seems that 

the contributions of most side-chains are cancelled out to a large extent because 

of conformational flexibility and multiple occurrences of the same residue in a 

protein’s sequence (see below).1,19 In the ROA spectrum of hen egg white 

lysozyme a distinct band is observed around 1545–1560 cm-1 that stems from 

tryptophan.67–69 The sign of this band depends on the conformation of the side-

chain67,68 and since tryptophan has a low occurrence in most proteins (if any) 

and because of its large side-chain has only a limited conformational flexibility, 

its contribution to the ROA spectrum is often not cancelled out. Phenylalanine 

also has an aromatic side-chain and generates a prominent signal around 1000 

cm-1 in the Raman spectrum.62 Based on the observation of a strong signal 

around the same wavenumber in the ROA spectrum of 1-phenylethanol, it has 

been suggested that also in the ROA spectra of proteins this band could be 

observed, although this is not firmly established (see chapter 9).58,70,71 

Based on the Raman and ROA spectra of hen egg white lysozyme, we thus 

conclude that the ROA patterns of proteins mainly stem from the most rigid 
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structural components. Because of the chiroptical nature of ROA, the technique 

is thus very sensitive to the backbone conformation or in other words to the 

secondary structure.1,19 In the next section, the spectral patterns of proteins with 

varying secondary structures are discussed to further demonstrate this 

conformational sensitivity. 

 Secondary structure from protein ROA spectra 2.3.3

As shown above, the ROA signals recorded for a protein in solution occur in 

specific spectral regions. By comparing these signals of different proteins to each 

other and in relation with their crystal structure, as well as with the ROA 

patterns of peptides with known secondary structure in solution, multiple 

spectral assignments have been proposed in the past.19 Zhu et al. grouped 80 

ROA spectra of polypeptides, proteins and viruses based on their secondary 

structure classification.72 The standardised average ROA spectra are shown in 

Figure 2.5. In all seven spectra, the most prominent ROA signals are observed in 

the amide I and amide III regions. These spectral regions have different shapes 

and relative intensities depending on the secondary structure.  
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Figure 2.5: Averages of the backscattered ROA spectra (ICP and SCP) in aqueous solution for the 
seven main protein structure classes within a set of 80 polypeptide, protein and virus ROA spectra. 
These seven regions defer from the Structural Classification of Proteins (SCOP) in the addition of 
mainly α and β to the all α and all β SCOP classes, respectively. Furthermore, the α+β and α/β 
SCOP classes are grouped in the αβ and mainly α and β classes. Adapted from Zhu et al. (2006).

72
 

The most important spectral bands arising from α-helical, β-sheet and disordered secondary 
structure are indicated with “α”, “β” and “D”, respectively. 
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The average ROA spectra in Figure 2.5 demonstrate the most important 

empirical spectral assignments as reviewed in 2000 by Barron et al.19 In Table 

2.1, these traditional assignments in the three spectral regions sensitive to 

secondary structure (skeletal stretching, amide III and amide I) in the ROA 

spectra of proteins are listed based on their position (wav), sign (either positive 

“+” or negative “-“) and additional sensitivities that have been assigned to that 

band (“sens” column). For α-helical proteins, an ROA couplet centred around 

1650 cm-1 in the amide I region is observed, negative for low wavenumbers and 

positive at high wavenumbers (-/+ couplet). Since this couplet is consistently 

observed for α-helical structure, the colour of the corresponding cell in Table 2.1 

is green. The absolute intensity of the negative and positive parts relative to each 

other and relative to the remainder of the spectrum differs in experimental 

spectra, but it is unknown how that relates to the proteins structure. Therefore, 

this cell is shaded in orange in Table 2.1. In the extended amide III region, a -

/+/+ pattern around 1220-1280/1300/1345 cm-1 is consistently observed for α-

helical proteins. It has been suggested that the relative intensities of the two 

positive bands at 1300 cm-1 and 1345 cm-1 are sensitive to backbone hydration, 

while that assignment is uncertain (see chapter 5).60,63,73,74 In the skeletal stretch 

region of α-helical proteins, positive ROA intensity around 870-950 cm-1 is 

consistently observed together with a -/+ couplet centred at 1100 cm-1.19 

The amide I region of β-sheet proteins is a narrow -/+ couplet, shifted up about 

20 cm-1 to higher wavenumbers compared to this region for α-helical proteins. 

The amide III region of proteins that consist mainly of β-sheet structure show a -

/+/- pattern around 1340/1310/1345 cm-1. Multiple spectral assignments within 

the amide III region to either parallel, antiparallel β-sheet or β-turns have been 

proposed.75,76,78 However, these assignments, specifically those of β-turns, have 

not been firmly established (see e.g. chapter 7).  
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The amide I region in intrinsically disordered proteins (IDPs) consists of a broad 

positive band, with no negative contribution at lower wavenumbers. The amide 

III appears as a -/+ couplet at 1260/1218 cm-1. In IDPs, often a broad negative 

band in the region 1200-1290 cm-1 is observed and a positive shoulder around 

1300 cm-1 (see the bottom panel in Figure 2.5). It is unknown what structural 

elements are responsible for these spectral features (see e.g. chapter 6). 

Table 2.1: Secondary structure assignments in the ROA spectra of peptides and proteins for α-
helix,

19,60
 β-sheet

19,75,76
 and intrinsically disordered

49,77
 protein structure. Wav(enumbers) are given 

in cm
-1
. The sign or couplet of a signal is given with “+” for a positive ROA signal and “–“ for a 

negative signal or -/+ for a couplet. Additional sensitivities of the respective bands are given in the 
“sens” column. Green shaded cells indicate signals that are consistently observed. Orange shaded 
cells indicate assignments or sensitivities that are either unknown (?) or questionable. 

Secondary structure 
skeletal  

870-1150 cm
-1
  

amide III 
1240-1480 cm

-1
   

amide I 
1630-1700 cm

-1
 

 
wav sign sens 

 
wav sign  sens 

 
wav  sign  sens 

α-helix 900 + ? 
 

<1300 - ? 
 

1650 -/+ ?  

 
~1100 -/+ ? 

 
1300 + unhydrated  

    

     
1345 + hydrated  

    
β-sheet 1120 + ? 

 
1220 - β-turn 

 
1670 -/+ ? 

     
<1280 - ? 

    

     
~1320 + type/ β-turn 

    

     
>1340 - β-turn 

    
IDP ? ? ? 

 
<1280 - ? 

 
1680 + ? 

     
1300 + ? 

    

     
~1324 + PPII 

    
  

From Table 2.1 it can be concluded that although the most important spectral 

patterns can be assigned to secondary structure elements in proteins, the 

detailed structure-spectrum relation is yet unknown. 

 ROA is an incisive probe of protein structure 2.3.4

Because of all the structure-sensitive features in ROA spectra, multivariate 

analysis techniques have proven to be most useful in deducing structural 
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relationships among different proteins.49,53–55,72,75,79 In Figure 2.6, the result from 

such an analysis of 80 ROA spectra based on principal component analysis 

(PCA) is shown. The two dimensions display the two most important basis 

functions and the different data point are coloured based on their secondary 

structure classification. Although the clusters are not very well defined, the two 

dimensions seem to separate the ROA spectra depending on the secondary 

structure. Horizontally, the data points are separated based on their content in 

α-helix and β-sheet and vertically a separation is observed from ordered 

(bottom) to disordered (top) secondary structure. Because each data group in 

the PCA plot shows dispersion, this could suggest that ROA is not merely 

sensitive to e.g. the α-helical or β-sheet content of the protein in solution. Also 

visual inspection of ROA spectra with relative intensity differences of bands 

arising from specific molecular groups in the protein have been interpreted in 

scientific literature to very specific conformational propensities of the backbone 

or side-chains. 

Both Figure 2.6 and Table 2.1 thus demonstrate that ROA is very sensitive to 

protein structure and specifically secondary structure. However, not all spectral 

assignments proposed in scientific literature are consistent with all experimental 

data that is now available. Therefore, the systematic approaches that were used 

in this thesis are not only useful to study the ROA spectra of IPDs, but are 

fundamentally relevant to the field. 
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Figure 2.6: Plot of the PCA coefficients of the two most important basis functions for a set of 75 
polypeptide, protein and virus ROA spectra. The colour coding is done based on the classification 
to one of the specific secondary structure groups. Adapted from Blanch et al. (2004).

55
 

2.4 References 

1 L. D. Barron, Biomed. Spectrosc. Imaging, 2015, 4, 223–253. 
2 P. W. Atkins and L. D. Barron, Mol. Phys., 1969, 16, 453–466. 
3 L. D. Barron and A. D. Buckingham, Mol. Phys., 1971, 20, 1111–1119. 
4 L. D. Barron, M. P. Bogaard and A. D. Buckingham, J. Am. Chem. Soc., 

1973, 95, 603–605. 
5 W. Hug, S. Kint, G. F. Bailey and J. R. Scherer, J. Am. Chem. Soc., 1975, 97, 

5589–5590. 
6 D. A. Long, The Raman Effect, John Wiley & Sons, Ltd, Chichester, UK, 

2002. 
7 L. D. Barron, Molecular light scattering and optical activity, Cambridge 

University Press, Cambridge, second edi., 2004. 
8 L. A. Nafie, Vibrational Optical Activity, John Wiley & Sons, Ltd, 

Chichester, UK, 2011. 
9 J. Haesler and W. Hug, Chim. Int. J. Chem., 2008, 62, 482–488. 



 2.4 References 

43 
 

10 L. A. Nafie, Annu. Rev. Phys. Chem., 1997, 48, 357–386. 
11 D. Che, L. Hecht and L. A. Nafie, Chem. Phys. Lett., 1991, 180, 182–190. 
12 L. A. Nafie and T. B. Freedman, Chem. Phys. Lett., 1989, 154, 260–266. 
13 H. Li and L. A. Nafie, J. Raman Spectrosc., 2012, 43, 89–94. 
14 L. D. Barron and J. R. Escribano, Chem. Phys., 1985, 98, 437–446. 
15 S. Luber, C. Herrmann and M. Reiher, J. Phys. Chem. B, 2008, 112, 2218–

2232. 
16 C. Johannessen and E. W. Blanch, Curr. Phys. Chem., 2013, 3, 140–150. 
17 L. D. Barron, L. Hecht, I. H. McColl and E. W. Blanch, Mol. Phys., 2004, 

102, 731–744. 
18 W. Hug and H. Surbeck, Chem. Phys. Lett., 1979, 60, 186–192. 
19 L. D. Barron, L. Hecht, E. W. Blanch and A. F. Bell, Prog. Biophys. Mol. 

Biol., 2000, 73, 1–49. 
20 L. D. Barron, F. Zhu, L. Hecht, G. E. Tranter and N. W. Isaacs, J. Mol. 

Struct., 2007, 834–836, 7–16. 
21 L. D. Barron and A. D. Buckingham, J. Am. Chem. Soc., 1974, 96, 4769–

4773. 
22 L. D. Barron, J. R. Escribano and J. F. Torrance, Mol. Phys., 1986, 57, 653–

660. 
23 L. D. Barron, Curr. Opin. Struct. Biol., 2006, 16, 638–643. 
24 W. Hug and G. Hangartner, J. Raman Spectrosc., 1999, 30, 841–852. 
25 W. Hug, Appl. Spectrosc., 2003, 57, 1–13. 
26 J. Kapitán, L. D. Barron and L. Hecht, J. Raman Spectrosc., 2015, 46, 392–

399. 
27 Y. Zhang, P. Wang, G. Jia, F. Cheng, Z. Feng and C. Li, Appl. Spectrosc., 

2017, 71, 2211–2217. 
28 P. K. Bose, L. D. Barron and P. L. Polavarapu, Chem. Phys. Lett., 1989, 155, 

423–429. 
29 P. K. Bose, P. L. Polavarapu, L. D. Barron and L. Hecht, J. Phys. Chem., 

1990, 94, 1734–1740. 
30 P. L. Polavarapu, J. Phys. Chem., 1990, 94, 8106–8112. 
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3 Experimental and computational methods 

In this thesis, detailed interpretations of the experimental Raman and ROA 

spectra of peptides and proteins are based on the comparison with spectra 

calculated using density functional theory (DFT). First, the spectrometer used to 

obtain the experimental spectra and its operations are described. Subsequently, 

the most important approaches used to generate relevant calculated spectra are 

outlined. Finally, in the third section of this chapter, a numeric method for the 

comparison of the experimental and calculated spectra is presented. 

3.1 Experimental details 

 ROA instrumentation 3.1.1

Raman optical activity (ROA) is measured as the tiny difference in the intensities 

of the right-and left-handed circularly polarised light scattered by a chiral 

molecule. Since this signal is so weak (< 10-3 relative to Raman) its acquisition is 

a huge experimental challenge.1,2 As discussed in the previous chapter, the 

intensity of an ROA measurement is maximised in the backscattering geometry, 

which is therefore essential for the routine recording of experimental spectra.2,3 

The earliest measurements of ROA suffered from this challenge and gave 

spurious results due to instrumental artifacts.3–6 In the early 1990s, Hug and 

Hangartner developed a backscattered (180° collection) SCP (circularly polarised 

components IR and IL in the scattered light) strategy that offers substantial 

advantages compared to earlier instruments.7 In particular, the “flicker noise”, 

which arises from dust particles and density and laser power fluctuations, is 

cancelled out in this design, resulting in a superior signal-to-noise ratio. One of 

the key aspects in Hug and Hangartners design is that the right- and left-

circularly polarised components are recorded simultaneously. In addition, Hug 

designed a sophisticated artefact-suppression protocol, based on “virtual 
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enantiomers” to reduce the offset in the measurements.4 Hug’s developments 

form the basis of the currently only commercially available ROA instrument, the 

ChiralRAMAN-2X by Biotools, Inc. as shown in Figure 3.1.  

In this instrument, the laser output is a 532 nm green laser beam from a 

frequency-doubled Nd:YVO4 laser (1). This beam is periodically disrupted by the 

incident shutter (2) to prevent the sample from heating and to allow the 

circularity converters (see below) to be moved in or out of the beam. Next, the 

laser beam is directed through a linear polarizer (3) followed by a “scrambler” 

that consist of two counter-rotating half-wave plates that completely scramble 

the orientation of the linearly polarised light (4). Subsequently the “scrambled” 

beam is deflected by a very small prism into the sample cell (6). The cone of 

backscattered light is collected by a high quality lens (7) and directed through a 

rotating half-wave plate (8) to eliminate small components of linear polarization 

produced by the imprecision of the optical elements. The notch filter (10) 

attenuates the Rayleigh line, after which the beam is collimated onto a liquid 

crystal retarder (LCR; 11). The LCR converts right-handed circularly polarised 

light into linear polarised light perpendicular to the plane of the instrument and 

left-handed circularly polarised light is converted into a linear polarization state 

parallel to the plane of the instrument. These two components are split up in the 

beam-splitting cube by a Brewster angle cube splitter (12) and collected into the 

input ends of two separate fiber bundles (13). The two fiber optics lead to the 

entrance slit of a Kaiser Holospec spectrograph (14), containing a high-

throughput single volume-holographic transmission grating. Finally, the two 

components; i.e. the Raman spectra of the right- and left-handed circularly 

polarised scattered by the molecule, are simultaneously dispersed on two parts 

of the same back-thinned CCD detector (15). The image captured by the CCD 

(16) is finally integrated separately for the two parts thereby giving two separate 
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spectra, IR and IL. The difference of these two spectra IR-IL finally results in the 

SCP-ROA spectrum; the sum IR+IL is the SCP-Raman spectrum. 

 

Figure 3.1: Detailed optical diagram of the ChiralRAMAN-2X instrument that is commercialised 
by Biotools Inc. Adapted from He et al. (2011).

8
 

3.1.1.1 Liquid crystal retarder 

As mentioned above, the laser is periodically disrupted (one period = one scan) 

to allow the CC’s to be moved in or out of the beam, read out the CCD and 

prevent the sample from heating up. By switching the LCR from the –/4 state 

to the +/4 state in between each of such scans, the bundle is split up exactly in 

the opposite way as described above (see 11 and 12). By switching every other 

scan between these two states of the LCR, the right- and left- handed circularly 

polarised components are interchanged between both fiber bundles, hence 
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reducing the error stemming from slight differences in these optical paths and 

fiber bundles.  

3.1.1.2 Virtual enantiomers 

An important problem in experimental ROA is the systematic instrumental 

offset. It arises from the non-ideality of the optical components, the 

misalignment of the optics and the interaction between Raman scattered light 

and the optics.9–11 When two enantiomers of the analyte are available, these 

artefacts can be cancelled out by subtracting the ROA spectrum of the one 

enantiomer from the other.4,12 However, this is not possible when studying large 

biomolecules, as they are homochiral. An optical solution to deal with the 

instrumental offset was proposed by Hug.4 By inserting a half-wave plate 

(circularity converter or CC, 5 and 9 in Figure 3.1) before and after the sample, 

the “virtual enantiomer” is measured, since the circular components in the 

incident and in the scattered light are converted from right- to left-handed 

circularly polarised light and vice versa. In the scheme by Hug, the two CC’s are, 

either inserted (state 1) or retracted (state 0) from the beam in the following 

pattern: [0,0], [0,1], [1,0], [1,1] where the CC in the incident light is the lower bit 

and the CC in the scattered light is the higher bit. The situation [0,0] is the 

measurement of the sample itself and [1,1] is the measurement of the virtual 

enantiomer. By subtracting the measurement in state [1,1] (virtual enantiomer) 

from that in the state [0,0] (original) the artefacts are in principle subtracted. 

The two other states [0,1] and [1,0] correct for the non-ideality of the CC’s 

themselves. Finally, because of the moving of the CC’s in and out of the beam 

(four states) and the switching between the two states of the LCR, one whole 

measuring cycle consists of 32 scans with the incident laser light being 

periodically disrupted in between each scan. For each state of the four states of 

the CC’s 8 scans are thus recorded. Each cycle of 32 scans thus renders a shortly 
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measured Raman and ROA spectrum. A typical ROA measurement needs several 

hours to days to obtain sufficient signal-to-noise ratio. 

3.1.1.3 Sample handling 

The precise sample treatments are described in the methodology sections of the 

different chapters of this thesis. ROA measurements of proteins generally 

require high sample concentrations of at least 30 mg/mL, while sample volumes 

are typically low (40 – 100 µL). After preparing the sample in the required 

solvent or buffer, the solution is loaded into a quartz microfluorescence cell and 

mounted into the ChiralRAMAN-2X instrument (Biotools, Inc.), operating at a 

resolution of 7 cm-1. Depending on the purity of the sample, sometimes a 

fluorescent background is present in Raman spectra. By exposing the sample for 

a couple of hours to the laser beam prior to the actual measurement, such a 

background usually quickly diminishes. For the collection of protein Raman and 

ROA spectra, the laser power at the sample was typically chosen in the range 

100-500 mW. To prevent heating of the sample, spectra were collected in 

stretches of about 2 seconds of laser light incident on the sample. With typical 

acquisition times of 24-48 hours, this corresponds to about 12-24 hours of laser 

light incident on the solutions. 

(-)-α-pinene (99 %) was purchased from the Sigma-Aldrich Company ltd. and 

measured as a neat liquid with acquisition times ~15 minutes and ~0.9 seconds 

incident laser light to validate the performance of the instrument prior to each 

measurement.  

 Data Treatment 3.1.2

Since the total measurement times for ROA spectra are long, the measurements 

were always evaluated over time by periodically saving the data after each cycle 

of 32 scans. As such, a large collection of shortly measured Raman and ROA 
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spectra is recorded and stored. By summing all these separate Raman and ROA 

spectra, the raw Raman spectrum and the raw ROA spectrum are obtained, 

respectively. This way of storing the data allows monitoring of the measurement 

over time to verify no changes occur in the sample or in the operation of the 

instrument. After acquisition, the solvent spectrum can be subtracted from the 

sample Raman spectrum and baselined using the procedure by Eilers and 

Boelens.13 In the ROA spectra, sometimes, cosmic ray spikes are observed that 

were removed by a median filter. Subsequently, third-order nine-point Savitzky-

Golay filtering is applied to the raw spectrum, unless stated otherwise. The final 

Raman (IR+IL) and ROA (IR-IL) spectra are presented in this thesis as the signal 

recorded by the CCD camera, as a function of the Stokes wavenumber shift with 

respect to the exciting laser wavenumber (532 nm). The intensities (y-axis) are 

thus given in arbitrary units (a.u.), since these come from the CCD counts. All 

the spectral treatments were performed in Matlab versions R2014a and R2017a. 

3.2 Computational details 

 Systematic approach 3.2.1

The calculation of Raman and ROA spectra using density functional theory 

(DFT) has emerged the past decade as an indispensable tool for detailed 

interpretations of experimental spectra.14,15 For proteins, the calculation of 

relevant Raman and ROA spectra is a considerable challenge because of their 

size, conformational flexibility and the influence of their environment. 

Nevertheless, based on specialised approaches,16,17 the Raman and ROA spectra 

of a few proteins have been calculated as a whole.18–22 Although the comparison 

between the calculated spectra of entire proteins and experiment is not perfect 

and these methods require further development, their performance is already 

remarkable. The calculated spectral patterns are overall alike those in 

experiment, although for the detailed interpretation of experimental spectra 
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their use has yet to be evaluated and caution is warranted. Therefore, in this 

thesis, a different approach was adopted. It has been demonstrated that by 

calculating the spectral patterns of small peptides in a specific conformation, a 

lot of information can be obtained about the experimental spectral patterns.23–28 

Taking advantage of the increase in computer power, we extended such 

approaches in a much more general and systematic way to address the 

sensitivity of Raman and ROA to the secondary structure (chapter 5), disorder 

and flexibility (chapter 6), β-turns (chapter 7), hydration (chapter 8) and side-

chains (chapter 9) separately. In the next sections, the basic methods and 

programs that we used are described. The relevant details are discussed in the 

methodology sections of the separate chapters. 

 Initial generation of peptide geometries 3.2.2

For the generation of peptide model structures, we used the Python library by 

Tien et al. that conveniently generates the models by defining the torsion angles 

in the backbone and side-chains. Using this program, the generation of peptide 

models was easily automated to serve our needs to perform a systematic study of 

the structure-spectrum relation. 

 Partial geometry optimization: Qgrad 3.2.3

3.2.3.1 Keeping the conformation intact 

Before the Raman and ROA spectra of the peptide structures can be calculated, 

the geometry (xyz-coordinates) needs to be optimised. In the Born-

Oppenheimer approximation, the motion of the electrons and the nuclei are 

separated. Therefore, for each fixed position of the nuclei, the energy of a 

molecule can be obtained by solving the electronic structure problem. By 

repeating this process for any set of nuclear positions, a multidimensional 

potential energy surface is obtained. The minima of this potential energy surface 
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represent the equilibrium structures. A molecule that can adopt multiple 

conformations, such as a polypeptide, will have multiple local minima on the 

potential energy surface. In the process of geometry optimization (GO), the 

coordinates that minimize the energy of the molecule (the peptide geometry 

here) on the potential energy surface are determined. Different methods and 

algorithms exist to search for such minima.29 Basically, dependent on the 

coordinate system, a GO algorithm iteratively introduces changes in the xyz-

coordinates thereby lowering the energy until convergence is reached. One of 

such coordinate systems is the Cartesian coordinates (xyz) themselves, which 

are, however, often not well-suited for the GO of molecules since these 

coordinates do not reflect the “chemical structure” and bonding of a molecule. 

The x, y and z-coordinates of atoms are strongly coupled to each other and to 

the coordinates of the neighbouring atoms.29 A better option is to use internal 

coordinates, which are bond lengths, valence angles and dihedral angels that are 

more descriptive of the molecular structure. In quantum chemistry programs, 

often redundant internal coordinates are used, that can be assigned 

automatically.29,30 A redundant internal coordinate system is constructed from 

all bonds, all valence angles between bonded atoms, and all dihedral angles 

between bonded atoms.31 Therefore such a coordinate system is termed 

“redundant” as it describes a larger set of coordinates than non-redundant 

coordinate systems (3N-6 coordinates with N the number of atoms). For the GO 

of molecular structures, redundant internal coordinates have been found to 

provide substantial improvements in the efficiency over Cartesian and non-

redundant internal coordinates.29,31 

Raman and especially ROA are very sensitive to the backbone conformation of a 

peptide. Full optimization of the peptide geometries often leads to too large 

deviations from the initial conformations and therefore the calculated spectra.16 
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As the aim of this thesis is to perform a systematic study of the structure-

spectrum relation, a complete GO is thus not a suitable approach. Bouř and 

Keiderling furthermore found that using geometry constraints (e.g. completely 

locking dihedral angles in the peptide backbone) in redundant coordinates of 

large molecules often leads to convergence issues especially in cases involving 

weak non-covalent interactions.16 Therefore, they introduced another approach 

based on normal coordinates.16 They stated that this approach: “more elegantly 

balances the conflicting goals of fixing geometry parameters and relaxing the 

vibrational degrees of freedom”.16 Instead of introducing structural deviations in 

the xyz-coordinates via the Cartesian coordinates or the redundant coordinates, 

this GO method minimizes the energy by deviating the geometry using the 

normal modes of the molecule. The normal modes of a peptide are e.g. the 

amide I modes, which are mainly C=O stretching, and the amide III modes, 

which comprise C-N stretching and Cα-H and N-H bending. Vibrational modes 

of peptides in the low-wavenumber region are for example delocalised backbone 

torsions.32 By using the high-frequency modes (e.g. amide I, amide III) as 

structural deformations in the GO and constraining the low-frequency modes 

(delocalised torsions), the modes of spectroscopic interest are thus relaxed while 

the conformation of the peptide is not significantly altered.16,22,33,34 These normal 

modes are introduced by the harmonic approximation. 

3.2.3.2 The harmonic approximation 

In the harmonic approximation, the molecular harmonic vibrational 

Hamiltonian is given in matrix form as:16,35 

H =
1

2
(∆�̇�𝐭 ∙ 𝐌 ∙ ∆�̇� + ∆�̇�𝐭 ∙ 𝐟 ∙ ∆�̇�) (3.1) 

where the first term describes the nuclear kinetic energy with the diagonal 

matrix 𝐌 containing the atomic masses 𝑚𝑖 for each nucleus 𝑖 and the velocities 
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∆�̇�. The second term describes the vibrational potential energy with the atomic 

displacements vector ∆riα = riα − riα
0  (nucleus i with Cartesian coordinates α=x,y 

or z) with respect to the equilibrium positions (riα
0 ) and f is the Cartesian force 

constant matrix or Hessian matrix. Bold symbols denote vectors or matrices and 

the superscript “t” means transpose. 

Next, mass-weighted coordinates are introduced for all 3N coordinates with: 

𝐑 = Riα = √mi∆riα (3.2) 

𝐟 = fij = √mimjFij (3.3) 

simplifying the Hamiltonian to: 

H =
1

2
(∆�̇�t ∙ ∆�̇� + ∆�̇�t ∙ 𝐅 ∙ ∆𝐑) (3.4) 

Next, the normal-mode coordinates {qj} are defined: 

𝐑 = 𝐬 ∙ 𝐪 (3.5) 

which requires: 

𝐬t ∙ 𝐬 = 𝐈  (3.6) 

𝐬t ∙ 𝐅 ∙ 𝐬 = 𝐐 (3.7) 

in which I is the identity matrix and Q is a diagonal matrix containing the 

squares of the normal-mode frequencies ωi. In terms of the normal coordinates, 

the Hamiltonian can subsequently be written as a sum of harmonic oscillators: 

H =
1

2
(�̇�t ∙ �̇� + 𝐪t ∙ 𝐐 ∙ 𝐪) =

1

2
(q̇j

2 + ωj
2 ∙ qj

2) (3.8) 

Finally, the Cartesian displacements are therefore related to the normal mode 

coordinates via a linear transformation (with the S-matrix transformation): 

∆riα = ∑
1

√mi
sijqi = ∑ Sijqj

jj

 (3.9) 
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3.2.3.3 The Qgrad program 

Bouř and Keiderling implemented the partial optimization in normal 

coordinates in a Fortran program called “Qgrad” that is interfaced with the 

Gaussian program (see full references of Gaussian in chapter 2).  

The program iterates (i) through the following steps: 

1. Estimation of an initial Hessian 𝐟(i) so that the initial vibrational normal 

mode coordinates can be defined (the S-matrix). This is typically 

performed at a low level of theory, such as PM6 (semi-empirical). 

2. Calculation of the Cartesian gradient of the energy 𝐠c
(i)

 (at DFT level) 

3. Update the Hessian based on a previous optimization step (unless it is 

the first step) based on the BFGS method (Broyden–Fletcher–Goldfarb–

Shanno): 

𝐟(i+1) = 𝐟i − (
∆𝐠(i)t

∙ ∆𝐠(i)

𝐝𝐫(𝐢) ∙ ∆𝐠(i)
+

(𝐟(i) ∙ 𝐝𝐫(i))
t

∙ 𝐝𝐫(i) ∙ 𝐟(i)

𝐝𝐫(i) ∙ 𝐟(i) ∙ 𝐝𝐫(i)
) (3.10) 

in which 𝐝𝐫(i) = 𝐫(i) − 𝐫(i−1) are the Cartesian displacements and 

∆𝐠(i) = 𝐠𝐜
(i)

− 𝐠𝐜
(i−1)

 are gradient differences. Next, a new S-matrix is 

calculated. 

4. Transform the Cartesian gradient 𝐠𝐜
(i)

 to a normal mode gradient 

𝐠(i) = 𝐒t ∙ 𝐠𝐜
(i)

. If the gradient is small enough: stop the optimization. The 

default convergence criterion is that the norm of the gradients is < 

0.0001. 

5. If not converged: produce a new step using the RFO extension (rational 

function optimization):16 
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𝐝𝐪(i+1) = −
2 ∙ 𝐠(i)

𝐐ii + √𝐐ii
2 + 4(𝐠(i))²

 
(3.11) 

Without constraints this scheme results in a full geometry optimization. 

However, in the restricted normal-mode optimization, a selection of 

modes (ω ∈ [ωmin, ωmax]) are kept constant with 𝐝𝐪𝐣 = 0. 

6. Produce a new set of Cartesian coordinates 𝐫(i+1): 

𝐫(i+1) = 𝐫(i) − 𝐒 ∙ 𝐝𝐪(i+1) (3.12) 

7. Increment (i) and iterate back to step 2. 

If the program is converged (step 4), the partially optimised geometry is saved in 

Cartesian coordinates that can be further used for calculating the Raman and 

ROA spectra. As noted in step 6, a full relaxation of the geometry can be 

obtained using Qgrad, however, the convergence is comparable to the 

optimization in Cartesian coordinates.16,22,33,34 The most useful aspect of the 

program for our systematic approach is the partial optimization that is invoked 

by selecting a range of normal modes that are kept constant. As noted above, by 

restricting the lower-wavenumber modes (e.g. from i300 cm-1 (imaginary) to 300 

cm-1), the modes of interest are relaxed, while the conformation is kept mostly 

intact. Different ranges for locking the normal modes have been used in the 

past,19–21,23,36 but the range i300 cm-1 to 300 cm-1 seems to be a good choice for 

the purposes of our systematic search. Yamamoto et al. used this range to 

calculate the spectra of insulin and more recently suggested the same 

wavenumber range in a review on this methodology.22 The initial Hessian 

matrix, gradients and energies are calculated with the Gaussian program using 

DFT. In the Qgrad geometry optimization, the gradients and energies were 

calculated using the B3PW91 functional and the 6-31G(d,p) basis set and an 

implicit solvent model (C-PCM) to take solvent-solute interactions with water 
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into account. This is a level of theory that is commonly used for the Qgrad 

geometry optimization in combination with the level described below for the 

Raman and ROA calculations.19–21,37,38 

 Raman and ROA calculations 3.2.4

For Raman and ROA calculations, the requirements for the level of theory are 

different from those for the geometry optimization.39 While for the Raman and 

ROA calculations it is important to have diffuse functions in the basis set, for the 

geometry optimizations and the force field computations this is typically not the 

case.39,40 After obtaining the partially optimised geometries using Qgrad, the 

Raman and ROA spectra were calculated using the B3PW91 functional, the  

6-31++G(d,p) basis set and C-PCM to represent water implicitly, which is a 

combinations that is often used for the calculation of Raman and ROA spectra of 

peptides and proteins.19–21,37,38 Unless stated otherwise, this level of theory is used 

in all spectral calculations in this thesis. Since we do not measure absolute 

intensities and intensity differences experimentally, the Raman (IR+IL) and ROA 

intensities (IR-IL) are therefore compared in arbitrary units (a.u.), following 

common practice.39,41 To produce calculated spectra that can be compared to 

experiment, it is necessary to include the following correction to both the 

backscattered Raman and ROA intensities I associated with each vibrational 

mode 𝑖 with vibrational frequency:20,42,43  

Icorr = I ∙
1

ωi ∙ (1 − exp [−
ωi

kBT])
 (3.13) 

with the Boltzmann constant kB and temperature T.39,42 Subsequently, the 

corrected line spectra (one line for each normal mode) are convoluted with 

Lorentzian functions with a full width at half max of σ = 20 cm-1 for each normal 

mode, to obtain realistic line spectral shapes in comparison with experiment.  
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At each frequency ω in the Raman or ROA spectrum S(ω), the contribution of 

each normal mode i is calculated as:20 

S(ω) = ∑
Icorr

(1 + 4 ∙
(ω − ωi)

2

σ2 )i

 
(3.14) 

 Fragmentation: Cartesian coordinate tensor transfer method 3.2.5

To calculate Raman and ROA spectra to support in the interpretation of the 

experimental spectra, model systems of sufficient size have to be calculated. The 

currently largest system for which the Raman and ROA calculations were 

performed without fragmentation approaches is the β-domain of rat 

metallothionein, consisting of 31 residues and over 400 atoms.18,44 To this end, 

Luber and Reiher used in-house developed algorithms and massive 

parallelization of the calculations.18,45–47  

A completely different approach is based on fragmentation schemes.17,48,49 

Already introduced in 1997 by Petr Bouř et al., the Cartesian coordinate tensor 

transfer method (abbreviated to e.g. CTTM50 or CCT22 in literature) was 

developed as an algorithm to calculate Raman, ROA, infrared (IR) and 

vibrational circular dichroism (VCD) spectra of large molecular systems from 

their fragments. The principle behind CTTM is rather simple; instead of 

calculating the properties necessary to calculate the spectrum of the full system, 

the properties of molecular fragments of that system are calculated, which are 

then used to construct the properties of the full system (see Figure 3.2). Using 

CTTM, the Raman and ROA spectra of both peptides23,37,38,51 and proteins up to 

585 residues19–21 have been calculated, giving good comparison with experiment 

considering the challenges and limitations of the simulations. Initially, the 

accuracy of the method could not be evaluated as sufficiently large reference 

calculations could simply not be performed to assess the effect of the 
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fragmentation approach. Eventually, this became possible and in 2011, Bieler et 

al. reported that while the Raman was well reproduced by the CTTM, they found 

that for ROA the accuracy was not sufficent.50 However, as later demonstrated 

by Yamamoto et al., the accuracy does not arise from the method itself. With a 

reasonable choice of the fragments (at least 4 residues for proteins) the CTTM 

provides sufficient accuracy for the interpretation of experimental spectra.52  

 

Figure 3.2: Fragmentation scheme for HCO-(L-Ala)13-NH2 with all torsion angles set to  = -75° 

and  = 145° as it can be used in the CTTM approach. Instead of calculating the spectrum for the 
entire peptide, the properties are calculated for overlapping HCO-(L-Ala)13-NH2 fragments and 
transferred with CTTM to the full peptide. 

For a detailed description of CTTM, we refer to the dedicated papers by the Bouř 

group17,52,53 and the Reiher group50. The concept is illustrated here for the 

construction of the force field for a large molecule XXXFXXX (the full system) 

based on a smaller molecular fragment xfx. In this example, the force field of the 

segment F is adopted from the part f of the fragment. For example, the large 

molecule can be a protein and the fragment a selection of a few residues. The 

CTTM procedure follows the following steps: 
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1. Define a starting geometry of the big molecule XXXFXXX and a 

molecular fragment xfx (e.g. a protein crystal structure and a fragment of 

that crystal structure). 

2. Calculate the force field for the fragment xfx. 

3. Find the best overlap between the segments f and F for each atom pair 𝑖𝑗 

that is present in the fragment. First, two sets of 𝑚 atoms, {𝑎𝑘} and {𝑎𝑘}′ 

that contain the atoms 𝑖 and j and the atoms connected to those are 

defined. If the selection is still less than three atoms, the following 

bonding atoms are included. Next, the orientation of the part f of xfx is 

optimised to maximize the overlap with F in XXXFXXX by minimizing 

δ(U(ij)): 

δ(U(ij)) = ∑ (rk(F) − U(ij) ∙ rk(f))
2

m

k=1

 (3.15) 

So for each pair of atoms i and j a rotation matrix U(ij) is determined 

based on the Cartesian coordinates of the large molecule rk(F) and the 

fragment rk(f) for atom k. 

4. Use the transformation matrices to transfer a set of Cartesian force 

constants for each pair of atoms i and j from f to F. 

∂2E

∂riαrjβ
(F) = Uαγ

(ij)
∙ Uβδ

(ij)
∙

∂2E

∂riγrjδ
(f) (3.16) 

Where a Greek subscript occurring twice on the right-hand side implies 

summation over x, y and z. 

Using this method, a force field (Hessian matrix) for the large molecular system 

can thus be approximated by the transfer of the force field of smaller fragments 

selected from the whole system. Similarly, the necessary property tensors for the 

calculations of the Raman and ROA intensities (α, 'G and A ; see chapter 2) can 
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be constructed. Since these derivatives only depend on one atom i, while the 

force field depends on two atoms (see above), the rotation matrices U(ii) found 

for the diagonal elements of the force field can be used. As the electric 

dipole/electric dipole polarizability α of a neutral molecule is not origin-

dependent, it transforms as:50 

∂

∂Riε
ααβ(F) = Uεη

(ii)
∙ Uαπ

(ii)
∙ Uβρ

(ii)
∙

∂

∂Riη
απρ(f) (3.17) 

The electric dipole/magnetic dipole polarizability and the electric 

quadrupole/electric dipole polarizability are dependent on the origin (they 

change under a gauge transformation)17,50. These descriptions extend beyond the 

purpose of the conceptual introduction here and are provided by Bieler et al.50 

In chapter 5, we used the CTTM to save computer time for the Raman and ROA 

calculations of a large set of peptide conformations and in chapter 8, we 

calculated the CTTM spectrum of a whole protein in our study of hydration 

effects. 

3.3 Similarity of experimental and simulated spectra 

Above it was outlined how experimental and calculated Raman and ROA spectra 

can be obtained. This final section describes a numerical way to compare the 

experimental and calculated spectra. The interpretation of Raman and ROA 

spectra is commonly based on a visual interpretation of the experimental 

patterns in comparison with calculated spectra. When multiple spectra need to 

be compared in detail, a numerical comparison can often provide a more 

objective interpretation of the data. A convenient measure of the similarity Sfg of 

two spectra f and g is calculated using the following overlap integral:54–58 
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Sfg =
∫ f(σν̃)g(ν̃)dν̃

√∫ f(σν̃)2dν̃ ∫ g(ν̃)2dν̃
 (3.18) 

The numerator of this similarity measure normalises the spectral overlap of f 

with g, hence Sfg conveniently takes values from 0 to 1 (or 100 %) for Raman 

spectra and from -1 to 1 for ROA spectra. The closer the similarity value is to 1, 

the more the two spectra resemble each other. Since an ROA spectrum has both 

positive and negative intensity, a similarity value lower than 0, indicates the 

mirror spectrum -𝑓 is more similar to g than the original spectrum. If a 

calculated spectrum 𝑓 is compared with an experimental spectrum 𝑔, the 

wavenumbers of the calculated spectrum are typically overestimated due to the 

harmonic approximation.59 Therefore a global scaling factor 𝜎 needs to be 

applied to align the two spectra prior to calculating the similarity. The value of 𝜎 

depends on the theoretical method that is used and are commonly in the range 

0.96-1.02.59 Due to e.g. anharmonicity60 or solvent effects,61 a global scaling 

factor is not always sufficient to align all the calculated and experimental spectra 

in the wavenumber dimension. In some cases, this can be resolved by adopting 

more than one scaling factor. In chapter 5 such a situation is described in detail.  

In chapter 4, first, an experimental study of the protein α-synuclein is described 

to demonstrate how experimental Raman and ROA spectroscopy can be used to 

study the solution structure of proteins. 
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Abstract 

α-synuclein (α-syn) is a 140 residue protein that plays a central role in 

Parkinson’s disease (PD) and other neurological disorders. The precise function 

and pathological properties of α-syn remain however poorly understood. While 

α-syn is considered to be a flexible and disordered protein under native 

conditions, its ability to adopt a variety of conformational ensembles depending 

on the environment is considered to be related to its pathology. Raman optical 

activity (ROA) is a chiroptical spectroscopic technique that is uniquely sensitive 

to the secondary structure of proteins in solution and was used here for the first 

time to study the different conformational ensembles of α-syn. In this chapter, 

the Raman and ROA spectral characteristics of these different conformations of 

α-syn are investigated. We show that Raman and ROA spectroscopy are sensitive 

enough to not only detect transitions from a disordered to an α-helical or a β-

sheet rich ensemble, but also to differentiate between the α-helical forms of 

wild-type (WT) and C-terminal truncated α-syn 107. Using increasing 

concentrations of fluorinated alcohols, we induce the aggregation pathway of α-

syn and identify a molten globule intermediate structure and β-sheet rich 

oligomers. Taken together, these results demonstrate the power of Raman and 

ROA spectroscopies for the structural elucidation of proteins that are 

challenging to characterise. 
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4 The many faces of α-synuclein: The Raman 

and Raman optical activity of a protein 

chameleon 

4.1 Introduction 

α-synuclein (α-syn) is a protein that is abundantly expressed in the brain, where 

it is mainly located in the presynaptic terminals and the nucleus.1,2 Although its 

physiological function remains unknown, α-syn has been suggested to be 

involved in the regulation of presynaptic vesicles, neurotransmitter release, 

synaptic function and neuronal plasticity.3–8 It plays a central role in the 

pathogenesis of Parkinson’s disease (PD), dementia with Lewy bodies (DLB) and 

multiple system atrophy (MSA). These neurodegenerative diseases are often 

referred to as (α-)synucleinopathies, since intracellular proteinaceous inclusions 

mainly consist of fibrillary aggregates of α-syn.9–11 This was reported for the first 

time in 1997 when Spillantini et al. showed that Lewy Bodies and Lewy neurites, 

the pathological hallmarks of PD and DLB, contain α-syn.11 Missense mutations 

(A53T, A53E, A30P, E46K, G51D, H50Q) and gene duplications or triplications 

of SNCA, the gene that encodes for α-syn, are linked to familial PD.12–19 

Furthermore, sequence variation in SNCA has been identified by genome-wide 

associations studies to be an important risk factor for idiopathic PD.20 After 

Alzheimer’s disease, DLB is considered the second most common 

neurodegenerative disease, which explains the vast amount of research that 

focusses on α-syn to elucidate both its native and pathologic properties.21 

Nevertheless, the precise mechanism and pathologic properties of this protein 

are still unknown.22 
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A key aspect of elucidating the etiology of PD and related neuropathies, is the 

characterisation of the structural propensities of α-syn. Such structural 

information can provide insight in the disease progression and could aid in the 

development of therapeutics.22,23 Although the native structure of α-syn has 

been the matter of debate in scientific literature, a recent study using in-cell 

(NMR) and electronic paramagnetic resonance (EPR) showed α-syn to be a 

monomeric and intrinsically disordered protein (IDP) in mammalian cells.24 

While this native structure is very dynamic, α-syn adopts a predominantly α-

helical structure upon interaction with lipid membranes and detergent micelles 

(see Figure 4.1).25 Both this membrane bound α-helical form as well as partial α-

helical structure have been proposed to play a role in the pathologic process and 

aggregation of α-syn.26,27 Nevertheless, the fibrillary aggregates, the pathological 

hallmarks of DLB, contain a high content of β-sheet structure.28 Because of its 

ability to adopt different structures and conformations depending on the 

environment, α-syn has been called a chameleon protein.29 Depending on the 

environment, α-syn has been observed in α-helical, β-sheet, partially folded and 

disordered conformations, besides appearing in monomeric, oligomeric and 

aggregated forms.30 

In this chapter, Raman optical activity (ROA) is employed to characterise the 

different conformational propensities of α-syn as this spectroscopic technique is 

exceptionally sensitive to protein secondary structure in solution, giving spectral 

patterns not only specific to each type of secondary structure, but sensitive to 

small alterations and fine-structure details of the conformation.31–33 This case 

study serves to demonstrate the power of Raman and ROA to study proteins that 

are challenging to characterise, such as α-syn. Structural biology is a 

multidisciplinary field combining both experimental and computational 
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techniques and ROA might provide complementary structural information due 

to its unique sensitivity to the secondary structure of proteins. 

Here, we report the Raman and ROA spectroscopic characteristics of solution 

phase α-syn adopting disordered (IDP), α-helical, partially folded and β-

structure conformations. The different conformational states of α-syn have been 

studied and reported in scientific literature based on multiple techniques such 

as NMR, small-angle X-ray scattering (SAXS) and circular dichroism (CD) and α-

syn is thus an ideal protein to explore the structural sensitivity of ROA in this 

case study. In aqueous solutions, α-syn is an IDP, which was for example 

demonstrated previously by Syme et al. using ROA.34 In the presence of 

negatively charged lipids, the N-terminal region (Asp2-Thr92) folds into an 

amphipathic α-helix through the KTKEGV consensus sequence, similar to 

apolipoproteins.8,35 Inspired by the NMR study by Ulmer et al., the α-helical 

structure of α-syn interacting with sodium dodecyl sulphate (SDS) micelles used 

as membrane mimics, is studied here for the first time based on ROA.36 Since 

recent work showed that ROA is very sensitive to subtle changes in α-helical 

conformations (see chapter 5),33 also the structure of the A30P mutant of α-syn 

(α-syn A30P) in the presence of SDS micelles was studied using ROA. This 

missense mutation replaces an alanine by a proline and disrupts a minor part of 

the α-helical structure α-syn adopts on the micelle surface (see Figure 4.1).37 The 

acidic and proline-rich C-terminal region of α-syn remains disordered in these 

α-helical structures of α-syn. For that reason, also the Raman and ROA spectra 

of a C-terminally truncated variant of α-syn are reported here to evaluate the 

sensitivity of ROA to both α-helical and disordered structure. Although α-helical 

intermediates have been reported to be involved in the aggregation pathway of 

α-syn, the fibrillary aggregates of α-syn predominantly contain β-sheet 

structure.28  
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Figure 4.1: Sequence and structure of α-syn: (a) Sequence of full length α-syn (residues 1-140) with 
indication of the three domains (N-terminus 1-60, non-amyloid beta component (NAC; 61-95) and 
C-terminus 96-140), missense mutations (A53T, A53E, A30P, E46K, G51D, H50Q), the KTKEGV 
motif and the residues that adopt α-helical secondary structure upon interaction with SDS 
micelles (residues 2-92). (b) Two conformers of the NMR-based ensemble of intrinsically 
disordered α-syn reported by Schwalbe et al.

43
 (c) Representation of the cross-β sheet structure 

adapted from Tuttle et al.
44

 (d) WT α-syn adopting an α-helical structure upon interaction with 
SDS micelles (PDB id. 1XQ8)

36
 compared to (e) the average secondary structure of the A30P 

variant of α-syn without displaying the disordered C-terminus, adapted from Ulmer and Bax.
37

 
VMD version 1.9.2 was used to represent the α-syn structures as cartoons in (b) and (d). In (d) and 
(e) a partial SDS micelle is represented in grey, merely for illustrative purposes. 

