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“Wir haben ganz unten alles erkundet, all die schmutzigen Ecken
Kampfkunstschiler: Schlagen, Ducken, Einstecken.
Fallen, wieder aufstehen, stolpern, gehen, laufen.
Die schwersten Stufen waren rickblickend die ersten Stufen,
schmutzige Stufen.
Heute glanzt es da unten, denn jedes Mal wenn wir gefallen sind
blieb Staub in unseren Wunden, an Kleidung haften.
Das alles sind nur Teile einer dicken Haut - liebe den Staub.

Lerne ihn lieben, er geht nie wieder raus - liebe deinen Staub. ”
Mach One

“Neue Sonne”
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1 Introduction

1.1 Neurodegenerative Diseases

To date, neurodegenerative diseases (NDDs) remain one of the major challenges in
academic as well as pharmaceutical research, especially in the light of growing life
expectancies. 2 3 Neurodegenerative diseases is an umbrella term® for a broad array of
conditions, which are characterized by the functional loss and death of neurons within the
central nervous system (CNS) such as Alzheimer’s Disease (AD), Parkinson’s Disease (PD),
Multiple System Atrophy (MSA), Amyotrophic Lateral Sclerosis (ALS), Frontotemporal
Dementia (FTD) and Creutzfeldt-Jakob Disease (CJD).’! Other common features of these
diseases are abnormalities in protein degradation, mitochondrial dysfunction and aberrant
misfolding of proteins, ultimately leading to deposits in neurons and other cells and
compartments.® In many NDDs it is not entirely clear, to which extent genetic and
environmental factors contribute to triggering these diseases.l? Treatment, so far, focuses
mainly on the alleviation of symptoms (symptomatic treatment) rather than curing the
underlying disease (disease modifying treatment).® Crucially the development of therapeutic
agents is often hampered by a poor understanding of disease mechanisms and promising
therapies often fail in late stages of clinical trials.®® This problem is further aggravated by the
lack of means for early and accurate diagnosis of patients and proper classification in clinical
trials, although significant efforts have been made to alleviate these problems.!7

Disease Microscopic lesion Location Aggregated protein Fi gure 1.1.1:
Alzheimer’ disease Amyloid plaque Extracellular Amyloid-p (AB)
Neurofibrillary tangle Intracytoplasmic (neurons) Tau Common neuro-
Lewy bodies (seen in Intracytoplasmic (neurons) a-synuclein degenerative
Lewy body variant) diseases and the
Amyotrophic lateral Hyaline inclusions Intracytoplasmic (neurons) Superoxide dismutase-1 (SOD1) associated
sclerosis . .
proteins leading

Cortical basal
degeneration/
])I'UgTCSSi Ve

supra I'I'llClC‘q'l I pa I'q'y
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Dementia with Lewy
bodies
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Intranuclear (neurons)

Huntington (containing
polyglutamine repeat expansion)

Multiple system
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Glial cytoplasmic
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Extracellular

Protease-resistant prion protein
(PrP)

Spinocerebellar ataxia

Neuronal inclusions

Intranuclear (neurons)

Ataxin (containing polyglutamine
repeat expansion)

to proteinaceous
inclusion
bodies.!!



1.1 Neurodegenerative Diseases

Moreover, in many disorders single molecular targets or pathways have yet to be identified,
which might lead to success in drug discovery.®!l Growing evidence hints to protein
aggregation taking a key role in pathological progressiont*? 3l although this observation is
not entirely free of controversy.*¥ The native proteins involved in the pathogenesis of NDDs
are usually depicted as completely unstructured, although this is often an oversimplified
picture.' Deviation from normal functionality of these proteins in most of the diseases leads
to small oligomers or larger clusters of protein, which are of different specific toxicity.[*®
Figure 1.1.1 shows a selection of aggregation prone proteins along with the location of the
protein deposits formed through their misfolding.*!! Ultimately, these proteins form so-called
amyloids, proteinaceous assemblies that are characterized by their cross-f quaternary
structure and can be found inside the hallmark inclusion bodies of the corresponding

disease.[®!

The pathways leading to aggregation offer potential targets for the development of new
therapeutic agents as shown in Figure 1.1.2. Even though a lot of different proteins are
associated with a large variety of diseases, structure and formation of the aggregates are
often very similar.*”l Since the structural heterogeneity of the disease relevant species
impedes rational drug design, many pharmaceutical companies have exited the field of NDD

drug development.'® 19 |n this light the importance of academic research has often been

pointed out.?%!

Inhibit production
or post-translational
modification of
native protein

Promote dissolution/
clearance of fibrils

Stabilize monomer
or upregulate
chaperone activity

% Oligomerization ; 7/ Fibril formation

Native protein

Inhibit
oligomerization

Oligomers, protofibrils, Fibrils
and other intermediates

Upregulate
protein
degradation

Protein Protein
degradation degradation

Figure 1.1.2: Protein aggregation pathways in NDDs and possible intervention points for therapeutic

agents.



1 Introduction

1.2 Synucleinopathies

The neurodegenerative diseases displaying pathology along with an aberrant accumulation
of misfolded a-synuclein (aS) in neurons and glial cells are called synucleinopathies. This
family of diseases encompasses mainly Parkinson’s Disease (PD), Dementia with Lewy
Bodies (DLB), and Multiple System atrophy (MSA).?4

1.2.1 Pathologies, Clinical Symptoms and Treatment

Parkinson’s Disease (PD) was first described by James Parkinson in 1817 and is the most
prevalent among synucleopathies and the second most common neurodegenerative disorder
affecting the brain.?2 PD begins in mid to late life and common symptoms include motor
impairment, autonomic dysfunction and often psychological and cognitive changes.® The
four main symptoms found in PD patients are bradykinesia along with resting tremor, rigidity
and postural instability.? However, not all of these symptoms are found in patients to the
same extent and many more symptoms, especially nonmotor features, pose viable measures
for early diagnosis.?® In general, PD itself is not fatal, however complications arising from
symptoms can lead to death.?s! The pathophysiological hallmarks of PD are the loss of
dopaminergic neurons in the substantia nigra pars compacta and the presence of inclusion
bodies, known as Lewy Bodies (LB) and Lewy Neurites (LN), consisting of aggregated a-
synuclein, alongside disrupted cell organelles and lipid membranes.: 28 29

Clinical Parkinson’s disease Dementia with Lewy bodies| Multiple System Atrophy
ica (PD) (DLB) (MSA)
Age of Onset (years) ~60 ~70 ~60
Duration (years) ~12 ~5 6-9
Motor signs All Some All
L-dopa responsive Yes Variable No
Non-motor signs
Autonomic Late Late Early
Hallucinations Late Early No
Olfactory dysfunction Early Early No
Dementia Late Early No
Main synucleinopathies NCIs NCIs GClIs
SN - Cortical Pons
} ad
>
Figure 1.2.1:
Neurites Neurites NNIs Pathologies, symptoms
' DR a5 n I metri
« Striatum | }“‘ 4 Sfl’t’(%m’l Pons and d_Sease etrics
PO SR T - shown in the common
4 Sk aoem s M % . .
. ¥ ?,_\;-;\ ,«f'\: synucleinopathies.
g (Y & Lt R.7 % .
g . [ R s R . «| Images show stain
TR TS s brain tissue of a-
A Y 3 5 T Sl k4 ) ) ]
PRt & § - synuclein inclusion
I &5 ‘\( 2 SRR 25 ) >7
bodies. [27]



1.2 Synucleinopathies

Dementia with Lewy Bodies (DLB) is the second most common form of neurodegenerative
dementia, accounting for up to 24 % of the cases and affecting about 0.7 % of the word
population.®% DLB and PD share the occurrence of Lewy Bodies, but DLB shows a higher
tendency towards cortical amyloid- (AB) plaques and neurofibrillary tangles much like in AD,
albeit with less intensity.BY Patients suffering from DLB show a fluctuation in cognition,
attention and alertness, alongside visual hallucinations and Parkinsonism.BY A distinction
between DLB and PD is made based on the onset of dementia in within the first year of the
disease. If dementia occurs later patients are classified as Parkinson’s Disease with
Dementia (PDD).?? The substantial overlap in both neuropathological and clinical features of

DLB and PDD make a distinction extremely challenging and calls for further research.

MSA usually is diagnosed around the same age as PD, but is significantly more aggressive,
with an average life expectancy from diagnosis of about 6-9 years (Figure 1.2.1).2" The
histopathological hallmark of MSA are the so called glial cytoplasmic inclusions (GClIs)
located in the cytoplasm of oligodendrocytes consisting of a-synuclein aggregates.®¥ These
inclusions are specific to MSA, usually not occurring for PD or DLB. There are two major
phenotypes of MSA, which are categorized by their predominant motor features: MSA-P
(Parkinsonian subtype) and MSA-C (cerebellar subtype). The MSA-P variant shows features
reminiscent of PD, such as bradykinesia, rigidity, tremor and postural instability. In MSA-C
cerebellar ataxia is the main motor feature, often combined with speech and limb ataxia and
cerebellar oculomotor dysfunction.® 3¢l Since various symptoms are shared between the

respective diseases, PD and MSA are often misdiagnosed.F7!

To date, treatment of PDEEl, DLBPBY as well as MSAM, is mainly symptomatic, due to the
absence of any cure or disease modifying treatment. In PD, the most potent therapy is the
administration of levodopa (L-dopa), which is converted by the body into dopamine and
hence greatly ameliorates motor symptoms. However, ultimately all dopaminergic neurons
die and treatment with L-dopa becomes ineffective.*!! Another common treatment used for
patients that no longer respond to pharmacological treatment is the so called deep brain
stimulation (DBS). In this surgical procedure a small medical device, generating electrical
impulses, is inserted into specific brain region. The electrical impulses then block abnormal
electrical signals, thus alleviating PD motor symptoms.*? The exact mechanism of DBS is
unclear and lack of technological evolution still limits its efficacy.“® For both DLB and MSA,
treatment of parkinsonian symptoms usually follows similar protocols like in PDE®, however
response of MSA patients is generally poor and short-lived, making it a good marker for
distinguishing MSA-P from PD.*1 DLB patients show a cholinergic deficit, rendering
admission of cholinesterase inhibitors a viable treatment for cognitive and behavioral

impairments as well as for hallucinations.B To date, there is no pharmacological treatment

4



1 Introduction

for the cerebellar ataxia in MSA-C and therapy is limited to physiotherapy and speech
therapy.*d One of the crucial challenges in all of these cases is the fact that by the time of
diagnosis all neurodegenerative diseases have advanced significantly, not allowing early
treatment. This problematic has led to various efforts in recent years regarding the early

diagnosis of Synucleinopathies, however with varying success.!

1.2.2 Etiology and pathogenesis

It is still a matter of discussion, which particular influence environmental factors have on the
onset of synucleinopathies.l> 46 471 Some of the environmental factors which have been
studied and suggested include exposure to pesticides, metals, organic solvents, magnetic
fields, smoking, alcohol, body mass index and dietary factors.*®! As there are several
mutations in a number of genes that are involved in the development of synucleinopathies,
genetic predispositions have always been included in the discussion. A common assumption
is that an upregulation of a-synuclein expression leads to pathogenesis and neuronal
degeneration. Yet, since a vast majority cases are sporadic and far fewer patients have a
familial history, it is often presumed, that an interplay of environmental factors and genetic
susceptibility on the background of an aging brain might trigger the onset of the disease.®
Nevertheless, studies on mutations especially on the SNCA gene of a-synuclein have been
used to gain insight into the pathogenic mechanisms of the disease. ! In addition to genetic

factors, epigenetic alterations, such as DNA methylation, have recently gained attention.®”

Even after several decades of research the initiating incident of pathogenesis in neither of
the diseases has been identified. The considerable overlap between symptoms hints to
similarities in disease causation and pathways, but the characteristic pathology and disease
progression for the various types of synucleinopathies call for a more specific description of

the underlying mechanisms. 8 39 411

The pathogenesis of PD is a complex process in which several key factors have been
outlined, including mitochondrial dysfunction, oxidative and nitrative stress, microglial
activation, neuroinflammation, impaired protein degradation, proteasomal impairment,
overexpression and aggregation of a-synuclein, and impaired autophagy.?®
Mechanistically, it is very difficult to distinguish between PDD or DLB respectively, however,
as AB aggregation seems to be more prominent in DLB, the mechanistic relevance of the
respective protein aggregates is still a matter of discussion.¥ Furthermore, it has been
suggested, that the difference in disease progression might be linked to different spreading

patterns.2



1.2 Synucleinopathies

In contrast to the Lewy body diseases, studies have shown a correlation between GCI load
and neuronal loss in MSA.2 |t is still a matter of discussion, whether the oligodendrocytes,
that ultimately show the inclusions, can actually express aS. As experimental results are
conflicting, multiple studies have been conducted on the uptake of various aS aggregates
from the extracellular environment, proving the possibility of such a pathway. Accordingly, it
has also been shown, that oligodendrocytes might internalize a-synuclein from neighboring

neurons.®3

Accordingly, a consistent characteristic of synucleinopathies, as well as for all other
neurodegenerative diseases, is their multifactorial nature, incorporating the simultaneous
activation of several pathogenic pathways and the concomitant failure of cellular functions.?

43,583,541 |f possible, the initiating incident has yet to be defined.

1.2.3 The role of protein aggregation in pathogenesis

Ever since the discovery of SNCA gene mutations in PD patients? and the discovery of aS
in LB, aS-aggregation has been one of the most prominent and well-studied phenomena in
pathogenesis. Over-expression of aS is known to drive aggregation and has thus been used
in several animal models of synucleinopathies.®® The aggregation progresses from
monomeric aS, via transient oligomeric states, towards fibrils, that are ultimately found in the
LBs, LNs or GCls. In this regard, it is specifically the aS oligomers that are believed to exert
the main toxicity, leading to synaptic dysfunction and ultimately neuronal death. In addition
to the toxicity of the transient protein aggregates, a prion-like spreading mechanism is
proposed for synucleinopathies, where aggregated proteins act as templates, driving forth
the aggregation in the infected patient. It has even been suggested, that there are specific aS
strains, that cause the onset of MSA, DLB or PD respectively.®”! Indeed, recent studies have
shown, that such strains might exist for GClIs and LBs, owing to different conformations and
seeding activities the aggregates™ as well as different morphologies of the formed
inclusions.™ For PD, a potential pathway of transmission has been identified in the uptake

via the gastrointestinal tract and the vagus nerve towards the substantia nigra.[®: 54 €0

Despite its popularity, the protein aggregation hypothesis has been challenged multiple
times. One of the main arguments is the accumulation of LB pathology in AD patients®" and
vice versal®? challenging the role of aS as a unique driver. In addition, in a study of patients
showing LB pathology in their autopsy, about 23 % showed neither PD, DLB or other
neuronal disorders.¥ In addition to this, brain tissue is only available post mortem, yielding
information only after the initiating pathogenic events have taken place.®¥ Lastly, the recent
failure of trials for aggregation modulating drugs like semagacestat (gamma-secretase

inhibitor), Verubecestat (beta-secretase inhibitor) and aducanumab (monoclonal antibody

6



1 Introduction

targeting both soluble and insoluble protein) in AD treatment, have raised doubts, whether

protein aggregation is really a causal factor for disease.!®

In a recent paper, Espay et al. list the aforementioned concerns and discuss three potential

alternative models, that would account for non-pathogenic protein aggregates:©4

e Protein aggregation is not pathogenic, but drives other pathogenic mechanisms
e Protein aggregates are an epiphenomenon and a neutral bystander

e Protein aggregation serves as a protective mechanism

Still, the pathogenic nature of aggregated protein is indicated by several familial mutations in
the SNCA gene causing PD.** Another strong argument in favor of the role of protein
aggregation is the early onset of disease in case of SNCA duplication and triplication.* A
potential protective function might explain the survival of old patients with LB pathology,
assuming the protective mechanism has not been overwhelmed and rescue has been
successful.b In addition, this would explain the failure of drugs aiming at aggregation

inhibition, as such an intervention might even have a detrimental effect.[®

1.3 a-synuclein

a-Synuclein is an intrinsically disordered presynaptic 140 residue protein that is highly
abundant in the human brain and enriched in the presynaptic nerve termini.®® The
physiological concentration of was determined to be about 20 uM in synaptic boutons®”! and
about 0.2 nM in cerebrospinal fluid.[® Despite the great number of groups studying the
protein, its exact biological function is still unknown.®®! Because of its location and its
preference for the binding to phospholipid membranes it has been linked to a regulatory role
in synaptic vesicle regulation, brain lipid metabolism and neuronal survival.5® 7 Several
studies on aS knockout mice hint towards its involvement in dopamine release and control of
dopamine levels."t! Furthermore, evidence suggests an involvement with SNARE complex

formation, indicating a role in neurotransmitter release in general.[>®

1.3.1 Monomers

The primary structure of a-synuclein is highly conserved in a variety of different organisms.l?
Humans express three different isoforms: AS140, AS126 and AS112, of which the 140
residue long form is the best-known.™™ The whole 140 residue transcript (Figure 1.3.1) is

usually divided into three regions!™:

e The N-terminal region (residues 1-60), which is characterized by seven imperfect

11mer repeats containing a KTKEGV consensus. The 11-mer repeat sequence is



1.3 a-synuclein

believed to form amphipathic helical lipid binding domains, due to its resemblance to
apolipoproteins.[’s!

¢ The hydrophobic central region (residues 61-95), often referred to as “non-amyloid-
component” (NAC), which is strongly involved in the aggregation process.

e The C-terminal region (residues 96-140), which is highly enriched in negatively
charged amino acid residues and prolines. The residues Y125, Y133, and Y136 are

considered to be the signature for the a- and B-synuclein family.

Being a member of the intrinsically disordered protein (IDP) class, a-synuclein is highly
dynamic and flexible, lacking a defined structure. The intrinsically disordered structure is a
feature often observed in proteins or protein parts involved in NDDs.["® NMR studies showed
the lack of a secondary structure but the existence of a transient tertiary structure.l’”1 A very
controversial topic is the existence of a native tetrameric structure, proposed by Bartels et
al..’®l, Results from various groups on this putative tetramer are conflicting”® and in-cell
NMR recently failed to detect any evidence of a multimeric structure.®’ Several groups
however have reported, that the native helical tetramers could not be isolated from the brain
tissue of mice, rats, humans or a-syn transgenic animals.®Y) Regardless of its physiological
structure, the dependence of a-synuclein conformation on a variety of conditions has been
probed. Globular forms have been found to be promoted by low pH and high temperature as
well as various other conditions.®? At low pH a-synuclein was observed to adopt a

conformation in which aggregation is promoted. [

N-Terminus 10 20 30 40 50 60
MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK
NAC 70 80 20 100 Familial Mutations:
EQVTNVGGAV VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL P
C-Terminus 110 120 130 140 e i
GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA badle el

Figure 1.3.1: Primary Sequence of aS with its three characteristic domains highlighted. Bottom right:
Familial Mutations related to early onset of disease.

1.3.2 Oligomers

Current theories on the involvement of aS aggregation in disease progression, assume that
protein oligomers exert the major toxicity.®? These oligomers consist of two and more
monomers and form diverse structures that highly depend on the conditions under which

they are formed.® Besides the putative a-helical tetramer outlined earlier, most oligomers
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are rich in B-sheet content and display a high degree of heterogeneity. Although oligomers
assemble spontaneously during fibril formation, their formation can be induced by various

agents, such as fatty acids, metals and various compounds, including Dopamine.®”]

Due to their transient nature and low population levels during all stages of the aggregation
process, structural studies on aS oligomers are limited. Using Size Exclusion
Chromatography, Lorenzen et al. succeeded in the isolation of two distinct oligomeric
species, consisting of 18 and 29 monomers respectively, that inhibit fibril formation.®8
Despite their size difference, these oligomers share the same content in antiparallel B-sheet
content and were later shown to adopt a cylinder-like shape with a hollow core.% The
calcein release and neuronal cell toxicity observed for these aggregates was attributed to
insertion of their structured region into phospholipid bilayers, as detected by use of
paramagnetic labelled phospholipids (Figure 1.3.2 A).°% Such an insertion had been
confirmed earlier by Comellas et al. on aS oligomers prepared in the presence of
phospholipid bilayers through *H spin diffusion from lipids to protein in solid-state NMR
(ssNMR).®Y The core region of oligomers is resistant to changes in temperature and pH and
only disintegrates slowly at high concentrations of urea.®? At low temperatures fibrils of aS
release on-pathway oligomers, that induce pore formation in planar lipid bilayers

(Figure 1.3.2 B), displaying the dynamic nature of the aggregation process.**

A B
SUN 2nS .
0.2nA |12 sec oligomers

Figure 1.3.2: A: Insertion of an aS oligomer into a phospholipid bilayer as suggested by Fusco et
al.’%%; B) Pore forming activity displayed by aS oligomers demonstrated by black lipid
membrane (BLM) measurements. [

Pore formation is believed to play a major role in the toxicity of aS oligomers, alongside a
thinning of cell membranes and a potential detergent-like mechanism, all leading to
membrane disruption.l®* %! Other possible cytotoxic mechanisms encompass the generation
of reactive oxygen species, mitochondrial dysfunction and dysregulation of calcium

homeostasis.! 8!
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1.3.3 Fibrils

Eventually, aS oligomers restructure, elongate and form amyloid fibrils, as depicted in Figure
1.1.2. This process likely occurs through internal rearrangement and subsequent recruitment
of monomers, although the exact mechanism is unclear as heterogeneity of the possible
pathways makes analysis difficult.’> In the amyloid state, the protein obtains a highly
ordered, tightly packed, rigid cross B-structure.l®! Depending on the aggregation conditions

and due to the multiple pathways, aS fibrils show significant polymorphism.™*3!

In recent years, significant progress has been made regarding the determination of fibril
architecture, leading to the publication of structures solved by ssNMRF’, and cryo-electron
microscopy (cryo-EM).[%8 9. 100, 1011 As depicted in Figure 1.3.3 the structured region is
uniformly limited to the NAC region and parts of the N-terminus, while the C-terminus
remains unstructured. Despite several reported differences in monomer arrangement within
the filament sections, three key motifs were identified in the depicted structures. The first
motif to be identified by ssSNMR (PDB Entry 2NOA, not shown) was dubbed the “Greek-key”,
referring to the characteristic fold of the monomers.®" This fold was later confirmed by cryo-
EM (PDB 6H6B, 6A6B), albeit with a dimeric structure instead of the previously reported
single strand.[®® 19U Expanding on this, Li et al. described two distinct polymorphs, one of
which carrying a Greek-key arrangement with a longer pitch of about 9.2 A (PDB 6CU7) and
the other with a different monomer arrangement and a shorter pitch of about 4.6 A (PDB
6CU8). [

U
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Figure 1.3.3 Published structures of aS polymorphs; adopted from Guerrero-Ferreira et al.
2019.0100
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Recently, another set of polymorphs was characterized, showing significant contrast in
filament attachment.’° The newly proposed polymorphs bear connective salt bridges,
whereas the Greek key and twister polymorphs form a broad interface of interlocking
hydrophobic amino acid sidechains. Noticeably, in all structures charged amino acid residues

face outwards and hydrophobic residues tend to face the inside of the filament core.

It remains elusive, however, whether the described polymorphism has a direct correlation to
disease progression. In the case of Pick’s and Alzheimer’s Disease two distinct folds were
observed for tau-fibrils from brain derived patient material, although it has to be considered
that tau differs in the number of repeats depending on the disease.!*%? 1% As mentioned
earlier, such disease specific characteristics have been indicated in studies of MSA and PD
material as well.58 59 So far, structures of aS fibrils derived from patient material have not
been reported. Fibrils have been shown to seed and certain animal studies that support a
prion like behavior, however mechanisms like aggregate propagation and cell uptake need to
be elucidated, before strains such as in Prion Diseases (PrDs) can be accepted as a
given.['2 571 A contribution by Karpinar et al. showed in a series of animal models that fibrils

are not necessary for a-Synuclein toxicity corroborating the toxicity of oligomers.[1%4

Several factors drive fibril formation. The tight packing of monomers results in the release of
water molecules, resulting in an entropy gain. This entropy gain is combined with the
attractive van der Waals energy between the interlocked residues and a mutual polarization
of the hydrogen bonds between the filament sheets.['%! As can be seen in Figure 1.3.4 side
chains along the fibril axis can form ladders, further adding to the stability of the filaments.

Asn Tyr

a P ladder ladder

residues

€= segregate to
opposite faces

1

N termini
uiuwiLy )
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Figure 1.3.4: Stabilizing interactions between sheets in a cross B-structure. Left: hydrogen bonding
between fibrils sheets resulting in the alignment of residues to ladders. Right: Hydrogen
bonding and m-mr-stacking along ladders, adding to fibril stability.[20°]
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1.4 Amyloid Aggregation Kinetics

1.4 Amyloid Aggregation Kinetics

Like for any other amyloidogenic protein, aS aggregation follows the principles of nucleated
self-assembly, as outlined in Chapter 1.1.1% The simplest model for nucleated
polymerization assumes direct formation of fibril-like aggregates from monomers, which then
elongates. Alternatively, monomers form less structured aggregates, such as oligomers,
which eventually restructure to form nuclei in a process called nucleated conformational
conversion.*® Both of these processes outlined above proceed through energetically
unfavorable transition states, resulting in a slow initial formation of aggregates, reflected in
the so called “lag phase” (Figure 1.4.1).['"1 Once a certain nucleus concentration is achieved,
elongation of these nuclei into fibrils progresses rapidly until slowing down after an
equilibrium is reached. This order of events is reflected in the characteristic sigmoidal growth
kinetics.['*l In the presence of preformed fibrils, so called seeds, the lag phase is reduced

and with growing seed concentration eventually starts with the growth phase.!2%
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Figure 1.4.1: Characteristic aggregation curve for amyloid fibril formation: a: phases of aggregation b:
definition of tiag, tlag’ (10 % of final aggregate) and ti2 (50 % of final aggregation)*7]

The parameters of the kinetic process are strongly influenced by the conditions under which
the aggregation takes place. Relevant parameters include protein concentration, buffer
conditions, pH values, temperature, agitation speed and type and presence of solution-air
interfaces.l% Recently, the influence of phospholipids on aS aggregation kinetics has gained
growing attention, identifying lipid to protein (L/P) ratio, head group charge and acyl chain

length as important influences. 2. 1101

1.4.1 Interaction of a-synuclein with phospholipid membranes

Due to its high affinity for negatively charged phospholipids, aS is found in a free and
membrane bound state in synaptic termini.'*! Upon membrane binding the first 100 N-

terminal residues of the protein adopt an amphipathic helix conformation, while the

12



1 Introduction

C-terminus remains unstructured.**? Deletion of the first 20 N-terminal residues highlighted
their necessity for membrane binding.**® Mutation of lysines K10 and K12 as well as K21
and K23 to glutamic acid confirmed these results and further showed the importance of the
positively charged lysine residues for membrane binding.*'* In a combined approach of
ssNMR and solution NMR, Fusco et al. showed, that residues 1-25 have an anchoring
function, while the rest of the membrane binding domain exhibits a more dynamic interaction
(Figure 1.4.2).11% The exact structure of the membrane bound helix is not clear. Whereas
some studies report two anti-parallel a-helices with a short kink[!®, others favored an
extended helix.™" A recent NMR spectroscopic study on aS in the presence of nanodiscs

provided arguments for both conformations. 18!

