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Humans have tried to understand the world they live in since the birth of 

mankind. Proteins, macromolecules with dynamic structures, are often studied 

in this endeavor as all living organisms contain them. Proteins have a number 

of roles in cells and tissues, such as structural components, transportation of 

small molecules, transmitters and information between cells, defenders 

against infections or enzymes, catalysts or reagents in the organism. In 

general, on presumes that the function of a protein is linked to its structure, 

e.g. the induced fit theory for enzymes. 

In this thesis, it was tried to expand the possible applications of vibrational 

optical activity (VOA) for the study of biological systems, specifically, the study 

of the structural properties of proteins. VOA is a collective noun for two 

chiroptical techniques, vibrational circular dichroism (VCD) and Raman optical 

activity (ROA). VCD detects the difference between the absorbed left and right 

circular polarized light, while ROA detected the difference between the 

scattering of left and right circular polarized light.  

These techniques are very sensitive towards the structure of proteins. The 

provided information is complementary, as VCD and ROA exhibit different 

sensitivities towards these structural properties. It is therefore advised to take 

both techniques into account when studying a biological system. Until now, 

most systems, studied with VOA, are relatively simple, e.g. mixtures of 

different chiral components are avoided. In a first project, described in this 

thesis, the sensitivity of ROA towards small changes in the structural 

properties of proteins in crowded environments was explored. 

The crowding theory states that as 40 % of the cellular volume is occupied by 

macromolecules. Traditional methods, studying proteins at their native, very 
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low concentration, do not take this background of other macromolecules into 

account. The crowding effect is one way these macromolecules can interact 

with the studied protein and is based on the mutual impenetrability of solute 

molecules. This impenetrability induces a nonspecific steric repulsion, 

independent of other interactions between the molecules in solution. The 

resulting intermolecular volume, easily penetrable for smaller molecules, is 

not accessible for other macromolecules. This phenomenon renders a part of 

the intracellular volume inaccessible for large molecules, such as proteins, 

possibly influencing the resulting structure of the proteins.  

The effect of the presence of crowding agents Ficoll 70 (F70) and dextran 70 

(D70) on the structure of dephosphorylated alpha-casein (dP-Acas) and beta-

synuclein (bsyn) was studied, as well as the influence of sucrose, the 

monomeric unit of F70. ROA was used to observe the effect of crowded 

environments on the structural properties of dP-Acas, while the observed 

structural properties of bsyn remained unchanged. It was concluded that these 

observations are an important contribution towards the understanding of the 

behavior of intrinsically disordered proteins (IDP’s) in physiological conditions. 

IDP’s are an important group of proteins, exhibiting few to no traditional 

structural elements. The pathology of neurodegenerative diseases, such as 

Alzheimer’s and Parkinson’s disease, is often linked to proteins in this group. 

Furthermore, the lack of observed structural differences for bsyn validates the 

subtraction method and illustrates that some IDP’s are not influenced by the 

crowding effect.  

It was also demonstrated that the induced structural effect depends on the 

used crowding agent and its concentration. The first observation is in 

contradiction with the excluded volume theory. However, it was indicated that 
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the effect of F70 on the structural properties of dP-Acas is a superposition of 

both the crowding effect, similar to the effect of D70, and a specific 

interaction, similar to the effect of sucrose. The concentration dependency 

was predicted by the crowding theory. To test the sensitivity of ROA towards 

small structural differences even more, a second study was performed, where 

the structure of phosvitin in function of the concentration of crowding agent, 

F70 or D70, was monitored.  

It was demonstrated that the sensitivity of ROA towards small conformational 

changes is sufficient to track these changes throughout the titration. The use 

of a CID plot to interpret complicated ROA data was introduced. This 

technique enables the researcher to identify individual contributions to the 

spectrum, as long as this interpretation is performed with a critical eye, due to 

risk of over interpretation of the data.  

The conclusions over the possibility of specific interactions of F70 with 

proteins were confirmed, as F70 and D70 have a different influence on the 

structural properties of phosvitin. It was also noted that some spectral 

changes, specifically in the 900-1500 cm-1 area, might not originate in a 

secondary structural change of phosvitin, but in an interaction between the 

phosphorylated residues of the protein and the sugar-based crowding agent. It 

is therefore advised to take non sugar based crowding agents, such as PEG, 

into account in future crowding studies.  

In literature, it was suggested that VCD can be used to follow the fibrillation 

process, critical in the pathology of neurodegenerative diseases. In a third 

study in this thesis, VCD was used to monitor the effects and the combined 

effect of two influences on the fibrillation process of alpha-synuclein (asyn), 
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linked to for example Parkinson’s disease. The two studied effects were the 

crowding effect, by use of F70, a promotor of the fibrillation process, and bsyn, 

an inhibitor. It was concluded that both effects are competitive, and that 

neither the final fibrillation process dominates, resulting in a combined effect, 

intermediate between the two separate effects. This combined influence 

results in short, mutually aligned fibrils, morphological different to fibrils, 

originating in an environment in which only one of the two effects is present. 

This research points out the necessity to study a combination of several effects 

when studying a fibrillation process.   

It was also demonstrated that VCD is sensitive towards the higher order 

structural elements of fibrils in a nondestructive way, as VCD was sensitive 

towards the mutual alignment and the length of the fibrils, amongst other 

through a manifestation of an enhanced signal. This last phenomenon was 

studied in a final, systematic study, by use of the peptide KLVFF and its 

halogenated derivatives, in which it was tried to determine the origin and the 

importance of this enhanced signal. An enhancement of the signal, without 

resonance with the laser, was also for the first time experimentally observed 

for ROA.  It was also determined that the enhanced signals in VOA most likely 

do not originate in the structure of the fibril architecture, as similar shapes in 

the VCD spectra were observed for different fibril architectures. However, the 

results suggest that the presence of an enhanced VCD spectrum can be a 

measure for the directional properties of the intermolecular bonds, e.g. the 

halogen bond for the presented data. This observation suggests that VCD is 

capable of identifying similarities on a molecular level between fibrils with 

different architectures in a non-destructive manner. To unlock its full capacity, 

e.g. the use of VCD to shed new light on the understanding of the pathology of 
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neurodegenerative diseases, the corresponding theory, the dipole coupling 

theory, should be further developed. The data of this study could be used for 

this development. 

In conclusion, all results in this thesis indicate that both ROA and VCD are 

capable of analyzing complex samples, and providing information not 

accessible to other techniques. Further research will be needed to understand 

the information provided by VCD, while an improvement in the 

instrumentation of ROA will enable the measurement of more complex 

samples. It is also demonstrated that the environment of proteins can have a 

strong influence on their structural properties, and that it is therefore 

opportune to create an environment, as realistic as possible, when studying 

them, as a combined effect cannot be derived from the sum of each of the 

effects separately.  
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Humans have tried to explain the world we live in since the birth of mankind. 

One of the main focus angles of this endeavor studies how life functions and 

how this knowledge can be used to improve our natural surroundings and our 

lives.  

All living organisms contain proteins, large, dynamic. These proteins serve as 

structural components of cells and tissues, transporters or storage of small 

molecules, transmitters of information between cells, defenders against 

infections or as enzymes, catalysts of reactions in the organism. It has been 

proposed that most of the functional properties related to proteins are 

determined by their structures. An example of this phenomenon, termed the 

structure-function paradigm, is the induced fit theory for enzymes.1  

The structure of a protein is characterized on several levels. Firstly, to express 

a protein, the cell needs to translate the genetic code, defined in the DNA of 

the cell. In a gene, a codon of a sequence of three nucleic acids represents one 

of the naturally occurring twenty amino acids constituting a protein. Each 

amino acid consists of a carbon atom, bonded to an amino group, a carboxylic 

acid group, a hydrogen atom and a specific side chain (R), as shown in Figure 

1.1. 

 

Figure 1.1 An amino acid 
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The side chain determines the specific properties of the amino acid. The 

synthesis of a protein consists of transcription, followed by the translation of 

the RNA-code, which is transcribed from the DNA-code. Hereby, the amino 

acids are joined together by a peptide bond between the amino group of one 

and the carboxyl group of the next amino acid. The resulting amino acid 

sequence is the first characteristic of a protein, called the primary structure.2 

While the protein is formed as a long chain, certain pieces of the chain are 

stabilized into regular structures, held together by intramolecular forces such 

as hydrogen bonds. These structures make up the secondary structure of the 

protein. The most common secondary structural feature is the alpha helix, 

where the chain is coiled like a spring.  The backbone of the peptide forms the 

inner part of the coil, extending the side chains outward from the coil. In 

natural proteins, most alpha helices are right-handed.3 The alpha helix is found 

in a single peptide chain, but it is also possible to align different peptide 

chains, or different pieces of one peptide chain, into a beta sheet. If the 

direction of the chains is the same, the beta sheet is parallel, opposite strand 

alignment results in an antiparallel beta sheet. The remaining parts of the 

peptide chain are considered to form tight turns or loops, connecting one 

segment of secondary structure to the next. Tight turns exist in a fairly well 

defined structure, though not as regular or repetitive like an alpha helix or a 

beta sheet. Loops are traditionally considered to be completely random and 

are also known as random coil.4  

It is important to note that some proteins do not seem to possess a well-

defined secondary structure. Seemingly contradicting the structure-function 

paradigm, they do however exhibit biological activity.. Recent research has 

focused on these proteins in order to find alternative structural elements, 
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suggesting that parts of the protein, considered to be random in the past, 

actually possesses a previously undefined structure.5–7  

The protein will bend and twist to minimize its energy. Although the resulting 

tertiary structure may seem irregular and random, it is driven by bonding 

interactions between the side-chain groups of the amino acids. Under 

physiological conditions, hydrophobic side-chains will be at the interior of the 

protein, shielded from the aqueous medium. Therefore, these hydrophobic 

interactions, for example between alkyl groups or stacking interactions 

between aromatic groups are important stabilizing factors, as well as 

disulphide bridges and hydrogen bonds. Hydrophilic side-chains, like acidic or 

basic side-chains, will be exposed on the surface of the protein, creating the 

possibility of extra stabilizing forces, e.g. hydrogen bonding with water 

molecules. An extra stabilization of the tertiary structure can also be achieved 

by salt bridges.8  

Finally, different peptide chains can also combine in a quaternary structure, 

where each peptide chain acts like a subunit, interacting and arranging 

themselves with other subunits to form a larger protein complex.8 The first 

four levels of structure can also be found in Figure 1.2. 

It has been suggested that a protein can undergo a wealth of different 

interactions in a cellular environment, although these interactions may be 

weak and inherently transient. It has been proven that the concept of the 

quaternary structure does not cover this full range of macromolecular 

interactions. Therefore, such interactions of a protein with its surrounding are 

defined as an extra level of structure, the quinary structure.9 The role of these 

quinary interactions on the stability and behaviour of proteins has been an  
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Figure 1.2 Levels of protein structure, adapted from 
10
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ongoing field of research. For instance, one could use the presence of so-called 

crowding agents to mimic the naturally high concentration of macromolecules 

present in the cell.11 It has been shown that this can have an effect on the 

structure of the studied proteins.12,13 

Macromolecules can occupy up to 40 % of the cellular volume. Therefore, 

conventional methods that study these proteins in low concentrations, 

although mimicking the concentration of the protein in the cell, do not take 

the background of other macromolecules present in the cell into account. 

Several kinds of interactions can originate from this background of 

macromolecules; one of them is the so-called macromolecular crowding.14 

Macromolecular crowding is based on the mutual impenetrability of solute 

molecules. This induces a nonspecific steric repulsion, regardless of other 

attractive or repulsive interactions between the solute molecules. While 

smaller molecules can penetrate the intermolecular volume easily, 

macromolecules cannot occupy the volume between other macromolecules, 

hence rendering a part of the intracellular volume, its size depending on the 

numbers, sizes and shapes of all the molecules present in each compartment, 

unavailable for other large molecules. This volume is called the excluded 

volume. The volume of a cell is in general 20-40% occupied by 

macromolecules, which is translated into an approximate range of 200-400 g  

L-1 to be used in the study of these interactions.15 

The effect of crowding on the structure of proteins is studied by the use of 

crowding agents. These crowding agents should, ideally, have a molecular 

weight between 50,000 and 200,000 g mol-1 and have high water-solubility. 

Also, globular macromolecules are preferred over an extended molecular 
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shape, as the crowding agents need to withstand self-aggregation and the 

globular shape, in theory, prevents solutions becoming too viscous to handle. 

In practice, the concentration of the crowding agent is often varied to obtain a 

useable viscosity. Finally, the crowding agent should not interact with the 

studied system by any interaction other than steric repulsion. It also needs to 

be established that any effects inflicted on the protein are not a result of 

inadvertent changes in other factors, such as pH, redox potential or ionic 

strength. Ficolls, dextrans, polyethylene glycol and polyvinyl alcohol are 

commonly used synthetic crowding agents.15 

Some of the methods to determine structural properties of proteins are based 

on the fact that these structures are chiral. Chirality is a term introduced by 

Lord Kelvin in 189316, who defined it as: 

“I call any geometrical figure, or group of points, ‘chiral’, and say that it has 

chirality if its image in a plane mirror, ideally realized, cannot be brought to 

coincide with itself” 

 In practice, this means that chiral objects cannot be superposed onto their 

mirror image, while achiral objects can. To clarify, an example can be found in 

Figure 1.3. The left hand is the mirror image of the right hand, but it is 

impossible to turn or twist the left hand in such a way that it can be 

superposed onto the right hand. Hands are therefore chiral objects. The chair 

in Figure 1.3, on the other hand, can be superposed with its mirror image and 

is therefore an achiral object. 
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Figure 1.3 The hand as chiral and a chair as achiral object, adapted from
17

 

By this definition, proteins are chiral. 19 out of the 20 amino acids are chiral, 

the only exception being glycine. Therefore, the primary structure of all 

proteins is chiral, as there are no proteins completely composed of glycine. 

Next, the secondary and tertiary structural elements cause the protein to be a 

three-dimensional object, which can enrich the chirality of the protein. For 

example, an alpha-helix cannot be superposed onto its mirror image.  

The mirror images of a chiral molecular entity are called enantiomers.18 As 

enantiomers are the same except for being reversed along one axis, one can 

only distinguish between them in a chiral environment. For instance, one 

cannot distinguish the right hand of the left hand using a mitten, as it fits both 

hands. A glove, on the other hand, is chiral and will therefore only fit one of 

the two hands, enabling the user to distinguish the left hand of the right. As 

protein structures are chiral, the use of a chiral environment to determine the 

nature of these structures is necessary. 

Light is composed of electromagnetic waves and a photon can be described 

with electric and magnetic field vectors, where one is perpendicular to the 

other. The manner in which the electric field vector changes as a function of 

the propagation direction is called the polarization of the light. For example, if 

the electric vector moves in a straight line when viewed along the direction of 

propagation of the beam, the light beam is said to be linearly polarized. On the 
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other hand, if the endpoint of the electric vector moves along a circle the 

beam is circularly polarized. This property can be used to filter the light, hence 

possibly creating a chiral environment.19  Chiral entities, such as proteins, will 

react differently to different kinds of polarized light, a fact that can be used in 

chiral spectroscopy. In these techniques, the difference in interaction with left 

circular polarized light (LCPL) and right circular polarized light (RCPL) is 

exploited. 

In this thesis, vibrational optical activity (VOA) is used to study the structural 

properties of proteins. It is a collective noun for two chiroptical spectroscopic 

techniques, vibrational circular dichroism (VCD) and Raman optical activity 

(ROA). The latter is defined as the difference between Raman scattered right 

and left circularly polarized light, while in the case of VCD the difference 

between the amounts of absorbed infrared circularly polarized light is 

detected.  

Both techniques date back to the nineteen seventies, but were developed 

differently. VCD was first observed experimentally in 1974 by Holzwarth et al.  

at the University of Chicago.20 The confirmation of this measurement was later 

on published by Nafie et al.21 Although the discovery of CD in vibrational 

transitions from isolated molecules was guided by early theoretical studies, it 

was not until the early 1980’s that the theory of VCD was understood in depth 

for the first time, as a theoretical description of VCD is not possible within the 

Born-Oppenheimer approximation.22 More details concerning this theoretical 

description will follow in chapter 2.2.1.2. The discovery of ROA was also 

preceded by theoretical predictions of the phenomenon, but as there is no 

fundamental enigma present at the level of the Born-Oppenheimer 

approximation, the theoretical foundation for ROA was readily established, 
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both experimentally and theoretically.23,24 The first genuine ROA spectra were 

reported in 1973.25 These results were confirmed in 1975 by Werner Hug.26   

At present, the most powerful and important industrial application of VOA is 

the determination of the absolute configuration (AC) of small and medium-

sized molecules.  As molecules in living organisms and pharmaceuticals, 

designed for these living organisms, often are chiral, the functionality of 

compounds can depend on the AC of these.  For instance, the D-isomer of 

limonene smells like oranges, while the smell of the L-isomer is perceived as 

similar to turpentine.27 A less innocent example is Thalidomide, also known as 

Softenon. This drug was administered to pregnant women to counteract 

morning sickness. However, the administration of this drug was soon linked to 

birth defects with the infants.28,29  It has been shown that the sedative effects 

of the drug are more closely associated with the R-enantiomer, whereas 

immunologic effects are linked to the S-enantiomer. However, upon the oral 

or intravenously administration of a specific enantiomer, it undergoes chiral 

inversion to the other enantiomer in vivo, making total separation of the two 

effect impossible.30 This case shows the importance of determining the AC of a 

drug-candidate and the effect of its enantiomer during the development of 

said drug. Nowadays, pharmaceutical companies are not permitted to 

commercialize racemic mixtures without having studied the effect of both 

enantiomers separately.31  

The assignment of the AC of a molecule was only established in 1951, with the 

X-ray diffraction experiment of Bijvoet et al.32 Obtaining the pure single crystal 

needed for this method is an art and is sometimes impossible, for instance for 

samples that are liquids or oils at room temperature. When using VCD or ROA 

to determine the absolute configuration of a molecule, no crystals are needed. 
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Furthermore, VOA requires no additional modification of the molecule to 

determine the AC as is necessary when using NMR, as this technique requires 

modification with an NMR shift reagent followed by further analysis. However, 

the analysis of the absolute configuration by VOA requires a quantum chemical 

calculation to complete the AC assignment. Finally, both VCD and ROA need no 

specific functional groups or chromophores and sample directly the vibrational 

motion of all parts of the molecule, resulting in a comparison which is rich in 

structural detail. This makes them the preferred methods for the 

determination of AC in chiral molecules, while optical rotation and electronic 

circular dichroism (ECD) provide additional checks on the assignment of the 

absolute configuration.22,33 Most applications of absolute configuration 

determination have been carried out using VCD as ROA measurements are 

susceptible to background fluorescence and the samples need to be stable 

under extended laser radiation. However, ROA has been used to demonstrate 

the power of VOA for the determination of absolute configuration in 

molecules for which AC determination by any other means is beyond current 

capabilities.34–38 Moreover, as aqueous solvents are preferred for ROA 

measurements, it is ideal to study biological samples. However, VCD and ROA 

have different types of sensitivities to the structure of biological molecules, 

and as a results, both provide complementary information that should be 

considered when studying a biological system.22  

While biological systems are often too large to calculate corresponding 

theoretical spectra to determine the AC, the determination of this AC is not a 

central issue as nature is homochiral with respect to the AC of proteins, sugars, 

nucleic acids and related structures. The focus of VOA applications of biological 

molecules is therefore on conformation, or the determination of structural 
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components. L-Alanine, the simplest chiral amino acid, was the first biological 

sample for which VOA was applied.39 The application of VCD was then 

expanded to small peptides40 and polypeptides41. A few years later, the 

published mid-IR VCD spectral signatures of poly-L-lysine allowed the 

distinction between the three classical secondary structures, alpha-helix, beta-

sheet and random coil.42 The contributions of VCD to the understanding of 

peptide, polypeptide and protein secondary structures are primarily 

accomplished through a study of the amide I region. In this region, the 

through-space interaction by means of which the coupling between adjacent 

or nearby peptide units occurs, is manifested on a smaller scale and is more 

detailed than that spanned by ECD spectroscopy in the UV region near 200 nm. 

Parallel research in ROA of peptides and proteins has revealed an even more 

local type of stereo-sensitivity.22 Firstly, the studies of ROA towards the 

determination of protein secondary structure pursued to classify proteins 

according to secondary structure and the degree of order in the protein. As 

the ROA spectra of proteins in water span the entire range of vibrational 

frequencies from 200 to 1800 cm-1, the spectra exhibit an extraordinary 

degree of vibrational structural information.43,44 Moreover, each ROA 

spectrum as a whole can be used as a basis for the construction of a protein-

ROA database, revealing the power of ROA structural analysis.45 Furthermore, 

ROA shows high sensitivity towards the so-called intrinsically disordered 

proteins (IDP’s), a class of proteins that seems to be unstructured and for 

which crystal structures cannot be obtained.45 It is an important class of 

proteins, as they are linked to various neurodegenerative diseases, such as 

Alzheimer’s and Parkinson’s disease.47–49  
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In the case of IDP’s, it was recently discovered that VCD might have even more 

potential in explaining their behavior in the cell. As part of the pathology, so-

called fibrils are formed, consisting of aggregates of the protein.50,51 It was 

recently shown that VCD might exhibit an enhancement of the signal for some 

fibrils, suggesting that VCD provides unprecedented information on these 

systems.52–56 The theoretical background for this phenomenon remains 

however up for debate.57  

To the best of our knowledge, most studies with VOA are performed on 

relative simple biological systems, e.g. the studies of mixtures of chiral 

components are avoided. The work described in this thesis strives to expand 

the possibilities of VOA for the study of biological systems. Therefore, more 

complex samples, such as mixtures, will be studied. Examples of this can be 

found in chapter 3 and 4, where the sensitivity of ROA towards small structural 

changes in proteins, induced by the environment of the protein, is 

investigated. Furthermore, the possibility of VCD as a probe towards the 

fibrillation process is studied by a case study in chapter 5. Finally, a systematic 

approach towards the origin and the extent of this enhancement in VCD, and 

in ROA as well, is studied in chapter 6. Hopefully, this study can be used to 

inspire theoretical studies into this phenomenon.   
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Vibrational spectroscopy, such as Fourier transform infrared spectroscopy (FT-

IR) and Raman spectroscopy (Raman), is very sensitive towards the structure 

of molecules. However, one needs a technique sensitive towards the 

handedness of those molecules if one wants to determine the chiral structure 

of molecules.1 

One can develop this sensitiveness towards handedness by using circular 

polarized light in the spectroscopic set-up. Electromagnetic radiation can be 

described as two perpendicular vectors, one being the electric and the other 

the magnetic field vector. The polarization of the light describes the manner in 

which the electric field vector changes as a function of the propagation 

direction. If one uses the origin of this polarization to filter the light, a chiral 

environment can be created. Chiral entities will interact differently with 

different kinds of polarized light; e.g. left circular polarized light (LCPL) versus 

right polarized light (RCPL), the two distinct types of light shown in Figure 2.1. 

This optical activity combined with vibrational spectroscopic methods give rise 

to the concept of VOA. VOA can be divided into different subtypes, the most 

important being Raman optical activity (ROA) and vibrational circular 

dichroism (VCD). The first method measures the light inelastically scattered by 

the observed sample, while the latter detects the amount of infrared light 

absorbed by the observed sample.2 

 

Figure 2.1 Circularly polarized light and its clockwise (a) or counterclockwise (b) rotation. Adapted 
from

3
 



34 
 

2.1. Raman optical activity (ROA) 

Upon encountering some sort of matter (gas, solid or liquid), there is a small 

chance that light scatters. During this scattering event, the molecule is excited 

to a virtual state, a non-stationary state originating in a short-lived distortion 

of the electron distribution by the electric field of the incident light. 

Subsequently, there are two distinct options: 

As a first possibility, the scattering event is elastic. This means that the 

molecule returns to the ground state by emitting a photon with the same 

wavelength as the incident radiation. This event is called Rayleigh scattering 

and is schematically represented in Figure 2.2.  For the second option, the 

scattering event occurs inelastic and yields so-called Raman scattering, first 

discovered by Krishnan and Raman in 1928.4 This results in a scattered photon 

with energy different from the original incident radiation. The difference in 

energy between the incident and emitted photons is equal to an excitation in 

the vibrational frequency range.5  

Raman scattering can be divided in two types as well. The energy of the final 

state can be lower than the initial state, which results in an emitted photon 

with an energy lower than the energy of the absorbed photon. In this case, 

one speaks of Stokes scattering. If the final state is, however, found at a lower 

energy level than the initial state, the emitted photon will have a higher 

energy than the absorbed photon, giving rise to anti-Stokes scattering. As it 

involves transitions to a lower energy state from a populated higher energy 

state, the intensity of anti-Stokes scattering is low compared to the intensity of 

Stokes scattering. As both Stokes and anti-Stokes scattering contain the same 

vibrational information, usually only Stokes scattering is collected.6 
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Figure 2.2 Rayleigh and Raman effect, adapted from
5
 

In 1969, Atkins and Barron published a theory that states that scattered light 

contains a small degree of circular polarization and that the intensity of this 

scattered light of chiral molecules is slightly different for left and right 

polarized light.7 The definitive theory of Raman optical activity (ROA) was 

developed in 1971 by Barron and Buckingham8 and defined the dimensionless 

circular intensity difference (CID) as:  

∆𝛼(𝑣)  =  
𝐼𝑅 −  𝐼𝐿

𝐼𝑅 +  𝐼𝐿
 (2.1.) 

In this definition, IR and IL represent the scattered intensities of right and left 

circular polarized incident light. The method, based on polarized incident light, 

is also known as incident circular polarization (ICP) ROA. Alternatively, one 

could also perform scattered circular polarization (SCP) measurements, where 

incident light, scrambled as a result of a fast rotator, is sent into the sample, 

after which the circularly polarized component of the scattered light is 

isolated. In that case, the CID is defined as: 

∆𝛼(𝑣)  =  
𝐼𝑅 −  𝐼𝐿

𝐼𝑅 +  𝐼𝐿
 (2.2.) 

In this definition, IR and IL represent the intensities of right and left circular 

polarized components of the scattered light. In a last option, one could 
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combine the ICP and SCP methods, resulting in the dual circular polarization 

(DCP) measurement of ROA. In this method, the incident polarized light is 

scattered due to interaction with the sample. Subsequently, the circular 

polarized components of the scattered light are isolated and recorded, giving 

rise to two distinct subtypes. In the first subtype, DCPI or in phase DCP ROA, 

the right circular polarized component of the scattered light is recorded, if one 

uses right circular polarized incident light. If left circular polarized incident light 

is used, one records the left circular polarized component of the scattered 

light. The CID for this method is defined as: 

∆𝐼(𝑣)  =  
𝐼𝑅

𝑅 −  𝐼𝐿
𝐿

𝐼𝑅
𝑅 +  𝐼𝐿

𝐿 (2.3.) 

