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Abstract:
The motivation for this project is to investigate the stability of Hen Egg-White
Lysozyme (HEWL) during diﬀerent environmental conditions. The eﬀects of temperature and the denaturant GuHCl (0 7 M) at pH 4, pH 7, and pH 10 have been
investigated. The results are obtained
by steady-state fluorescence and circular
dichroism spectroscopy, in order to determine the tertiary and secundary structures
of HEWL, respectively, as HEWL is denatured. In this project, HEWL was successfully thermally denatured at pH 10 at 69
°C. However at pH 7 no denaturation is
observed, and at pH 4 the results are discussed, as one small peak in the derivative
of the emission spectrum is observed at
73 °C. Furthermore, HEWL was successfully chemically denatured at pH 4, pH 7,
and pH 10 at GuHCl concentrations 5 - 7
M, indicating transition points of 6.1238,
6.2286, and 6.0656 M, respectively.
A reduced stability of HEWL at pH 10
is observed, compared to the stability at
pH 4 and pH 7. However, the tendency is
not elucidated during chemical denaturation as during thermal denaturation. An
obtained molten globule state is discussed.

The content of this report is freely available, but publication (with source reference) may
only take place in agreement with the authors.

Preface
This project is written by group 4.212 consisting of fourth semester Nanotechnology
students of Aalborg University from February 3rd to May 29th . Lector Peter Fojan
and Lector Leonid Gurevich are the primary supervisors. The topic of this project is
characterization and modeling of nanostructures. This project will concern protein folding
during environmental changes.
This project will introduce the topic of protein folding. Furthermore, this project includes
a State of the Art chapter, which concerns with fatal protein misfoldings. The project
includes theoretical chapters describing proteins, amino acids, protein stability, circular
dichroism spectroscopy, and steady-state fluorescence spectroscopy. A description of the
experiment and results will follow, which leads to a discussion and conclusion of the
experiments according to relevant theory.
Throughout this project, each chapter and section will have numbered titles. Furthermore,
all figures, significant equations, and tables will be numbered. The reference system applied
is the numerical system and every reference is then represented by a [number], which refers
directly to a specific source in the bibliography. Figures with no reference number are
composed by the group itself.
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1. Introduction
Proteins are among the most fundamental and versatile organic macromolecules in
organisms, and they are crucial for normal cell and corpus functionality. Some proteins
function as catalysts in chemical reactions, while others can transport or store molecules,
provide mechanical structural support or immune protection, or control growth etc. The
specific and crucial protein functionality depends directly on the three-dimensional protein
structure, and thus the amino acid sequence. It is obvious that protein dysfunctionality
is devastating for organisms and potentially deadly. During the last decade well-known
and aetiologically distinct diseases have been connected to protein misfolding of specific
proteins into aggregates. These disorders, including Alzheimer’s disease and diabetes, are
among the most debilitating, socially disruptive, and costly diseases in the modern world,
and they are becoming more prevalent as the society age and become more dependent on
new agricultural and dietary practices. [1]
In many cases, it is easy to reproduce the structural transitions of normal functional
proteins into denatured, misfolded, or aggregated proteins in vitro by exposure to
denaturing conditions. However, the mechanisms in which normal functional proteins
misfold into aggregates in vivo are not yet well understood, and it is unclear how distinct
proteins can change structurally into a highly organized common aggregate structure such
as amyloid fibrils that is extremely thermodynamically stable. [2]
In order to deal with and potentially treat or prevent these human diseases, it is important
to understand the mechanisms and principles underlying protein folding, denaturation, and
misfolding. Thus, this project will concern the denaturation of a model protein, Hen EggWhite Lysozyme both thermal and chemical by the denaturant guanidine hydrochloride.
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The ability of proteins to fold correctly into their native and functional form is one of the
most fundamental phenomena in nature, and crucial for normal functionality of cells and
organisms. Due to the complexity of the protein folding process, it would be astonishing
if misfoldings never occurred. To compensate for misfoldings, the cell have evolved several
intracellular regulatory systems to sense, respond to, and target misfolded proteins. Of
particular importance are molecular chaperones, which are found in a large number and
variety in all cell types and cellular compartments. Some ribosomal chaperones enable
eﬃcient protein folding and assembling, some can solubilize specific forms of protein
aggregates, ultimately inducing refolding in some cases, and others can interact with
highly aggregation-prone protein regions in the misfolded or partially folded protein such
as exposed hydrophobic surfaces protecting them from aggregation. A great number of
chaperones are found in The Endoplastic Reticulum, and they serve as a strict quality
control of all synthesized proteins. The importance of this control system is evident from
studies suggesting that up to half of all synthesized polypeptide chains fail to satisfy the
quality control mechanism. [1, 3]
Furthermore, during protein folding into the native and functional form, the assembling
occurs rapidly, allowing the proteins to escape and reduce aberrant side-reactions that
potentially can lead to the formation of aggregates. Since the native proteins are a
thermodynamic meta-stable structure, the proteins must be kinetically trapped in their
native form in order to stay functional. [2]
Despite the complex intracellular regulatory systems, protein misfolding and aggregation
occurs intra- and extracellularly, particularly as organisms age, or by the fact that
small local environmental changes can induce unfolding events. These event can
result in denatured proteins prone to aggregation, resulting in devastating protein
aggregation pathologies including Alzheimer’s, Parkinson’s, Type II Diabetes, Cystic
Fibrosis, Huntington’s, and Creutzfeldt-Jakob’s disease. [2, 3]
One characteristic of many protein aggregation diseases is the deposition of misfolded
proteins in the form of amyloid fibrils, which are fibrous structures resistant to protease
digestion and with special optic and dye-binding properties. Depending on the disease
involved, the deposits can form in brain tissue, vital organs or skeletal tissue, and, in
some cases of systemic diseases, kilograms of aggregate can be isolated from such deposits
[1]. It was generally believed that only a few proteins, mainly those involved in known
pathologies, were able to form amyloid fibrils, and that those proteins possessed specific
sequence motifs, encoding the amyloid structure. However, recent study suggests that the
ability to form amyloid fibrils is a genetic feature of all polypeptide chains when presented
with some stimulating environment, and, fibrils formed from both large proteins and from
those of only a handful of residues are very similar in overall appearance and properties.
[1, 2]
Although the ability to form amyloid fibrils appears genetic, the faculty and propensity
to aggregate in this fashion can vary dramatically between diﬀerent polymer sequences.
Some amino acids are much more soluble than others resulting in diﬀerent concentration
Group 4.212
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requirements for aggregation to occur, and the aggregation process is nucleation dependent,
where it is evident that even a single amino acid in the protein sequence can aﬀect the
rate of nucleation. [1]
The general appearance of amyloid fibrils is a cross-b structure where continuous b-sheets
are formed with b-strands running perpendicular to the axis of the fibril. This structure
is remarkable in its high thermodynamic stability and high insolubility, and by the fact
that the proteins comprising the fibril structure have no sequence or structural similarities.
[1, 2, 3]
The core structure of the fibrils are primarily stabilized by hydrogen bonds involving the
protein backbones, which explains why the general appearance of the amyloid fibrils from
diﬀerent proteins are similar. The side chains are incorporated in the fibril structure in
whatever manner is the most favourable. They only aﬀect the details of the amyloid fibril,
and not the general appearance. [1]
Amyloid fibrils are included as one of the types of aggregates proteins can form. The fibrils
have a unique kinetic stability due to the highly organized hydrogen bond structure, and
the highest thermodynamic stability of all protein aggregates. [2]
Conditions that favour fibril aggregation from native proteins are those that involve
partially unfolded proteins. In the case of globular proteins, low pH, high temperatures,
addition of denaturants, and amino acid substitution all destabilizes the native protein
exposing aggregate-prone regions, inducing fibril formation. However, the identity of
specific amyloid precursor structures are not yet determined for any protein, but it
is indicated by electron and atomic force microscopy that small amorphous aggregate
structures initiates the formation of fibril-like structures with more distinctive morphologies
that eventually assembles into mature amyloid fibrils by some sort of structural
reorganization. This nucleation of fibrils is very distinct from the nucleation of native
globular proteins, indicating that evolution have selected the nucleation that favours
folding over aggregation. [2]
Intra- and extracellular aggregation is often accompanied with cytotoxicity caused by
mechanisms such as lipid membrane permeabilization, oxidative stress and mitochondrial
dysfunction. Amyloid fibrils can interact with lipid membranes inducing membrane
permeabilization through pores or by disrupting membrane integrity through surface
electrostatic interactions that ultimately disintegrate the bilayer structure of the
membrane. Oxidative stress is suggested to be the major cytotoxic mechanism in the
pathology of most protein misfolding diseases. Many proteins comprising the amyloid
fibrils are capable of generating reactive oxygen species. Also, Endoplasmic reticulum
stress has been observed in hippocampal neurons caused by amyloid b–peptides. Lastly,
during the process of amyloidogenesis the mitochondrial signalling pathway is aﬀected
leading to mitochondrial dysfunction as cytochrome C and apoptosis induce factor are
released from the mitochondria, which in turn induces DNA damage and cell apoptosis.
[4]
The most common protein aggregation disease is Alzheimer’s disease, and like most
other amyloidosis diseases, the patients have a prolonged preclinical period before clinical
manifestation, indicating that time rather than old age is required in amyloidosis diseases.
One striking example is Alzheimer’s patients with Down’s syndrome, where aggregates
comprised of Amyloid b-peptides are developed in the brain as early as the age of ten due to
life-long overexpression of the amyloid precursor protein, which is encoded in chromosome
Group 4.212
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21. [5]
In the case of Alzheimer’s disease, deposition of Amyloid-b aggregates is found both extraand intracellularly. It has been proven, that in the brain of patients with only mild
clinical impairment, the concentration of aggregate in the cerebral cortex correspond to
the degree of synaptic loss [5]. The amyloid fibrils and their precursor assemblies might act
as amphiphiles bonding non specifically to, and perturbing multiple cell-surface receptors
and channels. In the case of Alzheimer’s they can bind to receptors and channels in the
synaptic plasma membrane, thus interfering with numerous signal-transduction cascades
by enhancement of the generation of free radicals or alter the calcium homeostasis. [5]
The second most common neurodegenerative disease is Parkinson’s disease. Here, the
protein a-synuclein misfold and accumulate in spherical filaments in selected neuronal cells,
in particular the dopaminergic and noradrenergic brainstem neurons, whose premature
death defines the disease biochemically.
Another case of protein misfoldning diseases in the central nervous system is Huntington’s
disease where unstable DNA mutations in diﬀerent genes ultimately results in misfoldning
and accumulation of proteins in the nuclei and cytoplasm of certain neuron cells, leading
to gradual dysfunction and death of the host neurons. [5]
Type II Diabetes has been recognized as a protein aggregation disease since the hormone
Amylin can aggregate and accumulate extracellularly in the pancreas, and it is suggested
that this deposition can lead to cell-death in insulin-producing b-cells. However, it is
unknown if this accumulation causes the Diabetes, or if it is a result of the disease. [5]
Lastly, one of the most remarkable cases of protein misfolding diseases is CreutzfeldtJakob’s disease. Here the cellular prion protein can mutate its conformation, resulting
in a meta-stable conformer, which can bind to and convert another wild-type prion
into the same pathological isoform. This reaction can occur spontaneously at a very
low frequency, but can also occur more rapidly if the proteins bear certain mutations.
Most remarkable, the disease can occur in infectionous form, where small amounts of
pathologically conformed but non-mutant prion proteins cause Creutzfeldt-Jakob’s disease
in healthy subjects after exposure [5].
During the last two decades, intensive research have been carried out in the need of
therapeutics that can somehow reduce cases of amyloidosis, or at least limit further
development in patients. It is well known which proteins cause these aggregation diseases.
However, it is not well defined how those can aggregate into pathogenic species, and it is
not clear how to prevent the formation of the amyloid fibrils, remove them eﬀectively, or
block their interactions [3].
Where most research have been concerning the understanding of the development of the
diseases, some drug candidates targeting amyloidogenic peptides have been proposed and
are under development. Those include therapeutics that reduce the expression level of the
amyloidogenic peptides, increases the removal rate of misfolded amyloidogenic peptides,
increase the stability of functional native amyloidogenic peptides, and inhibit the selfassembling into misfolding such as amyloid fibrils. Some reported inhibitors that are
currently being clinically tested include polyphenols and non-polyphenols. Polyphenols
are aromatic compounds naturally occurring in a wide range of foods and herbal medicines
such as wine, coﬀee, and tea. They contain one or more phenolic hydroxyl groups,
which their anti-amyloidogenic activity is suggested to rely on as they may interact with
aromatic residues in amyloidogenic peptides inducing p–stacking, which could prevent
Group 4.212
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p-p interactions that lead to self-assembling into fibrils. Non-polyphenols include small
molecules such as glycosides and alkaloids, and contains one or several aromatic rings, and
thus also relies on the p–stacking principle. Most studies are performed on the amyloidb peptide, and it was believed that those inhibitors found on aggregates would have a
generally inhibitory eﬀect on all amyloidogenic peptides. However, recent studies suggest
that this might not be the case as where some inhibitors (i.e. polyphenols extracted from
coﬀee) had an excellent inhibitory eﬀect on amyloid-b aggregates, they showed acceleration
eﬀects on fibrillization of Lysozyme. [4]
Furthermore, short peptides have shown inhibitory eﬀects on amyloid formation as they
can be designed to bind to aggregation-prone regions in amyloidogenic peptides and
thus preventing aggregation. Lastly, antibodies have been designed to recognize specific
secondary and tertiary structures, or structural motifs, in native amyloidogenic peptides,
and by antibody-antigen interaction inhibit aggregation. Despite failures to demonstrate
eﬀective therapeutic eﬃcacy, anti-bodies are a promising approach in accelerating removal
of amyloidogenic peptides, especially as they can be designed to interact with receptors
specific for every known amyloidosis disorder. [4]
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3. Proteins
Proteins are organic polymers, comprised by a repeating framework of amino acids,
and posses diverse abilities depending on their physiochemical properties. Beside the
polypeptide chain, proteins often contain co-factors including small molecules, ions, or
sugars etc. The co-factors can be linked to the polypeptide chain by chemical bonds, or
bound into cavities by other interactions where they often confer to and participate in
protein functionality. [6]
The proteins reside in diﬀerent in vivo environments, which leave an obvious mark
on their three-dimensional structure, and, along with their stabilizing interactions and
architecture, divide the proteins into three categories; Fibrous, membrane, and globular
proteins. Fibrous proteins are often very large and elongated with mostly structural main
functionality. They often posses a higher order of secondary structures and are usually
highly hydrogen-bonded, very flexible, and insoluble. Membrane proteins reside in the
water-deficient cell membrane, and they posses functionalities such as molecular transport
and metabolism regulation or membrane signalling. Furthermore, they have a very regular
structure, and are highly hydrogen-bonded. Lastly, globular proteins are water-soluble
proteins with less regular structures. The functions of globular proteins are often catalytic,
making them enzymes. As the name indicates, they have tight bonded spherical tertiary
structures. [7]
This project will mainly concern the structure and stability of globular proteins, in
particular smaller ones, in accordance with the enzyme Hen Egg-White Lysozyme (HEWL).
The applied HEWL structure in this project is deduced by nuclear magnetic resonance
spectroscopy. Thus some secondary structures are left out in comparison to those deduced
by x-ray crystallography. These residue regions are denoted green in every figure showing
the tertiary structure of HEWL.

3.1

Amino Acids

Amino acids are colourless organic monomer units, which serve as building blocks for
proteins. By principle, there exist an infinite number of possible amino acids, which can
be synthesized. However, all proteins found in diﬀerent species of organisms, including
bacterial, archaeal, and eukaryotic, are composed of the same set of 20 specific amino
acids, see Appendix A, with only a few exceptions. Amino acids are often designated by
either a three-letter abbreviation or a one-letter symbol. The three-letter abbreviation is
deduced from the three first letters in the amino acid name with exceptions of Asparagine,
Glutamine, Isoleucine, and Tryptophan. [7]
The general appearance of amino acids is a composition of a carboxylic acid- and an amine
functional group along with a distinctive side chain, which all are linked by a central acarbon. Four diﬀerent chemical groups are bound to the a-carbon, and thus it is defined
as a chiral center. Consequently, the amino acids can exist in one of its two configurations;
the Laevus (L) isomer or the Dexter (D) isomer, which are enantiomers. In proteins,
amino acids only exist as L isomers, which refer to a composition where the amino group
Group 4.212
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is projected left when projected in a Fischer projection. One exception is the hydrophobic
amino acid Glycine whose a-carbon is achiral owing to its hydrogen side chain, and thus
it exists in both L and D configurations. [7]
Furthermore, L isomers often have an absolute Sinister (S) configuration meaning the
direction of highest to lowest priority substituents is counter clockwise around the acarbon, and indicates that the chiral center is at S configuration. One exception is the
polar Cysteine, which have an absolute Rectus (R) configured a-carbon, and thus have
clockwise priority of substituents. [7]
The 20 natural amino acids can be categorized into four groups depending on their general
chemical characteristics, which ultimately refer to the characteristics of the side chains.
There exist apolar, polar, alkaline, and acidic amino acids. Since free amino acids have
both alkaline and acidic functional groups they exist primarily as dipolar ions, zwitterions,
at pH 7. [7]
Among the hydrophobic apolar amino acids, Proline is particularly interesting as its side
chain is bonded to its amine group and thus it is essentially an imino acid rather than an
amino acid. Furthermore, Tryptophan and Phenylalanine, along with the polar uncharged
Tyrosine, have aromatic side chains and are therefore fluorophores. The benzene ring is a
perfect conjugated system comprised by six sp2 -hybridized carbon atoms, which provide a
planar ring structure and results in high thermodynamic stability and thus less reactivity
[8]. The bonds between the carbon atoms are chemical covalent bonds, and to form such
bonds carbon orbitals must overlap in order to form shared molecular orbitals in which
most atoms come to obey the octet rule, and shares one electron pair. The hybridization
is a pure quantum eﬀect. As most organic molecules, including oxygen and nitrogen,
carbon valance electrons reside in 2p-orbitals. The p-orbital is an 8-shaped orbital with
a transverse horizontal nodal plane perpendicular to the orientation plane of the orbital.
At the nodal plane there is zero possibility of interaction with the electron and thus the
wave function is equal to zero. The wave function has a positive phase sign on one side of
the nodal plane, and a negative one on the other side. When two orbitals overlap, the two
electron wave functions in the overlap-regions are superimposed and thus by Schrödinger’s
linearity resulting in a new valid wave function for the resulting molecular orbital that
is more energetically favourable. The orbital overlap can be either positive, resulting in
a bonding molecular orbital, or negative, resulting in an anti-bonding molecular orbital
in which the shared electron density is reduced and intermolecular repulsion is increased.
[6, 9]
The resultant orbital overlap in the benzene ring is a p-system of covalent p-bonds
between carbon atoms owing to the involved valence electrons originated from p-orbitals.
Furthermore, the benzene ring is at resonance structure, which is evident from the bond
length between the carbon atoms as they are shorter than those of pure double bonds,
but longer than those of pure single bonds. It is said that the p-electrons are equally
delocalized over all six carbon atoms and thus the bonding pmolecular orbital involves all
six atoms. Due to the linearity of the benzene ring, the orbital overlap results in pairs of
p-molecular orbitals since there is two similar p-orbitals (px and py ) on each atom, thus
resulting in two equivalent pmolecular orbitals and two equivalent anti p (p*) molecular
orbitals. Furthermore, all single bonds are s-bonds, and the combination of a s-bonds and
a p-bond is what is normally referred to as a double bond. [9]
Conjugated systems have characteristic spectral absorptions in the ultraviolet (UV) region.
Group 4.212
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In a pure conjugated system, the energy diﬀerence between bonding and anti-bonding
molecular orbitals are small and thus the compound have intense absorption at longer
wavelengths. [8]
Lastly, the p* orbital is always present. However, it is electron deficient when electrons
of the ring is at ground state and located in the bonding orbital. If the electrons are to
be excited to a higher energy level (i.e. p* orbital) by absorbing energy, the p-bond is
temporarily destroyed allowing rotation and change in conformation around the s-bond.
The p-bond is reformed when the electron is restored to ground state. [8]

3.2

Protein Structures

To form a protein, amino acids are linked into a polypeptide chain by peptide bonds
between the carboxylic acid group of one amino acid and the amino group of another
amino acid from N-terminus to C-terminus. This unique sequence of amino acids is the
primary structure of the protein, which is a result from the biochemical matrix synthesis
in accordance with the gene coding (i.e. polymerization by translation), and determines
the three-dimensional structure and thereby functionality of the protein. [6]
The formation of a peptide bond between two amino acids results in the elimination of
a water molecule. During most conditions, the equilibrium of this reaction is displaced
toward the hydrolysis rather than synthesis, and thus the biosynthesis of the peptide bond
requires some input of free energy. The peptide bond is quite kinetically stable since the
rate of hydrolysis is extremely slow. [7]
The peptide bond is a chemical covalent bond that resides in the planar rigid peptide
unit, which is comprised of six atoms places in the same plane, see Figure 3.1. The planar
structure is provided by the sp2 -hybridization of carbon and nitrogen electrons in the
peptide bond. To form the bond, the carbon and nitrogen orbitals must overlap in order
to form shared molecular orbitals in which they come to obey the octet rule. [6, 9]

Figure 3.1. Schematic representation of the planar rigid peptide unit comprised of six atoms of
the protein backbone. The electrons of nitrogen, carbon, and oxygen are delocalized, inducing
resonance stabilization of the three atoms. The resultant peptide bond is a covalent p-bond
delocalized over the N-C’=O.

