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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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1.1

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.

8

1.4 Protein structure and its relation with protein (dis)function

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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The femtosecond laser pulses used in this thesis are so intense that
when focused in air, molecular oxygen gets ionized and a plasma is
created (in the white spot) 122 . The far ﬁeld images of the laser (the
colorful projection), scattered by the generated plasma, are used to optimize the duration and stability of the laser pulses.

2
Methods*
Most studies presented in this thesis are the product of multidisciplinary research,
where details of the complex protein systems were elucidated through the combination of various spectroscopic and microscopy techniques. The contributions of our
lab within these collaborations were mainly in four vibrational spectroscopies: vibrational sum-frequency (VSFG), one-dimensional infrared (1D-IR, commonly known
as FT-IR), two-dimensional infrared (2D-IR), and vibrational circular dichroism (VCD)
spectroscopy. All vibrational spectroscopic techniques use light-matter interactions
to determine molecular conformation, by probing optical transitions between their vibrational energy levels. Therefore, the relationship between vibrational energy levels
and protein conformation is explained ﬁrst, as well as how vibrational spectra can be
calculated. Then, the four experimental techniques are discussed that we have used
to measure these vibrational energy levels, as well as their experimental realizations.
2.1 Molecular vibrations
Like all physical objects, molecules respond to a vibrational excitation by oscillating
in patterns of motion called ‘normal modes’. A molecule consisting of N atoms has
3N -6 normal modes (3N -5 if it is linear)† . Sometimes, only a small subset of atoms
contributes strongly to a speciﬁc normal mode. This happens in particular in the case
*
Sections 2.1.2.1 and 2.3.2.1 of this chapter are based on: S. J. Roeters, C. N. van Dijk, A. Torres-Knoop, E. H.
G. Backus, R. K. Campen, M. Bonn, and S. Woutersen, The Journal of Physical Chemistry A 117 (29), pp. 6311–6322
(2013).
†
With N atoms, there are 3N degrees of freedom; each atom has an x, y, and z coordinate. Three degrees
of freedom deﬁne the molecular center of mass, and — for non-linear molecules — three deﬁne the molecular
orientation using the Euler angles (ﬁg. 2.10); for linear molecules only two Euler angles are required 123 . The
remaining degrees of freedom are the molecular vibrational normal modes.
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to the protein structure due its large transition-dipole moment, that leads to strong
coupling between local modes. These result in amide-I spectra that are sensitive to
the structure and environment of proteins. Other amide modes that can provide similar information, albeit with smaller transition-dipole moments, are the amide-II (~1550
cm−1 ), -III (~1200-1400 cm−1 ), and -A (~3300 cm−1 ) modes 127 .

2.1.2 Calculating vibrational spectra of the amide-I mode
In recent years, various theoretical frameworks to calculate amide-I IR and Raman
spectra of proteins have been published. The relation between the conformation and
the linear (steady-state) amide-I IR spectrum has been explored extensively 128–133 . Gorbunov et al. 134 , Falvo et al. 135 , Ganim et al. 136 and Hamm et al. 137 have created similar
excitonic models for interpreting nonlinear amide-I 2D-IR protein spectra. Huang et
al. 138 and Tsuboi et al. 139 have performed such calculations to predict protein Raman
spectra. In chapters 3 and 4, we show how similar eigenmode calculations enable determination of the conformation and orientation of proteins in and near membranes,
by comparing experimental data with calculated VSFG spectra. In chapters 5 and 6 we
calculate amide-I IR spectra to interpret the recorded amyloid spectra.

2.1.2.1 An excitonic Hamiltonian to calculate amide-I spectra
In this thesis, we assume that the amide-I modes are spectrally isolated from other
modes, so that the backbone modes only couple with each other, and not with other
modes. This makes is possible to calculate the amide-I spectrum using only the amideI Hamiltonian.
The amide-I Hamiltonian used for the spectral calculations in this thesis consists of
nearest-neighbor and non-nearest neighbor couplings (estimated with two different
methods), and local-mode frequencies (modulated by potential hydrogen-bonds and
sidechains), from which the respective spectral responses — (2D-)IR, Raman and VSFG
— are calculated. The delocalized vibrational eigenmodes are subsequently obtained
by solving the time-independent Schrödinger equation.
We use the theoretical framework of refs. 129,138–141 to calculate the amide-I excitonic eigenmodes and eigenmode frequencies of proteins, based on their conformation. From the protein conformation, the amide-I exciton Hamiltonian of the system
is determined. We start the numerical implementation from the conformation in PDBformat, so that spectra can be calculated for any structure obtained by X-ray crystallography, Nuclear Magnetic Resonance (NMR) or Molecular Dynamics (MD) simulations
that has been uploaded to a protein structure database, as well as for theoretically predicted structures that might be expected for a particular experimental situation. The
excitonic amide-I Hamiltonian is constructed from the local modes and the couplings
17
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between them, calculated from the atomic coordinates in the PDB ﬁle. The Hamiltonian has the following form in the local-mode basis:
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(2.1)

with ωi0 the frequency of local-mode i, and κij the coupling between local-modes i and j.
The amide-I vibrations of proteins are mainly determined by the secondary structure,
and are not signiﬁcantly affected by the nature of the side chains 126,127 . This approximation generally works well, but more sophisticated local-mode-frequency approximations may be applied 142 .
Non-diagonal elements
While the coupling between non-nearest neighbor local amide-I modes can be well estimated by through-space transition-dipole interactions 130,143 , this model breaks down
for nearest neighbor couplings, in which through-bond interactions play a signiﬁcant
role 144 . We therefore apply two different models to calculate the two categories of nondiagonal elements of the Hamiltonian. To determine the nearest-neighbor couplings
(i.e. κi,i±1 and κi±1,i ) we use values obtained from ab initio density functional theory
(DFT). All other couplings are calculated using the transition-dipole coupling model
(TDCM).
The nearest-neighbor DFT approach is implemented using a state-of-the-art map
of the coupling as a function of the dihedral angles (φ, ψ), based on comprehensive
quantum-chemical calculations on ‘glycine dipeptide’ (Ac-Gly-NHCH3 ), using the 631G +(d) basis set and B3LYP-functional 134 . We use a parametrized map of these calculations that can be obtained from the website of ref. 124.
The model for amide-I moieties that are further apart approximates the interaction
with a Coulomb-like interaction between their transition-dipole moments 145 :
'
)
(⃗rij · µ
⃗ i )(⃗rij · µ
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⃗i · µ
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−
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(2.2)

with ϵ0 the dielectric constant, µ
⃗ i the transition-dipole of peptide bond i, and ⃗rij the

vector connecting dipole i and j. We obtain the coordinates of the backbone C, O, N
and H atoms from the PDB ﬁle, and determine the transition-dipoles from these coordinates using ab initio pre-calculated values for the displacements, charges and charge
ﬂows 137,146 , that can also be obtained from the website of ref.124.
Diagonal elements
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ωi0 = Ω0 − δωHB,i .

(2.4)

Vibrational eigenmode construction
The excitonic vibrational eigenmodes (also known as ‘delocalized eigenstates’, although
these modes, or states, can also be localized on the local modes which are their basis) are determined by diagonalizing the one-exciton Hamiltonian, thus obtaining the
eigenvalues ω ν and eigenvectors cσν of the eigenmodes |ν⟩ of the protein. These can
be expanded as:

|ν⟩ =

*
σ

cσν |σ⟩ .

(2.5)

Here |σ⟩ is the localized v = 1 state of the amide-I mode of peptide unit σ and cσν the

eigenvector component that quantiﬁes the contribution of each local mode |σ⟩ to eigenmode |ν⟩.

The calculation of the spectral responses of the various different vibrational techniques used in this thesis are discussed in sections 2.3.1-2.3.3.
2.2 Light-matter interaction
By irradiating proteins with light, we obtain information about their structure and orientation, via the interaction between light and matter. In conventional (linear) spectroscopy, the electric ﬁeld of light and matter only couple strongly when the matter contains oscillating charges that match the frequency of the incoming light. The frequency of the oscillating charges is related to the matter structure, via its dependence
on the oscillating masses and the bond strengths, leading to the aforementioned (local) normal modes and excitonic eigenmodes (section 2.1). The classical equivalent of
this frequency-dependency is given by two oscillating masses with a reduced mass
mr =

m1 m2
m1 +m2

that are connected to a spring with spring constant k (see also ﬁg. 2.2),

whose oscillation frequency is given by:
1
ν=
2π

+

k
.
mr

(2.6)

Intramolecular vibrations, involving nuclear motions and chemical bonds, are excited
by 2 to 20 μm photons (see ﬁg. 2.3).
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2.3 Different orders of polarization
Let us consider a dielectric material, e.g. a protein solution, in an external electric ﬁeld
E. The electric ﬁeld induces an electric displacement ﬁeld D inside the material 154 :
D = ϵ0 E + P,

(2.7)

with ϵ0 the vacuum permittivity, and P the polarization, which can be described as the
amount of dipole moment per unit volume 155 .
When the electric ﬁeld is strong enough, also higher orders of interaction start playing a role, which form the basis of non-linear spectroscopic techniques. In this case:
P = ϵ0 (χ(1) E + χ(2) E2 + χ(3) E3 + ...),

(2.8)

with χ(1) , χ(2) , χ(3) , the ﬁrst-, second- and third-order susceptibilities. This thesis contains vibrational spectroscopic techniques that rely on each of the three orders in this
power series: linear infrared (also known as FTIR due to the Fourier transform-method
usually employed to record the spectra), vibrational circular dichroism (VCD) are both
ﬁrst-order techniques, VSFG is a second-order technique, and 2D-IR is a third-order
technique.
Because χ(2) and χ(3) are typically 10−11 -10−14 and 10−21 -10−24 orders of magnitude
smaller than χ(1) , respectively 156 , the E ﬁelds required to observe the effects are only
widely available since the development of high-intensity lasers§ .

2.3.1 First-order techniques
There are various ﬁrst-order techniques with each a different ﬁrst-order susceptibility
χ(1) that is dependent on the underlying physical process.

2.3.1.1 One-dimensional infrared spectroscopy (1D-IR)
The most direct way to probe the vibrational eigenmodes derived in section 2.1 is through
infrared (IR) absorption spectroscopy, as they require IR light to be excited. Classically,
this absorption can be described as a decrease in the incident E-ﬁeld by the 180◦ out of
phase E-ﬁeld radiated by the induced polarization¶ . When an ensemble of molecules is
irradiated by infrared light, part of the molecules is excited from the vibrational ground
state, v = 0, to the ﬁrst vibrational state, v = 1 (see ﬁg. 2.4), leading to an absorption gov§
Especially the development of titanium-sapphire lasers in the 1990s have played an important role in the
development of the non-linear spectroscopy ﬁeld, as evinced by the 2005 Nobel prize for physics 157 .
¶
This follows from the fact that the polarization induced by the incident E-ﬁeld is 90◦ behind in phase 124,158 ,
and the E-ﬁeld that is radiated by the induced polarization is again 90◦ behind in phase.
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dipole moment µ
⃗ νel and the magnetic transition-dipole moment µ
⃗ νmag of the delocalized
vibrational eigenmodes |ν⟩ 170 :
Rν ∝ Im[ ⟨0|⃗
µνel |1⟩ · ⟨1|⃗
µνmag |0⟩].

(2.14)

Assuming µ
⃗ νmag = ⃗r × µ
⃗ νel (with r the distance vector between two local modes), and

expressing the excitonic eigenmode transition-dipole moments in terms of the local
mode transition-dipole moments weighted by the eigenvectors obtained by diagonalizing eq. 2.1, this becomes:
Rν ∝

N *
N
*
i=1 j>1

ciν cjν (r⃗ij · µ⃗i σ × µ⃗j σ ).

(2.15)

Just like the 1D-IR spectra, the VCD spectra can be calculated by summing the Lorentzianlineshape convoluted responses of all excitonic vibrational eigenmodes:
IVCD ∝

*
ν

(ω ν

Rν
.
− ωIR )2 + Γ2

(2.16)

2.3.2 Second-order techniques
Second-order techniques like second-harmonic generation (SHG — the prototypical
nonlinear optical process whose discovery is often seen as the birth of the nonlinear
optics ﬁeld 156 ), sum-frequency generation (SFG) and two-photon excited ﬂuorescence
microscopy provide signals selectively from non-centrosymmetric media, like interfaces and non-centrosymmetric crystals, due to the selection rule that underlies these
techniques: for bulk media χ(2) = 0.‡‡
2.3.2.1 Vibrational sum-frequency generation (VSFG)
Vibrational sum-frequency generation spectroscopy relies on the generation of sumfrequency photons when an IR and a visible beam are overlapped in time and space
in a medium that does not have inversion symmetry (see ﬁg. 2.8) 171–173 . This process
results from the simultaneous absorption of an IR photon and an anti-Stokes Raman
scattering process via a virtual state. The VSFG process is enhanced when the IR frequency is in resonance with a vibrational mode, yielding a vibrational spectrum of any
non-inversion-symmetric medium where the beams are focused, often an interface.
The fact that the sum-frequency photons are not generated in inversion-symmetric
bulk media makes SFG extremely sensitive to interfaces. A typical sample stage setup
is shown in ﬁg. 2.9.
‡‡
Upon changing E → −E we must have P → −P if nothing else changes (as is the case in a randomlyoriented bulk medium). But since P (2) (E) = P (2) (−E) = ϵ0 χ(2) E 2 (eq. 2.8), we must have P (2) (E) =
−P (2) (E), which only holds if P (2) (E) = 0 =⇒ χ(2) = 0.
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for i, j, k = x, y, z, with α̂ij the Raman scattering operator in the molecular frame, cσν
the eigenvector component that quantiﬁes the contribution of local-mode |σ⟩ to eigen⃗

mode |ν⟩, and α
⃗ σij the Raman tensor of the local-mode σ. Just like the transition-dipole

moments, also the Raman tensors of the local modes are determined from the backbone atom coordinates, based on the orientation reported in refs. 140,164 (see ﬁg. 2.5).

The c-axis (deﬁned to be in the direction in which the polarizability is largest) makes
an angle of 34◦ with the C=O bond, in the amide plane, while the a-axis is perpendicular to the amide plane, and the b-axis is perpendicular to both the a- and the c-axis. In
the principal axis (a, b, c)-frame, the polarizability of local amide-I mode σ is 139 :
⎛

⎞

0.05

⃗

⎜
σ
α
⃗ ij = ⎝

0.20
1.00

⎟
⎠.

(2.18)

for i, j = a, b, c. We apply the following transformations to obtain the Raman tensors of
the local modes in the molecular (x, y, z)-frame of the protein from the Raman tensors
in the local-mode (a, b, c)-frame 139 :
σ
σ
σ
σ
αxx
= lx2 αaa
+ ly2 αbb
+ lz2 αcc
σ
σ
σ
σ
αyy
= m2x αaa
+ m2y αbb
+ m2z αcc
σ
σ
σ
σ
αzz
= n2x αaa
+ n2y αbb
+ n2z αcc
σ
σ
σ
σ
αyz
= mx nx αaa
+ my ny αbb
+ mz nz αcc
σ
αxy
σ
αxz

=

σ
lx mx αaa

=

σ
lx nx αaa

+

+

σ
ly my αbb

σ
ly ny αbb

+

(2.19)

σ
lz mz αcc

σ
+ lz nz αcc
,

with lx , ly , ..., ny , nz the direction cosines 174 .
Assuming homogeneous line broadening for the individual excitonic eigenmodes,
the Raman spectrum (useful as complementary vibrational information 175 in the study
of proteins) can now be calculated as follows:
⃗

IRaman ∝

(2
* ((
(
α
⃗ν
(
( ,
( ω ν − (ω
(
−
ω
)
−
iΓ
laser
Stokes
ν

(2.20)

with ωlaser the frequency of the excitation laser, ωStokes , and the frequency of the Stokes
⃗

ﬁeld. The expressions for α
⃗ ν for the (unpolarized) Raman scattering intensity in terms
of the tensor components αij can be found in ref. 176.
The molecular VSFG hyperpolarizability βijk of excitonic eigenmode ν in the molec(2)

ular (x, y, z)-frame is given by the product of the IR (eq. 2.12) and Raman (eq. 2.17) response of the mode:
⃗

(2)ν

ν
βijk = µ
⃗ νk α
⃗ ij ,
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2.3.2.2 Effective nonlinear susceptibility χ(2)
IJK
Now that the frequency-dependent protein hyperpolarizability β̃ijk is constructed in
(2)

the molecular (x, y, z)-frame, we can determine the observed VSFG response in the lab
(X, Y, Z)-frame. The orientation of a protein can be characterized by the three Euler
angles (θ, φ, ψ) that relate the molecular (x, y, z)- to the lab (X, Y, Z)-coordinate frame
(see ﬁg. 2.10). The measured signal is a collective response of the molecules in the region where the IR and the visible beams overlap, and hence is an average over the distribution of protein orientations. We therefore average the Euler transformation over
the molecular orientation distribution in order to obtain the nonlinear susceptibility
in the lab frame 141 :
protein
χ(2)
=N
IJK

*,
(2) protein
(X̂ · x̂)(Ŷ · ŷ)(Ẑ · ẑ) β̃ijk
,

(2.23)

x,y,z

for I, J, K = X, Y, Z, for i, j, k = x, y, z, and where X̂, Ŷ , Ẑ and x̂, ŷ, ẑ are the unit vectors
in the lab frame and molecular frame coordinates, respectively, N is the number of
molecules that contribute to the response, and ⟨...⟩ indicates the averaging over the
molecular orientation distribution.

From the nonlinear susceptibility we obtain the measured VSFG intensity as follows:
(
(2
(
protein (
IVSFG ∝ IIR IVIS (χ(2)
( ,
IJK

(2.24)

for I, J, K = X, Y, Z or S, P (see ﬁg. 2.9), with IIR the IR intensity, and IVIS the visible
intensity.

Sometimes a non-resonant (or, more precisely, off-resonant) contribution inﬂuences
the shape of the VSFG spectrum. This can for instance be the OH- or the OD-stretch vibration (depending on the sample), for which the resonance frequency lies outside the
spectral window of interest. However, the trailing or leading edge may be sufﬁciently
intense to affect the VSFG response. In that case, a non-resonant term must be added
to obtain the measured VSFG intensity:
(
(2
(
protein (
IVSFG ∝ IIR IVIS (ANR eiφNR + χ(2)
( ,
IJK

(2.25)

with ANR and φNR the amplitude and phase of the non-resonant contribution, respectively, together determining the non-resonant nonlinear susceptibility χNR .
(2)

The refractive indices at either side of, and in the interfacial layer will in general all
be different. These different refractive indexes cause the local ﬁelds at the interface to
be different from the ﬁelds incident from the far ﬁeld. To account for these local ﬁeld
effects originating from differences in refractive index, which inﬂuence the observed
response differently for different polarization combinations, we multiply the nonlinear susceptibility with the Fresnel factors. For the four most commonly observed elements of the macroscopic SFG second-order susceptibility tensor (that probe the seven
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independent elements of the molecular SFG hyperpolarizability tensor of non-chiral
molecules), this is done as follows 141 :
(2.26a)

(2)

χeff,SSP =LYY (ω1 ) · LYY (ω2 ) · LZZ (ω3 ) · sin ρ3 · χ(2)
YYZ
(2)
χeff,SPS

(2)
χeff,PSS
(2)
χeff,PPP

(2.26b)

(2)

=LYY (ω1 ) · LZZ (ω2 ) · LYY (ω3 ) · sin ρ2 · χYZY

(2.26c)

(2)

=LZZ (ω1 ) · LYY (ω2 ) · LYY (ω3 ) · sin ρ1 · χZYY

(2)

= − LXX (ω1 ) · LXX (ω2 ) · LZZ (ω3 ) · cos ρ1 · cos ρ2 · sin ρ3 · χXXZ

− LXX (ω1 ) · LZZ (ω2 ) · LXX (ω3 ) · cos ρ1 · sin ρ2 · cos ρ3 · χ(2)
XZX

+ LZZ (ω1 ) · LXX (ω2 ) · LXX (ω3 ) · sin ρ1 · cos ρ2 · cos ρ3 · χ(2)
ZXX

+ LZZ (ω1 ) · LZZ (ω2 ) · LZZ (ω3 ) · sin ρ1 · sin ρ2 · sin ρ3 · χ(2)
ZZZ

(2.26d)

where S and P refer to the polarization of the incoming and outgoing beams (see
ﬁg. 2.9). For non-chiral molecules, these are the only non-zero elements. For chiral
molecules, χeff,PSP , χeff,SPP and χeff, PPS are also non-zero 179 . The Fresnel factors Lii of
(2)

(2)

(2)

beam j are:

2n1 (ωj ) · cos γj
n1 (ωj ) · cos γj + n2 (ωj ) · cos ρj
2n1 (ωj ) · cos ρj
Lyy (ωj ) =
n1 (ωj ) · cos ρj + n2 (ωj ) · cos γj

(2.27a)

Lxx (ωj ) =

Lzz (ωj ) =

2n2 (ωj ) · cos ρj
n1 (ωj ) · cos γj + n2 (ωj ) · cos ρj

(2.27b)
.

n1 (ωj )
n′ (ωj )

/2

,

(2.27c)

with ω1 , ω2 and ω3 the sum, visible and IR frequencies, respectively, ρ2 and ρ3 the angle
of incidence of the visible and IR beam, respectively, ρ1 the angle at which the sumfrequency beam is generated, given by sin ρ1 =

k2 sin ρ2 +k3 sin ρ3
k2 +k3

(with k2 and k3 the wave

vectors of the visible and IR ﬁeld, respectively), n1 , n2 and n′ the indexes of refraction of the dispersive media as deﬁned in ﬁg. 2.9, and γj the refracted angle, given by
sin γj =

n1 (ωj )
n2 (ωj )

sin ρj .

Now that we have calculated the effective nonlinear hyperpolarizability as a function of βijk , one can relate observed VSFG signals to protein conformation and orien(2) ν

tation: eqs. 2.1 to 2.21 show the dependency of the VSFG response on the structure, and
eq. 2.23 shows the dependency on the protein orientation.

2.3.3 Third-order techniques
The third-order nonlinear susceptibility χ(3) is non-zero for all media irrespective of
their symmetry. In χ(3) processes 3 ﬁelds interact to produce a 4th ﬁeld 182 .
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2.3.3.1 Two-dimensional infrared spectroscopy (2D-IR)
In two-dimensional infrared spectroscopy, the nonlinear response is generated by interactions between multiple IR beams. In the studies presented in this thesis we have
performed frequency-domain 2D-IR experiments, in which the differential absorption
before and after a pump pulse is measured by a probe pulse:
∆A(ω) = Apumped (ω) − A0 (ω).

(2.28)

By scanning over a range of pump frequencies a 2D spectrum like the one depicted
in ﬁg. 2.11 (calculated for a two-oscillator model system of two Morse-potential oscillators A and B)) can be measured. The 2D-IR spectrum is the result of two physical
phenomena:
I. The anharmonicity of the oscillators potentials results in diagonal peaks that contain a negative ( 1 + 2 ), and a positive ( 3 ) peak (due to processes called ‘bleach’,
‘stimulated emission’, and ‘induced absorption’, respectively), because the pump pulse
excites a certain number of molecules to the |AB⟩ = |01⟩ and |10⟩ states. The splitting between the positive and negative extrema (also known as the diagonal anharmonic

shift) ∆AA and ∆BB is determined by 2x for oscillators described by the Morse potential 124 (see ﬁg. 2.2), with x the anharmonicity, which is typically ~8 cm-1 for an amide-I
protein mode.
II. Coupling between two oscillators results in eigenmodes, changing the energies of
the |AB⟩ = |10⟩ → |11⟩ ( 4 ) transition with respect to the |00⟩ → |01⟩ ( 5 ) transition,

and vice versa — for the |01⟩ → |11⟩ ( 8 ) and |00⟩ → |10⟩ ( 1 ) transitions. Therefore, the

decrease in the absorption at the fundamental frequencies — related to the transitions
from |AB⟩ = |00⟩ → |10⟩ ( 1 ) and |00⟩ → |01⟩ ( 5 ), due to pump-induced excitation

of molecules to the other excited state (|01⟩ and |10⟩, respectively) — is no longer compensated by an increase in the absorption to the |11⟩ state, which would be the case

if the oscillators were uncoupled. In an uncoupled system these two processes cancel out exactly, but due to the coupling-induced frequency difference the pump pulse
now results in an increase in the absorption from the transitions to new |11⟩ state ( 4

and 8 ), and a decrease at the frequencies of the |10⟩ and |01⟩ transitions at the pump

frequencies related to the |01⟩ and |10⟩ transitions. The splitting between the positive
and negative extrema ∆AB = ∆BA of the so-called cross peaks that are thus created is

related to the coupling κAB = κBA .
The 2D-IR spectrum resulting from all these processes contains additional information
over the linear spectrum in four ways:
1. The intensity of the diagonal peaks is dependent on µ4 , from which — when measured in combination with the linear response (dependent on µ2 ) and in series with a
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sample with a known transition-dipole moment (such as water-solvated N-methylacetamide)
— the transition-dipole moment of the excitonic eigenmodes can be determined 183–185 .
The magnitude of the excitonic eigenmodes transition-dipole moments increases with
the coupling between the local modes, and decreases with the frequency splitting between them, resulting in delocalization over a larger number of local modes 124 .
2. The shape of the diagonal peaks can reveal to what extend a mode is inhomogeneously broadened 186–188 (a feature that will be used in chapters 6 and 7). When there
are differences in the environments of the oscillators (e.g. amide-I vibrations are affected by electrostatic ﬁelds originating from molecules up to 10 Å away 189 ), there will
be a static distribution of eigenmode frequencies 124 . While it is challenging to determine the extend of inhomogeneous broadening in the linear spectrum, in the 2D-IR
spectrum the slope of the nodal line between the (diagonal) bleach and induced absorption peaks indicates whether a mode is inhomogeneously broadened. The commonlyreported inverse slope of the normal line is 0 for non-inhomogeneously-broadened peaks,
and 1 for fully-inhomogeneously broadened peaks.
3. The cross peaks give direct information about the coupling between different
modes, and their intensity and polarization-dependency can be used to deduce the
relative orientation of, and — when combined with spectral calculations — distance
between the oscillators that give rise to the associated diagonal peaks 190 . In chapter 5
we use this feature to derive the angle between various β-sheet modes.
4. The time-dependency of the signals can provide insight into the dynamics of the
system 124,191–193 . Most of the time scales at which proteins undergo structural changes
(10-13 -104 s) are accessible through standard techniques through kinetic measurements,
but to probe the underlying dynamics of many of these structural changes, the measurement technique needs to be ultra-fast 136 .The fact that 2D-IR experiments can be
performed with ultra-short pulses makes 2D-IR spectroscopy ideally suited for timeresolved experiments on proteins, allowing structural and dynamical characterization
of short-range ﬂuctuations of protein sidechains, torsions, and hydrogen bonds (~10-13 10-10 s), protein reorientation, chain diffusion, nucleation, and folding of secondary
structure (~10-9 -10-6 s), domain folding and tertiary contact formation (~10-6 s), up to
the characterization of folding, binding, or aggregation kinetics through activated barrier crossings (>10-3 s) 136 .
Calculating 2D-IR spectra of excitonic vibrational eigenmodes
In order to calculate 2D-IR spectra, we expand the Hamiltonian given in eq. 2.1 to include the 2-exciton manifold§§ . For the two aforementioned coupled oscillators A, B
with each a local-mode anharmonicity ∆, and when neglecting non-quantum conserving terms¶¶ , this results in:
§§
At the pulse energies and widths employed in this thesis, 3-exciton effects can be neglected, as less than
1% of the molecules get excited to the v = 2 state with the pump energies we employ in this thesis, and again
less than 1 % of those molecules get excited to the v = 3 state.
¶¶
The terms that describe couplings between non-sequential vibrational states 124 .
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in the {|AB⟩} = {|00⟩ , |10⟩ , |01⟩ , |20⟩ , |02⟩ , |11⟩} basis (|AB⟩ representing a state with A

quanta of excitation in the ﬁrst mode and B quanta of excitation in the second mode),
with the zero-, one-, and two-exciton manifolds H (0) , H (1) , H (2) separated by lines. The
√
2 factor in the coupling between the |AB⟩=|11⟩ and the |AB⟩=|20⟩ and |02⟩ states fol-

lows from the harmonic approximation 145,161 . Because the three manifolds do not mix,
the n-exciton eigenmodes are linear combinations of the n-exciton local modes 194 .
Besides the eigenvectors and eigenvalues, also the transition-dipole moments between the various eigenmodes have to be determined in order to calculate the 2D-IR
response, which are given by the transition-dipole matrix 145 :
⎛
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2 factor for the |AB⟩=|10⟩ → |20⟩ and |AB⟩=|01⟩ → |02⟩ transitions also follows

from the harmonic approximation 194 . By applying eq. 2.5 again, the eigenmodes are
obtained similarly to eq. 2.13, but now not only for the zero- to one-exciton transitions,
but also for the one- to two-exciton transitions, from which the difference spectra of
the bleach, stimulated emission, and induced absorption processes can be calculated.
The intensities of these spectra are proportional to the number of molecules excited
by the pump pulse, which is proportional to the spectral overlap between the pump
pulse and the absorption spectrum of the transition 145 :
nk ∝

0

(
(
I(ω) ((

(2
(
µ
⃗ g,k
( dω,
ωg,k − ωIR − iΓ (

(2.31)

The bleach spectrum, proportional to the total reduction in ground-state population
1
δn = k nk (due to excitation to the various k states), is thus given by:
∆AB ∝ −

*
k

(
(
nk ((

(2
(
µ
⃗ g,k
( .
ωg,k − ωIR − iΓ (

(2.32)

The stimulated emission spectrum ∆ASE is spectrally similar to the ∆AB spectrum,
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because it is a result of a transition between the same states. There is also an increase
in the absorption due to transitions between the one-exciton states k to two-exciton
states p. This ‘induced absorption’ is proportional to:
∆AIA ∝

*
k

(
(
nk ((

(2
(
µ
⃗ k,p
( .
ωk,p − ωIR − iΓ (

(2.33)

Although the negative diagonal peaks are due to both bleach and stimulated emission, while the positive diagonal peak is only due to induced absorption, the peaks
have roughly the same intensity, because the transition-dipole moments of close-toharmonic oscillators scale as µ21→2 = 2µ20→1 124 .
Together these three spectra give the total 2D-IR spectrum: ∆A2D-IR = ∆AB + ∆ASE +
∆AIA .
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2.4 Experimental realization
Although the sample preparation in this thesis varies from study to study, the experimental realization of the spectroscopic techniques discussed above is similar in all
studies, and is therefore discussed below. The sample preparation as well as small
variations in the spectroscopic experimentation are noted in the following chapters.
2.4.1 1D-IR (FTIR) spectroscopy
One-dimensional IR spectra are commonly referred to as Fourier-transform (FT) IR
spectra because virtually all 1D-IR spectra are measured on FTIR spectrometers. The
Michelson interferometer that generates the mid-IR probe spectrum from an IR light
source in such spectrometers, has a moving mirror at the end of one arm, which leads
to rapidly varying interference patterns due to the path length difference between the
two arms. By measuring the ratio of the intensity of a reference beam and a beam that
passes through the sample as a function of the moving mirror position, the absorption
spectrum can be determined via a Fourier transformation 127 .
All 1D-IR spectra in this thesis are measured on a Bruker Vertex 70, recorded as an
average over 32 scans and with a resolution of 1 cm−1 .
2.4.2 VCD spectroscopy
The VCD spectra were also measured on the same Bruker Vertex 70 spectrometer, using
the PMA 50 Polarization Modulation Accessory. In such an accessory unit, a polarizer
selects the IR light that is at a 45◦ angle with the optical axis of a photo-elastic modulator (PEM) behind the polarizer 195 . The PEM (composed of ZnSe for mid-IR light) periodically retards the horizontal polarization component with respect to the vertical component, leading to alternating left- and right-circularly polarized light. The absorption
difference between the left- and right circularly polarized light is then measured using
lock-in detection.
2.4.3 VSFG spectroscopy
The VSFG spectroscopy setups used in this thesis (ﬁg. 2.12) are both based on the one
described in ref. 196. We employ a regeneratively ampliﬁed Ti:sapphire system (Legend, Coherent, Inc.) that produces 100 and 35 fs pulses (chapter 3 and 4, respectively)
at a frequency of 1 kHz, with a spectrum centered at ~800 nm and a bandwidth of
12 nm. Approximately a third of the light is split off and spectrally narrowed using
an etalon, while the remainder is converted to tunable mid-IR pulses (ranging from
2–10 μm, 600 cm-1 bandwidth at FWHM, 10–20 μJ) with an optical parametric ampliﬁer and difference-frequency mixing stage. Each beam is passed through a half wave
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timized before recording each pump pixel using an automated program that controls
the x, y, z-piezo elements in the etalon. To achieve this, a beam blocker is rotated into
the post-sample probe- and reference-beam paths, after which the pump beam is overlapped with the probe-beam path using an adjustable CaF2 plate. During acquisition
of the 2D-IR spectra, the beam blocker is moved into the pump-beam path. In order to
minimize scattering contributions the average of two PEM-induced pump delays was
measured such that the interference between the scattered pump beam and the probe
beam has a 180◦ phase in one delay with respect to the other delay (analogous to the
scatter reduction presented in ref. 198 where a wobbler is used for the same purpose).
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Cholera toxin, with the B-subunit (below) that binds to the host’s cell
membrane, leading to internalization of the A-subunit (on top) where it
triggers a myriad of enzymatic events that eventually lead to secretion
of H2 O, Na+ , K+ , Cl− , and HCO−
3 into the lumen of the small intestine
and thereby in rapid dehydration of the host (cell).