Alternatively, one could isolate the right circular polarized component of the 

scattered light using left circular incident light. In that case, one would isolate 

the left circular polarized component if right circular polarized incident light hit 

the sample. In this subtype, called out of phase DCP or DCPII ROA, the CID is 

defined as: 

∆𝐼𝐼(𝑣)  =  
𝐼𝐿

𝑅 −  𝐼𝑅
𝐿

𝐼𝐿
𝑅 +  𝐼𝑅

𝐿 (2.4.) 

A summary of the four types of ROA measurements can be found in Figure 

2.3.2 

 

Figure 2.3 Methods of measuring Raman optical activity, adapted from 
6
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2.1.1. Scattering intensities 

The CID usually has a maximum magnitude of 10-3. Combined with the fact that 

conventional Raman scattering is already considered a weak effect, this implies 

that ROA is a very weak effect. The measurement of a genuine ROA-spectrum is 

further complicated by the high susceptibility of ROA to artefacts. Experimental 

ROA was only successful after depolarized ROA in 90° scattering measurements 

were combined with the implementation of a dual photon-counting system 

synchronized with square-wave modulation of the incident visible argon-ion laser 

beam between right and left circular polarization.9 However, as described in the 

this section, one could deduce from theoretical considerations that 180° 

scattering results in the highest signal intensities.1,10  

The electric dipole approximation needs to be surpassed in order to explain 

the difference in response of a molecule to RCPL and LCPL, as it is necessary to 

include the ratio of molecular size to the wavelength of the radiation. This 

ratio, inversely related to the wavelength of the light, becomes zero for static 

fields. The characteristic radiation fields are therefore considered the origin of 

scattered light, within a semi-classical treatment. They are generated by the 

oscillating electric and magnetic multipole moments, both of which are 

induced by the incident light wave in the molecule. The electric dipole, 𝝁𝜶 , 

magnetic dipole, 𝒎𝜶, and electric quadrupole moments,𝚯𝜶𝜷, can be defined, 

in SI and Cartesian tensor notation, as: 

𝝁𝜶 =  ∑ 𝑒𝑖𝒓𝒊𝜶

𝑖

 (2.5.) 

𝒎𝜶 =  ∑
𝑒𝑖

2𝑚𝑖
휀𝛼𝛽𝛾𝒓𝒊𝜷

𝑖

× 𝒑𝒊𝜸
 (2.6.) 



38 
 

𝚯𝜶𝜷 =  
1

2
∑ 𝑒𝑖(3𝒓𝒊𝜶

𝑖

𝒓𝒊𝜶𝜷
−  𝑟𝑖

2𝛿𝛼𝛽) (2.7.) 

This definitions can be applied to a particle i, at place ri and with mass mi, 

charge ei and momentum pi. 휀𝛼𝛽𝛾 is the the Levi-Civita tensor: 

휀𝛽𝛾𝛿 =  
(𝛽 − 𝛾)(𝛾 − 𝛿)(𝛿 − 𝛽)

2
 (2.8.) 

The Greek letters β,γ and δ represent the Cartesian components {x,y,z}. 

The dynamic molecular property tensors are defined by quantum mechanical 

expressions, from time-dependent perturbation theory, while noting that 

throughout the rest of this chapter Cartesian tensor notation is used, in which 

the Einstein summation convention for repeated Greek suffices is implied: 

𝛼𝛼𝛽 =
2

ћ
 ∑

𝜔𝑗𝑛

𝜔𝑗𝑛
2 −  𝜔²

 𝑅𝑒 (〈𝑛|𝝁𝜶|𝑗〉 ∙ 〈𝑗|𝝁𝜷|𝑛〉)

𝑎

𝑗 ≠𝑛

 

 

(2.9.) 

𝐺′𝛼𝛽 = −
2

ћ
∑

𝜔

𝜔𝑗𝑛
2 −  𝜔²

 𝐼𝑚 (〈𝑛|𝝁𝜶|𝑗〉 ∙ 〈𝑗|𝒎𝜷|𝑛〉)

𝑎

𝑗 ≠𝑛

  (2.10.) 

𝐴𝛼𝛽𝛾 =
2

ћ
 ∑

𝜔𝑗𝑛

𝜔𝑗𝑛
2 −  𝜔2

 𝑅𝑒 (〈𝑛|𝝁𝜶|𝑗〉 ∙ 〈𝑗|𝜽𝜷𝜸|𝑛〉)

𝑎

𝑗 ≠𝑛

 (2.11.) 

In these expressions, n represents the initial state of the molecule and j 

denotes the virtual intermediate state. 𝜔𝑗𝑛 is equal to 𝜔𝑗 −  𝜔𝑛 and represents 

the angular frequency separation of those two states, while 𝜔 signifies the 

frequency of the laser light. The polarizability, responsible for light scattering, 

refraction etc., is described by the electric dipole- electric dipole tensor or 𝛼𝛼𝛽.  
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The isotropic part of 𝐺′𝛼𝛽, the electric dipole – magnetic dipole optical activity 

tensor, induces optical rotation in fluids. The electric dipole-electric 

quadrupole tensor, 𝐴𝛼𝛽𝛾, causes inter alia additional contributions to optical 

rotation in oriented samples. The contribution of 𝐴𝛼𝛽𝛾 is as important as the 

one of 𝐺′𝛼𝛽 to ROA, although its contributions to optical rotation equal zero in 

isotropic samples. The electric dipole-electric quadrupole contribution is a 

source of additional richness (and hence information) in ROA spectra. 

The possible geometries for ROA measurements are forward (0°), backward 

(180°) and right-angle (90°), with this last geometry leading to two distinct 

methods of measurement, either perpendicular or parallel to the scattering 

plane. This results in respectively polarized and depolarized ROA. Using the 

previously mentioned expression, as described in section 2.1, the semi-

classical method can derive formulations for the CIDs associated with the most 

important scattering geometries for an isotropic collection of chiral molecules: 

 

∆(0°) =  
8[45𝛼𝐺′ +  𝛽(𝐺′)2 −  𝛽(𝐴)²]

2𝑐[45𝛼² + 7𝛽(𝛼)²]
 (2.12.) 

∆(180°) =  
48 [𝛽(𝐺′)2 +

1
3  𝛽(𝐴)²]

2𝑐[45𝛼² + 7𝛽(𝛼)²]
 (2.13.) 

∆𝑥(90°) =  
2[45𝛼𝐺′ +  7𝛽(𝐺′)2 +  𝛽(𝐴)²]

𝑐[45𝛼² + 7𝛽(𝛼)²]
 (2.14.) 

∆𝑧(90°) =  
12 [𝛽(𝐺′)2 −

1
3 𝛽(𝐴)²]

6𝑐𝛽(𝛼)²
 (2.15.) 

In these expressions, the tensor component products have been averaged 

over all orientations of the scattering molecule, generating linear  tensor 
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component products that are invariant to axis rotations. Specifically, the 

isotropic invariants of the polarizability tensor and the electric dipole-magnetic 

dipole optical activity tensor are: 

𝛼 =
1

3
𝛼𝛼𝛼 =

1

3
( 𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧) (2.16.) 

𝐺′ =
1

3
𝐺′𝛼𝛼 =

1

3
( 𝐺′𝑥𝑥 + 𝐺′𝑦𝑦 + 𝐺′𝑧𝑧) (2.17.) 

The symmetric anisotropic invariants of the polarizability-polarizability and 

polarizability-optical activity tensor component products can be described as: 

𝛽(𝛼)2 =
1

2
(3𝛼𝛼𝛽𝛼𝛼𝛽 − 𝛼𝛼𝛼𝛼𝛽𝛽) (2.18.) 

𝛽(𝐺′)2 =
1

2
(3𝛼𝛼𝛽𝐺′𝛼𝛽 −  𝛼𝛼𝛼𝐺′𝛽𝛽) (2.19.) 

𝛽(𝐴)2 =
1

2
𝜔𝛼𝛼𝛽휀𝛼𝛽𝛿𝐴𝛾𝛿𝛽 (2.20.) 

Assuming a molecule composed entirely of idealized axially symmetric bonds, 

𝛽(𝐺′)2 equals 𝛽(𝐴)2 and 𝛼𝐺′ equals zero, reducing the CID expressions to: 

∆(0°) =  0 (2.21.) 

∆(180°) =  
32𝛽(𝐺′)²

𝑐[45𝛼² + 7𝛽(𝛼)²]
 (2.22.) 

∆𝑥(90°) =  
16𝛽(𝐺′)²

𝑐[45𝛼² + 7𝛽(𝛼)²]
 (2.23.) 

∆𝑧(90°) =  
8𝛽(𝐺′)²

6𝑐𝛽(𝛼)²
 (2.24.) 

These expressions indicate that the ROA intensity is maximized in a 

backscattering geometry, while the intensity is zero in forward scattering. One 

can conclude that the backscattering geometry is the best general 
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experimental strategy for ROA studies, as it boosts the ROA signal. As 

biomolecules, such as proteins in aqueous solution give rise to weak signals 

and high backgrounds in ROA studies, it has been shown that a backscattering 

geometry is especially valuable for these studies.11 
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2.1.2. Experimental Raman optical activity 

To date, there is only one commercial ROA- spectrometer available, the 

ChiralRAMAN-2XTM spectrometer, produced by Biotools Inc.2 The general 

schematic outline of this spectrometer is presented in Figure 2.4. 

 

Figure 2.4 ChiralRAMAN-2X spectrometer, adapted from 
12

 

The laser (1) emits a green laser beam (532 nm), which is periodically 

disrupted by the incident shutter (2).  This incident shutter prevents heating of 

the sample, and provides the time needed for the circularity convertors, (5) 

and (9), to move in or out of the beam. These circularity convertors resolve the 

systematic offset present in experimental ROA. This concept will be explained 
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in further detail in section 2.1.2.1. Subsequently, the linear polarization of the 

beam is optimized (3) and scrambled, by fast rotation of the azimuth over 360° 

by the two rotators (4), after which the light is deflected by a small prism and 

passed through a lens (6) into the sample cell (7). Next, the resulting 

backscattered light is directed through a slow rotator (8) to eliminate 

components of the linearly polarized light scattered from the sample. The 

Rayleigh line is attenuated by a notch filter (10) and the beam is collected onto 

a liquid crystal retarder (LCR) (11), where right handed circular polarized light 

is converted into linear polarized light, perpendicular to the plane of the 

instrument. Left-handed circular polarized light, on the other hand, is 

converted to linear polarized light parallel to the plane of the instrument. 

Subsequently, these two components are split in the beam-splitting cube (12) 

and collected into the input ends of two separate fibre bundles (13). To reduce 

artefacts, the nature of the collected light on each of the fibre bundles is 

switched during the measurement. The fibre optics lead to the entrance slit of 

a Kaiser Holospec spectrograph (14), which contains a highly efficient single 

volume-holographic transmission grating. Finally, the back-thinned CCD 

detector (15) detects the Raman spectra of the right and left circular polarized 

components simultaneously. The difference of these two spectra results in the 

SCP ROA spectrum, while the sum of the two spectra is the full intensity 

Raman spectrum.11 
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2.1.2.1. Circularity convertors and the experimental offset 

Systematic offset in experimental ROA originates in non-ideality of the optical 

components, misalignment of the optics and the interaction between Raman 

scattered light and the optics.13 One can eliminate these artefacts by 

subtracting the ROA spectrum of one enantiomer from the other, creating a 

baseline.13 However, when using large biomolecules, it is not possible to 

measure an enantiomer. A solution to this problem was however proposed by 

Hug.14 

A virtual enantiomer can be measured by inserting a half-wave plate (the 

circularity convertors or CC’s) before and after the sample, hence converting 

the circular components of the incident and in the scattered light from RCPL to 

LCPL and vice versa. In this set-up, one of the independently movable CC’s 

simulates the optical antipode in the exciting light and the other in the 

scattered light, enabling the optimisation of the properties of the two CC’s 

separately for the radiation that they handle. It is more advantageous to move 

the converter in the incident light with a higher frequency, as the physically 

smaller converter in the excited light can be moved more quickly than the 

larger one in the scattered light and as circular components in imperfectly 

linearly polarized exciting light become a major off-set source in the current 

design of the instrument. A scheme was proposed14, by which the two states 

are inserted, state ‘1’, or retracted, state ‘0’. This scheme is shown in Table 

2.1. 
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Table 2.1 Pattern of inserting and retracting circularity convertors 

CC in incident 

light 

CC in scattered 

light 

significance 

0 0 SCP measurement of sample 

0 1 Correction for non-ideality CC’s 

1 0 Correction for non-ideality CC’s 

1 1 Virtual enantiomer 

A whole measuring cycle consists of 32 scans in this set-up, with the incident 

laser shut off between each scan. 8 scans are measured for each state of the 

four possible states of the CC’s. The virtual enantiomer needs to be subtracted 

of the SCP measurement of the sample to obtain a spectrum with a correction 

of the offset.14 

It worth noting that for perfect optical elements, the creation of a virtual 

enantiomer requires only the [0,0] and [1,1] measurements. However, for real 

optical elements, the four-phase scheme is more effective in eliminating, from 

measured ROA, offsets caused by a net circular component in the exciting laser 

light. 14 
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2.1.3. General methodology to obtain ROA spectra 

The resulting ROA spectra are presented as circular intensity differences (IR – 

IL). In this expression, IR and IL denote the Raman intensities with right- and 

left-circular polarization respectively. The Raman spectra are presented as the 

sum of these polarized components (IR + IL).  The spectrometer is wavelength-

calibrated by measuring a neon-arc lamp and band aligning to premeasured 

standard. The experimental conditions are set with a laser wavelength of 532 

nm to a laser power where the resulting intensity on the CCD is optimized, a 

spectral resolution of 7 cm-1. The signal to noise ratio can be optimized by 

means of the acquisition time. Cosmic ray spikes are removed from the ROA 

spectra by means of a median filter. The resulting spectra are filtered by a 

third-order nine-point Savitzky-Golay filter. All of these treatments were 

always critically evaluated in MATLAB.  
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2.1.4. Characteristic features of proteins in Raman optical 

activity spectra 

ROA is particularly sensitive towards dynamic aspects of the structure of 

proteins. Furthermore, the resulting spectra contain many features directly 

related to the conformation in solution, making this technique a valuable 

additional source of information on the structure of proteins in solution. As it 

is possible to measure aqueous solutions, ROA is an excellent technique to 

determine the structure of proteins.  

The spectra, emerging from ROA measurements of proteins, contain features 

than can be related to the secondary and tertiary structure of the studied 

proteins. These features can be divided in three main regions, equivalent to 

the regions found in the conventional Raman spectrum.  

First, the backbone skeletal stretch region can be found from approximately 

870 cm-1 up to approximately 1150 cm-1. The features in this region originate 

mainly from the Cα-C, Cα-Cβ and Cα-N stretch coordinates. The second 

important region is found from approximately 1230 cm-1 to approximately 

1370 cm-1 and is called the extended amide III region. Here, the features arise 

from the in-phase combination of the N-H in-plane deformation and the Cα-N 

stretch. Lastly, the amide I region emerges between approximately 1630 cm-1 

and approximately 1700 cm-1. Its features are mostly based on C=O stretch 

vibrations.10 Each of these regions contains features that can be assigned to 

elements of secondary structure, leading to an overall ROA band pattern, 

characteristic of the three-dimensional structure of the protein. These band 

patterns are quite distinct for some types of fold, as illustrated in Figure 

2.5.15,16 
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Figure 2.5 Raman optical activity band patterns for different types of protein fold, adapted from
16

 

The upper two spectra in Figure 2.5 represent the Raman (on top) and the ROA 

spectrum (below) of human serum albumin, a protein with a primarily alpha-

helical conformation. Typical for this feature is the couplet in the amide I 

region. This couplet, centred at 1650 cm-1, is negative at lower wavenumbers 

and becomes positive at higher wavenumbers. It corresponds to the alpha-

helical bands present in the conventional Raman spectra at 1645-1655 cm-1. 

The alpha-helical structure is confirmed in the amide III region, with a strong 

positive band at 1340 cm-1.  Other arguments for the presence of alpha-helical 

structure can be found in positive feature in the range 1297 cm-1 towards 1312 

Alpha-helix 

Beta-sheet 

Amide I Amide III Skeletal stretch 
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cm-1. Finally, the most conservative feature in the backbone region is a 

couplet, centred at 1103 cm-1.10  

The Raman and ROA spectra of human immunoglobulin, a protein with 

primarily beta-sheet conformation, can be found in the middle of Figure 2.5. 

Indicative of this beta-sheet structure is the couplet in the amide I region, 

centred around 1655-1669 cm-1, with its centre shifted 5-19 cm-1 higher than 

the couplet indicating alpha-helical conformation. In the amide III region, a 

double positive band in the region 1230-1350 cm-1 is also significant for the 

assignment of beta-sheet.   

Finally, the bottom spectra in Figure 2.5 present the Raman and the ROA 

spectra of beta-casein, a known intrinsically disordered protein (IDP). Its 

intrinsic disordered nature is indicated by the broad positive signal at 1675 cm-

1 in the amide I region.  The positive feature around 1320 cm-1 in the amide III 

region can be attributed to the polyproline II helix (PPII).17  

While ROA is very sensitive to the local secondary structure, the chiral infrared 

derivative vibrational circular dichroism (VCD) has a different type of 

sensitivity to the structure of biological molecules, as will be discussed in the 

next section. As demonstrated by both this section and the next, each has 

different relative advantages over the other, and the applications of each have 

a different emphasis of view. It is therefore important to consider the 

complementary information from both VOA techniques, as it might be 

valuable towards the studied system.  
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2.1.4.1. Raman optical activity measurements of proteins  

It is important to note that currently, ROA measurements are only feasible for 

proteins that are sufficiently soluble and structurally stable throughout the 

time. For instance, a 150 mg mL-1 solution of Hen Egg White Lysozyme (HEWL) 

is used to check the performance of the instrument. Given the current set-up 

of the instrument, this standard measurement requires at least an acquisition 

time (or time that the sample is illuminated) of six hours to ensure adequate 

signal-noise ratio. As the sample is not continuously illuminated, to enable the 

positioning of optics in and out of the beam, this measurement runs 

approximately twelve hours, and is often run over night. During the course of 

this thesis, the lowest measured protein concentration accumulated to 12 mg 

mL-1. For this sample, 70 hours of acquisition time, equalling to approximately 

six days of measurement time. After this time, the signal-to-noise ratio was 

barely deemed sufficient, and it was opted to increase the concentration of 

the sample in further measurements.  
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2.2. Vibrational circular dichroism (VCD) 

Vibrational circular dichroism (VCD) is based on the fact that chiral molecules 

absorb LCPL and RCPL differently.  It is therefore defined as the difference in 

the absorbance of left minus right circularly polarized light for a molecule 

undergoing a vibrational transition, or, given a transition between any two 

vibrational sublevels nv and nv’ of an electronic state n as: 

(∆𝐴)𝑛𝑣′,𝑛𝑣
𝑎 =  (𝐴𝐿)𝑛𝑣′,𝑛𝑣

𝑎 −  (𝐴𝑅)𝑛𝑣′,𝑛𝑣
𝑎  (2.25.) 

In this equation, AL is the absorbance for LCPL and AR is the absorbance for 

RCPL. The superscript a represents the vibrational mode, or modes, associated 

with the vibrational transition. This definition is illustrated in Figure 2.6. 2 

 

Figure 2.6 Energy-level diagram illustrating the definition of vibrational circular dichroism, adapted 
from

2
 

The parent ordinary infrared absorption intensity, associated with VCD, is 

referred to as vibrational absorbance (VA). VA is defined as the average of the 

individual absorbance intensities for LCPL and RCPL, or: 

(𝐴)𝑛𝑣′,𝑛𝑣
𝑎 =  

1

2
[(𝐴𝐿)

𝑛𝑣′,𝑛𝑣
𝑎 +  (𝐴𝑅)

𝑛𝑣′,𝑛𝑣
𝑎 ] (2.26.) 

Experimentally measured VCD and IR spectra are related to these equations, 

however one needs to sum over all the vibrational transitions in a in the 

spectrum: 
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∆𝐴(𝑣) =  ∑(∆𝐴)𝑛𝑣′,𝑛𝑣
𝑎  𝑓𝑎

′

𝑎

(𝑣) (2.27.) 

𝐴(𝑣) =  ∑(𝐴)𝑛𝑣′,𝑛𝑣
𝑎  𝑓𝑎

′

𝑎

(𝑣) 
(2.28.) 

𝑓𝑎
′(𝑣) is an expression, typical of a certain vibrational transition, for the shape 

or distribution of the measured VCD and IR spectrum as a function of the 

radiation frequency 𝑣. From these equations, one can deduct that the original 

definitions of VCD and VA represent integrated intensities over the measured 

VCD (or VA) band of vibrational transition a by writing, for example: 

∆𝐴𝑛𝑣′,𝑛𝑣
𝑎 =  ∫ ∆𝐴(𝑣)𝑑𝑣

𝑎
= ∫ ∆𝐴𝑛𝑣′,𝑛𝑣

𝑎 𝑓′
𝑎

(𝑣)𝑑𝑣 
𝑎

=

∆𝐴𝑛𝑣′,𝑛𝑣
𝑎 ∫ 𝑓′

𝑎
(𝑣)𝑑𝑣

𝑎
                                                                 

(2.29.) 

The last integral on the right-hand side of this equation is equal to 1 when a 

normalized band shape of unit area is used as:  

∫ |𝑓′
𝑎

(𝑣)𝑑𝑣|
𝑎

= 1 (2.30.) 

Experimentally, one can define the VA intensities by: 

𝐴(𝑣) =  −𝑙𝑜𝑔10 (
𝐼(𝑣)

𝐼0(𝑣)
) =  휀(𝑣)𝑙𝐶 (2.31.) 

In this expression, 𝐼(𝑣) is the IR transmission intensity of the sample and 𝐼0(𝑣) 

is the reference transmission spectrum of the instrument.  By dividing 𝐼(𝑣)by 

𝐼0(𝑣) the spectrum is normalized, removing the dependence of the 

measurement on the characteristics of the used instrument. The second part 

of the equation describes Beer-Lambert’s law, defining the molar absorptivity 

of the sample, ε(v), while 𝑙and C are the path length and molar concentration 

in the case of solution-phase samples, respectively.  
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The experimental measurement of VCD is similar, but more complex than the 

definition of VA, as explained in the previous section. The definition of the 

molar absorptivity yields a molecular-level definition of VCD intensity, ∆휀(𝑣), 

which is free of the choice of the sampling variables, being path length and 

concentration.  

∆휀(𝑣) =  
∆𝐴(𝑣)

(𝑒𝑒)𝑙𝐶
 (2.32.) 

 (ee) is the enantiomeric excess of the sample, and can be defined as the 

concentration of major enantiomer, CM, minus the concentration of the minor 

enantiomer, Cm, divided by the sum of their concentrations (being the total 

concentration). 

(𝑒𝑒) =  
𝐶𝑀 − 𝐶𝑚

𝐶𝑀 + 𝐶𝑚
 (2.33.) 

As the value of (ee) can vary for different samples, we can write: 

∆휀(𝑣) =  
∆𝐴(𝑣)

𝑏(𝐶𝑀 −  𝐶𝑚)
 (2.34.) 

In this definition of VCD, a molecular-level quantity that has been corrected for 

the path length and concentrations of both enantiomers is represented. The 

intensity expressed as molar absorptivity of a VCD band for vibrational 

transition a, ∆휀(𝑣)
𝑒𝑣′,𝑒𝑣
𝑎 , can be extracted from the experimentally measured 

molar absorptivity VCD spectrum by integrating over the VCD band of 

transition a: 

∆휀(𝑣)
𝑛𝑣′,𝑛𝑣
𝑎 =  ∫ ∆휀(𝑣)𝑑𝑣

𝑎

 (2.35.) 
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The resulting quantity ∆휀(𝑣)
𝑛𝑣′,𝑛𝑣
𝑎  can be compared directly with the 

theoretical expressions of VCD intensity.2 
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2.2.1. Theoretical expressions of infrared and vibrational 

circular dichroism intensities 

2.2.1.1. Infrared intensities 

The molar absorptivity of a fundamental transition between two vibrational 

levels nv and nv’ of an electronic state n can be regarded as a sum of 

contributions of each normal mode a with an own frequency and band shape: 

휀(𝑣) =  
8𝜋³𝑁𝐴𝑣

3ℎ𝑐ln(10)
∑ 𝐷𝑛𝑣′,𝑛𝑣

𝑎 𝑓𝑎(𝑣)

𝑎

 (2.36.) 

In this expression, 𝑁𝐴 denotes the number of Avogadro, ℎ signifies  Planck’s 

constant and c is the speed of light. The normalized Lorentzian line shape 

𝑓𝑎(𝑣) is given by: 

𝑓𝑎(𝑣) =

𝛾𝑎

𝜋
(𝑣𝑎 − 𝑣)2 + 𝛾𝑎

2
 (2.37.) 

𝛾𝑎 denotes the half width at half maximum of the absorption band, and is 

usually set to an empirical value, which is for our applications between 5 and 

10 cm-1. 

In the molar absorptivity expression, the dipole strength is denoted by 𝐷𝑛𝑣′,𝑛𝑣
𝑎  

and is expressed in electrostatic units (esu² cm²). It is the key property for the 

calculation of IR intensities, and can be defined as: 

𝐷𝑛𝑣′,𝑛𝑣
𝑎 =  |〈Ψ𝑛𝑣′

𝐴 (𝒙; 𝑄𝑎)|�̂�|Ψ𝑛𝑣
𝐴 (𝒙; 𝑄𝑎)〉|² (2.38.) 

The superscript A indicates the adiabatic nature of the wave function, which 

signifies the gradual and reversible change as a function of the nuclear 

coordinates. This expression can be evaluated within the adiabatic Born-

Oppenheimer approximation.  
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Within the Born-Oppenheimer  approximation, one assumes that the 

electronic and nuclear motion are independent of one another, relying on the 

fact that the electrons are much lighter than nuclei and can be considered to 

adapt instantaneously to changes in nuclear configuration. This allows the 

wave function to be written as: 

|Ψ𝑛𝑣
𝐴 (𝒙; 𝑹)⟩ =  |Ψ𝑛

𝐴(𝒙; 𝑹)⟩ ∙ |𝜙𝑛𝑣(𝑹)⟩ (2.39.) 

The electric-dipole transition moment EDTM can be therefore be defined as: 

(𝝁)𝑛𝑣′,𝑛𝑣
𝑎 = 〈Ψ𝑛𝑣′

𝐴 (𝒙; 𝑄𝑎)|�̂�|Ψ𝑛𝑣
𝐴 (𝒙; 𝑄𝑎)〉  (2.40.) 

In the last two expressions, the electric dipole moment operator �̂�  consists of 

electronic and nuclear contributions: 

�̂� =  �̂�𝐸 +  �̂�𝑁 =  − ∑ 𝑒 𝒓𝑗 +  ∑ 𝑍𝐽𝑒𝑹𝐽 

𝑱

 

𝒋

 (2.41.) 