The sp2 -hybridization is a superposition of one s-orbital and two p-orbitals per
participating atom resulting in three sp2 -orbitals, each containing one single unpaired
electron, and involves the atoms in three covalent bonds (N-C=O). Note that in the case
of N-C sp2 -hybridization, one non-hybridized non-bonding p-orbital remains, which also
contains one single unpaired electron. Ultimately, the creation of a covalent bond involves
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a delocalized electron hybrid orbital surrounding the participating atoms, which obey the
Pauli exclusion principle, and when paring two electrons with opposite spin moment from
two diﬀerent atoms a tight covalent bond is formed. [6, 9]
The covalent bond in the peptide unit is a p-bond owing to its involved electrons originated
from p-orbitals [10]. Due to its linearity, the peptide bond also forms p-molecular orbitals
in pairs. [9]
Furthermore, the peptide unit is in a resonance structure since the lone pair electrons
of oxygen and nonbonding nitrogen and carbon (i.e. uninvolved in sp2 -hybridization)
electrons also bond and delocalize, and therefore the double bonds O=C’ and N=C’ are
drawn partially. The p-bond is equally distributed and delocalized over the three atoms
rather than just nitrogen and carbon, see Figure 3.1. In contrast, the bonds N-Ca and
Ca -C’ are pure single bonds, s-bonds. [6, 9]
The conformation the polypeptide chain is described in terms of angular rotations (dihedral
angels) around the covalent bonds, and give rise to diﬀerent orientations of the peptide
unit and folding possibilities of the whole peptide chain. [6]
The rotation angles of the side-chains are denoted angels, which is the rotation around
the covalent bond between the sp3 -hybridisized atoms Ca and Cb where four bonds are
directed from each center atom forming a tetrahedron, see Figure 3.2. The rotation angle
around the sp2 -hybridized peptide bond C’-N is termed !, see Figure 3.2. The potential
energy barriers in this bond are high, owing to the non-bonding p-electrons originated from
the nitrogen atom that is perpendicular to the plane of the sp2 -hybridization resulting in a
rigid structure and blockage of large angle rotations around the peptide bond. Furthermore,
this angle gives rise to cis/trans conformation as its potential minimums are at 0° (cis) and
180° (trans). Lastly, the rotation angles around the bond between sp3 -hybridisized and
sp2 -hybridisized atoms are denoted and , and include the N-Ca and the Ca -C’ bond,
respectivly, see Figure 3.2. Around such bonds there is nearly free rotation, giving the
polypeptide chain its flexibility.

Figure 3.2. Schematic representation of a protein backbone from the N-terminus to the Cterminus. The dihedrals are denoted red. The ! rotation angle is the rotation around the peptide
bond, is the rotation around the N-Ca bond, is the rotation around the C’-Ca bond, and is
the rotation angle of the side chains.

However, not all combinations of dihedral angles in the polypeptide chain are possible due
to steric collision between atoms. The allowed angle pairs of and
are plotted in a
two-dimensional Ramachandran diagram. Such angle pairs determine whether the residue
is part of an a-helix, b-structure, loop, or turn. If the angles are determined through
x-ray diﬀraction, they can be plotted in an Ramachandran diagram, visualizing if the
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proposed protein structure is sterically allowed or disfavoured. Only a third of the angle
combinations are allowed. Note that Glycine and Proline are exceptions to the general
Ramachandran diagram, as Glycine is not chiral and Proline prefer cis configuration, and
thus when plotted in a Ramachandran diagram they will diﬀerentiate from the allowed
regions. [6, 7]
See Figure 3.3 for a Ramachandran diagram of HEWL.

Figure 3.3. Ramachandran diagram of HEWL. A total of 136 angle pairs are plotted (n).
Glycine residues are denoted s. Dark grey areas are the normally allowed regions and include
fully allowed conformations that is mostly preferred. The lighter grey regions are the partially
allowed regions with partially allowed conformations. The large upper region is conformations
comprising b-structures. The large lower region is conformations comprising the right-handed ahelix, and lastly the smaller middle region is conformations comprising the left-handed a-helix.
[11]

3.2.1

Secondary Structures

Folded proteins have regular secondary structures, which includes the a-helix and the bstructure. The folding process into these structures is essentially thermodynamic, and the
number of stable possible folded protein conformations are restricted by the dihedral angles
and . Furthermore, a-turns and !-loops have been identified. Although they are not
characterized by a regular periodic conformation, as the a-helix and the b-structures, they
are well defined and contribute, along with the a-helix and the b-structures, to the final
protein structure. [7]
The a-helix is a rod-like secondary structure, in which the side chains of the amino acids
constitute the outer part of the structure, and the backbone of the polypeptide chain
constitute the inner core, see Figure 3.4.
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(B)

(A)

(C)

(D)

Figure 3.4. The structure of the a-helix showing A) the rod-like representation with Ca (black)
and side chains (green), B) Ball-and-stick representation of the helix structure with hydrogen bonds
between C’=O and N-H groups, C) a top view of the helix with side chains pointing outward, and
D) a top view of an atomic representation showing the closed packed interior of the helix. [7]

The a-helix is stabilized by hydrogen-bonds between N-H groups, which are great hydrogenbond donors, and C’=O groups, which are great hydrogen-bond acceptors. When a
hydrogen-bond is formed between a donor and an acceptor within a protein, it replaces two
hydrogen-bonds between the polypeptide chain and the surrounding water, and forms an
additional hydrogen-bond between the two freed water molecules. Any donor and acceptor
in a protein free of bonding within the protein itself are hydrogen bonded to surrounding
water molecules in aqueous environments. In the a-helix, each participating C=O group
forms a hydrogen bond with the N-H group that is four residues ahead in the amino acid
sequence, see Figure 3.5. Consequently, the number of residues per turn in an a-helix is
3.6. The screw sense of the helix can be either right-handed or left-handed, and both
are sterically allowed conformations. However, the right-handed a-helix is far the most
common in proteins, owing to its more energetically favourable conformation caused by
less steric hindrance between side-chains and the backbone. Furthermore, not all amino
acids can be accommodated to the helix structure; Valine, Threonine, and Isoleucine tend
to destabilize the a-helix due to steric hindrance, and Serine, Aspartate, and Asparagine
tend to disrupt the structure since their side chains contain hydrogen-bond acceptors or
donors, and lastly, Proline breaks an a-helix since its ring structure prevents the amino
acid in complying with the needed angle to fit into a helix structure. [7]
In contrast, Alanine prefer the a-helix, and partially the b-structure, over irregular
conformations such as turns and loops, explained by its restricted conformations in the
Ramachandran diagram. Lastly, negatively charged residues prefer the N-terminus of the
helix. [6]
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Figure 3.5. Protein residues of the a-helix which form hydrogen bonds between the C=O and
the N-H group four residues ahead in the amino acid sequence. [7]
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The b-sheet is a periodic structural motif, or super-secondary structure, composed of two
or more b-strands, which is a true secondary structure. The -sheets are, like the a-helix,
stabilized by hydrogen bonds between adjacent b-strands. In the case of the antiparallel bsheet, the b strands run in the opposite direction to each other, and are linked by hydrogen
bonds between the C=O group and the N-H group of two neighbouring amino acids on
two adjacent b-strands, see Figure 3.6. The b-sheet can also be parallel, however, the
antiparallel is the most common and most stable of the two. Furthermore, the b-sheet can
be purely antiparallel, parallel, or mixed. The form of the b-sheet is somewhat between
almost flat to some twisted shape that is a more energetically advantageous conformation,
and the b-strands are schematically represented as arrows in the protein running from the
N-terminus to the C-terminus indicating the produced type of motif. [6, 7]

Figure 3.6. Adjacent b-strands, which constitute an antiparallel b-sheet structure. The structure
is stabilized by hydrogen bonds between the N-H and C=O groups on neighbouring b-strands. [7]

Hydrophobic residues most often prefer the b-structure, since this structure is less tightly
packed compared to the a-helix and thus gives more room to large g-atoms (carbon atom
bonded to the b-atom in the side chain) of the hydrophobic residues. In contrast, polar
amino acids prefer irregular surface regions where they easily can participate in hydrogen
bonds with both water and the polypeptide chain itself. Exceptions are Tryptophan and
Tyrosine. They have small dipoles and a large hydrophobic part, and cysteine whose S-H
group have extremely weak hydrogen bonds. Together, the behaviour of all three residues
is similar to that of hydrophobic residues. Lastly, Glycine dislike both the b-structure
and the a-helix, and prefer irregular regions since it can adopt a variety of conformations,
giving it broad regions in its Ramachandran diagram. [6]

3.2.2

Tertiary Structures

When the secondary structures along with the loops and turns are arranged in threedimensional space into a tight packed globular formation, the tertiary structure of the
proteins appears, see Figure 3.7 for the tertiary structure of HEWL.
A general tendency between proteins in aqueous solutions are that they are driven by
hydrophobic interactions in order to pack the nonpolar hydrophobic residues inside the
protein structure to exclude them from water. This leaves the more hydrophilic (i.e. polar
charged) residues on the outer side of the protein in contact with water where they can
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participate in hydrogen bonds. This formation is more thermodynamically stable and
confer the globular protein its solubility in water, as overall hydrophilic substances are
soluble in hydrophilic environments and vice versa. Indeed there exist exceptions where
hydrophilic residues reside in the protein interior; however, they are all connected with
coordinate bonding of metal ions or with functionalities of active sites of enzymes. [6, 7]
Furthermore, the hydrophobic protein interior must comprise only hydrophobic side chains
from secondary structures while polar side chains must remain on the outer side, inducing
an ordering of hydrophobic and hydrophilic residues in secondary structures as to obey the
thermodynamic stable conformation of the protein. Turns and loops also tend to reside on
the surface of the protein, and thus often participate in interactions with other proteins
and molecules, and yield the protein a higher order of stability. [6]
The architecture and folding pattern of the tertiary protein structure can represent diﬀerent
domains and structural motifs. Domains are spatial structures of the globules and are
composed of regular secondary structures. As an example, HEWL is composed of two
domains linked by a long a-helix; one domain consisting of the b-sheet and the other
consisting of two a-helices. As for most enzymes, the active site of HEWL is located
between the domains, see Figure 3.7.

Figure 3.7. Tertiary structure of HEWL, which is composed of one a-domain and one b-domain
linked by one long a-helix. In between HEWL’s two domains reside its active site. HEWL’s four
disulphide bonds are denoted yellow.

A structural motif composition gives rise to a classification of small globular proteins or
domains. The protein can be either a pure b-, a pure a-, or a mixed protein. HEWL is
a mixed protein since it contains both b-structures and a-helices, and is thus defined as a
a + b protein since the b-sheet is anti-parallel. As for the motifs within these domains,
HEWL contain one helix-loop-helix motif and a meander pattern of the b-sheet consisting
of b-hairpins, see Figure 3.8. [6]

Group 4.212

24 of 95

Aalborg University May 29th , 2015

Figure 3.8. Tertiary structure of the a + b protein HEWL, which is composed of one helix-loophelix motif (red - not including the longest a-helix) and a meander pattern of the b-sheet consisting
of b-hairpins (blue). HEWL’s four disulphide bonds are denoted yellow.

In some proteins, the tertiary structure is stabilized by cross-linkage by disulphide bonds
formed by oxidation of a pair of Cysteine thiol groups, see Figures 3.7 and 3.8. The disulphide bond is a covalent bond, however, it is not as strong as the covalent peptide bond
as an example. Disulphide bonds can only be formed when two cysteines are brought
close enough by other interactions, since, intracellularly, there is a high concentration of
Glutathione in bond breaking form (GSH), which shift the reaction toward breaking. Thus
only proteins residing extracellularly are stabilized by disulphide bonds, which are formed
when the synthesized proteins are secreted. The bonds become frozen and risk no breaking
or rearrangement since GSH is only present intracellularly. [6]
Furthermore, Van der Waals interactions between the side chains contribute to the protein stability since maximizing of the Van der Waals interactions requires a very intimate
contact between atoms. Electrostatic interactions between charged side chains also contribute to the protein stability. Although covalent bonds, hydrogen bonds, hydrophobic
interactions, disulphide bonds, Van der Waals interactions, and electrostatic interactions
all contribute to the folded protein stability, the covalent bond is far the strongest interaction, and thus most chemical and thermal denaturants tends to disrupt the non-covalent
bonds in the polypeptide chain. [7]
Furthermore, the peptide bond is uncharged, which allows the polypeptide chain to fold
into a tightly packed globular structure. [6]
Lastly, some proteins may have a quaternary structural organization meaning the functional protein consist of more than one polypeptide chain. [7]

3.3

Hen Egg-White Lysozyme

Lysozyme is a small globular enzyme, with a somewhat elliptical structure, which first
was discovered in 1921 by Alexander Fleming while he was searching for antibiotics. By
accident, he showed that his own nasal mucus inhibited the growth of a Micrococcus
species. [12]
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Lysozyme has since that been identified in mammalian saliva, blood, milk, and tears where
is acts as part of the immune response, and furthermore, in plants and eggs. Hen egg-white
had a particularly high level of Lyoszyme [12]. HEWL is one of the most studied globular
proteins and the first protein whose primary and tertiary structure was determined by
x-ray crystallography in the 1960s. [13]
HEWL consists of 129 amino acids, see Figure 3.9, which are closely packed comprising
an apolar protein interior and polar surface to accommodate high stability. The structure
is, as mentioned, a mixed tertiary structure (a + b) where the b-sheets are primarily anti
parallel, and the family of HEWL is the C-type (chicken or conventional type) lysozyme.
[13, 14]
Lysozymes isolated from diﬀerent species diﬀerentiates in the primary amino acid sequence,
however, they posses the same substrate specificity and their catalytic activity commonly
relies on hydrolysis of b-glycosidic bonds between the C-1 and N-acetylmuramic acid
and the C-4 on N-acetylglucosamine of bacterial peptidoglycan resulting in disturbance
of structural integrity of the bacteria, thus resulting in bacteria lysing. Furthermore,
Lysozymes enzymatic activity is lost if at least two of its four disulphide bond are not
intact. Its enzymatic activity is pointed toward gram-positive bacterium, as their cell
envelopes consist of a thick outer cell wall comprised by peptidoglycan. Lysozymes activity
against gram-negative bacterium is restricted as they have diﬃculties in penetrating the
outer membrane of the gram-negative bacterium. [13]
Lys - Val - Phe - Gly - Arg - Cys - Glu - Cys Ala - Ala - Ala - Met - Lys - Arg - His - Gly - Leu Asp Asn - Tyr - Arg - Gly - Tyr - Ser - Leu - Gly Asn - Trp - Val - Cys - Ala - Ala - Lys - Phe - Glu Ser - Asn
- Phe - Asn - Thr - Gln - Ala - Thr - Asn Arg - Asn - Thr - Asp - Gly - Ser - Thr - Asp - Tyr Gly - Ile Leu - Gln - Ile - Asn - Ser - Arg - Trp Trp - Cys - Asn - Asp - Gly - Arg - Thr - Pro - Gly Ser - Arg - Asn
- Leu - Cys - Asn - Ile - Pro - Cys Ser - Ala - Leu - Leu - Ser - Ser - Asp - Ile - Thr Ala - Ser - Val - Asn
- Cys - Ala - Lys - Lys - Ile - Val - Ser - Asp - Gly - Asn - Gly - Met - Asn - Ala Trp - Val - Ala - Trp Arg - Asn - Arg - Cys - Lys - Gly - Thr - Asp - Val - Gln - Ala - Trp - Ile - Arg - Gly - Cys - Arg - Leu
Figure 3.9. The primary amino acid sequence of HEWL, containing hydrophobic (green), polar
(blue), alkaline (purple), and acidic (red) amino acids. Cysteine and Glycine are both hydrophobic
and polar since Cysteine by it self is polar, but the pair of Cysteine forming a disulphide bond are
apolar, and Glycine can exist in both hydrophobic and hydrophilic environments due to its small
side chain. [6]
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When talking about protein stability, one often seeks to understand why and when
the native form in a protein is favoured over the denatured form. To understand the
mechanisms, thermodynamics plays a crucial role, and it will be examined in detail in the
following chapter. First, however, the diﬀerent forms of the protein will be outlined.
The native form of a protein refers to an optimal folded form, where the protein is
functional and operative. The denatured form is thus the opposite; when the protein
is unfolded and non-operational. These two forms are in equilibrium, when they are both
equally thermodynamically favourable, as will be described later. This point is termed
the transition point. The transition between a native protein and a denatured one is a
first-order transition, meaning it is an all-or-none transition without intermediates, which
can be described as
N )* D.

