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The spherical spore structures formed by the fungus Emericella nidulans are coated with a thin layer layer of hydrophobin proteins 1 , which
are similar to the ones studied in chapter 4. Other hydrophobins secreted by fungi perform their function by forming amyloid structures 2,3 ,
which are structurally similar to the pathological ones studied in the last
three chapters of this thesis. Adapted and reproduced with permission
from ref. 4.

1
Introduction
In this chapter the subject of this thesis will be introduced: proteins, in particular those
that are difﬁcult to study with conventional techniques. In the remainder of the thesis
we will see that vibrational spectroscopy can often shed new light on such “difﬁcult”
proteins. The text contains numerous references to the Biophysical background chapter
at the end of the thesis, where we give background information about how proteins are
made in cells, explain the pathogenic role of the proteins that we investigate, and give
examples of protein functionality.
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Figure 1.1. The haematite tube (a) and carbonate rosette (b) structures found in hydrothermal vent
precipitates in Quebec, Canada that are evidence for earth’s oldest life (3.8-4.3 billion years old).
Their biological origin is revealed with vibrational spectroscopy: (b) is a Raman-spectroscopy map
of the principal component spectra depicted in (c), illustrating how these techniques can be used to
elucidate the molecular structure of (biological) materials. Reproduced with permission from ref. 5.
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A very brief history of proteins (or: the central dogma)

Proteins, the molecular machines of life, are the result of a long evolutionary history.
Approximately 4 billion years ago, some 500 million years after the Earth took shape* ,
the ﬁrst organic molecules were created that could perform tasks like catalysis, and
organic-chain cleavage, merging and (self-)replication† 11,12 . These so-called (pre-)RNA
molecules were probably created from (in)organic compounds present in the primordial soup after the formation of oceans, possibly near hydrothermal vents 13 (see ﬁg. 1.1,
where vibrational spectroscopy is used to reveal the biological origin of Earth’s oldest
hydrothermal vent precipitates). The genetic information transfer by self-replicating
(pre-)RNA evolved 14,15 into a molecular process that is referred to as ‘the central dogma
of molecular biology’ 16 , often expressed as “DNA makes RNA, and RNA makes protein” 17‡ . With the conversion from the ‘RNA world’ to this ‘DNA world’, specialized proteins took over the catalytic and replication functions of RNA, while DNA – being more
stable than RNA – stored the genetic information. The last universal common ancestor to all life on earth, a small, single-celled organism living 3.5 to 3.8 billion years ago,
whose existence was already proposed by Darwin§ , most likely made use of a rudimentary version of this biomolecular system. Since then, evolution has resulted in,
amongst many other genomes, ~20 000 human genes encoded in DNA, which get transcribed to RNA that is subsequently translated and post-translationally modiﬁed into
~100 000 different types of proteins in each human cell 27 , leading to an enormous variety of molecular agents that can perform all kinds of tasks.
1.2

