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Abstract
This thesis involves structure and interaction studies of the Fc fragment of
human IgG. For this purpose, hIgG-Fc of different subclasses were cloned and
expressed in the eukaryotic host Pichia pastoris, where relevant protein
modification at the post-translational level can be obtained.
Sometimes, changes in pH, temperature and salt concentration or addition of
moderate amounts of denaturants to a protein solution are associated with the
protein forming non-natively folded states, such as the molten globule or the A
state. IgG and some parts thereof are capable of forming another, so called
alternatively folded state, usually induced by acidification in the presence of
anions. This state is in many aspects related to the molten globule and the A
state but with distinguishing properties related mainly to chemical stability and
formation of oligomeric structures. The first part of this thesis describes two
different alternatively folded states of hIgG-Fc of subclass 4. One of them was
induced by decreasing the pH of the protein solution. Observed structural
changes were highly dependent on the concentration of sodium chloride. The
alternatively folded protein showed drastic changes in its secondary structure
compared to the native protein and significant tertiary structure was lost.
Moreover, it displayed an apparently increased chemical stability and had
surface exposed hydrophobic patches resulting in the formation of higher order
assemblies. In addition, it was shown for the first time that thermal induction of
an alternatively folded state is also possible, with similar, but not identical,
properties as the acid-induced state. Heat incubation for 20 hours at neutral pH
and at a physiological salt concentration further resulted in the formation of
protein aggregates. The dye Congo red had affinity for these aggregates, and
when viewed under polarized light, it showed green birefringence. They also
displayed binding of Thioflavin T and had a typical fibril appearance in the
transmission electron microscope. Hence, the formed aggregates share key
properties with structures constituting amyloid.
The second part of this thesis is focused on interactions of the Fc-fragment with
respect to both Fcγ-receptors on monocytes and the IgG autoantibody
rheumatoid factor. Immune complexes and their binding to Fcγ-receptors are of
pathogenic interest to rheumatoid arthritis. A surface mimic presenting full IgG
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molecules was designed as an in vitro immune complex model. Utilizing selfassembled monolayers composed of alkanethiolates with different chemical
functionalities, the lateral IgG density could be tuned, enabling control of
monocyte interaction with the surface. Importantly, the IgG molecules were
homogeneously oriented to expose the Fc-fragment. The protein repellent
properties of these surfaces ensured that only differences in IgG concentration
determined variations in cellular adhesion. In a separate study the specificities of
IgG rheumatoid factor with respect to the different subclasses of hIgG-Fc were
investigated, using sera from patients with early rheumatoid arthritis. Strikingly
high IgG-RF reactivity against hIgG2-Fc was observed, together with raised
levels against hIgG1-Fc and hIgG4-Fc. No reactivity against hIgG3-Fc was
found.
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Populärvetenskaplig sammanfattning
Människokroppen består till cirka 70 procent av vatten. Resten, den så kallade
torrsubstansen, består av en lång rad olika ämnen. Ungefär 20 procent av dessa
utgörs av proteiner. Proteiner ansvarar för många olika funktioner, bland annat
transport av syre och uppbyggnad av kroppens alla organ. En viktig grupp av
proteiner är antikroppar, så kallade immunglobuliner. De utgör en del av
kroppens immunförsvar, ett system av olika proteiner och celler som har till
uppgift att identifiera och eliminera främmande substanser, till exempel
bakterier, virus och skadade celler.
Grundläggande för att ett protein ska kunna utföra sin funktion är att det kan
anta en specifik struktur. Olika typer av proteiner har olika strukturer. Den här
avhandlingen berör en del, ett fragment, av den mest förekommande
immunoglobulinen i kroppen (IgG) och har involverat undersökningar av
proteinets grundläggande förmåga att anta olika typer av strukturer. Om man
ändrar de fysiologiska betingelser som krävs för att proteinet ska existera i sin
rätta form, kan man tvinga det att anta strukturer med andra egenskaper. Sådana
inducerades i detta fall antingen genom att surgöra proteinprovet eller genom att
värma det. De alternativa proteinformerna karaktäriserades sedan med avseende
på sina biofysikaliska egenskaper och det visade sig att proteinet i dessa former
bildade lösliga proteinaggregat. Detta är intressant ur grundforskningssynpunkt
och bidrar till en ökad förståelse för proteiners förmåga att ändra sin struktur till
en som inte är funktionell, utan kanske rent av skadlig för kroppen. Vid
uppvärmning av IgG-fragmentet i 20 timmar bildades fibrösa strukturer. Sådana
fibrer, bildade från olika proteiner, förekommer i amyloida sjukdomar, till
exempel Alzheimers sjukdom och Parkinsons sjukdom. Fiberbildning från vissa
immunoglobulindelar är inblandad i relaterade sjukdomar. Denna avhandling
bidrar således till en ökad förståelse för vilka delar av immunoglobuliner som
kan forma dessa strukturer och möjligtvis vara inblandade i sjukdom.
Avhandlingen inkluderar även studier av hur IgG-fragmentet är delaktigt i
interaktioner med andra proteiner. När immunglobuliner interagerar med det
främmande ämne det är specifikt för så bildas så kallade immunkomplex. Dessa
har förmågan att reglera immunförsvarets reaktion på den främmande
substansen. Immunoglobuliner som ordnades med en väldefinierad orientering
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på en plan yta användes här för att skapa ett artificiellt immunkomplex ämnat
för studier av aktivering av vissa av immunförsvarets celler. Tätheten av
proteinet på ytan styrde antalet celler som interagerade och förankrade sig till
ytan.
Vid så kallade autoimmuna sjukdomar bildas antikroppar som är reaktiva mot
kroppsegna ämnen istället för främmande. Sådana antikroppar kallas för
autoantikroppar. En del av avhandlingen behandlar analys av en viss typ av
autoantikroppar, reumatoid faktor, involverade i sjukdomen ledgångsreumatism.
De är inblandade i komplexa interaktioner och det krävs mycket noggrant
utprovade metoder för att kunna detektera dem på ett pålitligt sätt. Ett test
utformades här för att undersöka delar av denna komplexitet. Resultatet visar i
huvudsak att hos en patientgrupp med tidig ledgångsreumatism binder
reumatoid faktor i olika grad till olika varianter av det studerade IgG-fragmentet.
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Preface
________________________________________________________________
This thesis is focused on structure and interactions of the Fc-fragment of one of
the most abundant proteins in human serum, IgG. This protein is important in
the body due to its ability to recognize foreign substances and its specific
binding action, initializing the removal of the foreign substance from circulation.
However, immunoglobulin function may also go awry, and become a cause of
disease.
The appended papers I – III describe some of the folding properties of the Fcfragment of human IgG. By changing specific conditions and destabilizing the
native structure, drastic conformational effects are observed. Paper IV describes
the use IgG in the design of artificial immune complexes, while paper V
presents the binding characteristics of the autoantibody rheumatoid factor
regarding its interactions with the different subclasses of the Fc fragment.
During the course of the research underlying this thesis I have had the great
fortune of working in an environment where multidisciplinarity colors the daily
experience. The work presented here was performed at the interface between
biochemistry, medicine, and molecular physics. Accordingly, the summarizing
chapters of this thesis should reflect this multidisciplinarity and are intended to
provide the reader with background and an overview of the appended papers.
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1. Introduction
________________________________________________________________

1.1 Protein structure
Proteins are one of the largest, most versatile and complex class of biological
molecules. The correct folding of every protein within the cell is essential for
living systems to function. Proteins are fundamental for life and display a vast
number of functional properties. They can store and transport a wide variety of
molecules, ranging from large entities like DNA and RNA down to the size of
an electron. Proteins are vital for cell communication, cell adhesion and immune
responses and also crucial for eye-sight, smell and hearing. Proteins are
responsible for movement in living organisms; the compression and expansion
of muscles for example are due to forces in systems dominated by the protein
actin. Even the very synthesis of proteins, from gene expression to covalent
linkage of amino acids, is controlled by proteins.
Although being complex molecules in their folded conformations, proteins are
built up by a fairly simple condensation reaction. Amino acids constitute the
building blocks of a protein and they are linked together forming a rigid peptide
bond between the carboxyl group of one amino acid and the amino group of
another (Figure 1.1). Water is lost in every coupling step and each amino acid in
a protein is thus referred to as a residue. Part of the peptide backbone displays
the characteristics of a double bond as a result from the delocalized electrons
involving the carbonyl group and the amino nitrogen. This resonance is
3

19

responsible for the rigidity of the peptide bond. However, the bonds involving
the α-carbon have some rotational freedom, thus enabling the protein backbone
to be dynamic.

R1

R1

R2
OH

H2 N
O

OH

H2 N

H
N α

H 2N α
O

O

O
OH

H2 O

R2

Figure 1.1 A peptide bond is the covalent chemical bond formed between two amino acids
when the carboxyl group of one molecule reacts with the amino group on the other
molecule, thereby releasing water.

The 20 naturally occurring amino acids constituting a protein all have different
properties distinguished by the functionality of the side-chains (Figure 1.1, R1
and R2). They can be divided into three main groups: polar, non-polar and
charged. When the amino acids are combined in different sequences, it gives rise
to polypeptides which are virtually infinite in variety. This first level of
complexity in the architecture of a protein is called the primary structure1
(Figure 1.2).

Figure 1.2 The primary structure is the sequence of amino acid residues constituting a
protein.

The next level of structure is the local folding of polypeptide backbone segments.
This is termed the secondary structure1 and it is stabilized by hydrogen-bonds
between amino hydrogens (donors) and carboxyl oxygens (acceptors) in the
backbone. The specific amino acid sequence determines the torsion angles Φ
and Ψ within the amino acid residues in a polypeptide. Repeating values of the
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torsion angles along the polypeptide backbone results in regular structure.
Consecutive values of -60° and -50° of Φ and Ψ respectively, causes the
backbone to spiral and adopt an α-helical conformation (Figure 1.3, left). Each
completed turn in the helix corresponds to 3.6 amino acid residues and stretches
5.4 Å per turn. Hydrogen bonding occurs between the carboxyl oxygen on
residue n and the amino hydrogen on residue n+4, and the tight packing of
atoms within the helix allows for favorable van der Waals interactions. The side
chains protrude from the α-helix, thus eliminating steric interference with the
helical backbone.

Figure 1.3 Secondary structure elements (α-helix to the left and β-sheet to the right) in
proteins is a result from hydrogen bonds between repetitive backbone constituents. (PBD
2
3
entries: 2GP8 and 3KG0 , respectively)

Another regular conformation of a polypeptide backbone is the β-sheet (Figure
1.3, right), with Φ and Ψ values of -110° to -140° and +110° to +135°
respectively. The basic unit of this structural element is the β-strand; an
extended stretch of amino acid residues, only marginally stable. When
incorporated into a β-sheet, favorable hydrogen bonding between the carboxyl
oxygens on one strand and the amino hydrogens on an adjacent strand stabilizes
the structure. Depending on the direction of the N- and C-terminals in the
polypeptide chains, the flanking β-strands can be parallel or antiparallel. The
side chain of each amino acid residue is rotated by 180° with respect to the
preceding one. A difference compared to the α-helix is that interactions between
the amino acid residue side chains may take place among those that are distant
in primary structure, whereas in the α-helix interactions usually take places
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between amino acid residue side chains in close vicinity. In addition to the
regular elements found in the secondary structures, proteins can also contain
highly structured and stable elements lacking regularity. These elements often
form loops on the protein surface. Even though most proteins adopt stable
conformations, naturally unfolded proteins exist4, and can for instance fold upon
binding to an interactant5.
As a protein folds, the complexity of interactions increases dramatically. The
overall topology of the folded polypeptide chain is termed the tertiary structure6
(Figure 1.4, left). The tertiary structure is stabilized by several factors, including
hydrophobic clustering, ionic bonds, hydrogen bonds as well as van der Waals
interactions and covalent bridges. In an aqueous environment, soluble proteins
display their lowest free energy, i.e. the most stable conformation, when the
hydrophobic parts are buried and hydrophilic and charged parts are exposed on
the surface. In the unfolded state, water molecules are specifically ordered
around the polypeptide chain, coating the hydrophobic residues.