(4.1)

Initially it was assumed that the denatured protein is always a random coil. This was true
for denatured proteins in concentrated solutions of denaturants such as urea or GuHCl.
However, numerous structural studies report some intermediates between the random coil
and the native protein, but only in some proteins, where others completely denature into
the random coil. One especially interesting denatured protein form is one termed the
molten globule (MG). [6, 15, 16]
The MG is often introduced in proteins as they are subjected to any moderate denaturing
environment, and it will decay into an random coil in concentrated denaturant solutions.
The MG is characterized by a swelling in the entire protein, but with the secondary
structures resembling the native form. The tertiary structure of the MG deviates heavily
from both the native and the denatured protein. The nature of the MG is not relevant
for all proteins, as some smaller proteins may convert directly into random coils by either
temperatures or denaturing agents. [6]
The MG form often occurs in smaller proteins after acidic or thermal denaturation (melting
of the protein), while agents such as urea convert the protein directly into a random coil.
The transition from a native protein to a MG is a first-order transition, meaning there are
no intermediate between the states. The MG, however, can be seen as an intermediate
between the native and denatured protein. [6]
The MG form have been reported in HEWL in diﬀerent environments. Hameed et al.
reported an induced MG form in HEWL at a pH value of 12.3 [17]. Furthermore, Ohkuri
et al. recorded the MG form in HEWL after from thermal and chemical denaturation and
refolding, where GuHCl was used as the denaturing agent [18].
In contrast to these studies, however, Chang et al. does not observe the MG state in HEWL
at all, when using either GuHCl and thermal denaturation [19]. They are in agreement
with studies done by Pardon et al., and Sugai et al. [20, 21]. The equilibrium between the
native, MG, and denatured form can be described as
N )* MG )* D.
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4.1

Thermodynamic Considerations

In order to understand the stability of proteins, one must first study thermodynamics,
since the stability of proteins can be defined using the Gibbs Free Energy G. The change
in Gibbs Free Energy, G, is an important factor, when evaluating whether a chemical
reaction will proceed spontaneously or not. Often, the change in Gibbs Free Energy is
defined as
G=

H

T·

(4.3)

S,

where T is the temperature at which the reaction occurs [22, 23]. This definition introduces
a number of terms, which must be examined further. H denotes the change in enthalpy,
or internal energy, during the chemical reaction. Under constant pressure, the change in
enthalpy is measured as the release or absorbance of heat during the reaction. A slightly
more important factor in Equation (4.3) is the change in entropy, S, which describes the
change in disorder in the system. According to the second law of thermodynamics, the
entropy of the entire universe will always rise towards a higher state of disorder. [22, 23]
From Equation (4.3), with the aforementioned definitions in mind, one can deduce that a
negative value of G results in a rise in entropy, T times larger than any rise in enthalpy,
and thus the reaction is favourable to proceed, or in other words; the products of the
reaction is favoured.
In an eﬀort to relate this to the stability of proteins, the change in Gibbs Free Energy can
also be described as the diﬀerence in free energy between the products and the reactants
of a reaction,
G = GD

GN =

GD

N.

(4.4)

The indices, D and N, relates to a case relevant to this project; the denatured and native
state of a protein. Equation (4.4) could refer to the transition between any two forms,
however.
The unfolded protein is the product and the folded protein is the reactant, and thus, a
negative value of G means that an unfolded protein is favoured. For this to be the case,
the free energy of the folded protein must be higher than the free energy of the unfolded
protein. If the inverse is true, meaning the unfolded protein has a higher free energy than
the folded, G will have a positive value, and the folded protein will be favoured. [22, 23]
In Figure 4.1, a reaction proceeding from a higher free energy form toward a lower free
energy form can be seen. It is however evident, that an activation energy G‡ is needed
for the reaction to proceed.

Figure 4.1. Energy diagram showing the Gibbs Free Energy during a chemical reaction. The
constant G‡ describes the activation energy of the reaction.
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This activation energy leads into another important part of protein stability; kinetics. The
kinetics of a reaction, in short, describes the reaction speed, and it depends strongly on
G‡ . Proteins fold into the native form rapidly, because of a low activation energy, where
they become kinetically trapped, due to a large activation energy for the reaction into the
unfolded form [2]. A reaction with a negative G, that has a high activation energy, will
thus react over long periods of time, and thus both terms must be taken into account when
describing the stability of a protein. [24]
As stated, the value of G determines the spontaneity of a reaction. If the value is negative,
the products are favoured, and if the value is positive, the reactants are favoured. If the
value, however, is zero, neither of the products and reactants are favoured, and the reaction
enters an equilibrium at a transition point.
Proteins are in an equilibrium state between native and denatured, when they are numerous
in a solution. The stability of a protein is heavily influenced by the environment in which
the protein resides. Thus specific environments, and their impact on protein stability must
be examined.

4.2

Environmental Impact

The previous thermodynamic considerations can be used to describe how stable a protein
is in diﬀerent environments. Relevant to this project are environments with diﬀerent
temperatures, dielectric constants, diﬀerent amounts of UV radiation, and pH values.

4.2.1

Temperature

The change in Gibbs Free Energy can be plotted as a function of the temperature at which
the reaction occurs. This plot can be seen in Figure 4.2.

0
-5
-10
-15

Figure 4.2. The relationship between the change in Gibbs Free Energy and the temperature of
a solution in which a protein is residing. As the temperature deviates from a value of maximum
stability of the protein it can either unfold due to cold or heat. The temperatures at the two
transition points are labelled Tm,max and Tm,min . Adapted from [25].

Figure 4.2 visualizes that there is a certain temperature, at which the protein is at it’s
most stable form. But then, as the temperature increases or decreases, the value of G
changes to favour the unfolded protein, and it therefore becomes more unstable.
When T = Tm then G = 0, and there is an equilibrium. The Gibbs Free Energy can be
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expressed as:
G=

(4.5)

R · T · ln (K),

where R is the gas constant, and K is the equilibrium constant. Equation (4.5) can be
developed to ultimately describe the signal of either CD or fluorescence:
y=

A + B · T + (C + D · T ) e
1 + e G/(R·T )

G/(R·T )

.

(4.6)

The constants, A, B, C, and D comes from the fact that before and after denaturation, it
is assumed that the experimental data will behave linearly, which is a good approximation
and makes physical sense. The denaturation is assumed to be a first order reaction, and
so until denaturation, no major event will take place. A and C are the intersections with
the second axis, before and after denaturation respectively, and B and D are the slopes
of the linear dependences before and after denaturation respectively. It is also assumed,
that during denaturation, the data will fit an exponential curve. The Gibbs Free Energy
in Equation (4.6) is given by
✓
◆

✓ ◆
T
T
G= H 1
Cp (Tm T ) + T ln
,
(4.7)
Tm
Tm
where Cp is the specific heat capacity of the protein. Equation (4.6) can be used to fit a
curve to experimental data showing a protein being denatured by thermal denaturation,
and this gives information about the change in heat capacity and enthalpy. These
parameters are useful for describing the denaturation event. [20, 26]
When the function described in Equation (4.6) has been fitted to the experimental data, it
is possible to calculate the fractions of folded and unfolded protein during the denaturation
event. Using the fitted linear relations before, yN , and after yD denaturation, the fraction
of denatured protein can be determined using:
fD =

yN y
A+B·T y
=
,
y N yD
(A + B · T ) (C + D · T )

(4.8)

where y is the fluorescence or CD signal. [27]
Calirometric studies performed on HEWL by Arai et al. showed a transition temperature,
Tm , on thermograms at 73 °C in pH 2.8, 77 °C in pH 4.8, and at 73 °C in pH 7.2 [28].
Blumlein et al. showed a Tm for HEWL at approximately 73 °C in pH 5 [29].

4.2.2

pH

The pH value of the solvent in which the proteins are dissolved, have been shown to
drastically alter their stability. An example is showed by Arai et al., as written earlier,
where the thermal stability of HEWL varied with changing pH value. The eﬀect, the pH
value has on the stability of the protein is a testament to the importance of the ionizable
groups of the protein. The pH value of the solvent induces a change in the overall charge
of the protein, as the titration groups or sites of the protein are ionized, which ultimately
aﬀects the electrostatic interactions comprising protein stability. Each titration site is
either a polar, alkaline, or acidic residue side chain, which in the case of HEWL amounts
to 32 titratable sites when assuming only two possible protonation states for each titration
site. HEWL contains 11 Arginines, 7 Aspartic acids, 2 Glutamic acids, 1 Histidine, 6
Lysines, 3 Tyrosines, and an N- and C-terminus. See Figure 4.3 for pH dependence of
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protonation of the 32 sites. The titration curve of an unfolded protein is approximately
equal to the sum of the titration curves of the titratable sites. [30]

Figure 4.3. The pH dependence of protonation of 32 titratable sites in HEWL. The curves are
theoretical and calculated by Monte Carlo titration program by Schaefer et al. estimating an
dielectric constant equal to 20 for the protein interior. [30]

The charge of the protein is, however, not distributed evenly around the protein, as the
Linderstrom-Lang model approximates [31]. This model proposes that the pH corresponding to the isoelectric point (pI) is where the protein is most stable, which, for HEWL, is
at pH 11 [17]. The net charge of the protein is zero at this pH, but it is seen, that the
pI not always corresponds to the pH of maximum stability. The most stable pH value for
HEWL is around pH 5 [32, 33, 34].
The stability of proteins as a function of the pH value of the solvent is still subject to
investigation and research. Evidence mounts towards the fact, that it is not only the
charged residues on the surface of the protein which must be taken into account. The
charge of the side chains remains as the protein denatures, and as such they will aﬀect the
conformation, and thereby the Gibbs Free Energy of the denatured state. This will have
an impact on the stability of the protein, and it is a point, which has been missed in many
earlier reports. [35]
HEWL is one of the most heat-stable enzymes, and can remain native during boiling for 1
- 2 minutes at pH 4. HEWL is stable in most acidic solutions, but is limited in stability in
alkaline environments. Furthermore, HEWL is denaturated by high temperatures at pH
higher than 7 due to reduced stability, which is thought to be a result of reduction of at
least one disulphide bond. It has been observed that between 85 °C and 95 °C, HEWL is
most stable at pH 5.5. HEWL is usually not aﬀected by temperatures up to 55 °C, and a
decomposition of all most every amino acid is observed at higher temperatures (250 °C).
[12]
Furthermore, most stability predictions of HEWL concerning pH of the solvent only range
from pH 1 - 7, as it is diﬃcult to determine any stability relation between native and
undfolded HEWL above pH 7 since HEWL tends to aggregate in alkaline conditions. [30]
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4.2.3

Denaturants

Some molecules lead to the denaturing of proteins if dissolved in the same solution.
These molecules are termed chaotropic agents, and examples of such agents are urea and
guanidine hydrochloride (GuHCl). The mechanics of these chaotropic agents are still
investigated, but one model postulates, that they disturb the hydrogen bonding network
of the solvent, which weakens the hydrophobic eﬀect of the protein, thus destabilizing it
[36, 37, 38]. Another model states that the chaotropic agent is able to migrate inside the
native protein and form hydrogen bonds to atoms in the backbone [39]. Often, it is a good
estimation, to assume that there is a linear relation between the change in Gibbs Free
Energy and the concentration of an added denaturant [D] [25], see Figure 4.4.

5

0
-2.5

Figure 4.4. The relation between the change in Gibbs Free Energy and concentration of the
denaturant added. Adapted from [25].

[D50% ] refers to a transition point, where the concentration of denaturant induces an
equilibrium between the native and denatured proteins. This dependence is often written
as
GD N ([D]) = Gsolvent m · [D] ,
(4.9)
where m is the slope of the relation, and Gsolvent is the change in Gibbs Free Energy
when no denaturant is added. When the specific concentration [D50% ] of denatrunt is
added, GD N ([D50% ]) = 0, which gives:
Gsolvent = m · [D50% ] .

(4.10)

A study done by Ahmad et al. establishes the m value of the denaturation of HEWL with
GuHCl to be 1.88 kcal · mol 1 · M 1 at pH 7 [40].
In HEWL, a study done by Emadi et al., showed a decrease in protein structure when
GuHCl was added in a concentration of 0.5 M. Between 4.0 and 5.0 M the protein was
partially denatured, and had no longer any helical structure [41].

4.2.4

Guanidine Hydrochloride

This project will utilize GuHCl as a denaturant, since it is one of the strongest denaturants
used in physiochemical studies [42], and it is suggested that GuHCl is 1.5 - 2 times more
eﬀective than urea [43]. Furthermore, GuHCl is preferred since it is suspected that urea
solutions may contain and spontaneously produce cyanate, which can carbamylate amino
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groups of proteins [44].
The eﬀect of diﬀerent salt species on protein stability has been investigated by Frans
Hofmeister resulting in the Hofmeister series, see Figure 4.5 for a partial series. The
Hofmeister series classifies the eﬀectiveness of diﬀerent cations and anions on protein
stability, primarily relying on salting in (rigth) and salting out (left) eﬀects [45]. These
ion specific eﬀects is suggested to rely on the field strength of the ion (i.e. ion size, charge
density, and polarizability) [46].

Figure 4.5. The Hofmeister series, describing the eﬀect of cations and anions on protein stability.
Moving from left to the right, the cations and anions shift from salting out toward salting in eﬀects.

When salting out ions are added to an aqueous protein solution, they will precipitate the
native protein, increase surface tension of water, and thus decrease the solubility of apolar
molecules in the solution. This all favours aggregation and precipitation over dissolution,
since the hydrophobic core of the proteins will have a decreased susceptibility to move out
into the aqueous solution, the solubility of the protein is decreased, and the protein-protein
interactions will be strengthened. [45, 46]
In contrast, when adding salting in ions to an aqueous protein solution, the surface
tension is less aﬀected, increasing the solubility of the apolar molecules. These conditions
destabilize the native protein due to the increased propensity of buried hydrophobic
residues to move out into the aqueous solution. [45, 46]
Furthermore, addition of ions (ionic entities with high dipole moments) will increase the
dielectric constant of the solution as the polarity of the solvent is increased.
From the Hofmeister series, it is observed that the guanidium ion is classified as a salting
in ion, and hence destabilizes the native protein in aqueous solutions [45]. In order to
destabilize a native protein by the guanidium ion, one can dissolve GuHCl in an aqueous
solution, resulting in the guanidium cation and an chloride anion. See Figure 4.6 for the
chemical representation of GuHCl.

NH
· HCl
H2 N

NH2

Figure 4.6. Chemical representation of GuHCl (CH6 ClN3 ).

According to Mayr et al., low concentrations of GuHCl (0 - 0.3 M) acts in an unusual
manner as a structure stabilizing agent, whereas the overall view showed that in
concentrations from 0 - 6 M GuHCl acts as a classical denaturant, destabilizing proteins
[47].
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In order for GuHCl to denature proteins, it is suggested that it disrupts the hydrophobic
eﬀect and the hydrogen bonds between water and the protein. Manson et al. suggest that
GuHCl dissolves into its polar ions in a solution, and that the guanidium cation will tend
to form approximately 4.5 hydrogen bonds with surrounding water on average, and by
principle can contain up to 6 hydrogen bonds, thus disrupting the hydrogen bond network
of the solution. Furthermore, it is suggested that the denaturing eﬀect of GuHCl, along
with the relatively strong hydrogen bonding to water and chloride counter ions, relies on
the tendency of the guanidium cation to self-associate in a stacking fashion. The faces of
the guanidium cation tend to interact with hydrophobic surfaces where the equator tends to
interact with water molecules. The hydrophobic property of the guanidium ion forces the
ions to stack by hydrophobic interactions. The stacking can include hydrophobic aromatic
amino acid side chains. The resulting environment increases the solubility of hydrophobic
groups, and thus shifts the native-denatured equilibrium toward the denatured form.
This eﬀect is, however, weak and requires high concentrations of GuHCl. Manson et
al. have tested 3 M solutions. Furthermore, the hydrophobic interactions are likely to
be accompanied by favourable hydrogen-bonding interactions with the weakly hydrated
backbone amide groups that are exposed during protein unfolding. Moreover, chloride as
a counter ion for the guanidium cation, results in a greater level of stacking, and hence
GuHCl is a powerful denaturant. [48]

4.2.5

Ultraviolet Light

This project primarily utilizes measurement methods relying heavily on UV light, and
therefore the study of how UV light aﬀects proteins is of great importance. According
to Davidson et al., HEWL can be inactivated by UV radiation, which follows first-order
kinetics [12].
Xie et al. showed that if HEWL was exposed to 200 µW/cm2 UV light around 280 nm,
the proteins would form aggregates visible with atomic force microscopy after 10 minutes
of exposure. After 6 hours of exposure, the aggregates would be visible to the naked eye
in the form of a milky white colouration of the solution. Besides aggregation, structural
changes takes place as well. Xie et al. define the structure as partially unfolded, because
the protein partially retain a native secondary structure and radically loose tertiary structure. Xie et al. argues that the native disulphide bonds are reduced by inner excitations of
Tryptophan, diminishing the stability of the tertiary structure. Another interesting aspect
of the study done by Xie et al. is the eﬀect of pH values on the aggregation of HEWL.
In solutions with pH values of 3 - 5 the diameter of the aggregate is about 0 nm at both
half an hour and at one hour. But when the pH value of the solution is 9, the size of the
aggregate is 375 nm at half an hour and 875 nm at one hour. [49]
Another study done by Wu et al. showed that prolonged exposure to UV light was followed
by conformational changes within the protein, mainly the breakage of disulphide bonds,
which are critical to the integrity of the protein structure [50]. They found that the main
site for the interaction with UV light in HEWL is the six Tryptophans, as is to be expected.
In Figure 4.7, the wavelength and intensity of the maximum emission intensity of HEWL
can be seen as time of exposure to UV light increases.
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Figure 4.7. A study by Wu et al. shows how the wavelength and intensity of the maximum
emission intensity spectrum of HEWL changes as the protein is exposed to UV light over time
[50].

The graph made by Wu et al. shows that the intensity of the maximum emission intensity
increases until 30 minutes has passed, and then begins to increase again after 60 minutes
of exposure. The intensity then dramatically increases until it reaches its maximum at
approximately 110 minutes, and then it decreases until the end of the experiment. The
wavelength steadily increases throughout the entire experiment. The decrease in intensity
at the end is argued to be because of photobleaching of Tryptophan. Photobleaching is
a process, where a fluorophore undergoes chemical or conformational changes due to it
entering an excited state. Photobleaching can, however, be minimized by using a small
intensity in measurements using UV light, or by a gentle stirring of the sample during
measurements. [50, 51]
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Circular dichroism (CD) spectroscopy is a measurement method, which is often used
when looking at macromolecules. The method allows one to study the conformation and
structure of especially proteins.
Before the principles behind CD spectroscopy is explained, the polarization of light must
first be discussed.

5.1

Polarization of Light

The polarization of a light wave describes the direction with which the electric field of a
electromagnetic wave oscillates. In linearly polarized light, the oscillations are confined to a
single plane, and any other polarization can be described as a sum of two linearly polarized
states perpendicular to each other. It can also be described as the superposition of two
circularly polarized light waves (CPL) with equal amplitudes. In a CPL, the components
of the electric field are out of phase by ⇡/2, and so the total electric field changes direction
with time. The CPL can be either right-handed (R-state) or left-handed (L -state). [52]
Linearly polarized light can be converted to CPL by using a quarter-wave plate, as seen
on Figure 5.1.

Quater-wave plate

Figure 5.1. An illustration of how the quarter wave plate converts linearly polarized light into
either R- or L -CPL. On the figure, the light is converted to R-CPL.

The quarter-wave plate works by introducing a relative phase shift of ⇡/2 between the
components in the light wave. This converts a linearly polarized wave to a CPL, if the
quarter-wave plate is tilted by 45° in relation to the plane of polarization of the incident
light wave. [52]

5.2

Principles of Circular Dichroism Spectroscopy

The generally used apparatus is a CD spectrophotometer, and the principles behind the
machinery can be seen in Figure 5.2.
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Monochromator

Quater-wave plate
Sample

Light source

Detector

Figure 5.2. The lineup of the CD spectrophotometer. A lamp emits randomly polarized light
trough a monochromator, which linearly polarizes the light. The light travels through the quarter
wave-plate, which circularly polarizes the light, and lastly through the sample onto the detector.

The CD spectrophotometer works by a lightsource sending random polarized light through
a monochromator, which converts the light to monochromatic, linearly polarized light with
a specific wavelength, which typically lies in the UV region. The linearly polarized light
then travels through a quarter-wave plate, which is tilted 45° in relation to the plane
of polarization of the incident light wave. The quater-wave plate converts the light into
CPL, alternately R- and L -state, which then travels through the sample before reaching
a detector. [25, 53]
If the sample is optically active (chiral), it will absorb diﬀerent amounts of either R- or
L -CPL, and the diﬀerence in absorption is termed the CD. The fact, that the sample
absorbs diﬀering amounts of the two states of light, results in the polarity of the light will
become elliptical.
The CD can be described with Equation (5.1) [25]:
A = AL

(5.1)

AR .

This diﬀerence is also given by the Beer-Lambert law:
A = ("L

"R ) · c · d =

" · c · d.