The central portion of the α-syn sequence (Glu61-Val95, called the non-amyloid 

component or NAC domain38) has a high propensity for β-sheet structure and 

was shown to drive amyloid formation.39,40 Since ROA is commonly measured 

from isotropic solutions it is not feasible to obtain the ROA spectra of fibrillated 
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forms of α-syn. However, small (fluorinated) alcohols such as 2,2,2-

trifluoroethanol (TFE) have been reported in scientific literature to induce 

β-sheet rich structure α-syn. The conformational behaviour of α-syn is however 

more complicated and dependent on the concentration of TFE.41,42 At low 

concentrations of TFE (< 10 % v/v) partially folded intermediates are observed, 

at intermediate concentrations of TFE (10-35 % v/v), α-syn aggregation is 

induced with the formation of β-sheet, while at high concentration of TFE (> 35 

% v/v) α-helical structure has been detected.41,42 Although at higher 

concentration of TFE ROA measurements were not feasible due to a high 

turbidity of the solution possibly because of aggregation of α-syn, the Raman 

and ROA patterns of α-syn in 5 % and 10 % v/v TFE are reported and discussed 

here. The spectral characteristics and differences among the various 

conformations of α-syn are discussed in detail as this study of α-syn is a valuable 

example of the potential of ROA for structural biology. 

4.2 Methods and materials 

 Chemicals 4.2.1

All chemicals were purchased at Sigma-Aldrich with purities > 99.0 % unless 

stated otherwise.  

 Expression and purification of human α-syn (WT, α-syn 107) 4.2.2

Recombinant wild-type (WT) and truncated (1-107) human α-syn protein were 

produced in E.coli BL21(DE3) cells using the pT7-7 expression system and 

purified with minor modifications as described elsewhere.45 For the truncated 

form, a stop codon was inserted after bp 321 of the cDNA of human WT α-syn 

via site-directed mutagenesis (QuickChangeII, Agilent). Summarised, the cells 

were harvested 5 hours after IPTG (1 mM; Thermo Scientific, Erembodegem, 

Belgium) induction, resuspended in 10 mM Tris-HCl pH 8, 1 mM EDTA 
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supplemented with complete Protease inhibitor cocktail (Roche Diagnostics, 

Vilvoorde, Belgium), heat denatured (6°C 45 min), and lysed by sonication 

followed by centrifugation (10.000 x g 20 min at 4°C). A serially executed 

streptomycin sulphate precipitation (1 % m/v centrifuged at 13.500 x g for 30 

min at 4 °C) and ammonium sulphate precipitation (30 % m/v centrifuged at 

13.500 x g for 30 min at 4 °C) were carried out on the clarified supernatant. The 

resultant semi-pure WT α-syn 107 pellets were resuspended in 10 mM Tris-HCl 

pH 7.4 or pH 8 resp. and loaded on HiPrep 16/60 Sephacryl S-100 HR column 

(GE Healthcare, Machelen Belgium) using an Åkta chromatography system (GE 

Healthcare). Next, WT α-syn fractions were pooled and anion exchanged 

(HiLoad 16/10 Q sepharose HP column, GE Healthcare), while α-syn 107 was 

purified by sequential anion exchange (1 ml HiTrap Q, GE Healthcare) and 

cation exchange (1 ml HiTrap SP, GE Healthcare). In both cases fractions of 

highly pure α-syn were collected upon generation of linear gradient towards 

buffer B (10 mM Tris-HCl pH 7.4 and pH 8 resp, 0.5 M NaCl). α-syn containing 

fractions were pooled and dialyzed against 50 mM ammonium bicarbonate, 

lyophilised and stored until use at -80°C. The purity and concentration of the 

proteins was determined using SDS-PAGE and a Pierce BCA protein assay. 

Lyophilised α-syn A30P was kindly donated by prof. R. Grandori (University of 

Milano-Bicocca) and used without further purification.  

 Sample preparation for Raman and ROA spectroscopy 4.2.3

Protein solutions for Raman and ROA spectroscopy were prepared by dissolving 

the lyophilised protein (WT α-syn, α-syn 107, α-syn A30P) in deionised water, 

aqueous SDS solution (Amersham Biosciences, 99.0 %, Uppsala, Sweden; stock 

solution with a concentration of SDS of 328 mM) or TFE (5 % or 10 % v/v in 

deionised water) to a final concentration of 30-50 mg/mL of protein. The 
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resulting solution was directly loaded in a quartz cuvette and used for Raman 

and ROA collection. 

 Experimental Raman and ROA spectroscopy 4.2.4

The Raman and ROA spectra were measured at ambient conditions using the 

previously described ChiralRAMAN-2X scattered circular polarization (SCP) 

ROA instrument (BioTools, Inc; see chapter 3).46,47 The Raman spectra are 

displayed as the circular intensity sums (IR+IL) and the ROA spectra as the 

circular intensity differences (IR–IL) with IR and IL denoting the scattered Raman 

intensities with right- and left-circular polarization, respectively. The instrument 

excitation wavelength was 532 nm; laser power at the source was in the range of 

400-800 mW, depending on the sample; spectral resolution of 7 cm-1; and 

illumination times of 24-40 hours. Solvent spectra were subtracted from the 

Raman spectra after which the baseline correction procedure by Boelens et al. 

was applied, unless stated otherwise.48 The ROA spectra were smoothed using a 

3rd order, 5-point Savitzky-Golay filter, except when specified otherwise. 

4.3 Results and discussion 

 Intrinsically disordered α-synuclein. 4.3.1

The Raman and ROA spectrum of α-syn in aqueous solution show distinct 

patterns for a protein that is structurally disordered (Figure 4.2).34 In the Raman 

spectrum, the amide I region (1630-1700 cm-1) is the most distinctive spectral 

region to study secondary structure, as it arises mainly from the carbonyl stretch 

in the polyamide backbone of the protein. The broad band with a maximum at 

1674 cm-1 is assigned to disordered structure similar to an earlier report on the 

Raman characteristics of α-syn in aqueous buffer solution.49 Although many 

Raman bands arise from the side-chains of the protein, the extended amide III 

region (1230-1340 cm-1) is also very sensitive to secondary structure, since it 
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involves in-phase combination of N-H in-plane deformation with C-N 

stretching.50 The coupling of N-H and Cα-H deformations in these vibrational 

modes is very sensitive to the exact geometry. The broad amide III Raman band 

around 1254 cm-1 is assigned to disordered or random protein conformations. 

While the secondary structure analysis from Raman spectra is hampered by the 

many contributions from the side-chains, the strength of ROA stems from its 

sensitivity to chirality. The main ROA patterns of proteins arise from the most 

rigid and chiral structural components, which is the peptide backbone 

conformation; i.e. the secondary structure. Most spectral contributions from 

side-chains cancel out, due to their flexibility and the occurrence of multiple of 

the same residues with different side-chain conformations. As a result, ROA 

spectral patterns mainly occur in the amide I, amide III and skeletal stretch (Cα-

C, Cα-Cβ and Cα-N stretch; 870-1150 cm-1)31 regions, which makes ROA 

exceptionally sensitive to secondary structure. However, side-chain CH2 and CH3 

deformations (1430-1470 cm-1)31,50 and a conformationally sensitive tryptophan 

band (~1550 cm-1)51,52 are separately observed in ROA spectra, for example. The 

ROA spectrum of α-syn was published before by Syme et al. at a lower resolution 

than the one shown in Figure 4.2. Because of the disordered nature, it seems 

more challenging to obtain a good signal-to-noise ratio for IDPs. A broad ROA 

amide I band with a maximum at 1680 cm-1 is observed, which is assigned to 

disordered or polyproline II (PPII; backbone torsion angles ;  -75°;145°) 

structure.31,33 Based on spectroscopic methods such as ROA, PPII was identified 

in the past to be an important local conformation of IDPs.53–55 Model peptides 

such as the XAO peptide (Ac-XXA7OO-NH2) were shown by a multitude of 

techniques to adopt a flexible structure with torsion angles fluctuating in the 

PPII region of the Ramachandran plot.33,54,56 Such structures do not support 

regular patterns of intramolecular hydrogen bonding. Furthermore, in the amide 
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III region of the ROA spectrum, α-syn shows a maximum at 1324 cm-1 which is 

indicative for this kind of PPII structure implicated in IDPs.  

 
Figure 4.2: Raman (left; IR+IL) and ROA (right; IR-IL) of 40 mg/mL human WT α-syn in aqueous 
solution. The ROA spectrum was baselined by overly smoothing the ROA spectrum using a 
Savitzky-Golay filter. 

This observation confirms that α-syn has many torsion angles found in the PPII 

region of the Ramachandran plot (fluctuating around ;  -75°;145°). The 

broadness of the 1324 cm-1 band likely stems from structural heterogeneity and 

solvation of the structure. A -/+ couplet in the skeletal stretch region, negative at 

1093 cm-1 and positive at 1129 cm-1 is observed both for α-helical proteins and 

IDPs.33,34 For α-syn, it suggests local residual structure of the backbone, hence 

either α-helical or PPII-like. Besides the latter couplet, the skeletal stretch region 

does not show spectral patterns, indicating a flexible and disordered structure. 

These observations are consistent with structural studies using NMR, which 

show that in vitro α-syn adopts a disordered structure with a large proportion of 

the backbone torsion angles fluctuating around the ideal angles for PPII 

structure.43,57 Also in mammalian cells, α-syn was primarily found as a 

disordered monomer, however adopting more compact conformations, 

compared to buffered solution.24 

 α-helical α-synuclein  4.3.2

When α-syn is presented with a membrane mimicking environment, such as 

SDS micelles, a drastic change to the Raman and specifically the ROA spectrum 

is observed (Figure 4.3). Compared to the Raman spectrum of disordered α-syn 
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in aqueous solution (Figure 4.2), a redshift of the amide I band to 1654 cm-1 is 

observed, characteristic of α-helical structure. The intensity of the Raman band 

observed in disordered α-syn at 1254 cm-1 is significantly lower in the SDS 

solution. The structural difference between disordered α-syn in aqueous solution 

and α-helical α-syn in SDS solution is distinctly clear in the different ROA 

spectra. All spectral patterns have changed: The amide I couplet negative at 1627 

cm-1 and positive at 1667 cm-1, the amide III -/+/+ pattern at 1242/1305/1346 cm-1 

with the two positive ROA bands characteristic of α-helical structure, a -/+ 

couplet at 1091/1127 cm-1 and positive intensity in the skeletal stretch region at 

931 cm-1 are all ROA patterns traditionally assigned to α-helical structure.31,33 

This is in accordance with several other reports using CD, SAXS, NMR and EPR 

of α-syn interacting with SDS or sodium lauroyl sarcosinate (SLAS).36,58,59 Upon 

interaction with SDS or SLAS micelles, the N-terminal region of α-syn (residues 

Asp2-Thr92) adopts an amphipathic α-helix on top of the detergent micelles. 

The C-terminus remains a disordered tail extending flexibly into solution, as can 

be seen in the molecular structures deposited in the protein data bank (PDB id. 

2KKW59 and 1XQ836). As shown in the NMR study by Ulmer et al., the structure 

of micelle-bound α-syn consists of two curved, anti-parallel α-helices (Val3-

Val37 and Lys45-Thr92) which are connected by an extended linker of seven 

residues (Leu38-Thr44) with a propensity to form a turn (see Figure 4.1).36 The 

extended amide III region observed here is very similar to the ROA patterns of 

several viral coat proteins of filamentous bacteriophages (e.g. M13 and fd) that 

have amphipathic α-helical structures as reported by Blanch et al.60,61 While two 

positive bands, the first around 1300 cm-1 and the second around 1345 cm-1, are 

observed for α-helical proteins, the intensity ratio of these two bands has been 

the matter of debate in scientific literature.32,33,60,62 The dominant ROA band 

around 1345 cm-1 of α-helical α-syn is assigned to regular α-helical structure (see 

chapter 5),33 which is consistent with the NMR structure of micelle-bound α-syn 
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(PDB id. 1XQ8). The ROA band observed around 1300 cm-1 was shown in our 

earlier work to be much more sensitive to the conformation of the α-helix than 

the 1345 cm-1 signature. A very intense band at 1300 cm-1 indicates either solvent 

exposure or structural heterogeneity of the helical portions of the protein (see 

chapter 5).33 The amide III pattern observed here is in accordance with the 

formation of an amphipathic helix consisting of long stretches of α-helix with a 

hydrophobic side and a hydrophilic face exposed to the solvent, such as is seen 

in the NMR structure. 

 
Figure 4.3: Raman (left; IR+IL) and ROA (right; IR-IL) spectra of α-syn (50 mg/mL) in a high 
concentration of SDS (328 mM; 40 times the CMC in water): (a) the α-syn A30P variant; (b) α-syn 
107 and (c) WT α-syn. For each Raman spectrum, the Raman spectrum of the SDS solution was 
firstly subtracted after which the baseline correction by Boelens et al. was applied.

48
 The Raman 

spectrum of the aqueous SDS solution is given as a dotted line in the panel of the Raman spectrum 
of WT α-syn. 

Interestingly, while α-syn does not contain a tryptophan residue, which has a 

distinct band around 1555 cm-1, both the Raman and ROA spectrum of α-syn in 

SDS solution show a small contribution in the amide II region, clearly 

identifiable, as SDS also does not have a Raman band in that region. Amide II 

vibrations arise from out-of-phase N-H in-plane deformations with C-N 

stretching and are not often distinctly observed in ROA spectra. McColl et al. 
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suggested that a positive amide II band might be assigned to β-sheet structure 

and that unusually large positive amide II bands are a characteristic of flat β-

sheet.63 The ROA spectra of α-helical α-syn however show that such a positive 

band can also be observed for α-helical structure. It is possible that the local 

environment of the amides is affected by the interaction of the amphipathic 

helical structure with the SDS micelles, giving rise to the observed amide II 

band. 

The ROA spectrum of WT α-syn bound to SDS micelles does not contain a 

significant contribution from the disordered tail. The most prominent amide III 

band at 1324 cm-1 observed in the spectrum of disordered α-syn is not visible in 

the amide III region of α-helical α-syn. The amide I is a -/+ couplet characteristic 

for α-helical structure. To investigate whether the disordered tail affects the α-

helical N-terminus, and furthermore if a spectral pattern can be deducted for the 

disordered C-terminus, the ROA spectrum of C-terminally truncated α-syn 107 

was recorded. This α-syn form lacks 33 residues from the disordered tail, while 

the sequence making up the amphipathic α-helix is retained. As can be seen in 

Figure 4.3, the spectrum of α-helical WT α-syn is very similar to that of the 

truncated variant. However, it seems small differences in the ROA spectra can 

be carefully deduced. The amide I region in the ROA spectra of the WT and α-

syn 107 is the same, while the amide III region shows minor differences. This 

demonstrates that the amide III region is the most sensitive to the three-

dimensional structure of proteins in solution. Principally, by subtracting the 

ROA spectrum of α-syn 107 from the WT α-syn spectrum, only the spectrum of 

the disordered tail is retained, assuming the structure of the α-helical part is 

unaltered. Since this involves only 33 out of 140 residues, the difference as 

displayed in Figure 4.4 is noisy. Nevertheless, the difference ROA band at 1326 

cm-1 indicates a higher content of disordered structure in WT α-syn than in C-
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terminally truncated α-syn 107. The negative features at 1300 cm-1 and 1346 cm-1 

suggest that α-syn 107 adopts a slightly higher α-helical content. However, at 

this signal-to-noise ratio, care must be exerted not to overly interpret the data. 

By taking the difference of the Raman spectra, the most prominent positive 

amide bands are observed at 1251 cm-1 (amide III) and 1679 cm-1 (amide I), 

reinforcing the conclusion from the ROA spectra that WT α-syn displays a more 

disordered structure upon interacting with SDS micelles, since its C-terminus is 

disordered. The positive band at 1618 cm-1 in the Raman difference is observed as 

five out of five phenylalanine residues and three out of four tyrosine residues 

occur in the C-terminal sequence, which is not present in the truncated α-syn 

107 variant. The small negative contribution at 1652 cm-1 also suggests α-syn 107 

adopts a slightly higher α-helical content. The spectral differences in the regions 

1000-1140 cm-1 and 1430-1460 cm-1 are difficult to interpret as the corresponding 

vibrational modes comprise CH2 and CH3 deformations both of the protein and 

SDS (1064 cm-1 and 1459 cm-1).  

 
Figure 4.4: Raman (left; IR+IL) and ROA (right; IR-IL) spectral differences of WT α-syn (black solid 
line) and α-syn 107 (red solid line): The top panels present the aligned spectra with their 
respective difference (α-syn 107 subtracted from WT α-syn) shown in the bottom panels. The 
square root of the WT α-syn Raman spectrum multiplied by 2 and -2 is plotted as the dashed red 
lines in the bottom right panel. These lines represent an estimation of the shot noise level 
(multiplied by 2 due to the difference of 2 spectra). The Raman spectra were firstly baselined 
before the subtraction.

48
 The Raman spectrum of the SDS solution was not subtracted, but it is 

shown on top of the Raman difference spectrum as a red dashed line to represent regions where 
SDS has intense Raman bands. The ROA spectra of WT α-syn and α-syn 107 and the difference are 
the raw measured data without smoothing or baseline correction.  
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A number of hereditary missense mutations have been identified that are related 

to the aggregation propensity of α-syn and developing of early onset of 

synucleinopathies. Although some mutations (eg. A53T) do not directly 

influence the ensemble structure of α-syn monomers interacting with micelles, 

the A30P mutation, which due to the introduction of a proline residue 

interrupts one helix turn (Val26-Ala29), causes the N-terminal α-helix to 

terminate at Ala27 instead of Val37.37 The A30P mutation has been shown to 

disrupt the equilibrium between the membrane bound and cytosolic α-syn 

species and might explain the early onset of synucleinopathies observed for 

patients with this missense mutation.64,65 While NMR showed small changes in 

the chemical shifts of about 30 residues, the ROA spectrum of the A30P mutant 

of α-syn shows a very similar pattern compared to the WT variant. The effect of 

a change in the short stretch of α-helix that changes to an extended disordered 

conformation is not evidently visible in the spectrum. This is in accordance with 

the results discussed above, that mainly the most rigid parts of the protein are 

picked up by ROA. Although disordered structure has a characteristic ROA 

pattern, the spectrum here is dominated by signals arising from the 

predominantly α-helical structure. Since the difference ROA spectrum of WT α-

syn and the A30P mutant (see Figure S 4.1) does not reveal any significant 

spectral differences, the mutation most likely does not have a major effect on the 

N-terminal α-helix flexibility and hydration. Based on the strong sensitivity of 

this ROA band around 1307 cm-1 to small conformational changes, a larger 

change of the band intensity would be expected concomitant with a change in 

the helicity or flexibility (see chapter 5).33 This is in accordance with the NMR 

study by Ulmer et al. that showed that the backbone order only changed 

significantly for the residues Gln24–Lys32; the N-terminal α-helix did not reveal 

a significant change.37 Nevertheless, such small changes are apparently enough 

to induce defective membrane binding for the A30P mutant. 
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 α-synuclein forms a partially folded state and oligomerizes in 4.3.3
low concentrations of TFE. 

Considering the involvement of α-syn in PD and related neurodegenerative 

diseases, one of the most studied aspect of this protein is its aggregation 

properties.27,41,42,58,66,67 The use of small, fluorinated alcohols has been proposed 

in the past to model the effect of phospholipid vesicles on α-syn.41,42 Although 

2,2,2-trifluoroethanol (TFE) is often used in structural biology to induce α-

helical structure, when α-syn is incubated in intermediate concentrations of TFE 

(10-20 % v/v) it forms β-sheet-rich fibrillary species.41,42 At concentrations above 

40 % v/v of TFE, highly α-helical α-syn is observed. Unfortunately, at such high 

concentration of TFE, we were not able to record ROA because of too low 

solubility and hence high turbidity of the sample because of the high protein 

concentration required for ROA measurements. Nonetheless, the Raman and 

ROA spectra of α-syn in aqueous solution with 5 % v/v or 10 % v/v TFE were 

recorded and are depicted in Figure 4.5. The amide I region of both Raman 

spectra displays a maximum at 1669-1671 cm-1, which together with the amide III 

band around 1241-1246 cm-1 indicates β-sheet structure both at 5 % and 10 % v/v 

TFE, mixed with disordered structure. Compared to the ROA spectra of α-syn in 

its IDP and α-helical states, the ROA spectra in TFE solution are distinctly 

different, again illustrating the secondary structure sensitivity of ROA. Different 

ROA spectra for proteins containing diverse forms of β-sheet have been 

reported, however, as reviewed by Weymuth and Reiher, only a few signatures 

can be regarded as reliable β-sheet characteristics while many other β-sheet and 

turn signatures have been suggested.68 They propose that only a -/+ couplet 

centred around 1650-1670 cm-1 and negative intensity in the region 1240-1255 

cm-1 are reliable markers of β-sheet structure. Yet, positive intensity in the 

extended amide III region 1260-1330 cm-1, flanked by negative intensity on both 

sides 1240-1255 cm-1 and 1240-1280 cm-1 is consistently observed for proteins 
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containing mainly β-sheet structure.31,63 Overlap or proximity of characteristic 

regions of different secondary structure types together with the large diversity of 

β-structure impedes the detailed assignment of marker bands of β-sheet, which 

complicates a detailed analysis of the ROA patterns observed here. In the 

spectrum of α-syn in 10 % TFE, the -/+ couplet, negative at 1662 cm-1 and 

positive at 1678 cm-1 is indicative of β-sheet. However, in 5 % TFE the negative 

contribution of the amide I couplet is not present. This observation suggests that 

in 10 % TFE the content of β-sheet is higher, while in 5 % TFE there are 

contributions of a mixture of secondary structure elements. The latter sample 

remained stable for multiple days during ROA acquisition, while in 10 % TFE the 

aggregation of α-syn complicated the ROA measurement due to increased light 

scattering from particulates in the sample, which explains the lower signal-to-

noise that could be obtained from this sample. Similar narrow amide I ROA 

bands such as the one at 1678 cm-1 in the 5 % TFE measurement were previously 

reported for the Bowman-Birk protease inhibitor55, the A-state of α-

lactalbumin69 and the intermediate states in the renaturing of insulin from its 

amyloid state70. In these reports this band was assigned to a disordered type of 

conformation with PPII contribution. It should however be noted that in the 

ROA spectra of proteins and peptides with a disordered/PPII type of structural 

propensity, the amide I is considerably broader, arising from a flexible structure 

surrounded by water. In this case, α-syn in 5 % TFE adopts a more compact 

structure compared to its intrinsically disordered structure in water. 

Interestingly, the positive band at 1564 cm-1 can be assigned to amide II 

vibrations since α-syn has no tryptophan residue in its sequence, similar to the 

assignment of this spectral band of poly-L-lysine in a mainly β-sheet state.63 The 

negative band observed at 1617 cm-1 in the spectra of α-syn in both 5 % and 10 % 

TFE and more generally the +/-/+/-/+ pattern at 1564/1617/1637/1662/1678 cm-1 

in 10 % TFE is reminiscent of this spectral region in the ROA spectra of reduced 
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hen lysozyme,31 reduced bovine ribonuclease A,31 reduced prion (PrP94-223),63 the 

molten globule A-state of bovine α-lactalbumin69 and the renaturing 

intermediate of insulin amyloid70, which are all dynamic states of these proteins 

that populate different secondary structure elements. Also a few β-sheet 

proteins display a similar pattern in the 1540-1700 cm-1 region such as P.69 

pertactin,63 of which the crystal structure resembles models of amyloid structure 

due to its parallel β-sheet arrangement,71 and poly-L-lysine in a β-sheet state.63 

The latter observations might suggest that such an ROA pattern arises from the 

formation of β-sheet structure, indicating that oligomeric species are present, 

which was for example also suggested before for reduced hen lysozyme.31 This 

also implicates that α-syn in 10 % TFE forms oligomers, which is reasonable 

considering the high concentration of α-syn (30 mg/mL) in this sample. In 5 % 

TFE, the lack of the positive band at 1037 cm-1, no negative intensity around 

1340-1380 cm-1 and no negative band at 1662 cm-1 indicate a more dynamic 

structure with the population of different secondary structures. These 

assignments of the ROA patterns are however tentative as the 1540-1700 cm-1 

comprises the amide II, amide I and aromatic residues (tyrosine and 

phenylalanine ~1600-1625 cm-1; tryptophan ~1555 cm-1)50, which might couple to 

the amide vibrations. The 1561 cm-1 band in the ROA spectrum of poly-L-lysine 

(which lacks aromatic residues), for example, was however assigned to amide II 

vibrations, since hydrogen/deuterium exchange resulted in a large shift of this 

band, demonstrating the involvement of N-H protons (the amide II vibration is 

an in-phase combination of NH in-plane deformation and CN stretching).63 To 

conclude the discussion above, ROA indicates that in 5 % TFE α-syn adopts a 

partially folded structure. Such a state of α-syn has been referred to as a pre-

moIten globule by Uversky,30 which is consistent with the high similarity of the 

ROA spectrum of α-syn in 5 % TFE with that of e.g. the molten globule A-state 

of α-lactalbumin.69 In 10 % TFE, α-syn (here at 30 mg/mL) aggregates with the 
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formation of β-sheet rich structures. The ROA spectrum of α-syn in 10 % TFE is 

very similar to that of reduced ovine PrP94-233, which was suggested by McColl et 

al. to be characteristic of unusually flat and regular β-sheet structure.63 Both in 5 

% and 10 % TFE, α-syn is known to aggregate upon agitation (shaking at 37°C) 

for a prolonged time.42 Previously, Anderson et al. reported that in 5 % TFE 

amyloid fibrils were formed, while in 10 % TFE classic amyloid fibrils were not 

observed but flexible, short “TFE fibrils” were formed.42 Probably, the ROA 

spectrum in 5 % represents an intermediate state in the TFE aggregation 

pathway. 

 
 
Figure 4.5: Raman (left; IR+IL) and ROA (right; IR-IL) spectra of 30 mg/mL α-syn in 5 % (top) and 
10 % v/v (bottom) TFE in deionised water. The baselined48 Raman spectrum of the corresponding 
TFE solutions are given in dashed lines in comparison to the Raman spectra of α-syn (solid line) to 
illustrate which spectral regions (e.g. around 832 cm

-1
 in Raman and ROA) are sensitive to solvent 

artefacts. Due to scattering from larger particles indicating aggregation of α-syn in 10 % TFE, a 
lower resolution was obtained in ROA for the corresponding ROA spectrum. Furthermore, 
because of the higher stability of the 5 % TFE sample, the sample was monitored with Raman and 
ROA for one week, but did not change over time. 

4.4 Conclusions 

Although the protein α-synuclein (α-syn) plays a central role in Parkinson’s 

disease, both its precise involvement in the pathology as well as its native 

function are poorly understood. α-syn is challenging to characterise since its 

structure is very sensitive to its environment; it is capable of adopting 
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disordered, helical, β-sheet and partially folded structures. As this structural 

behaviour has received much attention in scientific literature, α-syn provided an 

ideal case study to assess and demonstrate the secondary structure sensitivity of 

Raman and ROA to characterise the different conformations of α-syn. In the 

present study, we show that all the main forms of secondary structure elements, 

e.g. disordered, helical and β-sheet, dominate α-syn under different conditions 

and can be studied by ROA. In aqueous solution, α-syn is an intrinsically 

disordered protein, as shown by the Raman and ROA spectra. In the presence of 

SDS micelles, α-syn adopts a stable α-helical structure. Comparison of the 

Raman and ROA spectra of WT α-syn with the C-terminally truncated (at 

residue 107) variant reveals that the C-terminal of the WT variant remains 

disordered upon interaction with detergent micelles, consistent with reports in 

literature based on CD and NMR techniques. The truncated variant α-syn 107 

seems to have a slightly higher α-helical structure. The A30P mutant of α-syn 

adopts an α-helical structure upon interaction with detergent micelles 

comparable to the WT. Although a short stretch of α-helix is lost due to the 

mutation, the ROA spectra of the A30P mutant and WT α-syn did not reveal a 

significant difference, thus demonstrating the limit of ROA in detecting small 

structural differences. The α-helical conformation is not significantly altered due 

to the A30P mutation, nor has its hydration significantly increased. In 5 % v/v 

TFE, α-syn adopts a pre-molten globule or partially folded structure, which 

probably is an intermediate in the formation of aggregates. The ROA spectrum is 

very similar to that of α-syn in 10 % TFE. However, in 10 % TFE a few bands 

clearly show a higher content of β-structure, indicating oligomerization and 

aggregation of α-syn. The results are in accordance with earlier reports on the 

various structures of α-syn based on, for example, NMR and CD and hence 

demonstrate the use of Raman and ROA to characterise proteins that are of 

interest in structural biology, both as complementary and stand-alone tools. 
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Phys., 2010, 12, 11021. 
33 C. Mensch, L. D. Barron and C. Johannessen, Phys. Chem. Chem. Phys., 

2016, 18, 31757–31768. 
34 C. D. Syme, E. W. Blanch, C. Holt, R. Jakes, M. Goedert, L. Hecht and L. 

D. Barron, Eur. J. Biochem., 2002, 269, 148–156. 
35 J. P. Segrest, H. De Loof, J. G. Dohlman, C. G. Brouillette and G. M. 

Anantharamaiah, Proteins Struct. Funct. Genet., 1990, 8, 103–117. 
36 T. S. Ulmer, A. Bax, N. B. Cole and R. L. Nussbaum, J. Biol. Chem., 2005, 

280, 9595–9603. 
37 T. S. Ulmer and A. Bax, J. Biol. Chem., 2005, 280, 43179–43187. 
38 K. Uéda, H. Fukushima, E. Masliah, Y. Xia, A. Iwai, M. Yoshimoto, D. A. 

Otero, J. Kondo, Y. Ihara and T. Saitoh, Proc. Natl. Acad. Sci. U. S. A., 
1993, 90, 11282–6. 

39 B. I. Giasson, I. V Murray, J. Q. Trojanowski and V. M. Lee, J. Biol. Chem., 
2001, 276, 2380–6. 

40 A. Recchia, P. Debetto, A. Negro, D. Guidolin, S. D. Skaper and P. Giusti, 
FASEB J., 2004, 18, 617–26. 

41 L. A. Munishkina, C. Phelan, V. N. Uversky and A. L. Fink, Biochemistry, 
2003, 42, 2720–2730. 

42 V. L. Anderson, T. F. Ramlall, C. C. Rospigliosi, W. W. Webb and D. 
Eliezer, Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 18850–18855. 

43 M. Schwalbe, V. Ozenne, S. Bibow, M. Jaremko, L. Jaremko, M. Gajda, M. 
R. Jensen, J. Biernat, S. Becker, E. Mandelkow, M. Zweckstetter and M. 
Blackledge, Structure, 2014, 22, 238–249. 

44 M. D. Tuttle, G. Comellas, A. J. Nieuwkoop, D. J. Covell, D. A. Berthold, K. 
D. Kloepper, J. M. Courtney, J. K. Kim, A. M. Barclay, A. Kendall, W. Wan, 
G. Stubbs, C. D. Schwieters, V. M. Y. Lee, J. M. George and C. M. Rienstra, 
Nat. Struct. Mol. Biol., 2016, 23, 409–415. 

45 M. E. van Raaij, I. M. J. Segers-Nolten and V. Subramaniam, Biophys. J., 
2006, 91, L96-8. 

46 L. D. Barron, F. Zhu, L. Hecht, G. E. Tranter and N. W. Isaacs, J. Mol. 
Struct., 2007, 834–836, 7–16. 

47 W. Hug and G. Hangartner, J. Raman Spectrosc., 1999, 30, 841–852. 
48 H. F. M. Boelens, R. J. Dijkstra, P. H. C. Eilers, F. Fitzpatrick and J. A. 

Westerhuis, J. Chromatogr. A, 2004, 1057, 21–30. 
49 N. C. Maiti, M. M. Apetri, M. G. Zagorski, P. R. Carey and V. E. Anderson, 



 4.6 References 

95 
 

J. Am. Chem. Soc., 2004, 126, 2399–2408. 
50 A. Rygula, K. Majzner, K. M. Marzec, A. Kaczor, M. Pilarczyk and M. 

Baranska, J. Raman Spectrosc., 2013, 44, 1061–1076. 
51 C. R. Jacob, S. Luber and M. Reiher, ChemPhysChem, 2008, 9, 2177–2180. 
52 E. W. Blanch, L. Hecht, L. A. Day, D. M. Pederson and L. D. Barron, J. Am. 

Chem. Soc., 2001, 123, 4863–4864. 
53 Z. Shi, R. W. Woody and N. R. Kallenbach, Adv. Protein Chem., 2002, 62, 

163–240. 
54 A. A. Adzhubei, M. J. E. Sternberg and A. A. Makarov, J. Mol. Biol., 2013, 

425, 2100–2132. 
55 E. Smyth, C. D. Syme, E. W. Blanch, L. Hecht, M. Vašák and L. D. Barron, 

Biopolymers, 2001, 58, 138–151. 
56 F. Zhu, J. Kapitan, G. E. Tranter, P. D. A. Pudney, N. W. Isaacs, L. Hecht 

and L. D. Barron, Proteins Struct. Funct. Bioinforma., 2007, 70, 823–833. 
57 J. R. Allison, P. Varnai, C. M. Dobson and M. Vendruscolo, J. Am. Chem. 

Soc., 2009, 131, 18314–18326. 
58 L. Giehm, C. L. P. Oliveira, G. Christiansen, J. S. Pedersen and D. E. 

Otzen, J. Mol. Biol., 2010, 401, 115–133. 
59 J. N. Rao, C. C. Jao, B. G. Hegde, R. Langen and T. S. Ulmer, J. Am. Chem. 

Soc., 2010, 132, 8657–8668. 
60 E. W. Blanch, A. F. Bell, L. Hecht, L. A. Day and L. D. Barron, J. Mol. Biol., 

1999, 290, 1–7. 
61 E. W. Blanch, L. Hecht, C. D. Syme, V. Volpetti, G. P. Lomonossoff, K. 

Nielsen and L. D. Barron, J. Gen. Virol., 2002, 83, 2593–600. 
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4.7 Supporting information 

The difference Raman and ROA spectra of WT α-syn and α-syn A30P are shown 

in Figure S 4.1. The main spectral Raman difference arises from ammonium 

acetate in the α-syn A30P sample, which obscures any bands that could reveal 

structural differences. The difference ROA spectrum shows only one band that is 

significantly different from baseline distortions and noise at 1446 cm-1. 

 
Figure S 4.1: Raman (left; IR+IL) and ROA (right; IR-IL) spectral differences of WT α-syn (black 
solid line) and α-syn A30P (red solid line): The top panels present the aligned spectra with their 
respective difference (α-syn A30P subtracted from WT α-syn) shown in the bottom panels. The 
square root of the α-syn A30P Raman spectrum multiplied by 2 and -2 is plotted as the dashed red 
lines in the bottom right panel. These lines represent an estimation of the shot noise level 
(multiplied by 2 due to the difference of 2 spectra). The Raman spectra of SDS was firstly baselined 
and subsequently subtracted from the baselined Raman spectra of the α-syn WT and α-syn A30P. 
The Raman spectrum of the SDS solution is shown on top of the Raman difference spectrum as a 
red dashed line to represent regions where SDS has intense Raman bands. The ROA spectra of WT 
α-syn and α-syn A30P and the difference are the raw measured data without smoothing or 
baseline correction. 
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Abstract 

The past decades, Raman optical activity (ROA) spectroscopy has been shown to 

be very sensitive to the solution structure of peptides and proteins. A major and 

urgent challenge that remains is the need to make detailed assignments of 

experimental ROA patterns and relate those to the solution structure adopted by 

the protein. The past years, theoretical developments and implementations of 

ROA theory have made it possible to use quantum chemical methods to 

calculate ROA spectra of peptides. In this work, a large database of ROA spectra 

of peptide model structures describing the allowed backbone conformations of 

proteins were systematically calculated and used to make unprecedented 

detailed assignments of experimental ROA patterns to the conformational 

elements of the peptide in solution. By using a similarity index to compare an 

experimental spectrum to the database spectra (2902 theoretical spectra), the 

conformational preference of the peptide in solution can be assigned to a very 

specific region in the Ramachandran space. For six (poly)peptides this approach 

was validated and gives excellent agreement between experiment and theory. 

Additionally, hydrogen/deuterium exchanged structures and the conformational 

dependence of the amide modes in Raman spectra can be analysed using the 

new database. The excellent agreement between experiment and theory 

demonstrates the power of the newly developed database as a tool to study 

Raman and ROA patterns of peptides and proteins. The interpretation of 

experimental ROA patterns of different proteins published in scientific literature 

is discussed based on the spectral trends observed in the database.  
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5 The secondary structure-spectrum 

relationship: an extensive database of 

calculated Raman optical activity spectra 

5.1 Introduction 

The study of protein structure and function has been at the core of biochemistry 

for decades. X-ray crystallography and multidimensional NMR methods are 

applied to study protein structure at atomic resolution, complemented by 

information obtained from low-resolution methods such as small-angle X-ray 

scattering (SAXS), Förster resonance energy transfer (FRET) spectroscopy and 

vibrational spectroscopy.1–3 While X-ray crystallography can been applied to 

study complex and large biomolecular systems, the necessary crystallisation of 

the sample is not trivial and often not feasible. Furthermore, the high-resolution 

structure provides a static picture of the protein and does not describe the 

solution-phase behaviour. NMR spectroscopy can on the other hand be applied 

to the peptide and protein solution structure and dynamics, but is limited to 

study smaller systems (routinely up to 30 kDa for atomic resolution).4 

Because of the huge importance of understanding protein structure and function 

in biochemistry and the limitations and challenges of the above-mentioned 

techniques, new methods need to be developed to characterise protein structure 

and behaviour to provide complementary structural information, in particular in 

cases where the conventional techniques struggle, such as intrinsically 

disordered proteins and glycoproteins.  

Vibrational spectroscopic methods such as Fourier transform infrared 

spectroscopy (FTIR) and Raman spectroscopy have been widely employed to 
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study the structure and function of biomolecules including proteins.5,6 These 

techniques are specifically apt at analysing the secondary structure of proteins.2,7 

Especially the chiroptical variant of Raman spectroscopy, Raman optical activity 

(ROA), is very sensitive to the three-dimensional solution structure and 

dynamics of biomolecules.8,9 It has been applied to study the solution structure 

of peptides10–12, proteins13–15, glycoproteins16–18, complex sugars19 and even intact 

viruses20–22. While the unique conformational sensitivity of ROA is recognised, 

the biggest challenge lies in the detailed interpretation of the experimental ROA 

patterns. Clustering methods such as non-linear mapping23 and principal 

component analysis22 are capable of delineating experimental ROA spectra in 

different structural classes, thereby demonstrating the huge potential of 

solution-phase ROA measurements. Nonetheless, to make detailed spectral 

assignments, theoretical interpretations using density function theory (DFT) 

must be employed. Together with increasing computer power and with the 

development and implementation of the analytical derivatives of the ROA 

tensors24–26 and a general Kohn-Sham density functional response-theory 

scheme for evaluating the property tensors27, the calculation of ROA patterns 

has been a major focus in the field. While metallothionein (31 amino acids) is the 

largest peptide for which ab initio calculations have been performed for the 

whole molecule28, fragmentation methods allowed the simulation of larger 

proteins such as the insulin dimer (51 amino acids)29 and even globular proteins 

up to 585 amino acids such as human serum albumin14. Nonetheless, because of 

the huge structural sensitivity of ROA, these calculations are very dependent on 

the initial structures used in the simulations and to conformational averaging. 

The starting geometries are often obtained from X-ray crystallography or 

molecular dynamics simulations, which provide a limited source of information 

on the solution structure of proteins. Therefore, it is very challenging to obtain a 
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good agreement between theory and experiment and elaborate computational 

modelling is required. 

In this chapter, we present the first large-scale systematic study on the 

conformational sensitivity of ROA to create a thorough understanding of the 

relation between the solution structure of a protein and its experimental ROA 

spectral patterns. Protein conformation is essentially determined by the two 

dihedral angles  and  in the backbone of a protein. As can be seen from the 

Ramachandran plot in Figure 5.1, these torsion angles take preferential values, 

which depend on steric interactions and hydrogen bonding. By constructing a 

database of model structures all across the allowed regions in the Ramachandran 

plot and calculating their respective spectra, a very detailed analysis of the ROA 

spectral components can be performed. In this chapter, the experimental ROA 

spectra of different peptides with known conformational preference were 

studied using the newly developed database to validate the simulated spectra 

and investigate the experimental ROA patterns of proteins in much detail.  

5.2 Methods and materials 

 Computational methodology: database construction.  5.2.1

A structural database consisting of regular conformations of HCO-(L-Ala)11-

CONH2 was created, where each conformation was defined by a single pair of  

and  torsion angles. The conformations were created using Biopython30,31 with 

the peptide builder by Tien et al.32 The database was initially constructed using 

3035 of such regular structures, by selecting possible combinations of  and  

torsion angles across the entire Ramachandran plot. The  and  grid is created 

with a spacing of 5° in both directions as can be seen in Figure 5.1. Within the 

polyproline type II conformation (PPII) and right-handed (RH) α-helical regions, 

a 2° spacing was used. This grid was manually selected based on the 
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Ramachandran plot by Richardson et al. as can be seen in Figure 5.1.33 The 

regions for which regular (Ala)11
 peptides cannot be created were not populated. 

For each conformation of the peptide, the Raman and ROA spectra were 

calculated using the Cartesian coordinate tensor transfer method (CTTM) by 

quantum mechanically (QM) calculating the Raman and ROA tensors for 

molecular fragments of the full peptide and transferring these properties to the 

full size peptide.34 Firstly, the geometry of each (Ala)11 peptide was partially 

optimised using the normal mode optimization procedure.35 By locking the 

normal modes between i300 cm-1 (imaginary) and 300 cm-1 in the geometry 

optimization, the  and  torsion angles are retained, while the modes of 

spectroscopic interest are fully relaxed. From each (Ala)11 peptide the central 

(Ala)5 fragment was selected and capped with a formyl and an amide 

functionality at the N- and C-termini, respectively.  

 
Figure 5.1: Spectral database creation: Ramachandran plot showing the backbone dihedral angles 

 and  for 8000 high-resolution protein crystal structures adapted from Richardson et al. (left).
33

 
Conformational sampling of 3035 model structures across the relevant and allowed Ramachandran 
regions indicated by red dots (right). The black crosses indicate three regions where (Ala)11 
peptides cannot be created using repetitive angles; these geometries overlap internally. 
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This molecular fragment was also partially optimised using the normal mode 

optimization by constraining the normal modes between i300 cm-1 (imaginary) 

and 300 cm-1, after which the Hessian matrix and property tensors were 

calculated and transferred to the (Ala)11 peptide using CTTM. A fragment was 

only assigned if all the atoms pairs with the corresponding section of the parent 

(Ala)11 structure are within a 0.4 Å distance. For this reason, the 3035 structures 

that were manually selected, as shown in Figure 5.1, were reduced to 2902 after 

optimization and pairing with the parent structure (see section 5.7.1 in the 

supporting information). The final backscattered Raman and ROA spectra were 

constructed by using a Lorentzian function for each normal mode with a full 

width at half height of 20 cm-1 to mimic the physical line broadening in the 

experimental spectra. A Boltzmann distribution factor was used to correct for a 

temperature of 300 K. The normal mode optimizations were performed using 

density function theory (DFT) calculations using the B3PW91/6-31G(d,p) level of 

theory and the Hessian and Raman and ROA tensors were calculated using 

B3PW91/6-31++G(d,p). Water was taken into account as the solvent using the 

self-consistent reaction field model (scrf). For all QM calculations, the Gaussian 

09 (rev D.01) program was used.36 

 Ramachandran mapping  5.2.2

In chiroptical spectroscopy, numerical measures are commonly used to express 

the similarity of a calculated spectrum with an experimental spectrum. Many 

sorts of (di)similarity measures have been defined but a particularly often used 

one in chiroptical spectroscopy is the generalised cosine measure.37–41 This 

measure is used here to compare a theoretical spectrum f from the database with 

an experimental spectrum g, expressed as the similarity Sfg of f with g, calculated 

using the following formula for a specific wavenumber (ν̃) range (eqn (5.1), see 

section 5.7.2 to 5.7.4 in the supporting information for more details).  
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Sfg = 100 % ∙
∫ f(σν̃)g(ν̃)dν̃

√∫ f(σν̃)2d ν̃ ∫ g(ν̃)2d ν̃
 (5.1) 

 

The numerator of this similarity measure normalises the spectral overlap of f 

with g, hence Sfg conveniently takes values from 0 to 100 % for Raman spectra 

and from -100 % to 100 % for ROA spectra. The closer the similarity value is to 

100 %, the more the simulated spectrum resembles the experimental spectrum. 

Since an ROA spectrum has both positive and negative intensity, a similarity 

value lower than 0, indicates the mirror spectrum -f is more similar to g than the 

original spectrum f. By calculating the Sfg for all spectra in the database 

compared to an experimental spectrum, the database spectra that are the most 

similar to the experiment are identified. The similarity of the computed 

spectrum for each peptide conformation in the database can thus be assessed 

with respect to a specific experimental spectrum. By mapping the similarities of 

the experimental spectrum with the computed spectra, each with known  and 

 angles in a Ramachandran plot, the conformational preferences of the peptide 

can be visualised and analysed. To create such a similarity map, the 

Ramachandran plot from -180° to 180° for both  and  is divided in 360 by 360 

cells where each cell is coloured according to the similarity of the nearest 

database point with a distance limit of 10. The coloured contour map is shown 

ranging from 40 % in blue to 80 % similarity in brown/red. The colour coding 

range is chosen to be fixed, allowing a direct comparison of the different 

similarity maps.  

 Since the wavenumbers in the QM calculated spectra are overestimated 

due to inter alia the harmonic approximation, a scaling factor σ has to be applied 

to align the two spectra to be able to calculate the similarity with experiment. 

Here, a global scaling factor of 0.987 was used for the wavenumber range up to 

1580 cm-1 and an optimised scaling factor between 0.930–0.960 was used for the 
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1580–1750 cm-1 wavenumber range, since this amide I region is known to be even 

more overestimated compared to the rest of the spectrum (see section 5.7.2 in 

the supporting information for details).42 

Due to its sensitivity to chirality, ROA spectra are dominated by signals arising 

from the most chiral structural components of the peptide; signals from flexible 

side-chains generally cancel out.8 For this reason, the use of L-alanine as 

building block for the peptides is justified. A few distinct regions do show signals 

from the side-chains such as the tryptophan band around 1550 cm-1 and signals 

around 1480 cm-1 arising from CH2 and CH3 deformations.8,43,44 The use of poly-

L-alanine models will however reduce the computational cost considerably as 

the simulation of the spectra for these models does not require conformational 

averaging of the side-chains and alanine is the smallest chiral amino acid. The 

similarities can still be calculated for the full range 450-1800 cm-1, since none of 

the peptides in this study contains tryptophan. As the region below 300 cm-1 is 

locked in the geometry optimization and because the region below 450 cm-1 

shows large intensities, the region below 450 cm-1 is not included in the 

similarity calculation. As illustrated in section 5.7.6 in the supporting 

information, the large intensity in this region would dominate the similarity 

values, while the ROA regions of specific interest are mainly located within 850-

1700 cm-1. For the spectra acquired in chloroform or dichloroacetic acid, the 

similarities are calculated for 800-1800 cm-1. To account for small local shifts in 

the spectra, triangular weighting is applied to the calculated and experimental 

spectra before calculating the similarity, where for each spectral point a 

contribution is added from the neighbouring points.40 The effect of the 

triangular weighting is depicted in Figure S 5.12. The similarities generally 

increase, while the main secondary structure assignments remain the same. 
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 Materials  5.2.3

The peptide Ac-XXAAAAAAAOO-NH2 (XAO; “X” denotes diaminobutyric acid 

and “O” ornithine) was synthesised and kindly donated by the Institute of 

Organic and Biochemistry at the Academy of Sciences of the Czech Republic and 

was used without further purification. The peptide Ac-

AAKAAAAKAAAAKAAAAKAGY-NH2 (AK21) was synthesised by GeneCust at 95 

% purity and used without further purification.  