In these expressions, e represents the elementary charge and ZJ denotes the 

atomic number.18  
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2.2.1.2. Vibrational circular dichroism intensities 

In the case of VCD, the vibrational absorption occurs at the same incident 

radiation frequencies as for IR absorption. However, for the description of the 

VCD intensities, some modifications are necessary. The differential molar 

absorptivity, as also mentioned in equation (2.31.) for a vibrational transition 

from nv to nv’ is given by: 

∆휀(𝑣) =  
32𝜋³𝑁𝐴𝑣

3ℎ𝑐ln(10)
∑ 𝑅𝑛𝑣′,𝑛𝑣

𝑎 𝑓𝑎(𝑣)

𝑎

 (2.42.) 

The rotational strength, 𝑅𝑛𝑣′,𝑛𝑣
𝑎 , is defined by the Rosenfeld equation: 

𝑅𝑛𝑣′,𝑛𝑣
𝑎 =  Im[〈Ψ𝑛𝑣

𝑎 |�̂�|Ψ𝑒𝑣′
𝑎 〉 ∙ 〈Ψ𝑛𝑣′

𝑎 |�̂�|Ψ𝑛𝑣
𝑎 〉]  (2.43.) 

The rotational strength can be split in different components, for which the 

used wave function differs. The EDTM reappears as in equation (2.37.). The 

magnetic dipole transition moment (MDTM) is defined as: 

(𝒎)𝑛𝑣′,𝑛𝑣
𝑎 = 〈Ψ𝑛𝑣′

𝑎 |�̂�|Ψ𝑛𝑣
𝑎 〉  (2.44.) 

The magnetic dipole moment operator contains electronic and nuclear 

contributions, similar to the electric dipole moment operator (equation (2.40.) 

One could write the β’th Cartesian component as 

�̂�𝛽 =  �̂�𝛽
𝐸 +  �̂�𝛽

𝑁  

= − ∑ ∑
𝑒

2𝑚𝑒𝑐𝛾≠𝛿
𝑁
𝑗 휀𝛽𝛾𝛿𝑟𝑗𝛾𝑝𝑗𝛿 +  ∑ ∑

𝑍𝐽𝑒

2𝑀𝐽𝑐𝛾≠𝛿
𝑁𝜆
𝐽 휀𝛽𝛾𝛿𝑅𝐽𝛾𝑃𝐽𝛿   

(2.45.) 

In expression (2.43.), me signifies, the electron mass, e its charge, r its position 

and p its momentum. MJ represents the atomic mass, while RJ and PJ represent 

the position and momentum of the atom. Finally, 휀𝛽𝛾𝛿 is once more the Levi-

Civita tensor. 
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The introduction of atomic tensors makes it possible to derive expressions for 

the EDTM and MDTM that are readily implementable for computational 

routines. During this derivation, it is assumed that the vibrational transition 

gv’←gv occurs within the ground electronic state g and that the excited state 

v’ is not degenerate. By introducing equation (2.38.) and (2.40.) into equation 

(2.39.), while considering a vibrational excitation v←’v within the ground 

electronic state (n=g), we obtain: 

(𝝁)
𝑔𝑣′,𝑔𝑣
𝑎  =  

〈Ψ𝑔
𝐴(𝒙; 𝑄𝑎)𝜙𝑔𝑣′

𝑎 (𝑄𝑎)|�̂�𝐸 + �̂�𝑁|Ψ𝑔
𝐴(𝒙; 𝑄𝑎)𝜙𝑔𝑣

𝑎 (𝑄𝑎)〉  (2.46.) 

= 〈𝜙𝑔𝑣′
𝑎 (𝑄𝑎)Ψ𝑔

𝐴 (𝒙; 𝑄𝑎)|�̂�𝐸|Ψ𝑔
𝐴(𝒙; 𝑄𝑎) + �̂�𝑁|𝜙

𝑔𝑣

𝑎 (𝑄𝑎)〉  (2.47.) 

= (𝝁𝐸)𝑔𝑣′,𝑔𝑣
𝑎 + (𝝁𝑁)𝑔𝑣′,𝑔𝑣

𝑎  (2.48.) 

Here, the fact that the nuclear electric dipole transition moment operator �̂�𝑵 

does not act on the normalized electronic wave function is used. Therefore, 

the nested braket-notation implies that the inner braket is evaluated over the 

electronic position-spin coordinate space (x = {r,ω}). The outer braket 

represents the expectation value over the nuclear position coordinate space 

(R). In the following steps, the electronic and nuclear contributions will be 

evaluated. 
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A truncated Taylor expansion of the electronic wave function around the 

equilibrium normal coordinates is invoked to determine the electronic 

contribution to the EDTM: 

Ψ𝑔
𝐴(𝒙; 𝑄𝑎) = Ψ𝑔

𝐴(𝒙;  0) +  (
𝜕Ψ𝑔

𝐴(𝒙; 𝑄𝑎)

𝜕𝑄𝑎
)

0

𝑄𝑎 (2.49.) 

The electronic contribution to the EDTM becomes: 

(𝝁𝐸)
𝑔𝑣′,𝑔𝑣
𝑎  =  

〈𝜙𝑔𝑣′
𝑎 |⟨Ψ

𝑔

𝐴
(𝒙; 𝑄𝑎)|�̂�𝐸|Ψ𝑔

𝐴(𝒙; 𝑄𝑎)⟩|𝜙
𝑔𝑣

𝑎 〉  (2.50.) 

= [〈Ψ𝑔
𝐴(𝒙;  0)|�̂�𝐸| (

𝜕Ψ𝑔
𝐴(𝒙; 𝑄𝑎)

𝜕𝑄𝑎
)

0

〉

+ 〈(
𝜕Ψ𝑔

𝐴(𝒙; 𝑄𝑎)

𝜕𝑄𝑎
)

0

|�̂�𝐸|Ψ𝑔
𝐴(𝒙;  0)〉] ⟨𝜙𝑔𝑣′

𝑎 |𝑄𝑎|𝜙𝑔𝑣
𝑎 ⟩ 

(2.51.) 

= (
𝜕⟨Ψ𝑔

𝐴(𝒙; 𝑄𝑎)|�̂�𝐸|Ψ𝑔
𝐴(𝒙; 𝑄𝑎)⟩

𝜕𝑄𝑎
)

0

⟨𝜙𝑔𝑣′
𝑎 |𝑄𝑎|𝜙𝑔𝑣

𝑎 ⟩ (2.52.) 

The second derivatives have been omitted. It has to be noted that the zero’th 

order term vanished, due to the orthogonality of vibrational wave functions 

corresponding to the same electronic state: 

 ⟨𝜙𝑔𝑣′
𝑎 |𝜙𝑔𝑣

𝑎 ⟩ = 𝜕𝑣′,𝑣 = 0  (2.53.) 
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The nuclear contribution to the EDTM can be obtained by the expansion of the 

nuclear electric dipole transition moment operator around the equilibrium 

coordinates and retaining only the first term: 

�̂�𝑁 = (�̂�𝑵)0 +  ∑ (
𝜕�̂�𝑁

𝜕𝑄𝑎
)

0

𝑄𝑎

𝑎

 (2.54.) 

 

Combination this with equation (2.53.), we can express the nuclear 

contribution as: 

(𝝁𝑁)
𝑔𝑣′,𝑔𝑣
𝑎 =  ⟨𝜙𝑔𝑣′

𝑎 |�̂�𝑁|𝜙𝑔𝑣
𝑎 ⟩ =  (

𝜕�̂�𝑁

𝜕𝑄𝑎
)

0

⟨𝜙𝑔𝑣′
𝑎 |𝑄𝑎|𝜙𝑔𝑣

𝑎 ⟩ (2.55.) 

As equation (2.55) and (2.52) have a common factor, the total EDTM can be 

written as, in Cartesian components β: 

(𝝁)
𝑔𝑣′,𝑔𝑣
𝑎 =  ∑⟨Ψ𝑔𝑣′

𝐴 (𝒙; 𝑄𝑎)|�̂�𝛽|Ψ𝑔𝑣
𝐴 (𝒙; 𝑄𝑎)⟩

𝛽

 (2.56.) 

= ∑ [(
𝜕⟨Ψ𝑔

𝐴(𝒙; 𝑄𝑎)|�̂�𝐸,𝛽|Ψ𝑔
𝐴(𝒙; 𝑄𝑎)⟩

𝜕𝑄𝑎

)
0

+ (
𝜕�̂�𝑁,𝛽

𝜕𝑄𝑎

)
0

] ⟨𝜙𝑔𝑣′
𝑎 |𝑄𝑎|𝜙𝑔𝑣

𝑎 ⟩

𝛽

 (2.57.) 

It is more convenient to express the terms between brackets in terms of 

Cartesian displacements.  

(
𝜕⟨Ψ𝑔

𝐴(𝒙; 𝑄𝑎)|�̂�𝐸,𝛽|Ψ𝑔
𝐴(𝒙; 𝑄𝑎)⟩

𝜕𝑄𝑎

)
0

=  ∑ (
𝜕⟨Ψ𝑔

𝐴(𝒙; 𝑹)|�̂�𝐸,𝛽|Ψ𝑔
𝐴(𝒙; 𝑹)⟩

𝜕𝑅𝐽𝛼

)
0

𝑆𝐽𝛼,𝑎

𝐽𝛼

 (2.58.) 
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(
𝜕�̂�𝑁

𝜕𝑄𝑎
)

0

=  ∑ (
𝜕�̂�𝑁,𝛽

𝜕𝑅𝐽𝛼
)

0𝐽𝛼

(
𝜕𝑅𝐽𝛼

𝜕𝑄𝑎
)

0

= ∑ (
𝜕�̂�𝑁,𝛽

𝜕𝑅𝐽𝛼
)

0𝐽𝛼

 𝑆𝐽𝛼,𝑎 (2.59.) 

This equality uses the definition the S-matrix as the transformation matrix 

between Cartesian and mass weighted normal coordinates: 

𝑆𝐽𝛼,𝑎 =  (
𝜕𝑅𝐽,𝛼

𝜕𝑄𝑎
)

𝑄=𝑄0

=  (
𝜕�̇�𝐽,𝛼

𝜕�̇�𝑎

)
𝑄=𝑄0

 (2.60.) 

 

The total EDTM can therefore be written as: 

(𝝁)
𝑔𝑣′,𝑔𝑣
𝑎 =  ∑ ∑ 𝑃𝛼,𝛽

𝐽 𝑆𝐽𝛼,𝑎 ⟨𝜙
𝑔𝑣′
𝑎 |𝑄

𝑎
|𝜙

𝑔𝑣
𝑎 ⟩

𝛼,𝛽𝐽

 (2.61.) 

𝑃𝛼,𝛽
𝐽 , the atomic polar tensor (ATP), consisting of electronic and nuclear 

contributions is defined as: 

𝑃𝛼,𝛽
𝐽 = 𝐸𝛼,𝛽

𝐽 + 𝑁𝛼,𝛽
𝐽  (2.62.) 

with 

𝐸𝛼,𝛽
𝐽 =  ∑ (

𝜕⟨Ψ𝑔
𝐴(𝒙; 𝑹)|�̂�𝐸,𝛽|Ψ𝑔

𝐴(𝒙; 𝑹)⟩

𝜕𝑅𝐽𝛼
)

0𝐽𝛼

 (2.63.) 

𝑁𝛼,𝛽 
𝐽 = ∑ (

𝜕�̂�𝑁,𝛽

𝜕𝑅𝐽𝛼
)

0𝐽𝛼

  (2.64.) 

Similarly, if we introduce an adiabatic wave function and the MDTM operator 

from equation (2.44.) in equation (2.43.), we obtain: 
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(𝒎)𝑔𝑣′,𝑔𝑣
𝑎 =  

∑⟨Ψ𝑔
𝑎(𝒙; 𝑄𝑎)𝜙𝑔𝑣′

𝑎 (𝑄𝑎) |�̂�𝛽
𝐸 + �̂�𝛽

𝑁|Ψ𝑔
𝑎(𝒙; 𝑄𝑎)𝜙𝑔𝑣

𝑎 (𝑄𝑎)⟩

𝛽

 (2.65.) 

= ∑ 〈𝜙𝑔𝑣′
𝑎 (𝑄𝑎)|Ψ

𝑔

𝑎
(𝒙; 𝑄𝑎)|�̂�𝛽

𝐸|Ψ𝑔
𝑎(𝒙; 𝑄𝑎)⟩ + �̂�𝛽

𝑁|𝜙
𝑔𝑣

𝑎 (𝑄𝑎)〉

𝛽

 (2.66.) 

= (𝑚𝛽
𝐸)𝑔𝑣′,𝑔𝑣

𝑎 + (𝑚𝛽
𝑁)𝑔𝑣′,𝑔𝑣

𝑎  (2.67.) 

When using the adiabatic Born-Oppenheimer wave function, the electronic 

contribution to the MDTM can be written as: 

(𝑚𝛽
𝐸)

𝑔𝑣′,𝑔𝑣
𝑎,𝐵𝑂 =  ⟨𝜙𝑔𝑣′

𝑎 |⟨Ψ𝑔
𝐴|�̂�𝛽

𝐸|Ψ𝑔
𝐴⟩|𝜙𝑔𝑣

𝑎 ⟩ (2.68.) 

Within the Born-Oppenheimer approximation, the electronic wave functions 

are eigenfunctions of an unperturbed Hamiltionian. As �̂�𝛽
𝐸  is a purely 

imaginary and herminitian operator: 

⟨Ψ𝑔
𝐴|�̂�𝛽

𝐸|Ψ𝑔
𝐴⟩ =  ⟨Ψ𝑔

𝐴|�̂�𝛽
𝐸|Ψ𝑔

𝐴⟩
∗

= −⟨Ψ𝑔
𝐴|�̂�𝛽

𝐸|Ψ𝑔
𝐴⟩ = 0 (2.69.) 

implying that (mβ
E)

gv′,gv
a,BO  equals zero. This indicates that the electronic 

contribution to the MDTM cannot be determined within the Born-

Oppenheimer approximation. Consequently, this component will be evaluated 

using the Complete Adiabatic approximation, as the electronic complete 

adiabatic wave function contains an imaginary part, rendering equation (2.69.) 
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not valid. The electronic contribution to the vibrational MDTM for a normal 

mode a using the complete adiabatic wave function yields: 

(𝑚𝛽
𝐸)

𝑔𝑣′,𝑔𝑣
𝑎,𝐶𝐴

=  ⟨𝜙𝑔𝑣′
𝑎 |⟨Ψ𝑔

0|�̂�𝛽
𝐸|Ψ𝑔

0⟩|𝜙𝑔𝑣
𝑎 ⟩

+  ⟨𝜙𝑔𝑣′
𝑎 | [∑ ∑ ⟨Ψ𝑠

0| (
𝜕Ψ𝑔

𝐴

𝜕𝑅𝐽,𝛼
)

0

⟩ ⟨Ψ𝑔
0|�̂�𝛽

𝐸|Ψ𝑠
0⟩

𝐽𝛼𝑠≠𝑔

(𝑅𝐽,𝛼 + 𝑖
�̇�𝐽,𝛼

𝜔𝑠𝑒
0 ] |𝜙𝑔𝑣

𝑎 ⟩

+ ⟨𝜙𝑔𝑣′
𝑎 | [∑ ∑ ⟨Ψ𝑠

0| (
𝜕Ψ𝑔

𝐴

𝜕𝑅𝐽,𝛼
)

0

⟩ ⟨Ψ𝑔
0|�̂�𝛽

𝐸|Ψ𝑠
0⟩

𝐽𝛼𝑠≠𝑔

(𝑅𝐽,𝛼 − 𝑖
�̇�𝐽,𝛼

𝜔𝑠𝑒
0 ] |𝜙𝑔𝑣

𝑎 ⟩   

                  (2.70.) 

In this expression, the second order [𝑅𝐽,𝛼
2 + 

�̇�𝐽,𝛼
2

𝑤𝑠𝑒
0 ]-term has been omitted. As 

Ψ𝑠
0  and Ψ𝑔

0  are electronic Born-Oppenheimer wave functions evaluated at 

equilibrium, the arguments used in equation (2.68.) are also valid here: 

⟨Ψ𝑠
0|�̂�𝛽

𝐸|Ψ𝑔
0⟩ =  ⟨Ψ𝑠

0|�̂�𝛽
𝐸|Ψ𝑔

0⟩
∗

= −⟨Ψ𝑔
0|�̂�𝛽

𝐸|Ψ𝑠
0⟩ (2.71.) 

This equality eliminates the first term in equation (2.70.). In the last two terms, 

the 𝑅𝐽,𝛼-operation cancels. The following expression is obtained: 

(𝑚𝛽
𝐸)

𝑔𝑣′ ,𝑔𝑣
𝑎,𝐶𝐴 = 2𝑖ℏ ∑ ∑

⟨Ψ𝑠
0| (

𝜕Ψ𝑔
𝐴

𝜕𝑅𝐽,𝛼
)

0

⟩ ⟨Ψ𝑔
0|�̂�𝛽

𝐸|Ψ𝑠
0⟩

𝑊𝑠
0 − 𝑊𝑔

0

𝐽𝛼𝑠≠𝑔

⟨𝜙𝑔𝑣′
𝑎 |�̇�𝐽,𝛼|𝜙𝑔𝑣

𝑎 ⟩ 
(2.72.) 

 

Note that wse
0  has been substituted by: 
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𝜔𝑠𝑒
0 =

𝑊𝑠
0 − 𝑊𝑔

0

ℏ
 (2.73.) 

 

�̇�𝐽,𝛼 in equation (2.71.) needs to be transformed to normal coordinates: 

⟨𝜙𝑔𝑣′
𝑎 |�̇�𝐽,𝛼|𝜙𝑔𝑣

𝑎 ⟩ = ∑ 𝑆𝐽𝛼,𝑏 ⟨𝜙𝑔𝑣′
𝑎 |�̇�𝑏|𝜙𝑔𝑣

𝑎 ⟩

𝑏

= 𝑆𝐽𝛼,𝑎  ⟨𝜙𝑔𝑣′
𝑎 |�̇�𝑎|𝜙𝑔𝑣

𝑎 ⟩ (2.74.) 

In this conversion, equation (2.60.) and the orthogonality of vibrational wave 

functions corresponding to the same electronic state is used. We may then 

conclude: 

(𝑚𝛽
𝐸)

𝑔𝑣′,𝑔𝑣
𝑎,𝐶𝐴 =  ∑ [2𝑖ℏ ∑

⟨Ψ𝑠
0|(

𝜕Ψ𝑔
𝐴

𝜕𝑅𝐽,𝛼
)

0

⟩⟨Ψ𝑔
0 |�̂�𝛽

𝐸|Ψ𝑠
0⟩

𝑊𝑠
0−𝑊𝑔

0𝑠≠𝑔 ] 𝑆𝐽𝛼,𝑎  ⟨𝜙𝑔𝑣′
𝑎 |�̇�𝑎|𝜙𝑔𝑣

𝑎 ⟩𝐽𝛼   (2.75.) 

This indicates that by including a dependency on the nuclear velocities in the 

electronic wave function, non-zero values for the electronic contribution to 

the vibrational MDTM are obtained.  

An expression for the nuclear contribution to the MDTM is obtained by 

expanding the dependency on the nuclear velocities of the β Cartesian 

component of MDTM operator as a Taylor series and retaining only the first 

order term: 

�̂�𝛽
𝑁 = (�̂�𝛽

𝑁)
0

+ ∑ (
𝜕�̂�𝛽

𝑁

𝜕�̇�
𝑎

)
0

�̇�
𝑎

𝑎

 (2.76.) 

The expression for the nuclear contribution to the MDTM becomes: 
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 ⟨𝜙𝑔𝑣′
𝑎 |�̇�𝑎|𝜙𝑔𝑣

𝑎 ⟩ (2.76.) 

This result does not depend on whether one uses a Born-Oppenheimer or the 

Complete adiabatic wave function.  

Recognizing the common factors in equations (2.76.) and (2.75.), the total 

vibrational MDTM for the a’th normal mode contribution to the gv’←gv 

transition can be written as: 

(𝑚𝛽)𝑔𝑣′,𝑔𝑣
𝑎 =  ∑ 𝑀𝛼𝛽

𝐽 𝑆𝐽𝛼,𝑎⟨𝜙𝑔𝑣′
𝑎 |�̇�𝑎|𝜙𝑔𝑣

𝑎 ⟩

𝐽𝛼

 (2.77.) 

Here, 𝑀𝛼𝛽
𝐽  is the atomic axial tensor (AAT) and consists of electronic and 

nuclear contributions: 

𝑀𝛼𝛽
𝐽 = 𝐼𝛼𝛽

𝐽 + 𝐽𝛼𝛽
𝐽  (2.78.) 

with 
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)
0

  (2.80.) 

The implementation of these equations allow to calculate the vibrational 

dipole and rotational strengths, hence theoretically predicting VCD 

spectra.18,19  
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As the calculation of VCD spectra of large systems, such as proteins, proved to 

be very time consuming and unreliable at this moment in time, interpretation 

of the spectra was based on qualitative comparisons between experiments 

rather than on a theoretical spectrum.  
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2.2.2. Experimental vibrational circular dichroism 

While one could describe the measurement of ECD or VCD in general terms 

without regard to whether the underlying instrument is a dispersive scanning 

instrument or a Fourier transform (FT)-instrument, this thesis will only 

describe the measurement of VCD on a FT-instrument, as the commercially 

available instruments that were used during this thesis are FT-instruments. A 

successful extension of VCD measurement methodology to FT-IR 

spectrometers was achieved using the double modulation method, where the 

FT-IR beam is linearly polarized and passed through a photoelastic modulator 

(PEM). The optical block diagram and light path for a double modulation FT-

VCD instrument are shown in Figure 2.7.2 

 

Figure 2.7 Double modulation FT-VCD optical block diagram and light path, adapted from 
2
 

In the double modulation method, the output beam of a FT-IR interferometer 

with broadband infrared radiation (λ) is linearly polarized by passing through a 

linear polarizer (P). Next, the beam passed through a PEM, the sample (S) and 

is passed onto the detector (D). Each wavelength, λ, of the FT-IR spectrometer 

is encoded with a sinusoidal intensity modulator at the Fourier frequency, ωF. 

This Fourier frequency is determined by the scanning of the dual-arm 
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interferometer, according to the design of an FT-IR spectrometer. In the 

double modulation method, two interferograms are simultaneously present at 

the detector. The first interferogram is the standard FT-IR detector signal, 

IDC(δ), modulated at the Fourier frequencies. A second interferogram is 

modulated at both the Fourier frequencies and the PEM modulation 

frequency, ωM. The signal at the PEM frequency is first demodulated by a lock-

in amplifier (LIA, ωM) referenced to the PEM frequency. The output of this 

demodulation is the AC interferogram, IAC(δ), which is now only modulated at 

the Fourier frequencies. After the Fourier transformation of both the AC and 

DC interferograms, the ratio of the AC and DC intensities yields the FT-VCD 

spectrum, ΔA(ν). 2 

The first commercially available FT-VCD spectrometers were so-called side-

bench accessories, meaning they were extensions attached to a previously 

existing FT-IR spectrometer. An example of such an side-bench instrument is 

the Bruker PMA37.20 The major benefit of these side-bench VCD accessories is 

that the main FT-IR instrument remains available for other types of 

experiments. The baseline of the instrument is however not established 

permanently at the point of manufacture, but depends on the point 

installation at site or on the reconfiguration of the instrument. As the VCD 

baseline is the most important instrumental feature associated with the 

quality and reliability of VCD measurements, it is vital that the baseline is set 

close to zero. This requires sensitive, sometimes lengthy optical adjustment. 

Moreover, as the main-bench and side-bench are on separate optical 

platforms, the VCD baseline is very dependent on changes in the relative 

positions of these benches.  
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In 1997 Biotools Inc. and Bomem Inc. ventured together and provided the first 

commercially available fully-dedicated VCD spectrometer on a single optical 

bench with a factory-aligned permanent baseline, called the ChiralIR. A new 

version of the spectrometer became available in 2009, and is called the 

ChiralIR-2X. The latter employs the so-called dual-PEM method, as two PEM’s, 

one before and one after the sample are used to reduce artifacts.2  
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2.2.3. Characteristic features of secondary structure of proteins 

in infrared spectra 

IR spectroscopy provides molecular information of systems ranging from the 

level of amino acids, small peptides, isolated proteins and enzymes to even 

more complex systems such as peptide-protein complexes. The provided 

information can be global, such as the secondary structure composition of a 

protein, or highly specific such as the alteration of individual bonds in an 

enzyme. The sensitivity of the technique decreases with excessively increasing 

the protein size. Nevertheless, investigation of proteins with molecular weight 

up to 150-200 kDa does not present a problem.21 

The regions of interest are similar to those in the Raman and ROA spectra (see 

section 0), but the provided information is more general. Experimentally, it is 

more straightforward to obtain protein spectra in D2O than in H2O, as the IR 

bands of D2O occur at lower wavenumber than those of H2O, creating a region 

of relatively low absorbance between 1400 and 1800 cm-1. This creates an 

ideal window to observe the relative weak IR bands of the studied proteins 

and peptides. One can use much longer path lengths (up to 100 µm, compared 

to 8 µm for H2O), decreasing the protein concentration needed to obtain a 

high-quality spectrum.21 However, when measuring in D2O, one should 

prevent contamination by H2O over the course of a measurement, as well as 

take incomplete or changes in deuterium exchange in the sample into 

account.2  

The analysis of the various amide bands sensitive to the conformation of the 

protein provides specific information on the secondary structure. As some of 

the characteristic bands are more useful than others, the amide I (for 

measurements in H2O) or amide I’ (for measurements in D2O) is an established 
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indicator of the protein secondary structure due to its sensitivity to hydrogen-

bonding pattern, dipole-dipole interaction and the geometry of the 

polypeptide backbone. The amide I (I’) band typically consists of a series of 

overlapping component bands, originating in the secondary structures present 

in the studies proteins. This means that the individual component bands, 

representing different secondary structural elements, are often not resolved 

and thus difficult to identify. Generally, there are two approaches to 

quantitative estimate the protein secondary structure from IR spectra: the first 

one involves curve fitting of the amide I (I’) band profiles, and a second one 

which is based on pattern recognition algorithms.  

In a curve fitting analysis of the amide I (I’) band profile, one should first 

choose the input parameters, such as the number of component bands and 

their positions. Most commonly, the second derivative of the IR-spectrum is 

calculated, resulting in negative peaks for every band or shoulder in the 

spectrum. Derivatization does not preserve the integrated areas of individual 

components, as sharp bands are enhances at the expense of broad ones. The 

estimates number of component bands plus their approximated widths, 

heights and shapes are then used as input parameters in an iterative least 

squares procedure that attempts to reproduce the amide I (I’) band profile by 

varying these parameters. The fractional areas of the fitted components are 

taken as directly proportional to the relative quantities of the structural 

elements they represent.22  

The information, provided in Figure 2.8, can be taken as a general guideline for 

the approximation of protein secondary structure based on their characteristic 

amide I (I’) frequencies. It is important to note that alpha-helical and 

disordered structures show features fairly close together, sometimes 



72 
 

complicated the analysis, giving rise to possible subjectivity in analyzing the 

data.  

