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Abstract

According to the World Health Organization, 55 million people worldwide live
with dementia in 2023. This number is expected to rise to over 130 million cases
by 2050. The most common form of dementia is Alzheimer’s disease, which ac-
counts for 60-70% of all dementia cases. A hallmark of Alzheimer’s disease is the
aggregation of amyloid-£ into insoluble fibrils and their subsequent accumulation
into extracellular plaques. However, the polymorphic nature of amyloid-/ fibrils
has long posed a challenge to structural studies. But recent advances in the field
of cryogenic electron microscopy have led to tremendous progress in the struc-
tural elucidation of amyloid fibrils and amyloid-3 fibrils in particular. The aim
of this study is to gain further molecular insights on amyloid-g fibrils that play
an important role in Alzheimer’s disease. Further, it provides an outlook on how
structural investigations could contribute to the development of novel therapeutics

and imaging tracers.

In this thesis, Alzheimer’s disease is investigated at the molecular level within

the framework of the following four projects.

(1) A common tool for studying Alzheimer’s disease are animal models, particularly
transgenic mice. In this study, the structures of nine amyloid-5 fibrils extracted
from brain tissue of six transgenic mice were determined. Five of the determ-
ined fibril structures observed in three different mice present novel amyloid-# fibril
folds. Furthermore, amyloid-g fibrils similar to those found in humans, mostly
in familial cases of Alzheimer’s disease, were observed in three mice. Finally, one
mouse showed amyloid-f fibrils similar to human amyloid-£ fibrils, that are mostly

observed in sporadic Alzheimer’s disease cases.
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(2) The study of in vitro amyloid-$ fibrils under different fibrillisation conditions
is key to finding a suitable laboratory model system for Alzheimer’s disease. In
this chapter, the in wvitro fibril structures of synthetic amyloid-342 fibrillised at
neutral pH are presented. Of the nine polymorphs observed in the data set, a
reconstruction was possible for six polymorphs. The medium-resolution maps did
not allow for de novo atomic model, but a schematic C,-backbone trace could be
generated for all polymorphs, allowing comparison with other published amyloid-/3

fibril structures.

(3) Mutations in the amyloid precursor protein gene can cause early-onset familial
Alzheimer’s disease. This is also the case for the Uppsala mutation, a multi-codon
deletion that results in the deletion of six amino acids within the amyloid-3 se-
quence. In this work, first the structure of in vitro amyloid-SUpp(1-42) a19.24 fibrils
was determined. Afterwards, the structure of murine amyloid-SUpp(1-42)a19.24
fibrils, which is different from both determined in wvitro polymorphs, is presen-
ted. Finally, cryogenic electron microscopy data of amyloid-BUpp(1-42)a19.24 fib-
rils purified from human brain tissue has been collected. Helical reconstruction
yielded a high-resolution map for Tau paired helical filaments as well as medium

resolution maps of Tau straight filaments and likely wild-type amyloid-$ fibrils.

(4) The Icelandic mutation in the amyloid precursor protein gene is the only intra-
amyloid-8 APP mutation that is not associated with a familial form of Alzheimer’s
disease, but is protective against amyloid pathology and Alzheimer’s disease. In
this study, we first investigated whether A2T amyloid-342 can form fibrils in vitro.
Subsequently, A2T amyloid- fibrils were studied by cryogenic electron microscopy
and the structures of the two most abundant polymorphs were solved to high resol-
ution. Interestingly, one polymorph is identical to a cryogenic electron microscopy

structure of in vitro wild-type amyloid-542 fibrils.
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Zusammenfassung

Nach Angaben der World Health Organisation, leben im Jahr 2023 weltweit 55
Millionen Menschen mit Demenz. Es wird erwartet, dass diese Zahl bis zum Jahr
2050 auf iiber 130 Millionen Félle ansteigen wird. Die héufigste Form der Demenz
ist die Alzheimer Krankheit, die 60-70% aller Demenzfille ausmacht. Ein charak-
teristisches Merkmal der Alzheimer Krankheit ist die Aggregation von Amyloid-£
in unlosliche Fibrillen und deren anschliefende Ansammlung in extrazelluldren
Plaques. Die polymorphe Natur der Amyloid-3 Fibrillen hat jedoch lange Zeit
eine Herausforderung fiir die Untersuchungen derer Struktur dargestellt. Die jiing-
sten Fortschritte auf dem Gebiet der Kryoelektronenmikroskopie haben allerdings
zu enormen Fortschritten bei der Strukturaufklarung von Amyloidfibrillen und
insbesondere von Amyloid-g Fibrillen gefithrt. Ziel dieser Arbeit ist es, weit-
ere molekulare Erkenntnisse tiber Amyloid-5 Fibrillen zu gewinnen, die bei der
Alzheimer Krankheit eine wichtige Rolle spielen. Dariiber hinaus gibt sie einen
Ausblick darauf, wie strukturelle Untersuchungen zur Entwicklung neuer Thera-

peutika und bildgebender Tracer beitragen konnten.

In dieser Arbeit wird die Alzheimer Krankheit im Rahmen der folgenden vier

Projekte auf molekularer Ebene untersucht.

(1) Ein gangiges Instrument zur Untersuchung der Alzheimer Krankheit sind Tier-
modelle, insbesondere transgene Méuse. In dieser Studie wurden die Strukturen
von neun Amyloid-g Fibrillen bestimmt, die aus dem Gehirngewebe von sechs
transgenen Méusen extrahiert wurden. Fiinf der ermittelten Fibrillenstrukturen,
die in drei verschiedenen Mausen beobachtet wurden, weisen neuartige Fibrillen-
faltungen von Amyloid-3 auf. Des Weiteren wurden in drei Mausen Amyloid-(

Fibrillen beobachtet, die denen dhneln, die im Menschen, insbesondere bei fa-



milidren Féllen der Alzheimer Krankheit, gefunden wurden. Zudem wies eine
Maus Amyloid-£ Fibrillen auf, die menschlichen Amyloid-£ Fibrillen dhneln, die

vor allem bei sporadischen Féllen der Alzheimer Krankheit beobachtet werden.

(2) Die Untersuchung von in vitro Amyloid-f Fibrillen bei verschiedenen Fibril-
lisationbedingungen ist ein wichtiger Schritt auf der Suche nach einem geeigneten
Modellsystem fiir die Alzheimer Krankheit. In diesem Kapitel wird die in vitro Fib-
rillenstruktur von synthetischem Amyloid-£542, das bei neutralem pH-Wert fibrillis-
iert ist, vorgestellt. Von den neun im Datensatz beobachteten Polymorphen konnte
eine Rekonstruktion fiir sechs Polymorphe berechnet werden. Die Dichtekarten bei
mittlerer Auflésung liefen die de novo Erstellung eines atomaren Modells nicht zu,
aber fiir alle Polymorphe konnte eine schematische Darstellung des C,-Riickgrats
erstellt werden, welches einen Vergleich mit anderen veroffentlichten Amyloid-f

Fibrillenstrukturen ermoglichte.

(3) Mutationen im Amyloid-Precursor-Protein Gen kénnen eine frith auftre-
tende Form der familidren Alzheimer Krankheit verursachen. Dies gilt auch
fir die Uppsala-Mutation, eine Multi-Codon Deletion, die zur Entfernung von
sechs Aminosduren innerhalb der Sequenz von Amyloid-g fithrt. Im Rahmen
dieser Arbeit wurde zunichst die Struktur von in vitro Amyloid-SUpp(1-42)a19.04
Fibrillen bestimmt. AnschlieBend wird die Struktur von murinen Amyloid-
BUpp(1-42)a19.04 Fibrillen vorgestellt, die sich von beiden berechneten in
vitro-Polymorphen unterscheidet. Zudem wurden kryoelektronenmikroskopische
Daten von Amyloid-5Upp(1-42)a19.24 Fibrillen gesammelt, die aus menschli-
chem Gehirngewebe aufgereinigt wurden. Die helikale Rekonstruktion ergab
eine hochaufgeloste Dichtekarte von Tau 'paired helical" Filamenten sowie
Dichtekarten von Tau "straight" Filamenten und Amyloid-£ Fibrillen, vermutlich
Wildtyp, bei mittlerer Auflésung.

(4) Die islandische Mutation im Amyloid-Precursor-Protein Gen ist die ein-
zige intra-Amyloid-8 APP Mutation, die nicht mit einer familidren Form der
Alzheimer-Krankheit assoziiert ist, sondern schiitzend gegen Amyloid-Pathologie

und die Alzheimer Krankheit wirkt. In dieser Studie haben wir zunachst unter-
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sucht, ob A2T Amyloid-542 in vitro Fibrillen bilden kann. Anschliefend wurden
A2T Amyloid-g Fibrillen mit Hilfe der Kryoelektronenmikroskopie untersucht und
die Strukturen der beiden héufigsten Polymorphe mit hoher Auflésung geldst. In-
teressanterweise ist ein Polymorph identisch zu einer kryoelektronenmikroskopis-
chen Struktur von in vitro Wildtyp-Amyloid-542 Fibrillen.
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1. Introduction and Theoretical

Background

1.1. Amyloids

1.1.1. History of Amyloid Research

The following section 1.1.1 has been adapted from Publication I: "Challenges in

sample preparation and structure determination of amyloids by cryo-EM." [1]

Protein folding has long been explained exclusively by the Anfinsen dogma,
which states that the folding of a protein is determined only by its primary se-
quence [2]. Nowadays, we know that there are exceptions to this rule. One major
exception is the amyloid fold, which is an alternative fold that almost all proteins
can adopt independent from their primary sequence [3, 4]. Rudolf Virchow con-
sidered the main building blocks of amyloids to be starch and therefore coined
the term amyloid in the 19th century in reference to the Greek word for starch
[5-7]. Shortly thereafter, amyloid deposits were found to be proteinaceous [5, .
Amyloid fibrils are formed by the aggregation of proteins into stacks of §-sheets,
resulting in the so-called cross- pattern, which is a major characteristic of the
amyloid fold [3, 4, 9, 10]. Another important characteristics of the amyloid fold
are enhanced birefringence through Congo Red staining [5, 11, 12] and the bind-
ing of Thioflavin T (ThT) [13]. More than 50 amyloids [3, 14, 15] are currently
associated with protein misfolding diseases such as Alzheimer’s Disease (AD) [16],
Parkinson’s Disease (PD) [17, 18], and Type II Diabetes (T2D) [19]. Such diseases,
that involve the accumulation of amyloid fibrils in tissue, have been combined un-

der the term amyloidosis [20]. The proteins that are involved in these diseases,



like Amyloid-5 (Af) (from AD) or a-synuclein (from PD), are often intrinsically
disordered proteins (IDPs). However, functional amyloids found mainly in fungi or
bacteria have also been described [21-24]. Here, they often act as defense mechan-
ism against other species. To date, it is still unclear why such a variety of proteins
are able to adopt the fibrillar fold, either functional or pathogenic. Neither is
the mechanism behind protein aggregation from an IDP or globular fold into an

amyloid understood.

1.1.2. Alzheimer’s Disease

According to the World Health Organisation (WHO), dementia is the seventh
leading cause of death worldwide and one of the leading causes of disability in the
elderly population [25]. In 2020, more than 55 million people worldwide were liv-
ing with dementia, with the proportion of German dementia patients over 65 years
of age at about 1.7 million in 2021 [26, 27]. Globally, this number is expected to
increase by 20 million annually and, consequently, 113 million cases are expected
to be counted in 2050 [28]. The resulting high socioeconomic burden of demen-
tia makes finding a treatment or prevention one of the most imperative public
health challenges [29]. The most common form of dementia is AD, which accounts
for about 60-70% of all dementia cases [25]. AD is a genetic neurodegenerative
disease clinically characterized by progressive memory loss and cognitive impair-
ment [30]. Alois Alzheimer was the first to describe the "eigenartige Erkrankung
der Hirnrinde" (translated freely: peculiar disease of the cerebral cortex) in 1906
when he found protein deposits, namely neurofibrillary tangles (NFTs) and senile
plaques, in and between nerve cells in the brain tissue of his patient [31, 32].
Today we know that in addition to these pathological hallmarks, other neuropath-
ological characteristics of AD include the presence of neuropil threads and the loss
of specific neurons and synapses [16].

The main component of extracellular neuritic plaques, that can be found in the
cerebral cortex, is aggregated AS [30]. Additionally, AS can accumulate in the
blood vessels of the meninges, damaging the vascular wall [30, 33]. The resulting
cerebral amyloid angiopathy (CAA) leads to microhaemorrhages in the brain [30),

33]. Intra~cellular NFTs consist mainly of tau, a microtubule-associated protein



(MAP) whose physiological function is to stabilise microtubules [34, 35]. Phos-
phorylation of tau, which is possible at many different phosphorylation sites, can
control physiological, but also pathological function and therefore also the ability

to self-assemble into neuronal filaments [30].

1.1.3. Amyloid-5 and its link to Alzheimer’s disease

Parts of the following section 1.1.3 have been adapted from Publication I: "Chal-

lenges in sample preparation and structure determination of amyloids by cryo-EM."

[1].

Production of A5 Af is a 4.2 kDa peptide derived from the amyloid precursor
protein (APP) [37]. The single-pass transmembrane protein APP is localized on
chromosome 21 in humans [38] and while the physiological function of APP ist not
entirely understood, it is suggested to be involved in brain development, synaptic

plasticity, memory, and neuroprotection [38, 39].

APP can be processed in two different ways, the non-amyloidogenic pathway
(Figure 1.1 A) and the amyloidogenic pathway (Figure 1.1 B), involving the three

proteases a- (- and y-secretase [10)].

In the non-amyloidogenic pathway, APP is first cleaved by the a-secretase A Dis-
integrin And Metalloprotease 10 (ADAM10) resulting in the production of sAPP«
(extracellularly released) and the C83 fragment, which is retained in the membrane
[41, 42]. Subsequently, the cleavage of C83 by 7-secretase produces the soluble P3
(extracellularly released) peptide and the APP intracellular domain (AICD) [11,
12]. ~-secretase is made of four protein subunits: presenilin (PSEN) (PSENI or
PSEN2), presenilin enhancer (PEN), APH (APH-la or APH-1b) and Nicastrin
[43].



A Non-amyloidogenic Pathway B Amyloidogenic Pathway

SAPPa SAPPB

a-secretase y-secretase B-secretase y-secretase AB
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APP C99 AICD

Figure 1.1.: APP processing. (A) In the non-amyloidogenic pathway, APP is first
cleaved by a-secretase, leading to the production of the C83 and the sAPPa-fragment.
Subsequent cleavage by y-secretase leads to the formation of AICD and the P3 peptide.
(B) In the amyloidogenic pathway, APP is first cleaved by [-secretase, leading to the
formation of the C99 fragment and the sAPPS fragment. Subsequent cleavage by -
secretase leads to the formation of A and AICD. (Adapted and modified from Hampel
et al. [44])

In contrast, in the amyloidogenic pathway, APP is first cleaved by the S-secretase
BACET1 producing the extracellularly released sAPPS fragment and the C99 frag-
ment remaining in the membrane [37]. The subsequent cleavage of the latter by
v-secretase results in the production of the AS peptide [37].

Typically, depending on ~-secretase cleavage, monomers with a length of 37
to 43 residues are generated [15]. The most abundant peptides are 40 (A5(1-40))
residues in length, however, the more hydrophobic 42 residue long A342 is assumed

to drive aggregation and in a consequence also plaque deposition [10].

Aggregation of A5 Af3 self-aggregates into various assemblies (Figure 1.2). This
aggregation is presumed to follow two major pathways leading to either Ag fibrils
(on-pathway) or other aggregates, such as oligomers or protofibrils (off-pathway).

On-pathway (Figure 1.2, solid arrows), disordered monomers aggregate into fib-
rillar oligomers that serve as precursors for the formation of insoluble mature
fibrils. Insoluble plaques found in brain tissue of AD patients [17, 48] form from
accumulation of mature Af fibrils along with other cellular components. The
initial formation of fibrillar oligomers, also referred to as primary nucleation, is

considered a rare event since it requires multiple monomers to arrange into the



fibril fold that allows for hydrogen bonding and steric interactions [49]. However,
once a fibrillar oligomer has formed, the attachment of monomers to the ends of an
existing fibril (elongation) can occur at a higher rate [19]. And although the exact
pathway of Af fibril formation remains elusive, there are studies suggesting a con-
formational conversion of fibrillar oligomers into fibrils [50]. Additionally, fibrils
can form through (cross-)seeding [51] and secondary processes like fragmentation

of existing fibrils or secondary nucleation (Figure 1.2, bottom) [52].

Oligomers 8 s > / Curvilinear
Q q ) fibrils
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$ NN
/I \\\ @\\\
e S
iy S
Cross- ///// \\ Secondary
nucleation

seeding

Figure 1.2.: Amyloidogenic proteins aggregate into structurally distinct species via
different pathways. Monomeric proteins (green) can follow the on-pathway (solid ar-
rows) and aggregate into fibrillar oligomers (brown), which in turn grow into mature
fibrils (blue) that can eventually, together with other cellular components, be deposited
as plaques. Fibrillar oligomers could seed the formation of fibrils with monomers of a
different protein (yellow, cross-seeding). In addition, monomers can attach to one fibril,
leading to the growth of a mature fibril on the surface of another, which is called sec-
ondary nucleation (red). Off-pathway (dotted arrows), monomers aggregate into soluble
aggregates of intermediate size, such as oligomers (beige), which can serve as precursors
for the formation of curved fibrils (dark blue). (adapted from Zielinski et al. [1]).

In secondary nucleation, monomers attach to a mature fibril and form a new
fibril (Figure 1.2, red /orange) that eventually detaches from the original fibril [53].

In addition, during cross-seeding, fibrillar oligomers or mature fibrils of one protein



can be a seed for the formation of fibrils with monomers of another protein (Figure
1.2, brown/yellow) [54, 55].

Off-pathway (Figure 1.2, dashed arrows) aggregation of A monomers leads
to the formation of soluble AS oligomers, which might eventually aggregate into
curvilinear fibrils [56-61]. The aggregation mechanism of on- and off-pathway
oligomers and amyloid fibrils and their role in pathology remains unclear [62—
64], but evidence is accumulating that not amyloid fibrils but amyloid oligomers,
especially those following the off-pathway, constitute the pathogenic species in

amyloidoses (compare "The Amyloid Cascade Hypothesis") [65-68].

Two forms of Alzheimer’s Disease AD can be divided into two classes accord-
ing to the age of symptom onset and genetic predisposition. For late-onset AD
(LOAD) or sporadic AD (sAD), which accounts for more than 95% of all AD
cases, symptoms usually appear after the age of 65. In contrast, for early-onset
AD (EOAD) or familial AD (fAD), which affects less than 5% of all AD patients
accordingly, symptoms start before the age of 65. [69]

The exact cause of sAD is not fully understood, but it is thought to be a com-
bination of genetic risk factors and environmental influences, with age being the
greatest risk factor [30, 70, 71]. The presence of the €4 allele in Apolipoprotein E
(APOE), a protein involved in lipid metabolism, is the only confirmed genetic risk
factor for sAD [71, 72]. APOE is thought to regulate AS clearance in the brain
and exists in three forms: €2, €3, and €4 with €3 being the most common form
among the general population [72, 73]. While carriers of the rather rare APOE €2
allele have a decreased risk of developing AD, the risk is increased three- to 12-fold
for carriers of one or two copies of the APOE ¢4 allele in comparison to APOE €3
30, 71, 74].

In contrast, fAD is caused by familial mutations in the APP, PSENT1, and PSEN2
genes, with mutations in PSEN1 responsible for most fAD cases [10, 71]. Addi-
tionally, trisomy 21 (Down syndrome) causes fAD, most likely due to the fact that
individuals with down syndrome have a supernumerary chromosome 21 and there-
fore, also an additional copy of APP [75-77]. Mutations in PSENT alter ~y-secretase
cleavage and therefore, cause an increase in the production of more aggregation
prone AB42 over A40 [78]. Mutations in APP are responsible for 10-15% of all



fAD cases [79]. Today, 70 APP mutations are known, 22 of which lie within the
sequence of A [30].

The Swedish mutation adjacent to the [-secretase cleavage site, is a pathogenic
double mutation with residues K670 and M671 being replaced by N670 and L671,
respectively, which results in an overall increased production of AfS (Figure 1.3)
[31].
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Figure 1.3.: A selection of fAD causing APP mutations close to or within the AS
sequence. The A sequence is outlined in green. The 5, a and ~ secretase cleavage sites
are marked. (modified from Pagnon de la Vega et al. [32]).

In contrast, one of the first mutations within the sequence of Aj3, the Icelandic
mutation A2T (A673T in APP), is not pathogenic but results in a reduced pro-
duction of Af and is the only known mutation that protects against AD [83].

The region around residues F19-V24 harbours several pathogenic A5 mutations.
The Flemish mutation A21G (A692G in APP) was first reported in a Dutch family
in which family members from four generations suffered from AD or cerebral hem-
orrhages associated with CAA [3841]. Here, in vitro studies show increased secretion
of AB40 and AB42 [35], but a decreased aggregation propensity of A5 [86]. The
Italian mutation E22K (E693K in APP) and the Dutch E22Q) (E693Q in APP)
mutation both cause a severe hereditary form of CAA in mutation carriers [87-89].
In contrast, the Arctic mutation E22G (E693G in APP) does not result in CAA,
but instead is characterized by increased A/340 protofibril formation [90]. All mis-



sense mutations at residue 22 (Italian, Dutch, Arctic) have in common that they
lead to lower levels of A342 and consequently to a reduced Ap42/A 340 ratio, and
to an accelerated aggregation of AJ into protofibrils and/or fibrils in vitro [90, 91].
Furthermore, these mutations show autosomal dominant inheritance. The Osaka
mutation E22A (E693A in APP) is the only known intra-Af single point deletion
and, in contrast to missense mutations at position 22, this mutation leads to a
recessive inheritance pattern [92]. Interestingly, the mutation leads to an overall
decreased production of A and an unchanged A$42/A 340 ratio. In addition,
increased oligomerisation, but no fibrillisation, was observed for AfS mutants in
vitro. The lowa mutation D23N (D694N in APP) has been found to cause auto-
somal dominant inherited vascular dementia with an enhanced fibrillogenesis and
a greater pathogenicity in cell assays compared to wild-type AS40 [93, 94].

The Uppsala mutation (690-695A) is the first known multi-codon deletion muta-
tion in APP leading to AD [382]. The mutation, which was found in three indi-
viduals of one family from Uppsala (Sweden), causes an autosomal dominantly
inherited form of early onset fAD. For all three mutation carriers, an early symp-
tom onset around age 40 as well as a rapidly progressing disease course was re-
ported. Computed Tomography (CT) scans show typical characteristics of AD,
however, positron emission tomography (PET) imaging with the amyloid dye [''C]-
labeled Pittsburgh Compound B (PIB) shows only a slightly pathological pattern.
Analysis of postmortem brain tissue fit typical AD pathology, showing abundant
deposition of extra-cellular AS plaques, mainly consisting of AGUpp(1-42)a19-24
or an N-terminal truncated form, as well as intracellular NFTs. Moreover, it was
found that the mutation leads mainly to A(542 pathology while it also alters APP
processing resulting in an increased production of AS. In addition, in vitro aggreg-
ation experiments confirm a faster aggregation of AGUpp(1-42)a19_24 into fibrils.
82)

The Amyloid Cascade Hypothesis

Hardy and Higgins formulated the first theory on the neurodegenerative cause
of AD in 1992 [95], after Alois Alzheimer first described the neuropathological
hallmarks (senile plaques and NFTs) of AD in 1906. They state: "Our hypothesis
is that deposition of amyloid G protein (ABP), the main component of plaques, is



the causative agent of Alzheimer’s pathology and that the neurofibrillary tangles,

cell loss, vascular damage, and dementia follow as a direct result of the deposition”
[95].

The fact that patients suffering from Down syndrome have a higher risk of de-
veloping AD supports their theory [76, 95]. In addition, mutations in PSEN1
and PSEN2 that cause an increased production of longer over shorter AS peptide
lead to severe forms of fAD [96]. Moreover, carriers of the APOE €4 allele, which
promotes A( clearance with a decreased efficiency, have been shown to have a
higher risk of developing AD [97]. Furthermore, several studies confirm a synapto-
toxic effect of A5 aggregates in vitro and in in vivo models [96]. However, it has
been shown that amyloid plaques can also be found in patients who do not show
AD-associated cognitive impairment [98, 99], which contradicts the hypothesis of
Hardy and Higgins. Moreover, recent studies suggest that soluble AjS aggregates
such as oligomers rather than insoluble fibrils are the toxic species in AD, as they

correlate more strongly with symptoms and severity [96, 100].

Nevertheless, the amyloid cascade hypothesis as well as other proposed theories
shed some additional light on this versatile disease and might help developing

efficient therapeutics and imaging tracers in the future [101, 102].

Post Translational Modifications Proteins can undergo chemical modifications
after their biosynthesis [103, 104]. Among other things, such Post Translational
Modifications (PTMs) influence the activity, structure and stability of proteins
and are hence responsible for many biological processes [103, 105]. However, some
PTMs are also associated with diseases, including Alzheimer’s disease, where com-
mon PTMs of APP, secretases, tau and A include phosphorylation, glycosylation,
ubiquitination, SUMOylation, and acetylation [105, 106]. Such PTMs are thought
to play an important role in the development and progression of the disease, and
therefore structural studies of PTMs of AS, comparable to those already conduc-

ted for tau [107, 108], a~synuclein [109], and AL amyloid fibrils [110], could be a

[11
key element in identifying novel biomarkers and drug targets [105].



1.1.4. Alzheimer’s Disease - Research models and Therapeutics

To date, there is no cure for AD, however, more than 400 therapeutic candidates
have been assessed in AD trials between 2002 and 2012 [I11]. Therapeutic ap-
proaches tested include inhibitors of -secretase [112, 113], y-secretase [114, 115],
and monoclonal antibodies (mAb) against AS [116]. In 2022, four mAbs were
in late-phase clinical development [117]: aducanumab [118], donanemab [I19],
gantenerumab [120], and lecanemab [121]. Two of them, aducanemab and le-
canemab, have been approved by the US Food and Drug Administration (FDA) in
2021 and 2023, respectively [117, 122]. While aducanemab binds with higher se-
lectivity to Af fibrils than to protofibrils, lecanemab was designed to bind mainly
soluble oligomers and protofibrils [117, 123]. However, recent studies also suggest
interactions between lecanemab and 'diffusible AS fibrils" that were present "in
ultracentrifugal supernatants of aqueous extracts from AD brains” and that are
structurally identical to insoluble Af fibrils found in plaques [124]. Nevertheless,
developing therapeutics against AD is a challenging task with a drug development
failure rate of almost 100% [L11]. The preclinical screening of novel therapeutics
and the study of the pathogenesis of AD are often carried out in animal models
[125]. The most commonly used animal models are genetically modified transgenic
mice, which mimic some of the clinical hallmarks of the disease such as the ac-
cumulation of amyloid by expressing human APP (alone or in combination with
PSEN1) and human MAPT resulting in the formation of amyloid plaques and
NFTs, respectively [126]. For some time, however, it has been questioned whether
mouse models mimic human AD pathology sufficiently well. In particular, the fact
that transgenic mice carry fAD mutations raises the question of how well these
models describe sAD pathology, which accounts for more than 95% of all AD cases
[96, 127].

1.2. Cryogenic Electron Microscopy

Structural biology aims to understand the molecular composition of biological mac-
romolecules in order to elucidate their function and interaction with their envir-

onment [128]. There are three major analytical techniques to determine a proteins
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structure: X-ray crystallography, Nuclear Magnetic Resonance (NMR) spectro-
scopy and Electron Microscopy (EM) (Figure 1.4) [129]. In NMR-~spectroscopy
structural information is extracted from the detection of the chemical environ-
ment of atomic nuclei [130] and while this method works well for small proteins,
it becomes complicated for larger protein complexes. In X-ray crystallography
the X-ray diffraction pattern of protein crystals is used to determine the high-
resolution three dimensional (3D) structure of proteins [131]. And even though
protein structures determined by X-ray crystallography usually reach high resolu-
tion, this technique requires the protein of interest to crystallise. In 2017 Jacques
Dubochet, Joachim Frank and Richard Henderson received the Nobel Prize in
Chemistry "for developing cryo-electron microscopy for the high-resolution struc-

ture determination of biomolecules in solution" [132].

Small molecules Proteins Viruses Eukaryotic cell

afew Da

I \, B \MR spectroscopy

*

@ I ) - ray Crystallography

;é I, Cryo - EM

Figure 1.4.: Overview of the analytical techniques used in structural biology. While
NMR spectroscopy is suited for the structure determination of peptides and small pro-
teins, X-ray crystallography technically has no size limitation to protein structure de-
termination, but requires the protein of interest to crystallize. The smallest published
cryo-EM structure is from a 43 kDa protein [133]. Cryo-electron tomography enables
the in situ investigation of a protein in its cellular context. The following PDB entries
were used for this illustration: 2HYY (ligand; small molecule), 6Z6U (protein), 6NCL
(virus).

Cryogenic Electron Microscopy (cryo-EM) is a microscopy technique that is

based on Transmission Electron Microscopy (TEM) and is used to image radiation
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sensitive specimens under cryogenic conditions.

This section includes a brief overview on the development of cryo-EM followed
by a theoretical introduction into the architecture of a typical TEM and image

formation and finally, an overview on a typical cryo-EM workflow.

1.2.1. A short history on the development of Cryo-EM

Parts of the following section 1.2.1 have been adapted from Publication I: "Chal-

lenges in sample preparation and structure determination of amyloids by cryo-EM."

[1]

In 1929 Louis de Broglie was awarded the Nobel Prize for Physics "for his dis-
covery of the wave nature of electrons' [134]. The so-called wave-particle duality
found its first practical application when Ernst Ruska together with Max Knoll
developed the first EM in 1931 [135]. The wavelength of electrons depends on
their velocity and therefore, can be significantly smaller than the wavelength of
visible light. Thus, when transferring the discoveries of Ernst Abbe in 1873 [130]
to matter waves of electrons, the resolution that can be achieved in an EM is
much higher than the resolution of a light microscope. And although, Ruska’s
first prototype could not achieve a higher resolution than a light microscope [137],
it eventually, after some improvements, significantly influenced the development
of modern science. Ruska was awarded with the Nobel Prize in Physics in 1986
"for his fundamental work in electron optics, and for the design of the first electron
microscope" [138].

However, in order to image biological samples in an EM, some technical diffi-
culties had to be overcome initially. Firstly, the high-energy electrons used for
imaging can easily destroy biological samples. In addition, EMs operate in ultra-
high vacuum to avoid scattering of the electron beam by air molecules. However,
this can damage or destroy biological macromolecules because they are largely
composed of water, which would evaporate immediately when exposed to the va-
cuum. [139, 140

The development of shadowing [141] and negative stain EM [112] enabled ima-
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ging of biological samples in an EM for the first time, leading to the first 3D
structure of the extended tail of a T4 bacteriophage [143, 144]. In negative stain
EM, the accessible sample surface is coated with electron-dense solutions, such
as uranyl acetate, phospho-tungstates, ammonium molybdate or lanthanide-based
stains, that are less sensitive to radiation damage [112, 145]. Nowadays, negative
stain is still used as a first step to investigate sample concentration and quality,
however, the resolution is limited to a maximum of ~20 A and therefore, high-
resolution structural information cannot be extracted from negative stain images
[145].

Jacques Dubochet developed cryo-EM by devising a technique to create a thin
layer of amorphous ice by placing a thin film of water in liquid ethane, thus finding
a way to preserve biological specimens in an EM [146, 147]. However, the number
of electrons that can be scattered from a biological sample before it gets destroyed
is limited [139]. The first successful application of cryo-EM was the determination
of the atomic structure of bacteriorhodopsin by Richard Henderson, who recor-
ded low-dose EM images of its protein crystal [148]. However, in the beginning,
cryo-EM did not routinely deliver high-resolution structures and thus, has often
been referred to as "blobology". The acquisition of images on photographic film
and the challenging reconstruction process made a structure determination pro-
ject time-consuming and complex. The development of Charged-Coupled Device
(CCD) cameras and later Direct Electron Detector (DED)’s as a replacement for
photographic film has been one major step forward in the field, firstly speeding
up data acquisition and secondly providing a better Signal-to-Noise Ratio (SNR)
[119-152]. Another important factor that has contributed to cryo-EM becoming a
powerful and widely used tool in structural biology has been computational devel-
opment, such as the Single Particle Reconstruction (SPR), based on the work of
Joachim Frank [153, 154]. Frank and Penczek [155] developed a technique called
"projection matching", in which experimental projection images of the protein of
interest in different orientations are compared with projection images from an
initial reference, allowing for the assignment of orientations to the experimental
projection images. These techniques, along with Marin van Heel’s reconstitution
method [156], which made sample tilting redundant, form the basis for today’s

software packages [157].
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1.2.2. Architecture of a Transmission Electron Microscope

Unless otherwise stated, the following descriptions are based on [158], [159] and
[160].

A typical TEM column (Figure 1.5) can be divided into five parts: the electron
gun, the condenser lens system, the objective lens system, the projector lens system
and the detector. In the following, the major components along the microscope

column are described and their function is briefly explained.

Electron source

Gun 4

Accelerator Stack

Condenser Lens 1
Condenser lens |

system Condenser Lens 2

Condenser Aperture

Specimen
Objective lens

system 7
Objective Lens

Objective Aperture
Intermediate Lens 1

Projector lens Intermediate Lens 2
system

Projector Lens

Selected Area Aperture

Detector

Figure 1.5.: Schematic of a typical TEM architecture. Electrons are emitted from the
electron source and and accelerated by the accelerator stack. The condenser lens system
focuses the electron beam onto the specimen. Afterwards, the image is magnified by the
objective lens system and the projector lens system. The magnified image is recorded
on the detector. (Inspired by [160])

The electron gun is located at the very top of the column and in a modern TEM
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consists of an electron source and an accelerator stack. Nowadays, a Field Emis-
sion Gun (FEG) is usually used as electron source. In short, an electric field below
the tip causes the electrons to tunnel out of it, which results in a more monochro-
matic and coherent electron beam. Emitted electrons are then accelerated down
the microscope column by the accelerator stack and focused onto the specimen by
the condenser lens system, which typically consists of two condenser lenses, that
control the spot size (C1) and the beam intensity (C2), and a condenser aper-
ture. The objective lens below the specimen produces a magnified image of the
sample. The objective aperture ensures that only unscattered electrons and elec-
trons scattered at a small angle pass through the adjacent projector lens system,

where the image is further magnified.

In an EM, electromagnetic lenses are used to focus the coherent high-energy
electrons. In order to compensate for a number of imperfections, these lenses are
usually part of a lens system. Firstly, an electromagnetic lens typically does not
produce a perfectly symmetrical magnetic field, which results in an oval-shaped
beam. This so-called lens astigmatism is corrected by stigmators in the microscope.
In addition, the lenses exhibit Spherical Aberration (Cy) and Chromatic Aberration
(Ce). Cj arises from electrons passing the lens closer to its center are exposed to
a weaker force than those passing it closer to the coils. To overcome this problem,
small opening angles, coma free alignment and a Cg corrector are used. C. occurs
because electrons with lower energy are more strongly focused than electrons with
higher energy. A monochromator and an energy filter can be used to overcome C..

Finally, the magnified image is recorded on photographic film, a CCD camera
or a DED. Until a few years ago, photographic film was commonly used in EM,
however, the process of developing and digitising the images is very time consum-
ing and lacks the possibility of feedback during imaging. Detector quality can be
measured by the Detective Quantum Efficiency (DQE), which measures how the
SNR is further decreased by errors in the detection process. Accordingly, an ideal
detector would not add any noise to the image and therefore, have a DQE=1.
An alternative to photographic film are CCD cameras, that enable the automatic
collection of data. In a CCD camera, incoming electrons hit a scintillator mater-
ial and thereby generate photons, which then generate counts on the CCD chip.

However, the thickness of the device causes undesired scattering events that blur
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the signal on the detector. The DQE of a CCD camera is therefore, comparably
low. A major contribution to the resolution revolution in cryo-EM has been the
introduction of DED’s. In a DED the electrons get directly detected when hitting
a Complementary metal-oxide-semiconductor (CMOS) detector. Image blurring is
further reduced by the thin detection layer that makes back-scattering of electrons
less likely. Moreover, the recording speed is increased due to a faster readout of
the CMOS detector. DED’s can be operated in integration and counting mode. In
integration mode, the incoming electrons built up charges over the exposure time.
In contrast, in counting mode, individual electrons are detected. In addition, rapid
processing of a DED allows for the tracking of beam-induced sample motion and
the incorporation of radiation damage to the sample by recording movies instead
of images. Finally, DED’s achieve much higher DQE’s than CCD cameras [161].

The Nyquist-Shannon sampling theorem defines the maximal achievable resol-
ution to be twice the detector pixel size. In practice, however, this resolution,
often referred to as the Nyquist limit in the field of cryo-EM, is not achievable
due to aliasing and the properties of the detector [162, 163]. Aliasing decreases
the achievable resolution by introducing artifacts when the generated image on the
detector contains frequencies above the Nyquist limit, while the detector limits the
resolution due to the decreasing DQE at higher frequencies close to the Nyquist
limit [163].

1.2.3. Image Formation in Cryo-EM

Unless otherwise stated, the following descriptions are based on [158], [159] and
[160].

In a TEM, the electrons can interact with the sample in three different ways.
Most electrons pass through the sample without interaction and thus hit the de-
tector as unscattered electrons. Next, the electrons could interact with the sample,
depositing energy in the sample, resulting in a decrease in energy. These inelast-
ically scattered electrons are usually deflected at a small angle from their incident
path. The deposition of energy in the sample by inelastic scattering events causes

radiation damage, which is one major resolution limitation in cryo-EM. The last
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possible interaction is that the electrons interact with the atomic Coulomb poten-
tial of the sample and are scattered, but without losing energy. These elastically

scattered electrons are usually scattered at a higher angle.