3
Determining In Situ Protein Conformation and
Orientation from the Amide-I Sum-Frequency
Generation Spectrum: Theory and Experiment*

Vibrational sum-frequency generation (VSFG) spectra of the amide-I band of proteins
can give detailed insight into biomolecular processes near membranes. However, interpreting these spectra in terms of protein conformation and orientation can be challenging, especially in the case of complex proteins. In this chapter, we show how the
formalism discussed in section 2.1.2 can be used to calculate the amide-I infrared (IR),
Raman and VSFG spectra for a given protein conformation and orientation. Based on
the protein conformation of the cholera toxin B-subunit (CTB), we set up the amide-I
exciton Hamiltonian for the backbone amide modes that generate the linear and nonlinear spectroscopic responses. By comparing the calculated VSFG spectra with experimental spectra of CTB docked to a model cell membrane, we deduce the protein
orientation. We ﬁnd that the intrinsic uncertainty in the interfacial refractive index —
essential to determine the overall amplitude of the VSFG spectra — prohibits a meaningful comparison of the intensities of the different polarization combinations. In contrast, the spectral shape of most of polarization combinations is independent of the
interfacial refractive index, and provides a reliable way of determining the molecular
orientation. Speciﬁcally, we ﬁnd that the symmetry axis of CTB is oriented at an angle
of 6 ± 17◦ relative to the surface normal of the lipid monolayer, in agreement with ﬁve-

fold binding between the toxin’s ﬁve subunits and the receptor lipids in the membrane.

*
This chapter is based on: S. J. Roeters, C. N. van Dijk, A. Torres-Knoop, E. H. G. Backus, R. K. Campen, M. Bonn,
and S. Woutersen, The Journal of Physical Chemistry A 117 (29), pp. 6311–6322 (2013).
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Determining In Situ Protein Conformation and Orientation from the Amide-I
Sum-Frequency Generation Spectrum: Theory and Experiment
3.1 Introduction
As discussed in chapter 1, the membrane is one of the most important organs of the
cell. It plays a vital role in the exchange of ions, polynucleotides and proteins, and
provides a barrier against pathogens. Over the length of only a few nanometers, it
contains a complex and dynamic mixture of lipids and proteins that perform many
crucial biological functions.
Obtaining a better understanding of these processes is challenging, if only because
one wants to measure exclusively a limited amount of interfacial molecules that are
surrounded by an overwhelming majority of very similar bulk molecules. One solution to this problem is to label the molecules of interest, but this can perturb the
molecular interactions and spatially averaged membrane properties, e.g. in the case of
isotope 199 or ﬂuorescent 200 labeling. Vibrational spectroscopic techniques (see chapter 2), in which molecules are probed by their intrinsic vibrations, provide a label-free
alternative. For instance, the amide-I (predominantly C=O stretch) mode proﬁle of a
protein directly reﬂects its conformation 127 . Conventional vibrational spectroscopic
techniques, e.g. IR absorbance and Raman scattering, are not interface sensitive and
are thus in general not capable of distinguishing the spectral response of molecules
present at an interface from the much larger number often present in bulk. Attempts to
overcome this problem have been made using attenuated total reﬂection type sample
geometries 201 . In this approach, the spectral response of moieties near the interface,
within a layer of a thickness set by the penetration depth of the evanescent wave, is
probed. This penetration depth is determined by the refractive indices of the relevant media and the wave vector of the incident infrared light. At amide-I frequencies
in most practical sample geometries this penetration depth is approximately 250 nm:
much larger than the few nm thickness of a single membrane.
The nonlinear optical technique of vibrational sum frequency generation (VSFG)
spectroscopy (see also section 2.3.2.1) is by its symmetry selection rules interface speciﬁc 171 and extremely sensitive 202 . By overlapping an infrared and a visible laser pulse
in space and time at an interface, emission is generated at the sum frequency of the two
incident ﬁelds. Like other vibrational spectroscopic techniques, VSFG allows labelfree measurements with high temporal and spatial resolution suitable for most biomolecular processes. Because of its extraordinary sensitivity, short acquisition times are
sufﬁcient to obtain a high signal-to-noise ratio. Finally, in contrast to many conventional surface characterization methods, VSFG experiments can be performed under
biologically relevant conditions, and in principle even in vivo, although such experiments in the amide-I region (analogous to the in vivo experiments by Koelsch et al. in
the CH- and CD-region 203,204 ) will be challenging to interpret due to the complex mixture of amide-group containing molecules in and near the cellular membrane. Previous authors have applied VSFG spectroscopy to investigate biomimetic interfaces in
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general 173,205–209 and to probe proteins at interfaces in particular 210–215 .
The cholera toxin B subunit (CTB) is an ideal protein to demonstrate the calculation
of amide-I VSFG spectra, because of its various types of ordered secondary structure
that lead to characteristic interferences in the VSFG response, and because it binds
strongly to membrane interfaces containing gangliosides, in a well-known fashion.
CTB binds the pentasaccharide head group of speciﬁc ganglioside lipids in a ﬁve-fold
fashion: one GM1 -lipid per subunit 216,217 . This results in a parallel orientation of the zaxis of the protein with the normal of the membrane 216,218 (see ﬁg. 2.10). By comparing
the calculated spectra with experimental IR, Raman and VSFG spectra, we determine
the orientation of CTB with respect to the membrane surface, and by reproducing the
spectra and the protein orientation we validate the formalism for protein identiﬁcation
and orientation determination purposes.

3.2 Results and discussion
3.2.1 Benchmarking the calculations
To benchmark the employed formalism (2.1.2) we compare various calculated spectral
variables with literature values.
To test the calculation of the Raman spectra from the Hamiltonian, we have applied
the formalism to the Hamiltonian of the tetraalanine-peptide presented in ref. 176, and
obtained exactly identical values for the isotropic Raman scattering ratios. The underlying conversion of the local Raman tensors into the molecular frame (eq. 2.19) is thus
employed correctly, which also directly affects the VSFG response, which is the outer
product of the IR and the Raman response (eq. 2.21).
To test the calculated couplings, we applied the formalism to a 170 amino acids long
perfect polyalanine α-helix, and obtained similar polarization combination ratios for
βijk (see eq. 2.22) for the A and E1 mode† as reported previously 220 : the authors of ref.
(2) ν

220 calculate βxxz /βzzz =0.31 and βxzx /βzzz =0.59, where we ﬁnd 0.33 and 0.58, respectively. Our approach differs from ref. 220 and ref. 221 in that we do not use analytical
calculations of the eigenmodes of perfect secondary structure motifs, but instead construct the eigenmodes from the interacting local modes of an arbitrary protein conformation‡ . The calculated A—E1 -frequency splitting also matches the splitting observed
in ref. 223.
†
The A mode of an α-helix is the mode in which all amide groups vibrate in phase 126,219,220 . The associated
IR transition-dipole moment and major principal Raman axis are oriented parallel to the α-helical axis. The
other two Raman-active α-helical modes of an inﬁnitely long ideal α-helix, E1 and E2 , have the major principal
Raman axes perpendicular to the helical axis, with a much smaller Raman cross section. The E2 is IR inactive.
Therefore the A and E1 mode are the only two α-helical amide-I modes that are SFG-allowed.
‡
If we do not use the transition charges to position the transition-dipole moments of the local modes, but
ﬁx the transition-dipole moments in the amide-plane at a ﬁxed angle of 20◦ with respect to the C=O dipole
instead 143,222 , the ratios change to 0.24 and 0.58, respectively.
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3.2.2 Experimental spectra
In order to compare the results of the spectral calculations with the vibrational spectra
of an arbitrary protein, we recorded the IR, Raman and VSFG spectra of CTB (see 3.1).
The IR spectrum is relatively broad, which is typical for a protein as large as CTB. There
are two peaks visible at ~1630 and 1682 cm-1 that are generally assigned to antiparallel β-sheets, and another peak at 1655 cm-1 , which is generally assigned to α-helices 127 .
The Raman lineshape is equally broad, but the small Raman cross section of the protein
prevents further interpretation of the spectrum. Finally, the VSFG spectrum shows a
broad and a narrow protein amide-I peak centered at 1645 and 1690 cm-1 , respectively,
and a broad lipid C=O stretch peak centered at 1732 cm-1 . The fact that there is a dip in
the VSFG spectrum where the IR spectrum contains the high-frequency antiparallel βsheet peak is probably because SFG spectroscopy is a coherence-based technique (see
also section 3.2.4.4). Therefore, eigenmodes can interfere destructively (as appears
to be the case for the high-frequency antiparallel β-sheet and the α-helical mode) or
constructively (which appears to be, at least partly, the case for the low-frequency antiparallel β-sheet and the α-helical mode), depending on the relative phase.

3.2.3 Calculating the IR, Raman and VSFG spectra of CTB
To calculate the IR, Raman and VSFG spectra of CTB (ﬁg. 3.2), we apply the formalism
to PDB-entry 2CHB, the cholera toxin B subunit complexed with GM1 pentasaccharide.
We ﬁrst optimize and solvate the structure in a 10 ps MD simulation to obtain realistic
hydrogen-bond lengths, including bonds from solvating water molecules (see Experimental details section for details on the MD simulation). We then construct the Hamiltonian (see eqs. 2.3 and 2.4), in which we estimate the hydrogen-bond induced localmode amide-I frequency shifts on the diagonal of the Hamiltonian using an adapted
form of the empirical algorithm used in ref.145:
n

δωHB,i =

HB
*

j=1

∆ωHB,j (3.5Å − rO· · · H,j )

(3.1)

with i the local-mode index, nHB the number of hydrogen bonds that amide group i
participates in, ∆ωHB,j the empirical proportionality constant of hydrogen bond j and
rO· · · H,j the distance between the accepting oxygen atom and the donating hydrogen
atom 145 .

There are ﬁve possible types of hydrogen bonds that peptide bonds can participate
in: they can accept two hydrogen bonds to the oxygen atom in case of non-proline
residues, two hydrogen bonds to the oxygen atom of peptide bonds upstream of proline
residues, and donate one from the hydrogen atom. For each of these cases we assume
a different ∆ωHB,j value.
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We choose the values of ∆ωHB,j such that eq. 3.1 is a linear approximation of the
distance dependency of the redshift obtained with ab initio calculations at the RHF/6311++G** level by previous authors 148 . For hydrogen-bond accepting secondary amides
this approach results in ∆ωHB, acc. = 20 cm-1 . For tertiary amides (i.e. the peptide bonds
located upstream of a proline residue) ∆ωHB,

proline acc.

is downscaled to 16 cm-1 accord-

ing to the ratio reported in ref. 224. If we apply all proportionality constants as derived
from ref. 148, the calculated splitting between the two protein peaks in the experimental SSP spectrum is too small, and only one protein peak is calculated. Hence, to match
the spectrum of CTB we set ∆ωHB,
reported in ref. 148, and ∆ωHB,

donor

2nd acc. ,

to 13 cm-1 , approximately two times the value

the hydrogen bond shift for the second accepted

hydrogen bonds, to 10 cm-1 , approximately half the value reported in ref. 148 (similarly
scaled to 8 cm-1 for peptide bonds upstream of proline bonds). These adjustment are
probably required because Hartree-Fock methods, like the one used in ref. 148, generally do not predict hydrogen-bond shifts very well 225 . We assume that a hydrogen
bond does not signiﬁcantly inﬂuence the local-mode frequency if it does not meet the
requirements described in ref. 226. The software package Chimera 36 is used to perform
this assessment.
As discussed in section 2.1.2, the off-diagonal elements of the Hamiltonian are determined using a parametrized map of quantum-chemical calculations 134 for the nearest neighbors and the TDC model 145 for non-nearest neighbors (we ﬁnd that using the
transition-point-charge model 137 for non-nearest neighbor couplings results in significantly worse agreement with the experimental data; see appendix ﬁg. 3.A.1). Subsequently, the Hamiltonian is diagonalized to attain its eigenvectors and eigenvalues.
We then construct the transition-dipole moments and the principal Raman axes in the
molecular frame for the conformation obtained from a time slice of the equilibrated MD
simulation, and combine them with the eigenvectors to obtain the IR and Raman responses of the eigenmodes. From these, using eqs. 2.13, 2.20, 2.24, and 2.27, we calculate
the IR and Raman spectra and the orientation dependent VSFG spectra. As the measured VSFG spectrum is a sum of the protein response and the C=O-stretch response
of the ester in the lipid head groups, we perform the calculation both for the amide-I
eigenmodes of the protein and for the lipid C=O-stretch mode.
The formalism is thus based on a number of parameters that determine the shape of
the calculated spectra: the orientational distribution functions P (θprotein , φprotein , ψprotein )
and P (θlipid-C=O

dipole , φlipid-C=O dipole , ψlipid-C=O dipole )

(which enter into eq. 2.23, see also ﬁg. 2.10), Γprotein , Γlipid , an overall frequency offset,
and the intensity ratio of the lipid response with respect to the protein response.
In order to obtain orientational information from the VSFG data, one has to assume
a certain functional form of the orientational distribution in terms of the Euler angles,
e.g. a delta function or a Gaussian, for θ, φ and/or ψ. Depending on the symmetry of
the protein, the distribution can be dependent on one, two or three of the Euler an47
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Figure 3.1. The experimental (a) IR spectrum of 20 μM CTB, (b) the Raman spectrum of a 0.2 mM
solution of CTB, and (c) the VSFG spectrum of 43 nM CTB under 1:9 GM1 /d75 -DPPC monolayer with a
surface pressure of 30 mN/m. In all experiments CTB was dissolved in a D2 O buffer solution of pH =
7.4 to create a biologically relevant environment.
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Figure 3.2. The calculated (a) IR and (b) Raman spectrum of CTB, and (c) lab frame second-order
susceptibility of CTB summed with the C=O stretch peak of a monolayer of DPPC lipids. All VSFG
spectra are scaled such that the ZZZ spectrum is normalized to unity.
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gles. CTB, like many membrane proteins, is expected to be distributed independent of
ψ (due to approximate cylindrical symmetry of the protein) and φ, but dependent on θ
(see also ﬁg. 2.10). If a protein does not have cylindrical symmetry, the orientational
probability distribution in general depends on all three Euler angles. Hence, the number of parameters that describe the orientational distribution is larger, which makes
it more difﬁcult to uniquely determine these parameters from the experimental data.
However, if one assumes a not too complicated form for the distributions, it may still
be possible to derive the average angles (and, if applicable, Gaussian widths) characterizing the orientation distribution from the VSFG spectra, as we expect the total set
of band structures of multiple polarization combinations to be unique for a protein.
If we assume a delta-function distribution P (θprotein ) = δ(θ−θprotein ) for the θ-distribution
of the protein and average over all possible values of ψ and φ in eq. 2.23, we obtain the
dependency of the VSFG-signals of CTB on θprotein (by solving the equations in appendix
II of ref. 181):

χ(2)
=
XXZ

1 ! (2)
(2)
(β̃xxz + β̃yyz ) cos θprotein sin θprotein
2

(3.2a)

1 (2)
(2)
(2)
(2)
(2)
(2)
(2)
− (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy + 2β̃zzz ) cos θprotein sin3 θprotein
2
1 ! (2)
(2)
χ(2)
=
(β̃xzx + β̃yzy ) cos θprotein sin θprotein
XZX
2
"
1 (2)
(2)
(2)
(2)
(2)
(2)
(2)
− (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy + 2β̃zzz ) cos θprotein sin3 θprotein
2
1 ! (2)
(2)
(β̃zxx + β̃zyy ) cos θprotein sin θprotein
χ(2)
=
ZXX
2
"
1 (2)
(2)
(2)
(2)
(2)
(2)
(2)
− (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy + 2β̃zzz ) cos θprotein sin3 θprotein
2
1 (2)
(2)
(2)
(2)
(2)
(2)
χ(2)
= (β̃xxz + β̃xzx + β̃zxx + β̃yyz + β̃yzy + β̃zyy )
ZZZ
2
"

(3.2b)

(3.2c)

(3.2d)

(2)

cos θprotein sin3 θprotein + β̃zzz cos3 θprotein sin θprotein .

For CTB, assuming a delta-function distribution for θprotein is valid due to the very
strong ﬁve-fold binding between CTB and GM1 216,218 . Furthermore, if we ﬁt the spectra
assuming that P (θprotein ) is a Gaussian distribution, we obtain a very narrow width of
this distribution, indicating that it is valid to assume a delta distribution. We also assume a delta-function distribution for the lipid C=O dipoles, because applying a Gaussian distribution instead of a delta distribution does not improve the ﬁt signiﬁcantly.
We assume θlipid-C=O

dipole

= 64◦ , the average angle between the dipole moment and the

surface normal, as reported in ref. 227. We assume that the non-resonant amplitude
(see eq. 2.25) is negligible compared to the resonant amplitude, as an experimentally
measured concentration series shows that the spectral lineshape does not signiﬁcantly change for different concentrations 228 .
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3.2.4 Deriving the protein orientation distribution
3.2.4.1 Challenges in extracting protein orientation from polarization dependent VSFG
measurements
Ideally, it should be possible to use the relative magnitude of different polarization
combinations to determine the protein orientation, similar to the orientation determination of uncoupled modes by previous authors 141 . However, for CTB, with the assumptions regarding the interfacial refractive indices used in ref. 141, there is no orientation or orientational distribution that is consistent with either the observed relative
magnitudes of the different polarization combinations, or the lineshape of the PPPpolarization combination. This is probably both due to the uncertainty in the value
of the interfacial refractive indices n′ and due to the uncertainty of how to correctly
model the surface when applying the Fresnel factors.
In previous VSFG papers all three n′ values are assumed to be similar 141,179 and/or
assumed to be similar to one of the bulk phases 229 . Zhuang et al. have derived a lower
limit for n′ from a simple estimate of the local-ﬁeld correction at the interface using a
modiﬁed Lorentz model 141 . However, the n′ values can vary strongly as a function of
molecular density and orientation, especially for interfaces consisting of large chromophores 179,230 , e.g. from 1.4 to 1.9 for a 10◦ change in orientation of the interfacial liquid
crystal molecule 48-n-octyl-4-cyanobiphenyl.
Because each of the polarization combinations is dependent on one or more interfacial indexes (n′ (ωIR ), n′ (ωVIS ) and n′ (ωSF )), incorrect values of n′ lead to wrong calculations of the intensity ratios of the SF signal of different polarization combinations
for a given orientation (distribution). Inversely, incorrect n′ values lead to false orientation distributions as derived from the measurements. Furthermore, oversimplifying
the interface as only consisting of one boundary between air and water, where maybe
multiple boundaries should be taken into account, also leads to incorrect orientation
distributions.
3.2.4.2 Deriving the protein orientation distribution based on the spectral VSFG lineshape
As an alternative for using the intensity ratio between different elements of the effective second-order susceptibility tensor (i.e. different polarization combinations), which
requires accurate handling of the reﬂections at the interface (via the Fresnel factors),
the lineshape of the molecular second-order susceptibility of some elements can be
ﬁtted to the experimental data. This only works for polarization combinations that
originate from a single molecular second-order susceptibility lab frame element, as
the Fresnel factors constitute only an overall scaling factor in this case (for example
for the SSP, SPS and PSS elements; see section 2.3.2.1 for the deﬁnitions). This approach cannot be applied to the PPP element due to the more complex dependency on
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Figure 3.3. Calculated spectra as a function of protein orientation, assuming θlipid C=O dipole = 64◦ 227 .
This assumption is derived from an IRRAS measurement, so a value of -116◦ is equally likely. Spectra in which θprotein and θlipid C=O dipole do not point in the same direction resemble the experimental
spectra worse (see ﬁg. 3.A.2). As homodyne SFG is not sensitive to an overall inversion of the orientation distributions over θ = 90◦ (i.e. it cannot distinguish a single dipole pointing up or down; only
the relative orientation of different dipoles determines the signal), only spectra for θprotein < 90◦
are shown.

the Fresnel factors (see eq. 2.26d). In the case of CTB, the SSP response is well-suited
to this approach, as the protein spectrum comprises two peaks: one high-frequency
peak at 1690 cm-1 that originates from non-hydrogen-bonded amide moieties, and a
low-frequency peak at 1645 cm-1 that originates from hydrogen-bonded moieties. As
the corresponding parts of the protein have different orientations with respect to the
membrane surface, the peak ratio is a function of the protein orientation (see ﬁg. 3.3).
Hence the 1645 cm-1 / 1690 cm-1 -peak ratio can be used to derive the protein orientation,
without any assumptions regarding n′ , nor on the implementation of Fresnel factors.
3.2.4.3 Comparison of experimental and calculated spectra
The calculated spectra reproduce the experimental data reasonably well, as is evident
from a comparison between ﬁgs. 3.1 and 3.2. While the IR and Raman spectrum are
independent of orientation of the protein, for the calculation of the lab frame SFG susceptibilities, knowledge of speciﬁcally the angle θ is required to relate the molecular
(x, y, z)- to the lab (X, Y, Z)-coordinate frame. By least-square ﬁtting the experimental
SSP spectrum to the calculated XXZ -spectrum we ﬁnd that θCTB = 6◦ ± 17◦ . The resid-

ual sum of squares (RSS) increases by 10% if θCTB is ﬁxed to a value larger than 30◦ , and
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increases monotonously for increasing values of θCTB (see ﬁg. 3.3, and also appendix
ﬁg. 3.A.4 for a graph of the RSS as a function of θCTB for ﬁts to the SSP, SPS, and PSS
susceptibility, and a global ﬁt to all three hyperpolarizabilities ). All ﬁts indicate that
the experimental data is best ﬁt with similarly small angles of θCTB . The RSS values
increase in the same manner for the SPS and PSS ﬁts as for the SSP ﬁt for increasing
values of θCTB . A θCTB close to 0◦ , as determined by previous authors 216,218 , can be expected from the ﬁve-fold binding between the toxin’s ﬁve subunits and the receptor
lipids in the membrane.
The spectra in ﬁg. 3.2 are calculated with the same isolated local-mode frequency Ω0
and linewidth Γ for the IR, Raman and VSFG spectra that we obtained by ﬁtting the
VSFG-SSP spectrum. The central frequencies of the three peaks in the IR spectrum
(at 1630, 1655 and 1685 cm-1 ) are reproduced correctly by the formalism. However, the
relative magnitudes of the peaks at 1630 and 1655 cm-1 are not very well reproduced.
This may be a result of the comparatively simple estimation of the hydrogen bondinduced amide-I redshift that we apply here. Due to the very small Raman cross section
of the protein it is difﬁcult to obtain a good signal-to-noise ratio in the measurement,
but the lineshape of the experimental Raman spectrum appears to be well-predicted
by the formalism.
The formalism does not reproduce the polarization combination dependency of the
VSFG spectra very well, probably as a result of the uncertainty in the precise values of
the interfacial refractive indices and about how to model the interface correctly when
applying the Fresnel factors. However, the XXZ -, XZX - and ZXX -molecular hyperpolarizabilities in the lab frame (ﬁg. 3.2), show a remarkable similarity in spectral shape
with the experimental SSP-, SPS- and PSS-VSFG spectra, respectively. The amplitudes
of the calculated signals are determined by the refractive index at the interface, but
the spectral lineshape is not dependent on assumptions regarding the values of n′ or
the functional form of the Fresnel factors (see previous sections). The fact that the
calculated spectral shapes correspond so well to the measured ones illustrates that
the model correctly captures the vibrational sum frequency response of the interfacial protein. A better comparison between theory and model can be made by scaling
the calculated to the experimental spectra, as shown in ﬁg. 3.3 for the SSP spectrum,
for several calculated spectra with a varying angle θCTB . The deviation on the red side
of the SSP spectrum is probably again largely due to the comparatively simple algorithm we apply for the hydrogen-bond induced redshifts. Employing a more sophisticated hydrogen-bond shift algorithm 132,149 or an approach in which intermolecular
interactions with the C=O and amide-groups in the lipid monolayer are also taken into
account, may render the agreement even better.
The formalism allows for easy decomposition of the spectra into the contributions
from different types of secondary structure motifs, as the different contributions can
simply be turned on and off in the Hamiltonian. By performing such an analysis for
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CTB, we ﬁnd that the most intense modes are the α-helical ones. This can partly explain the relatively large calculated ZZZ -molecular second-order susceptibility of CTB
for small values of θCTB (see ﬁg. 3.2). For such an orientation, there is a much larger contribution of the molecular-frame hyperpolarizability β̃zzz to the lab-frame susceptibil(2)

ity χZZZ as compared to the other lab-frame susceptibilities (see eq. 3.2). This reﬂects
(2)

the fact that the polarization of the incoming and outgoing optical ﬁelds is parallel to
the β̃zzz modes if θCTB ≈ 0. The β̃zzz modes are particularly strong because the A modes
(2)

(2)

of the alpha helices are oriented parallel to the helical axis 220 , which in turn are parallel

with the z-axis of the protein (see ﬁg. 2.10).
The χ(2)
spectrum contains three major peaks at 1632, 1660 and 1690 cm-1 . The highZZZ
frequency peak appears to be the result of α-helical residues that are near the end of
the α-helices and are thus less strongly hydrogen bonded. This peak is probably enhanced by the presence of antiparallel β-sheet modes at 1682 cm-1 (see section 3.2.2)
which interfere destructively with the modes that have eigenvalues in the same frequency range. The peak at 1660 cm-1 may be a result of α-helical residues that are
more strongly hydrogen bonded. These hydrogen bonds can be both intramolecular to
α-helical residue i+4 (i being the residue index), and intermolecular to water. Finally,
there are also a few very exposed peptide bonds (and thus possibly hydrogen bonded
to multiple water molecules) that, together with perpendicular β-sheet modes 126 , give
rise to the peak at 1632 cm-1 (see appendix ﬁg. 3.A.7 for a graphical representation of the
local mode contributions to these different eigenmodes). Interestingly, the intensity
of the PPP-polarization combination is not much larger than that of the other polarization combinations that, for θCTB ≈ 0◦ , hardly contain any molecular zzz-contribution