 

Figure 2.8 Amide I (I’) frequencies for protein secondary structures. Amide I (H2O): blue, amide I’ (D2O): 
black. α: alpha helices, β: beta-sheet structures, β

#
: beta-strands in aggregated structures, u: 

disordered parts of the polypeptide backbone, lp: loops, t: turns. Adapted from
21
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2.2.4. Characteristic features of proteins in vibrational circular 

dichroism spectra 

Experimentally, VCD has the same advantages and disadvantages as FT-IR. The 

shape of the resulting spectra is characteristic for the secondary structure of 

the studied protein, as shown in Figure 2.9.  Frequency analysis of the resulting 

spectra can also be useful (especially relative to the IR), but the frequencies 

are often perturbed by the solvent and the environment, whereas the shape of 

the band is less affected.  

The VCD shapes for proteins with different folds vary the most for the amide I 

region, but could also be detected in the amide II and III region. In comparison 

with the more conventional electronic circular dichroism (ECD), VCD is more 

sensitive towards sheet and other structural elements (including turns), while 

ECD is superior for helix determination. It is therefore suggested that to 

determine all the components of the secondary structure of a protein, it is 

preferable to combine multiple methods.  

It has been shown that VCD is uniquely sensitive to amyloid fibrils structures. 

Ma et al. reported the unusual intensity enhancement in the amide I region of 

the VCD spectra of insulin and lysozyme fibrils.23 Later, it was hypothesized 

that this enhancement originates in the higher order of those fibrils, 

presumably enabling distinguishing between left- and right-handed twists in 

fibrils24–26. Other theories suggests this enhancement might originate in the 

coupling of dipole moments in the fibrils.27 Whatever the cause, this 

enhancement makes VCD a promising technique to use in studies of fibrillated 

proteins.  
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Figure 2.9 Comparison of the typical amide I’ (left), amide I&II (middle) and amide III (right) VCD 
spectra for proteins in solution. The top spectrum is for hemoglobin (HEM, highly alpha-helical); the 

second spectrum from the top originates from concanavalin A(CAN, highly beta-sheet, no alpha-helical 
content); the spectrum for ribonuclease A (RNA, second from bottom, sheet and helix mixed) is shown 

second from the bottom and the bottom spectrum belongs to casein (CAS, bottom, a disordered 
protein). Amide I’ and amide I&II VCD are normalized to A=1 for the amide I (I’), the amide III have 

independent normalization. Adapted from 
28
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2.2.4.1. Vibrational circular dichroism measurements of proteins 

In regards to the practicalities of a VCD measurement of proteins, the choice 

of solvent determines the accessible path lengths, and thus, the necessary 

protein concentration in the sample. When measuring aqueous protein 

solutions, path lengths up to 8 µm are used. As one needs to acquire a 

corresponding IR absorption between 0.2 and 0.8, the protein concentration in 

the sample needs to be fairly high. During this thesis, it was determined that at 

least 60 mg mL-1 was necessary to achieve this minimum absorption. 

Depending on the corresponding absorption in the IR region, measurement 

time ranges between 4 hours and 12 hours to ensure adequate signal-to-noise 

ratio. 

One can use longer path lengths, and hence lower protein concentrations, 

when the protein is solved in D2O, as explained in section 2.3. For a path 

length of 50 µm,  it was found that a protein concentration of 20 mg mL-1 

correlates to an maximum absorption in the amide I of approximately 0.5, 

while for a path length of 100 µm, measurements were made of samples with 

a protein concentration of 10 mg mL-1. However, when measuring in D2O, one 

needs to ensure an adequate H-D exchange of the protein sample. If the 

sample still contains labile protons before the measurement, the formation of 

HDO or even H2O during the measurement can obstruct a successful 

measurement. During this thesis, the following protocol for H-D exchange was 

followed: 

One needs enough sample so that at least 100 microliters of solution can be 

made in the end. For an average VCD measurement, that means at least 0.5 

mg of lyophilized protein is needed, preferably a bit more as losses need to be 

taken into account. Next, the water is eliminated through lyophilization. When 
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the sample is dry, it is dissolved  in an excess of D2O and leave it at 4°C for at 

least eight hours. The sample is once more lypoholized. Finally, a sample, 

ready for measurement, can be made.   
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2.3. Electronic circular dichroism (ECD) 

The results, obtained in this thesis, may need validation by readily-established 

methods. One possibility for this validation is the chiroptical spectroscopic 

method electronic circular dichroism (ECD), commonly known in structural 

biology as circular dichroism (CD) spectroscopy, as it is also possible to study 

the proteins in solution by this technique, provide a meaningful comparison 

with the results obtained by VCD and ROA.  

Similar to VCD, ECD is based on the fact that chiral molecules absorb LCPL and 

RCPL unequally in the ultraviolet-visible (UV-VIS) region, and occurs when a 

molecule contains one or more chiral chromophores.29 

(∆𝐴)𝑒′,𝑒
𝑎 =  (𝐴𝐿)𝑒′,𝑒

𝑎 −  (𝐴𝑅)𝑒′,𝑒
𝑎  (2.81.) 

2.3.1. Experimental electronic circular dichroism 

The accessible ECD spectrometer was the Chirascan PlusTM from Applied 

Photophysics Limited. The general schematic outline of this spectrometer is 

presented in Figure 2.10. 



78 
 

 

Figure 2.10 Schematic overview of the ChirascanTM ECD spectrophotometer from Applied 
Photophysics Limited. Adapted from Chirascan Plus Technical Overview Manual 

As can be seen from Figure 2.10, the ECD spectrometer can be subdivided in 

three general compartments, the light source housing, the monochromator 

and the sample chamber. An air-cooled 150 W Xe arc (1) emits light, which is 

subsequently captured and focused by an optimized ellipsoidal focusing mirror 

(2). Subsequently, the light is sent into the monochromator, selecting the 

exiting light’s wavelength and making the polarization state linear. This linear 

polarization is ensured by the two F/7 split-Wollaston prisms (3), which are 

movable dual-polarizing prisms that split incident unpolarized light into two 

orthogonally polarized beams. The resulting linearly polarized light is guided by 

the mirrors and slits and focused on the PEM (4) at an angle of 45° with 

respect to the principal axis of the PEM, ensuring the sinusoidal modulation 

between LCPL and RCPL with a fixed frequency of the output beam. 

Subsequently, the beam, alternating between RCPL and LCPL, enters the 

sample holder (5). Finally, the ECD and absorption signal can be detected by 

high-performance UV-visible-IR avalanche photo-diodes (6). 
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2.3.2. Characteristic features of proteins in electronic circular 

dichroism spectra 

In structural biology, ECD is considered a powerful method to examine the 

structural properties of proteins, polypeptides and peptides since the 1960s.30 

In the far UV, below 240 nm, the spectra of these molecules are dominated by 

𝑛 → 𝜋∗ (centered around 210 nm) and 𝜋 → 𝜋∗ (at about 190 nm) transitions 

of the peptide bond of the amide groups. As a result, the ECD, originating in 

the amide group as the dominant chromophore, is largely determined by the 

secondary structure of the protein.30–32 The characteristic ECD spectra in the 

far UV for different types of secondary structure are illustrated in Figure 2.11. 
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Figure 2.11 Far UV ECD spectra associated with various types of secondary structure. Solid line, alpha-
helix; long dashed line, anti-parallel beta-sheet; dotted line, type I beta-turn; cross dashed line, 

extended 31-helix or poly (Pro) II helix; short dashed line, irregular structure.
29

 

It is possible to estimate the secondary structure composition of proteins by 

using the data from the far UV ECD spectra. The method available in the 

Molecular Spectroscopy Group at this time is the CDNN algorithm, which 

employs basis datasets comprising the ECD spectra of proteins of various fold 

types whose structures have been solved by X-ray crystallography.29 It has to 

be noted that such an algorithm has always to be used with caution, as the 

quality of the dataset and the experimental ECD data has a profound influence 

on the reliability of the result.   
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Furthermore, it has to be noted that while the electronic transitions of most 

side chains of the amino acids can be found below 190 nm, there are some 

(tyrosine, tryptophan, phenylalanine, histidine and cysteine) that can have 

weaker ECD bands, starting from 280 nm downwards. These bands are 

characteristic of their environment, but are mostly considered a complicating 

factor in the analysis of the ECD data.31  
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3. ROA as a probe to small 

conformational changes in a 

protein: a crowded case study 
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To expand the applications of vibrational optical activity, one should test its 

boundaries. It was therefore opted to study the sensitivity of ROA to 

conformational changes in proteins, as proteins have long been considered the 

most important group of biomacromolecules due to their diversity in structure 

and function. Moreover, malfunctioning proteins are linked to high-profile 

diseases, such as Alzheimer’s and Parkinson’s disease.1,2 It is therefore of vital 

importance to be capable to study the influence of certain environmental 

parameters, present in realistic cellular environments, on proteins. In vitro 

studies would be preferable, especially for initial studies, as it would both 

eliminate the ethical difficulties, arising from animal studies, and reduce the 

cost. 

Traditionally, molecular biologists measure the activity of proteins in vitro 

under so-called physiological conditions, for example, very low concentrations 

of the studied protein. However, as mentioned in chapter 1, it has been shown 

that the overall concentration of biomacromolecules present in the cell can be 

as high as 300-400 mg mL-1.3 The macromolecular crowding theory assumes 

that due to excluded volume, the presence of this macromolecules forces 

molecules with a flexible structure, such as proteins, into a more compact 

structure. 4  

To mimic crowded environments in vitro, one often uses crowding agents. 

These crowding agents should ideally have a molecular weight between 

50,000 and 200,000 g mol-1 and have high water-solubility. Furthermore, it is 

important they withstand self-aggregation. Globular macromolecules are 

preferred over an extended molecular shape for this reason. Moreover, this 

prevents, in theory, solutions becoming too viscous to handle. Most 

importantly, the crowding agent cannot interact with the studied system by 



90 
 

any interaction other than steric repulsion. Ficolls, dextrans, polyethylene 

glycol (PEG) and polyvinyl alcohol are commonly used synthetic crowding 

agents.3 In this project, it was opted to use Ficoll and dextran as the main 

crowding agent, due to comparability with literature. The use of PEG was also 

tested, but due to the coloring of the sample, it was impossible to obtain a 

reliable ROA spectrum.  

The influence of crowded environments on the structure of proteins has been 

previously studied.5–8 For these studies, ECD and NMR are often used.9,10 A 

detailed interpretation of these studies is however difficult and often induces 

an ambiguous interpretation of the data at hand. As ROA exhibits a well-

documented, unprecedented sensitivity towards distinguishing and identifying 

local structure in proteins, it was opted to employ a crowding study to evince 

the full potential of ROA.  

In this study, two proteins were chosen as models. The first is 

dephosphorylated alpha-casein (dP-Acas), a commercially available intrinsically 

disordered protein. It was shown crowded environments can have an 

influence on the secondary structure of dP-Acas. The observed structural 

effect depends on both the nature of the crowding agent and the 

concentration of crowding agent. This shows that ROA can sense structural 

changes of proteins, even when the difference might be subtle.  In a second 

case, the protein beta-synuclein (bsyn) was studied. It was found that there 

was no observed spectral effect of crowded environments on the structure of 

this intrinsically disordered protein, reducing the risk that the observed 

spectral changes in the case of dP-Acas were due to artifacts in the spectrum. 

It is therefore believed that the experimental model, described in the next 
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section, is highly applicable to determine the effect of crowded environments 

on the structure of dP-Acas. 
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3.1. Study of the effect of the presence of crowding agents 

on dephosphorylated alpha-casein (dP-Acas) 

dP-Acas was chosen as a suitable case study for the ability of ROA to sense 

conformational changes upon crowded environments due to the fact that is a 

commercially available intrinsically disordered protein. The Raman and ROA 

spectra of dP-Acas have been reported before.12–14 In both Jarvis et al. and 

Ashton et al., a comparison of the ROA spectrum of dP-Acas vs the 

phosphorylated form of the protein was performed, and both articles conclude 

that while dephosphorylation may induce small structural changes in the 

backbone of alpha-casein, the overall structural content (poly-proline II) 

remains the same upon dephosphorylation.12,13 The effect of highly crowded 

environments on the protein dP-Acas are shown in Figure 3.1.  

In this first crowding study, the concentration of crowding agents was chosen 

to be 300 mg mL-1. This results in an overall concentration of macromolecules 

(being the concentration of protein plus the concentration of crowding agent) 

approaching the theoretical maximum of a cellular environment.3 The 

corresponding Raman spectra were also collected for all measurements, but as 

Raman spectroscopy is less sensitive to the backbone conformation compared 

to ROA, these spectra differ only with respect to their baselines. 

The bottom spectrum in Figure 3.1 is that of dP-Acas in solution without 

crowding agents. The spectrum shows spectral features traditionally 

associated with structural disorder, and which are similar to the features in 

previously published spectra of dP-Acas. It is therefore reasonable to assume a 

similar overall structure of these samples.12–14  In the amide I, a broad positive 

feature, with a maximum at 1677 cm-1, can be assigned to disordered 
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proteins.15 The feature in the amide III region supports this disordered nature, 

as a signal at 1320 cm-1 is typically assigned to PPII helical structure.16  It seems 

however that the protein also possesses a small amount of alpha-helical 

structural elements, as suggested by the couplet from 1095 to 1125 cm-1 in the 

backbone skeletal stretch region.  

  

Figure 3.1 ROA spectra of an aqueous solution of dP-Acas (A) and in the presence of 300 mg mL
-1

 co-
solute Ficoll 70 (B), dextran 70 (C) and sucrose (D).

17
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The spectrum of dP-Acas in a crowded environment, where Ficoll 70 (F70) is 

the crowding agent, is shown in panel B in Figure 3.1.  F70 is a sucrose-based 

polymer with an average molecular weight of 70 kDa. The spectrum differs 

significantly from the spectrum of the uncrowded protein, as the amide I 

contains an extra, negative contribution at 1639 cm-1. The resulting feature 

resembles a couplet, suggesting an overall important contribution of alpha-

helical structure. However, the broadness of this feature suggests that part of 

the protein remains disordered. This suggestion of a combination of secondary 

structural elements can also be found in the amide III region, where the PPII 

characteristic at 1320 cm-1 remains, but new features also appear. The new 

signal at 1352 cm-1 can be assigned to alpha-helical structure, while the band 

at 1381 cm-1 suggests the presence of tight turns.15 These new features 

indicate a more compact structure of the protein, with a higher content of 

classical secondary structural elements.  

The previous results imply that crowding interactions do occur in the test 

system, but to identify any specific (i.e., non-crowding) interactions between 

F70 and dP-Acas, the experiment was repeated with dextran 70 (D70), a 

glucose-based polymer. The spectrum, resulting from this experiment, can be 

found on panel C, in Figure 3.1. In this spectrum, differences do emerge due to 

the presence of D70 compared to the spectrum in an uncrowded environment 

(panel A in Figure 3.1), but these induced changes differ from those emerging 

from the presence of F70, as visible on panel B in Figure 3.1.  

In the amide I region of the spectrum of the sample with D70 as a co-solute, an 

extra negative contribution can be observed. The distinction between the 

couplet, suggesting alpha-helical structure, and the positive feature, linked to 

disordered structure is more prominent than in the spectrum of the sample 
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with F70 as a co-solute. Although the amide III region also contains new 

features, the new bands in this region appear to be tighter, smaller and red-

shifted compared to the F70 sample. Some of the extra features, visible in the 

spectrum of dP-Acas with F70 as a co-solute, are not present in this spectrum, 

e.g.  the band at 1282 cm-1. The remaining extra features in the spectrum 

suggest a tightening of the structure towards alpha-helical structure, when 

compared to the structure of dP-Acas in an uncrowded solution.  

These arguments imply that the overall structural transition, induced by the 

presence of D70, differs from the one induced by the presence of F70. While 

both D70 and F70 induce a tightening of the protein structure, going towards 

more alpha-helical structural elements, F70 induces further structural changes. 

It is therefore reasonable to assume that the effect of F70 might be of a more 

specific nature, rather than solely based on nonspecific size exclusion. This 

hypothesis is confirmed by the spectrum of dP-Acas in the presence of a 

similar concentration of sucrose, as visible in the top panel of Figure 3.1. 

Sucrose is not a traditional crowding agent, as it only has a molecular weight of 

342 g mol-1 and is therefore considered too small.  On the other hand, it is the 

unit cell of F70, and might enable us to distinguish between the structural 

effects, induced by specific interactions with F70 and the structural effects, 

originating in the crowding effect.  

As visible in Figure 3.1, the amide I region of dP-Acas in sucrose only contains 

the broad positive feature associated with disordered proteins. It seems 

however, that this feature at 1675 cm-1 appears to be sharper, compared to 

the corresponding feature in the spectrum of the protein without co-solute. 

This might indicate that the structure of the protein is more conformationally 

confined, although it remains disordered.  This hypothesis seems to be 



96 
 

confirmed by the amide III region, where the broad features, not present in 

the spectrum of dP-Acas in uncrowded solution, appear. These signals, visible 

at 1323, 1350 and 1386 cm-1, are broader than the corresponding bands in the 

spectrum of the protein in solution with F70. This is an important observation, 

as sucrose should not have any crowding effect on the structure of dP-Acas. 

Additionally, the shoulder at 1288 cm-1, which was not visible in the spectrum 

of dP-Acas in solution with D70, appears in this spectrum, suggesting it 

emerges from a specific interaction between the sucrose units and the 

observed protein. Finally, as is the case for all spectra in Figure 3.1, the skeletal 

stretch region remains similar to the one of dP-Acas in solution without co-

solutes. 

It can be concluded from these results that the overall influence of F70 on the 

structure of the observed protein is a sum of two types of interactions, one 

similar to the influence of D70 and one similar to the influence of sucrose. The 

latter interaction was previously suggested, as Benton et al. found that sucrose 

and Ficoll have approximately the same stabilizing effect on chymotrypsin 

inhibitor.18   

As it is known that the concentration of crowding agent can have an effect on 

the amount of influence the crowded environment can have on the behavior 

of the protein,19 the experiment was repeated with a concentration of 150 mg 

mL-1 crowding agent. Furthermore, it would enable the study of the specific 

nature of the interaction of F70 and dP-Acas in more detail. The overall 

concentration of macromolecules is in this case still above the theoretical 

minimum to study crowding effects, that is ∼100 mg mL-1.  The effect on the 

spectrum of dP-Acas of these crowded environments can be found in Figure 

3.2.  
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Figure 3.2 ROA spectra of an aqueous solution of dP-Acas (A) and in the presence of 150 mg mL

-1
 co-

solute Ficoll 70 (B), dextran 70 (C) and sucrose (D).
17

 

The bottom spectrum in Figure 3.2 is again correlated to dP-Acas in 

uncrowded conditions. At a lower concentration of F70, the spectral changes 

induced by the crowding agents (as seen in panel B in Figure 3.2) are smaller 

than the ones induced at a higher concentration, but remain present. In the 

amide I region, a negative contribution emerges once more, resulting in a 

couplet negative at 1637 cm-1 and positive at 1670 cm-1. As this couplet is 

similar to the one, induced by a higher concentration of F70, and hence seems 
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to suggest the presence of some alpha-helical structure, while containing a 

contribution of disordered structure. This combination of structures renders 

the resulting feature broad. In the amide III region, the most dominant feature 

remains the PPII signal at 1318 cm-1, suggesting that the disordered structure 

is the most prominent. The emerging shoulder at 1357 cm-1 indicates a 

contribution of some alpha-helical structure. It is important to note that this 

feature is not as prominent as the corresponding feature in the spectrum of 

dP-Acas in the presence of 300 mg mL-1 F70. The band at 1381 cm−1 does not 

seem to return in this spectrum, while a contribution of unknown nature 

appears at 1291  cm−1. This contribution lies between the two bands at 1282 

and 1307 cm−1 in the spectrum of the protein in the presence of Ficoll 70 at 

300 mg mL−1. However, no conclusive spectral assignments can be made at this 

point. The backbone region contains a feature with a negative contribution at 

1084 and a positive contribution at 1136 cm−1, suggesting an alpha-helical 

contribution. 

In the amide I region of the sample with 150 mg mL−1 D70 as a co-solute (as 

seen in panel C of Figure 3.2), a couplet is once more observed. The presence 

of this couplet suggests the presence of alpha-helical structural elements, 

although the positive part of the couplet remains more prominent. This 

suggests that at least part of the protein retains a disordered structure. The 

amide III region contains a feature at 1386 cm−1, suggesting the presence of 

tight turns. This feature was lacking in the spectrum resulting from the sample 

with 150 mg  mL-1 F70. The other features in the amide III region are also more 

pronounced, suggesting that the structural differences, originating from the 

presence of D70 are bigger than those originating from the presence of 150 

mg mL-1 F70. This observation indicates that the crowding interaction of D70 is 
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stronger than the one of F70 at this concentration, implying that the 

interaction of the sucrose monomeric units is competitive with the crowding 

interaction. 

This hypothesis is strengthened by the observations in the spectrum of dP-

Acas in the presence of 150 mg mL−1 sucrose, as visible in panel D in Figure 3.2, 

as the observed structural differences are also more pronounced than in the 

spectrum with 150 mg mL−1 F70 as co-solute. In the amide I, only the marker of 

a disordered protein, at 1677 cm−1, is visible. The amide III region contains 

extra features at 1303 and 1347 cm−1, indicating the presence of some alpha-

helical structure. Finally, the couplet in the skeletal stretch region, negative at 

1096 cm−1 and positive at 1128 cm−1, supports once more the presence of 

alpha-helical contributions. The observed changes in this spectrum are 

however smaller than the changes observed in the presence of D70, indicating 

that the structural effect, induced by the effect of sucrose, is smaller in this set 

of experiments. At this concentration, crowding with an achiral crowding 

agent, plyethylene glycol (PEG 200), was also attempted in order to rule out 

residual ROA signals from the subtraction procedure. Unfortunately, the highly 

anisotropic nature of the PEG 200 molecules and the color of the sample 

induced polarized Raman artifacts in the ROA spectra, hence inhibiting the 

reproducibility of these spectra.  

To verify the accuracy of the presented results, the dimensionless CID was 

calculated for each of the spectra in the amide I and amide III region, as visible 

in table 3.1. All CID’s are within a magnitude of 10-4, which is consistent with 

the ROA theory.11 The protein bands and the subtracted sugar bands can be 
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distinguished by the intensity and region of appearance, validating the 

witnessed signals in the subtracted spectra.  

Table 3.1. CID values for the dP-Acas experiments 

Measurement CID Amide I CID Amide 

III 

dP-Acas 2.6 10
-4

 1.9 10
-4

 

dP-Acas in 300 mg mL
-1

 Ficoll 70 1.3 10
-4

 3.6 10
-4

 

dP-Acas in 300 mg mL
-1

 dextran 70 1.1 10
-4

 3.4 10
-4

 

dP-Acas in 300 mg mL
-1

 sucrose 1.3 10
-4

 6.2 10
-4

 

dP-Acas in 150 mg mL
-1

 Ficoll 70 0.8 10
-4

 4.0 10
-4

 

dP-Acas in 150 mg mL
-1

 dextran 70 0.7 10
-4

 5.1 10
-4

 

dP-Acas in 150 mg mL
-1

 sucrose 6.6 10
-4

 3.4 10
-4

 

 

 

  



101 
 

3.2. Study of the effect of the presence of crowding agents 

on beta-synuclein (bsyn) 

In a second case study, bsyn was chosen. This natively unfolded protein is a 

homologue of alpha-synuclein (asyn). Both proteins colocalize in presynaptic 

terminals of neurons in many regions of the brain. While the fibrils of asyn can 

be linked to Parkinson’s disease1, bsyn does not form fibrils in traditional tests 

and has been shown to inhibit the fibrillation of asyn. However, there is a 

study that fast and efficient aggregation of bsyn can be induced by a presence 

of a variety of factors, including metals and crowding.20 

The effect of highly crowded environments, with the concentration of 

crowding agent amounting to 300 mg mL-1, is visible in Figure 3.3. Panel A 

contains the spectrum of bsyn in uncrowded conditions. The amide I region of 

this spectrum contains a broad positive feature with a maximum at 1676 cm-1, 

an indicator of disordered structure.16 Subsequently, the amide III region 

seems to validate this hypothesis, as it only contains the marker of PPII-helix, 

at 1321 cm-1.16 Finally, there seems to be an indication of marker of alpha-

helical content in the skeletal stretch region, suggested by the couplet ranging 

from 1097 to 1126 cm-1. Finally, this spectrum is comparable to the previously 

published spectrum of human bsyn.21  

Upon the addition of 300 mg mL-1 Ficoll 70 (F70) or dextran 70 (D70), no 

changes in the spectrum are observed. This suggests that a crowded 

environment does not have an effect on the structure of bsyn in solution. This 

is in accordance with the literature, as the previously mentioned study 

observed that while crowding can accelerate the fibrillation process of bsyn in 

the presence of other fibrillating agents, crowding on itself does not seem 
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enough to start the fibrillation process.20 Finally, the addition of 300 mg mL-1 

sucrose to the solution also does not have any impact on the observed 

spectrum of bsyn. 

 

Figure 3.3 ROA spectra of an aqueous solution of bsyn (A) and in the presence of 300 mg mL
-1

 co-solute 
Ficoll 70 (B), dextran 70 (C) and sucrose (D). The Ficoll 70 spectrum contained a large interference of 
the Ficoll spectrum between 1380 and 1400 cm

-1
, which has been eliminated from the spectrum. 
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3.3. Conclusions 

From the two studies, presented above, we can conclude that crowded 

environments have a noticeable effect on the structure on dP-Acas, but none 

on the structure of bsyn. The structural difference, if present, can be identified 

by means of ROA. This primary finding is an important step towards 

understanding the behavior of IDP’s under true physiological conditions, as it 

points out that the study of proteins can be influences by crowding. The lack of 

structural difference, witnessed in the case of bsyn, validates the used 

subtraction method. Moreover, this also shows that some IDP’s are not 

affected by the crowding effect. 

Additionally, the results of dP-Acas show that the induced structural difference 

depends on the concentration of the crowding agent. As this concentration 

has an influence on the amount of excluded volume, this observation is in line 

with the theory, formulated by Minton.3,4 It is important to note that the 

observed changes in the ROA spectra of dP-Acas are unlikely to be due to the 

induction of long-chained secondary structure elements, but rather local 

changes in the backbone torsion angles, creating ‘pockets of structure’ in the 

protein. Hence, these changes are unlikely to be observed by means of Raman 

or IR spectroscopy, but can be picked up by ROA.  