The study of proteins

Mankind has been investigating proteins since ancient times. Hippocrates already
noted a relation between a chronic kidney disease and foamy urine, which is a result
of the presence of albumin proteins. In the 16th century Paracelsus precipitated albu*
It is as of yet unknown whether the most-widely used age of the Earth, 4.54 ± 1% billion year, as determined
in ref. 6, represents the age of the Earth’s accretion, of core formation, or of the material from which the Earth
formed 7 .
†
In January 2017, microscopic tubes and ﬁlaments were found in the Hudson Bay shoreline in northern
Quebec that, according to the presenting authors, could indicate life is even 4.3 billion years old 5 , but there is
debate within the ﬁeld whether the mineralized features are indeed of biological origin 8 . Less-disputed studies
provide evidence indicating the presence of life approximately 0.7 billion years later 9,10
‡
This oversimpliﬁed version only describes the three ‘general’ transfers 18 , which are believed to occur normally in most cells. There are also three ‘special’ transfers that only occur under special conditions, namely
RNA replication 19 , DNA synthesis from RNA 20 , and protein synthesis directly from DNA 21,22 . Some major steps
in the evolution from the RNA to DNA world include the development of RNA to synthesize peptide bonds, that
could lead to proteins that increase its capacity for self-replication 23,24 , and in a later stage the development of
DNA viruses that were able to convert and incorporate RNA genes 25 .
§
In a 1871-letter he remarked: “It is often said that all the conditions for the ﬁrst production of a living
organism are now present, which could ever have been present.— But if (& oh what a big if) we could conceive
in some warm little pond with all sorts of ammonia & phosphoric salts, — light, heat, electricity &c present,
that a protein compound was chemically formed, ready to undergo still more complex changes, at the present
day such matter would be instantly devoured, or absorbed, which would not have been the case before living
creatures were formed.” 26
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min from urine of such patients, by the addition of vinegar 28 . A 100 years later, Decker
achieved the same by boiling it. Proteins were recognized for the ﬁrst time as a distinct class of biological molecules by Mulder in 1838 29,30 , and named ‘proteins’ by his
associate Berzelius from Greek πρωτ ϵιoς (‘primacy’, or ‘of the ﬁrst rank’), for their prime
importance in all living tissue 31,32 . With the advent of modern science we now know
a lot more about the ‘jiggling and wiggling’ 33 of these molecules, and how life as we
know it is impossible without these molecular machines. We also understand an increasing number of mechanisms by which proteins perform their tasks, varying from
DNA transcription to storage of energy from sun light to extracellular protection with
an efﬁciency, versatility and durability that synthetic chemists can only dream of.
To understand how proteins function and how at times they fail to do so, conventional techniques like X-ray crystallography and nuclear magnetic resonance (NMR¶ )
have provided an enormous amount of structural and functional information. In 1958
the ﬁrst protein structure was elucidated with X-ray crystallography 34 (see ﬁg. 1.2).
Kendrew et al. were only able to crystallize myoglobin after they could obtain a whale
muscle sample, tissue with an exceptionally high concentration of the protein, as it
stores oxygen in muscle cells thus being of particular importance to diving animals.
From that moment onwards, over 120 000 different protein structures have been resolved 37 , with more recently also signiﬁcant contributions from NMR spectroscopy
and (cryo-)electron microscopy. Both these techniques have the advantage that it is
no longer necessary to ﬁrst crystallize the protein, which can be a tedious process* .
For many proteins no way of inducing crystallization has been found yet. Also, the
in-situ protein structure** is generally more relevant than its crystalline form; although
crystals can be hydrated, there can be large-scale differences between the crystal and
solvated protein structure 39 . Additionally, the ‘phase problem’ has to be solved in order
to recover the phase of the electron density from the diffraction pattern of the protein,
which is commonly done by incorporating heavy atoms into the structure 40 .
Other conventional techniques also have limitations with respect to the type of protein that can be investigated. For example, proteins that are surface active are challenging to resolve with NMR, because the bulk phase signal will dominate by several
orders of magnitude, and when proteins or protein aggregates have a too high molecular weight (typically ~40 kDa†† ) structure determination is very difﬁcult with NMR. For
cryo-electron microscopy, one of the main complications is that the protein samples
have to be frozen, rendering time-dependent experiments impossible.
¶
This technique is based on exactly the same physical principle as magnetic resonance imaging, or MRI,
as known from health care settings.

*There have been cases where a serendipitous event had to occur to trigger the crystallization, e.g. in the
structure determination of one particular yeast protein that only crystallized after the serendipitous infection
of the sample by a fungus whose proteases removed highly charged and hydrophilic residues 38 .
**
The ‘original place’ where and how the proteins function; not in e.g. crystalline or frozen form, but solvated
in water and, for example in the case of membrane proteins, in contact with a lipid membrane.
††
This occurs e.g. already the case if 3 α-synuclein molecules come together, whose aggregation is related
to Parkinson’s disease 41–43 , see also chapters 5 & 6.
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1.3