Figure 1.4 (Left) Tertiary structure of an immunoglobulin fold where the β-strands are
7

aligned into a sandwich shape (PBD entry: 1TEN ). (Right) The sum of the conformational
entropy, the enthalpy of internal interactions and the entropy of water exclusion yields in a
negative total free energy of folding of soluble proteins.

When the polypeptide chain folds the hydrophobic amino acid residues will
interact with each other by van der Waals interactions and are masked by other
parts of the protein, thus water is being excluded (hydrophobic effect)8. As the
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protein forms its native structure, conformational entropy is lost (the factor
driving the protein to its unfolded state) and must be compensated for. Internal
interactions, including van der Waals interactions, (the enthalpy driving the
protein to its folded state) and favorable entropy contributions from water
exclusion result in the decrease of free energy (∆G) of folding of soluble
proteins8 (Figure 1.4, right) according to:

∆G = ∆H − T ∆S

(1.1)

Proteins can be divided into different structural and functional domains.
Different domains may be structurally diverse and display a variety of functions.
Association of protein units into complexes of more than one polypeptide chain
leads to the final level of protein organization, the quaternary structure6,9
(Figure 1.5). Such interactions can be either homotypic (when identical
polypeptides interact) or heterotypic (when different polypeptides interact),
leading to multi subunit proteins. The inter-chain interactions in multi subunit
proteins are stabilized by the same interactions as in the tertiary structure:
hydrophobic interactions, ionic bonds, hydrogen bonds, van der Waals
interactions and covalent bridges.

10

Figure 1.5 Ribbon representation of protein quaternary structure (PBD entry: 1IGT ). The
IgG molecule consists of four polypeptide chains; two heavy chains (light-blue and lightorange) and two light chains (blue and orange).
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1.2 Protein aggregation and amyloid fibrils
The folding of proteins into unique three-dimensional structures is central to
their biological functions in the body. However, the folded state of a protein is
transient and partial unfolding is constantly occurring. The partially unfolded
proteins are, due to exposure of groups otherwise hidden in the native structure,
susceptible to intermolecular interactions with other partially unfolded protein
units. Such interactions may in turn prevent the partially unfolded protein from
returning to the native state. Protein misfolding and aggregation may be an
extension of these folding actions11. Misfolding in a disordered manner leads to
the formation of amorphous aggregates, from which the protein is recruited to
the cellular degradation system. In vitro, amorphous aggregates may precipitate
from solution when they become large. In recombinant protein production,
formation of amorphous aggregates could be the mechanism behind
accumulation of inclusion bodies, an often occurring problem when expressing
mammalian proteins in bacterial expression systems.
Another pathway of aggregation occurs in a highly ordered manner, to form
amyloid fibrils. These structures are characterized by an extensive cross β-sheet
structure and are stabilized by hydrogen bonds between carbonyl and amide
groups in the peptide backbone12. Many proteins have been shown to be capable
of amyloid formation and all amyloid fibrils share the same overall morphology.
It is therefore believed that a vast number of proteins can form this state given
the appropriate conditions11,13. A general pathway for amyloid fibril formation is
illustrated in figure 1.6. The definition of in vivo amyloid (Nomenclature
Committee of the International Society of Amyloidosis) declares that there has
to be tissue deposits, with a distinctive fibril appearance under the transmission
electron microscope and a display of a characteristic X-ray diffraction pattern.
Further the deposits must have affinity for the dye Congo red and when viewed
under polarized light, it must show green birefringence. Significant binding to
ThT is also a common feature for amyloid fibrils14.
Mature amyloid fibrils are typically unbranched structures up to a few µm in
length and 5-10 nm in width. Moreover, they are very resistant to proteolytic
cleavage and highly tolerant toward denaturants.

8
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Figure 1.6 Illustration of a pathway for amyloid fibril formation. Intermediate states can form
aggregated species that may be structurally amorphous and/or further assemble into
amyloid fibrils via a prefibrillar state.

The very first amyloidogenic protein to be observed was the antibody light
chain15, isolated from patients suffering from multiple myeloma. Since then,
many different proteins have been found to form amyloid fibrils in vivo.
Diseases related to amyloid deposits are classified either as localized or systemic.
In the localized type, the amyloidogenic protein is produced at the site where the
deposition occurs, whereas in systemic amyloidosis, the protein production is
distant from the deposits16.

9
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1.3 Antibody structure
Antibodies17 (i.e. immunoglobulins) are globular proteins whose unique function
is to specifically bind to foreign substances invading the host organism, which
induces complex cascade-reactions with the final aim of eliminating the foreign
invaders. Antibodies are a part of the humoral immune system and are produced
by B lymphocytes upon stimulation. Due to great variation on the genetic level,
humans can generate around ten billion unique antibodies, each capable of
binding to individual epitopes.
The antibody structure1,18 comprises four individual units: two heavy chains
(Figure 1.7A, blue) and two light chains (Figure 1.7A, orange). The polypeptide
chains fold into consecutive structural domains, called the immunoglobulin fold
(Figure 1.4, left). This topology is composed by seven antiparallel β-strands
forming a sandwich-like structure. The fold occurs twice in the light chain and
four times in the heavy chain. The chains further assemble into a Y-shaped
quaternary structure (Figure 1.5 and 1.7A), which results in the antibody being
divided in three main parts: two Fab-regions and one Fc-region. Fab is short for
antigen binding fragment and is composed of the light chain (with the two
domains CL and VL) and the CH1 and the VH domains of the heavy chain. This
region is responsible for binding to different antigens through its hypervariable
parts. The base of the Y-shape corresponds to the Fc (crystallizable fragment)
and is the region which binds for example to cell-bound Fc-receptors and
components of the complement system. The subsequent events after such
interactions promote the elimination of the Ig-bound antigen.
Although the general structure of all antibodies is very similar, they are
produced in different varieties known as isotypes. In man, five Ig isotypes
(classes) exist: IgA, IgD, IgE, IgG and IgM. Human IgG is further divided into
four subclasses (IgG1, IgG2, IgG3 and IgG4) and IgA into IgA1 and IgA2. The
diversity in isotype and subclass gives rise to distinct functional properties and
roles in the immune system. The basic structural unit of an antibody is a
monomer, as for IgD, IgE and IgG. Higher order associations exist as well;
secretory IgA is a dimer, i.e. two monomers interconnected by a joining chain
and with a secretory component attached. IgM is produced as a pentamer, also
containing a joining chain.

10
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A

B

Figure 1.7 (A) Schematic view of the main structural features of an IgG antibody. The
heavy chain is composed of the variable domain (VH) and three constant domains (CH1,
CH2, CH3), with N-linked glycans in the CH2 (black circles). The light chain is composed of
one variable domain (VL) and one constant domain (CL). The hinge region separates the Fc
and Fab fragments and inter- and intramolecular disulfide bonds (black lines) stabilize the
protein structure. (B) The number of intermolecular disulfide bonds in the hinge region
varies depending on IgG subclass.
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An antibody may undergo several post-translational modifications, including
variations in glycosylation19, deamidation20, isomerization21 and oxidation22 and
also other, more global structural alterations, e.g. proteolysis23.
The IgG class is the most abundant in serum and constitutes ~80% of the total
Ig-content. The four subclasses of IgG are numbered according to the amount of
each subclass found on average in serum with [IgG1] > [IgG2] > [IgG3] >
[IgG4]. The four subclasses are similar in their primary structure. However,
small differences in sequence give rise to distinctly different properties. IgG1
and especially IgG3 are capable of activating complement, while IgG2 activates
only moderately and IgG4 not at all. Further, IgG of subclasses 1, 3 and 4 can
cross the placenta and are important for the fetus. There is also a large variation
in affinity in binding to FcγRs on phagocytic cells; IgG1 and IgG4 bind with
high affinity, IgG4 with intermediate affinity and IgG2 very weakly.
The most obvious structural differences between the four subclasses are related
to the size of the hinge region and the number of intermolecular disulfide bonds.
IgG3 has a four-fold longer hinge region compared to the other subclasses, with
eleven disulfide bonds (Figure 1.7B). IgG1, IgG2 and IgG4 have two, four and
four disulfide bonds, respectively. An interesting and remarkable feature of
IgG4 is its possibility of chain-exchange, resulting in an antibody capable of
binding to two different antigens at the same time24.
Specific antibodies are produced by injecting an animal with the antigen of
interest. The antibodies formed as result of the immunization process are
polyclonal, i.e. displaying heterogeneity in binding pattern against the antigen.
Monoclonal antibodies specific for a precise epitope on an antigen is produced
by isolating antibody-secreting lymphocytes from the animal fusing them with a
myeloma cell line and isolating a clone producing identical antibodies. The use
of both polyclonal and monoclonal antibodies is fundamental in research, e.g. in
immunoassays, affinity purification, western blotting and immunohistological
staining.

12
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1.4 Antibodies in disease
1.4.1 Autoimmunity and rheumatoid factor
The immune system17 is a marvellously complex organization of different cell
types, antibodies and protein networks that constantly governs the body to find
and destroy foreign invaders. Being responsible for recognizing foreign antigens,
proper antibody function is essential, along with correct, subsequent immune
responses. Adaptive immune reactions occur as a result of the presentation of
foreign molecules (heteroantigens) to adaptive immune cells (T-cells and Bcells). The subsequent T- and B-cell responses can lead to neutralization and/or
elimination of the foreign material, for instance due to specific antibody
formation against the heteroantigens and often, but not always, including
temporary inflammation. Early in life, the adaptive immune system develops
specific tolerance to autoantigens, i.e. “self-molecules” expressed in the own
body. If the immunological tolerance is lost, autoantibodies may be formed,
resulting in immune reactions against autoantigens. This may in turn lead to
reactivity against the body’s own tissues and result in chronic autoimmune
disease.
An example of a chronic inflammatory autoimmune disease is rheumatoid
arthritis (RA). When insufficiently treated, this disease causes permanent tissue
damage, joint deformities and functional impairments, resulting in a reduced
quality of life. Premature death, mainly due to cardiovascular disease, may be
another serious outcome25-28. This disease is associated with the occurrence in
serum of a family of autoantibodies called rheumatoid factor (RF) which is used
as a marker to classify RA-patients into distinct disease groups29 and was one of
the first autoantibodies to be described30. RF is reactive to the Fc portion of IgG
and can be of different isotypes: IgA-RF, IgG-RF and IgM-RF.
Characteristic antigenic epitopes for RF are located in the cleft between the CH2
and CH3 domains in IgG-Fc31. The first high resolution structure ever published
on an autoantibody in complex with its autoantigen is that of human IgG4-Fc
and a monoclonal IgM-RF Fab32 (Figure 1.8). The region in IgG-Fc involved in
RF binding is very similar to those involved in binding of the bacterial proteins
Staphylococcal Protein A and Streptococcal Protein G. The shared binding site
with RF explains the possibility of these proteins to inhibit RF activity and it has
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also been speculated that the origin of RF may be due to anti-idiotypic networks
generating bacterial immunoglobulin-binding protein mimics33. Other RF targetsequences have also been identified via epitope-mapping34-36 but they do not
posses any special auto-immunological potential and are overlapping with, or
flanking, epitopes for antibodies raised by immunization with IgG.