There are two types of image contrast in a TEM: amplitude and phase contrast.
Amplitude contrast is generated by the effect that not all electrons that interact
with the sample eventually contribute to the image formation on the detector.
Electrons that get scattered at a high angle and inelastically scattered electrons
are removed by the objective aperture and the energy filter, respectively. In dense
areas of the sample, electrons get scattered more strongly and therefore, less elec-
trons get detected at this area of the sample. Only unscattered electrons and elec-
trons that are elastically scattered under a small angle reach the detector. Phase
contrast results from the fact that electrons are scattered at different angles, which
causes phase shifts. The interference of all elastically scattered electrons with the
unscattered ones produces phase contrast. However, in biological samples, which
are mainly composed of light atoms, the scattering angle is usually small resulting
in only small phase shifts. Additionally, the amplitude of the scattered electrons
is very small. This results in a weak contrast in the focused image. Therefore,
phase contrast is usually generated by imaging out of focus, which causes a phase
shift of the scattered electrons. In combination with the effect of the Cg of the
objective lens, this can be described in Fourier Space by the Contrast Transfer
Function (CTF). Equivalently, this effect is described in real space by the Point
Spread Function (PSF), which accordingly describes the blurring effect in the im-
age caused by missing, attenuated and inverted Fourier components. The CTF can
be estimated and corrected for during image processing, however, the information
close to CT'F =~ 0 can not be recovered and therefore, it is necessary to collect
images at different defocus values. The effect of the defocus on an image and the

CTF is visualised in Figure 1.6.
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Figure 1.6.: Cryo-EM images of bacteriophage P22 procapsid at a defocus value of
(A) 0.95 pm and (B) 2.7 pm and simulations of the corresponding CTF’s for a defocus
of (C) 0.95 pm and (D) 2.7 um (adapted from Thuman-Commike and Chiu [164]).

Mathematically, the CTF can be modeled as given in equation 1.2.1

CTF = sin(—wAz\ &% + gcsxg/# + ) (1.2.1)

with defocus Az, the wavelength of the incident electrons A., the spherical aber-
ration (Y, and the spatial frequency k. ¢ is a phase shift factor, that is introduced

e.g. when a phase plate is used for imaging.

1.2.4. Cryo-EM Workflow

Parts of the following section 1.2.4 have been adapted from Publication I: "Chal-

lenges in sample preparation and structure determination of amyloids by cryo-EM."

[1]
A typical cryo-EM workflow consists of four steps (Figure 1.7): Sample prepara-

tion including protein purification and plunge freezing (Figure 1.7 A), Microscope

data acquisition (Figure 1.7 B), Image Processing with the major steps of particle
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selection, 2D classification as well as 3D reconstruction and density refinement
(Figure 1.7 C) and finally, Model building and refinement (Figure 1.7 D).

A Sample preparation B Microscope data acquisition
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&@ 4 orid Filter

paper /3%:\
/\ — \C}

»
Ex vivo .a Plunge freezing -

Protein purification

In vitro

C Image processing D Model: Building and refinement
’ﬂ ; : e % e
yman N

J Y O

Particle selection 2D classification 3D reconstruction and
density refinement

Figure 1.7.: Cryo-EM Workflow. (A) The first step of a cryo-EM structure de-
termination project is the sample preparation including the steps of sample purification
and the cryo-EM grid preparation. In the latter the sample is applied onto an EM grid,
excess liquid is blotted off using filter paper and the grid is plunged in liquid ethane
to create a thin film of vitreous ice. (B) Afterwards the prepared cryo-EM grids are
screened and a dataset is collected on a microscope equipped with a DED. (C) The
following image processing of the recorded data includes the major steps of particle se-
lection, 2D classification, 3D reconstruction and density refinement. (D) As soon as the
reconstructed map reaches high enough resolution, an atomic model can be built and
refined. (Adapted from Zielinski et al. [1]).

In the following each step is described in more detail.

Sample Preparation To produce a usable sample for cryo-EM, the sample pro-
tein does not need to be isotopically labeled (NMR) or crystallised and treated with
a crystallisation screening solution (X-ray). However, also for cryo-EM, sample
preparation must be optimised to find conditions that yield thin ice and a suffi-
cient particle concentration (50 nM - 5 pM) [165]. Therefore, biochemical assays
are a first step to investigate the quality of a sample in terms of protein composition
and homogeneity to find the optimal imaging conditions [166]. When the protein

is embedded in a thin film, which is required for cryo-EM imaging, the resulting
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high surface-to-volume ratio can affect the stability of the protein complex causing
preferred orientation, denaturation or aggregation of the protein [167, 168]. This
problem can be addressed by adjusting buffer conditions (e.g. salt concentration,
pH value, additives, detergents) [166]. Finally, after biochemical assessment of the
sample, negative stain EM is usually used as a fast screening method to visually
evaluate sample concentration and homogeneity and, additionally, to determine if
the buffer conditions need to be adjusted [168, 169].

Vitrification After successful purification of the protein of interest, a few micro-
liters (~2 - 5 pL) of the sample solution are applied to an EM grid (Figure 1.8
A). During this process, the grid is typically kept in a humidity and temperature

controlled environment [166].
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Figure 1.8.: Typical Cryo-EM Sample Vitrification Workflow: (A) The sample solution
is applied onto a grid and (B) the excess liquid is blotted off using filter paper. (C)
Afterwards the grid is plunge frozen in liquid ethane at approximately -170°, (D) leaving
the sample in a thin film of vitreous ice.

EM grids usually are ~3 mm in diameter and consist of a mesh base made
of copper, gold or nickel and a thin foil attached to it [168]. The foil can have
regularly arranged holes of constant size (Quantifoil, Figure 1.9 A) or irregular

arranged holes of various size (Lacey, Figure 1.9 B).
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Figure 1.9.: Typical grid types used in cryo-EM. (A) Quantifoil grids have a foil with
regularly sized and shaped holes, whereas (B) the film of lacey grids shows irregular
holes.

Additionally, grids made of gold mesh and gold foil (UltraAuFoil grids) can
reduce specimen movement [170, 171]. After deposition of the sample droplet on
a cryo-EM grid, the excess liquid is blotted away with filter paper (Figure 1.8
B) to produce a 10 - 100 nm thin layer of sample solution in the holes. The
grid is then rapidly immersed into a cryogen such as liquid propane or ethane at
approximately -170°C (Figure 1.8 C) [146]. This process, called plunge freezing,
produces a thin film of the protein solution with the protein in its native and
hydrated state embedded in non-crystalline amorphous ice (Figure 1.8 D) [166,
168]. The grids afterwards need to be stored below -137°C until imaging in the
cryo-EM [168].

Initially, plunge freezing was introduced as a manual technique [172, 173]. More
automated and commercial vitrification equipment (e.g. the Vitrobot [174]) was
introduced later to obtain reproducible good ice thickness, less contamination and
homogeneous vitrification of the sample. As a crucial and resolution-determining
step in the cryo-EM structure determination process, it is not surprising that
several new developments of grid preparation techniques and devices have been
introduced since then [175-198]. Most of them replace the process of blotting with
filter paper, which is difficult to control and therefore often leads to high variability

of ice thickness at constant parameter settings.

Microscope Data Acquisition Subsequently, the plunged cryo-EM grid needs to
be screened to evaluate ice quality on the grid and to confirm a sufficiently high

sample concentration and distribution [166].
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Several tools exist to support cryo-EM data acquisition, with Thermo Fisher
Scientific EPU software [199] and SerialEM [200] being the most common. For
screening of a grid, an overview image of the entire grid is usually created by
stitching together multiple low magnification images of the grid. This so-called
atlas provides an overview of the ice thickness and accelerates the screening pro-
cess. After selecting a grid of sufficient quality, the acquisition locations on the
grid are determined based on the atlas. The software then automatically collects
multiple so-called micrographs on the grid in the from of movies, where the total
electron dose is distributed over the movie frames, at a rate of ~500 movies/hour
on modern microscopes. However, evaluating overall grid and ice quality as well
as the selection of gridsquares suitable for data collection can be challenging and
time consuming. There are several approaches to automating this step using ma-
chine learning, which could make data collection even faster and potentially lead
to higher quality datasets [201, 202].

Image Processing and Density Reconstruction The image processing can be
divided into four major steps (Figure 1.7 C): Image Pre-Processing, including
motion correction and CTF estimation, particle selection, 2D classification, 3D re-
construction, and refinement. As soon as the determined map reaches high enough
resolution, the map can be interpreted by building an atomic model (Figure 1.7

D). These steps will be described in more detail in the following.

During the acquisition of a movie, the sample undergoes some motion induced
by the electron beam [203, 204]. This so-called beam-induced motion causes blur-
ring of the acquired images and thus a loss of high-resolution signal [203, 204].
Therefore, in the first step of image processing, a so-called motion correction is
pearformed, in which individual movie frames are aligned and averaged [205-208].
Motion correction is the first step of the data pre-processing. The second step is
the CTF estimation (compare Section 1.2.3), in which the CTF parameters are

determined to enable CTF correction during image processing [209, 210].

The motion-corrected micrographs show the protein under investigation in dif-

ferent orientations. In order to compute a 3D map from 2D cryo-EM projection

22



images, the micrographs need to be inspected (Figure 1.10 A) and protein posi-
tions need to be marked on the micrograph (Figure 1.10 B, 1.11 A). This process
is referred to as particle picking and forms an important basis for a high-resolution
reconstruction. After protein positions are marked, the micrograph gets segmented
into smaller particle images in a process that is called particle extraction (Figure
1.10 C, 1.11 B). The extracted particle images are used as input for the SPR.
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Figure 1.10.: During particle picking, (A) the raw micrographs are inspected and (B)
the protein positions are marked. (C) Afterwards, the selected proteins are cut out of
the micrograph to generate smaller images.

Manual particle picking is considered the most accurate approach, but is very
time consuming especially in case of large datasets. Several software tools that
implement an approach to (semi-) automatic particle picking are available. First
automated approaches were based on template matching [211-211], more modern
ones use a Convolutional neural network (CNN) [215-219]. Regardless of the type
of implementation, a small subset of the entire dataset is first manually picked
and subsequently used either to generate template images or to train the CNN.

Automatic particle picking is then performed for the entire data set.

Following particle picking and extraction, reference-free two dimensional (2D)
class averaging, also referred to as 2D classification, of the segmented images is
performed to increase the SNR. The particle images are first aligned by determin-
ation and application of their in-plane rotation and x- and y-translation (Figure
1.11 C). Afterwards, aligned particle images can be classified into different orient-
ations (Figure 1.11 D). In addition, 2D classification is a useful tool to discard
non-optimal particles and to split a set of heterogeneous particles into several

homogeneous subgroups that are reconstructed separately.
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Figure 1.11.: Process of 2D class averaging. (A) Particle positions are detected on a
micrograph and (B) particle images are extracted. (C) The particle images are aligned
and (D) classified into different views. (Adapted from [220)])

Most available methods for computing a 3D reconstruction from a set of 2D
projection images are based on the Fourier slice theorem, which states that the
Fourier Transform (FT) of different 2D projection images of a 3D object corres-
pond to slices through the 3D FT of the 3D object. Hence, by determining the
orientations of the 2D projection images, an inverse F'T can be used to create a
3D map of the object. [221]
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Figure 1.12.: Process of 3D reconstruction. The classified particles are used as input
for iterative projection matching. Orientations are determined based on a comparison
of the experimental images with computed projection images of a reference. The pro-
cess is repeated iteratively until convergence. Eventually, the resulting 3D map can be
visualised and interpreted. (Adapted from [220])

The orientation of individual projection images is generally determined by pro-
jection matching (Figure 1.12) [155].

Here, first projection images of an initial model are created computationally for
different projection directions. These projection images are then used as reference
images, which are compared with the experimental projection images of the pro-
tein. The orientation of the best-matching computed projection image is assigned
to the experimental projection image. In this way, all images are assigned an ini-
tial orientation and a 3D map is calculated. This process is repeated iteratively,

replacing the initial model with the map calculated in the previous step, until the

24



orientation assignments converge and the generated 3D map of the protein can be
interpreted. [222]

Implementations of projection matching often use statistical weighting of the as-
signed orientations and thereby make the reconstruction process more robust to er-
rors in the assignment of orientations [222]. RELION [223], which is the most used
software package contributing to ~60% of all released maps according to Electron
Microscopy Data Bank (EMDB) statistics [224], implements a Bayesian approach
to structure determination [225]. In the Bayesian formalism, prior information
can be incorporated in the likelihood function (the weighted orientations), result-
ing in improved maps and lower risk of overfitting [225]. A similar approach is
implemented in cryoSPARC [226], which has recently gained popularity, partic-
ularly because of the possibility to perform structure determination during data

collection, maximising feedback during acquisition.

Resolution The resolution of the final map is assessed by evaluating its consist-
ency using the Fourier Shell Correlation (FSC). For this purpose, the data set is
divided into two halves, from which two independent 3D reconstructions are calcu-
lated. Then, the cross-correlation between the two 3D reconstructions is calculated
as a function of spatial frequency over corresponding shells in Fourier space. [227]

The FSC measures up to which spatial frequency the calculated map can be
considered accurate, and therefore the FSC curve decreases with increasing spatial
frequency. The final resolution of a map is derived from the spatial frequency,
where the FSC curve passes a certain value. A cutoff value of 0.143 is typically
used [228, 229], however, other cutoff values have been proposed too [230, 231].

It is important to note however, that the resolution of a cryo-EM map usually
is not uniform, and therefore, might not be well described by a single resolution
value determined by the FSC criterion. An approach to include local variations
of the resolution in the map is to additionally determine local resolution values.
[232]

Typically, the reconstructed cryo-EM map is sharpened in a final step to in-
crease its interpretability by compensating for missing high-resolution details due
to contrast loss, e.g. as a consequence of radiation damage and sample movement

during imaging, as well as errors in image processing [228].
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Atomic Model Building When the reconstructed density map reaches sufficient
resolution to identify the main chain of the protein as well as side chain densities
(~3.5 A and better), a de novo atomic model can be build manually into the
density map [233]. Manual model building is usually performed using software
packages like Coot [234]. In addition, computational tools for automatic modeling
are available [235-238], which become particularly useful for medium resolution
maps. Once an initial atomic model is built it can be refined using software
packages like PHENIX [239].

1.3. Cryo-EM of Amyloid Fibrils

Parts of the following section 1.3 have been adapted from Publication I: "Chal-

lenges in sample preparation and structure determination of amyloids by cryo-EM."

[1]

1.3.1. Structure and Properties of Amyloid Fibrils

Amyloid fibrils are helical aggregates that usually consist of several subunits, called
protofilaments, that wind around each other to form a mature fibril (Figure 1.13
A, B) [240]. Each protofilament consists of several stacked copies of the monomeric
amyloid protein folded into its fibrillar arrangement (Figure 1.13 B, C). This re-
petitive stacking leads to the cross-f pattern that is the main feature of amyloid
fibrils. An amyloid fibril can be described by its helical symmetry: the rise, which
describes the stacking distance of the monomeric subunits in a protofilament, and
the twist, which indicates the degree of rotation between one monomeric subunit
and the neighbouring one. The twist is deduced from the crossover distance of
the fibril or the pitch, the latter being twice the crossover distance. The contact
between two protofilaments, also referred to as the interface, stabilises the dimer-
isation (in case of two protofilaments as depicted in 1.13) and is best visualised in
the fibril cross-section (Figure 1.13 B).
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Figure 1.13.: Characteristics of an amyloid fibril, which is typically described by its
(A) width, crossover distance or pitch, twist and cross-section. (B) The cross-section of
a fibril reveals the protofilament interface. (C) The side view of a fibril along the helical
axis. The monomeric subunits are one rise apart. In amyloid fibrils, this rise is typically
4.75 A, resulting in the characteristic cross-3 pattern.

Polymorphism Interestingly, amyloid fibrils composed of the same protein can
look different even under the same conditions. This phenomenon is called poly-
morphism (Figure 1.14).

Polymorphism in amyloid fibrils can be divided into two different classes (Figure
1.14 A): protofilament polymorphism and ultrastructural polymorphism. Proto-
filament polymorphism, that refers mainly to differences in the secondary struc-
ture arrangement, can be subdivided into segmental polymorphism and packing
polymorphism. While the latter describes differences in the [-sheet bending of
one monomer or protofilament, segmental polymorphism describes differences in
p-sheet annotation [241, 242] (Figure 1.14 B). Ultrastructural polymorphism de-
scribes the different assembly of structurally identical protofilaments into different
fibrils that have different and/or multiple interfaces (Figure 1.14 C). Ultrastruc-
tural polymorphism is primarily based on the intermolecular interactions of mature
fibrils or protofilaments [243]. It may also include the characteristic parameters
of amyloid fibrils such as helical rise, helical twist, width and cross-over distance
(Figure 1.13 A, C). Furthermore, Radamaker et al. [244] recently described an ad-
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ditional level of polymorphism when they observed different monomer structures
in a single fibril structure. This observation further increases the complexity of
polymorphism in amyloid fibrils.
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Figure 1.14.: Polymorphism in amyloid fibrils. (A) Polymorphism can be roughly
divided into two classes: protofilament polymorphism, which can be subdivided into seg-
mental and packing polymorphism, and ultrastructural polymorphism. (B) Examples of
protofilament polymorphism. Packing polymorphism is exemplified by the islet amyloid
polypeptide structures whose segments bend differently depending on pH. Segmental
polymorphism was also found for the islet amyloid polypeptide, as the assignment of
B-sheets is different ([245-249]). (C) Examples of ultrastructural polymorphism: (i) the
general tau fold can show different interfaces leading to straight (top) or paired (bottom)
helical filaments and (ii) A5(1-40) shows multiple interfaces (beige and orange) leading
to double fibrils ([241]). Structures shown: (B) PDB 6Y1A ([219]), PDB 6VW2 ([246]);
(C) PDB 6HRF, 6HRE ([250]) (C(i)); PDB 6SHS ([251]) (C(ii)).(adapted from Zielinski
et al. [1]).

The degree of polymorphism in AS appears to be higher in vitro [252-258] than
in vivo, but different ex vivo folds have also been described [251, 259-261]. Here,
the different polymorphs of A seem to be characteristic for the disease phenotype
(sAD vs fAD) [261] and/or the brain region [251, 261] the fibrils were extracted
from. For tau it is indeed an established fact that different folds are characteristic

for different diseases, including AD, chronic traumatic encephalopathy (CTE) and
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Pick’s disease [107, 108, 250, 262—-265]. This makes the structural study of different
amyloid fibril polymorphs and their role in different diseases or disease phenotypes

an interesting and potentially very insightful area of research.

1.3.2. Amyloid Structure Determination - Helical

Reconstruction

It is no great surprise that the first 3D structure of a biological sample, the ex-
tended tail of the T4 bacteriophage, exhibits helical symmetry [143, 144]. Helical
samples have two significant advantages over globular proteins: First, all inform-
ation needed for a successful 3D reconstruction is provided by one single image
of the fibril, and second, the repeating asymmetrical units in a helical filament
have fixed orientations that can be deduced from the helical symmetry parameters
twist and rise (Figure 1.13) [266]. The determination of the helical symmetry of
an amyloid fibril is facilitated by the cross-$ arrangement, which fixes the rise to
a value around 4.75 A [267]. This, however, does not only benefit the reconstruc-
tion process, but also potentially complicates the image alignment, since this is
almost exclusively based on the 4.75 A (meridian) signal caused by the cross-3
pattern and a 10 A (equatorial) signal due to the horizontal inter-strand distances
within a molecule [268]. Consequently, the dominance of the 4.75 A signal and the
absence of larger structural features can complicate the high-resolution structure

determination of amyloid fibrils [267].

The implementation of Fourier-Bessel principles to compute 3D models [143] as
well as the development of the iterative helical real-space reconstruction (IHRSR)
method [269], which is implemented in most commonly used software packages
today [226, 270-273], were major breakthroughs in the field of helical reconstruc-
tion. The THRSR as implemented in most software packages follows the normal
single-particle reconstruction pipeline, it is therefore also often referred to as single-
particle approach to helical reconstruction. Instead of picking individual particles,

the start- and end-position of each fibril is marked on a micrograph (Figure 1.15
A, B).
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Figure 1.15.: Adapted picking procedure for amyloid fibrils. During particle picking,
(A) the raw micrographs are inspected and (B) the fibril positions are selected, by

selecting start- and end-position. Afterwards, (C) the selected fibril is segmented and
(D) cut into smaller images.
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Picking for amyloid fibrils can also be carried out both manually and automatic-
ally. However, some additional challenges, such as the need to avoid fibril crossings
and overlappings during picking, while at the same time a fibril should ideally be
picked in one piece from its beginning to its end, require approaches specifically
designed for automatic filament selection [274-277]. After picking, the image of a
helical protein is divided into equally sized, overlapping filament segments during
particle extraction (Figure 1.15 C). These segments are then treated as individual
images analogous to single particles (Figure 1.15 D). Their relative orientation
is determined by iterative projection matching. In-between iterations, the hel-
ical symmetry is imposed onto the reconstructed volume, which is then used as

reference in the next iteration.

Helical Symmetry In most software packages that implement a single-particle
approach to helical reconstruction, helical symmetry is described by the helical
rise and the helical twist. Additionally, point group symmetry may be present and
can be applied during reconstruction. A ), point group symmetry is an n-fold
rotational symmetry in which n symmetry elements located at the same height
along the helical axis are rotated by 360/n° with respect to each other. Most
structurally described amyloid fibrils consist of two symmetrical protofilaments
and therefore, oftentimes exhibit a Cy point group symmetry (Figure 1.16 A).
[267]
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Figure 1.16.: Point group symmetry in amyloid fibrils. (A) Cross-section of an amyloid
fibril with two symmetric protofilaments (left) that exhibits a Cy symmetry (right). (B)
Cross-section of an amyloid fibril with two symmetric protofilaments (left) that exhibits
a pseudo-2; screw symmetry (right).

In some cases, however, the symmetry elements are not at the same height along
the helical axis, but rather exhibit a staggered arrangement with a pseudo-2; screw
axis (Figure 1.16 B) [267].

1.3.3. Cryo-EM Structures of Amyloid Fibrils

Although there is much knowledge about both the diversity of amyloid fibrils as
well as their common architecture, the structural details at the atomic level are
still limited today. The first high-resolution structures of amyloid fibrils were
determined in the 2000s using solid-state NMR spectroscopy supported by X-ray
fiber diffraction and transmission electron microscopy [9, 278, 279]. However, a
high degree of polymorphism and the fact that crystallisation of mature fibrils
is not possible make it difficult to determine the structure of amyloid fibrils by
solid-state NMR or X-ray crystallography. The "resolution revolution" in cryo-EM
has thus ushered in a new era in our understanding of the molecular structure of
amyloidogenic proteins and amyloid fibrils in particular. The first high-resolution
cryo-EM fibril structures of two disease-associated amyloids, tau and A[542, were
solved in 2017 by Fitzpatrick et al. [262] and Gremer et al. [252], respectively. For
the first time, it was possible to generate atomic models from cryo-EM data at the
achieved resolutions of 3.4, 3.5 A (tau) and 4.0 A (A42). Since then, more than 70
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cryo-EM structures of amyloid fibrils have been published, the majority of which
achieve a resolution of 3 to 4 A [258]. Although these resolutions are sufficient
for atomic model building in most cases, higher resolutions will be needed for the
investigation of PTMs, involved cofactors, and for the understanding of secondary
nucleation mechanisms, among other things. The first cryo-EM structure to reach
the atomic resolution limit, which is assumed to be 1.2 A [280], was the single-
particle cryo-EM structure of a large globular protein complex published in 2020
[281, 282]. In the field of cryo-EM structure determination of amyloid fibrils, the
highest resolution achieved so far is 1.86 A [283].

Structural knowledge of Ap fibrils Besides the first in vitro cryo-EM structure
of a recombinant A fibril in 2017 [252], a number of other publications on NMR
spectroscopy and cryo-EM structures of Af fibrils revealed the high degree of
polymorphism of AS in vitro (Figure 1.17 J - P) [253-257]. However, these fibrils
neither resemble A (540 and AB42 fibrils obtained from AD brain tissue by seeded
fibril growth [259, 260] (Figure 1.17 G - I), nor A$40 and A 342 fibrils obtained from
the meninges (Figure 1.17 A) [251] and parenchyma (Figure 1.17 B, C) [261] of
AD brain tissue, respectively. Yang et al. [261] described two human polymorphs
characteristic for the disease phenotype: ’type I filaments’ are mainly found in
sAD patients and ‘type II filaments’ are mainly found in fAD patients and pa-
tients with other neurodegenerative conditions. Human type II filaments are also
found in AP PN~ knock-in mice (Figure 1.17E), a mouse model used in AD re-
search. These mouse line harbours the Swedish double mutation (KM670/671NL)
and the Beyreuther/Iberian mutation (I716F) in APP to express humanized AfS
[261]. Another commonly used mouse model are AP PNE=¢=F knock-in mice, that
additionally carry the Arctic mutation E693G and therefore, produce mutant hu-
man E22G Ap [284, 285]. Their AS structure, however, differs from human AfS
fibrils (Figure 1.17 F). The structure of Af fibrils extracted from AD patients with
the Arctic mutation was determined recently as well (Figure 1.17 D) [285]. The
human Arctic A fibril is made of four protofilaments in total, two copies of a
protofilament A-B pair and also differs from all other previously determined A(
fibrils [285].
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Figure 1.17.: Overview on structures of AS fibrils determined by NMR spectroscopy
and cryo-EM. (A) A340 fibril purified from AD brain meninges (PDB code: 6SHS, [251]).
(B) Type I Aj42 filaments from human brain parenchyma (PDB code: 7Q4B, [261]).
(C) Type IT Ap42 filaments from human brain parenchyma (PDB code: 7Q4M, [261]).
(D) E22G Ap40 filaments extracted from AD brain tissue (PDB code: 8BGO, [285]). (E)
Type 11 Ap42 filaments from APPNL=F mouse brain (PDB code: 7Q4M, [261]). (F)
Murine E22G Ap filaments from AP PN =¢=F mouse brains (PDB code: 8BG9, [285]).
(G) Brain-derived seeded AB42 fibril type A (PDB code: 8EZD, [260]). (H) Brain-
derived seeded A 42 fibril type B (PDB code: 8EZE, [260]). (I) AB40 fibril derived from
Alzheimer’s disease cortical tissue by seeded fibril growth (PDB code: 6WO00, [259]).
(J) NMR structure of recombinant A40 fibrils (PDB code: 2LMQ, [256]). (K) NMR
structure of recombinant A 542 fibrils (PDB code: 2MXU, [257]). (L) NMR structure of
recombinant A 42 fibrils (PDB code: 5KK3, [254]). (M) NMR structure of recombinant
Ap42 fibrils (PDB code: 2NAO, [255]). (N) Cryo-EM structure of recombinant A/542
fibrils (PDB code: 50QV, [252]). (O) NMR structure of recombinant A/342 fibrils (PDB
code: 6TI6, [253]). (P) NMR structure of recombinant E22A A fibrils (PDB code:
2MVX, [286]).
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Interestingly, a common C-terminal motif can be observed in a number of Aj
fibrils regardless of whether they are in vitro or ex vivo structures. However, apart
from this common motif, in vitro AS fibrils are structurally different from ez vivo
fibrils. The cause for these structural discrepancies between in vitro and ex vivo
fibrils remains elusive, but could be related to the presence of co-factors, as so far

the in vitro condition to produce ex vivo fibrils has not been found.
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2. Objective and Outline

AD, which leads to loss of memory and other cognitive abilities, is the most com-
mon form of dementia [25]. It is a major cause of disability and dependency in
the elderly, and the socioeconomic burden is expected to increase in the coming
years [25]. Aggregation of A into insoluble fibrils and their accumulation into
extracellular plaques is a hallmark of AD [16]. Structural investigations of Af
fibrils by X-ray crystallography and NMR-spectroscopy turned out to be tricky
due to a high degree of polymorphism [1]. However, the resolution revolution in
the field of cryo-EM around 2015 also marked the beginning of a new era for our
understanding of A fibrils on a structural level with the first cryo-EM structure
of an Ap fibril published in Science in 2017 [1, 252].

The aim of this work is to investigate AD on a molecular level in order to deepen
our understanding of the disease pathogenesis, develop suitable laboratory model
systems and support the development of new therapeutics.

One important tool to study the pathology of AD and to conduct preclinical
screening of novel plaque-targeting therapeutics are animal models, especially
transgenic mice showing AS brain pathology. However, the structure of AS fibrils
in these mouse models has not yet been systematically studied, so that the struc-
ture of murine AS fibrils could not be adequately compared to the structure of
fibrils found in humans. In Chapter 3 and Manuscript I, the cryo-EM structure of
nine A/ fibrils purified from brain tissue of six different mouse models is presented.

Another key element to study AD and its molecular mechanisms are laboratory
model systems. But it is essential that the model system actually represents the
studied aspect of the disease as well as possible. Therefore, when studying AS
fibrils on a molecular level, finding the in wvitro condition that leads to the ag-

gregation of recombinant or synthetic AS into fibrils similar to those observed in
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humans is of major importance. Therefore, the subject of chapter 4 is the cryo-EM
structure determination of six in vitro Af42 polymorphs at neutral pH and their
comparison to structures of ex vivo A42 fibrils.

Mutations in the APP gene can cause early-onset familial AD. This is also true
for the novel Uppsala mutation, in which six amino acids are removed from the
middle of the Af sequence, resulting in a truncated peptide of only 36 residues in
length. Chapter 5 and 6 contain structural studies of in vitro and ex vivo purified
ABUpp(1-42) a19.94 fibrils performed using cryo-EM.

In contrast, another mutation in the APP gene, the A673T or so-called Icelandic
mutation, is the only known mutation that is not pathological but protective
against AD. This makes the Icelandic mutation an important research topic, as
its influence on pathogenesis is, among other things, an argument for the influen-
tial role of APP-derived A at an early stage of AD. In Chapter 7 the cryo-EM
structure of in vitro aggregated mutant A2T AfS fibrils is presented.

The presented results are briefly summarized and their significance as well as

resulting perspectives and possible future projects are discussed in chapter 8.

The study of amyloid fibrils at the structural level offers insights into the patho-
genesis of AD. In addition, the findings presented will help to identify suitable in
vitro and in vivo model systems of the disease. These are essential for the develop-
ment of novel therapeutics that will eventually halt the progression of the disease

or perhaps even cure it completely.
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3. Manuscript I: Cryo-EM
Structures of Amyloid-3 Fibrils

from Alzheimer’'s Disease Mouse
Models

In collaboration with Sarah Schemmert, Benedikt Frieg, Luisa Schéfer, Antje Wil-
luweit, Lili Donner, Margitta Elvers, Lars N.G. Nilsson, Stina Syvénen, Dag Sehlin,
and Martin Ingelsson, we investigated the structure of Af fibrils purified from
mouse brain tissue via cryo-EM. We solved the structure of nine fibrils from six
mouse models, that are commonly used in AD research: APP/PS1, ARTE10, tg-
SwDI, tg-APPgywe, APP23 and tg-APP a..swe mice. The resulting article has been
submitted to Nature Neuroscience on 18 June 2023. I summarized the article
below. The article as published on the pre-print server bioRxiv as well as all the

complete supplementary information can be found in the Appendix: B Manuscript
I

This manuscript was accepted (06 October 2023) and published (16 November
2023) in Nature Neuroscience as: Zielinski, M.*  Peralta Reyes, F.S.* Gremer,
L., Schemmert, S., Frieg, B., Schafer, L., Willuweit, A., Donner, L., Elvers, M.,
Nilsson, L.N.G., Syvénen, S., Sehlin, D., Ingelsson, M., Willbold, D., Schréder,
G.F. Cryo-EM of A fibrils from mouse models find tg-APP 5,cswe fibrils resemble

those found in patients with sporadic Alzheimer’s disease. Ref. [287].
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3.1. Summary

The following text was adapted from Manuscript I.

Mouse models, oftentimes transgenic mice, are widely used in AD research to
study the pathogenesis of the disease, but also play an important role in the de-
velopment of novel therapeutics and imaging tracers [125, 126]. However, the high
failure rate in AD drug development [111] is potentially linked to the absence of
the correct molecular targets in transgenic mice used for preclinical testing of novel
therapeutics. In particular, a discrepancy in efficacy of a plaque targeting drug
in mice and in humans could be explained by structural differences. Additionally,
such structural differences might help to understand why PET imaging tracers fail
to detect AS deposits in some patients [285].

For this study, Fernanda Salome Peralta Reyes extracted A filaments from the
brains of six different mouse models (APP/PS1, ARTE10, tg-SwDI, tg-APPgye,
APP23 and tg-APP arcswe). Immunogold negative stain EM confirms the presence
of Ag fibrils in the samples. I performed cryo-EM data acquisition for all samples
and could determine the structure of nine Ag fibrils.

A novel Ap fibril fold, murine type III fibrils, was observed in APP/PS1 and
ARTE10 mice. Interestingly, APP/PS1 murine type III fibrils are mainly com-
posed of AB42, whereas ARTE10 murine type III fibrils are mainly composed of
AB40. Murine type III A fibrils have not been observed in humans yet, but show
some structural similarity to human Arctic A fibrils [285]. Patients with the Arc-
tic mutation show massive A deposits post mortem [289, 290] but were negative
in PET imaging [238]. Interestingly, the PET tracer ["'C]PiB also does not work
effectively in APP/PS1 mice, where murine type III fibrils account for 100% of
all fibrils in the dataset. In contrast, ARTE10 mice are "PET-positive", but here
also only 4% of all fibrils were of murine type III. Furthermore, it was shown that
the ['8 F]-labelled amyloid PET tracer florbetaben (FBB) works more effectively in
ARTE10 mice than in APP/PS1 mice, because of congophilic dense-cored plaques
and higher plaque load in ARTE10 mice [291].

We observed three novel A polymorphs in tg-SwDI mouse. The mouse model
harbors the Swedish double mutation, the Dutch (E22Q), and the Iowa (D23N)
mutation and therefore, deposits mutant A5 [292, 293]. The Dutch and Iowa
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mutation have been observed in fAD families [$7, 88, 93], but the combination of
these cannot be found in humans. Moreover, the tg-SwDI mouse model is used
to study CAA. We observed three novel polymorphs: DI1, DI2, and DI3. The
dominant DI1 polymorph is the only dimeric AS fibril extracted from tg-SwDI
mouse. All three polymorphs differ from other in vitro and murine/human ez vivo
structures, however, the abundant DI1 Af fibril overlays in its N-terminal domain
with A540 fibrils purified from vascular deposits in the brain meninges associated
with CAA [251]. This suggests that the tg-SwDI mouse line may indeed be well
suited to studying CAA.

ARTE10, tg-APPgsye, and APP23 show an Af42 fibril (murine type II) that
is identical to previously described human type II filaments purified from fAD
brain tissue [261]. All three models can therefore, together with the previously
described APPNF knock-in mouse line [261], be used to study fAD. The efficacy
of different aducanemab analogues was tested in APP23 mice and showed positive
results [2941]. Based on our results, the preclinical tests in the mouse model may
have predicted efficacy of the drug in fAD rather than sAD. Additionally, given a
high total brain Af level, all three mouse models also are "PET-positive", which is
consistent with the finding that the dominant fibril type in all three mouse models
is identical to human type II filaments.

Muriney,. type I fibrils extracted from tg-APP 5.cswe mouse are made of mutant
E22G AS40. We observed at least two additional polymorphs in the dataset,
however, surface bound additional densities prevented structure determination.
Muriney,. type I AB40 fibrils resemble human type I A542 filaments [261]. Ex-
tra densities in the fibril cavity of the muriney,. type I fibril shift the C-terminus
slightly, however, the solvent-accessible surface is almost identical. Remarkably,
murinea,. type I fibrils are structurally different from ApS fibrils purified from
APPN-GF Inock-in mouse brain tissue, although here also mutant E22G AfS is
deposited [284, 285]. Interestingly, the NMR structure of A/40 fibrils with the
Osaka mutation (E22A) [280] is structurally similar to muriney,. type I fibrils.
In both cases the residue E22 is mutated. Human type I filaments are associated
with sAD, which accounts for 95% of all AD cases. Tg-APP A cswe Were used in
therapeutic research and treated with the monoclonal antibody mAb158. The hu-

manized version BAN2401 is known as lecanemab, which showed deceleration of

39



cognitive decline and a reduction of amyloid plaque burden in AD patients [117,
295-297]. The Ap-directed antibody lecanemab is the most successful treatment
for AD to date. It was developed primarily against intermediately sized soluble
A aggregates like oligomers and protofibrils [121, 123]. Although the structure of
these aggregates is not yet known, lecanemab has also been shown to interact with
"diffusible Ag fibrils" found in "ultracentrifugal supernatants of aqueous extract
from AD brains" and whose structure is identical to that of A fibrils found in insol-
uble plaques [124]. Moreover, PET imaging of tg-APP s.cswe mice with [MC]PiB
shows amyloid pathology [123] with a higher [''C]PiB binding in tg-APP arcswe
than in APPNY6F knock-in mouse [2958]. As a consequence, tg-APP a,csye mice

might indeed be predictive for the efficacy of a drug candidate in sAD.

The results of this study give an indication of how suitable the mouse models
investigated are for AD research. In addition, it also shows how important it is to
investigate the molecular targets of a drug candidate or imaging tracer also on a
structural level in order to avoid drawing false conclusions from efficacy tests in
mice with regard to efficacy in humans and to explain why PET imaging does not

work reliably in all patients.

3.2. Contribution

For this study, I performed TEM screening of negative stain grids and immuno-
gold negative stain grids that were prepared by Fernanda Salome Peralta Reyes
and myself. I performed sample vitrification and cryo-EM data acquisition for all
samples. I processed the images of all collected datasets and generated the final
maps for Ap fibrils from APP/PS1, ARTE10, tg-SwDI, tg-APPgy., and APP23
mice. Additionally, I participated in writing the original manuscript draft, pre-
pared most figures, and discussed the paper with my co-authors. I am a shared

first author of this article.
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3.3. Further observations

3.3.1. Immunogold labelling of tg-APPa,cswe A fibrils with

Lecanemab

As previously described, muriney,. type I fibrils purified from tg-APP p,cswe mouse
brain tissue resemble human type I fibrils, mainly observed in individuals with
sAD. These structural similarities are one possible explanation for the clinical suc-
cess of lecanemab. To address the question of whether lecanemab indeed binds to
Ap fibrils purified from tg-APP z,cswe mouse brain tissue, we performed immuno-
gold negative stain EM with lecanemab. For this, immunogold negative stain grids
were prepared following [299]. Briefly, 2 pLi of the final pellet were placed on a
glow-discharged 300 mesh carbon-coated copper grid (EM Sciences, ECF300-CU)
for 2 min. The sample was washed once with dH50 and placed in blocking buffer
for 15 min, following incubation with humanized lecanemab as primary antibody
diluted in blocking buffer at a concentration of 2 pg/mL for 1.5 h. Afterwards,
the grid was washed with washing buffer and was incubated with a mixture of
6 nm gold-conjugated anti-mouse and 10 nm gold-conjugated anti-human second-
ary antibody (each diluted 1:20 in blocking buffer and mixed 1:1, Abcam) for 1 h.
The grid was washed five times with washing buffer and three times with dH,O
before staining with 1% (w/v) uranyl acetate (UrAc) for 1 min. The sample was
air-dried, and TEM images were acquired using a ThermoFisher Scientific Talos
120C at an acceleration voltage of 120 kV. Images were collected on a 4k x 4k Ceta
16M CMOS camera using Thermo Scientific Velox Software. Figure 3.1 visualizes
the results of the lecanemab immunogold labelling. It can be seen, that the AS
fibrils are labelled with lecanemab confirming that lecanemab indeed binds to AS

fibrils purified from tg-APP z,cswe mouse brain tissue.
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Figure 3.1.: Immunogold negative-stain EM image of the purified Ag fibrils from tg-
APP Arcswe mouse brain tissue labelled with lecanemab.