New methods to study interfacial and amyloidogenic proteins

The fact that (I) membrane proteins and other proteins active at interfaces, and (II)
amyloidogenic proteins are challenging to study in situ using the aforementioned conventional techniques poses a big problem to the ﬁeld of interfacial proteins (which
are important drug targets 44 ), and to the ﬁeld of amyloid-related diseases (such as
Alzheimer’s and Parkinson’s). In this thesis, we use alternative methods — all based
on vibrational spectroscopy — to study these kinds of proteins.
In chapter 2, we will explain the various vibrational spectroscopy techniques: the
surface-sensitive method of vibrational sum-frequency generation spectroscopy (VSFG)
used to study interfacial proteins, and three other techniques that can probe the formation of amyloid structures in real time: 1D- and 2D-infrared (IR) spectroscopy, and
vibrational circular dichroism (VCD). We will also present an algorithm for calculating vibrational protein spectra, because in all chapters we will see that spectral calculations greatly increase the insight that can be obtained from the experiments. In
chapters 3 and 4 we show how VSFG can be applied to interfacial protein systems in
order to study the in situ structure, function and orientation with respect to the interface. Subsequently, we show how 1D-IR (FTIR), 2D-IR and VCD can be used to study
the formation of amyloids that are related to Parkinson’s disease (chapter 5 & 6) and
type-II diabetes (chapter 7).
1.4 Protein structure and its relation with protein (dis)function
The functionality of a protein is not only determined by its amino-acid sequence (also
known as the ‘primary structure’, see ﬁg. 1.3) 45 . After the basis of the protein is formed
by connection of the amino acids in the ribosome (see section E.1 of the Biophysical
background epilogue for more information on how proteins are made in cells), there are
generally two additional processes that occur before proteins obtain their ‘native state’
in which the protein can optimally perform its designated task(s)‡‡ : post-translational
modiﬁcation (PTM, e.g. phosphorylation, glycosylation or lipidation of the protein’s termini or sidechains, or bond cleavage, or additional formation of bonds like disulﬁde
bonds 49 ) and protein folding (sometimes aided by chaperone proteins 50 ).
When the polypeptide chain is folded into a three-dimensional structure, ‘secondary
structure’ elements are created, which are the result of hydrogen bonding between the
backbone atoms 52 . The most ubiquitous of these are α-helices and β-sheets 53 , that are
generally connected by turn motifs and random coils 54 .
The time required for a protein to reach its native fold is minimized by evolution,
and involves many intermolecular (mainly with water and with chaperone and chap‡‡
Not all proteins have a single, well-deﬁned free-energy minimum 46 that is related to a single task. Proteins
with multiple energy minima can perform various functions in each of the minima 47 , and, as discussed later
in this thesis, probably all proteins have one or multiple amyloïdic states as their lowest-energy state 48 .
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eronin proteins) and intramolecular interactions: hydrophobic and hydrophilic interactions, inter- and intra-molecular bonds like hydrogen bonds and ionic bonds, and
Van der Waals attractions 45,55 . Many proteins are still not ‘ready for action’ once individual polypeptide chains are folded into their native three-dimensional conformation
(the ‘tertiary structure’), but require multiple pre-folded monomers to assemble into a
higher-order ‘quaternary structure’, varying from simple dimers, to homo-oligomers
and large complexes with a ﬁxed or variable numbers of subunits 56 . The exact fold of
the monomers and complexes is of great importance for their function, as for example
particular ligands can only bind to dimers but not to monomers 57 . When the threedimensional structure of a protein is lost, e.g. due to mutations, heat shock, pH change
or contact with a prion protein (an example related to the second half of this thesis),
it will generally no longer be able to perform its original function, and the structural
change can even result in new pathogenic abilities like the induction of misfolding of
other proteins 58 .

(a)

(b)

(c)

(d)

(e)