(see eqs. 2.26 and 3.2). This is probably because the magnitude of the Fresnel factor for

the XXZ -contribution is comparable to the ZZZ -contribution, and the two elements
interfere destructively. Numerical evaluation of eq. 2.26d shows that for a large range
of values of n′ this is indeed the case.
If the hydrogen bonds are not taken into account, the formalism predicts a single
broad peak for the SSP spectrum of the protein (see appendix ﬁg. 3.A.5 for the inﬂuence of hydrogen bonding and solvation on the calculated spectrum). Running an MD
simulation in which the protein is solvated results in a red-shifted and broadened lowfrequency peak, as the hydrogen bonds between the water molecules and the protein’s
backbone amides create a distribution in the redshifts and a high-frequency peak that
is less hydrogen bonded. This shows the strong dependency of the amide-I VSFG spectrum on the protein hydration, which can be used as a (time-dependent) probe of protein hydration near a membrane.
3.2.4.4 Experimental and theoretical considerations in performing protein VSFG-experiments
Apparently, for CTB the SSP lineshape is not very sensitive to the protein orientation for
small values of θprotein (see ﬁg. 3.A.4 of the appendix). If more elaborate theoretical and
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experimental studies improve our understanding of the local ﬁeld effects that occur
at a biomolecular interface (that determine the effective interfacial refractive index),
also the lineshape of the PPP spectrum and the relative magnitudes of the different
polarization combinations can be used in combination with the presented formalism
to determine protein distributions more accurately.
One way to obtain a more accurate description of these local ﬁeld effects is using a
CaF2 crystal as the medium above the interface, to decrease the contributions of nonZZZ elements to the measured PPP signal 210 . Although this renders the shape of the
PPP spectrum only dependent on the ZZZ susceptibility, the relative magnitude with
respect to the other polarization combinations is still a function of n′ . Alternatively,
using the polarization null angle method 179 to derive the ratios between different lab
frame hyperpolarizabilities from the measured SFG signal, is another way of reducing
the inﬂuence of uncertainties in n′ . Also, the information content of the measurement
can be increased by performing heterodyne SFG experiments. In such experiments,
the information loss that takes place in the observation of homodyne SFG signals (proportional to the modulus-square of the hyperpolarizability, see eq. 2.24), is eliminated
by measuring the interference between the homodyne signal and a local-oscillator
signal instead 231–235 . From the resulting signal, the imaginary part of χ(2) can be reconstructed, which is directly sensitive to the molecular orientation. Finally, with the
advent of 2D-SFG 180,236,237 , a new experimental method is available to enhance the certainty of θprotein determination. This technique, analogue to 2D-IR, reveals new structural information, e.g. through off-diagonal peaks that result from couplings between
modes. Calculation of the imaginary and 2D spectra based on the protein conformation
is a straightforward extension of the formalism presented here.
As can be seen by comparing ﬁg. 3.1 (a,b) with (c), VSFG spectra have more informative lineshapes than IR absorption or Raman spectra. This is due to the fact that it is
a coherence-based technique, i.e. the response is determined by a coherence between
the v=0 and the v=1 state, induced by the IR ﬁeld. This is in contrast to the IR absorption
and Raman scattering processes. These are population-transfer based techniques, in
which the signal intensity is proportional to the sum of the modulus-squared eigenmode transition-dipole moments and Raman polarizabilities, respectively (see eq. ??
and 2.20). However, in the case of SFG one is sensitive to the modulus-squared sum
ν
of the product of the transition-dipole moment µνk and the Raman polarizability αij
of

the eigenmodes (see eq. 2.24). Hence, interference between different eigenmodes can
strongly inﬂuence the observed spectra. This can for example be noted in the spectrum
of CTB, where the relative orientation of the protein with respect to the C=O dipoles in
the lipid head groups determines the shape of the spectrum in between their peaks:
two modes pointing either in the same or in opposite directions give rise to a different spectrum 238 . By ﬁtting the spectra we ﬁnd that the C=O dipoles in the DPPC head
groups are oriented in opposite direction of the protein’s central z-axis (as deﬁned in
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ﬁg. 2.10, see also ﬁg. 3.A.2).
3.3 Conclusions
We have developed a formalism to predict the infrared, Raman and VSFG amide-I spectra of proteins in and near interfaces, based on their conformation. This formalism,
which can be applied to any protein of which the conformation is known, makes it
possible to identify surface-bound proteins and to determine their orientation with
respect to the membrane. As a ﬁrst application of the formalism we measure and calculate the VSFG spectrum of membrane-bound cholera toxin B subunit. To determine
the orientation of this protein with respect to the surface, we use the dependence of
the predicted VSFG spectral shape on the orientation. The strength of such an approach is that it does not rely on knowledge or estimates of the interfacial refractive
indices at the three wavelengths relevant for the SFG process. Such knowledge is required when comparing signal intensities for SFG signals using different polarization
combinations. Rather, our approach relies on optimizing the agreement between the
calculated and measured spectral response at one speciﬁc polarization combination.
The VSFG spectra can be well reproduced, and the orientation of the membrane-bound
cholera toxin B subunit (CTB) is determined to have its main axis oriented perpendicular to the surface normal of the membrane. Since the formalism presented here makes
it possible to directly interpret amide-I VSFG spectra in terms of the protein conformation and orientation, we expect that it will signiﬁcantly increase the potential of VSFG
as a tool to study interfacial biomolecular processes.
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3.4 Experimental details
Cholera toxin B subunit (CTB) is purchased as a lyophilized powder at Sigma-Aldrich, as well as
the D2 O (99.96% purity), which is used instead of H2 O to rule out any potential spectral inﬂuence of
the H2 O bending mode. The GM1 and d75 -DPPC lipids are purchased from Avanti Polar Lipids. The
bulk IR spectrum is measured on a Bruker Vertex 70 FTIR spectrometer, in a CaF2 sample cell with
a 50 μm Teﬂon spacer, at a concentration of 20 μM in D2 O at pH 7.4, containing 0.5 M Tris buffer,
2 M NaCl, 30 mM NaN3 , and 10 mM sodium EDTA (the buffer salt constituents of the lyophilized
powder). The Raman spectrum of a 200 μM solution of CTB in D2 O-PBS buffer is measured with
a Bruker SENTERRA Raman Microscope ( λexc =785 nm). The VSFG spectra are obtained after
incubation of a planar ∼30 mN/m binary lipid monolayer (consisting of 1:9 GM1 :d75 -DPPC) with a
12.5 nM toxin solution of pH = 7.4, for 30 minutes. We assume the docking process is completed
after this period as the signal equilibrated after 15 minutes of incubation, and remained largely
the same for 24 hrs of incubation. The sample is measured in a 20 mL coated teﬂon trough. The
incident angles of the 800 nm and IR beams are 62◦ and 58◦ , respectively.
The lengths of the intramolecular hydrogen bonds and the hydrogen bonds to surrounding
water molecules are obtained by performing a 10 ps MD simulation in GROMACS in which the
2CHB PDB-entry was solvated in a 90 x 90 x 90 Å box (with 10 Å water around the protein), using
the TIP3 force ﬁeld for the water molecules and the CHARMM27 force ﬁeld for the protein.
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3.A Appendix
In this appendix, we ﬁrst show how the choice of the through-space coupling model
(the transition-charge coupling model, or the transition-dipole coupling model) inﬂuences the calculated XXZ spectrum (ﬁg. 3.A.1). The dependency of the calculated XXZ
spectrum on the protein orientation for all possible relative angles of the protein and
the lipid C=O peak is shown at representative angles in ﬁg. 3.A.2. The presented formalism can be used to determine the orientation distribution of cholera toxin B subunit
(CTB) through the ratio of the two protein peaks in the SSP spectrum. In ﬁg. 3.3 of the
main text we show how the protein orientation of CTB inﬂuences the spectral shape
for θCTB smaller than 90◦ . In ﬁgure 3.A.2, we also show the spectrum for orientation
distributions in which θCTB and θlipid-C=O

dipole

point in the same direction (i.e. θCTB and

θlipid C=O dipole are both either more or less than 90◦ ). Note that with homodyne SFG only
the relative orientation inﬂuences the interference pattern, not their absolute orientation: the homodyne spectra for angles of +θ are equal to those for angles of 180◦ − θ.
In ﬁg. 3.A.3, the spectra obtained by performing a global ﬁt of the calculated XXZ , XZX

and ZXX hyperpolarizability to the experimentally observed SSP, SPS and PSS susceptibility are given. The residual sum of squares (RSS) of the ﬁt of the XXZ , XZX and
ZXX susceptibility to the experimentally measured SSP, SPS and PSS susceptibility,
respectively, as a function of protein orientation is plotted in ﬁg. 3.A.4. In ﬁg. 3.A.5 the
calculated XXZ spectrum is plotted using various hydrogen-bond induced frequencyshift models.The addition of water molecules and subsequent equilibration leads to a
splitting, a broadening and a redshift of the protein’s VSFG response. Applying these
steps decrease the spectral mismatch between the calculated and experimental spectrum. To show the dependency of the PPP spectrum on the values of the assumed
interfacial refractive indices n′ , the PPP spectrum is plotted as a function for three
assumptions for n′ used in the literature. When applied to CTB for our experimental
conﬁguration (see the Experimental details section), there are pronounced differences in
the spectra calculated with the three different assumptions. Finally, in ﬁg. 3.A.7, the
eigenmodes of the three major peaks in the ZZZ spectrum are visualized, which serve
as the basis for the peak assignment of each of the three peaks to eigenmodes that are
delocalized over various secondary-structure elements. The fact that in a real proteins
nearly all eigenmodes are delocalized over multiple secondary-structure elements is
a recurring ﬁnding throughout this thesis.
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Spores of Aspergillus nidulans (top) and Streptomyces coelicolor (bottom) fungi that are covered by a thin layer of hydrophobin proteins.
Adapted with permission from ref. 240.

4
Observation of pH-induced Protein Reorientation at
the Water Surface*

Hydrophobins are surface-active proteins that form a hydrophobic, water-repelling
ﬁlm around aerial fungal structures. They have a compact, particle-like structure, in
which hydrophilic and hydrophobic regions are spatially separated. This surface property renders them amphiphilic and is reminiscent of synthetic Janus particles. In this
chapter, we report surface-speciﬁc chiral and non-chiral vibrational sum-frequency
generation spectroscopy (VSFG) measurements of hydrophobins adsorbed to their natural place of action: the air-water interface. We observe a reversible change in the orientation of the hydrophobins at the interface when the pH is varied. We explain this
local orientation toggle from the modiﬁcation of the inter-protein interactions and the
interaction of hydrophobin with the water solvent, following the pH-induced change
of the charge state of particular amino acids.

4.1 Introduction
Hydrophobins are the most surface-active proteins known and are exclusively produced by ﬁlamentous fungi 75 . In nature, hydrophobin assemblies act to reduce the
surface tension of aqueous environments, which otherwise can be a barrier to the
growth of hyphae into the air and subsequent spore production 241,242 . Hydrophobin
*
This chapter is based on: K. Meister† , S. J. Roeters† , A. Paananen, S. Woutersen, J. Versluis, G. R. Szilvay,
and H. J. Bakker, The Journal of Physical Chemistry Letters 8 (8), pp. 1772-1776 (2017). † These authors contributed
equally to the study (SJR calculated the VSFG spectra, deduced the protein conformation and orientation, and
co-wrote the manuscript).
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monolayers further provide a water-repellent coating on aerial hyphae, fruiting bodies, fungal-spores and gas cavities in lichens 243 . The success of hydrophobins is witnessed by their wide distribution among fungi and their use in various technological applications such as stabilization of foams, dispersal of hydrophobic substances,
and puriﬁcation of recombinant proteins 244,245 . At the air-water interface class-II hydrophobins form stable, highly-ordered assemblies that show an exceptionally high
surface elasticity (~1000 mN/m) which is much larger than reported for other proteins (typical values ~100 mN/m) 246,247 . Much effort has been devoted to understanding the unique surface properties of hydrophobins, and progress has been made in
resolving their microscopic ﬁlm structures, in particular by transferring the interfacial ﬁlm on solid support substrates 246,248 . However, surface-speciﬁc information on
hydrophobins in aqueous solution is lacking, and thus the relation between the interfacial hydrophobin structure and the properties of hydrophobin ﬁlms is still poorly
understood 244 . A hydrophobin protein is characterized by a pattern of eight cysteine
residues that form intramolecular disulﬁde bonds and stabilize a rigid fold, as illustrated in ﬁg. 4.1a. The overall structure of the protein is compact, with a central β-barrel
accommodated by an α-helical structure and an unusually large solvent-exposed hydrophobic region 249,250 . This hydrophobic patch comprises ~18% of the total surface
area and renders hydrophobins amphiphilic 250 . Here, we investigate the surface-behavior
of two class II hydrophobins from the fungus Trichoderma reesei (HFBI and HFBII) using
a combination of surface-speciﬁc sum-frequency generation techniques and spectral
calculations. Liquid surfaces can be probed with high selectivity using vibrational surface sum-frequency generation spectroscopy (VSFG), as discussed in section 2.3.2.1. In
this technique an infrared light pulse and a visible pulse are combined at a surface to
generate light at their sum-frequency 172 . The sum-frequency generation is enhanced
in case the infrared light is resonant with a molecular vibration at the surface. The
technique is bulk forbidden due to symmetry, and only ordered interfacial molecules
generate a detectable signal, thus making VSFG a highly surface-speciﬁc technique.
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Figure 4.1. Crystal structure of HFBI and VSFG spectra of the air-water interface of a 14 μM aqueous solution (pH 7) of HFBI (black) and HFBII (blue) at room temperature. (a). Hydrophobins threedimensional structure that consists of a β-barrel core, a small α-helix and a distinguishable hydrophobic patch (colored in green). Basic and acidic residues are annotated and highlighted in blue
and red, respectively. (b-c) VSFG spectra of HFBI and HFBII in the SSP polarization (s-SFG, s-VIS, pIR) contain several signals associated with the protein. (d-e) VSFG spectra of HFBI and HFBII in PSP
polarization (s-SFG, s-VIS, p-IR) show signals centered at ~1640 and ~1660 cm-1 that are associated
with the central β-barrel of hydrophobins.
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4.2 Results
Figure 1b-c shows VSFG spectra of 14 μM solutions of the class-II hydrophobins HFBI
and HFBII in water (pH 7, 20◦ C) at the air-water interface in the frequency regions from
1400-1800 cm-1 , measured in the achiral SSP (s-SFG, s-VIS, p-IR) polarization conﬁguration (see ﬁg. 2.9 for the deﬁnitions of the polarizations). In this region we identify
several bands that are associated with the interfacial hydrophobin ﬁlms. We assign the
band centered at ~1410 cm-1 to the symmetric stretch vibration of carboxylate groups
and the band at ~1450 cm-1 to C-H bending vibrations 251 . Signals around 1530 cm-1 are
associated with the amide-II mode and consists mostly of the out-of-phase combination of the N-H in-plane bend vibration and the C-N stretching vibration 127 (see also
chapter 2). Signals between 1600 and 1700 cm-1 are assigned to amide-I vibrations and
arise primarily from the C=O stretching vibration of the protein backbone. The amideI region is well-known to be sensitive to the secondary structure of a protein 127,220,221
(see also chapter 2). For both hydrophobins we observe strong, narrow signals centered at ~1675 cm-1 . Following literature assignments for ideal structures, the peak
at ~1675 cm-1 could be assigned to a combination of the B1 mode of the antiparallel βsheets (typically centered at 1685 cm-1 ) and β-turn elements (typically centered at 1665
cm-1 ) 252–254 . Following a similar approach, the weaker bands at ~1635 and ~1650 cm-1
can be assigned to the B2 mode of antiparallel β-sheets 221 , and to the A and E1 mode of
α-helices 220 , respectively.
We measured chiral VSFG spectra (cVSFG) in the amide-I region using the PSP (pSFG, s-VIS, p-IR) polarization conﬁguration (ﬁg. 4.1c-d). Chiral VSFG spectra have as
an advantage that the achiral resonances, including the water vibrations, are not observed. Hence, chiral VSFG spectra form an ideal means to identify chiral secondary
structure elements of proteins at interfaces 255–257 . In the amide-I region, only β-sheet
structures give rise to cVSFG signals 256,258 . The measured cVSFG spectra show a peak
at ~1640 cm-1 and a shoulder at 1660 cm-1 . For ideal secondary-structure elements,
peaks at ~1640 and 1660 cm-1 can be assigned to the B2 mode of antiparallel β-sheets
and to β-turn elements, respectively 221 . Overall, both proteins show very similar VSFG
spectra as expected for proteins with similar three-dimensional structures (see appendix ﬁg. 4.A.1). Both the conventional (achiral) and the chiral VSFG data show the
presence of a highly-ordered interfacial protein structure that is rich in β-sheet. The
observation of chiral VSFG bands further conﬁrms that hydrophobins remain in a wellordered fold upon interface adsorption, as the unfolding of the VSFG active secondary
structure elements would reduce chirality and hence the cVSFG signals 256 .
We examined the effects of a change in environmental conditions on the structure
of the hydrophobin ﬁlms. Hydrophobins are known to be extremely stable and to withstand high temperatures, a broad range of pH values, and high concentrations of common denaturants 259 . Interestingly, changing the pH of the solution does have a strong
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1250 cm-1 . The exchange of H2 O for D2 O did not lead to a change of the pH dependence
of the measured spectra (appendix ﬁg. 4.A.4), which demonstrates that the strong dependence of the VSFG spectra on the pH value does not result from interference of the
protein signals with the water background. We also observed pH-dependent spectral
changes in the PSP polarization conﬁguration where the inﬂuence of water is negligible. We further rule out signiﬁcant contributions from the non-resonant background
since hydrophobins generate relatively strong VSFG signals at the interface.
We thus explain the observed pH-dependent spectral changes of the amide-I VSFG
spectra by a reorientation of hydrophobin molecules at the interface. To quantify the
pH-induced orientational changes, we compare the measured spectra in the amide-I
region with spectral calculations as shown in ﬁg. 4.3. Our calculations show that the
experimentally observed changes can be reproduced well with different protein orientations for the different pH values. The calculated VSFG response is found to be very
sensitive to the protein’s orientation, because the orientation determines how the different amide-I vibrational modes of the protein interfere to give rise to the total VSFG
signal. By performing a global ﬁt of the calculated VSFG response of the SSP and PSP
data we ﬁnd that for neutral pH the hydrophobicity vector of the protein (see Experimental details) is not far from the surface normal (θ = 26.8◦ ± 2.3◦ and ψ = 213.6◦ ± 5.3◦ ).

We integrate φ from 0 to 360◦ to account for the azimuthal symmetry of the surface.
When the pH is lowered the hydrophobicity vector protein tilts away further from the
surface normal, to θ = 43.6◦ ± 10.4◦ and ψ = 271.0◦ ± 10.1◦ .

From the comparison of the experimental and calculated spectra we conclude that

the orientation angle θ of the protein changes by ~20◦ (from ~25◦ to ~45◦ ) when the
pH is decreased from alkaline to acidic values. At the same time, the rotation angle ψ
around the long axis of the protein changes by ~60◦ (from ~210◦ to ~270◦ ). As a result of
this change in protein orientation, the eigenmodes of the various secondary-structure
elements interfere differently, leading to the observed spectral changes as a function
of pH.
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Solvation interactions with water will be strongest for carboxylate groups (COO-),
as these groups can form strong hydrogen bonds with surrounding water molecules.
Indeed, at high pH values we observe a signal at ~1410 cm-1 , corresponding to the symmetric stretch vibration of COO-, which vanishes at acidic pH values due to protonation
(appendix ﬁg. 4.A.6). At low pH we also observe a shoulder in the spectrum at ~1725
cm-1 , which we assign to the C=O stretch vibration of carboxylic-acid groups. The more
upright position of hydrophobin at neutral and high pH can thus be explained from the
fact that the Asp30, Asp40, Asp43 residues are deprotonated at these pH values. The
resulting carboxylate groups are better solvated when the residues Asp40 and Asp43
are more deeply immersed in the water solvent, which corresponds to a more upright
orientation of the protein. At low pH, the Asp40 and Asp43 residues are in their neutral (carboxylic-acid) state, which weakens the solvation interactions, thus explaining
a more tilted orientation of the protein.
At low pH values we observe little intensity in the part of the amide-I spectrum that
corresponds to ideal α-helical structures (~1650 cm-1 ). At alkaline pH the intensity at
this frequency increases, leading to a redshift of the main band at 1680 cm-1 and a blue
shift of the weaker band at 1630 cm-1 . A similar spectral changes in the amide-III region (ﬁg. 4.A.7), where the signal at ~1300 cm-1 , typically assigned to α-helical structure,
is weak in amplitude at low pH and gains in intensity at higher pH values. Tsuboi et
al. have shown that the amide-I and -III Raman tensors (deﬁned with respect to the αhelical axis) have approximately the same principal components apart from an overall
scaling factor 139 , and also the VSFG response of an ideal α-helix is similar: the ratios
between the XXZ, XZX and ZZZ components are the same for the α-helical amide-I 220
and amide-III 264 A and E1 modes. Therefore, the increase in intensity of VSFG signals
associated with ideal α-helical structures (~1650 cm-1 in the amide-I region, ~1300 cm-1
in the amide-III region) with increasing pH probably have a common origin: the aforementioned change of the orientation of the hydrophobin molecules. However, to make
such a statement with more certainty for this non-ideal protein structure, spectral calculations of the amide-III are necessary.
A special role in the inter-protein interactions may be played by intermolecular salt
bridges between negatively charged carboxylate groups of the Asp residues and the
positively charged side groups of the lysine and arginine residues 246,248 . These salt
bridges can best form at near-neutral pH values and can contribute to the intermolecular connectivity of hydrophobins. At low pH the carboxylate groups are neutralized to
carboxylic acid groups, which implies that the salt bridges are disrupted, which likely
leads to a decrease of the strength of the inter-protein interactions. In the fungal aerial
structures, where liquid water is absent, the salt bridges are strong and may have an
important role in maintaining a coherent ﬁlm and thus water-repellency. As single
hydrophobins often have multiple biological roles (e.g. lowering the surface tension
and coating different fungal structures) it might be beneﬁcial if the ﬁlm properties can
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be ﬁne-tuned to suit the diverse biological functions. In this respect it is interesting to
note that changes in the pH of the fungal surrounding elicited by cell metabolism alter
hydrophobin ﬁlm structure and elasticity 247 , and that this mechanism thus may play
an important role in the fungal development.
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4.4 Experimental details
4.4.1 VSFG experiments
We performed measurements both in buffered systems (constant ionic strength) (100 mM phosphate buffer, 50 mM acetate buffer) and in pure H2 O/D2 O and observed a similar pH-dependence
for the buffered system as for pure water. The pH was adjusted by adding sodium hydroxide or
hydrochloric acid and samples were routinely checked (with a Mettler Toledo FE20) before and
after each measurement. The pH values were changed either directly in the trough, or by preparing HFBI solutions at different pH values. Both methods resulted in similar spectral changes.
The typical acquisition time of a VSFG spectrum was 600s. Class II hydrophobins HFBI and HFBII
were provided by VTT research and puriﬁed as described elsewhere 250,265 .

4.4.2 Determination of the protein orientation via spectral VSFG calculations
We ﬁrst determined the hydrophobic moment vector (HMV), or ‘hydrophobicity vector’, of HFBI
(PDB-entry 2FZ6) by ﬁnding the average location of the hydrophilic and hydrophobic parts of the
molecule and set the vector from the latter to the former 266,267 . We deﬁne (θ =0◦ , ψ=0◦ , ψ=0◦ ) so
that the HMV is parallel to the surface normal (a position expected to be energetically favorable
because most hydrophobic residues are outside the water, pointing into the air). We then perform
spectral calculations as described in chapter 2.

4.4.3 Error estimation and optimization of the spectral ﬁt parameters
The presented ﬁts consist of a global ﬁt that includes both SSP and PSP data. The signal intensity
of the SSP signal is much higher than the PSP signal, resulting in a much higher sensitivity of
the ﬁt parameters to the SSP spectrum than to the PSP spectrum. Performing a ﬁt solely to the
PSP data yields good agreement with the experimental data with parameters that are similar to
those resulting from the global ﬁt: θ = 32◦ ± 6◦ and ψ = 229◦ ±10◦ at high pH, and θ = 40◦ ±10◦ and
ψ = 276◦ ±10◦ at low pH. For comparison, the global ﬁt results in θ = 27◦ ±3◦ and ψ = 214◦ ±5◦ at
high pH, and θ = 44◦ ±10◦ and ψ = 271◦ ±10◦ at low pH.
The uncertainties were determined by testing by how much θor ψ must be changed so as to
increase the residual sum of squares (RSS) by 100% after re-optimizing all other parameters (appendix ﬁg. 4.A.8). We performed a grid search from 0 – 180◦ for θ and 0 – 360◦ for ψ with 10◦
intervals to make sure we did not end up in a local minimum. The RSS could be minimized by
optimizing spectral parameters like the intrinsically unknown interfacial refractive index with
respect to commonly used literature values without changing the interpretation: in all cases a
small deviation from the hydrophobicity vector with respect to the surface normal is found for
the high-pH spectra that increases when the pH is lowered. The errors were estimated by ﬁxing
θ and ψ to varying values away from the global ﬁt maxima and re-optimizing all other parameters (appendix ﬁg. 4.A.8). We ﬁnd that the data is ﬁtted best with a rather large homogeneous
linewidth Γ (10 cm-1 ) which might reﬂect some structural heterogeneity in the system. When
using a smaller Γ of e.g. 6 cm-1 the angles obtained by ﬁtting do not change much for the low-pH
spectra (θ = 26.6◦ and ψ = 217.2◦ ). For the high-pH ﬁt the angles are θ = 58.3◦ and ψ = 282.1◦ (while
the RSS increases by 217% for the low-pH spectra and by 65% for the high-pH spectra. Hence,
changing Γ does not inﬂuence the qualitative interpretation. The same goes for ﬁxing the interfacial refractive indices to a value found for layers of adsorbed proteins of ~7.5 kDa (the molecular
weight of HFBI) 268 : while the angles obtained by ﬁtting them with the interfacial refractive index at both the sum frequency and at the visible frequency ﬁxed to 1.5 did not change much with
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respect to the ﬁt shown in the main text (in which the interfacial refractive indices were ﬁtted),
the RSS increased by 139% for the high-pH values and by 7% for the low-pH values. When both
interfacial refractive indices were ﬁxed to 1.5 the best ﬁt resulted in θ = 27.2◦ , ψ = 217.3◦ for the
high-pH spectra, and θ = 44.9◦ and ψ = 271.7◦ for the low-pH spectra. In order to achieve this reduction in the RSS the interfacial refractive indices did not have to change more than 13% from
the refractive index value found by Vörös et al 268 . Changes of the interfacial refractive indices
resulting from reorientations have been observed before. For example, for the liquid crystal 48n-octyl-4-cyanobi-phenyl a change of 36% (from 1.4 to 1.9) upon an interfacial reorientation of 10◦
was observed 179,230 . We found that a 15 cm-1 frequency shift for the PSP spectrum with respect to
the SSP spectrum (correlating with a lateral displacement of approximately 0.35 mm at the CCD
detector) decreases the RSS by 42% for the high-pH spectra (for the low-pH spectra the RSS hardly
changes). A ﬁt without this additional adjustment results in similar angles (high pH: θ =26.7◦ , ψ
= 213.7◦ , low pH: θ = 41.9◦ and ψ = 269.8◦ ), thus not changing the qualitative interpretation.
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Artistic rendering of amyloid structure on the molecular level, based on
the 69-77 segment of α-synuclein (PDB-entry 4RIK).

5
Evidence for Intramolecular Antiparallel β-Sheet
Structure in α-Synuclein Fibrils from a Combination
of 2D-IR and AFM*

The aggregation of the intrinsically disordered protein alpha-synuclein (αS) into amyloid ﬁbrils is thought to play a central role in the pathology of Parkinson’s disease. Using a combination of techniques (AFM, UV-CD, XRD, and amide-I 1D- and 2D-IR spectroscopy) we show that the structure of αS ﬁbrils varies as a function of ionic strength:
ﬁbrils aggregated in low ionic-strength buffers ([NaCl] ! 25 mM) have a signiﬁcantly
different structure than ﬁbrils grown in higher ionic-strength buffers. The observations for ﬁbrils aggregated in low-salt buffers are consistent with an extended conformation of αS molecules, forming hydrogen-bonded intermolecular β-sheets that are
loosely packed in a parallel fashion. For ﬁbrils aggregated in high-salt buffers (including those prepared in buffers with a physiological salt concentration) the measurements are consistent with αS molecules in a more tightly-packed, antiparallel
intramolecular conformation, and suggest a structure characterized by two twisting
stacks of approximately ﬁve hydrogen-bonded intermolecular β-sheets each. We ﬁnd
evidence that the high-frequency peak in the amide-I spectrum of αS ﬁbrils involves a
eigenmode that differs fundamentally from the canonical high-frequency antiparallel
β-sheet mode. The high sensitivity of the ﬁbril structure to the ionic strength might
form the basis of differences in αS-related pathologies.
*
This chapter is based on: S. J. Roeters† , A. Iyer† , G. Pletikapić, V. Kogan, V. Subramaniam and S. Woutersen,
Scientiﬁc Reports 7, p. 41051 (2017). † These authors contributed equally to the study (SJR measured the 1D- and
2D-IR data, performed calculations, and co-wrote the manuscript).
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5.1 Introduction
The formation of amyloid ﬁbrils (characterized by a so-called cross-β structure 85,270
that is stabilized by an intra- and intermolecular hydrogen-bonding network, see section 1.4.2) is currently known to be related to approximately ﬁfty disorders, including
Alzheimer’s and Parkinson’s disease, and type-II diabetes 271 . In the case of Parkinson’s disease, amyloid aggregates of alpha-synuclein (αS) are the main component of
the protein deposits called Lewy bodies, which are an import hallmark for the disease 272,273 . Although physiochemical conditions that inﬂuence the conversion of monomeric αS to amyloid ﬁbrils have been investigated before 95,274–279 , the structural characterization of αS amyloid ﬁbrils is yet incomplete. Elucidation of the molecular details of the αS ﬁbril structure is essential to understanding the mechanism of selfassembly of αS into ﬁbrils, which is thought to play a role in the pathogenesis of PD.
It is known that both the conformation of monomeric αS 274 and the structure of its
amyloids 279 depend strongly on the ionic strength of the buffer solution. This is probably related to the long-range interactions within the protein 280–284 that are a result
of the charges present in αS: at neutral pH the C-terminus (residues 100-140) is highly
negatively charged (−13), whereas the rest of the protein has a net charge of +4. To
investigate how ionic strength inﬂuences αS-ﬁbril structure and the conformation of
the monomeric subunits within the ﬁbrils, we have studied the aggregation of the fulllength αS protein at different salt concentrations using a combination of atomic force
microscopy (AFM), circular dichroism (UV-CD), X-ray diffraction (XRD) and 1D- and 2Dinfrared spectroscopy (1D-IR and 2D-IR).
5.1.0.1 Previous ss-NMR studies: αS ﬁbrils are ‘in-register’
There is considerable evidence from solid-state NMR 275,277,285–290 and EPR 291,292 suggesting that αS ﬁbrils, independent of the ionic strength of the buffer solution in which
they were aggregated, have in-register monomers along the ﬁbril axis (i.e. the residues
of one monomer are next to the same residues in the neighboring monomers in the
hydrogen-bonded ﬁbrillar intermolecular β-sheet; see section 5.5.1 for a detailed description of the nomenclature used to describe the ﬁbril morphology). Although ﬁbrils
aggregated in high- and low-salt buffer solutions both are in-register, the structure of
the ﬁbrils does change dramatically if the protein is aggregated in a low-ionic strength
buffer solution (5 mM Tris-HCl), compared to aggregation in a high-ionic strength buffer
solution (50 mM Tris-HCl and 150 mM KCl) 275,277 .
5.1.0.2 Previous FTIR studies on the structure of αS ﬁbrils
Vibrational spectroscopy in the amide-I region (1600-1700 cm-1 ) can be used to gain
more insight into the conformation of αS molecules within the ﬁbril. Due to the strong
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vibrational coupling between the amide groups in backbones of proteins, amide-I IR
spectra exhibit distinct features for different secondary and quaternary structures 124,219,293–297 .
Many groups have used conventional IR techniques (the KBr pellet method, solution
FTIR or ATR-FTIR) to investigate the structure of αS ﬁbrils aggregated under different
conditions. The β-sheet structure in ﬁbrils prepared in 10 mM HEPES without any additional salt was reported to be fully parallel 298 , but it is still unclear which type of
β-sheet structure occurs in ﬁbrils prepared at higher salt concentration: many reports
assign their IR spectra of high-salt ﬁbrils (aggregated with 137-200 mM NaCl present
in the buffer) to an antiparallel β-sheet structure 299–304 , but other studies 275,305 report
spectral assignments to fully parallel β-sheets for αS ﬁbrils aggregated in 50 mM TrisHCl and 150 mM KCl-, and in PBS-buffer, respectively.