Figure 1.8 Cartoon of human IgG4-Fc (orange, one half of the biological unit) in complex
with a monoclonal IgM-RF Fab (blue). Spheres represent the binding interface, located in
32

the cleft between the CH2 and the CH3 domains. (PDB entry: 1ADQ )

1.4.2 Antibody light (AL) and antibody heavy (AH) amyloidosis
Antibody light chain (AL) amyloidosis is the most common type of systemic
amyloidosis, and an extensive number of amyloidogenic light chain sequences
have been published37,38. In AL amyloidosis the light chain or fragments thereof
are produced by plasma cells in the bone marrow. Both λ and κ chains can form
amyloid with the λ-type being of higher prevalence in an approximate ratio of
3:1. It is difficult and time-consuming to properly diagnose this disease; renal
dysfunction (kidney failure), hepatomegaly (enlarged liver) and heart failure are
the primary symptoms39-41. In contrast to the vast clinical and molecular
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characterization of AL amyloidosis, only a small number of antibody heavy
chain (AH) amyloidosis cases have been described42-50. This type of amyloidosis
is associated with the same symptoms as in AL amyloidosis. To most part,
sequence identification has confirmed that (part of) the VH and CH3 domains are
engaged in this type of disease43-45,47-50.
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2. Alternatively folded states of IgG-Fc
________________________________________________________________

2.1 Molten globules
As every individual polypeptide chain undergoes the folding process, it may
pass through a nearly infinite number of possible conformations in order to
finally fold into its native structure. Throughout this process proteins can form
folded, non-native structures with lifetimes sufficiently long to make them
amenable for characterization. The molten globule is one of the most intensively
studied of these intermediates51. It can be defined as an ensemble of nonnatively folded conformations, with an average degree of secondary structure
similar to that of the native protein, yet loose packing within the hydrophobic
core results in hydrophobic residues with greater solvent exposure52,53. Tertiary
contacts are poor due to the lack of tight packing of amino acid residue side
chains and the overall radius of gyration is increased by about 20% compared to
that of the natively folded protein51. Further, the molten globule state displays
low stability toward chemical denaturation and unfolds in non-cooperative
transitions. Induction of the molten globule ensemble in vitro often occurs
through changes in temperature or pH or by exposure to relatively low
concentrations of a denaturant, leading to destabilization of the native state.
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2.2 Folded states at low pH
When a protein is incubated at low pH, pH-sensitive amino acid side chains are
protonated which can have a drastic effect on the native protein structure, thus
leading to denaturation54. The cause for denaturation is electrostatic repulsion
among the charged side chains. When acidifying a protein solution at a low ionic
strength, the resulting conformation is often a randomly coiled unfolded
structure, although it has been shown that acid-induced denaturation often gives
a less unfolded protein than chemical denaturation induced with e.g. GdmHCl or
urea54. This may be due to the force of electrostatic repulsion being weaker than
the forces stabilizing the tertiary structure, which includes mainly hydrophobic
interactions (including van der Waals interactions), ionic bonds and disulfide
bonds. However, due to the ability of anions to decrease the overall charge
repulsion at low pH, addition of various stabilizing salts may induce a folded,
non-native conformation55,56. Under these conditions, a molten globule is often
observed, but formation of so called A states have also been reported57,58. The A
state shares many properties with the molten globule in that it displays a higher
exposure of hydrophobic residues compared to the native state and chemically
(and thermally) unfolds in non-cooperative transitions. It has been claimed that
different A states differ substantially in compactness of structure, and the same
protein can form a diverse set of A states57. Importantly, the A state is not
always globular in structure. Many proteins have been characterized based on
their propensity to form this state. For example, it has been demonstrated that
different anions can induce three different A states in the Stapylococcal
nuclease57. These different A states vary in size and compactness and display
hydrophobic patches to a different extent. The native secondary structure is
preserved to 50, 70 and ~100%, respectively, although lack of tertiary contacts
characterizes all three states57. Similarly, three different A states have been
observed in apomyoglobulin58.
Another folded state induced by low pH is the so called alternatively folded state
(AFS). The AFS is so far restricted to IgG-related proteins and murine IgG was
one of the first proteins described to form this folded structure59. Later, more
proteins derived from IgG (Fab, VL, VH, CH1 and CH3) have been shown to
adopt the AFS60-63. The AFS is a folded non-native structure distinct from both
the classical molten globule and the A state. The alternatively folded IgG or
IgG-derived proteins share many proerties with proteins forming a molten
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globule or an A state. For instance, they display hydrophobic patches as a result
from a less compact protein conformation, along with loss of rigid tertiary
structural contacts. However, both the molten globule and the A state are less
stable than the native state, reflected in the lower tolerance toward chemically
induced unfolding which often occurs in non-cooperative transitions. In contrast,
the AFS displays a higher chemical stability compared to the native state and,
importantly, unfolding from the AFS occurs in cooperative transitions. The A
state and in particular the molten globule display secondary structure similar to
the native state, while it is dramatically changed in the AFS. In addition, the
formation of the AFS is often accompanied by drastic changes in quaternary
structure through the formation of oligomers.
AFS formation has previously only been described under acidic conditions;
however, this thesis expands the view of when IgG-derived proteins can form
this structural state. Paper I describes the AFS of hIgG4-Fc, induced by heating
to 75°C at neutral pH and at a physiological salt concentration. Section 2.3.1
presents the essential properties of the thermally induced AFS of hIgG4-Fc.
Paper II presents another AFS of hIgG4-Fc induced by the classical conditions
involving acidification in the presence of NaCl. The acid-induced AFS is
described in section 2.3.2.

2.3 Alternatively folded states in human IgG-Fc
2.3.1 Thermal induction of an alternatively folded state in hIgG4-Fc
Heating of all-β-sheet proteins may result in significant structural changes on the
secondary and tertiary levels64. In some cases heating causes structural
rearrangements into an α-helical structure which can be both reversible and
irreversible65,66. Heating of hIgG4-Fc results in total disruption of the native
structure reflected at secondary, tertiary and quaternary levels. The far-UV CD
spectrum of native hIgG4-Fc displays a dip in negative ellipticity at 216 nm that
is characteristic of β-sheet proteins67 (Figure 2.1B, solid line). When monitoring
the mean residue ellipticity at 216 nm during temperature ramping, a dramatic
increase in negative ellipticity between 60°C 75°C (Figure 2.1A) indicates a
cooperative structural rearrangement that is not equivalent with the formation of
a randomly coiled structure. Rather, it can be interpreted as an increase in β-
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sheet structure, as evident from the full far-UV spectrum at 75°C (Figure 2.1B,
dashed line). The structural changes induced by heating can be regarded as an
irreversible process. This is evident from the spectrum in figure 2.1B (dotted
line) of the sample re-equilibrated at 25°C which shows the same overall shape,
although slightly decreased in negative ellipticity.

A

B

Figure 2.1 Far-UV CD analysis of hIgG4-Fc. (A) Mean residue ellipticity monitored at 216
nm during temperature ramping. (B) Full far-UV CD spectra recorded ay 25°C (solid line),
after equilibration at 75°C (dashed line) and after re-equilibration at 25°C (dotted line).

Because of the large number of tryptophan residues evenly distributed
throughout hIgG4-Fc, monitoring of the changes in intrinsic fluorescence is a
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sensitive way to probe global structural alterations on the tertiary level. The red
shift of the wavelength at maximum intensity was monitored during temperature
ramping (Figure 2.2). It was revealed that heating is associated with the
formation of a less compact protein conformation where tryptophan residues are
accessed by solvent molecules. When thermal denaturation monitored by a
peptide backbone sensitive technique (far-UV CD) was compared to monitoring
with an environmentally sensitive technique (intrinsic tryptophan fluorescence)
it was revealed, as expected, that the tertiary structural contacts are affected
before the secondary structure. The midpoint of transition for denaturation of the
peptide backbone is shifted by 8°C toward higher temperatures.

Figure 2.2 Wavelength at maximum intensity of the intrinsic tryptophan fluorescence from a
sample of hIgG4-Fc monitored during temperature ramping. Solid line represents leastsquare fit to a two-state model.

To investigate whether the structural changes in secondary and tertiary structure
were associated with hydrophobic patches being exposed on the protein surface,
binding of the probe ANS was investigated. When ANS binds to hydrophobic
regions in proteins, its emission intensity increases, along with a characteristic
blue shift of the wavelength at maximum intensity of the fluorescence signal68.
Indeed, when heating hIgG4-Fc the ANS fluorescence starts to increase at
around 50°C to reach a maximum at 68°C (Figure 2.3).
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Figure 2.3 ANS fluorescence emission from a sample of hIgG4-Fc monitored during
temperature ramping.

An important feature that distinguishes the AFS from a classical molten globule
is that it displays an apparently higher stability compared to the native protein,
as reflected in the increased tolerance toward GdmHCl unfolding (Figure 2.4).
Importantly, hIgG4-Fc (heat treated for 10 min at 75°C) unfolds in a cooperative
transition, although somewhat less cooperatively compared to the native protein.
Another notable aspect of this structural state is that heat-treated hIgG4-Fc
forms higher order assemblies, dominated by an equilibrium between
monomeric and heptameric species, with 20% of the protein in heptameric form
at the given conditions. It is reasonable to expect that the solvent-exposure of
hydrophobic residues is responsible for interchain interactions between
individual hIgG-Fc units, thus promoting oligomerization.
In summary, heating of hIgG4-Fc to 75°C involves the formation of a state
which structurally shares many of the characteristics of the AFS rather than a
molten globule or a randomly coiled unfolded structure. This section has
focused on hIgG-Fc of subclass 4. Indeed, initial analysis of the ability of other
subclasses to form this structural state in terms of far-UV CD spectral behavior
at elevated temperatures suggests that this may not be a general feature among
all subclasses. A further subclass-wide characterization is warranted to explain
the determinants for AFS-formation at elevated temperatures.
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Figure 2.4 Stability of hIgG4-Fc toward GdmHCl-induced unfolding. Unfolding transitions
monitored with intrinsic tryptophan fluorescence of the native protein (□) and heat-treated
protein (75°C for 10 min) after re-equilibration at 25°C ( ▲). Solid lines represent least
square fits.