Here, c is the molar concentration of the sample, d is the optical path length of the sample,
and " is the molar extinction coeﬃcient, or molar absorptivity [25, 53]. The diﬀerence
in the molar extinction coeﬃcients, ", is often termed the molar circular dichroism or
molar ellipticity, and it is often shown in plots and figures. Sometimes, CD spectra is
shown as the angle of the elliptically polarized light, ✓, measured in mdeg. For proteins,
the standardized unit, however, is the mean residue molar ellipticity, [✓], of the light,
which is measured in deg cm2 dmol 1 . The mean residue molar ellipticity is calculated
using Equation (5.2).
✓ · 100 · M
[✓] =
,
(5.2)
c·d·n
where n is the number of amino acids in the protein, ✓ is the ellipticity of the elliptically
polarized light reaching the detector, and M is the molecular mass of the protein [53].
Conversion between mean residue molar ellipticity and the molar extinction coeﬃcient
is easy, since the two quantities is related as [✓] = " · 3298. A third unit, which is
sometimes depicted in graphs is the mean residual ellipticity, "R . It is simply defined as
"/n. [25, 53]
As stated, CD measurements provides information regarding the secondary structure of
Group 4.212

38 of 95

Aalborg University May 29th , 2015
the protein, and it is possible to calculate the percentage of a secondary structure of the
total protein. What structure is being calculated depends on what wavelength is being
used in the calculations, and the calculations themselves. It is generally accepted, that
the ellipticity at 222 nm is proportional to the helical content of the protein even though
some question this assumption [54]. As such, it is the wavelength which will be used, when
calculating the percentage of a-helices in the protein. [17, 53, 55]
Chen et al. [56] presents a method for calculating the helical content of a protein, where

% a-helix =

✓

[✓]222 340
30300

◆

· 100%.

(5.3)

An optically active protein sample will absorb either the R- or L -CPL as described by
Beer-Lambert’s law, because the protein consists of chiral molecules, which exhibit circular
birefringence. In other words, the chiral molecules present an anisotropic solution, through
which R- or L -CPL will propagate with diﬀerent speeds. This is a result of the fact that
the peptide bond in the amino acids, making up the protein, is without a plane of symmetry
[53]. Chromophores such as the amide group of the protein backbone and the aromatic
amino acids are the ones mainly responsible for the CD spectra. It is the far-UV (190 - 250
nm), which interacts with the peptide bond, corresponding to the n ! ⇡ ⇤ transition, and
the near-UV (260 - 330 nm), which interacts with the aromatic amino acids, corresponding
to the ⇡ ! ⇡ ⇤ transition [10]. Thus, the far-UV spectrum reveals information about the
secondary structures of the protein. In Figure 5.3, an example of the CD spectrum showing
the secondary structures of a protein can be seen. [6, 53, 55]
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Figure 5.3. Far-UV CD spectra for diﬀerent types of protein structures. a-helix is denoted blue,
b-structures red, and random coil is denoted green. [6]
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5.3

Applications of Circular Dichroism Spectroscopy

CD spectroscopy is a widely used and useful way to gain information about the stability,
conformation, and the folding and unfolding of proteins. It is possible to observe a protein
unfold due to certain environmental factors where the unfolded state is thermodynamically
and kinetically favoured.
Some studies prefer to display the entire CD spectrum, though this includes more often
than not only the far-UV spectrum, since it gives information about the secondary structure
of the protein. Examples of full far-UV CD spectra can be seen in Figures 5.4 and 5.5.

Figure 5.4. Mean residue ellipticity in the farUV region of HEWL, which changes at diﬀerent
concentrations of denaturant [57].

Figure 5.5. Mean residue ellipticity in the farUV region of HEWL, which changes at diﬀerent
temperatures [58].

Figure 5.4 shows how the mean residue ellipticity in the far-UV region of HEWL changes
at diﬀerent concentrations of denaturant. The form of the curve is specific for every protein
since it is a linear combination of CD signals from random coils, b-structures, and a-helices,
illustrating the specific composition of those structures in the protein. As the concentration
of denaturant increases, the ellipticity approaches zero, which means that the diﬀerence in
absorption of the two states of CPL decreases as the protein looses structure and thereby
chirality. Vernaglia et al. states that HEWL is fully denatured at concentrations of 4 and
5 M GuHCl, but still has some structure, and is therefore only partially unfolded [57].
In Figure 5.5, a similar eﬀect is seen, only increasing temperature is used as a denaturing
method. As the temperature increases, the protein begins to denature, which is indicated
by the loss of chirality, as the mean residue ellipticity approaches zero [58].
Often, denaturation of proteins is visualized using the ellipticity at 222 nm. The helical
content is often measured instead of the b-structures because the CD spectrum of bstructures is more susceptible to noise, distortion, and influence of the aromatic side chains
of the protein. As Figures 5.6 and 5.7 shows, the ellipticity around 222 nm makes it possible
to deduce when a protein unfolds.
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Figure 5.6. Far-UV ellipticity at 220 nm of
human frataxin at diﬀerent concentrations of
GdmCl (GuHCl) at pH 7. At the transition
point, there exist equilibrium between denatured and native proteins. At the pre-transition
and post-transition point most of the proteins
are native and denatured, respectively. [55]

Figure 5.7. Far-UV mean residue ellipticity
at 222 nm of HEWL at diﬀerent concentrations
of GdmCl (GuHCl) at pH 4. [59]

From Figures 5.6 and 5.7, it can be seen how, the ellipticity is more or less stable until a
certain concentration of denaturant, after which the protein denatures, and stays in that
conformation irregardless of the further increase in denaturant concentration. The point of
transition, where the slope is the steepest, is where there would be a peak in the derivative
of the curve. The concentration of denaturant corresponding to the maximum of the peak
in the derivative is labelled [D50% ].
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In the examination of HEWL, steady-state fluorescence spectroscopy is needed in addition
to CD spectroscopy.

6.1

Principles of Steady-State Fluorescence Spectroscopy

Where CD spectroscopy relies solely on the absorption of light by chromophores in the
protein, fluorescence spectroscopy relies on the process of absorption and a following
emission of light from certain residues within the protein. The steady-state technique
relies on a continuous illumination (i.e. when the incident light intensity is constant) [51].
The set up of fluorescence spectroscopy used in this project can be seen in Figure 6.1.

Figure 6.1. An illustration showing the fluorescence spectroscopy setup used in this project.
The light, emitted by the light source, travels through a monochromator and reaches the sample.
The fluorescence of the sample is then collected by two detectors. The peltier element works as a
heating element, and the water tubes will provide a temperature baseline for the peltier element,
as the air in the chamber will increase in temperature.

The light, which is emitted by the light source, travels trough a monochromator. It reaches
the sample, and the fluorescence of the sample is detected by the two detectors. For
measurements including a change in temperature, the peltier element works as a heating
element, while the water tubes provide a baseline in temperature for the peltier element.
The temperature of the air in the chamber will increase, since the chamber is black and
thus will absorb UV light, and a constant water flow through the tubes will therefore
provide a constant temperature baseline.
When performing fluorescence spectroscopy on a protein, it is the fluorescence of the three
fluorescent amino acids, which are being measured. The specific amino acids are the ones
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containing aromatic side chains (Tryptophan, Phenylalanine, and Tyrosine). Of these three
amino acids, Tryptophan is the far most prevailing fluorophore primarily due to its high
quantum yield [60], thus this project will only concern Tryptophan. The quantum yield of
a fluorophore is defined as the ratio between absorbed and emitted photons. The quantum
yield of Tryptophan is typically 0.13 [61], but varies with the surrounding environment. In
HEWL, Imoto et al. showed that out of the six Tryptophans, Trp62 and Trp108 are mainly
responsible for the emission spectrum [62]. The wavelength used to excite Tryptophan is
often 295 nm. This is due to the fact, that the absorption spectrum of Tyrosine and
Tryptophan overlap, but at 295 nm none of the Tyrosines are being excited along with
most of the Tryptophans. [62, 63, 64]
The process of absorption and emission can be visualized using a Jablonski Diagram [61]
as seen in Figure 6.2.

π*

π
Figure 6.2. An illustration showing the process of fluorescence. Light with the energy h⌫a is
absorbed by an electron in a ground state (p), which is then excited to a higher vibrational energy
in a higher energy level (p*). The electron then relaxes to the bottom of the energy level by an
internal energy conversion, which does not emit radiation. Lastly, the electron retreats into the
ground state by emission of a photon with energy h⌫e . Adapted from [61].

The Jablonski diagram shows how a photon with frequency ⌫a and energy h⌫a is absorbed
by an electron in a ground state (p) which is then excited to a higher energy level (p*). In
the case of the indol ring in Tryptophan, an electron experiences a ⇡ ! ⇡ ⇤ transition. The
electron then relaxes by an internal conversion of energy to a lower vibrational energy level,
and lastly the electron relaxes to the ground state by emission of a photon with energy
h⌫e . The emitted photon typically has a smaller energy and thereby longer wavelength
compared to the absorbed photon. This red shift is termed the Stokes Shift. [61]
The process described above is susceptible to several interactions with the environment of
the fluorophore. One example of interactions between the fluorophore and its immediate
environment is quenching.
Quenching is a phenomenon which occurs when quenchers decrease the intensity of
the emitted light from the fluorophore [61]. Water is known to act as a quencher of
Tryptophan. Tryptophan can however also be quenched by other residues in the protein
when in its native state. Denton et al. found the quantum yield of Tryptophan to be
only approximately 30 % of the value for a free Tryptophan [63]. In fact, almost every
polar residue is able to act as quencher, and disulfide bonds is the strongest quencher of
Tryptophan [65, 66]. Chen et al. has showed that the peptide bond in residues also has a
quenching eﬀect on Tryptophan [67]. If a protein denatures, it would be water acting as
the main quencher of Tryptophan and not the rest of the protein. Since water should act
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Intensity

as a weaker quencher, it has been postulated by Khalifeh et al., that as HEWL unfolds,
the emission intensity of Tryptophan increases [68]. This discussion can be complicated
further by the fact that the pH is shown to aﬀect the emission intensity of Tryptophan by
Ansari et al. [69]. This could be due to a change in the charge of some of the polar amino
acids, which then aﬀects the quenching of Tryptophan. A study done by Yamamoto et al.
shows that the emission intensity of free Tryptophan decreases as the temperature of the
solvent increases. They conclude that this is due to thermal quenching, which is the eﬀect
of an increase in the quenching eﬀects of the solvent as it is heated. [70]
Another interaction between the fluorophore and its environment manifests itself as a red
shift in the emitted light. It has been shown, that a red shift in emission occurs when
proteins containing Tryptophan unfolds and thereby exposing the residues to the solvent
[61]. This can be seen in Figure 6.3.
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Figure 6.3. The absorption (blue) and emission spectra of a protein containing Tryptophan
when native (green) and denatured (red). The red shift, when the protein containing Tryptophan
denatures is clear. Adapted from [61].

The red shift in emission can be attributed to hydrogen bonding with the solvent by the
imide group in Tryptophan. The hydrogen bonding of the imide group changes the electron
structure of the aromatic side chain, resulting in the red shift. The red shift can also be
viewed as a result of the phenomenon termed solvent relaxation. Solvent relaxation occurs
in polar solvents with dipole moments which aﬀects the dipole moment of the excited
Tryptophan. The dipoles in the solvent can reorient around the dipole of the excited
residue, lowering the energy of the excited state. A more polar solvent results in a larger
decrease in energy of the excited state, and so the dielectric constant of the solvent becomes
an important factor in solvent relaxation. The relaxation occurs on a much smaller time
scale (10 - 100 ps) than the fluorescent emission (1 - 10 ns). [61]
When the protein is in its native form, Tryptophan will absorb light with wavelengths from
approximately 250 - 295 nm, and it will emit a broad peak with a maximum somewhere
around 340 nm. The emission spectrum is, extremely sensitive to the local environment
and solvent [61].

6.2

Applications of Steady-State Fluorescence Spectroscopy

Steady-state fluorescence spectroscopy is an important tool when investigating proteins,
and both the stability and folding and unfolding kinetics can be explored. The eﬀects of
solvent relaxation and hydrogen bonding of Tryptophan with water are showed by Laurents
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et al., as can be seen in Figure 6.5 [59]. In a study done by Khalifeh et al., it is clear how
the fluorescence spectrum is red shifted and increases in intensity as the protein unfolds,
see Figure 6.4 [68].
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Figure 6.4. Fluorescence spectra of HEWL
at both a folded (F) state and at an unfolded
(U) state. The experiment was done with
an intact (Int) sample of HEWL, and with
a modified (M) sample of HEWL, and the
proteins were denatured using GuHCl. It is
clear, how the spectrum increases in intensity,
and is red shifted as the protein denatures. [68]

Figure 6.5. A graph showing the maximum
wavelength of the emission spectrum of HEWL
as a function of the concentration of added
GuHCl. The maximum wavelength is clearly
red shifted, as the protein presumably denatures. [59]

From Figure 6.5, it is evident that as the protein denatures due to a large concentration of
a denaturing agent, the more red shifted the emission of Tryptophan becomes due to the
solvent relaxation.
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7. Materials and Methods
This chapter presents the preparation of buﬀer- and denaturant solutions used for
steady-state fluorescence and CD spectroscopy as to determine the thermal and chemical
denaturation by GuHCl of HEWL at diﬀerent pH values. Furthermore it presents the
method applied in usage of steady-state fluorescence and CD spectroscopy. Both in
fluorescence and CD spectroscopy, baselines containing only buﬀer were applied.

7.1

Stock Buﬀer Solutions

Materials
• 1000 mL Bluecap containers for stock
buﬀer solutions
• 1000 mL volumetric flask
• 250 mL Bluecap container for stock acid
and alkaline solutions
• 100 mL volumetric flask
• Plastic pasteur pipettes
• Calibrated MeterLabTM PHM210 Standard pH meter
• JP Selecta Autoclave

Chemicals
• 1.0 mM Sodium acetate anhydrous stock
buﬀer solution (Sigma Aldrich)
• 1.0 mM Sodium citrate dihydrate ( 99.5
%) stock buﬀer solution (Sigma Aldrich)
• 1.0 mM Sodium carbonate anhydrous
( 98.0 %) stock buﬀer solution (Fluka
Chemika)
• 3.0 M Sodium hydroxide ( 98.0 %) stock
solution (Sigma Aldrich)
•
40.0 % < 50.0 % Acetic acid solution
(Supplier Unknown)
• 1.0 M Citric acid monohydrate ( 99.5 %)
stock solution (Fluka Chemika)
• Milli-Q water

Three buﬀers have been selected on the basis of their pH range, their water solubility,
and their pH stability during temperature changes. It was decided to produce buﬀers
at concentrations of 1.0 mM in order to minimize salt eﬀects during CD spectroscopy
measurements, and in order to present the protein with low ionic strength conditions.
In the case of pH 4, sodium acetate anhydrous (C2 H3 O2 Na) was dissolved in Milli-Q water
in order to obtain the 1.0 mM pH 4 stock buﬀer solution. The pH was confirmed with a
calibrated pH meter, and adjusted with its conjugated acid-base pair; acetic acid (C2 H4 O2 )
and sodium hydroxide (NaOH), respectively. In the case of pH 7, sodium citrate dihydrate
(C6 H5 Na3 O7 · 2 H2 O) was dissolved in Milli-Q water in order to obtain the 1.0 mM pH 7
stock buﬀer solution. The pH was confirmed with a calibrated pH meter, and adjusted with
its conjugated acid-base pair; citric acid monohydrate (C6 H8 O7 ) and sodium hydroxide,
respectively. Lastly, in the case of pH 10, sodium carbonate anhydrous (CNa2 O3 ) was
dissolved in Milli-Q water in order to obtain the 1.0 mM pH 10 stock buﬀer solution. The
pH was confirmed with a calibrated pH meter, and adjusted with its conjugated acid-base
pair; carbonic acid (H2 CO3 ) and sodium hydroxide, respectively. However, since carbonic
acid is a gas, this buﬀer can only be adjusted toward a more alkaline solution.
Furthermore, sodium hydroxide and citric acid monohydrate was prepared in solutions of
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3.0 M and 1.0 M, respectively. An acetic acid solution was borrowed from stock solutions
belonging to the pH meter lab. It is estimated to have a concentration between 40.0 and
50.0 % acetic acid that is dissolved in Milli-Q water.
The buﬀers were autoclaved at 121 °C, one bar above atmospheric pressure for 30 minutes.
The pH of the buﬀer solutions was reassured two weeks after preparation.
Every buﬀer has an optimal pH range in which they are able to moderate changes in proton
concentrations. The pH range is a factor of the the pKa of the acid of the buﬀer. In Table
7.1 the pKa values and pH range of the buﬀers are displayed.
Buﬀer
Sodium acetate anhydrous
Sodium citrate dihydrate
Sodium carbonate anhydrous

pKa (20 - 25 °C)
4.76
3.183, 4.76, 6.40
6.37, 10.25

pH range (20 - 25 °C)
3.6 - 5.6
3.0 - 6.2
9.2 - 10.8

Table 7.1. The pKa values for each ionization site of the buﬀers, and their respectivly optimal
pH range. Data are obtained from chemical suppliers.

7.2

Stock Denaturant Solutions

Materials
• 500 mL Bluecap container for GuHCl
solution
• 100 mL volumetric flask
• JP Selecta Autoclave

Chemicals
• 8 M stock Guanidine hydrochloride solution (Applichem, Biochemika)
• pH 4, pH 7, and pH 10 stock buﬀer
solutions

In order to prepare stock denaturant solutions, GuHCl (CH5 N3 · HCl) was dissolved in 200
mL stock buﬀer solutions, in order to obtain the 8 M stock denaturant solution at pH 4,
one at pH 7, and one at pH 10. Note that the resultant volume is close to 400 mL. GuHCl
was dissolved in buﬀer in order not to dilute the resultant buﬀer during measurements thus
maintaining a constant buﬀer concentration of 1.0 mM in the system. Stock denaturant
solutions were autoclaved at 121 °C, one bar above atmospheric pressure for 30 minutes.

7.3

Thermal Denaturation: Fluorescence Spectroscopy

Materials
• 1 - 5 mL Eppendorf pipette
• 3.00 mL quartz cuvette (10.0 mm)
• 30 mL plastic containers for HEWL solutions
• Photon Technology International (PTI)
steady-state Fluorescence Spectrophotometer including software Felix32 Analysis Module
• JP Selecta Autoclave

Chemicals
• pH 4, pH 7, and pH 10 stock buﬀer
solutions
• 0.1 g/L stock Hen Egg-White Lysozyme (
90.0 %) solution
• 2 % Hellmanex (Hellma Analytics)
• 70 % Ethanol (VWR Chemicals)
• Fresh Milli-Q water

Firstly, HEWL was dissolved in buﬀer, in order to obtain the 0.1 g/L stock HEWL solution.
HEWL solutions were prepared fresh before each buﬀer experiment as to avoid unwanted
pH denaturation of the protein during experiment period, since HEWL is less stable in
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acidic and alkaline conditions. Furthermore, HEWL solutions were stored at 4 °C in
order to slow pH denaturation, and the solutions were prepared in plastic containers since
proteins tend to adsorb onto glass surfaces faster than onto plastics. Before application,
the plastic containers were cleansed in 2 % Hellmanex, 70 % ethanol, and fresh Milli-Q
water, respectively, and blow dried in nitrogen gas. Pipette tips were autoclaved at 121
°C, one bar above atmospheric pressure for 30 minutes. Afterwards they were stored at 60
°C in order to dry the pipette tips.
2.5 mL of 0.1 g/L stock HEWL solution was placed on a magnetic stirrer at 750 RPM while
one emission scan (300 - 455 nm) at 295 nm exitation was executed in order to determine
the emission spectrum of Trypthopan in native HEWL.
In order to determine the thermal denaturation of HEWL, 2.5 mL of 0.1 g/L stock HEWL
solution was placed on a magnetic stirrer at 750 RPM while one temperature scan was
executed, scanning 25 - 87 °C, 3 °C per minute, at 350 nm, with 3 nm slit width.
A 10.0 mm quartz cuvette was applied in order to use the build-in magnetic stirrer in the
setup. The procedures was repeated for each pH three times. Between each measurement,
the cuvettes were cleansed in 2 % Hellmanex, 70 % ethanol, and fresh Milli-Q water, in
that order. Furthermore, the cuvettes were blow dried in nitrogen gas, and stock HEWL
solutions were stirred before application.