5.1.0.3 2D-IR on amyloid ﬁbrils
2D-IR spectra are less ambiguous in the assignment of secondary structure than 1DIR spectra, as they contain a secondary-structure dependent cross peak pattern, and
because highly ordered secondary-structure elements give stronger signals than lessordered structures 124 . The comparison of the 1D-IR spectrum (in which the total oscillator strength is to a good approximation conserved) and the 2D-IR spectrum (in which
the signal is nonlinearly dependent on the transition dipole of the IR modes 306,307 ) provides a measure of the excitonic delocalization of each structural component, making
a combination of the techniques exceptionally useful to study amyloid systems, as has
been shown by the work of the Zanni group 184,308–310 .

5.2 Results
5.2.1 Comparison with other studies using conventional techniques
To investigate the effect of ionic strength on the amyloid formation, we aggregate monomeric αS in 10 mM Tris buffer (pD = 7.4) with increasing concentrations of NaCl (0−300
mM). AFM images show that αS ﬁbrils prepared in up to 25 mM NaCl (henceforth ‘lowsalt aggregation conditions’) have a ribbon-like morphology, while those prepared in
more than 25 mM NaCl (henceforth ‘high-salt aggregation conditions’) are twisted and
rod-like (ﬁg. 5.1A,B), similar to those observed recently in ref. 275 (see appendix ﬁg. 5.A.1
for AFM images at all investigated salt concentrations). The UV-CD spectra (ﬁg. 5.1C)
show a typical negative peak at ∼218 nm irrespective of the ionic strength, and a positive peak that is blue-shifted from ∼200 to ∼195 nm for high-salt as compared to low-

salt ﬁbrils, in line with previously published UV-CD spectra of αS ﬁbrils prepared in
various salt concentrations 311–313 . Our XRD results (ﬁg. 5.1D) also indicate that we have

ﬁbrils similar to those studied in refs.275 and314. To investigate the changes in molec85
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Figure 5.1. (A, B) AFM images (scale bar = 10 μm in main image and 100 nm in the inset), (C) UV-CD
spectra, and (D) XRD spectra of αS ﬁbrils aggregated in the presence of varying concentrations of
NaCl.

ular structure caused by differences in the ionic strength we employ 1D- and 2D-IR
spectroscopy.
5.2.2 1D- and 2D-IR spectra of αS ﬁbrils as a function of ionic strength: signiﬁcant
changes around [NaCl] = 25 mM
For all investigated ﬁbrils, the IR spectra are dominated by a ﬁbrillar β-sheet peak
around 1620 cm-1 297,315,316 , and a peak at ∼1657 cm-1 , which is generally assigned to

turns 127,315 (see ﬁg. 5.2). However, the spectra of ﬁbrils formed with [NaCl] > 25 mM

are signiﬁcantly different from those formed in [NaCl] < 25 mM, mainly by the appearance of a small peak at ∼1685 cm-1 (see arrow in ﬁg. 5.2A, and the corresponding 2D-IR
peak at (νprobe , νpump ) = (1685,1685) cm-1 peak in ﬁg. 5.2D), and by the disappearance of the

∼1617 cm-1 shoulder superimposed on the broad 1623 cm-1 peak observed for low-salt
ﬁbrils. For high-salt ﬁbrils this broad peak changes into two sharper peaks at ∼1620

and ∼1632 cm-1 (see also ﬁg. 5.2E). The spectral change is not gradual but discrete (as
can be seen in ﬁg. 5.2B where the ratio between the absorption at 1685 and 1620 cm-1 is
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Figure 5.2. (A) 1D-IR (FTIR) spectra, (B) the 1685 cm-1 to 1620 cm-1 absorbance peak ratio, (C,D) 2D-IR
spectra, (E) diagonal slices (along the yellow lines in (C) and (D)), and (F) slices at νpump = 1620 cm-1
(along the blue lines in (C) and (D)) for αS ﬁbrils aggregated with different concentrations of NaCl.
Lines through the points in (E,F) are Catmull-Rom splines.
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Figure 5.3. (A) 2D-IR spectrum, with (on top) the 1D-IR spectrum and (on the right side) the diagonal slice of the ﬁbril formed by the hexapeptide VEALYL, that has an antiparallel orientation of
β-strand monomers along the ﬁbril axis, showing a canonical antiparallel β-sheet peak pattern with
a perpendicular orientation of the low- with respect to the high-frequency modes, and (B) the slice at
νpump = 1620 cm-1 . The cross peak at (νprobe ,νpump ) =(1680,1620) cm-1 with an anisotropy R=-0.21±0.03
reveals that there is a 90±11◦ angle between the modes that the low- and the high-frequency peaks
are composed of.

plotted), occurring at an onset NaCl concentration between 25 and 50 mM.
5.2.3 Assignment of the IR spectra: evidence for a novel β-sheet eigenmode
The 1685 cm-1 peak is fundamentally different from the commonly observed 126,136 highfrequency mode of antiparallel β-sheets. This becomes clear from the polarization
dependence of the cross peak between the low- and high-frequency peak in the 2DIR spectrum. The polarization dependence can be described by the anisotropy R =
∆Apar −∆Aperp
,
∆Apar +2∆Aperp

with ∆Apar, perp the cross-peak intensity for parallel and perpendicular

pump versus probe polarization, respectively. In a canonical antiparallel β-sheet the
transition dipole moment (TDM) of the high-frequency mode is perpendicular to the
TDM of the low-frequency (<1640 cm-1 ) β-sheet mode, which corresponds to R = − 51 124 ,
which we also measure for the hexapeptide VEALYL (R = -0.21±0.03) that forms ﬁb-

rils composed of antiparallel intermolecular β-sheets (ﬁg. 5.3), similar to what previous studies 223,317,318 found for antiparallel β-sheets. Surprisingly, for high-salt αS ﬁbrils
we ﬁnd R = -0.06±0.09, indicating that the conventional antiparallel β-sheet assignment does not apply for αS, in line with the ss-NMR ﬁndings 275,277,285–290 that αS are
in-register (i.e. not composed of antiparallel intermolecular β-sheets).
The high-frequency mode of high-salt αS ﬁbrils can neither be assigned to in-register
turns nor to loop regions, as was the case for the ∼1685 cm-1 peak observed for amy-

loid ﬁbrils formed by hIAPP 308 . αS Fibrils have a similar number of residues in turns
for low- and high-salt ﬁbrils, according to the UV-CD spectra 323 (ﬁg. 5.1C) and the NMR
spectra measured on similar ﬁbrils 275,277 , so it is unlikely that the appearance of the
extra peak is due to a change in the amount of residues in loop regions. Also, proton88
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Figure 5.4. Proposed structures that explain the different IR spectra and AFM images for low- versus
high-salt ﬁbrils. By adding ions to the solution of αS monomers the conformational equilibrium is
changed from a situation where most αS molecules are in a conformation in which the oppositely
charged C- and N-terminus shield the hydrophobic NAC region, to a situation in which the charge
interaction is screened due to the ions 274,280,281,283,284 . This leads to a more exposed NAC region, in
which αS can transiently adopt intramolecular β-sheet structure 282 , with a potential high ﬁbrillization propensity after a 90◦ rotation of the hydrogen bonds that has been observed before in aggregating proteins 319 . The width of the low-salt ﬁbrils, as observed with AFM, is similar to the length
of an extended αS monomer, and the low-frequency shoulder (∼1617 cm-1 ) in the IR spectra is only
observed for a parallel orientation of hydrogen-bonded β-sheets. We therefore hypothesize that in
a low-salt buffer the C- and N-terminus shielded monomer conformation is in equilibrium with an
extended conformation that has a stronger ﬁbrillization propensity than the shielded conformation
(albeit much less strong as compared to the intramolecular β-sheet conformation that is populated
in a high-salt buffer, as judged from the much slower aggregation rate of low-salt ﬁbrils). The extended monomer conformation leads to an extended and parallel ﬁbril structure. This hypothesis
also explains the fact that the low-salt ﬁbrils exhibit no twist, whilst the high-salt ﬁbrils are composed of two entwined twisting protoﬁbrils (as also observed with cryo-electron microscopy 320 ), as
both charge 321 and size 322 are known to inﬂuence the twisting properties of protoﬁbrils.
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assisted insensitive nuclei (PAIN) cross-polarization spectra of αS ﬁbrils show that the
loop regions have few contacts with the loops in neighboring αS molecules 277 , so it is
also unlikely that high-salt αS ﬁbrils would contain the highly-ordered loop regions
that are required to absorb at such high frequencies: if only because the PAIN spectra
show that they are deﬁnitely not more ordered than the loop regions in low-salt ﬁbrils.
5.2.4 Structural interpretation using the novel assignment of the high-frequency mode:
αS forms parallel, extended ﬁbrils in low-salt buffers, and antiparallel, tightly
packed ﬁbrils in high-salt buffers
More probably, the spectral differences for varying salt concentrations reﬂect a difference in the intramolecular structure of αS within the ﬁbril, from a more extended
form for low-salt ﬁbrils, to a more tightly-packed, probably antiparallel intramolecular
conformation for the high-salt ﬁbrils (see ﬁg. 5.4).
Spectral calculations show that a new high-frequency eigenmode appears when
hydrogen-bonded ﬁbrillar intermolecular β-sheets are stacked in the direction perpendicular to the ﬁbril axis. In the case of a single parallel sheet (see appendix; ﬁg. 5.A.2A
for the structure, ﬁg. 5.A.3A for the calculated spectrum and ﬁg. 5.A.4A for the eigenmode analysis), almost all intensity goes into low-frequency modes that have TDMs
parallel to the hydrogen bonds between the backbone amide groups 126 ; in the case of
a single antiparallel sheet (see appendix; ﬁg. 5.A.2B, 5.A.3A and 5.A.4B,C) almost all intensity goes into one low-frequency mode with a TDM in the direction of the backbone
hydrogen-bonds, and into a high-frequency mode with a TDM that is perpendicular to
this mode, in the direction of the β-strands 126,136 . However, when the in-register intermolecular β-sheets are stacked closely enough, a different high-frequency mode appears, that absorbs at approximately the same frequency as the high-frequency mode
of β-sheets composed of β-strands that are oriented in an antiparallel fashion. This
high-frequency mode is of a fundamentally different nature than the canonical highfrequency mode of an antiparallel β-sheet: the TDM of the high-frequency mode of
stacked β-sheets is parallel to the ﬁbril axis (rather than perpendicular to the ﬁbril axis;
see appendix ﬁg. 5.A.3B and 5.A.4D). In addition, besides this mode and the canonical
low-frequency parallel β-sheet mode (appendix ﬁg. 5.A.4E), new intense low-frequency
modes appear with TDMs either parallel to the β-strands (appendix ﬁg. 5.A.4F), or in the
direction in which the intermolecular β-sheets are stacked (appendix ﬁg. 5.A.4G).
The (above-mentioned) cross-peak anisotropy of -0.06±0.09 in the spectrum of highsalt αS ﬁbrils can be well explained by the presence of multiple orthogonal modes
contributing to the low-frequency peak. If each of the two diagonal peaks giving rise
to the cross peaks were due to a single eigenmode, the cross-peak anisotropy would
be -0.2 or 0.4 for perpendicular and parallel TDMs, respectively, while modes at intermediate TDM angles would give rise to intermediate R values. Because it is unlikely
that modes at intermediate angles are present in the highly symmetric ﬁbril structure
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Figure 5.5. Calculated IR spectra for two in silico constructed αS-like ﬁbril structures: (red) a ﬁbril
composed of 10 intermolecular β-sheets laterally stacked in an antiparallel fashion with an intersheet distance of 7.4 and 9.0 Å, and (black) a ﬁbril composed of 10 intermolecular β-sheets laterally
stacked in a parallel fashion with an inter-sheet distance of 8.3 and 10.5 Å.

(which we also see in the spectral calculations), we think that the observed cross-peak
anisotropy reﬂects the fact that the contributing absorption peaks are composed of
multiple modes with orthogonal TDMs as this also results in an intermediate R value.
5.2.5 Spectral calculations on in silico constructed αS-like ﬁbrils reproduce the experimentally observed eigenmodes
Such a low-frequency peak composed of modes with multiple orthogonal TDMs is observed in spectral calculations on an in silico constructed αS-like ﬁbril based on the unit
cell of the ﬁbril formed by the 69-77 segment of wild-type αS that contains intermolecular β-sheets that have an antiparallel orientation with respect to each other 289 (see
appendix ﬁg. 5.A.2C,D). Assuming such a structure, the high-frequency mode visible
in the spectra of high-salt ﬁbrils can be well reproduced (see ﬁg. 5.5). In this calculation, the unit cell of the 69-77 segment ﬁbril (PDB ID: 4RIK) has been extended into 10
stacked intermolecular β-sheets† , and 15 peptides long in the ﬁbril direction (for more
than ∼15 peptides in this direction, the spectra converge, see appendix ﬁg. 5.A.5). The

main distances found in the XRD-spectra are present in the structure thus obtained
(see appendix ﬁg. 5.A.2E,F). The underestimation of the calculated frequency splitting
with respect to the experimentally observed splitting has been noted before for the
transition dipole coupling (TDC) approximation we employ here 324–326 , but for a qualitative understanding of IR spectra this poses no problems 126,130,143,315,327 .
†
The equivalent of two stacks of ﬁve intermolecular β-sheets, each of the two composed of monomers in an
antiparallel intramolecular β-sheet conﬁguration similar to the intramolecular structure suggested previously
in the literature 286 , together adding up to a thickness of 7 nm as observed with AFM (see appendix ﬁg. 5.A.1).
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If we slightly expand the structure in order to match the distances in the low-salt
XRD spectrum (inter-sheet distances of 8.3 and 10.5 Å) and stack the hydrogen-bonded
sheets in a parallel fashion, we obtain a calculated IR spectrum that, like the experimental low-salt IR spectrum, does not show the ∼1685 cm-1 peak (see ﬁg. 5.5). The low-

frequency region of the experimental low-salt ﬁbril spectra (most clearly visible in the
diagonal slices of the 2D-IR spectra in ﬁg. 5.2E) is best also reproduced for a parallel
orientation of the intermolecular β-sheets: for such structures a weak low-frequency
shoulder appears in the calculations, at ∼5 cm-1 below the main ﬁbrillar peak. If such
parallel intermolecular β-sheets align as depicted in ﬁg. 5.4, the width of the ﬁbril is

close to that observed with AFM (see appendix ﬁg. 5.A.1). We therefore hypothesize
that the low-salt ﬁbrils are composed of intermolecular β-sheets with a parallel orientation.
An investigation of the inﬂuence of the orientation, distance and number of laterally stacked intermolecular β-sheets on the calculated spectra of ﬁbrils formed by three
model hexapeptides (GGVVIA, NNQQNY and SNQNNF, see Supporting Information) shows
that these effects are not unique for the in silico constructed αS-like ﬁbrils, but that
generally for in-register amyloid ﬁbrils (I) a high-frequency peak appears when they
are composed of hydrogen-bonded β-sheets that are closely packed, and (II) a lowfrequency shoulder appears when they are composed of hydrogen-bonded β-sheets
stacked in a parallel fashion (in the direction perpendicular to the ﬁbril axis).
Interestingly, for ﬁbrils composed of laterally stacked antiparallel intermolecular βsheets (i.e. not in-register sheets) all the low-frequency modes remain parallel to the
ﬁbril axis, while the high-frequency mode remains in the direction of the β-strands;
normal-mode orientations similar as for isolated antiparallel (intermolecular) β-sheets
(appendix ﬁg. 5.A.8). This explains why the ﬁbril formed by VEALYL (composed of such
laterally stacked antiparallel intermolecular β-sheets) has a similar 2D-IR spectrum
and cross peak anisotropy (ﬁg. 5.3) as an isolated antiparallel β-sheet 223,317,318 (appendix
ﬁgs. 5.A.2B, 5.A.3A and 5.A.4B,C).
Because we observed a strong spectral inﬂuence of the number of stacked intermolecular β-sheets in the spectral calculations of the in-register ﬁbrils (in line with
previous studies 315 ), we varied this parameter for the αS-like constructs described before, and found that the 4 peaks observed in the experimental high-salt ﬁbrils could
be best reproduced by stacking only 5 intermolecular β-sheets instead of 10 (see appendix ﬁg. 5.A.9), suggesting that the most-pronounced peaks in the IR spectrum of
ﬁbrils may all originate from the β-sheets present in the αS ﬁbrils (random-coil and
turn peaks being too broad to observe), and that the two protoﬁbrils that twist around
each other (each composed of 5 intermolecular β-sheets) to form the 7 nm-thick ﬁbril
(ﬁg. 5.1) are vibrationally uncoupled, either because of the comparatively large distance
separating them, or because they twist around each other without a well-deﬁned phase
relation.
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From IR measurements (see appendix ﬁg. 5.A.10) we ﬁnd that the ﬁbril structure does
not change if we exchange the buffers of the ﬁbrils with a different salt concentration
after the ﬁbrillization process is ﬁnished, in agreement with previous studies 275 . This
implies that the effect of salt on the ﬁbril structure must involve an inﬂuence on the
monomeric (or oligomeric) conformational distribution during the nucleation and/or
growth phase. The fact that we ﬁnd evidence for more tightly packed intramolecular
antiparallel β-sheet regions in ﬁbrils grown under high-salt conditions may be related
to the inﬂuence of charge on the conformation of αS monomers. In a low ionic strength
solution αS is mainly in a conformation in which the hydrophobic non-Aβ component
(NAC) region is shielded by the negatively charged C-terminus region that folds onto
positively charged parts of the protein 283,284 . This presumably counteracts spontaneous aggregation 328 . Upon the addition of polycations αS unfolds and the NAC region
is exposed‡, 283 . An increased exposure of the NAC region due to changes in pH 281,284 ,
addition of polycations 281,283 , or changes in ionic strength (ﬁg. 5.4) can increase the aggregation propensity of αS. The fact that the NAC region is predominantly shielded in
low-salt conditions will probably result in amyloid aggregation via a different pathway
than the aggregation pathway of monomers with an exposed NAC region: the high-salt
conformer might promote an intramolecular hydrophobic collapse and subsequently
the formation of antiparallel β-sheets, similar to the β-sheet formation observed in
monomeric αS upon C-terminus binding of polyamines 282 . These antiparallel β-sheet
conformers are likely to have a higher ﬁbrillation propensity, possibly leading to fullgrown ﬁbrils consisting of intramolecular antiparallel β-sheets after a 90◦ rotation of
the hydrogen bonds in the direction of the ﬁbril axis, similar to the conformational
transition that has been simulated and experimentally observed in the self-assembly
of other proteins 319 .

5.4 Conclusion
Our ﬁnding that even small variations in ionic strength (25 instead of 50 mM NaCl) can
result in very different ﬁbril structures could have signiﬁcant physiological implications. The strong salt dependency described here is another example of the high sensitivity of αS ﬁbrillization to aggregation conditions, besides previously described factors such as pH 329 , temperature 274 , and the presence and type of surface 330 or phospholipid membrane 331 . The high sensitivity of αS to the aggregation conditions might contribute to the relatively frequent occurrence of contradicting ﬁndings in this ﬁeld 332 .
‡
Increasing monovalent ion concentrations probably shift the equilibrium in a similar fashion (towards
the NAC-region exposed form of monomeric αS), because the conformation of αS monomers changes in a similar fashion as a function of [NaCl] as it does for polyamines, as indicated by the similar inﬂuence mono- and
polycations have on the UV-CD spectrum 274 .
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The mechanism proposed here should also be relevant for other amyloid forming proteins, since changes in ionic strength are known to affect the kinetics 333,334 and structure 335,336 of other amyloid forming proteins as well.
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5.5.1 Terminology regarding the morphology
We use the following nomenclature to describe the different parts of the ﬁbril structures: ‘βstrands’ are covalently connected amino acids, that, by hydrogen bonding between backbone
atoms of neighboring β-strands, can form hydrogen-bonded (ﬁbrillar) ‘intermolecular β-sheets’.
A ‘protoﬁbril’ is formed when multiple intermolecular β-sheets are connected via the backbones
of the monomers that they are composed of, or (like in the right top panel of ﬁg. 5.4) when only
a single intermolecular β-sheet is formed by the aggregated monomers. A ‘ﬁbril’ is formed when
multiple protoﬁbrils interact, e.g. by coiling around each other (like in the lower right panel of
ﬁg. 5.4), to form a higher-order structure.

5.5.2 Computational methods
In order to be able to compare our calculations as well as possible with previous works like ref. 315,
we used the transition-dipole coupling model (see section 2.1.2.1) to calculate the couplings in
this chapter. When including the nearest-neighbor couplings as described in section 2.1.2.1, the
calculation results did not change qualitatively, although the stacking-induced high-frequency
peak was less pronounced. We think this is due to the additional inhomogeneity induced by the
nearest-neighbor coupling. The fact that the high-frequency peaks are more pronounced in the
experimental spectra is probably due to the fact that the current computational methods only
allow calculations for a maximum of 64 protein subunits. This results in signiﬁcant end effects
that leads to additional spectral inhomogeneity, which is absent in the experimental situation
where thousands of monomers form the measured ﬁbrils.
For all calculated spectra presented in this chapter we set the Lorentzian half-width at halfmax Γ to 5 cm-1 and the gas phase amide-I frequency to 1660 cm-1 (unless noted differently).

5.5.3 Sample preparation
5.5.3.1 Expression, puriﬁcation and labeling of αS variants
The αS used in this study was expressed in Escherichia coli strain BL21(DE3) using the pT7-7 expression plasmid as previously reported 337 .

5.5.3.2 Preparation of αS ﬁbrils
Prior to aggregation, samples of αS in 10 mM Tris buffered at pH 7.4 were freeze-dried overnight
in a ScanVac Coolsafe (Labogene) to remove H2 O and subsequently, phosphate buffered saline
(PBS; 137 mM NaCl, 3 mM KCl, 10 mM phosphate) or appropriate amounts of NaCl prepared in
D2 O was added to the dried protein in separate tubes to vary ionic strength in 10 mM Tris buffer.
Thereafter, all protein samples were puriﬁed using a Nanosep 100 kDa molecular weight cut-off
ﬁlter (Pall Corporation) to remove any pre-existing aggregates. The concentration of the resulting
monomeric αS was measured in a NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientiﬁc)
at 276 nm by using a molar extinction coefﬁcient of 5600 cm-1 M-1 . The resulting puriﬁed samples did not show any absorbance beyond 320 nm (typically indicative of scattering) conﬁrming
the absence of any residual higher ordered aggregates. Finally, 150 μM of puriﬁed αS monomers
were shaken continuously in a Eppendorf Thermomixer at 1 000 rpm, 37◦ C until 90% conversion
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of monomers. For measurement of the percentage of monomer conversion, the aggregated suspensions were periodically aliquoted every 24 hours, ultracentrifuged at 10 000 g to spin down
aggregates, and the residual monomer concentration was estimated.

5.5.4 Atomic Force Microscopy (AFM)
For the AFM measurements, 20 μl of 10 μM ﬁbril suspensions obtained after aggregation were
incubated on freshly cleaved mica (15 x 15 mm) for 5 minutes. Samples were then washed with
pure D2 O to remove salts and dried using a slow stream of N2 gas. Thereafter samples were kept
in 37◦ C for 1 hour to remove any residual D2 O. AFM images were acquired in tapping mode on
a Dimension 3100 Scanning Probe Microscope (Bruker) using NSG01 gold probes with a resonant
frequency between 87-230 kHz and a tip radius <10 nm. Fibril heights and widths were determined
using NanoScope Analysis v1.5 software.

5.5.5 UV-Circular dichroism (UV-CD) spectroscopy
A Chirascan™ CD spectrometer was used to obtain UV-CD spectra of ﬁbrils at a protein concentration of 10 μM. Fibril samples were ﬁrst puriﬁed using a 100 kDa cut-off ﬁlter to remove monomeric
protein that can potentially affect the spectra. The UV-CD spectra were recorded between 200 to
250 nm with a step size of 1 nm and a scanning speed of 10 nm/min, using a 1-mm path-length
cuvette at room temperature.

5.5.6 X-ray diffraction (XRD)
A Philips X’Pert-MPD system with a Cu Kαwavelength of 1.5418 Å in reﬂection θ-θ mode) was
used to analyze the structure of the ﬁbrils. The samples (prepared in appropriate buffers) were
deposited on a monocrystal substrate cut at an angle non-parallel to surface, with a beam stop
mounted on top of the sample. During the measurements the sample was rotated at a speed of
4s/revolution. The diffractometer was operated at 40 kV and 40mA at a 2θ range of 2-40◦ , employing a step size of 0.025◦ .

5.5.7 IR spectroscopy
The IR cells were prepared by pipetting 7.5 μL of ﬁbril solution in between two CaF2 windows that
are separated by a 50 μm teﬂon spacer. The spectra are recorded as described in section 2.4. The
∆A −∆A
anisotropy R = ∆A par+2∆Aperp of the cross peaks is correlated with the relative orientation of the
par

perp

transition dipole moments θ of the peaks with R = (3 cos(θ)2 − 1)/5. The 2D-IR spectra were
typically recorded by measuring 10 scans of each approximately 1 hour; the standard deviations
σR and σθ were calculated by determining R and θ for each scan individually.
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In this appendix, ﬁrst an overview of the AFM results is given (ﬁg. 5.A.1). The overview
provides experimental support for one of the most important ﬁndings in the study:
that low-salt αS ﬁbrils are much broader than high-salt αS ﬁbrils, while their height
remains comparable. In ﬁg. 5.A.2, the molecular structures used in the various spectral calculations are given, both for single (anti)parallel protoﬁbrils, and for stacked
(αS-like) structures. Then, in ﬁg. 5.A.3, the associated calculated spectra are given, and
the associated analyses of the modes discussed in the main text are given in ﬁg. 5.A.4
normal-mode. The spectral inﬂuence of the length of the ﬁbril (in terms of the number of β-strands along the ﬁbril axis) is shown in ﬁg. 5.A.5). Subsequently, in ﬁg. 5.A.6,
5.A.7 and 5.A.8, and in the accompanying text (section 5.A.1), we show that the spectral
effects calculated for the αS-like structures are also present in calculations on other
ﬁbrillar structures. In ﬁg. 5.A.9, the calculated spectrum of 5 β-sheets, stacked in an
antiparallel fashion, is shown, because it reproduces the four experimentally observed
peaks for high-salt ﬁbrils. Finally, in ﬁg. 5.A.10, the 1D- and 2D-IR spectra are shown
that indicate that the structure of αS ﬁbrils does not change if 150 mM NaCl is added
to ﬁbrils that have been aggregated in a no-salt containing buffer.
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Figure 5.A.1. Representative AFM images at different ionic strengths: top panels are amplitude images obtained upon aggregation of WT-αS in 10 mM Tris buffer with 0 mM NaCl (A), 5 mM NaCl (B),
25 mM NaCl (C), 50 mM NaCl (D), 100 mM NaCl (E) and PBS buffer (137 mM NaCl, 3mM KCl and 10 mM
phosphate; listed as 137 mM NaCl*, on the last line of the tables) (F), at 37 ◦ C with constant shaking
at 1000 rpm. Insets are contrast enhanced for clarity. Scale bars are 10 μm. Panels B and C contain
both wide and thin ﬁbrils while panels D, E and F contain only thin ﬁbrils (∼30-40 nm wide). Fibril
heights and widths were obtained from AFM height images. The reported ﬁbril widths are actually
convolutions of the actual ﬁbril widths and the AFM tip width. As this effect is not present in the
height measurement, and we assume the high-salt ﬁbrils are as high as they are wide, we estimate
that approximately 30 nm of the reported widths is due to the AFM tip width. Hence, the actual width
of no-salt ﬁbrils would be ∼50 nm, equal to the length of an extended αS molecule. Therefore the
AFM data is consistent with a parallel and extended orientation of αS molecules in low-salt ﬁbrils.
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Figure 5.A.3. Calculated spectra (A) for single intermolecular β-sheets composed of antiparallel βstrands (VEALYL) and parallel β-strands (69-77αS), and (B) for structures constructed into 10 stacked
intermolecular β-sheets, based on the unit cell of PDB entry 4RIK, the ﬁbril of the 69-77 segment of
αS, for 4 possible αS conformations.
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Figure 5.A.5. Calculated spectra for different numbers of β-strands in the ﬁbril direction, for ﬁbrils
composed of 10 intermolecular β-sheets stacked in an antiparallel fashion, based on the unit cell of
the amyloid structure formed by residues 69–77 of αS (PDB-entry 4RIK 289 ).
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5.A.1 Generalization of the spectral assignment based on calculations: are the modes
present in the αS-like structures generally found in in-register ﬁbrillar structures?
To study whether it is a general phenomenon that for amyloid ﬁbrils (I) a high-frequency
peak appears when they are composed of hydrogen-bonded β-sheets that are closely
packed, and that (II) a low-frequency shoulder appears when they are composed of
hydrogen-bonded β-sheets stacked in a parallel fashion (in the direction perpendicular to the ﬁbril direction), we investigate the inﬂuence of the orientation, distance
and number of stacked hydrogen-bonded β-sheets on the calculated spectra of ﬁbrils
formed by three model hexapeptides: GGVVIA, NNQQNY and SNQNNF (see ﬁg. 5.A.6B-D).
The low-frequency shoulder (∼1617 cm-1 ) is indeed only present in ﬁbrils with a parallel
intermolecular β-sheet orientation, whilst the high-frequency peak (∼1683 cm-1 ) seems
to be determined mainly by the number of stacked hydrogen-bonded β-sheets and
their distance (see ﬁg. 5.A.7), whilst being insensitive to whether the hydrogen-bonded
β-sheets are parallel or antiparallel with respect to each other (the hydrogen-bonded
β-sheets are stacked in a parallel fashion in SNQNNF, while they have an antiparallel
orientation in GGVVIA and NNQQNY). This result is similar to what we ﬁnd for the in
silico constructed αS-like structures (see ﬁg. 5.A.3B). The dependency on the number of
stacked β-sheets and the intersheet-distance of the high-frequency peak can be understood by inspection of the phase of the associated ∼1685 cm-1 mode of e.g. GGVVIA (see

ﬁg. 5.A.6E): the amide-groups oscillate in phase with their neighbors in the neighboring

hydrogen-bonded β-sheets. This is in contrast to most other eigenmodes with signiﬁcant intensity, in which amide groups oscillate mainly in phase with their neighbors in
the same hydrogen-bonded β-sheet (see e.g. ﬁg 5.A.6F). For all hexamers studied here,
the modes around 1620 cm-1 increase in frequency with decreasing inter-β-sheet distance and with an increasing number of intermolecular β-sheets, in line with previous
work 315 .
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Figure 5.A.7. (A) Calculated spectra for 4 stacked sheets of 14 peptides with varying inter-sheet distances, of SNQNNF (stacked in a parallel fashion) and NNQQNY (stacked in a antiparallel fashion),
(B) Ratio of the intensity in the 1675-1700 cm-1 region to the total (1600-1700 cm-1 ) amide-I intensity as a function of the number of intermolecular β-sheets (left) and their spacing distance (right).
The lowest inter-sheet distances presented here are known to occur in nature, e.g. in the so-called
nanoﬁbrils in the silk gland of the golden silk orb-weaver spider (5.3Å) 338 .
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Artistic rendering of the recorded STEM images of the amyloid aggregates formed by 1-108-αS (colored white and blue) depicted on top of
those formed by WT αS (colored white and yellow).