3.3.2. Additional proteins found in murine samples

Murine A fibril samples were not entirely pure and therefore, additional proteins
could be observed. An overview is shown in Figure 3.2. The Vault protein com-
plex, a ribonucleoprotein that can be found in eukaryotic cells, could be identified
directly from the recorded micrographs due to its characteristic shape (Figure 3.2
A,C)[300, 301].
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Figure 3.2.: Additional (identified and unidentified) cellular components present in
murine Af fibril samples. (A,B) Two exemplary cryo-EM micrographs taken from the
cryo-EM dataset of Af fibrils from tg-APP A cswe mouse brain tissue. (C) Vault Protein
(i) as visible on a recorded cryo-EM images and (ii) its structure determined by cryo-
EM [301] taken from the PDB (PDB 7PKZ). (D) Rod-shaped unidentified structure of
varying length and approximately 80 A in width on most images. (E) A globular protein
of approximately 60 A in width arranged in a lattice (i) as visible on a recorded cryo-EM
image. (ii)-(iv) This protein was identified by single particle reconstruction to most likely
be the C-ring of an ATPase. The displayed density map (ii) was computed and provided
by Janus Lammert. The shown structure of the V-ATPase [302] was taken from the
PDB (PDB 6VQ6).

Furthermore, we have observed a rod-shaped structure (Figure 3.2 A D) that
has repeating units that are ~40 A apart (Figure 3.3). The length and width
of this unknown structure varies, but most are ~80 A wide. This rod-shaped
structure was also observed in the cryo-EM dataset of Aj fibrils extracted from
human brain tissue (data not shown, compare Appendix D.0.1). Although the
observed structure could consist of proteins, the distance of about 4 nm between
the electron-dense repeating units indicates that it consists of lipids, with 4 nm

being the thickness of a lipid bilayer.
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Figure 3.3.: Exemplary 2D classes of the unidentified rod-shaped structure found in
murine and human Ag fibril samples. The classes shown were computed from a cryo-EM
dataset of Af fibrils purified from human brain tissue.

Finally, we observed a globular protein with a diameter of ~60 A that arranges
into a regular lattice on negative stain (Figure 3.4) and on cryo-EM grids (Figure
3.2 B, E).

Size |Exp |Mag Spot | HT Pixel size | Fov Defocus IOO nm
4096 |2s | 57000 x |4 120 kV | 249.9 pm |1.023 pm | -2.6 pm

Figure 3.4.: Globular Protein observed in murine samples. (A) Negative stain EM
images of a sample of Af fibrils purified from tg-APPaycswe mouse brain tissue. (B)
2D classes computed from a cryo-EM dataset of AS fibrils purified from tg-APP ArcSwe
mouse brain tissue.

Janus Lammert performed the single-particle reconstruction from the merged

cryo-EM datasets of all murine samples. Despite difficulties in reconstruction due
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to a preferred orientation caused by the lattice arrangement of the protein, we
were able to identify the protein likely to be the C-ring of a V-ATPase, which are
ATP-dependent proton pumps that can be found in eukaryotic cells (Figure 3.2 E

(ii)-(iv)) [303].
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4. The cryo-EM structures of in
vitro A(3(1-42) fibrils at neutral
pH

When studying Alzheimer’s disease and its molecular mechanisms in vitro, suitable
laboratory model systems that reflect the studied aspect of the disease as well as
possible are essential. For A3, however, it is not yet known under what conditions
synthetic or recombinant A peptide aggregates in wvitro into fibrils identical to

those found in AD patients.

In collaboration with Raimond Ravelli at Maastricht University, we investig-
ated the structure of synthetic AS(1-42) fibrils at neutral pH by cryo-EM. For
this project, Raimond Ravelli prepared the Af fibril sample and collected cryo-
EM datasets on a Titan Krios at the Netherlands Centre for Electron Nanoscopy
(NeCEN) in Leiden.

4.1. Results and Discussion

Negative Stain EM of a neutral pH Af fibril sample, identical to the one prepared
by Raimond Ravelli for cryo-EM, showed a high fibril concentration with large
fibril clusters after 146 h of incubation (Figure 4.1 A).
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Figure 4.1.: EM images of Af42 fibrils at pH7.4. (A) Negative stain image after 146 h
of incubation. (B) Cryo-EM image after 21 h of incubation. The image was low-pass
filtered to 10 A to enhance contrast.

To ensure isolated, unbranched fibrils in cryo-EM, the fibril sample was frozen
already after 21 h of incubation. One representative cryo-EM micrograph showing
straight fibrils at sufficient concentration is displayed in Figure 4.1 B. Moreover, it
can be seen that the sample contains different AS fibril polymorphs. Fibrils were
picked manually on the acquired micrographs, but due to the low contrast, poly-
morphs were not separated during picking. Instead, overlapping fibrils segments
were extracted at a box size of 900 pix (downscaled to 300 pix) and 2D classi-
fication was performed to separate different polymorphs (Figure 4.2 A). A high
degree of polymorphism can be observed in the dataset with at least nine different
polymorphs. Six polymorphs could be identified during the first 2D classification
run (Figure 4.2 A). All unidentified polymorphs were selected for a second 2D clas-
sification run, which resulted in the identification of three additional polymorphs
(Figure 4.2 B).
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Figure 4.2.: Representative 2D class averages of pH 7.4 Ap fibrils. (A) First 2D
classification of all fibril segments at a box size of 900 pix (downscaled to 300 pix). (B)
2D class averages of all thicker fibrils after a second classification run.

From the pie chart in Figure 4.3 it can be seen that the most dominant poly-
morph, that accounts for 20.7% of all fibrils in the dataset is straight and therefore,

a high-resolution reconstruction was not possible.

Distribution of Polymorphs

= Straight s PM1 =3 PM2 =5 «PM3 =PM4 =PM5 -PM6

Figure 4.3.: Distribution of Polymorphs in the dataset of in wvitro AB42 fibrils at
neutral pH.
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As indicated by the legend in Figure 4.3, structure determination was possible
for six of the nine polymorphs observed in the 2D class averages shown in Figure

4.2. In addition to the most abundant yet straight polymorph, no structures could

be determined for the third and fifth most dominant polymorphs, which account
for 16.7% and 11% of all fibrils in the dataset, respectively.

An overview on the determined structures is given in Figure 4.4.

Figure 4.4.: Cryo-EM structures of in vitro Ag42 fibrils at neutral pH (A-F). For
each map, a projection of the reconstructed density including approximately one S-rung
is shown. The scalebar in (A) applies to all panels. The percentage of a particular
polymorph among all AS fibrils in the dataset is shown in the upper right corner. The
resolution of the map is given in the lower left corner.

4.1.1. Cryo-EM Structure of Polymorph 1

The first Polymorph (PM1), that accounts for ~19% of all fibrils in the dataset,
consists of two non-identical protofilaments (Figure 4.4 A). Both protofilaments
are surrounded by a weak density, and additionally, a third protein fragment can

be observed adjacent to one protofilament. Figure 4.5 shows the last 3D refinement

20



prior to 3D auto-refinement (Figure 4.5 A, B) as well as the post-processed map
sharpened in different ways (Figure 4.5 C-H).
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Figure 4.5.: Cryo-EM reconstructions of in vitro neutral pH Ap42 PM1 fibrils. (A,
B) 3D refined map sharpened with VISDEM [304] (resolution 3.9 A). (C, D) Post-
processed map sharpened with an automatically estimated B-factor of -133.7. (E, F)
Post-processed map sharpened first with an automatically estimated B-factor of -133.7
and subsequently with VISDEM (resolution 2 A). (G, H) Post-processed map sharpened
with VISDEM (resolution 3.9 A).

Although a global resolution of 3.9 A (based on the gold-standard FSC 0.143
criterion; Figure 4.6 A) usually allows for de novo atomic model building, the post-
processed map shows several structural breaks and only a few side chain densities
(Figure 4.5). Of all four maps displayed, the output of the 3D refinement job prior
to auto-refinement and post-processing produces the map with the highest visual
resolution (Figure 4.5 A, B). Nevertheless, all displayed maps clearly lack high-
resolution features, with even only one protofilament being resolved well enough to
allow tracing of the backbone (Figure 4.5, A, C, E, and G, gray). Overestimation
of the global resolution as well as bumps in the FSC curve, as seen in Figure 4.6
A, are usually associated with artefacts due to too tight masking. However, the

applied soft-edge mask, extended by 8 pixels and further extended by a soft-edge
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of 12 pixels, seems to fit the density (Figure 4.6 B).
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Figure 4.6.: Postprocessing and masking of in wvitro neutral pH AB42 PMI1 fibrils.
(A) FSC curve from the gold-standard refinement of the cryo-EM map of PM1 yields a
resolution of 3.9 A (using the 0.143 criterion). (B) The post-processed map of PM1 and
the applied mask during post-processing.

To evaluate the true resolution of the map, the local resolution was calculated
for the 3D auto-refined map using the same mask as for the estimation of the global
resolution (Figure 4.7). And indeed, calculation of the local resolution shows that

the true resolution of the calculated map is ~4.1 A.

Resolution [A]
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Figure 4.7.: Local resolution plot for in vitro neutral pH A542 PM1 fibrils.

The cause of the overestimation of the global resolution remains unclear. At

4.1 A, the map does not allow for de novo atomic model building.
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Further 3D classification (K = 3) of the particle set, that was used to compute
the final map shown above (Figure 4.4 A), reveals the presence of additional sub-

polymorphs (Figure 4.8).

Figure 4.8.: 3D classification of the in vitro neutral pH A542 PMI1 particle set using
three classes.

Two out of three calculated classes contain particles that lead to a reasonable
reconstruction of the two subpolymorphs PM1.1 and PM1.2. PM1.1 resembles
the two protofilament fibril displayed in Figure 4.4 A. PM1.2, on the other hand,
consists of a PM1.1 fibril with an additional protofilament. Both polymorphs,
PM1.1 and PM1.2, were refined individually (Figure 4.8, bottom) leading to final
maps at resolutions of 4.4 A and 5 A (based on the gold-standard FSC 0.143

criterion; Figure 4.9), respectively.
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Figure 4.9.: FSC curves from the gold-standard refinement of the cryo-EM map of in
vitro neutral pH AB42 (A) PMI1.1 fibrils yields a resolution of 4.4 A, and (B) PM1.2
fibrils yields a resolution of 5 A (using the 0.143 criterion).

While the cross-section of PM1.1 shows more structural detail than the cross-
section of PM1 (Figure 4.10 A, Figure 4.5), the resolution along the helical axis
is limited due to lack of separation of individual layers (Figure 4.10 B). At a
resolution of 5 A, the side chains are not visible in the cryo-EM map of PM1.2
fibrils (Figure 4.10 C). Furthermore, the additional protofilament that is visible
in Figure 4.8 is not well resolved and, as for PM1.1, the individual layers are not
separated (Figure 4.10 D).

Figure 4.10.: Cryo-EM Maps of in vitro neutral pH A/342 PM1 sub-polymorphs. (A)
Cross-section of the cryo-EM map of PM1.1. (B) Cryo-EM map of PM1.1 along the
helical axis. (C) Cross-section of the cryo-EM map of PM1.2. (D) Cryo-EM map of
PM1.2 along the helical axis.
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Although de novo atomic model building is not possible for both polymorphs,
PM1.1 allows for tentative backbone tracing and an initial sequence assignment
(Figure 4.11 A, B).

A

Figure 4.11.: Structure of in vitro neutral pH Af42 PM1.1 fibrils. (A) Schematic
backbone trace of PM1.1 (burgundy) and the reconstructed cryo-EM map (gray). (B)
Possible sequence assignment for PM1.1 (peach) and the reconstructed cryo-EM map
(gray, burgundy). (C) Overlay of the cryo-EM map of PM1.1 (gray) with the atomic
model of a human brain extracted type I AB42 protofilament ([261], PDB 7Q4B, peach)
and the schematic of the PM1.1 backbone trace (burgundy). (D) Human type I filaments
(PDB 7Q4B).

Moreover, one PM1.1 protofilament shows some structural similarity to one pro-
tofilament of type I filaments purified from human brain tissue [261] (Figure 4.11

C). Both protofilaments adopt an extended S-conformation, with the interface
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between the protofilaments partially formed by the interaction of the C-terminal
domain with the C-terminal domain of the neighbouring protofilament. However,
in the symmetric type I filaments, .34 - V36 come into contact with L34 - V36 of
the neighbouring protofilament (Figure 4.11 D), whereas in PM1.1 fibrils, a rota-
tion of the C-terminal domain by approximately 90° compared to type I filaments,
L34 - V36 come in contact with 131-L.34. This rotation leads to a slightly shifted
N-terminus of the type I-like protofilament in PM1.1 fibrils.

4.1.2. Cryo-EM Structure of Polymorph 2 and Polymorph 3

Polymorph 2 (PM2) and polymorph 3 (PM3) that account for 12.5% and 7.1% of
all fibrils in the dataset, respectively, share a similar protofilament fold (Figure 4.4
B, C). In contrast to PM3, which consists of two LS-shaped protofilaments, PM2
consists of only one LS-shaped protofilament, with an additional weak density
suggesting the presence of a second protofilament in some fibril segments. This
second protofilament in PM2 becomes better visible in the cross-section of an

intermediate 3D refinement step (Figure 4.12 A).
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Figure 4.12.: Cryo-EM reconstruction of in vitro neutral pH Ap42 PM2 fibrils. (A)
Cross-section of the PM2 reconstruction after an intermediate 3D refinement step. (B)
3D classification result of the PM2 particle set with three classes and without image
alignment. (C) 3D classification result of the PM2 particle set with three classes and
with image alignment.

Separation of PM2 particles containing two protofilaments from those containing
only one protofilament by 3D classification with or without alignment was not
successful (Figure 4.12 B,C). Figure 4.13 shows the final post-processed map of
PM2 and PM3.

Figure 4.13.: Cryo-EM maps of in vitro neutral pH AB42 PM2 and PM3 fibrils. (A)
Cross-section of the cryo-EM map of PM2. (B) Cryo-EM map of PM2 along the helical
axis. (C) Cross-section of the cryo-EM map of PM3. (D) Cryo-EM map of PM3 along
the helical axis.
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For both polymorphs, de novo atomic model building is not possible at resol-
utions of 4.9 A (PM2) and 5.2 A (PM3) (based on the gold-standard FSC 0.143
criterion; Figure 4.14), however, the LS-shaped protofilament of both neutral pH
polymorphs is reminiscent of the LS-shaped protofilament of in vitro A342 fibrils
formed at acidic pH [252].
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Figure 4.14.: FSC curves from the gold-standard refinement of the cryo-EM map of in
vitro neutral pH AB42 (A) PM2 fibrils yields a resolution of 4.9 A, and (B) PM3 fibrils
yields a resolution of 5.2 A (using the 0.143 criterion).

And indeed the LS-shaped protofilament of in vitro AS42 fibrils formed at acidic
pH fits the cryo-EM map of PM2 and PM3 for most parts (Figure 4.15 A, B). With
a similar LS-shaped protofilament, the major difference between acidic pH A 342
and neutral pH AfS42 fibrils seems to be given by the protofilament dimerization
(Figure 4.15 C). In acidic pH A/542 fibrils the interface is formed by hydrophobic
interactions of the C-terminus and a salt bridge between D1 and K28. In contrast,
the displacement of the protofilaments in neutral pH PM2 and PM3 A542 fibrils

results in an interface formed between residues Y10-E22.
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Figure 4.15.: Structural Interpretation of in wvitro neutral pH AB42 PM2 and PM3
fibrils. (A) Overlay of the cryo-EM map of PM2 with the atomic model of two proto-
filaments of in vitro A542 fibrils formed at acidic pH ([252], PDB 50QV). (B) Overlay
of the cryo-EM map of PM3 with the atomic model of two protofilaments of in wvitro
Ap42 fibrils formed at acidic pH (PDB 50QV). (C) Schematic representation of the
displacement of the protofilaments required to produce the possible arrangement of pro-
tofilament arrangement in PM2 and PM3 Af42 fibrils from acidic Ap42 fibrils (PDB
50QV).

4.1.3. Cryo-EM Structure of Polymorph 4

Polymorph 4 (PM4), that accounts for 6.4% of all fibrils in the dataset, consists of
two identical or non-identical protofilaments (Figure 4.4 D). In addition, a third
protofilament appears to bind to the fibril less regularly but at a discrete site, as

indicated by a faint density (Figure 4.16 A, pink arrow).
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11.7%

Figure 4.16.: Cryo-EM reconstruction of in vitro neutral pH Ap42 PM4 fibrils. (A)
Cross-section of the PM4 reconstruction after an intermediate 3D refinement step. (B)
3D classification result of the PM4 particle set with three classes and without image
alignment. (C) 3D classification result of the PM4 particle set with three classes and
with image alignment.

Similar to PM2, the separation of the fibril segments containing two protofil-
aments from those containing three protofilaments by 3D classification with or
without alignment of individual fibril segments was not successful (Figure 4.16 B,
C). The final map displayed in Figure 4.17 was solved to 4.6 A resolution (based
on the gold-standard FSC 0.143 criterion; Figure 4.18).

A o AR

Figure 4.17.: Cryo-EM map of in vitro neutral pH AB42 PM4 fibrils. (A) Cross-section
of the cryo-EM map of PM4. (B) Cryo-EM map of PM4 along the helical axis.
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However, as for PM1, visual inspection of the density map indicates an over-
estimation of the actual resolution, as the map does not show higher-resolution
features such as side-chain densities or layer separation. Therefore, de novo atomic

model building was not possible.
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Figure 4.18.: FSC curve from the gold-standard refinement of the cryo-EM map of in
vitro neutral pH A 542 PM4 fibrils yields a resolution of 4.6 A (using the 0.143 criterion).

Nevertheless, a schematic of the tentative backbone trace suggests that the
individual protofilaments of PM4 are connected via interactions between the C-
termini around A42-G38 and the extended section around E22 to Y10 (Figure
4.19).

Figure 4.19.: Schematic of the preliminary backbone trace of in vitro neutral pH A 542
PM4 fibrils.
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Moreover, the schematic representation of the backbone shows that all three
protofilaments of PM4 probably share a common fold. And although both maps
are only solved to medium resolution, the same fold can also be observed in the
type I like protofilament of PM1.

4.1.4. Cryo-EM Structure of Polymorph 5

Polymorph 5 (PM5), solved to a resolution of 4.6 A (based on the gold-standard
FSC 0.143 criterion; Figure 4.20 A), is made of two non-identical protofilaments
(Figure 4.20 B, C). As previously described for the other polymorphs, additional

protein density can be observed adjacent to both protofilaments.
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Figure 4.20.: Reconstruction of in vitro neutral pH Ap42 PMS5 fibrils. (A) FSC curve
from the gold-standard refinement of the cryo-EM map of PM5 yields a resolution of
4.6 A (using the 0.143 criterion). (B) Cross-section of the cryo-EM map of PM5. (C)
Cryo-EM map of PM5 along the helical axis.

Although de novo atomic model building is not possible, a schematic of the fold
shows that one PM5 protofilament bears some structural similarity to protofila-
ments observed in PM1 and PM4, as well as to a protofilament of type I filaments
purified from human brain [261]. Moreover, the protofilament interface between
the C-terminus and the extended backbone approximately between residues E22

and Y10 is likely identical to the protofilament interface observed in PM4.
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Figure 4.21.: Structure of in vitro neutral pH AS42 PM5 fibrils. (A) Schematic of
the backbone trace of PM5. (B) Overlay of the cryo-EM map of PM5 with the atomic
model of a human brain extracted type I AB42 protofilament ([261], PDB 7Q4B, teal).

4.1.5. Cryo-EM Structure of Polymorph 6

The least abundant polymorph 6 (PM6), which accounts for only 2% of all fibrils
in the dataset, consists of an LS-shaped protofilament. Due to the limited number
of fibril segments, PM6 could only be solved to a resolution of 8.4 A (based on the
gold-standard FSC 0.143 criterion; Figure 4.22 A; Cryo-EM map not shown.).
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Figure 4.22.: Reconstruction of in vitro neutral pH AS42 PM6 fibrils. (A) FSC curve
from the gold-standard refinement of the cryo-EM map of PM6 yields a resolution of
8.4 A (using the 0.143 criterion). (B) Cross-section of the cryo-EM map of PM6 and
possible backbone traces.

As previously described for other polymorphs of in vitro neutral pH A (542, faint
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density can be observed next to LS-shaped protofilament suggesting the presence of
a second protofilament. Figure 4.22 B shows two possible backbone conformations
for PM6. In both possible conformations, the two protofilaments are possibly con-
nected through interactions between the C-terminus and the extended backbone,
likely between residues E22 and Y10.

4.1.6. Discussion

A 342 fibrils formed in vitro at neutral pH exhibit a high degree of polymorphism
with at least nine different polymorphs present in the dataset. Structure determ-
ination was possible for six of the nine polymorphs. All six polymorphs present
novel Af folds or protofilament interfaces. Interestingly, individual protofilaments
can be observed in different polymorphs where they are connected by different
interfaces, leading to the formation of distinct fibril polymorphs. All six fibrils
formed in wvitro differ from fibrils purified from human brain tissue, probably due
to the absence of cofactors required for the formation of human Af fibrils. A
faint density can be observed in PM1, PM2, PM4, and PM6, indicating the pres-
ence of another protofilament that appears to bind irregularly but at a discrete
binding site. PM2 and PM3 both consist of two LS-shaped protofilaments that
are connected through an identical interface. However, in PM2 fibrils, the second
protofilament is only accounted for by faint density. After an incubation of only 21
hours, the sample solution could still contain on-pathway oligomers or monomers
that are not yet bound, suggesting that PM2 fibrils are only an intermediate step
and will eventually develop into PM3 fibrils. Accordingly, the presence of PM2
fibrils in this dataset could be an observation of secondary nucleation processes. It
would therefore be interesting to study the structure of in vitro A 342 fibrils formed
at neutral pH after a longer incubation period and, in particular, to investigate

whether the distribution of individual polymorphs changes over time.
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4.2. Methods

4.2.1. Sample Preparation

Synthetic peptide was purchased from Bachem and purified via RP-HPLC by
Lothar Gremer. The sample was then HFIP treated and lyophilized (CHECK
EPPI Label). 20 pL of 5 mM NaOH was added onto one lyophilized aliquot of
ApB42 (36 pg, i.e. 8 nmol). The sample was shortly vortexed and centrifuged
to dissolve the lyophilized peptide. After an incubation time of 40 min at room
temperature, 60 nl. of dH>0O and subsequently, 120 pL. 50 mM NaP1i, pH 7.4, were
added to the solution. The sample was stored at 4°C.

This sample was only used for negative stain EM. The sample used for cryo-EM

was prepared in a similar way by Raimond Ravelli at Maastricht University.

4.2.2. Negative Stain EM

For negative stain EM, 3 pl. of the AS42 fibril sample after an incubation time
of 146 h was applied onto a glow-discharged 300 mesh carbon-coated copper grid
(EM Sciences, ECF300-CU). The sample was incubated on the grid for 2 min
and excess liquid was blotted off with filter paper. Afterwards, 3 pL of 2% (w/v)
UrAc were applied onto the grid and incubated for 1min. The UrAc was removed
with filter paper and the grid was air-dried. TEM images were acquired using a
ThermoFisher Scientific Talos 120C at an accelerating voltage of 120 kV. Images
were collected on a 4k x4k Ceta 16M CMOS camera using EPU data collection

software.

4.2.3. Cryo-EM Data Acquisition

Sample vitrification was performed by Hans Duimel at Maastricht University.
2.5 pL of AB42 fibrils in NaPi buffer at pH 7.4 after 21 h incubation time was
applied to holey gold grids (UltraAuFoil 1.2/1.3, 300 mesh), blotted with filter
paper for 3 s and plunge frozen in liquid ethane using a Vitrobot (FEI), set at 95%
humidity and 4°C temperature. Two cryo-EM datasets was collected by Raimond
Ravelli at NeCEN in Leiden and joined for image processing (Table 4.1).
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First Dataset Second Dataset
Data collection
Microscope Titan Krios Titan Krios
Voltage [kV] 300 300
Detector K3 K3
Energy filter slit width [eV] || 20 20
Magnification 105,000 105,000
Pixel size [A] 0.836 0.836
Defocus range [pm)| -1.2 to -2.2 -1.2 to -2.2
Exposure time [s] 2.52 2.52
Number of frames 50 50
Total dose [e~/A?] 50 50

Table 4.1.: Cryo-EM data collection statistics of in vitro A5(1-42) fibrils at neutral pH.

4.2.4. Image processing and helical reconstruction

Prior to helical reconstruction, movie frames were gain-corrected, binned by a
factor of two, aligned, and summed into single micrographs using RELION’s im-
plementation of MotionCor2 [208]. CTF estimation was performed using CT-
FFIND4.1 [209]. Helical reconstruction was performed using the helical recon-
struction methods implemented in RELION [223, 272]. Fibrils were picked manu-
ally and polymorphs were separated using reference-free 2D class classification at
a larger box size of 900 pix (downscaled to a box size of 300 pix). A featureless
cylinder was lowpass filtered to 40 A and used as initial model for 3D refinement.
Several rounds of classification and refinement were used to increase the resolu-
tion by finding the optimal particle set, refining angular assignments and helical
parameters. The initial helical rise was set to 4.75 A and the twist was calculated
from the cross-over distance measured from the larger box 2D class averages. 3D
auto-refinement and subsequent post-processing was performed to compute the fi-
nal B-factor sharpened map. The resolution as stated in Table 4.2 was calculated
during post-processing according to gold-standard Fourier Shell Correlations at
0.143 applying a soft-edged solvent mask. ChimeraX [305] was used for molecular
graphics and analyses. Further information on image processing can be found in
Table 4.2.
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4.3. Contribution

For this project, I performed negative stain EM screening of a sample similar to the
one used for cryo-EM. I performed image processing of the dataset and determined

the structures of six polymorphs.
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5. Publication II: The Uppsala APP
deletion causes early onset
autosomal dominant Alzheimers
disease by altering APP
processing and increasing amyloid

3 fibril formation.

Our collaboration partners in Uppsala, Sweden identified a multi-codon APP de-
letion mutation that causes early onset AD in three individuals in a family from
Uppsala. The effects of this mutation along with a first structural idea of the result-
ing synthetic mutant Af fibrils were published in Science Translational Medicine
in 2021 [82]. The following summary gives a brief overview of the most important
results of Publication II. Subsequently, my contribution to this study is presented
in more detail in a separate section. Both the article as well as its supplementary

information can be found in the Appendix: C Publication IT

5.1. Summary

The following text was adapted from Publication II.
The Uppsala mutation is the first reported multi-codon APP deletion (A690-
695) that causes an autosomal-dominant inherited form of early-onset AD. All

three mutation carriers (sibling 1, sibling 2, cousin) show an early symptom onset
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at age 43 (sibling 1), 40 (sibling 2) and 41 (cousin) and a rapidly progressing disease
course. Analyses of the cerebrospinal fluid (CSF) revealed Af342 concentrations
comparable to those of non-AD controls, but pathologically elevated concentrations
of total tau and phospho-tau. Additionally, amyloid-PET imaging with [''C|PIB
was performed for two carriers, showing only a slightly positive pattern. However,
brain autopsy of one patient brain shows a widespread tau pathology and abund-
ant and widespread Af plaques, consisting mainly of full-length and N-terminally
truncated ABUpp42a19.04. Mutation carriers have lower levels of AS oligomers
and protofibrils than sAD patients, comparable to healthy controls. Cell culture
experiments showed that the mutation increases [-secretase cleavage and thus the
production of AS and alters a-secretase cleavage. Furthermore, in vitro aggrega-
tion experiments suggest a higher propensity of AGUpp42a19.24 to aggregate into

fibrils and an accelerated deposition of these fibrils into amyloid plaques.

5.2. Results - TEM analysis

The following text was adapted from Publication II.

For structural investigations, Martin Ingelsson provided synthetic ASUpp(1-
42)a19.24 peptide. Christine Roder performed sample purification by reversed
phase-high performance liquid chromatography (RP-HPLC) and set up the fib-
rillisation at low pH fibrillisation conditions (30% (v/v) acetonitrile (AcN), 0.1%
(v/v) trifluoroacetic acid (TFA)) [306]. The fibrils formed during several weeks
of incubation at room temperature under quiescent conditions. EM screening of
negatively stained fibrils revealed the presence of several pm long, well-ordered
fibrils and a high degree of polymorphism. Out of four polymorphs that could be
identified on negative stain EM images, two were present in sufficient concentra-
tion in the cryo-EM dataset to perform image processing. The structures of the
dominant polymorphs were determined to resolutions of 5.7 A and 5.1 A for the
first and second polymorph, respectively. Both polymorphs consist of two sym-
metrical protofilaments. Initial estimates for the helical symmetry reveal a pseudo
2, symmetry for both polymorphs with a helical rise of 2.41 A and a helical twist
of 178.45° for the first polymorph and a helical rise of 2.29 A and a helical twist
of 179.45° for the second polymorph. Atomic model building was not possible due
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to the medium resolution of the reconstructions. However, a preliminary back-
bone trace confirms that for both polymorphs all 36 residues could potentially
be accommodated in the density. Moreover, the double S-shaped polymorph 1
resembles to some degree a medium resolution cryo-EM structure of a wild-type
A[(1-42) fibrils [307]. Here, the protofilament interface as well as the fibril core
could be identical. The G-shaped fold of polymorph 2 seems to be novel, however,
some vague similarity to a previously described cryo-EM structure of wild-type
A[(1-42) fibrils can be observed [252]. In particular, the salt bridge between D1
in one protofilament and K28 in the opposite protofilament might also be present
in polymorph 2. However, the C-terminal protofilament interface in the fibril core
more closely resembles the interface in two solid-state NMR structures of wild-type
AB(1-42) [254, 255].

5.3. Contribution

For this study, I performed negative stain EM sample screening, cryo-EM grid
preparation, data acquisition and image processing. Additionally, I incorporated

my results into the manuscript. I am a co-author of this article.
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6. Cryo-EM Structures of
AﬁUpp(1-42)A19_24 Fibrils

For a brief introduction to the Uppsala deletion mutation, which causes a dom-
inantly inherited form of early-onset AD, the reader is referred to Chapter 5. A
first insight into the structure of AGUpp(1-42)a19.24 fibrils was already presented
within publication II (Chapter 5, Appendix: C' Publication II).

During the course of this project, the structure of in vitro AFUpp(1-42)a19.24
fibrils was determined at higher resolution using cryo-EM (Chapter 6.1.1). For this,
Martin Ingelsson provided synthetic peptide, which was purified by RP-HPLC by
Christine Roder and fibrillised under low pH conditions as described in Publication
1L

Subsequently, the cryo-EM structure of murine ASUpp(1-42)a19.04 fibrils has
been determined (Chapter 6.1.2). The fibrils were purified from tg-UppSwe mouse
brain tissue by Fernanda Salome Peralta Reyes following a previously described
sarkosyl extraction protocol [261]. The mouse model was developed by Maria
Pagnon de la Vega [308] and the tissue material was provided by Martin Ingelsson.
Transgenic tg-UppSwe mice express human APP with the Uppsala mutation and
the Swedish mutation [308]. The latter increases A/ production [308].

Lastly, cryo-EM data of ASUpp(1-42)a19.24 fibrils purified by Fernanda Salome
Peralta Reyes (following a previously described sarkosyl extraction protocol [261])
from human brain tissue provided by Martin Ingelsson, was collected and the
data was processed (Chapter 6.1.3). The latter is an ongoing project with further

experiments being conducted by Simon Sommerhage.
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6.1. Results and Discussion

6.1.1. The in vitro structure of A5Upp(1-42)a19 o4 fibrils

The sample of in vitro ASGUpp(1-42)a19-24 fibrils was prepared as previously de-
scribed (Chapter 5, Appendix: C' Publication II, Chapter 6.2.1). A first screening
of the ASUpp(1-42) a19.24 fibril sample after 46 days of incubation by atomic force
microscopy (AFM) and negative-stain EM revealed straight and long fibrils with
at least four different polymorphs present in the sample (Figure 6.1).

In the acquired cryo-EM micrographs (Figure 6.2 A), a predominance of two
fibril polymorphs (Figure 6.2 B,C) could be observed. The first and second poly-
morph account for 50% and 38% of all fibrils in the dataset, respectively (Figure
6.2 D). Hence, image reconstruction from the cryo-EM images was possible for
these two dominant polymorphs. In agreement with previous findings [32], visual
inspection of the cryo-EM micrographs as well as 2D classification confirm that

both filament types consist of two intertwined protofilaments (Figure 6.2 A,B,C).

21.9nm

20.0

17.0

16.0

14.0

128

Figure 6.1.: (A) Negative stain EM and (B) AFM images of in vitro ABUpp(1-42) a19.-24
fibrils.
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Figure 6.2.: Overview on the Cryo-EM Data Acquisition of in vitro ABUpp(1-42)a19.04
fibrils. (A) One exemplary micrograph collected on a Talos Arctica. (B,C) Exemplary
2D class of the first (B) and second (C) polymorph. (D) Distribution of fibril polymorphs
in the dataset.

A5Upp(1-42)p19-24 Polymorph 1 In the recorded dataset of in vitro AUpp(1-
42) a19.24 fibrils; a dominance of the rather fast twisting polymorph 1 with a corres-
ponding small crossover distance of ~260 A was observed. The width of the fibrils
in the 2D projection images ranges from 4 - 8 nm (Figure 6.3 B). The 3D Cryo-EM
map, that was determined to a resolution of 3.3 A (based on the gold-standard
FSC 0.143 criterion; Figure 6.4) shows clear sheet separation along the helical axis
with a layer spacing of ~4.75 A (Figure 6.3 C). 2D class averages already revealed
a staggered arrangement of the layers of both protofilaments (Figure 6.2 B). 3D re-
construction confirms that the two protofilaments are related by a pseudo-2; screw
symmetry assuming a right-handed twist with a helical rise of 2.37 A and a helical
twist of -178.4° (Figure 6.3 C). It should be noted, however, that the determin-
ation of the handedness by AFM was inconclusive, so a left-handed twist cannot
be excluded. The cross-section reveals two identical monomeric subunits, which
fold into an extended S-shape with a large inter-protofilament interface (Figure 6.3
D,E). The visibility of clear side chain densities in the reconstructed map allowed
for de novo atomic model building of amino acids G9-A42 (A19-24). The missing
nine amino acids D1-S8, which are located in the N-terminal part of the peptide,
are likely flexible and therefore, cannot be clearly resolved in the cryo-EM map.
We observed one f-sheet on the secondary structure level from residues K16-S26
(A19-24) (Figure 6.3 A).
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Figure 6.3.: Reconstruction of in vitro ASUpp(1-42)a19_24 polymorph 1 fibrils. (A)
Amino acid sequence of ASUpp(1-42)a19_24. Solid lines indicate for which part of the
sequence the atomic model was built (accordingly, dotted lines indicate for which part
of the sequence atomic model building was not possible). Arrows indicate [S-strands.
(B) Projection of the reconstructed density including approximately one S-rung. (C)
Reconstructed cryo-EM density along the helical axis with a close-up and labels denoting
the helical twist and rise. (D) The cryo-EM density map (in transparent gray) with the
atomic model (light blue). (E) A schematic of the fold, produced with atom2svg.py
[309] (red: acidic side chain; blue: basic side chain; green: hydrophilic side chain; white:
hydrophobic side chain; pink: glycine; yellow: sulfur containing)
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Final Resolution = 3.3 A
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Figure 6.4.: FSC curve from the gold-standard refinement of the cryo-EM map of in
vitro ABUpp(1-42) a19_24 polymorph 1 fibrils yields a resolution of 3.3 A (using the 0.143
criterion).

The first S-turn is formed by amino acids G9-G29, while the C-terminus of
each monomeric subunit, that consists of a non-polar block of amino acids G29-
A42, forms the second smaller S-turn. The first kink located around residues V12
and Q15 evolves around the two solvent-exposed polar residues H13 and H14.
A hydrogen bond between Y10 and G37’, where aa’ denotes an amino acid in
the respective other monomeric subunit, fixes the N-terminal part in its position
and stabilizes the interface between the two protofilaments. The second S-turn of
each monomeric subunit is stabilized by one hydrophobic cluster involving amino
acids G29, A30, 132, M35, G38, V40 and A42. The kink of the second S-turn
around N27 and 131 is stabilized by a hydrogen bond between N27 and G29*! in
the neighbouring layer within the same protofilament (denoted by the index i-1).
Another structural characteristic of polymorph 1 is the large inter-protofilament
interface, which stabilises the dimer fold. The interface consists of two hydrophobic
clusters around amino acids: (i) I31, G33, 131’, G33’ and (ii) G25, V36, L34". The
deletion of amino acids F19-V24 lies within the observed [-sheet between amino

acids K16 to S26 on a straight, surface exposed stretch between residues H14 and
K28.
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ASUpp(1-42)a19 24 Polymorph 2 The second most dominant polymorph 2 ac-
counts for ~38% of all fibrils in the dataset (Figure 6.2 D). It has an almost
constant width of 7 nm, but a high flexibility in its helical parameters resulting in
observed crossover distances of ~350 - 700 A. The observation of high helical flex-
ibility was confirmed by 2D class averaging, where the same 2D projection could
be observed for segments from fibrils with varying crossover distances. As for the
first polymorph, 2D class averages of polymorph 2 show a staggered arrangement
of -strands perpendicular to the fibril axis (Figure 6.2 C). The 3.7 A cryo-EM
map (resolution estimate according to the gold-standard FSC 0.143 criterion; Fig-
ure 6.5) shows clear layer separation along the helical axis as well as visible side

chain densities (Figure 6.6).
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Figure 6.5.: FSC curve from the gold-standard refinement of the cryo-EM map of in
vitro ABUpp(1-42) a19_24 polymorph 2 fibrils yields a resolution of 3.7 A (using the 0.143
criterion).