7.4

Thermal Denaturation: Circular Dichroism
Spectroscopy

Materials
• 1 - 5 mL Eppendorf pipette
• 100 - 1000 µL Eppendorf pipette
• 10 - 100 µL Eppendorf pipette
• 0.5 - 10 µL Eppendorf pipette
• 450 µL quartz cuvette (1.00 mm)
• 30 mL plastic containers for HEWL solutions
• 1.5 mL Eppendorf tubes
• 500 mL beaker for ice bath
• Glass thermometer
• Stuart Scientific Test tube Heater SHT
• Jasco J-515 Spectropolarimeter including
software CD Jasco J-715 Hardware Manager
• JP Selecta Autoclave

Chemicals
• pH 4, pH 7, and pH 10 stock buﬀer
solutions
• 0.1 g/L stock Hen Egg-White Lysozyme (
90.0 %) solution
• 2 % Hellmanex (Hellma Analytics)
• 70 % Ethanol (VWR Chemicals)
• Fresh Milli-Q water

Firstly, HEWL was dissolved in buﬀer, in order to obtain the 0.1 g/L stock HEWL solution.
HEWL solutions were prepared fresh before each buﬀer experiment as to avoid unwanted
pH denaturation of the protein during the experiment period, since HEWL is less stable
in acidic and alkaline conditions. Furthermore, HEWL solutions were stored at 4 °C in
order to slow pH denaturation, and the solutions were prepared in plastic containers since
proteins tend to adsorb onto glass surfaces faster than onto plastics. Before application,
the plastic containers were cleansed in 2 % Hellmanex, 70 % ethanol, and fresh Milli-Q
Group 4.212

49 of 95

7.5. Chemical Denaturation: Fluorescence Spectroscopy
water, in that order, and blow dried in nitrogen gas. Pipette tips were autoclaved at 121
°C, one bar above atmospheric pressure for 30 minutes. Afterwards they were stored at 60
°C in order to dry the pipette tips.
This section contains three minor temperature experiments. Firstly, the native HEWL
structure was determined by CD spectroscopy at 20 °C. One 450 µL 0.1 g/L HEWL
sample was tested in far-UV (190 - 250 nm) at 10 accumulations.
Later, 0.1 g/L HEWL solutions in 1.5 mL Eppendorf tubes were placed into a test tube
heater at 80 °C for 5 minutes in order to unfold the protein. Afterwards, the solutions
were placed on ice for 1.5 minutes in order to lock the protein state. The unfolded HEWL
structure was determined by CD spectroscopy. One 450 µL 0.1 g/L HEWL sample was
tested in far-UV (190 - 250 nm) at 10 accumulations. Furthermore, one 2.5 mL sample
unfolded HEWL was tested by fluorescence spectroscopy. One emission scan (300 nm 455 nm) at 295 nm exitation was executed at 350 nm.
Lastly, 0.1 g/L HEWL solutions in 1.5 mL Eppendorf tubes were placed into a test tube
heater at 80 °C for 5 minutes in order to unfold the protein. Afterwards they were placed
for natural cooling for 30 minutes toward 20 - 25 °C in order to refold HEWL. Afterwards,
the refolded HEWL solutions were placed on ice for 1.5 minutes in order to lock the protein
structure. The refolded protein structure was determined by CD spectroscopy. One 450
µL 0.1 g/L HEWL sample was tested in far-UV (190 - 250 nm) at 10 accumulations.
Furthermore, one 2.5 mL sample unfolded HEWL was tested by fluorescence spectroscopy.
One emission scan (300 - 455 nm) at 295 nm exitation was executed at 350 nm.
All CD spectroscopy measurements were executed at rate 50 nm per minute with 1 nm
intervals.
The procedure was repeated for each pH three times. Between each measurement, the
cuvettes were cleansed in 2 % Hellmanex, 70 % ethanol, and fresh Milli-Q water, in that
order. Furthermore, the cuvettes were blow dried in nitrogen gas.

7.5

Chemical Denaturation: Fluorescence Spectroscopy

Materials
• 1 - 5 mL Eppendorf pipette
• 100 - 1000 µL Eppendorf pipette
• 10 - 100 µL Eppendorf pipette
• 0.5 - 10 µL Eppendorf pipette
• 3.00 mL quartz cuvette (10.0 mm)
• 30 mL plastic container for stock HEWL
solutions
• Photon Technology International (PTI)
steady-state Fluorescence Spectrophotometer including software Felix32 Analysis Module
• JP Selecta Autoclave

Chemicals
• pH 4, pH 7, and pH 10 stock buﬀer
solutions
• 0.8 g/L stock Hen Egg-White Lysozyme (
90.0 %) solution
• 8 M stock Guanidine hydrochloride solution (Applichem, Biochemika)
• 2 % Hellmanex (Hellma Analytics)
• 70 % Ethanol (VWR Chemicals)
• Fresh Milli-Q water

Firstly, HEWL was dissolved in buﬀer, in order to obtain the 0.8 g/L stock HEWL solution.
HEWL solutions were prepared fresh before each buﬀer experiment as to avoid unwanted
pH denaturation of the protein during the experiment period since HEWL is less stable
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in acidic and alkaline conditions. Furthermore, HEWL solutions were stored at 4 °C in
order to slow pH denaturation, and the solutions were prepared in plastic containers since
proteins tend to adsorb onto glass surfaces faster than onto plastics. Before application,
the plastic containers were cleansed in 2 % Hellmanex, 70 % ethanol, and fresh Milli-Q
water, in that order, and blow dried in nitrogen gas. Pipette tips were autoclaved at 121
°C, one bar above atmospheric pressure for 30 minutes. Afterwards they were stored at 60
°C in order to dry the pipette tips.
In order to determine the chemical denaturation of HEWL by GuHCl, 8 concentrations
of GuHCl were tested; 0 M, 1 M, 2 M, 3 M, 4 M, 5 M, 6 M, and 7 M. 2.5 mL solution
was placed on a magnetic stirrer at 750 RPM for 15 minutes. Each cuvette was prepared
by diluting 0.8 g/L stock HEWL solution, stock buﬀer solutions, and 8 M stock GuHCl
solution in order to maintain a concentration of 0.1 g/L HEWL in each cuvette, and GuHCl
concentrations between 0 and 7 M.
Afterwards, one emission scan (300 - 455 nm) at 295 nm exitation was executed as to
determine the emission spectrum of Tryptophan at concentrations of GuHCl between 0
and 7 M.
A 10.0 mm quartz cuvette was applied in order to use the build-in magnetic stirrer in the
setup. The procedure was repeated for each pH three times. Between each measurement,
the cuvettes were cleansed in 2 % Hellmanex, 70 % ethanol, and fresh Milli-Q water,
respectively. Furthermore, the cuvettes were blow dried in nitrogen gas.

7.6

Chemical Denaturation: Circular Dichroism
Spectroscopy

Materials
• 1 - 5 mL Eppendorf pipette
• 100 - 1000 µL Eppendorf pipette
• 10 - 100 µL Eppendorf pipette
• 0.5 - 10 µL Eppendorf pipette
• 50 µL quartz cuvette (0.10 mm)
• 30 mL plastic container for stock HEWL
solutions
• 15 mL Greiner tubes for HEWL solutions
• K-MS2 Minishaker from VWRTM International
• Jasco J-515 Spectropolarimeter including
software CD Jasco J-715 Hardware Manager
• JP Selecta Autoclave

Chemicals
• pH 4, pH 7, and pH 10 stock buﬀer
solutions
• 8.0 g/L stock Hen Egg-White Lysozyme (
90.0 %) solution
• 8 M stock Guanidine hydrochloride solution (Applichem, Biochemika)
• 2 % Hellmanex (Hellma Analytics)
• 70 % Ethanol (VWR Chemicals)
• Fresh Milli-Q water

Firstly, HEWL was dissolved in buﬀer, in order to obtain the 8.0 g/L stock HEWL solution.
HEWL solutions were prepared fresh before each buﬀer experiment as to avoid unwanted
pH denaturation of the protein during the experiment period since HEWL is less stable
in acidic and alkaline conditions. Furthermore, HEWL solutions were stored at 4 °C in
order to slow pH denaturation, and the solutions were prepared in plastic containers since
proteins tend to adsorb onto glass surfaces faster than onto plastics. Before application,
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the plastic containers were cleansed in 2 % Hellmanex, 70 % ethanol, and fresh Milli-Q
water, in that order, and blow dried in nitrogen gas. Pipette tips were autoclaved at 121
°C, one bar above atmospheric pressure for 30 minutes. Afterwards they were stored at 60
°C in order to dry the pipette tips.
In order to determine the chemical denaturation of HEWL by GuHCl, 8 concentrations of
GuHCl were tested; 0 M, 1 M, 2 M, 3 M, 4 M, 5 M, 6 M, and 7 M.
2.0 mL solution was placed on a minishaker at 750 RPM for 15 minutes. Each solution was
prepared by diluting 8.0 g/L stock HEWL, buﬀer, and 8 M GuHCl in order to maintain
a concentration of 1.0 g/L HEWL in each cuvette, and GuHCl concentrations between 0
and 7 M. 50 µL solution was tested by CD spectroscopy in far-UV (190 - 250 nm) at 10
accumulations.
All CD spectroscopy measurements were executed at rate 50 nm per minute with 1 nm
intervals. 1.0 g/L HEWL was chosen due to the 0.10 mm quartz cuvette.
A 0.10 mm quartz cuvette was applied in order to minimize the optical path length, thus
minimizing scattering salt eﬀects. The procedure was repeated for each pH three times.
Between each measurement, the cuvettes were cleansed in 2 % Hellmanex, 70 % ethanol,
and fresh Milli-Q water, in that order. Furthermore, the cuvettes were blow dried in
nitrogen gas.
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8. Results
This chapter will present the results of the experiments described in Chapter 7. Firstly,
it will present the results regarding the preparation of the stock buﬀer solutions, later,
the steady-state fluorescence and CD spectroscopy results during thermal and chemical
denaturation of HEWL, and, lastly, the calculated a-helix content in HEWL during
denaturation. Results presented from fluorescence spectroscopy are only constituted by one
of the detectors as the other gave rise to some problems during some experiments. During
all fluorescence spectroscopy measurements, a 3 nm slit width was employed. Furthermore,
all results are treated and presented using MatLab, and every normalization of spectra is
done by dividing the entire graph with its maximum emission intensity.

8.1

Preparation of Stock Buﬀer Solutions

The three buﬀers applied during experiments were prepared as described in Section 7.1.
After preparation, their initial pH values were adjusted toward the desired values at 20
°C. The preparation and adjustment resulted in one 1.0 mM sodium acetate stock buﬀer
solution with pH 4.13, one 1.0 mM sodium citrate stock buﬀer solution with pH 7.18, and
one 1.0 mM sodium carbonate stock buﬀer solution with pH 10.81.
Two weeks after preparation, the pH of the solutions were verified by measurements at
20 °C. Furthermore, the pH of the buﬀer solutions containing GuHCl in concentrations
from 1 to 7 M were measured two times at 20 °C. The average pH of these measurements
is displayed in Table 8.1 along with the initial pH values. All three buﬀer solutions had
no discolouration or precipitation after autoclaving and storage at 4 °C throughout the
experiment period.
Buﬀer
Sodium acetate
Sodium citrate
Sodium carbonate

Initial
4.13
7.18
10.81

0M
4.12
7.115
10.63

1M
3.85
6.09
9.305

pH values
2M
3M
3.765 3.73
5.89 5.745
8.95 8.795

4M
3.715
5.667
8.665

5M
3.69
5.595
8.54

6M
3.665
5.57
8.465

7M
3.675
5.53
8.355

Table 8.1. A table displaying the initial pH values of the three 1.0 mM buﬀer solutions applied in
the experiments; Sodium acetate, sodium citrate, and sodium carbonate. Furthermore, two weeks
after preparation, the pH values of the buﬀer solutions were ensured by measurements, and the
pH of the buﬀer solutions containing concentrations of GuHCl from 1 - 7 M was tested. The pH
values are the average of two measurements, not including the initial pH values.

In Table 8.1, it is observed that the pH of the three buﬀer solutions after storage at 4
°C for two weeks were slightly decreased compared to the initial pH values. Furthermore,
it is observed that the pH simultaneously decreases as a function of increasing GuHCl
concentration in each of the three buﬀer solutions. The most significant change in pH is
observed in the pH 10 buﬀer solution where the pH value decreases by approximately 2.3.
Group 4.212

53 of 95

8.2. Thermal Denaturation
The changes observed in the pH 7 buﬀer and pH 4 buﬀer were approximately 1.6 and 0.5,
respectively.

8.2

Thermal Denaturation

As described in Chapter 7, attempts where made to thermally denature HEWL in all three
buﬀer solutions. The results were obtained from both steady-state fluorescence and CD
spectroscopy, and the results for each buﬀer solution will be presented separately.

8.2.1

Sodium Acetate Buﬀer: pH 4

In order to thermally denature 0.1 g/L HEWL at pH 4, one temperature scan was executed
using steady-state fluorescence spectroscopy, scanning from 25 to 88 °C, 3 °C per minute
at 350 nm emission wavelength. In Figure 8.1 the average of three temperature scans is
shown, plotting the emission intensity of Tryptophan in HEWL as a function of increasing
temperature, along with the derivative of the emission intensity as a function of the
increasing temperature.
Maximum temperatures of the HEWL solutions were 84.3 °C, 84.1 °C, and 84.5 °C, and
bobbles were observed in all solutions after the temperature scans ended.
Emission of HEWL at pH 4
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Figure 8.1. Average temperature scan of 0.1 g/L HEWL at pH 4 heated from 25 to 88 °C, 3 °C
per minute at 350 nm emission wavelength by fluorescence spectroscopy. The emission intensity of
Tryptophan in HEWL as a function of increasing temperature is displayed (blue), along with the
derivative of the intensity as a function of increasing temperature (red). Maximum temperatures
observed were 84.3 °C, 84.1 °C, and 84.5 °C. A peak in the derivative is observed at 346 K (73 °C)
followed by a later peak.

In Figure 8.1, it is observed, that the emission intensity of Tryptophan in HEWL at 350 nm
decreases as the temperature increases, and a small peak in the derivative of the intensity
is observed at 346 K (73 °C) followed by a later peak.
Furthermore, by steady-state fluorescence spectroscopy, emission scans (300 - 455 nm)
were executed, measuring the emission intensity of Tryptophan in HEWL as a function of
wavelength at pH 4. Figure 8.2 displays the average of three emission scans carried out on
0.1 g/L native HEWL at room temperature, the average of three emission scans carried out
on 0.1 g/L heated HEWL, which had been heated for 5 minutes at 80 °C, and the average
of three emission scans carried out on 0.1 g/L refolded HEWL, which had been heated for
5 minutes at 80 °C and naturally cooled toward 20 - 25 °C for 30 minutes. The maximum
temperatures of the heated HEWL solutions were 82 °C, 79 °C, and 82 °C. The maximum
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temperatures observed for the refolded HEWL solutions for all were 26 °C. Every emission
scan was carried out using 295 nm excitation of Tryptophan.
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Figure 8.2. Average emission spectra (300 - 455 nm) by fluorescence spectroscopy at pH 4 and
295 nm excitation of Tryptophan in HEWL showing the emission intensity of the native HEWL
solutions at room temperature (Native), the heated HEWL solutions, with maximum temperatures
of 82 °C, 79 °C, and 82 °C (Heated), and the refolded HEWL solutions at 26 °C (Refolded), as
a function of wavelength. It is observed that the emission intensity decreases as the protein has
been heated and increases when refolded, compared to that of the native protein.
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In Figure 8.2, no shift in maximum emission wavelength is observed as HEWL is heated,
and when it has had a chance to refold. Furthermore, it is observed that the emission
intensity of Tryptophan, compared to that of the native protein, decreases as the protein
is heated, and the emission intensity increases when the protein has had a chance to refold.
In Figure 8.3, a normalized version of the emission spectrum in Figure 8.2 is shown along
with the ratio between the wavelengths 350 and 330 nm for the native, heated, and refolded
HEWL.
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Figure 8.3. A) normalized emission spectra (300 - 380 nm) by fluorescence spectroscopy at pH 4
and 295 nm excitation of Tryptophan in HEWL showing the emission intensity of the native HEWL
solutions at room temperature (Native), the heated HEWL solutions with maximum temperatures
of 82 °C, 79 °C, and 82 °C (Heated), and the refolded HEWL solutions at 26 °C (Refolded) as a
function of wavelength. B) the ratio between the wavelengths 350 and 330 nm derived from A) for
the native, heated, and refolded HEWL. It is observed that the emission intensity shifts slightly
towards 350 nm when the protein has been heated, and returns to the same ratio when the protein
is refolded.
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It is observed from Figure 8.3 that the emission intensity of Tryptophan in HEWL shifts
slightly from 330 towards 350 nm when the protein has been heated, and returns to the
same ratio when refolded, compared to the native protein.
As for the CD spectroscopy measurements at pH 4, Figure 8.4 displays the average of
three CD spectra (190 - 250 nm) of the native, heated, and refolded HEWL solutions,
respectively. The maximum temperatures observed of the native HEWL solutions were
20.86 °C, 20.87 °C, and 20.85 °C. The maximum temperatures observed of the heated
HEWL solutions were 81 °C, 82 °C, and 79 °C. Lastly, the maximum temperatures observed
for the refolded HEWL solutions were 22 °C, 26 °C, and 25 °C.
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Figure 8.4. The average CD spectra (190 - 250 nm), showing average ellipticity as a function
of wavelength at pH 4, measured on 0.1 g/L native, heated, and refolded HEWL solutions. The
maximum temperatures observed of the native HEWL solutions were 20.86 °C, 20.87 °C, and 20.85
°C. The maximum temperatures observed of the heated HEWL solutions were 81 °C, 82 °C, and
79 °C. Lastly, the maximum temperatures observed for the refolded HEWL solutions were 22 °C,
26 °C, and 25 °C. No significant change in ellipticity is observed when the protein is heated and
refolded compared to that of the native.

In Figure 8.4, no significant change in ellipticity as a function of wavelength is observed as
the native protein is heated and refolded compared to the signal for the native HEWL.
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8.2.2

Sodium Citrate Buﬀer: pH 7

In order to thermally denature 0.1 g/L HEWL at pH 7, one temperature scan was executed
using steady-state fluorescence spectroscopy, scanning from 25 to 88 °C, 3 °C per minute
at 350 nm emission wavelength. In Figure 8.5 the average of three temperature scans is
shown, plotting the emission intensity of Tryptophan in HEWL as a function of increasing
temperature, along with the derivative of the emission intensity as a function of the
increasing temperature.
Maximum temperatures of the HEWL solutions were 84.5 °C, 84.4 °C, and 84.5 °C, and
bobbles were observed in all solutions after the temperature scans ended.
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Figure 8.5. Average temperature scan of 0.1 g/L HEWL at pH 7 heated from 25 to 88 °C, 3 °C
per minute at 350 nm emission wavelength by fluorescence spectroscopy. The emission intensity of
Tryptophan in HEWL as a function of increasing temperature is displayed (blue), along with the
derivative of the intensity as a function of increasing temperature (red). Maximum temperatures
observed were 84.5 °C, 84.4 °C, and 84.5 °C. No significant peak in the derivative is observed,
however, the emission intensity decreases significantly between 290 and 315 nm.