6
C-terminal truncated α-synuclein ﬁbrils contain
strongly twisted β-sheets*

C-terminal truncations of monomeric wild-type alpha-synuclein (henceforth WT-αS)
have been shown to enhance the formation of amyloid aggregates both in vivo and
in vitro and have been associated with accelerated progression of Parkinson’s disease
(PD). The correlation with PD may not solely be a result of faster aggregation, but also
of which ﬁbril polymorphs are preferentially formed when the C-terminal residues are
deleted. Considering that different polymorphs are known to result in distinct pathologies, it is important to understand how these truncations affect the organization of αS
into ﬁbrils. In this chapter, we present high-resolution microscopy and advanced vibrational spectroscopy studies that indicate that the C-terminal truncation variant of
αS, lacking residues 109-140 (henceforth referred to as 1-108-αS), forms amyloid ﬁbrils
with a distinct structure and morphology. The 1-108-αS ﬁbrils have a unique negative
circular dichroism band at ~230 nm, a feature that differs from the canonical ~218 nm
band usually observed for amyloid ﬁbrils. We show evidence that 1-108-αS ﬁbrils consist of strongly twisted β-sheets with an increased inter-β-sheet distance and a higher
solvent exposure than WT-αS ﬁbrils, which is also indicated by the pronounced differences in the 1D-IR (FTIR), 2D-IR and vibrational circular dichroism spectra.

*
This chapter is based on: A. Iyer† , S. J. Roeters† , V. Kogan, S. Woutersen, M. M. A. E. Claessens and V. Subramaniam, Journal of the American Chemical Society 139 (43), pp. 15392-15400 (2017). † These authors contributed
equally to the study (SJR measured the 1D- and 2D-IR, and VCD spectra, performed the spectral calculations,
and co-wrote the manuscript).
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6.1 Introduction

Parkinson’s disease (PD) is characterized by the presence of intracellular aggregates of
ﬁbrils of the intrinsically disordered protein alpha-synuclein (αS) 42,43,339 . It is now well
established that ﬁbrillization of αS is involved in neuronal cell death in PD 340,341 . Wild
type αS (WT-αS) comprises of three domains: the N-terminal region (residues 1-60) that
is mainly involved in membrane binding 342 , the amyloidogenic NAC domain (residues
61-95) that is crucial for amyloid formation 343 , and the highly charged C-terminal region (residues 96-140) that is known to interact with polyamines, metal ions and cellular proteins 344 . Although the cellular triggers for the self-assembly of monomeric
αS into putatively toxic ﬁbrillar aggregates are still unclear, it is evident that WT-αS
can form different amyloid polymorphs; ﬁbrils that differ in molecular structure and
morphology 98,275,345–347 . These ﬁbril polymorphs have been shown to induce distinct
pathologies in cells and mice 345,348 . Lewy bodies – a pathological hallmark of PD, not
only contain ﬁbrils consisting of WT-αS, but also contain up to 15% truncated WT-αS
variants 349–351 . Interestingly, the C-terminal αS truncation that is commonly found in
Lewy bodies is also present in healthy brains and cultured cells 350,352 . Thus, αS truncation does not directly result in disease per se. However, experiments on transgenic
mouse models, animal cell lines and neuronal cells over-expressing C-terminally truncated αS, show that there is strong correlation between C-terminal truncation variants and PD pathology 352–357 . The in vitro produced aggregates of C-terminally truncated αS have also been shown to be more cytotoxic than WT-αS aggregates 354,358,359 .
Given the physiological relevance 354,358 of the C-terminal truncated variant of αS that
lacks residues 109-140 (henceforth 1-108-αS), and the role of αS-ﬁbril polymorphism
in disease 98,275,346,360 , we investigated the structure of ﬁbrils formed by this truncation
variant. αS monomers are closely packed in amyloid ﬁbrils. The removal of residues
from the highly-charged solvent-exposed C-terminal region may have structural consequences arising from altered electrostatic and steric constraints. In amyloid ﬁbrils,
differences in the fold of αS monomers affect the ﬁbril morphology and their physiochemical properties, which may translate to differences in cytotoxicity 275,345,361 . In
spite of its importance and abundance, the inﬂuence of the C-terminal truncations on
the resulting αS ﬁbril structure is not well understood. Here we show how deletion of
C-terminal residues of monomeric αS affects the structure, morphology and hydration
properties of the resulting ﬁbrils. Our experiments suggest that 1-108-αS ﬁbrils are
comprised of strongly twisted β-sheets, resulting in ﬁbrils wherein the intermolecular β-sheets are more solvent exposed compared to WT-αS ﬁbrils. The formation of
higher-ordered aggregates of ﬁbrillar 1-108-αS follows from the increased hydrophobic exposure and/or the decreased charge repulsion between individual ﬁbrils. The
difference in ﬁbril structure is conﬁrmed in cross-seeding aggregation experiments
where we show that 1-108-αS ﬁbrils cannot efﬁciently seed the aggregation of WT-αS
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monomers.
6.2 Results and Discussion
6.2.1 The 1-108-αS ﬁbril core is incompatible with the addition of WT-αS monomers
To investigate if the structure of 1-108-αS ﬁbrils is distinctly different from WT-αS ﬁbrils, the cross-seeding capabilities of WT-αS and 1-108-αS were tested. For this purpose, we performed aggregation experiments with Thioﬂavin T (ThT). The addition of
preformed αS ﬁbrils, i.e. seeds, to αS monomers accelerates aggregation by bypassing primary nucleation processes 278,362 . Thus, by seeding a solution of monomers with
preformed ﬁbrils, information on the ﬁbril growth is obtained and differences in ﬁbril growth rate indicate structural differences in the ﬁbril core 275,363,364 . A delay in (or
absence of) seeding is indicative of an incompatible ﬁbril core conformation. Homologous seeding (where seeds/monomers belong to the same αS variant) aggregation
experiments using preformed seeds under identical buffer conditions show a faster
incorporation of 1-108-αS monomers compared to WT-αS monomers (ﬁg. 6.1a,b). WTαS seeds are relatively more efﬁcient in incorporating 1-108-αS monomers compared
to WT-αS monomers (ﬁg. 6.1a,c and black symbols in ﬁg. 6.1e). The obtained rates for
WT-αS monomers with 1-108-αS seeds were a ~100-fold slower (ﬁg. 6.1d and blue circles
in ﬁg. 6.1e) with a lag-time of ~3 hours compared to those obtained from homologous
seeding of 1-108-αS monomers (ﬁg. 6.1 b,d). Comparison of ﬁg. 6.1d with unseeded aggregation data from WT-αS and 1-108-αS is shown in appendix ﬁg. 6.A.1.
6.2.2 1-108-αS ﬁbrils are comprised of strongly twisted β-sheets
The 100-fold slower incorporation of WT-αS monomers in 1-108-αS seeds is intriguing
and probably results from a large difference in ﬁbril structure. Unlike WT-αS ﬁbrils
that are visible as individual ﬁbrils with twisted rod-like morphologies, 1-108-αS selfassembles into a mixed population of rod-like morphologies and aggregates of ﬁbrils
(ﬁg. 6.2a,b) corroborating previous reports 281 . To understand these differences, we ﬁrst
investigated if the secondary structure of WT-αS and 1-108-αS in these aggregates differ. WT-αS and 1-108-αS monomers have similar CD spectra that are characteristic of a
disordered conformation, while the CD spectra of their respective ﬁbrillar aggregates
differ signiﬁcantly (ﬁg. 6.2c). The UV-CD spectrum of the WT-αS ﬁbrils contains a broad
minimum at ~219 nm (arising from the n → π transition) typical for β-sheets while the

minimum of the 1-108-αS ﬁbrils is red-shifted by ~11 nm, centering at ~230 nm. Compared to WT-αS ﬁbrils, the positive maximum at ~200 nm (arising from the π → π tran-

sition) is also red shifted by ~7 nm for the 1-108-αS ﬁbrils. Both these shifts indicate
possible differences in the protein secondary structure. When the aggregated 1-108-αS
suspensions were left unperturbed in tubes for 2 hours, a pellet of aggregates of ﬁb111
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Figure 6.1. (Cross-)seeding proﬁles and rates of WT-αS (black circles) and 1-108-αS (blue diamonds).
Representative aggregation proﬁles of (a) monomeric WT-αS with WT-αS seeds, (b) monomeric 1-108αS with 1-108-αS seeds, (c) monomeric 1-108-αS with WT-αS seeds, and (d) monomeric WT-αS with
1-108-αS seeds. The monomer (circles for WT-αS and diamonds for 1-108-αS) concentration was 35
μM and the seed (shown as bars) concentration was 1% (v/v) in PBS buffer at 37 ◦ C. Shaded regions
in panels a-d indicate s.d. from an aggregation experiment with at least 6 replicates. (e) Aggregation seeding rates obtained from a linear ﬁt of the ﬁrst 3 000 seconds of the normalized seeded aggregation curves (see experimental details) from three independent aggregation experiments. Red
arrows in panels a-d refer to time-points at which samples were obtained for STEM images shown
in appendix ﬁg. 6.A.2.
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Figure 6.2. STEM micrographs (a, b), UV-CD spectra (c) and FE ﬂuorescence spectra (d) of WT-αS
and 1-108-αS ﬁbrils. Inset in panels (a, b) show suspensions of αS ﬁbrils after 2 hrs. Settled aggregates of ﬁbrils (densely white) are seen in case of 1-108-αS ﬁbrils only (b). Plotted data in (c, d) from
WT-αS are depicted in black and that of 1-108-αS in blue. (c) UV-CD spectra of WT-αS and 1-108-αS
before (dotted lines) and after (solid lines) aggregation. Suspensions of ﬁbrils were ﬁltered to get
rid of monomeric αS prior to measurement (Experimental section). (d) Fluorescence emission spectra (λexc = 420nm) of FE-dye interacting with αS ﬁbrils shows that the short-emission n∗ band
(~510 nm) is red shifted for 1-108-αS ﬁbrils with a higher band ratio of ﬂuorescence emission peaks
compared to the WT-αS ﬁbrils.

rils settled down, a process that was not observed for WT-αS suspensions (ﬁg. 6.2a,b
inset). The observed changes in intensity and center wavelength of UV-CD peaks for
1-108-αS ﬁbrils could result from differential scattering or differential absorption ﬂattening (DAF) 365,366 . We excluded DAF effects by obtaining UV-CD spectra of both settled
and suspended 1-108-αS ﬁbrils and by comparing with another truncation variant of αS
lacking residues 125-140 (henceforth 1-124-αS) 281 (see appendix ﬁgs. 6.A.3 and 6.A.4 and
additional discussion in the appendix).
A negative maximum in the UV-CD spectra at ~230 nm is typically assigned to high
β-turn content in other proteins 367,368 . However, it is improbable that 1-108-αS ﬁbrils
are enriched in β-turns, as this would probably not result in a stable ﬁbril structure.
We speculate that a red-shift of the n → π (215-219 nm) and π → π transition region

(195-200 nm) in UV-CD spectra of 1-108-αS ﬁbrils could be a consequence of strongly
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twisted β-sheets 369–371 , as was reported recently for the ILQINS hexapeptide 372 . The
presence of water molecules near the amide groups in the β-sheet ﬁbril core may also
explain the observed red-shifts in the UV-CD spectrum of the 1-108-αS ﬁbrils, as electronic transitions of the amide group in β-sheets are affected by the solvent environment. For example, the wavelength of the π → π transition (much stronger than the

n → π transition) red-shifts in water as a result of hydrogen bonding to the nitrogen
atom in the excited state. These hydrogen bonds can form in the excited state due to an
intra-molecular charge transfer from the amide-nitrogen to the amide-oxygen atom 373 .

The increased polarity of the ﬁbril surface was additionally conﬁrmed using a polarity
sensitive ﬂuorescent dye (ﬁg. 6.2d). We recorded the ﬂuorescence emission spectra
of αS ﬁbrils in the presence of 4’-(diethylamino)-3-hydroxyﬂavone (FE). Spectroscopic
studies show that the environment of FE bound to αS ﬁbrils is not hydrated and that
its ﬂuorescence changes as a function of the polarity of its environment 374,375 . Compared to the FE ﬂuorescence emission spectra of WT-αS ﬁbrils, a prominent red-shift
of the n∗ band in the 1-108-αS ﬁbrils suggests that FE experiences a relatively polar
environment in the latter (ﬁg. 6.2d).
6.2.2.1 Vibrational spectroscopy and XRD reveals differences in molecular structure
To obtain more structural information, we measured the 1D-IR (FT-IR) and 2D-IR spectra
of WT-αS and 1-108-αS ﬁbrils. WT-αS ﬁbrils have an amide-I absorption spectrum with
a sharp peak at ~1620 cm-1 indicating the presence of amyloid β-sheets, corroborating
existing reports 299–301 .
The 1-108-αS ﬁbrils have a FTIR spectrum with a broader low-frequency amide-I
peak (ﬁg. 6.3a). This broadening is better visible in the 2D-IR spectrum: the four distinct modes present in the WT-αS spectrum are smeared out in the 1-108-αS spectrum,
quantitatively reﬂected by an increase in the inverse slope of the line through the zero
crossings of the low-frequency peak (0.47 ± 0.02 for the 1-108-αS ﬁbrils compared to

0.42 ± 0.02 for the WT-αS ﬁbrils, see solid lines in ﬁg. 6.3b, c), which is a measure of the

spectral heterogeneity 124 (see section 2.3.3.1). This larger spectral inhomogeneity can
be caused by structural differences and/or by an increased exposure of the intermolecular β-sheets to water molecules in the 1-108-αS ﬁbrils that lead to spectral broadening due to the broad distribution of hydrogen-bond lengths to the amide groups of the
protein 124,376–378 . XRD spectra show that there are structural differences between the
two types of ﬁbrils. The most clearly visible difference is that the inter-sheet spacing is ~15% larger for 1-108-αS than for WT-αS ﬁbrils (table 6.1 and ﬁg. 6.3e). Spectral
calculations indicate that the observed changes in the IR spectra are a result of both
the increased solvent exposure of the intermolecular β-sheets and the increased intersheet spacing. We calculate the spectra by employing the one-exciton model described
in chapter 2 (brieﬂy: we incorporate different coupling models for nearest- and nonnearest neighbors, as well as hydrogen-bond induced local-mode frequency shifts 379 )
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Figure 6.3. Structural characterization of WT-αS and 1-108-αS ﬁbrils. All data from experiments with
WT-αS are depicted in black and that of 1-108-αS in blue. (a) FTIR spectra of αS ﬁbrils of amide-I region. In gray and light blue are the calculated spectra as described in the main text for an inter-sheet
distance of 8.98 and 10.3 Å, respectively. (b, c) Perpendicular 2D-IR spectra of WT-αS (b), 1-108-αS ﬁbrils (c) and their corresponding diagonal slices (d). (e) X-ray diffraction patterns of partially aligned
αS ﬁbrils depicting differences in the short-range reﬂections (arrows in gray background indicate
peaks corresponding to inter-sheet distances) of WT-αS and 1-108-αS ﬁbrils. (f, g) AFM amplitude
images of αS ﬁbrils on mica. Puriﬁed ﬁbrils of WT-αS (f) show typical rod-like ﬁbrillar morphology
while the 1-108-αS ﬁbrils (g) show both higher-ordered ﬁbrillar structures and sparse rod-like ﬁbrils
(insets). The scale bar is 1 μm. (h) VCD spectra of WT-αS and 1-108-αS ﬁbrils.

on in silico constructed αS-like ﬁbrils based on the crystal structure of the ﬁbril formed
by the 68-78 segment of αS (see Experimental section). The changed through-space coupling, resulting from the increased inter-sheet distance in 1-108-αS ﬁbrils, leads to a
more intense low-frequency mode at ~1610 cm-1 (see appendix ﬁg. 6.A.5). A normalmode analysis reveals that the smaller through-space coupling results in a typical ν⊥
mode of an isolated parallel β-sheet 136,380 , which is stronger than the eigenmode that
causes the shoulder in the more-tightly packed ﬁbril structure, as in the latter case the
proximity of the neighboring sheets perturbs the relative phase of the local-mode oscillators. In the experimental spectra, this peak is most visible in the diagonal of the 2D-IR
spectrum (ﬁg. 6.3d) because highly delocalized eigenmodes (like amyloid modes) have
a relatively higher intensity in 2D-IR spectra. The experimentally observed broaden115
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ing of the 1-108-αS spectrum compared to the WT-αS spectrum is not reproduced fully
by matching the inter-sheet distance of the in silico constructed 1-108-αS-like ﬁbril
to the value found in the XRD spectrum of 1-108-αS ﬁbrils. Therefore we think that the
broadening is a result of the increased solvent exposure of the intermolecular β-sheets
which causes the aforementioned broader distribution of hydrogen-bonds to water
molecules, as has been observed before for amyloid ﬁbrils that have water-exposed intermolecular β-sheets 378 . If we simulate this effect by doubling the linewidth for 1-108αS as compared to WT-αS, add a disordered structure peak in the β-sheet/disordered
structure ratio as determined by NMR 277 , and include a 3 cm-1 frequency shift between
the two spectra (this shift may be due to small differences in the environment of the
amide groups besides the hydrogen bonding with water), we obtain the gray and lightblue spectrum depicted in ﬁg. 6.3a. The three main peaks (at ~1620, 1657 and 1685 cm-1 )
are reproduced by the model, allowing a structural assignment to be made through a
normal-mode analysis (ﬁg. 6.A.5). The 1620 and 1685 cm-1 peaks indeed result from the
presence of β-sheets and the 1657 cm-1 peak results from the presence of turns.
Another aspect of 2D-IR that can be used to study the molecular structure are the
off-diagonal cross peaks that are sensitive to the orientation and distance between the
different vibrational modes. The fact that the cross-peak pattern is not very different
for WT-αS and 1-108-αS indicates a similarity in molecular structure, and suggests that
the relative orientation and distance between the β-sheet and turn peaks does not differ much. The largest differences are the (νprobe , νpump ) = (1657, 1620) cm-1 cross peak that
is extended to lower wavenumbers, and the (1685, 1620) cm-1 cross peak that is much
weaker for 1-108-αS ﬁbrils. The former is a direct result of the increased intensity of the
low-frequency shoulder of the 1620 cm-1 peak, whereas the latter is probably a result
of the broadening due to the increased water solvent exposure of the intermolecular
β-sheets that results in a more smeared out, and thus harder-to-observe cross peak.
6.2.2.2 Additional structural differences revealed by AFM and VCD
The difference in the β-sheet structure between WT-αS and 1-108-αS translates into
morphological differences between the ﬁbrils on larger length scales. These largerscale differences were assessed by atomic force microscopy (AFM). WT-αS ﬁbrillation
results in sparse networks of individual ﬁbrils that have an average height of ~6.9 nm
(see table 6.1) similar to previous reports 381 , while ﬁbrils of 1-108-αS organize in ﬁbrillar
aggregates that were extremely heterogeneous in heights, ranging between ~50-400
nm (see ﬁg. 6.3f,g).
The spatially separated individual 1-108-αS ﬁbrils have an average height of ~4.7 nm.
Measurements of ﬁbril periodicities, the helical pitch of twisted ﬁbrils, show that 1108-αS ﬁbrils are nearly twice as twisted as WT-αS ﬁbrils. To further investigate the difference in supra-molecular structure between WT-αS and 1-108-αS ﬁbrils, we recorded
vibrational circular dichroism (VCD) spectra (ﬁg. 6.3h). There is a strong correlation
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Table 6.1. Quantitative comparison of WT-αS and truncated variant ﬁbril morphologies.

Fibril
type

Mean ﬁbril height
(nm)

Number
of ﬁbrils

Mean
ﬁbril periodicity
(nm)

Calculated
net
charge of
monomer

Fibril interstrand
spacing
from XRD
(Å)

WT-αS
1-108-αS

6.9 ± 0.9
4.7 ± 0.9

56
74

95 ± 39
52 ± 9

-9
+3

8.98
10.31

between chiral (supra)molecular structure and the VCD signal 382 . Fibrils of 1-108-αS
show a so-called ‘giant VCD’ signal (in this case, a ∆ϵ/ϵ ratio of 3 × 10-3 ) that is com-

parable to values observed for other mature amyloid ﬁbrils 382–391 , while there is no de-

tectable VCD signal for WT-αS ﬁbrils. This might be either due to a difference in the
(supra)molecular chirality or due to the size of the aggregates that, when of the same
order as (or larger than) the vibrational wavelength (~6 μm), can lead to a strong enhancement of the VCD signal as has been observed before for liquid crystals 392,393 .
6.3 Concluding remarks
Altogether, the biophysical and structural measurements show that αS molecules in
1-108-αS ﬁbrils adopt a different conformation than in WT-αS ﬁbrils. The inter-β-sheet
distances are larger in the more-twisted 1-108-αS ﬁbrils than in the less-twisted WT-αS
ﬁbrils, which probably results in an increased solvent exposure of the intermolecular
β-sheets in 1-108-αS ﬁbrils compared to WT-αS ﬁbrils. Individual β-strands in canonical β-sheets are typically twisted right-handedly along the polypeptide chain axis due
to chirality of the α-carbon atoms in proteins 369,394,395 . Besides the intrinsic chirality
of the carbon atoms, also the relatively long and highly negatively charged C-terminal
tails of αS affect the orientation of the residues in the ﬁbril. The negatively charged,
unstructured C-terminal region is responsible for electrostatic interactions; the net
inter-protein repulsion is expected to be highest between WT-αS monomers and between WT-αS monomers and WT-αS ﬁbrils and signiﬁcantly less so for the truncated
1-108-αS species. This difference in inter-protein repulsion is likely, at least in part, responsible for the ~2-fold smaller nucleation time and the ~10-fold higher homologous
aggregation rate for 1-108-αS monomers compared to WT-αS monomers. The repulsion
between the highly negatively charged C-terminal tails of αS monomers in the ﬁbril affects the orientation of the residues in the ﬁbril. In the WT-αS ﬁbril, the twist of the ﬁbril
likely minimizes electrostatic repulsions between adjacent C-terminal regions of WTαS with respect to other energetic constraints, thereby accommodating the charged
C-terminal chains. Heterologous aggregation experiments indicate that the accommodation of WT-αS monomers in the 1-108-αS ﬁbril structure is problematic. The elongation of 1-108-αS ﬁbrils by WT-αS monomers is possibly inhibited by the placement
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of the unstructured, charged C-terminal residues of the WT-αS monomers in the 1-108αS ﬁbril structure. We speculate that the twisting of the β-sheets in 1-108-αS ﬁbrils
and/or the relative orientation of the monomers is incompatible with the presence of
the C-terminal region and thus prevents ﬁbril elongation. This problem does not exist
for the addition of 1-108-αS monomers, lacking the C-terminal region, to WT-αS ﬁbrils
leading to much faster heterologous addition (black symbols in ﬁg. 6.1e). The absence
of the C-terminal tail in 1-108-αS reduces the energetic penalty associated with the
close packing of the 32-amino acid long charged C-terminal region that is present in
WT-αS ﬁbrils, but increases the entropic penalty resulting from exposure of the hydrophobic NAC region. Together these constraints could be responsible for the change
in the twist of the β-sheets in the 1-108-αS ﬁbrils compared to WT-αS observed by AFM.
The extent of twisting in a β-sheet arises from the tendency of the system to minimize
its free energy 370 . Non-twisted strands found in β-sheets lie on the diagonal (⟨φ + ψ⟩ =
0◦ ) (φ and ψ are the dihedral angles of rotation between the N-Cα and Cα -C bonds in a
peptide bond) in a Ramachandran plot while right-handed twisted strands in β-sheets
(⟨φ + ψ⟩ = 10◦ ) lie right of the diagonal 395,396 . The increase in the twist of the β-sheets in
the 1-108-αS ﬁbrils (so that ⟨φ + ψ⟩ > 10◦ ) can lead directly to increased inter-sheet dis-

tances observed in the XRD measurements, which is supported by increased solvent
exposure indicated by the FE ﬂuorescence emission spectra. The changes in the intersheet distance and chain twist result in direct contact of a larger surface of the β-sheet
segments with the solvent. This increased contact can explain the observed changes
in the 1D- and 2D-IR spectra. The aggregation of αS with single point mutations 397 and

chemical modiﬁcations 377,398 can result in structurally and morphologically different
ﬁbrillar species.
Existing evidence shows that differences in WT-αS ﬁbril morphology can have varying cytotoxic effects 275,345 . Studies have shown that 1-108-αS ﬁbrils are more cytotoxic 399 compared to WT-αS ﬁbrils. Although C-terminally truncated forms of αS are
common in PD 349–351 and other truncated proteins are also implicated in the pathogenesis of other neurodegenerative diseases such as Alzheimer’s 400 and Huntington’s 401
disease, it remains unclear whether protein truncations are directly responsible for
cell death in these diseases. The presence of truncated proteins in pathological aggregates can either be a result of pre- or post-aggregation cleavage by proteases. Since
cleavage drastically alters the surface properties of the ﬁbrils even post-aggregation
cleavage may be harmful since the resulting exposure of hydrophobic surface may result in non-speciﬁc binding of other essential cellular proteins with hydrophobic domains.
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6.4 Experimental details
6.4.1 Expression and puriﬁcation of αS variants
All αS variants were expressed in Escherichia coli strain BL21(DE3) using the pT7-7 expression
plasmid and puriﬁed in the presence of 1 mM DTT as previously reported.

6.4.2 Preparation of αS ﬁbrils
For every protein variant, a ﬁnal concentration of 35 μM of monomeric protein was allowed to aggregate in PBS (137 mM NaCl, 3 mM KCl, 10 mM Phosphate) buffer at 37 ◦ C under constant shaking
at 300 rpm in LoBind polypropylene tubes from Eppendorf. Prior to aggregation assays, all prepared protein samples were ﬁltered using a 100 kDa membrane to remove any pre-existing aggregates and protein concentration was estimated using UV absorbance. Residual monomers after
aggregation were separated using a 100 kDa ﬁlter and was always < 10% of starting concentration
for all variants used. The puriﬁed ﬁbrils were thereafter used for measurements. For 2D-IR measurements, D2 O was used instead of H2 O and prior to measurements, residual monomers were
removed via ultra-centrifugation at ~10 000 g.

6.4.3 Thioﬂavin T (ThT) aggregation assay
ThT-based αS aggregation assays were carried out on polystyrene micro-plates in a TECAN Inﬁnite M200 micro-plate reader at a ThT concentration of 5 μM. Aggregation was carried out using
1% seeds at 37 ◦ C using 35 μM αS monomers in PBS buffer. Seeds were prepared by sonicating
freshly prepared and ﬁltered (using a 100 kDa ﬁlter) αS ﬁbrils in PBS buffer for 5 minutes. Two independent measurements were performed each with at least 6 replicates. The initial aggregation
rate was determined by measuring the increase in ThT ﬂuorescence within the ﬁrst 3000 seconds
of the measurement 402 .