The two protofilaments are related by a pseudo-2; screw symmetry assuming a
left-handed twist with a helical rise of 2.39 A and a helical twist of 179.4°, which
corresponds to a crossover distance of 690 A (Figure 6.6 C). The cross-section of
polymorph 2 reveals two identical G-shaped protofilaments (Figure 6.6 B,D). The
G-fold results in a large intra-protofilament interface while the inter-protofilament

interface is rather small in comparison to polymorph 1.
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Figure 6.6.: Reconstruction of in vitro AFUpp(1-42)a19_24 polymorph 2 fibrils. (A)
Amino acid sequence of ASUpp(1-42)a19_24. Solid lines indicate for which part of the
sequence the atomic model was built (accordingly, dotted lines indicate for which part
of the sequence atomic model building was not possible). Arrows indicate [-strands.
(B) Projection of the reconstructed density including approximately one S-rung. (C)
Reconstructed cryo-EM density along the helical axis with a close-up and labels denoting
the helical twist and rise. (D) The cryo-EM density map (in transparent gray) with the
atomic model (light blue). (E) A schematic of the fold, produced with atom2svg.py
[309] (red: acidic side chain; blue: basic side chain; green: hydrophilic side chain; white:
hydrophobic side chain; pink: glycine; yellow: sulfur containing)

Visible side chain densities allowed for de novo building of an atomic model into
the reconstructed density map. The atomic model spans from amino acids G9-A42
(A19-24) (Figure 6.6 A). As previously discussed for polymorph 1, the missing nine

N-terminal residues D1-S8 are likely flexible and therefore not resolved in the cryo-
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EM map. One -sheet was observed on the secondary structure level from residues
K16-V18. The C-terminus of each monomeric subunit, that consists of a non-polar
block of residues G29-A42, forms the inner curve of the G-shape, while the larger
curve is formed by amino acids G9-G29. The overall G-shape is stabilized by two
hydrophobic clusters involving residues: (i) G9, Y10, V12, Q15, L17, 141, V39,
and G37, and (ii) G29, A30, 132, M35, G38, V40, and A42 (Figure 6.6 D,E). A
hydrogen bond between N27 and G29 stabilizes the kink between the inner and
the outer G-curve. The hydrophobic interface between both G-shaped monomeric

subunits is rather small and involves only three amino acids: 131, G33, and L34.

Comparison with known structures The determined structures of both domin-
ant ASUpp(1-42)a19_24 polymorphs are novel and therefore, differ from all other
Ap fibril structures known to date. Polymorph 1 is made of two identical extended
S-shaped protofilaments while polymorph 2 consists of two G-shaped protofila-
ments. In both cases, the protofilaments are connected by a pseudo-2; symmetry.
The two S-shaped protofilaments of polymorph 1 are connected by a large inter-
protofilament interface comprising 14 amino acids of each monomeric subunit. In
contrast, the protofilament interface of polymorph 2 is rather small and comprises
only three residues. However, the intra-protofilament interface is large and com-
prises 11 amino acids. A comparison of the fold of one monomeric subunit of both
polymorphs shows that the structures differ between G9 and K28, but overlay
quite well in the C-terminal domain between residues K28 and A42 (Figure 6.7
A). In polymorph 1, amino acids G9 to K28 form the large interface to the op-
posing protofilament, whereas these residues contribute to the intra-protofilament
interface in polymorph 2. Both structures differ from a cryo-EM structure of wild-
type A5(1-42) fibrils [252], where fibrils were formed using identical fibrillisation
conditions (Figure 6.7 B). The structures of all three fibrils overlap from K28-A42,
close to the introduced deletion mutation of residues F19-V24. The deleted amino
acids, especially the negatively charged and solvent-exposed residues E22 and D23,
are involved in a main chain kink in the wild-type A5(1-42) fibril. In contrast, in
the dominant ASUpp(1-42)a19_24 polymorph 1 the deletion is located on a straight

part of the main chain.

80



A — / B
™

Figure 6.7.: Comparison of the de novo built atomic models of the two dominant
in vitro ABUpp(1-42)a19_24 polymorphs with other published structures of Aj fibrils.
(A) Comparison of ASUpp(1-42)a19_24 polymorph 1 protofilaments (light blue) and
ABUpp(1-42) A19-—24 polymorph 2 protofilaments (dark blue). Red arrows indicate the
position of the deletion A19-24. (B) Comparison of ASUpp(1-42)a19_24 polymorph 1
protofilaments (light blue) and ASUpp(1-42)a19_24 polymorph 2 protofilaments (dark
blue) with the cryo-EM structure of recombinant A/42 protofilaments formed using
the same fibrillisation conditions (orange, PDB 50QV). (C) Comparison of ASUpp(1-
42)A19-24 polymorph 1 protofilaments (light blue) and ASUpp(1-42)a19_24 polymorph
2 protofilaments (dark blue) with NMR structures of AS42 protofilaments: PDB 2NAO
(orange), PDB 2MXU (red) and PDB 5KK3 (purple). (D) Comparison of AZUpp(1-
42)A19_24 polymorph 1 protofilaments (light blue) and ASUpp(1-42)a19_24 polymorph
2 protofilaments (dark blue) with cryo-EM structures of brain extracted Af42 proto-
filaments: PDB 7Q4B (red) and PDB 7Q4M (orange). (E) Comparison of ASUpp(1-
42)A19—94 polymorph 1 protofilaments (light blue) with one protofilament of human
brain extracted Ap42 type I filaments (PDB 7Q4B, red). (F) Comparison of AGUpp(1-
42)A19-_24 polymorph 2 protofilaments (dark blue) with one protofilament of human
brain extracted Af42 type I filaments (PDB 7Q4B, red).

The kink around E22 and D23 is also found in NMR structures of recombinant
Ap42 fibrils [254, 255, 257] (Figure 6.7 C). These NMR structures also show a
similar C-terminal fold and thus, overlay with the obtained structures of ASUpp(1-

42) a19-24 fibrils from amino acids K28-A42. This common structural motif can
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also be found in cryo-EM structures of A/(1-42) filaments purified from human
brain tissue (Figure 6.7 D) [261]. Interestingly, the rather untypical orientation of
side chains Y10-H14 is similar in ASUpp(1-42)a19-24 polymorph 1 and polymorph
2 and ex vivo A42 type I filaments (Figure 6.7 E,F).

6.1.2. The structure of murine A5Upp(1-42)a19 o4 fibrils

The sample of ASUpp(1-42)a19_24 fibrils extracted from tg-UppSwe mouse brain
tissue shows only one fibril polymorph in contrast to the in wvitro preparation. A
representative micrograph and 2D classes are shown in Figure 6.8. The 2D class
averages already indicate the presence of additional density bound to the fibril
surface (Figure 6.8 B).

Figure 6.8.: (A) One representative cryo-EM mirograph of murine A 3Upp(1-42)a19-24
fibrils. (B) Six representative 2D classes of murine ASUpp(1-42)a19_24 fibrils. The arrow
indicates additional density that surrounds the fibril.

Immunogold negative stain EM with the A5 monoclonal antibody Nab228 con-
firms that the fibrils visible in Figure 6.8 are indeed Af fibrils (Figure 6.9).
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Figure 6.9.: Immunogold negative-stain EM image of the purified Ag fibrils from tg-
UppSwe mouse brain tissue labelled with Nab228 as primary antibody.

The cryo-EM structure of murine ASUpp(1-42)a19_24 fibrils was determined to a
resolution of 3.2 A (based on the gold-standard FSC 0.143 criterion; Figure 6.10).
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Figure 6.10.: FSC curve from the gold-standard refinement of the cryo-EM map of
murine ABUpp(1-42) a19_o4 fibrils yields a resolution of 3.2A (using the 0.143 criterion).
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Murine ASUpp(1-42)a19_24 fibrils are made of two symmetrical S-shaped pro-
tofilaments (Figure 6.11 B) that are related by a pseudo-2; screw symmetry with
a refined helical twist of 178.3° and a helical rise of 2.36 A (Figure 6.11 C).

A A19*—24
I DAEFRHDSGYEVHHQKLVGSNKGAIIGLMVGGVVIA®

Figure 6.11.: The tg-UppSwe murine Uppsala fold of AS. (A) Amino acid sequence of
ApBUpp(1-42) A19_24. Solid lines indicate for which part of the sequence the atomic model
was built (accordingly, dotted lines indicate for which part of the sequence atomic model
building was not possible). Arrows indicate S-strands. (B) Projection of the recon-
structed density including approximately one S-rung. Arrows indicate bound additional
densities: small, localized density (yellow), larger, localized density (green), micelle-like,
weaker density (purple), and rod-like density (blue). (C) Reconstructed cryo-EM density
along the helical axis with a close-up and labels denoting the helical twist and rise. (D)
The cryo-EM density map (in transparent gray) with the atomic model (light green).
(E) a schematic of the fold, produced with atom2svg.py [309] (red: acidic side chain;
blue: basic side chain; green: hydrophilic side chain; white: hydrophobic side chain;
pink: glycine; yellow: sulfur containing)
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Model building was possible for the ordered fibril core that extends from residues
S8 to A42 (A19 - 24) (Figure 6.11 A,C,D). Four S-sheets can be observed in each
protofilament, extending over the following residues: (i) Y10 - V12, (ii) A30 - 132,
(iii) L34 - V36 and (iv) V39 - [41 (Figure 6.11 A). Two hydrophobic cluster around
residues (i) Y10, V12, Q15, L17, N27, 131, and L34, and (ii) A30, 132, M35, V40,
and A42 stabilize the S-fold of each protofilament. In addition, a hydrogen bond
between Q15 and the carbonyl group at H13 in the same protofilament stabilises
the first, larger S-turn. The protofilament interface is stabilised by two symmetrical

hydrogen bonds between A42 and K28 of the opposing protofilament.

Additional surface-bound densities as well as two smaller, localised densities
harboured in the intraprotofilament interface can be observed (Figure 6.11 B, yel-
low arrow). The densities in the protofilament cavity and a surface-bound density
between residues H14 and K16 indicate the presence of additional hydrophobic and
hydrophilic molecules, respectively, whose identity remains unknown. Addition-
ally, a larger, strong density can be observed close to K16 (Figure 6.11 B, green
arrow). Similar densities were previously observed in AfS fibrils extracted from
other mouse models (compare Chapter 3). Moreover, as also previously described
for other murine A fibrils (compare Chapter 3), weaker, micelle-like densities can
be observed on the fibril surface (Figure 6.11 B, purple arrow). Finally, rod-shaped
densities are located close to residues V18 - S26 (A19 - 24) and V39 - A42 (Figure
6.11 B, blue arrow).

Murine ASUpp(1-42)a19-24 fibrils and in vitro AGUpp(1-42)a19-_24 fibrils share
a common C-terminal fold and overlay between K28 and A42, but their overall
fibril structures differ (Figure 6.12 A). The aggregation of AGUpp(1-42)a19_24 into
structurally distinct polymorphs in mice and in wvitro is likely related to cofactors
that are present in the mouse brain, but absent in the in vitro preparation. Inter-
estingly, the Uppsala fold of A5 from tgUppSwe mouse brain shows some similarity
to human type II filaments, that were found mostly in individuals with fAD (Figure
6.12 B). Murine ASUpp(1-42)a19-_24 fibrils and type II filaments share the same
overall S-fold, and show an identical protofilament interface. Prior to the mutation

site, side chain orientations differ, but the structures are almost identical between

G25 and A42.

85



Figure 6.12.: Comparison of protofilaments and fibrils of ASUpp(1-42)a19-24. (A)
Comparison of the cryo-EM structures of murine ASUpp(1-42)a19 24 protofilaments
(green) with the cryo-EM structure of in vitro ABUpp(1-42)a19_24 polymorph 1 (light
blue) and polymorph 2 (dark blue) protofilaments. (B) Comparison of the cryo-EM
structures of murine ASUpp(1-42)a19_24 fibrils (green) with the cryo-EM structure of
human brain Type II A542 fibrils (gray, PDB 7Q4M).

6.1.3. Cryo-EM of a human ASUpp(1-42)a19 24 sample

In contrast to the AS fibril sample obtained from tg-UppSwe mice, where all
amyloid fibrils observed were A/ fibrils, the immunogold negative stain EM images
of the ASUpp(1-42)a19-24 fibril sample purified from human brain tissue of an
individual with the Uppsala mutation show a second population of fibrils (Figure
6.13). Analogous to the murine sample, the monoclonal A antibody Nab228
was used as primary antibody. However, in the human fibril sample, the vast
majority of fibrils is not labelled with gold, meaning that they were not recognised
by the primary anti-A( antibody. The presence of tau fibrils in purified AS fibril
samples has been previously reported for the sarkosyl extraction method [285].
The unlabelled fibrils are therefore likely to be tau fibrils. Furthermore, A fibrils,
which can be identified by the bound gold particles, are often observed within large
fibril clusters (Figure 6.13 B).
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Figure 6.13.: Immunogold negative-stain EM image of the purified AS fibrils from
brain tissue of an individual with the Uppsala mutation. The Af directed antibody
Nab228 was used as primary antibody. (A) Unlabelled fibrils are most likely Tau fibrils.
(B) AS fibrils tend to accumulate into fibril clusters.

In line with these findings, we also observed the presence of thicker isolated
fibrils as well as fibril clusters on the acquired cryo-EM images (Figure 6.14 A). In
addition, a rather thick and decorated fibril with a width of ~260 A and a crossover
distance of ~780 A could be observed on some micrographs (Figure 6.14 B). The
decoration, which creates a strong contrast on the cryo-EM image, has a diameter
of ~60 - 80 A. Due to the strong clustering of the fibrils as well as low contrast,
fibrils were picked manually, however, it was not possible to distinguish between
different polymorphs or amyloid fibril species. Accordingly, 2D classification at
a larger box size of 1200 pix downscaled to 300 pix was performed to separate
different fibril polymorphs. Representative 2D class averages are shown in Figure
6.15. From the 2D classification at a larger box size (Figure 6.15), the manual
picked fibril particle set could be clustered manually into four different subsets.
The first and dominant fibril type (Figure 6.15, orange arrow) has a diameter
of ~18 nm, a crossover distance of ~750 A, as well as a visible fuzzy coat that
surrounds the fibril. The second fibril appears to be straight in the 2D class
averages at a larger box size (Figure 6.15, burgundy arrow). This fibril has a

diameter of ~6.5 nm.
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Figure 6.14.: Exemplary cryo-EM micrographs of fibrils extracted from brain tissue
of an individual with the Uppsala mutation. (A) Human ex vivo fibrils tend to cluster.
(B) On some images, decorated fibrils could be observed.

Figure 6.15.: Representative 2D class averages of fibrils extracted from the brain
tissue of an individual with the Uppsala mutation. Four different fibril types could
be observed indicated by the coloured arrows: symmetric and comparable thick fibrils
(orange), straight fibrils (burgundy), asymmetric fibrils (lavender), and decorated fibrils
(green). The scale bar in the upper left class applies to all classes.
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The third fibril seems to be asymmetric in the displayed 2D class averages (Fig-
ure 6.15, lavender arrow). It has a crossover distance of ~680 A and a width of
~13 nm. Finally, in the fourth type of 2D class averages, a faint fibril density can be
observed together with a bright white spot (Figure 6.15, green arrow). The spot,
that clearly dominated the alignment, has a diameter of ~65 A. This corresponds
to the diameter of the fibril decoration visible in Figure 6.14 B. The subsequent
2D classification of the four different subgroups at smaller box sizes shows more
structural details (Figure 6.16).

Figure 6.16.: 2D classification of the four fibril subsets in a human Uppsala mutation
case cryo-EM dataset. (A) Representative 2D class average of the first fibril at a box
size of 600 pix (downscaled to 300 pix). (B) Representative 2D class average of the
second fibril at a box size of 600 pix (downscaled to 300 pix). (C) Representative 2D
class average of the third fibril at a box size of 756 pix (downscaled to 378 pix). (D)
Representative 2D class average of the fourth fibril at a box size of 600 pix (downscaled
to 300 pix). (E) Representative 2D class average of the fourth fibril at a box size of
300 pix. (F) Representative 2D class average of the decoration on the fourth fibril at a
box size of 168 pix.

Tau paired helical filaments purified from human A5Upp(1-42)a19 24 brain
tissue 2D class averages as displayed in Figure 6.16 A identify the dominant
fibril, accounting for 92.5% of all reconstructed fibrils, as a tau paired helical
filament (PHF) whose structure was previously described by Fitzpatrick et al.
[262]. Nevertheless, an initial model was generated de novo from multiple 2D class

averages at a box size of 600 pix downscaled to a pixel size of 1.616 A /pix using the
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relion_helix_inimodel2d command [267] to ensure an unbiased reconstruction

process (Figure 6.17).

Despite the limited resolution of the 2D class averages used for the generation of
the initial model (Figure 6.17 A), the resulting 3D reconstruction already achieves
sufficient resolution to distinguish between the two protofilaments and even identify
the protofilament fold (Figure 6.17 B-D). Subsequent refinement results in a 3D
reconstruction of the PHF tau filament at a resolution of 3.3 A (based on the
gold-standard FSC 0.143 criterion; Figure 6.18 A,B, and Figure 6.19). The atomic
model of PHF tau filaments from a sporadic AD brain (PDB 503L) was refined
into the reconstructed density map of PHF tau filaments extracted from human
brain tissue of an individual with the Uppsala mutation (Figure 6.18 B). An overlay
of the sAD PHF structure and the PHF structure from a Uppsala mutation case
is shown in Figure 6.18 C.

Figure 6.17.: De novo initial model of a PHF tau filament observed in a human Uppsala
mutation case cryo-EM dataset generated from multiple smaller 2D class averages. (A)
Three representative 2D class averages out of 15 2D class averages that were used to
generate the initial model. (B) Cross-section of the initial model. (C) The 2D projection
of the generated initial model covering 360° of rotation along the helical axis. (D) The
3D map of the computed initial model.
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Figure 6.18.: PHF tau filaments purified from brain tissue of an individual with the
Uppsala mutation. (A) Projection of the reconstructed density including approximately
one S-rung. (B) Reconstructed cryo-EM density map (gray) and the atomic model of
PHF tau filaments (orange). (C) Comparison of PHF tau filaments purified from human
Uppsala mutation brain tissue (orange) and from sAD brain tissue (gray, PDB 503L).
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Figure 6.19.: FSC curve from the gold-standard refinement of the cryo-EM map of
PHF tau filaments from an Uppsala mutation case yields a resolution of 3.26 A (using
the 0.143 criterion).

Tau straight helical filaments purified from human ASUpp(1-42)a19 o4 brain
tissue The third fibril (Figure 6.15, lavender arrow, and Figure 6.16 C) accounts
for 3.4% of all reconstructed fibrils in the dataset. An initial model was generated
de novo from one larger box 2D class average (756 pix, downscaled to 378 pix)

using the relion_helix_inimodel2d command (Figure 6.20).
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Figure 6.20.: De novo initial model of the third fibril observed in a human Uppsala
mutation case cryo-EM dataset generated from one larger 2D class average. (A) 2D class
average used to generate the initial model. (B) Cross-section of the initial model. (C)
The 3D map of the computed initial model. (D) The 2D projection of the generated
initial model covering 360° of rotation along the helical axis.

To generate a reasonable 3D initial model de novo from only one large 2D
class, the 2D class must cover at least a 180° rotation along the helical axis, i.e.,
one complete crossover. However, most likely due to the limited number of fibril
segments and downscaling to a pixel size of 3.232 A /pix, 2D classification of larger

box fibril segments resulted in blurry edges in the 2D class averages (Figure 6.21).

Figure 6.21.: 2D class average of the third fibril observed in a human Uppsala mutation
case cryo-EM dataset at a box size of 1200 pix (downscaled to 300 pix).

2D classification at a slightly smaller box size of 756pix (downscaled to 378 pix;
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Figure 6.20 A), only resulted in a single 2D class of sufficient resolution. How-
ever, this 2D class average does not show one complete crossover. Consequently,
the generated initial model is of limited quality due to the missing information.
Nevertheless, the refinement of the initial model resulted in a higher resolution
reconstruction than the refinement starting from a featureless cylinder. A projec-
tion of the resulting final 3D reconstruction of the third fibril is displayed in Figure
6.22 A.

Figure 6.22.: Reconstruction of a tau straight filament (SF) purified from brain tissue
of an individual with the Uppsala mutation. (A) Projection of the reconstructed density
including approximately one f-rung. (B) Reconstructed cryo-EM density map (gray)
and the atomic model of SF tau filaments from sAD brain tissue (blue, PDB 503T).

The computed 3D density map of the third fibril reaches a resolution of 4.9 A
(based on the gold-standard FSC 0.143 criterion; Figure 6.23). Although the
computed 3D map is only of medium resolution, the third fibril can be identified
as a SF tau filament, whose structure was previously described by Fitzpatrick et
al. [262]. An overlay of the atomic model of SF tau filaments purified from sAD
brain tissue (PDB 503T) and the reconstructed cryo-EM map of SF tau filaments
purified from brain tissue of an individual with the Uppsala mutation is shown in
Figure 6.22 B.
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Figure 6.23.: FSC curve from the gold-standard refinement of the cryo-EM map of
SF tau filaments from an Uppsala mutation case yields a resolution of 4.92 A (using the
0.143 criterion).

Decorated fibrils purified from human A5Upp(1-42)a19 24 brain tissue Ad-
ditionally, a decorated fibril could be observed on some of the acquired cryo-EM
images of ABUpp(1-42)a19-_94 fibrils purified from the brain tissue of an individual
with the Uppsala mutation (Figure 6.14 B). At larger box 2D class averages (box
size 1200 pix, downscaled to 300 pix), the alignment is dominated by the decor-
ation and only a faint fibril density can be observed (Figure 6.15, green arrow).
At a smaller box size of 600 pix, downscaled to 300 pix (Figure 6.16 D), a fibril
surrounded by fuzzy density becomes visible. At a box size of 300 pix, it can be
confirmed that the fibril is indeed an amyloid fibril, as the cross-g pattern that
is characteristic for amyloid fibrils becomes visible (Figure 6.16 E). Moreover, the
2D class shown on the left in Figure 6.16 D shows some similarity to the 2D class
of PHF tau filaments shown in 6.16 A. Unfortunately, the attempt to determine
the 3D structure of the decorated fibril using 57,183 available fibril segments was
not successful. Moreover, 2D class averages of the fibril decoration (Figure 6.16

F) show only few features, so that their identification is not possible.
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Ap fibrils purified from human ASUpp(1-42)a19_24 brain tissue In an initial
2D classification at a large box (1200 pix, downscaled to 300 pix), a rather thin
fibril was observed, accounting for 4.1% of all reconstructed fibrils (Figure 6.15,
burgundy arrow). At a box size of 1200 pix, this fibril appears straight, but
in a 2D classification at a slightly smaller box size of 600 pix (downscaled to
300 pix), it becomes apparent that the fibril is not straight, but has a pronounced
twist with a crossover distance of 260 A (Figure 6.16 B). An initial model was
generated de novo from a single 2D class (box size 600 pix, downscaled to 300 pix)
of the fibril spanning an entire crossover using the relion_helix_ inimodel2d
command (Figure 6.24). The 2D class average used to compute the initial model
is comparatively noisy due to the limited number of fibril segments included in
this 2D class average (4271 particles; Figure 6.24 A). Consequently, the resulting

initial model is only of low resolution and does not show any structural features

(Figure 6.24 B-D).
E |

Figure 6.24.: De novo initial model of the second fibril observed in a human Uppsala
mutation case cryo-EM dataset generated from one larger 2D class average. (A) 2D class
average used to generate the initial model. (B) Cross-section of the initial model. (C)
The 3D map of the computed initial model. (D) The 2D projection of the generated
initial model covering 360° of rotation along the helical axis.

Although the initial model lacks higher-resolution structural features, iterative
3D refinement and classification eventually led to a 3D reconstruction of the fibril
at sufficient resolution to reveal the overall fibril structure. The fibril consists of two

identical extended S-shaped protofilaments (Figure 6.25 A). From the projection
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displayed in Figure 6.25 A the fibril seems to be identical to human wild-type type

I AS filaments, mostly observed in sAD cases, whose structure was previously
described by Yang et al. [261].

Figure 6.25.: Ap fibril purified from brain tissue of an individual with the Uppsala
mutation. (A) Projection of the reconstructed density including approximately one (-
rung. (B) Reconstructed cryo-EM density map (gray) and the atomic model of type I
Ap42 filaments (burgundy, PDB 7Q4B). (C) Reconstructed cryo-EM density map (gray)
and the atomic model of type I filaments mutated to the ASUpp(1-42)a19_24 sequence

(gray).

Unfortunately, likely due to the limited number of fibril segments (5023 particle
images) a high resolution reconstruction was not possible. The final map reaches a
global resolution of 5.9 A (based on the gold-standard FSC 0.143 criterion; Figure
6.26). The local resolution of the map is slightly higher in some parts of the map
(Figure 6.27), but the map does not show separated (-strands at a resolution of
5.9 A. Moreover, side chains are only visible in higher resolution areas of the map
and the main chain density shows some unexpected breaks.

At this resolution, it cannot be ruled out with complete certainty that the re-
constructed fibril is made of ASUpp(1-42)a19-24, but it is very unlikely that the
deletion of six amino acids would result in an A/ fibril fold identical to the fold
of wild-type Ap42. Figure 6.25 B shows the reconstructed density map with the
atomic model of previously described type I ApB42 filaments. Although side chain
densities are not well visible, the atomic model of type I filaments seems to fit
well into the reconstructed density map. Nevertheless, it should be noted that the
deletion of six amino acids leads to an atomic model that fits the density almost
equally well (Figure 6.25 C). For example, the 5.9 A density map indeed shows
some side chain density at residues F19 and F20 in wild-type AS42. However,
the deletion shifts the sequence through the density map in a way that the same
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position is occupied by H13 and H14 in case of the mutated sequence. The same
holds true for Y10 in the wild-type AB42 sequence for which a bulky density is
visible in the density map. This same position, however, is occupied by F4 in the

mutated sequence.
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Figure 6.26.: FSC curve from the gold-standard refinement of the cryo-EM map of
Ap fibrils from an Uppsala mutation case yields a resolution of 5.9 A (using the 0.143
criterion).
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Figure 6.27.: Local resolution plot for AS fibrils purified from a human case with the
Uppsala mutation.

97



6.1.4. Summary and Discussion

ABUpp(1-42)a19_24 fibrillised into unique structural polymorphs in witro. The
structure of the two dominant polymorphs were determined by cryo-EM. Both
polymorphs consist of two identical protofilaments that are related by a pseudo
2, screw symmetry. The first and most abundant polymorph is made of two
extended S-shaped protofilaments with a large inter-protofilament interface. The
second polymorph consists of two identical G-shaped protofilaments and, unlike
in the first polymorph, the interface between the protofilaments consists of only
three amino acids, while the intra-protofilament interface is comparatively large.
Both in wvitro polymorphs are novel and therefore, distinct from other AS fibril
structures published. However, both polymorphs show a common structural motif
that can also be observed in other cryo-EM and NMR structures of wild-type AS
fibrils: The U-fold of the C-terminal domain from residues K28-A42. Furthermore,
structural changes in comparison to other Af fibril structures are introduced close
to the mutation site at residues F19-V24.

The sample of ASUpp(1-42)a19_24 purified from tg-UppSwe mouse brain tissue
only consists of one polymorph. Murine ASUpp(1-42)a19_24 differ from the in vitro
ABUpp(1-42)a19-24 fibrils. The three polymorphs only overlay in the C-terminal
domain between residues K28-A42. Surprisingly, the murine fibril fold of A5Upp(1-
42)A19-24 shows some structural similarity to human type II filaments that are
mostly observed in fAD cases. Here, both fibrils are made of two extended S-shaped
protofilaments. The protofilaments overlay between G25-A42. Between S8/V12
and G25, the chain trace still shows a minor resemblance, but the orientation of
side chains is different. Several additional densities are bound to murine ASUpp(1-
42) p19-24 fibrils: Two smaller densities within the intra-protofilament interface and
a number of densities on the fibril surface. Their nature remains unknown, but
given the difficulties to find the in wvitro fibrillisation condition that results in AS
fibrils that are identical to those found in wvivo, it remains of high interest to

determine what co-factors potentially influence aggregation.

Different amyloid fibrils could be observed in fibrils purified from the brain tis-
sue of an individual with the Uppsala mutation. The most dominant fibril was
identified as PHF tau filament. Additionally, a small population of SF tau fila-
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ments could be observed in the dataset. Ap fibrils could also be detected in the
sample, however, a 3D reconstruction only yielded a medium resolution map that
did not allow for de novo atomic model building. However, the reconstructed Aj
fibril appears to be identical to wild-type type I AS42 filaments, which are mostly
observed in sAD cases. Therefore, it can be assumed that the reconstructed fibril
is indeed composed of A[542 instead of ASUpp(1-42)a19-24.

Structural differences between ASUpp(1-42)a19-_24 and wild-type A fibrils could
potentially explain some observations made in the three mutation carriers. For ex-
ample, [''C|PiB PET scans of patients with the Uppsala mutation showed only a
slightly positive pattern, although a high amyloid load and positive staining of the
amyloid plaques with the amyloid die ThS were observed in the postmortem brain
tissue [32]. This suggests that structural changes in comparison to the wild-type
A fibril structure might inhibit binding of ['*C|PiB by blocking preferred binding
sites. Little is known about the interaction of PET-tracers with amyloid fibrils,
however, a recent study of the binding of ['**F]Flutemetamol (FMT), which is an-
other commonly used PET-tracer in AD diagnostics, to A340 fibrils by solid-state
NMR spectroscopy proposes three different binding sites: V12-H14, V18-F20 and
V39-V40 [310]. Here, the determined binding sites were further investigated via
molecular docking simulations using cryo-EM structures of AF(1-40) fibrils [251,
253]. The first identified binding site around V12-H14 looks similar in both struc-
tures, with one histidine residue solvent-exposed and the adjacent one facing the
fibril interior. This conformation leaves space between V12 and H14 for the ligand
to bind. In contrast, in both determined in wvitro ASUpp(1-42)a19_24 fibrils as
well as in the murine ASUpp(1-42)a19_24 fibril, both histidine residues are facing
outwards and therefore potentially block this first binding site of the PET tracer.
However, it should be noted that the same conformation of H12 and H13 can be
observed in human wild-type type I filaments, mostly found in sAD patients. The
second binding site V18-F20 lies within the deletion region and therefore, is not
available in ASUpp(1-42)a19_o4 fibrils. The last found binding site between V39
and V40 lies within the previously discussed C-terminal motif. Whereas, this bind-
ing site is available in the first in vitro ASUpp(1-42)a19-24 polymorph as well as in
the murine ASUpp(1-42) 1994 fibril, it is blocked in the second in vitro AUpp(1-
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42)a19-24 polymorph. Although ["*F]JFMT might bind differently than ["'C|PIB,
this exemplifies how slight structural changes, like altered side chain orientation,
introduced by a mutation can block possible binding positions, and thus, influence
PET signals.

Moreover, it was found that ASUpp(1-42)a19-24 is far more prone to aggreg-
ate into fibrils than wild-type AS(1-42). Amyloid aggregation is a complex and
hardly understood process, that is assumed to be a two-step system with a first
step of primary nucleation into fibrillar oligomers followed by secondary processes
like secondary nucleation of monomers on the surface of fibrils, elongation of fibrils
by the addition of monomers to the fibril or fragmentation of existing fibrils [52,
311]. Primary nucleation is sorely dependent on monomer concentration whereas
secondary processes are also at least partially dependent on the concentration of
existing fibrils [53]. Thus, a first simple explanation might be that faster aggreg-
ation into fibrils in case of patients with the Uppsala mutation can be due to
a higher monomer concentration induced by alternations in APP processing that
boost monomer production. However, it could also be due to a tendency to increase
secondary processes such as fibril elongation as well as secondary nucleation. It has
been shown that the aggregation kinetics shift to an aggregation process that is
dominated by secondary nucleation rather than primary nucleation for the familial
Arctic (E22G), Iowa (D23N), Dutch (E22Q), and Italian (E22K) mutation [312,
313]. Secondary nucleation, however, is not well understood on a structural level
and thus, it remains unclear whether the structural changes observed in the in
vitro as well as murine ez vivo fibril structure introduced by the Uppsala mutation
increase secondary nucleation. Using enhanced sampling MD simulations, it was
found that A542 monomers already can fold into a structure that shows similarit-
ies to the structure of A/342 peptides in fibrils [314]. The monomer was found to
already form the characteristic C-terminal structural motif that could be observed
in several other published structures and thus, giving a possible explanation for
the low free energy barrier for fibril elongation. Assuming ASUpp(1-42)a19-24
monomers already partially form in the C-terminal domain (K28-A42) the free en-
ergy barrier might be additionally decreased in comparison to AS42 purely based

on the number of amino acids that need to further fold in the protofilament fold.

Finally, the formation of large insoluble fibrils out of soluble protein can also
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be linked to simple sequence-dependent physicochemical properties such as hydro-
phobicity, secondary structure propensity and charge [315], which are altered in
the ASUpp(1-42) a19-24 in comparison to wild-type AS due to the deletion of four
hydrophobic as well as two charged amino acids (Figure 6.28).
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Figure 6.28.: Deleted residues within the A5 sequence that result in ASUpp(1-
42) A19-24-

Within this study, the in vitro and ex vivo structure of ASUpp(1-42)a19-24 fibrils
was investigated. ASUpp(1-42)a19_24 forms unique structural polymorphs in vitro
that differ from other determined wild-type A fibrils. Murine ASUpp(1-42)a19_24
fibrils show some similarity to human type II filaments, that are mostly observed in
fAD patients, but side chain orientations differ between S8/V12 and the mutation
site at V18. Finally, Ag fibrils purified from human brain tissue of an individual
with the Uppsala mutation shows an Af fibril that is most likely composed of
wild-type AS given its structural similarity to human type I filaments. Although
the structure of human ASUpp(1-42)a19_24 fibrils likely remains unknown, the
observations made might guide future experiments. Either ASUpp(1-42)a19-24
does not form fibrils in vivo or AGUpp(1-42)a19_24 fibrils tend to aggregate in such
a way that the sarkosyl-based extraction protocol used is insufficient to resolve the

fibril clusters well enough to enable high-resolution structure determination by
cryo-EM.
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6.2. Methods

6.2.1. Synthetic A5Upp(1-42)a19 o4 fibrils

For this project, 125 pg lyophilized and HFIP treated ASUpp(1-42)a19.24 (~300 pM
monomer concentration) were dissolved in 100 pL. HPLC buffer (30% AcN, 0.1%
TFA).

Atomic Force Microscopy For AFM imaging, ASUpp(1-42)a19_24 fibrils from
~300 pM monomer concentration were diluted 1:30 in buffer (30% AcN, 0.1% TFA).
Afterwards, 5 pLi of the diluted sample solution was applied to a freshly cleaved
muscovite mica and dried with a stream of Ny gas. Imaging was performed in
intermittent contact mode (AC mode) in a Nano Wizard 3 atomic force microscope
(JPK, Berlin) using a silicon cantilever (OMCL-AC160TS, Olympus) with a typical
tip radius of 9 £ 2 nm. The images were processed using Gwyddion (version 2.61)
[316].

Negative Stain EM For negative stain EM, 3 pL of the AGUpp(1-42)a19-24
sample were applied onto a glow-discharged 300 mesh carbon-coated copper grid
(EM Sciences, ECF300-Cu). The sample was incubated on the grid for 2 min
and excess liquid was blotted off with filter paper. Afterwards, 3 pL of 2% (w/v)
UrAc were applied onto the grid and incubated for 1 min. The UrAc was removed
with filter paper and the grid was air-dried. TEM images were acquired using a
ThermoFisher Scientific Talos 120C at an accelerating voltage of 120 kV. Images
were collected on a 4k x 4k Ceta 16M CMOS camera using EPU data collection

software.

Cryo-EM Image Acquisition and Data Preprocessing For cryo-EM imaging,
2 pL of the ABUpp(1-42)a19-24 sample at 300 pM monomer concentration was
applied to holey carbon grids (Quantifoil 1.2/1.3, 300 mesh), blotted with filter
paper for 5 s and plunge frozen in liquid ethane using a ThermoFisher Scientific
Vitrobot Mark IV, set at 95% humidity and 4°C temperature. Data acquisition
was performed on a ThermoFisher Scientific Talos Arctica microscope operating

at 200 kV with a field emission gun using a Gatan Bioquantum K3 direct electron
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detector in counting mode with a Gatan Bio-quantum energy filter with a slit
width of 20 eV. The automated collection was directed by EPU data collection
software. A total of 3954 movies of 40 frames was recorded during 6.25 s exposures
at a 100,000-fold nominal magnification resulting in a pixel size of 0.816 A on the
specimen, and a total dose of approximately 50 e~ /AQ. Defocus values ranged
from -1.5 to -3.5 pm. Further details can be found in Table 6.1.

For helical reconstruction of both polymorphs gain-corrected movie frames were
aligned and summed into single micrographs using Warp [218]. CTF estimation
was performed using CTFFIND4.1 [209]. Structure determination of both poly-

morphs was performed using helical reconstruction in RELION-3.1 [223, 272].