In Figure 8.5, it is observed, that the emission intensity of Tryptophan in HEWL at 350
nm decreases as the temperature increases, and no peaks in the derivative is observed.
However, the emission intensity decreases significantly between 290 and 315 nm.
Furthermore, by steady-state fluorescence spectroscopy, emission scans (300 - 455 nm)
were executed, measuring the emission intensity of Tryptophan in HEWL as a function of
wavelength at pH 7.
Figure 8.6 displays the average of three emission scans carried out on 0.1 g/L native HEWL
at room temperature, the average of three emission scans carried out on 0.1 g/L heated
HEWL, which had been heated for 5 minutes at 80 °C, and the average of three emission
scans carried out on 0.1 g/L refolded HEWL, which had been heated for 5 minutes at 80
°C and naturally cooled toward 20 - 25 °C for 30 minutes. The maximum temperatures
of the heated HEWL solutions were 80 °C, 78 °C, and 81 °C. The maximum temperatures
observed for the refolded HEWL solutions were 27 °C, 25 °C, and 27 °C. Every emission
scan was carried out using 295 nm excitation of Tryptophan.
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Figure 8.6. Average emission spectra (300 - 455 nm) by fluorescence spectroscopy at pH 7 and
295 nm excitation of Tryptophan in HEWL showing the emission intensity of the native HEWL
solutions at room temperature (Native), the heated HEWL solutions, with maximum temperatures
of 80 °C, 78 °C, and 81 °C (Heated), and the refolded HEWL solutions at 27 °C, 25 °C, and 27 °C
(Refolded), as a function of wavelength. It is observed that the emission intensity decreases as the
protein has been heated and increases when refolded, compared to that of the native protein.
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In Figure 8.6, no shift in maximum emission wavelength is observed, as HEWL is heated,
and when HEWL is heated and refolded. Furthermore, it is observed that the emission
intensity of Tryptophan, compared to that of the native protein, decreases as the protein
is heated, and the emission intensity increases when the protein has had a chance to refold.
In Figure 8.7, a normalized version of the emission spectrum in Figure 8.6 is shown along
with the ratio between the wavelengths 350 and 330 nm for the native, heated, and refolded
HEWL.
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Figure 8.7. A) normalized emission spectra (300 - 380 nm) by fluorescence spectroscopy at pH 7
and 295 nm excitation of Tryptophan in HEWL showing the emission intensity of the native HEWL
solutions at room temperature (Native), the heated HEWL solutions with maximum temperatures
of 80 °C, 78 °C, and 81 °C (Heated), and the refolded HEWL solutions at 27 °C, 25 °C and 27
°C (Refolded) as a function of wavelength. B) the ratio between the wavelengths 350 nm and 330
nm derived from A) for the native, heated, and refolded HEWL. It is observed that the maximum
emission intensity shifts slightly toward 350 nm when the protein has been heated, and return to
the same ratio when the protein is refolded.
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It is observed from Figure 8.7 that the maximum emission intensity of Tryptophan in
HEWL shifts slightly from 330 towards 350 nm when the protein has been heated, and
returns to the same ratio when refolded when compared to the native protein.
As for the CD spectroscopy measurements at pH 7, Figure 8.8 displays the average of three
CD spectra (190 - 250 nm) of the native, heated, and refolded HEWL solution, respectively.
The maximum temperatures observed of the native HEWL solutions were 20.26 °C, 20.30
°C, and 20.88 °C. The maximum temperatures observed of the heated HEWL solutions were
all 80 °C. Lastly, the maximum temperatures observed for the refolded HEWL solutions
were 23 °C, 25 °C, and 26 °C.
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Figure 8.8. A) the average CD spectra (190 - 250 nm), showing average ellipticity as a function
of wavelength at pH 7, measured on 0.1 g/L native, heated, and refolded HEWL solutions. The
maximum temperatures observed of the native HEWL solutions were 20.26 °C, 20.30 °C, and 20.88
°C. The maximum temperatures observed of the heated HEWL solutions were all 80 °C. Lastly, the
maximum temperatures observed for the refolded HEWL solutions were 23 °C, 25 °C, and 26 °C.
No significant change in ellipticity is observed when the protein is heated and refolded compared
to that of the native.

In Figure 8.8, no significant change in ellipticity as a function of wavelength is observed as
the native protein is heated and refolded compared to the signal of the native HEWL.
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8.2.3

Sodium Carbonate Buﬀer: pH 10

In order to thermally denature 0.1 g/L HEWL at pH 10, one temperature scan was
executed using steady-state fluorescence spectroscopy, scanning from 25 to 88 °C, 3 °C
per minute at 350 nm emission wavelength. In Figure 8.9 the average of three temperature
scans is shown, plotting the emission intensity of Tryptophan in HEWL as a function of
increasing temperature, along with the derivative of the emission intensity as a function
of the increasing temperature.
Maximum temperatures of the HEWL solutions were 84.2 °C, 84.0 °C, and 84.5 °C, and
bobbles and aggregates were observed in all solutions after the temperature scans ended.
Furthermore, aggregates were observed in the solutions from the moment of dissolution of
HEWL in the buﬀer solution.
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Figure 8.9. Average temperature scan of 0.1 g/L HEWL at pH 10 heated from 25 to 88 °C, 3 °C
per minute at 350 nm emission wavelength by fluorescence spectroscopy. A) The emission intensity
of Tryptophan in HEWL as a function of increasing temperature is displayed (blue), along with the
derivative of the intensity as a function of increasing temperature (red). Maximum temperatures
observed were 84.2 °C, 84.0 °C, and 84.5 °C. A significant peak in the derivative is observed at 342
K (69 °C). It is observed that the emission intensity decreases until 327 K followed by an increase
toward 356 K. The data has been fitted using Equation (4.6). B) the fraction of unfolded HEWL
as a function of temperature. It is observed that the unfolded fraction increases from 335 to 353
K. The fraction of unfolded HEWL was calculated using Equation (4.8).

In Figure 8.9, it is observed, that the emission intensity of Tryptophan in HEWL at 350
nm decreases until 335 K followed by an increase toward 353 K as the temperature is
increased. A significant peak of the derivative is observed at 342 K (69 °C). The data have
been fitted using Equation (4.6), and the fraction of unfolded HEWL was calculated using
Equation (4.8). The best fit was obtained using Matlab, utilizing the seven parameters;
1
1
kJ
A = 2.63 · 106 1s , B = 6.65 · 103 s·K
, C = 1.37 · 106 1s , D = 1.71 · 103 s·K
, H = 368 mol
,
kJ
Cp = 3.75 K mol , and Tm = 342 K.
The unfolded fraction was calculated using the parameters A, B, C, and D along with the
intensity of the fluorescence y, calculated from Equation (4.6).
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Furthermore, by steady-state fluorescence spectroscopy, emission scans (300 - 455 nm)
were executed, measuring the emission intensity of Tryptophan in HEWL as a function of
wavelength at pH 10.
Figure 8.10 displays the average of three emission scans carried out on 0.1 g/L native
HEWL at room temperature, the average of three emission scans carried out on 0.1 g/L
heated HEWL, which had been heated for 5 minutes at 80 °C, and the average of three
emission scans carried out on 0.1 g/L refolded HEWL, which had been heated for 5 minutes
at 80 °C and naturally cooled toward 20 - 25 °C for 30 minutes. The maximum temperatures
of the heated HEWL solutions were 81 °C, 80 °C, and 79 °C. The maximum temperatures
observed for the refolded HEWL solutions were all 25 °C. Every emission scan was carried
out using 295 nm excitation of Tryptophan.

Intensity [a.u.]

8

×105

Emission of HEWL at pH 10
Native
Heated
Refolded

6

4

2

0
300

350

400

450

Wavelength [nm]
Figure 8.10. Average emission spectra (300 - 455 nm) by fluorescence spectroscopy at pH 10 and
295 nm excitation of Tryptophan in HEWL showing the emission intensity of the native HEWL
solutions at room temperature (Native), the heated HEWL solutions, with maximum temperatures
of 81 °C, 80 °C, and 79 °C (Heated), and the refolded HEWL solutions at 25 °C (Refolded), as a
function of wavelength. It is observed that the emission intensity increases as the protein has been
heated and refolded, compared to that of the native protein.

In Figure 8.10, it is observed that the emission intensity of Tryptophan, compared to that
of the native protein, increases as the protein has been heated, and when the protein has
had a chance to refold. It is observed that aggregates were formed, both before and after
measurements.
As for the CD spectroscopy measurements at pH 10, Figure 8.11 displays the average
of three CD spectra (190 - 250 nm) of the native, heated, and refolded HEWL solution,
respectively. The maximum temperatures observed of the native HEWL solutions were
20.88 °C, 20.87 °C, and 20.88 °C. The maximum temperatures observed of the heated
HEWL solutions were all 82 °C. Lastly, the maximum temperatures observed for the
refolded HEWL solutions were 25 °C, 26 °C, and 25.5 °C. Furthermore, Figure 8.11 displays
the average change in ellipticity at 222 nm for the native, heated, and refolded protein.
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Far-UV CD of HEWL at pH 10
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Figure 8.11. A) the average CD spectra (190 - 250 nm), showing average ellipticity as a function
of wavelength at pH 10, measured on 0.1 g/L native, heated, and refolded HEWL solutions. The
maximum temperatures observed of the native HEWL solutions were 20.88 °C, 20.87 °C, and 20.88
°C. The maximum temperatures observed of the heated HEWL solutions were all 82 °C. Lastly,
the maximum temperatures observed for the refolded HEWL solutions were 25 °C, 26 °C, and 25.5
°C. B) the average change in ellipticity at 222 nm for the native, heated, and refolded protein. It is
observed that the ellipticity is approaching zero when the protein is heated and refolded compared
to that of the native protein.

In Figure 8.11, a significant change in ellipticity as a function of wavelength is observed
as the native protein is heated and refolded compared to the signal for the native HEWL.
However, the ellipticity of the heated and refolded protein is approximately equal but with
a slight displacement.
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8.3

Chemical Denaturation

As described in Chapter 7, HEWL was chemically denatured by GuHCl in all three
buﬀer solutions. The results were obtained from both steady-state fluorescence and CD
spectroscopy, and the results for each buﬀer solution will be presented separately. 8
concentrations of GuHCl were tested; 0 M, 1 M, 2 M, 3 M, 4 M, 5 M, 6 M, and 7 M.

8.3.1

Sodium Acetate Buﬀer: pH 4

In order to chemically denature HEWL at pH 4 by GuHCl, one emission scan (300 - 455
nm) was executed using steady-state fluorescence spectroscopy, measuring the emission
intensity of Tryptophan as a function of wavelength for each concentration of GuHCl.
Figure 8.12 displays the average of three emissions scans carried out on 0.1 g/L HEWL at
room temperature for each GuHCl concentration. Every emission scan was carried out at
295 nm excitation of Tryptophan.
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Figure 8.12. The average emission spectra (300 - 455 nm) by fluorescence spectroscopy at pH 4
and 295 nm excitation of Tryptophan in HEWL showing the emission intensity of 0.1 g/L HEWL
solutions containing 0 - 7 M GuHCl. It is observed that the emission intensity increases as a
function of increasing GuHCl concentration.

In Figure 8.12, it is observed that when the concentration of GuHCl increases, the
emission intensity increases as well. Furthermore, a significant shift in maximum emission
wavelength occurs as the concentration of GuHCl increases.
In Figure 8.13, a normalized version of the emission spectra in Figure 8.12 is shown along
with the ratio between the wavelengths 350 and 330 nm and the normalized intensity at
330 nm as a function of GuHCl concentration.
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Figure 8.13. A) normalized emission spectra (300 - 400 nm) by fluorescence spectroscopy at
pH 4 and 295 nm excitation of Tryptophan in HEWL showing the emission intensity at GuHCl
concentrations from 0 - 7 M. B) the ratio between the wavelengths 350 and 330 nm derived
from A) for each concentration of GuHCl. C) the normalized emission intensity at 330 nm as a
function of increasing GuHCl concentration. The red circle indicates the transition point, which
is [D50% ] = 6.1238 M GuHCl. It is observed that the maximum emission wavelength increases
from 5 to 7 M GuHCl toward 350 nm, thus the emission intensity at 330 nm decreases at those
concentrations.

In Figure 8.13, a significant change in maximum emission wavelength is observed, as it
shifts from 330 toward 350 nm as the concentration of GuHCl increases. The change is
observed from 5 to 7 M GuHCl in A) and 4 to 7 M in B). The red circle in C) is the
determined transition point. The transition point was determined by the average concentration between 5 to 7 M GuHCl in the normalized emission intensity at 330 nm. The
transition point is [D50% ] = 6.1238 M GuHCl, which, using Equation (4.10), means that
Gsolvent = 14.27 kcal mol 1 . It should be noted, that in order to determine the transition
point, it is assumed, the the protein begins to denature at 5 M and is fully denatured at 7 M.

As for the CD spectroscopy measurements, Figure 8.14 shows the average of three CD
spectra (190 - 250 nm) of 1.0 g/L HEWL solutions containing concentrations of GuHCl
from 0 to 7 M at pH 4 and room temperature. Furthermore, Figure 8.14 shows the
ellipticity at 222 nm as a function of increasing GuHCl concentration.
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Far-UV CD of HEWL at pH 4
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Figure 8.14. A) the average CD spectra (190 - 250 nm) of 1.0 g/L HEWL in solutions with GuHCl
concentrations from 0 - 7 M at pH 4 and room temperature, showing ellipticity as a function of
wavelength, and B) the average change in ellipticity at 222 nm as a function of increasing GuHCl
concentration. It is observed that 2, 5, and 7 M GuHCl CD signals are slightly displaced, and that
salt eﬀects occur at wavelengths of approximately 205 nm and below. The observed tendency is
that the ellipticity approaches zero as the GuHCl concentration increases.

In Figure 8.14, it is observed that the average 2, 5, and 7 M GuHCl CD spectra are
slightly displaced in ellipticity as a function of wavelength since a chronological tendency
should occur. It is also observed that some salt eﬀects are occurring at wavelengths of
approximately 205 nm and below. Furthermore, it is observed that the ellipticity by
tendency approaches zero as a function of increasing GuHCl concentration. Since the
ellipticity approaches zero gradually, it is diﬃcult to determine any transition point.
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8.3.2

Sodium Citrate Buﬀer: pH 7

In order to chemically denature HEWL at pH 7 by GuHCl, one emission scan (300 - 455
nm) was executed using steady-state fluorescence spectroscopy, measuring the emission
intensity of Tryptophan as a function of wavelength for each concentration of GuHCl.
Figure 8.15 displays the average of three emissions scans carried out on 0.1 g/L HEWL at
room temperature for each GuHCl concentration. Every emission scan was carried out at
295 nm excitation of Tryptophan.
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Figure 8.15. The average emission spectra (300 - 455 nm) by fluorescence spectroscopy at pH 7
and 295 nm excitation of Tryptophan in HEWL showing the emission intensity of 0.1 g/L HEWL
solutions containing 0 - 7 M GuHCl. It is observed that the emission intensity decreases at 0 to 2
M followed by an increase at 3 to 7 M GuHCl.

In Figure 8.15, a decrease in intensity is observed from 0 to 3 M GuHCl, followed by a
increase from 3 to 7 M GuHCl.
Furthermore, a significant shift in maximum emission wavelength occurs as the
concentration of GuHCl increases.
In Figure 8.16, a normalized version of the emission spectra in Figure 8.15 is shown along
with the ratio between the wavelengths 350 and 330 nm and the normalized intensity at
330 nm as a function of GuHCl concentration.
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Figure 8.16. A) normalized emission spectra (300 - 400 nm) by fluorescence spectroscopy at
pH 7 and 295 nm excitation of Tryptophan in HEWL showing the emission intensity at GuHCl
concentrations from 0 - 7 M. B) the ratio between the wavelengths 350 and 330 nm derived
from A) for each concentration of GuHCl. C) the normalized emission intensity at 330 nm as a
function of increasing GuHCl concentration. The red circle indicates the transition point, which
is [D50% ] = 6.2286 M GuHCl. It is observed that the maximum emission wavelength increases
from 5 to 7 M GuHCl toward 350 nm, thus the emission intensity at 330 nm decreases at those
concentrations.

In Figure 8.16, a significant change in maximum emission wavelength is observed, as it
shifts from 330 toward 350 nm as the concentration of GuHCl increases. The change is
observed from 6 to 7 M GuHCl in A) and 5 to 7 in B).
The red circle in C) is the determined transition point. The transition point was determined by the average concentration between 5 to 7 M GuHCl in the normalized emission
intensity at 330 nm. The transition point is [D50% ] = 6.2286 M GuHCl, which, using
Equation (4.10), means that Gsolvent = 14.51 kcal mol 1 . It should be noted, that in
order to determine the transition point, it is assumed, the the protein begins to denature
at 5 M and is fully denatured at 7 M.
As for the CD spectroscopy measurements, Figure 8.17 shows the average of three CD
spectra (190 - 250 nm) of 1.0 g/L HEWL solutions containing concentrations of GuHCl
from 0 - 7 M at pH 7 and room temperature. Furthermore, Figure 8.17 shows the ellipticity
at 222 nm as a function of increasing GuHCl concentration.
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Far-UV CD of HEWL at pH 7
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Figure 8.17. A) the average CD spectra (190 - 250 nm) of 1.0 g/L HEWL in solutions with
GuHCl concentrations 0 - 7 M at pH 7 and room temperature showing ellipticity as a function of
wavelength, and B) the average change in ellipticity at 222 nm as a function of increasing GuHCl
concentration. It is observed that the 4 M GuHCl CD signal is slightly displaced, and that salt
eﬀects occur at wavelengths approximately of 205 nm and below. The observed tendency is that
the ellipticity approaches zero as the GuHCl concentration increases.

In Figure 8.17, it is observed that the average 4 M GuHCl CD spectrum is slightly displaced
in ellipticity as a function of wavelength since a chronological tendency should occur. It
is also observed that some salt eﬀects are occurring at wavelengths approximately 205 nm
and below. Furthermore, it is observed that the ellipticity approaches zero as a function
of increasing GuHCl concentration. Since the ellipticity approaches zero gradually, it is
diﬃcult to determine any transition point.
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8.3.3

Sodium Carbonate Buﬀer: pH 10

In order to chemically denature HEWL at pH 10 by GuHCl, one emission scan (300 - 455
nm) was executed using steady-state fluorescence spectroscopy, measuring the emission
intensity of Tryptophan as a function of wavelength for each concentration of GuHCl.
Figure 8.18 displays the average of three emissions scans carried out on 0.1 g/L HEWL at
room temperature for each GuHCl concentration. Every emission scan was carried out at
295 nm excitation of Tryptophan.
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Figure 8.18. The average emission spectra (300 - 455 nm) by fluorescence spectroscopy at pH 10
and 295 nm excitation of Tryptophan in HEWL showing the emission intensity of 0.1 g/L HEWL
solutions containing 0 - 7 M GuHCl. It is observed that the emission intensity increases as a
function of increasing GuHCl concentration.

In Figure 8.18, it is observed that when the concentration of GuHCl increases, the
emission intensity increases as well. Furthermore, a significant shift in maximum intensity
wavelength occurs as the concentration of GuHCl increases.
In Figure 8.19, a normalized version of the emission spectra in Figure 8.18 is shown along
with the ratio between the wavelengths 350 and 330 nm and the normalized intensity at
330 nm as a function of GuHCl concentration.
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Figure 8.19. A) normalized emission spectra (300 - 400 nm) by fluorescence spectroscopy at
pH 10 and 295 nm excitation of Tryptophan in HEWL showing the emission intensity at GuHCl
concentrations from 0 - 7 M. B) the ratio between the wavelengths 350 and 330 nm derived
from A) for each concentration of GuHCl. C) The normalized emission intensity at 330 nm as a
function of increasing GuHCl concentration. The red circle indicates the transition point, which
is [D50% ] = 6.0656 M GuHCl. It is observed that the maximum emission wavelength shifts from
330 nm toward 350 nm at concentrations above 5 M GuHCl, and that the emission intensity and
ratio of the 0 M GuHCl solution is low compared to that of 1 to 4 M GuHCl.