16 25 98 140  Figure 1.4.2:  Schematic

S — illustration of the different
roles of the three regions
of a-synuclein regarding its
binding to lipid
membranes. The first 25
N-terminal residues exhibit
a tight anchor function,
while the NAC sequence
binds dynamically. The C-
terminus remains unbound
and unstructured.[119]
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1.4.2 Protein Misfolding Cyclic Amplification (PMCA)

Protein misfolding cyclic amplification was initially reported by Soto and coworkers as a
useful way to rapidly convert cellular Prion Protein PrP¢ into the disease relevant scrapie
form PrPS¢ by addition of small amounts of brain derived PrPS¢.[1% Although this method was
developed for Prion Protein, it has since been used for the amplification of seed material

from various other NDD related proteins, such as AB1-42*?%, Taul*?!l and a-synuclein(*?2,

The procedure is generally the same and involves incubation of a template, the protein
aggregate, together with a substrate, the protein monomer, which are then subjected to
repeated cycles of short sonication, each followed by a long quiescent phase. *?% During the
resting periods the templates are elongated by addition of monomeric protein at the
nucleation sites. In the subsequent sonication phase the aggregates are broken down, to

create multiple small template fragments. These cycles of fragmentation of elongation finally

13



1.4 Amyloid Aggregation Kinetics

yield high amounts of the amplified seed material.’? One of the rate limiting factors in
protein aggregation is the availability of nucleation sites™?®, which is circumvent by the
generation of a multitude of sites through sonication, resulting in a significantly increased
aggregation rate. The resulting advantages of the technique include significantly shortened

reaction times, lower sample demand and high reproducibility.[??!
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Figure 1.4.3: Schematic representation of the processes taking place during PMCA. The incubated
seeds act as a template for aggregate growth. Upon sonication new smaller fragments
are generated, allowing faster aggregation due to an increase in nucleation sites.
Repetition of this cycle allows rapid amplification of the initial seed. Adopted from 119,

This phenomenon still holds true in the absence of seeding material (Figure 1.4.4).1122 The
resting periods however seem to be as crucial as the sonication periods, as it was found, that
an alternation of agitation and quiescence results in a shorter lag phase, than uninterrupted

agitation.[*??

Several studies have been conducted, aiming at the clinical application of PMCA for rapid
diagnosis of protein aggregates, using various sources of patient material, such as
gastrointestinal biopsies™*?®! and cerebrospinal fluid.*?") The successful application of PMCA
has led to the development of modified versions*?®! and new techniques such as real-time
quaking-induced conversion (RT-QUIC).*?° Recently, the biotechnology company Amprion
confirmed acceptance of their PMCA technology in the FDA Breakthrough Devices Program,

aiming at the market rollout of new technologies.**"
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Figure 1.4.4: Aggregation kinetics of reactions carried under PMCA-conditions and regular
incubation/shaking both in the presence and absence of seeds. Aggregation proceeds
far more quickly under PMCA conditions even when no seeds are present.[122]

1.5 Anlel38b as a potential disease modifying agent

The lack of disease modifying treatments in NDDs calls for the development of drugs, which
are able to modify the toxic processes in these diseases. In a screening of 20.000 drug-like
compounds using a molecular SIFT assay and in an anti-prion cell culture assay, 3,5-
diphenyl-pyrazole (DPP) was found as a lead structure for the inhibition of prion protein
aggregation.’®! Among a library of about 150 DPP-derivatives, anle138b (Figure 1.5.1)
displayed the highest efficacy in inhibition of protein aggregation in both prion disease and

PD mouse models.

—N
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Figure 1.5.1: Chemical structure of anle138b

Further studies on mouse models of MSA[32 1331 ppit34 ADISI gnd tauopathies*s
underlined the potential of anlel38b as an aggregation modulator in NDDs. Using the auto-
fluorescence of the compound it was shown that anle138b binds to aS fibrils with high affinity
(Figure 1.5.2).137 1381 By means of atomistic MD simulations Matthes et al. showed that
anle138b binds with high affinity to the backbone of B-sheet rich oligomers of decapeptide
segments from aggregation prone regions of hTau40, AB , hlIAPP ,and Sup35N (Figure
1.5.2).1139)
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Figure 1.5.2: Interaction of anle138b with protein aggregates revealed from biophysical studies; A:
auto-fluorescence of anle138b when binding to aS-fibrilsi*37l; B: Binding of anle138b to
the backbone of hTauazos-314 oligomers as found in MD-simulations.[139

One of the key mechanisms postulated for anle138b is the modulation of toxic oligomers,
especially pore forming oligomers.**3 When membranes of 1,2-Diphytanoyl-sn-Glycero-3-
Phosphatidylcholine were doped with anle138b, pore formation by aS oligomers was
inhibited, leading to an abrupt stopping of conductance in black lipid membrane (BLM)

measurements (Figure 1.5.3). A similar effect was reported for ABi-42 oligomers. 35
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Figure 1.5.3: A): Pore formation of aS oligomers on 1,2-Diphytanoyl-sn-Glycero-3-Phosphatidyl-
choline bilayers as measured by BLM shows vigorous pore formation; B) Complete
inhibition of aS pore formation in the presence of anle138b, approx. 1 min. after addition
of protein (measured by Roland Benz, Jacobs University Bremen, unpublished results).

1.6 Anlel38b in Phospholipid Membranes

Due to its high hydrophobicity anle138b is almost insoluble in water, resulting in
concentrations in the nanomolar range.**” To achieve high compound to protein ratios, the
use of phospholipids as carriers of anle138b is imperative. In the course of my master thesis
in the lab of Prof. Griesinger at the MPIBPC, the behavior of the compound in vesicles was
studied by means of NMR Spectroscopy. NOESY spectra using very short mixing times of
Tm = 3 ms reveal a preferred conformation of anle138b inside the bilayer. When investigating

the cross correlation of proton Ha of the central pyrazole ring to its neighboring nuclei, it can
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be seen that the cross peak intensity resulting from coupling to Hs is much greater than the
intensity of the cross peak to Hes and similarly the intensity of the cross peak to Hz is much
greater than that to H;. This difference must arise from closer proximity of the nuclei, brought
about by conformational rigidity of the molecule. Rotation about the bond vectors seems to

be restricted in the lipid environment, so that energy barriers are increased.

! r;\’l 7 O /’/&)\“T/NHOBr
o) 0]
LO L_O

D

Figure 1.6.1: The four possible rotamers of anlel38b assuming coplanarity of the aromatic rings;

NOESY measurements reveal a predominant population of conformation A. Numeration

of protons chosen in this work depicted for this conformer.

Figure 1.6.1 depicts the four possible rotamers of anle138b, assuming coplanarity of the
aromatic rings with the central pyrazole. The assumption of planarity is favored by alignment
of the 1-systems, but should only be seen as a rough approximation, as the rings can also tilt
out-of-plane.% From the NOESY cross peak intensities ratios of ls.2/ls.1 = 4.6 + 0.8 and of
las/las = 4.0 £ 0.8 were determined. These ratios are interpreted as the populations of the
respective rotamers of the two aromatic rings. This leads to A as the main conformer inside
the lipid bilayer, with minor populations of conformers B and C and presumably very low

populations of D as the apparently least favorable conformation.

To assess the localization and orientation of anle138b inside the bilayer of the SUVs, the
relative NOE transfer rate between phospholipid and compound resonances were
approximated at 300 ms on the assumption of an isolated spin pair model.**! Since spin
diffusion is highly active in the spins of the bilayer system, the profiles of the rates for the
individual protons of the compound are very similar. However, globally the highest relaxation
rates are found for correlation with a- and B-CH. groups of the acyl chains of the lipids.
Slightly lower rates are observed for the protons adjacent to the olefinic carbon atoms and
the neighboring CH> groups as well as the glycerol backbone. Very low rates are observed
for cross relaxation rates from the terminal w-CHs group and the various CH, groups of the

carbon chain along with thee protons of the choline head group of POPC.
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1.6 Anle138b in Phospholipid Membranes

This leads to the conclusion, that anle138b is located closely below the lipid-water-interface,
rather than deeply incorporated in the membrane center. The compound appears to favor
interaction with the polar carbonyl groups of the fatty acid residues, in agreement with the
observed solubility of the compound in polar solvents and the complete insolubility in apolar
solvents. A single preferred orientation of the compound relative to the bilayer normal is
difficult to pinpoint, given the homogeneity of the cross-relaxation profiles. However, based
on its preferred conformation, it seems likely that the compound forms hydrogen bonds to the

water molecules, while burying the large hydrophobic bromine atom inside the bilayer.
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Figure 1.6.2: A) Relative NOE-transfer rates from lipid proteins to anle138b measured by NOESY at
™Tm = 300 ms; the background was color coded by the location of the interaction site in
the lipid structure (B). C): Preferred conformation of anle138b in phospholipid bilayers
as revealed by NOESY at 1m = 3 ms (D).
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2 Aims and Scope

The success of anle138b in vivo calls for an elucidation of the underlying mechanism in vitro.
Biophysical studies hint towards a modulation of oligomeric protein aggregates in the disease
process. An in-depth understanding of the molecular interactions of anel138b with these
species will not only help in the improvement of lead structures, but also further our
understanding of the formation and the disease relevant properties of protein aggregates.
Hence, the aim of this thesis is the identification and characterization of interactions between

anle138b and aS oligomers and fibrils.

For this purpose, a protocol based on PMCA methodology was developed, allowing the
enrichment of aS oligomers in the presence of phospholipids. The aggregation of aS under
these conditions was studied thoroughly using a variety of methods, including solution NMR,
Fluorescence and Circular Dichroism (CD) -spectroscopy as well as Atomic Force

Microscopy (AFM) and Transmission Electron Microscopy (EM).

In collaboration with Loren Andreas and Riza Dervisoglu solid-state NMR was employed for
the structural characterization of aS intermediates as well as fibrils. Sequence specific
assignments were performed on the basis of proton detected 3D spectroscopic experiments.
The fibril structure was discussed on the basis of published data. Assignments on aS allowed

structural conclusions about the on-pathway intermediates formed by PMCA.

Lastly the interaction of the previously mentioned aggregates with anle138b was investigated
by solid-state NMR. DNP-enhanced ssNMR at 100 K was used to identify binding sites in
fibrils and oligomers. In collaboration with Kris Runge, photoactive derivatives of anle138b
were used in photoaffinity studies, complementing the results from ssNMR. Based on these
experimental findings, MD-simulations were carried out by Dirk Matthes, allowing atomistic

insights into the binding mode of the compound.
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3 Results
3.1 Oligomer formation in the presence of phospholipids by PMCA

3.1.1 Kinetics of aS Aggregation under PMCA Conditions

In order to be able to enrich oligomeric species and to fully understand the aggregation
process, the kinetics of a-synuclein aggregation were investigated under several conditions.
Owing to the high hydrophobicity of anle138b, phospholipids are necessary to achieve high
compound to protein ratios in aggregation assays. Using vesicles of DPPA and DPPC, Zhu
et al. showed that phospholipids enhance aggregation of aS at low L/P ratios and slow down
until eventually inhibiting the process at high L/P.!% However, since this influence is
dependent on numerous factors, such as head group charge, acyl chain length and buffer

composition, the kinetics have to be investigated for each system individually.*"!
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Figure 3.1.1: A) Aggregation of aS in the presence of increasing amounts of phospholipids, ; B) Lag
times and maximum ThT values obtained from fitting sigmoidal function to kinetic data;
C) Influence of agitation of the aggregation kinetics of aS aggregation: sonication
without lipids (purple), sonication (red), quiescence (teal) and shaking (orange) in the
presence of phospholipids at L/P = 10; D) Comparison of residual monomer (green)
with the maximum observed ThT values for aggregation data in C.
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3 Results

The aggregation of a-synuclein was investigated in the presence of SUVs consisting of
POPA and POPC (1:1) at various L/P ratios under PMCA conditions at 37 °C (Figure
3.1.1 A). The lag time of about 9 h in the absence of lipids was significantly shortened in the
presence of L/P ratio lower than 20, while high L/P increased the lag time to several days
(Figure 3.1.1 B). At a L/P ratio of 320 it takes more than a week to show even minor levels
fluorescence intensity, however complete inhibition as reported in several other publication

was never achieved.[109 142]

Since, so far, there are no studies on a-synuclein aggregation in the presence of pure
phospholipids under PMCA conditions, aggregation kinetics were compared to other
agitation methods such as orbital shaking and quiescence. (Figure 3.1.1 B). When
comparing orbital shaking at 300 rpm to PMCA conditions at a L/P ratio of 10, it is evident,
that the lag time is significantly shorter under sonication while the maximum fluorescence
intensity is decreased. Under quiescent conditions it takes approximately one week to show
measurable amounts of ThT fluorescence and almost two weeks to reach plateau values
similar to those obtained under sonicating conditions. Interestingly, the value of the maximum
ThT fluorescence does not correlate with the monomeric protein found by NMR spectroscopy
at the end of the aggregation. As can be seen in Figure 3.1.1 C for shaking as well as PMCA
conditions in the presence of lipids, the final ThT fluorescence enhancement varies
considerably and cannot be explained with the amount of fibrilization estimated by
quantification of the residual monomer content. For PMCA conditions, residual monomeric
protein is found to be approximately 7 % of the initial concentration, whereas the ThT values
in the case of shaking are more than twice as high, despite 9 % of residual monomer. For
quiescent conditions, these findings are reversed, with ThT values being comparable to
those for PMCA conditions, however residual monomer is approximately 25 %. As ThT
fluorescence does not seem to be quantitative, values are subsequently taken as an

indicator for relative, rather than absolute concentrations.
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3.1 Oligomer formation in the presence of phospholipids by PMCA

3.1.2 Quantification of monomeric aS binding to phospholipids

In order to fully describe the kinetics of aS aggregation in the presence of lipids under PMCA
conditions, ThT fluorescence assays where complemented by solution-state NMR. 2D
correlation spectra recorded by solution-state NMR were used to quantify monomeric protein,

similar to studies previously carried out by 1D *H NMR.[243I

In the presence of phospholipids special care must be taken when interpreting spectra, since
binding of aS to the lipid bilayers changes their appearance. Figure 3.1.3 A shows the
intensities per residue along the aS sequence as derived from the backbone *H-'*N cross-
peaks in a *H-®N HSQC spectrum of uniformly **N-labelled aS in the presence of increasing
amounts of SUVs of POPA and POPC (1:1). Upon addition of lipids, the protein signals along
the N-terminal and NAC-region of aS are attenuated, while the C-terminal domain remains
relatively unchanged. Only at high L/P ratios the C-terminus shows minor attenuation, while
signals form the N-terminal domain start to drop below the detection limit. The reason for this
behavior is formation of a slowly tumbling a-helical structure by residues 1-100 of the
monomeric protein on the negatively charged membrane. Due to its negative charge the C-
terminal domain remains unbound and dynamic and is therefore still detected. The fact that
there are neither chemical shift changes nor line broadening indicates a slow exchange
between the bound and the unbound states for those first 100 residues of the aS sequence.
This behavior has previously been described by Bodner et al..'*4 At L/P = 10 the intensities
of residues 101-140 are very close to the free monomer in solution and monomer bound to
phospholipid. Therefore, these residues were used for derivation of the monomer
concentration, as intensities from residues 1-100 originate from the unbound species only
and subsequently a large portion of the protein in solution would be missed. Therefore,
hereafter, the monomer concentration is taken to be proportional to the relative intensities of

the C-terminal domain.

Upon aggregation, signal intensities in the H-®N HSQC spectra decrease, as large
aggregates tumble too slowly to be detected by solution-state NMR (Figure 3.1.2 B). In the
beginning (0 h) the intensities show an attenuation profile as outlined earlier, however once
initial aggregation occurs (4 h), the intensities of residues 101-140 decrease to about 90 % of
their initial values, while the rest of the spectrum seems unchanged. Once aggregation
progresses further (6 h), the profile characteristic to lipid binding is lost completely and and
the signal intensities of the C-terminal domain drop to the level of the intensities observed for
the NAC-region. This development progresses and finally reaches a steady state after about

13 h, with a final residual monomer concentration of about 7%. Judging from this
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observation, it appears that the bound aS species is consumed into a larger aggregate, with

the conversion of newly bound protein being too fast to be detected by NMR.
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Figure 3.1.2:  A) Titration of *>N-aS with SUVs of POPA and POPC (1:1) followed by *H-1N-HSQC;
B) Intensities per residue of aS resonances in 1H-*N-HSQC during the aggregation of
aS at L/P = 10 under PMCA conditions; C) Development of relative Intensities (I/lo)
derived from different parts of the aS sequence during aggregation.

It has to be emphasized, that unless one utilizes HSQC spectroscopy to resolve different
domains of membrane bound aS , a slightly different curve for the development of monomer
signal over time is obtained (Figure 3.1.2 C). As a result, the difference between monomer
content derived from either C-terminus or full-length protein can be as much as 10

percentage points.

3.1.3 Evidence for aS oligomers and an Effort at Quantification

The relative intensities of the C-terminal domain obtained from H->N-HSQC spectra were
then plotted over time together with ThT intensities. For this purpose, fluorescence intensities

were subjected to min-max normalization and adjusted by residual monomer concentrations
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3.1 Oligomer formation in the presence of phospholipids by PMCA

preas outlined in chapter 7.5.9 of the methods section. The fundamental assumption was
made, that at long aggregation times oligomers are non-existent and all unobservable
monomers have been converted into fibrils. Since subtle disturbances originating from
sample preparation and the stochasticity of the nucleation process largely influence the lag
times tag Of amyloid aggregation, comparison of different experimental sets can be
challenging.i*4% 1461 For this reason, the recorded kinetic data were referenced to an estimate
of the lag time for the respective experiment comparable to previously reported procedures
used for Lysozyme**l and microtubules.®¥ A plot of the monomer and fibril fractions over
t/tiag from three independent aggregation experiments carried out under PMCA conditions is
shown in Figure 3.1.3 A. Lag time estimation was performed on fluorescence data, so that

experimental variation shows in the monomer data, while fibril data overlap reasonably well.

At t/tlag = 0.8, the monomer signal decreases sharply, dropping to about 50 % of its initial
level at ti,g. Surprisingly, at this point, the ThT signal has increased only very slightly and a
significant increase is only observed after tiag. Contrastingly, in the absence of lipids, fibril
concentration mirrors monomer concentration (Figure 3.1.3 B), as decrease of the monomer
signal at tag is met with a proportional increase in ThT fluorescence. The decrease in
monomer concentration without a concurrent increase in ThT fluorescence, suggests the
formation of an aggregate species, such as oligomers or prefibrils, that can neither be
detected by NMR due to its size or membrane association and is not yet sensitive to ThT,
meaning that it has not yet fully formed the extended cross-f structures characteristic to
amyloid fibrils. A similar finding was made in a study by lljina et al., when they investigated
aS labeled with fluorophores by FRET analysis, detecting various oligomeric structures,
lacking significant persistent structure and not binding to ThT.*® However, the observed
levels of oligomer concentrations were much lower and the preparation method lacked

phospholipids.

To probe, whether this precursive decrease in monomer concentration is specific to the
presence of phospholipids, the experiment was repeated under orbital shaking conditions at
300 rpm (Figure 3.1.3 C). However, both the decrease of monomer and the increase in ThT
fluorescence start at tag. It seems therefore, as if the observed behavior is unique to
aggregation of aS aggregation in the presence of negatively charged phospholipids under
PMCA conditions.

With fractions of both monomeric and fibrillary aS at hand, it was possible to derive the
fraction of the oligomeric protein. Sigmoidal Dose Response fits were applied and restraints
were implemented to achieve a good agreement with the experimental data in the initial

phase of the aggregation process, to be able to derive any oligomer formation before
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formation of fibrils. During fitting, the top asymptote was fixed to the maximum fluorescence

intensity, to assure, that fibril formation was not underestimated.
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Figure 3.1.3: Aggregation of aS in the presence (A & C) and absence (B) of phospholipids. A) & B)
PMCA, C) Shaking. ThT fluorescence (red) tracing fibrils and NMR spectroscopy tracing
monomers (green - Res. 100-140 in 1H-15N-HSQC); estimation of oligomer fraction
(blue) was achieved by subtraction of the fitted curves.

As dose response fitting can only describe a flat plateau, fitting in the later stages of the
aggregation process lacks quality, since the ThT fluorescence continues to rise. This is
accepted in favor of a more accurate estimation of the oligomer fraction. The fraction of the
oligomeric protein was derived as the difference of the fitted curves for monomers and fibrils.
It should be stressed that these values should not be interpreted as absolute concentrations,
but rather as qualitative evidence. The oligomer content is estimated to make up 20% of the
total protein by tiag, SO the point at which fibrillization starts to dominate. The maximum
content at the intersection of monomer and fibril curve at t/i,g = 1.5 is estimated to be 40 %.
In the absence of phospholipids, the oligomer content similarly reaches a maximum value of

about 40 %, however no significant oligomer formation preceding fibril formation is detected.
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3.1 Oligomer formation in the presence of phospholipids by PMCA

An analogous observation can be made in the case of shaking, although the estimated

oligomer concentration peaks at 20 %.
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Figure 3.1.4: Intensities per residue of aS resonances in H-1N-HSQC during the aggregation of aS
at L/P = 10 under orbital shaking conditions. Experiments are given in t/tiag.

An inspection of the relative intensities derived from H-N-HQSC spectra during aS
aggregation enhanced by orbital shaking, reveals retention of the attenuation profile
characteristic to membrane binding until t/tlag = 3 (Figure 3.1.4). This means that unlike
under PMCA conditions, where this profile is lost after t/tlag = 1, not all of the membrane

associated aS has been converted into larger aggregates by the time fibrillization starts.

Further evidence of oligomer formation that precedes fibril formation is given by the
development of the phospholipid resonances during aggregation. It was found for vesicles of
POPA and POPC that at t/tlag = 0.75 the resonance intensity of the CH, groups of the acyl
chains had dropped to about 50 % (Figure 3.1.5), while there was no increase in ThT
fluorescence intensity. This finding is best described by the formation of a large membrane
bound aggregate, that slows the tumbling of its associated vesicle, causing fast T, relaxation.
The same experiment performed in the presence of the purely zwitterionic POPC results in
almost stable signals for the lipid resonances. Unless charge is present, aS does not
associate with the vesicles so that aggregation proceeds like in the absence of lipids. At first
the decrease in phospholipid signal intensity is accompanied by only a minor decrease in
intensity of aS monomer signal, making this measurement highly sensitive to initial stage

aggregation.
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Figure 3.1.5: A) Decrease of resonances of POPC/POPA vesicles in a 1D *H-NMR spectrum during
aggregation of aS Under the same conditions resonances of POPC remain mostly
unchanged since aS does not interact with zwitterionic lipids; numbers indicate t/tiag at
time of acquisistion. C) Development of relative intensities of POPC/POPA vesicles
(blue) derived from 1D *H-NMR and aS (green, *H->N-HSQC).

27



3.1 Oligomer formation in the presence of phospholipids by PMCA

3.1.4 Morphological Analysis of aS Oligomers by EM and AFM

In order to complement the quantitative findings for oligomers with structural evidence,
additional methods were employed to probe structural features of the species present during

the individual stages of the aggregation process of aS in the presence of phospholipids
under PMCA conditions.
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Figure 3.1.6: Species of aS observed during aggregation in presence of phospholipids Bottom AFM
images with cross sections (left column) and EM images (right column) of samples at
t/tlag = 0 (A,D), 1 (B,E) and ~3 (C,F).
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3 Results

For morphological analysis by AFM, aliquots of aggregating samples were taken over time
and incubated on mica and measured in liquid medium. Figure 3.1.6 shows height images of
samples taken at characteristic points in time. Cross-sections through the height images
confirm the formation of a supported lipid bilayer (SLB) on the mica support, indicated by
characteristic height differences of 4-5 nm. In the initial predominantly monomeric sample
very few spherical shapes are detected, while most of the surface is covered in lipid
(Figure 3.1.6 A). After about 5h (Figure 3.1.6 B), very close to t/t,g =1, a multitude of
spherical and ellipsoidal shapes densely cover the SLB. These presumably oligomeric
species exhibit diameters of 10 - 20 nm and heights of about 1 -3 nm, in agreement with
larger aggregates embedded in the SLB previously reported.*° Images also show oligomers
binding to patches of mica next to patches of bilayer analogous to results by Chadhaury et
al..® Eventually, AFM images confirmed fibril formation (Figure 3.1.6 C), displaying short
fragments of fibrils ranging from 100 - 200 nm in length and 5 - 25 nm in height, which is in
line with previous reports.® Fibril fragments often appear conglomerated together with lipid
material, as structures are rather broad and globular patches of lipids seem to be spread on
the mica surface alongside the protein structures.

These findings are corroborated by micrographs recorded by EM (Figure 3.1.6 D), showing
SUVs of 20 — 50 nm in diameter as the dominant initial species. The size and shape of the
oligomeric species found by AFM is confirmed by the appearance of spherical particles with
a diameter below 20 nm (Figure 3.1.6 E), which is not justified by micelle formation, as the
lipids utilized here have been shown to exhibit a minimum vesicle diameter larger than
this.['50 151 Alongside these smaller particles vesicles often clot and seem to be disrupted.
Additionally, micrographs display minor amounts of short fibrils of mostly 100-200 nm, but up
to 400nm in length, which are bound to lipid vesicles along their whole surface. Upon long
PMCA incubation times these lipids appear to rupture and eventually cover the fibril surface
in a fashion resembling the processes during SLB formation (Figure 3.1.6 F).[**2 Vesicle
rupturing might be augmented due to repeated sonication cycles during PMCA and might in
return explain the slightly higher fibril thickness of about 15 nm.
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3.1 Oligomer formation in the presence of phospholipids by PMCA

3.1.5 Evolution of Secondary Structure during aS aggregation

Secondary structure information was gathered by CD-Spectroscopy over the whole course of
the aggregation process, as has been done for NMR-Spectroscopy. CD-Spectra of aliquots
taken from the reaction mixture are displayed in Figure 3.1.7 for samples in both the
presence and absence of phospholipids. Due to a drop off in light flux from the Xenon lamp,
ellipticities acquired in the range from 180 nm to 190 nm are not included. This problem is
commonly known for commercial CD instruments and causes the values in this range to be
invalid.*®¥ This problem is amplified by residual NaCl from the reaction mixture and an
increased turbidity upon aggregation. Before the start of aggregation, a decreased ellipticity
at 222 nm in the presence of phospholipids hints to an a-helical membrane bound state.[%l
Nevertheless, the large negative peak at 200 nm indicates, the structure of the protein in
both cases is predominantly disordered.*>3 Upon aggregation this peak aggregates and
eventually disappears, as the more ordered aggregate become the dominant species in the

reaction mixture.

In the presence of lipids, at tiag the peak at 200 nm decreases and shifts to about 202 nm,
while simultaneously the ellipticity shows a decrease at 217 nm. This behavior is typical for
B-sheet formation and agrees with the increase of ThT fluorescence from this point on. The
spectra of samples after t/tag show drastically different features, displaying a broad peak
centered at 217 nm. This spectrum is characteristic to the parallel B-sheet of amyloid
fibrils.*> When comparing this spectrum to the one at 31 h, it is obvious, that the structural

rearrangement is still incomplete, indicated by a shoulder at 205 nm.
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Figure 3.1.7 CD Spectra of aS in the presence (A) and absence (B) of phospholipids during the
aggregation under PMCA conditions
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3 Results

In the absence of lipids, at tiag Only a slight decrease of the peak at 200 nm has appeared,
with little change at 215 nm. This spectrum stands in stark contrast to the one at 12 h, which
features a small negative peak, both at 217 and 202 nm, showing the rapid accumulation of
B-sheet content. The transition from disordered to ordered hence seems less gradual, albeit
for a missing spectrum at 11 h, which was not recorded and seems to withhold crucial piece
of information on the actual process. After this major structural arrangement, spectra are

comparable to those in the presence of lipids, showing a broad negative peak at 217 nm.

Because CD-spectra are linear combinations of the basis spectra, the analysis of the CD-
spectra yields only a general idea of the contents of a-helical, B-sheet and disordered
regions. Modern algorithms however are able to deconvolute such spectra and give a
guantification of the structural elements in the species under investigation.l*>®! For this
purpose, the BeStSel algorithm (Beta Structure Selection) was used, which is accessible as
an online tool by courtesy of the group of Josef Kardos.[*¢! The potency of this algorithm has

been shown in earlier publications.!54 159
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Figure 3.1.8: A) Classes of secondary structures defined by BeStSel for CD Data deconvolution, B)
Typical CD spectra for the secondary structures listed in A) [adopted from Micsonai et

al. PNAS 2015]
Apart from just quantifying the secondary structure, it also classifies the structural
component. Helical parts are distinguished into regular and distorted helix. The unique
feature however is the ability to distinguish not only the orientation of neighboring -strands
(parallel vs antiparallel), but also the twist of antiparallel B-sheets. The structural classes
used by the algorithm are shown in Figure 3.1.8 A. The characteristic curves of these
structural elements exhibit significant differences in the in the region between 175-190 nm,

so that the data used here will be inherently susceptible to bias for reasons outlined above.