Poly-L-alanine, (PLA MW: ~21400 Da) Poly-L-glutamic acid (PLGA MW: 

~100000 Da), poly-(β-benzyl)-L-aspartate (PBLA MW: ~26600 Da) and poly-(γ-

benzyl)-L-glutamate (PBLG MW: ~28000 Da) were obtained from Sigma-

Aldrich and used without further purification. The peptides were dissolved in 

MilliQ water (AK21, XAO, PLGA), HPLC grade chloroform (CHCl3, Sigma, PBLA, 

PBLG) or dichloroacetic acid (DCA, Sigma, PLA) in concentrations between 50 

and 75 mg/mL. For PLGA, the pH was adjusted to 4.6 in order to ensure α-

helical conformation. For the hydrogen/deuterium (H/D) exchange studies, the 

peptides were dissolved in high purity D2O (Sigma), lyophilised and re-dissolved 

in D2O in order to ensure full H/D exchange. 

 Spectral acquisition 5.2.4

The Raman and ROA spectra were measured at ambient conditions using the 

previously described ChiralRAMAN scattered circular polarization (SCP) ROA 

instrument (BioTools, Inc).45 The Raman spectra are displayed as the circular 

intensity sums (IR+IL) and the ROA spectra as the circular intensity differences 

(IR–IL) with IR and IL denoting the scattered Raman intensities with right- and 

left-circular polarization, respectively. The instrument excitation wavelength 

was 532 nm; laser power at the source was in the range of 200-800 mW, 

depending on the sample; spectral resolution of 7 cm-1; and an acquisition time 
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of 12-35 hours. Solvent spectra were subtracted from the Raman spectra after 

which the baseline correction procedure by Boelens et al. was applied.46 The 

ROA spectra were smoothed using a 2rd order, 5-point Savitzky-Golay filter. 

5.3 Results and discussion 

The experimental spectra of the three peptides AK21, XAO and PBLA were 

interpreted using the new spectral database. In Figure 5.2, the similarity maps of 

these three examples are shown with the region with the highest similarities 

indicated by a red rectangle; the spectra with the highest intensity (red/brown) 

in this region were averaged (see section 5.7.5 in the supporting information) 

and shown at the bottom of Figure 5.2.  

 
Figure 5.2: Similarity maps of AK21, XAO and PBLA (top). Comparison (bottom) of the 
experimental ROA spectrum (red) to the averaged database spectrum (black).The region with the 
highest similarity is indicated by the red rectangle and arrow. The low-wavenumber region of 
PBLA is shown while this region in the experimental spectrum is hampered by artefacts arising 
from the chloroform (CHCl3) solvent. See details of the Ramachandran maps and the spectra 
contributing to the average in section 5.7.5 in the supporting information. 
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The similarity maps assign the conformational preference of each peptide in a 

completely different region of the Ramachandran plot: AK21 shows the highest 

similarity with the database spectra in the RH α-helical region of the 

Ramachandran space, the XAO peptide shows a conformational preference for 

PPII structure and PBLA displays the highest similarities in the left-handed (LH) 

α-helical region. For each peptide this is in agreement with other experimental 

techniques that were previously used to classify the secondary structure of these 

particular peptides. AK21 was for example shown to be helical by UV circular 

dichroism (CD) and was used before as a model for the assignment of ROA 

patterns for α-helical structure.47 Karlson et al. showed that PBLA adopts a LH 

helix in chloroform solution by using optical rotatory dispersion.48,49 The 

structural propensities of the XAO peptide have been the matter of debate in 

scientific literature as reviewed by Adzhubei et al., but the model of a flexible 

structure not restricted by a regular pattern of hydrogen bonds and capable of 

fast conformational changes within the PPII region in / space seems to be 

corroborated by all experiments.50–52 While SAXS shows that the radius of 

gyration is much smaller than it would be for a fully extended structure53, 

spectroscopic methods indicate a high content of PPII conformation.54,55 

Although the ROA spectrum of a very similar peptide Ac-OO-A7-OO-NH2 has 

been published before11,55, the ROA spectrum of the XAO peptide is, to the best 

knowledge of the authors, reported and assigned here for the first time. Such 

assignments are relevant, as spectroscopic methods seem to be specifically 

sensitive to this kind of secondary structure, which is an important structural 

element of both globular as well as the important class of intrinsically disordered 

proteins.50,55  

Some regions in the Ramachandran plots also show similarity with the 

experiment because of coincidental spectral overlap between the database 
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spectra and the experiment. Since ROA spectra mainly contain signals from the 

amide and skeletal stretch vibrational modes, intensity will appear in the same 

spectral regions and there could hence be considerable coincidental overlap. 

Visual inspection of the spectra immediately reveals these coincidental overlaps; 

these spectra do not resemble the experimental spectra, but show relatively high 

similarity values (see section 0 in the supporting information). For example, if a 

very intense calculated band coincides with positive intensity in the 

experimental spectrum, the Sfg can be high. Nonetheless, the Sfg remains a good 

similarity measure for the reasons described above. Furthermore, as AK21 and 

XAO are likely to be flexible in solution, other secondary structure elements 

contribute to the experimental ROA spectrum. The region with the highest 

similarity in the Ramachandran graphs corresponds to the most important 

structural element. 

 Detailed assignments in the -helical region.  5.3.1

Besides being capable of delineating the spectra in different conformational 

regions of the Ramachandran surface, the similarity maps in Figure 5.2 show 

there is a very high similarity between the experimental spectrum and the 

database spectra in a specific region of the Ramachandran surface, but the 

similarity rapidly decreases further away from that region. This indicates that 

ROA is very sensitive to the backbone conformation and that the database can 

be used to make very detailed structural assignments. In Figure 5.3, the 

similarity map of PLA is compared to that of PBLG and PLGA. These peptides 

are known to adopt α-helical conformations in solution under specific 

conditions (vide infra), but the experimental ROA spectra show distinctly 

different patterns.  

The similarity maps of PBLG and PLGA show slightly lower intensity compared 

to AK21 and PLA, most likely because the couplet at 1090-1140 cm-1 in the 



Chapter 5 

110 
 

experimental spectra of PBLG and PLGA is more dispersed in the simulated 

spectra, hence lowering the overlap and thus the Sfg.  

 
Figure 5.3: Detailed structural assignments of PLA, PBLG and PLGA: Similarity maps (top) with 
details of the highest intensity regions (middle) and the comparison of (a) the spectra within the 
bold black ellipse in the maps, (b, in black) the spectrum with the highest Sfg, (b, in red) the 
average of these spectra with (c) the experimental spectrum, (bottom). Since PLA and PBLG were 
measured in DCA and CHCl3, respectively, the region below 800 cm

-1
 is not shown in the 

experimental spectra because of artefacts arising from these solvents. The black contour lines in 
the zoomed similarity maps indicate the α-helix and 310-helix regions in the database (see section 
5.7.8 in the supporting information). 

 



 5.3 Results and discussion 

111 
 

While PBLG and PLGA are also correctly assigned to be α-helical, the similarity 

maps highlight a slightly different region of the Ramachandran surface 

compared to AK21 and PLA. Traditionally, a few important ROA spectral 

characteristics were assigned to α-helical structure. The most prominent are the 

-/+ couplet, negative at low and positive at high wavenumbers, centred at 

1650 cm-1 in the amide I region and two positive ROA bands around 1300 cm-1 

and 1340 cm-1 in the amide III region.8,56 Also positive intensity in the range 870-

950 cm-1 and a -/+ couplet centred at 1100 cm-1 have been tentatively put as ROA 

characteristics of α-helical structure.8 Especially the two positive bands in the 

amide III region, for example in the PLA and AK21 spectra, have been of interest 

in the field of ROA.8,14,57,58 Based on the comparison with crystal structures and 

H/D exchange experiments (vide infra), the ROA band around 1300 cm-1 was 

assigned to unhydrated α-helical structure in a hydrophobic environment and 

the band around 1340-1345 cm-1 was assigned to hydrated α-helical 

conformations.8,56,59 In hydrated conformations, the backbone torsion angles i+1 

and i (the two angles around a peptide bond between residue i and i+1) take 

mean values of -66° and -41°, respectively, tilting the peptide carbonyls and 

allowing hydrogen bonding with water.60 For the unhydrated conformation, 

mean torsion angles i+1 and i are -59° and -44°, respectively, resulting in a 

more linear arrangement of the C=O···H-N bond (see Figure 5.4 (e)). Recently 

however, Yamamoto et al. reported that the conformational difference between 

hydrated and unhydrated α-helix conformations does not account for the 

intensity ratio between the two bands in the amide III region of α-helical PLA in 

DCA solution.58 PLA adopts an α-helical conformation in DCA solution and 

shows two prominent positive ROA bands at 1304 cm-1 and 1338 cm-1, with the 

latter band with a slightly higher relative intensity (see Figure 5.4). When PLA is 

measured in CHCl3/DCA in a 7/3 ratio (v/v), the intensity of the 1300 cm-1 band 

increases relative to the 1338 cm-1 band. Yamamoto et al. concluded from their 
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DFT calculations that the influence of the conformation is minor compared to 

the change of the dielectric constant of the solvent. The database spectra 

however show there is a very distinct effect of slight changes in the 

conformation on the relative intensity of the two α-helical bands. 

The results for AK21, PLA, PBLG and PLGA in Figure 5.3 discussed above 

demonstrate that the classical assignment of the hydrated compared to 

unhydrated α-helix to the two positive amide III bands is ambiguous. The 

similarity maps of PLA and AK21 show that spectra in the Ramachandran region 

around -66°; -41° such as in hydrated helical structure fit best with experiment, 

while the ROA spectra in this region in the database show both positive bands 

around 1300 cm-1 and 1340 cm-1. The similarity maps of PLGA and PBLG, 

however, show a conformational preference closer to conformations such as in 

an unhydrated helix (-59°; -44°) or even further to the bottom-right of the α-

helical region, while the spectrum only shows the amide III band around 

1340 cm-1, which traditionally was assigned to hydrated conformations.56 The 

neutral side-chains of PBLG and PLGA stabilise regular α-helical structure in 

solution,61,62 hence indicating the 1340 cm-1 band to rather be a marker of 

unhydrated or regular α-helical structure. For PLA the ellipse delineating the 

database spectra that are averaged as shown in Figure 5.3 is chosen slightly more 

to the bottom right of the α-helical region compared to the AK21 ellipse (see 

Figure S 5.9). As a result, the intensity ratio of the 1300/1340 cm-1 bands 

compare well with the experimental ratios (see Figure 5.3). 

Using the database, the conformational sensitivity of the intensity ratio of these 

two amide III bands can be explored in more detail. In Figure 5.4 (a) and (b), the 

maximal peak intensity of the two bands is shown for the α-helical structures in 

the database. For the band around 1300 cm-1, the intensity starts around zero at 

the bottom-right of the α-helical region and increases continuously to the top-
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left of the α-helical region; this band is very sensitive to conformational changes. 

The band around 1340 cm-1 is more conservative as it shows much less variation 

for different conformations. This is also apparent in the spectra that contribute 

to the averages in Figure 5.3. Depending on the torsion angles, the hydrogen 

bond goes from a linear to a more tilted arrangement, and the intensity of the 

ROA band around 1300 cm-1 goes from slightly negative to twice the intensity of 

the 1340 cm-1 band, as can be seen in Figure 5.4. 

 
Figure 5.4: (a) ROA peak intensity in the spectral region 1290-1325 cm

-1
 and (b) in the region 1330-

1365 cm
-1
 shown with the same colour coding. (c) Tilting of the C=O group compared to the H-N 

group in the hydrogen bond. The angle between the CO and NH vectors is given in the contour 
plot from a 150° angle (tilted, red) to a 175° angle (linear, blue). (d) The database spectra in this 
Ramachandran region and coloured according to H-bond angles depicted in (c). (e) For four 
representative data points in the database the four central residues making up an α-helical 
hydrogen bond are shown at the bottom (see the respective spectra in Figure S 5.16). The black 
contour lines indicate the α-helix region (see section 5.7.8 in the supporting information). 
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As a result, the intensity ratio of the two bands is extremely sensitive to slight 

conformational changes. In peptides and proteins in solution, structural 

heterogeneity and flexibility in α-helical sequences, make that the torsion angles 

explore a range of angles within the α-helical region of the Ramachandran 

surface resulting in an averaged spectral profile. 

 Deuterated AK21 and XAO.  5.3.2

An important motivation why the band around 1340-1345 cm-1 was initially 

assigned to a hydrated form of α-helix, was that in ROA measurements of 

filamentous bacteriophages Pf1 and M13 in D2O this band disappears, while it is 

prominently present in H2O solution.59 In H2O solution, the two α-helical bands 

are present for both Pf1 and M13, whereas in D2O positive intensity is retained 

only near 1300 cm-1. The disappearing of the band around 1340 cm-1 was 

considered to indicate the exposure to the solvent of the molecular part involved 

in the vibrational modes, i.e. the amide N-H proton in a hydrated conformation, 

hence allowing H/D exchange. However, the extended amide III region (1230-

1340 cm-1)63 involves in-phase combination of N-H in-plane deformations with 

C-N stretch vibrations. It is because of the coupling between N-H and Cα-H 

deformations that this region is so sensitive to geometry changes. Jacob et al. 

used a localised mode procedure to show that the 1340 cm-1 band arises from 

mainly Cα-H deformation in the direction of the Cα-N bond, called a 

CαH bend (I) mode, while in the 1300 cm-1 band, Cα-H bending is perpendicular 

to the Cα-N bond, called a CαH bend (II).64 For this reason, exchanging the N-H 

proton by a deuteron, has a large effect on the entire amide III region and not 

only the CαH bend (I) mode around 1340 cm-1. 

To study the effect of the amide H/D exchange, the model conformations 

identified in Figure 5.3 for the AK21 and the XAO peptides in H2O were used to 

calculate the ROA spectra with all the amide protons replaced by deuterons. The 
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respective similarity maps are given in Figure S 5.8 and also show the same 

secondary structure assignment: α-helical structure for AK21 and PPII 

conformation for XAO. The similarity maps however show lower values 

compared to the non-deuterated analogues and are more sensitive to the 

triangular weighting. 

In Figure 5.5, the simulated spectra are compared to the respective experimental 

ROA spectra measured in D2O. The experimental spectra collected for the H/D 

exchanged samples measured in D2O are remarkably different from the spectra 

in H2O. For example, the 1230–1340 cm-1 region for both samples is completely 

altered compared to the respective spectra in H2O. Interestingly, this region is 

very comparable for both AK21 (N-D) and XAO (N-D) in D2O, while this 

wavenumber region in H2O holds the most structural information. The 

modelled spectra again reproduce the experimental patterns quite well. The +/- 

pattern at 1326 cm-1 and 1358 cm-1 in the experimental spectrum of XAO (N-D) is 

however calculated at too high wavenumbers, thereby decreasing the overlap of 

experiment and theory. An important observation is that the 1420-1520 cm-1 

region is entirely different for both peptides, indicating that this is a key region 

for structural elucidation using H/D exchange in ROA. The ROA spectrum of 

disordered poly-L-lysine in D2O shows a -/+ couplet similar to that from the 

XAO peptide, while a -/+/- signature like that of AK21 in D2O is observed for 

poly-L-lysine in an α-helical conformation.65 The -/+/- signatures of the latter 

two peptides however show different ratio’s that might again stem from 

differences in the distribution of the dihedral angles in the α-helical region. 

In H2O, this spectral region arises from CH2 and CH3 deformations. A dynamic 

visualisation of the normal modes of the deuterated models using the localised 

mode procedure implemented in the Pyvib2 program66, reveals that the CH3 

deformations couple with the Cα-N and to lesser extent with the in-phase N-D 
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in plane bending (amide II’ mode), giving rise to a conformation sensitive 

region. In H2O, the N-H is strongly involved in the amide III and amide II 

modes. The deuteration decouples the N-D from these modes and gives rise to 

amide II’ (the prime signifies the N-D deuteration) modes.67,68  

 
Figure 5.5: Comparison of the ROA spectra of H/D exchanged AK21 (left) and XAO (right). (a) 
Comparison of the spectra in the same region identified in Figure 5.2 and (b,red) the average of 
these spectra and (b, black) the spectrum with the highest Sfg to (c) the experimental spectrum in 
D2O. 

The deuteration seems to have a large effect on most of the ROA spectrum. The 

amide I and amide I’ are quite similar, only for AK21 the small negative lobe 

becomes positive upon deuteration. The backbone skeletal stretch region (870–

1150 cm-1) mainly involving the Cα-C, Cα-Cβ and Cα-N stretches is also altered 

after the deuteration. This wavenumber region is very complex, making the 

comparison between the simulated and the experimental spectra difficult, but it 

indicates the richness of this region in structural information. This is for 

example visible in the simulated ROA spectra in Figure 5.5 (a) of AK21, which 

seem very sensitive to small conformational changes. These results indicate the 

high value of using H/D exchange in ROA analyses of proteins and peptides, 

providing a supplementary source of information next to the measurements 

without the exchange. The effect of H/D exchange on the ROA patterns of 

proteins has been studied in the past, however careful experimental protocols 
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must be used to achieve full H/D exchange for full-size proteins.8,59,65,69,70 If a 

protein is dissolved in D2O, only the solvent-accessible N-H protons will be 

rapidly exchanged and the spectral properties of these molecular regions will 

change. This could be very informative to identify the solvent-exposed parts, 

however the partial exchange immediately complicates the analysis. If, for 

example, only in the solvent-exposed part of an α-helical sequence the amide 

protons are exchanged and the hydrophobic part remains unaltered, the effect 

on the spectral patterns is complex, which is for example the case in the ROA 

spectra of human serum albumin (HSA), Pf1 and M13 measured in D2O.8,59 This 

is illustrated in section 5.7.10 in the supporting information by partially 

exchanging the N-H protons of database structures by deuterons. If four 

hydrogens are exchanged on one side of an α-helical model structure, most of 

the ROA spectrum remains unchanged, while the intensity around 1340 cm-1 is 

reduced by ~50 % and the intensity of the band around 1300 cm-1 is retained. 

This is in accordance with the observation of the large decrease of the ROA 

intensity around 1340 cm-1 in Pf1, M13 and HSA when measured in D2O.8,59 Also 

the spectral change of AK21 upon full deuteration supports this as intensity 

around 1300 cm-1 is present both with and without the deuteration, while the 

ROA intensity around 1340 cm-1 disappears upon full H/D exchange. The 

disappearing of the 1340 cm-1 α-helical band in D2O does hence not support this 

band being a marker for hydrated helices. 

 The 1300/1340 cm-1 ratio: interpretation of protein ROA.  5.3.3

To conclude the results of the previous two sections, whereas the ratio of the 

two α-helical bands in the amide III region is very dependent on the 

conformation as shown by the database spectra, the previous assignment of the 

1300 cm-1 and the 1340 cm-1 bands being markers of unhydrated and hydrated α-

helix, respectively, is invalidated. The database spectra even indicate that the 
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opposite is more likely; i.e. that the 1340 cm-1 band is a conservative indicator of 

regular α-helical structure with a geometry such as in unhydrated conformations 

and the 1300 cm-1 band an indicator of conformations allowing hydrated helices. 

This is supported by the experimental ROA spectra of for example Fd21, Pf159, 

M1359, rabbit aldolase8, rabbit calcyclin21, HSA8 and bovine serum albumin71 

(BSA), which all show a dominant positive band around 1340-1345 cm-1 and 

which all have structures with long and regular α-helical sequences. The 

proteins HSA and BSA, for example, have long hydrophobic pockets as binding 

sites in their mainly α-helical structure, which supports the assignment of the 

ROA band around 1340 cm-1 to regular or hydrophobic/unhydrated helical 

structure. In aqueous solution, these proteins are at least partially exposed to the 

water, hence also positive ROA intensity around 1300 cm-1 is observed. The 

database RH α-helical structures of which the backbone carbonyls tilt outwards 

from the structure, therefore allowing hydrogen bonding with water or side-

chains,60 show dominant intensity around 1300 cm-1 as demonstrated in Figure 

5.4 and Figure S 5.16. Also the database spectra in the RH 310-helical region 

between α-helix and towards structures with dihedral angles -71°; -18° have 

dominant positive intensity around 1300-1315 cm-1 as shown in Figure S 5.12 and 

Figure S 5.13. In smaller proteins with shorter α-helical portions in their crystal 

structures such as insulin8,70, hen egg white lysozyme69, human lysozyme47, 

bovine α-lactalbumin8,72,73 and equine lysozyme73 a strong positive band around 

1300 cm-1 is distinctly observed.8,70,72 In the first three proteins of these proteins, 

the intensity around 1300 cm-1 is even distinctly higher than that around 

1340 cm-1. Also the spectra of Fd, Pf1 and M13 show a separate band around 

1300 cm-1. Both the database spectra as well as the seven latter mentioned 

experimental ROA spectra suggest that positive intensity around 1300 cm-1, 

which seems very dependent on the backbone conformation (vide supra), is 

associated with 310-helix and α-helical conformations allowing hydrogen 
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bonding with water. The solution structural ensemble of human insulin as 

determined by NMR (PDB id. 2mvc, low pH) and the crystal structure of bovine 

insulin (PDB id. 2a3g), for example, show mainly backbone angles 

corresponding to conformations with carbonyls tilting outwards from the helix 

and angles between α-helical and 310-structure (see section 5.7.11 in the 

supporting information). This might explain that the ROA spectrum of bovine 

and porcine insulin at low pH show dominant positive intensity around 1307 cm-

1 with almost no contribution around 1340 cm-1.8,29,70 Yamamoto et al. also noted 

that 310-helical structure contributes significantly to the positive amide III band 

in the experimental spectrum of insulin.29 The interpretation of differences in 

the 1300/1340 cm-1 intensity ratio of native α-lactalbumin and equine, hen and 

human lysozyme has received considerable attention in scientific literature as 

these proteins have very similar folds but show different 1300/1340 cm-1 intensity 

ratios.8,14,72,73 Hen and human lysozyme have a dominant 1300 cm-1 band while 

for α-lactalbumin and equine lysozyme the 1340 cm-1 band is relatively more 

intense. The presence of the 1340 cm-1 band indicates there is at least a 

proportion of regular α-helical structure in all these proteins. Based on the 

discussion above, the dominant intensity around 1300 cm-1 in the hen and 

human lysozyme spectra could suggest these proteins have a higher content of 

310-helix in solution or a different distribution of the dihedral angles in the 

helical portions. This in turn might be caused by a differential stability or 

hydration of one of the four helices in the lysozyme/α-lactalbumin folds or of 

the C-terminal 310-helix, for example. A short stretch of 310-helix or α-helix that 

is not present could cause the 1300 cm-1 band to be of lower intensity. Caution 

must however be exerted in making such assignments as the database spectra 

only represent the conformational sensitivity of the spectral patterns. The 

database does not directly include the effect of explicit hydration which has only 

limitedly been studied theoretically74 (see chapter 8) nor is the effect of different 
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amino acid compositions included, which has been proposed by Kessler et al. to 

affect the intensity ratio of the two α-helical bands14 (see chapter 9). Kessler and 

co-workers suggested that the difference in the intensity ratio might be 

explained by a difference in the content of aromatic residues as these couple to 

main chain Cα-H bending.14 However, the ROA spectrum of human lysozyme 

reported in their analysis is notably different from the spectrum of native human 

lysozyme published by Blanch et al.47 The experimental spectrum reported by 

Kessler et al. and compared to their DFT calculations is much more similar to 

that of equine lysozyme, with the 1340 cm-1 band dominating over the 1300 cm-1 

band. It is currently unclear why the experimental spectra differ. Kessler et al. 

used an aqueous solution without the use of a buffer of a commercial source of 

recombinant human lysozyme expressed in rice (Oryza sativa). In the study by 

Blanch et al. human lysozyme was purified from human milk and dissolved in an 

acetate buffer.47 The recombinant form might be different from the wild-type 

variant. However, if the sequences of both variants are identical, the 

1300/1340 cm-1 ratio cannot be described by a differential content of (aromatic) 

residues, rather by a conformational difference or a combined effect of a 

conformational change in a specific molecular part containing an aromatic 

residue, for example. It must be noted that α-lactalbumin and the lysozymes are 

very sensitive to the experimental conditions such as temperature and pH in 

solution72,75,76, which is also important to consider when comparing the spectral 

patterns with structures deposited in the PDB. Identifying the differences in the 

ROA spectra of these proteins might be very valuable as they have different 

folding mechanisms and some of them, such as α-lactalbumin and equine 

lysozyme, can form stable molten globule states, while other lysozymes do not 

show such behaviour despite their homologous structure.77–79 The database 

provides important conformational information that could aid in the 

understanding of the spectral patterns of said proteins in the future. 
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 Raman spectra of AK21 and XAO.  5.3.4

As shown above, ROA is extremely sensitive to protein conformation. An 

important reason why ROA is better at capturing the solution structure and 

conformation of proteins compared to conventional Raman spectroscopy, is that 

ROA mainly shows signals from the backbone conformation of the protein. Due 

to the chiroptical character, ROA signals of flexible side-chains of the amino acid 

residues generally cancel out, while Raman spectra on the other hand are 

dominated by these signals. However, the peptides AK21 and XAO mainly 

consist of alanine residues, so their Raman spectra can suitably be described by 

the database containing alanine models as well as the H/D exchanged models. 

 
Figure 5.6: Raman spectra of the AK21 (left) and the XAO (right) peptides in H2O (top) and in 
D2O (bottom): (a) average of the Raman spectra of the model structures identified in Figure 5.1; 
(b) the average spectrum (red) and the spectrum with the highest Sfg in black; (c) the experimental 
spectrum. 



Chapter 5 

122 
 

In Figure 5.6, the database Raman spectra of the model structures identified by 

the similarity maps in Figure 5.2 are compared to the experimental Raman 

spectra of AK21 and XAO. Besides a few lysine bands that are not included in the 

database, most spectral bands are very well reproduced (see also the Raman 

spectra assigned to PLA in the Figure S 5.23). This implicates the use of the 

database to study Raman spectral characteristics not only of alanine peptides, 

but also of for example the amide III and amide I region that are informative on 

the conformation of proteins in solution. For AK21 both in H2O and in D2O, the 

experimental and theoretical patterns match very well. Upon deuteration mainly 

the amide III and skeletal stretch region change. The region 800-1000 cm-1 for 

the deuterated AK21 shows the most variation with geometric changes. For 

XAO, the comparison is also very good. Here the region 700-800 cm-1 shows the 

most variation with varying structure. The amide I region does not change much 

because of the deuteration, which is to be expected as these modes mainly 

involve carbonyl stretching with little or no contribution from the amide proton 

or deuteron. The amide I and amide I’ of XAO are asymmetric both in 

experiment and simulation. The spectrum with the highest similarity also shows 

this asymmetry, which thus not stems from different conformational families, 

rather from dispersion of the modes.2 

5.4 Conclusions 

A large database of calculated Raman and Raman optical activity (ROA) spectra 

has been constructed as a tool to analyse the experimental spectra of peptides 

and proteins. For six model peptides with left- or right-handed α-helical and 

PPII structure (AK21, XAO, PBLG, PLA, PBLA and PLGA) the database assigns 

the secondary structure correctly by creating a similarity map on the 

Ramachandran plot that compares the experimental ROA spectrum to the 

database spectra. The experimental spectra are assigned to very specific regions 
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of the Ramachandran plot, which shows the high sensitivity of ROA to the 

backbone conformation of peptides and proteins; the database spectra change 

distinctly with a slight change in the conformation. The spectral assignments of 

the amide III region of α-helical proteins have been the matter of debate in 

scientific literature, but the database shows that the positive band around 

1300 cm-1 is specifically sensitive to the conformation of the helix and thus the 

orientation of the intramolecular hydrogen bonds and hydration. Also 310-helix 

with dihedral angles close to α-helix contributes to intensity around 1300-

1315 cm-1. The band around 1340 cm-1 is much more conservative for α-helical 

structure and seems a reliable marker for regular RH α-helical structure. 

Averaging of the database spectra in specific regions of the Ramachandran plot, 

gives spectra that compare very well with the experiment and thus gives 

representative spectra for specific secondary structure types. Both the analysis of 

specific vibrational modes or spectral regions and the creation of average spectra 

of different secondary structure types are informative ways of studying the 

spectra of proteins by using the database. Although the Ramachandran mapping 

of peptides with a specific conformational propensity works very well, the 

spectra of proteins contain contributions from all the different secondary 

structure elements or domains of that protein. Therefore, we are currently 

developing suitable approaches to use this database to study the solution 

structure of proteins in detail as it was shown that analysing the spectral trends 

in the database provides very valuable information on the spectral patterns not 

only of peptides but also of proteins. In short, this new tool will be valuable to 

understand the solution structure of peptides and proteins in future Raman and 

ROA studies as it provides the relation between the secondary structure 

elements and their spectral components. This is important and timely as for 

example the ROA spectra of molten globule states of proteins and those of 
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intrinsically disordered proteins show rich ROA patterns which are difficult to 

assign in detail.55,72,73,80 Yet, the detailed interpretation of such ROA spectra 

might complement structural information accessible by other techniques. These 

states and types of proteins are being studied intensively out of general interest 

to understand protein folding and misfolding pathways and to understand the 

molecular origins of neurodegenerative diseases such as Parkinson’s or 

Alzheimer’s, for example.78,81–83 
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5.7 Supporting information 

 Database construction: model selection and geometry 5.7.1
optimization 

 
Figure S 5.1: Left: Selection of 3035 HCO-(Ala)11-CONH2 model structures with repetitive  and  
angles (red dots) selected across the preferential and allowed regions of the Ramachandran plot. 
The region below the α-helical and π-helix region is for example not populated as the (Ala)11 
peptides cannot be created using repetitive angles; these geometries overlap internally. Right: 

Average  and  angles for each of the 2902 optimised HCO-(Ala)11-CONH2 model structures in 
the final database.  
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 Calculation of similarity index Sfg 5.7.2

To objectively assign experimental spectra using the spectral database, a robust 

procedure with as little user interference as possible is desirable. When using 

the Sfg similarity measure, two corrections are introduced: (1) A scaling factor 

needs to be introduced to correct for the global wavenumber shift and (2) a 

weighting function can be used to take local shifts in the spectrum into account. 

5.7.2.1 Global wavenumber shift: optimal scale factor 

Because of i.a. the harmonic approximation, the simulated spectra are typically 

overestimated in the wavenumber dimension. To be able to reliably calculate the 

similarity index, the theoretical spectra first need to be shifted to be aligned with 

the experimental spectrum. To determine a general applicable scaling factor (SF) 

to shift the spectra in the wavenumber dimension, the optimal SF for three 

experimental spectra was determined. As the low wavenumber region has high 

intensity in the simulated spectra for single conformers and this region is 

unreliable because of the constrained geometry optimization in normal 

coordinates, the SF is calculated starting from 450 cm-1 as a minimum value 

(vide infra).  

Figure S 5.2 shows the arbitrary selection of five database spectra for evaluating 

the optimal scaling factors for the theoretical spectra compared to the 

experimental spectrum. These spectra were selected within the regions that 

contain the spectra that resemble the corresponding experimental spectrum the 

most. 
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Figure S 5.2: Selection of 5 database spectra for evaluating the optimal scaling factors. Average  

and  angles are shown for each structure: -64.0°; -47.1° and -66.4°; -40.7° are assigned to the 
experimental AK21 spectrum (Figure S 5.3), -53.3°; -52.8° to PLGA at low pH (Figure S 5.7) and -
69.1°; 139.7° and -57.8°; 146.7° to XAO (Figure S 5.6). 

In Figure S 5.3, the spectra of two database spectra that reproduce the 

experimental spectrum of AK21 very well are shown, for example. Both spectra 

describe the -/+/+ patterns in the skeletal stretch and amide III regions quite 

good as well as the amide I -/+ couplet. Nonetheless, the amide I couplet is for 

example shifted to higher wavenumbers for the database spectrum with average 

dihedral angles ; of -64.3°; -47.1° compared to the spectrum of the -66.3°; -

40.7° conformation. Therefore, the optimal scaling factor for the 450-1580 cm-1 

and the 1580-1700 cm-1 regions are given separately in Figure S 5.4 and Figure S 

5.5, respectively.  
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Figure S 5.3: Two calculated ROA spectra of the database (top -66.3°; -40.7° and middle -64.3°; -
47.1°) without wavenumber scaling factor compared to the experimental spectrum of AK21 
(bottom). 

In Figure S 5.4, the dependence of the similarity index Sfg on the scale factor is 

depicted for the five database spectra compared to the experimental spectrum 

that can be assigned to them. For each theoretical spectrum, the Sfg curve 

compared to the scaling factor shows the expected behaviour with a maximum 

value for acceptable scaling factors. For the AK21 example, we see that the 

optimal scaling factor for the 450-1580 cm-1 range is not exactly the same for 

both theoretical spectra, but it is similar.  
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Figure S 5.4: Similarity index Sfg for the wavenumber range 450-1580 cm

-1
 as a function of the 

scaling factor for five different conformations in the database. The database structures -64.0°; -
47.1° and -66.4°; -40.7° are compared to the experimental AK21 spectrum, -53.3°; -52.8° to PLGA 
(helix) and -69°.1°; 139.7° and -57.8°; 146.7° to XAO. 

For the 1580-1700 cm-1 region, the Sfg is more crucially sensitive to the scaling 

factor, as can be seen from the narrow shaped curves in Figure S 5.5 which do 

not coincide. This is because only the amide I couplet accounts for the similarity 

in this region. In the two theoretical spectra given for AK21 in Figure S 5.3, the 

slight shift in the amide I position, results in the two optimal scaling factor of 

0.940 and 0.946. If one of these factors is used to shift the amide I region of the 

other spectrum, the similarity would be significantly lowered as can be seen 

from Figure S 5.6. Or even worse, if the optimal scaling factors of the theoretical 

spectra that are assigned to the experimental spectrum of the XAO peptide 

(0.955 or 0.956) would be used to scale the amide I of the AK21 theoretical 

spectra, the similarity would be negative for the -64.0°; -47.1° spectrum and less 

than 0.2 for the -64.3°; -47.1° spectrum. 
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Figure S 5.5: Similarity index Sfg for the wavenumber range 1580-1750 cm

-1
 (amide I region) as a 

function of the scaling factor for five different conformations in the database. 

As can be seen from Figure S 5.5 and Figure S 5.6, the amide I region of the 

database spectra assigned to the experimental ROA spectrum of the XAO 

peptide, have a higher optimal scaling factor compared to the amide I region of 

the AK21 spectra. 

 
Figure S 5.6: Unscaled database spectra (top -69.1°; 139.7° and middle -57.8°; 146.7°) 
compared to the XAO experimental ROA spectrum (bottom). 
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As an example, the experimental spectrum of PLGA (at low pH) is compared to 

one theoretical spectrum (-53.3°; -52.8°). While the wavenumber scaling will 

improve the overlap of the amide III region, small shifts in the skeletal stretch 

and amide III region occur and result in a lower Sfg than a visual comparison 

would suggest. To account for this, a weighting function can be applied to the 

data before calculating the Sfg (5.7.3). 

 
Figure S 5.7: Unscaled database spectrum of the database model with average ; angles of -
53.27°;-52.79°  (top) compared to the PLGA (helix) experimental ROA spectrum. 

To conclude, a global wavenumber scaling factor of 0.987 seems to be valid for 

the calculated spectra in the database. However, the amide I region requires a 

lower scaling factor to account for the wavenumber shift. Since this region is a 

key spectral region for peptides and proteins, it is included here using a separate 

scaling factor. Yet, as can be seen from Figure S 5.5, the scaling factor needs to 

be optimised to properly align this region with the same region in the 

experimental spectrum. To calculate the similarity index for one data point in 

the database, firstly the optimal scaling factor SFI is determined only for the 

amide I region 1580-1750 cm-1 in steps of 0.001 for the SFI ranging from 0.930-

0.970. Next, these amide I normal modes are shifted separately from the other 
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normal modes using the scale factor SFI/0.987. Finally, the entire calculated 

spectrum is scaled with the factor 0.987 and the similarity is calculated for the 

entire range 450-1800 cm-1. 

 Local shifts: triangular weighting 5.7.3

The SF of 0.987 is chosen to correct for a general shift in the wavenumber 

dimension. However, small local shifts in the spectrum can occur, resulting in a 

reduced Sfg (see e.g. the couplet in the skeletal stretch regions of PBLG and 

PLGA). Compared to a visual assignment of the spectrum, the similarity measure 

might then present lower values than expected. In similarity measures that are 

used in chiroptical spectroscopy, a triangular weighting function is sometimes 

used to correct the similarity value for local shifts by taking the neighbouring 

spectral points into account for each point.3 A spectrum g is weighted according 

to the following formulas using the triangular weighting function w. In this work 

a weighting function of 40 cm-1 was used. 

g(v0) ←  ∫ g(v)w(v − v0)dv (S5.1) 

w(v − v0) =  1 −
|v − v0|

l
for |v − v0| ≤ l (S5.2) 

w(v − v0) =  0 for |v − v0| > l (S5.3) 

This weighting is applied both to the calculated spectrum f and the experimental 

spectrum g. The result of the weighting on the similarity mapping is shown in 

Figure S 5.8, which shows the comparison of the similarity mapping with and 

without the triangular weighting of 40 cm-1 included. 

 Final Sfg formula 5.7.4

Finally, the calculation of the similarity index Sfg that compares the (weighted) f 

with g for the wavenumber range 450-1800 cm-1 can be summarised as: 
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Sfg = 100 % ∙
∫ f(σν̃)g(ν̃)dν̃

1800

450

√∫ f(σν̃)2dν̃
1800

450 ∫ g(ν̃)2dν̃
1800

450

 

 

(S5.4) 

with: 

σ = [δ(ν̃ ≤ 1580)σν̃≤1580 + (1 − δ(ν̃ ≤ 1580)σν̃>1580) ]  (S5.5) 

σν̃≤1580 = 0.987 and 0.970 ≥ σν̃>1580 ≥ 0.930 (S5.6) 

δ(ν̃ ≤ 1580) = 1 if ν̃ ≤ 1580, else δ(ν̃ ≤ 1580) = 0  (S5.7) 

 

 Similarity maps of AK21, XAO, PBLA, PLA, PBLG, PLGA and 5.7.5
supplementary spectra 

This section contains the similarity maps of all experimental spectra and shows 

the effect of the triangular weighting (window size of 40 cm-1) in Figure S 5.8, 

followed by spectra that supplement the main text in this chapter. The black 

ellipses in the contour maps delineate the database Raman or ROA spectra fi 

that are averaged and compared to the experimental counterparts. The average 

spectrum fave at each wavenumber ν̃ is calculated using the following equation 

for the number of spectra n within the ellipse. 

fave(ν̃) =
1

n
 ∑ fi(ν̃)

n

i=1

 

 

(S5.8) 

5.7.5.1 Effect of triangular weighting on the similarity maps  

The similarity maps both with and without triangular weighting (40 cm-1) for all 

peptides in this study are depicted in Figure S 5.8. 

  



 5.7 Supporting information 

137 
 

 (1) AK21 

 
(2) XAO 

 
(Figure S 5.8 continued on next page, legend follows) 
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(3) PBLA 

 
(4) PLA 

 
(Figure S 5.8 continued on next page, legend follows) 
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 (5) PBLG 

 
(6) PLGA 

 
(Figure S 5.8 continued on next page, legend follows) 
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(7) AK21 after H/D exchange 

 
(8) XAO after H/D exchange 

 
Figure S 5.8: (on multiple pages) Similarity maps of (1) AK21 (2) XAO (3) PBLA (4) PLA (5) PBLG 
(6) PLGA (7) AK21 after H/D exchange (8) XAO after H/D exchange without triangular weighting 
(left) and with triangular weighting of both the experimental and the database spectra using a 
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triangular weighting function of 40 cm-1 (right). To take the conformational flexibility of the 
peptides in aqueous solution into account, the spectra within the manually selected ellipses are 
averaged and compared to the experimental spectrum and the database spectrum with the highest 
similarity (see Figure 5.2 and Figure 5.3). The similarity maps 1-6 use the original database; 7-8 are 
generated using the database where all the spectra are calculated using the H/D exchanged model 
structures. The similarities are calculated for the wavenumber range 450-1800 cm-1 unless when 
measured in CHCl3 or DCA, the 800-1800 cm-1 region was used. 

 

 
Figure S 5.9: ROA spectra of AK21: (a) spectra delineated by the ellipse in Figure S 5.8, (b, red) 
average spectrum of the ellipse spectra (b, black) spectrum with the highest Sfg compared to (c) 
the experimental spectrum. 

 

200 400 600 800 1000 1200 1400 1600 1800

 AK21 experiment

(b) Simulated spectra

(c) Experiment

I R


 I
L

I R


 I
L

I R


 I
L

wavenumber / cm
-1

 Model with highest S
fg

 Ellipse average

 Ellipse data

 Ellipse average

(a) Ellipse average

 

x 0.5

x 0.5



Chapter 5 

142 
 

 
Figure S 5.10: ROA spectra of XAO: (a) spectra delineated by the ellipse in Figure S 5.8, (b, red) 
average spectrum of the ellipse spectra (b, black) spectrum with the highest Sfg. compared to (c) 
the experimental spectrum. 

 
Figure S 5.11: ROA spectra of PBLA: (a) spectra delineated by the ellipse in Figure S 5.8 (b, red) 
average spectrum of the ellipse spectra (b, black) spectrum with the highest Sfg. compared to (c) 
the experimental spectrum. 
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 Using the wavenumber range 300–1800 cm-1 5.7.6

In Figure S 5.8, the similarities are calculated using the 450–1800 cm-1. As can be 

seen from Figure S 5.12, the similarity values would otherwise be dominated by 

the region below 450 cm-1, because of the high intensities. Figure S 5.12 shows 

the similarity map of AK21, using the wavenumber range 300-1800 cm-1 and 

displays the highest similarity in the 310-helix region. of the Ramachandran plot, 

while AK21 is assigned to α-helical structure. 

 
Figure S 5.12: The similarity map of AK21 generated using the wavenumber range 300–1800 cm

-1
 

and a triangular weighting function of 40 cm
-1
. shows the highest similarity for the database 

spectrum for (a) a model with average ; angles of -66.79°; -19.37°, while the spectra in the α-
helical spectrum display lower similarities, for example for (b) the spectrum of the database model 
with average angles -63.34°; -47.07°. (c) the experimental ROA spectrum of AK21.Spectrum (a) and 
(b) are plotted using the same y-axis scale. 
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 Coincidental spectral overlap in similarity maps 5.7.7

 
Figure S 5.13: ROA spectra of (a) the database model with average ; angles -71.5°;141.5° and (b) -
66.5°;-20.5°, (c) the ellipse average as shown in Figure 5.2 and (d) the experimental spectrum of 
AK21. 

 Hydrogen bonding pattern indication in similarity maps 5.7.8

By evaluating the hydrogen bonding properties of the structures included in the 

database, the secondary structure types can easily be visualised as different 

regions of the Ramachandran plot.  

The hydrogen bond assessment that was used is based on five geometric 

criteria:4  

(1) The maximum distance between the amide oxygen and hydrogen is set 

at 2.5 Å.  

(2) The maximum distance between the amide oxygen and nitrogen is set 

at 3.9 Å.  

(3) The angle formed by oxygen, hydrogen and nitrogen “OHN” is limited 

to 90°<OHN<180°. 

(4) The angle formed by the α-carbon, oxygen and nitrogen “CON” is 

limited to 90°<CON<180°. 
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(5) The angle formed by the α-carbon, oxygen and hydrogen “COH” is 

limited to 90°<COH<180°. 

In Figure S 5.14, the three angular criteria are depicted. 

 
Figure S 5.14: The three angular criteria used in the hydrogen bond assessment 

If the hydrogen bonds in a peptide model in the database fit all five 

requirements, the conformational type is specified as indicated in Table S 5.1. 

The hydrogen bonding type is indicated in the Ramachandran plots in the main 

section of the paper as a black solid contour line that groups the structures with 

the same hydrogen bonding type. The different regions in the database are 

indicated in different colours in Figure S 5.15. 

Table S 5.1: Hydrogen bonding in the peptide database 

Intrachain hydrogen bonding Secondary structure Colour in Figure S 5.15 

i+2  i   27 helix γ-helix/turn Blue 

i+3  i 310-helix Green 

i+4  i   3.613 helix / α-helix Yellow 

i+5  i 4.116 helix / π-helix Red 

i  i + 6 (inverse direction) / Brown 



Chapter 5 

146 
 

 
Figure S 5.15: Different structural regions in the Ramachandran plot based on hydrogen bonding. 
See Table S 5.1 for the colour coding. Both the right- and left-handed alternatives are indicated in 

the same colour (i+n  i and i i+n). 

 Effect of hydrogen bond orientation on the amide III region 5.7.9

 
Figure S 5.16: Four different database ROA spectra in the α-helical region that demonstrate the 
effect of different conformations and thus hydrogen bond orientations on the amide III spectral 
region. See Figure 5.4 in the main text of this chapter.  
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 Effect of partial deuteration: 1300/1340 cm-1 ratio 5.7.10

To demonstrate the effect of partial deuteration on the 1300/1340 cm-1 ratio of 

the two α-helical bands in the amide III region of the spectrum, the 13 protons in 

two model structures in the database were one by one exchanged for deuterons 

starting from the C-terminal to the N-terminal after which the ROA spectra 

were calculated (Figure S 5.17).  

 
Figure S 5.17: ROA spectra of two database structures after progressive deuteration: From black to 
red, (a) the N-H protons are one after the other exchanged by deuterons starting from the C-
terminus to the N-terminus until all 13 N-H’s are exchanged. Model structures with average 
dihedral angles (b) -62.2°; -41.8° and (c) -55.3°; -50.7°. 
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Next, for the same two database structures, the four N-H protons, as depicted in 

Figure S 5.18 (a), were replaced by deuterons to simulate the effect of partial 

deuteration on one side of an α-helix. The ROA spectra for two α-helical 

conformations are depicted in (b) and (c). 

 
Figure S 5.18: (a) Exchange of four N-H protons by deuterons in the backbone of two database 
structures with average backbone angles (b) -62.2; -41.8° and (c) -55.3°; -50.7°, the ROA spectra 
were calculated (black) and compared to the non-deuterated ones (red). 
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 Ramachandran plot of insulin 5.7.11

The Ramachandran plot of insulin of human and bovine insulin for both i;i 

and i+1;i are shown below in Figure S 5.19-Figure S 5.22. The structural NMR 

ensemble of human insulin in solution (PDB id. 2mvc) is included as a solution 

structure of bovine insulin is currently not deposited in the PDB to the best 

knowledge of the authors. The crystal structure of bovine insulin (PDB id.: 2a3g) 

is included below. The secondary structure indications of the database are 

shown (black contour lines) to aid with comparison between the different 

figures. For the same reason the i;i angles (-66°;-41°), (-59°;-44°), (-71°;-18°) 

and (-49°;-26°) are shown as the black data points. 

 
Figure S 5.19: 𝜑𝑖; 𝜓𝑖 of the NMR solution structural ensembleof human insulin (PDB id. 2mvc). 
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Figure S 5.20: 𝜑𝑖+1; 𝜓𝑖of the NMR solution structural ensembleof human insulin (PDB id. 2mvc). 

 
Figure S 5.21:: 𝜑𝑖; 𝜓𝑖 of the crystal structure of bovine insulin (PDB id. 2a3g). 
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Figure S 5.22: 𝜑𝑖+1; 𝜓𝑖 of the crystal structure of bovine insulin (PDB id. 2a3g). 

  Raman spectrum of PLA 5.7.12

The Raman spectrum of PLA is very comparable to that of AK21 but lacks the 

lower wavenumber region and was therefore moved to the supporting 

information. Again, the database spectra describe the experimental patterns very 

well.  