Furthermore, the effect also depends on the crowding agent used in the 

experiment. The presented data show a clear difference between the 

crowding agent based on sucrose monomers (F70) and the glucose-based 

crowding agent employed in this study (D70). F70 seems to induce additional 

structural change, implying that the overall response is a combination of the 

crowding effect, an interaction similar to the one induced by D70, and a 

specific interaction between the protein and the sucrose units.  
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It is known that sugars, and especially sucrose, can stabilize a protein in 

solution.22 It is therefore reasonable to assume that this stabilizing effect and 

the observed structural changes in dP-Acas are based on the same interaction. 

Lee and Timasheff proposed in 1981 that this stabilization by sucrose is based 

on the preferential exclusion of sucrose from the interior of the protein, 

increasing the free energy of the system. Thermodynamically, this leads to 

protein stabilization because the unfolded state of the protein becomes even 

less favorable in the presence of sucrose.23  

It is important to consider these specific interactions in research on crowding 

interactions as most commercially available crowding agents are sugar-based 

and therefore could cause unwanted structural perturbations in the studied 

proteins. 

Overall, we conclude that ROA is a promising tool in studying crowding effects 

in proteins, as the information content in the spectra gives unparalleled access 

to detailed interpretation of structural changes. Structural changes due to the 

crowding effect, which are dependent on the concentration of the crowding 

agent, can be observed directly with ROA. 
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3.4. Experimental details 

3.4.1. Study of the effect of the presence of crowding agents on 

dephosphorylated alpha-casein (dP-Acas) 

All samples, dP-Acas, Ficoll 70 (F70), sucrose and dextran 70 (D70), were 

supplied by Sigma-Aldrich. The Raman and ROA spectra were measured at 

ambient temperature in deionized water using the ChiralRaman-2X instrument 

(BioTools, Inc.), previously described by11 .. The concentration of the samples 

amounted to ∼60 mg mL-1 for dP-Acas and ∼300 or 150 mg mL-1 for F70, D70 

and sucrose. All reagents were dissolved in deionized water. The laser power 

at the source was set to of 400 mW and for each sample, an acquisition time 

of 72 hours was used.  After the removal of the cosmic ray spikes, a spectrum 

of the mixture of crowding agent and protein was aligned with a spectrum of 

the crowding agent alone in solution by normalizing to a non-variable sugar 

band. An example of the raw spectra and the resulting subtraction can be 

found in Figure 3.4.Thereafter, the spectrum of the crowding agent was 

subtracted from the spectrum of the mixture of crowding agent and protein 

together in solution. It is important to note that this method assumes that the 

crowding agent does not exhibit any spectral changes upon interaction with 

the protein. The resulting spectra were filtered by a third-order nine-point 

Savitzky-Golay filter. All of these treatments were always critically evaluated in 

MATLAB. All data were reproduced. The CID values were calculated by dividing 

the absolute intensity of the ROA signal for the wavenumber by the intensity 

of the corresponding Raman signal for the same wavenumber over a range. 

Subsequently, the average of these values was taken for the studied spectral 

region (amide III: 1231-1340 cm-1; amide I: 1630-1700 cm-1). 
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Figure 3.4 ROA spectrum of dP-Acas in the presence of 300 mg mL
-1

 F70 (A) the subtracted spectrum of 
F70 (B), and the spectrum of the mixture before subtraction of the crowding agent (C).  
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3.4.2. Study of the effect of the presence of crowding agents on 

beta-synuclein (bsyn) 

Bsyn was expressed by seeding three 5 mL cultures, with 100 µg mL-1 

ampicillin, with E.coli BL21(DE3) –pET-15b-beta-synuclein. These cultures were 

grown overnight at 37 °C. Next, 1 L of LB medium, also containing 100 µg mL-1 

ampicillin, was inoculated with the existing 15 mL culture (the combination of 

the three 5 mL cultures). This new culture was allowed to grow until an OD600 

of 0.6 was reached, at which point the T7-promotor was induced with 1 mM 

IPTG. The mixture was mixed overnight at 25°C. The resulting cell cultures 

were harvested by centrifugation (3000 g for 20 min). The cell pellets were 

frozen at -20°C. 

The pellets were resuspended in 40 mL 20 mM Tris-HCl pH 7.4, 2 mL Triton X-

100 and complete PI-tablet, and left at room temperature for 10 minutes. 

Next, the solution was loaded onto a 5 ml-1 HiTrap chelating sepharose column 

loaded with NiCl2 , where it was washed with 5 column volumes of washing 

buffer (20 mM Tris-HCl, 100 mM NaCl and 30 mM imidazole (pH 7.4)) before 

elution with 20 mM Tris-HCl, 100 mM NaCl and 500 mM imidazole (pH7.4). 

The elution was collected in fractions of 1 mL, which were monitored with UV-

absorbance measurements. The protein containing samples were pooled and 

diluted 10 times, before loading on a HiTrap Q-column, where it was washed 

with 3 mL 20 mM Tris-HCl pH 7.4, before elution with a gradient over 10 mL to 

0.5 M NaCl with fractions of 1 mL.    

The fractions of interest were identified by UV-Vis detection and their 

purification level was checked by SDS-Page. The concentration of the samples 

was increased using a filter with a 3kDa cut-off until a concentration of ∼60 

mg mL-1 for bsyn was reached. The concentration amounted to ∼300 mg mL-1 
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for F70, D70 and sucrose. All solutions also contained 20 mM Tris, ∼0.3 M NaCl 

at a pH of 7.4.  

The Raman and ROA spectra were also measured at the previously mentioned 

ChiralRaman-2X instrument. 11 The experimental conditions were set to a laser 

wavelength of 532 nm, a laser power at the source of 500 mW, a spectral 

resolution of 7 cm-1 and an acquisition time of 70 hours for each sample. The 

processing of the acquired data is analogue to the one described in section 

3.4.1. 
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4. Testing the boundaries of 

ROA’s sensitivity: tracking 

conformational changes 

throughout a crowded titration   
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crowding agent based titration to ChemBioChem 
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As mentioned in the previous chapter, the link between malfunctioning 

proteins and high-profile diseases, such as Alzheimer’s and Parkinson’s 

diseases, makes the need to understand the behavior of proteins in a realistic 

cellular environments eminent.1,2 

It was proven, in the previous chapter, that ROA has a high sensitivity towards 

conformational changes in intrinsically disordered proteins.3 This was shown in 

a case study by exploring the conformational effect of crowded environments 

on proteins. The crowding theory states that ‘traditional’ protein studies, 

which measure proteins in vitro under so-called physiological conditions, do 

not take the overall high concentration of biomacromolecules in the cytosol 

into account. This concentration can be as high as 300-400 mg mL-1, depending 

on the cell type. This background concentration consists of biomacromolecules 

that can occupy a space that is mutually impenetrable. This assumption 

induces nonspecific steric repulsion, rendering part of the intracellular volume 

unavailable for other macromolecules. The number, sizes and shapes of the 

macromolecules in this background determine the size of this excluded 

volume. This exclusion of volume could force some molecules with a flexible 

structure, such as proteins, into a more compact structure.4–6  

To explore the level of sensitivity of ROA to small conformational changes, a 

study to monitor the effect of crowded environments on the structural 

properties of a protein as a function of the concentration of two crowding 

agents, being Ficoll 70 (F70) and dextran 70 (D70), was executed. It was opted 

to use a disordered protein as the studied protein, as it should be easier to 

observe the induction of structural changes when there is little to no structure 

to begin with. Phosvitin, a phosphoglycoprotein and the major protein 

component of egg yolk, has been shown to behave as a disordered protein.7 
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Due to its high solubility, it is a prime candidate for ROA-studies.  Moreover, it 

is readily available.  

In the data presented in this chapter, it is suggested that ROA is capable of 

closely monitoring small structural changes, suggesting that its sensitivity is 

even greater than expected, especially when the structural contributions in a 

ROA spectrum are studied by means of a CID plot. Furthermore, it is once 

more indicated that the influence of F70 on the structure of the protein differs 

significantly from the influence of D70, suggesting that the observed effect is 

selective and thus inherently not (only) the crowding effect, hence validating 

the results obtained from the experiment with alpha-casein.  

The Raman spectra of phosvitin in the presence of different concentrations of 

F70 are shown in Figure 4.1. The spectra show subtle differences upon 

increase of concentration of crowding agent, most noticeable in the features 

at 1448 and 1463 cm-1 in the spectrum of phosvitin in solution without 

crowding agents. Upon increase of concentration of crowding agent, this 

feature seems to split in two distinct different features, one situated at 1443 

cm-1 and one at 1470 cm-1. If there any changes in the amide I, amide III or 

skeletal stretch region, they cannot be distinguished without deconvolution of 

the presented features. For now, it is however opted not to deconvolute these 

bands, as they are subtracted spectra and the reliability of these 

deconvolutions cannot be guaranteed. The ROA spectra contain in comparison 

with the Raman spectra, more readily available information and are presented 

in Figure 4.2. 
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Figure 4.1 Raman spectra of phosvitin in the presence of different concentrations of Ficoll 70 
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The bottom spectrum, presented in Figure 4.2, belongs to phosvitin solely in 

solution. The disordered nature of the protein is indicated by the signal in the 

amide I region at 1677 cm-1 8 and the PPII-signal in the amide III region, at 1319 

cm-1.9 Moreover, the skeletal stretch region shows virtually no signals, further 

strengthening the hypothesis that this is a disordered protein. 

The second spectrum from the bottom originates from a solution of phosvitin 

and 50 mg mL-1 F70. Although the overall spectrum is very similar to the first 

spectrum, a slight change is observed in the amide III region, where the main 

couplet has been split in two distinct signals, one at 1307 cm-1 and one at 1321 

cm-1. The latter can be contributed to the PPII-signal10, but the first could be 

attributed to the tightening of the protein conformation. The extra signal in 

the skeletal stretch region, at 974 cm-1 could also indicate this tightening. 

The spectrum of phosvitin in the presence of 100 mg mL-1 F70 is shown as the 

third spectrum from the bottom in Figure 4.2. Here, the amide III region is 

clearly broader, containing an extra feature at 1339 cm-1 that could indicate 

the origin of alpha-helical content on top the still remaining PPII-structure, 

indicated by the feature at 1316 cm-1.8,9 The tightening of the protein structure 

is also visible in the skeletal stretch region, where more signals can be seen, 

although it is hard to distinguish them from the noise-level.  

The middle spectrum of Figure 4.2 originates from phosvitin in the presence of 

150 mg mL-1 F70. Here, the broadening of the amide III region is also apparent, 

with an extra feature at 1340 cm-1,8,11 indicating alpha-helical content, the 

PPII-signal at 1318 cm-1 9 and an extra contribution at 1309 cm-1, possibly 

indicating further tightening of the structure of the protein. The skeletal 

stretch region of this spectrum is the nosiest of all, possibly indicating that this 
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is a tipping point between different conformations of the protein, where the 

structural change is induced by the growing concentration of F70. 

 

Figure 4.2 ROA spectra of phosvitin in the presence of different concentrations of Ficoll 70 
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The third spectrum from the top in Figure 4.2 belongs to a solution of 

phosvitin in the presence of 200 mg mL-1 F70. The extra contribution, at 1337 

cm-1, reappears, similar to the spectra of the solutions with 100 and 150 mg 

mL-1 F70. This feature once more indicates the presence of alpha-helical 

structure.8 The feature at 1309 cm-1 also remains, indicating the on-going 

tightening structure of the protein. The amide III region still contains the PPII-

marker at 1321 cm-1.9 The skeletal stretch region is in this case significantly less 

noisy, suggesting that there is less conformational flexibility in the sample.  

The second spectrum from the top shows phosvitin in the presence of 250 mg 

mL-1 F70. The broadening is still visible in the amide III region, with the extra 

feature at 1339 cm-1, indicating alpha-helical content. The main feature seems 

to be split at 1325 cm-1 and 1316 cm-1, which could indicate the presence of 

beta-sheet.  Although the species cannot be attributed to structural properties 

with certainty, it strengthens the hypothesis that the amount of structural 

content in the protein differs with the concentration of crowding agent.  

Finally, the top spectrum belongs to phosvitin in the presence of 300 mg mL-1 

F70. The amide III region of this solution is even more complicated, with a 

distinct feature at 1341 cm-1, indicating the presence of alpha-helical content. 

Furthermore, the main feature seems once more split, with two maxima at 

1327 cm-1 and 1311 cm-1. This could signify that the difference between the 

different structural contents becomes more distinct, or that the amount of 

beta-sheet structural content rises.  
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It has been shown in the previous chapter that F70 should be used as a 

crowding agent with caution, as specific interactions with the studied protein 

are a possibility.3,12 Therefore, to determine whether the discussed structural 

effects are due to a specific interaction between F70 and phosvitin; the 

experiments were repeated using a different crowding agent, D70.  

Figure 4.3 contains the Raman spectra of phosvitin in the presence of different 

concentrations D70. It is important to note that although it seems there some 

differences in the amide III region of the spectra, they most likely originate in 

baseline differences, and are no real differences. This suggests that the 

decoupling of the two features at 1448 and 1463 cm-1 in the F70 spectra 

(Figure 4.1) are most likely due to a specific interaction between the protein 

and the crowding agent. The ROA spectra, presented in Figure 4.4, also suggest 

that the structural change, induced by the presence of the crowding agent, 

differs for F70 and D70. 
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Figure 4.3 Raman spectra of phosvitin in the presence of different concentrations of dextran 70 
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Figure 4.4 ROA spectra of phosvitin in the presence of different concentrations of dextran 70 
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As before, the bottom spectrum in Figure 4.4 originates from a pure solution 

of phosvitin, as reference to the D70 crowded spectra. As mentioned before, 

the disordered nature of the protein is indicated by the disordered signal in 

the amide I region at 1677 cm-1 8, the PPII-signal in the amide III region at 1319  

cm-1 9, and the lack of features in the skeletal stretch region.  

The spectra of phosvitin in the presence of 50 and 100 mg mL-1 D70 show a 

similar lack of real difference in structural content compared to the first 

spectrum. Therefore, they will be discussed together. The amide I region in 

these cases seems undisturbed, although it contains a bit more noise. In the 

amide III region, the PPII-signal is conserved, while an extra small contribution 

around 1310 cm-1 could be distinguished. The skeletal stretch region contains 

but one feature, a positive contribution at 974-988 cm-1, which is present in all 

spectra in the presence of D70. This feature is found in the region 900-1150 

cm-1, where features can also originate from vibrations of the sugar rings and 

the phosphate backbone of ribonucleotides. It is therefore possible that these 

features originate in an interaction between the phosphor, present in the 

phosvitin sample, and D70, a glucose polymer. 

The middle spectrum in Figure 4.4 belongs to a solution of phosvitin in the 

presence of 150 mg mL-1 D70. A broadening of the amide III is visible in this 

spectrum, a trend that is also witnessed in the spectra of phosvitin in the 

presence of 200, 250 and 300 mg mL-1 D70. This seems to manifest as an extra 

contribution at 1357 cm-1 in the spectrum of phosvitin in the presence of 200 

mg mL-1, which evolves towards two distinct features, one at 1344 cm-1, 

indicating the presence of alpha-helical structure, and one at 1366 cm-1 in the 

spectra of 250 and 300 mg mL-1 D70. This suggests that phosvitin adopts an 

alpha-helical structure in the presence of very high concentrations of D70.  
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This alpha-helical structural content is also induced by the presence of F70, 

although the effect of D70 on the structural content of phosvitin is less 

pronounced and also sets upon at higher concentrations. As an example, an 

alpha-helical contribution can already be found in the spectrum of phosvitin in 

the presence of 100 mg mL-1 F70, where the spectrum of phosvitin in the 

presence of 100 mg mL-1 D70 lacks an indication of structural difference based 

on the amide III region. This claim is visually supported by Figure 4.5.  

 

Figure 4.5 ROA spectra of phosvitin in the presence of 100 mg mL
-1

 Ficoll 70 (bottom spectrum), solely 
in solution (middle spectrum) and in the presence of 100 mg mL

-1
 dextran 70 (upper spectrum). 
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In order to investigate the differences in the amide III and skeletal stretch 

regions, induced by the presence of the crowding agents, the CID-value per 

wavenumber was plotted. The CID-value per wavenumber is calculated by 

 
|𝐼𝑅− 𝐼𝐿|

𝐼𝑅+ 𝐼𝐿
, and has an expected value for ROA in the order of 10-3. In the past, it 

has been used as a method to determine the similarity between calculated and 

experimental ROA spectra13,14.  However, in this chapter, it will be used as a 

method to validate the claims about the amount of structural elements 

present in the described samples, as deviating CID intensities might indicate 

the presence of artefacts in the spectra, originating in the subtraction method 

used during these experiments. 

The amide III plots are shown twice, in Figure 4.6 and 4.7. The scale of the y-

axis of Figure 4.6 was adapted to fit all the maxima of the CID-values, while in 

Figure 4.7 this axis was adapted to accommodate the ‘expected’ intensity 

range of the CID-values (10-3). It is clear from Figure 4.6 that there are some 

features in the spectra that have significant higher CID values than expected. 

As described in further detail below, it is our belief that these values are the 

result of artefacts, cause by residual of the subtraction of the spectrum of the 

crowding agent, instead of ‘real’ signals in the ROA spectrum. Furthermore, as 

it is also visible in Figure 4.7 that there are significantly more maxima in the 

CID-plots than assigned features in the ROA spectra. This could be due to the 

fact that the ROA-spectra show a superposition of different features, thus 

making the exact positioning of the features difficult. Thus, the CID-plot may 

be considered an extra tool to validate claims about the amount of structural 

elements present in the described samples.  
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The bottom two plots contain the CID plot of phosvitin solely in solution. The 

largest CID-values in this spectrum coincide with the minimum and the 

maximum of the distinct couplet in the ROA-spectrum that could be linked to 

PPII-structure. Surprisingly, there are also two local maxima at 1350 and 1355 

cm-1, suggesting that the structure is not completely disordered, but shows 

some tendency towards beta-sheet content. 

 

Figure 4.6 CID per wavenumber of the ROA spectra of Phosvitin in different concentrations of Ficoll 70 
(left) and dextran 70 (right) 
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Figure 4.7 CID per wavenumber of the ROA spectra of Phosvitin in different concentrations of Ficoll 70 
(left) and dextran 70 (right) 

The plots for phosvitin in the presence of 50 mg mL-1 crowding agent are 

shown second from the bottom in Figure 4.7. Although the ROA-spectra seem 

to be highly comparable to the spectrum of phosvitin solely in solution, the 

CID-spectra suggests extra contributions, next to the markers of the PPII-

couplet, with maxima at 1274-1276 and 1323-1325 cm-1. Both spectra gain 

extra maxima at 1357 cm-1 and 1364-1367 cm-1, strengthening the hypothesis 

that phosvitin shows a tendency towards beta-sheet structural content. This 
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tendency is even stronger pronounced in the presence of F70, with an extra 

maximum at 1350 cm-1. Furthermore, both spectra show an extra maximum at 

1307-1309 cm-1, which could be linked to a dormant contribution of the 

double maximum that beta-sheets cause in the ROA-spectrum. The third CID 

plots from the bottom in Figure 4.6 originate in solutions of phosvitin and 100 

mg mL-1 F70 and D70. The difference between the influence of F70 and D70 on 

the spectral properties of the protein is here apparent, as the absolute 

maximum in the presence of D70 can be found at 1339 cm-1, indicating alpha-

helical content, while the F70 sample has an absolute maximum at 1353 cm-1, 

indicating the presence of beta-sheet in the structural content. Both CID plots 

contain both markers, though the relative intensity differs significantly, 

indicating that the crowding agents induce a different kind of structural 

change onto the protein. Moreover, the presence of beta-sheet is confirmed in 

the F70 spectrum by additional beta-sheet markers at 1362 and 1366 cm-1 that 

are not present in the D70 spectrum.  

The CID plots of phosvitin in the presence of 150 mg mL-1 D70 and F70 can be 

found in the middle of Figure 4.7. In comparison to the spectrum of phosvitin 

solely in solution, both spectra contain an extra contribution at 1360 cm-1, 

suggesting the presence of beta-sheet structural content, as well as a 

contribution at 1346 cm-1, suggesting alpha-helical content. It has to be noted 

that the intensity of the latter is far more pronounced in the spectrum in the 

presence of F70 than in the spectrum in the presence of D70. Both spectra one 

more contain a contribution at 1321-1323 cm-1, indicating the remaining 

presence of PPII-helical structure.  The presence of beta-sheet structural 

content is confirmed in the amide III region by the maxima at 1314 cm-1 in de 

D70 sample and 1307 and 1319 cm-1 in the case of the F70 sample. Also in this 
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case, it seems that the presence of F70 induces far more structural change in 

the protein, as the CID plot has additional maxima at 1330 and 1337 cm-1, 

suggesting alpha-helical content, and at 1371 cm-1, once more suggesting the 

presence of beta-sheet structural content. These observations indicate once 

more that the presence of F70 induces more structural change than the 

presence of D70, suggesting that this structural effect is not only originating in 

the crowding effect. 

The third plots from the top in Figure 4.7 contain the CID plots of phosvitin in 

the presence of 200 mg mL-1 D70 and F70. In both cases, this concentration 

seems to induce a critical change in the structure. Both spectra suggest the 

presence of beta-sheet structural content, with high maxima at 1355 cm-1 and 

1371-1376 cm-1. The extra maximum at 1311-1316 cm-1 could also indicate the 

presence of the typical double maxima in the amide III region for beta-sheet 

structural content. Still, a part of the protein retains its disordered nature, as 

shown by the PPII-markers at 1321-1325 cm-1. Finally, although both plots 

indicate the presence of some alpha-helical content, they seem to be from a 

different kind as the maxima are approximately 10 cm-1 apart, at 1330 cm-1 for 

the D70 plot and at 1344 cm-1 for the F70 plot. 

The spectra of phosvitin in the presence of 250 mg mL-1 D70 and F70 give rise 

to the second CID plots from the top in Figure 4.7. Once more, the difference 

between the two plots is imminent. In both plots, a maximum is manifested at 

1325 cm-1, indicating the presence of PPII-helical structure, and at 1371-1373 

cm-1, suggesting the presence of beta-sheet structural content. The presence 

of the latter is also supported by an extra contribution in the main couplet at 

1307-1311 cm-1, which suggests the appearance of the double maximum in the 

amide III region, typical for the presence of beta-sheet structural content. In 



131 
 

the case of the plot in the presence of D70, only two extra contributions 

appear, one at 1316 cm-1 and one at 1339 cm-1, suggesting the presence of 

alpha-helical structure. In contrast, in the presence of F70, a multitude of extra 

maxima appear. The ones at 1334 and 1346 cm-1 suggest the presence of 

alpha-helical content, while the maxima at 1357, 1362 and 1366 cm-1 can be 

linked to different kinds of beta-sheets. These results suggest one more that 

the presence of F70 induces more structural change than the presence of D70, 

at a similar concentration.  

Finally, this hypothesis seems to be validated by the top plots in Figure 4.7, 

which contain the CID plots of phosvitin in the presence of 300 mg mL-1 

crowding agent. Both plots still suggest the presence of PPII-helical structures, 

with maxima at 1325-1327 cm-1 and at 1274-1276 cm-1, beta-sheet structural 

content, with maxima at 1314-1316 and 1366-1367 cm-1, and alpha-helical 

content, indicated by the maximum at 1341-1348 cm-1. It is once more 

indicated that the spectrum in the presence of F70 is far richer in structural 

information, as local maxima at 1304, 1311, 1360 and 1373 cm-1 are also 

apparent.  
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Figure 4.8 CID per wavenumber of the ROA spectra of Phosvitin in different concentrations of Ficoll 70 
(left) and dextran 70 (right) 

In order to analyze whether there are any contributions to consider in the 

skeletal stretch region of the ROA spectra, the CID per wavenumber for this 

region was plotted in Figure 4.8. Both plots feature new maxima, although the 

induced changes differ for both crowding agents. Although it is possible that 

the changes in this region can originate in structural changes in the protein, 

ROA features in this region, 900-1150 cm-1, have also been linked to vibrations 

of the sugar rings and a phosphate backbone.8  More than half of the 
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sequence of phosvitin consists of serines (123 out of 216 amino acids), and 

most of these are phosphorylated. Therefore, it is not unreasonably to assume 

that at least a part of the features in this region are linked to interactions 

between the crowding agent and the phosphorylated residues. As the change 

in the Raman spectra might be less pronounced, it is possible that there is no 

difference observable in the Raman spectra. As the CID values are based on a 

subtracted Raman spectrum, this might explain the high values seen in the 

plots.  

In conclusion, it has been shown by this data that a CID plot might be a useful 

new tool to interpret complicated ROA data, as it enables the extraction of 

individual contributions to the spectrum. However, it has to be noted that an 

interpretation of these plots needs to happen with a critical eye, as it is easy to 

over interpret this data. Furthermore, it has been shown that the sensitivity of 

ROA towards small conformational changes is that high that tracking of 

changes throughout a titration is possible, and gives rise to additional valuable 

information. In aspect to the crowding effect, the conclusion of the previous 

chapter is validated, as there is a clear difference between the influence of F70 

and D70 on the structural properties of the protein. In the case of phosvitin, 

the presence of crowding agents induces beta-sheet structural components 

that are already visible at a relative low concentration of crowding agent, 

while alpha-helical contributions can also be found in the presence of higher 

concentrations of crowding agent. However, the structural changes induced by 

the presence of F70 are more pronounced than those induced by D70, and are 

already visible at a lower concentration. Finally, it has to be noted that the 

structural changes, visible in the range 900-1150 cm-1, might not originate in a 

change in secondary structure of the protein, but in the interaction between 
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the phosphorylated residues of the protein and the sugar-based crowding 

agent. We therefore suggest that future research into the crowding effect on 

the structural properties of phosphorylated proteins, non-sugar based 

crowding agents, such as PEG, are taken into account. Finally, we provide a 

general overview of the structural properties of phosvitin in the presence of 

different concentrations of crowding agent, based solely on the interpretation 

of the ROA spectra. 