Secondary Structure calculation was performed on the individual spectra in Figure 3.1.7 in
the region 190-250 nm, yielding a time course of the development of the structural features.

Besides a content of about 50 % disordered structure, the initial monomeric samples in the
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3.1 Oligomer formation in the presence of phospholipids by PMCA

absence of phospholipids (Figure 3.1.5) are predicted to contain about 17 % hydrogen
bonded turns, about 6 % helical elements and most prominently 28 % of anti-parallel 3-sheet.
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Figure 3.1.9 : Development of secondary structure content of aS in the presence (A) and absence
(B) of lipids during the aggregation under PMCA conditions; Secondary Structure was
calculated by BeStSel (http://bestsel.elte.hu/).

This amount of secondary structure is quite remarkable for an IDP, although it is very likely
due to minor differences in the regime between 190-200 nm and the close resemblance of
spectra from right twisted B-strand, to those of disordered proteins. Nevertheless, a-synuclein
has been shown to possess a tertiary structure and exhibit long range contacts between N-

and C-terminus, that might at least account for a small amount of the observed structural
features.[157. 158, 159]

In the presence of phospholipids the helical content of the sample is increased to about 8 %,
which seems small, considering that attenuation of signals in the N-terminal domain recorded
by H-®*N-HSQC ranges from 30-40 %, for the present L/P ratio of 10 (Figure 3.1.2). In the

same sample a small amount of B-sheet is detected (Figure 3.1.9 A), in contrast to ThT
experiments.

Most notably, at tiag, in the presence of phospholipids, a sharp increase in anti-parallel 3-
sheet content up to 35 % is detected. The sudden decrease at the same time for lipid free aS
is caused by poor fitting, due to an artifact in the spectrum. This finding supports the idea of
an oligomer formed during the aggregation under PMCA conditions, as ThT is only sensitive
to parallel in register B-sheets. Such aS oligomers containing anti-parallel B-sheets have
been previously reported by use of FTIR-spectroscopy.®® 169 Upon full aggregation, a high
parallel B-sheet content would be expected, however fitting severely hampered by artifacts
originating from increased turbidity in those samples. This problem is only partially accounted
for by reducing the input data to the range 200-250 nm.
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3 Results

Since CD spectra were acquired on unpurified mixtures of various protein species, it is
crucial to ask the question, whether spectra of the presumed anti-parallel oligomer are simply
a superposition of the initial monomer and final fibril spectra. Averaging of the latter spectra
in the presence of lipids yields a spectrum that does not overlap with the spectrum at tiag
(Figure 3.1.10 A), showing a broad peak around 217, with a shoulder around 205 nm, similar
to spectra observed at later stages in the aggregation process. Deconvolution of these

spectra yields a parallel B-sheet content of about 14 % and a helical content of about 5 %,

which confirms the conformations that are expected from the input spectra.

2 =10 e===0h+2%h

190 210 230 250
Wavelength [nm]

BeStSel:

Helix — Regular /
Anti-parallel —» { right-twisted
Turn

Others

Figure 3.1.10: A) Comparison of the CD-spectrum at tag (35 % anti-parallel B-sheet) and a
superposition of the first sample (monomer) and last sample (fibril); B) Donut diagram
of the secondary structure contents of the sample at tig; outer shell: Secondary
structure content, inner shell: subtypes as found by BeStSel.

Exploiting the full potential of the BeStSel algorithm, its ability to calculate the twist of B-sheet
and characterize the type of helix was used (Figure 3.1.10 B). The helical part is estimated
to be predominantly distorted, with a ratio of 4.5:1 over a regular a-helix. A possible
explanation might be the interaction with the highly curved membrane of the SUVs in the
sample, which causes the deviation from regular helix spectra. The anti-parallel p-sheet is
composed of 9 % relaxed (twist angle of 0 °) and 26 % right-twisted strands. It has to be
emphasized, that both these components are non-zero at the start of the aggregation
process and it is the increase in the anti-parallel B-sheet content of 15 percentage points that
should be considered as the potential oligomer component. As outlined earlier, there will be
contributions from other species to these spectra, especially from monomer, which has
decreased to 50 % at this stage (as traced by NMR). The structural implications and potential

topologies that can be derived from these findings are discussed at a later point.
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3.2 Characterization of aS fibrils and intermediates by ssNMR

3.2.1 Assignments of aS fibrils in the presence of phosplipids

Building on the previously acquired knowledge on the kinetics of aS aggregation, samples of
aggregates prepared by PMCA were characterized by solid-state NMR. Despite recent
advances in structural characterization of aS fibrils and oligomers, studies on aggregates
grown in the presence of phospholipids are very limited.® The clear indication of a
membrane association of the aggregation relevant species led to the choice of
ultracentrifugation as means of enriching the respective aggregate species. Samples were
not lyophilized to avoid potential disturbances or changes of lipid protein interactions through
removal of water molecules. Furthermore, Comellas et al. found, that hydrated aggregate
samples are preferable to their dry counterparts, owing to improved linewidths and increased

sensitivity, which outweigh decrease in CP enhancement. 61!
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Highly Twisted | 50-100 nm up to 1 ym | 80-120 nm 10-15 nm | Dominant

Long twist 0.5-1 ym 150-160 nm | 10-15 nm | Rare
Single Mostly short, below 5-7 nm Higher abundance in
stranded 0.5 uym late stage

Figure 3.2.1: A) TEM images aS fibrils in the presence of phospholipids prepared by PMCA. B)
Profile plot across a representative fibril indicated by the yellow line in A. Table:
structural properties of fibrils as observed in TEM images
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3 Results

Characterization of the fibril samples by TEM vyielded three major types of fibril as identified

by their coarse structural features:

1. High twist two strand fibrils
2. Low twist two strand fibrils

3. Single strand fibrils

The observed helical pitch of 80 — 100 nm is in good agreement with literature.*°Yl Due to the
high order of symmetry of the structure, a fibril composed of two filaments can most likely not
be distinguished by NMR spectroscopic methods from a single filament. Further, the minor
changes in the local atomic environment due to a difference in helical pitch are not expected
to produce major chemical shift changes, as was confirmed earlier.!52 The repeated
sonication in the fibril preparation breaks them into short fragments, so that little information
can be derived from their length.
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Figure 3.2.2: 13C-13C-DARR Spectra with 20 ms mixing time of two identical batches of U 13C aS fibrils
in the presence of phospholipids.

Since fibrils were generated de novo without the use of seed material, reproducibility is a
major concern, as there is no apparent template effect in the preparation at hand.
Nevertheless, *C-3C 2D correlation spectra using dipolar assisted rotational resonance
(DARR) mixing on uniform (U) *3C,®N aS fibrils in the presence of POPA and POPC

displayed no obvious differences between the batches prepared in this work (Figure 3.2.2).

In order to gain insight on the conformational landscape of the fibrils, sequence specific
assignment of aS fibrils in the presence of phospholipids was conducted. For this purpose,
we recorded proton detected hCANH, hcoCAcoNH, hcaCBcaNH, hcaCBcacoNH, hcaCONH
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3.2 Characterization of aS fibrils and intermediates by ssNMR

and hCONH ssNMR spectra( Figure 3.2.4: 13C-13C correlation spectrum with DARR
mixing of 20ms of U-13C-15N-aS fibrils with assignments. Low confidence assignments are labelled in
gray.). Experimental details and explanations of the spectra are listed in Chapter 7.5.12. Resonance
assignments, based on these spectra were started, but could not be finished in the course of this

work. Nevertrheless assignments for residues 50-94 were obtained (Figure 3.2.4).
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Figure 3.2.3: Strip plot for a generic sequence walk along s&aTNVGGAVVT72 in proton-detected 3D
Spectra. Chemical shift differences between BMRB 18860 and the polymorph prepared
under PMCA conditions in the presence of lipids start at residue 70. Top: Aliphatic
Carbons: blue: hCANH, brown: hcoCAcoNH, red/light green: hcaCBcaNH; purple/green:
hcaCBcacoNH; Bottom: Carbonyl Carbons: purple: hcaCONH, teal: hCONH.

Analysis of chemical shift data by TALOS+ revealed several stretches of interrupted (-
sheets, as previously found in other studies.[*®® 164 Furthermore, two sharp turns are found,
for residues V74 and T75 as well as K80 and T81, indicated by their helical propensity. A
loop is found for residues the sequence ssKTKEs1, although with low confidence values. The
turns are confirmed by CSI 3.0, complemented by a putative B-hairpin within residues 50-77.

The suggested hairpin supports the idea of a turn at residues T59 and K60.
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Figure 3.2.4: 13C-13C correlation spectrum with DARR mixing of 20ms of U-13C-15N-aS fibrils with
assignments. Low confidence assignments are labelled in gray.

Due to the lack of detailed atomic resolution structural information, the recorded 2D spectra
were compared to spectra published on two of the three structurally characterized
polymorphs. Adopting the nomenclature from Guerrero-Ferreira et al. these polymorphs are
referred to as polymorph 2 and Polymorph 1a, as depicted in Figure 1.3.3.12% According to
the authors polymorphs 2a and 2b are indistinguishable by ssNMR, so that they are treated
as a single species in the following analysis. Up to this date there are no published NMR
spectroscopic data on polymorph 1b, so that they are excluded from the discussion. Despite
this caveat, the structural similarities of large parts of the structure of polymorphs 1a and 1b
are expected to produce at least comparable spectra.® For the sake of simplicity they are
hence referred to as polymorph 1.
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Figure 3.2.5: Torsion angles (top), prediction S2 (center) and secondary structure propensity (bottom)
derived by TALOS+ from Cq, Cg and C’ chemical shifts of aS fibrils; Cartoon: Secondary
structure prediction by CSI 3.0 for the region 51-87.

Experimental data were overlaid with the published *C-3C 2D spectra with DARR mixing for
polymorph 118! and polymorph 2183 (Figure 3.2.6).. In the analysis of several literature
spectra alongside the ones reported here, the Threonine residues, especially the Cqu-Cp
correlation were found to be very characteristic to polymorphs and can almost be treated as
a fingerprint. Chemical shift perturbations of C4 and Cg were subtracted from the published
data of polymorph 2 (BMRB Entry 18860), to quantify potential similarities (Figure 3.2.6).
The comparison revealed the sequence from V70-K80 with the turn at V74 and T75 as a
common motif of the two structures. Since assignments of residues H50-K32 was not
achieved, little can be said about their geometry, however, given the expected loop for K70-
K80, they are likely to resemble their counterparts in polymorph 2. Major chemical shift
differences were found for the loop region formed by T54-A69, especially for residues K58,

T59, K60 and E61, which are likely to form the kink in between two straight segments.
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Figure 3.2.6: A) Comparison DARR Spectra of aS fibrils in this work (black outline) with polymorph 1
(A, purple — BMRB 25520) and polymorph 2 (B, green — BMRB 18860), C) Chemical
shift differences compared to BMRB 18860; D) Chemical shift differences mapped onto
PDB structure 6rt0 of polymorph 2, green areas show agreement, red areas differences
to 18860, blue area shows partial agreement.

Further distinctions are seen for residues T81-F94, for which the sequence was not
continuously assigned, but particularly T81 and V82 seem to adopt a markedly different

conformation than in the published polymorph, showing a sharp turn predicted by TALOS+.
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Surprisingly, resonances for an extended stretch of residues from T22-G31 are observed,
which are unstructured in the two structures characterized by cryo-EM. This region was also
identified by Gath et al. in an earlier study using ssNMR, albeit with different chemical
shifts.1*¢l |n their initial NMR-spectroscopic study on polymorph 2 the authors observed a
significant amount of unassignable peaks, which they attributed to residues 1-37, although

this was only partially supported by further studies.!*¢%l

In conclusion the polymorph prepared by PMCA in the presence of phospholipids shares
major structural features with the previously published polymorph 2, however certain
arrangements of residues, especially in the turns at T59 and T81 seem to be significantly
different.
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3.2.2 aS intermediates in the presence of phospholipids

In order to gain structural information on the oligomers observed in chapter 3.1 and to
identify a possible structural influence of anle138b, samples at various characteristic points in
time of the aggregation were characterized by ssNMR. For this purpose, ¥*C-*C 2D
correlation spectra with DARR mixing of U 3C aS incubated under PMCA conditions in the
presence of vesicles of POPA and POPC containing anlel38b were acquired (Figure
3.2.7A).
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Figure 3.2.7:A) 13C-13C DARR spectra with 20 ms of aS intermediates I-1 (dark blue) and I-3 (yellow)
prepared in the presence of phospholipids under PMCA conditions to fibrils (red). B)
Chronology of the formation of the species based on the ThT values observed at the time
of their preparation. C) Cutout regions from A (indicated by gray boxes), comparing key
isolated cross-peaks of intermediates with assigned fibril resonances. Most notably, T59,
V74 and 75 exhibit the same chemical shift as in fibrils, while the rest of the residues still
undergoes chemical shift changes; D) Structured regions observed in 13C-13C DARR
spectra of intermediates in fibrils; color coding projected onto PDB entry 6RTO
(polymorph 2)209, |nitial structured regions are centered around the loops at T59, K60 as
well as V74 and T75 in intermediate I-1 (dark blue). Intermediate -3, isolated at a later
stage shows fibril-like structure for residues G51-K80 (yellow). Residues T81-F94 obtain
their final structure at a later stage, towards full final formation (red). The N-terminal
domain of the protein obtains decreasing helical content through the process of
aggregation (green).
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3.2 Characterization of aS fibrils and intermediates by ssNMR

Although the full aggregation process was not tracked individually, Figure 3.2.7 A shows the
estimated chronology of the observed species. Intermediate 1 (I-1) and Intermediate (I-2)
were harvested right before and at t.g, while Intermediate 3 (I-3) was harvested after
significant fibril formation had been detected. Since I-1 and I-2 share an almost identical set
of peaks, only I-1 will be discussed in the following. Similarities in I-1 and I-2 ensue from the

close temporal proximity on the aggregation time scale.

Despite the lack of sequence assignments, several structural considerations can be made
from the spectrum of I-1 and I-3, when comparing them to fibril and monomer spectra. As
monomer spectra were not recorded in the course of this work, published data by Comellas
et al. as well as Fusco et al. were considered.®: 15 Figure 3.2.7 shows *C-3C DARR
spectra of I-1 and |-3 compared to fibril. Several resonances for I-1 can be assigned
unambiguously from comparison to fibril (Figure 3.2.8), due to their distinct chemical shifts.
These structured residues are T75, V74 and T59, which are featured in the loops between
beta sheets in the fibril structure. The observation, that the loops form first, albeit in a
different fibril polymorph, agrees with the findings of Comellas et al..’¥l Tentatively assigned
resonances of neighboring residues (Figure 3.2.8), such as T54, K60 and T64 or A69 and
T72, do not yet exhibit the same chemical shifts as in fibrils. Since these resonances exhibit
a characteristic B-sheet chemical shift, conclusion would be, that the sequences V55-T64
and V70-K80 antiparallel B-sheets with with turns at T59 and V74. This conclusion is
supported by the observed antiparallel B-sheet content, derived from CD-spectroscopy.
Several signals of residues connecting these structural elements (N65-V69) are not yet

observed, so that the antiparallel B-sheets, or B-hairpins are assumed to be independent.

Especially C-terminal residues are not observed in the spectrum of I-1, including S87, 188
and F94, leading to the assumption, that they are still unstructured. Tentantive assignment of
T81 suggests, that this residue is already structured, but still undergoes a structural
stransition towards the fibril fold. Together with K80 it forms a turn in the fibril and the
observation, that residues V82-F94 are not yet structured, indicates formation of this turn at a
later stage in the aggregation process. In conclusion, the intermediate I-1 contains two
putative B-hairpins, adopting a structure on pathway towards fibrils, though not sharing key

elements of the final fibril fold.
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Figure 3.2.8: 2D 13C13C Spectra of A) I-1 (blue) and B) I-3 (yellow) with tentative assignments.
Spectra were acquired at 850 MHz with 20 ms of DARR mixing.

Upon transition of I-1 to I-3 residues 52-82 adopt chemical shifts very similar to the final
structure (Figure 3.2.8). Fibril formation at the point of preparation for I-3 is confirmed by ThT
fluorescence and CD, which contrasts with [-3. The conversion of I-1 to |-3 takes
approximately 1-2 h under the conditions at hand. Nevertheless, minor conformational
changes still seem to occur on the way to the fibril, as S87, 188 and F94 are observed, but
only with minute intensity. Adding to this, A29 is not observed, leading to the conclusion that
only the central part of the fibril has yet assembled, whereas both the C-terminal part of the
NAC region as well as the N-terminus adopt a disordered structure. Figure 3.2.7 D depicts a
tentative chronology of the process of fibril formation. Formation of 1-3 is coupled to a
pronounced ThT response and aggregation rate, suggesting that the conversion of I-1 to I-3

is a primary nucleation event.

In accordance with the structural insights of Fusco et al on aS oligomers in the presence of
phospholipids, the N-terminal domain of Intermediates I-1 and I-3 adopts an a-helical
conformation.®® This finding is derived from a comparison to '3C-*C DARR spectra of
monomers bound to phospholipids, where residues V15 and V16 display a characteristic
cross-peak at 67.2/31.5 ppm. A similar peak was found for intermediates by Comellas et al.,
although without being included in the analysis.®" Alongside this signal, three distinct cross-
peaks in the range of 55-52 ppm and 19-17 ppm hint towards Alanine residues in a helical
conformation. It is therefore reasonable to assume an a-helical conformation for the
sequence 11AKEGVVAAA... in the intermediate species. Membrane binding of oligomers via
this helical N-terminal domain was previously reported by Fusco et. al..’® The presence of

monomers is excluded, as these cross-peaks are still featured in fibril spectra, albeit with
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3.2 Characterization of aS fibrils and intermediates by ssNMR

minor intensities. Moreover, solution NMR showed, that conversion of membrane bound

monomers to aggregates is fast, resulting in low levels of membrane bound monomer.

The observation of an N-terminal domain is similarly made for fibrils. This is in accordance
with the strong tendency of fibrils to bind to SUVs and the finding, that lipids can cover whole
fibrils (Figure 3.1.6). Anchoring of aS to phospholipid membranes by the N-terminal domain

hence persists through the whole aggregation process.
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Figure 3.2.9: Comparison of aS oligomers (A) and fibrils (B) in this work (black outline) with monomer
spectra in the presence of phospholipids (green) published by Comellas et al. JACS
2012. A: Both fibrils and oligomers display chemical shifts, characteristic for a helical
conformation in residues V15/V16.
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3.3 Interaction of anle138b with aS aggregates

3.3.1 Influence of anle138b on a-synuclein aggregation kinetics

One of the major goals of this thesis is the identification of a mechanistic influence of
anle138b on disease relevant protein species. In order to probe its influence on the
aggregation of aS, PMCA studies were carried out using the same methods as described
above.
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Figure 3.3.1: Kinetics of aS in the presence of anle138b containing vesicles: A) Oligomer
concentration (blue) as estimated from ThT fluorescence (red) and NMR intensity
(green); B) Development of Intensities in 1H-3N-HSQC; C) CD-Spectra; D) secondary
structure content derived by BeStSel

The differences in lag times determined from ThT fluorescence observed for anle138b
compared to control samples are in accordance with the usual fluctuations. A kinetic

influence on fibril formation under the conditions used here can therefore be excluded. As
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3.3 Interaction of anle138b with aS aggregates

illustrated by the disappearance of the attenuation profile characteristic to membrane binding
(Figure 3.3.1 B), aggregation proceeds in a membrane bound state. This is accompanied by
a decrease in lipid signal intensity in NMR spectra. In the presence of anle138b the fraction
of oligomers is estimated to make up more than 60 % of the protein species, much higher
than in its absence. At equilibrium conditions after fibril formation, maximum ThT
fluorescence intensities reach values comparable to those in the absence of compound. This
finding is independent of the agitation method, as an inhibition or reduction of fibril formation

was observer neither under shaking, nor under quiescent conditions.

Secondary structure calculation from CD during aggregation in the presence of anle138b
reveals no increase in anti-parallel B-sheet before fibril formation. If this is correct, it would
mean that anlel38b inhibits anti-parallel B-sheet and drives formation of parallel B-sheet
directly. Such a mechanism is however difficult to imagine, given the results by ssNMR on
intermediates, as will be discussed later on. Nevertheless, all of the secondary structure
contents should be analyzed with care, given the experimental limitations mentioned above.
It is not clear at this point, how much influence the experimental limitations influence the
secondary structure calculation. The application of FITR or synchrotron radiation CD might
overcome these limitations and help in the confirmation of anti-parallel B-sheet containing

intermediates. 53 160

The absence of an inhibitory function of anle138b on aS fibril formation contradicts the
reduced load of deposits found in PD mouse models.*3! Taking into account the complexity
of the physiological environment, in vitro assays might be lacking a transporter for anle138b,
resulting in failure to bind to aggregates in a quantitative manner required for inhibition.*671 A
readily available transporter protein is Serum Albumin, which has been shown to be involved
in the transport of hydrophobic drug molecules, such as ibuprofen and aspirin.[*68 16°]
Furthermore, it is involved in the transport of fatty acids and their regulation in cellular
environments.'’% Here, BSA was used as an affordable model protein. BSA has multiple
binding sites for hydrophobic molecules and can reportedly mobilize drug molecules from a

micellar environment.l71

A complex of anle138b and BSA was prepared by addition of a solution of the compound in
DMSO to the protein in buffer. Upon binding to BSA the compound UV spectrum experiences
a small blue shift from 270 nm to 263 nm, when compared to DMSO, suggesting a slightly
more hydrophobic environment (Figure 3.3.2 A). At saturation levels, the ratio of anle138b to
BSA was estimated to be 3:2, which is comparable to the ratios observed for other

hydrophobic molecules and indicates that more than one binding site in BSA is occupied. %
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Figure 3.3.2: Experiments on the influence of anle138b on aS aggregation using BSA as a mediator.
A: UV spectra confirming complexation of anle138b by BSA; B: ThT assays on the
effect of [anle138b-BSA] complex of aS aggregation in comparison to controls; C:
Quantification of aS aggregation under the influence of anle138b and BSA compared to
controls, maximum ThT values were calculated from fitting a sigmoidal function to
kinetic data; D: Electron micrographs of SUVs of POPA and POPC before (left) and
after (right) incubation with BSA over night; E: Influence of BSA on SUVs tracked by H-
1D NMR, in the presence (red) and absence (blue) of anle138b. Resonances of both
lipid (light) and anle138b (dark) experience chemical shift changes due to increase in
vesicle diameter by vesicle fusion.

Using these conditions, the achievable compound concentrations were similar to when
phospholipids are used as a carrier. The complex shows remarkable stability, resisting
dialysis against a 1000-fold volume for over 24 h with minor losses in compound. Indeed, the
use of the anle138b-BSA complex in PMCA aggregation experiments resulted in a decrease
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3.3 Interaction of anle138b with aS aggregates

in the maximum ThT fluorescence (Figure 3.3.2 B). A significant reduction in the lag time of
aS aggregation was not observed. Surprisingly, the addition of compound-free BSA resulted
in an increase in the maximum ThT fluorescence. An enhancement of aS aggregation in the
presence of BSA has previously been attributed to molecular crowding, however the study
used concentrations almost 20 times higher (900 yM) than in this work (50 uM).[r"2 When
investigating phospholipid vesicles in the presence of BSA, Dynamic Light Scattering (DLS)
revealed an increase of the vesicle diameter from 40 nm to 70 nm within 24 h. Investigation
of the same samples by EM corroborated this finding (Figure 3.3.2 D). Under similar
conditions Schenkman et al. reported fusion of SUVs induced by BSA, resulting in an
increase of the diameter PC-vesicles from 50 nm to 100 nm within 14 h.” In another study
BSA was shown to adsorb on negatively charged lipids, resulting in disruption of the bilayer
and dye leakage for concentrations relevant to this work.'74 Such a behavior is not
reproduced in the absence of BSA, as vesicles are stable for days if not perturbed. Although
it was not tested, whether vesicle fusion takes place under PMCA conditions, the disruption
of membranes might very well cause stronger aggregation due to the exposure of
hydrophobic surfaces. This might add an additional stress during the resting phases in the

PMCA assay, causing amplification of the total aggregate.

The fusion of vesicles is reduced in the presence of the anle138b-BSA complex, probably
due to partial blocking of the relevant binding site for BSA-lipid binding (Figure 3.3.2 E). In
1D 'H-NMR spectra the fusion causes a broadening of the resonances from anle138b as well
as from the phospholipids, which tumble slower due to the increased size of the vesicles.
Judging from the chemical shift change vesicle fusion is reduced by about 25 %, but further

studies are needed to obtain an actual quantification.

Considering, that BSA alone causes an increase in aggregation, it is even more remarkable
that a complex of BSA and anle138b reduces aS aggregation. It seems that on top of a
potential inhibitory function on fibril formation, anle138b has a membrane protective function,

although studies under milder aggregation conditions are needed to support both statements.

48



3 Results

3.3.2 Influence of anle138b on aS fibril formation

The absence of a kinetic inhibitory mechanism of anle138b of aS aggregation makes it all the
more likely that its efficacy in various disease related models might be best explained by an
interference of structural nature. Structurally related compounds had been shown to bind to

fibrillar aS by means of crosslinking and computational docking models.
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Figure 3.3.3: aS fibrils grown in the of SUVs of POPA/POPC under PMCA conditions; Left: TEM
micrographs of fibrils grown in the presence (top) and absence (bottom); Right:
13C-13C DARR spectra of fibrils grown in the presence (green) and absence (red)
of anle138b.

Fibrils of (U) *C,">N aS were grown in the presence of anle138b containing vesicles of
POPC and POPA and compared to fibrils grown in the absence of compound. Morphological
analysis by TEM does not reveal major differences in either helical twist, width or abundance
of observed structures. Images in the presence of anle138b more frequently featured single

filaments, yet statistical relevance is to be doubted.

Accordingly, ¥C-3C DARR spectra revealed minor chemical shift changes caused by the
compound, while the structural core of the fibrils appears unaltered (Figure 3.3.3). Analysis
of these changes is complicated, due to the crowded appearance on the spectra, however
isolated cross/peaks that are influenced, were assigned to T81, S87 and 188. These peaks
experience a chemical shift change, along with a significantly decreased signal intensity,
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3.3 Interaction of anle138b with aS aggregates

indicating a more dynamic or disordered structure when bound to anle138b. Other cross-
peaks could not be assigned unambiguously, however the residue types include Alanine and

Valine.

The perturbances in structure apparently affect the region of the fibril structure, for which
significant differences between the polymorph prepared by PMCA and polymorph 2 are
observed (see chapter 3.2.1). Since alignment and orientation of the residues in this region
is not known, exact structural influences of anle138b are difficult to predict. Assuming that
arrangement of the chain in the fibril cross section is not substantially different, S87 and 188
are located at the edge of the structured part at G93/F94/V95. Residue T81 is located in a
turn right before this C-terminal part of the structured core. However, in polymorph 2 the
aforementioned sequence is capped by part of the N-terminal chain, decreasing its
accessibility. It has to be clarified, whether a similar alignment of the chain is present in the
polymorph prepared under PMCA in the presence of lipids. A potential interaction of
anlel38b might be the binding to residues in the sequence s TVEGAGSIss during fibril
formation, which induces the observed perturbances. Upon final formation of the structured
core however, the compound will most likely bind to more disordered regions, due to the
increased accessibility of the protein backbone, as suggested by MD-simulations (see
below).[t39
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3.3.3 DNP-enhanced solid-state NMR experiments

Oligomers of aS are reportedly transient in nature and rapidly interconvert to eventually form
fibrils, a finding clearly corroborated by our own experimental observations. One of the
options to slow down such rapid processes is freezing of samples, arresting intermediate
species in their current state. DNP-enhanced ssNMR operates at temperatures of around
100 K and therefore allows the measurement of spectra of such frozen samples.[5? This
technique utilizes the microwave driven transfer of polarization from the electron spins of a
biradical to the *H nuclei of the molecule of interest, leading to an enhancement in

sensitivity.[17)
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Figure 3.3.4: Comparison of 13C13C RFDR spectrum of fibrils acquired at 100 K (green) with 13C-13C
DARR at RT.