 
Figure S 5.23: Raman spectra of PLA: (a) spectra delineated by the ellipse in Figure S 5.8, (b, red) 
average spectrum of the ellipse spectra, (b, black) spectrum with the highest Sfg. compared to (c) 
the experimental spectrum. 
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Abstract 

Raman optical activity (ROA) spectra of proteins hold a lot of information about 

their structure in solution. To create a better understanding of the ROA spectra 

of, among others, the intrinsically disordered proteins (IDPs), involved in 

neurodegenerative diseases, the effect of conformational disorder and dynamics 

on the ROA spectra was studied. Density functional theory (DFT) calculations of 

small ensembles of model peptides with increasing disorder show that the ROA 

patterns of α-helical and poly-proline II (PPII) structure reflect the average 

backbone angles in the ensemble. While the amide III region in the ROA spectra 

of the α-helical peptides is shown to be surprisingly robust with disorder, the 

amide III region of PPII secondary structure diminishes in intensity with 

increasing structural disorder. The results show that the ROA spectra of IDPs 

hence more likely stem from short stretches of well-defined PPII helices rather 

than a very flexible chain. Further DFT calculations support that mixing of PPII 

with helical secondary structure is consistent with experimental spectra of IDPs, 

while mixing with β-strand results in spectral patterns that are not observed 

experimentally. The detailed information obtained from these results 

contributes to a better understanding of the spectrum-structure relation. 
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6 Conformational disorder and dynamics of 

proteins sensed by Raman optical activity: A 

careful disorderliness 

6.1 Introduction 

Over the past decades, Raman optical activity (ROA) spectra have been shown 

to be uniquely sensitive to the solution structure of biomolecules.1,2 

Nevertheless, the use of ROA as a complementary structural elucidation 

technique in structural biology is not widespread. Exactly because of its strong 

structural sensitivity, the detailed interpretation of the spectroscopic signals is 

very challenging. Since ROA provides unique spectral patterns for inter alia 

peptides,3 proteins1, glycoproteins4,5 and intrinsically disordered proteins 

(IDPs)6,7 there is a clear incentive to create a deeper understanding of the 

structure-spectrum relationship. Especially proteins such as IDPs are 

challenging to characterize by standard techniques.8 As these proteins are 

involved in neurodegenerative disorders such as Alzheimer’s and Parkinson’s 

disease, there is a strong motivation to develop structure elucidation techniques 

that are complementary to for example nuclear magnetic resonance (NMR) 

methodologies.8  

The strength of Raman spectroscopies in the study of dynamic systems stems 

from the very short time scale of the scattering process (~3.3 x 10-14 s for a 

vibration with wavenumber 1000 cm-1) which is much smaller than that of 

conformational changes.9 The spectra are therefore a superposition of snap-shot 

spectra arising from all conformations that the protein adopts in solution. 

Conventional Raman spectra of proteins arise from molecular vibrations in both 
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the side-chains as well as the backbone of the protein. ROA on the other hand is 

a chiroptical technique as it is measured as the difference in the right- (IR) and 

left-handed (IL) circularly polarised components in Raman scattered light. 

Because of its sensitivity to chirality, ROA mainly records signals from the most 

rigid parts of the protein. Therefore, the experimentally observed ROA spectral 

patterns mainly arise from amide bond and skeletal stretching vibrations in the 

backbone of the protein and thus depend on the secondary structure of the 

protein.1 While the most important secondary structure elements such as α-helix 

and β-sheet can readily be identified from a protein’s ROA spectrum, the 

detailed interpretation of ROA spectra is elusive.10 

In chapter 5, the creation of an ROA database was described to study the 

relation between the secondary structure and the corresponding ROA patterns.10 

This database consists of a large collection of ROA spectra, each one calculated 

for a HCO-(L-Ala)5-NH2 or a HCO-(L-Ala)11-NH2 peptide with all  backbone 

torsion angles set to the same value and all  angles set to the same value. By 

selecting a large number of geometrically possible combinations of  and  

angles, a collection of regular conformations with the corresponding spectra was 

created. Using that database, the experimental ROA patterns of various peptides 

adopting a specific secondary structure in solution could be elucidated.10 

Interestingly, the database also correctly assigns the secondary structure of the 

flexible XAO peptide that has an important conformational propensity to poly-

L-proline type II helix (PPII), yet is considered to be flexible and explore 

multiple regions of the Ramachandran space.10,11 A PPII helix is characterised by 

the backbone  and  torsion angles clustering around  = -75° and  = 145° in 

the Ramachandran plot and is also observed for sequences that do not contain 

proline.11 It is an important secondary structure element of both globular 

proteins and flexible and dynamic IDPs.11 Since our ROA database10 considers 
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only fixed model geometries with a regular arrangement of backbone torsion 

angles (the same  and the same  angles for each residue in the backbone), it 

would conceptually be less useful to study IDPs compared to well-ordered 

peptides. Given the need to further understand the effect of conformational 

dynamics and disorder on the ROA spectra of peptides and proteins, we here 

extend the database to account for structural disorder. To this end, using density 

functional theory (DFT), the ROA spectrum was first computed for a peptide 

model with a fixed backbone conformation by setting the  and  angles of all 

residues in its sequence to the same values across the backbone. Next, the effect 

of conformational dynamics and disordered was investigated by increasingly 

deviating the conformation of this peptide from the original regular 

conformation and monitoring its effect on the computed ROA spectrum. In this 

study, the effect of conformational dynamics on the ROA spectra of the left-

handed PPII helix and the right-handed α-helix was studied, since ROA has been 

shown to be very sensitive to these types of secondary structure, yet the detailed 

understanding of their spectral characteristics is still lacking.10 Furthermore, 

these secondary structure types are of interest to elucidate the experimental 

ROA spectra of IDPs.7 

6.2 Methodology 

ROA signals of proteins mainly arise from the amide and skeletal stretching 

vibrations in the backbone, therefore poly-L-alanine peptides are often used in 

computational ROA studies since this is the smallest chiral amino acid and 

conformational averaging of the side-chains does not need to be considered.10 In 

this study, model peptide structures of the general formula HCO-(L-Ala)7-NH2 

were created using the Python peptide builder by Tien et al. that generates the 

models based on a set of  and  torsion angles.12 First, different secondary 

structure element models were created by selecting specific pairs of torsion 
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angles (step 1 in Scheme 6.1) and setting all backbone  and  angles to this pair 

for each residue in the peptide (step 2 in Scheme 6.1). In that way, “regular” 

conformations are generated. To include conformational dynamics, the model  

and  angles were varied to different extents from the initial angles (step 3 in 

Scheme 6.1). To this end, the torsion angles of each residue were generated using 

the “randn” function in Matlab R2017a (Mathworks, Inc.) that renders normally 

distributed pseudorandom numbers with standard deviation 1 (see curve in 

Scheme 6.1). By increasing the standard deviation of these random numbers, the 

generated  and  angles deviate more and more from the initial chosen angles, 

and hence more and more conformational variation is imposed on the model 

peptide. In this way, families of 50 randomly generated conformations were 

constructed where for each family, respectively a different degree of 

conformational freedom was imposed by multiplying the chosen standard 

deviation σ of the torsion angles 6°, 10°, 20° or 30° with a normal distributed 

random number (step 3 in Scheme 6.1). So for each backbone angle of each 

conformation a new random number was generated. 

Next, the geometry of each conformation of the model peptide was partially 

optimised using the normal mode optimization procedure.13 By locking the 

normal modes between i300 cm-1 (imaginary) and 300 cm-1 in the optimization, 

the backbone conformation is retained, while the modes of spectroscopic 

interest are fully relaxed.13 These geometry optimizations were performed using 

the B3PW91 DFT functional and the 6-31G(d,p) basis set. Subsequently, the 

Hessian matrix and Raman and ROA tensors were calculated using the same 

functional and the 6-31++G(d,p) basis set. The experimental backscattered 

Raman (IR+IL) and ROA (IR-IL) spectral shapes were simulated by using a 

Lorentzian function for each normal mode with a full width at half height of 20 

cm-1 to mimic the physical line broadening in the experimental spectra. A  
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Scheme 6.1. Creation of the initial geometries. By (1) choosing a pair of  and  angles, (2) a 

regular structure is created in which all backbone  and  angles are equal to the chosen pair of 
angles. (3) Conformational disorder is introduced by deviating the original pair of angles more and 

more by using a different normally distributed random number 𝜎𝜏,𝑐𝑘
 for each torsion angle 

(“randn” in Matlab). 

Boltzmann intensity correction factor was applied for a temperature of 300 K 

(see e.g. Cheeseman et al.).14 Solvent-solute interactions with water were taken 

into account using the conductor-like polarizable continuum model (C-PCM) 

using the default solvent parameters in the program Gaussian. For all DFT 

calculations, the Gaussian 16 (rev A.03) program was used.15 For the sake of 
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comparison with experimental data in scientific literature, the calculated spectra 

are scaled in the wavenumber dimension by using a global scaling factor of 

0.987.10 Images of molecular structures were created using Jmol-12.2.32 or 

CylView v1.0 beta and figures were produced using Matlab R2017a.16,17 The 

Ramachandran plots were prepared with “scatplot” in Matlab. 

6.3 Results and discussion 

 Intrinsic disorder and the PPII secondary structure 6.3.1

IDPs are very flexible proteins but many of their backbone torsion angles 

fluctuate around  = -75° and  = 145°, characteristic for PPII secondary 

structure.11 ROA gives unique spectral patterns of IDPs that support that these 

dynamic proteins do not merely behave like random coils but do contain 

residual structure.7,18,19 The most prominent band (~1320 cm-1) in the 

experimental ROA spectra of IDPs is assigned to PPII secondary structure, 

although further understanding of the relation between the spectral patterns 

and a protein’s structure is lacking.1,19,20 In chapter 5, the experimental ROA 

spectrum of the XAO peptide that is considered to primarily adopt PPII helical 

structure was shown.10,11,21,22 Yet, the XAO peptide is flexible and its radius of 

gyration was shown by small-angle X-ray scattering (SAXS) to be much smaller 

than that it would be for a fully extended PPII helix.22 Zhu et al. suggested that 

this observation of a low radius of gyration could be reconciled with the strong 

evidence from spectroscopic methods pointing to a major contribution of PPII 

helical structure in the peptide, by proposing that flexible stretches of PPII 

structures are truncated by other secondary structure elements.11,19 We showed 

that the experimental ROA spectrum of the XAO peptide was very well 

reproduced by spectra calculated using DFT of poly-L-alanine model structures 

with a regular PPII backbone conformation; i.e. with all backbone torsions set to 

 = -75° and  = 145°.10 This observation hence prompted us to further study how 
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the spectral patterns would be affected by conformational dynamics or disorder, 

as both the XAO peptide and IDPs in general have a dynamic and flexible 

structure, although with a propensity for PPII conformation. To account for the 

increased flexibility, we generated sets of structures with  ± σ and  ± σ based 

on chosen values for σ (Scheme 6.1). Four families of 50 structures were defined 

with σ = 6, 10, 20 or 30, respectively. The Ramachandran plots in Figure 6.1 (a) 

show the distribution of the torsion angles going from  = -75° ± σ and  = 145° ± 

σ with a low standard deviation from the mean angles (σ = 6) to much more 

conformationally randomised structures (σ = 30). The Ramachandran plots 

show all  and  backbone angles of the 50 conformations of each 

conformational family. The corresponding molecular geometries are displayed as 

superimposed stick figures in Figure 6.1 (b). In the Raman and ROA spectra, the 

largest variation is observed in the lower wavenumber region (200-800 cm-1) 

and the extended amide III region (1240-1345 cm-1) as shown in Figure 6.1 (c). 

Although the individual spectra are distinctly different, averaging of the spectra 

over the 50 conformations in each family leads to mean spectra with similar 

patterns. In Figure 6.1 (d), the Raman and ROA spectra of HCO-(L-Ala)7-NH2 

with all backbone angles set to  = -75° and  = 145° (blue, σ = 0) are compared 

to the mean spectra of the four conformational families (σ = 6, 10, 20, 30 in red, 

yellow, purple and green, respectively). The Raman spectral patterns are affected 

only to a very limited extent by the increasing conformational disorder. The 

most apparent changes are the broadening of the lower wavenumber region 

(200-800 cm-1), which leads to the lowering of the band maxima in that region.  

ROA is more sensitive to the increase in conformational freedom. Both the low 

wavenumber region and the extended amide III region in the ROA spectra are 

strongly reduced in intensity with increasing conformational disorder of the 

HCO-(L-Ala)7-NH2 model peptide. The ratio of the maximum intensity of the 
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amide III relative to the amide I region is also reduced as the maximum intensity 

of the amide III region drops significantly with increasing disorder. This suggests 

that the relative ratio in experimental spectra of IDPs could be used as an 

indicator of the dynamics or conformational freedom of IDPs. For example, both 

the XAO peptide10 (see above) and the IDP α-synuclein7 in their experimental 

ROA spectra have a positive amide III band with a maximum intensity that is 

higher relative to the amide I maximum intensity. The ROA spectra in Figure 6.1 

hence suggest that the standard deviation of the mean torsion angles of XAO 

and α-synuclein in the PPII region of the Ramachandran plot does not exceed σ 

= 20. This suggests that the ROA patterns of IDPs arise from short sequences in 

the protein adopting PPII conformation with torsion angles very close to  = -75° 

and  = 145°. Our results support the hypothesis that the XAO peptide adopts 

PPII helical secondary structure truncated by other secondary structure 

elements and furthermore indicate that the variation of the backbone angles in 

the PPII region of the Ramachandran plot is limited.  

To further investigate the effect of mixing different secondary structure 

elements, in following sections the effect of mixing PPII secondary structure 

with right-handed helical structure is evaluated. Before this mixing can be 

considered, in the next section, we first examine how the ROA patterns of α-

helical structure on their own are affected by increasing conformational 

disorder.  
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Figure 6.1: Effect of conformational disorder on the Raman and ROA patterns of PPII secondary 
structure. The backbone conformation of HCO-(L-Ala)7-NH2 is increasingly randomised by 

deviating each  and  angle in the backbone from  = -75° and  = 145° to  = -75° ± σ and  = 
145° ± σ in steps of σ = 6, 10, 20, 30. (a) Ramachandran plots displaying the increasing deviation 

from the mean angles  = -75° and  = 145° angles for each family of 50 structures with a set 
standard deviation σ. (b) Superposition of the 50 random conformations of HCO-(L-Ala)7-NH2 
shown as stick figures for each family. (c) Individual Raman (IR+IL) and ROA (IR-IL) spectra of each 
family of 50 conformations. (d) Mean Raman and ROA spectra of the four families (σ = 6 (red), 10 
(yellow), 20 (purple) or 30 (green) compared to the computed spectrum of HCO-(L-Ala)7-NH2 

with all backbone angles set to  = -75° and  = 145° (blue; σ = 0). 
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 The ROA patterns of right-handed α-helical structure. 6.3.2

The ROA bands that mark α-helical protein structure are well-studied and were 

assigned years ago.1,23 The most distinctive patterns are a -/+ couplet centred at 

~1650 cm-1 in the amide I region and a -/+/+ pattern at ~1245/1300/1345 cm-1 in 

the extended amide III region.1,10 The relative ratios of the amide III bands of α-

helical proteins differ, which therefore has been suggested to be sensitive to the 

precise  and  angles. However, the detailed interpretation has been matter of 

debate in scientific literature. Already in 1999, Blanch et al. suggested that the 

positive band around 1345 cm-1 (Cα-H bending vibration parallel to the C-N 

bond, coupled with amide III) marks hydrated helical structure, while the 1300 

cm-1 (Cα-H bending vibration perpendicular to the C-N bond, coupled with 

amide III) was proposed to be a signature of α-helical structure without 

hydration.10,24,25 These assignments were later questioned and shown to be 

inaccurate.10 Nevertheless, in chapter 5 it was shown that the ratio of the two 

bands is very sensitive to the exact helical geometry, which can be affected by 

intramolecular hydrogen bonding or interaction with the solvent.10 The database 

discussed in chapter 5, showed that helical structure with the C=O group tilting 

outwards from the helix axis, gives rise to a very intense ROA band around 1300 

cm-1, while the band around 1345 cm-1 is a conservative marker of α-helical 

structure. Since that database consists of regular conformations with repeated  

and  angles, here the influence of conformational dynamics on the ROA 

patterns of α-helical structure was investigated. In Figure 6.2, the spectra of the 

HCO-(L-Ala)7-NH2 model peptide in an α-helical conformation with typical 

backbone torsion angles  = -66° and  = -41° is shown and how the Raman and 

ROA patterns are affected when these specific torsion angles are increasingly 

randomised.  
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Figure 6.2: Effect of conformational disorder on the ROA patterns of α-helical secondary 
structure. The backbone conformation of HCO-(L-Ala)7-NH2 is increasingly randomised by 

deviating each  and  angle in the backbone from  = -66° and  = -41° to  = -66° ± σ and  = -

41° ± σ. (a) Ramachandran plots displaying the increasing deviation from the central  = -66° and 

 = -41° angles for each family of 50 structures with a set standard deviation σ. (b) Superposition 
of the 50 conformations of HCO-(L-Ala)7-NH2 shown as stick figures for each conformational 
family. (c) Individual Raman (IR+IL) and ROA (IR-IL) spectra of each family of 50 conformations. 
(d) Mean Raman and ROA spectra of the four families (σ = 6 (red), 10 (yellow), 20 (purple) or 30 
(green) compared to the computed spectrum of HCO-(L-Ala)7-NH2 with all backbone angles set to 

 = -75° and  = 145° (blue; σ = 0). 
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As shown in Figure 6.2 (a) and (b), with high standard deviations σ of the mean 

 and  angles, the regular α-helical structure is very much randomised from the 

regular conformation.  

Because of that, both the Raman and ROA spectra of the individual 

conformations in each family are strongly affected as shown in the 

superimposed spectra in Figure 6.2 (c). It is therefore a striking result that the 

mean spectra of each family of conformations are so similar (see Figure 6.2 (d)). 

The largest spectral differences in the mean spectra are observed in the lower 

wavenumber region that drops significantly in maximal intensities and in the 

amide I region, which loses the negative portion of the characteristic -/+ couplet. 

As we showed before that the amide III region is very sensitive to the exact α-

helical conformation,10 it is a remarkable result that the mean patterns here are 

so similar. While the individual spectra shown in Figure 6.2 (c) show a lot of 

variation in that region, the mean spectra show the same relative intensities of 

the -/+/+ pattern. 

 ROA is sensitive to the mean α-helical conformation. 6.3.3

As our previous work showed that ROA is very sensitive to the exact α-helical 

conformation, 10 the results shown in Figure 6.2 were extended to other α-helical 

conformations (specific pairs of  and  angles) to study the effect of 

conformational disorder in more detail. Similar to the results discussed above, 

first, the ROA spectra of regular HCO-(L-Ala)7-NH2 model conformations with 

all  and  backbone angles equal were computed. The computed Raman and 

ROA spectra are shown in Figure 6.3 by the blue lines and thus correspond to a 

Raman and an ROA spectrum of a single conformation. By looking at five 

different pairs of  and  angles, the effect of slight differences in the α-helical 

conformation is evaluated. These results are also compared to a 310-helical 

conformation ( = -71° and  = -18°) to confirm the structural sensitivity of ROA 



 6.3 Results and discussion 

167 
 

to different types of helix. The red, yellow, purple and green lines correspond to 

the average spectra of families of 50 structures with the standard deviation σ of 

the mean  and  backbone angles being σ = 6, 10, 20 or 30, respectively (see 

the supporting information section 6.7 for the Raman and ROA spectra of the 

individual conformations). 

The mean Raman spectra in Figure 6.3 mostly show broadening of the spectral 

patterns with increasing conformational disorder (higher σ) from the original 

regular helix conformation (blue; σ = 0). The spectral differences in the mean 

ROA spectra are similar to those observed in Figure 6.2. Also for the other α-

helical conformations, the amide I region in the ROA spectra in Figure 6.3 does 

not show the negative contribution of the couplet upon increasing 

conformational disorder. Since for α-helical proteins and peptides the amide I is 

always observed as a -/+ couplet, this indicates that this spectral pattern arises 

from regular helical structure with a limited variation of the backbone  and  

angles.  

In accordance with our previous analysis (see chapter 5),10 the spectra of the α-

helical models with slightly different mean backbone angles show markedly 

different amide III patterns. We showed that the ratio of the maximal intensity 

of the positive amide III bands depends on the  and  angles in the backbone of 

regular α-helical model conformations. For α-helical conformations defined by 

torsion angles in the bottom right of the α-helical region in the Ramachandran 

plot to the top left in that same region, the intensity of the ROA band around 

1300 cm-1 relative to the band around 1345 cm-1 increases. The band around 1345 

cm-1 was shown to be a conservative marker of α-helical structure This is also 

observed in, by comparing the ROA spectra of the same colour. For example, the 

blue spectra of the top three panels show a much higher positive maximum 
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intensity around 1345 cm-1, relative to the 1300 cm-1 band, compared to the ratio 

in the panels below. 

 
Figure 6.3: Effect of conformational disorder on the ROA patterns of right-handed helical 

secondary structure. For six couples of  and  angles, the conformation of HCO-(L-Ala)7-NH2 was 

increasingly randomised by deviating each  and  angle in the backbone from the initial  and  

to  ± σ and  ± σ in families of 50 conformations with respective standard deviation σ (see 
Scheme 6.1). Mean Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(L-Ala)7-NH2 with backbone 
torsion angles set to various values corresponding to α-helical secondary structure or 310-helix (σ = 
0; blue) and the deviation from that with torsion angles with a standard deviation from these 
angles set to σ = 6 (red), 10 (yellow), 20 (purple) or 30 (green). The red, yellow, purple and green 
spectra correspond to the average of 50 spectra of the family of 50 model structures with 
randomly generated normal distributed torsion angles. 

The effect of increasingly deviating the conformation from the regular 

conformation (all  angles and all  equal, see Scheme 6.1) can be seen by 
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comparing the ROA spectra within the same panel from σ = 0 (blue) to σ = 30 

(green). Very surprisingly, the amide III region of the α-helical models is robust 

with the increase in variation of the backbone conformation; in other words, the 

-/+/+ pattern and relative ratios remain generally the same for each combination 

of  and  angles. This shows that the amide III region of α-helical proteins is a 

pattern resulting from the average helix conformation in the structural 

ensemble. In agreement with our previous results, the positive band around 1345 

cm-1 is a robust marker of α-helical structure; it is found in all calculated spectra 

of α-helical structure, even if the helix is considerably random (see spectra for σ 

=20 or 30). The positive band around 1300 cm-1 is very sensitive to the 

combination of  and  angles and has a very low (even negative) value for 

structures with backbone angles in the bottom right of the α-helical region of 

the Ramachandran plot and gradually increases for structures with backbone 

angles towards the top left of the α-helical region (see Figure 6.3 and ref 10).  

These observations are further supported by analysing the ratio of the maximum 

intensity of the two positive bands at 1300 cm-1 and 1345 cm-1 in the amide III 

region in Figure 6.4. In agreement with our earlier results, the ratio is very 

sensitive to the exact combination of the  and  angles, observing very high 

ratios for structures with backbone angles in the top left of the helical region in 

the Ramachandran plot, to much lower ratios in the bottom right. Both for the 

α-helical model with torsion angles set  = -77° and  = -34° and the 310-model 

with  = -71° and  = -18°, the positive band around 1300 cm-1 has a very high 

intensity that collapses with increasing conformational freedom. 

Only with a very high degree of conformational dynamics or disorder (σ = 30), 

all helical models, including the 310-conformation, obtain a similar ROA pattern 

(Figure 6.3) and intensity ratio (Figure 6.4). To conclude the above results, the 

intensity ratio of the two bands is sensitive to the average helical conformation. 
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Figure 6.4: (Left) Ratio of the maximum intensity of the two positive bands in the extended 
amide III region of the mean ROA spectra at 1300/1345 cm

-1
. (Right) Ramachandran plot showing 

the (;) pairs of angles used in this study: (-75°;145°), (-51°;-53°), (-59°;-44°), (-64°;-41°), (-66°;-
41°), (-77°;-34°), (-71°;-18°) . The contour lines mark different secondary structure regions based on 
the hydrogen bonding in regular model alanine heptapeptides (see ref 

10
). 

 The effect of mixing PPII with other secondary structures on the 6.3.4
ROA patterns 

As discussed above, IDPs adopt a substantial amount of PPII in their structural 

ensembles. The results discussed above furthermore showed that the 

experimental ROA patterns do not agree with very flexible chains with average 

torsion angles around PPII angles ( = -75° and  = 145°). More likely, short 

stretches of PPII with average angles close to  = -75° and  = 145° but truncated 

by other secondary structure elements fit better with experiment.19 

To further study the ROA patterns associated with IDPs, here the effect of PPII 

mixing with other secondary structure components is therefore explored. First, 

the behaviour in solution of IDPs is considered. The protein α-synuclein, for 

example, has attracted extensive scientific interest due to its central role in 

Parkinson’s disease and related neurodegenerative diseases (termed 

synucleinopathies).7,26,27 In chapter 4, the experimental ROA patterns of α-
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synuclein adopting different conformations were shown, yet, the origin of the 

spectral patterns of IDPs and small differences in their ROA spectra are 

unknown.7 To describe the flexible structure of IDPs, multiple structural 

ensembles have been proposed based on NMR approaches. In Figure 6.5, the 

Ramachandran plots of three of such structural ensembles of α-synculein are 

shown. All three display distinct conformational preferences. 

 
Figure 6.5: Ramachandran plots of the α-synuclein ensembles by Allison et al. (left), Tóth et al. 
(middle) and Schwalbe et al. (right).

26–28
 

Due to differences in the methodology of these three studies, the Ramachandran 

plots of the ensembles are quite different. Yet, all three graphs show that most 

backbone torsion angles fluctuate in the PPII region, with the right-handed 

helical region also populated. The ensemble by Tóth et al. (middle) furthermore 

shows an important contribution of the β-strand region. Based on these graphs, 

the mixing of PPII structure with either helical or β-strand structure is explored 

here. To this end, the Raman and ROA spectra of HCO-(L-Ala)7-NH2 model 

peptides that differ in the ratio of PPII/helix or PPII/β-strand were computed. As 

before, families of 50 structures were created by defining the backbone torsion 

angles. To include conformational freedom in these families of structures, a 

standard deviation of the mean backbone angles of σ = 20 was used. Next, 

ensembles of 50 structures with different specified ratios of PPII/helix or PPII/β-

strand were generated as visualised in the Ramachandran plots in Figure 6.6 and 
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Figure 6.7. To vary the ratio of the two secondary structures, we used a similar 

approach as described in Scheme 6.1, by adding an additional step to randomly 

assign each residue to one of the two secondary structures as described in more 

detail in Scheme S 6.1 in the supporting information. 

In Figure 6.6, the average ROA spectra of the different conformational families 

of PPII/helix are shown (the corresponding Raman spectra are shown in Figure S 

6.7). The amide I band in both the Raman and ROA spectrum shifts down about 

15 cm-1 going from 100 % PPII to 100 % right-handed helix, because of the 

presence of C=O···H-N hydrogen bonds in the helical structures. The broad 

amide III band around 1230-1240 cm-1 in the Raman spectra, gradually decreases 

in intensity, marking the reduction in PPII content while the positive bands 

around 1300 cm-1 and 1345 cm-1 increase, both arising from Cα-H bending modes 

coupled to amide III vibrational motions in helical structure.  
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Figure 6.6: Mixing of PPII with right-handed helical structure: Ramachandran plots of the 
backbone angles of each family of 50 DFT optimised structures with a specific ratio of PPII/helix. 
For PPII (-75°; 145°) was used as the central pair of angles and for the helical structures (-71°; -18°) 
(see Ramachandran plot for the ensemble by Schwalbe et al. in Figure 6.5). On the right-hand side 
the ROA (IR-IL) spectra are shown as the average of 50 spectra of the 50 structures. 
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In the ROA spectra, the change in the extended amide III region is more visible 

with the positive band at 1318 cm-1 (100 % PPII) becoming broader upon 

increasing the helical content, with eventually the appearance of the 

characteristic two positive bands marking α-helical structure around 1300 cm-1 

and 1345 cm-1 (100 % helix). Two important conclusions can be drawn from this 

graph. First, the broad asymmetric band in the amide III region in the ROA 

spectra with mixed PPII/helix suggests that the extended amide III region in 

experimental ROA spectra of IDPs arises from PPII segments mixed with other 

structural elements such as helical structure. Second, the appearance of the two 

positive ROA bands marking α-helical structure at 1300 cm-1 and 1345 cm-1 only 

for a content of 80-100 % helix again shows that ROA is sensitive to rigid 

secondary structure elements in solution. As experimental ROA spectra of 

proteins in solution with much less helical content than 80 % already show the 

two positive bands, these bands must arise from sequences of multiple residues 

adopting a right-handed helix. Since here a 310-helix was considered, the 

unfolding of an α-helix to PPII structure was calculated to further study the 

mixing of secondary structures. 

As the Ramachandran plot of the ensemble of α-synculein by Tóth et al. shows 

an important population of the β-strand region (Figure 6.5), the effect of the 

mixing of PPII with β-strand structure on the ROA patterns was also probed 

here. Similar to the previous calculations, multiple families of 50 structures with 

different ratios of PPII/β-strand were generated (see the Ramachandran plot in 

Figure 6.5). As can be seen in the computed spectra of these conformational 

families, the amide I region is not much shifted upon variation of the PPII/β-

strand ratio (the corresponding Raman spectra are shown in Figure S 6.8). 

However, as can be seen in Figure 6.7, the ROA amide I does change shape quite 

distinctly, with a negative band emerging upon increasing the β-strand content. 
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This spectral change hence arises from the change in the orientation of the C=O 

groups and not from hydrogen bonding. 

 
Figure 6.7: Mixing of PPII with β-strand structure: Ramachandran plots of the backbone angles of 
each family of 50 DFT optimised conformations with a specific ratio of PPII/helix. For PPII (-75°; 
145°) was used as the central angles and for the β-strand: (-125°; 150°) (see Ramachandran plot for 
the Tóth ensemble in Figure 6.5). On the right-hand side the ROA (IR-IL) spectra are shown as the 
average of 50 spectra of the 50 corresponding structures. 
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The extended amide III region is quite sensitive to the mixing of PPII/β-strand in 

both the Raman and ROA spectra. A positive amide III band appears around 

1240 cm-1 in the ROA spectra upon increasing the β-strand content, as well as a 

broad negative band in the region 1345-1370 cm-1. The experimental ROA 

spectrum of e.g. poly-L-lysine in β-sheet state, displays a broad positive band 

around 1260 cm-1 and a negative band at 1351 cm-1.29 Such a negative band is 

often observed in the experimental ROA spectra of proteins with a large β-sheet 

content.29 While for the mixing of PPII with helical structure the skeletal stretch 

region changed from a typical PPII -/+/+ signature (860-980 cm-1) to a positive 

band (930 cm-1) with high helical content, this spectral pattern -/+/+ (860-980 

cm-1) upon mixing PPII with β-strand structure remains the same.  

  
To conclude, the spectral features that appear in the ROA spectra in Figure 6.7 

upon increasing the β-strand content, do not reflect spectral patterns observed 

experimentally for IDPs. The ROA spectra of mixing PPII backbone torsion 

angles with helical backbone torsion angles is on the other hand reminiscent of 

the experimental ROA spectral patterns observed for IDPs. Finally, to further 

study the mixing of PPII with helical secondary structure, in the next section, 

the unfolding of an α-helix to a PPII backbone is studied. 

 α-Helix unfolding to PPII 6.3.5

Above, the transition of helical structure to PPII secondary structure was probed 

by varying all backbone torsion angles of a peptide model simultaneously and 

calculating the Raman and ROA spectra at set percentages of the two secondary 

structures (two pairs of  and  angles). In this section, the change in the 

spectra is considered when one regular α-helical model peptide makes a gradual 

transition to PPII extended helix by changing the backbone angles of each 

residue one by one starting from the N-terminus.  
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Figure 6.8: Raman (IR+IL) and ROA (IR+IL) spectra of an α-helix unfolding to PPII conformation 
starting from the N-terminus. Each spectrum is calculated for a HCO-(L-Ala)11-NH2 model peptide. 

From A-F, each time the next two consecutive (; ) angles are changed from (-75°; 145°) to  
(-64°;-41°). 
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By doing this for a HCO-(L-Ala)11-NH2 peptide, the difference with the results 

described above, is that multiple consecutive residues of both secondary 

structure types coexist within the same peptide.  

 As shown in Figure 6.8, upon varying the structure from 100 % PPII to 100 % α-

helix, the largest changes in the Raman spectra appear in the regions 500-550 

cm-1 (backbone deformations and out-of-plane N-H bending), the extended 

amide III region and the amide I region. The ROA spectra show considerable 

changes across the entire spectral window. The amide I in the ROA spectra 

changes from a positive band associated with PPII structure to a -/+ couplet 

marking α-helical structure. The most interesting spectral region appears to be 

the amide III region that retains a strong positive band around 1300-1325 cm-1, 

while only for the spectrum consisting of 100 % α-helical backbone the two 

positive amide III bands are clearly distinguishable.  

In Figure 6.9, the amide III spectral region is shown in more detail. There are 

different contributions to the extended amide III region. The vibrational modes 

in this spectral region arise from the coupling of C-N stretching with Cα-H and 

N-H bending. 25 The coupling of the latter two bending modes is very sensitive 

to the exact geometry and is considered one of the most important regions in 

the ROA spectrum due to the intense bands ~1230-1350 cm-1.1 In Figure 6.9, with 

higher α-helical content in the model peptide, a negative amide III band appears 

below 1300 cm-1. Furthermore, four positive bands are observed in the Cα-H 

bending mode region (1300-1370 cm-1). PPII structure has a prominent positive 

band calculated at 1308 cm-1 that diminishes with increasing α-helical content. 

The shoulder calculated around 1323 cm-1 becomes more evident for the mixed 

PPII/α-helical structures. Only for the fully α-helical model structure, the ROA 

band marking α-helical structure at 1343 cm-1 is separately observed without the 

band around 1323 cm-1. The band around 1323 cm-1 has two important 



 6.3 Results and discussion 

179 
 

contributions: first amide III modes in the backbone and second an amide III 

mode of the C-terminus. The latter mode, arising from the capping of the 

peptide model, possibly explains the intense appearance of the band in the 

amide III region of the mixed PPII/α-helix structures. A fourth Cα-H bending 

mode band is observed around 1370 cm-1 for the structures with a high PPII 

content. 

 
Figure 6.9: Raman (IR+IL) and ROA (IR-IL) spectra in the extended amide III region of HCO-(L-
Ala)11-NH2 in an α-helical conformation (red) that was unfolded to a PPII backbone conformation 
starting from the N-terminus to an α-helix (red). Ranging from the red to the black coloured lines, 

one pair of consecutive (; ) angles is for each consecutive spectrum changed from (-75°; 145°) to 
(-64°;-41°). 

A few conclusions can be drawn from Figure 6.9. First, the amide III band 

around 1340-1345 cm-1 is the most reliable marker for α-helical structure. Even 

for a minor contribution of  and  α-helical angles, this band is observed. It 

mainly arises from Cα-H bending with its motion parallel to the Cα-N bond. The 

diminishing of this ROA band around 1345 cm-1 is reminiscent of the gradual 

disappearing of that band in the experimental ROA spectra of thermally 

unfolding α-lactalbumin.30,31 On the other hand, here, positive intensity around 

1300-1310 cm-1 in the ROA spectrum is observed for both the α-helical and PPII 

secondary structure, and should hence be carefully assigned. Furthermore, the 

region 1200-1300 cm-1 has an important contribution from C-N stretching, 

which is very dependent to hydrogen bonding, e.g. with water (see also chapter 
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8).32 For structures with a large content of PPII structure, intense Raman bands 

are observed in that region in Figure 6.9. However, PPII structure is not 

stabilised by intramolecular hydrogen bonds such as is the case in α-helical 

structure, rather the carbonyl groups pointing outwards from the backbone 

allow hydrogen bonding with water.11 This urges the need to study the effect of 

explicit hydration on the ROA patterns in more detail, specifically in the case of 

PPII structure. Also the negative ROA band around 1280 cm-1 appears upon 

hydrogen bond formation in the α-helical segment of the model peptide. 

Experimentally, the ROA spectra of IDPs show a negative band in this region. 

Based on the calculations in this study, there are no indications this negative 

band arises from PPII secondary structure, which is the main structural element 

of IDPs. The calculated spectra in this study however show that it could arise 

from helical contributions.  

6.4 Conclusions 

This study of the effect of conformational dynamics and structural disorder 

showed that ROA patterns mainly reflect the average distribution of the 

backbone conformation. Therefore, the approach to elucidate experimental ROA 

spectra based on a large database of calculated spectra of fixed model structures, 

as discussed in chapter 5, is a good simple methodology to study the amide 

modes.10 Only upon larger variation of the backbone angles of common 

secondary structure elements such as PPII and right-handed helical structure, 

the ROA patterns average. 

This study furthermore supports the view that experimental ROA patterns likely 

stem from the most rigid components in the structural ensemble. For example, 

in the case of IDPs, a strong positive band ~1318 cm-1 in the amide III reflects 

PPII secondary structure with backbone angles close (variation of the mean 

angles σ ≤ 20°) to the average PPII backbone angles ( = -75° and  = 145°), 
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rather than a fully flexible structure with the mean backbone angles being  = -

75° and  = 145°. Furthermore, the mixing of PPII with other secondary structure 

elements may explain the experimentally observed ROA patterns. Mixing of PPII 

structure with right-handed helical structure is more alike experimental ROA 

patterns than mixing with β-strand structure. Furthermore, it was shown that 

ROA is extremely sensitive to the exact conformation of α-helical structure and 

the tilt of the carbonyl groups in the C=O···H-N hydrogen bonds, which could be 

affected by explicit hydrogen bonding with water.10 The effect of backbone 

hydration was therefore studied in more detail in chapter 8. Also the CH and 

CH2 groups in amino acid side-chains could have a pronounced effect on e.g. the 

amide III region through coupling of the vibrational modes of these groups with 

Cα-H and N-H bending modes. This will be discussed in more detail in chapter 

9. First, in chapter 7, the conformational sensitivity of ROA is further explored 

by considering the truncation of secondary structure conformations by β-turns. 
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6.7 Supporting information 

In the following figures, the individual Raman and ROA spectra of all the 

ensembles of 50 structures discussed in the main text are given. 
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Figure S 6.1: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(L-Ala)7-NH2 of right-

handed α-helical secondary structure with mean backbone torsion angles  = -51° and  = -53° 

with four differently chosen standard deviations σ ( ± σ and  ± σ) giving rise to five families of 
50 conformations for σ = 6, 10, 20 or 30. The corresponding mean spectra of each family of 
conformations are given in Figure 6.3 of the main text. 

 

Figure S 6.2: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(Ala)7-NH2 of right-

handed α-helical secondary structure with mean backbone torsion angles  = -59° and  = -44° 

with four differently chosen standard deviations σ ( ± σ and  ± σ) giving rise to five families of 
50 conformations for σ = 6, 10, 20 or 30. The corresponding mean spectra of each family of 
conformations are given in Figure 6.3 of the main text. 
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Figure S 6.3: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(Ala)7-NH2 of right-

handed α-helical secondary structure with mean backbone torsion angles  = -64° and  = -41° 

with four differently chosen standard deviations σ ( ± σ and  ± σ) giving rise to five families of 
50 conformations for σ = 6, 10, 20 or 30. The corresponding mean spectra of each family of 
conformations are given in Figure 6.3 of the main text. 

 

 
Figure S 6.4: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(L-Ala)7-NH2 of right-

handed α-helical secondary structure with mean backbone torsion angles  = -66° and  = -41° 

with four differently chosen standard deviations σ ( ± σ and  ± σ) giving rise to five families of 
50 conformations for σ = 6, 10, 20 or 30. The corresponding mean spectra of each family of 
conformations are given in Figure 6.3 of the main text. 
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Figure S 6.5: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(L-Ala)7-NH2 of right-

handed α-helical secondary structure with mean backbone torsion angles  = -77° and  = -34° 

with four differently chosen standard deviations σ ( ± σ and  ± σ) giving rise to five families of 
50 conformations for σ = 6, 10, 20 or 30. The corresponding mean spectra of each family of 
conformations are given in Figure 6.3 of the main text. 

 
Figure S 6.6: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(L-Ala)7-NH2 of right-

handed 310-helical secondary structure with mean backbone torsion angles  = -71° and  = -18° 

with four differently chosen standard deviations σ ( ± σ and  ± σ) giving rise to five families of 
50 conformations for σ = 6, 10, 20 or 30. The corresponding mean spectra of each family of 
conformations are given in Figure 6.3 of the main text. 
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Figure S 6.7: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(L-Ala)7-NH2 of 
mixing of PPII with helical conformation: For PPII (-75°; 145°) was used as the central angles and 
for the helical contributions: (-71°; -18°) (see Figure 6.5 in the main text). The spectra are shown as 
the average of 50 spectra of 50 structures. The backbone torsion angles were randomly generated 
from the central angles with a standard deviation of 20.  
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Figure S 6.8: DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of HCO-(L-Ala)7-NH2 of 
mixing of PPII with β-strand structure: For PPII the pair of backbone angles (-75°; 145°) was used 
as the central angles and for the β-strand (-125°; 150°). The spectra are shown as the average of 50 
spectra of 50 structures. The backbone torsion angles were randomly generated from the central 
angles with a standard deviation of σ=20. 
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Scheme S 6.1: (1) First two pairs of torsion angles were selected, being either (-75°; 145°) /(-71°; -
18°) or (-75°; 145°)/ (-125°; 150°). (2) The ratio of the two secondary structures was chosen to be 100 
%/0 %; 80 %/20 %; 60 %/40 %; 50 %/50 %; 40 %/60 %; 20 %/80 % or 0 %/100 %. (3) 50 

conformations were created by generating 7 pairs  and  angles for each conformation. 
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Abstract 

β-turns are essential for the structure and function of proteins. The 

spectroscopic technique Raman optical activity (ROA) has been suggested to be 

sensitive to such structural elements of proteins in solution. Three spectral 

features have been reported to mark β-turns in protein ROA spectra: being a 

negative band at 1220 cm-1, positive intensity around 1290 cm-1 and negative 

intensity around 1340-1380 cm-1. In this chapter, density functional theory 

calculations demonstrated that these assignments are inaccurate as these 

spectral regions are not robust and sense the exact secondary structure 

surrounding the β-turn as well. Furthermore, it was demonstrated that the 

amino acid side-chains affect the exact ROA patterns which can direct future 

research to perform a systematic analysis of the contributions of the side-chains. 
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7 Is Raman optical activity spectroscopy 

sensitive to β-turns in proteins? Secondary 

structure and side-chain dependence 

7.1 Introduction 

The structural characterization of proteins is a central theme in (bio)chemistry, 

even more so now that the use of biopharmaceuticals such as therapeutic 

peptides and proteins have become prevalent.1,2 Therefore, techniques that 

provide fast and detailed information about the solution phase structure of 

peptides and proteins are required. The field of structural biology traditionally 

relies on X-ray crystallography and nuclear magnetic resonance (NMR) 

techniques that provide information at atomic resolution, yet these often need 

to be supplemented by low-resolution techniques. Moreover, the realization and 

wide-spread acceptance that proteins that do not have a fixed three-dimensional 

structure, but rather have a very dynamic and flexible native structure not only 

exist but furthermore have crucial biological functions, underpinned the need to 

develop complementary techniques in the field of structural biology even 

further.3–5 Such dynamic proteins are termed intrinsically disordered proteins 

(IDPs) and receive a considerable amount of scientific interest as they are very 

challenging to characterise using conventional techniques, yet play central roles 

in neurodegenerative diseases such as Alzheimer’s and Parkinson’s.6,7 

Raman spectroscopy is very suitable as an experimental technique to study the 

solution phase structure of biomolecules, as it is non-destructive and can be 

employed in aqueous solution.8 While Raman spectroscopy provides very rich 

spectra that contain a plethora of spectral bands arising from the protein’s side-
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chains and backbone, Raman optical activity (ROA), measured as the difference 

in the right-handed IR and left-handed IL circularly polarised components in 

Raman scattered light, cuts through this complexity in the conventional Raman 

spectra.9,10 Because of the differential nature of ROA and its susceptibility to 

chirality, only the most rigid and chiral components of the protein are probed. 

As a result, the contributions of most side-chains cancel out and mainly signals 

arising from the protein’s backbone are recorded.9 The ROA spectrum of a 

protein therefore gives information about the secondary structure of that 

protein with great sensitivity. While the characteristic patterns for the main 

secondary structure elements, namely α-helix, β-sheet and disordered structure, 

can readily be identified in the ROA spectrum of a protein, the detailed 

structure-spectrum relation is not fully understood.9,11,12 A lot of recent work is 

based on the use of computational approaches to study the ROA patterns in 

more detail and showed that some of the traditional spectral assignments indeed 

were inaccurate (see chapter 5), which demonstrates the need to further study 

the ROA patterns of proteins.11,13–16  

Here, the spectral characteristics of β-turns are investigated in detail as these are 

crucial structural elements of proteins. The spectral assignment of β-turns is 

challenging since there are not that many suitable model systems to be studied 

experimentally, while for example for α-helical structure, many experimental 

ROA studies of model peptides have been reported.11,17,18 In early spectroscopic 

studies of proteins, some of the observed ROA bands were suggested to arise 

from β-turns in proteins.9 As reviewed by Barron, the extended amide III region 

(1230-1340 cm-1) contains sharp ROA bands that appear to originate in loops and 

turns.9 By the comparison of a collection of experimental ROA spectra of 

proteins and their crystal structures, positive intensity in the region 1260-1295 

cm-1 and negative intensity in the region 1340-1380 cm-1 were suggested to arise 
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from β-turns.9 Weymuth et al. stated that also a negative band around 1220 cm-1 

that is experimentally observed in the ROA spectra of proteins of which the 

crystal structures contain β-turns can be assigned to β-turns.16 In theoretical 

work by Weymuth et al., the spectral characteristics of β-turns were studied by 

using 15 model tetrapeptides.16 Using density functional theory (DFT) 

calculations to calculate the ROA spectra of these models, they concluded that 

these three assignments in experimental spectra, namely: a negative band 

around 1220 cm-1, a positive signal between 1260-1300 cm-1 and a negative band 

between 1340-1380 cm-1, were also reproduced by their calculations and can 

therefore be used to assign β-turns in proteins from the ROA spectra. 

In this study, it was further investigated whether the spectral characteristics of 

β-turns can be differentiated from other secondary structure elements such as 

the poly-L-proline II (PPII), α-helical and β-strand secondary structures. 

Furthermore, it was studied how the presence of a β-turn within a sequence 

affects the spectral patterns of the entire system. To this end, DFT calculations 

were performed not only on a diverse set of alanine model peptides of variable 

length, but furthermore on different models including the actual side-chains. 

While the effect of the side-chains generally is accepted to mostly cancel out, 

their exact contribution is unknown and could affect the ROA patterns.9,13 The 

spectra are calculated using DFT at the C-PCM/B3PW91/6-31++G(d,p) level of 

theory that has been shown to provide spectra that reproduce experimentally 

observed spectral patterns in good detail (see methodology).11,13,19  

In the next section, first the classification of β-turns is discussed, which is used 

as the basis for the construction of the peptide models in this study.  
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7.2 β-turn classification and peptide construction 

Over the years, different classifications of β-turns have been proposed.20–23 Some 

of these types of β-turn were later excluded again for either being too close to 

other structural elements (types III, III’) or for being rare and having an 

inaccurate definition (types V, V’, VII). For a more complete overview, see the 

recent publication by de Brevern.23 Currently, the standard classification of 

protein β-turns is based on the definitions by Hutchinson and Thornton (see 

Table 7.1).21,22 β-turns are identified in protein structures as four consecutive 

residues with a distance between the Cα atoms of residue i and i+3 smaller than 

7 Å. Next, the β-turns are grouped in seven classes based on the  and  torsion 

angles of residues i+1 and i+2, as listed in Table 7.1. Furthermore, the i+1 and i+2 

residues must not be helical and a deviation of ± 30° from the canonical values is 

only allowed on three of the four central residue angles and a fourth can deviate 

by ± 45°.23 

For each type of β-turn as listed in Table 7.1, a series of model peptides was 

constructed and the Raman and ROA spectra were calculated. Type IV was 

excluded as it is a miscellaneous group that classifies all β-turns that do not fit 

any of the other categories. Types VIa1, VIa2 and VIb are very rare compared to 

the other categories and furthermore defined by having a proline at position i+2 

and can therefore not immediately be compared to the other modelled β-turns 

here, hence they are also excluded from this study. For the remaining types of β-

turn, the model sequence HCO-(L-Ala)n-NH2 was used with the length n defined 

as 4, 6, 8 or 10. The β-turn angles defined in Table 7.1 were assigned to the two 

central residues of each model peptide, while all other backbone torsions were 

set to =-75°, =145° (PPII), =-66°, =-41° (α-helix) or =-140°, =135° (β-

strand). Reference structures were created by setting all torsion angles in 

additional peptide models (length n) to one of the three latter pairs of , 
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angles, thereby creating a regular PPII, α-helical or β-strand structure, 

respectively. Because of steric clashes, the construction of the peptide 

geometries of β-turn type I’ and type II’ were not possible for n>4 within a PPII 

backbone and for all lengths of type II’ for the β-strand backbone. Since a large 

collection of modelled spectra was collected as part of this study, only a few are 

shown explicitly in the main text, while plots of the other spectra can be found 

in the supporting information. 