Concentration of 

crowding agent 

Structural properties of 

phosvitin in the 

presence of F70 

Structural properties of 

phosvitin in the 

presence of D70 

0 mg mL-1 PPII-helix, disorder PPII-helix, disorder 

50 mg mL-1 -PPII-helix, disorder 

-Tightening of the 

structure 

PPII-helix, disorder 

100 mg mL-1 -PPII-helix, disorder 

-Tightening of the 

structure 

-alpha-helical structure 

PPII-helix, disorder 

150 mg mL-1 -PPII-helix, disorder 

-Tightening of the 

structure 

-alpha-helical structure 

-PPII-helix, disorder 

-Broadening of amide III 

feature indicates 

presence alpha-helical 

structure 

200 mg mL-1 -PPII-helix, disorder 

-Tightening of the 

structure 

-PPII-helix, disorder 

- alpha-helical structure 
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-alpha-helical structure 

250 mg mL-1 -PPII-helix, disorder 

-Tightening of the 

structure 

-alpha-helical structure 

-beta-sheet structure 

-PPII-helix, disorder 

-alpha-helical structure 

300 mg mL-1 -PPII-helix, disorder 

-Tightening of the 

structure 

-alpha-helical structure 

-beta-sheet structure 

-PPII-helix, disorder 

-alpha-helical structure 
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4.1. Experimental methods 

Phosvitin, F70 and D70, were supplied by Sigma-Aldrich. The Raman and ROA 

spectra were collected as described before, with sample concentrations 

amounting to 60 mg mL−1 for phosvitin and between 50 and 300 mg mL-1 for 

F70 and D70. The laser power at the source was set to 500 mW, while the 

spectra were acquired during 72 h for each sample. The data was treated as 

described in section 3.4.1. The CID values were calculated by dividing the 

absolute intensity of the ROA signal for the wavenumber by the intensity of 

the corresponding Raman signal for the same wavenumber over a range.  
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5. VCD is sensitive towards 

changes in the fibrillation 

process of alpha-synuclein 
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As shown in the previous chapters, Raman optical activity (ROA) provides very 

detailed information on the structure of proteins. However, there are certain 

limitations to the nature of the studied samples; for example, the scattering of 

aggregated samples will inhibit reliable measurements of these samples. 

Moreover, colored samples or fluorescence of the sample can also impede 

these measurements, while an electronic transition in the neighborhood of the 

laser wavelength causes resonance Raman optical activity, which provides 

different information than ROA measurements. It was therefore opted to 

explore the possibilities of vibrational circular dichroism (VCD) in regard to 

protein structural studies. 

It has been shown that VCD spectra can contain detailed information on the 

secondary structure of the studied proteins, which is an important added value 

to conventional IR spectroscopy of these samples.1,2 Moreover, it was recently 

discovered that the formation of fibrils, samples that are notoriously difficult 

to measure by means of ROA, can noticeably enhance the signal strength3, 

which is for native proteins 10-4 smaller than the corresponding IR spectrum. It 

was suggested that the shape of the enhanced signal was linked to the higher 

order structure of the protein, as an attempt to differentiate between left- and 

right handed helix fibrils structures was  made.4–6 This makes VCD a very 

promising technique for protein fibril studies, despite the fact that the effect is 

relatively unknown in the broader biochemical community. 

Aggregates having alpha-synuclein (asyn) as a key component occur in a 

number of neurodegenerative diseases, including Parkinson’s disease.7,8 In 

vitro, monomeric asyn is found to be intrinsically disordered, but can undergo 

structural change in defined conditions to a form with a high beta-sheet 

structural content, inducing the formation of fibrils.9 The formation of these 
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fibrils, and possible inhibitors or promotors of that process, are of high 

interest, as interference in this process could prevent the formation of 

aggregates, hence obstructing the onset of disease.10  

One of the promotors of the fibrillation process is the crowding effect, as 

mentioned in the previous chapters.11 Studies in the past have shown that the 

presence of crowding agents, macromolecules used to mimic the crowded 

environment of the cell, accelerates the fibrillation process.11–14 Moreover, the 

resulting fibrils are suggested to aggregate in clumps, rather than long, 

singular fibrils.11 

A possible inhibitor of the fibrillation process of asyn is the presence of beta-

synuclein. beta-synuclein (bsyn) has been shown to prolong the lag phase, and 

affects the speed of the nucleation phase of fibrillation.15 Because it is lacking 

the stretch of hydrophobic residues that are found in the middle region of the 

asyn protein, bsyn was not incorporated into the fibrils.15 It is of vital interest 

to determine the combined effect of a crowded environment, mimicked by the 

presence of Ficoll 70 (F70) and bsyn on the fibrillation process of asyn, as both 

effects will occur simultaneously in cellular environments.13,16 In order to 

examine this combined effect, the fibrillation process in different experimental 

conditions was studied. An overview of the used experimental conditions can 

be found in table 5.1. 
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Table 5.1 Overview of the experimental conditions used during this study. All solutions contained 20 

mM Tris and 0.06 mM ThT. All fibrillation processes took place at 37°C and under continuous shaking. 

Sample name Contents solution 

Asyn alpha-synuclein (asyn)  

F70asyn150 asyn and 150 mg mL-1 Ficoll 70 (F70) 

F70asyn300 asyn and 300 mg mL-1 Ficoll 70 (F70) 

Asynbsyn asyn and beta-synuclein (bsyn) (1:1 ratio) 

F70asynbsyn150 asyn, bsyn (1:1 ratio) and 150 mg mL-1 Ficoll 70 (F70) 

F70asynbsyn300 asyn, bsyn (1:1 ratio) and 300 mg mL-1 Ficoll 70 (F70) 

 

The effect of these different conditions on the kinetics of the fibrillation study 

was monitored using a Thioflavin T-assay (ThT-assay). ThT is a dye that 

exhibits enhanced fluorescence upon binding to amyloid fibrils. Therefore, ThT 

is often used to monitor the formation of beta-fibrils.17 The results, plotting 

the amount of fluorescence versus time, can be fitted to the  Finke-Watzky 

equation18,19, resulting in quantitative information on the kinetics of the 

fibrillation process.  

In order to study the resulting morphology of the fibrils formed at the different 

conditions, the secondary structure of the fibrils was derived from electronic 

circular dichroism (ECD) and Fourier transform infrared (FTIR) spectroscopy, 

while the nature of the supramolecular structures was studied using 

transmission electron microscopy (TEM) and vibrational circular dichroism 

(VCD). The  latter shows unprecedented spectroscopic sensitivity towards the 

presence of fibrils3, and even to higher order of those fibrils.4,5,20  

The combined results of these studies gave, in our opinion, exceptional insight 

in the effect on the fibrillation process of asyn. It was found that the 
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promotion of the fibrillation process by the crowding effect can be 

counteracted by the presence of bsyn. The resulting structure of the fibrils, 

which are short and mutually aligned, is rationalized as a combination of the 

crowding effect and the effect of the presence of bsyn, and is neither 

dominated by the effect of the presence F70, nor by the effect of the presence 

of bsyn. The FTIR spectra, VCD spectra a TEM images for asyn with different 

concentrations of F70, are presented in the following figures. 



 

 

 

Figure 5.1 Normalized FTIR spectra (top) and their second derivatives (bottom) of alpha-synuclein fibrillated solely in solution (left), fibrillated in the 

presence of 150 mg mL
-1

 Ficoll 70 (middle) and in the presence of 300 mg mL
-1

 Ficoll 70 (right). 
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Figure 5.2 ECD spectra of alpha-synuclein , native (bottom) and fibrillated (top) solely in solution (left), in the presence of 150 mg mL
-1

 Ficoll 70 (middle) and 

in the presence of 300 mg mL
-1

 Ficoll 70 (right). 
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Figure 5.3 VCD spectra and TEM images of alpha-synuclein fibrillated solely in solution (left), fibrillated in the presence of 150 mg mL
-1

 Ficoll 70 (middle) and 

in the presence of 300 mg mL
-1

 Ficoll 70 (right). The VCD spectra are normalized so that the corresponding maximum IR intensity is 1. The scale bar in the 

TEM images represents 250 nm. The arrows on the TEM images indicate some clear examples of the witnessed alignment of the fibrils in side-by-side 

orientation. 

EM 



 

The sample of asyn alone forms long, unbranched fibrils (see Figure 5.3). The 

IR-spectrum (see Figure 5.1)  suggests the presence of both disordered 

structure and beta-sheet structure in the protein, as determined by the 

presence of features at 1645 cm-1 and 1625 cm-1, respectively, in the second 

derivative (see Figure 5.1). The presence of beta-sheet structural content is 

supported by the VCD-spectrum (see Figure 5.3), as broad negative feature at 

1632 cm-1 is very similar to the features observed in the VCD spectrum of 

concanavalin A, a protein with high beta-sheet structural content.1 The ECD-

spectrum also indicates the presence of beta-sheet structural content (see 

Figure 5.2). The signal intensity of the VCD spectrum of this sample is within 

the expected range for VCD-spectra, indicating that the fibrils do not possess 

any kind of higher order structure, as one would expect an enhancement of 

the VCD-signal if that was the case.6 The lack of supramolecular alignment is 

confirmed by the TEM-images (see Figure 5.3), as they show long, randomly 

distributed fibrils. The kinetics of this fibrillation process is taken as a reference 

point to determine the observed effects qualitatively. The results of the ThT-

assay can be found in Figure 5.4, while the quantitative data, results of the fit 

of the Finke-Watzky to the function, can be found in table 5.2.  

Upon the addition of 150 mg mL-1 F70 during the fibrillation process, the lag-

time reduces significantly, while the elongation phase is slightly steeper (see 

Figure 5.4). There also seems to be a difference in the structure of the 

resulting fibrils, as suggested by the vastly different ECD spectrum of these 

fibrils (see Figure 5.2). This figure also illustrates that the ECD-spectra of the 

solutions before fibrillation are highly comparable in all cases, suggesting that 

the change in structure only occurs upon fibrillation. The VCD-signal (see 

Figure 5.3) has a shape similar to the shape of fibrils of mutated asyn,21 and is 



151 
 

enhanced by a factor 14. This indicates an interaction on the supramolecular 

level between the fibrils. The TEM-images (see Figure 5.3)  lack any evidence 

of a twist in the fibrils, which has previously been linked to this kind of 

enhancement.5,6,20 On the other hand, it can be observed that the fibrils align 

themselves in a side-by-side orientation. This alignment between fibrils thus 

suggests a dipolar coupling on the supramolecular level, between the fibrils, 

and is most likely the cause of the enhancement in this case. Furthermore, the 

high level of supramolecular orientation can also be identified as the cause of 

the previously reported clusters of aggregates observed for fibrils of asyn 

grown in a crowded environment.11  

The crowding effect on the fibrillation process also depends on the 

concentration of the crowding agent, as the addition of 300 mg mL-1 F70 

during the fibrillation process reduces the lag-time even further (see Figure 

5.4). The elongation phase seems to be less steep than with the F70asyn 150 

sample, although still slightly steeper than witnessed with the asyn sample. 

This difference in kinetics also results in different fibril morphology, as the 

TEM-image (see Figure 5.3) illustrates that the addition of 300 mg mL-1 F70 

during the fibrillation process shortens the fibrils. It appears however, that 

although the fibrils are significantly shorter, the mutual alignment of the fibrils 

is retained upon increasing the concentration of crowding agent, resulting in 

an enhancement of a factor 10 in the VCD-spectrum (see Figure 5.3). While the 

VCD-spectrum is similar in shape in comparison with the previously discussed 

VCD-spectrum, we believe that the smaller enhancement of the VCD-signal is 

due to the shorter fibrils, as mutual alignment of smaller aggregates would 

occur less frequently, which in turn shows that VCD spectroscopy is sensitive 

both to the size and alignment of the fibrils.  The ECD-signal (see Figure 5.2) 
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and the IR-signal of the F70asyn300 fibrils look similar to the spectra of the 

F70asyn150fibrils. This suggests that the presence of F70 induces a small 

difference in the secondary structure of the fibrils, independent of the 

concentration of the crowding agent, while the resulting higher order 

structure of the fibrils depends directly on the concentration crowding agent 

used during the fibrillation process.  

The effect of the presence of a 1:1 ratio asyn:bsyn during the fibrillation 

process significantly increases the lag phase compared to pure asyn (see Figure 

5.4), while the slope of the elongation phase is less pronounced. This results in 

fibrils that contain, based on analysis of the second derivative and the 

corresponding IR-spectrum, a higher contribution of disordered secondary 

structure in comparison with the fibrils of the asyn sample (see Figure 5.5). 

This is supported by analysis of the ECD-and VCD-spectra of this sample, as 

these spectra clearly are a superposition of a disordered pattern combined 

with a beta-sheet contribution (see figures 5.6 and 7). We believe that this 

observation is either due to differences in the secondary structure of asyn, or 

due to the fact that bsyn itself does not fibrillate in the timescale of this 

experiment and thus remains present as an unstructured protein in solution. 

This observation is supported by the TEM-image (see Figure 5.7), where only 

small aggregates of protein are visible. However, despite their longer lag time, 

the resulting fibrils also are shorter and more branched than the fibrils of the 

asyn sample. The lack of visible higher order structures is also confirmed by 

the lack of enhancement in the VCD-spectrum. 

 



 

 

Figure 5.4 Normalized relative fluorescence units of the Thioflavin T-assay of alpha-synuclein (black), alpha-synuclein in the presence of 150 mg mL
-1

 (dark 

blue) and 300 mg mL
-1

 (light blue) Ficoll 70, alpha-synuclein in a 1:1 presence of beta-synuclein (dark green) and alpha-synuclein in a 1:1 presence of beta-

synuclein and in the presence of 150 mg mL
-1

 (brown) and 300 mg mL
-1

 (light green) Ficoll 70. The fluorescence of ThT was monitored as a function of time 
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under continuous shaking at 37°C. The solid lines represent the average of a minimum of 4 experiments, while the dotted lines represent the fit of the Finke-

Watzky function. The Y-axis represents the percentage of RFU’s relative to the total fluorescence amplitude at the end of the fibrillation reaction. 

Table 5.2 Results from the Finke-Watsky fit to the ThT-plots, where R² is the coefficient of determination, [A]0, k1 and k2 are coefficients determined by curve 

fitting: k1 is inversely proportional to the lag time, while [A]0 k2  is a measurement for the slope of the elongation period. 

Sample R
2 

 [A]0[%] k1 [h
-1

] k2 [% h
-1

] [A]0 k2 [h
-1

] 

Asyn 0.99726 88.6 ± 0.3 (4
 
± 1)x10

-7
 (3.45±0.08)x10

-3
 (3.06±0.08) 

x10
-1

 

F70asyn150 0.99729 93.4 ± 0.4 (7± 2)x10
-6

 (5.0±0.1) x10
-3

 (4.6±0.1)   x10
-1

 

F70asyn 0.99252 90.3 ± 0.5 (2.1± 0.3) x10
-3

 (3.8± 0.1) x10
-3

 (3.4±0.1)   x10
-1

 

Asynbsyn 0.99858 96.7 ± 0.2 (3 ± 1)  

x10
-11

 

(2.04±0.04) 

x10
-3

 

(1.97±0.03)   x10
-1

 

F70asynbsyn150 0.99868 95.2 ± 0.2 (5.5± 0.4) x10
-6

 (1.19±0.01) 

x10
-3

 

(1.13±0.01)   x10
-1

 

F70asynbsyn 0.99828 97.7± 0.3 (7± 1)x10
-6

 (2.64±0.05)x10
-3

 (2.6±0.4)   x10
-1

 

 



 

The addition of 150 mg mL-1 F70 during the fibrillation process once again 

reduces the lag time of the fibrillation process (see Figure 5.4). This addition 

does not seem to have a big impact on the secondary structure of the proteins, 

as the IR- and ECD-spectra are comparable (see figures 5.5 and 6). However, 

the higher order structure of the fibrils is different, as the shape of the VCD-

spectrum is similar to the shape of VCD-spectrum of the fibrils of the 

F70asyn150 sample (see Figure 5.3). This VCD-signal is also enhanced, but only 

by a factor 4.5, significantly smaller than the enhancement factors observed 

before. This is in accordance with the TEM-image (see Figure 5.7), where the 

resulting fibrils are significantly shorter than the ones shown in Figure 5.3, but 

still do align.  

Finally, the addition of 300 mg mL-1 F70 during the fibrillation process of the 

1:1 mixture of asyn and bsyn decreases the lag time even further (see Figure 

5.4), retaining the dependency on the concentration of crowding agent. 

Although the elongation phase is steeper in comparison with the elongation 

phase of the asynbsyn sample, it is still less steep than the elongation phase of 

the asyn sample, suggesting that neither effect completely dominates the 

kinetics of the fibrillation process, but that the resulting fibrillation process are 

influenced by a combination of both effects. The effect of the concentration of 

crowding agents on the structure of the fibrils is also retained, as the addition 

of 300 mg mL-1 F70 during the fibrillation process results in even shorter fibrils, 

which even so still do align. This is visible in the TEM-image, but also 

deductible from the enhancement from the VCD-signal (see Figure 5.7). The  



 

 

Figure 5.5 FTIR spectra (top) and their second derivatives (bottom) of alpha-synuclein:beta-synuclein (1:1) fibrillated solely in solution (left), fibrillated in the 

presence of 150 mg mL
-1

 Ficoll 70 (middle) and in the presence of 300 mg mL
-1

 Ficoll 70 (right). 
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Figure 5.6 ECD spectra of 1:1 ratio of alpha-synuclein and beta-synuclein, native (bottom) and fibrillated (top) solely in solution (left), in the presence of 150 

mg mL
-1

 Ficoll 70 (middle) and in the presence of 300 mg mL
-1

 Ficoll 70 (right). 
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Figure 5.7 Vibrational circular dichroism (VCD) spectra and TEM images of alpha-synuclein: beta-synuclein (1:1) fibrillated solely in solution (left), fibrillated 

in the presence of 150 mg mL
-1

 Ficoll 70 (middle) and in the presence of 300 mg mL
-1

 Ficoll 70 (right). ). The VCD spectra are normalized so that the 

corresponding maximum IR intensity is 1. The scale bar in the TEM images represents 250 nm. The arrows on the TEM images indicate some clear examples 

of the witnessed alignment of the fibrils in side-by-side orientation. 

EM 



 

enhancement factor only amounts to a factor 2.5, while retaining the shape of 

the VCD-spectrum similar to the shapes if the VCD spectra of all the fibrils 

grown in the presence of F70. The IR- and ECD-spectra still suggest a 

secondary structure for these fibrils similar to the fibrils originating from the 

F70asynbsyn150 sample and the asynbsyn sample.  

These results all indicate that neither the effect of bsyn nor the effect of F70 

on the fibrillation process of asyn dominate the final fibrillation process. The 

ThT-results suggest that the presence of bsyn delays the fibrillation process, 

while the crowding effect promotes it. When both are present, the effects 

compete with each other, resulting in a fibrillation process that is an 

intermediate of both separate effects. The higher order structure of the fibrils 

however seems to result from a combination of both effects, giving rise to 

short, mutually aligned fibrils. This highlights the importance of taking a 

combination of several effects into account when studying the fibrillation 

process of asyn.  

These results have also shown that VCD, a non-destructive technique, is a 

versatile tool and can be used to determine the higher order structural 

properties of the fibrils, as it is sensitive to and the mutual alignment of the 

fibrils and their length. Finally, these results indicate that bsyn is, also in 

cellular environments, a moderator of the fibrillation process of asyn, and thus 

an interesting target for research concerning neurodegenerative diseases.  
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5.1. Experimental methods 

Asyn was expressed and purified by using a previously published method.22 

The bsyn construct was a gift of Prof. Veerle Baekeland (KU Leuven). The 

expression and purification of bsyn is described in chapter 3. The resulting 

concentration was determined to be 14 mg mL-1 for asyn and 5.6 mg mL-1 for 

bsyn. This concentration was determined by A280nm (εbsyn 5960 M-1 cm-1 and 

εasyn 5800 M-1 cm-1) and Pierce BCA protein kit (calibration curve based on 

BSA). F70 was acquired from Sigma-Aldrich®. 

Samples were made with the following compositions:  

Sample name Concentration 

F70 [mg mL
-1

] 

Concentration 

bsyn [mg mL
-1

] 

Concentration 

asyn [mg mL
-1

] 

F70 300 0 0 

Bsyn 0 2 0 

F70bsyn300 300 2 0 

F70bsyn150 150 2 0 

Asyn 0 0 2 

F70asyn300 300 0 2 

F70asyn150 150 0 2 

Asynbsyn 0 2 2 

F70asynbsyn300 300 2 2 

F70asynbsyn150 150 2 2 

F70150 150 0 0 

Each sample contained 0.06 mM ThT, and 6 times 100 µL were loaded into a 

96-well plate. The fibrillation assay was run on Tecan infinite M200 with 

following settings: 37 °C, 600 kinetic cycles, 20 minutes shaking before assay, 
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15 minutes shaking in between measurements, measuring intervals of 20 

minutes for a total of 150 hours, absorbance wavelength 350 nm, excitation 

wavelength 446 nm and emission wavelength 482 nm.  

For a quantitative analysis of the ThT-assay, the Finke-Watzky function (shown 

here below) was fitted to each of the ThT-plots. Most aggregation processes 

can be described by a simple two-state two-step model18: 

 𝐴 
𝑘1
→  𝐵

𝐵 
𝑘2
→  2𝐵

 

Here, A represents the protein in the non-polymerized state (conformation A) 

and B refers to the monomers in conformation B. Usually, [B] represents the 

total concentration of protein in the polymeric state in data analysis. The 

model assumes further that each monomer can be accessed for further 

aggregation. If one describes the model by rate equations and integrates 

these, one gains the Finke-Watzky equation, describing the extent of the 

reaction as a function of time, either as the disappearance of A or the 

appearance of B: 

 

[𝐴]𝑡 =

𝑘1

𝑘2
 + [𝐴]0 

1 + 
𝑘1

𝑘2[𝐴]0
𝑒𝑥𝑝(𝑘1 + 𝑘2[𝐴]0)𝑡

 

 

[𝐵]𝑡 = [𝐴]0 − [𝐴]𝑡 

The results were fitted to this curve using Origin9. 
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After the fibril formation, the samples were frozen at -20°C. To measure the 

ECD-spectra, the original samples were diluted to a concentration of 0.2 mg 

mL-1 alpha-synuclein or 0.05 mg mL-1 beta-synuclein. Three accumulations 

from 250 to 180 nm were taken with 0.5 s and 1 nm on a ChiraScan® 

spectrometer in a cell with a path length of 0.05 cm. Corresponding 

backgrounds were measured and subtracted from the results. Deconvolution 

of the spectra was not possible with our deconvolution software, as it needs 

the spectra recorded down to 180 nm for an accurate description of the 

amount of beta-sheet present in the sample. However, below 190 nm, ECD 

measurements were unreliable due to interference of the solvent and of Ficoll 

70.  

To acquire the IR and VCD-spectra, the samples, collected after the fibrillation 

process, were lyophilized to extract all the H2O, then solved in an abundance 

of D2O and placed at 4°C overnight to exchange all the exposed H-atoms for D-

atoms.  Next, the samples were lyophilized one additional time, and re-

dissolved in D2O to achieve a concentration of approximately 20 mg mL-1 of 

alpha-synuclein, and measured in a 50 µm path length cell for 8 times 60 

minutes on a Bruker PMA 37 spectrometer, which is attached to an IFS 66v/s 

infrared spectrometer.23 Halfway the experiment, the sample was turned 180° 

upside down to examine orientation-sensitive features in the spectrum. As no 

orientation dependencies were found, the resulting spectra are an average of 

these 8 accumulations. Corresponding backgrounds were measured similarly, 

and subtracted from the raw spectra. The VCD-spectra were normalized to A=1 

for the amide I region. The intensity of the signal of the VCD-spectra was 

determined by calculating the peak-to-peak value and dividing this by the 

corresponding intensity of the IR-signal. The resulting g-factors were divided 
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by the g-factor of the corresponding sample without crowding agent. The 

resulting factor was determined to be a measure of the level of enhancement 

in the spectrum. The second derivative of the IR spectrum was calculated, 

which shows a negative peak for every band or shoulder in the spectrum. 

Derivatization does not preserve the integrated areas of individual 

components, as sharp bands are enhanced at the expense of broad ones. As 

no quantitative conclusions on the actual composition of the secondary 

structure of the fibrils were made, curve fitting was avoided. However, the 

information of the negative features in the second derivatives was used to 

predict the presence of certain types of secondary structures in the proteins, 

and to compare them qualitatively.  

The samples of the ECD-measurements, with a concentration of 0.2 mg mL-1, 

were also used for the TEM-measurements. The TEM measurements were 

performed by dr. Baatsen. To this end a droplet of 2.5 µL of sample was 

deposited on a 300 mesh copper EM-support grid and after 1 min26 s. 

Secondly, the samples were stained for 1 minute with 1% uranyl acetate and 

subsequently dried. The images were taken at a magnification of 6000 and 

10000 on a JEOL JEM 1400 (Japan, Tokyo), equipped with a EMSIS Quemesa 

11Mpxl camera operated at 80kV. 
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5.2. Appendix 

In preparation for this project, several preliminary studies were executed to 

test the feasibility and the reliability of the results. These experiments all 

contributed to the final result, and are therefore also presented.  

In a first test case, the influence of the used solvent, D2O or H2O, on the VCD 

spectrum of alpha-synuclein was explored. The raw results, without baseline 

correction or smoothing, are presented in Figure A.5.1.  

 

Figure A.5.1 VCD spectra of freshly prepared alpha-synuclein in Trisbuffer, pH 7.4 (average spectrum of 
6 scans) and D2O (average spectrum of 7 scans) 

Both spectra in Figure A.5.1 contain couplets indicative of the disordered 

structure of alpha-synuclein in solution, although the upper spectrum, 

originating in a solution of alpha-synuclein in H2O, contains considerable more 

noise. Based on this experiment, it was determined that alpha-synuclein 

retains its original disordered structure in deuterated environments. Next, the 

effect of D2O on the structural properties of fibrils was examined, as illustrated 

in Figure A.5.2.  
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Figure A.5.2 VCD spectra of fibrillated alpha-synuclein in H2O (average spectrum of 3 scans) 
and in D2O (average spectrum of 2 scans). 

Both presented spectra contain similar features, one at 1602 (1610) cm-1, 

indicative of beta-sheet structure2, and a couplet, positive at 1666 (1674) cm-1 

and negative at 1631 (1640) cm-1, suggesting the remaining presence of 

disordered structure.1 It is important to note that at the time of these 

experiments, the fibrillation-assay was not continuously but at intervals 

monitored through ThT-fluorescence, and an arbitrary value of the ThT-

fluorescence counts was used to determine the completion of the fibrillation 

assay. In retrospect, while this method ensured the presence of some beta-

sheet structural content in the sample, it is not representative of the 

completion of the fibrillation process, as described earlier in this chapter. This 

possibly explains the remaining dominating presence of disordered structural 

elements in this VCD spectrum compared to the VCD spectrum of fibrils of 

alpha-synuclein in Figure 5.3.  However, based on the information presented in 

Figure A.5.1 and 2, it was determined that deuterated environments do not 

induce a structural difference in either alpha-synuclein in solution or in 

fibrillated alpha-synuclein samples. However, as a safe-guard, experiments in 
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D2O were always accompanied by ECD measurements in H2O to assess the 

corresponding structure in aqueous solutions.  

In a following step, alpha-synuclein was fibrillated in the presence of 150 and 

300 mg mL-1 of different crowding agents and sucrose as a negative control, 

based on the experiments in chapter 3 and 4. Unfortunately, a part of the 

samples was lost during the experiments, rendering anything but preliminary 

conclusions impossible.  