2.3.2 Acid induction of an alternatively folded state in hIgG4-Fc
The AFS of the murine IgG1 antibody domain CH3 has been extensively
characterized by Buchner and colleagues69. This protein is known to form an
AFS upon acidification in the presence of anions. The CH3 domain is composed
of an antiparallel β-sheet immunoglobulin fold stabilized by an intra-molecular
disulfide bridge. Native CH3 is a dimer with a molecular weight around 26,000
Daltons and has a typical β-sheet appearance in far-UV CD. Upon acidification
of the protein in solution at a low ionic strength, CH3 completely unfolds into a
random structure. However, the addition of anions induces drastic structural
rearrangements in the protein, yielding a conformation with distinctly different
secondary structure when compared with the native state. Further, the AFS of
murine CH3 involves the formation of a defined oligomeric state of a dodeca- to
tetradecamers and importantly, it displays an apparently higher stability toward
chemically induced unfolding, proceeding in cooperative transitions. Because
CH3, which constitutes on half of IgG-Fc, forms an AFS at acidic pH it was
relevant to investigate the entire Fc-fragment in this respect.
Paper II describes a second AFS of hIgG4-Fc, beside the thermally induced state
described in section 2.3.1. Presented here is the formation of an AFS by
acidification in the presence of anions. This AFS also shares key properties with
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the states previously described for the murine CH3 and other IgG-derived
proteins60. This section gives an overview of the most important structural
characteristics.
When decreasing the pH from 7.4 to 2.0 at a physiological salt concentration
there is a pronounced blue-shift of the minimum of the negative ellipticity in the
far-UV CD spectrum from 216 nm to 206-208 nm (Figure 2.5, dashed line). It is
evident that this reflects a structural rearrangement that is distinct from the
formation of a random coil, as well as from the native structure (Figure 2.5,
solid line). The thermally induced AFS of hIgG4-Fc forms in an irreversible
process, while the CH3 dimer displays a fully reversible transition62.
Reversibility was investigated for the acid induced AFS of hIgG4-Fc; after reequilibration at 7.4 only partial refolding to the native state was observed
(Figure 2.5, dotted line). The difference in reversibility when comparing hIgG4Fc and CH3 may be explained by the difference in size of the two proteins.
Possibly, it may be more difficult to find the refolding pathway in the larger Fcfragment.

Figure 2.5 Far-UV CD analysis of hIgG4-Fc. Spectra recorded in PBS pH 7.4 (solid line),
after dialysis to PBS pH 2.0 (dashed line) and after dialysis back to PBS pH 7.4 (dotted
line).

Acidification of hIgG4-Fc in the absence of NaCl results in what appears to be
an acid-unfolded randomly coiled structure, as judged by the far-UV CD
spectrum (not shown). The structural transition to the AFS is highly dependent
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on anion concentration. Titration with NaCl reveals that AFS formation occurs
in a broad interval of concentrations, with a midpoint of transition at 28 mM
(Figure 2.6A). In contrast, with the CH3 domain the corresponding transition is
highly cooperative and has a midpoint at ~50 mM NaCl62. Structural changes are
fast and occur immediately during stepwise addition of NaCl.

A

B

Figure 2.6 (A) Titration of hIgG4-Fc at pH 2.0 with NaCl monitored by Far-UV CD. Inset
shows spectra (mean residue ellipticity versus wavelength) at 140, 50, 10 and 0 mM NaCl
(from top). (B) pH dependence of the formation of the alternatively folded hIgG4-Fc at 140
mM NaCl. Inset shows spectra (mean residue ellipticity versus wavelength) at pH 7.5, 3.5
and 2.0 (from top).
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Upon decreasing the pH of hIgG4-Fc solutions with 140 mM NaCl (Figure
2.6B), the protein retains its native structure until pH 4.5, followed by a
cooperative structural transition with similarities to that of the CH3 domain. The
midpoint of transition occurs at pH 3.3 and at pH values ≤ 2.0 the protein has
fully adopted the AFS. For the CH3 domain however, this is observed at slightly
higher pH values (with a midpoint at pH 4.0 and a fully developed AFS at pH ≤
3.8).
To further investigate structural changes on the tertiary level, analysis of
environmental changes in the vicinity of the eight tryptophan residues upon
acidification was performed. At pH 2.0 in the presence of NaCl there is a slight
red shift of the wavelength at maximum intensity compared with the emission
spectrum of native hIgG4-Fc (Figure 2.7). This indicates the formation of a less
compact protein structure where loose packing of the amino acid residue side
chains result in solvent exposure of tryptophans. Tryptophan residues in native
proteins are often quenched internally by local contacts with either disulfide
bridges or each other70. In hIgG4-Fc, four of the tryptophan residues are in the
proximity of disulfide bridges32. Physical separation of these groups resulting in
reduced quenching is the probable explanation for the accompanying increase in
fluorescence intensity observed at pH 2.0

Figure 2.7 Intrinsic tryptophan fluorescence from hIgG4-Fc in PBS pH 7.4 (solid line) and
PBS pH 2.0 (dashed line).
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In line with a less compact protein structure, addition of ANS to hIgG4-Fc under
AFS forming conditions clearly demonstrates significant binding of the probe to
the protein in this state (Figure 2.8, dashed line). At these instrumentation
settings no ANS binding to either the native protein or to the chemically
unfolded protein is observed (Figure 2.8, solid and dash-dot lines, respectively).
This implies extensive exposure of hydrophobic patches on the surface of
hIgG4-Fc at pH 2.0.

Figure 2.8 ANS emission spectra recorded in PBS pH 7.4 (solid line), PBS pH 2.0 (dashed
line) and in 5 M GdmHCl (dash-dot line).

Acidification of proteins in general can have different effects on the structural
conformation and function71. Some proteins lose all their native contacts and
unfold into a random structure, while some are sufficiently stable to retain the
native conformation. Others adopt non-native conformations with or without
preserved activity72-74. At pH 2.0, hIgG4-Fc displays many of the properties
observed for the A state and the classical molten globule, but significant
differences exist. The apparent increase in chemical stability, as deduced form
data in figure 2.9, is an important feature distinguishing the present state from
the A state. Oligomerization (resulting in a dimer – dodecamer equilibrium), in
all probability attributable to interactions between exposed hydrophobic regions
among individual hIgG4-Fc units, further shows that this protein fulfils the
criteria of forming an AFS at pH 2.0 in the presence of NaCl.
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Figure 2.9 Stability of hIgG4-Fc toward GdmHCl-induced unfolding monitored by intrinsic
tryptophan fluorescence. Unfolding transitions of the native protein at pH 7.4 (□, same
dataset as in figure 2.4) and at pH 2.0 (▲) are shown. Solid lines represent least square fits.

2.4 In vitro amyloid fibril formation of human IgG-Fc
As described in section 2.3.1, thermal denaturation of hIgG4-Fc results in the
formation of an AFS. Heating of proteins has been associated with the formation
of amyloid structures and certain antibody fragments have been identified in
different kinds of amyloidosis. The possibility of hIgG4-Fc being capable of
amyloid fibril formation was therefore investigated in paper III. This chapter
presents the effects of prolonged incubation of hIgG4-Fc at 75°C, along with an
investigation of the amyloidogenic properties of this protein.
Due to the extensive characterization of hIgG4-Fc regarding AFS-formation in
Papers I and II, this subclass was at special focus also in Paper III on the
formation of amyloid fibrils. In vitro formation of amyloid fibrils has been
claimed to be a generic property of proteins11 and is not only restricted to those
related to amyloidosis13. It often involves destabilization of the native protein by
low pH, heating or exposure to moderate amounts of denaturant75. In vitro
amyloid formation of antibody light chain fragments has been obtained at both
neutral and acidic pH and with or without the addition of denaturants, typically
at 37°C76-81. Agitation is sometimes a prerequisite. Here, amyloid formation was
obtained by quiescent incubation at neutral pH and at a physiological salt
concentration at 75°C.
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Binding of ThT to hIgG4-Fc (Figure 2.10) was monitored during quiescent
incubation at 75°C and the binding profile greatly resembles that of the common
lag-growth-plateau trajectories displayed by many amyloidogenic proteins82-84.
The lag-phase during the first 20 min of incubation is followed by a relatively
long growth-phase to finally reach a plateau after ~20 h. It is likely that
nucleation within the first 20 min is the rate limiting step.

Figure 2.10 ThT fluorescence from a sample of hIgG4-Fc and ThT monitored during
incubation at 75°C. The first data point correspond s to the ThT signal for the native protein
before heating.

Concurrently with the analysis of ThT binding, TEM was used to investigate the
morphologies of the different aggregates forming upon heating. During the
growth-phase there is great variation in morphology. Already in the period of
0.5 – 2 h mature fibrils along with smaller oligomeric species (Figure 2.11B) are
present but more amorphous assemblies (Figure 2.11A) and large ribbon-like
structures (Figure 2.11C) can also be observed. Reaching the plateau, at 20 h,
more homogeneous structures are obtained, with mature fibrils being the
dominating species (Figure 2.11D). The fibrils formed after 20 h further
assemble into twisted conformations made up by several fibril units (Figure
2.11E). Interestingly, the early formed aggregates with apparent morphological
disorder mature into fibrils and are no longer visible in the TEM.
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Figure 2.11 Transmission electron micrographs of hIgG4-Fc after incubation at 75°C for
0.5-2 h (A-C) and 20 h (D-E). (Bars: A-B: 200 nm, C: 2 µm, D-E: 500 nm.)

The significant increase in ThT-binding to hIgG4-Fc after 20 h incubation
compared to binding to the native protein (Figure 2.10) classifies the fibrils as
thioflavinophilic, a characteristic property of amyloid structures85. Although not
being considered one of the “defining” criteria for amyloid, ThT binding is still
a common method to probe its formation. More established in amyloid
characterization is green birefringence upon staining with Congo red85. After 20
h incubation, green birefringence is indeed observed in the polarization
microscope (Figure 2.12), thus qualifying the hIgG4-Fc to be denoted amyloid.

Figure 2.12 Micrographs of hIgG4-Fc stained with Congo red after incubation at 75°C for
20 h with aligned (A) and crossed (B) polarizers. (Bars: 10 µm).
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The sequence and native three-dimensional structure of the different hIgG-Fc
are to a great extent very similar. Interestingly however, heating of the four
different subclasses of hIgG-Fc results in subclass-specific changes of the
secondary structure. This is reflected in their far-UV CD spectra (Figure 2.13A).

A

B

Figure 2.13 (A) Far-UV CD analysis of of hIgG1-Fc (solid line), hIgG2-Fc (dashed line),
hIgG3-Fc (dotted line) and hIgG4-Fc (dash-dot line) after heating to 75° and re-equilibration
at 25°C. (B) Mean residue ellipticity at 216 nm of hIgG1-Fc (black), hIgG2-Fc (dark grey),
hIgG3-Fc (medium grey) and hIgG4-Fc (light grey) in PBS pH 7.4 monitored during
temperature ramping.
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The spectrum of heat-treated hIgG4-Fc displays a dip at 214 nm while the
spectra of hIgG2-Fc and hIgG3-Fc display dips at 206 nm and 203 nm,
respectively, indicating a more pronounced contribution from the random coil
structure. The spectrum of heat-treated hIgG1-Fc does not display a welldefined minimum between 200 and 230 nm. When monitoring the thermal
denaturation of the different hIgG-Fc subclasses at 216 nm (Figure 2.13B), there
is a dramatic increase in negative ellipticity between 60°C and 75°C for hIgG-Fc
of subclasses 2-4 while the same transition is shifted ~10°C toward higher
temperatures for hIgG1-Fc.
When subclasses 1-3 were subjected to quiescent incubation at 75°C for 20 h
fibrils of hIgG2-Fc and hIgG3-Fc were observed (Figure 2.14C and D,
respectively). Neither fibrils nor disordered aggregates could be detected for
hIgG1-Fc under these conditions (Figure 2.14A). The profile of the far-UV CD
denaturation curve for this particular subclass is shifted 10°C toward higher
temperature (Figure 2.13B, black line). Indeed, quiescent incubation at 85°C
during 20 h results in fibril formation (Figure 2.14B). The hIgG1-Fc fibrils are
in the 0.5 µm range and shorter than those obtained with hIgG-Fc of subclasses
2-4 which are up to three to four µm in length. Despite the differences in
structure upon heating of these proteins, all subclasses are de facto capable of
forming fibrils.