6.4.4 Scanning Transmission Electron Microscopy (STEM)
Freshly prepared ﬁbrils diluted with MilliQ water, and then prepared for STEM dark-ﬁeld imaging. Typically, a 5 μl drop of 20 μM ﬁbril samples were adsorbed on 300 mesh formvar coated
copper grids for 5 minutes and then washed 5 times with water. The grid was air-dried at 37 ◦ C
and then transferred under vacuum into the STEM setup. Before recording the dark-ﬁeld STEM
micrographs, condenser stigmators were adjusted to give a circular beam proﬁle, the beam was
carefully centered and spread to produce uniform illumination over the ﬁeld of view. Dark-ﬁeld
digital micrographs of ﬁbrils were acquired using a FEI Verios 460 microscope operating at 20 kV
electron beam energy and 50 pA current.

6.4.5 Atomic Force Microscopy (AFM)
For AFM measurements, 20 μl of the 10 μM ﬁbril suspension was incubated on freshly cleaved
mica (15 x 15 mm) for 5 minutes. Samples were thereafter washed with MilliQ water and dried
using N2 gas. Thereafter, the samples were kept in 37 ◦ C for 1 hr to remove any residual water.
AFM images were acquired in tapping mode on a Dimension 3100 Scanning Probe Microscope
(Bruker) using NSG01 gold probes (resonant frequency between 87-230 kHz and a tip radius <10
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nm) in ambient air conditions. Fibril heights were measured using NanoScope Analysis v1.5 software and for the measurements of ﬁbril periodicities, ﬁbrils in AFM images were traced using
a custom written script in MATLAB using the DIPimage toolbox (version 2.3, TU Delft, Delft, The
Netherlands) was used 403 . Periodicity measurements were performed only on ﬁbrils greater than
0.5 μm in length.

6.4.6 UV-Circular dichroism (UV-CD) spectroscopy
A ChirascanTM CD spectrometer was used to obtain UV-CD spectra of αS ﬁbrils prepared in PBS
buffer at an effective protein concentration of 10 μM. This was measured as follows: after measurement of ﬁbril UV-CD spectra, 30% HFIP was added to the ﬁbril suspension and shaken for 5
minutes. By measuring mean residue ellipticity (MRE) values for known concentrations of monomeric αS obtained after addition of 30% HFIP and shaking, a standard curve of UV-CD signals
versus monomer concentration was generated. From this curve, unknown concentrations of 30%
HFIP solubilized ﬁbrils were estimated. Fibril samples were ﬁrst puriﬁed using a 100 kDa cut-off
ﬁlter to remove monomeric protein. Spectra were recorded between 195 to 260 nm with a step size
of 1 nm and a scanning speed of 10 nm/min using a 1 mm path length cuvette at room temperature.

6.4.7 1D- and 2D-IR, and VCD spectroscopy
All spectra are measured as described in section 2.4. In this study, the pump polarization is rotated 90◦ in order to measure the perpendicular 2D-IR spectra (leading to stronger cross-peaks
with respect to the diagonal peaks.
The heterogeneity of the low-frequency β-sheet mode was estimated by calculation of the inverse slope of the line through the zero crossings. In order to do this, we ﬁrst determined the
frequencies where the signal goes through zero, between the induced absorption (red peak at
lower probe frequency) and the bleach (blue peak at higher probe frequency), for each pump pixel
in the 1600–1625 cm-1 region by interpolation of the data point just before and just after the zero
crossing, after which we ﬁtted a straight line through the interpolated zero crossings.
The VCD spectra are the result of averaging for 210 minutes, while the IR cells were continuously rotated in order to remove any contribution from a non-random orientation of the ﬁbrils in
the sample cell.
The IR samples were prepared by lyophilizing αS monomers overnight in a ScanVac Coolsafe
(Labogene) to remove H2 O, and re-suspending in PBS buffer prepared in D2 O. Subsequently they
were puriﬁed using a 100 kDa cut-off ﬁlter to remove any pre-existing aggregates and then kept
under constant shaking at 300 rpm at 37 ◦ C. Before measurements, αS ﬁbril samples were again
puriﬁed using a 100 kDa cut-off ﬁlter to remove monomeric protein. The ﬁnal concentration for
each IR sample was ~150 μM. 15 μl of ﬁbril solution was placed between two 2-mm thick CaF2
windows with a 50 μm spacer.

6.4.8 Steady-state ﬂuorescence spectroscopy
The emission spectra of FE dye was obtained with a Cary Eclipse spectroﬂuorimeter (Varian).
Spectral slits were set at 5 nm and samples were excited at 420 nm. Fluorescence emission spectra were recorded from 450-600 nm at room temperature using a 10 mm path cuvette after incubation of FE dye for 1 hour with αS ﬁbrils in PBS buffer. Experiments were performed in triplicates
at ﬁnal concentrations of 20 μM αS ﬁbrils and 2 μM FE dye.
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6.4.9 X-Ray ﬁber diffraction
X-ray ﬁber diffraction (XRD) (Philips X’Pert-MPD system with a Cu Kα wavelength of 1.5418 in
reﬂection θ-θ mode) was used to analyze the structure of αS ﬁbrils (~4 mg/ml of puriﬁed ﬁbrils)
deposited on a monocrystal substrate with the surface non-parallel to crystalline planes, beam
stop mounted on top of the sample. During the measurements, the sample was rotated at speed of
4 s/revolution. The diffractometer was operated at 40 kV, 40 mA at a 2θ range of 2-40◦ employing
a step size of 0.025◦ . The weak signal in the 4-7 Å region is possibly results from the presence of
137 mM NaCl in our PBS buffers which may affect the alignment of ﬁbrils. A parallel alignment of
most ﬁbrils to the crystal surface may render the β-sheet distance largely invisible. Peaks in the
4-7 Å region are seen in absence of NaCl 347 .
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6.A Appendix
In this appendix, we ﬁrst compare the kinetics of unseeded and 1-108-αS-seeded aggregation of WT-αS monitored with a ThT assay (ﬁg. 6.A.1a), and show unseeded 1-108-αS
curves (ﬁg. 6.A.1b). The morphology of the aggregates formed in these, and in the other
cross-seeding experiments (imaged with STEM) is presented in ﬁg. 6.A.2. In ﬁgs. 6.A.3
and 6.A.4 we provide the experimental evidence that shows it is unlikely that Differential absorption ﬂattening (DAF) effects inﬂuence the recorded UV-CD spectra. This
phenomenon leads to peak shifts in the UV-CD spectrum of solutions that contain a
non-random distribution of chromophores with dimensions greater than 1/20th the
wavelength of the probe light. To ascertain whether DAF effects were present in 1-108αS ﬁbrils, UV-CD spectra and STEM micrographs were obtained for both settled and
suspended 1-108-αS ﬁbrils (ﬁg. 6.A.3). When DAF effects are signiﬁcant, a peak shift in
the suspended ﬁbrils with respect to the settled ﬁbril pellet is expected, as the latter
contains a larger amount of settled aggregated ﬁbrils relative to isolated ﬁbrils. The
UV-CD spectra exhibit no peak shifts, which means that the UV-CD spectral differences between WT-αS and 1-108-αS ﬁbrils cannot be caused by DAF effects. Additional
evidence for the unlikeliness of DAF effects or differential scattering can be found
with another truncation variant of αS lacking residues 125-140 (1-124-αS) 281 . Although
STEM micrographs conﬁrmed the presence of higher-ordered aggregates of 1-124-αS
ﬁbrils, their UV-CD spectra are much less perturbed with respect to the WT-αS ﬁbrils
(ﬁg. 6.A.4). Thus, the presence of higher-ordered aggregates of αS ﬁbrils does not per se
result in the observed differences in the UV-CD spectra, and DAF effects, if present in
the aggregated 1-108-αS ﬁbril suspensions, are minimal. Finally, in ﬁg. 6.A.5 we provide background information about the spectral calculations and perform a normalmode analysis for the most important modes in the WT-αS and 1-108-αS spectra.
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a

b

c

d

Figure 6.A.2. STEM images of homologous and heterologous seeded ﬁbrils of WT-αS and 1-108-αS.
Representative scanning-transmission electron microscopy (STEM) micrographs of αS ﬁbrils from
seeding of WT-αS monomers with WT-αS seeds (a), 1-108-αS monomers with WT-αS seeds (b), 1-108-αS
monomers with 1-108-αS seeds (c) and WT-αS monomers with 1-108-αS seeds (d) respectively. Homologous seeding showed elongated rod-like ﬁbrils for WT-αS and higher-ordered aggregates of 1108-αS ﬁbrils (panel a,c). Heterologous seeding of 1-108-αS monomers with WT-αS seeds also showed
higher-ordered ﬁbrillar aggregates. Heterologous seeding of WT-αS monomers with 1-108-αS seeds
resembled WT-αS ﬁbrils (panel d) which we believe were formed predominantly from WT-αS monomers only. The high intensity aggregate in the center of panel d is a 1-108-αS seed as quantiﬁed
by mass-mapping using high-angle annular dark-ﬁeld (HAADF) detectors in the STEM microscope.
Compared to WT-αS ﬁbrils, the 1-108-αS seeds show a ~5-fold higher intensity allowing us to discern
WT-αS and 1-108-αS ﬁbrils. Seed concentration was 1% (v/v). Fibrils were imaged at the plateau stage
of seeded aggregation curves (red arrows in ﬁg. 6.1). Scale bar in all panels in 0.5 μm.
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Figure 6.A.3. CD spectra (a) and corresponding STEM micrographs (b) of 1-108-αS ﬁbrils obtained
from settled and suspended regions in the tube. The scale bar is 0.5 μm. A decrease in the UV-CD
signal between these two samples is due to a decreased concentration of ﬁbrils. Negligible changes
in the peak positions exclude DAF effects to be the likely cause.

Figure 6.A.4. Images of aggregated suspensions of WT-αS and 1-124-αS ﬁbrils in Eppendorf tubes
when left unperturbed for several hours (a). Aggregated 1-124-αS also settle down forming distinct
clear and cloudy phases similar to aggregated 1-108-αS. UV-CD spectra (pink line, b) and corresponding STEM micrographs of a suspension of 1-124-αS ﬁbrils (c). The scale bar is 0.5 μm. All measurements were performed at room temperature.
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Figure 6.A.5 (following page). Calculated IR spectra of WT-αS ﬁbrils (black) and 1-108-αS ﬁbrils
(blue): (a) Both spectra are calculated with a local-mode frequency of 1646 cm-1 and a homogeneous
linewidth of 4.5 cm-1 . The one-exciton Hamiltonian is constructed according to the formalism described in chapter 3 for the αS-like ﬁbrillar structures depicted in (b). The WT-αS-like structure is
exactly the unit cell of PDB-entry 4RIL extended into 7 monomers along the ﬁbril axis and 8 monomers perpendicular to this axis. The 1-108-αS like structure used in the calculations was created
by increasing the inter-sheet distance according to the difference found in the XRD spectra. The
spectra depicted in (a) show that the broadening of the low-frequency peak can only partly be explained by the increased inter-sheet distance; to fully describe the spectral changes an additional
spectral broadening has to be taken into account (see ﬁg. 6.3a in main text) that is probably due to
and increased presence of water in the 1-108-αS ﬁbril. The presence of the turn in the last 2 residues
is vital for a proper reproduction of the peaks in the experimental spectra, as removal of the last
residue, Ala 78, results in a much weaker 1657 cm-1 peak, indicating that turns are indeed in part
the origin of this peak, in line with the simulations presented in ref. 315 for other amyloid structures (without the turn residues there is still a peak at this frequency which is hence probably a
β-sheet mode as well). A Lorentzian with a central frequency of 1632 cm-1 and a width of 30 cm-1
was added such that the ratio of the total spectral intensity of the random coil and the non-random
coil residues was consistent with the secondary structure assignment of the residues as found by
ss-NMR 277 . As they report that residue 16-20 and 37-94 are in β-sheet or turn conformation, while
the other residues obtain a random-coil conformation for the employed salt conditions, a ratio of 1.22
and 0.75 is used for the WT-αS and 1-108-αS spectrum, respectively. (c-f) A normal-mode analysis of
the strongest modes (~1620 cm-1 ) and the low-frequency shoulders (~1610 cm-1 ) for both structures
depicted in (b), with the direction and size of the respective eigenmodes depicted by the gray arrow.
The analysis reveals that, although the ~1620 cm-1 modes look similar (the proximity of neighboring intermolecularly hydrogen-bonded β-sheets seems to inﬂuence these eigenmodes heavily, as
the in-phase behavior along the hydrogen-bonding axis that is typical for the strongest mode of an
isolated β-sheet 136,380 , ν⊥ , is absent in these cases), the ~1610 cm-1 modes are different for the two
structures: while this mode is also inﬂuenced by the neighboring sheets in the tightly stacked case
(left image in (b)), in the more extended structure (right image in (b)) this inﬂuence appears to be
less strong, resulting in a 1.7 times as strong eigenmode in which all amide-I oscillators oscillate in
phase along the hydrogen-bonding axis.
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Figure 6.A.5. (continued)
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Artistic rendering of the amyloid structures formed by VEALYL peptides
after 22 hours of incubation, imaged with scanning transmission electron microscopy (STEM).

7
Unraveling the mechanism of amyloid formation
using advanced vibrational spectroscopies and
multivariate curve resolution techniques

One-dimensional and two-dimensional IR spectroscopy (1D-IR/FTIR and 2D-IR), vibrational circular dichroism (VCD), and optical and electron microscopy (STEM) can each
be used to monitor the formation of amyloid ﬁbrils. Here, we present how combining these techniques provides insight into the aggregation of the hexapeptide VEALYL
(Val-Glu-Ala-Leu-Tyr-Leu), the B-chain residue 12–17 segment of insulin, that forms
amyloid ﬁbrils (intermolecularly hydrogen-bonded β-sheets) when the pH is lowered
below 4. Under these circumstances, the aggregation commences within an hour and
continues to develop over a period of weeks. Analysis of the spectra results indicates
several different species that are formed during the aggregation process. Multivariate curve resolution analyses of the 1D-IR data shows that there are intermediates that
exhibit an increasingly ﬁbrillar character, while they are less ordered than the ﬁnal
ﬁbrillar structure that is slowly formed from the intermediates. The VCD spectra, and
the STEM and optical microscope images show that the formation of mature ﬁbrils of
VEALYL correlates with the appearance of spherulites that are on the order of several
μm, which give rise to a ‘giant’ VCD effect.
7.1 Introduction
In this chapter we show how the mechanism of amyloid formation can be studied
in situ using a combination of microscopy and vibrational spectroscopy. We monitor
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the formation of amyloid ﬁbrils by the hexapeptide VEALYL using Fourier transform
infrared spectroscopy, nonlinear 2D-IR spectroscopy and vibrational circular dichroism, and perform optical microscopy and scanning transmission electron microscopy
(STEM) to correlate the vibrational spectra with the morphology. The three vibrationalspectroscopy techniques complement each other because they are each sensitive to a
different length scale (see chapter 2). We focus on spectra of the amide-I band (16001700 cm-1 ) because it is sensitive to the conformation of proteins (see section 2.1.1).
VEALYL, the hexapeptide segment of insulin that has the highest propensity for
amyloid formation 404 , is believed to play an important role in the aggregation of insulin. This 51–residue protein is an important glucose-uptake mediating hormone,
which is widely used to treat diabetes. When insulin aggregates during the manufacturing, puriﬁcation, storage, or infusion, its activity is lost which renders it therapeutically ineffective, and injected protein aggregates can even trigger an immune
response 405 .
A recent ion-mobility spectrometry-mass spectrometry and gas-phase infrared spectroscopy study has provided insight into the structure of the early oligomers (up to 9
monomers), revealing the presence of β-sheet structure in oligomers composed of more
than 3 monomers, whereas smaller oligomers are composed of random-coil structure 406 .
The amyloid VEALYL aggregates formed after 3 weeks of incubation have been studied in their crystalline 97 and in situ (in the incubation solution) 407 form, revealing a
nearly complete β-sheet conformation, with little variation in the unit cell structure for
various macromolecular polymorphs. The vibrational-spectroscopy and microscopy
methods employed here allow for an in situ investigation of VEALYL aggregation, all
the way from separate monomers to mature ﬁbrils. By applying two multivariate-curve
resolution techniques (FACPACKand MCR-ALS) to the recorded spectroscopic data, new
structural characteristics of the intermediate species are revealed.
7.2 Results
7.2.1 General observations
As in previous studies of amyloid formation by VEALYL 97,404,407 , we trigger the aggregation by lowering the pH to 2.5, which protonates the sidechain of the glutamic-acid
residue (pKa = 4.15), thereby removing its negative charge. Lowering the pH greatly
enhances the amyloid ﬁbril formation by VEALYL 97,404 : at pH 2.5, β-sheet peaks are
typically observed after a lag phase (see section 1.4.2.1) of 30 minutes of incubation
at a VEALYL concentration of 11 mM, whereas at neutral pH the amide-I spectrum remains unchanged with respect to the monomeric random-coil spectrum, even after
3 months. We ﬁnd that increasing VEALYL concentration (with a minimum concentration of 2 mM), temperature and agitation decrease the aggregation lag time, in line
with observations of other amyloidogenic proteins 278,408–410 . The ﬁbrils formed at pH
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proﬁles (right singular vectors) of the four components with the largest singular values
all show signiﬁcant time and frequency dependencies, indicating that there are at least
four species that play a role in the aggregation process. The components with smaller
singular values contain experimental noise (see ﬁg. 7.A.3). Already in the 4th singular
vectors (depicted in cyan) one can notice a signiﬁcant noise contribution.
Determination of the rotational ambiguity with FACPACK
A problem for ‘multivariate curve resolution’ techniques (used to determine the concentration and spectral proﬁles of physical species that give rise to a time-dependent
spectral dataset) is that in general a continuum of possible factorizations exists that
describe the data equally well‡ , a phenomenon that is known as ‘rotational ambiguity’.
In other words, there are many combinations of species-associated spectra and associated time proﬁles that reproduce the experimental data equally well.To reconstruct
all possible concentration and spectral (absorption) proﬁles, C and A , respectively, of
the pure components, the ﬁrst s components of a truncated SVD are transformed such
that both C and A only contain non-negative entries 413 . Using the software package
FACPACK 414,415 the area of feasible solutions (AFS, see e.g. 416–421) is determined according to:

−1
T
D =U
2 · Σ34· T 5 · T
2 ·34V 5
C

(7.3)

A

with U ∈ Rm×s , Σ ∈ Rs×s , and V ∈ Rn×s the truncated factors of the SVD, T ∈ Rs×s

the transformation matrix that completely represents all possible nonnegative conC ∈ Rm×s and A ∈ Rs×n , respectively), where D = C A
centration and spectral proﬁles (C

follows from the Lambert-Beer law§ . The AFS contains all possible decompositions

into species spectra and time dependencies that are compatible with the experimental data.
In the calculation, we assume that there are four components with different absorption spectra. The dataset might include contributions from more species, but due to
noise and linear dependencies between the components it is only possible to identify
four linear independent components. Hence, we compute decompositions of D with
C is an m × 4-matrix and A is an 4 × n-matrix). Furtherrespect to four components (C

more, we compute the AFS also with respect to four components. We have adapted
the FACPACK software package for the calculation, such that the ﬁrst and last compo‡
In this respect non-SVD compositions differ from an SVD decomposition: due to orthogonality of the singular values, an SVD decomposition gives only one, unique decomposition. Because SVD decompositions have
negative entries, they do not provide a ‘proper’ pure component decomposition.
§
For the AFS, only the ﬁrst row of T is analyzed and a special scaling with T (1, 1) = 1 is used. The AFS
reads:
s
T ∈ Rs×s with rank(D
D ) = s, T (1, :) = (1, xT ) and C , A ≥ 0}.
M = {x ∈ R : ∃T

If four physical components are assumed to describe the experimental data (s = 4), the AFS is a subset of R3 .
The AFS computation is explained in more detail in the appendix.
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Figure 7.3. Feasible spectra (top row) and associated concentration proﬁles for the intermediates
(unscaled, middle row), and the feasible concentration proﬁles of the monomeric (left) and ﬁbrillar
(right) species (bottom row).The spectra of the latter two species are ﬁxed in the calculation. The
proﬁles of the selected solution (see ﬁg. 7.4), are plotted in black.

nent spectra are ﬁxed to the ﬁrst and last spectra of the dataset. This is necessary in
order to compute meaningful results for this dataset, because for the reconstruction
of four components the inﬂuence of noise is signiﬁcant: only two singular values are
clearly separated from the singular vectors containing noise (see again ﬁg. 7.2) — the
noise in the 3rd and 4th component makes it necessary to increase the tolerance of
negative entries (ϵ in eq. 7.A.1 in the appendix), which leads to a strong increase in the
size of the AFS. By ﬁxing the ﬁrst and last spectrum, the size of the AFS segments is
reduced. These constraints are valid under the assumption that the sample only contains monomers by the time we measure the ﬁrst spectrum (5 minutes after lowering
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the pH), and that the sample only contains mature ﬁbrils at the end of the experiment
(at t = 5250 min). Fixing the last spectrum to a spectrum recorded at an earlier time (t
= 4100 min) does not qualitatively change the obtained results.
The selected solution
The resulting AFS is shown in ﬁgs. 7.3 and 7.A.4. Even with the applied constraints,
there are many feasible spectra and associated concentration proﬁles (time dependencies) that are all equally compatible with the experimental data. In order to obtain a physically and chemically meaningful solution, we apply an Ockham’s razor
approach and select the solution for which the different species appear in a consecutive order (ﬁg. 7.4). The spectral shapes of the intermediate species thus obtained
indicate that with time the amount of β-sheet increases, and the amount of randomcoil structure decreases. The sidechain νas (COO−) and ν(C=O) peaks show that the Glu
residues of the ﬁrst intermediate (green curves), that is mainly composed of randomcoil structure, are fully protonated, while the Glu sidechains of the second intermediate (blue curves), whose spectrum indicates a more advanced ﬁbrillization state, are
partly deprotonated. The presence of deprotonated Glu residues in the amyloid aggregates formed by VEALYL under these experimental conditions has been observed
before in NMR experiments 407 . This deprotonation might be due to a lower pKa of the
Glu sidechain in the ﬁbrillar structure: the formation of a hydrogen bond between deprotonated Glu sidechains and the NH+
3 (Val) terminus of the peptide stabilizes the

carboxylate ion form of Glu 422,423 . Alternatively, the aforementioned pH increase due
to the slow acidic hydrolysis of peptide bonds could explain the deprotonation of the
Glu sidechains in the more mature intermediates.
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Figure 7.4. The proﬁles of the selected solution, with the pure component spectra scaled to have the
same integrated absorption. The integrals are approximated using the trapezoidal-rule and negative
values for the absorptions are set to zero. The concentration proﬁles are scaled with respect to the
pure component spectra.

MCR-ALS analysis
Similar solutions are found when a multivariate curve resolution with alternating least
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modes — which are abundant in amyloid ﬁbrils — give a stronger 2D-IR signal than
localized eigenmodes, the 2D-IR spectrum can provide additional structural insight
that cannot be deduced from the 1D-IR (FTIR) spectrum, cross peaks between eigenmodes give additional information on the ﬁbril structure, and the shape of the peaks
also gives additional information, about the heterogeneity of the ﬁbril structure 377 .
As expected, the transition from a broad distribution of random-coil modes centered
around 1645 cm-1 into two sharp amyloid β-sheet modes at ~1622 and 1682 in (mature)
ﬁbrils (ﬁg. 7.1) is also visible in the 2D-IR spectra (ﬁg. 7.5) . The anisotropy (see section 2.3.3.1) of the cross peak at (νprobe , ν pump ) = (1682,1622) cm-1 is R = -0.21±0.03 indicating that there is a 90±11◦ angle between the modes that the 1622 and the 1682 cm-1
peaks are composed of, which is consistent with the assignment of the modes to the
ν⊥ and ν∥ of an antiparallel β-sheet 136 . Interestingly, for this type of amyloid structure
(with an antiparallel orientation of the strands in the ﬁbril direction), the neighboring
stacks of intermolecularly hydrogen-bonded sheets do not inﬂuence the orientation of
the two strongest β-sheet modes (see chapter 5).
We did not determine the transition-dipole magnitudes here due to the known difﬁculty of reproducing these in heterogeneous amyloid samples 185¶ . The sample heterogeneity also affects time-dependent measurements of VEALYL aggregation with 2D-IR
spectroscopy. Because the overlap of the focused pump and probe beam is typically of
the order of 250 μm, there is a large chance that the beams are not focused at a nucleation site (see ﬁg. 7.8), as can be seen by comparing the lower two spectra in ﬁg. 7.5. A
potential solution for this problem is rotating the sample and recording (and averaging) several intertwined time series at several (x, y)-positions, but this would come at
the expense of having less time points or less signal to noise due to shorter acquisition
times.
The lineshape of the 2D-IR peaks shows that there is a large spectral inhomogeneity
(as indicated by the slope of the line through the zero crossings that is close to unity,
see section 2.3.3.1) when VEALYL is still in its monomeric state, while with increasing
aggregation the slope of this line becomes steeper, indicating a more homogeneous
structure, as can be expected for the amyloid crystals that are formed.
7.2.3 Advanced aggregation: STEM and optical microscopy and VCD spectroscopy reveal that the appearance of higher-order structures correlates with the presence
of mature ﬁbril structures
7.2.3.1 VCD spectroscopy
Vibrational circular dichroism (VCD) measures the difference in absorbance of leftand right-handed circularly-polarized light (see section 2.3.1.2). When applied to the
¶
Previous measurements in our lab of the transition-dipole moment of the low-frequency β-sheet mode of
α-synuclein resulted in a similarly large variation of values as reported (years later) in ref.185
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Figure 7.8 (following page). An overview of the data, analysis and interpretation of the vibrationalspectroscopy and imaging techniques used to study the amyloid formation of VEALYL. First row:
qualitative description of the aggregation phases. Second row: 1D-IR (FTIR) spectra. Third row: 2DIR spectra. Fourth row: VCD spectra. Fifth row: intensity proﬁles of the maxima at the β-sheet frequencies of the various techniques and concentration proﬁles of the four species from the FACPACK
analysis of the 1D-IR data, sixth row: light-microscope images, seventh row: STEM images, eighth
row: artist impressions of the structural interpretations. The 2D-IR spectra were recorded only up to
44 hr of the same spot due to experimental procedural reasons (see main text). The third and fourth
STEM images are recorded of the same sample with a VCD intensity that is 50% of the maximum,
and an amyloid β-sheet IR signal that is already at its maximum, as the different species (as shown
in the ﬁfth row) coexist when the intermediates and the mature ﬁbrils are formed. The intermediate
species found with the FACPACK (and MCR-ALS) analyses of the FTIR data reﬂect a relatively spectroscopically distinct (group of) intermediates or a (group of) relatively stable intermediates in the
continuum of incrementally growing aggregates.
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7.3 Conclusion and outlook
By combining three vibrational spectroscopy techniques with two microscopy techniques, the aggregation of VEALYL can be monitored all the way from solvated monomers to insoluble mature ﬁbrils. In ﬁg. 7.8 we give an overview of the different stages
of this process, as observed in our experiments. This ﬁgure clearly shows that each
technique is sensitive to a speciﬁc range of length scales.
It should be noted that the two intermediate species depicted in the ﬁfth row (and in
ﬁgs. 7.3 and 7.4) might reﬂect groups of species in a continuum of intermediate species
that share certain spectral features. MCR analyses like these have proven to be valuable tools to obtain chemical insight from data of several–both innovative and wellestablished–analytical technologies. We show here that also for 1D-IR amide-I spectra of amyloid proteins, the implementation of such techniques can provide insight
into the mechanism of molecular processes. In the case of the amyloid aggregation of
VEALYL two sequential intermediate species are revealed.
When vibrational spectra are complemented by spectral calculations 124,429 , e.g. on
molecular structures obtained with MD simulations, more detailed structural information can be derived. Also, the application of advanced analysis methods on the timedependent 2D-IR data (like PARAFAC or Tucker modeling techniques that have been
developed especially for 3D-data sets) could allow an even more detailed analysis of
amyloid systems 437 .
For amyloid systems whose aggregation cannot be triggered like that of VEALYL, a
large variation in the so-called lag phase might hinder connecting the results from the
different techniques straightforwardly. However, in that case an internal calibration
of the different spectroscopic measurements can be obtained by deriving the 1D-IR
spectrum from the 2D-IR and VCD spectra, as has been done in appendix ﬁg. 7.A.7 for
the data presented in this chapter.
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7.4.1 Sample preparation
VEALYL was bought in lyophilized form GL Biochem (Shanghai) Ltd., China. In order to exchange
the protons present in the amide groups of the backbone of the peptide and to remove remaining amounts of triﬂuoroacetic acid (TFA) that is used in solid-phase peptide synthesis, VEALYL
was dissolved at a concentration of 18.5 mM in D2 O after which 0.7 μL of 35 wt% DCl was added
for each mL of solution (equivalent to a 0.084 M solution of DCl). The samples were then vortexed at 1 400 rpm for 1 minute in order to properly dissolve the peptides, after which the peptide
solution was left to exchange 1 H for 2 H for 20 minutes. Subsequently the samples were rapidly
cooled to 77 K by immersion of the Eppendorfer tubes in liquid nitrogen. After this the samples
were lyophilized by placing them in vacuum and freeze-drying for 8 hours in a ScanVac Coolsafe
(Labogene), in which 1 mL of peptide solution was fully lyophilized*.
In order to minimize hydrogen exchange from the air with the sample, all subsequent steps
were performed inside a glove box that is continuously ﬂushed with N2 . The lyophilized VEALYL
powder was re-solvated in a 150 mM NaCl and 50 mM phosphate solution, leading to a pH of approximately 6. The aggregation was started according to the procedure described in ref. 97; by
lowering the pH to 2.5 with the addition of a few μLs of 1 M DCl. The solution was then vortexed
at 1 400 rpm for exactly 1 minute. Subsequently, the pH was measured with a Thermo Scientiﬁc
Orion 2-Star Plus pH-meter. Unless noted differently, a VEALYL concentration of 11 mM was used.