Polymorph 1 Polymorph 2
Data collection
Microscope Talos Arctica Talos Arctica
Voltage [kV] 200 200
Detector K3 K3
Energy filter slit width [eV] || 20 20
Magnification 100,000 100,000
Pixel size [A] 0.816 0.816
Defocus range [pm)] -1.5 to -3.5 -1.5 to -3.5
Exposure time [s] 6.25 6.25
Number of frames 40 40
Total dose [e~/A?] 50 50
Reconstruction
Micrographs 3,954 3,954
Box width [pix] 270 270
Initial particle images [no.] | 138,644 517,971
Final particle images [no.] 67,117 45,248
Symmetry imposed C1 C1
Helical rise [A] 2.37 2.39
Helical twist [°] -178.391 179.381
Map resolution [A] 3.3 3.7
FSC threshold 0.143 0.143

Table 6.1.: Cryo-EM data collection and structure determination statistics of in wvitro
ABUpp(1-42)A19_o4 fibrils.
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Helical Reconstruction of Polymorph 1 Fibrils were selected manually from
the micrograph, resulting in 8,344 fibrils. In total 138,644 fibril segments were
extracted from micrographs with a CTF fit resolution better than 5 A (3149 mi-
crographs) at an inter-box distance of 19 A and a box size of 270 pix. Reference-free
2D class averaging was performed to discard suboptimal particle images. With a
crossover distance of 260 A measured on the micrographs and an assumed helical
rise of about 2.35 A, an initial helical twist of -178.35° was estimated. Using these
parameters, an initial 3D reference was generated de novo from 2D class averages
of a subset of all picked particles (49,439) at a box size of 320 pix [267]. This
initial reference was lowpass filtered to 40 A and used for 3D refinement. Optim-
ization of twist and rise yielded refined helical parameters of -178.39° and 2.37 A.
After iterative 2D and 3D classification, 67,117 particle images were selected for
3D auto-refinement. During post-processing the map was masked with a soft mask
and the final resolution of 3.3 A was calculated from Fourier shell correlations at
0.143 between the two independently refined half-maps. The map was sharpened
using VISDEM [304]. Further image processing statistics are shown in Table 6.1.

Helical Reconstruction of Polymorph 2 Fibrils were selected automatically us-
ing crYOLOs filament picker [219, 317]. CrYOLO was trained on 86 polymorph 2
fibrils that were selected manually on 50 images. In total 44,404 fibrils were picked,
and 402,403 fibril segments were extracted in RELION using a box size of 270 pix
and an inter-box distance of 19 A. Following reference-free 2D class averaging of all
automatically selected particle images, 286,566 particle images could be assigned
to polymorph 2. It might be interesting to note, that the network was thus quite
successfully trained on identifying and picking only type II filaments. Only 29%
of all picked filaments were false positives. An exemplary crYOLO picking result
is shown in Figure 6.29.

For further processing only those particles (59,583) with an estimated CTF
fit resolution better than 4 A were used. Like for PM1, reference-free 2D class
averaging was performed to discard suboptimal particle images. Determination
of the helical twist was ambiguous due to a large flexibility in the helical twist.
Measured crossover distances varied between ~350 A and ~675 A. This translates
to a variability in the helical twist between 178.78° and 179.3°. Using an initial
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guess of the helical twist (179.05°), 3D classification using a previously determined
low-resolution reconstruction ([32]) lowpass filtered to 20 A as initial reference
with an optimization of helical twist and rise was performed to generate more
homogeneous particle subsets. Further optimization of the helical rise and helical
twist during 3D refinement converged to a helical twist of 179.38° and a helical
rise of 2.39 A. A final particle set of 45,248 particle images was selected for 3D
auto-refinement. During post-processing the map was masked with a soft mask
and the final resolution of 3.7 A was calculated from Fourier shell correlations at
0.143 between the two independently refined half-maps. The map was sharpened
using VISDEM. Further image processing statistics are shown in Table 6.1.

Figure 6.29.: Representative crYOLO picking result for in vitro AGUpp(1-42)a19-_24
polymorph 2. For training of the network 86 polymorph 2 fibrils were manually selected
on 50 images. The automatically picked fibril segments are boxed (the colours are
arbitrary). Only a few false-positive fibrils were detected. In addition, no false-negative
fibrils are present in this image.

Model Building and Refinement Atomic models for both polymorphs were built
de novo from the sharpened and symmetrized cryo-EM maps using COOT [318].
The handedness of both maps was determined from AFM imaging as well as model
building. Polymorph 2 fibrils were clearly left-handed judging from AFM images.
Determination of the handedness of polymorph 1 was not straight forward since it
could not be determined from AFM images due to the short crossover distance of
only 260 A. Thus, the handedness was determined to be right-handed based on a
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better visual fit of the atomic model into the right-handed map. Building of the ini-
tial polyalanine atomic model was started at the well resolved C-Terminus for both
filament types. Side chains were added after manual optimization of the polyalan-
ine chain. Side chain rotamers were refined manually monitoring Ramachandran
outliers and clash scores using MolProbity [319]. Afterwards, both models were
refined using an iterative procedure of automatic refinement in PHENIX [320]
followed by manual refinement in COOT using ten symmetry-related monomeric
subunits. Hydrogens were added to both structures using phenix.reduce [321].
Graphical analysis and visualization were performed using ChimeraX [305]. Re-

finement statistics are shown in 6.2.

Polymorph 1 Polymorph 2
Initial model [PDB code] de novo de novo
Model Composition
Chains 10 10
Non-hydrogen atoms 1,990 1,990
Protein residues 280 280
RMS deviations
Bond lenghts [A] 0.003 0.007
Bond angles [°] 0.543 0.877
Validation
MolProbity score 1.85 2.07
Clashscore 11.89 16.75
Poor rotamers [%)] 0 0
Ramachandran plot
Favored [%)] 96.15 95.00
Allowed [%] 3.85 5.00
Outliers [%] 0 0

Table 6.2.: Model building statistics of in vitro ASGUpp(1-42)a19_94 fibrils.

6.2.2. Murine A5Upp(1-42)a19 o4 fibrils

Negative Stain EM 2 uL of the final sarkosyl insoluble pellet were applied onto
a glow-discharged 300 mesh carbon-coated copper grid (EM Sciences, ECF300-
Cu). The sample was incubated for 2 min and excess liquid was blotted off with
filter paper. The sample was then washed once with dH,O. 2 uL of 1% (w/v)
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UrAc were applied on the top of the grid, following a 1 min incubation. The
UrAc was removed with filter paper and the grid was air-dried. TEM images were
acquired using a ThermoFisher Scientific Talos 120C at an acceleration voltage of
120 kV. Images were collected on a 4k x 4k Ceta 16M CMOS camera using Thermo

Scientific Velox Software.

Immunogold negative stain EM Immunogold negative-stain grids for EM were
prepared following [299]. In brief, 2 pL of the final pellet were placed on a glow-
discharged 300 mesh carbon-coated copper grid (EM Sciences, ECF300-CU) for
2 min. The sample was washed once with dH;O and placed in blocking buffer
for 15 min, following incubation with Nab228 (Sigma-Aldrich) primary antibody
diluted in blocking buffer at a concentration of 2 pg/mL for 1.5 h. Afterwards, the
grid was washed with washing buffer and was incubated with 6 nm gold-conjugated
anti-mouse secondary antibody (diluted 1:20 in blocking buffer, Abcam) for 1 h.
The grid was washed five times with washing buffer and three times with dH>0O
before staining with 1% (w/v) UrAc for 1 min. The sample was air-dried, and
EM Images were acquired as described above. Immunogold negative stain EM

confirmed that the purified fibrils were indeed A/ fibrils.

Cryo-EM Image Acquisition and Data Preprocessing For cryo-EM imaging,
2 nL. of Ap fibrils extracted from one single mouse brain were applied to holey
carbon grids (Quantifoil 1.2/1.3, 300 mesh), blotted with filter paper for 6 s and
plunge frozen in liquid ethane using a ThermoF'isher Scientific Vitrobot Mark IV,
set at 95% humidity and 4°C temperature. Data acquisition was performed on a
ThermoFisher Scientific Titan Krios G4 operating at 300 kV using a Falcon IV
detector in counting mode. The automated collection was directed by EPU data

collection software. Further details are given in Table 6.3.

Gain-corrected movie frames were aligned and summed into single micrographs

on-the-fly using Warp. CTF estimation was performed using CTFFINDA4.1.
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Murine A/ fibrils

Data collection

Microscope Krios G4
Voltage [kV] 300
Detector Falcon IV
Magnification 96,000
Pixel size [A] 0.808
Defocus range [pm] -0.5 to -2.5
Exposure time [s] 4.31
Number of frames 40

Total dose [e~/A?] 40
Reconstruction

Micrographs 11,991
Box width [pix] 300

Initial particle images [no.] | 1,271,423
Final particle images [no.] 329,437

Symmetry imposed C1
Helical rise [A] 2.35549
Helical twist [°] 178.411
Map resolution [A] 3.2
FSC threshold 0.143

Table 6.3.: Cryo-EM data collection and structure determination statistics of murine
ABUPP(1-42)A19—24 fibrils.

Helical Reconstruction Helical reconstruction was performed using the helical
reconstruction methods in RELION 3.1. Fibrils were picked automatically using
crYOLO. Reference-free 2D classification at a box size of 800 pix, downscaled
to 200 pix, was performed to get an overview on polymorph distribution and to
discard false positives from autopicking as well as low quality particle images. Af-
terwards, fibril segments were re-extracted at 300 pix boxsize and the original pixel
size of 0.808 A /pix. 2D classification was performed to discard low quality particle
images. A featureless cylinder with a diameter of 140 A was low-pass filtered to
40 A and used as initial 3D reference. Iterative 3D classification and 3D refine-
ment with refinement of the helical parameters was performed to yield a higher
resolution reconstruction. 3D auto-refinement and subsequent post-processing was

performed to compute the final map and to calculate the resolution according to
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gold-standard Fourier Shell Correlations at 0.143 applying a soft-edged solvent

mask. Additional information can be found in Table 6.3.

Model Building An atomic model was built de novo into an intermediate cryo-
EM reconstruction by Gunnar Schroder using COOT and PHENIX. This interme-
diate model was then refined into the final high-resolution cryo-EM reconstruction
using an iterative procedure of refinement in PHENIX and manual modeling in
COQT. Side chain rotamers were refined manually monitoring Ramachandran out-
liers and clash scores using MolProbity. ChimeraX was used for molecular graphics

and analyses. Additional information can be found in Table 6.4.

Murine AfS fib-
rils
Initial model [PDB code] de novo
Model Composition
Chains 10
Non-hydrogen atoms 2050
Protein residues 290
RMS deviations
Bond lenghts [A] 0.007
Bond angles [°] 0.970
Validation
MolProbity score 2.04
Clashscore 5.24
Poor rotamers [%)] 0
Ramachandran plot
Favored [%)] 77.78
Allowed [%] 22.22
Outliers [%] 0

Table 6.4.: Model building statistics of murine ASUpp(1-42)a19_24 fibrils.

6.2.3. Human ASUpp(1-42)a19 o4 fibrils

Immunogold negative stain EM Immunogold negative-stain grids for EM were
prepared following [299]. In brief, 3 pL of the final pellet were placed on a glow-
discharged 300 mesh carbon-coated copper grid (EM Sciences, ECF300-CU) for
2 min. The sample was washed once with dH;O and placed in blocking buffer
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for 15 min, following incubation with Nab228 (Sigma-Aldrich) primary antibody
diluted in blocking buffer at a concentration of 2 ng/mL for 1.5 h. Furthermore, the
grid was washed with washing buffer and was incubated with 6 nm gold-conjugated
anti-mouse secondary antibody (diluted 1:20 in blocking buffer, Abcam) for 1 h.
The grid was washed five times with washing buffer and three times with dH,O
before staining with 1% (w/v) UrAc for 1 min. The sample was air-dried, and
EM Images were acquired as described above. Immunogold negative stain EM
confirmed that some of the purified fibrils were indeed A/ fibrils.

Cryo-EM Image Acquisition and Data Preprocessing Two datasets were col-
lected on human brain extracted AGUpp(1-42)a19-_94 fibrils. For the first cryo-EM
data acquisition, 2 pL of Af fibrils were applied to holey carbon grids (Quantifoil
1.2/1.3, 300 mesh), blotted with filter paper for 6 s and plunge frozen in liquid
ethane using a ThermoFisher Scientific Vitrobot Mark IV, set at 95% humidity
and 4°C temperature. Data acquisition was performed on a ThermoFisher Sci-
entific Talos Arctica microscope operating at 200 kV using a Gatan Bioquantum
K3 detector in counting mode with a Gatan Bio-quantum energy filter with a slid
width of 20 eV. The automated collection was directed by EPU data collection
software. Since the first dataset was not of sufficient quality, a second dataset was
recorded. Inspection of the micrographs during data collection of the first dataset
revealed several areas of very thick ice on the grid likely due to clumped fibrils.
Therefore, prior to the second cryo-EM data acquisition the remaining sample of
the previously used extraction (~6 pL leftover) was washed and sonicated prior
to plunging to disentangle fibril clusters: The sample was centrifuged at 5000 x ¢
for 6 min (4°C), the supernatant was removed and the remaining pellet was re-
suspended in resuspension buffer. The sample was vortexed for 2 s and again
centrifuged at 5000 x g for 6 min (4°C). The sample was transferred to a 500 pL
LoBind reaction tube and sonicated in pulses for 3 min (10 s on, 20 s off) in an
ultrasonic water bath. 2 ul of sonicated AfS fibrils were applied to holey carbon
grids (Quantifoil 1.2/1.3, 300 mesh), blotted with filter paper for 6 s and plunge
frozen in liquid ethane using a ThermoFisher Scientific Vitrobot Mark IV, set at
95% humidity and 4°C temperature. Data acquisition was performed on a Ther-

mokFisher Scientific Titan Krios G4 operating at 300 kV using a Falcon IV detector
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in counting mode. The automated collection was directed by EPU data collection
software. Further details are given in Table 6.5.
Gain-corrected movie frames were aligned and summed into single micrographs

on-the-fly using Warp. CTF estimation was performed using CTFFINDA4.1.

First Dataset Second Dataset
Data collection
Microscope Talos Arctica Titan Krios
Voltage [kV] 200 300
Detector K3 Falcon IV
Energy filter slit width [eV] || 20 N/A
Magnification 100,000 96,000
Pixel size [A] 0.816 0.808
Defocus range [pm] -0.5 to -2.5 -0.75 to -2.5
Exposure time [s] 5 3.55
Number of frames 35 40
Total dose [e~/A?] 35.23 40

Table 6.5.: Cryo-EM data collection statistics of human ASUpp(1-42)a19_94 fibrils.

Helical Reconstruction Helical reconstruction was performed using the helical
reconstruction methods in RELION. Fibrils were picked automatically on the first
dataset using filament picking procedures in crYOLO and manually on the second
dataset. Reference-free 2D classification was performed to discard low quality
particle images. The first dataset did only show PHF tau filaments and false
positives from autopicking in the initial 2D classification (Figure 6.30). Therefore,
image processing was stopped and the sample preparation prior to vitrification
was adjusted and the second dataset was collected.

Due to clustering of the fibrils on the recorded micrographs, fibrils were picked
manually on the second dataset. Fibril segments were extracted at a box size of
1200 pix, downscaled to 300 pix. Reference-free 2D classification was performed
to separate different polymorphs. The particle set was split into four subsets that
were processed individually. Particles of all subsets were re-extracted at an image
processing box size 256, 270, or 300 pix. For PHF tau filaments, SF tau filaments,
and A fibrils, an initial model was computed de novo from one or multiple 2D

class averages using the relion_helix_inimodel2d command. The initial 3D
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references were low-pass filtered to 6 - 8 A depending on their quality. Iterative
3D classification and 3D refinement with a refinement of the helical parameters
was performed for each fibril to yield a higher resolution reconstruction. 3D auto-
refinement and subsequent post-processing were performed to compute the final
maps and to calculate the resolutions according to gold-standard FSC at 0.143
applying a soft-edged solvent mask. Additional information can be found in Table
6.6.

Figure 6.30.: Initial 2D classification of automatically picked fibrils on micrographs
of the first dataset of fibrils purified from human brain tissue of an individual with
the Uppsala mutation shows only PHF tau filaments (orange). In addition, there are
many 2D class averages containing false positives from the crYOLO picking (red). Fibril
segments were extracted at a box size of 800 pix, downscaled to 200 pix.

Ap Tau PHF Tau SF
Micrographs 17,910 17,910 17,910
Box width [pix] 300 270 256
Initial particle images [no.] | 515,788 515,788 515,788
Final particle images 5023 112,719 4127
Symmetry imposed C1 C1 C1
Helical rise [A] 2.45 2.39 4.75
Helical twist [°] 178.352 179.434 -0.98
Map resolution [A] 5.9 3.3 4.9
FSC threshold 0.143 0.143 0.143

Table 6.6.: Structure determination statistics of human ASUpp(1-42)a19_o4 fibrils.
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Automatic picking of the fibril decoration To compute the 2D class averages
of the fibril decoration shown in Figure 6.16 F, particles were picked automatically
using crYOLO [219]. For this, the model used for picking was trained on 450
particles that were picked manually on 30 micrographs. Automatic particle picking
with a model trained on the data resulted in 182,680 picked particles that were

subsequently extracted at a box size of 168 pix.

Model Building Atomic modelling was only possible for the high-resolution cryo-
EM reconstruction of PHF tau filaments. Here, a previously published cryo-EM
structure of PHF tau filaments (PDB 503L) [262] was fitted into the reconstruc-
ted cryo-EM map using ChimeraX and used as initial model. This model was
refined into the density map using an iterative procedure of automatic refinement
in PHENIX and manual modeling in COOT. Side chain rotamers were refined
manually monitoring Ramachandran outliers and clash scores using MolProbity.
ChimeraX was used for molecular graphics and analyses. Additional information
can be found in Table 6.7.

Tau PHF
Initial model [PDB code] 503L
Model Composition
Chains 10
Non-hydrogen atoms 2570
Protein residues 730
RMS deviations
Bond lenghts [A] 0.004
Bond angles [°] 0.817
Validation
MolProbity score 2.41
Clashscore 18.40
Poor rotamers [%)] 0
Ramachandran plot
Favored [%] 85.92
Allowed [%] 14.08
Outliers [%] 0

Table 6.7.: Model building statistics of PHF tau filaments purified from the brain tissue
of an individual with the Uppsala mutation.
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For SF tau filaments and A fibrils, the achieved resolutions of 4.9 A and 5.9 A,

respectively, were too low to enable atomic modelling.

6.3. Contribution

I performed negative stain EM screening, cryo-EM grid preparation, data acquis-
ition, image processing and model building for the structural studies of in wvitro
ABUpp(1-42) a19.04 fibrils. I performed TEM screening of negative stain grids (pre-
pared by Fernanda Salome Peralta Reyes and myself) and immunogold negative
stain grids (prepared by Fernanda Salome Peralta Reyes and myself) of murine
ABUpp(1-42) a19.04 fibrils, that were previously extracted from mouse brain tissue
by Fernanda Salome Peralta Reyes. I performed sample vitrification, cryo-EM
data acquisition and image processing for murine ASUpp(1-42)a19.04 fibrils. T re-
fined the atomic model of murine ASUpp(1-42)a19.24 fibrils, that was initially built
by Gunnar Schroder. Additionally, I performed TEM screening of negative stain
grids (prepared by Fernanda Salome Peralta Reyes and myself) and immunogold
negative stain grids (prepared by Fernanda Salome Peralta Reyes and myself) of
human ASUpp(1-42) a19.24 fibrils, that were previously extracted from human brain
by Fernanda Salome Peralta Reyes. I performed sample vitrification and collected
two cryo-EM datasets of human ASUpp(1-42)a19.24 fibrils and performed image

processing. I built the atomic model of PHF tau filaments.
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7. The cryo-EM structures of in
vitro A2T A[5(1-42) fibrils

Multiple mutations within the APP gene are linked to early-onset fAD [71]. How-
ever, one familial mutation, the Icelandic A673T mutation (A2T in the AS se-
quence), which occurs mainly in the Icelandic and Scandinavian populations, is
associated with a protection against amyloid pathology and Alzheimer’s disease
[83]. Since the A2T variant is associated with minimal amyloid deposition, it is in-
teresting to investigate whether the A2T variant of A542 forms fibrils in vitro, and
if so, to study their structure by cryo-EM and compare them with other structures.

For this project, synthetic peptide was purchased from Bachem, purified by RP-
HPLC and fibrillised under low pH condition as previously described [252]. Sample
purification was kindly supported by Lothar Gremer. Afterwards, cryo-EM data
was collected and the structure of the two most abundant polymorphs was solved

to high-resolution.

7.1. Results and Discussion

To assess the quality of the synthetic A2T Ap42 peptide and to confirm that
it indeed contains mutated AS, an analytical RP-HPLC run was performed on
A2T Ap42 as well as a wild-type AB42 sample (Figure 7.1 A). The main peak of
the A2T variant of A is visible at a retention time of 16.8 min (Figure 7.1 A,
blue), while the main peak of the wild-type sample is visible at a retention time
of 17 min (Figure 7.1 A, orange). A shorter retention time was to be expected,
since the mutation of the hydrophobic A2 to the hydrophilic T2 results in the A2T
variant of A being more polar than wild-type A/ and thus passing more quickly
through the non-polar stationary phase (RP-HPLC).
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Figure 7.1.: Chromatogram of A2T Ap42. (A) Chromatogram of an analytical RP-
HPLC run of A2T A542 (orange) and wild-type A542 (blue). (B) Chromatogram of the
preparative RP-HPLC run of A2T A(42.

After confirming that the synthetic peptide indeed is mutated A[542, the syn-
thetic peptide was purified in a preparative RP-HPLC run and brought into fib-
rillisation conditions. The recorded chromatogram is shown in Figure 7.1 B. The
main peak at a retention time of 16.31 min was collected.

Cryo-EM screening of the A2T Ap42 sample after 38 days of incubation reveals
that A2T A42 forms long and well-ordered fibrils in vitro (Figure 7.2). Moreover,
the screening already reveals a high fibril concentration as well as the presence of

different fibril polymorphs in the sample (Figure 7.2 B).

Figure 7.2.: Cryo-EM screening of the in vitro A2T A[42 fibril sample in a Talos
Arctica. (A) At 5600x magnification. (B) At 100,000x magnification.
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However, the fibrils tend to clump on the grid, especially on the carbon film,
probably due to a too high blot-force or time and/or insufficient glow discharging.
Furthermore, most holes are empty and only a few contain fibrils embedded in
thin ice.

Negative stain EM screening of the sample confirms the polymorphism of the
A2T Ap42 sample (Figure 7.3).

Figure 7.3.: Negative stain EM screening of the in vitro A2T A42 fibril sample after
43 days of incubation. Coloured arrows indicate different polymorphs.

After adjusting the blotting conditions, the overall quality of the grid improved,
in particular a high fibril concentration was achieved without the formation of

fibril clusters and empty holes on the grid (Figure 7.4).

Figure 7.4.: Cryo-EM screening of the in vitro A2T Ap42 fibril sample prior to data
collection. (A) At 100,000x magnification. (B) At 5,600x magnification.
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Reference-free 2D class averaging of the manually picked fibrils reveals the pres-
ence of three polymorphs in the sample (Figure 7.5). The first polymorph (PM1)
accounts for 50% of all fibrils in the dataset, has a diameter of 7 nm and a cros-
sover distance of ~460 A (Figure 7.5 A, B, G). The second polymorph (PM2) has
a slightly larger diameter of 9 nm, a crossover distance of ~520 A and accounts for
43% of all fibrils in the dataset (Figure 7.5 C, D, G). The third polymorph (PM3)
with a diameter of 11 nm accounts for the remaining 7% (Figure 7.5 E, F, G). 2D
class averages of the separated fibril segments at smaller box sizes, already show

the amyloid-typical cross-f pattern (Figure 7.5 B, D, F).

G Polymorph Distribution

PM1 «PM2 «PM3

Figure 7.5.: Reference-free 2D class averaging of A2T AF42 fibrils. (A), (B) PML.
(C), (D) PM2. (E), (F) PM3. (G) Distribution of polymorphs in the dataset. For 2D
class averages shown in (A), (C), (E) fibril segments were extracted at a box size of
810 pix (downscaled to 270 pix). The scalebar in (A) applies to panels (C), and (E) as
well. For 2D class averages shown in (B), (D) fibril segments were extracted at a box
size of 270 pix. The scalebar in (B) applies to (D) as well. For the 2D class average
shown in (F) fibril segments were extracted at a box size of 448 pix.

7.1.1. Cryo-EM Structure of PM1

The first and most abundant polymorph, PM1, was solved to a resolution of
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3.9 A (based on the gold-standard FSC 0.143 criterion; Figure 7.6).

Final Resolution = 3.87 A

Fourier Shell Correlation

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Spatial Frequency in 1/4

Figure 7.6.: FSC curve from the gold-standard refinement of the cryo-EM map of A2T
A42 PM1 yields a resolution of 3.9 A (using the 0.143 criterion).

PM1 is made of two identical LS-shaped protofilaments that are related by a C2
symmetry with a refined helical rise of 4.8 A and a helical twist of -2° (Figure 7.7).
The ordered L-shaped N-terminus consists of residues D1 to Q15 and, accordingly,
residues K16-A42 form the S-shaped domain (Figure 7.7 D, E). Each protofilament
comprises one [-sheet extending from residues H13 - A24 (Figure 7.7 A). However,
it should be noted that the individual layers are not fully resolved (Figure 7.7 C),
which likely influences the §-sheet assignment, as the quality of the assignment is
directly related to the quality of the cryo-EM map. The LS-shaped protofilament
fold is stabilised by three hydrophobic cluster involving the following residues: (i)
F4, L34, and V36, (ii) L17, F19, A21, V24, and 131, and (iii) A30, 132, M35, V40,
and A42. The two latter contribute to the S-shape of the C-terminal domain. The
kink in the N-terminal L-shape is stabilized by a hydrogen bond between S8 and
E11 or a salt bridge between H6 and E11.

The protofilament interface is formed by a salt bridge between D1 and K28 of
the opposing protofilament and hydrophobic interactions between the C-termini

of both protofilaments involving residues 141 and V39.
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DTEFRHDSGYEVHHQKLVGSNKGAIIGLMVGGVVTIAH®

Figure 7.7.: Cryo-EM structure of A2T A342 PM1. (A) Amino acid sequence of
A2T ApB42. Solid lines indicate for which part of the sequence the atomic model was
built. Arrows indicate [-strands. (B) Projection of the reconstructed density including
approximately one f-rung. (C) Reconstructed cryo-EM density along the helical axis
with a label denoting the helical twist. (D) The cryo-EM density map (in transparent
gray) with the atomic model (light green). (E) A schematic of the fold, produced with
atom2svg.py [309] (red: acidic side chain; blue: basic side chain; green: hydrophilic side
chain; white: hydrophobic side chain; pink: glycine; yellow: sulfur containing).

Interestingly, the PM1 fold of A2T Ap42 is identical to the fold of wild-type
A[342 fibrils formed under the same fibrillisation conditions [252] (Figure 7.8 A).

This is indeed surprising, as Gremer et al. in their 2017 Science publication pos-
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tulated: "A2T (Icelandic) might be protective against Alzheimer’s disease, because
threonine is more polar than alanine and could destabilize the fibril by disrupting
the hydrophobic cluster Ala?, Val*®, Phe*, and Leu®*" [252].

Figure 7.8.: Comparison of the cryo-EM structure of A2T AS42 PM1 with the cryo-
EM structure of wild-type Ag42 (PDB 50QV (Model; as displayed in A, B, D) and
EMD 3851 (Map; as displayed in D)) formed under the same fibrillisation conditions.
(A) Overlay of the atomic model of A2T Af42 PM1 (green) and the atomic model of
wild-type AB42 (gray). (B) Structure of the D1 - R5 part of A2T ApS42 PM1 (green)
and wild-type Af542 (gray) overlaid on the corresponding part of the density map of
A2T Ap42 PM1. (C) Structure of the D1 - R5 part of A2T A/542 PM1 (green) overlaid
on the corresponding part of the density map of A2T Af42 PM1. (D) Structure of the
D1 - R5 part of wild-type A342 (gray) overlaid on the corresponding part of the density
map of wild-type A[542.

A direct comparison of the A2T Ap42 model and map with the wild-type A (542
model and map shows not only that the A2T Af42 model actually fits the A2T
AB42 map better than the wild-type A/542 model (Figure 7.8 B), but also that
the A2T A(42 map indeed has a larger visible side-chain density at position 2 in
comparison to the wild-type A342 map (Figure 7.8 C, D).
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7.1.2. Cryo-EM Structure of PM2

PM2 consists of the same LS-shaped protofilaments that were observed in PM1,
but the two protofilaments are arranged differently (Figure 7.9).

A

'DTEFRHDSGYEVHHQKLVGSNKGAIIGLMVGGVVIA®

Figure 7.9.: Cryo-EM structure of A2T A542 PM2. (A) Amino acid sequence of
A2T Ap42. Solid lines indicate for which part of the sequence the atomic model was
built. Arrows indicate [-strands. (B) Projection of the reconstructed density including
approximately one f-rung. (C) Reconstructed cryo-EM density along the helical axis
with a label denoting the helical twist. (D) The cryo-EM density map (in transparent
gray) with the atomic model (orange). (E) A schematic of the fold, produced with
atom2svg.py [309] (red: acidic side chain; blue: basic side chain; green: hydrophilic side
chain; white: hydrophobic side chain; pink: glycine; yellow: sulfur containing).
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The asymmetric PM2 fibril, that was solved to a resolution of 3.7 A (based
on the gold-standard FSC 0.143 criterion; Figure 7.10) has a refined helical twist
of -1.6° and a rise of 4.75 A (Figure 7.9 B). We observed only one (-sheet in
each protofilament on a secondary structure level, extending from residues T2 -
R5. However, as mentioned for PM1, the accuracy of the (-sheet assignment is

directly linked to the map quality and can therefore be incorrect.

As previously described, the LS-fold of one protofilament is mainly stabilized by
three hydrophobic clusters (compare Chapter 7.1.1) (Figure 7.9 D, E). However,
in contrast to PM1, where the interface between the two protofilaments is formed
by interactions between the C-termini and a salt bridge between D1 and K28, in
PM2 fibrils, the two LS-shaped protofilaments are connected via hydrogen bonds
between D7 and Y10.

Final Resolution = 3.73 A
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Figure 7.10.: FSC curve from the gold-standard refinement of the cryo-EM map of
A2T AB42 PM2 yields a resolution of 3.7 A (using the 0.143 criterion).

The cryo-EM map as shown in Figure 7.9 is the output map of the last 3D
refinement step prior to 3D auto-refinement and post-processing, since the quality
of the reconstruction unexpectedly degraded during 3D auto-refinement. Figure
7.11 shows the map as displayed in Figure 7.9 and the unsharpened post-processed

map at different contour levels.

123



30 40 50 60

Figure 7.11.: Reconstruction of A2T Ap42 PM2 at different processing steps and
contour levels. (A)-(D) Reconstruction prior to 3D auto-refinement and post processing
at 30 (A), 40 (B), 5o (C), and 60 (D). (E)-(H) Unsharpened post-processed map at 3o
(E), 40 (F), 50 (G), and 60 (H).

The global resolution indicated during post-processing and stated above (Fig-
ure 7.10) may therefore not necessarily reflect the actual resolution of the map

displayed in Figure 7.9.

7.1.3. Cryo-EM Structure of PM3

The least prevalent polymorph in the dataset, PM3, consists of three identical
protofilaments Al, A2, and A3 (Figure 7.12 A).
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Figure 7.12.: Cryo-EM structure of A2T A342 PM3. (A) Projection of the reconstruc-
ted density including approximately one S-rung. (B) Reconstructed cryo-EM density
along the helical axis with a label denoting the helical twist. (C) The cryo-EM dens-
ity map (in transparent gray) with the tentative backbone (purple). (D) The cryo-EM
density map (in transparent gray) with the atomic model of PM1 (green) and the atomic
model of PM2 (orange).

PM3 fibrils were solved to a resolution of 5.4 A (based on the gold-standard
FSC 0.143 criterion; Figure 7.13) with refined helical parameters of -1.36° (twist)
and 4.73 A (rise) (Figure 7.12 B).
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Figure 7.13.: FSC curve from the gold-standard refinement of the cryo-EM map of
A2T ApB42 PM3 yields a resolution of 5.4 A (using the 0.143 criterion).

The three PM3 protofilaments are connected by two different interfaces, both
of which are found individually in PM1 and PM2 fibrils (Figure 7.12 C). In PM3
fibrils, protofilaments A1l and A2 are connected by their C-termini and by a salt
bridge between D1 and K28 and therefore, the A1-A2 protofilament pair is identical
to PM1 fibrils (Figure 7.12 D). Protofilaments A2 and A3 are connected by hydro-
gen bonds between D7 and Y10, an interface also found in PM2 fibrils. The 5.4 A
resolution map only allowed for preliminary backbone tracing (Figure 7.12 C), de
novo atomic model building was not possible due to the lack of layer separation
(Figure 7.12 B).

7.1.4. Discussion

Three polymorphs could be observed in the sample of in vitro AF42 fibrils with the
[celandic A2T mutation. Interestingly, the most abundant PM1 fibrils are identical
to the structure of previously described wild-type AB42 fibrils formed under the
same fibrillisation conditions. This is particularly surprising because the mutation
weakens a hydrophobic cluster that was thought to contribute significantly to the
stability of the fibril [252]. The PM2 fibril fold shows an alternative conformation
that was almost equally favoured. The connection of the two LS-shaped protofila-

ments through a novel interface mediated by hydrogen bonds between D7 and Y10
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has not been described before. Both interfaces are present in the least abundant
PMS3 fibrils, that are made of three identical protofilaments.

It has previously been reported that the protective Icelandic APP mutation in-
fluences APP processing, by decreasing [-secretase cleavage resulting in a reduced
production of AS40 and AB42 [83]. Moreover, A2T Af has been reported to
be less prone to aggregate in comparison to wild-type A5 [322, 323]. Especially
the latter observation is interesting considering that A2T AfS forms fibrils at a
high concentration in vitro after 38 days of incubation. Thus, the mutation itself
does not prevent fibril formation, at least in vitro. The fact that the A2T muta-
tion protects against Alzheimer’s disease is an important argument supporting the
amyloid cascade hypothesis and therefore, further investigations of the aggregation

behaviour of A2T Ap in vivo remains a target of future research.

7.2. Methods

7.2.1. Sample Purification

The sample was analyzed and purified by RP-HPLC. RP-HPLC is a molecular
biology technique that can be used to separate different molecules based on their
hydrophobicity [324]. The non-polar stationary phase reduces the retardation
time of the polar mobile phase. Prior to RP-HPLC analyses, 1 mg synthetic
peptide (Bachem, 4104329, Lot 2002 1000018466, molecular weight 4544.13 Da
(220.064 nmol)) was dissolved in 660 pL H2O, 0.1% TFA resulting in a monomer
concentration of 333.43 nM. Afterwards, 2 pl. of this solution were diluted in
33 uL H,0O, 0.1% TFA. 20 pL of this solution were used for analytical RP-HPLC.
Then, the remaining 658 pnlL. were used for a preparative RP-HPLC run. The
main peak after a retardation time of 16.32 min was collected in the mobile phase
(RP-HPLC buffer: 30% AcN, 0.1% TFA). For the analytical as well as preparative
RP-HPLC run, a ZORBAX 300SB-C8 (4.6 x 250 mm, 5 micron) column was used
on a 1260/1290 Infinity system from Agilent Technologies, California. A 1000 pL
sample loop and a flow rate of 4 mL/min was used. The purified sample was stored
in the elution buffer (30% AcN, 0.1% TFA) at room temperature under dark and

quiescent conditions for several days.
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7.2.2. EM sample screening

After 38 days of incubation 200 pL sample were taken from the bottom of the
Falcon tube, transferred to a LoBind reaction tube and centrifuged at 18,000 x ¢
for 60 min. The supernatant ( 180 pL) was removed and the remaining 20 pL. were
used for further analyses. For cryo-EM screening, 2.5pl sample was applied to
holey carbon grids (Quantifoil 1.2/1.3, 300 mesh), blotted with filter paper for 5s
and plunge frozen in liquid ethane using a ThermoFisher Scientific Vitrobot Mark
IV, set at 95% humidity and 4°C temperature. Since multiple fibril clusters were
observed on the cryo-EM grid, the sample was afterwards screened by negative
stain EM. For this, 3 plL sample was applied onto a glow-discharged 300 mesh
carbon-coated copper grid (EM Sciences, ECF300-Cu). The sample was incubated
on the grids for 2 min and excess buffer was carefully blotted off with filter paper.
3 nL of sodium silicotungstate (SST) stain were applied on the top of the grid,
following a 1 min incubation. The excess stain was blotted off with filter paper and
the grid was air dried. TEM images were acquired using a ThermoFisher Scientific
Talos 120C at an acceleration voltage of 120 kV. Images were collected on a 4k x
4k Ceta 16M CMOS camera using Thermo Scientific Velox Software.

7.2.3. Cryo-EM Image Acquisition and Data Preprocessing

For cryo-EM imaging, 2.5 pL. of the A2T A42 fibril sample was applied to holey
carbon grids (Quantifoil 1.2/1.3, 300 mesh), blotted with filter paper for 3-5 s at
varying blot forces and plunge frozen after 1 s wait time in liquid ethane using
a ThermoFisher Scientific Vitrobot Mark IV, set at 90% humidity and 4°C tem-
perature. To avoid empty holes as well as fibril clusters on the grid, four grids
were prepared at different blotting conditions ((i) -10 blot force, 3 s blot time; (ii)
-10 blot force, 5 s blot time; (iii) -5 blot force, 3 s blot time; (iv) -5 blot force,
4 s blot time). Data acquisition (Grid at blotting condition (iii)) was performed
on a ThermoFisher Scientific Talos Arctica microscope operating at 200 kV using
a Gatan Bioquantum K3 detector in counting mode with a Gatan Bio-quantum
energy filter with a slid width of 20 eV. The automated collection was directed by

EPU data collection software. Further details are given in Table 7.1.
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Data collection

Microscope Talos Arctica
Voltage [kV] 200
Detector K3

Energy filter slit width [eV] || 20
Magnification 100,000
Pixel size [A] 0.816
Defocus range [pm] -0.5 to -2.5
Exposure time [s] 1.5
Number of frames 35

Total dose [e~/A?] 27

Table 7.1.: Cryo-EM data collection statistics of in vitro A2T Af(1-42) fibrils.

Prior to helical reconstruction, gain-corrected movie frames were aligned and
summed into single micrographs on-the-fly using Warp [218]. CTF estimation was
performed using CTFFIND4.1 [209].