In Figure 8.19, a significant change in maximum emission wavelength is observed, as it
shifts from 330 toward 350 nm as the concentration of GuHCl increases. The change is
observed from 6 to 7 M GuHCl in A) and 5 to 7 M in B). Furthermore, it is observed
that the emission intensity of 0 M GuHCl is displaced in comparison to concentrations
1 to 4 M. The red circle in C) is the determined transition point. The transition point
was determined by the average concentration between 5 to 7 M GuHCl in the normalized
emission intensity at 330 nm. The transition point is [D50% ] = 6.0656 M GuHCl, which,
using Equation (4.10), means that Gsolvent = 14.13 kcal mol 1 . It should be noted, that
in order to determine the transition point, it is assumed, the protein begins to denature
at 5 M and is fully denatured at 7 M.
As for the CD spectroscopy measurements, Figure 8.20 shows the average of three CD
spectra (190 - 250 nm) of 1.0 g/L HEWL solutions containing concentrations of GuHCl
from 0 - 7 M at pH 10 and room temperature. Furthermore, Figure 8.20 shows the
ellipticity at 222 nm as a function of increasing GuHCl concentration.
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Far-UV CD of HEWL at pH 10
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Figure 8.20. A) the average CD spectra (190 - 250 nm) of 1.0 g/L HEWL in solutions with GuHCl
concentrations from 0 to 7 M at pH 10 and room temperature showing ellipticity as a function of
wavelength, and B) the average change in ellipticity at 222 nm as a function of increasing GuHCl
concentration. Salt eﬀects are observed to occur at wavelengths of approximately 205 nm and
below. The observed tendency is that the ellipticity approaches zero as the GuHCl concentration
increases.

In Figure 8.20, it is observed that the ellipticity as a function of wavelength occurs as a
chronological tendency. It is also observed that some salt eﬀects occurs at wavelengths
of approximately 205 nm and below. Furthermore, it is observed that the ellipticity
approaches zero as a function of increasing GuHCl concentration. Since the ellipticity
approaches zero gradually, it is diﬃcult to determine any transition point.
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8.4

Helical Content

In all experiments using CD spectroscopy, it is possible to calculate the helical content of
HEWL during thermal and chemical denaturation using Equation (5.3). In Figure 8.21
the a-helix content in HEWL during thermal and chemical denaturation is plotted for the
native, heated, and refolded protein, and as a function of increasing GuHCl concentration,
respectively.
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Figure 8.21. A) the a-helix content in percent for the 0.1 g/L native HEWL solutions at room
temperature, 0.1 g/L heated HEWL solutions heated at 80 °C for 5 minutes, and 0.1 g/L refolded
HEWL solutions at 20 - 25 °C, which was heated at 80 °C for 5 minutes and naturally cooled for
30 minutes. It is observed that the helical content is unchanged at pH 4 and 7 during unfolding
and refolding, where the content decreases at pH 10 when the protein is heated and refolded. B)
the a-helix content in percent for the 1.0 g/L HEWL solution as a function of increasing GuHCl
concentration. It is observed that the helical content gradually decreases in each of the buﬀer
solutions as the GuHCl concentration increases.

In Figure 8.21, it is observed that the a-helix content is unchanged at pH 4 and 7 while
heating and refolding, where the content decreases at pH 10 when the protein is heated
and refolded during thermal denaturation. Furthermore, the a-helix content in percent
gradually decreases in each of the buﬀer solutions as the GuHCl concentration increases
during chemical denaturation.
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9.1

Considerations in Relation to Buﬀer Solutions

As mentioned in Section 7.1, the buﬀer solutions were selected due to their pH range, water
solubility, and pH stability during temperature changes. Thus they follow the criteria for
buﬀers used in biochemistry set forth by Good et al. [71].
In order to minimize salt eﬀects during CD spectroscopy measurements, the concentration
of the buﬀer solutions were 1.0 mM. This proved eﬀective in each of the three buﬀer
solutions during thermal and chemical denaturation.
However, as seen in Table 8.1, the pH of the buﬀer solutions decreased significantly as the
concentration of GuHCl was increased. Thus the low concentration of the buﬀer solution
resulted in a buﬀer system not able to withstand the high concentrations of GuHCl, which is
suspected to produce hydrogen chloride when dissolved, since the pH decreased drastically,
especially at pH 10. Furthermore, the low concentration of buﬀer solutions resulted in that
the ratio between denaturant and buﬀer solution was 7000 at the highest concentration of
GuHCl.
Experiments involving protein stability normally utilizes concentrations of buﬀer solutions
resulting in a ratio of 100. Dunbar et al., Laurents et al., and Makhatadze et al. applied
buﬀer solutions with concentrations between 0.03 - 0.1 M, hence their ratios were between
70 and 700 [59, 72, 73].
The pH of the sodium carbonate buﬀer decreased by a maximum of 2.3, when GuHCl was
added, which is a dramatic decrease, and the trend is persistent in the two other buﬀers
as well, although not as dramatic. Lapanje et al. report similar results, as their pH values
decrease with increasing concentration of GuHCl [74].
Chirgwin et al. have argued that the decrease in pH could have been minimized if the pH
of the GuHCl stock solutions were adjusted toward a desired pH. They prepared GuHCl
solutions with pH 7.5, which they adjusted with sodium citrate towards pH 7. After the
adjustment, the solutions were stable for 1 month at room temperature without showing
any change in pH [75]. Liu et al. adjusted their GuHCl solutions toward pH 4.5 by adding
aqueous hydrogen chloride and sodium hydroxide [76]. This approach, by adjusting with
sodium hydroxide, would account for the decrease in pH in the solutions containing GuHCl
without increasing the buﬀer concentration, which could result in further salt eﬀects.
Another approach is to adjust the pH of the HEWL solutions tested by fluorescence and
CD spectroscopy, however, the ratio between HEWL, buﬀer, and GuHCl would be inexact,
and measurements would not be comparable.
Furthermore, in the case of sodium citrate and sodium carbonate, their optimal pH range
is 3.0 - 6.2 and 9.2 - 10.8, respectively. Those ranges correspond to the pKa values of the
acid in the buﬀers. However, a buﬀer is most stable and persistent in its optimal pH range,
and since the sodium citrate and sodium carbonate buﬀer solutions were adjusted to pH
7.18 and 10.81, respectively, one could argue that those pH values are on the border of the
optimal pH ranges of the buﬀers, thus resulting in less stability of the buﬀers.
Other buﬀers may have been better suited for the experiments performed in this project.
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Instead of sodium citrate, Rashid et al. have applied sodium phosphate, which have a pH
range between 5.8 and 8 [43]. Sodium phosphate is an excellent buﬀer, which works very
well with CD spectroscopy measurements. Correa et al. reports that sodium phosphate
can be used in CD spectroscopy measurements down to 190 nm in concentrations of 20
mM, and in measurements down to 200 nm in 100 mM concentrations [53]. Kelly et al.
and Greenfield et al. agree, and recommend using sodium phosphate for CD spectroscopy
measurements [10, 77]. Kelly et al. also recommend a borate buﬀer, which can be applied
at pH 9.5, and will not display salt eﬀects during the CD spectroscopy measurements
[10]. Makki has applied a citric acid - sodium phosphate buﬀer in order to obtain pH 4
conditions [32].

9.2

Thermal Denaturation

Stock HEWL solutions were prepared as described in Chapter 7, and during the experiment
period, HEWL dissolved in the sodium acetate buﬀer solution (pH 4) and the sodium citrate buﬀer solution (pH 7) revealed no aggregation, precipitation etc. after hours of storage
and application. However, HEWL dissolved in the sodium carbonate buﬀer solution (pH
10) resulted from the moment of dissolution in a cloudy solution, suggested to originate
from aggregates. This corresponds well with the fact that HEWL is stable in most acidic
environments, but has limited stability in alkaline solutions, due to the reduction of at
least one disulphide bond [12]. Although HEWL solutions were stored at 4 °C in order
to slow denaturation caused by the pH conditions of the solutions, this was not a success considering the pH 10 buﬀer. However, the aggregation of HEWL at pH 10 occurred
before storage, thus making storage conditions ineﬀective and irrelevant. On the other
hand, storage conditions may have proved eﬀective when considering HEWL at pH 4 and
7, since there were no aggregates, precipitates etc. observed in those solutions. However,
this could be a result of HEWL’s fine stability in acidic and neutral environments.
Each quartz cuvette applied during experiments were cleansed in 2 % Hellmanex, 70 %
ethanol, and fresh Milli-Q water, in that order. This was done to minimize emission eﬀects
from other organic molecules, proteins, microorganisms, and HEWL from earlier measurements. However, it was observed in the 10.0 mm quartz cuvette, which was applied during
fluorescence spectroscopy measurements (both thermal and chemical denaturation), that
insoluble aggregates impossible to remove chemically and mechanically accumulated early
onto the inner surface of the cuvette. This eﬀect could interfere with emission measurements from Tryptophan. Furthermore, as to further minimize eﬀects from other proteins,
molecules, or microorganisms, pipette tips and buﬀer and GuHCl solutions were autoclaved
at 121 °C, one bar above atmospheric pressure for 30 minutes. Some buﬀer solutions cannot
be autoclaved, since they degrade upon heating. However, this should not be the case of
sodium acetate, sodium citrate, or sodium carbonate buﬀer solutions, as no precipitation,
discolouring etc. were observed after autoclaving. Autoclaving the GuHCl solutions should
neither result in precipitation, discolouring etc., and no precipitation due to GuHCl should
occur, since it is a salt. No precipitation, discolouring etc. were observed in the GuHCl
solutions after autoclaving and storage at 4 °C. Furthermore, since no precipitation was
observed in the GuHCl solutions, it is suggested that the buﬀers do not react with GuHCl,
at least when considering precipitation. Every autoclaved solution was cooled down before
application as to minimize thermal eﬀects.
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Plastic containers were used in all experiments, as proteins tend to adsorb in a lesser degree onto plastic than onto glass [78]. There is, however, still adsorption occurring, and
this could have had a decreasing eﬀect on the concentration of protein in the solutions
throughout all experiments.
In order to thermally denature HEWL, the protein was presented with temperatures
between 25 and 88 °C. This method resulted in denaturation being supposedly successful
at pH 4 and pH 10. As is visible in Figure 8.9, the emission intensity of Tryptophan is
decreasing as the temperature increases at pH 10, but at 69 °C a significant increase
in the intensity is observed. This is likely the transition point. The decrease in
emission intensity as a function of increasing temperature is most likely due to thermal
quenching, as described in Section 6, where the water becomes a better quencher as
the temperature increases, decreasing the emission intensity of Tryptophan. Another
explanation is photobleaching. However, one can argue that any photobleaching eﬀect
is strongly minimized, since the sample was being stirred when measured upon, and a
slit width of 3 nm was applied, meaning the intensity of light hitting the sample was not
significantly great, thus photobleaching eﬀects would be small or insignificant. The increase
in intensity can be explained by protein denaturation. As the protein unfolds, Tryptophan
is exposed to water, and although water is a quencher, it is less eﬀective than the other
residues and protein bonds in which Tryptophan has been in close relation to while folded.
Hence the intensity of Tryptophan increases as the solvent becomes the primary quencher.
As is visible in Figures 8.1 and 8.5, the emission intensity at pH 4 and 7 also decreases,
however, this time throughout the entire experiment. The decrease is again explained
by thermal quenching, although the emission intensity decreases significantly between 290
and 315 nm, and since there is no increase in emission intensity, HEWL is supposedly not
successfully thermally denatured. However, in Figure 8.1 a small peak in the derivative
of the emission is observed at 73 °C at pH 4. It is suggested that, at the center of the
peak half of the proteins are denatured and the other half remain native (transition point).
According to the literature, HEWL should denature at temperatures from 70 to 77 °C at pH
values around 4 [28, 34, 79, 80]. The argument could therefore be made, that the protein
is denatured at 73 °C, but it can also be seen, that the derivative begins to increase again
as the temperature reaches 84 °C. This could mean that the protein begins to denature at
84 °C, but this is not possible to conclude based on the temperature ranges used in these
experiments. Furthermore, HEWL is found to be most thermally stable at pH 5, according
to the literature, but even at this pH value, Venkataramani et al. manages to denature
the protein with temperatures of 71.9 °C [34].
The CD spectroscopy measurements yielded no evidence of any conformational changes
in HEWL at pH 4 when heated toward 85 °C, as is evident from Figure 8.4, and from
the non-existent change in a-helix content, see Figure 8.21. Emission scans, visible in
Figures 8.2 and 8.3, however, shows an expected change in emission intensity, and a small
change in the ratio between the wavelengths 350 and 330 nm. Though small, the ratio
indicates some change in the tertiary structure of the protein at pH 4. If the protein
indeed begins to denature at 73 °C, as Figure 8.1 might suggest, it is interesting that it is
only conformational changes to the tertiary structure of the protein which is observable.
This could indicate some form of an intermediate structure resembling the MG, where
the tertiary structure is disrupted, but the secondary structure resembles the native form.
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According to theory, small proteins tend to form intermediates like the MG when thermally
denatured [6]. There is still, however, a debate going as to whether this actually occurs in
HEWL, see Chapter 4.
At pH 7, there are no significant peaks in the derivative of the emission intensity as
a function of temperature, see Figure 8.5. According to several studies, HEWL should
denature at a temperature ranging from 70 - 73 °C at pH 7. [28, 34, 70, 81], but this is not
the case in these experiments. CD spectroscopy measurements yielded no indication of any
changes in the secondary structure or the helical content of the protein, and the emission
spectra at diﬀerent temperatures revealed the same results as in pH 4. Again, a small
change in the maximum emission wavelengths was observed, and so were corresponding
changes in the emission intensity.
In contrast to the experiments at pH 7, the protein clearly did denature at pH 10. Although
no studies denaturing HEWL at pH 10 could be found in order to obtain comparison,
Makki mentions, that HEWL is dramatically less stable at higher pH values compared to
the lower ones [32]. This conforms with this project, since HEWL is denatured at lower
temperatures at pH 10 compared to pH 4. This, coupled with the fact that the pI for
HEWL is at 11 [17], strengthens the argument that a protein is not necessarily most stable
at its pI value. Furthermore, the fact that no studies using pH 10 could be found, stems
from the fact that HEWL aggregates very easily at such high pH values [30].
CD spectroscopy measurements at pH 10 show a significant change in the secondary
structure of the protein, and a dramatical loss in helical structure, going from around
20 % to almost no a-helices at all. Is should be noted, that when native, the helical
content in all buﬀers were around 20 %, which partly conforms with the study by Chen et
al., who calculates it to be 24 % [56]. Moreover, there was not much refolding, and this
could possibly be because of severe aggregation in the samples after measurements. This
is supported by the emission spectra, visible in Figure 8.10, where the emission intensity
of the spectrum is significantly altered after the protein is heated, and after refolding. As
well as aggregation, many bubbles were observed in each of the three buﬀers after heating,
which could contribute to the high intensity of the emission scan in the form of scattering.
Aggregation of HEWL in the pH 10 solution conforms with the fact that HEWL is very
unstable at such high pH values, and once aggregation has been onset, Buswell et al. argues
that native proteins can be incorporated into aggregates during refolding [82].
The changes in heat capacity and enthalpy are two important factors in the denaturation of
proteins. According to Gomez et al., the heat capacity of a native and a denatured protein
at the same temperature varies significantly, as the heat capacity of the denatured protein
is higher than that of the native [83]. This is in agreement with the results presented in this
project, as the heat capacity of HEWL was observed to increase by Cp = 3.75 K kJ
mol . The
heat capacity of the denatured protein is higher than that of the native, due to the surface
area between the hydrophobic residues and water increases, as the protein denatures. The
enthalpy also increases, because of the energy transferred to the protein during heating of
the solvent.
In relation to the experimental method used to thermally denature HEWL, it should
be noted, that when the samples were heated toward 80 °C in order to measure the
emission spectra of Tryptophan and CD spectra of the secondary structure, two diﬀerent
volumes were heated. For CD spectroscopy measurements, 0.9 mL was heated, and for
emission scans, 1.5 mL was heated. This is suggested to result in, that the samples applied
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during CD spectroscopy measurements had been heated more eﬀectively, thus making
denaturation more likely. The fact that no change was observed in the CD spectrum only
contributes to the thermal stability of the secondary structure at pH 4 and 7.