In the following section, firstly the spectra of the small models (n=4) are 

discussed, followed by sections describing the effect of disrupting a longer 

sequence by a β-turn. 

Table 7.1: Definition of β-turn types based on the backbone angles  

and  of residue i+1 and i+2 of the β-turn. β-turns that do not fit any 
of the criteria are classified as type IV. The types VIa1, VIa2 and VIb 
are characterised by a cis-proline at position i+2. The last column lists 
the relative occurrence of the β-turns.

23,24
 

 

Type i+1 i+1 i+2 i+2 % 

I -60 -30 -90 0 38.21 
I’ 60 30 90 0 4.10 
II -60 120 80 0 11.81 
II’ 60 -120 -80 0 2.51 

VIa1 -60 120 -90 0 0.73 
VIa2 -120 -120 -60 0 0.20 
VIb -135 135 -75 160 0.88 
VIII -60 -30 -120 120 9.84 
IV n.a. n.a. n.a. n.a. 31.72 
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7.3 Results and discussion 

 ROA spectra of different β-turn types 7.3.1

In Figure 7.1, the Raman and ROA spectra of the HCO-(Ala)4-NH2 peptide model 

adopting five different types of β-turn are compared for a PPII, α-helical and β-

strand backbone. These tetrapeptides only differ in the  and  angles of 

residues i and i+3. Although the remainder of the geometry is the same, the 

Raman and ROA spectra are considerably different. The shaded areas are visual 

aides to identify the three spectral regions that have been proposed to be 

sensitive to β-turn structure based on experimental ROA spectra (negative ROA 

around 1220 cm-1, positive ROA 1260-1295 cm-1 and negative ROA 1340-1380 cm-

1). Comparing the computed ROA patterns in Figure 7.1 with these experimental 

assignments does not reveal clear trends, which demonstrates that it is unlikely 

that β-turn structure gives rise to marker bands in the ROA spectra of proteins 

and that care must be exerted in using these experimental assignments. For 

example, for the most common type of β-turn (type I), only positive intensity in 

the 1260-1300 cm-1 is observed in all three spectra, while the other two 

experimental regions do not fit with all computed spectra. Negative intensity 

around 1220 cm-1 is noticed in some of the computed spectra, but as the position 

varies and the intensity is small, the β-turn spectra were compared to reference 

spectra to establish that it only arises from the β-turn structure itself (see 

below).  
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Figure 7.1: Raman (IR+IL) and ROA (IR-IL) spectra of specific βI-turn conformations of HCO-(Ala)4-
NH2. The backbone angles for the central two residues are set based on the canonical β-turn 

angles as listed in Table 7.1.The remaining backbone torsion angles (,  of residues i and i+3) are 

set to =-75°, =145° (blue), =-66°, =-41° (red), or =-140°, =135° (green). As an example, the 

molecular structures of the βI-turn model conformations display the effect of the different  and  
angles of residues i and i+3 (colours matches with the spectra). The shaded areas are visual aides 
to identify the three spectral regions that have been proposed to be sensitive to β-turn structure 
based on experimental ROA spectra: negative ROA around 1220 cm

-1
, positive ROA 1260-1295 cm

-1
 

and negative ROA 1340-1380 cm
-1
. 

Furthermore, the ROA spectra of the five types of β-turns are very different for 

all three backbone conformations of residue i and i+3 (PPII, α-helical, β-strand). 

Especially the extended amide III region (1240-1340 cm-1) is quite different in all 

computed spectra. This is a complex spectral region as it arises from coupling 

between C-N stretching vibrations with in plane N-H deformation and Cα-H 

bending modes.9,11 In the different types of β-turn and furthermore with the 

different torsion angles of residues i and i+3, the orientations of the N-H and Cα-

H groups are different relative to each other, which affects the ROA pattern in 

the amide III region considerably. 
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Figure 7.2: ROA (IR-IL) spectra of specific HCO-(Ala)4-NH2 β-turn conformations (orange) 

compared to a reference geometry with repetitive , angles (blue). For the β-turn conformations, 
the backbone angles for the central two residues are set based on the canonical β-turn angles as 

listed in Table 7.1, while remaining backbone torsion angles (,  of residues i and i+3) are set to 

=-75°, =145° (left), =-66°, =-41° (middle), or =-140°, =135° (right). Reference conformations 

with repetitive backbone angles were created based on the same latter three pairs of  and  
angles. The shaded areas are visual aides to identify the three spectral regions that have been 
proposed to be sensitive to β-turn structure based on experimental ROA spectra: negative ROA 
around 1220 cm

-1
, positive ROA 1260-1295 cm

-1
 and negative ROA 1340-1380 cm

-1
. The top three 

molecular structures represent the reference conformations, the bottom three the type I β-turn 
conformations. The corresponding Raman spectra are shown in Figure S 7.1. 

The amide I region (1600-1700 cm-1) does however seem to follow the same 

trend within each set of three spectra of the same type of β-turn. For type I and 

type II’ β-turns, the amide I in the ROA is all positive, while for type II and type 

I’ it is all negative (the prime signifies the mirror image geometry of the β-turn; 

see Table 7.1). As can be seen for the molecular structures in Table 7.1, the 
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(C=O)i+1 group of the type I β-turn points away from the reader (likewise for the 

type II’ β-turn), while in the case of the type II β-turn it points towards the 

reader (likewise for the type I’ β-turn). This similar orientation of the (C=O)i+1 

carbonyl relative to the other carbonyls explains the sign dependence of the 

amide I ROA bands. Type VIII is the only β-turn of the selected five categories 

that does not have an intramolecular hydrogen bond and its ROA patterns 

reflect the different orientations of the C=O groups. 

As mentioned above, in order to identify the presence or lack of ROA bands that 

are sensitive to β-turn structure, each individual spectrum was compared to a 

reference peptide geometry that lacks the β-turn motif in Figure 7.2. The orange 

spectra were calculated for the five types of β-turn with the residues i and i+3 set 

to either a PPII, α-helical or β-strand torsion angles. The spectra of the β-turn 

geometries are compared to the blue spectra that were calculated with all 

backbone angles set to these same respective PPII, α-helical or β-strand angles. 

This comparison in Figure 7.2 supports the conclusion from above that there are 

no bands robustly marking β-turn structure. Negative bands in the region 1180-

1220 cm-1 arise from Cα-N stretching vibrations and are for example in the case 

of the PPII torsion angles (left in Figure 7.2) observed both for the PPII reference 

structure as well as for the β-turn geometries. In the second region suggested to 

be sensitive to β-turn structure (1260-1295 cm-1) mostly negative ROA intensity 

is observed in the calculated spectra, however flanked by positive intensity in in 

the region 1290-1310 cm-1. Even considering that the exact computed 

wavenumbers might be shifted in comparison with experiment (e.g. due to 

lacking description of explicit hydrogen bonding with solvent, harmonic 

approximation, side-chain contributions, etc.), this latter positive band cannot 

be assigned to β-turn structure for example as it is also noticed for α-helical 

structure. The third region 1340-1380 cm-1 for PPII and α-helical backbone does 
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not reveal very much difference between the β-turn spectra and the reference 

spectra and hence again does not show evidence for being sensitive to β-turn 

structure.  

 
Figure 7.3: DFT calculated ROA (IR-IL) spectra of model peptides of the general formula HCO-
(Ala)n-NH2 with n equal to 4, 6, 8 or 10. The backbone angles for the central two residues are set 
based on the ideal β-turn angles for a type I β-turn as listed in Table 7.1, the remaining backbone 

torsion angles are set to =-75°, =145° (left; PPII), =-66°, =-41° (middle; α-helix), or =-140°, 

=135° (right; β-strand). The calculated spectra of these models are given in orange. The reference 
conformations with repetitive backbone angles were created based on the same latter three pairs 

of  and  angles and shown as the blue spectra. The molecular structures used to compute the 
ROA spectra with the PPII backbone angles are shown as examples. The blue rectangles highlight 
the four residues making up the βI-turn, the orange shades highlight the PPII backbone angles. 

The most reliable marker for β-turn structure in these small peptide models, 

seems to be the amide I region (1600-1700 cm-1). Although the positive ROA 

band of the type I β-turn is not distinguishable from that of the PPII band, in the 

other cases the amide I is significantly different from the reference spectra and 

even distinguishes some of the types of β-turn, as discussed above. 
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To conclude this section, the ROA bands suggested by Weymuth et al. to arise 

from β-turns, were shown to not be robust markers for β-turn structure. The Cα-

N stretching region and amide III region are too sensitive to the exact 

conformation. Although not uniquely differentiable from all other secondary 

structures, the amide I region was shown to be the most robust marker of the 

presence of the β-turn and even could differentiate type I and II’ from type II 

and type I’ β-turns in these small peptides. 

So far, the Raman and ROA spectra of tetrapeptides have been discussed. In the 

next section, the effect of disrupting a longer sequence (6, 8 or 10 residues) by a 

β-turn is discussed. 

 ROA spectra of a β-turn within a longer sequence 7.3.2

To further study the ROA patterns of proteins, here the effect of disrupting a 

specific secondary structure by a β-turn is studied. In this fashion, not only the 

spectral patterns of the β-turns are probed, but furthermore the effect of 

structural disorder or mixing of secondary structure elements on the spectral 

patterns is assessed. To this end, the modelled structures discussed in the 

previous section were elongated at both the N- and C-terminus with additional 

residues having the same backbone torsion angles. Thereby structures of in total 

6, 8 or 10 residues were obtained with the central residues adopting the β-turn 

and the remaining residues adopting a regular PPII, α-helical or β-strand 

conformation. As the type I β-turn is by far the most common, the results 

presented here focus on that type specifically. The calculated spectra for the 

other types of β-turn can be found in the supporting information (see section 

7.7.1 in the supporting information). The computed spectra in Figure 7.3 indeed 

support the previous conclusions. With increasing chain length, the spectra are 

dominated by the PPII, α-helical or β-strand spectral patterns, and no marker 

bands are observed that could be used to discriminate the β-turn structure. In 
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other words, there is no ROA band that appears at a specific position or with a 

characteristic spectral shape that allows differentiating the β-turn from the 

bands arising from the other secondary structure elements. 

The disruption of the three secondary structures by a β-turn does however affect 

the overall relative intensities of the ROA bands. The lower wavenumber region 

(below 600 cm-1) displays a significant decrease in intensities upon interruption 

of the regular secondary structure and is therefore sensitive to the overall 

regularity of the protein; mixing a secondary structure with another structural 

element reduces this spectral region in intensity. The extended amide III region 

also displays relative intensity differences for all three secondary structures 

studied here. For α-helical structure the relative intensity of the two positive 

amide III bands is affected. In the case of the type I β-turn, the band around 

1300 cm-1 (mainly Cα-H bending perpendicular to the Cα-N bond)11,13,25 has an 

increased intensity relative to the band around 1340 cm-1 (mainly Cα-H bending 

parallel to the Cα-N bond). For the other types of β-turn (see section 7.3.1 in the 

supporting information) this ratio is shown to be either increased or reduced. 

The exact sensitivity of these two bands has been the matter of debate in 

scientific literature, but it was previously shown that ratio of these two bands is 

very sensitive to the exact helical conformation. 11 These results here again show 

the difficulty in describing the exact relation between these two bands as the 

coupling between the different vibrational motions in the extended amide III 

region is very complex (see above) and lead to a very structurally sensitive 

spectral region. 

The β-strand ROA patterns are very similar to that of the β-turn, again 

supporting the conclusion made so far that there are no specific bands marking 

this type of secondary structure. Furthermore, as both the β-turn and β-strand 

show ROA bands in the three regions suggested to be sensitive to β-turns (grey 
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shaded areas), the assignment of these spectral features to β-strand or β-turn is 

at least equally likely. As the empirical assignment of the β-turn signatures is 

largely based on the experimental spectra of proteins containing a major 

contribution of β-sheet,9 this supports the reassignment of these spectral bands 

to not arise from β-turns, rather from β-strand and β-sheet. 

The results for the disruption of the PPII backbone by β-turns is very relevant for 

the understanding of the ROA patterns of IDPs as these adopt an important 

amount of PPII in their structural ensembles.26 The ROA spectra recorded for 

several IDPs have been reported and are of interest since they seem to be 

indicative of residual structure as opposed to a fully random coil structure and 

hence ROA could help elucidating the nature of this intriguing class of 

proteins.6,12,17,27,28 In chapter 5, it was shown that computed spectra of PPII 

model peptides with a regular backbone conformation fit very well with the 

experimental spectrum of the XAO peptide that is flexible in solution, yet adopts 

an important amount of PPII helix in its structural ensemble.11,26 The computed 

spectra reported here show that if the regular PPII helix is interrupted by a β-

turn, the amide III region peak maximum drops slightly in intensity. Although 

this is only a minor effect in the case of the type I β-turn presented in Figure 7.3, 

the spectra calculated for the PPII helix interrupted by the other β-turns show 

this effect stronger (see section 7.7.2 in the supporting information). In that 

fashion, the relative ROA intensities could be indicative of the overall 

extendedness of the PPII structure. For example, if stretches of PPII backbone of 

an IDP are more disrupted by other secondary structure elements such as β-

turns, the amide III intensity is lower relative to the other bands. The best way 

to quantify this is by looking at the dimensionless circular intensity difference 

(CID), which is defined as the ratio (IR-IL)/(IR+IL). As the relative Raman 

intensity of the amide III region is not affected by the disruption, while the ROA 
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is reduced, the CID will be lower. In this fashion, the CID might be indicative for 

the PPII content and hence how extended an IDP is. Yet, as discussed above, the 

amide III is a very complex spectral region having contributions of the entire 

protein structure and further research seems necessary to further understand 

the ROA patterns in yet more detail. 

So far, the results reported above show that the ROA patterns overall are 

sensitive to β-turns, yet they do not show marker bands. As suggested before, 

although an ROA spectrum mainly arises from spectral contributions arising 

from the protein backbone, the side-chains might also affect the exact ROA 

patterns.9,13,15,16 As the contributions of the side-chains to the ROA patterns is not 

yet fully understood, in the following sections the effect of explicitly including 

larger side-chains in the calculations is evaluated. Firstly, the effect of the side-

chains is calculated for a few examples of β-turns found in the crystal structures 

of hen egg white lysozyme (HEWL) as this protein is reported in much detail in 

the Protein Databank Archive (PDB) and furthermore its ROA characteristics 

can be recorded at high concentration and therefore high spectral resolution.29 

Next, as an additional example, the effect of the explicit side-chains of a selected 

β-turn of the so-called Tau protein is discussed. This protein is an IDP and 

receives much scientific attention due to its involvement in Alzheimer’s and 

Parkinson’s disease and the ROA spectrum of one of its isoforms and a mutant 

have been reported.28,30–32 

 The effect of side-chains 7.3.3

To investigate the effect of the side-chains on the ROA patterns of β-turns, two 

type I β-turns that are found in the crystal structures of HEWL were selected. 

The β-turn sequence Gly54-Ile55-Leu56-Gln57 and Asn74-Leu75-Cys76-Asn77 

were selected for this purpose. By keeping the backbone torsion angles exactly 

the same in the model structures and only varying the torsion angles of the 
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different side-chains of both β-turns, the contributions of the side-chains are 

averaged out and the pattern arising from the backbone is retained.  

Firstly, in Figure 7.4, the effect of the conformational averaging over 50 different 

side-chain conformations is demonstrated for the Gly54-Gln57 β-turn (capped 

by HCO- and –NH2 groups). The top panels show the separate Raman and ROA 

spectra of all 50 conformations and show that there is a lot of variation across 

the entire spectral window. Although averaged over 50 spectra, the average ROA 

spectrum still retains specific bands in the lower wavenumber region and amide 

III and amide I region, which suggest that the backbone contributions are 

retained using this averaging approach. Please note that this conformational 

averaging is arbitrary and with the specific goal to average out the side-chain 

contributions as much as possible and might hence not reflect the exact 

behaviour one would obtain in experiment, as side-chains have distinct 

conformational preferences depending on the surrounding protein structure.33  

 
Figure 7.4: Side-chain averaging: DFT calculated Raman (IR+IL) and ROA (IR-IL) of HCO-Gly-Ile-
Leu-Gln-NH2 with 50 different side-chain conformations of the side-chains, while the backbone 
type I β-turn conformation is retained. The 50 separate spectra are shown on the top, the average 
spectra are shown in the bottom panels. The molecular structure of a single conformation is 
shown in comparison to the superimposed 50 structures in stick representation. 

Next, to see the average effect of the side-chains on the ROA spectrum, the 

mean ROA is compared to that of a reference geometry with the exact same 
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backbone conformation but with the side chains replaced by a methyl group. In 

Figure 7.5, the comparison of both selected β-turns Gly54-Ile55-Leu56-Gln57 

and Asn74-Leu75-Cys76-Asn-77 is made with the corresponding computed 

spectrum after removing all side-chains giving a HCO-Gly-(L-Ala)3-NH2 and 

HCO-(L-Ala)4-NH2 reference structure. By replacing the side-chain by a methyl 

group (hence giving Ala), the chirality of the residue is retained, but the 

remainder of the side-chain is removed. The averaged Raman spectra compared 

to the reference spectra shows a lot of differences, which is as expected since 

there are many Raman bands arising from side-chain modes. However, the sharp 

amide III band at 1260 cm-1 in the reference spectrum (orange Raman plot on 

the left in Figure 7.5) shifts down about 20 cm-1 because of the side-chains. Thus, 

even after extensive conformational averaging the amide III region is clearly 

affected by the side-chains. Also in the ROA spectra the amide III is definitely 

sensitive to the side-chains even after conformational averaging. Furthermore, 

the skeletal stretch region (870-1150 cm-1) is very dependent on the side-chain. 

 

Figure 7.5: Effect of explicit side-chains: Raman (IR+IL) and ROA (IR-IL) averaged over 50 side-
chain conformations (blue) of the HCO-Gly54-Ile55-Leu56-Gln57-NH2 and HCO-Asn74-Leu75-
Cys76-Asn-77-NH2 type I β-turns compared to the spectra with all the side-chains replaced by a 
methyl group (to alanine), hence giving a HCO-Gly-(Ala)3-NH2 peptide (left; orange) and a HCO-
(Ala)4-NH2 peptide (right; orange). 
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Comparison of the ROA spectra of the two type I β-turns selected here (Gly54-

Gln57 and Asn74-Asn77) support the conclusion made above that the previously 

assigned ROA spectral markers of β-turns were inaccurate. The similarities of 

the ROA spectra including the side-chains in Figure 7.5 suggest that a negative 

amide III band in the region 1240-1270 cm-1 and a positive amide I band could 

arise from type I β-turn structure. To further study the side-chain dependence, 

in the next section a specific β-turn sequence in Tau is studied. 

 β-turns in Tau protein 7.3.4

As mentioned above, Tau is an IDP involved in neurodegenerative diseases. IDPs 

are characterised by having very flexible and dynamic structures, yet they 

display specific ROA patterns, which suggests residual structural propensities in 

said proteins.6,12,17,27,28 To structurally describe IDPs that rapidly interconvert 

between conformations, structural ensembles are used that are obtained via 

methodologies that combine experimental (e.g. NMR) and computational data 

(e.g. molecular dynamics).34,35 For the IDP Tau, structural analysis has indicated 

that specific sections of its sequence have a high propensity to form β-turns.35 

Mukrasch et al. used NMR to show that the K18 construct of Tau in its repeat 

domains adopts type I β-turns.35 Therefore, these β-turns in Tau might be ideal 

model systems to verify the computations done above for HEWL, since the side-

chains of Tau are likely to adopt different conformations and hence average out. 

Furthermore, for the two major types of β-turns (type I and type II) the averaged 

Raman and ROA patterns can be compared to investigate whether ROA can 

distinguish different types of β-turn. Lastly, the comparison with another 

structural element, namely PPII, which IDPs a have a distinct propensity for, can 

be made as a final validation of the sensitivity of ROA to β-turns. 

Firstly, the averaged Raman and ROA of the Asp314-Leu315-Ser316-Lys317 

(DLSK) sequence of Tau adopting a type I β-turn are compared to those of the 
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HEWL type I β-turns discussed above. In the ROA in Figure 7.6, a positive amide 

I band and a negative amide III band in the 1240-1270 cm-1 region are the only 

common ROA bands among these three type I β-turns consisting of different 

sequences.  

 
Figure 7.6: Effect of explicit side-chains on the type I β-turn: Raman (IR+IL) and ROA (IR-IL) 
averaged over 50 side-chain conformations of HCO-Gly54-Ile55-Leu56-Gln57-NH2 (GILQ) and 
HCO-Asn74-Leu75-Cys76-Asn77-NH2 (NLCN) turns of HEWL compared to the spectra of the 
HCO-Asp314-Leu315-Ser316-Lys317-NH2 (DLSK) type I β-turn in Tau.

35
 

Next, the differences in the Raman and ROA patterns of the Asp314-Leu315-

Ser316-Lys317 (DLSK) sequence adopting either a type I or type II β-turn were 

assessed. As shown in Figure 7.7, the Raman spectra are very similar for the two 

types of β-turn, which is reasonable since they comprise the same sequence in a 

different conformation. In the ROA, which is more conformationally sensitive, 

the amide I region is positive for the type I β-turn while it is mostly negative for 

the type II, which is in accordance with the alanine models discussed above. The 

differences in the amide III region are of the same magnitude as between the 

different HEWL models discussed above, so hence depend on the specific 

sequence and conformational averaging. Again, a negative band in the region 

1240-1270 cm-1 is observed in the lower part of the amide III region. Therefore, 

this observation shows that it does not discriminate different β-turns, yet as 
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these are the two most prevalent types of β-turns, it must still be assessed 

whether this negative amide III can be assigned to β-turn or not. 

 
Figure 7.7: Effect of explicit side-chains on type I and type II β-turn: Raman (IR+IL) and ROA (IR-IL) 
averaged over 50 side-chain conformations of the HCO-Asp314-Leu315-Ser316-Lys317-NH2 (DLSK) 
sequence selected from Tau with the β-turn torsion angles set to either a type I or type II β-turn.

35
 

To establish whether this spectral band can be assigned to the β-turn itself, it 

needs to be compared to other structural elements. In Figure 7.8, the Raman and 

ROA spectra observed for the type I β-turn of DLSK are compared to the same 

sequence adopting a PPII backbone conformation. The biggest spectral 

difference in the Raman spectra is found in the amide III region that displays a 

broad positive band at 1290 cm-1. The amide III is probably sensitive to the 

hydrogen bond in the β-turn, thereby affecting the vibrational coupling between 

the N-H and Cα-H bending modes and C-N stretching mode involved in the 

amide III region. In the ROA, the amide III region is also different for the two 

backbone conformations and shows two positive amide III bands of the β-turn 

backbone, while the PPII geometry only shows a single broad positive band. The 

amide I band is much stronger for the PPII backbone structure, which might be 

a result of the relative orientation of the amide (C=O) groups or hydrogen 

bonding in the β-turn. Visual analysis of the vibrational modes in the GaussView 

6.0.16 programme (Gaussian, Inc.) reveals that the strong ROA band at 1420 cm-1 
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arises from vibrational motions of the capping group coupling to CH2 

deformations the lysine side-chain. In Figure S 7.5, this is further supported by 

the disappearing of this band upon using a different capping group. 

Nevertheless, the spectra with the different capping group also support that 

both the type I β-turn and the PPII backbone give rise to a negative band in the 

lower part of the amide III region (1240-1270 cm-1). Therefore, it can be 

concluded that while the overall ROA pattern is sensitive to the backbone 

conformation, there are no marker bands that can be used to assign β-turn 

structure in the ROA spectra of proteins. The negative band in the amide III 

region and the sign of the amide I region are indistinguishable from other 

secondary structure patterns in the ROA spectra of proteins. 

 
Figure 7.8: Effect of explicit side-chains on type I β-turn compared to a PPII backbone: Raman 
(IR+IL) and ROA (IR-IL) averaged over 50 side-chain conformations of the Asp314-Leu315-Ser316-
Lys317 (DLSK) sequence selected from Tau with the angles set to either a type I β-turn (blue) or a 

PPII backbone (orange; =-75°;=145°).
[34]

 

7.4 Conclusions 

In this chapter, a large set of DFT computed Raman and ROA spectra is reported 

in order to assess the sensitivity of these spectroscopies to β-turn structure in 

proteins. In scientific literature, different spectral bands have been suggested 

that supposedly mark β-turn structure. The data presented here demonstrates 
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that these assignments are inaccurate and that there are no specific ROA bands 

that can currently be assigned to β-turns. The data does show that overall the 

signals arising from the amide vibrational modes in the backbone are affected by 

the formation of a β-turn. The relative intensities and exact shapes can be 

affected by the formation of a β-turn in the backbone. The amide I region was 

shown to be very sensitive to the orientations of the different amide carbonyl 

groups and as such could differentiate different types of β-turn in small model 

systems. In longer peptides and proteins, the signals were shown to be 

dominated by other secondary structure elements. 

Furthermore, it was studied here how the side-chains of the different residues 

affect the Raman and ROA patterns. It was shown that the amide I modes, 

specifically the negative portion in the window 1230-1300 cm-1 in the extended 

amide III region can be affected by the explicit side-chains. This supports the 

previously made suggestion9 that the detailed ROA patterns can be affected by 

the side-chains and demonstrates the need to use a systematic approach study 

the contributions of the side-chains to the ROA patterns in future research (see 

chapter 9). 

7.5 Computational methodology 

Model peptides were generated by using the Peptide Builder developed by Tien 

et. al. that generates the models based on a set of  and  torsion angles to 

define the backbone and a set of  torsion angles to define the side-chain 

conformation.36 The side-chain  angles were randomly selected by using 

combinations of the most common  angles as determined from the Top8000 

database.33,37 E.g. most side-chains preferentially take a value near -60°,+60° or 

180°.33 By randomly selecting combinations of  side-chain angles, geometrically 

possible conformations of the side-chains were sampled. For the HEWL β-turns, 
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the backbone  and  angles were taken from the PDB crystal structure 1LSE. 

For Tau, the backbone angles (i and i+3) were taken from the ensemble reported 

by Ozenne et al. and deposited in the Protein Ensemble Database as entry 

PED6AAC.34,38 All model peptides were capped with a formyl (HCO) at the N-

terminus and an amide (NH2) group at the C-terminus unless stated otherwise. 

The molecular geometries of the model peptides were optimised using the 

partial optimization in normal coordinates by Bouř and Keiderling by freezing 

the normal modes between i300 cm-1 (imaginary) and 300 cm-1, thereby 

retaining the overall conformation and relaxing the vibrational modes of 

interest.39 The Raman and ROA spectra were calculated at the B3PW91/6-

31++G(d,p) level of theory for an incident laser wavelength of 532 nm. Line 

broadening was modelled using a Lorentzian band shape with a full width at half 

height of 20 cm-1 and a Boltzmann factor to correct for the temperature (300 K) 

for each normal mode.11,13 The calculated wavenumbers are typically slightly 

overestimated due to inter alia the harmonic approximation. Therefore, the 

calculated spectra were scaled in the wavenumber dimension by a factor of 

0.987 which was found in chapter 5 to be appropriate for this level of theory to 

allow comparison with experimentally observed band positions.11 For all DFT 

calculations, the C-PCM implicit solvent model was used to account for solvent-

solute interactions with water. All DFT calculations were performed using the 

Gaussian16 rev. A.03 programme.40 
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7.7 Supporting information 

 Raman spectra of the HCO-(Ala)4-NH2 conformations 7.7.1

 

Figure S 7.1: Raman (IR+IL) spectra of model conformations of the general formula HCO-(Ala)4-

NH2: β-turn conformation (orange) compared to a reference geometry with repetitive , angles 
(blue). For the turn models, the backbone angles for the central two residues are set based on the 

canonical turn angles as listed in Table 7.1, while remaining backbone torsion angles (,  of 

residues i and i+3) are set to =-75°, =145° (left), =-66°, =-41° (middle), or =-140°, =135° 
(right). Reference geometries with repetitive backbone angles were created based on the same 

latter three pairs of  and  angles. The shaded areas are visual aides to identify the three spectral 
regions that have been proposed to be sensitive to turn structure based on experimental ROA 
spectra: negative ROA around 1220 cm

-1
, positive ROA 1260-1295 cm

-1
 and negative ROA 1340-

1380 cm
-1
. 
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 Raman and ROA characteristics of HCO-(Ala)n-NH2 for n=4, 6, 8, 7.7.2
10 

7.7.2.1 PPII backbone 

 

(Figure S 7.2 continued on next page, legend follows) 
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(Figure S 7.2 continued on next page, legend follows) 
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Figure S 7.2: (on multiple pages) DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of model 
peptides of the general formula HCO-(Ala)n-NH2 with n equal to 4, 6, 8 or 10. The backbone 
angles for the central two residues are set based on the ideal β-turn angles for a type I β-turn as 

listed in Table 7.1, the remaining backbone torsion angles are set to =-75°, =145°. The calculated 
spectra of these models are given in orange. The reference conformations with repetitive backbone 

angles =-75°, =145° were created and shown as the blue spectra. 
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7.7.2.2 α-helix backbone 

 

(Figure S 7.3 continued on next page, legend follows) 
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(Figure S 7.3 continued on next page, legend follows) 
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(Figure S 7.3 continued on next page, legend follows) 
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(Figure S 7.3 continued on next page, legend follows) 
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Figure S 7.3: (on multiple pages) DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of model 
peptides of the general formula HCO-(Ala)n-NH2 with n equal to 4, 6, 8 or 10. The backbone 
angles for the central two residues are set based on the ideal β-turn angles for a type I β-turn as 

listed in Table 7.1, the remaining backbone torsion angles are set to =-66°, =-41° . The calculated 
spectra of these models are given in orange. The reference conformations with repetitive backbone 

angles =-66°, =-41° were created and shown as the blue spectra. 
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7.7.2.3 β-strand backbone 

 

(Figure S 7.4 continued on next page, legend follows) 
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(Figure S 7.4 continued on next page, legend follows) 
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Figure S 7.4: (on multiple pages) DFT calculated Raman (IR+IL) and ROA (IR-IL) spectra of model 
peptides of the general formula HCO-(Ala)n-NH2 with n equal to 4, 6, 8 or 10. The backbone 
angles for the central two residues are set based on the ideal β-turn angles for a type I β-turn as 

listed in Table 7.1, the remaining backbone torsion angles are set to =-140°, =135° . The 
calculated spectra of these models are given in orange. The reference conformations with 

repetitive backbone angles =-140°, =135° were created and shown as the blue spectra. 
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7.7.2.4 Raman and ROA of model structures truncated by different capping 
groups 

 
Figure S 7.5: Effect of the capping group on the ROA patterns of the Tau D-L-S-K sequence either 
adopting a type I turn or PPII helix backbone. The blue spectra are obtained by averaging over 50 
different conformations of the side-chains. The orange spectra are calculated for structures with 
the same backbone conformation but with all the side-chains replaced by a methyl group (hence 
creating alanine). The “HCO” type (panel 1 and 3) indicates the use of a formyl capping group 
(HCO-) at the N-terminus and a primary amide capping group at the C-terminus (-CONH2), while 
the “Am” abbreviation is used to indicate methyl amide capping groups (CH3NH- at the N-
terminus and –CONHCH3 at the C-terminus). 
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CHAPTER 

  8 
Protein backbone hydration  

 

How are the secondary structure spectral 
patterns influenced by the presence of water 

molecules?  

................................................................ 

 

 

 

 

The results discussed in this chapter were published as: 

Carl Mensch, Patrick Bultinck and Christian Johannessen, The effect of protein 
backbone hydration on the amide vibrations in Raman and Raman optical 
activity spectra, PCCP ,published online on 5 January 2019, DOI: 
10.1039/C8CP06423G. 
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Abstract 

Raman and specifically Raman optical activity (ROA) spectroscopy are very 

sensitive to the solution structure and conformation of biomolecules. Because of 

this strong conformational sensitivity, density functional theory (DFT) 

calculations are often used to get a better understanding of the experimentally 

observed spectral patterns. While e.g. for carbohydrate structure the water 

molecules that surround the solute have been demonstrated to be of vital 

importance to get accurate modelled ROA spectra, the effect of explicit water 

molecules on the calculated ROA patterns of peptides and proteins is less well 

studied. Therefore, the effect of protein backbone hydration was studied using 

DFT calculations of HCO-(L-Ala)5-NH2 in specific secondary structure 

conformations with different treatments of the solvation. The effect of the 

explicit water molecules on the calculated spectra mainly arises from the 

formation of hydrogen bonds with the amide C=O and N-H groups. Hydrogen 

bonding of water with the C=O group determines the shape and position of the 

amide I band. The C=O bond length increases upon formation of C=O···H2O 

hydrogen bonds. The effect of the explicit water molecules on the extended 

amide III region arises from hydrogen bonding of the solvent with both the C=O 

and N-H group, but their contribution is different. The formation of a 

C=O···H2O bond decreases the C-N bond length, while upon forming a N-

H···H2O hydrogen bond, the N-H bond length increases. 
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8 Protein backbone hydration: 

How are the secondary structure spectral 

patterns influenced by the presence of water 

molecules? 

8.1 Introduction 

In chapter 5, it was shown that for a regular backbone conformation (all  are 

the same and all  angles are the same), the ROA patterns are very sensitive to 

the precise combination of the backbone angles. The results in chapter 6 further 

consolidated these observations as it was shown that upon deviating the 

backbone conformations from their regular combinations of  and  angles by 

increasing the backbone disorder, the characteristic secondary structure 

patterns in the ROA spectra are determined by the mean backbone angles. 

Therefore, those two chapters show that ROA is very sensitive to the secondary 

structure of proteins. In chapter 7, it was demonstrated that ROA senses the 

disruption of regular secondary structure by a β-turn, as the relative ratios of the 

ROA bands are affected. However, specifically the disruption of PPII secondary 

structure by a β-turn, did not result in changes in the ROA spectrum that look 

like the distinct patterns that are observed experimentally for IDPs. Therefore, 

we extended our computational study of the secondary structure patterns of 

proteins and specifically IDPs even further. One of the stabilizing forces of PPII 

secondary structure and therefore of IDPs, is the surrounding water molecules.1 

Thus, in this chapter the effect of water on the spectral patterns is further 

evaluated. 
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In the above mentioned chapters, the interaction of the solute (the peptide) with 

water was taken into account by means of an implicit solvent model. Such 

models are very useful as they do not entail a large additional computational 

cost, and are a good way to approximate the effect of the solvent if the solvation 

can be considered mainly as a minor perturbation of the gas phase solute.2,3 In 

such models, the solute is placed in a cavity in a polarizable continuum that 

represents the solvent and the necessary effects are included in the 

Hamiltonian.3 Implicit solvent models are routinely used in theoretical 

simulations of vibrational spectra in solution.3 However, the effect of the solvent 

may become so important that a continuum model no longer suffices and the 

solvent molecules interact so strongly that they should in fact be considered part 

of the solute. In such cases, explicit solvent models are used in which water 

molecules are explicitly placed around the solute. In this way, direct 

interactions, such as hydrogen bonding between solvent and solute, are taken 

into account. 

Amide vibrations are affected by hydrogen bonding with water molecules.4 

Therefore, in this chapter the effect of hydrogen bonding of water molecules to 

the backbone is further explored, which has been suggested to be important in 

understanding the experimental ROA patterns of proteins.5–7 

The effect of hydration on calculated Raman and ROA patterns of specifically 

peptides and proteins has only been documented in scientific literature only to a 

very small extent.6,8,9 By explicitly including water molecules, the system 

(solute+explicit water molecules) increase in the number of atoms, but also in 

the degree of freedom. If both conformational averaging as well as averaging 

over multiple water configurations have to be considered, the computational 

demands increase drastically. Therefore, the study of the aqueous environment 

on the ROA spectrum has mainly has been the subject of research for smaller 
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molecules. There have been reports on the influence of hydration on the ROA 

spectra of molecules such as the histidine zwitterion,10 lactamide,11,12 methyl 

lactate,13,14 glycidol,13 2-aminopropanol,12 methyloxirane,14 methyl-β-D-glucose,15 

1,6-anhydro-β-D-glucopyranose,16 D-glucuronic acid,17 β-D-xylose,18 and N-

acetyl-D-glucosamine17. For these molecules, it was demonstrated that the 

explicit water molecules are often needed to get a good comparison between the 

calculated spectrum and the experiment. For example, sugars contain many 

hydroxyl groups and accurate modelling requires explicit water molecules to be 

included.15–17,19 

Although methodologies for calculating the spectra of large peptides and 

proteins have been proposed,20–22 understanding the effect of water – the 

lubricant of life23 – on the calculated spectra needs to be further explored to 

improve the comparison between theoretically predicted spectra and 

experiment. There are only a few reports of how explicit solvation of a 

polypeptide model affects the ROA spectrum. Mainly the explicit solvation of 

smaller systems such as alanine dipeptides (Ala)2 have been reported.9,24 

Weymuth et al. included two water molecules in a β-sheet model consisting of 

two parallel β-strands of (Ala)8, and found only a minor effect on the calculated 

ROA spectrum.6 Yamamoto et al. looked into the detailed assignment of the 

amide III region of α-helical (Ala)18 by including 18 dichloroacetic acid molecules 

in the ROA calculations using the Cartesian coordinate tensor transfer method 

(CTTM).25 To the best of our knowledge, the largest peptide model for which 

ROA calculations were performed that included explicit water molecules, was 

reported by Luber.8 She studied (Ala)20 in a single α-helical conformation, and 

included a water molecule hydrogen bonded to each carbonyl group and two 

water molecules at the termini. In that study, the geometry was fully optimised, 

which therefore changed the conformation of the peptide.8 Furthermore, only a 
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single hydration configuration (a single set of positions of the water molecules) 

was considered. As discussed in chapter 5 and chapter 6, ROA is very sensitive to 

the exact peptide backbone conformation, specifically in the case of α-helical 

structure.26 Therefore, we here study the effect of hydration on multiple peptide 

models with different secondary structures and multiple hydration 

configurations. Furthermore, ROA has in the past been proposed to be sensitive 

to the hydration of helices.27 However, the spectral assignments associated with 

that sensitivity were later questioned and shown to be inaccurate (see chapter 

5).8,22,26 This thus raised the question how the hydration of α-helical structure 

affects the ROA patterns. As mentioned above, the calculation of the spectra of 

entire proteins based on fragmentation approaches is getting more and more 

interest. Therefore, we also evaluate how explicitly including a few water 

molecules could affect the calculated Raman and ROA spectra of an entire 

protein.  

8.2 Methodology 

 Peptide conformations 8.2.1

To study the effect of solvation on computed Raman and ROA spectra, we first 

created different conformations of HCO-(L-Ala)5-NH2, which subsequently were 

solvated. In Figure 8.1, the workflow of the generation of the peptide models is 

illustrated. The different HCO-(L-Ala)5-NH2 conformations were created using 

the PeptideBuilder by Tien et al. that generates the geometries based on a set of 

 and  angles (step 1 and 2 in Figure 8.1).28 Similarly to the conformations 

included in the database discussed in chapter 5, each conformation was 

characterised by a single pair of  and  angles. In such regular conformations, 

all  angles are thus the same and all  angles are the same.  
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As shown in Table 8.1, we selected four right-handed α-helical conformations, as 

the ROA patterns of this secondary structure are supposedly sensitive to 

hydration,26,27 a PPII conformation, which is a secondary structure stabilised by 

hydrogen bonding with water molecules,1 and furthermore other secondary 

structures, being, a 310-helix, a left-handed (LH) α-helix and a β-strand to 

represent different regions in the Ramachandran plot (see Table 8.1). 

Table 8.1: Initially chosen  (°) and  (°) angles before 
geometry optimization.  

Conformation Set angles Secondary structure 

 
   

1 -64 -47 RH α-helix* 

2 -59 -44 RH α-helix (hydrophobic)** 

3 -77 -34 RH α-helix with large tilt** 

4 -66 -41 RH α-helix (hydrophilic)** 

5 -71 -18 310-helix 

6 66 41 LH α-helix 

7 -75 145 PPII 

8 -125 150 β-strand 

*The calculation of the regular structure with these backbone 
torsion angles was found to reproduce the experimental ROA 
spectrum of the α-helical peptide AK21 the best (chapter 5). **See 
Figure 8.2. 
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 Hydration shell 8.2.2

After creating the different conformations of HCO-(L-Ala)5-NH2, 30 different 

solvent configurations (placements of the explicit water molecules around the 

solute) were created with the program AMBER1429 using the TIP3P water 

model30 (step 3 in Figure 8.1) for each peptide conformation. The force field 

describing the peptide was the general amber force field (GAFF)31. The geometry 

of the peptide itself was restrained in all steps. By using such a positional 

restraint, the peptide was not completely frozen, but the torsion angles 

remained very close to the originally chosen angles (see below).  

As shown in step 3 in Figure 8.1, the peptide was embedded in a solvent box 

consisting of about 1600 water molecules, followed by a stepwise equilibration 

procedure under (1) NVE (constant number of particles, constant volume and 

constant energy), (2) NVT (constant number of particles, constant volume and 

constant temperature) and (3) NPT (constant number of particles, constant 

pressure, constant temperature) conditions. After equilibration, 30 snapshots 

were taken with different water configurations but with the same backbone 

conformation. To obtain hydrated pentapaptide structures for the Raman and 

ROA calculations, we included all water molecules with the water oxygen atom  

 

 

 

(see figure on the right →) 

Figure 8.1: Description of the workflow that was used to generate 30 different solvent clusters 
surrounding each conformation of HCO-(L-Ala)5-NH2. The conformation of the peptides are 

defined by a single pair of (,) angles (see Table 8.1). 
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within 3 Å of any of the atoms of the peptide (step 4 in Figure 8.1). The typical 

distance of the water oxygen to the amide nitrogen of hydrogen bonded water 

molecules is 2.8 Å,32 and as such a first layer of solvation was included. Larger 

distance limits, resulted in systems (explicit water + solute) that were too large 

to be computationally feasible. 

 DFT calculations 8.2.3

The geometries of the molecular systems (the solute or the solute with explicit 

water molecules) were partially optimised using the optimization in normal 

coordinates by constraining the normal modes from i300 cm-1 (imaginary) to 

300 cm-1 (step 5 in Figure 8.1).11,33 Using this approach by Bouř and Keiderling, 

the backbone conformation of the peptide and the positions of the water 

molecules are mostly retained, while the modes of spectroscopic interest are 

fully relaxed.11,33 The B3PW91 functional was used with the 6-31G(d,p) basis set 

for geometry optimization, while the spectra were calculated at the B3PW91/6-

31++G(d,p) level of theory. Realistic line shapes were simulated using one 

Lorentzian function for each normal mode with a full-width at half maximum of 

20 cm-1. All DFT calculations were carried out using the Gaussian16 rev. A.03 

programme.34 Implicit solvent corrections were included using the conductor-

like polarizable continuum model (C-PCM).35,36 The default C-PCM parameters 

of water as implemented in Gaussian16 were used.34 Explicit solvation 

calculations were performed by including water molecules to the system and 

treating them at the same level of theory as the solute. 

 Full protein calculation 8.2.4

The Raman and ROA spectrum of the protein TSLP (131 residues; cytokine 

thymic stromal lymphopoietin37) were calculated using the Cartesian coordinate 

tensor transfer (CTTM) method in the following way. From a 250 ns molecular 



 8.2 Methodology 

241 
 

dynamics (MD) run, a single snap-shot was randomly selected and used here 

(see ref 37 for more details about the MD). First, molecular fragments were 

created by cutting sequences of 5 residues from the protein (first fragment = 

residues 1-5, second fragment = residues 2-6, etc.) and capping them with 

acetamide (CH3-C=O-) and N-methyl amide (–NH-CH3) groups at the N- and C-

termini, respectively. The geometries of the fragments were partially optimised 

in the same way as discussed above. The Hessian matrix and property tensors 

were also calculated at the B3PW91/6-31++G(d,p) level of theory and the CTTM 

was used to calculate the spectrum of the entire protein.22,38 

 Experimental spectra 8.2.5

To verify the computational results with experiment, the Raman and ROA 

spectra reported before in chapter 5 of the AK21 (Ac-

AAKAAAAKAAAAKAAAAK-AGY-NH2), and XAO (Ac- X2A7O2-NH2) peptides 

are used here again.26 Furthermore the experimental Raman and ROA spectra of 

the protein TSLP were recorded at 40 mg/mL in buffer with 20 mM HEPES and 

150 mM NaCl at pH 7.4. 

 Similarity between experiment and calculation 8.2.6

A numerical comparison between the calculated and experimental Raman and 

ROA spectra was performed using the normalised overlap integral Sfg that has a 

value between 0 % (no overlap) to 100 % (for identical Raman spectra) and 

between -100 % (“identical” mirror ROA spectra) and 100 % for identical ROA 

spectra (see section 0 in the supporting information for details). Since the 

wavenumbers of the amide I region typically are overestimated in the calculated 

spectra, this region requires a higher wavenumber shift factor compared to the 

remainder of the spectrum (see chapter 5). Therefore, first, the optimal scaling 

factor was determined for each calculated spectrum only for the amide I modes 
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and a global scaling factor of 0.987 is applied to the remainder of the spectrum 

to obtain a good overlap between the experimental and calculated spectra (see 

section 0 in the supporting information for details). 

8.3 Results and discussion 

 Geometry optimization: backbone conformation and hydration 8.3.1

The backbone conformation of a peptide can be affected by hydration. As 

depicted in Figure 8.2, the hydrogen bonding of a water molecule to a carbonyl 

group (C=O) in the backbone, results in the tilting of the C=O outwards from 

the helix axis, towards the solvent. This was reported by Blundell et al. based on 

a set of crystal structures.39 They showed that the backbone torsion angles i+1 

and i (the two angles around a peptide bond between residue i and i+1) in 

hydrophilic or hydrophobic environment are slightly different. Sundaralingam et 

al. used a larger set of crystal structures to show that the torsion angles in 

hydrophilic environment have i+1 and i values close to -66°;-41° and those in 

hydrophobic environment close to -59°;-44° (see Figure 8.2).40 Therefore, the 

average of the α-helical backbone torsion angles falls in between these two 

points in the Ramachandran plot (see the “general” case in Figure 8.2 (c)). As 

discussed in chapter 5, specifically for α-helical structure, ROA is sensitive to 

such a conformational differences of the backbone. In this chapter, however, we 

want to investigate what the contributions of the presence of the water 

molecules to the spectra are and not because of the conformational change. 
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Figure 8.2: The effect of hydrogen bonding of water to the backbone angles of α-helical structure: 
(a) A water molecule binding to Asn93 in a crystal structure of lysozyme (PDB id. 1IEE) affecting 
the (b) tilt of the carbonyl group outwards of the helix axis. (c) Ramachandran plots of all α-helical 
segments (stride) in the Top8000 database

41,42
 “general” case and only the ones with a hydrogen 

bonded water molecule to the carbonyl group. 