7.2.4. Helical Reconstruction

Helical reconstruction was performed using the helical reconstruction methods in
RELION [223, 272]. Fibrils were picked manually and polymorphs were separated
during reference-free 2D classification at a box size of 810 pix (downscaled to
270 pix). For PM1, and PM2, fibril segments were afterwards re-extracted at
the original pixel size at a box size of 270 pix. PM3 particles were initially re-
extracted at a box size of 448 pix and prior to 3D auto-refinement re-extracted
at a box size of 300 pix. For all polymorphs, an initial model was generated
de novo from one larger box 2D class average (PM1: 540 pix, downscaled to
270 pix; PM2: 640 pix, downscaled to 320 pix; PM3: 896 pix, downscaled to
448 pix) using the relion_helix_inimodel2d command [267]. The reconstructed
de novo generated initial models were low-pass filtered to 10 A. For all polymorphs,
3D classification was used to obtain a homogeneous high-quality subset of fibril
segments. 3D auto-refinement and subsequent post-processing was performed for
all three polymorphs to compute the final maps and to calculate the resolution
according to gold-standard Fourier Shell Correlations at 0.143 applying a soft-
edged solvent mask. For PM2, the post-processed map did not yield sufficient
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resolution and accordingly, the map of the last 3D refinement instead of the post-
processed map was used for model building. The PM2 map was sharpened using
VISDEM [304]. Additional image processing information can be found in Table
7.2.

PM1 PM2 PM3
Micrographs 4,465 4,465 4,465
Box width [pix] 270 270 300
Initial particle images [no.] || 137,326 118,944 18,557
Final particle images 102,633 61,066 10,390
Symmetry imposed C2 C1 C1
Helical rise [A] 4.80 4.75 4.73
Helical twist [°] -2.0 -1.59 -1.36
Map resolution [A] 3.87 3.73 5.44
FSC threshold 0.143 0.143 0.143
Applied B-factor [A?] -183 N/A -256

Table 7.2.: Image Processing statistics of A2TA (542 fibrils.

7.2.5. Model Building and Refinement

Atomic model building was only possible for PM1 and PM2 reconstructions. Here,
a previously published cryo-EM structure of wild-type Ag42 fibrils (PDB 50QV)
[252] was fitted into the reconstructed cryo-EM map using ChimeraX [305] and
used as initial model. For the asymmetric PM2, two protofilaments were indi-
vidually fitted into the map. Hydrogens were removed from the model using
phenix.reduce [321]. A multi layer model was built by applying helical symmetry
using the ChimeraX sym command. The models were refined into the density map
using an iterative procedure of automatic refinement in Phenix [320] and manual
modeling in COOT [318]. Side chain rotamers were refined manually monitoring
Ramachandran outliers and clash scores using MolProbity [319]. ChimeraX [305]
was used for molecular graphics and analyses. Additional information can be found
in Table 7.3.

130



Polymorph 1 Polymorph 2
Initial model [PDB code] 50QV 50QV
Model Composition
Chains 10 10
Non-hydrogen atoms 3,210 3,200
Protein residues 420 420
RMS deviations
Bond lenghts [A] 0.010 0.009
Bond angles [°] 1.987 1.654
Validation
MolProbity score 2.84 3.14
Clashscore 46.43 69.84
Poor rotamers [%)] 0 0
Ramachandran plot
Favored [%)] 82.5 71.5
Allowed [%] 17.5 28.5
Outliers [%] 0 0

Table 7.3.: Model building statistics of A2TA342 fibrils.

7.3. Contribution

For this project, I participated in RP-HPLC sample purification (which was per-
formed together with Lothar Gremer). I prepared cryo-EM and negative stain
EM grids and performed sample screening by cryo-EM and negative stain EM. I
prepared the cryo-EM grids and collected the cryo-EM dataset. I performed image

processing and atomic model building.
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8. Conclusion and Outlook

ApB and its aggregation into amyloid fibrils, that eventually accumulate into ex-
tracellular amyloid plaques, are a hallmark of AD, a disease that severely impacts
the lives of those affected and their relatives through the degeneration of memory
and cognitive abilities. In order to develop a cure for the disease it is therefore of
great importance to not only identify the causing agents but also investigate their

structure on a molecular level.

Chapter 3 provides an overview of the structures of AS fibrils presented in Manu-
script I, purified from various transgenic mouse models commonly used in Alzheimer’s
disease research. Novel Aj polymorphs were observed in APP/PS1, ARTE10 and
tg-SwDI mice. In contrast, previously described human type II filaments [261],
which are mostly found in familial AD cases, were observed in tg-APPg,,., APP23
and ARTE10 mice. Tg-APP 4,..54e mice display an Af fibril fold highly similar to
human type I Af fibrils mostly observed in sporadic AD cases [261]. In summary,
this study shows that the fold of Aj fibrils is different in the different mouse mod-
els. Furthermore, it is discussed that tg-APP 4,.s.. is the only known mouse model
that contains Af fibrils that resemble human type I Af fibrils mainly observed in
sporadic AD patients. This finding is particularly interesting since tg-APP 4,csuwe
mice were used in the clinical trial of lecanemab, an Alzheimer’s drug that was
approved by the FDA in the US in 2023. This observation is a good example of the
potential of such structural studies for drug development. Often, drugs must first
show their efficacy in animal models before they are tested in humans. However, if
the molecular target of the therapeutic is different in mice than in humans, wrong
conclusions can be drawn. Therefore, the integration of structural investigations
of the molecular target of a therapeutic into the drug development pipeline could

potentially increase the success rate of clinical trials.
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To study certain molecular aspects of Alzheimer’s disease, such as the aggrega-
tion of A into amyloid fibrils, which is the focus of this thesis, suitable labor-
atory model systems are as important as suitable animal models. However, the
conditions leading to the aggregation of synthetic or recombinant AS into fibrils
identical to those observed in humans are not yet known. In Chapter 4 the cryo-
EM structures of six in vitro AB42 fibril polymorphs aggregated at neutral pH are
presented. The observed fibrils present novel A polymorphs and therefore, differ
from other in wvitro and ex vivo fibril structures. And although the aggregation
conditions used in this study do not result in a suitable model system in terms
of structural identity with human brain extracted AS fibrils, it does show poly-
morphs that could represent an intermediate conformation eventually leading to
the formation of a fibril identical to another polymorph observed. Consequently,
it is possible that the cryo-EM data set collected after 21 h incubation captures
fibril formation or secondary nucleation. The influence of incubation time on fibril
structure and the distribution of the different polymorphs will be an interesting

topic for future studies.

Early-onset familial AD is, among other things, caused by mutations in the APP
gene. Some of these mutations are located in the A sequence and therefore result
in the deposition of mutated Af in affected patients. One example is the Uppsala
APP mutation, in which the deletion of six amino acids leads to a rapidly pro-
gressing form of early-onset AD. The cryo-EM structures of in vitro and ex vivo
ApBUpp(1-42)a19_24 are presented in Chapter 5 and 6. In vitro ABUpp(1-42) a19-24
aggregates into unique fibril polymorphs. The two most abundant polymorphs for
which structure determination was possible display novel folds of AS and con-
sequently differ from other Af fibrils and especially from wild-type AS fibrils
formed under the same fibrillisation conditions. In addition, the ez vivo cryo-EM
structure of ABUpp(1-42)a19_94 fibrils purified from tg-mouse brain tissue was
presented. Tg-UppSwe mice contain only one polymorph, and interestingly, des-
pite the deletion of six amino acids in the Af sequence, this polymorph shows
some structural similarity to human type II filaments found mainly in familial AD

cases. Finally, a cryo-EM dataset of A fibrils purified from human brain tissue
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was collected. The structure of Tau PHF and SF filaments as well as Aj fibrils
could be determined. However, the structure of SF filaments and AS fibrils was
only solved to a resolution of 4.9 A and 5.9 A, respectively. Consequently, the
identification of individual side chains in the AS-fibril reconstruction was not pos-
sible. Nevertheless, the fact that this fibril appears to be identical to human type
I Ap wild-type fibrils suggests that the observed fibril is not made of ASUpp(1-
42)A19-24 but wild-type AS. This is particularly interesting because the mass
spectrometry data presented in Publication II suggest that the majority of AS is
actually mutant AS. This finding may indicate that the reconstructed Ag fibril is
post-translationally modified A/542 with a higher molecular weight than unmodi-
fied wild-type A342. Moreover, one reason for the absence of ASUpp(1-42)a19-24
fibrils in the recorded dataset could be that the mutant AfS fibrils clump together
even more than wild-type Af fibrils. In future attempts to determine the structure
of ABUpp(1-42)a19-_24 fibrils, the protocol should therefore be adapted so that the

fibril clumps are broken up more strongly either chemically or mechanically.

Like the Uppsala mutation, most APP mutations are pathogenic and are associ-
ated with early-onset familial AD. An exception to this is the A673T or Icelandic
mutation, the only known APP mutation that protects against AD. Within this
thesis, the Icelandic mutation was further investigated and the results are presen-
ted in Chapter 7. First, synthetic A2T Ap42 was purified and transferred into
fibrillisation conditions. And indeed, as shown in Chapter 7, amyloid fibrils could
be observed in the sample after several days of incubation. The cryo-EM structure
of all polymorphs present in the sample, three in total, was determined. Interest-
ingly, the most abundant polymorph is identical to wild-type AB42 fibrils formed
under the same fibrillisation conditions. This is particularly remarkable as it was
previously speculated that the reason for the protective properties of the A2T
mutation was that the threonine would break up a hydrophobic cluster that was
thought to be essential for the stability of the polymorph [252]. The fact that a
mutation in APP leading to the production of mutant Aj results in a protection
against AD is one important argument for AS playing a role in the early stages of
AD. This makes A2T an interesting target for structural investigations. However,

it remains to be seen whether A2T A also forms fibrils under the same yet un-
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known conditions under which synthetic or recombinant wild-type AS aggregates

into fibrils identical to those in humans.
In summary, structural studies of A fibrils both in vitro and ex vivo, as presented

in this work, are key to identifying suitable laboratory and animal models to study

specific aspects of the disease pathogenesis and to develop novel therapeutics.
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9. Materials

0.1. List of Devices

Table 9.1 lists the devices used for this work.

Vortex mixer

Device Model Manufacturer

Glow discharge cleaning | easiGlow Pelco

system

High performance liquid | 1260/1290 Infinity | Agilent Technologies,

chromatography system Series CA

Minifuge 3-1810 neolLab

Plunge freezing device Vitrobot Mark IV Thermo Fisher Sci-
entific

Scales N/A Kern ABJ

Table top centrifuge 5417R, 5415R Eppendorf

Ultra-centrifuge (TLAS55) Optima MAX-XP Beckmann Coulter

Ultrasound bath Sonorex Bandeli

Vortex Genie 2

Scientific Industries SI

Table 9.1.: Devices

9.2. List of Microscopes

Table 9.2 lists the microscopes used for this work.
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Technique Microscope Manufacturer Camera Manufacturer
Name
Atomic force micro- | NanoWizard 3 | JPK instru- Navitar
scopy ments
Cryogenic electron | Talos  Arctica | TFS K3 (including | Gatan
microscopy G2 energy filter
BioContinuum
GIF)
Cryogenic electron | Titan Krios G4 | TFS K3 (including | Gatan / TFS
microscopy energy filter
BioContinuum
GIF) / Falcon
v
Cryogenic electron | Titan Krios 1 TFS K3 Gatan
microscopy
Transmission elec- | Talos L120C TFS 4k x 4k Ceta | TFS
tron microscopy 16M  camera
CMOS
Table 9.2.: Microscopes.

9.3. List of Computer Programs

Table 9.3 lists the computer programs used for this work.
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Program Version Source

Agilent ChemStation | N/A Agilent Technology

Method and Run Con-

trol

Agilent ChemStation | N/A Agilent Technology

DataAnalysis

ChemDraw 21.0.0 PerkinElmer

Chimera 1.15 UCSF ([325))

ChimeraX 125 /1.6 UCSF ([305]))

coot 0.8.9.2 EL MRC-LMB ([234, 318])

crYOLO 1.84 MPI-Dortmund  ([219,
277, 317))

CTFFIND 4.1 The Grigorieff Lab([209])

EMAN2 2.99.33 BCM ([326])

EPU (ERC-3 Arctica)
EPU (ERC-3 Krios)
Gwyddion

Microsoft Office
phenix

RELION

Velox

VISDEM

Warp (ERC-3 Arctica)
Warp (ERC-3 Krios)

2.12.1.2782REL
3.2.0

2.61

2023
1.19.2-4158-000

3.1.0

2.9.0

1.0

v110 BETA
v110Beta

TFS

TFS

gwyddion.net ([310])
Microsoft
phenix-online.org  ([239,
320))

MRC-LMB  ([223, 225,
272])

TFS

SimTK (DireX) ([304])
MPI Géttingen ([218])
MPI Géttingen ([218])

Table 9.3.: Computer Programs.

9.4. Synthetic A5 material

Table 9.4 lists the synthetic AS material used for this work.

Peptide

Provider

AB(1—42)
Aﬁ(1—42)A2T
AﬁUpp(1—42)A19_24

Sweden

Bachem, Switzerland
Bachem, Switzerland
Martin Ingelsson, Uppsala University,

Table 9.4.:

Synthetic A5 material.
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0.5. Antibodies

Table 9.5 lists the antibodies used for this work.

Antibody Name Manufacturer
Mouse Nab228 Sigma-Aldrich
Anti-mouse secondary gold-conjugated antibody (6 nm) | abcam
Anti-human secondary gold-conjugated antibody | abcam
(10 nm)

Table 9.5.: Antibodies

9.6. Consumables and microscopy material

Table 9.6 lists the general laboratory consumables used for this work.

Consumable Description Manufacturer
HPLC column ZORBAC 300SB-C8, | Agilent
StableBond  Analyt-
ical 4.6 x 250mm,
5-Micron
Parafilm Parafilm M, 4 IN. x | Pechiney Plastic
125 F'T. Packaging
Reaction tube 0.5 mL protein Lo- | Protein LoBind | Eppendorf
Bind 0.5 mL
Reaction tube 1.5 mL protein Lo- | Protein LoBind | Eppendorf
Bind 1.5 mL
Reaction tube 1.5 mL Reagiergefafl 1.5 mL Sarstedt
Ultracentrifugation reaction tube | Microfuge Tube | Beckman
1.5 mL Polypropylene Coulter

Table 9.6.: General Laboratory consumables

Table 9.7 lists the AFM consumables used for this work.
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Consumable Description Manufacturer
Cantilever OMCL-AC160TS, tip | Olympus
radius 9 + 2 nm
Cantilever Holder Fixed-Spring  canti- | JPK
lever holder
Mica Glimmer, "V1", 10mm | Plano
Glue Plus sofortfest, 2 com- | UHU
ponent glue
Microscope slide ground edges, fros- | VWR

Razor blade

ted, VWR Catalog
No: 631-1553
N/A

Herkenrath Solingen

Table 9.7.: Consumables and material for AFM

Table 9.8 lists the (cryo-) EM consumables used for this work.

Consumable Description Manufacturer
Grids UltraAuFoil® R1.2/1.3 Quantifoil
Grids Quantifoil® R1.2/1.3 Quantifoil

Grids negative stain

Tweezer NH
Tweezer N5-AC
Tweezer N1

300 mesh carbon-
coated copper grid
ECF300-Cu

N5 - Inox - B

N5 AC-PO

N1 - Dumoxel - H

EM Sciences

Dumont, CH
Dumont, CH
Dumont, CH

Table 9.8.: Consumables and material for (cryo-) EM
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shows multiple interfaces (beige and orange) leading to double fib-
rils ([241]). Structures shown: (B) PDB 6Y1A ([219]), PDB 6VW2
([246]); (C) PDB 6HRF, 6HRE ([250]) (C(i)); PDB 6SHS ([251])
(C(ii)).(adapted from Zielinski et al. [1]). . . . ... ... ... ...

Adapted picking procedure for amyloid fibrils. During particle pick-
ing, (A) the raw micrographs are inspected and (B) the fibril posi-
tions are selected, by selecting start- and end-position. Afterwards,

(C) the selected fibril is segmented and (D) cut into smaller images.

Point group symmetry in amyloid fibrils. (A) Cross-section of an
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a Cy symmetry (right). (B) Cross-section of an amyloid fibril with
two symmetric protofilaments (left) that exhibits a pseudo-2; screw
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1.17 Overview on structures of AS fibrils determined by NMR spectro-

3.1

scopy and cryo-EM. (A) Ap40 fibril purified from AD brain men-
inges (PDB code: 6SHS, [251]). (B) Type I Aj542 filaments from
human brain parenchyma (PDB code: 7Q4B, [261]). (C) Type II
A 42 filaments from human brain parenchyma (PDB code: 7Q4M,
[261]). (D) E22G Ap40 filaments extracted from AD brain tis-
sue (PDB code: 8BGO, [285]). (E) Type II Apg42 filaments from
APPNETE mouse brain (PDB code: 7Q4M, [261]). (F) Murine
E22G Af filaments from APPNL=¢=F mouse brains (PDB code:
8BGY, [285]). (G) Brain-derived seeded A/42 fibril type A (PDB
code: 8EZD, [260]). (H) Brain-derived seeded Af42 fibril type B
(PDB code: 8EZE, [260]). (I) Ap40 fibril derived from Alzheimer’s
disease cortical tissue by seeded fibril growth (PDB code: 6W0O,
[259]). (J) NMR structure of recombinant A /540 fibrils (PDB code:
2LMQ, [256]). (K) NMR structure of recombinant A/542 fibrils
(PDB code: 2MXU, [257]). (L) NMR structure of recombinant
A42 fibrils (PDB code: 5KK3, [254]). (M) NMR structure of re-
combinant Af42 fibrils (PDB code: 2NAO, [255]). (N) Cryo-EM
structure of recombinant AB42 fibrils (PDB code: 50QV, [252]).
(O) NMR structure of recombinant A342 fibrils (PDB code: 6TI6,
[253]). (P) NMR structure of recombinant E22A Ap fibrils (PDB
code: 2MVX, [2806]). . . . . ..o

Immunogold negative-stain EM image of the purified AS fibrils from

tg-APP pcswe mouse brain tissue labelled with lecanemab. . . . . . .
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Additional (identified and unidentified) cellular components present
in murine A fibril samples. (A,B) Two exemplary cryo-EM mi-
crographs taken from the cryo-EM dataset of Af fibrils from tg-
APP preswe mouse brain tissue. (C) Vault Protein (i) as visible on
a recorded cryo-EM images and (ii) its structure determined by
cryo-EM [301] taken from the PDB (PDB 7PKZ). (D) Rod-shaped
unidentified structure of varying length and approximately 80 A in
width on most images. (E) A globular protein of approximately 60 A
in width arranged in a lattice (i) as visible on a recorded cryo-EM
image.(ii)-(iv) This protein was identified by single particle recon-
struction to most likely be the C-ring of an ATPase. The displayed
density map (ii) was computed and provided by Janus Lammert.
The shown structure of the V-ATPase [302] was taken from the
PDB (PDB 6VQ6). . . . . . . .

Exemplary 2D classes of the unidentified rod-shaped structure found
in murine and human Ag fibril samples. The classes shown were
computed from a cryo-EM dataset of AS fibrils purified from human

brain tissue. . . . . . ..

Globular Protein observed in murine samples. (A) Negative stain
EM images of a sample of AS fibrils purified from tg-APP A cswe
mouse brain tissue. (B) 2D classes computed from a cryo-EM data-

set of AS fibrils purified from tg-APP A,cswe mouse brain tissue. . . .

EM images of Ap42 fibrils at pH7.4. (A) Negative stain image after
146 h of incubation. (B) Cryo-EM image after 21 h of incubation.

The image was low-pass filtered to 10 A to enhance contrast. . . . .

Representative 2D class averages of pH 7.4 Ap fibrils. (A) First 2D
classification of all fibril segments at a box size of 900 pix (down-
scaled to 300 pix). (B) 2D class averages of all thicker fibrils after

a second classification run. . . . . . . . .. L

Distribution of Polymorphs in the dataset of in vitro A[542 fibrils
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Cryo-EM structures of in vitro A42 fibrils at neutral pH (A-F).
For each map, a projection of the reconstructed density including
approximately one [g-rung is shown. The scalebar in (A) applies
to all panels. The percentage of a particular polymorph among all
Ap fibrils in the dataset is shown in the upper right corner. The

resolution of the map is given in the lower left corner. . . . . . . . .

Cryo-EM reconstructions of in wvitro neutral pH A542 PM1 fibrils.
(A, B) 3D refined map sharpened with VISDEM [304] (resolution
3.9 A). (C, D) Post-processed map sharpened with an automatically
estimated B-factor of -133.7. (E, F) Post-processed map sharpened
first with an automatically estimated B-factor of -133.7 and sub-
sequently with VISDEM (resolution 2 A). (G, H) Post-processed
map sharpened with VISDEM (resolution 3.9 A). . . ... ... ..

Postprocessing and masking of in vitro neutral pH A542 PM1 fibrils.
(A) FSC curve from the gold-standard refinement of the cryo-EM
map of PM1 yields a resolution of 3.9 A (using the 0.143 criterion).
(B) The post-processed map of PM1 and the applied mask during

post-processing. . . . . . ... Lo Lo
Local resolution plot for in vitro neutral pH Apg42 PM1 fibrils. . . .

3D classification of the in vitro neutral pH A542 PM1 particle set
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FSC curves from the gold-standard refinement of the cryo-EM map
of in vitro neutral pH A542 (A) PM1.1 fibrils yields a resolution of
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Cryo-EM Maps of in vitro neutral pH A542 PM1 sub-polymorphs.
(A) Cross-section of the cryo-EM map of PM1.1. (B) Cryo-EM map
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Structure of in vitro neutral pH Ap42 PM1.1 fibrils. (A) Schem-
atic backbone trace of PM1.1 (burgundy) and the reconstructed
cryo-EM map (gray). (B) Possible sequence assignment for PM1.1
(peach) and the reconstructed cryo-EM map (gray, burgundy). (C)
Overlay of the cryo-EM map of PM1.1 (gray) with the atomic model
of a human brain extracted type I A42 protofilament ([261], PDB
7Q4B, peach) and the schematic of the PM1.1 backbone trace (bur-
gundy). (D) Human type I filaments (PDB 7Q4B). . . ... .. ..

Cryo-EM reconstruction of in wvitro neutral pH Ag42 PM2 fibrils.
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Amyloids share a common architecture but play disparate
biological roles in processes ranging from bacterial defense
mechanisms to protein misfolding diseases. Their structures
are highly polymorphic, which makes them difficult to study by
X-ray diffraction or NMR spectroscopy. Our understanding of
amyloid structures is due in large part to recent advances in the
field of cryo-EM, which allows for determining the polymorphs
separately. In this review, we highlight the main stepping
stones leading to the substantial number of high-resolution
amyloid fibril structures known today as well as recent de-
velopments regarding automation and software in cryo-EM.
We discuss that sample preparation should move closer to
physiological conditions to understand how amyloid aggrega-
tion and disease are linked. We further highlight new ap-
proaches to address heterogeneity and polymorphism of
amyloid fibrils in EM image processing and give an outlook to
the upcoming challenges in researching the structural biology
of amyloids.

History of amyloid research

For a long time, the sole imperative in protein research was
the Anfinsen dogma, which states that the fold of a protein is
dictated by its primary sequence (1). Today, we suspect that all
proteins may adopt another generic fold that is independent
from their primary sequence—the amyloid fold (2, 3) (Fig. 1).
The amyloid fold is characterized by the aggregation of pro-
teins into stacks of B-sheets resulting in fibrils that exhibit a so-
called cross-p pattern (2-5). In the 19th century, the term
amyloid was coined by Rudolf Virchow, by whom it was
selected in reference to the Greek word for starch that
Virchow considered the main building block of amyloid (6-8).
A couple of years later, amyloid deposits were realized to be
proteinaceous (6, 9). Until now, the findings that amyloids
exhibit enhanced birefringence through Congo Red staining (6,
10, 11) and that they share the common cross-p pattern are
considered the main characteristics of the amyloid fold.
Currently, more than 50 amyloids (2, 12, 13) are linked to
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protein misfolding diseases such as Alzheimer’s disease (AD)
(14), Parkinson’s disease (15, 16), and type II diabetes (T2D)
(17), which have therefore been combined under the term
amyloidoses (18). The proteins involved in these diseases often
are intrinsically disordered proteins such as amyloid B (Ap)
(from AD) or amylin (from T2D), or at least contain a
considerable fraction of disordered regions. Moreover, there
are non—disease-related amyloidogenic proteins (19) such as
the src-homology domain 3 that is known to form amyloids
only in vitro (20). In addition, it has been observed that me-
tabolites such as phenylalanine assemble into disease-causing
amyloid-like aggregates (21). Functional amyloids that are
mostly found in fungi or bacteria, where they often work as a
defense mechanism against other species, have been identified,
too (22-25). Considering the ubiquity of amyloids, it is of great
interest to understand why such a variety of proteins is able to
adopt the fibrillar fold, either functional or pathogenic.
Although amyloid structures share a common overall archi-
tecture, the mechanism of protein aggregation from an
intrinsically disordered protein or globular fold into amyloid is
not yet understood. While some amyloidogenic proteins adopt
the amyloid fold only when exposed to extreme conditions
such as very low pH, increased temperature, and shaking
(20, 26-28), others seem to undergo proteolytic truncations
(29-32) before aggregation, and then again, there is a variety of
proteins where a coincidental increase in local concentration
seems to boost the misfolding reaction (33). Figure 1 visualizes
different amyloid species and their putative misfolding path-
ways leading to either fibrils (on-pathway) or other aggregates
(off-pathway). Following the on-pathway, disordered mono-
mers aggregate into fibrillar oligomers that act as the precursor
for maturation into fibrils (Fig. 1, lower part). These mature
fibrils might then deposit together with other cellular com-
ponents into insoluble plaques, which we can observe in
diseased patients (34, 35). The off-pathway (Fig. 1, upper part),
on the other hand, is considered to favor formation of amyloid
oligomers that might aggregate into curvilinear fibrils (36—38).
The biological relevance of these kind of aggregates remains
elusive. However, in recent years, evidence accumulated that
amyloid oligomers, especially those following the off-pathway,
instead of amyloid fibrils represent the pathogenic species
in amyloidoses (39-42). However, the role of on- and
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Figure 1. Formation of structurally different amyloid species. Starting
from monomeric proteins (green), monomers can follow the on-pathway
and aggregate into fibrillar oligomers (brown). Fibrillar oligomers will over
time grow into mature fibrils (blue) that might, together with other species
and molecules, deposit as plaques. Mature fibrils can undergo secondary
nucleation during which monomers attach to a mature fibril and form a
new fibril. In addition, fibrillar oligomers could seed formation of fibrils with
monomers of a different protein (yellow), referred to as cross-seeding.
Monomers might also follow the off-pathway and fold into oligomers
(beige) and further into curvilinear fibrils (dark blue).

off-pathway oligomers and amyloid fibrils in the aggregation
mechanism and in pathology is not yet explained sufficiently
(43-45). Accordingly, the understanding of amyloid fibril
formation and their structures still is of high importance, for
example, to increase our knowledge about amyloidoses as well
as exploiting potential applications for functional amyloids.
Notably, amyloid fibrils have many faces in that under the
same conditions, the very same protein might aggregate into
structurally different fibrils. This phenomenon is known as
polymorphism. Polymorphism in amyloid fibrils can be found
on at least two structural levels (Fig. 2B). First, protofilament
polymorphism, which is mainly described on the secondary
structure level of amyloids, namely their $-sheet conformation.
Protofilament polymorphism can be subdivided into packing
polymorphism (one monomer or protofilament exhibits
different [-sheet bending) or segmental polymorphism
(different sequence segments of the same peptide are part of
the cross-p structure) (46, 47) (Fig. 2C). The second level of
polymorphism might be described as ultrastructural poly-
morphism in which protofilaments assemble through different
and/or multiple interfaces (Fig. 2D). Ultrastructural poly-
morphism is mainly based on the intermolecular interactions
of mature fibrils or protofilaments (48). It can also encompass
the defining parameters of amyloid fibrils such as rise, twist,
width, and cross-over distance (Fig. 2A4). While it was assumed
that monomer structure can change within one fibril, it was
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recently described by Radamaker et al. (49) that these struc-
tural switches can occur multiple times within one fibril. These
findings add even more complexity to the topic of amyloid
fibril polymorphism.

Structure determination of amyloid fibrils

Although there have been many insights regarding both the
diversity of amyloid fibrils and their commonly shared archi-
tecture, structural details on the atomic level remained hidden
for a long time. The first high-resolution atomic structures of
amyloid fibrils were published in the 2000s by means of solid-
state NMR spectroscopy assisted by X-ray fiber diffraction and
transmission electron microscopy (4, 50, 51). NMR and X-ray
diffraction are established tools for protein structure deter-
mination, but when it comes to amyloid structures, they both
show drawbacks. NMR requires high sample load and isotopic
enrichment that often is expensive. Owing to the repetitive
nature of amyloid fibrils, NMR signals are usually strong. But
because amyloid fibril samples tend to be polymorphic, with
NMR, it is hard to differentiate between less-populated poly-
morph species.

Amyloid crystals consist of small and untwisted fragments
from amyloidogenic proteins (52) because crystallization of
mature amyloid fibrils (Fig. 24) is impossible. Hence, together
with the start of the “resolution revolution” in cryo-EM, a new
era began for our understanding of the structural features of
amyloidogenic proteins in general and amyloid fibrils in
particular. In 2017, the first high-resolution fibril structures of
two of the main disease-related amyloids, tau and AP1-42,
were solved by Fitzpatrick et al. (53) and Gremer et al. (54)
using cryo-EM. With resolutions of 3.4, 3.5 A (tau) and 4.0 A
(AP1-42), atomic model building with cryo-EM data became
possible for the first time. Since then, over 70 amyloid cryo-
EM structures have been published, most of which reach
resolutions of 3 to 4 A. This resolution allows for distinction of
different folds within one sample and often also for atomic
model building. However, higher resolutions will be important
for identifying posttranslational modifications or cofactors and
for a better understanding of, for example, secondary nucle-
ation mechanisms. The atomic resolution barrier, for which
the threshold is considered to be 1.2 A (55), has already been
broken in 2020 for large globular protein complexes by single-
particle cryo-EM (56, 57). In the field of amyloid research, the
highest resolution achieved so far is 2.3 A (58). However, we
are optimistic that the rapid progress in the field of sample
preparation and structure determination of amyloid fibrils by
cryo-EM will allow us to break the atomic resolution barrier in
the future.

Development of cryo-EM

Cryo-EM is based on transmission electron microscopy,
which has been developed in the late 1960s. Biological samples
first came into play with the development of negative stain EM
(59) that led to the first 3D structure of the extended tail of the
T4 bacteriophage (60, 61). To no surprise, this sample exhibits
helical symmetry because helical samples have two intrinsic
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Figure 2. Polymorphism in amyloids. A, an amyloid fibril is characterized by the helical parameters twist and rise as well as characteristic measures such as
the pitch, crossover, and width. The cross-section usually is shown to display molecular arrangement and polymorphism. B, two levels of polymorphism can
be distinguished in amyloid fibrils that can occur in different compositions: protofilament polymorphism, which can be subdivided into segmental or
packing polymorphism, and ultrastructural polymorphism. C, examples for protofilament polymorphism. Packing polymorphism is displayed by the
example of islet amyloid polypeptide structures whose segments bend differently depending on pH. Segmental polymorphism has also been revealed for
islet amyloid polypeptide as the assignment of 3-sheets is different (87-89, 195, 196). D, examples of ultrastructural polymorphism. i, the general tau fold
can exhibit different interfaces resulting in straight (left) or paired (right) helical filaments. ii, AB(1-40) reveals multiple interfaces (beige and orange) that
result in double fibrils (47). Structures shown: 6Y1A (87), 6VW2 (88) (C); 6HRF, 6HRE (197) (D(i)); 6SHS (92) (D(ii)).

advantages over globular proteins: first, all necessary infor-
mation is sufficiently provided by one single image, and sec-
ond, the repeating asymmetrical units in a helical filament
show fixed relative orientations. Relative orientations can be
deduced from the helical symmetry parameters twist and rise
(Fig. 2A4) (62). Thus, the level of noise can be significantly
decreased by averaging over many asymmetrical units (63, 64).
For amyloid fibrils, the cross-p arrangement highly facilitates
the determination of helical symmetry (65). However, the
alignment along the helical axis is almost exclusively based on
the 4.7 A (meridian) signal caused by the cross-p pattern
(stacking of several p-sheets along the fibril axis) and a 10 A
(equatorial) signal due to the horizontal interstrand distances
within a molecule (66). The predominance of the 4.7 A signal
and the lack of larger structural features may complicate the
high-resolution structure determination of amyloid fibrils (65).

Cryo-EM enables the imaging of radiation-sensitive samples
under cryogenic conditions, which reduce radiation damage
resulting from the interaction of the sample with high-energy
electrons. The discovery of the advantages of samples frozen
in vitreous ice (67, 68) together with the development of
practical applications (69) drastically advanced the field of cryo-
EM in general. But still, for years, cryo-EM has been mockingly
referred to as “blobology” because the obtained resolutions have
been rather low and the process itself was slow. In short, the
development of direct electron detectors (70-72) as a replace-
ment for photographic film or charged coupled device cameras
led to a big leap in the field. The advancement of cryo-EM into a
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powerful and widely used tool in structural biology has also
substantially been shaped by progress in computation. Because
of their inherent advantages described above, helical structures
were among the first to be described by cryo-EM (73-75).
However, the computational development that made cryo-EM
broadly applicable was the single-particle reconstruction,
which is based on the groundwork of Joachim Frank (76).
Together with a technique referred to as (Box 1) “projection
matching” developed by Frank and Penczek (77) and the
reconstitution method by Marin van Heel (78), which made
sample tilting redundant, these techniques built the basis for
today’s software packages (https://www.emdataresource.org/
emsoftware.html). According to Electron Microscopy Data
Bank statistics, RELION (79) that implements a (Box 1)
Bayesian approach to structure determination is the most used
software contributing to nearly 50% of all released maps
(https://www.ebi.ac.uk/pdbe/emdb/statistics_software.html/).
In the field of helical reconstruction, major breakthroughs were
the application of Fourier—Bessel principles to compute 3D
models (60) and the development of the (Box 1) iterative helical
real-space reconstruction method (80), which forms the basis of
all popular reconstruction programs that are in use today.

In this review, we will focus on the combined growth of the
cryo-EM and the amyloid field, especially in regard to compu-
tational or technical challenges and advances on amyloid fibril
reconstruction (Fig. 3). We aim at clarifying the challenges we
see in sample preparation of amyloid fibrils for cryo-EM and
what  (computational) difficulties are faced during
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Box 1.

Glossary
Template matching

Template matching is an image-processing technique that can be
used to find images similar to a template by maximizing the cross-
correlation between the template and all images.

Convolutional neural network

Convolutional neural networks (CNNs) are a category of artificial
neural networks mostly used in the field of image analysis; however, they
can also be used for other data analysis tasks as well as classification
problems. A CNN, which is inspired by biological processes, is special-
ized to pick or detect and interpret patterns.

Sliding-window approach

The sliding-window approach is often used in the implementation of a
CNN. Here, the image is processed by sliding a rectangular window over
the whole image to pass different portions of it through a CNN.

Projection matching

Projection images of an initial reference model are compared with the
experimental EM images of the protein, and orientations are assigned
based on the highest cross-correlation between projection images and
experimental image.

Fourier-Bessel Inversion

The analysis of the helical symmetry as well as the calculation of a 3D
reconstruction are conducted in Fourier space. The approach is based on
Klug’s theory of diffraction patterns of helical structures (192) and
Cochran’s interpretation of helical filaments as curled-up 2D lattices in
Fourier space (193).

Single-particle approach to helical reconstruction

The single-particle approach to helical reconstruction provides an
alternative to Fourier—Bessel inversion. The image of a helical protein is
divided into equally sized overlapping segments that are treated as in-
dividual images, analogous to single particles. Relative orientations of
segments are determined by projection matching.

Iterative helical real-space reconstruction algorithm

The algorithm (80) uses the single-particle approach to helical
reconstruction and iteratively carries out the steps of projection
matching. In-between iterations, the helical symmetry is imposed onto
the reconstructed volume that is used as a reference in the next iteration.
This way, the density map is optimized in every iteration.

Bayesian approach to structure determination

An image does not get assigned a single orientation but an entire
distribution of weighted orientations (the likelihood function). In the
Bayesian formalism, this likelihood can be combined with prior knowl-
edge about parameters (e.g, a range of orientations that we think is
relevant). This procedure leads to a more robust optimization and allows
for a more formal treatment of prior knowledge and errors (64, 194).

reconstruction. In addition, we are taking a closer look at recent
technical advances in both sample preparation as well as 3D
reconstruction. Finally, we conclude with future developments
that might help moving the field of amyloid structure research
forward. This review aims to make researchers in the field of
amyloid aggregation as well as cryo-EM scientists aware of the
intricacies and challenges in cryo-EM structure determination
of amyloids and encourage method developers to help with new
tools. For further information on amyloids in general, we would
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like to refer to recent excellent reviews by Iadanza et al. (13) and
Ke et al. (52).

Main text

Sample preparation for amyloids moves closer to in vivo
conditions

For cryo-EM, the sample protein does not have to be
isotope-labeled (NMR) or crystallized and treated with special
crystallization screening solutions (X-Ray) to prepare a usable
sample. However, also for cryo-EM, the sample preparation
needs to be optimized to find conditions that not only lead to
thin ice and a favorable particle distribution but also result in
stable and homogeneous proteins or protein complexes. This
is also true for amyloid fibrils, for which a major challenge
during sample preparation is to ensure the formation of in-
dividual, well separated but sufficiently concentrated single
fibrils.

In general, sufficient protein stability can be very difficult to
achieve for globular proteins and membrane proteins in
particular. In contrast, the mature amyloid fibril state is
considered very stable (81-83). But the understanding of the
fibril formation process is elusive and buffer conditions
including but not limited to pH, salt concentration, tempera-
ture, and pressure are believed to have a strong impact on
aggregation pathways of amyloids into either rigid, mature fi-
brils or curvilinear (proto-)fibrils and oligomers (84) (Fig. 1). In
addition, small differences in the buffer system or introduction
of physical forces (e.g., beads) might change aggregation ki-
netics (27, 85, 86) or induce the formation of ultrastructrual
polymorphs (87-89).