To study oligomers and fibrils under these conditions, the biradical TEMTRIPOL was used
for enhancement. Aggregate samples were prepared identically to other sSNMR samples
until the point of rotor packing. The mixture of lipids, anle138b and aggregates was treated
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3.3 Interaction of anle138b with aS aggregates

with a solution of *C-depleted ds-glycerol, to avoid water crystallization during freezing. In
addition to this, des-POPC and des-POPA were used, to improve sensitivity of the membrane
associated molecules. The achieved enhancement factor on these samples was in the order
of ~6-7.

A comparison of DNP-enhanced 3C-*C correlation spectra with radiofrequency driven
dipolar recoupling (RFDR) of aS fibrils measured at 100 K with *C-*C DARR spectra of
similar samples at RT showcases the drastic difference in linewidth (Figure 3.3.4). At 100 K
most of the conformations of the molecules under investigation are frozen out. This includes
residues that are located in more dynamic regions, leading to heterogeneity.®? As a result,
the small structural differences between oligomeric and fibrillary aggregates are
indistinguishable. Nevertheless, it is possible to identify several characteristic peaks in the

low temperature spectrum, with only minor chemical shift differences from data at 300 K.
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Figure 3.3.5: DNP-enhanced ssNMR on 1°N-aS aggregates in the presence of 3,4-13C-anlel138b
containing phospholipids; Top: H-13C-CP, Center: 15N-12C-TEDOR, Bottom: hNHHC.

In order to probe the interaction of the small molecule anlel38b with the respective
aggregates, several labelling schemes were employed. Samples of U-15N-aS in the
presence of 3,4-*C-anle138b allowed the measurement of ®N-*C-TEDOR, as well as
hNHHC spectra (Figure 3.3.5). Both of these experiments allow transfer of magnetization via
dipolar coupling of between the ®N and *C nuclei or their respective attached protons.
Assignments of compound signals is readily achieved in 3C-3C RFDR spectra
(Figure 3.3.6 A). The observability of anle138b resonances in DNP spectra is in contrast to

experiments without enhancement at RT. This hints to anle138b being dynamic in the bilayer
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as well as in its protein bound states. A set of two signals is obtained for the C-3 of the
compound, as the exchange between the tautomers of the pyrazole ring is very slow at
100 K. In a 1D ®N-BC-TEDOR with 25 ms of mixing time, transfer from *N of the protein, to
both labelled **C of anle138b is observed.
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Figure 3.3.6: A) RFDR Spectrum of anle138b in lipids with 2.56 ms mixing time; B) tentative binding
mode of anle to backbone showing the transfer pathways for 1N-3C-TEDOR (magenta)
and hNHHC (green); C) TEDOR on 15N oligomers with 13C anle D) NHHC on 13C
fibrils with 15N anle138b. Mixing times for TEDOR and hNHHC spectra are displayed in
the top left.

This observation means that the distance of the compound is likely in a range of 5 A. This is
consistent with the signal at 180 ppm, which most likely originates from protein side-chain C’
nuclei. A similar result is obtained, when recording a 1D hNHHC spectrum with 200 ps

mixing time on the same sample.

The observation made by MD-simulations, that anle138b binds to the backbone of misfolded
proteins, is confirmed by 2D-®N-*C-TEDOR spectra (Figure 3.3.6), by transfer of
magnetization from protein >N around 120 ppm.**! Even though individual protein
resonances are not resolved, transfer from Lysine N¢ , expected at 37 ppm, can be excluded.
Figure 3.3.6 shows a schematic representation of a potential binding mode of the compound

to the backbone. Distances in this tentative conformation are approximately 4.5 A and 5 A
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3.3 Interaction of anle138b with aS aggregates

between the N of the amide and C-3 and C-4 of anle138b respectively and therefore well in

range of the expected values for a TEDOR experiment.

To further elucidate the nature of this interaction isotope labelling was reversed, yielding
aggregates of U-3C-aS in the presence of 1,2-®N-anle138b. This sample composition
allowed the measurement of 2D hNHHC experiments, probing the correlation of the *H-
bearing nitrogen of the pyrazole, exhibiting a distinct chemical shift at 193 ppm, with 3C of
the protein. At a mixing time of 200 ps, transfer from compound to the C’-resonances of the
protein is observed. Further cross-peaks are listed in Figure 3.3.8, displaying chemical shifts

typical for C4- and Cg-resonances.
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Figure 3.3.7: Characteristic chemical shifts of aliphatic carbons for all 20 amino acids. Reproduced
from (http://bionmrcore.umich.edu/index.php/category/statistics/); Highlighted areas
represent the observed correlations from anl138b to oligomer (blue) and fibrils (red) in
NHHC spectra.

When the mixing delay in the hNHHC experiment is omitted (Tmix= 0 us), a cross-peak is
observed at 42.4 ppm, as for longer mixing times. Without proton mixing, H to *C
magnetization transfer is achieved during cross polarization, meaning that correlations of
only the most proximate nuclei will be detected. Comparison with statistical chemical shift
values (Figure 3.3.7), shows a variety of potential amino acid residue, that might be involved
in the interaction with anle138b. A study on fibrils formed by the short peptide GNNQQNY
utilizing DNP-enhanced solid-state NMR showed that chemical shifts recorded at 100 K can
display deviations of A3(**C)=+1ppm, when compared to room temperature.?

Considering these differences, Asp, Asn, Leu, lle, Phe and Tyr are identified by their
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characteristic Cg-shift, as well as Lys (Cs) and Gly (C.). This broad array of potential binding
leaves considerable ambiguity, however in combination with complementary techniques a

conclusion regarding a binding site is facilitated, as will be discussed later on.

When hNHHC experiments were performed on oligomers of U-3C-aS in the presence of
1,2-®N-anle138b, the set of cross-peaks obtained at 200 us of mixing time differs from the
one for fibrils (Figure 3.3.8 A). All compound to protein correlations from hNHHC spectra are
listed in (Figure 3.3.8 C). The resonances in the presence of oligomers are characteristic for
Lys, GIn and Glu, which are all highly abundant in the aS sequence. Inspection of the *C-
13C- DARR spectrum of I-1, which was prepared at similar t/ti,g Values, shows that the region
of interest (&ops = £ 1 ppm) does not bear any cross-peak. In contrast to this fibril spectra do
carry a set of peaks in this area, which is observed for neither of the intermediate spectra.
Anle138b hence seems to bind to a region in aS oligomers, which is dynamic and disordered
and only forms much later in the aggregation process. This is in line with the fact, that
observation by *C-*C-RFDR experiments at RT was not possible. The cross-peaks for this
potential interaction site belong to the residues that have not yet been assigned. Gath et al.
found similar peaks and assigned them to E20, K43, K58. K96 and K97. The first and the last
two residues belong to residues that were not yet assigned in the fibrils studied here,
whereas K58 obtains a distinctly different chemical shift and is part of a loop, that is assumed
to adopt a different conformation than polymorph 2. Completion of the sequence
assignments of aS fibrils will reveal, whether these residues are involved in the interaction
with anle138b.
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3.3 Interaction of anle138b with aS aggregates
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Figure 3.3.8 A) NHHC of 3C oligomers with >N anle138b: B) DARR spectrum of I-1 with marked
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3 Results

3.3.4 Photoaffinity labeling studies on aS aggregates

Despite the successful characterization of the binding of anle138b to aS aggregates by
ssNMR, site-specific information on the interaction was not obtained. In order to achieve this,
crosslinking experiments on derivatives of anlel38b were carried out. For this purpose,
several derivatives carrying azide functionalities (Figure 3.3.9 were synthesized by Kris
Runge (MPI for Biophysical Chemistry, Goéttingen, Germany).

HN=R,
e) NS
)
o)

anle138b krru90 krru133

Figure 3.3.9: Chemical structures of crosslinking derivatives and anle138b for comparison

The photosensitive nature of the azide groups allows their activation by UV-radiation,
followed by a reaction with suitable groups within the protein species of interest. Such
photoaffinity studies have been carried out on a multitude of targets, usually for target and
binding site identification.!”” Typically mass spectrometric analysis of the labelled protein
after proteolytic digestion yields residue specific information of the interaction of protein and
ligand. A study on structurally similar compounds was recently carried out on aS fibrils.*7

The workflow adapting these principles used in this work are shown in Figure 3.3.10.178

sonication digestion
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Figure 3.3.10: Strategy applied for photoaffinity studies (figure inspired by Tran et al., BBA 2016).1178
Monomers of aS were incubated with SUVs containing cross-linking derivatives of
anle138b under PMCA conditions. At several points in time, samples were taken and
irradiated by UV-light, followed by tryptic digestion. Protein fragments were analyzed
by ESI-MS. Data evaluation was done by open search.
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3.3 Interaction of anle138b with aS aggregates

Vesicles of DOPC and DOPC (7:3) containing thre crosslinking compounds were incubated
with aS under PMCA conditions and aggregation was tracked by ThT fluorescence. For
reasons outlined earlier, various L/P ratios were tried in preparation for the crosslinking
assays, to asses the reaction kinetics (Figure 3.3.11). At a L/P ratio of 80, aggregation of aS
is slowed down significantly, while at a ratio of 160 it is apparently stopped in the observed
time window. Since at a L/P ratio of 40 binding to the lipid bilayer is expected to be strong,
while aggregation is still enhanced, displaying lag times of under 12 h, it was chosen for
further studies. As the compounds are embedded in the membrane, strong protein-lipid

interaction is imperative to achieving sufficient cross-linking.
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Figure 3.3.11: Kinetics under conditions for crosslinking; LP = 20 (blue), 40 (orange), 80 (green), 120
(yellow)

For photoaffinity studies aliquots were taken from aggregation mixtures at various points in
time and subjected to UV radiation. The irradiated samples were proteolytically digested by
Trypsin after precipitation with Acetone and analyzed by ESI Mass spectrometry in the group
of Henning Urlaub (MPI for Biophysical Chemistry, Gottingen, Germany). Experiments on
monomeric protein were carried out in the presence of both krru90 and krrul33, while

experiments on aggregated protein included krrul33 exclusively.

In the analysis of the MS data two mass adducts, are justified by rearrangement of the
photoactive compounds and subsequent reaction with protein sidechain, show up at
m/z = 277.09 and m/z = 263.07. The ratio of the corresponding peak intensities from the
modified to the unmodified protein yields an estimate of the affinity of the compounds for the
modified sequences. Open search analysis resulted in the identification of several labelled
Lysine residues along the sequence of aS (Table 3.3.1). The only exclusion from this is the
labeling of H50. This apparent preference of krru90 and krrul33 for nucleopilic reactants

indicates a reaction mechanism that progresses via a ketenimine intermediate.*?® 8% The
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most likely reason for a preference of this mechanism is the stabilization of intermediates via

the extended 1r-system between the aromatic rings of the compounds. 181 182]

The highest labeling efficiency in monomeric aS is observed for K12, K21, H50 and K60,
while minor affinities are observed for the pairs K32/K34, K43/K45 and K96/K97 and residue
K80. Due to their proximity, neighboring Lysines are not efficiently distinguished, so that K23
and K58 are treated as labeled residues in the following. Upon aggregation labeling
efficiences apparently drop, as the measured intensity ratios decrease across all identified
labeling sites. In the case of oligomeric species, the most notable difference to monomeric
aS is the increase in affinity towards K32/K34. In addition labeling of K43/K45, K80 and
K96/K97 is no longer observed. Taking into account the low affinity in monomer and the
decreased ratios for aggregates in general, it might be, that labeling of these residues is
simply not detected. Upon fibrilization the increased affinity for K32/K34 seems conserved,
while labeling of K21/K23 is not observed at all in contrast to oligomer and monomer. The
absence of labeling for K80 is consistent with the results on oligomers. Unlike for oligomeric

aS however, fibrils are labeled at residue K43/45 and K96/K97 respectively.
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90 100
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____________________________________________________ Oligomers
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Table 3.3.1: Contacts found in open search using MaxQuant on ESI-MS data from photoaffinity
experiments with krrul33 on monomers (green), oligomers (blue) and fibrils (red); values
represent the ratio of the mass fragment Am/z = 277.09 between modified and unmodified
protein averaged over all experiments (if a contact was not found, the ratio was included
as 0). High values indicate strong modification; low values indicate weak modification or
statistically less relevant modifications.
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3.3 Interaction of anle138b with aS aggregates

3.3.5 Molecular Dynamics Simulations

Building on the successful identification of potential binding sites in NMR, MD simulations
were carried out by Dirk Matthes (MPIBPC, Gottingen, Germany) to further the
understanding of the atomistic details of anle138b interactions with aS aggregates. For this
purpose, several models were derived from the X-ray structure coordinates of various aS
fibril conformations deposited in the Protein Data Bank (PDB) (Figure 3.3.12). These models
include the cryo-EM and NMR-derived “Greek-key” containing polymorph 1 (6CU7, 2NOA)®"
101 and polymorph 2 (6RTO)% as well as a basket-shaped nonamer consisting of three sets
of three identical B-hairpins of the peptide aSssss (5FLT) (Figure 3.3.17). The latter structure
was found by Salveson et al. through crystallographic methods.*® For models of fibril
structures, stacks of five cross B-strand layers were simulated either as single (5mer) or
paired strands (10mer).

f a-syn (38-97)

W

a-Syn (38-97) o-Syn (38-97)
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o-Syn (14-25 & 36-96) a-Syn (36-96) o-Syn (36-96)
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Restraint—SMERBCU?/lXQB Restraint-SMER2 NOA

Figure 3.3.12: Models of aS fibrils used for MD simulations on anle138b interaction; structures were
derived from PDB deposited data determined by cryo-EM (6CU7, 6RTO0), ssNMR
(2NOA) and solution NMR (1XQ8).
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3 Results

For each model, 50 independent simulations were carried out in order to get a statistical
quantification of the binding process. Within the simulated time scale of 250 ns anlel138b is
able to undergo multiple unbiased binding events. However, as expected for this highly
hydrophobic molecule, once anle138b gets into proper contact with the protein assemblies,

unbinding events are rarely observed.
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Figure 3.3.13: Contact probabilities of anle138b binding to aS fibrils broken down into binding
modes; A) Representative simulation structures analogous to Matthes et al. Chem.
Neurosci. 2017[139; B) Population of the individual binding modes in A.
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3.3 Interaction of anle138b with aS aggregates

This general tendency is reflected in the small portion of unbound anlel38b molecules
(Figure 3.3.13) seen in the second half of the trajectories (as used for all subsequent

analyses) consistently across all simulated models.

The contact probabilities of anle138b for each residue of the simulated aS multimers are
depicted in Figure 3.3.14. Across all fibril models, a high contact probability for residues Y39
and F94, as well as neighboring residues are found. In the model for 6CU7, the elevated
probabilities also include V66 and G67, both of which are in close spatial proximity to F94.
Phenylalanine and Tyrosine feature characteristic Cg-chemical shifts that would justify the
observed correlation at 42 ppm in the hNHHC experiments in Figure 3.3.6.These residues
are located at the edges of the ordered cross-R core of the fibril flaments to the more

disordered N- and C-terminal regions.
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Figure 3.3.14: Contact probabilities for interaction of anle138b with residues along the aS sequence
for the models Figure 3.3.12; Probabilites are averaged over 50 simulations, a contact
probability of 1 is achieved if anle138b is in contact (d < 0.4 nm) with all 5 similar
residues in a fibril stack over all simulations. Contact probabilities were color coded
and displayed on a single folded monomer for each model.

Comparing anlel138b contact probabilities for the edge layers of the fibril stacks, exemplary

of fibril ends, with respect to the 3 central layers, unspecific binding towards hydrophobic
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3 Results

residues, especially in the sequences sGAVVTGVTAVAQ7s and ssGSIAAATg,, are observed
(Figure 3.3.15). In the paired filament model of 6CU7, increased anle138b binding is also
additionally observed to the hydrophobic residue sequence s1GVATVAEs;, which forms the
interface in the decamer.
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Figure 3.3.15: Differential binding of anlel38b to central and edge layers of the simulated fibril
stacks; blue: high contact probability in central layers; red: high contact probability in
edge layers.

The obvious preference of anle138b for residues located at the edges of the fibril core, led to
the use of extended models, to probe whether the compound binds unspecifically to the
disordered or solvent exposed protein backbone. The 5mer of 6CU7 was therefore extended
by 15 residues in random coil conformation taken from the NMR aS fibril structure 2NOA
towards both the N- and C-terminus to yield a model spanning residues 23-112. Additionally
the 5mer of 6CU7 was extended by 24 residues taken from the mostly helical membrane
bound aS conformation (1XQ8)*8 towards the N-terminus to yield a model spanning
residues 14-97. Indeed, contact probabilities were lowered in favor of residues 24-33, 101-
112 (6CU7/2NOA) and 14-33 (1XQ8), however values for the binding site around Y39 and

F94 was still elevated compared to the rest of the sequence.

In addition to the two structures determined by cryo-EM, simulations also included the full
NMR structure 2NAO. Although the overall geometry of this structure is in agreement with
6CU7, several residues feature a different orientation. These difference lead to a
hydrophobic pocket, comprising the residues ssGSIAAATGFVgs, located in an outside kink of

the Greek key motif. Simulations show, that there is no preferred binding to this site, probably
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3.3 Interaction of anle138b with aS aggregates

due to lack of solvent accessibility, even though an opening of this dense pocket is not
expected. To preserve the respective fibril conformation of the elongated models over the
course of the simulations, the kernel region of the fibril structures was subject to position

restraints in all three cases.

To further probe the influence of protein dynamics on the compound interactions, several
simulations with fully position restrained fibril stacks of original 6RTO and 6CU7 models were
carried out. In these models, lacking the extensions, contacts to the fibril ends were found to
spread more evenly across the sequence (Figure 3.3.15), with less specific binding to Y39
(Figure 3.3.14). In 6RTO the sequence s0HGVATVss forming a kink shows a decreased

binding, while in 6CU7 also a minute preference for F94 is found.

The preference of anle138b for the aromatic residues Y39 and F94, especially when offered
interactions with more flexible backbone conformations is quite remarkable, but ties together
with the observed preference for the disordered termini in the elongated models
(Figure 3.3.16). The high residue solvent accessibility (SASA) and exposed peptide
backbones of disordered conformations are suitable for deep burial of anle138b and help

explain the favorable binding in the simulation ensembles (Figure 3.3.16).
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Figure 3.3.16: Influence of position restrains on the binding of anle138b to fibril models. Contact
probabilities were plotted against the RMSF, indicating fluctuations in structure.
Contacts were color coded for solvent accessibility (SASA) of the residue in contact.
Contacts to L38 (cyan), Y39 (pink) and Y94 (green), were highlighted for unrestrained
(circle) and restrained (square) models.
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To examine, whether also aromaticity is imperative to explain the regiospecific binding of
anle138b, both residues were mutated to alanine in the 6CU7 and truncated 6RTO model. In
both instances strong binding to exactly these sites is lost, giving rise to the hypothesis, that
-1 stacking has a major contribution in the binding interaction of anle138b to protein

aggregates.

MD simulations of the basket-shaped nonamer yield a less conclusive set of regiospecific
contacts, with probabilities spread over the whole sequence. A reason for this is found in the
small size of the highly homologous and non-fibrillar oligomer. The lack of the repeated
residue packing symmetry, as found in mature fibril conformations, is causing anle138b to
come in close proximity to many residues simultaneously, upon binding to its preferred site.
Elevated probabilities are seen for L38, V40 and V49, whereas Y39 which is buried in the
oligomer core is least accessible to anle138b contacts (Figure 3.3.17).
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Figure 3.3.17: MD-simulations on the interaction of anle138b with the basket shaped oligomer by
Salveson et al.l'%3 consisting of 9 identical aSssss antiparallel B-hairpins. Top right:
Color coded contact probabilities projected on a single monomer fold; Bottom right:
Binding modes of anle138b to the peptide analogous to Figure 3.3.13.
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4 Discussion

4.1 PMCA drives the formation of membrane bound aS oligomers

To the best of my knowledge, the present study is the first account of biophysical studies on
the aggregation of aS in the presence of phospholipids under PMCA conditions. It has
recently been shown, that de novo aggregated seeds produced by PMCA from M83 mouse
brain, cause accelerated disease progression after cerebral inoculation into young mice.[*8)
M83 express the human aS carrying the A53T mutation, which has been shown to have a
high propensity to form oligomers in vitro.[*8! An earlier study on PrP showed the production
of toxic B-sheet rich oligomers by PMCA, leading to the apoptosis in cortical neuron cells.[*#"]
The increased interest in PMCA regarding detection and amplification of aS aggregates from
patient material such as brain homogenates, makes the understanding of lipid bound
aggregation under these conditions relevant.l*?®l
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Figure 4.1.1: Combination of kinetic data. Monomer (green) and fibril (red) and estimated oligomer
concentration, derived from solution NMR and ThT as well as anti-parallel (pink) and
parallel (teal) B-sheet content of aS during aggregation under PMCA conditions in the
presence of phospholipids.

A striking finding of the use of PMCA in this context is the large amount of oligomers that
builds up in the aggregation process (Figure 4.1.1). The levels of oligomeric species
estimated from NMR and ThT peak at 40— 60 %, which is significantly higher than the
commonly perceived levels, which are below 10 % of the initial monomeric solution.'” A
study using small angle X-Ray scattering (SAXS) found similar levels of oligomers to the
ones reported here (30 — 40 %), albeit in the absence of phospholipids.*®® In contrast,
Cremades et al. found oligomer fractions of <5 %, using sm-FRET.'¥® By means of gel

filtration, Lashuel et al. determined a maximum amount of 15 % for oligomeric aS bearing
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various familial mutations.™® It has been argued however, that the use of gel-filtration or
size-exclusion, aiming at separation of oligomers from monomers might cause a shift in
equilibrium leading to the dissociation of aggregates.**!! This phenomenon has been shown
to proceed under super-cooled conditions for fibrils®®l and was later confirmed under resting
conditions at 37 °C.18%

Comparing the time traces with those obtained from CD (Figure 4.1.1), it can be seen, that
anti-parallel B-sheet content rises just before fibril formation. By this time ThT fluorescence is
negligible and monomer concentration has dropped to about 25 % and the estimated
oligomer concentration is about 15 %. The disparity originates from poor fitting of the ThT
data. Assuming, that the maximum in anti-parallel B-sheet content also marks the maximum
oligomer concentration, which is reasonable given the sharp rise in fibril formation from here

on out, the levels in oligomer are still higher than in most previously reported protocols.

The significant difference to the published levels of oligomeric aS demands an explanation of
the underlying mechanisms during PMCA. Since the accumulation of intermediates prior to
fibrillization were neither reproduced in the absence of phospholipids, nor under other
agitation conditions, the influence of sonication on the phospholipid membranes must be

considered.

Ultrasonic waves cause the rapid expansion and collapse of gas bubbles in water, a process
called acoustic cavitation.’*? The hydrophobic surface of these gas bubbles is thought to
adsorb protein molecules and the increase in local concentration, paired with the large
pressure and temperature changes ensuing cavitation, trigger amyloid formation.**3l This

process is significantly enhanced in the presence of phospholipids.

As a result of the membrane affinity, the local concentration of aS is strongly enhanced,
leading to increased aggregation rates at low L/P ratios even in quiescent conditions.[%9 At
L/P ratios of 10, which was used in our aggregation assays, approximately 500 aS molecules
bind to one SUV (see materials and methods section for calculation). Studies on GFP-
labelled aS estimated the amount of monomer per vesicle to about 70 under physiological
conditions.**¥ Increasing the lipid content increases the number of SUVs while at the same
time the number of aS molecules per SUVs does not increase. Rather, aS seems to populate
the vesicle surface until free monomer is depleted. At a L/P ratio of about 20 this still results
in strong aggregation, but the amount of aS in solution has been reduced to about 20 % of
the total protein, so that aggregation is slower than at L/P = 10. Increasing the lipid content
eventually dilutes monomers on the membrane surface and free monomer so much, that fibril
formation is slowed down or inhibited. Tensiometry derived data showed that an amphipathic

helix takes up about 0.15 nm? per residue, resulting in an area of 15 nm? for aS on
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4.1 PMCA drives the formation of membrane bound aS oligomers

phospholipids.*** This would mean, that under the conditions presented here, vesicles are

fully covered by aS.

POO@

Figure 4.1.2: Helical Wheel of aS monomer embedded in phospholipid membranes, showing the
orientation of hydrophobic residues towards the bilayer core.[1%]

The availability of hydrophobic surfaces alone still does not fully explain the observed
tendency to form oligomers, given the absence under shaking conditions. The pressure
changes and cavitation during sonication cause disruption of lipid bilayers, a process called
sonoporation.'*” This effect has been successfully studied regarding its potential in drug
delivery through membranes.**® Binding of aS has been shown to be dependent on the
presence of membrane defects, as it binds to SUVs but not LUVs or GUVs of zwitterionic
lipids.*%9 |t has been hypothesized that this behavior arises from the insertion of the
amphipathic helix of the protein into the defect, modulating the lateral pressure of the outer
leaflet.?% |n this context, aS has been linked to membrane thinning.?°Y! These factors make
it very likely to be in the vicinity of a sonication-induced pore. The exposure of hydrophobic
lipid tails to the membrane interior could be a driving force for misfolding of aS (Figure
4.1.2).

Probing the effect of focused ultrasound on lipid membranes Man et al. employed MD-
simulations, revealing that pores in the bilayer formed under high local pressure changes are
stable on a s time scale, albeit for a non-curved bilayer.?°? Such a pore would be open long
enough to allow formation and insertion of disordered loops (0.1 — 0.3 us), although not for
the formation of B-sheets (5- 20 ps).?%! This is in line with our observation, that the first
observed structural features in aS intermediates are two loops around T59 and V74/T75
respectively. Misfolded proteins formed at the edges of the pores are likely to recruit other
close by aS molecules, resulting in amorphous aggregates. An in-depth discussion of the

ensuing structural implications follows in chapter 4.3.

This mechanism is supported by the complete conversion of membrane bound aS into ThT-
negative aggregates by tng as detected by H->’N-HSQC (Figure 3.1.3), which is not seen

during orbital shaking (Figure 3.1.4). Despite the lag time being twice as long under the latter
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conditions, the rate of fibril formation is comparable to that under PMCA and final ThT
fluorescence is even higher. It seems therefore that elongation of the initially formed nuclei is
unchanged. The reduced ThT response might be due to breaking of the fibrils through

sonication and subsequent entanglement of the small fragments.

275 ns

700 ns 1400 ns ) 2100 ns

Figure 4.1.3: Snapshots of lipid membranes simulated by Man et al.; A: pore formation at high
focused ultrasound intensity; B: equilibrium simulation on pores at ambient pressure.[202]

Furthermore, the substantial oligomer build-up has a kinetic component. Conversion of
monomers into oligomers and subsequent nucleation involves several energetically
unfavorable steps, resulting in a slow reaction reflected in the lag time.’ Oligomer
populations are hence low throughout the reaction, since once they are formed, their
conversion into larger aggregates is usually faster than their formation. In the preparation
presented here, misfolded oligomers are formed in bulk, followed by subsequent fibril
formation, an observation clearly in favor of nucleated conformational conversion.?* The
successive formation of structured regions between I-1 and the final fibril supports this idea.
In a nucleated polymerization model, in which monomers form independent nuclei, the

structural features of intermediates are expected to resemble that of fibrils.[*%!