To study the effect of backbone hydration specifically, we used the partial 

optimization in normal coordinates by Bouř and Keiderling that was especially 

developed to retain peptide backbone conformations and as a suitable strategy 

for the geometry optimization of water clusters.11,33 First, we assessed that the 

conformations that we originally selected were not altered too much because of 

the MD simulations and subsequent geometry optimization. For different 

regular backbone conformations of the peptide, we created 30 different water 

configurations surrounding the peptide. After the geometry optimization, the 

averages of the five pairs of torsion angles of each of the 30 peptide-solvent 
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clusters were calculated. In Table 8.2, these mean torsion angles with the 

corresponding standard deviations are compared to the originally chosen set of 

backbone angles. The mean backbone angles are indeed very close to the values 

we initially selected, which demonstrates the usefulness of the geometry 

optimization scheme. As shown in chapter 6, such small standard deviations of 

the backbone torsion angles do not have a significant impact on the ROA 

patterns. Therefore, the hydrated systems that were created can be used to study 

the impact of the explicit water molecules on the calculated spectra. In the 

remainder of the text, we will refer to each of the eight conformations 

representing five different secondary structure elements by using the initially 

chosen angles as listed in Table 8.2. 

Table 8.2: Deviation of the initially chosen  (°) and  (°) angles after the MD simulations and 
geometry optimization at DFT level. For each ensemble of 30 structures, the mean torsion angles 
were calculated as the average of each angle of each residue of each structure with standard 

deviation . 

Conformation  Set angles  Secondary Structure  Angles after geometry optimization 

       mean  σ mean  σ 
1  -64 -47  RH α-helix  -63.1 2.2 -48.2 1.2 
2  -59 -44  RH α -helix   -58.1 2.1 -44.9 1.7 
3  -77 -34  RH α -helix   -75.8 2.1 -35.1 1.4 
4  -66 -41  RH α -helix   -65.1 1.9 -41.9 1.5 
5  -71 -18  310-helix  -69.8 2.4 -19.2 1.5 
6  66 41  LH α-helix  68.0 2.1 39.2 1.6 
7  -75 145  PPII  -75.1 1.8 146.0 1.4 
8  -125 150  β-strand  -125.7 1.6 150.8 1.5 

 

 Effect of implicit and explicit solvation 8.3.2

Before we evaluate the effect of the explicit solvent molecules for the ensembles 

of 30 hydration configurations, we first consider the effect of both the implicit 

and explicit solvent corrections for a single hydration configuration. To that end, 

for HCO-(L-Ala)5-NH2 in an α-helical conformation (;  -66°;-41°), the effect 
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of the different types of hydration on the Raman and ROA spectra is 

demonstrated in Figure 8.3. The top spectrum (a) was calculated in the gas 

phase, without any solvent correction.  

 
Figure 8.3: Raman (IR+IL) and ROA (IR-IL) of HCO-(L-Ala)5-NH2 in an α-helical conformation (; 

 -66°;-41°): (a) gas phase calculation; (b) solute with C-PCM solvent correction; (c) solute with all 
water molecules hydrogen bonding to the solute’s carbonyl groups (C=O) with C-PCM 
background; (d) solute with all water molecules that form a hydrogen bond to the amide N-H 
groups with C-PCM background; (e) solute including all water molecules that form a hydrogen 
bond with the amide (Am) groups of the solute with C-PCM background (f) a single MD snapshot 
including all water molecules within a 3 Å distance of the solute with C-PCM background. Each 
system was partially optimised in normal coordinates prior to calculating the spectra. 

In (b), the C-PCM implicit solvent model was included. Although the overall 

patterns in the Raman and ROA spectra of (a) and (b) are very similar, the amide 

I and amide III spectral regions display differences as relative spectral intensities 
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and the position of the bands are shifted. E.g. the amide I band shifts down upon 

including the implicit solvent model. In the spectra c-f, explicit water molecules 

were included. To evaluate what spectral regions are influenced by the presence 

of the explicit water molecules, only a single hydration configuration was taken 

into account. As mentioned above, the hydrogen bonding of the water molecules 

to the amide groups affects the vibrational modes associated with this group.4,12 

Therefore, the entire solvent configuration (f) was also compared to that when 

only the hydrogen-bonded water molecules are considered.  

To that end, in the Raman and ROA spectra in panels (c), only the water 

molecules hydrogen-bonded to a carbonyl group were included and in (d) only 

the water molecule bonded to the terminal N-H group was kept. Finally, in (e) 

both the C=O and N-H hydrogen bonded water molecules were included. For 

each of these systems (solute+explicit water molecules) the partial geometry 

optimization was performed prior to calculating the Raman and ROA spectra. By 

not only including the C-PCM correction but also a few water molecules that are 

hydrogen bonded to the C=O groups (c), the biggest spectral change compared 

to both the Raman and ROA in (a) and (b) is observed in the amide I region 

(1600-1800 cm-1). The presence of the water molecules results in a reduced 

maximal intensity in the amide I region in both the Raman and ROA. In the 

ROA, the -/+ couplet that is characteristic for α-helical structure is lost upon 

including a single configuration of explicit water molecules and becomes 

completely positive. Also a small impact on the shape of the amide III region 

(1240-1400 cm-1) is observed in (c).  

In this particular explicit solvation configuration, only a single N-H hydrogen 

bonded water molecule was observed (d). Therefore the effect on the ROA 

patterns by this single H2O as shown in (d) is very small. The amide I is 

unchanged compared to (b) and in the amide III there is only a small difference. 
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Including both the C=O and N-H hydrogen bonded water molecules in (e) 

reveals a Raman and ROA spectrum that is very similar to the one in (d). 

Comparing all these spectra in a-e with the spectra calculated when all water 

molecules in this single hydration configuration were included (f), shows that 

the changes in the amide I mainly arise from the water molecules that are 

hydrogen bonded with the C=O groups. 

 
Figure 8.4: Superposition of the Raman (IR+IL) and ROA (IR-IL) shown in Figure 8.3 using the 
same colouring code. 

In Figure 8.4, the spectral differences discussed above are shown in more detail. 

The most distinct effect of the explicit water molecules, is the shift of the amide 

I region towards lower wavenumbers. While in the gas phase calculation the 

amide I ROA couplet is centred at 1788 cm-1, by including the C-PCM correction, 

the position of this band is lowered to 1736 cm-1. For the explicitly solvated 

calculations, the vibrational modes are shifted further to lower values (see both 

the Raman and ROA in Figure 8.4). In the amide III region, both the positions of 

negative and positive bands as well as the relative ratio of the positive bands are 

affected because of the presence of the explicit water molecules. To further 
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understand the spectral shapes, the effect of averaging over multiple hydration 

configurations needs to be considered (see below).  

Myshakina et al. reported a computational study of the effect of the formation of 

a hydrogen bond between a water molecule and the C=O and N-H groups of N-

methylacetamide.4 They interpreted the spectral changes by looking at the 

specific vibrational modes that are affected by the hydrogen bond formation. 

Besides a conformational change (see above), the water molecule can 

geometrically result in a change of the bond lengths and charge distribution as 

demonstrated by the amide resonance model (Figure 8.2).4,43 While the amide-

resonance model is very simplistic,43 it does provide an explanation of how the 

geometry can be affected by the presence of the water molecules. In the amide-

resonance model, the planarity of the amide bond, arises from the resonance 

structure [O=C-NH] as shown on the left-hand side of Figure 8.5 and the 

charged resonance structure [-O-C=NH+], as shown on the right-hand side. 

Hydrogen bonding of water with the amide group stabilizes the charged 

structure.4 Because of that stabilization, the C-N bond length decreases and the 

C=O bond becomes longer. As shown in Table S 8.1, the C=O bond lengths are 

indeed elongated upon hydration. Concomitant with that geometrical change, 

the C=O becomes less stiff (less rigid), as shown in the shift of the Raman and 

ROA amide I bands to lower wavelengths that mainly consists of the stretching 

vibration of the carbonyl group.4 

 
Figure 8.5: The amide resonance model:

4,43
 Hydrogen bonding of solvent molecules to amide 

groups affects the amide geometry by stabilisation of the partially charged oxygen and nitrogen 
atoms. This stabilisation of the charged resonance structure (right) compared to the uncharged 
amide resonance structure (left) leads to an increased C=O bond length and decrease in C-N bond 
length. 
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The amide III vibrational modes are more complex as these comprise the 

coupling of C-N stretching with N-H bending and Cα-H bending vibrations.4,44 

Compared to the gas phase calculation, a few geometrical changes occur that 

involve these bonds by including the C-PCM correction or by adding the explicit 

water molecules. Compared to the gas phase geometry, the C-N bond length 

decreases upon including the C-PCM correction and it becomes even shorter 

upon including explicit water molecules as shown in Table S 8.2. The N-H bond 

length in most cases increases (Table S 8.3) compared to the gas phase, but this 

particular hydration configuration only contains a single water molecule 

hydrogen bonded to a N-H group so this bond length will therefore be discussed 

in more detail below. The negative lobe of the amide III region in Figure 8.4 

shows a small shift to higher wavenumbers compared to the gas phase upon 

including the solvent. 

 Averaging over multiple water configurations 8.3.3

So far, only a single hydration configuration was considered. A more realistic 

representation of the solvation can be obtained by averaging the calculated 

Raman and ROA spectra over multiple hydration configurations. Here, we 

created 30 different of such configurations to study the average effect of the 

explicit solvent. As an example, in Figure 8.6, 8 out of the 30 water 

configurations surrounding the α-helical conformation with average ;  -66°; 

-41°, demonstrate the differences in the positions of the water molecules 

surrounding the peptide. 
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Figure 8.6: Eight examples of water configurations surrounding the solute. All water molecules 
that are within a 3 Å distance (water oxygen distance to any atom of the solute). This figure was 
created with CylView v1.0 beta. 

In Figure 8.7, the effect of the averaging of the calculated Raman spectra over 

the 30 water configurations of the α-helical conformation (;  -66°;-41°) is 

demonstrated. Within each of the 4 groups of 30 individual spectra (left-hand 

side in Figure 8.7), there is only a modest effect of the different water positions 

as the individual spectra are very similar. For the single hydration configuration 

discussed in the previous section, it was noted that the spectral effect of the 

layer of 3 Å of water molecules mostly arises from water molecules that are 

hydrogen-bonded to the solute. Since the hydrogen bonding of a water molecule 

to either the C=O or the N-H of the amide group can differently impact the 

vibrational modes,4 we here also first evaluate their effects separately as shown 

in (a) and (b) in Figure 8.7, respectively. In (a), the 30 individual spectra (shown 

on the left-hand side) are very similar although some variation can be witnessed 

in the region above 1600 cm-1. The band around 1630 cm-1 arises from the 

bending modes of the water molecules. Also the amide I region shows a small 

variation because of the hydrogen bonding of the C=O group with the solvent. If 

only hydrogen bonding of water with the N-H group is considered (b), the 

amide I region shows hardly any variation. The individual spectra in (b) do show 

a slight variation in the lower wavenumber portion of the amide III region. The 

amide III vibrations also have an important contribution of N-H in-plane 
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bending,4,44 which could explain the variation in this spectral region because of 

hydrogen bonding of water with the N-H group. If all water molecules that form 

a hydrogen bond with either the C=O or the N-H group are considered (c) or 

when the entire 3 Å layer is considered (d), we also observed variations in both 

the amide I and amide III region. Because of that, the four mean Raman spectra 

(right-hand side) are very similar but they do show slight differences in these 

respective spectral regions (see also below). 

 
  

Figure 8.7: Averaging over 30 water configurations of HCO-(L-Ala)5-NH2 in an α-helical 

conformation (;  -66°; -41°): individual Raman (IR+IL) spectra of each of the 30 solvent 
configurations (left) and the corresponding mean Raman spectra (right). 30 hydration 
configurations surrounding the solute are considered including (a) all water molecules that are 
hydrogen bonded to the solute’s carbonyl groups (C=O) with C-PCM background; (b) all water 
molecules that form a hydrogen bond to the amide N-H groups with C-PCM background; (c) all 
water molecules that form a hydrogen bond with the amide (Am; both N-H and C=O) groups of 
the solute with C-PCM background (d) all water molecules within 3 Å of the solute (distance 
between the oxygen atom of water and any one of the solute’s atoms) with C-PCM background.  
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The ROA patterns are overall also not drastically affected by the presence of the 

explicit water molecules as shown in Figure 8.8. Again, in the four groups of 

individual ROA spectra (on the left), the amide I and III regions show small 

variations which lead to spectral differences in the mean spectra in both these 

spectral regions (right-hand side). Compared to the gas phase and C-PCM ROA 

spectra (see Figure 8.3), the relative ratio of the positive bands in the amide III 

region is sensitive to the hydration. 

 

 
Figure 8.8: Averaging over 30 water configurations of HCO-(L-Ala)5-NH2 in an α-helical 

conformation (;  -66°; -41°): individual ROA (IR+IL) spectra of each of the 30 solvent 
configurations (left) and the corresponding mean ROA spectra (right). 30 hydration 
configurations surrounding the solute are considered including (a) all water molecules that are 
hydrogen bonded to the solute’s carbonyl groups (C=O) with C-PCM background; (b) all water 
molecules that form a hydrogen bond to the amide N-H groups with C-PCM background; (c) all 
water molecules that form a hydrogen bond with the amide (Am; both N-H and C=O) groups of 
the solute with C-PCM background (d) all water molecules within 3 Å of the solute (distance 
between the oxygen atom of water and any one of the solute’s atoms) with C-PCM background. 



 8.3 Results and discussion 

253 
 

In Figure 8.9, the mean Raman and ROA spectra are plotted on top of each other 

to allow a better comparison in the amide I and amide III region. The effect on 

the amide I region in both the Raman and ROA of the fully hydrated structure, 

arises almost exclusively from the formation of hydrogen bonds with the C=O 

groups, which affects both the position and shape of the amide I band. The 

lower wavenumber portion of the amide III region is sensitive to the formation 

of hydrogen bonds of the solvent with both the N-H and C=O groups (compared 

to the gas phase and only implicit solvent; see Figure 8.3). However, the 

formation of hydrogen bonds of water with the N-H groups seems to have a 

larger impact compared to the effect of C=O···H2O hydrogen bonds. 

Geometrically, the C=O···H2O hydrogen bonds result in longer C=O and shorter 

C-N bond lengths, compared to when only N-H ···H2O hydrogen bonds are 

considered (see Figure S 8.2). On the other hand, N-H ···H2O hydrogen bonds 

determine the N-H bond length. Since the amide groups in α-helical structure 

are involved in intramolecular hydrogen bonds, these geometric effects are also 

discussed below for other secondary structure elements. First, the effect of the 

implicit solvent is considered. 

 
Figure 8.9: Superposition of the Raman (IR+IL) and ROA (IR-IL) spectra shown in Figure 8.7 and 
Figure 8.8, respectively (same colouring).  
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 Effect of C-PCM 8.3.4

In computational studies that include explicit solvent molecules, the bulk 

solvent is often represented by a continuum model such as C-PCM. Since above 

C-PCM was included on all explicitly solvated systems, we here address the 

contribution of the C-PCM on the fully hydrated system. As shown in Figure 

8.10, if the 30 water configurations are calculated with or without the C-PCM to 

represent the bulk solvent, the Raman and the ROA spectra are very similar. 

However, the amide I position is still affected by the C-PCM background. As 

shown in Figure S 8.4, because of the geometry optimization of the 30 water 

configurations in the gas phase or with C-PCM to represent the bulk solvent, the 

C=O bond length is shorter if the C-PCM is included. 

Experimentally the amide I ROA couplet is observed centred around 1635 cm-1.26 

If the C-PCM background is included with the explicit solvation layer, the 

calculated amide I couplet is centred at 1722 cm-1 (without a wavenumber 

scaling factor). This is already much closer to the experiment compared to the 

couplet being centred at 1757 cm-1 when only the explicit solvation is included 

without the C-PCM background (without a wavenumber scaling factor). Further 

improvement of the band position could e.g. be accomplished using a larger 

basis set as shown in Figure S 8.5. While most spectral features are very similar 

when using a 6-311G(2d,p) basis set for the geometry optimization, the amide I 

couplet in the ROA is calculated at 1694 cm-1 (see Figure S 8.5). 
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Figure 8.10: Raman (IR+IL) and ROA (IR-IL) of 30 hydration configurations of HCO-(L-Ala)5-NH2 

in an α-helical conformation (;  -66°;-41°) with (red) and without (black) C-PCM correction. 
The top two rows show the 30 individual spectra. The bottom row shows the corresponding mean 
Raman and ROA. 

 Comparison with experiment: α-helix 8.3.5

The results discussed above give a qualitative idea of how the explicit water 

molecules affect the amide modes of HCO-(L-Ala)5-NH2, but it must be assessed 

how the spectral influence of the explicit hydration relates to experimental 

spectral patterns. In Figure 8.11, the different calculated spectra are compared to 

that of the peptide AK21 since this peptide is predominantly α-helical in aqueous 

solution and mainly consists of alanine.45 As demonstrated in chapter 5, the 

ROA spectrum of AK21 can be very well simulated using a poly-L-alanine model 

peptide in α-helical conformation. 

To get a detailed comparison of the spectra, the similarity Sfg of each predicted 

ROA spectrum with the experimental ROA spectrum of AK21 was calculated (see 

equation S8.3 and further details in the supporting information). Because of i.a. 

the harmonic approximation, the calculated spectra at this level of theory are 



Chapter 8 

256 
 

typically overestimated in the wavenumber dimension and therefore the 

calculated spectrum is scaled to align it with the experimental spectrum by 

multiplying the wavenumbers by a scaling factor. In chapter 5, we showed that 

for the level of theory used here, a global scaling factor of 0.987 works very well. 

The amide I region is typically even more overestimated in the calculated 

spectra, and thus requires a bigger shift (so lower scaling factor) compared to 

the remainder of the spectrum. Therefore, the optimal scaling factor was used 

for the amide I vibrational modes (see Figure S 8.6 and details in the supporting 

information). The final alignment of the wavenumber scaled calculated spectra 

with the experimental spectra is shown in Figure 8.11. While all calculated ROA 

spectra are very similar to the experiment, the Raman spectra do show some 

differences since there are also contributions from the non-alanine side-chains 

in the experiment which are not included in the calculations.  

In the similarity analysis in Figure 8.11, it is shown that the gas phase calculation 

has the lowest similarity with experiment and requires the biggest shift of the 

calculated amide I region in comparison with experiment (Figure S 8.6). This 

demonstrates the importance of including the solvent in the calculations. 

However, most of the differences between the similarity values of the ROA 

spectra arise from the low wavenumber region (orange bar), which must not be 

overinterpreted because of the partial geometry optimization used here. The 

differences in the amide III region (green bar) are small, yet show that all the 

models that include hydrogen bonds of water molecules with the N-H groups 

have a lower similarity value (see a, b and d), compared to when only hydrogen 

bonds of water with C=O groups were included (c). 
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Figure 8.11: Raman (IR+IL) and ROA (IR-IL) of the calculated spectra in comparison with the 
experimental spectra of AK21. (a) The gas phase spectrum does not include explicit water 
molecules nor C-PCM and (b) only includes C-PCM and no explicit water molecules. The explicitly 
solvated systems (c-f) are averaged over 30 water configurations. The amide I region was scaled 
using the optimal scaling factor in that region and the remainder of the spectrum was scaled using 
a global scaling factor of 0.987 (see section 0 in the supporting information). The bar graphs 
display the similarity (Sfg) of all Raman (left) and ROA (right) spectra compared to experiment. 
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In the actual spectra in Figure 8.11 it can be observed that the reduced intensity 

of the positive amide III band around 1300 cm-1 causes the lowering of the 

similarity values. The HCO-(L-Ala)5-NH2 model that was calculated is 

significantly smaller than the actual AK21 peptide. As a result, in the 30 different 

hydration configurations, only the N-H groups that do not form an 

intramolecular hydrogen bond with a C=O group were found to form hydrogen 

bonds with water molecules (see Table S 8.4). Therefore, the contribution of 

these hydrated N-H groups does not simulate the spectral behaviour of AK21 if it 

adopts a longer α-helical backbone conformation in solution. In that case, 

hydrogen bonds between N-H groups and water molecules would not form if 

most of the N-H groups form intramolecular hydrogen bonds with the C=O 

groups. On the other hand, the C=O groups in the HCO-(L-Ala)5-NH2 in an α-

helical conformation, were found to be able to form hydrogen bonds with the 

solvent (Table S 8.5). As shown here, such hydrogen bonds (C=O···H2O) do not 

affect the ratio of the positive amide III bands to the same extent the hydration 

of the N-H groups does. Therefore, in the next section, the effect on multiple 

secondary structures and different α-helical conformations is considered to 

further evaluate the effect of the explicit water molecules on the amide modes. 

 Effect of explicit solvation on secondary structure motifs 8.3.6

Since ROA is very sensitive to secondary structure (see chapter 5), in this 

section, the effect of the hydration on the Raman and ROA spectra of different 

secondary structures is evaluated. In Figure 8.12, the Raman spectra of the eight 

different backbone conformations that each were averaged over 30 hydration 

configurations are shown. On the left, for each of the eight different peptide 

conformations, the 30 individual spectra are shown and their respective 

averages on the right-hand side.  
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Figure 8.12: Raman spectra (IR+IL) of HCO-(L-Ala)5-NH2 in different regular secondary structure 
conformations. Each conformation was calculated with 30 different explicit water configurations 
(individual spectra on the left; 3 Å water cluster; including C-PCM background). The mean 
spectrum (blue; right) is compared to the same backbone conformation only including C-PCM and 
no explicit waters. The bands around 1630 cm

-1
 arise from the bending vibrational modes of the 

water molecules. 
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The most distinctive difference due to the explicit compared to the implicit 

solvation in the computed Raman spectra is the shift of 15-20 cm-1 of the amide I 

region to lower wavenumbers and the broadening of that band, hence improving 

its position in comparison with experiment. This is in agreement with the amide 

resonance model as the carbonyl bond length increases, as discussed above. 

Besides the effect on the amide I region, most of the Raman spectra do not 

significantly change because of the explicit solvation. Only the extended amide 

III regions of the peptide models with PPII and β-strand conformations are 

distinctly altered upon backbone hydration. The Raman band around 1250 cm-1 

shifts to 1285 cm-1 upon including explicit water molecules surrounding the PPII 

conformation and the amide III Raman band around 1222 cm-1 shifts to about 

1278 cm-1 in the case of the β-strand conformation (wavenumbers without 

scaling factor). In contrast to the 310- and α-helical structures where the N-H 

groups are shielded from hydration because of intramolecular hydrogen bonds 

with the carbonyl groups, the N-H groups of both the PPII and β-strand 

conformation are almost all forming hydrogen bonds with the explicit water 

molecules (Table S 8.4). This explains why the amide III regions of these two 

types of secondary structure are much more affected by the explicit hydration. 

In the ROA spectra (Figure 8.13), it is also clear that the amide I shape, position 

and relative intensity are affected by the explicit water molecules. In the amide 

III region of the α-helical conformations (top 4 panels), the ratio of the positive 

α-helical bands is altered by the presence of the water molecules (see panel 3 

and 4). As was demonstrated above, both the hydration of the C=O and N-H 

groups affect the amide III patterns, yet their effect on the geometry and the 

spectra is different.  
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Figure 8.13: ROA (IR-IL) spectra of HCO-(L-Ala)5-NH2 in different regular secondary structure 
conformations. Each conformation was calculated with 30 different explicit water configurations 
(individual spectra on the left; 3 Å water cluster; including C-PCM background). The mean 
spectrum (blue; right) is compared to the same backbone conformation only including C-PCM. 
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Furthermore, in these small helical systems, the effect arises from the hydration 

of the N-H groups that are not hydrogen bonded to a carbonyl group. The effect 

of the separate hydration of the C=O and N-H groups of the α-helical 

conformations with ;  -59°;-44° and -77°;-34° also support these observations 

(see Figure S 8.7 and Figure S 8.8). Therefore, the distinct lowering of the 

maximum intensity of the band around 1300 cm-1 does not correspond to the 

effect of hydration on longer α-helical structures, where the N-H groups do not 

form hydrogen bonds with the solvent, but only with the carbonyl groups.  

On the other hand, the carbonyl groups do form hydrogen bonds with the 

solvent (see Table S 8.5), but this does not have such a pronounced effect on the 

amide III region as that of the hydrogen bonding of water molecules to the N-H 

groups.  

Based on the comparison of a set of experimental ROA spectra with protein 

crystal structures and hydrogen-deuterium exchange experiments, Blanch et al. 

assigned the band around 1300 cm-1 to be dominant for α-helical structure in a 

hydrophobic environment and that around 1345 cm-1 to be dominant in α-helical 

conformation in a hydrophilic environment.27,46 Based on a few computational 

studies, this assignment was later questioned and shown to be inaccurate.8,25,26 

As shown in chapter 5 and also in Figure 8.13 when comparing the ROA spectra 

in orange colour of α-helical structure with backbone torsion angles around  =  

-59° and  = -44° in a hydrophobic environment39,40 (see Figure 8.2) with the 

conformation with  = -66° and  = -41°, the band around 1300 cm-1 has an 

increased maximal intensity relative to the band around 1345 cm-1 for the latter 

conformation which contradicts the traditional assignment. As discussed above, 

the lowering of the band around 1300 cm-1 upon hydration of the α-helical 

structure with  = -66° and  = -41° (compare blue and orange spectra in Figure 

8.13), arises mostly from the hydration of the free N-H groups in the peptide 



 8.3 Results and discussion 

263 
 

model studied here. The calculated spectra that are shown here thus 

demonstrate that the conformational change is more important in the 

assignment of this band than the hydrogen bonding of the explicit water 

molecules and further supports our earlier conclusions that the band around 

1345 cm-1 is a conservative marker of regular α-helical structure and that the 

band around 1300 cm-1 is much more conformationally sensitive. 

While the amide III region in the Raman spectra of the PPII and β-strand 

conformation are strongly affected by hydration, the amide III region in the 

ROA spectrum of PPII also does not much change because of the presence of the 

explicit water molecules. For the β-strand conformation, the amide III -/+ signal 

at 1236/1253 cm-1 (without scaling factor) disappears and the negative band 

around 1368 cm-1 shifts to around 1390 cm-1 when including explicit water 

molecules. Similar to the comparison above for α-helical structure, in the next 

section the effect of hydrogen bonding of water molecules to either the C=O and 

N-H groups of the PPII conformations is evaluated in comparison with 

experiment, as suitable experimental spectra for this backbone conformation are 

available. 

 Comparison with experiment: PPII secondary structure 8.3.7

In chapter 5, it was demonstrated that the experimental Raman and ROA 

spectrum of the XAO peptide can very well be reproduced by calculating the 

spectra of a poly-L-alanine peptide in a regular PPII conformation. Therefore, 

here, the calculated Raman and ROA spectra of the PPII conformation including 

explicit water molecules are compared to the experimental spectra of XAO. In 

Figure 8.14, the effect of hydration is demonstrated similarly to the results 

discussed above for AK21. The gas phase calculation (a) is compared to when no 

explicit water molecules are included but only C-PCM is used to represent the 

solvent (b). The effect of only including the water molecules that are hydrogen 
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bonded to the carbonyl groups (c) or the N-H groups (d) or both (e) and finally 

when the entire 3 Å hydration shell is included (f). Similar as above, for the 

comparison with experiment, the similarity index Sfg was calculated for all 

spectra as shown in the bar graphs in Figure 8.14. The spectral differences in 

both the Raman and ROA are small, which is also reflected in the minor 

differences in the Sfg values. The most prominent amide III band in the 

experimental Raman spectrum of XAO has a maximum at 1260 cm-1. When only 

C-PCM is used to correct for the solvent, the most intense band in this spectral 

region is calculated at 1237 cm-1 (the calculated wavenumbers in Figure 8.14 

include a global wavenumber scaling factor of 0.987). In both (c) and (d) the 

most intense amide III band is observed at 1250 cm-1. By including the entire 3 Å 

hydration shell (f), this band has a maximum calculated at 1266 cm-1.  

In comparison with experiment, the explicitly hydrated structures give thus a 

better amide III region than when only C-PCM is included. The effect of the 

explicit water shell on the amide III region, seems to be a combination of the 

formation of hydrogen bonds of both C=O and N-H with water molecules. These 

types of hydrogen bond interactions affect the amide modes in a different way.4  
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Figure 8.14: Raman (IR+IL) and ROA (IR-IL) of the calculated spectra in comparison with the 
experimental spectra of the XAO peptide. (a) The gas phase spectrum does not include explicit 
water molecules nor C-PCM and (b) only includes C-PCM and no explicit water molecules. The 
explicitly solvated systems (c-f) are averaged over 30 water configurations. The amide I region was 
scaled using the optimal scaling factor in that region and the remainder of the spectrum was 
scaled using a global scaling factor of 0.987 (see section 0 in the supporting information). The bar 
graphs display the similarity (Sfg) of all Raman (left) and ROA (right) spectra compared to 
experiment. 



Chapter 8 

266 
 

Geometrically, the formation of a hydrogen bond of a water molecule with the 

oxygen atoms of the amide groups, shortens the C-N bond length and elongates 

the C=O bond length and thus follows the amide resonance model (see bond 

lengths in Figure S 8.3). Hydrogen bonding of the solvent with the N-H groups, 

does not have such a pronounced effect on the C-N and C=O bond lengths 

(Figure S 8.3). On the other hand, this type of interaction does have a distinct 

effect on the N-H bond length. If a N-H···H2O hydrogen bond is formed, the N-

H bond length increases, which therefore affects the amide III vibrational modes 

as these involve N-H bending. Also the calculated ROA spectra are affected by 

the presence of the explicit water molecules. Because of small differences in the 

relative intensities and in the relative band positions, the comparison of the 

experimental ROA spectrum of XAO with the calculated spectra slightly 

improves when the explicit water molecules are included (Figure 8.14). 

The above sections demonstrate that the effect of the explicit water molecules 

on the Raman and ROA patterns is relatively small. In the next section, it is 

assessed how the effect of hydrogen bonding of water molecules with the 

backbone of an entire protein affects the calculated spectral patterns. 

 ROA of protein hydration: TSLP 8.3.8

Since the computation of the spectra of full-size proteins using fragmentation 

approaches is gaining interest,20,22,47–49 here the effect of explicit solvation on 

such calculations is evaluated for one example. To this end, we selected the 

protein TSLP, which was found to be suitable for Raman and ROA 

measurements and furthermore, extensive MD modelling had already been 

performed as reported by Van Rompaey et al.37 For a single MD snap-shot, the 

protein and the water molecules that were found to be hydrogen bonding to the 

amide groups were selected. Since TSLP mainly consists of α-helical secondary 

structure, mostly the C=O groups were hydrated (82 hydrogen bonded water 
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molecules) in the backbone rather than the N-H groups (4 hydrogen bonded 

water molecules). Subsequently, the Raman and ROA spectra were calculated 

using CTTM38 for the full protein using (1) only C-PCM to represent the water 

solvent and (2) including the 86 water molecules explicitly and C-PCM to 

represent the bulk solvent. As can be seen in Figure 8.15, the calculated Raman 

spectrum is almost the same with and without the explicit water molecules and 

reproduces the experimental patterns very well. In the calculated ROA spectra, 

e.g. the positive amide III band representative of α-helical structure around 1300 

cm-1 in the experimental ROA spectrum is not reproduced in the calculated 

spectra. As we demonstrated in chapter 5, ROA is very sensitive to the precise 

backbone conformation, and furthermore, the side-chains in a specific 

conformations could have a distinct contribution to the ROA spectrum.22,47,50 

Therefore, the spectra probably need to be averaged over multiple backbone and 

side-chain conformations and additional hydration configurations to obtain a 

better agreement with experiment. The goal of this chapter was to assess the 

sensitivity of the Raman and ROA patterns to backbone hydration. As shown 

here, when only a few water molecules hydrogen bonded to the backbone amide 

groups are included in the calculations, the amide III region is already affected.   
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Figure 8.15: (a) Raman (IR+IL) and ROA (IR-IL) spectra of TSLP with only C-PCM to represent the 
water solvent (blue) and by including 86 explicit water molecules, hydrogen bonded to the 
backbone amide groups and including C-PCM (orange). The calculated spectra (top panels) are 
multiplied by a scaling factor of 0.987. (b) The protein structure is given as a cartoon ribbon and 
the explicit water molecules as the red and white spheres. Two different views of the protein are 
given. The images were generated with VMD 1.9.2. 

8.4 Conclusions 

The effect of protein backbone hydration on the secondary structure patterns 

observed in calculated Raman and ROA spectra was evaluated using DFT 

calculations of specific conformations of HCO-(L-Ala)5-NH2 in comparison with 

a few selected experimental spectra. It was demonstrated that for different 

secondary structure conformations (α-helical, 310-helix, PPII, β-strand) the 

conformation is much more important in determining the spectral patterns than 

the explicit water molecules. The spectral differences that were observed upon 
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hydration of the structures, arise from hydrogen bonding of water molecules 

with the backbone C=O and N-H groups, while more distal and non-hydrogen 

bonded water molecules did not have a significant impact on the spectra. The 

shape and position of the calculated Raman and ROA amide I band is 

determined by the formation of hydrogen bonds of water molecules with the 

C=O group, while the impact of the hydration on the amide III region arises 

from hydrogen bonding of water molecules with both the C=O and N-H group. 

The effect of hydrogen bonding with the C=O group was shown to be consistent 

with the amide resonance model as the C=O bond length increases and the 

amide C-N bond length decreases. Hydrogen bonding of water molecules with 

the C=O groups, results in an increase of the C=O bond length and a shift of the 

amide I bands to lower wavenumbers, while the decrease in C-N bond length 

shifts the amide III bands to higher wavenumbers. Hydrogen bonding with the 

amide N-H group does not have such a pronounced effect on the C=O and C-N 

bond lengths, but rather results in an increase of the N-H bond length and 

affects the amide III modes (C-N stretching, N-H and Cα-H bending) via the 

bending modes. 
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8.6 Supporting information 

 Standard deviations 8.6.1

Standard deviations σ were calculated using the following formula, 

σ = √
1

n − 1
∑(xi − x̅)2

n

k=1

 (S8.1) 

with n the sample size, xi the sample value of sample i and �̅� the mean of the set 

of values. 

 Bond lengths (C=O, C-N and N-H) 8.6.2

For the geometry optimised molecular structures depicted in Figure 8.3, the 

C=O, C-N and N-H bond lengths are given in Table S 8.1, Table S 8.2 and Table S 

8.3 respectively. In this particular hydration configuration, only carbonyl (C=O)3 

does not from a hydrogen bond with an explicit water molecule and of the N-H 

groups, only (N-H)6 forms a hydrogen bond with an explicit water molecule (see 

labelling in Figure S 8.1). 

 
Figure S 8.1:Hydrogen bonding patterns in α-helical structure and C=O and N-H labelling. 
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Table S 8.1: Difference ΔBL (Å) of the carbonyl (C=O) bond lengths for α-helical structure 
b-f (see Figure 8.3) with bond length BL in the gas phase (a) for each residue. ΔBL = BLx – 
BLa with x = b, c, d, e, f. 

 
 

 (C=O)
1
 (C=O)

2
 (C=O)

3
 (C=O)

4
 (C=O)

5
 (C=O)

6
 

BL a gas phase 1.2224 1.2222 1.2226 1.2219 1.2207 1.2217 

ΔBL b only-PCM 0.0094 0.0096 0.0094 0.0083 0.0101 0.0091 

ΔBL e C=O...waters 0.0154 0.0171 0.0086 0.0196 0.0164 0.0123 

ΔBL f N-H...waters 0.0109 0.0103 0.0095 0.0085 0.0101 0.0092 

ΔBL d CO and NH waters 0.0176 0.0176 0.0088 0.0197 0.0165 0.0125 

ΔBL c 3 Å shell 0.0173 0.0200 0.0079 0.0216 0.0180 0.0131 

 

 

Table S 8.2: Difference ΔBL (Å) of the amide C-N bond lengths for α-helical structure b-f (see 
Figure 8.3) with bond length BL in the gas phase (a) for each residue. ΔBL = BLx – BLa with x = b, c, 
d, e, f. 

 
 

  (C-N)
1
 (C-N)

2
 (C-N)

3
 (C-N)

4
 (C-N)

5
 (C-N)

6
 

BL a gas phase  1.3563 1.3579 1.3568 1.3542 1.3584 1.3537 

ΔBL b only C-PCM  -0.0087 -0.0064 -0.0064 -0.0038 -0.0068 -0.0073 

ΔBL e C=O...waters  -0.0144 -0.0131 -0.0055 -0.0162 -0.0159 -0.0174 

ΔBL f N-H...water  -0.0094 -0.0065 -0.0066 -0.0038 -0.0066 -0.0074 

ΔBL d CO and NH waters  -0.0154 -0.0133 -0.0053 -0.0161 -0.0149 -0.0175 

ΔBL c 3 Å shell  -0.0174 -0.0136 -0.0039 -0.0149 -0.0145 -0.0214 

 

Table S 8.3: Difference ΔBL (Å) of the amide N-H bond lengths for α-helical structure b-f (see 
Figure 8.3) with bond length BL in the gas phase (a) for each residue. ΔBL = BLx – BLa with x = b, c, 
d, e, f. 

 
 

 (N-H)
1
 (N-H)

2
 (N-H)

3
 (N-H)

4
 (N-H)

5
 (N-H)

6
 (N-H)

7
 

BL a gas phase 1.0097 1.0095 1.0108 1.0128 1.0131 1.0099 1.0079 

ΔBL b only C-PCM 0.0015 0.0008 -0.0013 0.0021 0.0027 0.0046 -0.0003 

ΔBL e C=O...waters 0.0021 0.0017 -0.0011 0.0056 0.0046 0.0047 0.0053 

ΔBL f N-H...water 0.0121 0.0018 -0.0009 0.0024 0.0028 0.0048 -0.0003 

ΔBL d 
CO and NH 
waters 

0.0122 0.0033 -0.0010 0.0057 0.0047 0.0047 0.0060 

ΔBL c 3 Å shell 0.0078 0.0060 0.0021 0.0061 0.0052 0.0053 0.0032 
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Table S 8.4: Number of times a N-H group has formed a hydrogen bond with the explicit water 
molecules (see Figure 8.7 and Figure 8.8) in one of the 30 water configurations for each peptide 
conformation (so maximum is 30). For example, in 24 out of the 30 hydration configurations of α-
helix (-64°;-47°), the first (N-H)1 group has formed a hydrogen bond with one of the water 
molecules. 

 (N-H)
1
 (N-H)

2
 (N-H)

3
 (N-H)

4
 (N-H)

5
 (N-H)

6
 (N-H)

7
 

α-helix (-64°;-47°) 24 20 26 0 0 0 23 

α-helix (-59°;-44°) 28 22 24 0 0 0 24 

α-helix (-77°;-34°) 25 21 19 0 0 0 24 

α-helix (-66°;-41°) 24 26 19 0 0 0 23 

310-helix (-71°;-18°) 26 14 1 0 0 1 28 

LH α-helix (66°;41 °) 24 19 19 0 0 0 26 

PPII (-75°;145°) 25 26 28 27 23 28 25 

β-strand (-125°,150°) 30 28 25 29 30 28 26 

 
Table S 8.5: Number of times a C=O group has formed a hydrogen bond with the explicit water 
molecules (see Figure 8.7 and Figure 8.8) in one of the 30 water configurations for each peptide 
conformation. 

 (C=O)
1
 (C=O)

2
 (C=O)

3
 (C=O)

4
 (C=O)

5
 (C=O)

6
 

α-helix (-64°;-47°) 9 6 18 29 27 29 

α-helix (-59°;-44°) 19 21 23 27 27 29 

α-helix (-77°;-34°) 14 23 25 28 30 30 

α-helix (-66°;-41°) 10 18 20 28 27 30 

310-helix (-71°;-18°) 27 21 27 30 29 30 

LH α-helix (66°;41 °) 22 12 21 26 27 30 

PPII (-75°;145°) 28 29 30 29 30 30 

β-strand (-125°,150°) 30 28 27 30 27 29 
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Figure S 8.2: Bond length analysis of the amide group (N-H, C=O, C-N) of the hydration of α-
helical structure (-66°;-41°). The histograms show the bond lengths of (blue) the ensemble which 
only included water molecules hydrogen bonded to the C=O groups, compared to (green) when 
only the water molecules hydrogen bonded to the N-H group were included or (red) when only C-
PCM was used without explicit water molecules. The latter ensemble was created by removing all 
explicit water molecules from the ensemble with the 3 Å explicit hydration shell and rerunning the 
calculations for all 30 structures in the ensemble with only C-PCM. The bin widths are 0.001 Å. 
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Figure S 8.3: Bond length analysis of the amide group (N-H, C=O, C-N) of the hydration of PPII 
structure (blue). The bond lengths of the ensemble which only included water molecules hydrogen 
bonded to the C=O groups, compared to (green) when only the water molecules hydrogen bonded 
to the N-H group were included or (red) the PPII reference structure without explicit water 
molecules (a single structure). In all calculations C-PCM was used. The red bars were multiplied by 
5 for better visual representation. Bin widths are 0.001 Å. 
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 Explicit hydration with gas phase or C-PCM 8.6.3

 
Figure S 8.4: Histograms of all C=O bond lengths in 30 solvent configurations with the mean 

backbone angles of the solute close to ;  -66°;-41°. (red) C-PCM is included in the partial 
geometry optimization to represent the bulk solvent, (black) only explicit water molecules are 
included to represent the solvent and the entire system is calculated in the gas phase. Bin widths 
are 0.001 Å. 

 Basis set 8.6.4

 
Figure S 8.5: Effect of the basis set on the Raman (IR+IL) and ROA (IR-IL) spectra averaged over 30 
water configurations of HCO-(L-Ala)5-NH2 in an α-helical conformation (-66°;-41°). The basis set 
is either 6-31G(d,p) or 6-311G(2d,p) in the geometry optimization and the respective basis set 
augmented with diffuse functions (++) on all atoms for the Raman and ROA calculation. 
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 Similarity analysis 8.6.5

The similarity Sfg of calculated spectrum f and an experimental spectrum g in the 

entire 300-1800 cm-1 spectral window is calculated using the following overlap 

integral, 

Sfg =
∫ f(σν̃)g(ν̃)dν̃

ν̃≤1800

ν̃≥300

√∫ f(σν̃)2dν̃
ν̃<1800

ν̃≥300 ∫ g(ν̃)2dν̃
ν̃<1800

ν̃≥300

 (S8.2) 

To obtain the contributions of separate spectral regions to the full overlap 

integral, the integral in the numerator was split into separate regions as follows, 

Sfg =
∫ f(σν̃)g(ν̃)dν̃ + ⋯ + ∫ f(σν̃)g(ν̃)dν̃

ν̃≤1800

ν̃≥1400

ν̃<800

ν̃≥300

√∫ f(σν̃)2dν̃
ν̃≤1800

ν̃≥300 ∫ g(ν̃)2dν̃
ν̃≤1800

ν̃≥300

 

 

(S8.3) 

 

 

with: 

σ = [δ(ν̃ ≤ 1580)σν̃≤1580 + (1 − δ(ν̃ ≤ 1580)σν̃>1580) ]  

σν̃≤1580 = 0.987 and 0.970 ≥ σν̃>1580 ≥ 0.900 

δ(ν̃ ≤ 1580) = 1 if ν̃ ≤ 1580, else δ(ν̃ ≤ 1580) = 0 

In chapter 5, we found that a global scaling factor σ of 0.987 gives a good 

comparison between experiment and theory. The amide I region requires, 

however, a different scaling factor. As demonstrated in this chapter, both the 

basis set and hydration have an important influence on the calculated 

wavenumbers of the amide I vibrational modes. Therefore, the optimal scaling 

factor was first determined for the amide I region (Figure S 8.6). By shifting the 

calculated amide I modes (1675-1800 cm-1) with this scaling factor and the 

remainder of the spectrum by the global scaling factor of 0.987 prior to 

convoluting the line spectrum with the Lorentzian functions, a good alignment 
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between experiment and theory is found (see Figure 8.11 and Figure 8.14). 

Optimization of the global scaling factor for the different calculated spectra gave 

only minor differences (1-2 %) in the similarity values as the optimal factor was 

found between 0.985-0.991 in this study. Therefore, the fixed scaling factor of 

0.987 was used here. 

 
Figure S 8.6: Determination of the optimal scaling factor of the amide I region of the calculated 
ROA spectra in Figure 8.11 (α-helix) and Figure 8.14 (PPII).  
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 Additional spectra 8.6.6

 
Figure S 8.7: For the 30 hydration configurations of the α-helical conformation with ;  -59°;-
44°, the 30 individual spectra are shown on the left-hand side depending on the hydrogen 
bonding. On the right-hand side the mean of these ROA spectra are compared to that when only 
C-PCM is included. 
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Figure S 8.8: For the 30 hydration configurations of the α-helical conformation with ;  -77°;-
34°, the 30 individual spectra are shown on the left-hand side depending on the hydrogen 
bonding. On the right-hand side the mean of these ROA spectra are compared to that when only 
C-PCM is included. 
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Abstract 

The Raman optical activity (ROA) spectra of proteins show distinct patterns that 

arise from the secondary structure. It is generally believed that the contributions 

of the side-chains to the spectra largely cancel out because of their flexibility and 

the occurrence of many side-chains with different conformations. Yet, the 

influence of the side-chains to the ROA patterns that are used to assign the 

secondary structure of proteins is unknown. Here, the first systematic study of 

the influence of the side-chains on the ROA spectra of proteins is presented 

based on density functional theory (DFT) calculations of an extensive collection 

of peptide models that include all amino acids and many different secondary 

structure conformations. It was shown that the contributions of the side-chains 

average out with conformational flexibility. Nevertheless, specific side-chain 

conformations can have significant contributions to the ROA patterns. As an 

example of the use of the database, the ROA spectra of α-helical secondary 

structure and of aromatic side-chains are discussed in more detail. It was shown 

that α-helical secondary structure is very sensitive to both the exact backbone 

conformation and the side-chain conformation. Specifically, side-chain 

conformations with 1 adopting a value near -60° (g(-) or m), generate ROA 

patterns alike those in experiment. The database spectra of peptides with an 

aromatic side-chain show that the amide III ROA pattern is very sensitive to the 

conformation of the side-chain. The W3 ROA band of Trp (~1550 cm-1) was 

shown to be mainly determined by the 1 side-chain angle and not by the 

secondary structure or 1 angle. 
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9 The influence of the amino acid side-chains 

on the Raman optical activity spectra of 

proteins 

9.1 Introduction 

Raman optical activity (ROA) is a powerful tool to study the conformational 

propensities of peptides and proteins in solution.1–3 The parent technique, 

Raman spectroscopy, gives very rich spectra of proteins arising from the many 

molecular vibrations in both the backbone of the protein and its side-chains. 

The aromatic groups in the side-chains of the residues Phe, Tyr, Trp and His, for 

example, generate strong Raman bands.4 ROA is the chiroptical variant of 

Raman spectroscopy, since it is measured as the difference in the right- (IR) and 

left-handed (IL) circularly polarised components in Raman scattered light.1 In 

the ROA spectra of proteins, the most intense bands are observed in spectral 

regions that arise from the backbone of the protein such as vibrations of the 

amide groups.1,5 Therefore, the patterns observed in the ROA spectra of proteins 

reflect the secondary structure of the protein as only the most rigid structural 

components give strong signals.5 

Many papers that report on the ROA of peptides and proteins in scientific 

literature, introduce the strength of the technique by stating that the 

contributions of the side-chains cancel out because of conformational flexibility 

and disorder, which results in the sensitivity of the technique to secondary 

structure. However, as for example suggested in the cornerstone review on ROA 

by Barron that was published in 2000, the side-chains could still affect the exact 

spectral patterns.5  
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The past decade, the field has set its focus largely on the use of quantum 

chemical calculations to generate a more thorough understanding of the 

experimental spectral signals.6–9 Recent reports using density functional theory 

(DFT) calculations indeed suggest that the amino-acid (AA) side-chains could 

affect the ROA spectral patterns and that specific side-chains such as those with 

aromatic groups might influence the spectral patterns that are used to assign the 

secondary structure of peptides and proteins.8,10–12 This was also demonstrated in 

chapter 7, where it was shown that the side-chains have an important 

contribution to the spectral patterns arising from specific secondary structures 

(PPII, α-helix, β-strand or β-turn). 