Figure 2.14 Transmission electron micrographs of hIgG1-Fc after incubation at 75°C (A)
and at 85°C (B) and hIgG2-Fc (C) and hIgG3-Fc (D) a fter incubation at 75°C. All samples
were incubated for 20 h. (Bars: 500 nm.)
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2.4.1 Acid-induced aggregation of hIgG4-Fc
As both heating and acidification of hIgG4-Fc is associated with the formation
of an AFS, and as prolonged heating results in amyloid fibrils, the tendency of
hIgG4-Fc folded into the acid-induced AFS to form amyloid fibrils was
investigated. In vitro amyloid fibrils of IgG light chain fragments have been
obtained at low pH, at 37°C and with agitation. Indeed, when incubating hIgG4Fc under these conditions, thioflavinophilic (Figure 2.15B) and congophilic
structures (Figure 2.15C-D) are formed after eight hours. In accordance with the
pH-dependence of AFS-formation monitored by far-UV CD (Figure 2.6B), the
ThT binding to hIgG4-Fc increases with lower pH values (Figure 2.15A). In
contrast to heat-incubation (20 h) which results in mature amyloid fibrils,
incubation at low pH, 37°C with agitation does not result in fibrillar structures
(Figure 2.15E). Rather, the formed aggregates can be considered pre-fibrillar in
nature.

E

Figure 2.15 ThT binding to hIgG4-Fc after incubation at different pH values (A) and during
prolonged incubation in PBS pH 2.0 with agitation at 37°C (B). Solid lines represent least
square fits. Micrographs of hIgG4-Fc stained with Congo red with open (C) and crossed (D)
polarizers (Bars: 10 µm) and a transmission electron micrograph (E) (Bar: 200 nm), all
recorded after 8 h incubation, are also shown.
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2.5 Summary
The IgG molecule is an important protein in the host defense of mammalian
species. Being a part of the humoral immune system it relies on proper folding
and stability to be able to perform its function. The different human IgG
subclasses are to a great extent similar in sequence as well as in the secondary,
tertiary and quaternary structures. The physical properties and chemical stability
of antibodies has been extensively studied for many years. Of special interest to
this thesis, it has been shown that they may undergo aggregation and pH and
thermally induced conformational changes.
Heating of proteins may result in unfolding; however, many proteins undergo
drastic structural rearrangements at the secondary and tertiary levels. Similarly,
acidification of protein solutions often results in the adoption of non-native
folded states. These conformations often share key properties with the classic
descriptions of the molten globule and anion-induced A states. In contrast,
exposure of IgG and parts thereof to acidic conditions leads to another state first
described for the intact IgG molecule, the AFS59. This state is distinguished
from the classical molten globule and the A state by its remarkable stability
against chemical denaturation which often proceeds in cooperative transitions.
Further, oligomerization of AFS folded proteins is often observed.
Paper I describes for the first time that acidification in the presence of anions is
not an absolute prerequisite of AFS-formation, but that this state can also be
induced by heating at neutral pH. Paper II contributes to further mapping of
which individual IgG-domains and fragments that can form an AFS under the
previously studied acidic conditions. Even though analysis of intact IgG, IgGFab and most of the IgG domains has resulted in a general knowledge on the
fundamentals of the AFS, the entire Fc-fragment has never been investigated in
that respect. Interestingly, hIgG4-Fc is capable of forming at least two
structurally distinct alternative folds, the properties of which are in agreement
with what has been reported for AFS by Buchner and colleagues60,62. The
thermally induced AFS of hIgG4-Fc displays a well-defined dip in its far-UV
CD spectrum at 214 nm, which indicates structural similarities on the secondary
level with the AFS for murine CH3, CH1, VH, VL and Fab, that also have their
dips around the same wavelength60,62. The dip in far-UV CD for the intact
murine IgG molecule at pH 2 in the presence of anions is slightly more blue-
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shifted in comparison59, indicating more contribution from the random coil. The
acid induced AFS of hIgG4-Fc shows an even further blue-shift, with a dip at
206-208 nm.

Table 2.1 Summary of data showing conformational differences in hIgG4-Fc.

Dip in far-UV
CD spectrum

Tryptophan
λmax

Cm a

Oligomeric
stateb

Native

216 nm

338 nm

1.5 M

monomer

Heat induced AFS

214 nm

348 nm

1.9 M

monomer, 7-mer

Acid induced AFS

206-208 nm

343 nm

2.2 M

dimer, 12-mer

a

stability paramater obtained from GdmHCl-induced unfolding, bmonomer
refers to the dimer of the Fc-fragment.

The effect of AFS formation on the tertiary level is even more protein specific.
VL and CH1 display a wavelength of maximum intrinsic tryptophan fluorescence
at ~350 nm, in line with the lack of tertiary contacts determined from their nearUV CD spectra60. The near-UV CD signals are to a great extent lost during AFS
formation of CH3 as well, and the intrinsic fluorescence displays its maximum at
343 nm, which is in accordance with the acid induced AFS of hIgG4-Fc. The
thermally induced AFS is red shifted further, to 348 nm, indicative of the
tryptophan residues being more solvent exposed. Interestingly with VH, the
alterations in the tertiary structure are different compared to the other cases. The
near-UV CD signals indicate significant tertiary contacts present at pH 2 in the
presence of anions. Further, the tryptophan fluorescence spectrum does not shift,
but displays maximum intensity at 338 nm60, a wavelength associated with
natively folded proteins.
Increase in apparent stability toward chemical denaturants is a general property
of an AFS. This is also the case with hIgG4-Fc as revealed by the higher Cmvalues obtained from the unfolding curves. Notably, the increase is more
pronounced for the acid induced AFS. As unfolding probably involves
dissociation of oligomers, this may be explained by the fact that acid-incubated
hIgG4-Fc is oligomerized to a much lager extent than the heat-incubated protein.
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Formation of exposed hydrophobic patches in all described AFS-folded proteins
so far is associated with the assembly of different oligomeric states involving
~5-40 monomeric units. Investigation of the two alternative folds of hIgG4-Fc
revealed that in PBS at pH 2 there is an equilibrium between dimer and
dodecamer (with 60% of the protein in the dodecameric form) while the
thermally induced AFS is associated with a monomer-heptamer equilibrium
(with 20% of the protein as heptamers). Changes in the quaternary structure of
many IgG light chain fragments have been associated with the formation of
higher order assemblies. Amyloid fibrils of light chains are deposited in various
organs of patients with AL amyloidosis. A significant number of light chain
sequences have been accounted for as amyloidogenic, both in vivo and in vitro.
In contrast, only a few heavy chain fragments have been isolated from patients,
and AH amyloidosis is rare. Paper III reports that in vitro fibrillation is also
possible for the Fc-fragment of all human IgG subclasses. The findings in Paper
III broaden the view on which parts of the IgG molecule that can undergo
fibrillation. Considering the fact that IgG-CH3 has been found in in vivo amyloid
deposits, Paper III is an important contribution which invites further studies on
the possibility of involvement of the Fc-fragment in disease.
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3. IgG-Fc interactions in disease
________________________________________________________________

3.1 Fc receptors
The opsonization of an antigen by immunoglobulins is one of the important
processes underlying the removal of an antigen from circulation in the body.
Cells expressing specific Fc-receptors (FcRs) on their surface are responsible for
this immunological response by binding to the Fc part of the immunoglobulin17.
This process initiates e.g. phagocytosis of the foreign antigens recognized by
antibodies. Besides phagocytosis of antibody-opsonized particles or endocytosis
of antibody-antigen immune complexes, other mechanisms are activated, e.g.
plasma cell antibody production, antibody dependent cell-mediated cytotoxicity
(ADCC) and secretion of pro-inflammatory cytokines that in turn activate other
components of the immune system. Ligation of some FcRs can, on the contrary,
exert down-regulatory/anti-inflammatory effects.
Immunoglobulins are recognized by FcRs in an isotype specific manner; IgG is
recognized by FcγRs, IgA by FcαRs and IgE by FcεRs86. Hence, in the
interaction of an immune cell with IgG-opsonized particles and soluble antigens,
FcγRs are engaged. FcγRs are type I transmembrane proteins comprising two or
three immunoglobulin domains and different cells of the immune system express
different FcRs. Three classes of human FcγRs have been characterized: the highaffinity FcγRI and the low/medium-affinity FcγRII and FcγRIII. Both of the
latter FcγRs can further be divided into two subclasses: a and b. FcγRIIIa is
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found on monocytes, macrophages and natural killer cells. In contrast to all the
other FcγRs which are activating/pro-inflammatory, FcγRIIb (e.g. on B-cells and
other antigen-presenting cells) is inactivating/anti-inflammatory.
3.2 IgG presenting surface as an in vitro immune complex-model
There is currently a renewed interest in antibodies, immune complexes (ICs),
and their specific receptors in relation to etiopathogenesis and treatment of
autoimmune diseases, e.g. RA86,87. Despite the fundamental importance of IgGIC/FcγR interactions, most in vitro IC-models (e.g. heat-aggregated IgG) show
limitations in reproducibility and control of size. Paper IV describes a designed
surface where the IgG density can be controlled. This surface acts as an in vitro
model for IC-mediated stimulation of leukocytes. A molecular system was
designed to allow the presentation of IgG-Fc to cell surface FcγRs on monocytes
and to investigate whether the IgG density affected cell adhesion (Figure 3.1).

Figure 3.1 Schematic illustration of the surface design for the analysis of IgG-densitydependence of monocyte adhesion. The monoclonal IgG1 antibody rituximab was
immobilized at different densities to a mixed SAM of oligo(ethylene glycol)-containing
alkane thiolates on gold via a CD20-derived peptide linked to neutravidin.

3.2.1 Interaction between rituximab and a CD20-derived peptide epitope
The chimeric monoclonal antibody Rituximab is a therapeutic antibody which
comprises human IgG1 constant regions and mouse variable regions. Its target is
CD20, a membrane protein located on the surface of B-cells. CD20 has no
known natural function, but it is believed that it forms a calcium channel and it
has been shown that it associates with MHC class II molecules88. Rituximab is
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used to treat different types of lymphomas and various autoimmune diseases89,90.
Binder et al. described the CD20 epitope recognized by rituximab91. Phage
display libraries were used to select peptides binding to the antibody. The
epitope was identified to a large extracellular loop comprising residues 163-187.
Figure 3.2 (right) shows an illustration of the proposed topology of the
extracellular domain. An intra-molecular disulfide has been found to be of great
importance for the interaction88. Du et al. presented the crystal structure of the
complex of rituximab-Fab and the CD20 epitope peptide corresponding to
amino acids 163-18792. The peptide indeed adopts a cyclic conformation and the
recognition and binding is greatly affected by the 170ANPS173 motif being deeply
embedded in a pocket of the antibody surface.

Figure 3.2 (Left) Sensorgrams showing the interaction between rituximab and immobilized
pCD20ox (solid line) and pCD20red (dashed line). (Right) Illustration of CD20 as presented
on the extracellular region of a B-cell membrane. Amino acids marked in grey indicate the
residues in the synthetic epitope-peptide (pCD20) and those marked in blue constitute the
ANPS binding motif. Cysteine residues marked in yellow form an intramolecular disulfide
bond.