7.4.2 1D- and 2D-IR, and VCD spectroscopy
A Bruker Vertex 70 FTIR spectrometer is used to measure the 1D-IR (FTIR) spectra of 5 μL drops
of sample liquid in between two CaF2 . A greased 50 μm spacer keeps the two CaF2 windows from
touching each other.** . The FTIR data presented in ﬁg. 7.1 is normalized on the integrated area of
the amide-I region (1600-1700 cm-1 ); without this normalization step the effect of the slow acidic
hydrolysis of the peptide bonds is even more pronounced.
The setup used to measure the 2D-IR spectra is described in section 2.4.4.
The VCD spectra are also measured with a Bruker Vertex 70 FTIR spectrometer, using the PMA
50 Polarization Modulation Accessory. The time trace in ﬁg. 7.8 is constructed by ﬁrst correcting
for an overall offset by subtracting the average intensity of the 1330-1365 cm-1 range, and subsequently taking the average of the absolute signal strengths at 1621 and 1636 cm-1 (the spectrum’s
maximum and minimum, respectively). The spectra were recorded by averaging for 10 minutes.

*Although a study on large proteins showed that the secondary structure changes only during the
lyophilization process due to the stresses exerted on it during the process and reverses fully after resolvation, 438 , we found that it is important to strictly adhere to a certain lyophilization protocol in order to
reproducibly produce the coarse white powder that results from a successful lyophilization. In principle, the
mass of the lyophilized peptide should equal the mass of the peptide before lyophilization, but as we sometimes
noticed deviation we always re-weighted the peptide before re-solvation.
**
Care must be taken when preparing the CaF2 windows as even a small amount of residual aggregated
peptide on a dirty window could act as an aggregation nucleus, thereby disrupt the measurements. Dust particles should also be thoroughly removed from the windows, though they did not seem to affect the process
of aggregation. The steps followed for the washing of CaF2 windows that had been in touch with aggregated
material were: wash with methanol, thoroughly clean off the grease with acetone, remove any acetone residue
with methanol, and ﬁnally to dry the windows with dry lens tissue paper. When acetone was used as the ﬁrst
solvent in these cleaning samples, VEALYL aggregates were found to adsorb very tightly onto the CaF2 .
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7.4.3 Optical microscopy
The optical micrographs of VEALYL are captured with the sample in between the IR-cell (CaF2 )
windows, using a Leica DM-IRB microscope and a Pixelink USB-camera. Phase contrasting is
used for the images and a 50x magniﬁcation.

7.4.4 Scanning transmission electron microscopy (STEM)
The STEM sample preparation was performed by adsorbing a 1.5 μL drop of VEALYL solution on a
carbon coated grid with a 300 μm mesh size (TED PELLA INC) for 5 minutes. Excess liquid was removed by pipetting once and is exchanged for 1.5 μL of pH 2.0 milliQ water. The grid was air-dried
at 37◦ C and then transferred under vacuum into the STEM setup. Before recording the bright-ﬁeld
STEM micrographs, condenser stigmators were adjusted to give a circular beam proﬁle, the beam
was carefully centered and spread to produce uniform illumination over the ﬁeld of view. The
micrographs were acquired using a FEI Verios 460 microscope operating at 20 kV electron beam
energy and 50 pA current.

144

7.A Appendix

7.A Appendix
Computation of the feasible spectra and the feasible concentration proﬁles
For the analysis of the rotational ambiguity of the data sets we use the FACPACK-implementation
of the ray-casting method, introduced in ref. 439. Because of the structure of the data,
there are no clear cuts between the fourth and the ﬁfth singular values for the data set
(see ﬁg. 7.2), so we use additional information in order to compute meaningful results.
We thus assume that the spectra of the ﬁrst and last species are similar to the ﬁrst and
last spectra of the dataset, respectively. We then compute only the feasible solutions
for the two remaining components, and the AFS contains two locked points and two
volume-segments (see ﬁg. 7.A.4). Each AFS is computed using m = 15 000 rays. Because the data D includes perturbations, we used a control parameter ε ≥ 0 (like in

equation (6) of ref.418), in order to allow a certain degree of negativity. This would othC)
erwise pose a problem to the non-negativity constraint of both the concentration (C

A) proﬁles. For the AFS computation a certain factorization with C and
and spectral (A
A is accepted if:
A(i, :))
min(A
≥ −ε, i = 1, . . . , 4,
A(i, :)
max(A

as well as

C (:, j))
min(C
≥ −ε, j = 1, . . . , 4.
C (:, j)
max(C
(7.A.1)

In other words: the control parameter is a relative boundary for negative entries for
each proﬁle (see ref. 418 for more details on ε, which is set to 0.035 in this calculation).
The concentrational AFS segments are computed by using the complementarity/duality
principle 440–443 in combination with a brute-force grid-search AFS computation (see
ref. 444 for two-component systems). For the intermediates we apply this approach to
a line, since the two other pure component spectra are locked. For the monomers and
the mature ﬁbrils we use a brute-force approach for two planes, because only one pure
component is locked for each computation.
In order to select a solution in the Complementary & AFS (4 component systems) module
of FACPACK, one can monitor what the total concentration and spectral proﬁles of the
pure components look like as a function of the relative contributions. This can give
clues about the feasibility of a solution, as the spectral shape of one intermediate (see
ﬁg. 7.3) inﬂuences the spectral shape of the other intermediate as well as the associated
concentration proﬁles, which can both indicate the feasibility of a given solution (see
also the main text).
Sources of error
The computation of the AFS for four-component systems is a challenging problem, especially if the data includes perturbations (noise) or if the ﬁrst four singular values are
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Figure 7.A.3. The left- and right-singular vectors of component 5-8 of the SVD decomposition of
the time-dependent FTIR spectra of aggregating VEALYL, indicating that the components >#4 are
composed of noise.
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Figure 7.A.4. The AFS segments of the time-dependent FTIR spectra of aggregating VEALYL peptides. Since the ﬁrst spectrum and the last spectrum are locked as pure component spectra, the AFS
segments consists of two locked points reﬂecting the ﬁrst and last spectra (red and cyan, respectively) and two volume segments that show the AFS for the intermediates. Due to the complementarity/duality principle, the concentrational AFS segments consist of two plane segments and two
line segments. Herein T ∈ R4×4 is used for the transformation from the SVD to the original factors
as in eq. 7.3.

not clearly separated from the ones representing the perturbations. For this system, a
reasonable way to incorporate more information in the calculation is to lock the ﬁrst
and last spectra as pure component spectra, but this strict and rough procedure can
lead to deviations. Also measurement errors can lead to deviations in the feasible proﬁles. This potential source of error effects especially the computation of the feasible
concentration proﬁles by using the complementarity/duality principle.
MCR-ALS calculation and results
In a multiple curve resolution with alternating least square (MCR-ALS) analysis, a m×n
dataset D is ﬁtted as follows 426 :
D = CS T + E
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Figure 7.A.5. Two different solutions obtained with an MCR-ALS analysis with only non-negativity
constraints for both the spectra and time proﬁles, showing the dependency on the initial guess.
When the selected solution from the FACPACK analysis is chosen as an initial guess for the spectra,
the upper result is obtained, while for a ﬁt that has the spectra at t = 0, 250, 1000 and 5250 minutes
as the initial guess, the lower result is obtained. The solutions have a lack of ﬁt of 0.341 and 0.343 %,
respectively.

with C the m × s ‘score matrix’ (with s the number of physical components), S the
n × s ‘loading matrix’ and E the ‘residual error’ or ‘noise matrix’, while taking certain
constraints relating to the underlying physics into consideration. In an MCR-ALS procedure, E is minimized with alternating least-squares ﬁtting, meaning that the con-

centration and spectral proﬁles are ﬁtted in an alternating fashion†† .
Examples of commonly applied constraints for a time-dependent spectral dataset
are non-negativity of the spectral and time proﬁles, the ﬁxation of the ﬁrst and/or last
spectrum to the spectrum of the ﬁrst and/or last component, and ‘concentration closure’ (conservation of the total amount of molecules)‡‡ .
There are some variations resulting from different initial guesses for the spectra,
but these do not lead to differences in the qualitative interpretation (see ﬁg. 7.A.5). The
MCR-ALS method allows for an arbitrary number of species to be ﬁtted to the data (as
††
I.e. ﬁrst optimizing the time proﬁles assuming a certain initial guess for the spectral proﬁles, then optimizing the spectral proﬁles assuming the optimal values for the time proﬁles from the previous step, et cetera
— or vice versa, with respect to time and frequency space.
‡‡
The latter assumption only works for techniques that are linearly dependent on the concentration, like
1D-IR. The non-linear dependency of the spectral intensity on the concentration in nonlinear techniques like
2D-IR (in which case the degree of vibrational delocalization also inﬂuences the spectral intensity) makes it
impossible to apply this constraint in such cases.
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Artistic rendering of a B lymphocyte 445 . The transparent layer on top of
the cell represents the cell membrane, and the blue-green sphere inside
the nucleus. The membrane is covered with the membrane protein ‘Fc
receptor’ (see section E.2.1.1), that is — like all membrane proteins —
challenging to study with conventional techniques.

E
Epilogue: The Biophysical Background

This epilogue contains background information on how proteins are made (E.1), and on how (interfacial) proteins function (E.2), exempliﬁed by three coupled membrane proteins that are involved
in the immune system, and by other proteins active at interfaces (toxins, and certain proteins secreted by cells to perform extracellular functions). Finally, various amyloids in health and disease
are discussed (E.3), including the prevalence and potential cures of amyloid diseases, and the relationship between Parkinson’s disease and amyloid deposits of α-synuclein (a protein studied in
two thesis chapters). The aim is not to provide text-book like background information, but to put
the studies presented in this thesis in a broader context, and to illustrate how ingenious many
biological processes and disease-curing attempts work.

E.1 How are proteins made?
Proteins are made in the ribosome, a protein - ribonucleic acid (RNA) complex present in various
forms in all biological cells, composed of ~5 000 nucleotides of rRNA and ~80 proteins 450 (see
ﬁg. E.1). The building blocks of proteins, amino acids, ﬂoat around in the cytosol (the liquid inside
the cell), connected to RNA anticodons in molecules called transfer RNA (tRNA). tRNA anticodons
bind to the codons of the messenger RNA (mRNA) that is transcribed from deoxyribonucleic acid
(DNA) and subsequently processed in the nucleus of the cell, after which is it released into the
cytosol. The binding of tRNA to mRNA happens in one part of the ribosome, while simultaneously
in another part of the ribosome the amino acid parts of the tRNA molecules are linked together
with peptide bonds to form the polypeptide chain that was encoded in the DNA. If the ribosome
is unbound, this process can take place anywhere in the cytoplasm. However, for eukaryotic proteins destined for the secretory pathway, ribosomes bind to the endoplasmic reticulum (ER), from
where the produce is translocated to the ER lumen. In prokaryotic cells — cells belonging either
to the domain of archaea or bacteria, that lack a membrane-enclosed nucleus (Greek ‘karyon’),
mitochondria, and any other membrane-enclosed organelles — there are homologous organelles
that perform the same task as the endoplasmic reticulum in eukaryotic cells (the antithesis of

151

increment. T h e i n d e p e n d e n t reconfiltered to 6 n m and the reconstrucm p l e t e set to 4.9nm.
Epilogue: The Biophysical Background
and
ported by NIH G r a n t lRO1 GM29169

3045.

(a)

(b)

(d)

synthesized peptide chain

(c)

amino acids
tRNA

large subunit

mRNA
the micrograph showing
a tilted view
b ) H i s t o g r a m o f the a z i m u t h a l a n g l e s
, c) T h e two independent reconstrucolution of 6 n m , d) S u r f a c e represensmall subunit from
reconstruction calculated
107
lution of Figure
4.9nm.
E.1. The cradle of all proteins: the ribosome. Imaged for the ﬁrst time on the nanoscale

by Frank et al. 446 (a), using cryo-EM imaging techniques for which he received the 2017 Nobel
prize for chemistry 447 , ribosomes are ”the most extraordinary molecules he has ever seen with
this method” 448 . In (b) and (c) higher-resolution renders are shown, with in (b) the small and large
subunit separated to show the cleft where the protein synthesis occurs when the two subunits are
locked together, with the RNA strands in in orange and yellow and the protein chains in purple, and
in (c) three tRNAs (yellow) bound to an mRNA strand (red), and the start of a growing peptide chain
(green). The latter all happens inside the ribosome, so to picture what happens the tRNA, mRNA and
protein chain have been placed on top of the ribosome to show their placement within the whole
complex. The binding between the tRNA and mRNA in the ribosome, and the subsequent product (a
polypeptide chain, or protein) are schematically depicted in (d). After this step, chaperone proteins
help the polypeptide chain to fold 50 , and post-translational modiﬁcations are often made 49 . For secretory proteins these steps happen in the EM lumen, but for other proteins these processes occur
anywhere in the cytoplasm as ribosomes and proteins that perform PTMs and that help with folding
are present in all cellular compartments 50 . Reproduced with permission from refs. 446 and 449.
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prokaryotic cells, thus cells containing a nucleus and other organelles enclosed within memesearch branes) 451 .
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E.2.1 Membrane proteins
Membrane proteins can perform a remarkable variety of functions. Examples are the regulation
of cell division 452 and transportation of ions and molecules across the membrane by transmembrane proteins, the performance of various types of catalytic tasks like oxidoreductase, transferase or hydrolase by membrane enzymes, relaying signals between the cell’s interior and exterior environment by membrane receptors, mediation of cellular recognition and interaction by
cell adhesion proteins 44 , and a whole range of membrane proteins, both ‘peripheral membrane
proteins’ (relatively-weakly bound to the lipid head groups of the membrane) and ‘integral membrane proteins’ (strongly membrane bound because they contain a hydrophobic part that associates with the hydrophobic tails of the membrane’s lipid bilayer) is involved in the formation 453 ,
labeling 454 , fusion 455 , clustering and maintenance 456,457* of vesicles and membranes.
The various membrane proteins that contribute to the human immune system illustrate the
importance of membrane proteins and the pivotal role they play in the incredibly complex and
sophisticated protein systems that govern life — as an example three membrane proteins that are
connected by a multicellular pathway of our immune system are discussed in this section.

E.2.1.1 Example 1: How Fc receptors trigger the release of histamine after a pathogen has
been recognized
Fc receptors are present in the membranes of numerous cells that play a role in our immune system, like phagocytes, lymphocytes, and B cells 45 . When a pathogen (a virus, bacterium, protozoa,
fungus, or other micro-organism) manages to enter our bloodstream, antibodies (‘immunoglobulins’) bind to certain unique molecules on the surface of the pathogen. These antibodies are
glycoproteins that are secreted by B cells (also known as B lymphocytes) that have two pathogenbinding sites and one Fc-receptor binding site (see ﬁg. E.3(a)). The binding between antibodies
and their pathogens and Fc receptors is mediated by electrostatic forces, hydrogen bonds, hydrophobic interactions, and Van der Waals forces, so spatial complementarity of the respective
molecular structures is vital for their strong ‘lock and key’-type binding. There is a myriad of
immune response processes in which the interaction between different types of immunoglobulins and their matching Fc-receptors play a central role. The binding afﬁnity between them can
be extremely high, e.g. for the immunoglobulin IgE and its Fc receptor FcϵRI the Kd is ~10−10 M,
which results in full IgE coverage of FcϵRI-containing cells, like mast cells. Because of the two
pathogen-binding arms of the immunoglobulins the Fc receptors are clustered on the membrane,
which triggers an intracellular signaling pathway 463 . This pathway leads to the fusion of secretory granules with the membranes of mast cells (see ﬁg. E.3(b)), which results in the extracellular
release of inﬂammation mediators like histamine.

E.2.1.2 Example 2: How SNARE proteins mediate the membrane fusion that results in histamine release
The fusion of the secretory granules and the mast membrane is mediated by members of another
important protein super family, the soluble N-ethyl-maleimide-sensitive factor attachment pro*
The particular vesicle maintenance protein under study in these two references, α-synculein, is actually
also the most-studied protein of this thesis — not because its (probable) native vesicle clustering function 458 ,
but because it is prone to form amyloid aggregates related to Parkinson’s disease that are studied in the second
half of this thesis.
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tein receptors known as SNARE proteins 464 . The best-studied SNARE proteins mediate the fusion
of neurotransmitter vesicles with the presynaptic membrane of neurons (see Fig. E.2). SNAREs
are post-translationally anchored into the membranes of vesicles and target membranes via a Cterminal transmembrane domain, or via post-translational attachment of fatty acids (e.g. ‘palmitoylation’) to their cysteine, serine or threonine sidechains. By precise tuning of the residues
around the anchor, and by tuning of the anchor length — different types of membranes have a
different lipid composition and thicknesses — each SNARE is targeted for a particular type of
membrane, like the plasma membrane, endoplasmic reticulum, mitochondria, or a speciﬁc type
of vesicle. This results in vesicles whose membranes are loaded with so-called v-SNAREs, and
target membranes loaded with t-SNAREs. Membrane fusion is achieved via the formation of tight,
four-α-helix bundles in a coiled-coil motif by the cytosolic 60-70 amino acids SNARE motifs that
are present in all SNARE proteins, called the trans-SNARE complex (with the anchors still present
in the two unfused membranes) 465 . The gain in conformational energy associated by the conversion into the cis-SNARE complex (with the anchors present in the same fused membrane)
is thought to be the driving force for membrane fusion 466 . Their importance is also evinced by
the fact that some of the most potent toxins ever discovered, like the botulinum and the tetanus
toxin, speciﬁcally cleave SNARE proteins, leading to the inhibition of neurotransmitter exocytosis which can result in loss of muscle control, spasms, paralysis, and even death 467,468 .

E.2.1.3 Example 3: How G-protein coupled receptors induce immune system responses upon
binding to histamine
When the secretory granules fuse with the mast cell membranes, the inﬂammatory mediators are
released, and membrane proteins like histamine receptors engage target cells in the inﬂammatory response. These receptors are all members of the super family of G-protein coupled receptors
(GPCRs) which is another very important class of membrane proteins, if only due to their large
abundance: there are more than 1 000 different GPCRs, ~4% of our genes encode for them and they
are targeted by over 40% of all modern drugs 472† . They are hence related to many cellular processes and associated diseases, which are all regulated by extracellular ligands (inﬂammatory
mediators, hormones, odorants, taste molecules, neurotransmitters, or other signaling factors)
that bind to GPCRs that subsequently activate a G protein in a more-or-less speciﬁc manner‡ The
G proteins get activated by exchange of the GDP molecule they are bound to in their inactive
state, for a GTP molecule. The GPCR can only perform this exchange after a ligand-induced conformational change of its seven transmembrane domains, which turns a region of the GPCR into
a so-called ‘guanine nucleotide exchange factor’ 477 . Once the G protein is activated it releases
from the GPCR and splits up into an α and a βγ subunit that both interact with one or multiple
other proteins thereby causing the signal transduction cascades for which the ligand-GPCR-G
protein pathway has evolved. In the case of the immune system, this results for example in the
†
Their importance is also demonstrated by the fact that the 2012 Nobel prize for chemistry was awarded
for studies of G-protein–coupled receptors 473 .
‡
To which G protein a GPCR couples is determined by a number of factors, like the primary and tertiary
structure of the GPCR itself, but also by which GPCR conformation is stabilized by a particular ligand (most
GPCRs can bind multiple ligands 474 ), and by the availability of different types of G proteins (and of another type
of ‘transducer’ protein a GPCR can couple to, β-arrestin) as GPCRs can also bind to various transducer proteins
with different afﬁnities. There is evidence that some GPCRs are already bound to a speciﬁc inactive G proteins
before they bind to a ligand, but most GPCRs only interact with G proteins upon ligand-binding 475 . Interestingly,
even during the interaction with a single ligand there can be multiple transient conformations that the GPCR
can adopt that each have different afﬁnities to different G proteins and β-arrestins. Still, for more than 200
GPCRs the preferred G proteins are known that are mainly activated when they couple to when they bind their
so-called ‘endogenous’ ligands; for most GPCRs these endogenous coupling partners are unknown, which are
therefore referred to as ‘orphan’ GPCRs. 476 .
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Figure E.4. Example of how structural changes are of prime importance for the functioning of GPCRs:
the adrenaline-cyclic AMP signaling chain. First the binding of an adrenaline molecule to the GPCR
(in this case the adrenergic receptor) changes the tertiary structure of the GPCR, which results in
the formation of a GPCR region with newly-obtained enzymatic capacities. Dependent on the exact
conformer that is stabilized by the ligand, the GPCR will bind with different afﬁnities to different
G proteins, upon which the GDP molecule to which the G protein is bound is exchanged for a GTP
molecule. This results in a conformational change of a small loop region (depicted in red) that results in the dissociation of the Gα subunit (orange) from the Gβ (blue) and Gγ (green) subunits. For
this particular pathway, all parts of the G protein are membrane-bound, before and after ‘activation’ (induced by the GDP-GTP exchange); most G proteins are present both in membrane-bound
and cytosolic form 469 . This is for a large part modulated by distinct co- or post-translational lipid
modiﬁcations of the G proteins that dictate where they localize 470 . The activated Gα subunit involved in this pathway will thus move along the membrane until it ﬁnds an enzyme it can bind to:
adenylyl cyclase (in purple on the right). Then the small (red) loop region whose conformation was
changed by the GDP-GTP exchange activates the enzyme, a lot of cyclic AMP is produced that generates secondary responses throughout the cell. By incorporating an enzyme in the pathway, the
sensing of a single ligand molecule can be greatly enhanced, thereby making the cell very sensitive
to its environment. Eventually, the GTP molecule bound to Gα subunit will break down to GDP after
which the G protein obtains its resting heterotrimeric form again. The schematically drawn part of
adenylyl cyclase has not been resolved yet, indicating that there are, even for such a well-studied
system, still open structural questions. Reproduced with permission from ref. 471.

histamine-induced increase in arteriole dilation and venous permeability that allows white blood
cells and some proteins to engage pathogens in infected tissues 478 .

While the IgE-FcϵRI binding and the resulting downstream processes are believed to have evolved
as a defense against parasites 479 , the main reason it is a highly studied system is the fact that it
can also result in allergic reactions (directly related to the aforementioned vasodilation that leads
to runny noses and watery eyes) to substances like pollen, proteins present in house mite feces
and cat saliva 480 . Because most other protein system are still much-less studied there is a great
demand for experimental techniques that can shine light on the molecular details of biological
interfaces.
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E.2.3 Extracellular proteins
Another type of interfacially-active proteins studied in this thesis, are those that are secreted by
cells to perform an extracellular task. Some notable examples that are being studied with VSFG
spectroscopy — as a highly surface sensitive technique is a requisite to see many of these proteins at their natural place of action — are proteins secreted by fungi to lower the surface tension
of the water they live in, so they can form cellular structures that break free from the water surface(chapter 4), proteins secreted by insects and polar ﬁsh to prevent the formation of ice 496,497 ,
and proteins secreted by bacteria to actually achieve the opposite, creating frost damage which
they use to attack plants 498 . A frequently-observed type of structure that extracellular proteins
adopt are extended intermolecularly hydrogen-bonded structures that are very similar to those
described in the other half of this thesis: amyloids. Examples of such proteins are those secreted by the Staphylococcus aureus bacterium, which form an amyloid extracellular matrix in
which the secreting cells encase themselves under low-pH and -Ca2+ conditions 73 , and, morefrequently encountered in daily life, spider silk (see ﬁg. E.7). The latter has a tensile strength (the
maximum force that a material can withstand when being stretched or pulled before breaking)
similar to that of steel 500 , which is a result from similar intermolecularly hydrogen-bonded networks that are present in the ﬁber structure. Because the part of the ‘ﬁbroin’ protein that forms
the hydrogen-bond network consist mainly of alanine (the amino acid that only has a methyl
group as its sidechain), the hydrogen bonds in between the backbone atoms of neighboring peptide chains are very short and thus strong. And because the methyl groups ﬁt well in the voids
near the α-carbons of neighboring peptide chains also Van der Waals interactions contribute to
the formation of extremely tightly-packed β-sheet nanocrystals by this part of ﬁbroin 503 . These
nanocrystals are connected by glycine-rich parts of ﬁbroin that form stackable type II β-turns, 31 helix, and ~20 residue-long random-coil chains, which provide elasticity to the structure, leading
to the overall extremely high tensile strength of the ﬁbers 504–506 . Also for this protein interfaces
play an important role, as certain silk structures are only formed in the presence of an oil-water
interface, as is the case for ‘silk III’ 507 . The fact that NASA 508 , and dozens of other labs and universities 501 are investigating these structures in a quest for strong ultra-light or biocompatible
materials shows that besides fundamental science also applied science is aided by a better understanding of what we can learn from VSFG spectra, one of the main goals of this thesis.


The popular notion that a 1-km long spider silk ﬁber with the width of a pencil can stop a 747 in ﬂight 501
is exaggerated, but still: a ~20 cm broad ﬁber that is 1 km long cán stop a 747 which is at cruising speed (1080
km/h) in only 300 meters 502 .
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While amyloids were ﬁrst discovered in relation to their cytotoxic effects, there are increasing
amounts of examples across the biological kingdoms of bacteria (see also section E.2.3), fungi and
animalia where amyloids have non-pathological cellular and extracellular functions 2** . Even in
the human body there are proteins known that form amyloids to aid the biosynthesis of the pigment melanin 512 or whose amyloid formation probably regulates the formation and clearance of
blood clots 2 . These systems are carefully monitored by cellular machinery to prevent toxic aggregation. Because of the large amounts of proteins involved in such systems, the accompanying
cellular machinery that controls the amyloid formation is of great interest. The decline of such
systems with age is thought to be the reason that the majority (e.g. in the case of Alzheimer’s
disease (AD) 95% of cases are age-related 513 ) of patients suffering from amyloid-related diseases
develop amyloid deposits.

E.3.1 The role of amyloid deposits in disease
The hallmark of many amyloid diseases is the presence of amyloid deposits 514 , however the relationship between their presence and the various associated diseases is not well established,
as the deposits are also found in brains of healthy people 515 . However, for example in AD (see
ﬁg.1.4(a,b)), related to the formation of a protein called amyloid-beta (Aβ), the brains of áll patients
contain amyloid deposits 516 . Yet, the presence of other protein deposits called neuroﬁbrillary tau
tangles 517 and the number of neurons in the associated parts of the brain correlate much more
strongly with the cognitive status of the patients 518 . It is unknown whether the formation of the
tangles is a primary causative factor in the disease, or whether it plays a peripheral role — possibly even a protective one 519 . The strong correlation with the loss of neurons might be related
to the fact that a longer education and higher intelligence are protective 59 . Of course this can
be due to multiple environmental factors (both brain activity and life style), but also genetic factors play a role, as the concordance of the disease is higher amongst monozygotic twins than
amonst dizygotic twins 59 . The modest concordance levels of monozygotes indicates that there
is also deﬁnitely a large environmental component in the development of the disease. The genetic component of early-onset AD that have so far been discovered are mutations in the genes
coding for the amyloid precursor protein (APP), and presenilin 1 and 2, while for late-onset AD
only mutations in the Apolipoprotein E (ApoE, see ﬁg. E.9) protein seem to play a role 59 . People
with a double allele†† of one of the four types of Apolipoprotein E, a protein whose binding with
Aβ enhances the proteolytic break-down of Aβ 520,521 , have up to 20 times the risk of developing
AD by 75 years of age, as compared to those not carrying a single copy of this allele 522 .
Besides the particular protein 102,111 , also the type of aggregate formed, and the location of the
amyloid protein deposits determines the exact pathogenesis. For example, the mature ﬁbrils
formed by the human islet amyloid polypeptide are thought to interfere with the cell-cell signaling and nutritional transport to β-cells in the islets of Langerhans in the pancreas in type-II
diabetes 523 , while in type-I diabetes hIAPP oligomers are thought to play an intracellular role
**
The amyloid structures observed in nature have inspired researchers to study the potential applications of
amyloidogenic proteins in the ﬁeld of materials science. Examples are the usage of amyloid ﬁbril formation by
diphenylalanine 509 or of the TTR(105–115) amyloidogenic fragment of transthyretin with tailored end-caps 510
as molecular scaffolds for the formation of (functionalized) metallic nanowires, and the study of the amyloid
formation by whey proteins like β-lactoglobulin which can be used to control the consistency of food products 260,511 .
††
An allele is one of the two or more forms of a gene. In diploid organisms, like humans, each of the two
alleles present in most cells determine which particular version of the protein associated with the particular
allele is transcribed (see also section 1.1), through their relative dominance 45 .
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Figure E.9. Schematic representation of how the lipoprotein ApoE plays a role in the clearance of
Aβ from the brain, and how drugs (like Bexarotene) that increase ApoE expression via nuclear receptors are designed to alleviate the build up of neuritic plaques. Sadly, after early-stage preclinical
studies suggested that bexarotene reduced amyloid plaques and improved mental functioning in a
small sample of mice engineered to exhibit Alzheimer’s-like symptoms, subsequent studies have
yielded mixed results 534–538 . Reprinted with permission from ref. 539.
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A general problem for the latter approach is that the presence of oligomers and/or mature ﬁbrils can disrupt cellular processes in a non-speciﬁc manner. Organelles or proteins that have
a relatively high hydrophobic exterior have an increased chance to co-aggregate with or to get
stuck to the amyloids that are formed, but other than that many different types of (inter)cellular
machinery will degrade by amyloid formation¶¶ .
This also explains the difﬁculty that many drugs against e.g. AD have to pass the phase-III of
clinical trials, the ﬁrst phase in which the drug’s effect on a larger, unselected group of patients
(~3 000, versus ~300 for phase-II) is determined: in phase-II the preselection of patients that a
pharmacological company can do, can result in a test group that only contains patients with a
speciﬁc organelle that is failing. This has lead to numerous promising phase-II results, but so far
all phase-III trials for AD drugs have failed to give convincing results 541 . Matching of patients to
drugs that aid a single organelle or protein whose function is impaired is an extra challenging
step*** in what is already a very time-consuming, risky and expensive effort 543 , especially for
what is only a temporal measure, as with further advancement of the disease, other proteins,
organelles and/or cells 544 will start to fail.
Rescuing the patient from amyloid formation directly is attempted either by supplying molecules
that directly dissolve the amyloids, or by helping the systems already present to do this, but
that might have deteriorated with aging. To lower the concentrations of Aβ1−40 and Aβ1−42 ,
there have been multiple failed attempts to inhibit enzymes that lead to their production, like
-secretases and β-secretase 1 (BACE1). The most recent phase-III failure involves one of the four
BACE1 inhibitors that are currently on clinical trial, because there appeared to be ‘virtually no
chance of ﬁnding a positive clinical effect’ for the group of AD patients with mild to moderate
symptoms that was under study 545 . Happily the drug wás shown to be safe, and it is hence investigated if it might have an effect when administered to patients in a less advanced phase of the
disease 546 . Various studies indicate that disease-modifying therapies for AD could be most efﬁcacious at the earliest and mildest stages of the disease 547,548 . In this light, the recent discovery of
high-performance biomarkers (ratios of various amyloid-β-associated peptide fragments in the
blood that predict the level of amyloid-β deposition in the brain) is an important development 549 .
Also helping cells with the removal of amyloid aggregates from the body, e.g. by increasing the
expression of the aforementioned apolipoprotein ApoE (probably involved in the removal of amyloid aggregates, see ﬁg. E.9) used to be a promising pathway towards a cure, but again the phase-II
studies were not convincingly positive 534–538 . This might be related to the results of a new study
that ﬁnds that the presence of ApoE also exacerbates the damage done by tau tangles 550 , illustrating that amyloid diseases are as complex on the cellular level as they are on the molecular
level.
Although this is only a small portion of the work that researchers are doing to ﬁnd cures for AD,
PD 551 , and the many other amyloid-related diseases, it is clear that there is still a great demand
for the development of techniques that can aid the search for a cure, which is currently described
as quest that ‘has been littered with big failures, which have come in a steady drumbeat of defeat
and discouragement’ 545 .