 

Figure A.5.3 ATR FTIR spectrum (512 scans) of fibrillated alpha-synuclein (5 mg mL
-1

 alpha-synuclein in 
50 mM Tris-HCl, 100 mM NaCl, pH 7.5, 150-300 mg mL

-1 
Ficoll 70, dextran 70 or sucrose, at 37°C and 

100 rpm during 8 days). Formation of fibrils was confirmed by use of ThT fluorescence spectroscopy. 

The attenuated total reflection (ATR) spectra of the samples are shown in 

Figure A.5.3.  The bottom two spectra show alpha-synuclein fibrillated in the 

presence of 150 (left) and 300 (right) mg mL-1 sucrose. The main feature in 
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these spectra, which show no significant difference, is the feature at 1630    

cm-1, indicating beta-sheet structure.24 

The middle two spectra in Figure A.5.3 show alpha-synuclein fibrillated in the 

presence of 150 (left) and 300 (right) mg mL-1 dextran 70. These spectra also 

only show differences due to the baseline correction, applied during the 

processing of the data. Compared to the spectra in the presence of sucrose, 

these spectra show a tightening and a slight shift in the amide I region, 

towards 1625 cm-1. This feature also indicates beta sheet structure, but the 

significance of the difference will be studied in future research.24 

Finally, the top spectrum in Figure A.5.3 shows alpha-synuclein fibrillated in 

the presence of 150 mg mL-1 F70. Here, a clear difference with the sucrose 

spectra can be distinguished, as the amide I is split in two distinct features: 

one at 1628 cm-1, indicating beta sheet, and one at 1654 cm-1, of which the 

origin is unclear but is probably residual disorder (e.g. remaining loops after 

the formation of fibrils). 24 Although these features could be present in all 

spectra, they are the most distinguishable in the F70 spectrum.  

The difference in the fibrillary structure of the sample of alpha-synuclein in the 

presence of F70 and the sample of alpha-synuclein in the presence of dextran 

70 and sucrose could also be deduced from their corresponding VCD spectra. 

Due to the previous loss of samples throughout the measurement, it was 

impossible to obtain a solution with a protein concentration, necessary for 

VCD measurements. While this obstructed successful VCD measurements of 

the other samples, the spectrum of the F70 sample showed a signal 

enhancement of a factor 10. The VCD spectrum and its accompanying FTIR 

spectrum are shown in Figure A.5.4. It has to be remarked that the shape of 

the enhanced signal is identical to the shape of the spectrum in Figure 5.3 

while the level of enhancement differs slightly (10 versus 14). But, as the IR 
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measurement in Figure A.5.4 is almost at noise-level, and had to be performed 

at a different instrument due to the set-up available in the laboratory in 

Chicago, the difference between the two levels of enhancement might actually 

be neglectable.    

 

Figure A.5.4 VCD  (average spectrum of 3 scans) - and FTIR  spectrum (512 scans) of alpha-synuclein 
fibrillated in the presence of 150 mg mL

-1
 Ficoll 70 (5 mg mL

-1
 alpha-synuclein in 50 mM Tris-HCl, 100 

mM NaCl, pH 7.5, 150mg mL
-1 

Ficoll 70, at 37°C and 100 rpm during 8 days). The background (300 mg 
mL

-1
 Ficoll 70 solution in buffer) is shown in red. 

While it remained of interest to determine the influence of different crowding 

agents on the fibrillary structure of alpha-synuclein, in order to facilitate the 

continuous ThT measurement during the fibrillation process, it was opted to 

limit the study to the influence of F70 on the fibrillary structure, especially as 

the influence of beta-synuclein on the fibrillation process and the resulting 

structure was also one of the points of interest.  

Therefore, the project, descripted in the main part of this chapter, took place. 

In addition to the already presented results, the stability of F70 and bsyn 

throughout the fibrillation process were also monitored in the ThT-assay. The 

results from the ThT assay for bsyn can be found in Figure A.5.5. 
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Figure A.5.5 ThT-profile of the fibrillation process of beta-synuclein solely in solution (red), in the 
presence of 150 mg mL

-1 
Ficoll 70 (blue) and in the presence of 300 mg mL

-1
 Ficoll 70 (orange) 

It was determined that during the scope of this fibrillation assay, lasting 160 

hours, none of the mixtures of bsyn fibrillated completely. The mixture of 

beta-synuclein solely in solution, and that of beta-synuclein in the presence of 

150 mg mL-1 Ficoll 70 did not start the fibrillation process at all, while the 

mixture of beta-synuclein in solution with 300 mg mL-1 Ficoll 70 seems to have 

started the elongation phase. Although, upon closer inspection of the sample, 

it seems that some of the wells have evaporated, despite the cover on the 96-

well plate, suggesting that the rise in counts is not due to the actual start of 

the fibrillation process, but due to evaporation of the sample.  

As visible in Figure A.5.6, the VCD and IR spectra of all samples show the 

dominating presence of disordered structural elements in the protein after the 

fibrillation process, and do not contain any convincing beta-sheet structural 

markers. The lack of structural change, compared to the initial secondary 

structural properties of the protein in the solution is also illustrated by the ECD 

spectra, visible in Figure A.5.7. 



 

 

Figure A.5.6 Vibrational circular dichroism (VCD) spectra and FTIR images of beta-synuclein fibrillated solely in solution (left), fibrillated in the presence of 
150 mg mL

-1
 Ficoll 70 (middle) and in the presence of 300 mg mL

-1
 Ficoll 70 (right). ). The VCD spectra are normalized so that the corresponding maximum IR 

intensity is 1.  
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Figure A.5.7 ECD spectra of beta-synuclein, native (bottom) and fibrillated (top) solely in solution (left), in the presence of 150 mg mL
-1

 Ficoll 70 (middle) and 
in the presence of 300 mg mL

-1
 Ficoll 70 (right). 
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6. Enhanced VOA as a probe to 
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The enhanced vibrational circular dichroism (VCD) signal may contain vital 

information on the nature of fibrous aggregates, as it was shown that one can 

differentiate between the fibrils of a C-terminal mutated alpha-synuclein and 

native alpha-synuclein using VCD1 and between the fibrils grown in different 

environments, as shown in the previous chapter. Attempts to account for this 

enhancement in signal intensity2–4, to the best of our knowledge, do not fit the 

published experimental data convincingly. As one cannot predict whether a 

sample will have an enhanced VCD-signal, systematic studies towards 

understanding this effect have not yet been undertaken. However, recent 

discoveries in peptide behavior make such an approach to this study more 

straightforward. One of those peptides that can enable a systematic study 

towards the enhancement effect in a VCD spectrum possible is KLVFF, a 

fragment of the Alzheimer’s related amyloid-beta peptide.5  

The pentapeptide KLVFF has a highly pronounced aggregation propensity due 

to its –FF– motif, which was proven both computationally6,7 and 

experimentally5. It was recently demonstrated that halogenation at the para-

position of either one of both phenylalanine of the KLVFF sequence has an 

effect on the fibrillation process of the peptide.8 The presence of halogens 

possibly enables halogen bonding, which is a strong, specific and directional 

interaction involving a halogen atom as the electrophilic species.9 Halogen 

bonds can promote the self-assembly of amyloid peptides and/or proteins, as 

their presence stabilizes the steric zipper conformation.8,10 Furthermore, it was 

demonstrated that the resulting fibril architecture was determined by the 

number, position and the nature of the halogen atoms introduced onto either 

one or both phenylalanine benzene rings.8 This knowledge was employed in 

the present study, as presented in this chapter, where a systematic 



 

comparison was made between the VCD and Raman optical activity (ROA) 

spectra of the unhalogenated, brominated and iodinated species of the 

peptide, in an attempt to characterize the origin of the enhanced VCD signal. It 

was found that the VCD spectra of species with different fibril architectures, 

but similar intermolecular interactions, are comparable. It was furthermore 

indicated that VCD is highly sensitive towards the intermolecular interactions 

that influence the fibrillation process, providing a whole new insight into the 

nature of these fibrous aggregates. Additionally, the two first experimental 

observations of out-of-resonance enhancement of the ROA signal are 

observed. The existence of this enhancement in a ROA spectrum was 

predicted theoretically3, but not previously observed.  

The IR-spectrum of the KLVFF peptide, fresh in solution, is presented in Figure 

6.1. The peptide is, under these conditions, disordered, although its secondary 

structure also seems to contain turns, as deductible from the IR-spectrum and 

its second derivative (see Figure 6.1). This observation is in accordance with 

literature.5 The corresponding VCD spectrum was unfortunately not attainable, 

as it only showed a polarized IR-spectrum. This would indicate that the sample 

is highly anisotropic, causing artefacts to dominate the VCD spectrum. This 

hypothesis is strengthened by the fact that a reliable ROA spectrum also could 

not be obtained. In this study, all peptides are re-analyzed after 48 hours, to 

assess the structural change in the peptide upon gelation and possibly 

fibrillation of the sample. Under the given experimental conditions, there is no 

structural change witnessed in the native KLVFF peptide.  
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Figure 6.1 FT-IR spectrum and its second derivative of KLVFF 

Bromination of either one, or both of the phenylalanines present in the 

peptide sequence has a significant effect on the secondary structure of the 

peptide, as can be observed in the spectra presented in Figure 6.2. The 

observed effect on the secondary structure of the peptides by the addition of 

the bromide differs relative to its position on the peptide. Bromination of the 

5-position (KLVFF(Br)) induces a small amount of beta-strands, common to 

aggregated structures, at 1624 cm-1,11 but the other secondary structure 

elements remain comparable to those present in the native peptide. The VCD-

spectrum of this peptide shows a features centered at 1622 cm-1 at normal 

signal intensity (1.5 10-4).  

Upon addition of a bromide on the 4-position, the secondary structure of the 

peptide changes drastically, as is seen in Figure 6.2.  The disordered feature, 

present in the spectrum of the native peptide, disappears. A signal at 1656 cm-

1 suggests the presence of alpha-helical structure, while the signal at 1630 cm-1 

indicates a rather large presence of beta-sheet structural content. Polarization 

experiments in the IR spectrum showed that this marker, at 1630 cm-1, and 
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Figure 6.2 FT-IR spectra (bottom) and VCD spectra (up) of fresh solutions of KLVF(Br)F (left), KLVF(Br)F(Br) (middle) and KLVFF(Br) (right). The VCD spectra are 
normalized so that the corresponding maximum IR-intensity is 1. If orientation effects were observed, the black spectrum represents a spectrum originating 
in a continuous rotating of the sample during the measurement to eliminate orientation effects, while the grey spectra originate in measurements at a fixed 

position of the sample.
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this marker alone, contains a polarization dependent contribution. The 

alignment in sheet structures also induces a large enhancement in the VCD-

spectrum, as the resulted signal is 50 times larger than the signal originating 

from the KLVFF(Br) sample. The spectra presented in Figure 6.2 originate in 

fresh samples, i.e. before the gel formation. Therefore, it seems that the 

enhancement of the VCD signal does not originate in fibrous structures, but 

more likely originates from large scale coupling of the dipole moments across 

substantial sections of the sample, due to directional interactions, such as 

halogen bonds, between the peptides. It is also possible that this 

intermolecular interaction gives rise to microcrystalline structures, in which 

the alignment of the dipoles is fixed. It has to be noted that the level of 

enhancement is very dependent on the orientation of the sample in the beam. 

This might suggest that the dipole coupling, although strong in parts of the 

sample, is not as pronounced in other parts of the sample, indicating that the 

orientation of the peptides is not yet fully homogeneous.  

The VCD spectrum of KLVF(Br)F(Br), the peptide where both phenylalanines 

are brominated, confirms the possibility of enhanced VCD spectra of non-

fibrous samples. In this case, the IR-spectrum suggests a similar secondary 

structure as the one present in the KLVF(Br)F sample, although the relative 

contribution of beta-sheet structural content seems to be even higher. 

Furthermore, in this case both the features at 1674 and at 1630 cm-1 contain 

polarization dependent contributions. The corresponding VCD-spectrum is 

shape wise similar to the spectrum of KLVF(Br)F, but is only enhanced by a 

factor 5. This suggests that although there is more beta-sheet structure 

present in the sample, the coupling of the dipoles is not as pronounced as in 



 

the case of KLVF(Br)F, or that the overall crystalline structure is differently 

ordered as in the case of KLVF(Br)F.  

Upon gelation of the samples, different fibril architectures can be obtained. 

TEM images of these fibril architectures, together with their corresponding 

VCD and IR spectra, can be found in Figure 6.3.  

The results for the KLVFF(Br) sample, for which the results are presented on 

the right side of the figure, illustrate the aggregation of the sample; the 

relative contribution of beta-strands, at 1624 cm-1, seems to increase slightly. 

This is also visible in the non-enhanced VCD-spectrum (signal intensity of 2.10-

4), where the band shape is similar to that of concanavalin A, a protein with 

high beta-sheet structural content.12 Polarization-dependent IR experiments 

suggested polarization of this beta-sheet structure, as visible in the appendix 

of this chapter. 

Upon gelation of the KLVF(Br)F sample, the relative contribution of beta-sheet 

structural content in the IR-spectrum (1630 cm-1) increases significantly, as is 

seen on the left side of Figure 6.3. This beta-sheet contribution is also highly 

polarized, as indicated by the polarization-dependency experiments, as visible 

in the information presented in the appendix of this chapter. The VCD-

spectrum remains enhanced, by a factor 20, and is similar in shape to the 

shape of the spectrum of the fresh solution. Although the orientation-

dependency of the strength of the enhancement in the VCD spectrum is still 

present, it is less pronounced than in the fresh KLVF(Br)F(Br) sample. This 

could indicate that the sample is quite homogeneous, and that the dipole-

coupling is consistent throughout the sample. This hypothesis is strengthened 

by the TEM-image of the sample, which shows a strong network of fibers.  
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Figure 6.3 FT-IR spectra (bottom), VCD spectra (up) and the corresponding TEM images
8
 of KLVF(Br)F (left), KLVF(Br)F(Br) (middle) and KLVFF(Br) (right) after 

48h. The VCD spectra are normalized so that the corresponding maximum IR-intensity is 1. If orientation effects were witnessed, the black spectrum 
represents a spectrum originating in a continuous rotating of the sample during the measurement to eliminate orientation effects, while the grey spectra 

originate in measurements at a fixed position of the sample. The scale bar in the TEM images represents 1 µm. 
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The IR spectrum of the gel of KLVF(Br)F(Br), presented in the middle of Figure 

6.3, is also comparable to the one of the original solution, suggesting that the 

secondary structure of the peptide remains similar. The VCD signal on the 

other hand, although similar in shape, shows a bigger enhancement, by a 

factor 50, although this amount of enhancement does depend on the 

orientation of the sample. The orientation dependency is very strong in this 

sample, as the signal virtually disappears under continuous rotation. This 

indicates that while the secondary structure of the protein is similar to the one 

of KLVF(Br)F, the overall dipole coupling is not the same, which is also 

indicated by the corresponding TEM images of the fibril structure, as the 

overall higher order structure consists of cotton balls other than an extended 

network.  

  

Figure 6.4 FT-IR spectrum (left),  VCD spectrum(middle) and TEM image
8
 (right) of a one month old 

sample of KLVF(Br)F(Br). The VCD spectrum was normalized so that the corresponding maximum IR-
intensity is 1. As orientation effects were observed, the black spectrum represents a spectrum 
originating in a continuous rotating of the sample during the measurement to eliminate orientation 
effects, while the grey spectra originate in measurements at a fixed position of the sample. The scale 
bar in the TEM images represents 200 nm. 
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The orientation dependency of the enhanced signal is reduced when these 

cotton balls develop into a vast network8 after one month at room 

temperature, as can be seen in Figure 6.4. While the IR spectrum remains 

mostly similar to that of younger samples of KLVF(Br)F(Br), the VCD-spectrum 

is even more enhanced (by a factor 200). This enhancement remains 

orientation sensitive, although less pronounced than in the 48h old sample. 

Shape-wise, it seems that the spectrum is the exact opposite of the ones 

previously measured. However, by rotating the sample around the z-axis in the 

instrument (the direction of the light path), the spectrum switches signs once 

more, as visible in Figure 6.5. 

 

Figure 6.5 VCD spectrum of a one month old sample of KLVF(Br)F(Br) in the original position (black) and 
rotated around the z-axis in the instrument (red) 

This orientation dependency, also observed in case of the 48 hours KLVF(Br)F 

sample and is similar to an effect reported before13, suggests a high level of 

orientation of the dipole moments in  the sample, which is also indicated by 

the crystal structure of KLVF(Br)F(Br), see Figure 6.6. It is experimentally not 

possible to obtain a crystal structure of the KLVF(Br)F sample, but due to the 

similarities in both halogen bonding and the spectroscopic results, it is 

reasonable to hypothesize that the level of alignment of dipole moments in 

the final gel samples is similar. 



 

 

Figure 6.6 The KLVF(Br)F(Br) steric zipper, view along the crystallographic “a” axis of two facing beta-
sheets showing the remarkable shape complementarity of the steric zipper. beta-sheets are depicted 

as cartoons. Color code: C, grey; O, red; N, blue; Br, orange; H, white. Adapted from 
8
 

It was suggested by earlier results8 that the cotton ball structure of the 

KLVF(Br)F(Br) sample is an intermediate equilibrium, and that the sample 

evolves towards the more stable network, as seen in the one month old 

sample. This is in contrast with the KLVF(Br)F sample, which evolves straight 

away towards the most stable form. This difference would also explain the 

differences observed in the evolution of the VCD spectra, and especially the 

change in the orientation sensitivity of the enhanced VCD signals. Moreover, 

as presented in Figure 6.7, this difference can also be picked up by ROA. 

The bottom spectrum in Figure 6.7 represents the ROA spectrum of a fresh 

solution of KLVF(Br)F. This spectrum is vastly intensity enhanced compared to 

regular ROA spectra, by a factor 100. It is important to note that this spectrum 

is the same both for the gel and the fresh solution of the sample; but in both 

cases the gel needs half an hour to settle down in the cell before the 

enhancement is noticeable. Although higher than predicted by theory, this 

intensity enhancement is in line with the theory of transition dipole coupling.3 
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Due to the major differences with the parent Raman spectrum, presented in 

Figure 6.8, it is clear that the reported spectrum is not merely due to induced 

polarized Raman scattering artifacts. Furthermore, it can also be concluded 

that the observed signal enhancement was not likely to be due to resonance 

ROA (RROA), as no electronic transition can be observed in UV-Vis and ECD 

spectroscopy in the neighborhood of the used laser wavelength, 532 nm. 

These spectra can be found in the appendix of this spectrum.14,15  

The middle and top spectra in Figure 6.7 both originate from a solution of 

KLVF(Br)F(Br), although at different time points. The middle spectrum, which is 

of a fresh solution of KLVF(Br)F(Br), has a normal signal intensity and is 

representative of a standard ROA spectrum of peptides in the beta-sheet 

conformation.16 This spectrum was accumulated over a 43 hour period, during 

which no significant signal enhancement was observed. During this time 

period, contrary to the solution of KLVF(Br)F, the solution of KLVF(Br)F(Br) 

does not develop into a gel, but it has been shown that sphere-like structures 

with a fuzzy, hair-like interface arise on the nano-scale level.8  

However, as mentioned before, these sphere-like structures evolve into a 

more thermodynamically stable architecture after one month, as cryo-TEM 

analysis of one-month ages solutions of KLVF(Br)F(Br) reported an entangled 

network of fibers with well visible nucleation points.8 The ROA spectrum of a 

one month-old solution of KLVF(Br)F(Br) can be found at the top of Figure 6.7, 

which once again shows a vastly enhanced signal intensity. As for the case of 

KLVF(Br)F upon immediate gelation, it was determined that approximately 30 

minutes of settling are needed to stabilize the sample after disturbing the gel 

before the maximum signal intensity was reached. Furthermore, it can also be 

observed that the Raman spectrum for the KLVF(Br)F(Br) gel only differs from 



 

the Raman spectrum of the original solution due to baseline differences (see 

Figure 6.8), and that the ROA spectrum is significantly different from the 

Raman spectrum, once more excluding the possibility that the reported 

spectrum originates in the polarization of the Raman signal. Also in this case, 

UV-Vis and ECD spectroscopy did not indicate any electronic transitions in the 

proximity of the laser wavelength. Thus, it is extremely unlikely that the 

reported phenomenon is due to RROA.   

The enhanced signal of the one-month old KLVF(Br)F(Br) sample indicates that 

the reorientation of the peptides in solution, upon evolving from the sphere-

like structures towards the entangled network, enables the enhancement of 

the ROA spectrum. The amide I region of this enhanced ROA spectrum is very 

similar, both in relative enhancement as in shape, to the amide I region of the 

KLVF(Br)F sample, as can be seen from Figure 6.7. In addition, it is noticeable 

that the amide III region in both spectra is remarkable weaker, while specific 

features in the backbone region are once more enhanced.  
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Figure 6.7 ROA spectra of fresh solutions of KLVF(Br)F (bottom), KLVF(Br)F(Br) (middle) and a one month old sample of KLVF(Br)F(Br) (up). The ROA spectra 
are normalized so that the corresponding maximum Raman intensity is 1. 
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Figure 6.8 Normalized Raman spectra of fresh solutions of KLVF(Br)F (bottom), KLVF(Br)F(Br) (middle) and a one month old sample of KLVF(Br)F(Br) (up). For 
clarity, the interference of the solvent band at 1200 cm

-1
 has been removed.
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In order to investigate the influence of the nature of the halogen atom on the 

VCD spectra of the halogenated KLVFF species, the iodinated species were also 

studied. The resulting VCD and IR spectra are presented in Figure 6.9. Upon 

the addition of an iodine, instead of a bromine, on the 4-position of the 

peptide, the formation of beta-sheet is still promoted (as visible in the left IR-

spectrum in Figure 6.9). As the solubility of the iodinated peptides is 

significantly smaller than the solubility of the brominated species, no 

comparisons on the quantitative amount of beta-sheet structural content 

between the two different halogen atoms were made. A smaller amount of 

induced beta-sheet structural content, compared to the brominated 

derivative, might suggest that the halogen bond, originating in the presence of 

the iodine, either appears less frequently, or has less directional properties 

than the derivative originating in the presence of a bromine on the fourth 

position. However, the lower solubility might also have an influence on the 

likelihood of the interactions between the peptides. It is however most 

important to note that the addition of a halogen on the fourth position of the 

peptide always induces beta-sheet structural content, with an IR-marker at 

1630 cm-1. Due to the high anisotropy of the mixture, a VCD spectrum was 

unattainable.  

The introduction of a iodine on the two p-positions of the two phenyl groups 

of the KLVFF peptide, resulting in the KLVF(I)F(I) peptide, induces similar 

secondary structural differences compared to the introduction of two 

bromines. The relative contribution of the beta-sheet structural content, 

indicated by the feature at 1628 cm-1, seems to be larger than in the case of 

the KLVF(I)F peptide. The remaining features in the IR spectrum indicate the 

presence of turns (1673 cm-1) and some alpha-helical structure (1657 cm-1). 



 

The VCD signal on the other hand seems slightly, but convincingly different. 

The KLVF(I)F(I) also gives rise to an enhanced VCD signal, in this case by a 

factor 6. However, contrary to the fresh KLVF(Br)F(Br) sample, orientation 

effects on the level of enhancement of the VCD can be witnessed. Moreover, it 

is apparent that the negative contribution of the enhanced couplet of the VCD 

spectrum is blue shifted by 10 cm-1 compared to the enhanced VCD spectra in 

Figure 6.2. It can also be observed that the resulting enhanced couplet is 

significantly broader than the enhanced couplets reported in Figure 6.2. This 

difference could indicate a slight difference in dipole moment alignment 

between the KLVF(I)F(I) and KLVF(Br)F(Br) sample. The properties of a halogen 

bond depend on the halogen atom, acting as an electrophilic species, thus 

possibly influencing the resulting transition dipole moment alignment. This 

might indicate that the enhanced VCD spectrum is sensitive towards the 

intermolecular interactions present in a sample. However, this hypothesis can 

only be confirmed after further development of the corresponding theory; but 

it is clear that the presented results may act as an experimental base for 

developing of this theory.  

Lastly, the spectral data originating from the KLVFF(I) solution resemble the 

data originating from the KLVFF(Br) solution, as also a small amount of beta-

strands, common to aggregated structures is induced, but the other secondary 

structure elements remain once more comparable to those present in the 

native peptide. Once more, the VCD spectrum of this peptide proved to be 

unattainable due to the high anisotropy of the sample.  
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Figure 6.9 FT-IR spectra (bottom) and VCD spectra (up) of fresh solutions of KLVF(I)F (left), KLVF(I)F(I) (middle) and KLVFF(I) (right). The VCD spectra are 
normalized so that the corresponding maximum IR-intensity is 1. If orientation effects were observed, the black spectrum represents a spectrum originating 
in a continuous rotating of the sample during the measurement to eliminate orientation effects, while the grey spectra originate in measurements at a fixed 
position of the sample. 
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Upon gelation of the iodinated samples, one can acquire the spectra 

presented in Figure 6.10.  

In the case of the KLVFF(I) sample are the conclusions, drawn from the IR 

spectrum, once more similar to those drawn for the KLVFF(Br) sample. Upon 

aggregation, there is no real secondary structural difference in the IR spectrum 

of the KLVFF(I) sample, retaining its antiparallel beta-sheet marker at 1625   

cm-1.  The VCD-spectrum remained unattainable, presumably due to the 

remaining anisotropic nature of the sample.  

After 48 hours at room temperature, the gelled sample of KLVF(I)F shows 

similar secondary structural elements as the fresh sample, with a major 

contribution of turns at 1673 cm-1, an indication of alpha-helical structure at 

1659 cm-1 and a beta-sheet structural marker at 1628 cm-1. For this sample, it 

was however possible to measure a VCD spectrum, though only in one position 

inside the cell beam. This indicates that the level of anisotropy might vary 

throughout the sample, as slightly different spots are samples when rotating 

the sample. The shape of the enhanced spectrum is similar to the shape of the 

VCD spectrum of the gelled KLVF(Br)F and KLVF(Br)F(Br) sample. This suggests 

that the alignment of the dipole moments in the sample, either within the 

fibrils or caused by the presence of micro crystallinity, it similar to the 

alignment in those samples.  
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Figure 6.10 FT-IR spectra (bottom), VCD spectra (up) and the corresponding TEM images
8
 of KLVF(I)F (left), KLVF(I)F(I) (middle) and KLVFF(I) (right) after 48h. 

The VCD spectra are normalized so that the corresponding maximum IR-intensity is 1.  If orientation effects were observed, the black spectrum represents a 
spectrum originating in a continuous rotating of the sample during the measurement to eliminate orientation effects, while the grey spectra originate in 
measurements at a fixed position of the sample. The scale bar represents 1 µm. 
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Finally, the IR and VCD spectra of the gelled KLVF(I)F(I) sample are similar to 

the ones of the fresh sample, suggesting that the secondary structure and the 

transition dipole moment alignment remains similar. Once more, orientation 

effects can be observed for the VCD spectrum and bands of the VCD spectrum 

is blue shifted by 10 cm-1 and have a slightly broader shape than the other 

enhanced VCD spectra reported in this study. With respect to ROA, as a result 

of the low solubility and the anisotropic nature of the samples, it proved to be 

impossible to obtain any of the iodinated samples using this technique. 

