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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
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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 How do proteins work?
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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E.3 Amyloids in health and disease
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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