A fundamental observation made during the observation of aS under various conditions, is
that the monomer concentration of aS is non-zero in the majority of cases. It is often
assumed that fibril formation is irreversible and that the pleateau region represent complete
conversion.?®! However other studies have similarly shown, that upon fibril formation,
residual monomer can be found.%! This in in line with the general observation that fibrils can
exist in equilibrium with other protein species.?®1 Neglecting monomer concentration and
simplifying the analysis to a fibril formation only is therefore highly problematic and neglects

the thermodynamics of the process.
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4.2 A new aS fibril polymorph or just Polymorph 2¢c?

The aS fibrils grown in this study show several extended B-sheets with distinct turns at
residues V74 and T81 as well as T59. Comparison of chemical shifts to data deposited in the
BMRB revealed partial structural similarities with polymorph 2 (BMRB Entry 18860), reported
by Guerrero-Ferreira et. al..'% 163 These similarities encompass a loop region formed by
residues V70-K80 and an extended (-sheet from G51-V55. However, the structures also
show distinct dissimilarities, so that it is safe to say, that the structure under examination is
not polymorph 2a or 2b. Nevertheless, without further studies we cannot conclude whether

the present differences are enough to label this structure as a new polymorph on its own.

The recently published polymorphs 2a and 2b only display notable differences regarding the
putative salt bridges connecting their virtually identical filaments.*?? NMR spectra of both
forms were reported to be indistinguishable. In contrast, the structures of polymorphs 1la and
1b exhibit more prominent structural peculiarities.®® Li et al. showed, that the two
polymorphs share a conserved Kernel between residues V49 and A78, and that the two
polymorphs mainly differ in the interface between the filaments. Unlike polymorph 2, the
known structures for polymorph 1 feature a steric-zipper type interface.

In the rod polymorph, a pair of
protofilaments pack around preNAC zipper

Single
protofilament with
a conserved

kernel

In the twister polymorph, a pair of
protofilaments pack around NACore zipper

Figure 4.2.1: Comparison of polymorph 1la (rod-polymorph, top) and polymorph 1b (twister-
polymorph, bottom) revealing a conserved structural kernel (left).

The relationship of the fibrils in this study to polymorph 2 is more akin to that of 1a to 1b
since the monomer folds are only partly similar. A reasonable nhomenclature could hence be

polymorph 2c. As was outlined earlier, NMR spectroscopy is incapable of discerning single or
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paired filaments, however EM data suggests a double stranded structure for the most
prevalent fibrils. A conclusion about the filament interface is hence not possible.
Unfortunately, Guerreiro-Ferreira et al. do not report on the morphology of their fibrils,

impeding a macroscopic comparison.

Besides the two main motifs of polymorph 1 and 2 characterized by cryo-EM, there have
been further studies by ssNMR, that suggest even further polymorphs.!164 166. 2081 The current
study is another example, that the conformational space of a-synuclein polymorphism is far
from exhausted. Discussion of the influence of familial mutations has so far focused mainly
on the inter-filament interactions.!*® Yet, the driving factors behind the formation of the
structural elements in the cross-sectional fold remain elusive. It has been argued, that poly-
anions like phosphate and azide and chaotropes like bromide drive the formation of
polymorph 1.2% This assumption is however contradicted by a study by Barclay et al., who

were able to produce the latter structure in the absence of all of these components. ™

In 2012 Comellas et al. argued that phospholipids have only limited influence on the fibril
core, reporting minor changes in the N-terminal domain of fibrils with lipids.®Y Upon
identifying the greek-key motif in a later study, the group implied that this motif is also found
in the presence of lipid bilayers, albeit without giving a direct comparison.?® Since fibrils
were not grown under lipid-free conditions in the course of this study, the absence of an

influence on fibril structure cannot be excluded.

The observation of strong lipid-binding by fibrils is in line with previous studies.?'® This
behavior is probably due to helical N-termini along the fibril exterior, as indicated by ssNMR
(Figure 3.2.9). This distinct membrane binding domain explains, why fibrils exhibit the
potential to permeabilize membranes and might account for a certain amount of their
toxicity.®4 Accordingly, Comellas et al found minor structural perturbations of the N-terminal
resonances in their structures, along with the same cross-peak for V15 and V16.°Y The fact,
that the main difference between both preparations is the method of agitation, makes the

considerations in chapter 4.1 all the more relevant.
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4.3 Structure of aS intermediates and insights into nucleation

To date, the structure and formation of amyloid oligomers and nuclei remains poorly
understood.®® This is to a large extent owed to their transient nature.’® The protocol
introduced here, allowed the enrichment of membrane associated aggregates within hours

and their subsequent study in-situ.

The ssNMR spectra of the isolated intermediates I-1 and I-3 feature highly characteristic
resonances, allowing conclusions regarding the mechanistic process of fibril formation. The
significant amount of structure inside intermediate I-1 suggests, that it is more downstream in
the fibril formation process than initial oligomers. This is in line the estimated of t/tlag of ~0.8,
which means it was isolated just before the start of fibril formation. The rapid transition
towards 1-3 finally initiates nucleation and sets off the fibrillization cascade. The transition

from I-1 to I-3 is facilitated because many residues are pre-organized.

The pre-organized residues around T59 and K60 as well as V74 and T75 found in I-1 are
located in turns in fibrils(Figure 3.2.5), suggesting the formation of B-turns as early structural
elements during fibrillogenesis. This is corroborated by the sharp increase of anti-parallel -

sheet content right before fibril formation detected by CD (Figure 4.1.1).

Some of the residues in these putative B-turns were tentatively assigned by their close
proximity of their cross-peaks to fibril peaks. Unlike the T59, K60, V74 and T75, none of
these residues exhibits the same chemical shift as in fibril. These chemical shift changes
between I-1 and the more fibril-like 1-3 suggest that the pre-structured anti-parallel B-hairpins
in I-1 associate and subsequently form parallel B-sheets characteristic to fibrils.Such a
mechanism would require alignment of the B-turns followed by rotation of the individual

strands by 90 ° to form cross-f sheet hydrogen bonds.

The fact that formation of an anti-parallel hairpin comprising residues V70-K80 is involved in
the initial aggregation process, is in line with the finding, that A71-82 mutants of aS show
significant reduction in aggregation propensity.?'Y A dodecapeptide of the sequence 71-82
has even been shown to form intermolecular 03b2-sheets®?'? and eventually fibrils on its
own.23 The lack of these residues in B-synuclein in its otherwise predominantly conserved
sequence has been linked to its reduced aggregation compared to a-synuclein.?*4 The
sequence V70-K80 is very hydrophobic and inclusion of hydrophobic parts of the protein are
a driving force of fibril formation.!*® This yields an additional explanation, why this stretch of

residues might start the aggregation process.

Upon comparison of the structures of polymorphs 1 and 2, it is obvious that the formation of

turns at V74 and T59 in intermediate structures inherently excludes the formation of
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polymorph 1, where sharp turns are observed at G67 and E83. It is quite remarkable, that
Comellas et as found the first structured regions in intermediates to consist of V74-A78 and
A90-A91 and therefore residues that form an entirely different architecture in polymorph 1,

suggesting a different fibrillization pathway.®!

The role of the interface between to filaments in guiding monomer fold has been discussed at
length, especially since the familial mutations H50Q, G51D, A53E and A53T all involve
residues directly in the interface.*® The discovery of polymorph 2, which seems to readily
form for wild-type, does not harbor any steric clashes that would arise from these mutations.
Given the incomplete assignments of the fibril spectra at this point, we cannot exclude the

influence of the interface in nucleation with certainty.

The apparent tendency of synuclein to form B-hairpin structures in the presence of
phospholipids follows a similar line of argumentation as for oligomerization in chapter 4.1.
The binding of aS to membranes is driven by its KTKEGV motif, which inherently forms an
amphipathic helix by binding of the Lysine residues to negatively charged lipid head groups
(Figure 4.3.1 A). The resulting helix is inserted into packing defects in the membrane.??dl
The KTKEGV motif is however disturbed by the sequence G68-A78 (Figure 4.3.1 B, repeat
6) and V74 is oriented towards the lipid core in the helical state (Figure 4.3.1 A, wheel on the
right).['° The membrane disruption by sonication hence facilitates the membrane penetration
by V70-K80, by increasing the accessibility of the hydrophobic bilayer core (Figure 4.3.3 C).
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Figure 4.3.1: A) Helical wheel of the membrane associated amphipathic helix (left wheel, residues
1-37, right wheel: residues 45-92); B) Arrangement of aS into KTKEGV imperfect
repeats.[19€l

The insertion of parts of the aS sequence into phospholipid bilayers has been proposed
before. A study of Tsigelny et al. regarding the penetration of bilayers by aS by MD
simulations, residue N65 was found to be the driving force in spanning a POPC bilayer.[?1¢l
Hydrogen bonding of N65 with water molecules on the other side of the bilayer stabilized a
turn encompassing residues 59-72. In polymorph 1 N65 is located in a turn, making it a

potential nucleation mechanism. In the center of another turn, residue Q83 offers a sidechain
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potentially capable of a similar mechanism. The gentler agitation methods used by Comellas

et al. might hence favor this mechanism, generating polymorph 1.4

Figure 4.3.2: Insertion of aS into phospholipid bilayers. A) Model by Comellas et a. based on spin
diffusion ssNMR.[®1 B) MD-simulations carried out by Tsigelny et al., showing the
penetration of membranes guided by N65.[216]

Fusco et. al found by paramagnetic tagging of phospholipid tails, that in aS oligomers
prepared by lyophilization and subsequent SEC, residues 70-88 experienced paramagnetic
relaxation enhancement upon binding to membranes.®® The authors interpreted this to be
the cause of an insertion of a rigid 3-sheet core into the membrane. According to DARR
spectra of these oligomers, the structured region is limited to theses residues.
Simultaneously residues 10-24 of the N terminal domain of the protein adopt an a-helical
conformation, when the aggregate is added to phospholipids. Their observations are in
surprisingly good agreement with our results, despite the more artificial nature of the
oligomer preparation.

Another potential origin for loop formation might be kinks in the membrane bound monomer
conformation (Figure 4.3.3B). EPR studies suggested either a broken “horse-shoe”
conformation, containing two anti-parallel helices,**! as well as a single extended helix.[*'"]
The hypothetic position of the kink between residues V37-T44 was derived from surfactant
micelle bound aS.*84 A recent study found a putative kink starting at K60 for aS monomers
binding to nanodiscs.*'® The differences in the observed breaking points of the helix are
presumably dependent on the size of the binding partner, as in both cases aS spans the full
diameter of the associated particles. Although the broken helix conformation is
controversial**”, membrane bound aS might switch between antiparallel and extended
helices (Figure 4.3.3 A). Singh et al. used FTIR on artificial peptide helix bundles to show
that anti-parallel B-sheet might form by conversion of neighboring a-helices via formation of
310-helices.?1 The observed B-hairpin at 59 could hence originate from an already
preformed turn between two anti-parallel helices, which convert into anti-parallel 3-sheets via

the aforementioned mechanism. In this case membrane penetration would not be necessary.
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Figure 4.3.3: Schematic model of membrane associated aS aggregation showing two potential
pathways of B-hairpin formation. Folding of a single monomer in an oligomer assembly
is shown for simplicity. A) Helical conformation of aS monomer on membrane and
potential switching between anti-parallel and extended helix[118; B) Hairpin formation
from anti-parallel helix on membrane (Left) or insertion into membrane (Right), C)
Schematic representation of intermediate I-1, comprising to characteristic loops at T59
and V74, as well as a membrane anchoring N-terminal domain (centered at V15/V16).
D) Schematic representation of intermediate 1-3, formation of a nucleus with a central
fibril-like fold, N-terminal domain retains helical conformation, C-terminal domain from
T81 on still not with fibril conformation, species subsequently elongates to fibril.
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Figure 4.3.4:  A) Thrombin Subunit H (CATH code 2.40.10) B) Crystallographically based model of
the a-Synss-ss honamer, showing a basket-shaped structure formed by antiparallel
B-sheetsl183]

Besides secondary structure calculation from the CD-spectra, BeStSel offers fold recognition.
In this approach, the secondary structure content is compared to a database of CATH
(Class, Architecture, Topology, Homology) fold categories. Fold recognition of the secondary
structure of samples taken at the same time as for the isolation of I-1 (Figure 3.1.10), finds
the CATH class 2.40.10 as the most probable fold (Figure 4.3.4 A). This fold carries 3-barrel
architecture and the topology of Thrombin Subunit H. Although this fold is highly speculative
it carries some resemblance to previously crystallized structures of nonamers from aSss-ss
(Figure 4.3.4 B).I’83 The sequence of the latter peptide was chosen from micelle bound aS
monomers for aforementioned reasons. Based on our results it is possible that such
structures are formed by the sequences ssVAEKTKEQVTNes and 7VVGTVTAVAQKGs,
rationalizing the highly controversial amyloid pores.®!! Nevertheless, these results need to be
treated with utmost care, as CD spectra were recorded on unpurified samples and further
due to experimental limitations. Lastly, these structures are formed by proteins much smaller

than aS oligomers, which are usually of the size of 10-30 monomers.[8% 218 219]
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4.4 Anlel38b and its influence on aS aggregates

Several potential influences of anl138b on protein aggregation have been studied in the
course of this thesis. Despite a minor reduction of fibril formation by anle138b, when
averaging over several assays, the obtained values are within the margin of error and
susceptible to the fluctuations common to ThT fluorescence assays. Nevertheless, the
successful decrease of aggregate formation by a [BSA-anle138b] complex, suggests that in
order to exert an inhibitory function, anle138b might need a mediator which in the cellular
environment might be cytosolic hydrophobic proteins. This finding might explain the disparity
between the reduced plaque load found in several PD mouse models and the in vitro studies
on anle138b in vesicles presented here.[*34 2201 Since the strong simplification in the present
assays abolishes fibril inhibition, studies on more complex systems, such as neuronal cell
cultures might prove more insightful.??! Nevertheless, since all aggregate forms especially
oligomers interact strongly with membranes the chosen systems are relevant for the
membrane embedded oligomers. Since serum albumins are not found in the brain, more
suitable transporters could be identified to set up in vitro assays that more efficiently simulate
a neuronal cell environment. In the light of recent failures inhibitors in phase Il clinical
studies, it is doubtful, that stopping protein aggregation at the level of fibrils is a suitable
strategy in disease prevention.®® The concept of fibrils being a non-toxic end product of a
toxic process, supports this idea. It has even been proposed, that fibrils might act as

reservoirs for membrane binding species, such as oligomers.??2

The structural influence of anle138b on fibril formation as detected by *C-*C-DARR
experiments is limited to the C-terminal end of the structured fibril core, comprising
perturbations in residues T81, S87 and 188. The studies on intermediates indicate, that this
region is among the last to fold into the fibril structure. It is not clear at this point, as to which
influence of these structural changes in the fibrils will have, regarding toxicity. Several
resonances, that are influenced by the presence of anle138b during fibril growth, could not
yet be assigned, so that a completed assignment will help in understanding the influence of

the compound.

While the correlations between anle138b and fibrils, observed in DNP-enhanced hNHHC
spectra indicate several residue types, the comparison to photoaffinity and MD-simulation
results helps in narrowing down the potential binding partners (Figure 4.4.1). MS analysis of
the protein in the photoaffinity studies revealed several modified Lysine residues as well as a
modified H50 (Figure 4.4.1, green). The MD-simulations, however, indicate binding sites
around the aromatic residues Y39 and F94 as well as the aliphatic residue L38 which are all

in accordance with the correlation seen at short mixing times in the hNHHC-spectra due to
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their characteristic CB-shift. The modified residues found by MS are all in very close
proximity to these residues, with the exception of H50. The distance of these labelled sites to
the true binding site might be explained by migration of the photoactivated compound, due to

stable intermediate states.!18%

The observed interaction of anle138b seems to correlate with hydrophobicity of the residues
(Figure 4.4.1 B). The exposure of the hydrophobic core in amyloid aggregates has been
linked to their toxicity.[?>®! The small pockets around L38 and Y39 as well as F94 and V95 are
among the few residual exposed hydrophobic surfaces of fibril structures. The hydrophobicity
of the binding pocket was already predicted by fluorescence spectroscopy studies on

anle138b in the presence of aS.137x

The published cryo-EM derived structure of polymorph 2 shows residue 11e88 enclosed by
the N-terminal part of the core (residues 11-20). The absence of cross-linking contacts to
K21 and K23 as well as K80, are in favor of such a conformation, as the cryo-EM model
shows all of these residues facing the inside. The lack of a contact to K80 also supports the
idea, that anle1l38b does not permanently bind to the sequence around T81, which is
structurally altered in the fibril, but rather bind while the structure is in the process of its
formation. It was not possible to measure spectra of *C- or *N-labelled anle138b at RT,
suggesting a more dynamic behavior. The auto-fluorescence of the compound in the
presence of fibrils in the absence of lipids, however, is a direct result of the rigidity of its
aromatic rings.*®" This seemingly conflicting observation might be explained by the fact, that
in NMR experiments in the presence of lipids, large amounts of anle138b partition into the
more dynamic lipid environment. In water, anle138b is much more unlikely to unbind due to
its hydrophobicity, as was observed in MD-simulations and in fluorescence spectroscopy!**”

1381 while in the presence of phospholipids unbinding is much more probable.

Figure 4.4.1: Solvent excluded surfaces of polymorph 2; PDB models 6rt0 and 6rt0 were interlaced to
include as many structured residues as possible; A) Contact map including results from
DNP-enhanced NMR (pink: Y39, F94; purple: L38, L88) and photoaffinity studies
(green), B) hydrophobicity surface (orange: hydrophobic residues; blue: polar residues).
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Both MD-simulations as well as DNP-enhanced ssNMR experiments support the concept,
that anle138b binds to more flexible regions in the aS sequence. Anle138b does not seem to
influence the fold of the fibril core itself, so that it must have another mechanism regarding
toxicity. The influence on the final fold of the structure, is limited to the C-terminal part of the
fibril core, which forms at a later stage. The initial stage of aggregation, hence does not seem
to be influence, but potential toxic species arising from initial aggregation might be modulated
by anle138b.

In this regard, the influence of the presence of anlel38b on the chemical shift of T81 is
particularly intriguing (Figure 4.4.2). This residue is located in a turn at the transition to the
C-terminal region in fibrils, as determined by TALOS+. This region undergoes structural
rearrangement from intermediates towards fibrils. As outlined previously, one of the initial
structural elements forming during aS fibrillization is the sequence V70-K80, which might
insert into the membrane. The preferred conformation of anle138b in phospholipids, with the
bromine facing the inside of the bilayer and the nitrogen atoms forming hydrogen bonds with
the solvents (Figure 1.6.2), makes it predisposed for binding to the protein. This way,
anlel38b binds to the edge of the membrane inserted part of oligomers at T81, stabilizing the
membrane. Loop formation by membrane insertion does not seem to be influenced but
binding to the adjacent residues might prevent further proliferation of the inserted structure
and reduce its membrane disrupting effect. Other residues, that might be influence in this
way are K96 or K97, as indicated from DNP-enhanced hNHHC-experiments. Once fibril
formation starts, the C-terminal region bound by anle138b adopts a different conformation.
Folding is thus influenced by binding of the compound to the protein backbone leading to a
different arrangement in anle138b-treated fibrils and membrane insertion is reduced, leading

to the observation that membranes are less conductive in the presence of fibrils.

Figure 4.4.2: Putative influence of anle138b on oligomer insertion into phospholipid membranes. The
compound binds to the edges of membrane inserted structures due to its already
preorganized orientation at the lipid-water interface, reducing the depth of insertion,
protecting the membrane from disruption. The initially formed structural elements and
hence the core fold are not influence, but the C-terminal domain, which forms much
later, is bound and hence perturbed in the fibril.
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Crosslinking experiments hint to an interaction with N-terminal residues (Table 3.3.1). A
potential interaction site in oligomers, assuming similarity in binding sites to fibrils, might be
located at Y39 as identified by MD-simulations (Figure 3.3.16).

Such a behavior might explain, why amyloid pore induced membrane conductance is
observed to a much lesser extent in the presence of anle138b.??*l The binding to aS
oligomers in such a manner might prevent full insertion of the toxic species, by stabilizing the
edges of the damaged membrane. In the master thesis of Simon Kohlmann, carried out
under my supervision, aS oligomers on SLBs on a mica support were studied by AFM (see
Figure 3.1.6 for comparison). Oligomers in the presence of membranes containing anle138b
displayed an increased averaged height of 1.1 + 0.4 nm, compared to an average height of
0.85 + 0.2 nm for control samples. The increase in height was accompanied by an increased
width of 9.3 £ 3.4 nm, compared to 7.6 £ 2.6 nm for controls. This result further supports the

hypothesis, that insertion of toxic oligomers into lipid membranes is hampered by anle138b.

Following this argumentation anle138b could act as a safeguard during the aggregation
process, keeping intermediates from exerting membrane related toxicity and chaperoning the

aggregation process until aS in converted into more benign species.
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A key finding of this study is the strong enrichment of aS oligomers under PMCA conditions
in the presence of phospholipids. The protocol based is easy to use and yields aggregates in
mere hours. Due to this methodology it was possible to prepare intermediate aS species in

high enough quantities to study them by ssNMR.

Fibrils prepared under the same conditions displayed extended parallel 3-sheets, containing
turns at residues T59, V74 and T81. Comparison to published fibril structure reveals a new
polymorph, which is best described as polymorph 2c, due to its structural relationship to
polymorph 2, published by Guerrero-Ferreira et al..'® Fibrils display strong binding to
phospholipids, which is attributed to partial conservation of a helical N-terminus, which binds

analogous to monomers.

aS oligomers were found to be of 10-20 nm in size with a globular shape, containing anti-
parallel B-sheet and are hence comparable to previously identified oligomers.[® 16% |solation
of on-pathway intermediates was confirmed by ssNMR, displaying distinct *3C-1*C correlation
spectra. Comparison of spectra from intermediates and fibrils revealed, that residues T59
and V74 adopt the same chemical shifts as in the fibril. Their location in turns in the fibril
structure suggests the conclusion, that the anti-parallel 3-sheet content determined from CD,
results from formation of B-hairpins in oligomeric intermediates including the aforementioned
residues in the loops. The nature of this folding is guided by the unique combination of
PMCA and phospholipids. Sonication disrupts the phospholipid bilayers allowing the insertion
of hydrophobic parts of aS in quantitative amounts. In the membrane bound helical aS
monomer, both T59 and V74 are oriented towards the core of the bilayer, making them

predisposed for membrane penetration.
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Figure 4.4.1: A) Chronology of the formation of the species based on the ThT values observed at the
time of their preparation. B) Development of the fibril structure derived form 13C-13C
DARR spectra of intermediates in fibrils; color coding projected onto PDB entry 6RTO
(polymorph 2)[100 |nitial structured regions are centered around the loops at T59, K60
as well as V74 and T75 in intermediate I-1 (dark blue). Intermediate I-3, isolated at a
later stage shows fibril-like structure for residues G51-K80 (yellow). Residues T81-F94
obtain their final structure at a later stage, towards full final formation (red). ain of the
protein obtains decreasing helical content through the process of aggregation (green).

81



5 Conclusions and Outlook

Investigation of intermediates at later stages of the aggregates by ssNMR revealed a more
fibril like structure. The formation of oligomers with distinct structural features, which then
restructure to form fibrils most probably by converting anti-parallel p-strands into parallel
ones by 90° rotation is in agreement with a nucleated conformational conversion
mechanism.?%¥ Further insight is expected, since due to time restrictions not all spectra could
be evaluated to the full extent. The quality of those spectra however is good enough to
expect further assignments to be obtained without further measurement. The use of *C-13C
PAR NMR might help in final determination of the folding of the aS monomer within the

cross-section of the fibrils, as has been demonstrated previously.%

The transient and on-pathway nature of aS oligomers makes it all the more remarkable, that
ssNMR studies at RT revealed high peak intensities and reasonable stability. These results
give confidence, that sequence specific assignments, as it has been done for fibrils will also
be feasible for oligomers. Through space correlation experiments, such as *C-*N-TEDOR

might give novel insight into the structure of the so far poorly characterized species.

Further mechanistic insights into fibril folding can be gained from oligomers prepared at even
earlier t/ti,g times, as the intermediates presented in this work are very close to and even past
nucleation. Functional studies, such as BLM or cell viability assays, need to be performed to
allow conclusions about their disease related properties and toxicity. The identification of
structural elements in oligomers has a direct application in guiding MD simulations, which
have often been based on monomer and fibril states.®® 225 Although oligomer formation of
oligomers containing B-hairpins has been studied before, the location of the loop has usually

been derived from the structure of micelle bound monomer.[183. 226]

Two binding sites for aS on fibrils could be identified in Y39 and F94, located at the edges of
the structured core independent of polymorph structure. Further it was revealed that
anle138b favors dynamic hydrophobic domains, in accordance with previously published
results.l**9 At this point it is unclear, which effect this binding has on disease progression.
Further studies are needed to clarify the influence of anle138b on fibril formation. The
successful reduction of aggregate formation without a change in lag time in the presence of
BSA suggests, that anle138b might have a thermodynamic, rather than a kinetic effect. This
might explain the observation, that aS aggregates are reduced in their density in PD mouse
models.*3¥ The fibrils might be destabilized or modulated in such a way, that their assembly

is reduced.

The interaction of anle138b with aS oligomers was identified by DNP-enhanced ssNMR,
however incomplete assignments impaired the exact identification of a binding site but the

residue type responsible for binding could be narrowed down to Lysine or Glutamate. The
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assignment of the cross-peaks of the interacting residues has not been achieved, yet, due to
limited time. Completion of the assignments will unravel the binding site of the compound a
posteriori. Improvement of crosslinking derivatives regarding their selectivity might also assist

in the localization of interacting residues.

The structural perturbations in aS fibrils caused by anle138b are minor and concern mostly
the C-terminal part of the fibrils, which forms at a later stage in the aggregation. Membrane
inserted domains of aS aggregates involved in initial aggregation are not influenced with
respect to the final fold, however the insertion into membranes might be impeded. This is
suggested due to the chemical shift effect observed on T81, as determined by TALOS+ in
the presence versus absence of anle138b. T81 is located in a turn region in the fibrils and at
the end of the membrane inserting stretch V70-K80, and right at the transition to the C-
terminal part of the fibril. T81 undergoes structural rearrangement when restructuring from
oligomers towards fibrils occurs. The preferred conformation of anle138b in phospholipids,
with the bromine facing the inside of the bilayer and the nitrogen atoms forming hydrogen
bonds with the solvents, makes it predisposed for binding to those residues of the protein
which insert in the membrane. In this way, anle138b might bind to the edge of the membrane
inserted part of oligomers, stabilizing the membrane. Loop formation by membrane insertion
does not seem to be influenced but binding to the adjacent residues might prevent further

proliferation of the inserted structure and reduce its membrane disrupting effect.