In Paper IV, a biotinylated peptide with reduced cysteine residues (pCD20red)
was synthesized on the solid phase. This peptide comprises the linear epitope
170
ANPS173 and the two cysteine residues (167 and 183) that form a disulfide in
CD20. To ensure functional stability of the IC-mimic surfaces a high affinity
interaction between rituximab and the surface bound peptide epitope was desired.
Blasco et al. argued, regarding the oxidation state of pCD20, that a disulfide
bond does not influence rituximab binding93, while others have demonstrated the
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importance of an intact disulfide bond for rituximab binding to full length
CD2088. SPR analysis of rituximab binding to pCD20 at different states of
oxidation revealed that 400% higher degree of complex formation was observed
with the oxidized peptide (at the chosen rituximab concentration and comparable
immobilization levels of the two peptides). Figure 3.2 (left) shows a much
slower post-injection phase for the oxidized peptide compared to the reduced
peptide, indicative of a slower dissociation of the rituximab complex with that
peptide. An explanation for the increase in binding strength for the oxidized
peptide could be the unique cyclic structure that pCD20 adopts when oxidized.
The rituximab/pCD20-complex presented by Du et al. indeed shows that this
loop-motif is deeply embedded in the rituximab-Fab hypervariable region92. The
reduced peptide would clearly display more degrees of rotational freedom, as a
result of a more open structure, which would probably have an effect on the
binding strength of rituximab. The peptide pCD20ox was thus used in the ICmimic surface design.
3.2.2 Surface design and characterization
SAMs on gold provide physical and chemical flexibility in the design of model
surfaces mimicking biological interfaces94,95. In Paper IV mixed SAMs of
oligo(ethylene glycol)-containing carboxyl- and methoxy-terminated alkane
thiolates on gold were used as a biologically inert anchoring layer for
immobilization. The repetitive ethylene glycol units are associated with
attractive protein repellent properties desired in surfaces used in biological
systems94,96. The carboxyl group was used to covalently attach the biotinbinding protein neutravidin. The lateral distribution of neutravidin was
controlled by varying the fraction of the carboxyl-terminated thiolate in the
mixed SAM.
The carboxyl groups on the different SAMs were activated using 1-ethyl-3-(3dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide, followed by
immobilization of neutravidin. The peptide pCD20ox was linked to neutravidin
(illustrated in Figure 3.1, bottom) followed by subsequent injection of rituximab
into the flow chamber. When describing the surface concentration of rituximab,
references are based on the percentage of carboxyl-terminated alkane thiol in the
incubation solution when preparing the SAMs. Percentages analyzed were 0, 2.5,
5, 10, 20, 40, 80 and 100%. The corresponding surface fraction of the respective
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thiolate may deviate from this number97. The surfaces were characterized
regarding their capability of binding rituximab. Wettability measurements of the
SAMs yielded a static contact angle of around 50° for the surfaces with the
lowest fraction of carboxyl-terminated thiolates. However, as the carboxylcontent on the surfaces increased, the contact angles decreased to reach a
minimum at around 35° (Figure 3.3).

Figure 3.3 Static contact angles (∆) and rituximab SPR response (□) versus the solution
fraction of acid-terminated thiol.

Low contact angles with water are related to hydrophilic surfaces, and should be
expected for surfaces with high surface content of carboxyl groups. To further
evaluate the binding capacity of rituximab to the surfaces, the complete
molecular assembly on the surfaces was monitored by SPR. The rituximab
responses at the different surfaces are shown in figure 3.3. There is a strong
negative correlation between contact angle and bound rituximab. Interestingly,
very low amounts of rituximab was found on surfaces with low carboxyl content,
most likely due to insufficient electrostatic attraction of the protein to the surface.
Between relative carboxyl concentrations of 10% and 40%, tuning of rituximab
surface concentration is possible.
3.2.3 Cell adhesion propensity for immune complex-model surfaces
To verify the capability of the surfaces to function as an in vitro IC-model, the
surface adhesion of human monocytes (cell line U937) was investigated. This
particular cell line has been shown to express FcγRs98-100. Incubation of the
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different surfaces in cell cultures for 24 h revealed a quantitative cell adhesion
maximum on surfaces with 20-40% carboxyl-terminated thiolate (Figure 3.4).

Figure 3.4 Monocytes (U937) adhered to surfaces presenting human IgG at different
densities. Percentages relate to the solution fraction of acid terminated thiol in the SAM.
The bound cells were visualized by staining for filamentous actin. (Bars = 10 µm)

This maximum occurs in the dynamic region where tuning of the IgG density is
possible (Figure 3.3). An explanation to this phenomenon could be that the
lateral distribution of FcγRs expressed on the monocytes matches the density of
presented IgG-Fc on the IC-model surfaces. This would then allow for optimal
binding possibilities for FcγRs to IgG-Fc. From almost non-existing cellular
adhesion to control surfaces lacking rituximab it can be concluded that it is in
fact the exposure of IgG-Fc and not surface wettability per se that facilitates
cellular adhesion. Differences in surface properties, e.g. wettability, have been
found to affect mammalian cells and their behavior at related interfaces101.
However, the protein repellent property of the ethylene glycol-containing SAMs
used in Paper IV eliminates this risk. This IC-model, mimicking an IgGopsonized surface, allows for highly controllable experiments where adjustable
lateral distribution of IgG is desired and can be of potential use in studies on the
importance of FcγR-mediated immune response in chronic immune-mediated
diseases.
3.3 Assays for IgG rheumatoid factor
Patients suffering from the chronic inflammatory disease RA are diagnosed
according to criteria established by the World Health Organization International
Classification of Diagnoses (ICD-10). Occurrence of autoantibodies to
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citrullinated proteins/peptides (ACPA) is highly specific for RA and predicts
poor disease outcome102-106. A positive test for rheumatoid factor is also a
prognostic and diagnostic seromarker for RA107-109. Patients are denoted
seropositive or seronegative based on the outcome in an RF test. The clinically
most widespread RF assay, detection of anti-IgG antibodies agglutinating IgGsensitized particles, mainly detects IgM-class antibodies. Also, there exist
subclass specific RF tests, straightforwardly performed for IgM/IgA-RF.
Intriguingly, even though IgG-RF is of special pathogenic interest110,111, IgG-RF
specific tests remains technically challenging and require careful assay design.
Tests targeting different isotypes of RF using radioimmunoassay or enzyme
immunoassays were introduced in the 1970s112-114. In 1977, Carson et al.
developed a radioimmunoassy to assess IgG-RF using a heterogeneous pool of
hIgG-Fc fragments as target antigen112. IgG-RF also has reactivity for rabbit
IgG-Fc115. To avoid false positive results due to interaction between the
detection antibody and the hIgG-Fc antigen as well as IgG-RF interaction with
the Fc-fragment of the rabbit detection antibody, F(ab’)2 fragments directed
toward the human Fab γ-chain was used for revelation. Later, McDougal et al.
refined this concept using a monoclonal anti-Fd antibody instead115. An
alternative approach has been to use plates coated with bovine serum albumin
(BSA) as a capture molecule for rabbit anti-BSA antibodies116. Here, false
positives may arise from recruitment of anti-BSA antibodies in the serum
samples. This risk was eliminated by blocking the anti-BSA reactivity by the
addition of BSA to the buffers. However, the formation of BSA-anti-BSA
complexes in the samples may in turn neutralize the RF activity and may also
serve as substrate for “false” IgG-RF reactivity. Elson et al. studied the subclass
specificity of IgG-RF in a study where they used heterogeneous pools of hIgG1Fc and hIgG2-Fc and intact hIgG3 and hIgG4 as the target antigens117. The
results showed significantly raised IgG-RF levels against hIgG1-Fc and hIgG2Fc and IgG-RF binding decreased according to: IgG2>IgG1>IgG4>IgG3.
However, their assay involved BSA used as blocking agent. As illustrated in
Figure 3.5, false negatives (A) as well as false positives (B) may also be induced
by the presence of IgM-RF or IgA-RF, either by blocking the solid-phase IgGFc (A) or by cross-linking the adsorbed IgG-Fc with soluble IgG-ICs in the
patient serum (B).
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Figure 3.5 Schematic picture of a false negative IgG-RF test due to blocking effect by IgMRF (A) and a false positive IgG-RF test due to IgM-RF mediated cross-linking of adsorbed
IgG-Fc antigen and soluble IgG-containing immune complexes (ICs) in patient serum (B).

3.4 IgG-RF subclass specificity in early rheumatoid arthritis
Paper V describes data aimed at targeting the subclass-specificity (IgG1-4) of
IgG-RF in a population of clinically well-characterized patients with
seropositive and seronegative (as judged by particle agglutinating RF and
ELISA) early RA. Sera from patients included in the prospective Swedish early
arthritis study “TIRA-1”103 were analyzed. Inclusion sera from 20 patients
seropositive regarding IgM/IgA-RF and with a positive test for IgG anti-CCP
were included, together with 20 patients with negative results in these tests. Sera
from 20 healthy blood-donors were used as reference.
In the ELISA presented in Paper V (Figure 3.6), hIgG1-Fc, hIgG2-Fc, hIgG3-Fc
and hIgG4-Fc were used as the antigens in four separate assays for IgG-RF. To
avoid possible complications due to the presence of IgG anti-BSA antibodies in
the sera, Tween-20 alone was used for blocking of non-coated parts in the
microtitre plates. Chicken IgY anti-human IgG-Fab (κ- and λ-light chain specific)
was used as the primary antibody. IgY is an attractive alternative to e.g. rabbit
antibodies due to the fact that they do not display cross-reactivity with human
IgG118, thus eliminating the risk of false positive results involving non-RF
interactions with the primary antibody. Data demonstrated significantly raised
IgG-RF levels against subclasses 1, 2 and 4 (Figure 3.7) in RF(+)/anti-CCP(+)
patients compared to RF(-)/anti-CCP(-) patients.
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Figure 3.6 Illustration of the IgG-RF ELISA. The solid support is coated with hIgG-Fc of
subclasses 1, 2, 3, or 4, followed by the addition of the serum sample containing the
analyte (IgG-RF). Chicken IgY anti-human IgG-Fab is used as primary antibody and a
biotinylated donkey IgG anti-chicken IgY is used as secondary antibody. Streptavidin
conjugated to alkaline phosphatase is used for revelation.