Figure 1.4. (a) An amyloid precursor protein (APP) monomer, and several amyloid stuctures formed
by (b) its cleaved ‘Aβ’ form, (c) human prion protein, (d) yeast prion HET-s, and (e) a peptide segment
from transthyretin, that are related to Alzheimer’s disease 59 , bovine spongiform encephalopathy
(BSE) and ten other amyloid diseases 60,61 , a protective prion-based mechanism in fungi 62–64 , and
senile systemic amyloidosis (SSA) 65 , respectively. The most-studied protein of these, APP, plays an
important role in many neural growth and repair processes, both as an integral protein and after it
is cut into pieces at the blue dotted lines by a set of dedicated proteases. In the former form, it sends
signals through the G-protein system that is described in section E.2.1.3, while in the latter case
the top and bottom part help to control nerve growth. The middle part (in light blue) seems to only
have a function as an anchor in the full-length APP protein, and aggregates into the amyloid ﬁbrils
depicted in (b) in its cleaved form, termed Aβ. The parts of the protein that were not fully resolved
because they are too ﬂexible are shown as dots, and the membrane is shown schematically in gray.
The structure depicted in (b), based on PDB entry 2M4J, is obtained from a sample from a patient
suffering from AD. Reprinted with permission from refs. 66 and 67.
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1.4.1 Interfacial proteins
Various kinds of proteins are active at interfaces. Proteins in or near cellular membranes perform important functions for the cell (see epilogue section E.2). Membrane
proteins are the targets of 60% of all modern medicinal drugs 68 , and it is estimated that
20–30% of all genes in most genomes encode for membrane proteins 69 . Also, most
polypeptide toxins 70,71 and antimicrobial (poly)peptides 72 adsorb onto the cell membrane when they attack their targets. Another class of interfacial proteins are those
that are secreted by cells to perform extracellular tasks, e.g. to encase themselves in an
extracellular matrix 73 , to prevent the formation of ice 74 , or to lower surface tension 75 .
To illustrate how (interfacial) proteins work, and to stress the importance of proteins
active at interfaces (membrane proteins, protein toxins, antimicrobials, and extracellular proteins), several examples — including those measured in chapters 3 and 4 — are
presented in more detail in the Biophysical background chapter. We then show in chapters 3 and 4 how VSFG spectroscopy can be used to obtain unique insights into the
conformation, orientation and functioning of biomolecules at interfaces. The development of this technique for the study of proteins is also important for the other main
topic of this thesis, amyloids, as lipids membranes are thought to play an important
role in amyloid formation 76,77 .
1.4.2 Amyloids
There are 31 types of extracellular and 6 types of intracellular amyloid protein deposits 78 identiﬁed so far that are associated with ~50 diseases, including Alzheimer’s
and Parkinson’s disease, Creutzfeldt-Jakob disease, prion diseases such as mad cow
disease, Huntington’s disease, and type-II diabetes 79 (see ﬁg. 1.4).
This type of protein aggregate was observed for the ﬁrst time in 1639 when Fonteyn, a
physician and poet from Amsterdam, performed the autopsy of a young man who died
of systemic amyloidosis 80 . Since then, throughout the centuries numerous pathologists have reported amyloidosis-related changes in enlarged organs such as the liver,
spleen, heart, and kidneys. When Virchow iodine-stained such amorphous and glassy
tissue in 1854, he observed a staining similar to that of starch, and named the tissue
‘amyloid’, after the Greek word for starch§§ .
Although the molecular structure of starch¶¶ and amyloids are very different, the
misnomer ‘amyloid’ remains. In the 1920s the Congo-red staining was developed 82,83
that is still the gold standard in the clinic (see ﬁg. 1.5). Only in 1959, the ﬁbrous nature of
amyloid deposits was revealed for the ﬁrst time by electron microscopy 84 (see ﬁg. 1.6).
When at the end of the 1960s several groups irradiated amyloid samples with X-rays,
§§
άµυλoν, meaning: ‘not ground at a mill’ because starch, e.g. from wheat, was not ground with a mill in
ancient Greece, but by hand, using water or milk 81 .
¶¶
Starch is composed of polymeric carbohydrates that consist of large numbers of glucose units, joined by
glycosidic bonds.
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Figure 1.5. Congo-red staining of tissue of a Shar-Pei dog that contains amyloids of Acute Phase reactant Proteins (APPs), (left) under bright light illumination and (right) between crossed polarizers.
The amyloid deposits stain brick red and apple green, respectively. Reprinted with permission from
ref. 89.

they observed a cross-shaped diffraction pattern 85,86 , leading to the commonly used
epithet ‘cross-β structure’ for amyloid structure. On one axis of the cross pattern the
~4.5 Å interstrand distance along the ﬁbril axis is visible, and perpendicular to this
axis the ~10 Å intersheet distance, a recurring pattern for all amyloids due to their
common core molecular structure 87*** . Interestingly, these patterns were similar to
those observed around 1930 for ﬁbrous proteins like ﬁbroin (abundant in the silk of
spiders and various other insects, see also section E.2.3) 90 , β-keratin (abundant in hair)
and in samples of denatured proteins that have formed amyloid structures 91 .
(a)

(b)

(c)

Figure 1.6. The relation between the molecular structure, the cross-β X-ray pattern, and the electron microscopy image of mature amyloid ﬁbrils: (a) the molecular structure of Aβ(1–42), related to
Alzheimer’s disease, as determined in an NMR and complementation mutagenesis study 92 (PDBentry 2BEG), (b) its associated cross-β X-ray pattern, indicating the two molecular axes, and (c) the
macromolecular structure as determined in a (unidirectionally platinum-shadowed) electron microscopy study (white arrows indicate cross-overs where the twisted ﬁbrils turn upside-down and
vice versa) 93 . Figures (a) and (b) are reprinted with permission from ref. 2, and (c) from ref. 93.