The model of reduced insertion is supported by the observed reduction in amyloid pore
insertion into phospholipid membranes, leading to reduced conductivity.?>! Further, in a
master thesis under my supervision, Simon Kohlmann found by AFM, that aS oligomers in
the presence bilayers containing anle1l38b show increased height and width compared to
controls, Indicating that aggregates had not fully penetrated the membrane. Although
anle138b does not fully inhibit protein aggregation, it seems to lessen the toxic effects of the
species, most probably oligomers, involved in the process and reduces aggregate load. This
is in agreement in with the improved disease related symptoms and reduced amyloid load in

mouse models of PD, as well as MSA.[132. 134, 220]

This thesis sheds light on the mechanism underlying fibril formation. Intermediates of aS
were successfully isolated and characterized, revealing structural elements of early
aggregates. Anlel38b interferes with this process, influencing both fibril fold and amount.
Although the exact disease modifying mechanism is yet to be revealed, binding sites for
anlel38b have been identified in both fibrils and oligomers. These results lay the basis for a

more wholesome understanding of protein aggregation and its modulation in disease.
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6 Abbreviations

asS

AB
AD
AFM
ALS
BLM
BSA
CD
CNS
COSY
DBS
DLS
DMPS
DMSO
DSS
HMBC
HR-MAS
HSQC
IDP
L/P
MS
NAC
NDD
NMR
NOE
NOESY
MS
MSA
PD
PMCA
POPA
POPC

a-synuclein

Amyloid-

Alhzeimer’s disease

Atomic Force Microscopy

amyotrophic lateral sclerosis

Black lipid membrane

Bovine Serum Albumin

circular dichroism

central nervous system

Correlation Spectroscopy

deep brain stimulation

dynamic light scattering
1,2-dimyristoyl-sn-glycero-3-phospho-L-serine
dimethyl sulfoxide
4,4-dimethyl-4-silapentane-1-sulfonic acid
Heteronuclear Multiple Bond Correlation
High Resolution Magic Angle Spinning
Heteronuclear Single Quantum Coherence
intrinsically disordered protein

lipid to protein ratio

multiple sclerosis
non-amyloid-beta-component
neurodegenerative disease

Nuclear Magnetic Resonance

Nuclear Overhauser effect

Nuclear Overhauser effect Spectroscopy
Mass Spectrometry

Multiple System Atrophy

Parkinson’s Disease

Protein Misfolding Cyclic Amplification
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

85



6 Abbreviations

DOPE
DOPS
RT
SuUvV
LUV
GUvV
TEM
ThT
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1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
1,2-dioleoyl-sn-glycero-3-phospho-L-serine
room temperature

Small Unilamellar Vesicle

Large Unilamellar vesicle

Giant Unilamellar Vesicle

transmission electron microscopy

Thioflavin T



7 Materials and Methods

7.1

Instrumentation

Common Name

Identifier/Company

-80°C freezer

MDF-U71V Ultra-low temperature freezer, SANYO Electric

Balances A 200 S — Sartorius Géttingen, Germany

Centrifuges 54150 Eppendorf Hamburg, Germany

DLS Corporation DynaPro DLS Wyatt Technology Dernbach, Germany
gt’ggﬁi‘;ﬁgg Cary Eclipse - Varian

CD Spectroscopy

J-815-150S, Jasco Deutschland GmbH, Pfungstadt, Germany

Lyophylisation

Biotech Christ Alpha 2-4 - B. Braun Melsungen, Germany

NMR spectrometers

700 MHz Avance Il HD with CP-TCI HCND probe with z-gradient
900 MHz Avance | with CP-TCI HCND probe with z-gradient
all Bruker Karlsruhe, Germany

NMR tubes

177.8 x 3 mm NMR tubes typ standard - Hilgenberg Malsfeld,
Germany
178 x 5 mm NMR tubes, Hilgenberg Malsfeld, Germany

ssNMR spectrometers

800 MHz Avance lll HD with 1.3 mm HRMAS HCN probe
850 MHz Avance Il with 3.2 mm HRMAS HCN probe
all Bruker Karlsruhe, Germany

DNP-enhanced
ssNMR

600 MHz Avance Il with 3.2 mm H/C/N DNP LT MAS probe and 7.2
T cryogen free gyrotron
all Bruker Karlsruhe, Germany

ssNMR rotors

DNP: HZ16916 BL3.2
PH MAS roto ZrO
Both Bruker Karlsruhe, Germany

pH-meter PB-11 (Sartorius Goéttingen, Germany)
Sonicaton RK 103 H (Bandelin Sonorex Berlin, Germany)
Q700 (Qsonica Newtown CT, USA)
Incubators Innova 4000 (New Brunswick Scientific, Edison NJ, USA)
Heratherm General Protocol (Thermo Fisher, Waltham MS, USA)
AFM Nanowizard 4 (JPK BioAFM/ Bruker Nano GmbH, Berin, Germany)
TEM Phillips CM120 with TemCam 224 A slow scan camera (TVIPS,

Germany)

Table 7.1.1: List of instruments used in this work.
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7.2 Software

Program Reference

Avogadro 1.0.3 http://avogadro.cc/wiki/Main_Page
CcpNmr Analysis 2.2 http://www.ccpn.ac.uk/

TopSpin 3 pl. 3.5.7 Bruker Biospin, Karlsruhe, Germany
NMRPipe/NMRDraw spin.niddk.nih.gov/INMRPipe

Sparky 3.114 www.cgl.ucsf.edu/home/sparky

Origin 9.0.0 OriginLab Corporation, Northampton USA
UCSF Chimera https://www.cgl.ucsf.edu/chimera/
TALOS+ https://spin.niddk.nih.gov/NMRPipe/talos/
BestSel http://bestsel.elte.hu/

CSI 3.0 http://csi3.wishartlab.com/cgi-bin/index.php

Table 7.2.1: List of software used in this work.

7.3 Materials

All the substances used in this work are listed in Table 7.3.1.

Anle138b as well as **N- and **C-labelled anle138b were synthesized and kindly provided by
Andrei Leonov and Sergey Ryazanov at the Max Planck Institute for Biophysical Chemistry
Gottingen.

The crosslinking derivative krrul33 was synthesized and kindly provided by Kris Runge at

the Max Planck Institute for Biophysical Chemistry Géttingen.

a-synuclein as well as U-®N, U-3C, U-®N-33C and U-?H-®*N-3C a-synuclein were
synthesized by Karin Giller and Melanie Wegstroth kindly provided by Stefan Becker at Max
Planck Institute for Biophysical Chemistry Géttingen as a 300 uM solution in 50 mM HEPES
with 100 mM NacCl at pH 7.4.
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Substance/Solvent

Supplier

4,4-Dimethyl-4-silapentane-1-sulfonic acid
(DSS)

WILMAD

a-synuclein Karin Giller, Melanie Wegstroth
anlel38b Andrei Leonov and Sergey Ryazanov
krrul33 Kris Runge

Chloroform Merck

DO Euriso-top

DMSO Merck

HEPES Roth

Glyin Merck

NaCl Merck

MgCl>*6H,0 Merck

POPA Avanti Polar Lipids

POPC Avanti Polar Lipids

des-POPC Avanti Polar Lipids

des-POPA Avanti Polar Lipids

DOPE Avanti Polar Lipids

DOPS Avanti Polar Lipids

Thioflavin T Sigma

Table 7.3.1: Reagents used in this work

7.4 Buffers

The buffers used in this work are listed in Table 7.4.1.

Buffers were prepared by weighing in the desired amount of HEPES or Glyine, dilution in

solvent and adjustment of the pH by addition of a saturated NaOH solution.

No. | Buffer pH | Solvent Application

1 50 mM HEPES, 100 mM NacCl 7.4 | H:0

2 50 mM HEPES, 100 mM NacCl 7.4 | D:O NMR

3 10 mM HEPES, 150 mM NaCl, 1 mM MgCl, | 7.4 | H.O AFM

4 5 mM HEPES 7.4 | HO CD-spectroscopy,
ssNMR packing

5 50 mM Glycine 8.5 | H.0 ThT-fluorescence

Table 7.4.1 Buffers used in this work
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7.5 Methods

7.5.1 Curve Fitting

Curve Fitting was performed in Origin Pro 9.0 (OriginLab Corporation, Northampton, MA,
USA)

7.5.2 Preparation of Small Unilamellar Vesicles (SUVS)

Phospholipids were obtained from Avanti Polar Lipids and used without further treatment.
POPA and POPC were dissolved in 1.2 mL chloroform and 1 mL of each solution was added
to obtain a molar ratio of 1:1 for the lipids. For the preparation of SUVs containing anle138b,
the compound was dissolved in chloroform and added to the lipid solution, resulting in a lipid
to compound ratio of 20. The solvent was evaporated under a N>-beam and the sample was
lyophilized overnight to remove residual solvent. The resulting lipid film was hydrated with
buffer (50 mM HEPES, 100 mM, pH 7.4). Hydrated samples were sonicated at 37 kHz (four
times for 10 min with 15 min breaks or until the sample was translucent) in a glass tube. The
resulting solution was and filtered through 0.22 um sterile filters to obtain SUVs with an
average hydrodynamic diameter of 48 + 3 nm for vesicles containing anlel38b and

41 + 2 nm for vesicles without the compound.

For photoaffinity studies, DOPC and DOPS were dissolved in Chloroform to yield solutions of
3 mM and 3.5 mM respectively. Phospholipid solutions were combined to obtain a molar ratio
of 7:3 (DOPC/DOPS). Krrul33 was dissolved in chloroform and added to the lipid solution at
a molar ratio of 20:1 (lipid/krrul33). Vesicles were prepared in an analogous to the procedure

mention above.

7.5.3 ThT Fluorescence Measurements

For the quantification of amyloid fibrils, Thioflavin T (ThT) is commonly used as a stain in

HsC S CHs
T )
N @ CH3

\ (€]
CH, ©!

vitro.[227]

Figure 7.5.1: Chemical Structure of Thioflavin T.[227]
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Thioflavin T is sensitive to the B-sheet structure in amyloid fibrils and upon binding exhibits a
spectral shift of 100 nm for excitation (Aex = 342 nm to 442 nm) and 50 nm for (Aem = 430 NM
to 482 nm). This large fluorescence spectral shift allows selective excitation of amyloid fibrils
bound to ThT. A solution of 1 mM ThT in 50 mM Glycine Buffer at pH 8.5 was prepared and
stored at 4 °C under light exclusion until use. Solutions were freshly prepared if older than
one week. On the day of use, 0.1 mL of the 1 mM ThT solution were mixed with 1.9 mL of
buffer to obtain 2 mL aliquots of working solution. 5 pyL of the aggregating solution were
added to the working solution and fluorescence emission spectra of the resulting solution
were measured using a Varian Cary Eclipse fluorescence spectrometer. Experimental

parameters are listed in Tab. 5.9. For every spectrum three scans were performed.

Slid width: 1nm
Scan Range: 464 — 600 nm
Excitation: 446 nm

Excitation-bandwidth: 10 nm
Excitation: 446 nm
Excitation-bandwidth: 10 nm

Integration time: 0.1s

Table 7.5.1: Experimental parameters used for fluorescence spectroscopic measurements

7.5.4 Solution NMR Spectroscopy

NMR experiments were recorded on Bruker 700 MHz (Avance Ill HD with CP-TCI HCND
probe with z-gradient) and 900 MHz (Avance | with CP-TCI HCND probe with z-gradient)
spectrometers. Temperature during measurements was kept at 15 °C. *H 1D NMR spectra
were acquired using presaturation, applying the “zgpr.dl” pulse sequence using 128 scans
and a relaxation delay of 2.0 s. *H-®"N-HSQC spectra were acquired using the hsqc15N.dI

pulse sequence using 2048x256 scans and a relaxation delay of 1.2 s.

Processing and analysis of 1D data sets was carried out in TopSpin (Bruker). 2D data sets
were processed in NMRPipe and analyzed in CcpNmr Analysis. Peaklists were exported and

analyzed using a custom written python script.
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7.5.5 Circular Dichroism Spectroscopy

Spectra were acquired on a J-815-150S (JASCO), with a single position peltier cell holder
(PTC-514) for temperature control. Samples were measured in 110-QX cuvette (HELLMA)
with a path length of 1 mm.

Measure range: 260 - 180 nm
Data pitch: 1nm

D.I.T. 1 sec
Bandwidth: 1.00 nm
Scanning speed: 20 nm/min
Accumulations: 5
Temperature: 20 °C

Figure 7.5.2: Parameters used for CD measurements.

7.5.6 Atomic Force Microscopy (AFM)

Images were acquired on a Nanowizard 4 (JPK) with a Vortis SPMControl station. The
instrument was mounted on an halcyonics_i4 vibration isolation unit (Accurion) and encased
in a custom-made acoustic enclosure hood. Measurements were carried out using BioLever
Mini cantilevers (Olympus, BL-AC40TS-C2) with a spring constant of 0.09 N/m and a

resonance frequency of 100 kHz, mounted on a supercut glass cantilever holder (JPK).

Samples of aS in the presence of phospholipids were incubated on freshly cleaved slabs of
mica, fixed on stainless steel metal discs (d =15 mm) by 2 Ton Epoxy (Devcon). After
incubation for 20 min, samples were washed with 3 x 70 yL buffer (10 mM HEPES,
150 mM NacCl, 1mM MgCl,, pH 7.4).

Height images were acquired in liquid using intermittent mode (AC mode).

7.5.7 Aggregation Assays

Monomeric aS was centrifuged for 1 h at 55.000 rpm at 4 °C and the supernatant was added
to a solution of phospholipid SUVs different L/P ratios and NaNs (0.02 w-%) to obtain a final
protein concentration of 70 yM. If not mentioned otherwise L/P ratio was 10 (n/n). Buffer
concentration was kept at 50 mM HEPES, 100 mM NaCl at pH 7.4. For aggregation in the
presence of BSA and compounds, BSA was prepared as a saturated solution by vortexing
the protein for 2 min at RT and filtering through a 0.22 um sterile filter. Anle138b was
dissolved in DMSO at a concentration of 165 mM. 1.5 uL of this solution were added to 750

ML of BSA solution and the resulting solution was vortexed for 2 min at RT. Concentration of
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protein was determined by UV (g280 = 43824 cmM?t) to be appox. 400 uM, while
concentration of anle138b in the complex was estimated to be 600 pM
(e270(DMSO) = 25000 cm*M1) Concentration The resulting solution was centrifuged for 4 min
at 16.5 rpm and the supernatant was filtered through a 0.22 um filter. BSA was added to the
aggregation sample, at a ratio of aS/BSA = 2:1.

PMCA was performed using a Q700 (Q700-110= sonication device by QSonica, with a
Microplate Horn Assembly (431MPX) and a Compact Recirculating Chiller (4900-110). The
samples were sonicated for 30 s (20 kHz) at 37 °C followed by an incubation period or 30

min. Average power output ranged from 250-300 W.

Orbital Shaking was performed using an Innova 4000 incubator, operated at 37 °C and
300 rpm.

Aggregation under quiescent conditions was carried out by placing samples in a drying
cabinet at 37 °C.

Samples of the aggregating samples were taken at characteristic time points and analyzed

with several methods. The samples and their preparation are listed in Table 7.5.2.

Method Vsample [ML] | Veutrer [UL] | Buffer composition

1H-15N-HSQC 120 20 D,0, 100 uM DSS, 50 mM HEPES,
100 mM NaCl, pH 7.4

CD 15 165 5 mM HEPES, pH 7.4

ThT 5 2000 50 mM Gly, pH 8.5

AFM 70 =210 10 mM HEPES, 150 mM NaCl, 1 mM MgCly,
pH 7.4

EM 20 - 5 mM HEPES, pH 7.4

Table 7.5.2: Sample composition for subsequent analysis of the aggregating samples.

7.5.8 Photoaffinity studies

Sample preparation was carried out analogous to chapter Error! Reference source not
found.. aS was added to a solution of vesicles consisting of DOPC, DOPS and krru (see
Error! Reference source not found.) to yield a final protein concentration of 30 yM and a
L/P ratio of 40. The samples were subjected to PMCA treatment and samples were taken at
characteristic time point and immediately stored on ice. Samples were subsequently
irradiated by UV-light. After irradiation was finished, the protein was precipitated by Acetone

and subjected to Tryptic digestion. The peptide fragments were then analyzed by ESI-MS.
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Tryptic digestion as well as MS-experiments and analysis were carried out in the lab of Prof.

Dr. H. Urlaub at MPIBPC, Géttingen.
7.5.9 Transition Electron Microscopy

TEM measurements were performed by Gudrun Heim in the workgroup of Dietmar Riedel at
the Max Planck Institute for Biophysical Chemistry in Géttingen. Samples were adsorbed
onto 400 mesh carbon-coated copper grids and the buffer was removed using a filter paper.
Subsequently, samples were stained by the addition of 1% uranyl acetate solution, which
was subsequently dried with a filter paper. If images quality was low or micrographs were too
crowded, samples were washed with water and diluted by a factor of 1:50 before
measurement. Images were taken at RT in a Philips CM120 electron microscope (Philips
Inc.) at a defocus of 2.3 mm using a TemCam 224 A slow scan CCD camera (TVIPS,

Gauting, Germany).

7.5.10 Estimation of oligomer concentration from kinetic data
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Figure 7.5.3 Linear fitting to experimental data of PMCA in the presence of phospholipids in the
absence (A) and presence (B) of anle1l38b, as well as lipid free (C) and orbital shaking (D)
experiments.
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Tangents of the points of maximum fibrilization rate were approximated fitting a linear
function points to the steepest part of the Intensity of ThT fluorescence. This involved the first
4-5 datapoints of each series. The initial baseline was approximated by fitting a linear
function to the first 4 datapoints of each series. The lag times were of the individual
aggregation assays were estimated by equating the resulting functions and solving for t,
resulting in the equation
tiag = 22—
my —m; (7-1)

Where m; and c; are the slope and constant of the tangent fit and m, and c; are the slope
and constant of the baseline fit. The function parameters and lag times determined by this

procedure are shown in Table 7.5.3.

Control anlel38b
Assay
Code: ASS10 ASS13 ASS21 ASS10 ASS13
m; 51.193 63.445 52.092 23.789 25.221
C1 -142.29 -331.56 -229.87 -75.765 -95.583
mo -0.4007 0.2123 0.0655 0.367 -0.3382
C2 8.578 19.767 9.5271 8.8243 13.532
tiag 2.92 5.56 4.60 3.61 4.27

Table 7.5.3 Fit parameters and lag times estimated for aggregation assays of aS in the presence of
POPA/POPC vesicles in the presence and absence of anle138b

The oligomer concentration was estimated under the assumption, that the total protein
concentration [P]: is the sum of the concentrations of the two observable species monomer

[M]: and fibril [F]; and the non-observable species [O]x:

[Pltor = [M]; + [0]; + [F]¢, (7-2)
which after rearrangement gives the oligomer concentration as

[0]¢ = [Pltor — [M]¢ — [F]e. (7-3)
Under the assumption of relative concentrations [Pl becomes 1 and equation (7-3)

simplifies to

[O]t = 1_[M]t_[F]t- (7-4)
The relative monomer concentration can be readily measured by solution-state NMR, by
dividing the measured intensity I(NMR); by the initial intensity I[(NMR)o, giving the normalized
NMR intensity as

I(NMR),

I(NMR), = I(NMR), (7-5)
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Since the NMR experiments showed, that the monomeric protein is never fully consumed in
the observed time window, the observed fibril concentration at the end of the reaction is

expressed by the equation

[Fleo = [Pltor — [M]eo = 1 — [Mloo, (7-6)
where [F]. and [M]. are the observed final concentrations of fibrillar and monomeric species,
implying the reaction has reached equilibrium. The normalized maximum intensity 1(F), was
then calculated by subtracting the initial intensity I(F)o, then dividing the individual intensities
at time t by the maximum recorded intensity I(F)max and multiplying by the observed fibril

concentration [F]-, resulting in the equation

Min-max normalization!?28]

I(F), =

1(F) — 1(F)o <1 I(NMR)OO>
* 1 ———)
I(F)max — I(F)o I(NMR),

This operation ensures, that the normalized fluorescence intensities, representing the fibril

(7-7)

concentration [F]: cannot reach [Pl as expected from the NMR measurements. The
obtained data were used to plot the normalized intensities I(NMR), and I(F), over t/tag and
fitted to a sigmoidal function. For all sigmoidal fits to the monomeric data, the top asymptote
was fixed at a value of 1, for fits to fluorescence data, bottom asymptote was fixed to
baseline values and top asymptote was set to [F].. Fitting to control samples did not result in
a physically sensible plot, so that fits were only applied to values for t/tag < 2. This way, at

least the initial part of the graph showed reasonable fitting.

Assuming that the relative monomer and fibril concentrations are measured by the
normalized intensities [M]: = [(NMR), and [F]: = I(F)», the oligomer concentration can be

calculated by substitution into equation (7-4) as

[0]; = 1 = I(NMR);, — I(F), . (7-8)
This equation was used to calculate relative oligomer concentrations and their time

dependent development.

7.5.11 Secondary Structure Calculation by BeStSel

Secondary Structure Calculation was performed using the single spectrum analysis tool of
BeStSel.'%8 Measured ellipticity data (mdeg) were submitted to the platform, along with the

protein sample concentration (5.8 uM) and path length (0.1 cm). Elipticities were converted
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into Ae values by the platform and secondary structure calculation was performed without

application of a scaling factor by fitting from 190-250 nm. Fold recognition of secondary

structure content was performed for samples at ti,g, and only the CATH class with the highest

probability was chosen for further analysis. Experimental, along with fitted and residual data

are annotated below for all individual samples.

/ey =0 t/tlag = 0.3
3 3 3
1 1 1
11 210 _;50 11 21 0 _2'-50 11
3 3 3
5 5 5
t/tlag=1.2 t/tlag=1.4
3 3 3
1 \ - 1 q - 1 \
-119 210 250 -1190 210 250 -1190
-3 -3 3
-5 -5 5
t/tlag=1.6 t/tlag=3.4
3 3
L N
-1190 10 2 ;O -1190 10 23] —;-E;O
3 3
5 5

Figure 7.5.4 Experimental (blue), fitted (red) and residual data (green) returned by BeStSel for

samples from PMCA experiments in the presence of phospholipids

t/tlag=0.9

210

t/tlag=1.5

210 23

250

250
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t/tig =0 t/ti,=0.4 t/t,;=0.8

Figure 7.5.5 Experimental (blue), fitted (red) and residual data (green) returned by BeStSel for
samples from PMCA experiments in the presence of phospholipids containing anle138b
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t/ty =0 t/tj,y = 0.3 t/tj,y = 0.9
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Figure 7.5.6 Experimental (blue), fitted (red) and residual data (green) returned by BeStSel for
samples from PMCA experiments in the absence of phospholipids

7.5.12 ssNMR

For isolation of intermediates aggregation was monitored continuously by ThT fluorescence.
As soon as an increase in fluorescence intensity was detected, incubation was halted by
cooling samples on ice and immediately centrifuging at 55.000 rpm (TLA-100.3 rotor in an
Optima™ MAX-TL) for 1 h at 4 °C. For preparation of fibrils, aggregation was continued for
96h, followed by similar treatment. After removal of the supernatant, samples were washed
with fresh buffer (5 mM HEPES, pH 7.4) and subsequently centrifuged (10 min, 65.000 rpm,
18 °C). Excess moisture was carefully removed, and samples were packed into ssNMR
rotors by cutting off the bottom of the tube and directly centrifuging the pellet directly into the
rotor of choice through a custom-made filling device. Finally, the rotor was then centrifuged

for 30 min at 24.000 rpm for packing (Beckman Coulter.....). For sequence assignment
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spectra [13C, 15N]- and [2H, 13C, 15N]-labelled aS were incubated with SUVs at a L/P ratio
of 5.

3D hCANH, hcoCAcoNH, hCONH, hCANH, hcaCBcaNH, hcaCBcacoNH experiments for
protein sequence assignment were acquired using [2H, 13C, 15N]-labelled aS on an 800
MHz Bruker Avance lll spectrometer at a magnetic field of 18.8 T equipped with a 1.3 mm
HRMAS HCN probe and MAS at 55 kHz. The temperature of the cooling gas was set to

250 K, resulting in an estimated sample temperature of 20 °C.

Chemical Shift data for 13CO, 13Ca and 13C[ obtained from sequence assignment spectra
were used in TALOS+ to obtain predictions on secondary structure as well as dihedral

backbone angles.??%

All 2D 13C13C-DARR Spectra were acquired on an 850 MHz Avance Ill with 3.2 mm
HRMAS HCN probe at a magnetic field of 20.0 T and MAS at 17 kHz. DARR spectra for all
samples were acquired with mixing times of 20 ms. Further we acquired spectra with mixing

times of 200 ms for fibrils and monomers as well as 5 and 50 ms for monomers.

Spectra were processed Spectra were acquired in short blocks, which were each corrected
for linear drift of the static magnetic field using a script written by E. E. Najbauer and L. B.
Andreas.”" Blocks for 2D spectra at 850 MHz were either 3 h (for Intermediates) or 6 h
(monomers and fibrils). Blocks for 3D spectra at 800 and 950 MHz were either 24 h (hCONH,
hCANH, hcaCBcaNH, hcaCBcacoNH) or 36 h (hCANH, hcoCAcoNH, HhNH). The drift
corrected blocks were then averaged and processed as one spectrum. Spectra were

analyzed using CcpNmr Analysis and NMRFAM-Sparky.231

In case of DNP measurements, the pellet was added by a solution of TEMTRIPOL in a
solution of *C-depleted ds-glycerol and water (3:7), before centrifugation. Before injection
into the ssNMR probe, rotors were plunge frozen in liquid Nz for glassification and thawed.

This procedure was repeated twice.

7.5.13 Estimation of aS per SUV

The aggregation Number N represents the number of lipid molecules that make up an
aggregated structure such as a micelle or an SUV. By estimation of the aggregation number
trough simple geometric considerations, the local concentration of anle138b, depicting the
concentration of the compound inside the bilayer was approximated. The calculations made

in this work are based on considerations made in literature.[0°!

Considering an SUV as a perfect sphere, its surface area can be expressed as the sum of

the areas of the outer and the inner layer:
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2
Asyy = 4’T[rozut + 4’T[(rout - dbilayer) . (7-9)
Here, row is the hydrodynamic radius of the SUV, which is determined from DLS
measurements. Knowing the surface area of the SUV, the aggregation number of the SUV

can directly be obtained by

Asyy
Noggr = 4y (7-10)

where ap is the area of a lipid head group. In the approach described here, it is assumed, that
the headgroup area is represented by the average headgroup area for the two contributing
lipids and that the head group area does not change depending on the position in the outer

or inner leaflet. The head group area is thus derived as

ap(lipid 1) + a,(lipid 2)
ao == .
2
The total number of SUVs in a solution Nsyy can be calculated, if all vesicles are assumed to

(7-11)

be of the same size by

Niipid
MW=N : (7-12)
aggr

where niipig is the total amount of substance for solution.

The number of aS molecules is then achieved by dividing the aS monomer concentration by
the number of vesicles.
Area per lipid and bilayer thickness were adopted from comparable systems, giving

ao = 0.56 nm? and doiayer = 4.7 nm. (222 The membrane bound aS fraction was estimated
from the plateau regions in Figure 3.1.2 A.

L/P 5 10 20

[lipid] 350 700 1400

N(lipid)/mL 2.1E+17 4.2E+17 8.4E+17

N(SUV)/mlI 1.48E+13 2.96E+13 5.92E+13

Fraction of aS bound to lipid 0.2 0.4 0.8
aS per vesicle 569 569 569
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8 Appendix

Pulse Sequences used in this work:

'H-1D NMR

;zgpr.eth

; 1D sequence with presaturation

; modified gsw0203

;d1  :relaxation delay and water suppression
;pll : power for 1H

;p21 : 1 ms (Gradient before acquisition)
;gpzl 1 50 %

;pl9 : power level for presaturation

;p1l  : 90 degree hard pulse 1H

#include <Avance_dl.incl>

1ze
2 10u pl9:f1
10u LOCKH_OFF
dlcw:fl
10u do:fl
10u pll:f1
10u LOCKH_ON
p21:gpl
10m
plphl
go=2 ph0
wr #0
10u LOCKH_OFF

exit

ph1=0123

ph0=0123

;##1($P[1],$PL[1])=&SetPulse(f1,HP,90);
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'H-1*N-HSQC

;hsgqc15N.new

;D. Lee, Nov. 2002

;15N-1H HSQC correlations without water saturation
;The delay for 3-9-19 watergate (d5) should be matched

;with 1/d;d=distance of next null point (in Hz).