No reactivity was found against hIgG3-Fc, in line with most previous findings
that IgG3 does not attract RFs117,119, although Tokano et al. have reported a
distinct subgroup with IgG-RF reactivity against IgG3120. Interestingly, IgG-RF
reaction against hIgG2-Fc was four-fold higher compared to the reaction with
hIgG1-Fc and hIgG4-Fc. Significant correlations were observed between IgGRF reactivity against hIgG2-Fc and IgM/IgA-RF levels. No significant
correlations were found regarding IgG-RF against the other hIgG-Fc subclasses
and IgA/M-RF levels.
3.4.1 IgM/IgA depletion and its effect on IgG-RF binding
The complexity of RF activity is an important aspect to consider when
investigating IgG-RF levels in serum. As illustrated in figure 3.5, the presence
of IgM-RF (and IgA-RF) may result in either false positive or false negative
results when assessing IgG-RF. If there is an effect and to what extent it
influences the outcome in IgG-RF analysis has not yet carefully been
investigated. Depletion of IgM has been performed in a number of studies but
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Figure 3.7 IgG-RF ELISA with different human IgG-Fc subclasses used as antigen. Black
bars represent the average signal expressed as % change relative to controls for the
patient-group denoted seropositive, i.e. RF(+) as well as anti-CCP(+). Gray bars represent
the average signal expressed as % change relative to control for the patient-group denoted
seronegative, i.e. RF(-) as well as anti-CCP(-). % change relative to controls values were
calculated by normalization to a control-group consisting of 20 healthy blood-donors (NS =
not significant, ** = p < 0.01, *** = p < 0.001). Error bars represent the 95% confidence
interval (n = 20).

the results have not been properly discussed115,121. Within this thesis, a protocol
for efficient IgM/IgA-depletion was established, where F(ab’)2 fragments of
rabbit anti-human IgM and rabbit anti-human IgA were covalently immobilized
to an affinity gel support. IgG-RF has been shown to bind to rabbit IgG-Fc and
in order to avoid cross reactivity resulting in depletion of the analyte itself (IgGRF), the intact capture antibodies were digested with pepsin and purified prior to
immobilization. Non-specific adsorption to affinity supports is a common
problem in protein purification. In this case a carefully chosen support and high
salt buffers including Tween 20 and EDTA, with the purpose of e.g. inhibiting
interference from complement proteins on the affinity support, were used to
minimize these risks. The ELISA presented in Paper V, in combination with
pull-down assays and western blot, was used to investigate the effect of
IgM/IgA-depletion by comparing depleted and non-depleted sera from six
seropositive RA patients. Preliminary results (not shown), involving only few
patients, show a slight tendency towards increased OD-values with the depleted
serum samples. This could indicate a possible blocking effect of IgG-RF caused
by the presence of IgM/IgA-RF (Figure 3.5A). A complete investigation
including more patients from both seropositive and seronegative groups as well
as healthy blood donors is needed to be able to draw any conclusions of the

46

62

impact of other isotypes in IgG-RF assays. It is also critical to adjust for possible
changes in total IgG concentration in the serum samples upon depletion.
3.4.2 IgG-RF subclass specific tests
Previously, assessments of IgG-RF reactivity against human IgG have utilized
isolated, intact human IgG and in some cases isolated hIgG-Fc (subclasses 1 and
2) as target antigen112,115,117,119. Paper V describes the utility of recombinant
hIgG-Fc. An advantage with using the Fc-fragment alone is that no other parts
of IgG are present to interfere with IgG-RF binding. Moreover, using
recombinant Fc-fragments allows for molecular control of the antigens, i.e.
molecular heterogeneity, which can be a source of limited assay reproducibility,
is eliminated. The possibility of glyco-engineering in P. pastoris122,123 allows for
a careful characterization of the impact on IgG-RF reactivity from IgG-Fc
glycosylation.
It would be interesting to profile the IgG-RF pool in early RA patients with
respect to both specificity and subclass. A two-dimensional array is envisioned
(the concept is illustrated in figure 3.8) where the different subclasses of hIgGFc would serve as the antigen and an application of subclass-specific primary
antibodies would allow for profiling of the IgG-RF pool regarding their subclass.
Results could then be presented as an individual patient IgG-RF pattern (Figure
3.8, right) and analyzed for correlations with disease-progress and outcome.

Figure 3.8 Schematic illustration of a two-dimensional array concept for profiling of IgG-RF
specificity and subclass. A panel of the different hIgG-Fc could be used as the sources of
antigen to assess IgG-RF specificity with respect to hIgG subclass (presented in Paper V),
while subclass-specific primary antibodies would allow characterization of the subclass
profile of IgG-RF.
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4. Methodology
________________________________________________________________

4.1 Protein expression in Pichia pastoris
P. pastoris is a very useful expression system for the production of a broad
variety of recombinant proteins124. It was developed in the early 1980s by the
American company Phillips Petroleum, in collaboration with the Salk Institute,
La Jolla, CA. Together they developed strains, vectors and methods for genetic
modification of P. pastoris. In the mid 1990s the expression system became
public; figure 4.1 (left) shows the almost linear increase of P. pastoris-related
research since then.

Figure 4.1 (Left) Diagram showing the number of P. pastoris-related publications during the
last 30 years. (Right) General diagram of a P. pastoris expression vector, containing both E.
coli and P. pastoris antibiotic selection marker genes, a promoter gene, a 3’AOX1 fragment
for transcription termination and a multiple cloning site (MCS) for insertion of a gene of
choice.
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P. pastoris is a singled-cell, methylotropic microorganism and can survive and
grow on methanol as its sole carbon source125. This species of yeast bears great
similarity to Saccharomyces cerevisiae, which together with the bacterium E.
coli belongs to two of the most characterized model systems in modern
microbiology. Yeasts are eukaryotic, and like higher eukaryotes capable of
performing post-translational modifications such as glycosylation, disulfide
bond formation and proteolytic processing.
The expression of a foreign gene in P. pastoris requires tree general steps: (i)
insertion of the gene into an expression vector. The basic features of such a
vector are illustrated in figure 4.1 (right). All P. pastoris expression vectors have
been designed as shuttle vectors, i.e. containing an origin of replication and a
selection marker gene for plasmid maintenance in E. coli. (ii) Introduction of the
expression vector into the P. pastoris genome, thus creating an expression strain.
Due to the expression vector being integrated into the genome in a homologous
recombination event, the vector needs to be linearized prior to the reaction. (iii)
The clones obtained after transformation requires screening for potential
expression strains for the foreign gene product. A wide variety of expression
vectors are available; the protein can be expressed either intracellularly or
secreted into the growth medium. Expression can be either induced when the
appropriate cell density has been reached, or performed constitutively, allowing
the gene product to accumulate already from inoculation.
The P. pastoris N-glycosylation pathway is only partly homologous to the
pathway in human cells. In the Golgi apparatus, the human cells synthesize
complex oligosaccharides, whereas P. pastoris produces high mannose
structures, with up to 40 residues. This hyperglycosylation is not desired when
expressing a foreign glycoprotein. There are however ways of producing
glycoproteins with humanized N-linked glycans, involving co-expression of the
glycoprotein with enzymes tagged to be retained in the endoplasmic reticulum,
where they perform glycan engineering, thus removing outer mannose residues
and trimming the glycostructure. In vivo synthesis of mammalian-like, hybridtype N-glycans123 and optimization of humanized glycoengineered proteins have
been reported for several proteins, amongst else human IgG122.
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4.2 Biochemical characterization techniques
A wide variety of techniques have been used to characterize the biochemical
properties of the proteins in this thesis, including analytical ultra centrifugation,
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and
western blot. This section will focus on the two most important methods: CD
and fluorescence spectroscopy.
4.2.1 CD spectroscopy
CD spectroscopy measures ellipticity as a function of wavelength and is a
frequently used method to probe secondary and tertiary structure in a protein or
a peptide126. A difference in absorption of right-handed and left-handed
circularly polarized light, due to the chirality of the chromophores, is used to
calculate the ellipticity. In far-UV CD, amide bonds constitute the main
chromophore in a protein or a peptide. They absorb below 240 nm and give rise
to distinctive differences in the spectrum if they are located in α-helix, β-sheet or
random coil secondary structure elements. The CD spectra in the far-UV region
(< 240 nm) of different proteins typically display pronounced minima dependent
on the secondary structure elements (random coil: 198 nm, α-helix: 208 nm and
222 nm, β-sheet: 216 nm)127. The most important chromophore when studying
absorption at wavelengths between 240 nm and 340 nm (near-UV CD) is the
indole side chain of tryptophan, although the aromatic rings of tyrosine and
phenylalanine also contribute to the spectrum. Measurements in this region
provide a fingerprint of the tertiary structure of a protein. Despite its low
resolution, CD spectroscopy is still an informative and quantitative structural
technique128,129.
The difference in extinction coefficients (∆ε) for the absorption of right-handed
(R) and left-handed (L) circularly polarized light is proportional to the
difference in absorption (∆A) according to the Lambert-Beer relation:

∆A = l ⋅ c ⋅ ∆ε

(4.1)

where l is the optical path length and c is the sample concentration. The
difference in amplitude between the two polarization components, due to
unequal adsorption of the right-handed and the left-handed light, results in the
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transmitted light being elliptically polarized. CD is thus expressed as ellipticity
(θ) which is the angle between the major and minor axis of the ellipse described
by the vector sum of the R and L components. θ is related to ∆A according to:

θ=

ln 10 ⋅ 180 ⋅ ∆A
≈ 32.98 ⋅ ∆A
4π

(4.2)

For proteins, the data is often reported as mean residue ellipticity ([θ]), which is
related to θ according to:

[θ ] = θ ⋅ mrw

(4.3)

10 ⋅ l ⋅ c

where θ is the observed ellipticity (deg), mrw is the mean residue weight (g/mol),
l is the optical path length (cm) and c is the protein concentration (g/ml).
4.2.2 Fluorescence spectroscopy
Fluorescence130 is a phenomenon where a fluorophore absorbs light of a given
wavelength within its absorption spectrum and is excited to a higher energy
level, followed by emission of photons at longer wavelengths. The technique is
commonly used in the biological, biochemical and biophysical sciences for its
simplicity and sensitivity.
The process of fluorescence occurs in three steps and is often illustrated by a
Jablonski diagram (Figure 4.2, left). When a fluorophore absorbs light within its
absorption spectrum, it is excited to a higher energy state. Following absorption
of light, a process called internal conversion occurs; part of the energy in the
excited state is lost due to rotational and vibrational relaxation. Upon return to
the ground state, there is an emission of a photon which is detected as
fluorescence. As a result of internal conversion, the emitted light is always of a
lower energy, i.e. longer wavelengths, than the absorbed light. This is called the
Stokes shift (illustrated in figure 4.2, right); this shift is fundamental to the
sensitivity of fluorescence techniques as it allows detection of the emission
photons without the interference of the excitation photons.
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Figure 4.2 Simplified Jablonski diagram (left) illustrating the three-step process of
fluorescence. A fluorophore is excited to a higher energy state by a photon of the energy
hνex, supplied by an external source (1). The excited state exists for a short time, during
which the fluorophore undergoes conformational changes and part of the energy is
dissipated through rotational and vibrational relaxation (2). As the fluorophore returns to its
ground state, a photon of the energy hνem is emitted (3). The difference in energy or
wavelength between hνex and hνem is called the Stokes shift (right).