However, which polymorphs actually appear in vivo and are
disease-relevant remains an important question (Fig. 3E left).
Consequently, one approach is to work with ex vivo samples
that are extracted from tissue (90, 91) (Fig. 3A). But purifica-
tion from cells or organs is challenging especially because of
amyloid properties such as the lack of known specific binding
partners that could be used for purification. Amyloid species
tend to clump, which makes them usually very inhomogeneous
in size and hard to separate from other cell components.
Moreover, amyloid fibrils can be found as single fibrils of
different lengths or as fibril bundles of different mass, for
example, AP plaques in AD. In vivo, there often are several
species of one amyloidogenic precursor protein (e.g., AB1-42,
AP1-40, AP2-42, etc, in AD (92)) in an inhomogeneous,
polymorphic mixture. While polymorphs can already be quite
difficult to be distinguished on micrographs, differences in the
monomer length might be even more difficult to distinguish if
they do not form very different polymorphs. In addition, am-
yloid formation in vivo might result in structural bias because
the distinct, probably patient-dependent, environment could
lead to preferred formation of one polymorph over another.
Structural bias could be introduced as well through harsh
extraction conditions that could potentially alter at least the
solvent-exposed parts of a fibril. In 2016, Annamalai et al. (93)
described ultrastructural features of patient-derived fibrils.
Although the number of high-resolution ex vivo structures has
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Figure 3. Cryo-EM workflow. A, followed by protein purification, the purified sample in the solution is applied onto the cryo-EM grid (sample carrier), and
excess buffer is blotted off using filter paper (white shape). In a subsequent step, the sample is plunge-frozen in a thin layer of vitreous ice. B, a dataset is
collected after screening and assessment of the vitrified cryo-EM grids at a cryo-electron microscope equipped with a direct electron detector. C, image
processing of the acquired data involves several steps, major ones being particle selection, 2D classification, as well as 3D reconstruction and refinement of
the density map. Amyloid fibrils are selected from the preprocessed (e.g., motion-corrected and contrast transfer function-estimated) micrographs. In the
following step of particle extraction, selected fibrils are segmented into so-called particle images. Subsequently, in 2D classification, particles that show
similar views of the protein are grouped together, thereby improving the signal-to-noise ratio. Two-dimensional classes that show invalid or contaminated
data are removed from the dataset. In a next step, particles from 2D classes are used to calculate 3D density maps. D, as soon as a high-resolution
reconstruction is obtained, an atomic model can be built and refined. E, challenges in amyloid structure determination: advanced sample preparation
approaches (left), processing curved filaments (center), and identification of polymorphs as part of the automated particle selection process (right).

been continuously growing since (53, 58, 92, 94-99), it remains
challenging to use tissue-extracted amyloid fibril material for
use in cryo-EM. As a workaround, patient-extracted tissues
have been used to seed fibril growth for subsequent structural
studies (90, 100, 101). Here, monomers of the amyloidogenic
proteins are added in excess to homogenized tissue to amplify
the existing ex vivo fibrils. This procedure is based on the
assumption that the existing aggregates in the tissue will seed
the growth of aggregates, fibrils in particular, of the same
polymorph (101-103). The observed amplified sample is thus
not directly taken from human tissue but is a more indirect
representation of in vivo structures than ex vivo structures.
Interestingly, none of the few known ex vivo fibril structures
have been observed either in vitro or in amplified patient-
derived samples, yet (99, 104). Nonetheless, in vitro
structures have broadened our understanding of amyloid ar-
chitecture in general and revealed common structural features
such as the amyloid key, which has been observed in vitro and
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in vivo and they furthermore help interpret aggregation
kinetics (105, 106). Moreover, in vitro structures provided
valuable insights regarding the improvement of fibril prepa-
ration and fibril reconstruction. Although the example of an
amyloid key shows general overarching patterns, the trans-
ferability of in vitro data to the mechanisms and structures
forming in organisms remains unclear. Hence, one future goal
is to enable the in vitro production of disease-relevant amyloid
aggregates (not necessarily restricted to fibrils), which are
needed to study the molecular disease mechanism and facili-
tate drug development, by reproducing in vivo findings in the
test tube. Notably, several of the ex vivo structures show
incorporation of small molecules, which very likely are
important for stabilizing the observed polymorph. Reproduc-
ing the ex vivo polymorphs would therefore require to identify
these cosolutes and add them to in vitro fibrillization assays.
Without better knowledge of the in vivo fibrillization condi-
tions, it will therefore be very difficult to form the polymorphs
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that are, for example, involved in disease progression, in
in vitro experiments.

The same holds true for amyloids consisting of more than
one protein. Until now, amyloid fibril structures have been
exclusively determined from a single sort of protein, although
coaggregation (107) of different amyloidogenic proteins has
been described.

Amyloid fibrils could benefit from novel vitrification tools

Plunge-freezing (Fig. 3A) was first established as a manual
technique (68, 69). Later, automated and commercial plunging
tools were developed (e.g., the Vitrobot (108)), with the goal to
achieve reproducibly good ice thickness, less contaminations,
and homogeneous vitrification of the sample. Newer de-
velopments of grid preparation devices mostly aim to replace
the blotting step, which is hard to control precisely, leads to
nonuniform ice thickness, and adds significantly to the lack of
proper reproducibility (109).

For amyloid fibrils, we often observe that sample concen-
trations on the grid vary drastically between replicates of the
same origin concentration, which might be caused by blotting.
Blotting could affect helical structures more than single par-
ticles because an attachment of one part of a filament to the
blotting paper could potentially remove a whole network of
filaments from the grid. Furthermore, the large hydrodynamic
forces exert considerable stress that could affect filaments and
fibrils. And again, this stress can be expected to affect filaments
much more than individual globular protein complexes
because filaments extend over longer distances. For example,
the filament variability (such as filament twist) and also the
subunit conformation of F-actin have been shown to be sus-
ceptible to forces on the filament (110—112). How much these
hydrodynamic forces affect the structure of amyloid fibrils
remains to be studied.

The Chameleon system (introduced under the name Spo-
titon (113-116)) transfers a drop of picolitre volume onto the
EM grid automatically. The use of such a small sample volume
makes the step of blotting unnecessary, which could be of
advantage for sample preparation of amyloid fibrils as
explained above. Similarly, the cryoWriter (117-119) only
needs some nanolitres of sample and uses a microcapillary to
apply the sample to the grid while the grid is moving (hence
“writer”). An IR laser controls for the perfect film thickness
before plunge-freezing automatically (120). During the pro-
cess, the cryoWriter does not create aerosols during the
application step, which is important for amyloid samples,
where there are hints toward the transmissibility of disease via
protein samples. Experiments with mice showed that AP pa-
thology can be transferred from human tissue samples through
intracerebral inoculation of pathogenic amyloid (121). The
study was based on former findings of initial evidence for A
transmission via neurosurgery (122, 123). On the other hand,
retrospective studies show no increased risk for AD from
blood transfusions in-between humans (124, 125). However,
because the infectiousness of amyloid samples is unclear,
precautions should be taken when handling these samples.
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Comparable with the process of 3D printing, the VitroJet
(126, 127) “prints” the sample solution onto the EM grid in a
layer thin enough to make the blotting step obsolete. Instead of
plunge-freezing, the cryogen is sprayed onto the grid directly,
which shall ensure faster and more homogenous vitrification
that would be advantageous for all kinds of samples.

An affordable DIY grid preparation device has been intro-
duced by Rubinstein et al. (128) with the Shakeit-off. It is
based on a simple USB ultrasonic humidifier that sprinkles the
sample across a self-wicking nanogrid (129, 130) before sub-
sequent vitrification. Owing to the undirected spreading of the
sample and the production of aerosols, the system would need
further adaptation to shield the user from the spread of haz-
ardous samples.

Some of the grid preparation devices mentioned above and
their ability to improve the distribution within the air—water
interface have been analyzed by Klebl et al (131). Other
techniques (108, 115, 118, 127, 128) and sprayer designs (132)
proposed in the last years are yet not widely used and thus will
have to prove their practicality on amyloid samples in the
future. It would also be an additional benefit if the next gen-
eration of plunge-freezing devices were able to orientate or
align filaments on the grid because identical orientations of
fibrils would facilitate particle picking and subsequent 3D
reconstruction.

Automated (pre-)processing is on the rise for filaments

Because of the variety of cryo-EM software and complexity
of settings, structure determination with cryo-EM data is
highly dependent on individual skills and expert knowledge
(133). Automated (pre-)processing, including all steps between
data acquisition and 3D reconstruction (Fig. 3, B and C), might
help making the technique more widely accessible (134).
Commonly used software packages that include automated
preprocessing steps are, for example, cryoSPARC (135),
SPHIRE (136), and RELION 3.1 (79).

Amyloid fibril reconstructions are challenging and usually
require extensive manual work. One reason for this is that the
4.7 A-spaced cross-B pattern is very dominant and creates
many false local optima during the simultaneous determina-
tion of particle orientation and helical symmetry parameters.
For example, the directions of fibrils, described by the psi
angle, usually converge rather slowly. Furthermore, because
the fibril twist is energetically not strongly restrained, varia-
tions in helical symmetry can occur between different fibrils
and even along a single fibril. In addition, the data often show
different polymorphs with only small structural differences
that are difficult to sort out (100).

Particle selection from electron micrographs lays the
groundwork for a high-resolution reconstruction. Manual
picking of particles is still considered the most accurate way of
particle selection although it is very time consuming, especially
for large datasets. There are various software tools that
implement an algorithm for (semi-) automated particle selec-
tion mostly based on (Box 1) template matching (137-140) or
(Box 1) convolutional neural networks (CNNs) (141-145).
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Typically, in a first step, a small subset of the entire dataset
needs to be picked manually either to train the CNN or to
generate template images. Subsequently, automated particle
picking of the entire dataset can be performed. For data with
grid-like topology, CNN-based methods are lately the best
choice for pattern recognition and object detection. While
most tools that implement CNNs are based on the so-called
(Box 1) sliding-window approach, ctYOLO (143) implements
the deep-learning object detection system You Only Look
Once (YOLO) (146). In contrast to the computationally
expensive sliding-window approach, the YOLO algorithm
speeds up calculations to six micrographs per second on one
graphics processing unit. In the future, this might be supported
by the automated particle-diameter estimation by Li et al
(134), a single-particle tool that performs automatic particle-
diameter estimation and supersedes the training need for
crYOLO by determination of the correct box size for picking
through a trial-and-error approach. Automatic picking of
amyloid fibrils remains challenging because of the need of
avoiding the selection of crossings and overlaps of fibrils as
well as the start- and end-point of a fibril not necessarily being
visible on the image frame. Recently, filament selection has
been implemented in crYOLO (147), and it may open the door
for the transition from time-consuming manual particle se-
lection to automated selection also in the field of amyloid fibril
structure determination.

Recently, Thurber et al. (148) presented FibrilFinder, an
approach to fully automated particle selection without
requiring prepicking of the dataset. Although the algorithm
avoids picking fibrils on carbon, it cannot detect intersections
of fibrils. Subsequent use of their program FibrilFixer, which
can be applied after particle extraction, discards particle im-
ages that show fibril intersections. The latter one could also be
a helpful stand-alone tool after manual particle selection. Here,
picking intersections is usually avoided, and as a result, one
fibril is split into several smaller fibril segments, causing a loss
of information about angular correlations. Recovering this
information could facilitate image alignment. Both FibrilFinder
and FibrilFixer are directly compatible with RELION-3.1,
making them easy to integrate into the image processing
workflow.

MicHelixTrace (149), which is available in the SPRING
(150) software suite, locates helical filaments on micrographs
by using a 2D class average as the reference image. The
detection of filament positions on the micrographs is based on
a cross-correlation map that is generated by the determination
of the rotation and translation of small, straight fibril segments
relative to the reference image. Moreover, the program de-
termines the persistence length of each filament, which may be
used to characterize mechanical properties and assess the
potential for the reconstruction to reach high resolution.

In the last few years, major steps in the field of automated
(pre-)processing have improved the workflow. For globular
proteins, automated selection often is not only faster but
possibly even more precise than manual particle selection.
Similarly, automation tools already assist in the preprocessing
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of amyloid reconstruction; however, it is not yet expedient to
perform entirely automated processing. At least at the current
stage, where, for example, automated selection of helical fila-
ments still suffers from inaccuracies such as insufficient
identification of different polymorphs, manual inspection of
the results is indispensable.

New tools facilitate initial model generation

As mentioned above, the search for orientation and helical
symmetry parameters suffers from many false local optima
(151). Determination of a robust initial estimate of the 3D
structure greatly facilitates subsequent density refinement and
image classification (Fig. 3C). RELION 3.1 offers a novel
approach to calculate an initial 3D model de novo (65). The
model can be calculated either from one 2D reference-free
class average that shows an entire crossover or from several
class averages that, given some additional information, can be
combined to calculate an initial 3D density. Another method
to produce an initial model by combining several 2D class
averages was presented by Ghosh et al. (101) in their struc-
tural study of an AP polymorph from AD brain tissue.
Moreover, introducing additional orientation parameter reg-
ularization avoids local optima. Ghosh et al. (101) used a
modified version of the software package RELION 3.0 beta
(79) for 3D reconstruction.With their modifications, angular
restraints between neighboring segments from the same fibril
were introduced to make the image alignment during 3D
reconstruction in RELION 3.0 more robust and consistent. In
addition, a method to increase the precision of the 2D align-
ment before moving to the step of 3D reconstruction was
introduced.

Curvature of amyloid fibrils remains a challenge in 3D
reconstruction

Amyloid fibrils tend to be flexible and therefore rarely
appear as straight filaments on electron micrographs. Espe-
cially, long fibrils tend to be entangled in a fibril network and
have a higher chance of interacting with surfaces. They are
more susceptible to hydrodynamic forces and therefore
cannot as easily relax into a straight conformation as short
fibrils. However, for classical helical reconstruction, it is
necessary to use the straight parts of a fibril because the
applied helical symmetry ignores bending, which can limit the
resolution (Fig. 3E center). The resolution could also be
further improved when releasing the symmetry altogether
during the refinement and treat segments of the fibrils as
single, independent particles (152). If the fibrils are strongly
curved, the total amount of usable data could be limited
because strongly curved regions of the fibrils need to be
excluded from processing. To include bent filaments, Ohashi
et al. (153) introduced a novel soft-body model for 3D
reconstruction instead of the classical rigid body. Through
introduction of hidden parameters, which define the curvature
of a fibril, it allows for optimization of 3D reconstruction
based on Bayesian inference.
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Amyloid structure determination requires polymorph
identification

The morphological composition of an amyloid fibril sample
is a valuable information which shows the structural diversity
of an amyloidogenic protein and its sensitivity to environ-
mental conditions. As of now, the image processing (Fig. 3C)
of different polymorphs is performed separately comparable
with the processing of different protein conformations. As a
consequence, the application of tools for automatic particle
selection on highly heterogeneous datasets of amyloid fibrils is
severely limited because even the most accurate algorithms
still fail to distinguish between different polymorphs (Fig. 3E
right). Thus, fibril characteristics such as the fibril diameter
and the cross-over distance (Fig. 2A) are usually determined
manually, for example, from 2D classes (154) or micrographs.
Interestingly, two different monomer folds, which were
observed within one fibril polymorph, could be separated in
3D classification for a sample from amyloid light-chain
amyloidosis (49). However, the separation of different mor-
phologies by hand is a laborious and error-prone task. But,
manual polymorph selection can be facilitated by gold nano-
particles that have been shown to attach to the surface of a
large variety of amyloid fibrils and hence can be used for fibril
characterization (155). With their small size and high electron
density, these gold nanoparticles make helical characteristics
such as pitch and crossovers well visible in electron micro-
graphs and hence allow for easy differentiation between
polymorphs (Fig. 2).

An alternative and less-laborious approach to manual se-
lection is the automated detection of cross-overs in images of
amyloid fibrils, which can be achieved by applying conven-
tional computer vision techniques combined with machine
learning approaches (156). This method enables the statistical
analysis of the sample and thus gives insights into its
morphological composition. However, it is yet not possible to
incorporate automatic crossover detection into the processing
workflow in a way that datasets can be separated into subsets
of different polymorphs automatically. The latter can be ach-
ieved by applying Clustering of Helical Polymers (CHEP) (157,
158), an algorithm which clusters polymorphs into homoge-
neous groups, each representing one polymorph through its
conformation, composition, and/or helical symmetry. The
polymorph separation is achieved by the combination of 2D
classification results and information about the association of a
particle image to the originate fibril. Hence, automated particle
selection for amyloid fibrils may be facilitated by CHEP,
separating the original dataset into homogeneous subdatasets.
In addition, the method can likewise be used for statistical
analysis of the morphological composition of the sample.
Moreover, by applying CHEP to amyloid datasets, the final
resolution might increase because for low-contrast micro-
graphs, the manual separation of one dataset into homoge-
neous subsets is difficult. Here, errors are likely to be
introduced because of incorrect picking, which inevitably
causes a decrease in the final resolution of the reconstruction.
Hence, to be able to compute a high-resolution reconstruction,
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it is of major importance to detect different polymorphs with
high precision. Especially, for small structural differences be-
tween different polymoprhs, it is therefore desirable to develop
tools that can either assist in manual identification or enable
the use of automatic selection tools, which until now lack
sensitivity to select different polymorphs separately.

Outlook
Time-resolved cryo-EM for understanding amyloid formation

After the ground-breaking work by Nigel Unwin (159) that
introduced time-resolved cryo-EM, recent developments
further pushed time-resolution to the order of milliseconds by
mixing reactants with microfluidics devices (160, 161). For
vitrification, the chameleon system has recently been modified
to prepare samples for time-resolved cryo-EM (162). However,
amyloid aggregation is a rather slow process and usually oc-
curs on the time scale of minutes up to weeks and would
therefore not even require sophisticated sample preparation
methods. It is usually possible to simply prepare grids at many
time points during the aggregation process, thereby creating
snapshots of the structural evolution of different aggregates
and polymorphs. Such a time-dependent analysis of amyloid
formation has, however, not been extensively exploited so far.
Observing the time evolution of the distribution of aggregating
amyloids as, for example, a shift in the oligomer to fibril ratio
over the course of minutes to days or appearance of different
polymorphs with different kinetics and potential transient
aggregates would be very insightful to understand the aggre-
gation pathways and aggregation mechanisms and how
different species are connected. Even negative-stain EM could
yield valuable information on the structural landscape at low
resolution. The main challenge is, however, the structural
heterogeneity, which makes it difficult to identify specific
polymorphs and to separate them during the image processing,
in particular for polymorphs that are only weakly populated.

Heterogeneous amyloid aggregates will be future cryo-EM
targets

Since 2017, the number of high-resolution structures of
amyloid fibrils has increased rapidly, while at the same time
the amyloid field has made great progress in describing the
formation of different amyloids. It is common agreement that
amyloids form through several pathways that include mono-
meric self-assembly (163-165), secondary nucleation (166),
and (cross-)seeding (167) (Fig. 1). While the amyloid struc-
tures we know to date are based on monomeric self-assembly
or homonuclear seeding, other pathways are much more
difficult to observe because of their comparably low occur-
rence. Although cryo-EM experiments could show secondary
nucleation on an ultrastructural level (168), high-resolution
details of this process are still lacking. First insights might be
given by an interesting cryo-EM structure of amylin
comprising two identical and one different protofilament that
has recently been described and possibly is showing secondary
nucleation (89). On the other hand, cryo-electron tomography
(cryo-ET) in combination with cryo-focused ion beam milling
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can give much more insight into irregular and heterogeneous
aggregates, especially in a cellular environment as, for example,
described by Béuerlein et al. (169) who visualized polyglut-
amine inclusions from Huntington’s disease in neurons. In
addition, cryo-ET might also shed some light on amyloid fibrils
that do not show any apparent twist (170). A missing twist
could be an inherent property of a fibril but also an artifact
from a close contact or attachment to the air—water interface
(171). Structures of amyloid fibrils without twist (100, 106)
lack helical symmetry and therefore cannot be solved using
standard helical reconstruction techniques.

Interestingly, there have been indications that certain am-
yloidoses may trigger each other’s progression as, for example,
for T2D and Parkinson’s disease (172, 173) or AD (174).
Hence, the cross-seeding ability of the respective disease-
associated proteins has been examined and confirmed (175-
177). Structural data on this phenomenon would be of high
impact and could potentially be observed using cryo-ET.

Recent interest in structure determination of oligomeric
amyloid species

In recent years, the toxic oligomer hypothesis (41, 178-180),
which states that small, soluble oligomers are the most toxic
amyloid species, has gained popularity. These soluble oligo-
mers are therefore high up on the list of potential drug targets
for several neurodegenerative diseases. There is therefore a
strong interest in determining structures of amyloid oligomers
for rational drug development to either prevent oligomer
formation or disassemble them (181, 182), develop diagnostic
tools based on oligomers (183), or evaluate the failing of pre-
vious drug candidates targeting oligomeric states (184, 185). It
is of great interest to understand how monomers fold into
oligomers and what the structural difference is between olig-
omers that are on-pathway toward fibril formation and those
oligomers that do not further evolve into fibrils (36, 186, 187)
(Fig. 1). However, because oligomers are structurally highly
heterogeneous with a high variability in size and shape, it is
challenging to determine their structure, but it might be
possible to study them by cryo-EM. In situ structure deter-
mination by cryo-ET allows the analysis of aggregation pro-
cesses of heterogenous samples and rare species in their
cellular context by examining, for example, cellular sections. It
is currently applied for amyloids (169, 188), and we assume it
will play an important role in oligomer research in the future,
if it improved in resolution. On the other hand, single-particle
cryo-EM already delivers high-resolution structures, and
in vitro oligomeric species such as the dimAp construct, a
toxic AP oligomer that forms homogeneously and reproduc-
ibly out of AP dimers (189), could work in favor of cryo-EM
measurements. For visualization of small proteins, the usage
of fragment antigen binding has been established (190) and
applied for amyloid fibrils already (191). Likewise, fragment
antigen binding could enhance the visibility of small oligo-
meric species in cryo-EM datasets by increasing the total
complex size and introducing a reoccurring feature for
alignment.
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Summary

The last years have shown that amyloid fibrils can be very
well studied by cryo-EM even to high-resolution, which has
provided exciting new insight into the architecture of amyloid
fibrils. We have shown that cryo-EM of amyloid fibrils benefit
from several recent technological advances. The apparent
discrepancy of ex vivo and in vitro structures shows that we
have not yet sufficiently understood how to mimick the
physiological conditions for fibril formation in vitro, which
remains an important next question to be answered. Finally,
the structure of other aggregates such as toxic oligomers will
hopefully soon complement our picture of amyloids.
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Abstract

The development of novel drugs for Alzheimer’s disease has proven difficult, with a high failure
rate in clinical trials. Typically, transgenic mice displaying amyloid-f peptide brain pathology are
used to develop therapeutic options and to test their efficacy in preclinical studies. However, the
properties of AP in such mice have not been systematically compared to A from the patient brains.
Here, we determined the structures of nine ex vivo AP fibrils from six different mouse models by
cryo-EM. We found novel AP fibril structures in the APP/PS1, ARTE10, and tg-SwDI models,
whereas the human familial type II fibril fold was found in the ARTE10, tg-APPswe, and APP23
models. The tg-APParcswe mice showed an A fibril whose structure resembles the human sporadic
type I fibril. These structural elucidations are key to the selection of adequate mouse models for
the development of novel plaque-targeting therapeutics and PET imaging tracers.

One Sentence Summary

Cryo-EM structures of AP fibrils extracted from brains of mouse models used for Alzheimer’s
disease preclinical research are presented.

Main Text

Alzheimer’s disease (AD) is the most common form of dementia and is neuropathologically
defined by the presence of extracellular plaques containing amyloid-f (AP) in the brain
parenchyma and intraneuronal neurofibrillary tangles containing phosphorylated tau [1]-[4]. In
the amyloidogenic pathway, AP is sequentially cleaved from the amyloid precursor protein (APP)
by B- and y-secretases [5], [6]. Typically, depending on y-secretase cleavage, monomers between
37 and 43 residues in length are generated, however, the most abundant peptides are 40 (Ap40)
and 42 (AP42) residues in length [7]. These monomers tend to aggregate into insoluble fibrils, the
structure of which has been extensively studied in vitro by cryogenic-electron microscopy (cryo-
EM) and solid-state nuclear magnetic resonance (NMR) spectroscopy, revealing a spectrum of
different polymorphs [8]-[14]. However, these fibrils are structurally different from both AB40
and AB42 fibrils derived from AD brain tissue by seeded growth [15], [16] as well as AB40 and
AP42 fibrils extracted from AD meninges [17] and parenchyma [18], respectively. Yang and
colleagues determined two human fibril polymorphs: ‘type I filaments’, which are mostly
associated with sporadic AD (sAD) and ‘type II filaments’ observed in familial AD (fAD) and
other neurodegenerative disorders [18]. Animal models are an important tool to study the
pathogenesis of AD and to conduct preclinical testing of novel therapeutics [19]. Commonly used
animal models are transgenic mice that mimic different clinical characteristics of the disease [20].
The structures of AP fibrils extracted from two different mouse models, the knock-in APPNL-G-F
and the knock-in APPNIF) were recently determined by cryo-EM [18], [21], [22]. While the
APPNLF AB42 fibril resembles the human type 11 AB42 fold, the fold of the APPNYG-F AB42(E22G)
fibrils differs from fibrils extracted from human brain.

To date, there is no cure for AD, but aggregated A is a common target for drug development [23].
One of the most successful treatments so far is the AB-directed antibody lecanemab which was
developed primarily against intermediately sized soluble AP aggregates, in particular, AP
oligomers and protofibrils [24], [25]. The structure of these AP aggregates remains elusive, but a
recent study [26] showed interactions between lecanemab and AP fibrils that were present in
“ultracentrifugal supernatants of aqueous extracts from AD brains”. Nevertheless, developing
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novel drugs for AD has been challenging, with a drug development failure rate of almost 100%
[27]. Structural differences between human and murine A fibrils may explain why positron
emission tomography (PET) imaging tracers fail to detect AP deposits in some patients (e.g.,
patients with the Arctic mutation) [28]. Additionally, it might help to understand why fibril-
targeting drug candidates show efficacy when tested in mouse models but then fail to show the
desired effect in clinical trials.

Here, we extracted AP fibrils from the brains of six different mouse models based on a previously
described sarkosyl extraction method [18] and determined their structure by cryo-EM (Fig. 1, Fig.
S1, Fig. S2, Fig. S3, Table S1). The investigated mouse models, APP/PS1, ARTE10, tg-SwDI,
tg-APPswe, APP23, and tg-APParswe are all commonly used lines in AD research and drug
development.

Murine type 111 A fibrils from APP/PS1 and ARTE10 mouse brains

For the APP/PS1 mice, we observed only one fibril type made of two identical LS-shaped
protofilaments related by a C2 symmetry (Fig. 1 and Fig. 2, A and B). This fibril type, which we
call the murine type III AP fold in the following, was also found in ARTE10 mouse brain (Fig 2C)
and accounts for 4% of all reconstructed ARTE10 fibrils (Table S2). Murine type III fibrils were
determined to a resolution of 3.5 A and 3.3 A for APP/PS1 mice and ARTE10 mice, respectively
(Table S3 and Fig. S4, A and B). For APP/PS1 murine type III AB42 fibrils, atomic model
building was possible for the ordered core from residues G9-A42 (Fig. 2, A and B). Interestingly,
in contrast to ARTE10 murine type II, the reconstructed density of ARTE10 murine type III
suggests that the fibril is composed of AP40 rather than AB42. Accordingly, an atomic model was
built from residue G9-V40 (Fig. 2, A and C). The N-terminal L-turn involves residues Y10-F19
and is mainly stabilized by one hydrophobic cluster composed of Y10, V12, L17, F10, L34 and
V36 (Fig. 2, B and C and Fig. S5, A and B). The S-turn, which involves residues F20-V40/A42,
is stabilized by two hydrophobic clusters: in the first half of the S-turn between F20-K28 involving
A21, V24 and 131 and the C-terminal second half of the S-turn involving A30, [32, M35, V40 (and
A42). The protofilament interface involving residues D23-K28 of murine type III fibrils is
stabilized by symmetric salt bridges between D23 and K28 of the opposing subunits.

Interestingly, similarities can be observed between murine type III fibrils and human Arctic
(E693G, E22G in AB) AP filaments [21] (Fig. 3A). The human Arctic AP filament shows two
distinct protofilaments A and B, with each being present twice in the four-protofilament fibril. The
main chain trace of murine type III fibrils resembles one protofilament A-B pair of human Arctic
AB-filaments. The structures including side chain orientations are identical between E22/G22 and
the C-terminus of AP, leading to the same solvent exposed residues. Moreover, in both cases the
interface is stabilized by salt bridges between D23 and K28. The largest deviation between the two
structures can be found in the orientation of the side chains in the N-terminal part up to the single
point mutation site (E22G).

Novel A folds from tg-SwDI mouse brain

For tg-SwDI mice, which harbor the Dutch (E22Q) and Iowa (D23N) mutations within the A
sequence, we observed three different polymorphs (Fig. 1 and Fig. 2, A, E, F, and G). The most
dominant polymorph, which we call DI1, accounts for 41% of all fibrils and reveals a symmetric
dimer (Fig. 2, A and E and Table S2). The other two polymorphs, labeled DI2 and DI3, consist
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of a single protofilament and account for 32% and 27%, respectively (Fig. 2, A, F, and G and
Table S2).

The 3.3 A map of DI1 was used to build an atomic model of the ordered core between D1 and V36
(Fig. 2, A and E and Table S3 and Fig. S4D). The two S-shaped protofilaments of DI are
connected via the extended N-terminus (Fig. 2E). A hydrogen bond between D1 and S26 and a
salt bridge between E3 and K28 of the opposing protofilament stabilize the interface between the
two subunits. A hydrogen bond between Q15 and N23 stabilizes the first half of the S-turn. This
turn is further stabilized by a hydrogen bond between Y 10 and a backbone oxygen at N23"! in the
adjacent layer within the same protofilament (denoted by the index i-1).

For DI2 fibrils an atomic model of residues D1-V39 could be built into the 4.2 A map (Fig. 2, A
and F and Table S3 and Fig. S4E). Except for the N-terminus, the fold is similar to the fold of
DI1 fibrils (Fig. 2, E and F and Fig. S6A). The N-terminus is fixed in its position by a salt bridge
between D1 and K282 as well as a hydrogen bond between E3 and S26'2. The second B-sheet
found in DI1 is also present in DI2 (Fig. 2A).

For DI3, the atomic model consists of A2-G33 (Fig.2, A and G). The overall DI3 fold differs from
the DI1 fold and aligns only in residues V24-G33 with the DI2 fold (Fig. 2, E, F, and G and Fig.
S6A). Therefore, secondary structure assignments differ from DI1 and DI2, showing two [-sheets
in the N-terminal domain (Fig. 2A). The fold of DI3 fibrils is mainly stabilized by a salt bridge
between E11 and K28!*! and a hydrogen bond between E11 and S26!. The C-terminal kink in the
structure around K28 is stabilized by a hydrogen bond between N27 and the carbonyl group at
G29. Additionally, a hydrophobic cluster around V18, A21 and V24 stabilizes the overall fold
(Fig. S5F).

AP fibrils extracted from tg-SwDI mouse brain are structurally different from AP fibrils extracted
from human and APPNF mouse brain tissue [18]. However, DI1 fibrils show some structural
similarities to AP40 fibrils extracted from the meninges of human AD brain (Fig. 3B) [17] and
from APPNL-GF mouse [21], [22] (Fig. S6B). Remarkably, unlike in most other known AP
structures, the N-terminus in human AB40, APPN-SF as well as in DI, DI2 and DI3 fibrils is
ordered. Here, the extended N-terminal arm of DIl overlays with the N-terminus of the human
AP40 fibril between residues D1 and Y10 and with the murine Arctic AP filament between E3 and
S8. Moreover, the orientation of these side chains is identical in all structures, suggesting the same
degree of solvent-accessibility of the N-terminus.

Finally, in contrast to wild-type (WT) AP42 fibrils, in which negatively charged and solvent
exposed residues E22 and D23 induce a kink in the main chain, in DI1 and DI2 fibrils mutant
residues Q22 and N23 are interior, in extended conformation (Fig. 2, E and F).

Murine type 11 AP Fibrils from ARTE10, tg-APPsy., and APP23 mouse brains

AP fibrils extracted from ARTE10, tg-APPsywe, and APP23 mouse brains are composed of Ap42
and identical to previously described type II filaments extracted from human brain tissue of
familial AD [18], therefore here they are referred to as murine type II (Fig. 1 and Fig.2, A, D, H,
and I and Fig. 3C).

The residues V12-A42 form the ordered core of all three murine type II fibrils, whereas N-terminal
residues D1-E11 are likely flexible and therefore not resolved in the high-resolution cryo-EM
structure (Fig.2, A, D, H, and I). Murine type II fibrils are made of two S-shaped protofilaments,
which are related by a C2 symmetry in all three models. Each monomeric subunit is stabilized by
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two hydrophobic clusters around residues (i) L17, V18, F20, V24, N27, 131, and L34 and (ii) A30,
132, M35, V40, and A42 (Fig.2, A, D, H, and I and Fig. S5, C, G, and H). The interface between
the two protofilaments is rather small, involving only two symmetric hydrogen bonds between
K28 and A42 of the opposing subunit.

Additionally, as previously discussed by Yang et al. [ 18], murine models that resemble the type II
filament fold overlap in their S-shaped domain partially with seeded AB40 fibrils extracted from
cortical tissue of an AD patient [15] (Fig. S6C).

Ap Fibrils from tg-APP 4rcswe mouse brain

The sample of AP fibrils with the Arctic mutation (E693G, E22G in AP) extracted from tg-
APParcswe mouse brain tissue consisted of at least three different polymorphs. Structure
determination was possible for the most abundant polymorph (Table S2 and Table S3), which we
call the murinear type I AP fibril in the following, with a crossover distance of ~950 A and a
diameter of 90 nm (Fig. 1). Murinea,. type I AP fibrils consist of two identical S-shaped
protofilaments that are related by a pseudo-2; symmetry (Fig. 2J). The 3 A-resolution map of
murinear type I A fibrils allowed for atomic model building of the ordered core from G9-V40,
in agreement with an observed predominance of Arctic AB40 fibrils in the sample (Fig. 2, A and
J and Table S3 and Fig. S41) [25], [29]. The S-shaped domain is formed by the residues F19-
V40, with an associated extended N-terminal arm of G9-V 18 that interacts with the C-terminus of
the opposing protofilament. The S-shape is stabilized by two hydrophobic clusters around (i) F19,
F18, V24, and 131 and (ii) A30, 132, M35, and V40 (Fig. 2J and Fig. S5I). The interface between
the two protofilaments consists mainly of hydrophobic interactions involving the side chains of
Y10, V12, Q15, L17, V36, and V39 at the contact point of the N-terminus of one protofilament
and the C-terminus of the opposing protofilament. The fibril center harbors a hydrophobic cavity
between the two C-terminal domains of both protofilaments, where two isolated symmetric
densities can be observed indicating the presence of additional hydrophobic molecules of unknown
identity in the interface.

Murinear type I AP40 fibrils resemble human type I AB42 filaments found in sAD patients for the
most part (Fig. 3D) [18]. In detail, the solvent-accessible surface is almost identical to human type
I AB42 filaments, but the C-terminus is slightly shifted, likely caused by the bound molecules in
the hydrophobic fibril cavity. AP filaments from APPNL-SF knock-in mice also carry the Arctic
mutation [21], [22], and although APPNS-GF AB filaments and murinear. type I AB40 fibrils share
a common substructure between residues L17-V36, the overall fold and the resulting arrangement
of the two protofilaments differs (Fig. S6D). Additionally, and in contrast to APPN-GF AR
filaments, in which the mutant residue G22 is hidden in the protofilament interface, the G22 in
murinear type I AP fibrils is exposed to solvents similarly to E22 in human type I filaments. To
date, there is no other murine model known that contains predominantly A fibrils that mimic the
human type I fold.

The only in vitro preparation that resembles the AB40 murinea. type I fold to a large extent is the
NMR structure of AB40 fibrils with the Osaka mutation (E693A, E22A in AB) [30] (Fig. S6E). In
both cases, the mutation (or deletion) of the acidic residue E22 in AB40 results in fibrils highly
similar to sAD fibrils. Additionally, it was previously shown that AB42 fibrils that also harbor the
Arctic mutation extracted from knock-in APPNS-GF mice brain do not resemble human type I
filaments [21], [22]. As discussed for murine type II fibrils, the murinear. type I fibrils also partially
overlap with the cryo-EM structure of brain homogenate seeded AB40 [15] (Fig. S6C).
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Additional densities in murine Ap fibrils

We have observed additional densities on the surface of all murine fibrils. Strong, localized
densities can be observed close to K16 in murine type III, DI1, DI2, DI3, and murine type II AP
fibrils (Fig.1 and Fig. 2 and Fig. S7, A, B, and C). Moreover, murine type III fibrils show a
smaller density close to F20 and E22 (Fig. 7D) and in DI3 fibrils, an additional density can be
found next to Y10. Similar densities bound to K16 were previously described for APPNS-G-F mice
but not for AD patients [18], [21]. The observed additional density might be related to bound co-
factors or post-translational modifications such as ubiquitination, as it was previously described
for tau filaments [31]. Weak, micelle-like density of unknown origin bound to the fibril surface is
visible in tg-SwDI AP fibrils (Fig.1 and Fig. S7B), reminiscent of previously described densities
on the surface of alpha-synuclein fibrils [32].

Discussion

Here we extracted AP fibrils from six different transgenic mouse models and determined their
structure using cryo-EM.

We observed novel AP fibril folds in brain extracts from three mouse models (APP/PS1, ARTE1O0,
and tg-SwDI). Although murine type III AP fibrils extracted from APP/PS1 and ARTE10 mice
showed some similarities to the human Arctic AP filament [21], their fold has not yet been
observed in AD patients. The tg-SwDI model harbors a triple mutation [33], [34] that cannot be
found in patients, however, these have been observed individually in early-onset AD families. DI,
DI2, and DI3 fibril structures differ from human type I and type II filaments [18] and,
consequently, tg-SwDI might not be an appropriate model for neither sAD nor fAD. However, tg-
SwDI is also used to study cerebral amyloid angiopathy (CAA) and indeed, the N-terminus of DI1
fibrils is identical to that of a previously described human AB40 polymorph obtained from vascular
deposits in the brain meninges associated with CAA [17]. Therefore, tg-SwDI mice could indeed
be appropriate to study CAA.