;S. Mori et al, IMR B108, 94-98 (1995)

pll
P12
pI3

;pl13 :

pl
p3
p4

;pS

: power for 1H
: power for 13C

: power for 15N

power for 15N waltz16 decoupling

: 90 degree hard pulse 1H
: 90 degree hard pulse 13C
: 180 degree hard 13C pulse (225d for 5/600)

: 90 degree hard pulse 15N

;pcpd3 : 90 deg cpd-pulsel5N(waltz16,160u)

p21
p22
p23
:gpzl
;gpz2

;9pz3

: relaxation delay
. INEPT delay (~2.7m)
: delay for 3-9-19=1/(Hz between nulls)

1 1/(2 SW) (Hz)

: 500u (Gradient in first INEPT)
: 500u (Gradient for z-filter)

: Im (Gradient for second INEPT)

1 19%

1 30%

1 65%

#include <Avance_kw.incl>

define

define

delay INEPT_W

delay INEPT_D
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#define GRADIENT1 10u p21:gpl1 200u
#define GRADIENT2 10u p22:gp2 200u

#define GRADIENT3 10u p23:gp3 200u

"p2=2*p1"

"p6=2*p5"

"in0=inf1/2"
"d0=in0/2-p5*2/3.14159-p1"
"d3=d5/2-p5"
"INEPT_D=d2-p21-210u"

"INEPT_W=d2-(p23+210u+p1*2.3846+d5*2.5)"

1 10u ze
2 1m do:f3
dil pl1:f1
20u pl3:f3
20u LOCKH_ON

; first INEPT

(p1 ph20):f1

GRADIENT1

INEPT_D

(center(p2 ph21):f1 (p6 ph1):f3)
GRADIENT1

INEPT_D

(pl ph21):f1

GRADIENT2

; 15N evolution

(p5 ph1):f3

(refalign (dO p2 ph23 d0):f1 center (p3 ph23 1.5u p4 ph20 1.5u p3 ph23):f2)
(p5 ph20):f3

GRADIENT2

; second INEPT

(p1 ph22):f1
GRADIENT3
INEPT_W

(p1*0.2308 ph21 d5 p1*0.6923 ph21 d5 p1*1.4615 ph21):f1
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(d3 p6 ph1d3):f3
(p1*1.4615 ph23 d5 p1*0.6923 ph23 d5 p1*0.2308 ph23):f1
GRADIENT3

INEPT_W pl13:f3 LOCKH_OFF

; acquisition
go=2 ph31 cpd3:f3
1m do:f3 mc #0 to 2 F1PH(ip1,id0)

10u do:fl

10u do:f2

10u do:f3

10u LOCKH_OFF

exit

phl=02

ph31=20

ph20=0
ph21=1
ph22=2

ph23=3

;##($P[1],$PL[1])= &SetPulse(f1,HP,90);
;##1($P[5],$PL[3])= &SetPulse(f3,HP,90);
##($P[3],$PL[2])= &SetPulse(f2,HP,90);

##lif (SBF1>650) {$P[4]=2.*$P[3]} else {$P[4]=2.5*$P[3]}
##/$D[5]=&round(1/(10*$BF1),.00001);

##/($PCPD[3],$PL[13])= &SetPulse(f3,0.000160,90);

1H-13C-CP
icp

;TS3/03.06.2011

;basic cp experiment

;written by HF 1.3.2001

;changed by JOS 05/06/03

;comments added by STE 4.4.2006 and HF 16.06.2010
;checked by SEWE 03.06.2011

:Avance lll version

;parameters:
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;p3 : proton 90 at power level PLW12

;p15 : contact time at PLW1(f1) and SPWO(f2)

;pl1 : X power level during contact

;pl2 : =0W, not used

;pl12 : decoupling power level (if not PLW13)

;pl13 : special decoupling power level

;sp0 : proton power level during contact

;cnst21 : on resonance, usually = 0

;cpdprg2 : e.g. cw, spinal64 (at PLW12)

;d1 : recycle delay

;pcpd?2 : pulse length in decoupling sequence (e.g. 180deg)
;spnamoO : use e.g. ramp.100 or ramp90100.100 for variable amplitude CP
;zgoptns : -Dfslg, -Dlacq, -Dlcp15, or blank

;$CLASS=Solids

;$DIM=1D

;$TYPE=cross polarisation

;$SUBTYPE=simple 1D

;$COMMENT=basic cp experiment, arbitrary contact and decoupling schemes

prosol relations=<solids_cp>
#include <Avancesolids.incl>

#ifdef fslg

#include <lgcalc.incl>

;cnst20 : RF field achieved at pl13
;cnst21 : on resonance, usually = 0
;cnst22 : positive LG offset

;cnst23 : negative LG offset
:cnst24 : additional LG-offset
#endif /* fslg */

"acqt0=0" ;defines t=0 for baseopt
1ze

2 d1 do:f2
#ifndef Icp15
#include <p15_prot.incl>
;make sure p15 does not exceed 10 msec
;let supervisor change this pulseprogram if
:more is needed
#endif
#ifndef lacq
;disable protection file for long acquisition change decoupling power !!! or you risk probe damage
;if you set the label lacq (ZGOPTNS -Dlacq), the protection is disabled

#include <ag_prot.incl>
;allows max. 50 msec acquisition time, supervisor
;may change to max. 1s at less than 5 % duty cycle
;and reduced decoupling field

#endif

1u fq=cnst21:f2

(p3 pl12 ph1):f2

(p15 pl1 ph2):f1 (p15:sp0 ph10):f2

1u cpds2:f2 ;pl12 is used here with tppm, spinal, pl13 with cwlg, cwlgs
go=2 ph31

1m do:f2
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wr #0
HaltAcqu, 1m
exit

phO=0

phl=13
ph2=00221133
ph10=0
ph31=02201331

$id: $

13C13C RDFR

; cpXdec.suva
; written on 120531
: modified on 120601

;ramp/tangential Cross-polarization
;decoulpling during acquisition

; COMPILED FOR TOPSPIN 3.2

; Variables introduction

’

;d8 : pdsd mixing

;pl2 H 90 pulse power

;p2 H 90 pulse length

;P15 CP build up time

;pl5 (=spl) CP power on X

;spl (=pl5) shape power o X

;pl6 (=sp0) CP power on H

;sp0 (=pl6) shape power o H
;cnst10 CP offset on X

;cnst20 CP offset on H

;131 (=2) ramp on H (=1) ramp on X
;pl1 X 90 calibration pulse power
;p1l X 90 calibration pulse length
;d21 RFDR mixing time

;pl12 H decoupling during acquisition

;cpd2 decoupling program
;pcpd2 decoupling pulse length
:echo T2 echo time

; Set variables

"cnst63 = plwl2"
"acqto = 0"

"d9 = (1s/(2*cnst31)) - p11*
"d21 = 11*(1s/cnst31)"

;"d0=11*(1/cnst31)"
;"d10=d0-de"
;define delay echo
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"echo = 2*d0"
"d0=0"
"in0=inf1"
"in10=in0"

: Include file for Protection

#include <Avance.incl>
#include <Delay.incl>

im
if"\pl >100" goto Problem
if "\p2 >100" goto Problem
if "\pl5 > 12001" goto Problem
if'aqg >25m" goto Problem
if "cnst63 > 161" goto Problem
;if"dl  <2.0s" goto Problem
goto PassParams

Problem, 1m
print "Parameters not accepted, ending."
goto HaltAcqu

PassParams, 1m

’

; Begin Pulse program

’

1 ze
d21

2 dl1do:f2

2u pI5:fl pl2:f2

0.5u pl6:f2
if (131 == 2)

{
(p15 pl5 ph2):fl (p15:sp0 ph0):f2
}

if 131 ==1)
{
(p15:spl ph2):f1 (p15 pl6 ph0):f2
}

if 131 ==3)
{
(p15 pl5 ph2):f1 (p15 pl6 ph0):f2

s 90X calibration -----
; 1u fq=9519:f1
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0.5u pl12:f2
0.5u cpds2:f2
do

:RFDR

(p1 pl1 ph3):f1

: 0.5u do:f2

; 0.5u pl13:f2

; 0.5u cpds3:f2
1u do:f2

3m ; z filter

d8 ; PDSD mix
1lu cpds2:f2

3 d9
(p11*2 pl1l ph26”):f1
do

loto 3times I1
1lu do:f2

3m ; z filter

1lu cpds2:f2

: 0.5u do:f2

; 0.5u pl12:f2

; 0.5u cpds2:f2
(p1 pl1 ph4):f1

;END RFDR

; 1u pl10:f1
; (p10:spfl0 ph3):f1

- acquisition with decoupling -----
go=2 ph31
1m do:f2
dlmc#0to2 F1PH(calph(ph3, -90), caldel(dO, +in0) )

;. 100m wr #0
HaltAcqu, 1m
exit

phO =0

phl =13

ph2 =0000111122223333
ph3=1133220033110022
;phd=11332200 ;223300
phd=1111222233330000

ph31=0220133120023113

ph26=01011010

; END Pulse program
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1SN3C TEDOR

:Ztedor

version: 2.0 TS3 / 7/14/2011

;transverse echo double resonance experiment

;Tested 12/06 in jos1206 on AV lll console

;updated and tested JOS 07/14/2011

;Reference:

;C.P. Jaroniec, C. Filip, and R.G. Griffin, JACS 124, 2002, 10728-10742
;Avance lll version

;parameters:

;d1: recycle delay

;d31 : =1s/cnst31, 1 rotor period, to check correct cnst31 value
;p2 : X 180 degree pulse

;p3: 90 degree 1H pulse at pl12

;p5 : 90 pulse on Y channel

;p12: 180 deg. Pulse on the Y channel

;p15 : contact pulse

;enst31 : must be set to the spinning speed (in Hz).

;spnamO : file name for variable amplitude CP

;pl1 : to drive HP-X transmitter (CP power)

;p13: Y rf-power for pi pulse

;pl11 : X rf-power for pi pulse

;pl12 : 1H power for decoupling

;pl13 : 1H power for decoupling during recoupling (for instance using Igcw)

;pl14 : rf-power for z-filter use f_nutation=f_rotation for recoupling of protons to 13C fast quenching of transverse
magnetization

;spO0 : rf-power for proton contact pulse

;cpdprg2 : decoupling sequence for REDOR

;pcpd2 : decoupling pulse width

;cpdprg2 : decoupling during recoupling block us cw13 or Igcw

;FNMODE: use States-TPPI, States or TPPI

;ZGOPTNS : -DsmallSW for rotor synchronization for spectral width in F1 < sample rotation rate

;19 @ fraction of rotation rate for t1 increment for choice of smallSW else multiple of rotor frequency for larger SW
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;ns : =n*16 =n*32 with td=phase cycle

;$CLASS=Solids

;$DIM=2D

;$TYPE=cross 117hird117sing117n
;$SUBTYPE=TEDOR

;$COMMENT=heteronuclear correlation

“d25=0.25s/cnst31-1u”

“d26=0.25s/cnst31-(p12/2)” ; one-quarter rotor cycle ...

“d27=0.25s/cnst31-(p1)”
“d28=0.25s/cnst31-5u”
“d29=0.75s/cnst31-(p2/2)”
“d31=1s/cnst31”

define pulse tauz

“tauz=I8*1s/cnst31-p1”

#include <trigg.incl>

“d0=1s/(I19*cnst31)”
“acqtO=1lu*cnst1l”

define delay tlincr

“l0=0”

#ifdef smallSW

define delay tau
“tau=1s*9/cnst31”
“d2=1s/cnst31-p5-p1”
“tlincr=(1s*19)/(cnst31)”
“in0=tlincr”

“inf1=in0”

#else

define delay tau
“tau=1s*(2*19-1)/(19*cnst31)”
“110=1"

“111=110 %I9”

“d2=(1s*(2419-111)/(19*cnst31))-p1-p5”
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“tlincr=1s/(I19*cnst31)”
“in0=tlincr”
“inf1=in0”

#endif

define delay mix

“mix=4*2*1/cnst31”

1ze
tlincr
tau
mix
d2
230m
d1do:f2
#ifndef smallSW
“111=110 %I9”

“d2=1s*(2*19-111)/(19%cnst31)”

#endif
10u pll:f1 ;set power level to drive HP amplifier
10u pl12:f2 ;set decoupler power
10u pl3:f3

#include <p15_prot.incl>
;make sure p15 does not exceed 10 msec
;let supervisor change this pulseprogram if
;more is needed

#ifndef lacq /* disable protection file for long acquisition change decoupling power !!! or you risk probe damage
*/

/*if you set the label lacq (ZGOPTNS -Dlacq), the protection is disabled */

#include <aq_prot.incl>
;allows max. 50 msec acquisition time, supervisor
;may change to max. 1s at less than 5 % duty cycle
;and reduced decoupling field
#endif
1m rpp8 ; reset phase list ph8 ...
1m rpp9
1m rppl0

im rppll
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trigg ;additional trigger available on HP router

p3:f2 phl ;90 degree proton pulse

0.3u

(p15 ph2):f1 (p15:sp0 ph0):f2 ;cross-polarization

1lu cpds2:f2

d25 pli1:fl ; tppm decoupling at pl12 if synchronized with TPPM use
special decoupling sequence
5 d26 ; several F3 pulses ...
(P12 ph8n):f3 ; ... at intervals of ...

d26 ; ... one-half rotor cycle

d26

(p12 ph8”):f3 ; ... atintervals of ...

d26 ; F1 pulse

d26 ; several F3 pulses ...
(p12 ph8”):f3 ; ... atintervals of ...

d26 ; ... atintervals of ...

d26 ; ... one-half rotor cycle
(p12 ph8”):f3 ; ... atintervals of ...

d26 ; F1 pulse

loto 5times |1
d29

(p2 ph6):f1 ; ... atintervals of ...

d29 ; Hahn echo 119hird119sing pulse on F1

6 d26 ; several F3 pulses ...

(p12 ph9*):f3 ; ... atintervals of ...
d26 ; ... atintervals of ...

d26 ; ... one-half rotor cycle

(p12 ph9*):f3 ; ... atintervals of ...

d26 ;

d26 ; several F3 pulses ...
(p12 ph9*):f3 ; ... atintervals of ...

d26 ; ... atintervals of ...

d26

; ... one-half rotor cycle
(P12 phon):f3 ; ... at intervals of ...
d26 ; F1 pulse

lo to 6 times |1

d27
(p1 ph6):f1 (1u do):f2 ; end of integer rotor period
(tauz pl14 ph19):f2 ;Z-filter integer rotor period
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(p5 ph6):f3
if “l0==1"{
“d0=in0”
}
if “10>0"{
dO0 cpds3:f2
}

; begin rotor period at beginning of pulse

(p5 ph3):f3 (1u do):f2

d2 cpds2:f2

(p1 pl1l ph6):f1

1u
d25 pli1:fl
7 d26
(p12 ph107):f3
d26
d26
(p12 ph107):f3
d26
d26
(p12 ph107):f3
d26
d26
(p12 ph107):f3
d26
lo to 7 times |11
d29
(p2 ph6):f1
d29
8 d26
(p12 ph117):3
d26
d26
(p12 ph117):3
d26
d26
(p12 ph117):f3
d26
d26

(p12 ph117):f3

120

;for rotor synchronization

; rotor period done at end of p1!

; tppm decoupling at pl12

; several F3 pulses ...

;... at intervals of ...

; ... one-half rotor cycle

;... at intervals of ...

; several F3 pulses ...

;... at intervals of ...

; ... one-half rotor cycle

; ... at intervals of ...

; Hahn echo 120hird120sing pulse

; several F3 pulses ...

;... at intervals of ...

; ... one-half rotor cycle

;... at intervals of ...

; several F3 pulses ...

;... at intervals of ...

; ... one-half rotor cycle

;... at intervals of ...
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d26
lo to 8 times |1
d27
(p1 ph4):f1 (1u do):f2
(tauz pl14 ph19):f2

(p1 ph5):f1 (1u cpds3):f2

go=2 ph31
1m do:f2

30m mc #0 to 2 F1PH(ip3,id0 & iul0 & iu0)

HaltAcqu, 1m

exit

ph1={1}*16 {3}*16
ph0=0
ph2=0
ph3=02
ph4=1133
ph5=0000111122223333
ph6=0
ph8=0101101023233232
ph9=0101101023233232
ph10=0101101023233232
ph11=0101101023233232
ph19=0
ph31=31130220
13312002
13312002

31130220

;fixed inversion of 15N dim -lba 6/2017

; XHHY.crmn NHHC-type experiment with Y/X decoupling during t1/t2

;written by AL&GP&SL 9.12.2008
;modified by land from NHHC.ebm 6.2017
;p3 : proton 90 at power level pl2

;pl2 : proton Pi/2

1Xy16

; Hahn echo occurs about now
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;p15 : long contact time at pl1 (f3) and sp20 (f2)
;p16 : short contact time at pl1 (f3) and sp20 (f2)
;pl5 : X power level during contact

;sp20 : proton power level during first CP

;Sp21 : proton power level during second CP
;p17 : short contact time at pl4 (f1) and spO (f2)
;pl4 : 122hird CP (Y power level during contact)
;spO0 : proton power level during third CP

;pl12 : decoupling power level (if not pl13)

;pl13 : special decoupling power level

;pl16 WALTZ 15N decoupling power

;pl1 13C power level for pulses

;pI3 15N hard pulse

;p7 15N hard pulse

;p2 13C Pi/2

;d8 : mixing time

;d1: recycle delay

;d21 : z filter time (no 1H power)

;cnst21: on resonance, usually =0

;pcpd2 : pulse length in decoupling sequence
;cpdprg2 : cw, tppm (at pl12), or Igs, cwlg. Cwlgs (LG-decoupling
;spnamO : use e.g. ramp.100 for variable amplitude CP

;here pl13is used instead of pl12)

#include <Avancesolids.incl>

;#ifdef fslg

;#include <lgcalc.incl>

;cnst20 : RF field achieved at pl13
;cnst21 : on resonance, usually =0
;cnst22 : positive LG offset
;cnst23 : negative LG offset
;cnst24 : additional LG-offset
;#endif /* fslg */

;cnstll : to adjust t=0 for acquisition, if digmod = baseopt
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"acqtO=1lu*cnstll"
"d0=0"

"in0=inf1"

1ze

2dldo:f2
;Im do:f3
1u pll:fl1 pl2:f2 pI3:f3
#include <p15_prot.incl>
;make sure p15 does not exceed 10 msec
;let supervisor change this pulseprogram if
;more is needed
;#ifndef lacq

;disable protection file for long acquisition change decoupling power !!! or you risk probe
damage

;if you set the label lacq (ZGOPTNS -Dlacq), the protection is disabled

#include <aq_prot.incl>
;allows max. 50 msec acquisition time, supervisor
;may change to max. 1s at less than 5 % duty cycle
;and reduced decoupling field

#endif

1u fg=cnst21:f2
(p3 phlpl2):f2 ;(ralign (p3 phl pl2):f2 (p7 ph13 pl3):f3)
(p15 ph2 pl5):f3 (p15:sp20 ph10):f2 ;1H to 15N long contact pulse with square or ramp
(p7 ph11 pl3):f3
;add shaped 180 pulse for selective seq.
d21 ;zfilter
1u cpds2:f2
(p7 ph12 pl3):f3
;(center (d0) (p2*2 pl1 ph0):f1) ;13C refocusing pulse during t1
do
0.5u do:f2
(p16 pl5 ph3):f3 (p16:sp21 ph4):f2 ;15N to 1H short contact pulse with square or ramp
(p3 ph5 pl2):f2 ;1H flip-back pulse

ds
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1u fg=cnst22:f2 ; mixing time
(p3 ph6 pl2):f2 ;1H 90 degree pulse

(p17 pl4 ph7):f1 (p17:sp0 ph8):f2 ;1H to 13C short contact pulse with square or ramp

1lu cpds2:f2 ; 1u cpds3:f3 ;use cpdprg3=waltz16

go=2 ph31

1lu do:f2 ; do:f3

100m mc #0 to 2 F1PH(calph(ph12, -90), caldel(d0, +in0)) ;F1PH(ip2,id0)
HaltAcqu, 1m ;jump address for protection files

exit ;quit

ph0=0

phl=1

ph2=0

ph3=01

ph4={0}*4 {2}*4

ph5=1

ph6={0}*8 {2}*8

ph7={0}*16 {2}*16

ph8=1

ph10=0

phll=1

ph12=1032

:ph13=1

ph31=02202002
20020220
20020220

02202002

HcaCBcaNH

; 3D (H)(CA)CB(CA)NH developed at CRMN in the group of G. Pintacuda and modified at the MPIBPC
: Recent notes:
; this version does not require 13C axis inversion

:Avance Il version
;parameters:

;p1 : 1H 90 pulse duration
;p3 : 13C 90 pulse duration
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;p7 : 15N 90 pulse duration

;p30 : water suppression time (30-100 ms)

;cnst20 : CB offset in ppm (39.7)

;cnst21 : CO offset in ppm (173.7)

;cnst22 : CA offset in ppm (53.7)

;cnst23 : CO/CO offset in ppm (113.7)

;d1 : recycle delay

:d0  : 15N initial evolution time

;d10 : 1/2 of 13CB initial evolution time

:in0 @ increment for 15N evolution

:;in10 : 1/2 increment for 13CA evolution

;cpdprgl : tppm (at pl13) or waltz (at pl13)

;cpdprg4 : cwY (at pl12)

;cpdprgb : cwX (at pl12)

;pcpdl : pulse length in decoupling sequence (2xtau_r for tppm, 25us for 10kHz waltz)
;pll  : power level of 1H hard pulse

;pl12 : decoupling (10-15 kHz)

;pl13 : water suppression

;spnaml : 1H shape for 1H->13CA CP (ramp 10-20%)
;spoall : N/A

;spoffl : [ON/RES]

;spl  : 1H power level during 1H->13CA CP

;spnam10 : 1H shape for 15N->1H(N) CP (ramp 10-20%)
;spoall0 : N/A

;spoffl0 : [ON/RES]

;sp10  : 1H power level during 15N->1H CP

;cpdprg2 : 15N decoupling pattern during acq (waltz-16)
;pl7 : contact time 15N->1H(N) CP (300-500 us)
;pcpd2 : pulse length in 15N decoupling sequence (25 us)
;pl7  : power level for 15N hard pulse

;pl16 : power level for 15N decoupling (corr. to 10 kHz)
;pl2  : power level for 15N hard pulse

;pl20 : 15N power level for 15N->1H CP

;spnam2 : 15N shape for 13CA->15N CP (tan-c100-w10pct)
;Sp2  : 15N power level for 13CA->15N CP

;spoal2 : N/A

;Spoff2 : [ON/RES]

;pl5 : contact time 1H->13CA CP (5 ms)

;pl6 : contact time 13CA->15N CP (10 ms)

;p19 Q3 CA-CB pulse duration

;pcpd3 : pulse length in 13C decoupling sequence (25 us)
;cpdprg3 : 13CO/CA decoupling pattern during 15N evol (waltz-16)
;pI3  : power level of 13C hard pulse [REFERENCE]
;pl11 : power level of 13C hard pulse [REFERENCE]
;pI17 : power level for 13CO/CA decoupling (10 kHz)
;spnam9 : 13C shape for 13CA->15N CP (rectangle)
;sp9  : 13C power for 13CA->15N CP

;spoal9 : 0 (align at the beginning)

;spoff9 : offset from CB to CA

;spnam19 : 13CA+CB selective pulse shape (Q3)
;spoall9 : N/A

;Spoffl9 : [ON/RES CA-CB]

;spnam29 : 13C shape for 1H->13CA CP (rectangle)
;Sp29 : 13C power level for 1H->13CA CP

;d28 : Half delay for the CA-CB transfer (max 7ms)
;cnstl10 : estimated bulk T2 of CA [sec]

;spoal29 : 10 (align at the end)

;spoff29 : offset from CB to CA

;zgoptns : -Dfslg, -Dlacq, or blank

;$COMMENT=Inverse Cp with INEPT CBCA mixing
;$CLASS=Solids
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:$DIM=3D

:$TYPE=H detect
:$SUBTYPE=Heteronuclear
‘$OWNER=CRMN

prosol relations=<solids_cp>

#include <Avancesolids.incl>

; Start evolutions from exactly 0
"d0=0.0"
"d10=0.0"

; 1H settings

"spoall=0.5" ; default value (irrelevant)
"spoffl=0.0" ; on-resonance
"spoal10=0.5" ; default value (irrelevant)
"spoff10=0.0" ; on-resonance

; 15N settings

"pcpd2=25" ;does not work!

"plw2=plw7"

"plwl6=plw2*(pow(p7/25,2))" ; 15N waltz 10kHz decoupling power level
"spoal2=0.5" ; default value (irrelevant)

"spoff2=0.0" ; on-resonance

; 13C settings
"plwl7=plw3*(pow(p3/25,2))" ; 15N waltz 10kHz decoupling power level

"plwll=plw3"

"cnst20 = (sfo3-bf3)*1000000/bf3" ; CB frequency offset (ppm)

"cnst21 = cnst20+(173.7-39.7)"  ; CO frequency offset (ppm)

"cnst22 = cnst20+(53.7-39.7)"  ; CA frequency offset (ppm)

"cnst23 = cnst21-(173.7-113.7)"  ; the offset half-way CO and CA (ppm)

"p19=3.412/(115.0*bf3/1000000)" ; 115 ppm bandwidth (safe)
"spw19=plw3*pow((0.5/(p19*0.1515))/(0.25/p3),2)" ; Q3 power level

"spoall19=0.5" ; default value (irrelevant)
"spoff19=0.0"
"spoal9=0.0" ; sync at the beginning

"spoffo=bf3*((cnst22-cnst20)/1000000)" ; on CA offset CB

"spoal29=1.0" ; sync at the end
"spoff29=bf3*((cnst22-cnst20)/1000000)" ; on CA offset CB

; transfer delay
"d28=0.5*atan(cnst10*PI1*35.0)/(P1*35)"

;'acqtO=1lu*cnstll" ; ?7?