E.3.4 Parkinson’s disease and α-synuclein
Because two chapters in this thesis are about the aggregation α-synuclein, which is related to
Parkinson’s disease 552,553 (PD) the pathogenesis of this disease is described in more detail.
¶¶
Amyloids also interact with nanoparticles in a similar fashion, which can be used in the detection of e.g. αS
ﬁbrils in brain homogenates at nanomolar concentrations 540 .
***
To circumvent this problem there are increasing efforts to identify which clinical trials have an optimal
chance for a certain patient 542 .
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Already in very early writings various symptoms are described that resemble those of PD 554 , for
example in a medical document of the Mesopotamians, a scroll of Egyptian papyrus, an Ayurvedic
medical treatise, the Bible, and in the notes of Aelius Galenus††† . Only during the age of enlightenment the resting tremors that accompany PD are described again, amongst others by Dutch
physicians Sylvius and Van Swieten, in the 17th and 18th century, respectively 556 . They are some
of the physicians mentioned in the monograph written in 1817 by James Parkinson entitled ‘An
essay on the shaking palsy’ 557 in which he describes six cases of paralysis agitans, Galenus’ term
for resting tremor. In the essay he reports on the abnormal posture and gait, paralysis and diminished muscle strength these patients experience, and the way that the disease progresses over
time, which are all still elements of the modern-day diagnosis of PD 558 . The observation of the
microscopic amyloid deposits formed mainly by the protein studied most elaborately in this thesis, α-synuclein (αS), was ﬁrst described in 1912 by Frederic Lewy, thereby becoming the eponym
of these Lewy-body inclusions 559 . In the following years, researchers found that the substantia nigra pars compacta region of the basal ganglia is affected most by PD 559 (see ﬁg. E.10). This (literally
translated) ‘compact region of black substance’ is darker than its neighboring region due to the
high levels of neuromelanin, a compound related to dopamine, and it is connected, as well as to
other parts of the brain, to the motor cortex via the so-called nigrostriatal bundle 560 . Via this bundle, movement is calibrated and ﬁne tuned by the release of dopamine by the dopaminergic cells
of the substantia nigra 561 . When 30 % 562 to 70 % 563,564 of these cells are lost the symptomatic motor
deﬁcits of PD, including tremors, rigidity, and postural imbalance, start to occur 565 . The important
role of dopamine in the disease is also stressed by the fact that normal movement can be rescued
during the early stage of the disease by administering L-DOPA to patients 566 . This is a precursor
of dopamine that can cross the blood-brain barrier, after which it is converted to dopamine. It is
still less clear what role the Lewy bodies play in PD pathology, as also without the formation of
Lewy bodies, PD and the associated death of dopaminergic cells can occur 567,568 . However, it ís
generally accepted that PD patients have elevated levels αS in their brain ‡‡‡ , and that high levels
of αS are toxic, mainly to dopaminergic neurons 577–580 . This toxicity might be related to αS aggregation, which is ﬁrst observed in the form of Lewy bodies in the dorsal motor nucleus of the vagal
nerve and the olfactory bulb (thus frequently leading to an impaired sense of smell years prior to
the appearance of the somato-motor impairments) 581 , from where the amyloid form of αS spreads
in a prion-like fashion throughout the brain. Evidence for the latter comes from transplantation
studies where healthy grafts of brain tissue were transplanted into the brains of PD patients 582,583
or of transgenic mice over expressing human αS 584,585 quickly developed Lewy-body pathology,
and a mouse study in which synthetic αS ﬁbrils were injected in a certain part of the mouse brain
†††
Aelius Galenus was a Greek physician from Roman times who is considered the most accomplished medical researcher of antiquity 555 .
‡‡‡
Identifying and fully understanding all in vivo functions of αS is still an ongoing quest. It was ﬁrst discovered in 1993, due to the presence of its cleaved 35 amino acid-long form in amyloid deposits formed in AD.
Because αS was the ‘non-Aβ component’ of these deposits, the original name of the full-length precursor protein
(140 amino acids) was ‘NACP’ 569 . In the following years, it was found to be the human homologue of the synaptic
synuclein protein of the paciﬁc electric ray Torpedo californica 570,571 , natively unfolded (also known as ‘intrinsically disordered’, see section 1.4.2) 572 , and the main component of Lewy bodies 514 . Recent evidence suggest
that in the brain, where it is expressed mostly (interestingly, it is expressed as well in all other tissues except for
the liver 569 ), it maintains the supply of synaptic vesicles near the presynaptic termini 458 . It appears to do this
by clustering these vesicles through interaction with both proteins, from the aforementioned SNARE family
(in particular synaptobrevin-2, see section E.2.1.1) 456,457 , and with anionic lipids 573 . Other studies suggest that
it also interacts strongly with dopamine 574 and with dopamine transporter membrane proteins 575 , and that
it might thus play a role in the release and the maintenance of the intracellular concentration of this important neurotransmitter. Genetically modiﬁed mice lacking synucleins developed age-dependent neurological
impairments, exhibited decreased SNARE-complex assembly, and died prematurely 456 , illustrating their importance and possible relation to PD. A recent study shows that the αS increase that is observed in the brains
of PD patients results from a decrease in a type of endogenous non-coding RNA, miR-7, that usually blocks the
SNCA gene from which αS is transcribed 576 , possibly opening up a new road to a therapy for PD.
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from which PD-like Lewy pathology was transmitted in a cell-to-cell fashion to anatomically interconnected regions 586 . The mature ﬁbrils that are found in the Lewy bodies is probably not be
the (main) toxic species, as many studies show that the oligomeric form of αS is more toxic than
the fully-grown ﬁbrils 109,305,587–589 . A recent study shows that dopamine enhances cytotoxic αS
oligomer formation in vitro and in vivo, which explains the vulnerability of dopaminergic brain
cells, and shows that mice with a mutated form of αS that cannot interact with dopamine do not
suffer from dopaminergic cell death 574 , indicating that therapies that prevent αS aggregation are
a promising approach to cure PD.
Recent clinical evidence indicates that both in Lewy body dementia and PD, αS aggregates into
very small deposits located in the presynapses, which leads to synaptic dysfunction that results
in neurodegeneration 515 . The study also shows that the disease progresses in a trans-synaptical
fashion, which would mean that stem cell transplantation would be of limited use§§§ .
So as of yet, 200 years since Parkinson’s essay and more than 100 years after Lewy’s discovery
of the amyloid deposits formed by αS, it is still impossible to prevent their formation and the
(presumed) accompanying disruption of the brain 559 . However, with ~6 000 papers per year on
Parkinson’s disease, the research ﬁeld is progressing quickly. Hopefully, the methods and studies
presented in this thesis will also contribute to the progress of the ﬁeld and the development of
effective therapies.

§§§
However, a recent study with ‘induced pluripotent stem cell’-implanted primates shows at least for the
ﬁrst two years the motor function of the primates can be improved with this therapy 590 .
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Figure E.10. The neuropathology of Parkinson’s disease, in which the nigrostriatal pathway connects
the substantia nigra pars compacta (SNpc; see arrows) — where (amongst other functions) motion is
ﬁne tuned and calibrated 561 — to the putamen and caudate regions in the striatum — where (amongst
other functions) motion is planned 591 — in a healthy (A) and PD affected brain (B). The SNpc are typically pigmented due to neuromelanin in the dopaminergic neurons in healthy brains (see arrows
in photograph in A), while depigmentation of the SNpc occurs in the brains of PD patients due to
the marked loss of dopaminergic neurons (note the loss of dark-brown pigment in photograph in
B; arrows). In PD, most damage is done to the dopaminergic neurons that project to the putamen
(dashed line), and a more modest loss of those that project to the caudate (thin red solid line). (C)
Immunohistochemical labeling of intraneuronal inclusions, termed Lewy bodies, in SNpc dopaminergic neurons. Typically, immunostaining with an antibody against αS reveals a Lewy body with
an intensely immunoreactive central zone surrounded by a faintly immunoreactive peripheral zone
(left photograph), while immunostaining with an antibody against ubiquitin yields a more diffuse
immunoreaction within the Lewy body (right photograph). Reproduced with permission from ref.
564.
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Summary

Caught in action: interfacial and amyloid protein conformation
revealed with vibrational spectroscopies

Proteins are the molecular machines of life. Shaped by billions of years of evolution,
they perform tasks that vary 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. Various physical techniques such as X-ray crystallography and nuclear magnetic resonance spectroscopy, have helped us unravel the structure and dynamics of a large number of proteins.
However, in some cases it is challenging to study proteins with conventional techniques. Notable examples are proteins active at interfaces (e.g. cell membranes or the
air — water interface), and protein species (oligomers) that are crucial in the formation of amyloid structures, which are thought to be related to diseases like Alzheimer’s
and Parkinson’s. In this thesis, we show how such ‘challenging’ proteins can be investigated using linear and non-linear vibrational spectroscopy. The latter requires
very intense infrared light, and has therefore only become possible with the advent of
high-energy, pulsed lasers. We employ two non-linear vibrational spectroscopy techniques: in chapter 3 and 4 we demonstrate how the highly surface-sensitive technique
of vibrational sum-frequency generation (VSFG) spectroscopy can be used to determine the conformation and orientation of proteins at interfaces, and in chapters 5, 6,
and 7 we show how two-dimensional infrared (2D-IR) spectroscopy can be used to obtain new insights into various phases of amyloid aggregation. Throughout the thesis,
we also made use of linear vibrational spectroscopy techniques to obtain additional
insight into the molecular structure of the proteins under study: Fourier-transform infrared spectroscopy (FTIR a.k.a. 1D-IR), Raman spectroscopy, and vibrational circular
dichroism (VCD). In all studies, we have performed calculations of vibrational spectra
of the amide-I band. The comparison of calculated and experimental spectra, as well
as performing multivariate-curve resolution analyses, has allowed us to learn much
more from the experimental spectra than would have been possible using conventional analyses.
Hopefully, these experimental techniques and methods of analysis will continue to
develop in the future, furthering the amount of detail we can reveal with them, and
providing heretofore unavailable insights into proteins.
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In chapter 3 we show how measuring and calculating IR, Raman and VSFG spectra of
the amide-I band of proteins in or near membranes can reveal structural information
that is difﬁcult to obtain with conventional techniques. Interpretation of experimental amide-I spectra in terms of protein conformation and orientation can be difﬁcult,
especially in the case of complex proteins. In this chapter we demonstrate how the
formalism discussed in section 2.1.2 can be used to calculate the amide-I infrared (IR),
Raman and VSFG spectra for a given protein conformation and orientation. Based on
the protein conformation of the cholera toxin B-subunit (CTB), we set up the amide-I
exciton Hamiltonian for the backbone amide modes that generate the linear and nonlinear spectroscopic responses. We choose to study the vibrational response of CTB,
because it binds very strongly to the water-lipid interface used in the study (which
mimics the cell membrane of the intestine), in a well-known fashion, allowing us to
benchmark the employed methods. By measuring and calculating its amide-I IR, Raman and VSFG spectra, we deduce that the symmetry axis of CTB is oriented at an angle
of 6◦ ± 17◦ relative to the surface normal of the lipid monolayer, in agreement with ﬁve-

fold binding between the toxin’s ﬁve subunits and the receptor lipids in the membrane.
The observed match between the experiments and the calculations allowed us to apply
the developed methodology to other proteins and vibrational spectroscopy techniques
that rely on the amide-I mode of proteins.
In chapter 4, we record and calculate the VSFG spectra of hydrophobins, surfaceactive proteins that form a hydrophobic, water-repelling ﬁlm around aerial fungal structures. They have a compact, globular structure, in which hydrophilic and hydrophobic
regions are spatially separated. These features make them uniquely stable molecules
that are essential for the spore formation of ﬁlamentous fungi. In this chapter, we report surface-speciﬁc chiral and non-chiral vibrational sum-frequency generation spectroscopy (VSFG) measurements of hydrophobins adsorbed to their natural place of action:
the air-water interface. We observe a reversible change in the orientation of the hydrophobins at the interface when the pH is varied. We explain this local orientation
toggle from the modiﬁcation of the inter-protein interactions and the interaction of hydrophobin with the surrounding water, following the pH-induced change of the charge
state of particular amino acids.
In chapter 5, we study the aggregation of the intrinsically disordered protein alphasynuclein (αS) into amyloid ﬁbrils, a process that is thought to play a central role in
the pathology of Parkinson’s disease (PD). Using a combination of techniques (atomic
force microscopy, UV-circular dichroism, X-ray diffraction, and amide-I 1D- and 2DIR spectroscopy) we show that the structure of αS ﬁbrils varies as a function of the
salt concentration: ﬁbrils formed by αS aggregation in low ionic-strength buffers have
a signiﬁcantly different structure compared to ﬁbrils grown in higher ionic-strength
buffers. The observations for ﬁbrils aggregated in low-salt buffers are consistent with
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an extended conformation of αS, forming hydrogen-bonded intermolecular β-sheets
that are loosely packed in a parallel fashion. For ﬁbrils aggregated in high-salt buffers
(including those prepared in buffers with a physiological salt concentration) the measurements are consistent with αS molecules in a more tightly-packed, antiparallel
intramolecular conformation, and suggest a structure characterized by two twisting
stacks consisting of approximately ﬁve hydrogen-bonded intermolecular β-sheets each.
We present evidence that the high-frequency peak in the amide-I spectrum of αS ﬁbrils
involves a normal mode that differs fundamentally from the canonical high-frequency
antiparallel β-sheet mode, an observation which has implications for other (especially
non-linear) amyloid studies that rely on the amide-I mode. We propose that the high
sensitivity of the ﬁbril structure to the ionic strength might form the basis of differences in αS-related pathologies.
In chapter 6, we use 1D-IR (a.k.a. FTIR), 2D-IR, VCD and other spectroscopy and microscopy techniques to study the effect of C-terminal truncations — the removal of
residues from the end of the amino-acid chain — of monomeric wild-type alpha-synuclein
(WT-αS). Previous studies have shown that such truncations enhance the formation of
amyloid aggregates both in vivo and in vitro, and they have been associated with accelerated progression of PD. The correlation with PD may not only be a result of faster aggregation, but also of which ﬁbril polymorphs (i.e. which periodic spatial arrangements
of the monomers) are preferentially formed when the C-terminal residues are deleted.
Considering that different polymorphs are known to result in distinct pathologies, it is
important to understand how these truncations affect the organization of αS into ﬁbrils. Our high-resolution microscopy and advanced vibrational spectroscopy studies
indicate that the C-terminal truncation variant of αS, lacking residues 109-140 (henceforth referred to as 1-108-αS), forms amyloid ﬁbrils with a distinct structure and morphology. The data suggests that 1-108-αS ﬁbrils consist of strongly twisted β-sheets
with an increased inter-β-sheet distance and a higher solvent exposure than WT-αS
ﬁbrils, as is also indicated by the pronounced differences in the 1D- and 2D-IR and VCD
spectra.
Finally, in chapter 7, we show how combining 1D-IR, 2D-IR, VCD, and optical and electron microscopy (STEM) techniques provides insight into the aggregation of a small
peptide. We choose to investigate the relatively simple aggregation of the hexapeptide VEALYL (Val-Glu-Ala-Leu-Tyr-Leu), so that the methodology, in which several experimental and analysis techniques are combined for the ﬁrst time, can be accurately
benchmarked. The peptide, the B-chain residue 12–17 segment of insulin, is one of the
shortest segments of insulin that can form amyloid ﬁbrils. The amyloid aggregation
of insulin is an important problem in health care, because it occurs during the storage
and injection of insulin in the treatment of diabetes patients. The amyloid aggregation
of VEALYL commences within an hour after the pH is lowered below 4, and continues
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to develop over a period of weeks. Analysis of the vibrational spectra indicates that the
aggregation is not a single-step process, but involves intermediate structures. We perform two types of multivariate curve resolution analyses of the 1D-IR data that show
there are intermediates that exhibit an increasingly ﬁbrillar character, while they are
less ordered than the ﬁnal ﬁbrillar structure that is eventually formed from the intermediates. The VCD spectra, and the STEM and optical microscope images show that
the formation of mature VEALYL ﬁbrils correlates with the appearance of spherulites
that are on the order of several μm, and give rise to an accompanying ‘giant’ VCD effect. This effect (a sudden, very large increase in the difference in the absorbance of
left- and right-polarized light) has been observed previously for other amyloid-forming
peptides and proteins, but the molecular origin of the effect is still debated. The correlation we ﬁnd here indicates that it stems from a resonant enhancement of the differential absorption when the size of the chiral structures becomes comparable to the
wavelength of the circularly-polarized light with which the VCD spectra are recorded.
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Samenvatting

Op heterdaad betrapt: conformatie van oppervlakte-actieve en
amyloïd-vormende eiwitten bekeken met vibrationele spectroscopie

Eiwitten zijn de moleculaire machines van het leven. Gevormd door miljarden jaren
van evolutie, voeren ze taken uit die variëren van DNA-transcriptie tot opslag van energie uit zonlicht tot extracellulaire bescherming — met een efﬁciëntie, veelzijdigheid en
duurzaamheid waarvan men in de synthetische chemie alleen maar van kan dromen.
Verschillende fysische technieken, zoals röntgenkristallograﬁe en kernspin-resonantiespectroscopie (NMR), hebben ons geholpen de structuur en dynamiek van een groot
aantal eiwitten te ontrafelen.
In sommige gevallen is het echter moeilijk om eiwitten te bestuderen met standaard
technieken. Belangrijke voorbeelden zijn eiwitten die actief zijn op grensvlakken (bijvoorbeeld celmembranen of het lucht-water-grensvlak), en bepaalde eiwitstructuren
(oligomeren) die cruciaal zijn bij de vorming van ‘amyloïde’ eiwit-aggregaten, waarvan wordt vermoed dat ze verband houden met ziekten als Alzheimer en Parkinson.
In dit proefschrift laten we zien hoe dergelijke ‘moeilijke’ eiwitten kunnen worden
onderzocht met behulp van lineaire en niet-lineaire vibrationele spectroscopie. Dit
laatste vereist zeer intens infraroodlicht, en is daarom pas mogelijk geworden met
de komst van hoog-energetische, gepulste lasers. We gebruiken twee niet-lineaire vibrationele spectroscopietechnieken: in hoofdstuk 3 en 4 laten we zien hoe de zeer
oppervlakte-gevoelige techniek vibrationele som-frequentie generatie (VSFG) spectroscopie kan worden gebruikt om de conformatie en oriëntatie van eiwitten bij grensvlakken te bepalen. In hoofdstuk 5, 6 en 7 laten we zien hoe tweedimensionale infrarood (2D-IR) spectroscopie kan worden gebruikt om nieuwe inzichten te verkrijgen
in verschillende fasen van amyloïde eiwit-aggregatie. We hebben in het proefschrift
ook gebruik gemaakt van lineaire vibrationele spectroscopie-technieken om aanvullende inzichten te verkrijgen in de moleculaire structuur van de onderzochte eiwitten:
Fourier-getransformeerde infrarood spectroscopie (FTIR, ook bekend als 1D-IR), Raman
spectroscopie en vibrationele circulaire dichroïsme (VCD) spectroscopie. In alle studies hebben we vibrationele spectra van de amide-I-band niet alleen gemeten, maar
ook berekend. De vergelijking van berekende en experimentele spectra, evenals het
uitvoeren van ‘multivariabele curve-resolutie’ analyses, heeft ons in staat gesteld om
veel meer van de experimentele spectra te leren dan mogelijk zou zijn geweest met
behulp van conventionele analyses.
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Hopelijk zullen deze experimentele technieken en analysemethoden zich in de toekomst blijven ontwikkelen, waardoor ze steeds meer en gedetailleerd inzicht kunnen
geven in de bestudeerde systemen.
In hoofdstuk 3 laten we zien hoe het meten en berekenen van IR-, Raman- en VSFGspectra van de amide-I-band van eiwitten in of nabij membranen structurele informatie kan opleveren die moeilijk is te verkrijgen met conventionele technieken. Interpretatie van experimentele amide-I spectra in termen van eiwit-conformatie en -oriëntatie kan moeilijk zijn, vooral in het geval van complexe eiwitten. In dit hoofdstuk
passen we een formalisme voor het berekenen van amide-I infrarood (IR), Raman en
VSFG spectra toe op een bepaalde eiwit-conformatie en -oriëntatie. Op basis van de
conformatie van de choleratoxine B-subeenheid (CTB), construeren we de amide-I exciton Hamiltoniaan voor de amide-groepen van de hoofdketen (‘backbone’) van het eiwit, die de lineaire en niet-lineaire spectroscopische respons genereren. We kiezen
ervoor om de vibrationele respons van CTB te bestuderen, omdat dit eiwit heel sterk
bindt aan het water—lipide-grensvlak dat wordt gebruikt in het onderzoek (dat het
celmembraan van de darm nabootst), en op een goed-gekarakteriseerde manier, zodat
we de gebruikte methoden goed kunnen testen. Door de amide-I IR-, Raman- en VSFGspectra te meten en berekenen, leiden we af dat de symmetrie-as van CTB een hoek
maakt van 6◦ ± 17◦ ten opzichte van de oppervlaktenormaal van de lipide-monolaag,

in overeenstemming met een vijfvoudige binding tussen de vijf subeenheden van het
toxine en de receptorlipiden in het membraan. Omdat de experimenten en berekeningen overeenkomen, kunnen we de ontwikkelde methodologie toepassen op andere
eiwitten en op andere vibrationele spectroscopie-technieken die gebruik maken van
de amide-I-vibratie.
In hoofdstuk 4 meten en berekenen we de VSFG-spectra van hydrofobines, oppervlakte-actieve eiwitten die een hydrofobe, waterafstotende ﬁlm rond schimmelstructuren vormen. Ze hebben een compacte, bolvormige structuur, waarin hydroﬁele en
hydrofobe gebieden van elkaar zijn gescheiden. Deze kenmerken maken hydrofobines
tot unieke en stabiele moleculen die essentieel zijn voor de sporenvorming van ﬁlamenteuze schimmels. In dit hoofdstuk presenteren we oppervlakte-gevoelige chirale en
niet-chirale VSFG metingen aan hydrofobines op de plek waar ze in de natuur actief
zijn: het lucht—water grensvlak. We zien een omkeerbare verandering in de oriëntatie van de hydrofobines aan het grensvlak wanneer de pH wordt gevarieerd. We
denken dat deze oriëntatieverandering wordt veroorzaakt door veranderende interacties tussen de eiwitten onderling, en tussen de eiwitten en het omringende water,
als gevolg van de pH-geïnduceerde verandering van de lading van de zijketens van
bepaalde aminozuren.
In hoofdstuk 5 bestuderen we de aggregatie van het intrinsiek ongeordende eiwit
alpha-synucleïne (αS) in amyloïde ﬁbrillen, een proces waarvan men denkt dat het
een centrale rol speelt in de pathologie van de ziekte van Parkinson (PD). Met be208

hulp van een combinatie van technieken (UV-circulair dichroïsme, röntgendiffractie,
amide-I 1D- en 2D-IR-spectroscopie, en atoomkrachtmicroscopie) laten we zien dat de
structuur van αS ﬁbrillen varieert afhankelijk van van de zoutconcentratie: ﬁbrillen
gevormd door αS-aggregatie in buffers met een lage zoutconcentratie hebben een signiﬁcant andere structuur dan ﬁbrillen gevormd in buffers met een hogere zoutconcentratie. De waarnemingen voor ﬁbrillen gevormd in laag-zoutbuffers komen overeen
met een uitgestrekte conformatie van αS, waarbij waterstof-gebrugde inter-moleculaire
β-sheets worden gevormd die losjes op een parallelle manier zijn gestapeld. Voor ﬁbrillen gevormd in hoog-zout buffers (inclusief buffers met een fysiologi-sche zoutconcentratie) zijn de metingen consistent met αS-moleculen in een meer compact gepakte,
antiparallelle intramoleculaire conformatie. Deze metingen suggereren een structuur
die wordt gekenmerkt door twee stapels van elk ongeveer vijf waterstof-gebrugde intermoleculaire β-sheets. We laten bewijs zien waaruit blijkt dat de hoogfrequente piek
in het amide-I-spectrum van αS-ﬁbrillen een eigenmode betreft die fundamenteel verschilt van de canonieke hoogfrequente antiparallelle β-sheetmode, een waarneming
die van belang is voor andere (met name niet-lineaire) amyloïde-studies die afhankelijk zijn van de amide-I-mode. We hypothetiseren dat de hoge gevoeligheid van de ﬁbrilstructuur voor de zoutconcentratie de verschillende αS-gerelateerde pathologieën
zou kunnen verklaren.
In hoofdstuk 6 gebruiken we FTIR (1D-IR), 2D-IR, VCD en andere spectroscopie- en
microscopietechnieken om het effect van C-terminale verkorting te bestuderen — de
verwijdering van residuen aan het einde van de aminozuurketen — van wild-type alphasynucleïne (WT- αS) in monomeervorm. Eerdere studies hebben aangetoond dat dergelijke verkortingen de vorming van amyloïde-aggregaten zowel in vivo als in vitro versnellen, en ze worden geassocieerd met een versnelde progressie van PD. De correlatie met PD is mogelijk niet alleen een resultaat van de snellere aggregatie, maar ook
van welke ﬁbrilpolymorf (welke van de mogelijke periodieke ruimtelijke rangschikkingen van de monomeren) wordt gevormd wanneer de C-terminale residuen worden verwijderd. Omdat het bekend is dat verschillende polymorfen kunnen resulteren in verschillende pathologieën, is het belangrijk om te begrijpen hoe verkortingen de oriëntatie van αS monomeren in ﬁbrillen beïnvloeden. Onze hoge-resolutie microscopie- en
geavanceerde vibrationele spectroscopie-studies laten zien dat de C-terminaal-verkorte
variant van αS, zonder residuen 109–140 (hierna aangeduid als 1–108- αS), amyloïde ﬁbrillen vormt met een andere structuur en morfologie dan WT- αS. De resultaten suggereren dat 1–108- αS ﬁbrillen bestaan uit sterk gedraaide β-sheets met een toegenomen
onderlinge β-sheet-afstand en een hogere blootstelling aan water, vergeleken met WTαS ﬁbrillen. Dit is in overeenstemming met de uitgesproken verschillen in de 1D- en
2D-IR en VCD spectra.
Tot slot laten we in hoofdstuk 7 zien hoe de combinatie van 1D-IR, 2D-IR, VCD en optische en elektronenmicroscopie (STEM) technieken inzicht kan geven in de amyloïde
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aggregatie van een klein peptide. We kiezen ervoor om de aggregatie van het relatief
eenvoudige hexapeptide VEALYL (gevormd door de aminozuren valine, glutaminezuur,
alanine, leucine, tyrosine en weer leucine) te onderzoeken, zodat de methodologie,
waarin verschillende experimentele en analysetechnieken voor het eerst gecombineerd worden, nauwkeurig kan worden getest. Het peptide, het residu-12 tot 17 segment van de B-keten van insuline, is een van de kortste insulinesegmenten dat amyloïde ﬁbrillen kan vormen. De amyloïde-aggregatie van insuline is een belangrijk probleem in de gezondheidszorg, omdat het optreedt tijdens de opslag en injectie van insuline bij de behandeling van diabetespatiënten. De amyloïde-aggregatie van VEALYL
begint binnen een uur na het verlagen van de pH tot onder 4, en blijft zich gedurende
een periode van weken ontwikkelen. Analyse van de vibrationele spectra toont aan
dat de aggregatie niet in één stap gebeurt, maar dat er intermediaire structuren bij betrokken zijn. We voeren twee soorten ‘multivariabele curve resolution’ analyses uit op
de 1D-IR data. Beide tonen aan dat er tussenproducten zijn die een steeds sterker ﬁbrillair karakter vertonen, terwijl ze minder geordend zijn dan de ﬁbrillaire structuur
die uiteindelijk wordt gevormd uit de tussenproducten. De VCD-spectra en de STEMen optische microscoopbeelden laten zien dat de vorming van volgroeide VEALYLﬁbrillen correleert met de vorming van sferulieten die enkele μm groot zijn en aanleiding geven tot een zeer groot VCD-effect. Dit effect (een plotselinge, zeer sterkte
toename van het verschil in de absorptie van links en rechts-gepolariseerd licht) is
eerder waargenomen voor andere amyloïde peptiden en eiwitten, maar de moleculaire
oorsprong van dit verschijnsel is nog steeds onduidelijk. De gelijktijdigheid van de
sferuliet-vorming en de VCD-versterking suggereert dat deze versterking waarschijnlijk voortkomt uit een resonante versterking van de differentiële absorptie wanneer de
grootte van de chirale structuren vergelijkbaar wordt met de golﬂengte van het circulair gepolariseerde licht waarmee het VCD-spectrum wordt gemeten.
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