Since ROA spectra mainly contain signals in specific spectral regions such as the 

amide (amide I, amide III modes) and skeletal modes (C-C, C-N stretching), a lot 

of ROA studies, including by our research group, have used DFT calculations of 

poly-L-alanine model systems in specific conformations to compute the ROA 

patterns arising from secondary structure, as this is the smallest chiral AA and 

the side-chain contributions do not need to be averaged.8,9,13,14 Using such simple 

models, often exceptional agreement with experimental ROA spectra was 

achieved as demonstrated in chapter 5.9 This raises questions, such as why these 

simple systems give such a good agreement with experiment, and whether the 

side-chain contributions are effectively cancelled out or that they do affect the 

exact spectral patterns. 

In order to examine these questions in detail, we here report the first systematic 

study of the influence of the side-chains to the secondary structure patterns of 

proteins in ROA spectra. As the ROA patterns are very dependent on the 

backbone conformation of the molecule,9 multiple secondary structure models 

were included in this study. Furthermore, the side-chains of the 20 AAs (except 

Ala and Gly) can adopt different conformations.15 As we specifically want to 
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consider the conformational averaging of the side-chains, many of the possible 

and relevant conformations of those were included in this study. The 

combination of multiple secondary structures, 20 AAs and many side-chain 

conformations of those, means a large amount of peptide structures were 

needed to be generated and the corresponding spectra calculated. To this end, 

the ROA spectra of specific tripeptide structures were calculated. Such systems 

are small enough to be computationally feasible for a study of this magnitude, 

but their computed spectra systems show patterns similar to those in 

experimental spectra (see below). By comparing these tripeptide spectra to that 

of trialanine reference structures with the same backbone geometry, the effect of 

the side-chain can be evaluated. 

In the following sections, we first outline the construction of this database of 

calculated spectra. In the subsequent sections, the general effect of the side-

chains is evaluated by looking at how the spectra of specific combinations of a 

backbone and a side-chain conformation differ and furthermore whether the 

effect of the side-chain on the ROA spectrum averages out with conformational 

flexibility. Then, more specific sections on the effect of the side-chains on a few 

ongoing topics in ROA research are described as examples of applications of the 

database. We look into the effect of the side-chains on -helical patterns as the 

spectral patterns of this type of secondary structure are matter of debate in 

scientific literature9 and the effect of the aromatic side-chains specifically.8,11,16,17 

9.2 Methodology 

 Database construction 9.2.1

To study the influence of the side-chains on the ROA patterns, model tripeptide 

structures with the general formula HCO-(L-Ala)-X-(L-Ala)-NH2 were created 

with, X being one of the 20 AAs, and capped with a formyl (HCO-) and amide 
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group (-NH2) at the N- and C-terminus, respectively. The backbone torsion 

angles of each of the three residues in the model peptide were set to a single pair 

of torsion angles (,), thereby creating regular backbone models of a specific 

secondary structure type. Ten different combinations of (,) angles that are of 

interest in this study were selected across the Ramachandran plot as listed and 

depicted in Figure 9.1. For both Ala and Gly, ten HCO-Ala-X-Ala-NH2 (X= Ala or 

Gly) model structures were created by setting the backbone angles to the ten 

selected backbone conformations. For the other 18 AAs, for each of the ten 

backbone geometries, model structures with the sterically allowed combinations 

of the  angles were created. A recent analysis of a representative subset of high-

quality structures in the Protein Data Bank (PDB) by Hintze et al. showed that 

the protein side-chains adopt preferred conformations, referred to as rotamers, 

defined by a set of side-chain dihedral angles ().15 These rotamers preferentially 

take gauche (g) or trans (t) angles with values around -60° (g(-)), 60° (g(+)) or 

180° (t), labelled m, p or t by Hintze et al., respectively. Figure 9.1 shows 

histograms of the preferred 1 and 2 torsion angles of Trp in the database by 

Hintze et al. as an example. It demonstrates that the side-chain angles indeed 

adopt preferred values. The red lines indicate the values we have manually 

selected for this study based on the histograms. For the other AAs, similar 

histograms are given in the supporting information (Figure S 9.1). 

Based on the most common  values for each residue, we created model 

peptides by making all combinations of these preferred  angles (see sections 

9.6.1 and 9.6.2 in the supporting information for more details). Furthermore, for 

the charged residues (Arg, Asp, Glu, His, Lys), all conformations, both with 

charged and neutral side-chains, were calculated. Unless stated otherwise, the 

structures of Arg and Lys with a positive charge and those of Asp and Glu with a 

negative charge were considered.  
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In the final database, 5775 peptide models with specific backbone and side-chain 

conformations with corresponding Raman and ROA spectra were retained after 

validating the connectivity and stereochemistry of the DFT optimised model 

peptides and removal of duplicate structures (see section 9.6.2 in the supporting 

information). 

 
Figure 9.1: (a) Ramachandran plot showing the pairs of (;) angles that were used to generate 

model structures in this study. Right-handed -helix: (-64°;-47°), (-59°;-44°), (-66°;-41°), (-77°;-
34°); right-handed 310-helix: (-62°;-25°), (-71°;-18°); left-handed PPII-helix: (-75°;145°), (-65°;146°); 

-strand: (-132°;158°), left-handed -helix: (66°;41°). The contour lines delineate secondary 

structure regions as adopted from our previous study.
9
 (b) Histograms of 1 and 2 Trp in the 

Top8000 database. Since there are two C carbons in the Trp side-chain, the 2 indicated here as a 

general example is the 2,1 angle of Trp. The “2,1” subscript denotes the carbon next to the nitrogen 

atom in imidazole The red lines indicate the -angles that were selected in this study. The 

definition of the 1 (N-C-C-C) and 2 (C-C-C-C) angles is given in the structure of Trp. 

 Computational details 9.2.2

Model peptides were generated by using the Peptide Builder developed by Tien 

et. al. that generates the models based on a set of  and  torsion angles to 

define the backbone conformation and a set of  torsion angles to define the 

side-chain conformation.23 The side-chain  angles were selected by using all 

combinations of the most common  angles as determined from the Top8000 

database (see section 9.6.1 in the supporting information).15,24 E.g., most side-

chains preferentially take a value near -60°,+60° or 180°.15 Unless stated 
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otherwise, the molecular geometries of the model peptides were optimised using 

the partial optimization in normal coordinates by Bouř and Keiderling by fixing 

the normal modes between i300 cm-1 (imaginary) and 300 cm-1, thereby 

retaining the overall conformation and relaxing the vibrational modes of interest 

(Qgrad program).25 The Raman and ROA spectra were calculated at the 

B3PW91/6-31++G(d,p) level of theory for an incident laser wavelength of 532 nm. 

Line broadening was modelled using a Lorentzian band shape with a full width 

at half height of 20 cm-1 and a Boltzmann intensity correction was applied for a 

temperature of 300 K (see e.g. Cheeseman et al.).9,26 Since, the calculated 

wavenumbers are typically slightly overestimated due to inter alia the harmonic 

approximation, the calculated spectra were scaled in the wavenumber 

dimension by a factor of 0.987 which was shown in chapter 5 to be appropriate 

for this level of theory to allow comparison with experimentally observed band 

positions.9 For all DFT calculations, the C-PCM implicit solvent model was used 

to account for solvent-solute interactions with water. All DFT calculations were 

performed using the Gaussian16 rev. A.03 programme.27 Normal modes were 

visualised in GaussView 6.0.16 (Gaussian, Inc.). The optimised geometries of 

selected were visualised using CylView v.1.0 beta.  

Spectral similarities between two spectra f and g that represent the spectral 

intensities at each wavenumber ν̃ were calculated based on the following overlap 

integral, i.e. 

Sfg =
∫ f(ν̃)g(ν̃)dν̃

√∫ f(ν̃)2dν̃ ∫ g(ν̃)2dν̃

 (9.1) 

Identical spectra have a similarity of 100 %, while identical mirror image spectra 

(e.g. g = −1 × f) have a Sfg of -100 %. The integral of the numerator of Sfg was 

integrated over different wavenumber regions to account for separate spectral 

regions (see section 9.6.8 in the supporting information). 
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9.3 Results and discussion 

 Influence of the side-chain 9.3.1

The goal of this study is to evaluate the influence of the side-chains on the ROA 

spectrum. This influence can either arise as a specific band in a specific region of 

the spectrum (a so-called marker band) or by influencing a spectral region for 

example sensitive to the secondary structure (amide bands, CH, CH2, CH3 

deformation bands).  

Since there are too many combinations of all 20 AAs with the different 

secondary structure elements and different side-chain conformations to discuss 

in detail, first, two residues are discussed here as examples. To this end, Trp and 

Arg, were selected. The first one has the most atoms in its side-chain, the latter 

has the second most atoms in its side-chain but is much more flexible. 

Furthermore, Trp has been reported before in scientific literature because it 

displays a conformationally sensitive ROA marker band around 1550 cm-1.16,17 

In order to create a better understanding of how much the side-chains affect the 

ROA spectrum, the computed spectra of a single conformation of the HCO-(L-

Ala)-X-(L-Ala)-NH2 models with X= Trp or Arg are compared to that of an all-

alanine model HCO-(L-Ala)3-NH2 in Figure 9.2.  
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Figure 9.2: Raman (IR+IL) and ROA (IR-IL) of HCO-Ala-Trp-Ala-NH2 and HCO-Ala-Arg-Ala-NH2 

(both in blue) compared to HCO-(Ala)3-NH2 (orange), all three with an -helical backbone 

structure with (;) set to (-59°;-44°). Each spectrum was calculated for a single model with only 
one single backbone and one side-chain conformation. The Arg side-chain is in the all-trans 

conformation, while the Trp model has 1=-67°, 2=-96°, as an example. The optimised geometries 
are depicted on the right. 

As shown in Figure 9.2, the Raman and ROA spectra with Trp as the central 

residue are completely different when compared to the reference. The Raman 

spectrum is dominated by the bands arising from the indole in the Trp side-

chain. The most intense band for example, computed at 1587 cm-1, arises from 

the W3 type vibration of the indole ring, which experimentally is observed 

around 1550 cm-1.16 Also in the ROA, some of the bands arising from the 



 9.3 Results and discussion 

293 
 

aromatic side-chain are observed, but this is discussed in more detail below. The 

Ala reference spectrum (orange line in Figure 9.2) has a -/+/+ pattern at 

1267/1304/1343 cm-1 in the amide III region. The two positive bands at 1304 cm-1 

and 1343 cm-1 arise from the coupling of the amide modes with C-H bending 

perpendicular or parallel to the C-N bond, respectively.18 The band at 1343 cm-1 

is retained in the ROA spectrum with the Trp side-chain while there is no 

positive band around 1303 cm-1.  

On the other hand, the Raman and ROA spectra of the peptide with the Arg 

side-chain overall show patterns that are similar to that of the reference. In the 

Raman spectrum of the peptide with the Arg side-chain, a few bands are 

observed that can be attributed to the side-chain itself. While the overall ROA 

pattern is similar to the reference spectrum, the backbone modes (amide and 

skeletal modes) also seem to be affected by the side-chain. For example the 

relative intensity of the positive amide III bands is again strongly affected by the 

Arg side–chain. Visualization of the spectral modes reveals that the amide III 

modes (C-H bending coupled with amide III mode) are coupled with C-H 

bending motions in the side-chain. As a result, the relative intensities in this 

region are affected. Furthermore, the negative portion of the amide III region 

(1250-1280 cm-1) shifts down in wavenumber in the spectrum with the Arg side-

chain. 

These two examples show that the Raman and ROA spectra are very sensitive to 

the side-chain conformation of the residues. This raises the question how 

conformationally sensitive this influence is and furthermore whether it cancels 

out by conformational averaging. Except for the tryptophan band around 1550 

cm-1 (see further), it is generally believed that most of the spectral contributions 

that arise from the side-chains are cancelled out in ROA spectra and that only 

signals from the most rigid structural components, the backbone, are retained in 
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the spectra.5 Therefore, in the next section, the spectra of multiple side-chain 

conformations are considered and how the patterns average with side-chain 

flexibility. 

 Effect of the side-chain conformation and averaging 9.3.2

To demonstrate the effect of the individual side-chains, the separate Raman and 

ROA spectra of the g(-)ttt,g(+)ttt and tttt rotamers of HCO-Ala-Arg-Ala-NH2 in 

an -helical conformation are shown in Figure 9.3. Only the 1 angle is varied 

over three values, while the other  angles are kept in the trans conformation 

(~180°). The variation in the Raman is limited, while in the ROA there is a lot 

more variation arising from the different side-chain conformations. The amide 

III region is again clearly affected by the orientation of the side-chain. Since 

these are only three conformations of the side-chain, we next consider the 

averaging over a larger number of side-chain conformations and also vary the 

other  angles in the Arg side-chain. 

 
Figure 9.3: Raman (IR+IL) and ROA (IR-IL) of HCO-Ala-Arg-Ala-NH2 with an -helical backbone 

with (;) set to (-64°;-47°). The side-chain conformation 1 is varied from 179°, -62° to 68°. The 

remaining -angles are in a trans conformation (~180°). The torsion angles were taken from the 
optimised geometries which are depicted on the right. 
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In Figure 9.4, the individual ROA spectra (the Raman are shown in Figure S 9.4) 

of the different combinations of the Arg and Trp side-chain  angles are 

superimposed (top halves of the panels) for two types of secondary structure (-

helix (-64°;-47°) and PPII (-75°;145°); poly-L-proline II type of secondary 

structure19). In these spectra, the backbone has the same conformation, while 

the side-chain conformation is varied. Both for Trp and Arg, there is a lot of 

variation because of the different conformations of the side-chains. In the 

bottom panels, the average of the separate spectra is compared to the Ala model 

with the same backbone conformation. Considering the good resemblance of the 

averaged ROA spectra with the reference model, these graphs support the 

generally accepted view that the contribution of the side-chains is mostly 

cancelled out in the experimental spectra. This can for example be seen by 

comparing the individual ROA spectra of Trp that display sharp bands across the 

entire spectrum, yet these bands cancel out in the average spectrum because 

they occur both with a positive and negative sign depending on the 

conformation. In proteins, because of the occurrence of multiple residues with 

the same side-chain with different conformations (structural disorder) and the 

structural flexibility of the side-chains (dynamics) the contribution of the side-

chain can thus largely cancel out. In Figure 9.4, it is however shown that both 

for Arg and Trp, the relative intensities in the extended amide III region are 

affected. As was shown in chapter 5, the ratio of the two positive bands in the 

amide III region is very sensitive to the backbone conformation of the peptide or 

protein.9 Here, it is shown that this relative ratio can furthermore be affected 

depending on the specific side-chain, its conformation and its flexibility. Also 

the negative portion of the amide III region is affected by the side-chain; the 

specific bands are shifted and broadened compared to the reference. 
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Figure 9.4: The effect of the Arg and Trp side-chain on the ROA patterns of a HCO-Ala-X-Ala-

NH2 (X=Arg or Trp) peptide with (top) an -helical backbone conformation and (bottom) a PPII 
conformation. The top halves of the plots show the individual spectra arising from the different 

combinations of the side-chain angles (). The bottom panels show the average of the separate 
ROA spectra in blue compared to the HCO-(Ala)3-NH2 reference having the same backbone 
conformation in orange. 

Since the amide III region is very sensitive to -helical secondary structure,9 in 

Figure 9.4 also the ROA spectra demonstrating the effect of the Arg and Trp 

side-chain are shown for a different secondary structure backbone, namely the 

PPII extended conformation. In the case of Arg, the side-chain adds a lot of 

variation to the ROA spectrum, although, the spectrum averages out to the same 

overall pattern as the Ala reference. In the case of Trp, however, there is bigger 

difference between the averaged spectrum and the reference spectrum, yet the 
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overall pattern is again similar to that of the reference. The examples of Arg and 

Trp thus show that the side-chains can have a large influence on the ROA 

spectrum. The magnitude of this effect depends on the backbone conformation, 

the specific residue, the side-chain conformation and the side-chain flexibility. 

Therefore, also the effect of the other side-chains on the secondary structure 

patterns has to be considered. Instead of showing all spectra separately, we used 

similarity calculations to compare the influence of the side-chains on the spectra 

with the reference spectra. The similarity measure we used to this end, is the 

generalised cosine measure that conveniently expresses how similar two ROA 

spectra are from -100 % (mirror image spectrum is identical to the reference) to 

100 % (identical spectra).9,20 The formula is given in the methodology below and 

calculates the similarity Sfg of a spectrum f with a spectrum g as the overlap 

integral of the two spectra.  

As shown in Figure 9.4, the mean ROA spectrum is very similar to the reference 

spectrum. In Figure 9.5 (a), the spectral similarities are displayed as bar graphs 

for -helical structure for all residues (see section 9.6.4 in the supporting 

information for the other secondary structures). First, the similarity of the mean 

ROA spectrum for each residue (one backbone conformation and the ROA 

averaged over all side-chain conformations) with the Ala reference spectrum 

with the same backbone conformation is shown as the top bar graph (a). To get 

an idea of how much each spectral region contributes to the total similarity, the 

bars are vertically subdivided in partial similarities (see section 9.6.8 in the 

supporting information for details). The total similarity is the sum of these 

separate similarities. For example, the mean ROA of an -helical backbone 

geometry averaged over multiple Arg side-chain conformations in Figure 9.4, is 

very similar to the reference spectrum and indeed shows a Sfg value of 84 % in 

Figure 9.5 (a).  
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As shown in Figure 9.2 and Figure 9.4, the individual spectra (for each side-

chain conformation separate) show some overlap with the reference spectrum, 

yet they are considerably different from the reference spectrum. Therefore, the 

similarity of each individual ROA spectrum (one backbone conformation and 

one side-chain conformation) was calculated compared to the Ala reference 

spectrum (HCO-(Ala)3-NH2 with the same backbone conformation). By taking 

the average of all these individual similarity values, an indication of how much 

the individual side-chain conformations affect the ROA pattern is obtained. The 

bars in Figure 9.5 (b) show this averaged similarity for each residue. For 

example, for Arg the similarity of each individual spectrum with the reference is 

on average about 46 %. This is much lower than the 84 % similarity of the mean 

ROA, which is as expected as the individual spectra are much more different 

from the reference than the mean ROA (see Figure 9.4).  

In general, for the other residues the same trends are observed. About half of the 

residues show similarity values of about 80 % or higher when comparing the 

mean ROA to the reference spectrum (Figure 9.5 (a)), which shows that the 

side-chain contributions cancel out. On the left-hand side of the bar graph, the 

lowest total similarities are shown. Both Gly and Pro display very low 

similarities, which can be explained by the fact that they are different from the 

other residues; Gly does not have a C atom and Pro does not have an amide N-

H hydrogen, which both are involved in the backbone (amide) modes. 

Furthermore, the aromatic residues His, Tyr, Phe and Trp show lower similarity 

values because their rigid aromatic side-chains generate specific spectral bands 

and furthermore affect the backbone modes (see above and below). 
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Figure 9.5: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-NH2 

peptide with the same backbone conformation (;)=(-64°;-47°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 

To conclude, these results demonstrate that the side-chains indeed have a 

strong effect on the ROA patterns (Figure 9.5 (b)), but that if the side-chain is 

flexible, its contribution to a large extent cancels out (Figure 9.5 (a)). These 

results must be interpreted as trends, as the spectral averaging is arbitrary and is 

performed specifically to average out the patterns using a large set of side-chain 

conformations. Therefore, in the next section, the effect of specific side-chain 

conformations is considered. 

 The ROA patterns are determined by the preferred side-chain 9.3.3
conformations 

Hintze et. al. used a large collection of crystal structures (see also the histograms 

in Figure 9.1 and Figure S 9.1) to show that the side-chains have preferred 

conformations; i.e. specific combinations of  angles.15,21 Therefore, for the 
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flexible side-chains of the residues Arg, Gln, Glu, Lys and Met, we assessed the 

ROA spectra of the preferred conformations. As demonstrated by Hintze et al., 

these residues preferentially adopt g(-)t (also called mt) rotamers, which means 

1 takes a value near -60° and 2 near 180°.15 Since we above demonstrated that 

specifically the -helical patterns are sensitive to the side-chain conformations 

and averaging, this type of secondary structure is considered here as an example. 

In Figure 9.6, the spectra of the g(-)t conformers are displayed (left) in 

comparison to the spectra of all side-chain conformations (right) for -helical 

structure. The top panels show the individual spectra for these five residues. 

 
Figure 9.6: ROA of preferred side-chain conformations: The calculated ROA spectra of the model 

peptides with X= Arg, Gln, Gly, Lys and Met adopting the preferential g(-)t conformation (1 near -

60° and 2 near 180°; top plot) are compared to the ROA spectra with all side-chain-conformations 
(bottom plot). The top panels show all the separate ROA spectra and the bottom panels show the 

average of the mean spectra per residue. All geometries have an -helical backbone (-64°;-47°). 

As can be seen, the g(-)t conformation of these five residues gives rise to very 

similar ROA spectra with the typical -/+/+ pattern in the amide III region 

characteristic for -helical structure. By including all other side-chain 

conformations (right-hand side in Figure 9.6), the amide III region does not 

display the experimental -/+/+ amide III pattern as it is observed in experimental 

ROA spectra of -helical peptides and proteins. 
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Further analysis revealed that the effect observed in Figure 9.6 arises from the 1 

angle. This is demonstrated in Figure 9.7 by classifying the -helical structures 

of Arg, Gln, Glu, Lys and Met according to the 1 angle taking either a g(-), g(+) 

or t angle (torsion angle near -60°; +60° or 180°, respectively). The g(-) 

conformations are very similar to the spectra shown of the g(-)t rotamers in 

Figure 9.6. The amide III region of g(-) differs distinctly from that of the g(+) 

and t conformations. Since the amide III region arises from the combination of 

C-N stretching and N-H and C-H bending motions, it is affected by coupling to 

the CH and CH2 vibrational motions in the side-chain. The orientation of the 

CH2 group to the main-chain atoms is determined by the 1 angle and, as 

demonstrated here, determines the -helical ROA pattern. As mentioned before, 

ROA is very sensitive to -helical conformation. Therefore, this side-chain 

database was assembled for four different -helical backbone conformations. 

For all these -helical conformations, the behaviour as depicted in Figure 9.7 is 

the same: the 1 adopting g(-) angles displays an amide III region that is very 

different from those with 1 being g(+) or t (see section 9.6.5 in the supporting 

information). For the other secondary structure elements included in the 

database developed here, this 1 dependence was not observed, definitely not as 

distinct as for helical structure. 
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Figure 9.7: The amide III region depends on the 1 angle: (a) For the residues Arg, Gln, Glu, Lys 

and Met, the -helical structures (-64°,-47°) were classified based on the 1 torsion angle (N-C-

C-C) conformation (gauche g(+), g(-) or trans t) and the corresponding ROA spectra were 
averaged for each residue as plotted in the top three panels. The bottom panel displays the average 

of each of the upper three panels. (b) The 1 torsion angle; (c) detail of the bottom panel of a in the 
amide III region. 

 How are the ROA patterns of -helical secondary structure 9.3.4
influenced? 

As noted above, the ROA spectra of the database peptides with 1 angles near -

60° (g(-)) give rise to the two positive bands commonly observed in 

experimental ROA spectra of -helical peptides and proteins. As was 

demonstrated in chapter 5, the ratio of these two bands strongly depends on the 

actual backbone conformation.9 Therefore, this dependence is evaluated in more 

detail here by including the side-chains. In Figure 9.8, the ratio of the two -

helical bands is compared for four different -helical backbone conformations. 



 9.3 Results and discussion 

303 
 

Each individual bar gives the ratio of the maximum of the two bands of a specific 

residue. For example, the first bar (dark blue) of each group gives the ratio of the 

two bands in the ROA spectrum of Arg averaged over all side-chain 

conformations. The 20th bar (the yellow bar at the right) is that of Ala and is 

used as a reference. The bottom panel of Figure 9.8, gives the difference of each 

bar with the respective Ala reference. A few observations can be made in Figure 

9.8: (1) generally, the ratio strongly depends on the backbone conformation and 

follows the same trend as we observed in our previous work using poly-alanine 

peptides (see chapter 5).9 Going from backbone conformations with torsion 

angles in the bottom right of the -helical region in the Ramachandran plot to 

the top left, the ratio increases.9 This can be observed in Figure 9.8, as the ratios 

increase from left to right. (2) Overall the side-chains result in a lower ratio 

compared to Ala. (3) The ratio is very dependent on the specific side-chain, even 

after averaging over multiple side-chain conformations. For example Asn, Ser 

and Gly result in quite high ratios, while Pro results in very low ratios and does 

not follow the trend with the backbone. For Gly and Pro this is very reasonable, 

since these two do not have a C-H as the other residues do. On the other hand, 

Asn and Ser are examples that the exact ratio of the two helical bands depends 

on the actual side-chain. 
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Figure 9.8: Ratio of the two positive amide III band marking -helical structure (experimentally 
around 1300 cm

-1
 and 1340 cm

-1
). Each bar shows the ratio for the ROA spectrum averaged over all 

side-chain conformations of each residue. The four bar groups each show the ratio for a different 
backbone conformation. From blue to yellow we see the bar of: Arg, Asn, Asp, Cys, Gln, Glu, His, 
Ile, Leu, Lys, Met, Phe, Ser, Thr, Trp, Tyr, Val, Pro, Gly, Ala. The bottom panel shows the 
difference of each ratio with the Ala reference ratio. 

In Figure S 9.17, the ratio of the two -helical bands is shown only based on all 

structures having a 1 angle near -60° (g(-)). Since the relative bars in Figure 9.8 

and Figure S 9.17differ, it can be concluded that the ratio also depends on the 

exact side-chain conformation and conformational averaging. As was e.g. shown 

in Figure 9.3 above for Arg, the ROA in the amide III region depends on the 1 

angle, probably because this angle determines the orientation of the side-chain 

CH2 groups to the C-H in the backbone. 

To conclude the sections above, it was shown that the side-chains can have a 

significant effect on the secondary structure patterns of proteins. Specific 

residues, such as those with an aromatic group (His, Phe, Trp and Tyr), and Gly 

and Pro were shown to have a pronounced effect on the spectral patterns. So far, 

the effect of the side-chains was studied using tripeptides. Since the individual 

spectra of Trp have such a large impact on the ROA spectra, in the following 
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section, it is evaluated whether this effect is still retained when the peptide is 

considerably larger. 

 ROA of aromatic residues 9.3.5

To study whether the side-chains still affect the ROA patterns of larger peptides, 

the spectra of longer -helical model peptides (HCO-(Ala)5-X-(Ala)5-NH2) were 

calculated. Since the calculation of these larger peptides is much more 

computationally demanding than that of the tripeptides, we have limited this set 

of calculations to one -helical backbone conformation as it was shown that 

ROA is very sensitive to -helical structure. Furthermore, to not limit the 

analysis only to the aromatic residues, also Gly, Thr and Ser and Val were 

included in this set of model peptides as these have small side-chains and do not 

need extensive conformational averaging and are thus computationally feasible. 

While for Gly, Thr, Ser and Val it was noticed that the side-chain almost has no 

effect on the ROA pattern for these longer peptide models (see Figure S 9.18), 

the aromatic residues (His, Phe, Trp and Tyr) with a specific conformation of the 

side-chain still have a major impact on the ROA pattern (see the top panels of 

the four plots in Figure 9.9). The aromatic residues have a distinct influence on 

the amide III region depending on the specific side-chain conformation. Upon 

averaging over the different side-chain conformations, however, the spectra 

become again very similar to the spectrum of a HCO-(Ala)11-NH2 reference 

model with the same backbone conformation (see the bottom panels of the four 

plots in Figure 9.9). 
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Figure 9.9: ROA spectra of HCO-(Ala)5-X-(Ala)5-NH2 model peptides (X = His, Phe, Trp, Tyr) in 

an -helical conformation (-66°; -41°). The top part of each plot displays the variation with 
different side-chain torsion angles. The bottom part shows the average ROA spectrum (blue) 
compared to the reference spectrum of a HCO-(Ala)11-NH2 model with the same backbone 
conformation. The His imidazole was calculated as neutral (Hid). The molecular structures are 
that of HCO-(Ala)5-X-(Ala)5-NH2 with a single side-chain conformation of X=Trp (left) and X=Tyr 
(right).  
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Based on the comparison of the spectra in Figure 9.9 and the spectra in the 

database with characteristic Raman bands of the aromatic residues in Table 9.1, 

not many marker bands in the ROA can be identified. The Raman bands of His 

are much weaker compared to the other aromatic residues and furthermore 

depend on its protonation state.22 The most prominent Raman bands of e.g. Phe 

(around 1005 cm-1 and 1035 cm-1) do not show corresponding ROA intensity. The 

Raman bands, experimentally observed around 1610-1630 cm-1, of Phe, Tyr and 

Trp, so just below the amide I region, show minor ROA intensity depending on 

the geometry. The most distinct ROA marker band is the W3 band of Trp, which 

experimentally is observed around 1550 cm-1.16 As was shown both 

experimentally16 and computationally17 before, the sign of the ROA band is 

determined by the Trp 2,1 angle. To the best knowledge of the authors, only a 

single published experimental ROA spectrum shows a negative ROA W3 band of 

a protein, while in other cases the Trp band is either positive or very weak.16 This 

hence prompted us to further investigate this specific ROA marker band in the 

next section. 

Table 9.1. Characteristic experimental Raman bands 
of aromatic residues.

4,22
 

Wavenumber (cm
-1

) Aromatic residue ROA 

640-650 Tyr no 
742-795 Trp no 
830-850 Tyr no 
850-890 Tyr no 
870-890 Trp no 
960-980 Trp no 

1000-1010 Phe no 
1010 Trp no 

1030-1055 Phe no 
1330-1360 Trp  (yes)* 
1400-1420 His no 
1550-1560 Trp yes 
1600-1630 Tyr, Trp, Phe small 

*The ROA in the amide III region is affected by the Trp 
conformation, but this is not a separate marker band. 
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 ROA of the tryptophan side-chain 9.3.6

Jacob et al. reported DFT computed spectra of N-acetyl-(S)-Trp-N’-methylamide 

with different orientations of the side-chain to study the effect of the 1 and 2,1 

side-chain torsion angles.17 Since there are two C carbons in the Trp side-chain, 

the “2,1” subscript denotes the carbon next to the nitrogen atom in imidazole 

(see Figure 9.1 (b)). They used six different side-chain conformations to show 

that the sign of the W3 ROA band depends on the 2,1 angle. The calculated 

spectra of structures with a positive 2,1 angle gave rise to a positive ROA band 

and the negative 2,1 angle results in a negative ROA band. It is however 

unknown whether this sign-relationship depends on other geometrical 

properties such as the secondary structure. Here, we extended their study to 

tripeptides adopting various backbone conformations and many more side-chain 

orientations. First, the effect of the backbone conformation on the W3 ROA 

band was probed by comparing structures with a different backbone 

conformation but with the same side-chain conformation. For most side-chain 

conformations, the W3 ROA bands of structures with a different backbone 

conformation were shown to have the same sign and only minor differences in 

intensity. This is illustrated with one example in the top plot in Figure 9.10, 

which shows the comparison of the Raman and ROA spectrum of a model 

peptide with an -helical backbone to the corresponding spectra with a PPII 

backbone with the same side-chain conformation of Trp. However, as is 

illustrated in the bottom plot of Figure 9.10, for small absolute values of the 2,1 

angle, distinct differences are observed for the sign and intensity of the W3 ROA 

band. 
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Figure 9.10: Is the W3 band of Trp sensitive to the secondary structure? Raman (IR+IL) and ROA 

(IR-IL) of the database HCO-Ala-Trp-Ala-NH2 peptides in an -helical conformation (blue; -59°,-

44°) compared to that adopting a PPII conformation (orange; -75°,145°). The side-chain  angles in 

the optimised geometries are 1~180°; 2,1~-69° and 1 ~180°; 2,1 ~15°. 

Therefore, all the ROA spectra of the HCO-Ala-Trp-Ala-NH2 structures in the 

database (with 10 different backbone conformations) are superimposed, based 

on the classification of the 1 and 2,1 angles being either positive or negative, in 

Figure 9.11. The plot shows that there is no correlation between the sign of the 

W3 ROA band and the 1 angle but that the sign of the band depends on the 2,1 

angle, which is in accordance with the earlier work by Blanch et al. and Jacob et 

al.16,17 There are, however, a few spectra in Figure 9.11 that show an inverse sign 

relationship (cfr. bottom plot in Figure 9.10) which would suggest that the rule 

does not strictly hold true. 
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Figure 9.11: ROA sign dependence of the Trp W3 band: ROA W3 band of all structures in the 

database having a Trp with a positive (top) or negative (bottom) 1 angle. Similarly, for the 2,1 
angle being either positive or negative (bottom). For the sake of comparison the y-axis limits are 
the same in the four panels. 

To study the sign dependence in more detail, a larger set of side-chain angles 

was selected. Therefore, a set of N-acetyl-(S)-Trp-N’-methylamide structures was 

constructed by setting the 1 and 2,1 angles to all combinations of -180° to 180° 

with a step size of 30° (-180°, -150°, -120°, …, 150°, 180°). This leads to 13 x 13 

structures of which only 145 structures were retained that were found to be 

geometrically viable (no steric clashes). Next, we fully optimised the geometry of 

all structures, which led to only a small set of distinct conformations and side-

chain orientations. In Figure 9.12 (a), the W3 ROA band intensity (y-axis) is 

plotted in function of the 2,1 angle (x-axis). Each point in the plot gives the 

maximal (or minimal) intensity of the W3 ROA band. The colouring of the data 

points is based on the 1 angle. For this set of fully relaxed structures, the 2,1 

sign rule of the W3 band holds true. Furthermore, the plot also supports that 

there is no distinct relation of the W3 ROA band with 1.  

If the initial geometries of the structures were partially optimised in normal 

coordinates, the chosen side-chain torsion angles do not deviate as much as with 
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the full geometry optimization (Figure 9.12 (b)). For the partially optimised 

geometries, the relation between the 2,1 angle and the sign of the W3 ROA band 

is shown to be mostly true, while only a few 2,1 angles close to 0° and 180° show 

also an inverse sign relation. We therefore conclude that the 2,1 angle is the 

most important geometrical parameter in determining the sign and intensity of 

the W3 ROA band. 

When Blanch et al. reported the relation of the W3 ROA band with the 2,1 angle 

based on their experimental measurements, they furthermore suggested a 

possible sin(2,1) dependence of the W3 ROA band. Jacob et al. however 

concluded based on DFT calculations, that there was no sine relation. Yet, our 

larger set of conformations does not contradict such a sin(2,1) relation as 

demonstrated by the grey line in Figure 9.12.  

 
Figure 9.12: Dependence of the W3 ROA band on the Trp side-chain conformation of a set of N-

acetyl-(S)-Trp-N’-methylamide structures with 145 different combinations of 1 and 2,1 angles. On 

the x-axis the 2,1 angle is shown, while the 1 being trans (150 < || ≤ 180), positive or negative is 
given in red, blue or green, respectively. The y-axis gives ROA intensity of the minimum or 
maximum of the W3 band. (a) Full optimization of the geometries in two steps: (1) geometry 

optimization by locking the 1 and 2,1 angles followed by (2) full relaxation of the geometry 
without geometry constraints. (b) The geometries were partially optimised in normal coordinates 
using Qgrad

25
. 
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To conclude this section, our data on the W3 ROA band shows that (1) the sign 

of this band depends on the 2,1 and not the 1 side-chain angle, (2) the intensity 

and sign of this band relates with sin(2,1) and (3) there is only a minor or no 

effect of the secondary structure on the intensity and sign of this band. 

9.4 Conclusions 

We have created an elaborate database of DFT calculated Raman and ROA 

spectra of HCO-Ala-X-Ala-NH2 peptide structures, with X being one of the 20 

amino acids. Based on this database, we have shown that each side-chain in a 

certain conformation has a specific and significant effect on the ROA pattern 

compared to HCO-(Ala)3-NH2 reference with the same backbone conformation. 

When the ROA spectrum is averaged over multiple side-chain conformations, 

however, the mean ROA more closely resembles that of the reference as bands 

that specifically arise from the side-chains are cancelled out. This observation 

supports the general conception that the experimental ROA spectra of proteins 

mostly arise from the backbone of the protein and that the contribution of the 

side-chain cancels out if the side-chains are flexible or if multiple side-chain 

conformations are present. 

The calculated ROA spectra in the database of the peptide models an -helical 

backbone were shown to be very sensitive to the side-chain conformation. The 

characteristic amide III -/+/+ pattern that is experimentally observed around 

1240-1280/1300/1345 cm-1 is reproduced by averaging the ROA spectra in the 

database that have a g(-) side-chain conformation (1 close to -60°) This 

observation shows that the spectral contributions of the side-chains not merely 

cancel out for this secondary structure, but that the pattern depends on the 

preferred side-chain conformations. 
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To demonstrate the use of the database, we furthermore analysed the 

contributions of the ROA bands of the aromatic residues in detail. Our data 

shows that only Trp has a distinct ROA marker band around 1550 cm-1. In 

accordance with earlier studies, the database shows that the sign of this band is 

determined by the 2,1 side-chain angle, which determines the orientation of the 

indole group. Furthermore, our data supports the suggestion by Blanch et al. 

that the intensity of this ROA band is related to the side-chain angle via a sine 

relation sin(2,1). 

Altogether, the database was shown to provide relevant data to elucidate the 

experimental ROA spectra of proteins and the results described here add to the 

understanding of the structure-spectrum relation. 
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9.6 Supporting information 

 Preferred side-chain angles 9.6.1

In order to investigate the influence of side-chains on the ROA patterns of 

proteins, first the conformational preferences of the side-chains of all amino 

acids (AAs; except for alanine and glycine) were assessed using the Top8000 

database, which contains high resolution protein crystal structures (or 

segments) originally deposited in the PDB.2,13 This Top8000 database was 

specifically developed for structural analysis of different rotamers.2 Below, the  

angles of all residues in the Top8000 database are depicted as histograms, 

showing that most side chains display distinct conformational preferences, being 

g(-), g(+) or t near -60°, 60° or 180°, respectively. 

Based on the histograms obtained from the Top8000 database, common side-

chain angles were selected as can be seen by the vertical red lines in Figure S 9.1. 

Using these manually selected values, all possible combinations were produced 

and used to generate the model structures. 
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(Figure S 9.1 continued on next page, legend follows) 
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µ 

Figure S 9.1. Side-chain conformations in the Top8000 database: for each residue the  torsion 
angles of the side-chains are shown as histograms. The vertical red lines indicate the torsion angles 
that were manually selected to be sampled in this database. To generate random side-chain 
conformations, all possible combinations of these selected side-chain angles were produced. 
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 Quality control 9.6.2

9.6.2.1 Backbone deviations 

After geometry optimization, the quality of the optimised structures was 

assessed. Firstly, to verify the backbone structure was not altered too much 

because of the geometry optimization, only the structures with the maximal 

deviation Δ or Δ from the chosen angles below 10° were retained (see Figure S 

9.2) From the 6008 initial structures, 153 structures were omitted with a 

maximum deviation Δ or Δ (angle of single residue) larger than 10°. 

 
Figure S 9.2: Maximum deviation of the three backbone torsion angles in the optimised geometry 
with the initial geometry. The y-axis of the histogram (1° width) shows the bin count normalised to 
unity. 

9.6.2.2 Stereochemistry validation 

While 19 AAs (AAs) in this database are chiral (glycine is achiral), isoleucine and 

threonine are the only two that also have a stereocenter in their side-chain at 

the Cβ carbon. After geometry optimization, the stereochemistry of the Cβ 

carbon was validated to be R for Thr and S for Ile. 

Surprisingly, the peptide builder generated the wrong stereochemistry for both 

Ile and Thr. For Ile the (S,R) epimer was obtained instead of the natural (S,S) 

form and for Thr both the (S,R) and (S,S) forms were obtained. For Ile new 

structures were hence generated to fulfil the database, while for Thr the natural 

(S,R) stereochemistry was retained. 
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With this data at hand, the effect of the Thr stereochemistry on the ROA 

spectrum could be investigated. In Figure S 9.3, the database spectra of the 

tripeptides with (S,R)- and (S,S)-Thr in an α-helical conformation are shown. 

Only the Cβ stereochemistry is inverted in these structures while the remainder 

of the structure is the same. Although the general pattern is similar, the spectra 

have significant differences. 

  
Figure S 9.3: ROA spectra of HCO-Ala-(S,R)-Thr-Ala-NH2 and HCO-Ala-(S,S)-Thr-Ala-NH2 with 
an α-helical backbone structure. 

Finally, 24 structures were omitted from the database for having the wrong 

stereochemistry. 

9.6.2.3 Removal of duplicates 

Furthermore, to avoid biasing in the averaging of the spectra, the database 

structures were checked for duplicates after geometry optimization. To this end, 

the  angles of all structures with the same middle residue X and the same 

backbone conformation were compared against each other. Only structures of 

which at least one  angle was at least 10° different from all other were retained. 

Of all structures in the database, 56 were omitted for having a side-chain 

geometry that is too similar to another structure in the database. 
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9.6.2.4 Final database 

To conclude the quality control, 5775 structures were retained in the database 

after evaluation of the database structures after DFT geometry optimization. For 

each structure in the database, the Raman and ROA spectrum were calculated. 

 Raman spectra 9.6.3

 
Figure S 9.4: The effect of the Arg and Trp side-chain on the Raman patterns of a HCO-Ala-X-Ala-
NH2 (X=Arg or Trp) peptide with (top) an α-helical backbone conformation and (bottom) a PPII 
conformation. The top halves of the plots show the individual spectra arising from the different 

combinations of the side-chain angles (). The bottom panels show the average of the separate 
Raman spectra in blue compared to the HCO-(Ala)3-NH2 reference having the same backbone 
conformation in orange. 

 ROA averaging because of side-chain flexibility 9.6.4

9.6.4.1 α-helical structure 
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Figure S 9.5: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-NH2 

peptide with the same backbone conformation (;)=(-59°;-44°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 

 
Figure S 9.6: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-NH2 

peptide with the same backbone conformation (;)=(-64°;-47°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 
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Figure S 9.7: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-NH2 

peptide with the same backbone conformation (;)=(-66°;-41°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 

 
Figure S 9.8: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-NH2 

peptide with the same backbone conformation (;)=(-77°;-34°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 
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9.6.4.2 310-helix 

 
Figure S 9.9: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-NH2 

peptide with the same backbone conformation (;)=(-62°;-25°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 

 
Figure S 9.10: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-

NH2 peptide with the same backbone conformation (;)=(-71°;-18°) for (a) the Sfg of the mean 
ROA spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual 
ROA spectra. 
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9.6.4.3 PPII helix 

 
Figure S 9.11: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-NH2 

peptide with the same backbone conformation (;)=(-65°;146°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 

 
Figure S 9.12: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-

NH2 peptide with the same backbone conformation (;)=(-75°,145°) for (a) the Sfg of the mean 
ROA spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual 
ROA spectra. 
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9.6.4.4  Left-handed α-helix 

 
Figure S 9.13: Similarity Sfg of the HCO-Ala-X-Ala-NH2 peptides compared to the HCO-(Ala)3-

NH2 peptide with the same backbone conformation (;)=(66°;41°) for (a) the Sfg of the mean ROA 
spectrum averaged over the side-chain conformations or (b) the mean Sfg of the individual ROA 
spectra. 
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 Influence of the 1 angle 9.6.5

9.6.5.1  All α-helical spectra with 1 making a g(-) angle 

 
Figure S 9.14: Dependence of α-helical structure on the 1 angle: Average ROA spectra for all 

residues with the 1 taking a g(-) angle. The middle and left column display the average ROA 
spectra of residues that have a CβH2. The right-hand column shows the spectra of Val, Ile and Thr 
that have a CβH. The colours represent different backbone angles: blue: (-64°;-47°); red: (-59°;-
44°); yellow: (-66°;-41°); purple: (-77°;-34°). 
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9.6.5.2  All α-helical spectra with 1 making a g(+) angle 
 

 
Figure S 9.15: Dependence of α-helical structure on the 1 angle: Average ROA spectra for all 

residues with the 1 taking a g(+) angle. The middle and left column display the average ROA 
spectra of residues that have a CβH2. The right-hand column shows the spectra of Val, Ile and Thr 
that have a CβH. The colours represent different backbone angles: blue: (-64°;-47°); red: (-59°;-
44°); yellow: (-66°;-41°); purple: (-77°;-34°). 
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9.6.5.3  All α-helical spectra with 1 making a trans angle 

 
Figure S 9.16: Dependence of α-helical structure on the 1 angle: Average ROA spectra for all 

residues with the 1 taking a trans angle. The middle and left column display the average ROA 
spectra of residues that have a CβH2. The right-hand column shows the spectra of Val, Ile and Thr 
that have a CβH. The colours represent different backbone angles: blue: (-64°;-47°); red: (-59°;-
44°); yellow: (-66°;-41°); purple: (-77°;-34°). 
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 α-helix ratio’s g(-) 9.6.6

 
Figure S 9.17: Ratio of the two positive amide III band marking α-helical structure (experimentally 
around 1300 cm

-1
 and 1340 cm

-1
). Each bar shows the ratio for the ROA spectrum averaged over all 

side-chain conformations with 1 around -60° (g(-)) of each residue. The four bar groups each 
show the ratio for a different backbone conformation. From blue to yellow we see the bar of: Arg, 
Asn, Asp, Cys, Gln, Glu, His, Ile, Leu, Lys, Met, Phe, Ser, Thr, Trp, Tyr, Val, Ala. The bottom panel 
shows the difference of each ratio with the Ala reference ratio. Gly and Pro are omitted for not 
having this side-chain conformation. 

 HCO-(Ala)5-X-(Ala)5-NH2 spectra 9.6.7

To gain an understanding of the side-chains for longer peptides compared to the 

short three-residue peptides created in the database, HCO-(Ala)5-X-(Ala)5-NH2 

peptides were created for Gly, Pro, Thr, Ala, Val, Phe, Tyr, Trp, His and Ser. 

These residues were included since they were shown to affect the ROA patterns 

the most. Since the amide III region is very sensitive to α-helical structure, the 

calculations were carried out for an α-helix backbone conformation. The 

structures with Pro as the central residue were omitted since they are not 

reasonable due to steric clashes. The remaining set (Ala, Gly, Thr, Val, Phe, Tyr, 

Trp, His and Ser) is sufficient to create an understanding of the effect on longer 
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peptides. Since these HCO-(Ala)5-X-(Ala)5-NH2 models have a relatively large 

number of atoms for Raman/ROA calculations, other side-chains or secondary 

structure models were not considered to avoid high computational expenses. 

Specifically in the case of Arg or Lys, that can adopt many side-chain 

conformations, the computational expenses would be too high, while the results 

are likely to be similar to the results by the set of residues considered here in 

Figure S 9.18. The Raman spectra are included in Figure S 9.19. 

 
Figure S 9.18: ROA spectra of HCO-(Ala)5-X-(Ala)5-NH2 model peptides (X= Gly, Ser, Thr, Val) in 
an α-helical conformation (-66°; -41°). The top part of each plot display the variation with different 

side-chain torsion angles (). The bottom part shows the average ROA spectrum of the compared 
(orange) compared to the reference spectrum of a HCO-(Ala)11-NH2 model with the same 
backbone conformation. 
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(figure caption follows on next page) 
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Figure S 9.19: Raman (IR+IL) spectra of HCO-(Ala)5-X-(Ala)5-NH2 model peptides (X= Gly, His, 
Phe, Ser, Thr, Trp, Tyr and Val) in an α-helical conformation (-66°; -41°). The top part of each plot 

display the variation with different side-chain torsion angles (). The bottom part shows the 
average ROA spectrum of the compared (orange) compared to the reference spectrum of a HCO-
(Ala)11-NH2 model with the same backbone conformation. 