The fact that incubated samples of denatured proteins can give rise to a similar X-ray
pattern gives rise to the hypothesis that every protein can form amyloid structures, un***
Because staining techniques have proved not to stain all amyloids similarly, the presence of the crossβpattern is suggested to be a deﬁning feature for amyloids, as follows: ‘[Amyloids are] ﬁbrillar polypeptide aggregates with a cross-βconformation.’ 88 .
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Figure 1.7. Schematic representation of the free-energy landscape that proteins explore as they fold
either into their native state (green) or as they aggregate into amorphous aggregates or amyloid
ﬁbrils (red). Molecular chaperones aid folding into the native state and prevent aggregation into
anomalous aggregates. Because the unfolded chains of IDPs are relatively exposed there are more
potential intermolecular contacts, making them more prone to aggregate. In globular proteins the
intramolecular contacts are much stronger and the native state can be reached with a relatively
small risk of amyloid formation. Reproduced with permission from ref. 48.

der the appropriate conditions (see ﬁg. 1.7) 48 . Most proteins will form amyloids under
modest denaturation conditions 2,94 , but some proteins, especially intrinsically disordered proteins (IDPs) already form amyloids under mild conditions. Approximately
30% of mammalian proteins are IDPs 95 , and their intrinsic structural ﬂexibility is of
importance for the tasks they perform in processes such as cell-cell communication,
growth, transcriptional regulation and apoptosis 96 . Because of their ﬂexible nature,
IDPs sample many different conformations, which allows segments whose sidechains
interdigitate to interact. The tight, dry interfaces that can be formed when complementary sidechains zip into each other, are thought to be a recurring feature in all
amyloids 97 . Recent X-ray experiments that revealed high-resolution structures of ﬁbrils formed by short (<12 amino-acid) peptides have shown that such sterically-zipped
sidechains result in the aforementioned ~10 Å distance between neighboring intermolecular β-sheets, sometimes mediated by intersheet hydrogen bonds between the
sidechain atoms 97 . The backbone (and sometimes also sidechain) atoms of subsequent monomers are hydrogen bonded along the ﬁbril axis with an intermolecular
spacing that correlates to the aforementioned ~4.5 Å distance, leading to the formation of extended, unbranched ﬁbrils.
Although there are many structural similarities between different amyloid ﬁbrils,
there are also many structural differences in the relative orientation of the strands
11
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responsible for the pathology. On a ‘macroscopic level’††† , amyloid formation is characterized by three stages: a lag phase, a growth phase and a ﬁnal plateau phase 108 (see
also chapters 6 and 7). Which molecular events take place during each of these phases
has been a central question in the study of amyloid formation. The aggregation process is often very complex, with multiple pathways, and dynamically interchanging
species 109 (see ﬁg. 1.8). For some proteins, partial unfolding is necessary for the aggregation to occur; other proteins need to monomerize from native multimers in order
to oligomerize into more aggregation-prone species; and yet others can form ﬁbrils
which maintain some of the native structure of the monomer. For many amyloidogenic peptides and proteins, disease-associated and non-disease associated preﬁbrillar oligomers have been identiﬁed, which often share common features 110–112 . It is generally thought that preﬁbrillar oligomers contain more β-sheet than the corresponding
monomer, but less than the eventually formed mature ﬁbril, that they have exposed
hydrophobic patches, and that they are mostly formed in a transient fashion 109 . Using various approaches to stabilize oligomers, many studies have characterized such
non-transient oligomers in terms of structure and toxicity (e.g. refs. 113–117 ), but the
physiological relevance of these studies remains debated 118 .
1.4.2.2 Vibrational spectroscopy applied to interfacial proteins and amyloid systems
Vibrational spectroscopic techniques could therefore make a valuable contribution
to the ﬁeld, even with the limited structural resolution (which can be improved by
isotope- 119 or IR-labeling 120 techniques‡‡‡ ), as they make it possible to monitor species
of all sizes during the aggregation process without interfering with the amyloid-formation
process, while potentially directly monitoring the interaction with drugs. The in situ
view it can provide on interfaces (which are known to play an important role in amyloid formation 76,77 ), and its ability to connect the different phases of amyloid formation complement the many insights traditional techniques have generated, e.g. into
the structure of related (crystallized) proteins (X-ray), the solution state of amyloid proteins (solution-NMR), the growth phase (UV-CD and ﬂuorometric assays), and mature
ﬁbrils (ss-NMR and electron microscopy). In this thesis we show how interfacial proteins and amyloid systems can be studied with various linear and non-linear vibrational spectroscopies. In the future, we hope these methods may contribute to ﬁnding
therapies for the many diseases associated with interfacial proteins and amyloid formation, by supplying structural and kinetic information that may help in rational drug
design 121 .

†††
‡‡‡

In this context, this refers to the ﬁbrillar species that can be observed by ﬂuorometric assays 107 .
Especially isotope-labeling is expected to not inﬂuence the aggregation process at all.
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