In conclusion, it is clear that the results, presented in this study, show that the 

origin of the enhanced signals in both ROA and VCD is most likely not the chiral 

structure of the fibril architecture, as samples with different fibrils 

architectures, such as KLVF(Br)F and KLVF(Br)F(Br) give rise to a similarly 

shaped enhanced VCD spectrum. The results indicate that the presence of an 

enhanced VCD spectrum can be a measurement for the directional properties 

of the intermolecular binding, in the case of the presented samples the 

halogen bond. This suggests that VCD is capable of identifying similarities on a 

molecular level between fibrils with different architectures in a non-

destructive way, shedding a whole new light on our understanding of the 

pathology of neurodegenerative diseases. However, in order to fully achieve 

this potential, the corresponding theory needs more development, for which 

the data, presented in this study can be used.  

The recently proposed dipole coupling theory3, proves to a promising lead to 

fully understand this phenomenon, as it also predicted the possibility of an 

enhanced out of resonance ROA signal, which has been reported 

experimentally for the first time in this study. The presented ROA results do 

not fully match the theoretical predictions3, but can also act as a starting point 
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to improve the theoretical insights in the phenomenon of enhanced ROA 

signals. It seems that an enhanced ROA signal contains more features than an 

enhanced VCD spectrum, possibly containing more information on the nature 

of the fibrous aggregates. It is therefore of vital importance to broaden the 

applications of ROA in the study of amyloid protein behavior, as the 

information gathered from this technique will possibly hold a breakthrough in 

this research. 
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6.1. Experimental details 

The synthesis of the samples was reported before.8 Samples were placed in an 

abundance of D2O for 8 hours at 4°C in order to exchange labile protons, and 

subsequently lyophilized. Samples were then dissolved in D2O to obtain a 

concentration of ~30 mg mL-1 for KLVFF, KLVF(Br)F, KLVF(Br)F(Br) and 

KLVFF(Br) and ~15 mg mL-1 for KLVF(I)F, KLVF(I)F(I) and KLVFF(I), by sonication 

for 20 seconds, followed by heating of the sample. Subsequently, the samples 

were left undisturbed at room temperature for 48 hours to enable gel 

formation.  

The IR and VCD spectra were acquired by placing the samples in a CaF2 cell 

with a pathlength of either 50 µm for KLVFF, KLVF(Br)F, KLVF(Br)F(Br) and 

KLVFF(Br) or 100 µm for KLVF(I)F, KLVF(I)F(I) and KLVFF(I). The spectra were 

measured on a Bruker PMA 37 spectrometer, which is attached to an IFS 66 

v/s infrared spectrometer17 for two times 30 minutes for samples with  

enhanced VCD spectra and four times 60 minutes for the samples with normal 

signal intensity. Each sample was measured at different orientations inside the 

machine, to examine orientation-sensitive features in the spectrum. A 

corresponding D2O background spectrum was measured with identical 

settings, and subtracted from the raw spectra. The VCD spectra were 

normalized to A=1 for the amide I region. The intensity of the signal of the 

VCD-spectra was determined by calculating the peak-to-peak value and 

dividing this by the corresponding intensity of the IR-signal. The resulting g-

factor was determined to be a measure of the level of enhancement in the 

spectrum. All data was reproduced on a Chiral2X-instrumentTM from Biotools 

Inc., where enhanced spectra were obtained after 1500 scans, spectra with 

normal intensity were a result of an average 3 blocks of 3000 scans.  
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The main experimental conditions were described in section 2.1.3., The laser 

power at the source was set to 270 mW, while the acquisition time amounted 

to 10 hours for the samples with enhanced signals and 43 hours for the sample 

without enhancement. The data treatment was also described in section 2.1.3. 

All enhanced spectra were reproduced in order to rule out Raman polarization 

artefacts. 

UV-Vis absorption and electronic circular dichroism (ECD) spectra were also 

measured, by diluting the original samples to a concentration of 0.2 mg mL-1. 6 

accumulations from 700 to 180 nm were taken with 0.5 s and 1 nm on a 

ChiraScan® spectrometer in a cell with a path length of 0.05 cm. 

Corresponding backgrounds were measured and subtracted from the results. 

The ECD results are similar to those already published and were used as a 

benchmark.8 The results for KLVF(Br)F(Br) and KLVF(Br)F can be found in the 

appendix of this chapter as they are relevant to the out of resonance 

enhanced Raman optical activity.  

To determine the polarization dependency of the IR spectra, IR spectra of the 

samples were recorded on a Bruker IFS 66v instrument fitted with an extra 

linear polarizer, placed before the sample. Background spectra were also taken 

for each polarization angle at which measurements were made.  Subsequently, 

the observed absorbance for the wavelengths of interest was recorded for 

each polarization angle, after which the data were fitted by a least-squares 

method to the equation: 

𝐼𝜃 =  𝐼𝐵 +  𝐼𝑃 𝑐𝑜𝑠²(𝜃 + 𝜑) 
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In this equation, Iθ is the observed intensity and θ measures the orientation of 

the plane of polarization of the IR beam with respect to an arbitrary zero 

position. IB and IP are constants, and φ denotes the phase angle.19  
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6.2. Appendix 

 

Figure A.6.1 Absorbance at 1624 cm
-1

 in the polarization-dependent IR experiments of KLVFF(Br) in 
function of the position of the polarizer.  

 

Figure A.6.2 Absorbance at 1630 cm
-1

 in the polarization-dependent IR experiments of KLVF(Br)F in 
function of the position of the polarizer. 
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Figure A.6.3 Absorbance at 1630 cm
-1

 in the polarization-dependent IR experiments of KLVF(Br)F(Br) in 
function of the position of the polarizer. 

 

Figure A.6.4 UV/VIS spectrum and ECD spectrum of KLVF(Br)F(Br) 
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Figure A.6.5 UV/VIS spectrum and ECD spectrum of KLVF(Br)F 
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The research, presented in this thesis, has attempted to highlight the hitherto 

undiscovered applications of vibrational optical activity (VOA), especially for 

the characterization of protein structural properties. Firstly, the results, 

presented in chapters 3 and 4, indicate that Raman optical activity (ROA) has 

the required sensitivity to measure complex mixtures of proteins. In these 

chapters, it has been shown that one can identify individual components of 

these mixtures reproducible and reliable and that, when applied to protein 

mixtures, ROA is capable of tracking small structural changes in molecules. 

These small structural changes were often undetected by conventional 

spectroscopic techniques. The extent of the sensitivity of ROA to these small 

structural changes was further explored in chapter 4, where small structural 

changes of a protein were tracked, induced by small changes in the 

environment. As instrumentation, especially optics, is continuously improving, 

I believe that the current state of the art only covers a fraction of the 

information that ROA can provide about structural properties of proteins. An 

improvement in instrumentation can increase the signal to noise ratio and the 

sensitivity of the ROA instrument, which can therefore lower the protein 

concentration needed for the measurements, opening the door to ‘real’ 

biological concentrations. Furthermore, this improvement in instrumentation 

will also enable the measurement of even more complicated mixtures, as an 

improvement in the signal to noise ratio will lower the risk of induction of 

artefacts or artificial noise with the current subtraction method, as described 

in chapter 3 and 4. This would open up the possibilities of analyzing the 

structural properties of proteins under the influence of a combination of 

environment factors, including but not limited to crowding, ions such as 

calcium, sodium, chlorine and substrates. As the ability to determine the 

structure in complex environments is important in the search of understanding 
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the function and working of a protein, the instrumental development of ROA 

will lead to way to more understanding in the functioning and malfunctioning 

of proteins in realistic cellular environments. 

The analysis of the structural content of some samples will however always 

remain difficult with ROA, for example the analysis of fibrillated samples, as 

the scattering of these samples will dominate the recorded spectra. The results 

in chapter 5 show that vibrational circular dichroism (VCD) also is a very potent 

technique to study the behavior of proteins, especially in the case of fibrillated 

samples. VCD is capable of providing additional information on the nature of 

the morphology of the fibrils in a non-destructive manner, both by the 

determination of the secondary structure for non-enhanced signals, as by the 

enhancement (or lack thereof) of the sample. Based on the results in chapter 

6, it is suggested that the enhancement in the VCD signal is a measure for the 

nature and level of intermolecular interactions present in the sample. The 

results on KLVFF provide an experimental base to further develop the theory 

on the origin of this enhancement, as previous predictions did not fully explain 

this phenomenon. However, it is suggested that the dipole-coupling theory, as 

explained by Průša and Bouř1, seems to be the most correct theory already 

published, as it also predicted the existence of enhanced, out-of-resonance 

ROA, which was first experimentally observed in chapter 6. If the origin of the 

enhanced VOA signals is fully understood, it is my belief that this phenomenon 

will provide new information on the nature of fibrillated samples, and for 

instance identify the difference between fibrils that cause neurodegenerative 

diseases, and non-dangerous fibrils. To fully unlock this capacity, a systematic 

study on fibrils of different proteins, including but not limited to the wild type 

and genetic mutations of beta-amyloid peptide, linked to Alzheimer’s disease, 
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and the genetic mutations of alpha-synuclein. Furthermore, an additional 

systematic study could also investigate the influence of different 

environmental factors, such as ions, substrates and drugs, on the VCD 

spectrum of the resulting fibrils, while correlating these results with results 

found from more traditional methods, such as TEM.  

Finally, the results in chapter 3 and 4 showed that traditional crowding agents 

can have specific interactions with the studied proteins. Therefore, I advise 

that, if possible, a multitude of crowding agents is employed in a crowding 

study, to limit the possibility of specific interactions being interpreted as 

crowding. On the other hand, the results in chapter 5 show that while 

crowding has an effect on the behavior of intrinsically disordered proteins 

(IDP’s), in order to fully explain their pathological properties one also needs to 

take into account specific interactions with other agents, present in the 

environment of the IDP’s. Furthermore, it is important to note that it was also 

indicated that in the case of alpha-synuclein, the combined effect of crowding 

and beta-synuclein on the fibrillation process was different from each of the 

effects separately, suggesting that the study of isolated effects on this 

fibrillation process only provides limited information. Therefore, future 

research into these studies should focus on recreating an environment that 

contains more contributing factors, such as substrates, ions, inhibitors, 

micelles or pH. 

All of these results indicate that both ROA and VCD are capable of analyzing 

such complicated samples, and that they are capable of unveiling information, 

unobtainable by other techniques. However, in the case of VCD, more research 

will be needed to fully understand the provided information, while in the case 

of ROA the instrumentation needs to improve to enable the measurement of 
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more complicated samples. Finally, the presented results also indicated that 

when studying the effect of crowding on the structural properties of proteins, 

one should always take multiple crowding agents into account, as some might 

exhibit specific interactions with the studied protein. Moreover, the results 

presented in chapter 5 have shown that it is important to create a realistic 

environment in vitro, as the combination of different effects cannot be 

predicted from each effect separately.  
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De mensheid tracht, sinds zijn ontstaan, de wereld waarin we leven te 

begrijpen. Aangezien alle levende organismen eiwitten, grote moleculen met 

dynamische structuren, bevatten, worden deze vaak bestudeerd. Eiwitten 

vervullen vele rollen in cellen en weefsels. Zo kunnen ze functioneren als 

structurele componenten, instaan voor transport of vervoer van kleine 

moleculen, transmitters of informatie tussen cellen, verdedigen ze het 

organisme tegen infecties of vervullen ze een rol als enzymen, katalysatoren of 

reagentia in het organisme. Algemeen wordt aangenomen dat de functie van 

een eiwit gekoppeld is aan zijn structuur. Een voorbeeld van dit structuur-

functie paradigma is de geïnduceerde pasvorm theorie voor enzymen.  

In deze thesis werd getracht de mogelijke toepassingen van vibrationele 

optische activiteit (VOA) met betrekking tot de studie van biologische 

systemen, en dan voornamelijk het bepalen van structurele eigenschappen 

van eiwitten, uit te breiden. VOA is een verzamelnaam voor twee chiroptische 

technieken, vibrationeel circulair dichroïsme (VCD) en Raman optische 

activiteit (ROA), waarbij de eerste het verschil tussen de hoeveelheden links en 

rechts circulair gepolariseerd infrarood licht detecteert, terwijl de tweede het 

verschil tussen Raman verstrooid links en rechts circulair gepolariseerd licht 

bepaalt.  

Deze technieken zijn erg gevoelig aan de structuur van eiwitten. Daar VCD en 

ROA elk een andere gevoeligheid voor deze structuur vertonen, is de 

verkregen informatie complementair. Het is dan ook opportuun om beide 

technieken in overweging te nemen wanneer men een biologisch systeem wil 

bestuderen. Tot op heden werden voornamelijk relatief simpele biologische 

systemen met VOA bestudeerd, waarbij bijvoorbeeld mengsels van 

verschillende chirale componenten vermeden werden. In een eerste project 
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werd de gevoeligheid van ROA aangaande kleine structurele veranderingen 

van eiwitten in crowded omgevingen verkend.  

De crowding theorie herinnert ons dat 40 % van het cel volume uit 

macromoleculen bestaat. Traditionele methoden, die eiwitten bestuderen bij 

hun natieve, erg lage, concentratie, nemen deze achtergrond aan andere 

macromoleculen niet mee in rekening. Deze macromoleculen kunnen op 

verschillende manieren interageren met het bestudeerde eiwit, en een 

daarvan is het crowding effect, gebaseerd op de wederzijdse 

ondoordringbaarheid van opgeloste moleculen. Deze ondoordringbaarheid 

induceert een niet specifieke sterische afstoting, die onafhankelijk is van 

andere interacties tussen de opgeloste moleculen. Het resulterende 

intermoleculaire volume kan gemakkelijk gepenetreerd worden door kleinere 

moleculen, maar is ontoegankelijk voor macromoleculen. Hierdoor is een deel 

van het intracellulair volume ontoegankelijk voor grote moleculen, zoals 

eiwitten, wat de resulterende structuur van eiwitten kan beïnvloeden.  

Het effect van de aanwezigheid van de crowding agents Ficoll 70 (F70) en 

dextran 70 (D70) op de structuur van gedefosforyleerd alfa-casseïne (dP-Acas) 

en beta-synucleïne (bsyn) werd bestudeerd. Ook de invloed van sucrose, de 

monomeereenheid van Ficoll 70, werd bestudeerd. Aan de hand van ROA werd 

een effect van crowded omgevingen op de structuur van dP-Acas 

waargenomen, terwijl de waargenomen structurele kenmerken voor bsyn 

onveranderd bleken. Er werd geconcludeerd dat deze waarnemingen een 

belangrijke stap waren richting het begrip van de zogenoemde intrinsically 

disordered proteins (IDP’s) in fysiologische omstandigheden. IDP’s zijn een 

belangrijke groep eiwitten die weinig tot geen traditionele structuurelementen 

bevatten. De pathologie van neurodegeneratieve ziekten, zoals de ziekte van 
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Alzheimer en Parkinson, wordt vaak gelinkt eiwitten die tot deze groep 

behoren. Daarnaast valideert het gebrek aan waargenomen structurele 

verandering voor bsyn the gebruikte subtractie methode en duidt dit aan dat 

sommige IDP’s niet beïnvloed worden door het crowding effect.  

Er werd ook aangetoond dat het geïnduceerde structurele effect afhankelijk is 

van het gebruikte crowding agent en zijn concentratie. De eerste observatie in 

strijd is met de uitgesloten volume theorie. Er werden echter indicaties 

gevonden dat het effect van F70 op dP-Acas een superpositie is van het 

crowding effect, gelijkaardig aan het effect van D70, en een specifieke 

interactie, gelijkaardig aan het effect van sucrose. De tweede observatie werd 

ook voorspeld door de crowding theorie. Om de gevoeligheid van ROA aan 

kleine structurele veranderingen te toetsen, werd een tweede studie 

uitgevoerd, op het ongestructureerde eiwit phosvitin, waarbij de structuur van 

phosvitin in functie van de concentratie van de crowding agents F70 en D70 

bestudeerd werd.  

Het werd aangetoond dat de gevoeligheid van ROA naar kleine 

conformationele veranderingen groot genoeg is, zodat het mogelijk is om deze 

verandering doorheen de titratie op te volgen. Het gebruik van een CID plot 

om gecompliceerde ROA data te interpreteren werd ook geïntroduceerd. Deze 

techniek stelt de onderzoeker in staat om individuele bijdragen aan het 

spectrum te identificeren, zolang deze interpretatie met een kritisch oog 

gebeurd, aangezien er gevaar voor overinterpretatie van de data is.  

De conclusies over het gevaar van specifieke interacties van F70 met 

bestudeerde eiwitten werden bevestigd, aangezien F70 en D70 een 

verschillende invloed hadden op de structurele eigenschappen van phosvitine. 
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Ook werd opgemerkt dat bepaalde structurele veranderingen, voornamelijk 

die in het gebied tussen 900 en 1150 cm-1, mogelijks niet voorkomen uit een 

secundaire structuurverandering van phosvitine, maar uit een interactie 

tussen de gefosforyleerde residuen van het eiwit en het suiker-gebaseerde 

crowding agent. Het is daarom aangewezen om in toekomstige crowding 

studies niet suiker-gebaseerde crowding agents, zoals PEG, mee in rekening te 

nemen.  

Vorig onderzoek suggereerde al dat VCD ook gebruikt kon worden om het 

fibrillatieproces van alpha-synucleïne (asyn), kritisch in de pathologie van 

onder andere de ziekte van Parkinson, te duiden. In deze thesis werd de 

combinatie van twee invloeden op het fibrillatieproces nader onderzocht, met 

name crowding, met behulp van F70, die het fibrillatieproces promoot, en 

bsyn, een inhibitor van het fibrillatieproces. Er werd geconcludeerd dat de 

effecten competitief zijn, en dat geen van beiden het finale fibrillatieproces 

domineert maar dat het gecombineerde effect tussen de twee afzonderlijke 

effecten in ligt. De combinatie van de twee effecten resulteert in korte, 

onderling gealigneerde fibrillen, een morfologie die verschilt van de 

morfologie van fibrillen, ontstaan in een omgeving met maar een van beide 

invloeden aanwezig. Dit onderzoek duidde de noodzaak om een combinatie 

van verschillende effecten mee in rekening te nemen, wanneer men een 

fibrillatieproces bestudeert.  

Verder werd aangetoond dat VCD op een niet destructieve manier gevoelig is 

aan de hogere orde structuurelementen van fibrillen, aangezien werd 

aangetoond dat VCD gevoelig is aan het onderling aligneren en lengte van 

fibrillen, onder andere door de manifestatie van een vergroting van het 

signaal. Dit laatste fenomeen werd onderzocht in een systematische studie 
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met behulp van de peptide KLVFF en zijn gehalogeneerde derivatieven, waarbij 

getracht werd de oorsprong en het belang van dit vergroot signaal te duiden. 

Een vergroting van het signaal, zonder de aanwezigheid van resonantie met de 

laser, werd voor het eerst ook waargenomen in ROA. Er werd vastgesteld dat 

de vergrote signalen in VOA waarschijnlijk niet voortkomen uit de structuur 

van de fibril architectuur, aangezien eenzelfde vorm voor het VCD spectrum 

werd waargenomen voor verschillende fibril architecturen. Echter, de 

resultaten indiceren dat de aanwezigheid van een vergroot VCD spectrum een 

maat kan zijn voor de richtinggevende eigenschappen van de intermoleculaire 

bindingen, e.g. de halogeenbinding voor de gepresenteerde data. Deze 

waarneming suggereert dat VCD in staat is om niet-destructief gelijkenissen op 

een moleculair niveau tussen fibrillen met verschillende architecturen te 

identificeren. Om zijn volledige kracht te doen ontluiken, waarbij deze 

techniek zal helpen om de pathologie van neurodegeneratieve ziekten beter te 

begrijpen, moet de bijhorende theorie, de dipool koppeling theorie, verder 

ontwikkeld worden, waarvoor de data van deze studie gebruikt kant worden. 

In conclusie, alle resultaten in deze thesis indiceren dat zowel ROA als VCD in 

staat zijn om complexe stalen te analyseren, en om informatie te verstrekken 

die niet toegankelijk is voor andere technieken. Meer onderzoek zal nodig zijn 

om de informatie, verstrekt door VCD, te begrijpen, terwijl een verbetering in 

de ROA instrumentatie nodig is om nog complexere stalen te kunnen meten. 

Daarnaast wordt ook aangetoond dat de omgeving waarin eiwitten zich 

bevinden een sterke invloed kunnen hebben op hun structuur, en dat men 

daarom altijd een zo realistisch mogelijke omgeving dient te creëren, 

aangezien een gecombineerd effect niet afgeleid kan worden van de optelsom 

van elk van de effecten afzonderlijk.  
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fibrillation process of alpha-synuclein. 

 Chemcys, KVCV, Oostende, Belgium, 21-23 feb 2018 

o Presentation: Beta-synuclein and crowding have competitive 

effects on the fibrillation process of alpha-synuclein. 

 15th one-day symposium on Protein Folding and Stability, Belgian 

Biophysical Society, University of Liège, Liège, Belgium, 1 sep 2017 
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 Infrared and Raman discussion group, Christmas meeting, University 

College London (UCL), London, UK, 19 dec 2016 

 Fifth International Conference on Vibrational optical Activity (VOA-5), 

University of Antwerp (UA), Antwerp, Belgium, 11-16 sep 2016 

o Presentation: Influence of environmental changes on the 

structural properties of α-synuclein 

o Member of the local organizing committee 

o Winner of the Wiley Presentation Prize 

 New insights in Molecular Mechanisms of Neurodegeneration, Erasme 

Campus Anderlecht (ULB), Brussel, Belgium, 20 jun 2016 

 11th Midwest Conference on Protein Folding, Assembly and Molecular 

Motions, University of Notre Dame, Indiana, USA, 30 apr 2016 

o Poster: Influence of environmental changes on the structure of 

synucleins 

o Chairwoman session ‘Proteins in Vivo’ 

 Molecular Spectra and Structure, from Small to Large. A Symposium 

Honoring Tim Keiderling’s Scientific Career, University of Illinois at 

Chicago, Chicago, USA, 11 apr 2016 -12 apr 2016 

 Antwerp Bochum Chiroptical Discussions, Braunlage, Duitsland, 12-14 

juni 2015 

o Presentation: Macromolecular crowding and its influence on 

the structure of proteins 

 CECAM 1166 Intrinsically Disordered Proteins - Bringing together 

Physics, Computation and Biology, Zürich, Zwitserland, 18 aug 2015 -21 

aug 2015 
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o Poster: A redifinition of the structure-function paradigm by use 

of crowding studies 

 Renishaw Seminar, Eindhoven, Nederland, 24 jun 2015 

o Presentation: Raman optical activity measurements of complex 

samples: New insights in crowding effects on proteins 

 The first annual Antwerp-Bochum Chirality Discussion, Bochum, 

Duitsland, 12 jun 2015 – 14 jun 2015 

o Presentation: Macromolecular crowding and its influence on 

the structure of proteins 

 The twentieth National Symposium for Applied Biological Sciences, 

UCL, België, 30 januari 2015 

o Presentation: A redefinition of the structure-function paradigm 

studied by crowding studies and Raman optical activity 

o Awarded session prize for best presentation 

 Infrared and Raman discussion group, Christmas meeting, University 

College London (UCL), London, UK, 18 dec 2014 

 The Fourth International Conference on Vibrational Optical Activity 

(VOA-4), Hebei University,China, 26 okt 2014 - 29 okt 2014 

o Presentation: A redefinition of the structure-function paradigm 

by use of crowding studies 

o Poster: A redefinition of the structure-function paradigm by use 

of crowding studies 

o Chairwoman Plenary Session VI.  

 20th International Conference on Horizons in Hydrogen Bond Research, 

University of Antwerp, City Campus, Hof van Liere Antwerp, Belgium, 

15 sep 2013 - 20 sep 2013. 
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o Member of the local organizing committee 

 

5. Research visits 

 Research visit at professor Keiderling’s lab, University of Illinois at 

Chicago, Chicago, USA, 10 mar 2016 - 23 may 2016 

 

6. Funding 

 FWO travel grant for research stay at Professor Keiderling’s lab at 

Chicago 

 IWT strategisch basisonderzoek – doctoral scholarship 
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Word of Thanks 

 

 

 

  

The White Rabbit put on his spectacles. “Where shall I begin, please your 

Majesty?” he asked. “Begin at the beginning”, the King said very gravely, 

“and go on ‘till you come to the end: then stop.” 

Alice in Wonderland-Lewis Carrol 
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At the end of this thesis, I would like to thank a couple of people, without 

whom none of this would have been possible.  

First of all, I would like to thank my promotor, prof. dr. Johannessen and my 

co-promotor, prof. dr. Herrebout, for the chances they have given me during 

my studies, as well as their continuous support throughout this learning 

experience. I would also like to thank the members of my doctoral jury for the 

interesting discussions and remarks regarding my project. 

These four years would have been very dull without Carl, Roberta and 

Jonathan. Whether it was working together in the lab, or sharing an ice cream, 

I look back very fondly to the time we spent together in this lab. Furthermore, I 

would like to thank Filip, for which no question was too weird, and Yannick, 

who taught me how to get quickly from point A to point B. Liene, Tom and Roy 

can also not be forgotten.  Lastly, I would also like to thank Linny, as my 

conversations and laughs with you are always very precious.  

Next, I would like to thank both prof. dr. Keiderling for the opportunity to stay 

at his lab at University of Illinois at Chicago, as well as the interesting 

discussions afterwards. Prof. dr. Lambeir and dr. Roos van Elzen welcomed me 

into the laboratory of the Medical Biochemistry Group at the University of 

Antwerp, where I was able to get a taste of protein expression and 

purification. I would like to thank them for this opportunity and all their help 

on the way as well as I would like to thank the other members of the research 

group, specifically from dr. Yani Sim, for all the helping hands on the way. 

I would also like to thank every friend along the way, with whom I shared a 

laugh, a couple of words, or even a meaningful silence. It’s the small things in 
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life that make it worth living, and you all remind me of that, every time I meet 

you. 

I cannot forget to mention my parents, who supported me throughout my 

entire life. It is you who taught me to look for the mystery and wonder at 

every turn, to always search for the answer to your question, and that you 

should always try, but that there is always another option to get the same 

result, if you did not succeed the first time. I would also like to thank my 

brother and sister, Joren and Liedewei, for all the fun we had growing up 

together, and especially for all the drives throughout the weekend and late in 

the evening that you took with me to the lab because I was scared of being 

there alone. 

Finally, I would like to thank Cis, for showing the endless possibilities of life; for 

all the love and fun we had and will still have throughout the next years. I look 

forward to all our adventures that we will experience together with Linde.  

 

 

 

 

 

 

Evelien Van de Vondel    Borsbeek, 29/10/2018 