"in0=inf1"

"in10=inf2"

agseq 312

1ze

2 d1 do:f2 do:f3

#include <p15_prot.incl>

#include <aq_prot.incl>
1u fq=cnst20 (bf ppm):f3
(p1 pl1 phl):f1
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AR R
# HCA CP CA exits as CaX #
AR R

(p15:sp29 ph2):f3 (p15:spl ph6):fl

HHHHHHHHHHHH
# CA-CB INEPT Xfer #

# CA to CaXcos + CaYsin #

# CB evolves into ChZ #

HHH AR

d28 cpdsl:fl
1u ; compensation delay
(p19:sp19 ph3):f3 ;C aliphatic selective Pi
d28

T
# Put CbZ into CbY #

# Save part of CA#
U

1lu cpds2:f2

; one does not need 15N decoupling for 13CB evolution

; however (!) there is no way to eliminate CA signal (when d28 is shorter than for a full transfer)
; and CA peaks appear in the spectrum with the opposite phase

; then anyway 15N decoupling is useful to narrow their lines (to decrease overlap)

(p3 pl11 ph4):f3
;# Time Evolution (CB and the remaining CA)
d10
HHRHHE R Y
;# Put them back #
HH R R
(p3 pl11 ph5):f3 ;C ali transverse selective 90
1u do:f2
d28
(p19:sp19 ph20):f3 ;C aliphatic selective Pi
d28
1lu do:fl
SRR
#CNCP#
ST
; (p3 pl1l ph6):f3
; d8 do:fl
; (p3 plll ph6):f3
7 1u

(p16:sp9 ph7):f3 (p16:sp2 ph8):f2

1u fq=cnst23 (bf ppm):f3 ; go back to in between of CO and CA for efficient decoupling

1u cpdsl:fl cpds3:f3
do
1u do:fl1 do:f3
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(p7 pl7 ph9):f2

HHHRHH R R
;# MISSISSIPPI suppression #
HHH R R

(p30*0.25 pl13 ph0):f1

(p30*0.25 pl13 phl):fl

(p30*0.25 pl13 ph0):f1

(p30*0.25 pl13 phl):fl

(p7 pl7 ph10):f2
1u
(p17 pl20 ph11):f2 (p17:spl0 phl12):f1

1u cpds2:f2
go=2 ph31
1m do:f2

10m mc #0 to 2
F1PH(calph(ph8, +90), caldel(d0, +in0)) ;15N evolution
F2PH(calph(ph2, -90) & calph(ph4, -90), caldel(d10, +in10)) ;13C evolution

HaltAcqu, Im  ;jump address for protection files

exit ;quit

ph0=0

phli=1 ; first 90 H pulse

ph2=1 ; CP H->CA (13CA phase)

ph3=0 ; 13CA-CB 180 Q3 pulse (first one)
phd=1 ;just before t1

ph5=1 ;after t1

ph6=00222200; CP H->CA (1H phase)
ph7=13 ; Ca->N CP (13CA phase)
ph8=00220022; Ca->N CP (15N phase)

ph9 =3 ;N 90 before MS

phl0=1 ;N 90 after MS (co-phase cycled with CA pulse)
ph11=0 ;NH CP (N)

ph12=0 ;NH CP (H)

ph20=0 ; 13CA-CB 180 Q3 pulse (second one)

ph31=02022020; receiver phase for joint phase cycling

; 3D (H)CONH developed at CRMN in the group of G. Pintacuda

; Recent notes:
; this version does not require 13C axis inversion

:Avance |l version

;parameters:

;p1 : 1H 90 pulse duration

;p3 : 13C 90 pulse duration

;p7 : 15N 90 pulse duration

;d30 : water suppression time (30-100 ms)
;enst21 : CO offset in ppm (173.7)

;cnst22 : CA offset in ppm (53.7)
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;cnst23 : CO/CO offset in ppm (113.7)

;d1 : recycle delay

;d0  : 15N initial evolution time

:d10 : 1/2 of 13CO initial evolution time

;in0  : increment for 15N evolution

:;in10 : 1/2 increment for 13CO evolution

;cpdprgl : tppm (at pl13) or waltz (at pl13)

;cpdprg4 : cwY (at pl12)

;cpdprgb : cwX (at pll12)

;pcpdl : pulse length in decoupling sequence (2xtau_r for tppm, 25us for 10kHz waltz)
;pll : power level of 1H hard pulse

;pl12 : power level for 1H decoupling (usually swTPPM at MAS/4 -1 or -2 kHz)
;pI13 : power level of MISSISSIPI water suppression (10-15 kHz)
;spnaml : 1H shape for 1H->13CO CP (ramp 10-20%)
;spoall : N/A

;spoffl : [ON/RES]

;spl : 1H power level during 1H->13CO CP

;spnaml0 : 1H shape for 15N->1H(N) CP (ramp 10-20%)
;spoall0 : N/A

;spoffl0 : [ON/RES]

;sp10 : 1H power level during 15N->1H CP

;cpdprg2 : 15N decoupling pattern during acq (waltz-16)
;pl7 : contact time 15N->1H(N) CP (300-500 us)

;pcpd2 : pulse length in 15N decoupling sequence (25 us)
;pl7  : power level for 15N hard pulse

;pl16 : power level for 15N decoupling (corr. to 10 kHz)
;pl2  : power level for 15N hard pulse

;pl20 : 15N power level for 15N->1H CP

;spnam2 : 15N shape for 13CO->15N CP (tan-c100-w10pct)
;Sp2 : 15N power level for 13CO->15N CP

;spoal2 : N/A

;spoff2 : [ON/RES]

;p15  : contact time 1H->13CO CP (5 ms)

;pl6 : contact time 13CO->15N CP (10 ms)

;p18 Q3 CO pulse duration

;p1l9 Q3 CA pulse duration

;p30 : water suppression duration

;pcpd3 : pulse length in 13C decoupling sequence (25 us)
;cpdprg3 : 13CO/CA decoupling pattern during 15N evol (waltz-16)
;pI3  : power level of 13C hard pulse [REFERENCE]

;pl17 : power level for 13CO/CA decoupling (10 kHz)
;spnam8 : 13C shape for 13CO->15N CP (rectangle)

;Sp8  : 13C power for 13CO->15N CP

;spoal8 : N/A

;spoff8 : [ON/RES CO]

;spnam18 : 13CO selective pulse shape (Q3)

;spoall8 : N/A

;Spoff18 : [ON/RES CO]

;spnam19 : 13CA selective pulse shape (Q3)

;spoall9 : N/A

;spoffl9 : [ON/RES CA]

;spnam28 : 13C shape for 1H->13CO CP (rectangle)

;Sp28 : 13C power level for 1H->13CO CP

;spoal28 : N/A

;spoff28 : [ON/RES CO]

;zgoptns : -Dfslg, -Dlacq, or blank

;$COMMENT=Inverse Cp with INEPT CBCA mixing
;3CLASS=Solids

;$DIM=3D

;$TYPE=H detect
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;$SUBTYPE=Heteronuclear
‘$OWNER=CRMN

#include <Avancesolids.incl>

; Start evolutions from exactly 0
"d0=0.0"
"d10=0.0"

; 1H settings

"spoall=0.5" ; default value (irrelevant)
"spoff1=0.0" ; on-resonance
"spoall0=0.5" ; default value (irrelevant)
"spoff10=0.0" ; on-resonance

; 15N settings

"pcpd2=25" ;does not work!

"plw2=plw7"

"plwl6=plw2*(pow(p7/25,2))" ; 15N waltz 10kHz decoupling power level
"spoal2=0.5" ; default value (irrelevant)

"spoff2=0.0" ; on-resonance

; 13C settings
"plwl7=plw3*(pow(p3/25,2))" ; 15N waltz 10kHz decoupling power level

"cnst21 = (sfo3-bf3)*1000000/bf3" ; CO frequency offset (ppm)
"cnst22 = cnst21-(173.7-53.7)"  ; CA frequency offset (ppm)
"cnst23 = cnst21-(173.7-113.7)" ; the offset half-way CO and CA (ppm)

"p18=3.412/(95.0*bf3/1000000)" ; 95 ppm bandwidth (safe)
"spw18=plw3*pow((0.5/(p18*0.1515))/(0.25/p3),2)" ; Q3 power level
"spoall8=0.5" ; default value (irrelevant)

"spoff18=0.0"

"p19=3.412/(105.0*bf3/1000000)" ; 105 ppm bandwidth (safe)
"spw19=plw3*pow((0.5/(p19*0.1515))/(0.25/p3),2)" ; Q3 power level
"spoall19=0.5" ; default value (irrelevant)
"spoff19=bf3*((cnst22-cnst21)/1000000)" ; CA frequency

"spoal8=0.5" ; default value (irrelevant)
"spoff8=0.0" ; on-resonance
"spoal28=0.5" ; default value (irrelevant)
"spoff28=0.0" ; on-resonance

;'acqtO=1u*cnstll" ?7?
"in0=inf1"
"in10=inf2/2"

agseq 312
;agseq 321

1ze

2 d1 do:f2 do:f3

#include <p15_prot.incl>

#include <aq_prot.incl>
1u fg=cnst21(bf ppm):f3 ;g0 back to the CO frequency
(p1 pl1 ph3):f1

(p15:sp28 ph15):f3 (p15:spl ph20):f1
1lu cpdsl:fl
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(p19:sp19 ph19):f3 ;CA selective Pi

1u

(p18:sp18 ph18):f3 ;CO selective Pi

1u

d10

(center (p7*2 phO pl7):f2 (p19:sp19 ph19):f3) ;CA selective Pi
d10

1lu do:fl

(p16:sp8 ph10):f3 (p16:sp2 ph2):f2

1u fq=cnst23(bf ppm):f3
1u cpdsl:fl cpds3:f3
do

1u do:fl do:f3

(p7 pl7 ph5):f2

(p30*0.25 pl13 ph0):f1
(p30*0.25 pl13 phl):fl
(p30*0.25 pl13 phO):f1
(p30*0.25 pl13 phl):fl

(p7 pl7 ph6):f2
(p17 pl20 ph7):f2 (p17:sp10 ph11):f1

1u cpds2:f2
go=2 ph31
1m do:f2

10m mc #0to 2
F1PH(calph(ph2, +90), caldel(d0, +in0)) ;15N evolution
F2PH(calph(ph15, -90), caldel(d10, +in10)) ;13C evolution

HaltAcqu, Im  ;jump address for protection files
exit ;quit

ph0 =0

phl =1

ph3 =0

ph20=11333311

phl5=0

ph10=02

ph2= 11331133 ;15N CP (15N pulse)
ph5= 0

ph6 =0

phl18 =0 ; 13CO selective pulse
ph19 =0

ph7 =1

phil=1

ph31=13133131
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hcaCBcacoNH

; 3D (H)(CA)CB(CA)(CO)NH developed at CRMN in the group of G. Pintacuda

: Recent notes:
; this version does not require 13C axis inversion

;Avance Il version

;parameters:

;p1 : 1H 90 pulse duration

;p3 : 13C 90 pulse duration

;p7 : 15N 90 pulse duration

;d30 : water suppression time (30-100 ms)

;cnst20 : CB offset in ppm (37.7)

;enst21 : CO offset in ppm (173.7)

;cnst22 : CA offset in ppm (53.7)

;cnst23 : CO/CO offset in ppm (113.7)

;d1 : recycle delay

:d0  : 15N initial evolution time

;d10  : 1/2 of 13CB initial evolution time

:;in0  :increment for 15N evolution

:;in10 : 1/2 increment for 13CA evolution

;cpdprgl : tppm (at pl13) or waltz (at pl13)

;cpdprg4 : cwy (at pl12)

;cpdprg5 : cwX (at pl12)

;pcpdl : pulse length in decoupling sequence (2xtau_r for tppm, 25us for 10kHz waltz)
;pl1  : power level of 1H hard pulse

;pl12 : power tppm or waltz decoupling

;pl13 : power level water suppression

;spnaml : 1H shape for 1H->13CA CP (ramp 10-20%)
;spoall : N/A

;spoffsl : [ON/RES]

;spl  : 1H power level during 1H->13CA CP

;spnam10 : 1H shape for 15N->1H(N) CP (ramp 10-20%)
;spoall0 : N/A

;Spoffs10 : [ON/RES]

;5p10  : 1H power level during 15N->1H CP

;cpdprg2 : 15N decoupling pattern during acq (waltz-16)
;pl7  : contact time 15N->1H(N) CP (300-500 us)
;pcpd2 : pulse length in 15N decoupling sequence (25 us)
;pl7  : power level for 15N hard pulse

;pl16 : power level for 15N decoupling (corr. to 10 kHz)
;pl2  : power level for 15N hard pulse

;pl20 : 15N power level for 15N->1H CP

;spnam?2 : 15N shape for 13CO->15N CP (tan-c100-w10pct)
;Sp2 : 15N power level for 13CO->15N CP

;spoal2 : N/A

;spoffs2 : [ON/RES]

;p15  : contact time 1H->13CA CP (5 ms)

;pl6 : contact time 13CO->15N CP (10 ms)

;pcpd3 : pulse length in 13C decoupling sequence (25 us)
;cpdprg3 : 13CO/CA decoupling pattern during 15N evol (waltz-16)
;pI3  : power level of 13C hard pulse [REFERENCE]
;plwll : power level of 13C hard pulse [REFERENCE]
;plwl7 : power level for 13CO/CA decoupling (10 kHz)
;spnam8 : 13C shape for 13CO->15N CP (rectangle)
;Sp8  : 13C power for 13CO->15N CP

;spoal8 : N/A

;spoffs8 : [ON/RES]

;spnam?29 : 13C shape for 1H->13CA CP (rectangle)
;Sp29 : 13C power level for 1H->13CA CP

;spoal29 : 1 (align at the end)
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;spoffs29 : offset from CB to CA

;p1l4  : CO Q3 selective 180 pulse duration
;spnam14 : Q3 shape (CO pulse)

;spoffs14 : CO offset from CB

;spoall4 : 0.5 (default)

;spwl4d : power level for Q3 CO pulse
;p1l8 : CO Q3 selective 180 pulse duration
;spnam18 : Q3 shape (CO pulse)

;spoffs18 : 0 [ON/RES]

;Spoall8 : 0.5 (default)

;spwl8 : power level for Q3 CO pulse
;p19  : CA Q3 selective 180 pulse duration
;spnam19 : Q3 shape (CA pulse)

;spoffs19 : CA offset from CO

;spoall9 : 0.5 (default)

;spwl9 : power level for Q3 CA pulse

;p20 : CO Q5 selective 90 pulse duration
;spnam?20 : Q5 shape (CO) pulse

;spoffs20 : 0 [ON/RES CO]

;spoal20 : 0.5 (default)

;spw20 : power level for Q5 CO pulse
;p21  : CA Q5 selective 90 pulse duration
;spnam21 : time-reversed Q5 shape (CA) pulse
;spoffs21 : 0 [ON/RES CA]

;spoal2l : 0.5 (default)

;spw21 : power level for Q5 CA pulse

;p31  : Q3 CA-CB pulse duration
;spnam31 : 13CA+CB selective pulse shape (Q3)
;spoal3l : 0.5 (default)

;spoffs31 : [ON/RES CA-CB]

;spw31 : power level for Q3 CA+CB pulse

;p30 : water suppression

;d28 : Relax. CA optimised half delay for the CA-CB J-transfer (max 7ms)
;d11  : Relax. CO optimised CO-CA J-transfer time

;d12  : Half of CA-CO transfer time (4.54 ms)

;d8  : z-filter time

;d9  : complement to simultaneous CA-CB/CA-CO transfer delay

;d7  : simultaneous CA-CB/CA-CO transfer delay

;enst10 : estimated bulk T2 of CA [sec]
;cnstll : estimated bulk T2 of CO [sec]

;zgoptns : -Dfslg, -Dlacq, or blank

;$COMMENT=Inverse Cp with INEPT CBCA mixing
;$CLASS=Solids

;$DIM=3D

;$TYPE=H detect

;$SUBTYPE=Heteronuclear

;$OWNER=CRMN

prosol relations=<solids_cp>

#include <Avancesolids.incl>

; Start evolutions from exactly 0
"d0=0.0"

"d10=0.0"

; 1H settings
"spoall=0.5" ; default value (irrelevant)
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"spoff1=0.0" ; on-resonance
"spoall0=0.5" ; default value (irrelevant)
"spoff10=0.0" ; on-resonance

; 15N settings

"pcpd2=25" ;does not work!

"plw2=plw7"

"plwl6=plw2*(pow(p7/25,2))" ; 15N waltz 10kHz decoupling power level
"spoal2=0.5" ; default value (irrelevant)

"spoff2=0.0" ; on-resonance

; 13C settings
"plwl7=plw3*(pow(p3/25,2))" ; 15N waltz 10kHz decoupling power level
"plwll=plw3"

"cnst20 = (sfo3-bf3)*1000000/bf3" ; CB frequency offset (ppm)

"cnst21 = cnst20+(173.7-39.7)"  ; CO frequency offset (ppm)

"cnst22 = cnst20+(53.7-39.7)"  ; CA frequency offset (ppm)

"cnst23 = cnst21-(173.7-113.7)" ; the offset half-way CO and CA (ppm)

"p14=3.412/(95.0*bf3/1000000)" ; 95 ppm bandwidth (safe)
"spwl14=plw3*pow((0.5/(p14*0.1515))/(0.25/p3),2)" ; Q3 power level
"spoall4=0.5" ; default value (irrelevant)
"spoffl4=bf3*((cnst21-cnst20)/1000000)" ; CO offset CB

"p18=3.412/(95.0*bf3/1000000)" ; 95 ppm bandwidth (safe)
"spw18=plw3*pow((0.5/(p18*0.1515))/(0.25/p3),2)" ; Q3 power level
"spoall8=0.5" ; default value (irrelevant)

"spoff18=0" ; CO on resonance

"p19=3.412/(105.0*bf3/1000000)" ; 105 ppm bandwidth (safe)
"spw19=plw3*pow((0.5/(p19*0.1515))/(0.25/p3),2)" ; Q3 power level
"spoal19=0.5" ; default value (irrelevant)
"spoff19=bf3*((cnst22-cnst21)/1000000)" ; CA offset CO

"p20=6.18/(95.0*bf3/2000000)" ; CO: 95 ppm bandwidth (safe)
"spw20=plw3*pow((0.25/(p20*0.05451))/(0.25/p3),2)" ; Q5 power level
"spoal20=0.5" ; default value (irrelevant)

"spoff20=0" ; CO on resonance

"p21=6.18/(105.0*bf3/1000000)" ; CA: 105 ppm bandwidth (safe)
"spw21=plw3*pow((0.25/(p21*0.05451))/(0.25/p3),2)" ; Q5 power level
"spoal21=0.5" ; default value (irrelevant)

"spoff21=0" : CA on resonance

"p31=3.412/(105.0*bf3/1000000)" ; 105 ppm bandwidth (safe)
"spw31=plw3*pow((0.5/(p31*0.1515))/(0.25/p3),2)" ; Q3 power level

"spoal31=0.5" ; default value (irrelevant)
"spoff31=0" ; CB on resonance
"spoal8=0.5" ; sync at the beginning
"spoff8=0" : on resonance CO
"spoal29=1.0" ; sync at the end

"spoff29=bf3*((cnst22-cnst20)/1000000)" ; on CA offset CB

; transfer delay

"d28=0.5*atan(cnst10*PI1*35.0)/(P1*35)" ; J(CA-CB)=35, relax. CA optimised delay
"d11=0.5*atan(cnst11*PI*55.0)/(PI*55)" ; J(CO-CA)=55, relax. CO optimised delay
"d12=0.25/55" ; J(CO-CA)=55 Hz, exact delay here!

"d8=1m" ; z-filter time (and offset change)
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"d7=larger(d12+p18,d28)-p18"
"d9=larger(d12+p18,d28)-p18-d12"

"acqt0=0"
"in0=inf1"
"in30=inf1"
"in10=inf2"

agseq 312

1ze

2 d1 do:f2 do:f3
#include <p15_prot.incl>
#include <aq_prot.incl>

1u fq=cnst20 (bf ppm):f3
(p1 pl1 ph1):f1

AR
# HCA CP CA exits as CaX #
AR

(p15:sp29 ph2):f3 (p15:spl ph13):f1

A
# CA-CB INEPT Xfer #

# CA to CaXcos + CaYsin #

# CB evolves into ChZ #

HHH A

d28 cpds1:fi

1u

(p31:sp31 ph3):f3 ;C aliphatic selective Pi
d28

HHHHH R
# Put CbZ into CbY #

# Save part of CA #
B

1lu cpds2:f2
(p3 pl11 ph4):f3

;# Time Evolution (CB and the rest of CA)
d10o

B
# Put them back #
B

; simultaneous CA-CB/CA-CO transfer delay

; simultaneous CA-CB/CA-CO transfer delay

; C ali transverse nonselective 90

(p3 pl11 ph5):f3 (1u do):f2 ; C ali transverse nonselective 90

(p14:spl4 phl14):f3 ; CO selective Pi

d7

(p31:sp31 ph30):f3 ; C aliphatic selective Pi
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do
(p14:spl4 phl14):f3 ; CO selective Pi

di2

(p21:sp21 ph21):f3 ; CA selective Pi/2
d8 fg=cnst21 (bf ppm):f3 ; move offset from CA to CO

(p20:sp20 ph20):f3 ; CO selective Pi/2

;;; CO-CA J-evolution

1u
d11 first tau evolution period

(p19:sp19 ph19):f3 ;CA selective Pi

2u

(p18:sp18 ph18):f3 ;CO selective Pi

dil ;second tau evolution period
(p19:sp19 ph19):f3 ;CA selective Pi

3u do:fl

BRI
H#CNCP#
BRI

(p16:sp8 ph7):f3 (p16:sp2 ph8):f2

1u fq=cnst23 (bf ppm):f3 ; go back to in between of CO and CA for efficient decoupling
1u cpdsl:fl cpds3:f3

do

1u do:fl do:f3

(p7 pl7 ph9):f2

HHHHH AR
;# MISSISSIPPI suppression #
BB R R

(p30*0.25 pl13 ph0):f1

(p30*0.25 pl13 phl):f1

(p30*0.25 pl13 ph0):f1

(p30*0.25 pl13 phl):f1

(p7 pl7 ph10):f2
1u
(p17 pl20 ph11):f2 (p17:spl10 ph12):f1

1u cpds2:f2

go=2 ph31
1m do:f2

10m mc #0 to 2
F1PH(calph(ph8, +90), caldel(d0, +in0))
F2PH(calph(ph2, -90) & calph(ph4, -90), caldel(d10, +in10))

HaltAcqu, Im  ;jump address for protection files
exit ;quit

ph0 =0
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phli=1 ; first 90 H pulse

ph2=1 ; CP H->CA (13CA phase)

ph3=0 ; 13CA-CB 180 Q3 pulse (first pulse)
phd =1 ; just before t1

ph5=1 ; after t1

ph7=13 ; CO->N CP (13CO phase)
ph8=00220022; CO->N CP (15N phase)

ph9 =3 ; N 90 before MS

phl0=1 ; N 90 after MS

ph11=0 ; NH CP (N)

ph12=0 ; NH CP (H)

ph13=00222200; CP H->CA (1H phase)
phl4=0 ; CO inversion pulse (Q3)

ph18=0 ; CO refocusing pulse (Q3)

ph19=0 ; CAinversion pulse (Q3)

ph20=1 ; CO excitation pulse (Q5)

ph21=1 ; CA de-excitation pulse (Q5)
ph30=0 ; 13CA-CB 180 Q3 pulse (second pulse)

ph31=02022020;receiver phase for joint phase cycling

hCANH

; 3D (H)CANH developed at CRMN in the group of G. Pintacuda and modified at the MPIBPC

; Recent notes:

; this version does not require 13C axis inversion

;Avance lll version

;parameters:

;p1 : 1H 90 pulse duration

;p3 : 13C 90 pulse duration

;p7 : 15N 90 pulse duration

;p30 : water suppression time (30-200 ms)
;cnst21 : CO offset in ppm (173.7)
;cnst22 : CA offset in ppm (53.7)

;enst23 : CO/CO offset in ppm (113.7)
;d1: recycle delay

;d0 @ 15N initial evolution time

;d10  : 1/2 of 13CO initial evolution time
:;in0  :increment for 15N evolution
;in10 : 1/2 increment for 13CA evolution

;cpdprgl : tppm (at pl13) or waltz (at pl13)
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;cpdprg4 : cwY (at pl12)

;cpdprg5 : cwX (at pl12)

;pcpdl : pulse length in decoupling sequence (2xtau_r for tppm, 25us for 10kHz waltz)
;pl1  : power level of 1H hard pulse

;pl12 : power level of decoupling (10-15 kHz)

;pl13 : power level for water suppression

;spnaml : 1H shape for 1H->13CA CP (ramp 10-20%)
;spoall : N/A

;spoffl : [ON/RES]

;spl : 1H power level during 1H->13CA CP

;spnam10 : 1H shape for 15N->1H(N) CP (ramp 10-20%)
;spoall0 : N/A

;spoffl0 : [ON/RES]

;Sp10 : 1H power level during 15N->1H CP

;cpdprg2 : 15N decoupling pattern during acq (waltz-16)
;pl7  : contact time 15N->1H(N) CP (300-500 us)

;pcpd2 : pulse length in 15N decoupling sequence (25 us)
;pl7 : power level for 15N hard pulse

;pl16 : power level for 15N decoupling (corr. to 10 kHz)
;pl2  : power level for 15N hard pulse

;pl20 : 15N power level for 15N->1H CP

;spnam?2 : 15N shape for 13CA->15N CP (tan-c100-w10pct)
;sp2  : 15N power level for 13CA->15N CP

;spoal2 : N/A

;spoff2 : [ON/RES]

;pl5  : contact time 1H->13CA CP (5 ms)

;p16 : contact time 13CA->15N CP (10 ms)

;p18 : Q3 CO pulse duration

;p19  : Q3 CA pulse duration

;pcpd3 : pulselength in 13C decoupling sequence (25 us)
;cpdprg3 : 13CO/CA decoupling pattern during 15N evol (waltz-16)
;plI3  : power level of 13C hard pulse [REFERENCE]

;pl17 : power level for 13CO/CA decoupling (10 kHz)
;spnam9 : 13C shape for 13CA->15N CP (rectangle)

;Sp9 1 13C power for 13CA->15N CP

;spoal9 : N/A

;spoff9 : [ON/RES CO]

;spnam18 : 13CO selective pulse shape (Q3)

;spoall8 : N/A
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;spoffl8 : [ON/RES CO]

;spnam19 : 13CA selective pulse shape (Q3)
;spoall9 : N/A

;spoffl9 : [ON/RES CA]

;spnam?29 : 13C shape for 1H->13CO CP (rectangle)
;Sp29 : 13C power level for 1H->13CO CP
;spoal29 : N/A

;spoff29 : [ON/RES CO]

;zgoptns : -Dfslg, -Dlacq, or blank

;$COMMENT=Inverse Cp with INEPT CBCA mixing
;$CLASS=Solids

;$DIM=3D

;$TYPE=H detect

;$SUBTYPE=Heteronuclear

;$OWNER=CRMN

#include <Avancesolids.incl>

; Start evolutions from exactly 0
"d0=0.0"

"d10=0.0"

; 1H settings

"spoall=0.5" ; default value (irrelevant)
"spoffl=0.0" ; on-resonance
"spoall0=0.5" ; default value (irrelevant)

"spoffl0=0.0" ; on-resonance

; 15N settings

"pcpd2=25" ;does not work!

"plw2=plw7"

"plwl6=plw2*(pow(p7/25,2))" ; 15N waltz 10kHz decoupling power level
"spoal2=0.5" ; default value (irrelevant)

"spoff2=0.0" ; on-resonance

; 13C settings

"plwl7=plw3*(pow(p3/25,2))" ; 13C waltz 10kHz decoupling power level
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"cnst22 = (sfo3-bf3)*1000000/bf3" ; CA frequency offset (ppm)
"cnst21 = cnst22+(173.7-53.7)" ; CO frequency offset (ppm)

"cnst23 = cnst22+(113.7-53.7)" ; the offset half-way CO and CA (ppm)

"p18=3.412/(95.0*bf3/1000000)" ; 95 ppm bandwidth (safe)
"spw18=plw3*pow((0.5/(p18*0.1515))/(0.25/p3),2)" ; Q3 power level
"spoal18=0.5" ; default value (irrelevant)

"spoffl8=bf3*((cnst21-cnst22)/1000000)"

"p19=3.412/(105.0*bf3/1000000)" ; 95 ppm bandwidth (safe)

"spw19=plw3*pow((0.5/(p19*0.1515))/(0.25/p3),2)" ; Q3 power level

"spoal19=0.5" ; default value (irrelevant)
"spoff19=0.0" ; CA frequency

"spoal9=0.0" ; needed for offset on C
"spoff9=0.0" ; on-resonance
"spoal29=1.0" ; needed for offset on C
"spoff29=0.0" ; on-resonance CA

;"acqtO=1lu*cnst11" ??
"in0=inf1"
"in10=inf2/2"

agseq 312

1ze

2 d1do:f2
#include <p15_prot.incl>

#include <aq_prot.incl>

;1u fq=0:f3
1u fq=cnst22(bf ppm):f3

(p1 pll1 ph3):fl

(p15:5p29 ph15):f3 (p15:spl ph20):f1
1lu cpdsl:fl
(p18:sp18 ph18):f3 ;CO selective Pi

1u
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(p19:sp19 ph19):f3 ;CA selective Pi

1u

d10

(center (p7*2 ph0 pl7):f2 (p18:sp18 ph18):f3) ;CO selective Pi
d10

1lu do:fl

(p16:sp9 ph10):f3 (p16:sp2 ph2):f2

1u fg=cnst23(bf ppm):f3
1lu cpdsl:fl cpds3:f3
do

1lu do:fl do:f3

(p7 pl7 ph5):f2

;water suppression
(p30*0.25 pl13 ph0):fl
(p30*0.25 pl13 ph1):fl
(p30*0.25 pl13 ph0):f1

(p30*0.25 pl13 ph1):f1

;water suppression
(p7 pl7 ph6):f2

(p17 pl20 ph7):f2 (p17:sp10 ph11):f1

1lu cpds2:f2
go=2 ph31

1m do:f2

10m mc #0 to 2
F1PH(calph(ph2, +90), caldel(d0, +in0)) ;15N

F2PH(calph(ph15, -90), caldel(d10, +in10)) ;13C

HaltAcqu, 1m ;jump address for protection files

exit ;quit
ph0 =0

phl =1

ph3 =0
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ph2=33113311 ;13C->15N CP (15N pulse)
ph5=0

ph6= 0

ph7 =1

ph10=02 ; 13C->15N CP (13C pulse)
phll=1

ph15=0

ph18=0

ph19=0 ; 13CA(all aliph) selective pulse

ph20=3331111

ph31= 1331311 3;receiver phase for joint phase
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