 Spectral similarities: overlap integral Sfg 9.6.8

The total similarity Sfg of two spectra f and g in the entire 200-1800 cm-1 spectral 

window is calculated using the following overlap integral, 

Sfg =
∫ f(ν̃)g(ν̃)dν̃

ν̃≤1800

ν̃≥200

√∫ f(ν̃)2dν̃
ν̃<1800

ν̃≥200 ∫ g(ν̃)2dν̃
ν̃<1800

ν̃≥200

 

To obtain the contributions of separate spectral regions to the full overlap 

integral, the integral in the numerator was split into separate regions as follows, 

Sfg =
∫ f(ν̃)g(ν̃)dν̃ +  ∫ f(ν̃)g(ν̃)dν̃

ν̃<1150

ν̃≥870
+ ⋯ + ∫ f(ν̃)g(ν̃)dν̃

ν̃≤1800

ν̃≥1570

ν̃<870

ν̃≥200

√∫ f(ν̃)2dν̃
ν̃≤1800

ν̃≥200 ∫ g(ν̃)2dν̃
ν̃≤1800

ν̃≥200
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10 Raman optical activity of intrinsically 

disordered proteins: Conclusions and outlook 

10.1 Introduction 

The goal of this thesis was to study the Raman optical activity (ROA) patterns of 

intrinsically disordered proteins (IDPs). This is a major challenge, considering 

the dynamic behaviour of such proteins in solution and the strong structural 

sensitivity of ROA.1 Nevertheless, considering the fundamental importance of 

understanding the properties of IDPs, it was a challenge worth taking. The 

structural behaviour of IDPs is relevant both for the functioning and the 

malfunctioning of proteins. The ROA patterns of IDPs did not only intrigue us, 

but at the beginning of our research, pioneers in the field of IDPs such as Keith 

Dunker and Peter Tompa also revealed to us that they were intrigued by the 

ROA spectra of IDPs.2,3 As discussed in the introduction of this thesis, to create a 

deeper understanding of the spectroscopic patterns of IDPs, meant that we 

needed to improve our understanding of the relation between the structure of a 

protein in solution and its ROA patterns in general. In this final chapter, the 

results that were discussed in the separate chapters of this thesis are 

summarised, starting from a set of ROA spectra of IDPs. 

10.2 ROA spectra of IDPs 

 Experimental observations 10.2.1

In chapter 4, the spectral patterns of α-synuclein adopting different structural 

ensembles were discussed. This protein has attracted the close attention of many 

researchers and has been the subject of tens of thousands of research papers.4 

Yet, until today, this enigmatic protein still keeps multiple secrets.4 The reason 
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for receiving such a tremendous amount of attention, is primarily due to its link 

with many neurodegenerative diseases, such as Parkinson’s disease.4,5 In chapter 

4, we demonstrated that with ROA some of the distinct conformational 

propensities of this protein could be captured and showed that ROA holds a lot 

of structural information in its fine spectral details.6 Because of the ability of α-

synuclein to adopt different types of secondary structure depending on its 

environment, it has been referred to as a chameleon protein.7 However, both in 

aqueous solution as well as in cells, α-synuclein has been shown to be a 

disordered monomer.8,9 In Figure 10.13 (a), the ROA spectrum of α-synuclein in 

aqueous solution shows spectral patterns that are typically observed for IDPs.10–13  

Another IDP that is closely related with disease is Tau. The formation of 

filamentous Tau inclusions plays a central role in a number of human 

neurodegenerative diseases.14–16 Especially its involvement in Alzheimer’s 

disease, the most common neurodegenerative disease, has also made Tau a 

prime subject of scientific research.17 Tau exists as six different isoforms (352-441 

amino acids) in adult human brains.18 These isoforms differ in the presence of 

three or four repeats of 31 or 32 amino acids close to the C-terminal.14,19 A 

construct called K18 consists of the four repeats of the largest Tau isoform 

(hTau40).20 This Tau K18 construct consists of 130 amino acids out of the 441 of 

hTau40.18,19 These repeat regions are involved in the binding of Tau to neuronal 

microtubules18,21,22 and form the core of paired helical filaments, the aggregates 

of Tau in Alzheimer’s disease.18 In Figure 10.13 (b), the ROA spectrum of Tau K18 

is shown, which is very similar compared to that of α-synuclein. Both show an all 

positive amide I band at 1680 cm-1, a negative side-chain band (CH2 and CH3 

deformations) at 1445 cm-1, a -/+ amide III pattern roughly at 1250/1324 cm-1 and 

a -/+ couplet 1090/1130 cm-1. Upon closer inspection, a few small spectral 

differences can be discerned (see the superimposed spectra in Figure S 10.2 for 
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more details). The negative band at 1445 cm-1 is broader in α-synuclein and the 

shape of the amide III is different. The positive band at 1324 cm-1 in Tau drops to 

zero at 1344 cm-1, while in the ROA spectrum of α-synuclein the intensity 

decreases towards 1360 cm-1. 

 
Figure 10.13: ROA spectra of different IDPs: (a) α-synuclein, 50 mg/mL in deionised water, (b) 
Tau K18 50 mg/mL in PBS buffer, (c) ERD14 in PBS buffer and (d) phosvitin, 60 mg/mL in 
deionised water. On the left, the 200-1800 cm

-1
 window is plotted and on the right the 1000-1500 

cm
-1 

region is shown in more detail. 

IDPs have various functions and can thus also be disordered in their functional 

state.23,24 ERD14 is, similar to α-synuclein and Tau, an IDP of which the function 

is not fully understood.25,26 The full name is Early Response to Dehydration 14 

protein and stems from the presumed protective function of ERD14 in the plant 

Arabidopsis (Arabidopsis thaliana). ERD14 is a member of the dehydrin family of 

proteins that accumulate in response to stresses, such as high salinity, drought 

and low temperature.25 The ROA spectrum of ERD14 in Figure 10.13 (c) supports 

that ERD14 is an IDP in aqueous solution. Also for this protein, small spectral 
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differences are observed with both α-synuclein and Tau. For example, the 

intensity decrease from 1324 cm-1 to higher wavenumbers extends up to 1380  

cm-1. 

Finally, the bottom spectrum in Figure 10.13 (d) is that of phosvitin, which was 

reported before by Smyth et al. who noted that in there is almost no signal in the 

skeletal stretching region (870-1150 cm-1) and concluded therefore that the 

protein hardly contains any secondary structure.27 Furthermore, as shown in 

Figure 10.13, the amide III region is very narrow. The minimum of the negative 

band in the amide III region of phosvitin is at 1270 cm-1, while that band in the 

ROA of α-synuclein, Tau and ERD14 is much broader with the minimum around 

1245 cm-1. The unusual spectrum of phosvitin probably arises from it being 

highly phosphorylated.28 It is a highly hydrophilic phosphoglycoprotein that is 

the major protein in egg yolk. Out of the 216 residues, 123 are serine, most of 

which are phosphorylated.28,29 It is considered one of the most phosphorylated 

proteins.30 Therefore phosvitin is a polyanion in solution, with multiple 

functions such as metal chelator, antioxidant, etc.30 Besides serine being the 

predominant residue of phosvitin, it mostly contains polar residues and only 

very few hydrophobic side chains and is therefore considered to behave as a 

flexible polyanion.30,31 Due to the electrostatic repulsion between the charged 

phosphate groups, phosvitin adopts an extended shape probably explaining its 

unique ROA pattern. 

Because of these intriguing ROA patterns of IDPs as shown here and in chapter 

4, we performed a systematic study of the secondary structure-spectrum relation 

in chapter 5. 
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 Secondary structure dependence 10.2.2

As outlined in chapter 5, an elaborate database was created by sampling all 

possible conformations of HCO-(L-Ala)11-NH2 and keeping all  angles and  

angles the same in the backbone of each peptide. In that way, all geometrically 

possible regions of the Ramachandran plot were covered for such regular 

conformations. Subsequently, for all these conformations the Raman and ROA 

spectra were calculated using density functional theory (DFT). For multiple 

experimental ROA spectra of peptides with various backbone conformations in 

solution, it was shown that the database could correctly assign the secondary 

structure. Furthermore, it was shown that ROA is very sensitive to the exact 

backbone conformation of α-helical structure. These latter results also showed 

that a few of the traditional spectral assignments commonly referred to in 

scientific literature, were inaccurate and needed revision. Nevertheless, the 

database supported the widely accepted notion that ROA is very sensitive to the 

secondary structure of proteins. With that database at hand, the secondary 

structure patterns of the IDPs reported here can be evaluated. In Figure 10.14, 

the Ramachandran plots of structural ensembles of α-synuclein, Tau K18 and 

ERD14 are shown. For phosvitin, no such ensemble is available. The ensemble of 

α-synuclein was reported by Schwalbe et al. and is based on the combination of 

experimental data from small-angle X-ray scattering (SAXS), multiple nuclear 

magnetic resonance (NMR) experiments and flexible-meccano sampling.20 The 

Ramachrandran plot in Figure 10.14 of α-synuclein shows a few distinct regions 

that are sampled (also shown in chapter 6). The ensemble of Tau K18 based on 

NMR is available through the Protein Ensemble Database.32,33 The ERD14 

ensemble was kindly provided to us by Dr. Denes Kovacs of the VIB in Brussels 

and constitutes only a small set of 9 structures based on SAXS and NMR.26 

However, all three ensembles sample a few distinct regions in , space, namely 

in the PPII region and the 310-helical region. 
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Figure 10.14: Ramachandran plots of ensembles of α-synuclein (200 conformations; 140 
residues),

20
 Tau K18 (200 conformations; 130 residues)

19,33
 and ERD14 (9 conformations; 184 

residues).
26

 

By classifying the residues of the 200 structures of the ensemble of α-synuclein 

by the STRIDE algorithm,34 the contributions of the different secondary 

structures becomes clearer. This program classifies each residue to a secondary 

structure based on an analysis of the hydrogen bonding between the backbone 

amide groups. If the residue does not fit any category (α-helix, 310-helix, β-turn, 

etc.) it is classified as “coil”. For α-synuclein, just over half of the residues in the 

ensemble are classified as “coil”. As shown in Figure 10.15 (a), the backbone 

angles actually cluster in the poly-proline type II (PPII) region of the 

Ramachandran plot. The remainder of the residues of the α-synuclein ensemble 

are classified as turns and a small fraction of 310-helix, which as shown in Figure 

10.15 (b) and (c) both sample the sample the 310-helical region in the 

Ramachandran plot. 
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Figure 10.15: Ramachandran plots of the α-synuclein ensemble based on the classification of the 
secondary structure to (a) coil (51 %), (b) turns (48 %) and (c) 310-helix (1 %) using the STRIDE 
algorithm.

34
 

To get an idea of how the different regions highlighted in Figure 10.15 contribute 

to the ROA spectra of IDPs, the spectra in our database developed in chapter 5 

were evaluated. Averages of the database spectra were generated weighted 

according to the three Ramachandran plots in Figure 10.15. Since our database 

covers the entire Ramachandran plot, this can very easily be implemented. For 

each point in a Ramachandran plot as shown in Figure 10.15, the database 

spectrum of the structure which has backbone angles  and  the closest to that 

point is summed. By doing this for all points in a Ramachandran plot, a 

weighted average of the database spectra is thus obtained by the total sum 

divided by the total number of data points. In Figure 10.16, the weighted spectral 

database averages are shown for the coil (a), turns (b) and 310-helix 

Ramachandran plots given in Figure 10.15. The weighted ROA spectrum of the 

backbone segments of α-synuclein classified as “coil” show a very narrow amide 

III region with no negative contribution in the region 1200-1280 cm-1. The 

selection of the Ramachandran angles classified as “turn” do show a small 

negative contribution to the amide III region and furthermore shows a shoulder 

near 1300 cm-1 next to the maximum at 1320 cm-1. Finally, the weighted average 

of the 310-helix selection, shows a -/+ pattern at 1265/1305 cm-1. Since the 

Ramachandran plot of the angles classified as “turn” is a mixture of the coil and 
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310-helix torsion angles, its weighted ROA spectrum indeed looks like a mixture 

of the two other weighted ROA spectra (see Figure 10.16 (d)).  

 
Figure 10.16: Weighted average ROA spectra of the database introduced in chapter 5. For each 
point in the Ramachandran plots in Figure 10.15, the database spectrum of the structure with the 

closest  and  angles was taken. The wavenumbers are multiplied by 0.987 (see chapter 5). 

These results suggest that the ROA spectra of IDPs, such as shown in Figure 

10.13, arise from the backbone adopting torsion angles in the PPII region and the 

310-helical region of the Ramachandran plot. As noted above, the database 

spectra are calculated for regular backbone conformations with all the  and  

angles taken to be the same. Furthermore, the ROA spectrum of the XAO 

peptide, which is considered to be flexible in solution with many of its backbone 

angles fluctuating in the PPII region of the Ramachandran plot, could also very 

well be reproduced by the database. This is a remarkable observation and 

therefore, the sensitivity of ROA to conformational disorder and flexibility was 

assessed in chapter 6.  
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 Secondary structure and disorder 10.2.3

The change of the ROA patterns of regular peptide conformations such as those 

in chapter 5 (see above) upon deviation from the original backbone angles, was 

systematically assessed in chapter 6. First, the spectrum of a regular 

conformation (all  and all  angles in the backbone taken to be the same) was 

calculated and subsequently, the backbone angels were gradually randomised. 

Rather surprisingly, it was shown that both for PPII and α-helical structure, the 

ROA patterns overall quite robustly stay the same even if larger deviations of the 

original angles were considered. While the overall intensity dropped upon 

increasing disorder, the spectral shapes and sign patterns stayed the same. This 

demonstrated that the ROA patterns reflect the mean backbone angles. Again, it 

was demonstrated that ROA is very sensitive to the mean backbone 

conformation of α-helical structure and that the relative intensity of the positive 

amide III bands are sensitive to the helix geometry.  

Since many backbone angles of IDPs fluctuate in the PPII region of the 

Ramachandran plot, in Figure 10.17 the ROA spectrum of HCO-(L-Ala)5-NH2 in a 

PPII conformation (all   -75° and all   145°) is shown in blue. In orange, the 

average ROA of 50 conformations with mean  and  angles close to these same 

values but with a standard deviation of 20° is shown. The most prominent 

changes are the reduction of the maximum intensity of the positive band in the 

amide III region and the decrease of the absolute intensities below 600 cm-1. 

This is not consistent with the strong positive bands in the amide III region in 

the experimental ROA spectra of IDPs. This could suggest that  and  angles of 

IDPs cluster close together in the PPII region of the Ramachandran plot. 

Secondly in chapter 6, the mixing of PPII secondary structure with 310-helical 

structure was evaluated. As shown here in Figure 10.17 (b), if the spectra of 50 

structures with 50 % of the backbone angles in the PPII region and the other 50 
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% in the 310-helical region (orange), the spectrum resembles the experimental 

spectra of IDPs better than that of 100 % PPII conformations (blue). Upon 

mixing PPII backbone angles with backbone angles in the 310-helix region of the 

Ramachandran plot, negative contribution emerges in the amide III region, as 

well as a shoulder around 1300 cm-1 next to the PPII band around 1320 cm-1. 

These results thus confirm the observations discussed above based on the 

database developed in chapter 5.  

 
Figure 10.17: (a) ROA spectrum of HCO-(L-Ala)5-NH2 with all backbone angles very close (after 

geometry optimization) to   -75° and   145° (blue) and upon randomizing the backbone angles 
with a standard deviation of σ = 20 with the average ROA of 50 randomly generated 

conformations with mean   -75° and mean   145° (orange). (b) Average of 50 ROA spectra of 
100 % PPII (blue) and of 50 % PPII and 50 % 310-helical backbone angles with both sets of torsion 
angles with σ = 20 (see chapter 6).  

Since the secondary structure classification made above, indicated that β-turns 

might be important for IDPs and based on the observation by Mukrasch et al. 

that Tau adopts very stable β-turns,19 next the ROA patterns of these structure 

elements were evaluated in chapter 7. 

 The influence of β-turns 10.2.4

Multiple bands observed in experimental ROA spectra of peptides and proteins 

have been assigned to β-turns.27,35–38 In chapter 7, we used DFT calculations of a 

large collection of peptide conformations that include a β-turn in the sequence 

to evaluate these assignments. Although it is hard to firmly establish that a 

spectroscopic pattern does not arise from a specific structural element, our 
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calculations cast strong doubt on the spectral patterns that have been assigned 

to β-turns so far. A β-turn is a local secondary structure element that consists of 

four consecutive residues with a hydrogen bond between residue i and residue 

i+3 (or more generally defined with a distance between the Cαi and Cαi+3 carbons 

smaller than 7 Å). As such it would be remarkable to be able to differentiate it 

from secondary structure elements such as an α-helix or β-sheet that can extend 

over many residues in proteins. Since a β-turn is defined by two pairs of  and  

angles, we assessed how the orientation of the residues preceding and following 

the β-turn would affect the ROA patterns. It turned out that the ROA patterns 

are to a large extent determined by these surrounding residues. This thus 

showed that the ROA patterns of a β-turn are not robust and that it is highly 

unlikely that specific bands can be generally assigned to β-turns in experimental 

ROA spectra. 

Specifically for IDPs, we assessed how the disruption of a PPII conformation by a 

β-turn affects the ROA patterns. It was shown that while for example the 

maximum intensity of the positive amide III band of PPII is slightly diminished, 

most of the spectrum was dominated by the PPII backbone conformation. In 

chapter 7, we furthermore evaluated how the side-chains would affect the 

calculated ROA patterns and it turned out that these are more important than 

the turn itself. As shown in Figure 10.18, if the backbone angles of the DLSK type 

I turn of Tau K18 were altered to PPII conformation, the spectral patterns are 

rather similar. In the amide III region, one positive band is observed for the PPII 

backbone and two for the type I turn. The biggest difference is the maximum 

intensity of the amide I region, which is much higher for the PPII backbone. In 

the lower part of the amide III region, distinct negative bands are observed for 

both the backbone conformations. Also for other amino acids adopting a β-turn, 

such a negative band was observed (see right-hand side of Figure 10.18), which 
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therefore demonstrates that the side-chain effectively contribute to the amide III 

patterns. Since the contributions of side-chains to the ROA spectra are largely 

unknown, we therefore performed an elaborate study of the side-chain 

contributions to the ROA spectra in chapter 9. First, in chapter 8, the 

contributions of the solvent were taken into account. 

 
Figure 10.18: Raman (IR+IL) and ROA (IR-IL) of (a) the DLSK sequence of Tau K18 adopting a type I 
β-turn (blue) or with the torsion angles that define the turn altered to those of PPII (orange). (b) 
The comparison of three different sequences (hen egg white lysozyme turns GILQ and NLCN) 
adopting a type I β-turn. See chapter 7. 

 The influence of the solvent 10.2.5

As discussed above, the database of secondary structure elements can very well 

reproduce experimental ROA patterns. Since experimental ROA spectra are 

recorded in solution, the question emerged how the solvent molecules 

surrounding the solute would affect the ROA patterns. In chapter 8, this was 

discussed in detail for multiple secondary structure conformations. It was shown 

that the effect of the explicit water molecules is rather small compared to the 

conformational dependence of ROA. If the ROA pattern of one backbone 

conformation is averaged over multiple positions of the explicit water molecules 

(configurations), the calculated ROA spectrum is very similar to when the 

explicit water molecules are not included in the calculation. In Figure 10.19, the 
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effect of the 3 Å layer of explicit water molecules is demonstrated for HCO-(L-

Ala)5-NH2 in a PPII backbone conformation. In the Raman spectra a distinct 

change of the amide III bands in the 1220-1360 cm-1 region is observed if the 

water molecules are explicitly included in the calculations (orange line). The 

amide III pattern in the Raman spectrum by including the water molecules is 

more similar to the patterns in the experimental Raman spectra of IDPs (see e.g. 

Figure S 10.1) than that if only the implicit solvent model is included. In the ROA 

spectrum, the effect of the explicit solvation is much smaller. While the position, 

shape and relative intensity of the amide I band is sensitive to the explicit 

solvent molecules, most of the other ROA patterns are very similar to when only 

the implicit solvent model is included (blue lines).  

 
Figure 10.19: Raman (IR+IL) and ROA (IR-IL) of the effect of explicit water molecules on the ROA 

patterns of HCO-(L-Ala)5-NH2 in a PPII backbone conformation (all   -75° and all   145° after 
geometry optimization). In orange with a 3 Å layer of water explicit water molecules and C-PCM to 
represent the bulk water. In blue when only the C-PCM implicit solvent model was included to 
represent the solvent. 

The effect of the explicit water molecules on the Raman and ROA patterns was 

shown to be mostly arising from the water molecules that form a hydrogen bond 

with either the C=O or the N-H moiety of the backbone amide groups, while 

more distal water molecules had a negligible effect. Because of the formation of 

such hydrogen bonds, the amide I and amide III vibrations are affected. Above it 

was shown that the side-chains affected the ROA patterns in the amide III 

region. While the effect of the explicit water molecules on the ROA patterns of 

poly-L-alanine peptide was shown to be very small, it could become more 

important for the explicit solvation of peptides consisting of different amino 
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acids. In chapter 9, we systematically evaluated the contributions of different 

side-chains to the ROA spectra. 

 The influence of the side-chains 10.2.6

It is generally assumed that the contributions of the side-chains to the ROA 

spectra of proteins mostly cancel out because of conformational flexibility and 

the occurrence of multiple different side-chains in a protein. In a few papers in 

scientific literature, it was suggested that the side-chains could have an effect on 

the ROA patterns.39–43 However, the spectral contributions of the side-chains are 

largely unknown. Since there are 20 different amino acids, huge numbers of 

combinations of polypeptides arise if different backbone conformations, 20 

different amino acids and many different conformations of the side-chains are 

considered. Therefore, in chapter 9, we approached the problem systematically 

by considering the effect a single amino acid has in a HCO-Ala-X-Ala-NH2 

peptide with a specific backbone conformation, with X the variable residue of 

which the side-chain is considered in different conformations. It was shown that 

the side-chains indeed have a distinct influence on the ROA patterns of these 

simple tripeptides; the spectrum of trialanine was completely different to those 

where the central alanine was replaced by one of the other amino acids in a 

specific side-chain conformation. However, if the ROA pattern was averaged 

over many of these side-chain conformations, the ROA spectra averaged out to a 

pattern that is very similar to that of the trialanine peptide. In Figure 10.20, all 

the ROA spectra in the side-chain database with a PPII backbone (a) and with a 

310-helix backbone (b) are shown in the top panels. These spectra are thus 

calculated for a HCO-Ala-X-Ala-NH2 peptide with that specific backbone 

conformation and for each amino acid all the side-chain conformations 

considered as outlined in chapter 9. These plots show that the side-chains have 

very important contributions to the ROA spectra as the superimposed spectra 
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show spectral features across the entire spectral window. Next, the average ROA 

spectrum was taken for each residue and the average of these 19 spectra is shown 

in the bottom panels of Figure 10.20. These mean spectra are much more similar 

than those of the individual conformations (top panels) to the corresponding 

ROA spectrum of trialanine with the same backbone conformation. The 310-helix 

does show a few differences with the trialanine reference spectrum. As shown in 

chapter 9, the ROA spectra of helical backbone conformations are very sensitive 

to the side-chain conformation and specifically the 1 side-chain angle. 

 
Figure 10.20: ROA spectra of all HCO-Ala-X-Ala-NH2 peptides with (a) all   -75° and all   145° 

or (b) all   -71° and all   18° of all 19 amino acids except alanine. The top panels show all ROA 
spectra in the side-chain database of all side-chain conformations (so 19 x the number of side-
chain conformations of residue X). The bottom spectra show the average ROA of the 19 mean ROA 
spectra of the 19 different amino acids (blue) compared to that of the trialanine peptide with the 
same backbone conformation. 

In the context of IDPs, based on the mean spectra in Figure 10.20, a few 

interesting spectral assignments can be suggested. The spectra of IDPs typically 

show a small -/+ couplet in the skeletal stretch region around 1100 cm-1, which is 

not observed in the PPII spectra in Figure 10.20. However, in the spectra of the 

310-helix conformations, such a small couplet is observed at around 1060 cm-1. 

Furthermore, in the experimental ROA spectra of IDPs a broad negative amide 

III band is observed 1220-1290 cm-1. In the calculated ROA spectra discussed 
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here this is only observed for helical secondary structure. These observations 

support that the experimental ROA spectra of IDPs not only represent the 

clustering of backbone angles in the PPII region of the Ramachandran plot, but 

furthermore in the 310-helical region, which is consistent with the conclusions 

made above. In Figure 10.20, the negative amide III band for the 310-helical 

structures is also dependent on the side-chains as it becomes broader compared 

to that band in the trialanine reference spectrum. Taken together with the side-

chain dependence discussed in the section on β-turns above, this shows that the 

side-chain does have an effect on the ROA spectra of proteins even after 

extensive conformational averaging. 

10.3 General conclusions 

In the introduction on ROA in chapter 2, a table was given (reproduced here as 

Table 10.1) based on scientific literature that shows that ROA is very sensitive to 

the solution structure of peptides and proteins. Many specific spectral 

characteristics and bands have been assigned to specific structural elements. 

While the spectral patterns of the main secondary structures (α-helical, β-sheet 

and IDP) can readily be identified in an experimental ROA spectrum (green), 

many of the more detailed assignments are still to be firmly established.  

In this thesis, we have showed that some of these assignments indeed need 

revision. The assignment of a strong positive ROA band around 1300 cm-1 to 

hydrated helical structure was shown to be incorrect. On the contrary, this band 

is very sensitive to the exact conformation and backbone hydration. The band 

around 1340 cm-1 is a much more reliable and conservative marker band of α-

helical structure. Furthermore, we showed that the β-turn assignments made in 

scientific literature are not robust and that it is very difficult to assign a specific 

spectral pattern or band to this type of structural element. If other secondary 
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structure elements such as α-helical structure and β-sheet are present, these 

likely dominate the spectrum rather than contributions of the β-turns.  

Table 10.1: Secondary structure assignments in the ROA spectra of peptides and proteins for α-
helix,

39,44
 β-sheet

39,40,45
 and intrinsically disordered

10,13
 protein structure. Wav(enumbers) are 

given in cm
-1
. The sign of a signal is given with “+” for a positive ROA signal and “–“ for a negative 

signal or “-/+” for a couplet. Additional sensitivities of the respective bands are given in the “sens” 
column. Green shaded cells indicate signals that are consistently observed in experimental spectra. 
Orange shaded cells indicate assignments or sensitivities that were either unknown (?) or 
questionable. 

Secondary structure 
skeletal  

870-1150 cm
-1
  

amide III 
1240-1480 cm

-1
   

amide I 
1630-1700 cm

-1
 

 
wav sign sens 

 
wav sign  sens 

 
wav  sign  sens 

α-helix 900 + ? 
 

<1300 - ? 
 

1650 -/+ ?  

 
~1100 -/+ ? 

 
1300 + unhydrated  

    

     
1345 + hydrated  

    
β-sheet 1120 + ? 

 
1220 - β-turn 

 
1670 -/+ ? 

     
<1280 - ? 

    

     
~1320 + type/ β-turn 

    

     
>1340 - β-turn 

    
IDP ? ? ? 

 
<1280 - ? 

 
1680 + ? 

     
1300 + ? 

    

     
~1324 + PPII 

    
 

In general, we showed that both the skeletal stretch region and the amide III 

region are very sensitive not only to the secondary structure, but also to the 

side-chains. Even after extensive conformational averaging, the detailed spectral 

characteristics depend on the side-chains. The amide I region was, in accordance 

with scientific literature, shown to be determined by the secondary structure. 

The exact spectral shape and position of the amide I band are determined by the 

water environment, which is relevant for the interpretation of calculated spectra 

in comparison with experiment. The amide III was shown to be very sensitive to 

the conformation, hydration and side-chains and the experimentally observed 

patterns thus arise from heavily averaged spectra. This explains why with simple 
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polyalanine calculations a lot can be learned about the amide modes in 

experimental spectra. 

Because IDPs are dynamic and flexible, the experimental ROA patterns are the 

result of extensive conformational averaging. Yet, our data shows that small 

spectral differences can be discerned in the experimental ROA spectra of IDPs 

that are likely related to the residual structure in their ensembles. Different IDPs 

show a small couplet in the skeletal stretching region, a broad negative band in 

the amide III region and a shoulder band around 1300 cm-1. The data presented 

in this thesis demonstrates that these latter specific spectral patterns of IDPs 

arise from backbone angles clustering in the 310-helical region of the 

Ramachandran plot. The most prominent band around 1324 cm-1 in the amide III 

region and a fully positive amide I band arise backbone angles clustering in the 

PPII region of the Ramachandran plot. As the strong ROA band of PPII structure 

around 1324 cm-1 quickly diminishes with conformational dynamics and 

disorder, the presence of this band in the ROA spectra of IDPs suggests that the 

backbone angles cluster in a specific region of the PPII region of the 

Ramachandran plot. To conclude, the experimental ROA pattern overall arise 

from the mixing of PPII structure with backbone angles clustering in the 310-

helical region of the Ramachandran plot. 

This thesis adopted a very systematic approach to the study of the structure-

spectrum relation. Using this approach, we were able to both support and revise 

traditional spectral assignments. The databases we developed in the framework 

of this research, were shown to contain valuable information on the relation 

between the solution structure of a protein and the corresponding spectral 

patterns and will therefore be valuable in future research. As mentioned in 

recent reviews, “conventional” ROA measurements of transparent solutions 

using visible laser excitation are expected to remain the simplest and most 
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informative in routine biomolecular studies.46,47 While the applications of ROA 

would improve a lot if the measurement times and the high concentrations that 

are required could be reduced,47 ROA clearly provides very valuable structural 

information of biomolecules that is complementary to other techniques. As 

such, the results discussed in this thesis and the databases we have developed 

are expected to remain very relevant for future research.  

10.4 Outlook 

The results obtained in this thesis demonstrate the huge structural sensitivity of 

ROA to protein structure. This very strong structural sensitivity of ROA patterns 

of proteins results in extensive averaging of different solvent configurations and 

side-chain and backbone conformations. Therefore, the research described here, 

can be further expanded. With the motto, ‘good research raises more questions 

than it answers’, in mind, here a few future perspectives are outlined. 

Since the systematic evaluation of the secondary structure dependence provided 

very valuable information in comparison with experiment, it would be very 

interesting to see if such an approach can be extended to other systems. In a 

project we initiated to study the solution structure of a few non-natural 

foldameric peptides, preliminary results showed that also for these systems, the 

solution structure could be assigned to a specific type of conformation. As such, 

systematic methodologies similar to ours might be very informative in future 

studies of the solution structure and conformation of (bio)polymers. 

Since we showed that the spectral assignments of β-turns are inaccurate, it 

would very valuable to obtain further experimental confirmation of the 

sensitivity of ROA to this type of structural element. We already acquired the 

experimental ROA spectra of a small set of cyclic peptides that adopt a specific 

type of β-turn in solution. A preliminary computational study of this set of 
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peptides indeed suggest that the side-chains have a big impact on the ROA 

patterns and explains why the experimental patterns of these peptides are so 

complicated. Building on the research we performed in this thesis, research on 

such small peptides and other peptides, will be very valuable to further 

understand the ROA spectral patterns of β-turns, β-sheets and the dependence 

of the patterns on solvent and side-chains. Multiple projects have been and will 

be initiated in our research group along those lines of investigation. 

Building on the insights that can be obtained by studying smaller biomolecular 

systems, the spectral assignments and sensitivities of ROA we demonstrated in 

this thesis can further be evaluated. If there is one thing about ROA that we 

have demonstrated, it is that it is very sensitive to all aspects of solution 

structure and therefore also poses a huge challenge in making definitive spectral 

assignments. A next step in the evaluation of the structure-spectrum relation 

would be to consider the aspects we studied separately in this thesis, being the 

dependence on secondary structure, conformational dynamics and disorder, 

hydration and side-chains simultaneously. Although in our systematic approach 

we deduced a lot of information taking advantage of studying one aspect at a 

time, the combined effect of all these factors eventually determines the ROA 

spectra of biomolecules. 

To study the solution structure of proteins in ever more detail, researchers are 

taking advantage of combining experimental and computational results from 

many different techniques. Each technique has its own limitations and strengths 

and therefore the use of complementary information is of indispensable value. 

ROA has a unique structural sensitivity and value in the study of the solution 

structure. If we can further push the technique and create a better 

understanding of the structure-spectrum relation, ROA might take a more 

standard role in routine (bio)molecular analyses in the future. 
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10.6 Supporting information 

 

Figure S 10.1: Raman spectra of different IDPs: (a) α-synuclein, (b) Tau K18, (c) ERD14 and (d) 
phosvitin. On the left the 200-1800 cm

-1
 window is plotted and on the right the 1000-1500 cm

-1 

region is shown in more detail. 
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Figure S 10.2: Overlap of the ROA spectra given in Figure 10.13. 
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11 English abstract 

In the aging population of the Western World, age-related neurodegenerative 

diseases, such as Alzheimer's and Parkinson's, are becoming an ever-increasing 

issue. Common to these diseases are build-up of protein matter in the brain, 

associated with degeneration of brain tissue. The proteins responsible for this 

degeneration belong to a group of proteins usually found on the periphery of 

structural biology; the intrinsically disordered proteins (IDPs). Lacking the 

structural elements traditionally associated with function, IDPs were historically 

ignored by structural biologists as "non-functioning". In the modern age of 

proteomics, this group of proteins has indeed proven to be functional, but in 

connection with disease, it is the sudden malfunction of IDPs that is in focus. As 

this group of proteins lack classically defined structural elements and are highly 

dynamic, the usual structural characterisation tools fall short in the analysis of 

IDPs, and even our fundamental understanding of "structure" fails. It is therefore 

imperative to develop new tools, and to generate a new understanding of protein 

structure itself by analysing IDPs. 

From its early application to study the solution structure of proteins, the 

vibrational spectroscopic technique Raman optical activity (ROA) was used to 

identify the structural properties of IDPs. ROA is a variant of Raman 

spectroscopy that is sensitive to chirality, since it is measured as the tiny 

difference in the circularly polarised components in the Raman scattered light of 

chiral molecules. Therefore, ROA has a unique sensitivity to the conformation of 

biomolecules. Even for IDPs, which are very flexible and dynamic, ROA shows 

unique spectral patterns that show that these proteins are not completely 

random, but rather adopt preferred local conformations. 



11 English abstract 

360 
 

While traditional secondary structure elements such as an α-helix or β-sheet can 

readily be identified in the ROA spectrum of a protein, the detailed structure-

spectrum relation is unknown. Because of theoretical developments and the gain 

in computer power, ROA can now be simulated using density functional theory 

(DFT) calculations. In this PhD research, the structure-spectrum relation was 

studied in much detail by using a highly systematic approach and detailed 

comparisons between DFT calculated Raman and ROA spectra and experimental 

spectra. 

The secondary structure sensitivity of ROA was demonstrated by the study of 

the solution structure of α-synuclein, which is a protein that plays a central role 

in the pathology of Parkinson’s disease. Depending on its direct environment, 

this protein adopts a distinctly different secondary structure, which was 

captured with ROA. While α-synuclein is an IDP in aqueous solution, upon 

binding with micelles it becomes predominantly α-helical. When low 

percentages of trifluoroethanol as a co-solvent were added, α-synuclein adopted 

a molten globule state. Based on these results, we further investigated the 

secondary-structure spectrum relationship in detail, which was one of the main 

goals of this PhD. 

Since ROA mainly arises from the vibrations in the protein backbone, it’s 

secondary structure dependence was evaluated using DFT calculations of poly-L-

alanine in specific conformations by systematically varying its backbone 

conformation. In this way, secondary structure conformations spanning the 

entire Ramachandran plot were generated. Based on a numerical comparison of 

the spectra in this newly developed database and the experimental Raman and 

ROA spectra of model peptides that adopt a specific secondary structure, it was 

possible to evaluate the earlier spectral assignments in scientific literature. An 

excellent agreement between theory and experiment was obtained and based on 
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that a few traditional assignments were further substantiated while others were 

shown to be inaccurate. 

A surprising observation in the above analysis was that the experimental ROA 

spectrum of a flexible peptide could be very well reproduced by the simulated 

spectra corresponding to a specific backbone conformation. This prompted us to 

analyse in depth how conformational disorder and dynamics would be perceived 

in the ROA spectra. In two subsequent studies, therefore, the effect of increasing 

structural disorder and how the mixing of secondary structures or interruption 

by a β-turns affects the ROA patterns was examined. The conformational 

sensitivity of ROA and the results from the previous database analysis were 

further solidified. Furthermore, it was shown that the spectral assignments of β-

turns made in scientific literature are not justified, which demonstrates the need 

to be cautious in making detailed spectral assignments. 

Building on these insights, the effect of the aqueous environment of peptides 

and proteins on the spectral patterns was analysed. For specific secondary 

structure elements, it was shown that the most important spectral effect of the 

surrounding water molecules, arises from the formation of hydrogen bonds with 

the amide groups. Depending on where the water molecule binds, specific ROA 

patterns are influenced.  

Finally, the studies discussed above demonstrate the secondary structure 

sensitivity of ROA, yet the question of how the side-chains could impact the 

spectral patterns arising from the backbone is unknown. It is generally believed 

that the contributions of most side-chains to large extent cancel out. However, 

up till now, this has not been assessed in detail. This is a very challenging task 

since out of the 20 amino acids that make up proteins, 18 have a side-chain that 

can adopt different side-chain conformations. Here, the development of an 
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elaborate database is described that was used to evaluate the influence of all the 

amino acid side-chains on the backbone vibrations. This influence was studied 

by comparing the spectral signals arising from the backbone of a trialanine 

peptide and subsequently replacing the middle alanine by one of the 19 other 

amino acids. By doing this for 10 different secondary structure conformations 

and many possible side-chain conformations, we showed that the side-chain 

contributions of most side-chains indeed largely cancel out with side-chain 

flexibility. On the other hand, the data indicates that the precise ROA patterns 

are dependent on the preferred side-chain conformations. 

Based on the study of the secondary structure dependence of ROA and further 

analysis of the contributions of the backbone dynamics, β-turn formation, 

hydration and side-chain conformations, it can be concluded that the ROA 

spectra of IDPs mainly arise from their backbone angles clustering in the 

extended PPII conformation and right-handed helical regions of the 

Ramachandran plot. 

In general, this thesis demonstrates that ROA has indeed a very strong structural 

sensitivity. Concomitant with that strength also the challenge of making spectral 

interpretations becomes clear. It was demonstrated that some of the traditional 

spectral assignments are inaccurate and require revision. With the ever-

increasing computer power the prediction of sufficiently large systems to study 

the ROA spectra of proteins is becoming feasible. It was demonstrated that 

systematic approaches can be very informative and instrumental in the study of 

protein structure using ROA. 
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12 Nederlandstalige samenvatting 

In onze vergrijzende Westerse samenleving zullen neurologische aandoeningen 

zoals de ziekte van Alzheimer en de ziekte van Parkinson een steeds 

belangrijkere rol spelen. Een algemene verschijnsel bij dergelijke ziekten, is de 

accumulatie van bepaalde eiwitten in de hersenen die uiteindelijk leidt tot de 

afbraak van zenuwcellen. De eiwitten die hierbij een belangrijk rol spelen, 

behoren tot een klasse van eiwitten die lang tot de buitengrenzen van de 

structurele biologie werd beschouwd, namelijk de intrinsiek ongeordende 

eiwitten (IDPs). In de huidige tijd van de proteomica, werd echter aangetoond 

dat dergelijke eiwitten inderdaad belangrijke functies vervullen, maar het 

merendeel van de aandacht is gevestigd op de oorzaken van de 

ziekteverwekkende eigenschappen van IDPs. Aangezien deze eiwitten niet 

opvouwen tot één welbepaalde structuur, schieten de analytische technieken die 

typisch gebruikt worden voor de opheldering van eiwitstructuren te kort. 

Sterker nog, de fundamentele opvattingen over de relatie tussen structuur en 

functie van eiwitten worden in vraag gesteld. Het is daarom van fundamenteel 

belang om technieken te ontwikkelen die dergelijke eiwitten kunnen bestuderen 

en zo een nieuw begrip van eiwitstructuur te creëren. 

Vanaf het begin dat de spectroscopische techniek Raman optische activiteit 

(ROA) werd aangewend voor het bepalen van de structuur van eiwitten in 

oplossing, werd het ook toegepast in de studie van IDPs. ROA is een variant van 

Raman spectroscopie die gevoelig is aan chiraliteit, omdat het signaal 

opgemeten wordt als het kleine verschil in de rechts- en linksdraaiende circulair 

gepolariseerde componenten in licht dat inelastisch wordt verstrooid door 

chirale moleculen. ROA heeft hierdoor een unieke gevoeligheid aan de 

conformatie van (bio)moleculen in oplossing. Zelfs voor IDPs die erg flexibel en 
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dynamisch zijn, worden met ROA spectroscopie unieke signalen opgemeten die 

erop duiden dat IDPs zich niet volledig willekeurig gedragen, maar dat ze lokale 

preferentiële conformaties aannemen. 

Hoewel de traditionele secundaire structuurelementen van eiwitten, zoals de α-

helix en de β-sheet, eenvoudig te identificeren zijn aan de hand van een ROA 

spectrum, is tot op heden een erg gedetailleerde interpretatie van de ROA 

spectra nog niet gekend. Door belangrijke theoretische ontwikkelingen en de 

toename aan computerkracht, kunnen ROA spectra nu berekend worden aan de 

hand van dichtheidsfunctionaaltheorie (DFT). In dit doctoraatsonderzoek, werd 

de structuur-spectrum relatie in detail onderzocht aan de hand van een erg 

systematische aanpak en gedetailleerde vergelijkingen tussen experimentele en 

met DFT gesimuleerde spectra. 

De gevoeligheid van ROA aan de secundaire structuur van eiwitten werd in dit 

proefschrift eerst gedemonstreerd aan de hand van een studie naar de structuur 

van α-synucleïne in oplossing. Dit is een eiwit dat een fundamentele rol speelt in 

het pathologisch proces van de ziekte van Parkinson. Afhankelijk van de 

condities waarin het eiwit zich bevindt, neemt het een andere structuur aan, die 

we ook met ROA konden waarnemen. In waterige oplossing is α-synucleïne een 

IDP, terwijl het een α-helix structuur aanneemt als het bindt aan micellen. Met 

lage concentraties trifluoroethanol als co-solvent neemt α-synucleïne dan weer 

een “molten globule” toestand aan. Uitgaande van dergelijke waarnemingen, 

gingen we dan verder met de studie van de secundaire structuur-spectrum 

relatie, één van de hoofddoelen van dit doctoraat. 

Aangezien de ROA signalen van eiwitten voornamelijk voortkomen uit 

moleculaire vibraties in het skelet van het eiwit, werd de afhankelijkheid van de 

spectra aan de secundaire structuur gemodelleerd gebruik makend van poly-L-
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alanine polymeren in specifieke conformaties. Door op systematische wijze het 

skelet van het peptide te variëren, werden conformaties over het gehele 

Ramachandran plot gecreëerd. Door numerieke vergelijkingen te maken van de 

spectra in deze nieuwe database en experimentele Raman en ROA spectra van 

modelpeptiden die een specifieke secundaire structuur aannemen in oplossing, 

konden eerder gemaakte spectrale toewijzingen in wetenschappelijke literatuur 

gevalideerd worden en indien nodig bijgestuurd worden. Een zeer goede 

overeenkomst tussen de gesimuleerde en experimentele spectra werd bekomen 

en gebaseerd op die overeenkomsten werden een aantal spectrale toewijzingen 

inderdaad gevalideerd. Daarnaast werd echter ook aangetoond dat bepaalde 

toewijzingen die eerder werden gemaakt inaccuraat zijn en dus herzien moeten 

worden. 

Een opvallende waarneming in bovenstaande studie was dat de experimentele 

spectra van een bepaald flexibel peptide zeer goed gereproduceerd konden 

worden aan de hand van berekende spectra van peptiden met een welbepaalde 

conformatie. Deze waarneming riep de vraag op hoe de ROA spectra beïnvloed 

zouden worden als de conformatie zou afwijken van die welbepaalde 

conformatie en meer en meer ongeordend en dynamisch zou worden. In twee 

volgende computationele studies, werd daarom ingegaan op hoe zulke 

structurele wanorde waar te nemen zou zijn in ROA spectra en hoe 

verschillende secundaire structuren zouden bijdragen in de spectra. Er werd 

aangetoond dat ROA inderdaad zeer gevoelig is aan de secundaire structuur, 

maar dat daardoor voor een flexibele secundaire structuur het ROA spectrum de 

gemiddelde conformatie weerspiegeld. Verder werd er aangetoond dat de 

spectrale patronen die tot op heden worden toegewezen aan “β-turns” niet 

onderbouwd zijn en dat het veel waarschijnlijker is dat andere secundaire 

structuren het ROA spectrum van een eiwit zullen domineren. 
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Gebaseerd op bovenstaande waarnemingen, werd in meer detail bestudeerd hoe 

de waterige omgeving van peptiden en eiwitten de spectrale patronen zou 

beïnvloeden. Voor verschillende secundaire structuren werd aangetoond dat de 

belangrijkste invloed van de watermoleculen voortkomt uit de vorming van 

waterstofbruggen met de amidegroepen in het skelet van het eiwit. Afhankelijk 

van hoe deze watermoleculen binden aan de amiden, wordt het spectrum op een 

andere manier beïnvloed. 

De verschillende studies die hierboven besproken werden tonen aan dat ROA 

erg gevoelig is aan de secundaire structuur van eiwitten. Een laatste belangrijke 

vraag die werd behandeld in dit proefschrift, is of de zijketens van de 

verschillende aminozuren een belangrijke invloed hebben op de spectrale 

patronen. In het algemeen wordt aangenomen dat de bijdragen van de zijketens 

aan de ROA spectra van eiwitten grotendeels uitmiddelen. Tot op heden is dit 

echter niet op een systematische wijze bestudeerd. Het is een grote uitdaging 

om voor 20 verschillende aminozuren, waarvan 18 aminozuren een zijketen 

hebben die verscheidene conformaties kunnen aannemen de invloed de ROA 

spectra van eiwitten de bestuderen. In dit proefschrift werd daarom een 

database gecreëerd om de bijdragen van de 20 verschillende aminozuren verder 

te bestuderen. Deze invloed werd onderzocht door eerst het ROA spectrum van 

een trialanine peptide te berekenen en vervolgens de middelste alanine te 

vervangen door één van de 19 andere aminozuren. Door dit voor 10 verschillende 

conformaties met een verschillende secundaire structuur uit te voeren en de 

spectra voor veel verschillende conformaties van de zijketens in rekening te 

brengen, konden we aantonen dat de bijdragen van de zijketens inderdaad sterk 

zullen uitmiddelen als de zijketen flexibel is. Anderzijds toonde de data ook aan 

dat elke zijketen in een welbepaalde conformatie een belangrijke bijdrage kan 

hebben aan het ROA spectrum. Zo werd ook aangetoond dat het spectrum van 
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een α-helix conformatie sterk beïnvloed wordt door de oriëntatie van de 

zijketens en dat de experimentele patronen dus bepaald worden door de 

voorkeursconformaties.  

Uitgaande van de studie van de gevoeligheid van ROA aan de secundaire 

structuur en de diepere analyse van de bijdragen van conformationele wanorde 

en dynamiek, β-turns, de waterige omgeving en de invloed van de zijketens, kon 

het geconcludeerd worden dat de ROA spectra van IDPs voornamelijk 

voortkomen uit het clusteren van de torsiehoeken in twee specifieke regio’s van 

het Ramachandran plot, namelijk de PPII en de linksdraaiende helix regio. 

In het algemeen werd in dit proefschrift aangetoond dat ROA erg gevoelig is aan 

de structuur van (bio)moleculen in oplossing. Een direct gevolg van deze 

gevoeligheid is dan ook dat het een grote uitdaging is om de experimentele 

spectra in detail toe te wijzen aan bepaalde structurele eigenschappen. Door de 

systematische aanpak die we beschreven hebben in dit proefschrift konden we 

verschillende toewijzingen die traditioneel werden gemaakt onderbouwen, 

terwijl van andere toewijzingen werd aangetoond dat ze inaccuraat waren. 

Verder tonen de resultaten aan dat we met de voortdurende toename aan 

computerkracht, steeds grotere en relevantere systemen kunnen modelleren om 

de spectra nog beter te begrijpen. We toonden aan dat een systematische aanpak 

goede resultaten kan opleveren en erg veel informatie kan opleveren en dus 

toekomstige studies kan inspireren. 
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