9.3

Chemical Denaturation

In order to chemically denature HEWL, the protein was presented with denaturing conditions relying on concentrations of GuHCl in the range of 0 - 7 M. This range was selected
on the basis of other studies which have chemically denatured HEWL in between these
concentrations at diﬀerent pH values [40, 41, 74, 84]. Furthermore, GuHCl is a well-known
protein denaturant [44, 72, 76, 84], and during experiments, GuHCl had proven to be an
excellent denaturant of HEWL in each of the three buﬀers in concentrations over 5 M.
In the case of chemical denaturation of HEWL at pH 4 and 10, it is observed that, as
the concentration of GuHCl is increased, the emission intensity of Tryptophan increases
as well, see Figures 8.12 and 8.18. An increase in intensity as a function of increased
denaturant concentration, can be explained by quenching where unfolding and exposure
of Tryptophan residues to water will induce an increase in emission intensity according to
Khalifeh et al.. [68]
As for HEWL at pH 7, a decrease in emission intensity is observed at 0 to 3 M GuHCl
continued by an increase from 3 to 7 M GuHCl. Again, the increase from 3 M GuHCl
is explained by the exposure of Tryptophan residues to water. However, the decrease in
emission intensity from 0 to 3 M GuHCl is suspected to originate from the decrease in
the pH of the solution. The pH of the solution decreased from 7.18 to 5.745 in 0 to 3 M
GuHCl. Combining that HEWL is well known to be very stable in acidic conditions (pH
5), and that concentrations of 4 and 5 M GuHCl is an requirement for chemical denaturation [57], it is proposed that the acidity of GuHCl solutions contribute to a higher level of
stability, which will decrease emission intensity as quenching of protein residues and bonds
is increased. This eﬀect, however, is neutralized and vanquished as the concentration of
GuHCl approaches and exceeds the value of which it denatures HEWL.
At pH 10, the emission intensity is very low at 0 M GuHCl and the ratio between the
wavelengths 350 and 330 nm is somewhat close to 1. At pH 10, the pH of the buﬀer
decreased from 10.63 to 8.355 in 0 - 7 M GuHCl. Again one can argue, that transferring
GuHCl to the HEWL solution decreases the pH, thereby increasing the stability of HEWL.
This eﬀect is, however, again neutralized and vanquished as the concentration of GuHCl
approaches and exceeds the value of which it denatures HEWL. As for the radical increase
in intensity from 0 to 1 M, it is suspected that the spectrum originates from an aggregated
HEWL when comparing the intensity to that of Figure 8.18, which was also aggregated.
Furthermore, according to Aune and Tandford the resultant volume of denatured HEWL
is relatively small compared to that of other proteins [85]. This means that the residues
are closer to each other than in most random coiled proteins, and that contact interactions
between side chains are relatively frequent. This eﬀect will, on the contrary to Khalifeh et
al., reduce the emission intensity of Tryptophan during denaturing, as residues are better
quenchers. However, this eﬀect must be relatively small since the emission intensity still
increases as a function of increasing concentration of GuHCl at pH 4 and 10, and from
3 to 7 M GuHCl in pH 7. On the other hand, this increase may have been larger if the
quenching eﬀect of residues had been smaller.
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One could argue that high concentrations of GuHCl may also exhibit some quenching effects in the solution. However, according to Pajot, choosing proper excitation wavelengths
excludes eﬀects of other fluorescing and absorbing groups or species. Thus choosing excitation of 295 nm, which is the excitation wavelength of Tryptophan, excludes eﬀects from
GuHCl. The emission of Tryptophan in solutions containing 6 M GuHCl did not show any
change in fluorescence compared to solutions not containing GuHCl. [86]
It is observed in each of the three buﬀers that the maximum emission wavelength shifts
from 330 toward 350 nm as the protein is chemically denatured by GuHCl. The shift
occurs in all three buﬀers from 5 to 7 M GuHCl. This eﬀect is the aforementioned red
shift, which occurs as the exposed imide groups of Tryptophan form hydrogen bonds with
surrounding water, changing the electron structure of the imide. Furthermore, the red
shift eﬀect is suggested to be an eﬀect of solvent relaxation.
The transition points in the three buﬀers were 6.1238, 6.2286, and 6.0656 M, respectively.
At this point, there exist equilibrium between the denatured and native HEWL. The values
for the Gibbs Free Energy follows the tendency of the transition points.
According to Aune and Tandford, the concentration of GuHCl needed to denature HEWL
decreases as the pH is reduced in a pH range of 1 - 8 [85]. This eﬀect is observed in
HEWL at pH 4 and 7. However, the changes are small and much smaller than the ones
obtained by Aune and Tandford. In the case of HEWL at pH 10, the transition point is
at its lowest concentration of GuHCl. This can be explained by the reduced stability of
HEWL in alkaline environments. The eﬀect may have been more profound if GuHCl did
not decrease the pH of the protein solutions, thus enhancing protein stability. Furthermore, according to Pajot, HEWL requires a rather long period of time for denaturation
by GuHCl. He suggests that an incubation time of 30 minutes at pH 8 is usually suﬃcient
for most soluble proteins [86]. An incubation time of 30 minutes, instead of the applied 15
during experiments, may have elucidated the tendency in transitions points, and thus the
Gibbs Free Energy of the protein in the three buﬀers would have been more segregated,
and it would be easier to conclude on the stability of HEWL at diﬀerent pH values.
In relation to the calculated Gibbs Free Energies, it should be noted that the m value used
was the same for all three pH values, but, as stated in Section 4.2, the m value has been
shown to depend heavily on pH values, and the one applied in this project were determined
at pH 7 by Ahmad et al. [40]. Thus, these calculations can give rise to false interpretation
of the stability at diﬀerent pH values. It is well proven that HEWL is very stable at acidic
conditions, but have a very limited stability in alkaline conditions, and the results obtained
from experiments in this project show only a slight increase and decrease in stability at
those conditions.
It is evident that the tertiary structure of HEWL indeed is aﬀected by GuHCl in concentrations over 5 M from the emission spectrums of HEWL in each of the three buﬀers. As
for the secondary structure of the HEWL, it is evident in the overall tendency from the
CD spectroscopy measurements and determined a-helix contents that GuHCl continuously
influences the secondary structure of HEWL as well. In each of the three buﬀers, the
ellipticity at 222 nm approached 0 due to the decreased diﬀerence in absorption of R- and
L -CPL, which indicates that the proteins loose structure and chirality.
The tendency of the CD spectra to approach 0 in ellipticity, as the concentration of GuHCl
increases, ought to be a chronological tendency since least ellipticity is expected in the soGroup 4.212
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lution with highest concentration of GuHCl. However, at pH 4 and 7, containing 2, 5, and
7 M, and 4 M GuHCl, respectively, the ellipticity were slightly displaced. It was noted
during experiments, as each measurement were repeated three times, that the observed
tendency in each solution occurred somewhat random. Even though pipette tips and buﬀer
and GuHCl solutions were autoclaved before application, and pipette tips were stored at
60 °C in order to keep them dry and free of growth of microorganisms, the tendency still
occurred at random. The ellipticity is concentration dependent, thus only diﬀerences in
concentrations of chiral molecules may displace a CD spectrum. However, if pipette tips
and solutions were autoclaved and the risk of microorganisms and other proteins minimized, then the aberration must be found in preparation of the solutions themselves.
Buﬀer, GuHCl, and HEWL were diluted in order to obtain 1.0 g/L HEWL, 1.0 mM buﬀer,
and 0 - 7 M GuHCl in each tested solution. However, some problems occurred in the accuracy of one of the Eppendorf pipettes during the experiment period, and it is unknown
if these problems have resulted in random concentrations of protein in the solutions. In
order to deal with the problem at the time, some of the Eppendorf pipettes were tested
by weighting volumes of water, and only small aberrations were observed. Other possible
explanations could include wrong concentrations of HEWL due to wrongly calculated volumes, or simply the uncertainty of man work. However, calculated values were confirmed
more than twice, and the dilution of solutions into right concentrations was carefully double
checked throughout the experiments. The randomness of the displacement of CD spectra
can therefore only be explained by two things. The inaccuracy of Eppendorf pipettes and
the pipetting by hand, or that some solutions may have become contaminated by microorganisms or other proteins. One last approach to the randomness of the CD spectra is the
applied 0.10 mm quartz cuvette. The cuvette was applied in order to minimize salt eﬀects
of GuHCl. However, when the optical path length is very small, the measurements are
very sensitive to concentration variations of HEWL, both local, or due to aforementioned
inaccurate metering. Local concentration aberrations may have been excluded if more
accumulations were applied along with more repetitions of the experiment. Furthermore,
if was diﬃcult to exclude bubbles from the sample, but it was established, that no large
visible bubbles were at the center of the cuvette. As two optical quartz plates comprise the
cuvette, which then is compressed by hand before measurement, it was uncertain if any
fingerprints, or other contamination occurred on the outer site of the cuvette. However,
gloves were worn throughout the experiments, but this does not exclude this uncertainty
entirely.
One could argue that when measuring with UV light, the protein may become denatured
by the light rather than denaturants. However, in fluorescence spectroscopy the samples
were only measured for about 3 minutes and approximately 13 minutes at CD spectroscopy.
The intensity of the incident light was only 150 W where a slit width of 3 nm was applied.
Thus UV denaturation is insignificant and ignored. However, the intensity of the incident
light was not determined during the experiment period.
GuHCl aﬀects both the tertiary and the secondary structure of HEWL. The eﬀect is
attributed to several denaturing factors. Firstly, GuHCl is suggested to participate in
hydrogen bonds with water and self-associate in a stacking fashion, which ultimately disrupts the hydrophobic interactions of the protein, thus destabilizing it. Furthermore, in
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high concentrations of GuHCl, the solvent is supplied with a high ionic strength, which
may increase electrostatic interactions between the pH induced charged amino acids of
the protein and GuHCl. Lastly, as GuHCl is introduced into the system, the dielectric
constant of the solution will increase as the polarity of the solvent increases, and it will
minimize ionic interactions between the proteins. According to Harrison et al., the increase
in dielectric constant will favour salting out eﬀects, leading to aggregation and precipitation of the protein [46]. However, according to the Hofmeister series, the guanidium ion
is a strong salting in ion that denatures proteins, which also is the obtained tendency by
the experiments. One can then argue, that since each guanidium ion participates in 4.5
hydrogen bonds, on average, with water, the polarization eﬀect of GuHCl is decreased and
the hydrogen layer surrounding the protein is relaxed. Moreover, according to Chaplin,
the dielectric constant of water will decrease if the hydrogen bonding network is weakened,
and one could argue that this is the method of attack of the guanidium ion [87]. This
conforms with the fact that the surface tension of water also decreases as the hydrogen
bonding network is weakened, and this is suggested by the Hofmeister series to be one of
the denaturation eﬀects by salting in ions. Although one could argue, that the dielectric
constant of water, after all, is unaﬀected or decreased by GuHCl even though it is a salt,
thus favouring denaturation over aggregation and precipitation. No studies have been
found in order to confirm this argument.
One could argue that, as the tertiary and secondary structure is disrupted in each of the
three buﬀer solutions, the protein, in at least 7 M, is completely unfolded, thus a random
coil. This corresponds to the theory that small proteins often are converted into a random
coil in high concentrations of denaturant. On the other hand, at the high concentrations,
6 to 7 M GuHCl in each of the buﬀer solutions, the protein maintain some structure and
chirality. This eﬀect is clear at pH 4 where 6 to 7 M, although 7 M is slightly displaced,
contain some sort of chirality, see Figure 8.14. At pH 7, the eﬀect is only observed for 7
M GuHCl, see Figure 8.17, and at pH 10 the eﬀect is less obvious, see Figure 8.20.
In a CD spectra of random coils, see Figure 5.3, it is observed that random coils have some
chiral quality. This observation can explain why HEWL at high concentrations of GuHCl
maintain some structure while being a random coil. Furthermore, a CD spectrum is a
linear combination of CD signals from random coils, a-helices, and b-structures. Thus one
could argue that, as the concentration of denatured proteins, which are supposed random
coils, is increased during denaturation, the CD spectra of HEWL will approach zero since
the ellipticity, when measuring random coils, are close to and exceeds zero at wavelengths
were the ellipticity is highest for a-helices and b-structures.
However, according to Vernaglia et al., which have obtained similar results to this project,
when HEWL is fully denatured, at 4 and 5 M GuHCl at pH 6 to 7, the protein still
contains some residual structure due to the presence of the four disulphide bonds, and
thus full denaturation of HEWL results in a partially unfolded protein [57]. Furthermore,
Imoto et al. have reported that HEWL is not completely unfolded in 5 M GuHCl at pH
5 [62]. If this is true, then HEWL, when presented with high concentrations of GuHCl,
may form some intermediate structure rather than the random coil. Both Vernaglia et
al. and Aune and Tanford reports that the denatured structure of HEWL is a random
coiled polypeptide chain cross-linked by disulphide bonds, but maintains no fixed noncovalent interactions [57, 85]. Thus proteins containing disulphide bonds are never true
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random coils when denatured by GuHCl, as GuHCl does not aﬀect those bonds. This
could explain why, in each of the three buﬀers, even at high concentrations of GuHCl,
the proteins maintain some structural ordering and chirality. They are simply not fully
denatured into a true random coil, but rather a partially unfolded structure. This is an
important notion if one will want to induce fibrillar-HEWL.
There is a divide, where some, argue that HEWL can form a MG like structure at mild
denaturation conditions [5, 15, 16, 88], other argue that it does not form any intermediate
[19, 20, 21, 85]. However, Hameed et al. reports that MG structures of HEWL do not occur
in solutions with pH 1 - 11, but is obtained at pH 11.75, and a fully denatured random coil
is obtained at pH 13.2 due to loss of disulphide bonds. Furthermore, they report that a
decrease in ellipticity is observed when measuring the MG structure by CD spectroscopy,
suggesting loss of secondary structure without aﬀecting the basic format compared to the
native protein. They also report that 6 M GuHCl at pH 11.75 completely unfolds the
HEWL protein like pH 13.2. Thus one could argue that at pH 10 in high concentrations
of GuHCl, HEWL might be fully denatured into a random coil without disulphide bonds.
In each of the three buﬀers, the ellipticity approaches zero as the GuHCl concentration is
increased, however, 1 to 3 M at pH 4, 1 to 6 M at pH 7, and 1 to 5 M at pH 10 shows
only a slight increase and the curves maintain most of their basic format. Initially, this
made it diﬃcult to determine transition points from the CD spectra, and secondly it could
represent an MG-like structure since there exists mild denaturing conditions in most cases,
and since most of the secondary structure is maintained. However the maximum emission
wavelength in these concentrations suggest that the tertiary structure seems somewhat
unaﬀected, at least when including the normalized emission spectra. Lastly, Bhattacharjya
et al. suggest that the MG structure presents Tryptophan with an environment not very
diﬀerent from that of the native, and this eﬀect was especially significant at low pH values.
However, the emission intensity of Tryptophan was observed to gradually increase in these
concentrations, with exception of 0 to 3 M GuHCl at pH 7, which could indicate a change
in the tertiary structure due to change in main quenchers.
Whether a MG-like structure is obtained or the results indicate a partially denatured
HEWL maintaining only disulphide bonds in some solutions, is unclear. Some supporters
of the MG theory will conclude, that the results indicate MG-like structures due to the
maintained basic format of ellipticity and GuHCl concentrations. Others will argue that
the pH and the intensity, along with the CD spectroscopy measurements and change
in maximum emission wavelength, only results in a denatured HEWL in the form of a
random coil, which have retained its four disulphide bonds. However, it is clear that some
interruption of both the secondary and the tertiary structure occurred while chemically
denaturing HEWL by GuHCl.

9.4

Further Studies

Other methods often used for studying proteins are able to give important information
about the stability and kinetics of the protein.
In this project, CD spectroscopy was used to study the secondary structure of HEWL.
However, fourier transform infrared spectroscopy (FTIR) could also be used for the same
goal. FTIR uses infrared light (IR) instead of UV light, which would eliminate any interference by UV light. In relation to the concentrations of proteins, FTIR can measure
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samples with concentrations of 200 g/L, which is significantly higher than anything possible to measure upon using CD spectroscopy. For this particular reason, FTIR is a useful
tool when investigating aggregates of proteins, which often occur at high concentrations.
Although the problems with UV are minimized, and higher concentrations of protein are
possible to measure, it is important to have in mind, that IR light causes energy to build
up in the sample leading to evaporation. This can cause the hydration level in the sample
to decrease, which means the concentration of the protein would increase. To eliminate the
interference from both UV and IR light, both methods could be utilized and compared.
[89]
If FTIR was applied in this project, it would have been possible to observe additional
characteristics of the aggregates which was observed, when HEWL was heated at pH 10.
To investigate the kinetics of the interactions between the protein and GuHCl, a technique
termed Stopped-Flow can be utilized. This technique is used in many diﬀerent spectroscopy
methods such as FTIR, CD, and fluorescence and is popular for studying proteins. One
would start a flow of two solutions and mix them inside the spectrophotometer. The flow
then stops, allowing the solutions to react in a specific amount of time. After the reaction,
a new solution is introduced in order to stop the reaction, or the measurement is simply
stopped. With this technique it is possible to study the events which occur when the
two solutions react. This technique has many applications such as to study refolding of a
protein, the interactions with a denaturant, or the eﬀects of a certain pH value. In this
project, only the eﬀects of the reaction between GuHCl and HEWL where observed after
15 minutes, whereas, using Stopped-Flow, it would be possible to uncover details about
how they interact, during the reaction, continuously. [90]
The thermodynamics of proteins are of particular interest, and many forms of calorimetry
can provide vital insight, not otherwise obtainable. Using calorimetry, it is possible to
directly observe the specific heat capacity of a protein during specific reactions. The heat
capacity, and how it changes during a reaction, can provide much information about the
thermodynamics of a protein, and thus the stability of it. Two methods of calorimetry are;
diﬀerential scanning calorimetry (DSC), which measures the heat capacity in relation to a
reference as a function of temperature, and isothermal titration calorimetry (ITC), which
measures the heat evolution during titration. The DSC could be used as temperature
experiments to observe how the heat capacity changes throughout thermal denaturation
of HEWL. In this project, DSC would give additional, more precise information about the
heat capacity. ITC could be used to observe the heat capacity, when titrating HEWL with
GuHCl. [91]
As stated in Chapter 2, a medically very interesting field in the study of protein stability
and folding is amyloid fibrillation. It is evident from several studies, that an easy way
to create, and thereby study amyloid fibrils, is by having proteins, in a partially folded
state, aggregate in this particular manner. According to the results presented in this
project, it would seem, that it would be necessary to employ either a specific temperature
corresponding to a partially unfolded state in the sample, a concentration of GuHCl, also
corresponding to this state of stability, or a combination of the two. According to the
results in this project, HEWL would be too unstable at pH 10, and too stable at pH 7.
At pH 4, the protein seemed to be denatured at high temperatures in some experiments,
but still maintaining a stable secondary structure in other experiments. It would seem,
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based on these results, that heating HEWL at a pH around 4 perhaps, combined with some
concentration of GuHCl, would be ideal for fibrillation. According to the literature, various
pH values have been tested, and a study done by Arnaudov et al. suggests that the optimal
pH range for creating fibrils is between pH 2 - 4 [58]. This conforms with the fact, that
at pH 4, HEWL should be very thermally stable. Vernaglia et al. however, used pH 6.5,
and they could induce fibril formation in HEWL in under 2 hours using 3 M GuHCl at 50
°C. They confirmed the formation of fibrils using transmission electron microscopy, atomic
force microscopy, and fluorescence spectroscopy utilizing the fluorescence of Thioflavin T.
[57]
As far as the temperature goes, this project is not able to predict what temperature is
optimal, if a pH value around 7 was used for fibrillation, as in the study by Vernaglia et
al.. It could be wise to rely on their method, which did produce amyloid fibrils in a short
time, using 50 °C. [57]
In relation to the concentration of denaturant, however, this project can provide some
insight, as it was possible to denature HEWL at pH 7 using concentrations up to 7 M
GuHCl. It was, however, around a concentration of 5 M, that the protein began to
denature, and when the denaturant is used in combination with temperature, it might
be best not to use excessive concentrations. Too high concentrations of denaturants can,
as studied before, break down the fibrils. This partly conforms with the study by Vernaglia
et al., who uses a concentration of 3 M, which they show to be optimal for fibrillation of
HEWL. [57]
Another interesting method for producing fibrils is suggested by Krebs et al., who study
the eﬀects of seeds, parts of fibrils added to the proteins, on the time scale of fibrillation.
They found, that using seeds could significantly speed up the fibrillation process [92].
Arnaudov et al. were able to create fibrils using incubation at 57 °C for 13 days at pH
2. They confirmed their results using atomic force microscopy and transmission electron
microscopy. [58]
In summation, it is clearly possible to produce amyloid fibrils using a combination of the
diﬀerent denaturing environments introduced in this project.
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10. Conclusion
In this project, the aim was to determine the stability of HEWL, using thermal and
chemical denaturation. After being evaluated, the stability should be able to yield
information concerning the creation of amyloid fibrils, which is an important field of
medical research.
HEWL was arguably found to denature at 73 °C at pH 4, and it clearly denatured at
69 °C at pH 10. At pH 7 however, thermal denaturation was unsuccessful. This is in
conformation with the current literature, apart from the fact that HEWL did not denature
at pH 7. According to various studies, the most stable pH value of HEWL is pH 5, thus
HEWL should denature more easily at pH 7 than at pH 4.
The chemical denaturation was carried out using GuHCl as a denaturant at all three pH
values. At pH 4, the transition point was calculated to be at 6.1238 M GuHCl. The
experiments yielded similar results in the other pH values, with the transition point being
at 6.2286 M GuHCl at pH 7 and 6.0656 M at pH 10. This points to HEWL being most
unstable in pH 10 and most stable between pH 4 and 7, although the diﬀerences are very
small, which conforms with the literature.
The results yield information about the stability of HEWL, which can be utilized when
producing amyloid fibrils. Amyloid fibrils are produced in mildly denaturing environments,
which favour a partially unfolded state of HEWL. According to the experiments done in
this project, these conditions should be present at pH 4, 5 M GuHCl, and a temperature
a little under 69 °C. This partly conforms with the literature, that suggests using pH 6.5
or 7, since HEWL is too stable at pH 4.
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A.

Apolar Basic polar Acidic

Alanine A Ala

Valine V val

isoLeucine i ile

Leucine L leu

Tryptophan w trp

Proline P pro

Methionine M MeT

Phenylalanine F Phe

Glycine G gly

Cysteine L cys

TYROSINE Y TYR

SERine S SER

THREONine T THR

ASPARAGINE N ASN

GLUTAMine Q GLN

LYSINe K LYS

ARGINIne R ARG

HISTIDine H HIS

ASPARTIC ACID D ASP

GLUTAMIC ACID E GLU

Figure A.1. Chemical representation of the 20 natural amino acids comprising proteins.
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