Fluorescence emission spectra can be strongly affected by the medium
surrounding the fluorophore. Environmental factors that influence the
fluorescence include solvent polarity, pH and the concentration and closeness of
extrinsic and intrinsic quenchers. When the polarity of the environment
increases, the excited state becomes more stable compared to when the
fluorophore is located in a more non-polar environment. This leads to a redshift
of the fluorescence emission, i.e. emission of lower energy shifted towards
longer wavelengths. The opposite is called blueshift and occurs when the
surrounding polarity decreases.
Proteins can contain three aromatic amino acids that act as intrinsic fluorophores:
tryptophan, tyrosine and phenylalanine. These amino acids have distinct
absorption and emission spectra, but the fluorescence spectrum of a protein
greatly resembles that of tryptophan because of its dominant UV absorption. The
wavelength of fluorescence intensity maximum of tryptophan is highly sensitive
to environmental and solvent effects. It moves towards longer wavelengths as
the polarity surrounding the tryptophan increases, e.g. as a result of unfolding.
Intrinsic fluorescence spectroscopy is often used to study the conformation,
folding and interactions of proteins. In this work, steady-state fluorescence
spectroscopy and microscopy was used, utilizing intrinsic tryptophan
fluorescence and the extrinsic probes ANS and Alexa Fluor 488.
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4.3 ELISA
Among the most commonly used methods for the detection of biomolecules in
research and diagnostics are antibody-based immunoassays. The specificity and
sensitivity of such assays to most part rely on the binding characteristics of the
antibodies used and also on the choice of detection method. One of the most
widespread methods is ELISA, enzyme-linked immunosorbent assay. ELISA
can be divided in three major types: direct, indirect and sandwich formats. In a
direct ELISA the analyte is adsorbed to a solid support and its presence is
confirmed by a detection antibody raised against it. The detection antibody is
labeled with an enzyme. The final step involves addition of a substrate for the
enzyme followed by detection of the enzymatic product, usually by changes in
optical density. Direct detection is not widely in ELISA but is the typical format
for immunohistochemistry. In the indirect format a secondary antibody
specifically directed against the detection antibody is added to enhance the
signal. The secondary antibody is furthermore labeled with the enzyme. The
sandwich format includes coating of the solid support with a capture antibody
targeting the analyte of interest, followed by addition of the detection antibody
and the enzyme-labeled secondary antibody. This method is called a sandwich
assay because the analyte is bound between the capture and detection antibodies.
In this thesis, an indirect sandwich ELISA was used, where the solid support
was coated by the antigen for the analyte (IgG-RF) and indirect detection was
performed in three steps (Figure 3.6).
4.4 Amyloid fibril characterization techniques
The presence of amyloid deposits in tissue, or the confirmation of in vitro fibrils,
can be probed by observing characteristic properties of these structures85:
spectroscopic observation of increased β-sheet content, thioflavinophilic and
congophilic properties of the material studied, characteristic x-ray diffraction
patterns, and fibril appearance in the TEM. This section will focus on the three
methods used in this thesis: ThT binding, Congo red birefringence and TEM
imaging.
4.4.1 Thioflavin T binding
ThT is a fluorescent dye first introduced for the detection of amyloid in 1959131.
The binding mode of ThT to amyloid fibrils is not completely elucidated, but
when specifically bound to the β-pleated sheets of the fibrils, its fluorescence
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emission spectrum is characteristically blue-shifted along with a significant
increase in intensity132,133. ThT is a small, positively charged benzothiazole
compound (Figure 4.3). It contains a hydrophobic part with a dimethylamino
group attached to a phenyl ring, linked to a more hydrophilic part containing
nitrogen and sulfur. The amphipathic property of the molecule allows for the
formation of micelles in aqueous solutions. It has been postulated that the
thiazole nitrogen forms hydrogen bonds with hydroxyl groups on the material
studied, thus contributing to its specific binding to amyloid structures134. ThT
binding is often used to monitor the kinetics of fibril formation, and significant
binding of ThT compared to controls denotes the aggregates studied as
thioflavinophilic, a characteristic property of amyloid.
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Figure 4.3 The structure of ThT

4.4.2 Congo red birefringence
The dye Congo red was first synthesized in 1884 as a direct cotton dye and
introduced for staining of amyloid in the 1920s. Since then it has become the
most universally used staining method for demonstration of amyloid135. The
symmetrical Congo red molecule is a sulfonated azo-dye with a hydrophobic
biphenyl center in between the negatively charged ends (Figure 4.3). When
Congo red is specifically bound to amyloid fibrils it displays birefringence if
exposed to polarized light136.
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Figure 4.4 The structure of Congo red
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The refractive index of a substance depends on the velocity of light transmitted
through the specimen. Materials like e.g. glass are considered isotropic, i.e.
displaying the same refractive indices regardless of the wavelength of the light
or the angle of incidence. Other materials that change refractive index with
wavelength or angle of the incident light are anisotropic. If anisotropic materials
are subjected to polarized light, they display birefringence, i.e. different colors
due to changes in the refraction of the light.
The binding property of Congo red to amyloid is not fully clarified; however,
when bound and aligned to amyloid fibrils the molecule changes from being
isotropic to anisotropic. Congo red stains with a red color when examining a
specimen using bright field microscopy. If the specimen is placed in between the
light source and the analyzer arranged perpendicularly to polarized light, only
light altered by the specimen would become visible, against a dark background.
An assay for amyloid using Congo red is considered positive when green
birefringence is detected under polarized light, and the aggregates studied can
thus be regarded as congophilic136. In vitro generated amyloid fibrils and in vivo
amyloid fibrils stained for ex vivo have the same Congo red binding properties137.
4.4.3 Transmission electron microscopy
In TEM138, a beam of electrons is passed through a specimen to produce an
image of the analyzed sample. The electrons ejected from the electron gun are
focused and oriented by electromagnets to interact with the sample. As they hit
the sample, some electrons transmit through the sample (onto a phosphorescent
microscope screen, where the image is produced), whereas some are lost due to
absorption or scattering. The contrast depends on the number of transmitted
electrons. Biological specimens are carbon-based and display low electronscattering power; thus, resulting in many electrons being transmitted, giving
poor contrast. However, if few electrons are transmitted, this will produce a
shadow with high contrast on the screen. The scattering of electrons is related to
the atomic number of the specimen. A high atomic number is equivalent to a
high density and good electron-scattering power. A common method to enhance
contrast in TEM is to use negative staining. The stain used in this thesis is
aqueous uranyl acetate, which binds with high affinity to biological compounds
and owes its contrast-enhancing properties to its high atomic number. Negative
staining is illustrated in figure 4.5.
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Figure 4.5 Schematic illustration of negative staining used to enhance contrast of biological
specimens. The sample is adsorbed to carbon-coated cupper grids pre-charged with UVlight (A) followed by addition of staining solution, which completely embeds the specimen
(B). Subsequent washing should be performed in such a way that the stain surrounds the
specimen (C). In the TEM, the adsorbed material will appear white against the dark-colored,
adjacent stain.

4.5 Surface preparation and characterization
4.5.1 Self-assembled monolayers
The formation self-assembled monolayers139 (SAMs) on surfaces allows for the
preparation of well defined molecular structures exposing a variety of chemical
functionalities. A SAM is a two-dimensional, thin film spontaneously assembled
on a surface. In this thesis, SAMs of alkane thiolates on gold was used. The
kinetics of alkane thiol adsorption is a two step process (illustrated in figure 4.6).
The initial adsorption is very fast and occurs within the first minute. The second
organization step occurs more slowly and takes up to several hours. The bond
formed between gold and thiol is very strong and the thiolates will occupy every
available binding site on the surface, thus giving a well-defined layer of
molecules. The tail group of the alkanethiols, exposed on the SAM surface can
comprise functional units for e.g. immobilization of biomolecules.

Figure 4.6 Schematic illustration of the preparation of an alkane thiolate self-assembled
monolayer on a planar gold surface. The surface is placed in a thiol solution; the thiols will
immediately adsorb forming a covalent bond between sulfur and gold. The organization
process into a well-defined monolayer is much slower and usually takes 12-24 h.
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To allow for variation of the surface properties, two or more thiols can be coadsorbed, forming a so called mixed SAM. This could be important when for
example the lateral distribution between functional groups needs to be controlled,
e.g. to prevent steric hindrance between immobilized biomolecules97,140-142. A
mixed SAM from two oligo(ethylene glycol)-containing alkane thiols (Figure
4.7) was used in this thesis. SAMs formed from alkane thiols with multiple
ethylene glycol units are very attractive in e.g. biological assays due to their
protein-repellent properties, ensuring low non-specific binding of proteins and
cells94,96.
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Figure 4.7 Structures of the alkane thiols used in this thesis. Both molecules have ten
methylene units in the alkyl chain, an amide bond that provides lateral stability of the SAM
and multiple ethylene glycol units. The molecule with twelve ethylene glycol units has a
carboxyl group for immobilization of proteins and the molecule with ten ethylene glycol units
was used as a “filler molecule”.

4.5.2 Surface characterization by wettability, ellipsometry and SPR
Several surface-sensitive techniques can be used to characterize the physical,
structural and functional properties of a two dimensional surface. Here, three of
the methods used in this thesis will be described briefly: contact angle
goniometry, null ellipsometry and surface plasmon resonance.
Contact angle goniometry
The wettability, i.e. the global hydrophobicity and hydrophilicity properties of a
SAM can be determined by contact angle goniometry143. When a droplet of
water is placed on a surface it will spread more or less depending on the polarity
of the surface. The contact angle (θ) is defined as the angle between the surface
and the tangent of the droplet (figure 4.8); the higher the contact angle, the more
hydrophobic the surface. The use of contact angle goniometry reveals properties
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of the outermost parts of a SAM and provides information on the structure and
organization of the alkane thiolates on the gold surface.

Figure 4.8 Contact angle goniometry is used to determine the wettability of a SAM. A water
droplet on a hydrophilic surface (A) will spread, whereas a water droplet on a more
hydrophobic surface (B) will, as a result of higher surface tension, give an increase in
contact angle.

Null ellipsometry
Null ellipsometry is an optical technique which provides information on the
thickness of a thin molecular film deposited on a planar surface.144 It is based on
changes in the polarization state of light when it is reflected toward a surface.
Monochromatic light passes a polarizer and a compensator to become
elliptically polarized. Upon surface reflection, a phase shift (∆) and a change in
amplitude (Ψ) are induced. The reflected light passes through the analyzer and
finally reaches the detector where the light intensity is monitored (figure 4.9).
The polarizer and the analyzer are adjusted until the reflected light is
extinguished. The values of ∆ and Ψ are used to calculate the thickness of the
molecular film covering the surface145.

Figure 4.9 Schematic illustration describing the setup of a polarizer-compensator-sampleanalyzer null ellipsometer.
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Surface plasmon resonance
Biosensing based on the phenomenon of surface plasmon resonance (SPR) was
described for the first time in 1983146. Since then the SPR technology has
evolved to a powerful tool to study specificity, affinity, kinetics and
thermodynamics of biomolecular interactions. The technique does not require
labeling but it relies on the immobilization of one of the interaction partners, the
ligand, to a noble metal surface. The other interaction partner, the analyte, is
passed over the surface in a micro fluidic system at a constant flow and the
binding event is monitored in real time147.
A surface plasmon is an electron density wave that propagates along the
interface of a noble metal surface and the ambient medium. When light is totally
internally reflected towards a thin gold film (50 nm) at a certain angle of
incidence, θsp, part of the light can penetrate the metal and excite the surface
plasmon. When this resonance phenomenon occurs, the energy of the photons
couples to the plasmon and the intensity of the reflected light is decreased. This
is observed as a characteristic dip in a graph where the reflected light intensity is
plotted versus the angle of incidence. θsp is related to the refractive index of the
ambient medium. When a biomolecule binds to the surface the refractive index
of the ambient changes and gives rise to an angular shift of the dip, ∆θsp. In a
Biacore (GE Healthcare, Uppsala, Sweden) setup, ∆θsp is monitored as so called
response units (RU) as a function of time. One RU corresponds to a ∆θsp =
0.0001°, which can be translated into a change in mass density on the surface of
1 pg/mm2.

Figure 4.9 Typical setup for SPR. When analyte molecules in the flow channel bind to
immobilized ligand molecules on the metal surface the refractive index of the ambient
medium changes, giving rise to a change in θsp.
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