Additionally, AP fibrils from three mouse models (ARTE10, tg-APPsywe, and APP23) resemble the
human fAD type II filament fold and are therefore, together with the previously described knock-
in APPNMF model [18], possible candidates for therapeutic research focused on fAD. For example,
the APP23 line underwent treatment with different aducanumab analogs, showing positive results
such as reduction of total plaque area and improvement in spatial memory [35] Therefore,
preclinical testing with aducanumab might have been predictive for efficacy in fAD, but not well
tested for sAD.

AP fibrils extracted from tg-APParcswe mouse are almost identical to human type I filaments [18]
and are therefore here referred to as murinear type I fibrils. Human type I filaments are mainly
found in sporadic AD, which accounts for more than 95% of all such cases [36]. However, in
contrast to human type I filaments, which are composed of wildtype AB42, murinea. type I fibrils
consist of the E22G variant of AB40. Moreover, murinear type I fibrils show two additional
densities in the protofilament interface. The Arctic mutation is also present in knock-in APPNL-G-F
mice, but their AB(E22G) fibril structure differs from murinear type I fibrils and human type I
filaments [18], [21], [22]. In therapeutic research, tg-APParcswe mice were treated with the mAb158
monoclonal antibody promoting protofibril clearance [37]-[39]. A humanized version of the
mAb158 antibody, named as BAN2401 but most commonly known as lecanemab, showed
deceleration of cognitive decline and reduction of amyloid plaque burden in the brain of AD
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patients [40]—[43]. So far, our murinea, type I structure is the only fibril structure that resembles
the human type I filament fold and therefore, tg-APParcswe might be a valuable model to predict
which drug candidate will show efficacy in SAD. The structural similarity between murinear type
I filaments and human sporadic type I filaments might explain the clinical success of lecanemab
[43], especially considering that it binds not only to intermediately sized soluble aggregates, but
also to “diffusible AP fibrils” whose structure is identical to that of AP fibrils found in insoluble
plaques [25], [26], [40].

[''C] Pittsburgh compound B (PiB) and later developed fluorine-18 ('®F) radiolabeled analogues
are commonly used PET tracers to detect AD pathology in the living brain. A positive PET scan
has served as an inclusion criterion in clinical studies of antibodies such as aducanumab and
lecanemab and further, a reduction in the PET signal intensity has been interpreted as successful
removal of brain amyloid plaque, and thus, included as a secondary endpoint in the clinical trials.
Interestingly, it was observed that patients with the human Arctic mutation are “PET-negative”
[28] in spite of having massive AB-deposition post mortem [44], [45]. However, in line with our
result showing that the murinear. type I structure found in the tg-APParcswe model resembles the
human type I filament fold found in human sAD, PET imaging performed in the tg-APParcswe
mouse model with [''C]PiB visualizes amyloid pathology [25]. Likewise, [''C]PiB also works
effectively in the ARTEI10, tg-APPsy., and APP23 mouse models, that show an AP fibril fold
similar to human type II filaments, as long as the studied mice exhibit high total brain A levels.
Yet, ['!C]PiB does not work effectively in every mouse model, as is the case for the APP/PSI
model and interestingly, that model contains murine type III fibrils which are similar to those of
human Arctic brain which is also PiB-negative [28]. Thus, it is believed that the ability of ['!C]
PiB to detect pathology depends on differences in the structure of amyloid plaques and AP fibrils
therein [46]-[49]. For example, it has been shown that the tg-APParcswe model exhibits higher
[''C]PiB binding that the APPNI-SF model [50], whose purified AP structures differ from human
type I and type 1I filaments. Furthermore, a recent study that used the '®F-labeled amyloid PET
tracer florbetaben (FBB) to directly compare the APP/PS1 and the ARTE10 mouse models showed
that the ARTE10 mice are more suitable for amyloid-PET due to their congophilic dense-cored
plaques and overall higher plaque load compared to the APP/PS1 mouse model [49].

Therapeutic approaches that succeeded in animals and failed to produce positive outcomes in
humans may have overlooked the possibility that animal models might not contain the relevant
molecular drug targets for SAD as they do not necessarily present the same folds and surfaces.
Considering that most of AD patients have a sporadic background, one can infer that this might be
one important reason why the failure rate of clinical trials has been so high [27]. Structural studies
of AP fibrils from animal models and their comparison to human AP fibrils, as presented in this
work, reveal the molecular targets, and may help us identify the most adequate animal model for
the development of novel AD treatments and PET tracers targeting amyloid deposits.
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Main Figures

APP/PS1 ARTE10

Figure 1: Cryo-EM reconstructions of A fibrils extracted from APP/PS1, ARTE10, tg-SwDI, tg-
APPswe, APP23, and tg-APParcswe mouse brain tissue. For every reconstructed fibril, a cross-
section through the reconstructed density map is shown. The scale bar in the top left panel applies
to all shown panels. From upper left to lower right: murine type III (APP/PS1), murine type II1
(ARTE10), murine type Il (ARTE10), DI1, DI2, DI3, murine type II (tg-APPswe), murine type 11
(APP23) and murinear. type .
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Figure 2: Overview of all murine A fibril structures. (A) Amino acid sequence of APB42. The
sequence contains the following mutations for tg-SwDI: E22Q and D23N; and for tg-APParcswe:
E22G. Solid lines indicate for which part of the sequence atomic model building was possible
(accordingly, dotted lines represent parts of the sequence that were not modelled). Arrows indicate
B-strands. Panels (B-J) consist of: the reconstructed cryo-EM density along the helical axis and a
close-up with labels denoting the helical twist and rise (left); the cryo-EM density map (in
transparent gray) with the corresponding atomic model (top right); a schematic of the fold,
produced with atom2svg.py [51] (red: acidic side chain; blue: basic side chain; green: hydrophilic
side chain; white: hydrophobic side chain; pink: glycine; yellow: sulfur containing) (bottom right).
Cryo-EM structure of (B) murine type III AB42 fibrils from APP/PS1 mouse brain, (C) murine
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type III AB40 fibrils from ARTE10 mouse brain, (D) murine type I AB42 fibrils from ARTE10
mouse brain, (E) DI1 AP fibrils from tg-SwDI mouse brain, (F) DI2 A fibrils from tg-SwDI
mouse brain, (G) DI3 AP fibrils from tg-SwDI mouse brain, (H) murine type Il AB42 fibrils from
tg-APPswe mouse brain, (I) murine type II AB42 fibrils from APP23 mouse brain, and (J) murinearc
type I AB40 fibrils from tg-APParcswe mouse brain.
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G22/E22

Figure 3: Comparison of brain-derived murine AP fibrils to brain-derived human extracted A
fibrils. (A) Comparison of murine type III AP fibrils (blue: APP/PS1; lavender: ARTE10) with the
cryo-EM structure of human brain extracted A filaments with the E693G (E22G) mutation (gray,
PDB code: 8BGO0), (B) Comparison of the DI1 AP fibril (light blue) with the cryo-EM structure of
AP40 fibrils extracted from the meninges of human AD brain tissue (gray, PDB code: 6SHS), (C)
Comparison of the APP23 (yellow), tg-APPsyw. (orange) and ARTE10 (burgundy) AB42 fibril fold
with human type II AB42 filaments (gray, PDB code: 7Q4M), (D) Comparison of the murinearc
type I (green) AP40 fibril fold with human type I AB42 filament fold (gray, PDB code: 7Q4B).
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Materials and Methods

Animals

In the present study, the following mouse lines were used for experimentation including
immunohistochemistry, negative stain sample screening, immunogold negative stain, and cryo-
EM:

APP/PS1 (APPswe/PSEN1dE) (heterozygous; n=4 (male = 3; female = 1); age: 27-33 months old)
on a C57BL/6;C3H background (strain name B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) are
well described in terms of their behavioral and pathological characteristics [52]-[54]. Depending
on the used protocol, APP/PS1 mice develop (contextual and spatial) cognitive deficits by seven
months of age. AP plaques can be detected by six months of age in hippocampus and cortex,
followed by a pronounced gliosis. Abundant AP plaques and gliosis are prominent with twelve
months of age. Four heterozygous APP/PS1 mice brains were used in this study.

ARTE10 (homozygous; n= 1 (female); age= 24 months old) mouse on a C57Bl/6 background
(strain name B6.CBA-Tg(Thyl-PSEN1*M146V,-APP*Swe)l10Arte) was a generous gift from
Taconic Biosciences Inc. (Germantown, NY, USA). The mice express APPswe (APP
KM670/671NL) and PS1-M146V under Thyl.l1 regulatory sequences, which leads to the
development of a progressive plaque pathology and CAA starting around the age of 3 months [55].

Tg-SwDI mice (heterozygous; n = 4 (all male); age: 2629 months old) on a C57BL/6 background
(strain name C57BL/6-Tg(Thy1-APPSwDutlowa)BWevn/Mmjax) were first introduced by Davis
et al. in 2004 as a model to study cerebral amyloid angiopathy (CAA) in AD [56], [57]. Cognitive
deficits and AP plaques with associated gliosis can be detected by three months of age, increasing,
and manifesting with age.

APP23 mice (heterozygous; n= 2 (all male); age= 21 months old) are on a C56BL/6 background
(strain name B6.Cg-Tg(Thy1-APP)3Somm/J) and have a 7-fold overexpression of mutant human
APP751 bearing the pathogenic Swedish mutation. AR deposit starting at six months of age
and increase in size and number with age [52]. APP23 mice also develop CAA [53].

Tg-APParceswe (heterozygous; n= 1 (male); age= 18 months old) and tg-APPsy. (heterozygous; n=
2 (all male); age= 22 months old) are maintained on a C57BL/6 background [58]. Tg-APParcswe
mice harbor the Swedish and the Arctic APP mutations and develop plaque pathology starting at
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around 6 months of age, while Tg-APPsy. mice that harbor the Swedish mutation have a later onset
of plaque pathology starting at 10—12 months of age and then increasing with rapidly with age.

APP/PS1, ARTE10, tg-SwDI, APP23 experiments were performed in accordance with the German
Law on the protection of animals (TierSchG §§7-9). Breeding of APP/PS1 mice was approved by
a local ethics committee [Landesamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen (LANUV), North Rhine-Westphalia, Germany, Az: 84-02.04.2014.362] before start of
the study. APP/PS1 and tg-SwDI mice were (and can be) purchased by the Jackson Lab (JAX
MMRRC Stock# 034829 or JAX MMRRC Stock# 034843).The tg-APParcswe and tg-APPsye mice
were bred under the ethical permit 5.8.18-20401/20 approved by the Uppsala County Animal
Ethics board. All mice were kept and bred under controlled conditions with 12/12 h light/dark
cycle, 54% humidity, a temperature of 22°C as well as food and water ad libitum.

Brain tissue characterization

Brain tissue from the tg-APPsywe, tg-APParcswe, and the ARTEIO mouse models has been
extensively characterized in previous studies [29], [49], [55], [58]-[60].

The remaining APP/PS1, tg-SwDI and APP23 mouse lines were immunohistochemically stained
as follows: In brief; after cervical dislocation, the brains were snap frozen in isopentane and cut in
20 um sagittal sections with a microtome. Afterwards, the sections were fixed with 4%
paraformaldehyde (PFA) in TRIS-buffered saline (TBS) for 10 min at room temperature (RT). The
sections were washed three times with 1% Triton in TBS (TBST) for 5 min and further incubated
in 70% formic acid for 5 min at RT for antigen retrieval. The sections were again washed with
TBST before incubation with primary antibody overnight at 4°C in a humidified chamber (6E10
(BioLegend, Alexa Fluor 594 anti-B-Amyloid, 803018) and 4G8 (BioLegend, 800708, both diluted
1:500 in TBST with 1% bovine serum albumin (BSA)). The day after, the tissue sections were
washed with TBST before incubation with the secondary antibody (only 4G8, goat anti-mouse
antibody, Alexa Fluor 488, Invitrogen, diluted 1:300 in TBST and 1% BSA) for 1 h at RT. For cell
nuclei staining, the sections were washed again with TBST before incubation with DAPI ((4',6-
Diamidin-2-phenylindol) (Merck, Germany)) for 5 min. Subsequently, the sections were washed
three times with TBST before mounting (Fluoromount Aqueous Mounting Medium, Sigma-
Aldrich, St. Louis, USA). Images were taken with a LMD6000 microscope (Leica Camera,
Germany) with a DFC310 FX camera (Leica Camera, Germany).

Extraction of AP Fibrils

AP fibril extraction was essentially based on a published procedure [18]. In brief, non-fixed mouse
brain tissue was snap frozen in -80°C cold isopentane and stored at -80°C previous to
experimentation. Between 0.4 and 0.6 g of brain tissue was thawed and manually homogenized in
20-times volume (w/v) of extraction buffer (10 mM Tris-HCI, pH 7.5, 0.8 M NaCl, 10% sucrose,
1 mM EGTA) by applying 300 strokes using a Dounce glass tissue grinder. Subsequently, 10%
sarkosyl diluted in ¢H2O (Sigma-Aldrich) was added to the homogenate to a final sarkosyl
concentration of 2% and was thoroughly mixed 30-times by pipetting up and down. After 1h
incubation at 37°C, the homogenate was centrifuged at 10.000 x g for 10 min at 4°C and the
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resulting supernatant was further ultracentrifuged at 100.000 x g for 60 min at 4°C (Beckman
Coulter Optima MAX-XP, TLASS fixed-angle rotor). After removal of the supernatant, extraction
buffer (1 ml/g original tissue mass) was added to the pellet and mixed, followed by 5.000 x g
centrifugation for 5 min at 4°C. The supernatant was then diluted 3-fold in dilution buffer (50 mM
Tris-HCI, pH 7.5, 0.15 M NacCl, 10% sucrose, 0.2% sarkosyl) and ultracentrifuged at 100.000 x g
for 30 min at 4°C. The resulting supernatant was discarded and resuspension buffer (20 mM Tris-
HCI, pH 7.4, 50 mM NacCl) was added (100 pl/g original tissue mass) to the sarkosyl insoluble A}
fibril rich pellet. The pellet was used for further negative staining, immunogold labelling and cryo-
EM analysis.

We noticed that the fibril extraction protocol was sensitive to changes in temperature, sarkosyl
concentration and frequency of homogenization, therefore, the procedure was optimized
accordingly.

Negative stain Electron Microscopy

2 ul of the final sarkosyl insoluble fraction, consisting of a homogeneous mixture of the final pellet
after fibril extraction and resuspension buffer, were applied onto a glow-discharged 300 mesh
carbon-coated copper grid (EM Sciences, ECF300-Cu). The sample was incubated for 2 min and
carefully blotted off with filter paper. The sample was then washed once with ¢H20O and blotted
off immediately. 2 pl of 1% (w/v) uranyl acetate (UrAc) were applied on the top of the grid,
following a 1 min incubation. The UrAc was removed with filter paper and the grid was air-dried.
TEM images were acquired using a ThermoFisher Scientific Talos 120C at an acceleration voltage
of 120 kV. Images were collected on a 4k x 4k Ceta 16M CEMOS camera using Thermo Scientific
Velox Software.

Immunogold negative stain Electron Microscopy

Immunogold negative-stain grids for electron microscopy were prepared following [61]. In brief,
3 ul of the final pellet containing the extracted AP fibrils were placed on a glow-discharged 300
mesh carbon-coated copper grid (EM Sciences, ECF300-CU) for 2 min. The sample was washed
once with ¢H20 and placed in blocking buffer for 15 min, following incubation with Nab228
(Sigma-Aldrich) primary antibody diluted in blocking buffer at a concentration of 2 pg/ml for 1-
2 h. Furthermore, the grid was washed with washing buffer and was incubated with 6 nm gold-
conjugated anti-mouse secondary antibody (diluted 1:20 in blocking buffer, Abcam) for 1 h. The
grid was washed five times with washing buffer and three times with ¢H20 before staining with
1% (w/v) uranyl acetate for 1 min. The sample was air-dried, and EM Images were acquired as
described above. Immunogold negative stain EM confirmed that the purified fibrils were indeed
AP fibrils (Fig. S2).

Cryo-EM Image Acquisition and Data Preprocessing

For cryo-EM imaging, 2-3 uL of A fibril sample from a single mouse brain was applied to holey
carbon grids (Quantifoil 1.2/1.3, 300 mesh), blotted with filter paper for 3-5 s and plunge frozen
in liquid ethane using a ThermoFisher Scientific Vitrobot Mark IV, set at 95% humidity and 4°C
temperature. Data acquisition was performed on a ThermoFisher Scientific Talos Arctica
microscope operating at 200 kV using a Gatan Bioquantum K3 detector in counting mode with a
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Gatan Bio-quantum energy filter with a slid width of 20 eV, and on a ThermoFisher Scientific
Titan Krios G4 operating at 300 kV using a Falcon 4 detector in counting mode. The automated
collection was directed by EPU data collection software. Further details are given in Table S1.

For helical reconstruction of all datasets, gain-corrected movie frames were aligned and summed
into single micrographs on-the-fly using Warp [62]. CTF estimation was performed using
CTFFINDA4.1 [63].

Helical Reconstruction

Helical reconstruction was performed using the helical reconstruction methods in RELION [64],
[65]. For all datasets, fibrils were picked automatically using crYOLO [66], [67]. Reference-free
2D classification was performed to separate different polymorphs and to discard low quality
particle images.

In the recorded dataset of tg-APParcswe at least three polymorphs could be identified and 2D class
averages suggest that all polymorphs have a pronounced unstructured region. Indeed, even after
multiple 3D classification and refinement runs, we only obtained class averages revealing
unstructured regions at the fibril periphery. Therefore, we performed a masked classification with
residual signal subtraction [68] and removed the unstructured regions from the reconstruction.

For ARTE10 murine type II, ARTE10 murine type 111, D12, DI3, tg-APPsw. murine type 11, APP23
murine type II and murinear type I, a featureless cylinder was used as initial 3D reference. For
APP/PS1 murine type III and DI1, an initial 3D reference was computed de novo from multiple
2D class averages assuming a helical rise of 4.75 A and a twist value calculated from the crossover-
distance of each fibril observed from larger box 2D class averages [69]. Cylinders were initially
low-pass filtered to 40 A, reconstructed de novo initial models were low-pass filtered to 8-10 A
depending on their quality. 3D classification was used to obtain a homogeneous high-quality
subset of particles for each fibril type. 3D auto-refinement and subsequent post-processing was
performed to fibril the final maps and to calculate the resolution according to gold-standard Fourier
Shell Correlations at 0.143 applying a soft-edged solvent mask. For APP/PS1 murine type III,
ARTE10 murine type III, DI1, DI2 and tg-APPsw. murine type II fibrils VISDEM sharpening [70]
was used instead of automatic B-factor sharpening. Additional image processing information can
be found in Table S3.

Statistics on the distribution of different polymorphs are given in Table S2. The term “unassigned”
refers to particles that were noisy, heterogenous, and could not be used for further structure
determination. Additionally, it should be noted that given statistics on polymorph distribution are
based on an initial 2D classification of automatically picked particles and therefore, might be
influenced by inaccurate 2D classification.

Model Building and Refinement

For APP/PS1 murine type III fibrils and all tg-SwDI polymorphs, atomic models were built de
novo into the computed high-resolution cryo-EM reconstructions using COOT [71]. Side chain
rotamers were refined manually monitoring Ramachandran outliers and clash scores using
MolProbity [72]. All models were refined using an iterative procedure of refinement in PHENIX
[73] and manual modeling in COOT and ISOLDE [74].
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For ARTE10 murine type III fibrils, the atomic model of APP/PS1 murine type III filaments was
fitted into the density and refined using COOT, ISOLDE and PHENIX.

For ARTEI10, tg-APPswe, and APP23 murine type II fibrils, an atomic model of previously
determined human type II AP filaments ([18], PDB code: 7Q4M) was fitted into the density maps
and refined using COOT and PHENIX.

For tg-APParcswe fibrils, an atomic model of previously determined human type I AP filaments
([18], PDB code: 7Q4B) was fitted into the density maps and refined using COOT and PHENIX.

ChimeraX [75] was used for molecular graphics and analyses. Additional information on final
models can be found in Table S4.
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Supplementary Tables

Table S1: Statistics of Data Acquisition
APP/PS1 ARTE10 tg-SwDI tg-APPswe APP23 tg-APPArcswe

Microscope Talos Titan Titan Krios Titan Krios Titan Krios Titan Krios
Arctica Krios

Detector K3 Falcon Falcon IV FalconIV  FalconIV  Falcon IV

v

Energy filter slit 20 N/A N/A N/A N/A N/A

width (e'V)

Magnification 100,000 96,000 96,000 96,000 96,000 96,000

Voltage (kV) 200 300 300 300 300 300

Pixel Size (A) 0.816 0.808 0.808 0.808 0.808 0.808

Total electron 30.28 40 40.1 40.35 40.31 40.35

exposure (e/A?)

Defocus range [-0.5, - [-0.5, - [-0.5,-2.5] [-0.5,-2.5] [-0.5,-2.5] [-0.5,-2.5]

(um) 2.5] 2.5]

Micrographs 3674 9521 25662 9370 11622 17577

collected

Table S2: Distribution of polymorphs in extracted A fibril samples from different mouse
models. The term “unassigned” refers to particles that were noisy, heterogenous, and could not
be used for structure determination.

Mouse Model Distribution

APP/PS1 murine type III: 100%
ARTEI10 murine type II: 49%; murine type I1I: 8%; unassigned: 43%
tg-SwDI DI1: 41%; DI2: 32%; DI3: 27%

tg-APPswe murine type II: 15%; unassigned: 85%
APP23 murine type II: 42%; unassigned: 58%
tg-APParcswe  murinear type I: 38%; unassigned: 62%
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Table S3: Statistics on Image Processing

APP/PS1 = ARTE10 ARTE10 tg- tg- tg- tg-APPsyve = APP23  tg-
murine murine murine SwDI SwDI SwDI murine murine = APParcswe
type II1 type 111 type 11 b1 DI2 DI3 type 11 type 11 murinearc
type I

Final 171,432 10,369 226,920 54,018 37,937 10,869 12,100 119,710 19,036

Segments

(no.)

Symmetry C2 C2 C2 C2 Cl Cl C2 C2 Cl

imposed

Helical rise 4.74 4.74 4.76 4.66 4.63 4.72 4.78 4.77 2.41

&)

Helical twist = -1.89 -1.91 -3.21 -2.78 -2.95 -5.24 -3.17 -3.23 179.56

©)

Map 3.5 35 34 33 4.2 4.0 3.8 3.0 3.0

resolution

&)

Map N/A N/A -126.1 N/A N/A -90.1 N/A -106.5 -80.1

Sharpening

B-factor
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Table S4: Statistics on Model Building and Refinement
APP/PS1 ARTE10 ARTE10 tg-SwDI tg-SwDI tg-SwDI tg-APPs,. APP23 tg-

murine type murine murine DI1 DI2 DI3 murine  murine APParcswe
I type I11 type 11 type 11 type I murinearc
type 1

Initial Model de novo de novo 7Q4M de novo denovo denovo TQ4M 7Q4M  7Q4B
(PDB code)

Model composition

Chains 10 10 10 10 5 5 10 10 10
Non-hydrogen 2470 2330 2260 2830 1490 1260 2260 2260 2320
atoms

Protein 330 310 310 360 195 160 310 310 320
residues

RMS deviations

Bond lengths 0.008 0.005 0.003 0.002 0.002 0.002 0.004 0.004 0.006
(A)

Bond angles 0.67 0.87 0.438 0.48 0.41 0.49 0.560 0.455 0.811
)

Validation

MolProbity  1.41 1.96 0.96 2.34 2.14 1.16 1.66 2.21 1.74
score

Clashscore 7.46 9.87 2.0 10.8 9.6 3.7 8.0 9.6 10.1
Ramachandran plot

Outliers (%) 0 0 0 0 0 0 0 0 0
Allowed (%) 0 6.9 0 8.82 13.51 0 3.45 3.45 3.33
Favored (%) 100 93.1 100 91.18 86.49 100.00 96.55 96.55 96.67
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Supplementary Figures

Hippocampus Cortex

Figure S1: Immunohistochemical staining showing AP plaques in the hippocampus (left images)
and cortex (right images) of APP23 (upper panel), APP/PS1 (middle panel) and tg-SwDI mice
(lower panel). Two different stainings were conducted (6E10 labelled in red and 4GS labelled in
green). Nuclear staining was done with DAPI (blue). Scale bar= 500 um.

APP23

APP/PS1

Tg-SwDI
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A APP/PS1 B ~ ARTE10

C tg-SwDI D tg-APPgsye

200 nm . .

Figure S2: Immunogold labelling of the purified AP fibrils from (A) APP/PS1, (B) ARTE10, (C)
tg-SwDI, (D) tg-APPswe, (E) APP23 and (F) tg-APParcswe mouse models. NAB228 was used as
primary antibody. A goat anti-mouse gold-conjugated antibody with a gold particle diameter of
6nm was used as secondary antibody.
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A APP/PS1 B ARTE10 C tg-SwDI

D tg-APPs,c E APP23

Figure S3: One exemplary Micrograph and 2D class of (A) APP/PS1, (B) ARTEIO, (C) tg-SwDI,
(D) tg-APPsye, (E) APP23 and (F) tg-APParcswe.
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Figure S4: FSC curves for cryo-EM maps and structures of (A) APP/PS1 murine type III, (B)
ARTE10 murine type III, (C) ARTE 10 murine type II, (D) DI1, (E) DI2, (F) DI3, (G) tg-APPswe
murine type II, (H) APP23 murine type II, and (I) tg-APParcswe murinear. type I fibrils. FSC curves
for two independently refined half maps are shown in blue; FSC curves for the refined atomic
model against the final cryo-EM map in orange.
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Figure S5: Molecular lipophilicity potential (MLP) maps for (A) APP/PS1 murine type III, (B)
ARTE10 murine type III, (C) ARTE10 murine type II, (D) DI1, (E) DI2, (F) DI3, (G) tg-APPswe
murine type III, (H) APP23 murine type III, and (J) murinear type I. Coloring on the surface
ranging from cyan (most hydrophilic) to white to yellow (most lipophilic/hydrophobic).
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Figure S6: Comparison of murine AP fibrils with other structures. (A) Comparison of the main
chain trace of DII (light blue) with DI2 (teal) and DI3 (light green) (top) and comparison of DI1
and DI2 (bottom). (B) Comparison of DI1 (light blue) and murine AB42(E22G) filaments extracted
from knock-in APPNYGF mice (gray, PDB code: 8BG9). (C) Comparison of APP23 murine type
II (yellow), tg-APPswe murine type II (orange), ARTE10 murine type II (burgundy), tg-APParcswe
murinearc type I (green) fibrils with the cryo-EM structure of AB40 fibrils seeded from brain
homogenates from cortical tissue of an AD patient (gray, PDB code: 6W00). (D) Comparison of
tg-APParcswe (green) and murine AB42(E22G) filaments extracted from knock-in APPNYGF mice
(gray, PDB code: 8BG9Y). (E) Comparison of tg-APParcswe (green) with an NMR structure of
recombinant AB40 E22A fibrils (gray, PDB code: 2MVX).
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Figure S7: Additional densities bound to murine AP fibrils. (A,B) Reconstruction of AP fibrils
extracted from (A) APP/PS1 and (B) tg-SwDI mice brain. Red arrows indicate localized, strong
density, blue arrows indicate micelle-like, weak densities. (C,D) show extra densities close to (C)
Lys16 and (D) Phe20/Glu22 in APP/PS1 murine type III AP fibrils.
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ALZHEIMER’S DISEASE

The Uppsala APP deletion causes early onset autosomal
dominant Alzheimer’s disease by altering APP
processing and increasing amyloid B fibril formation
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Stephan A. Miiller*, Gunnar F. Schréders’u, Jorg Hanrieder2’13, Stefan F. Lichtenthaler*'?,
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Point mutations in the amyloid precursor protein gene (APP) cause familial Alzheimer’s disease (AD) by increasing
generation or altering conformation of amyloid g (AB). Here, we describe the Uppsala APP mutation (A690-695),
the first reported deletion causing autosomal dominant AD. Affected individuals have an age at symptom onset
in their early forties and suffer from a rapidly progressing disease course. Symptoms and biomarkers are typical of
AD, with the exception of normal cerebrospinal fluid (CSF) AB42 and only slightly pathological amyloid-positron
emission tomography signals. Mass spectrometry and Western blot analyses of patient CSF and media from
experimental cell cultures indicate that the Uppsala APP mutation alters APP processing by increasing B-secretase
cleavage and affecting a-secretase cleavage. Furthermore, in vitro aggregation studies and analyses of patient
brain tissue samples indicate that the longer form of mutated A, ABUpp1-42419-24, accelerates the formation of
fibrils with unique polymorphs and their deposition into amyloid plaques in the affected brain.

INTRODUCTION

Alzheimer’s disease (AD) is neuropathologically characterized by a
progressive deposition of amyloid B (Ap) in parenchyma and blood
vessels of the cerebrum (1). Upon sequential cleavage of the amy-
loid precursor protein (APP) by B- and y-secretases, AB peptides of
38 to 43 amino acids are generated. If instead o-secretase cleavage
occurs, then no AP is formed [reviewed in (2)].

Increased generation of the more amyloidogenic AB42 is seen for
several of the APP mutations positioned in vicinity of the y-secretase
cleavage site (3-14), whereas the Swedish mutation close to the
B-secretase cleavage site results in increased production of both AB42
and AP40, as demonstrated in plasma and fibroblasts from mutation
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carriers (15-17). Pathogenic APP mutations within the A sequence
have been described to result in various disease phenotypes. Pa-
tients with the Dutch (E693Q) and Italian (E693K) mutations
display amyloid accumulation in cerebral blood vessel walls and
intracerebral hemorrhage (18, 19), whereas carriers of the Flemish
(A692G) and Iowa (D694N) mutations suffer from both intracere-
bral hemorrhage and progressive dementia (20, 21). The Arctic
mutation (E693G) leads to an increased formation of protofibrils
(22) and other large AP oligomers with particularly neurotoxic
properties (23). Clinical examinations and neuropathological anal-
yses confirmed that carriers of the Arctic mutation have an AD
phenotype (24), although their brains almost only display diffuse
parenchymal AB deposits (24-26). The only protective APP variant
described to date, the Icelandic mutation (A673T), has been shown
to decrease B-secretase cleavage resulting in reduced A production
(27) and aggregation (28, 29).

For the only identified disease-causing APP deletion (E693A),
resulting in a recessive form of familial AD, an increased intraneu-
ronal presence of toxic A oligomers was suggested as an underlying
pathogenic feature. A decreased inhibition of both - and y-secretase,
with increased enzymatic activities and relative resistance to degra-
dation of mutant AP by neprilysin and insulin-degrading enzyme,
has been proposed as other effects of this deletion (30).

Here, we report a pathogenic APP deletion (690-695A) that causes
a dominantly inherited form of early onset dementia in three muta-
tion carriers of a family originating from the city of Uppsala, Sweden.
Clinical and neuropathological examinations are compatible with
AD, and experimental studies indicate that the phenotype is caused
by pathological alterations of the B- and a-secretase cleavage of APP,
which result in increased A production in combination with a very
rapid aggregation of the longer AR mutant (ABUpp1-42419-24) into
unique polymorphic structures.
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RESULTS

Epidemiological and clinical features of the Uppsala APP
mutation family

The Uppsala APP mutation was detected in two siblings and their
cousin, who were all referred to the Memory Disorder Unit, Uppsala
University Hospital (for pedigree, see Fig. 1A). The ages of symp-
tom onset were 43 years (sibling 1), 40 years (sibling 2), and 41 years
(cousin). All three patients had a manifest cognitive impairment
and scored 20 to 22 points on the Mini-Mental State Examination
(MMSE) at the time of referral, with word finding difficulties,
dyscalculia, apraxia, and visuospatial/executive impairment as major
symptoms. Sibling 1 developed myoclonus and had a rapid disease
progression with severe anxiety and behavioral disturbances. Death
occurred 6 years after onset, at the age of 49. At the initial neuro-
psychological evaluation, sibling 2 had normal scores on episodic
memory tests but featured severe dyscalculia and problems with the
clock drawing test. At the 4-year follow-up examination, this patient
had become increasingly affected by apathy and mutism. The cousin
of the two siblings displayed impaired episodic memory, language,
and executive functions as dominant symptoms.

One parent of the two siblings had been referred for assessment
more than 20 years earlier after having refused to see a physician for
several years. This patient had symptom onset at about 47 years
of age, and the diagnosis of AD was supported by a computerized

A |
3 .o

o8 w10

51 rre

[ o

B-Secretase

2T 19 24

tomography (CT) scan, showing cortical and central atrophy at
the age of 54. Death occurred at the age of 60. One of the parents of
the cousin had onset of symptoms at about 45 years of age and was
subsequently also diagnosed with AD. This patient became aggres-
sive and spent several years at a geropsychiatric ward before death
occurred about 15 years later. In addition, one of the siblings’
grandparents developed dementia with onset at about 40 years of
age and died at the age of 51 (Fig. 1A).

All three cases underwent lumbar puncture and subsequent
cerebrospinal fluid (CSF) analyses. CSF concentrations of AB42
were within the normal range of non-AD controls, whereas concen-
trations of total tau (t-tau) and phospho-tau (p-tau) were patholog-
ically elevated (table S1).

Brain imaging

The two siblings and their cousin underwent CT brain examina-
tions at the time of diagnosis. The scan of sibling 1, who was in a
more advanced disease stage at the initial visit, showed medial
temporal lobe atrophy (MTA) grade 2 together with a moderate
frontoparietal lobe atrophy. Sibling 2 and his cousin had a moderate
global cortical and central atrophy, whereas the temporal lobes were
well preserved (MTA grades 0 to 1) (Fig. 1B). Moreover, the siblings
and their cousin underwent fluorodeoxyglucose positron emission
tomography ['*FJFDG-PET, which showed a decreased uptake mainly

... y-Secretase
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Fig. 1. Epidemiological and clinical features of the Uppsala APP mutation family. Pedigree of the Uppsala APP mutation family (A). Filled symbols are affected family
members. Slashed symbols are deceased individuals. Index cases are indicated by arrows. Several healthy individuals in the latest generation have been omitted on pur-
pose. CT and PET images of the three affected patients (sibling 1, sibling 2, and cousin 3, from top to bottom rows). Axial CT (B), ['FIFDG-PET (C and D), and [''CIPIB-PET
images (E and F). Three-dimensional surface projection showing areas with pathological cortical tracer uptake (D and F). For (C) and (D), the color scale represents
decreased tracer uptake with z score between 0 (blue) and -7 (red). For (E) and (F), the color scale represents increased tracer uptake with z scores between 0 (blue) and
8 (red). The location of the Uppsala APP mutation and its relation to other intra-A APP mutations (G).
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in the temporal and parietal lobes (Fig. 1, C and D). Two of them also
underwent amyloid-PET using Pittsburgh compound B (["'C]PIB),
which demonstrated a pathological pattern but only with a slightly
increased accumulation of [''C]PIB in cortical areas (Fig. 1, Eand F).

Genetic analyses reveal the Uppsala APP mutation

In the three affected cases (two siblings and their cousin), we iden-
tified an 18-base pair deletion in exon 17, which leads to the loss of
six amino acids (690-695A) within A. It should be noted that this
deletion spans over the region that is affected by previously identified
intra-Ap mutations (Fig. 1G). In addition, we have analyzed more
than 500 DNA samples from Swedish patients with AD, older unaf-
fected family members, and from older healthy control subjects, all
of which were negative for this genetic alteration. Furthermore, the
two siblings were analyzed for the apolipoprotein E gene (APOE) and
found to be APOE €3 homozygotes (table S1).

The Uppsala APP mutation leads to mainly
ABUpp1-42419_24 pathology
One brain of an Uppsala APP mutation carrier (sibling 1) has come
to autopsy. The weight of the brain was 1480 g, and the right hemi-
sphere was subjected to routine analyses. On gross inspection, dilated
ventricles were evident. Microscopically, a pronounced gliosis was
seen in limbic and in neocortical areas (Fig. 2A and fig. S1). Moreover,
there was a widespread tau pathology, corresponding to Braak stage
VI, as visualized with the AT8 anti-tau antibody (Fig. 2, B and C).

AP plaques were abundant and widespread, corresponding to
Thal stage 5. Tissue sections from occipital (Fig. 2), temporal, and
parietal (fig. S1) neocortices were analyzed by immunohistochemistry
with a panel of different monoclonal anti-Ap antibodies and by
thioflavin S (ThS) staining. Antibodies directed toward the AB C termi-
nus revealed abundant AB42 staining, whereas AB40 staining was much
less intense in all cortical areas investigated (Fig. 2, D to G, and fig.
S1). With the 6F/3D antibody, binding to Ap amino acids 8 to 17 (25),
abundant pathology was observed in several neocortical regions
(Fig. 2H), and a similar pattern could be observed with ThS (Fig. 21).

Furthermore, brain tissues from fresh-frozen frontal, temporal,
and occipital neocortex as well as cerebellum of the mutation carrier,
11 sporadic AD (sAD), and 9 non-neurological control brains
(table S2) were homogenized and sequentially extracted with tris-
buffered saline (TBS) and formic acid (FA) for analysis with MSD
electrochemiluminescence-based Af immunoassay (Meso Scale
Discovery) and enzyme-linked immunosorbent assay (ELISA).
Compared to sAD and control samples, the Uppsala APP mutation
brain displayed lower concentrations of AB40, whereas concentra-
tions of AP42 were elevated, especially in the FA fraction (Fig. 3A),
which corresponds to insoluble AB deposits, but also in the TBS
fraction, representing more soluble Ap, including aggregates (Fig. 3B).
In contrast to elevated AB42 in the FA fraction of all investigated
brain regions, concentrations of TBS soluble oligomers were lower
in the Uppsala APP mutation brain compared to sAD, when analyzed
with an ELISA that detects soluble AP aggregates of all sizes (Fig. 3C).
Furthermore, when analyzed with an ELISA that preferentially
recognizes larger oligomers and protofibrils (31), the Uppsala APP
mutation brain displayed low concentrations, comparable to those
in the controls, whereas the amounts of such AP species in sAD
brains were elevated (Fig. 3D).

The composition of amyloid plaques from temporal neocortex was
further analyzed by luminescent conjugated oligothiophene (LCO)
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Fig. 2. Pronounced Ap and tau pathology in the Uppsala APP mutation carrier
brain. Immunohistochemistry of tissue sections from the Uppsala APP mutation brain,
against GFAP (glial fibrillary acidic protein) (anti-GFAP) (A), tau (AT8) (B and C), Ap42
(anti-AB42) (D and E), AB40 (anti-AB40) (F and G), and total AB (6F/3D) (H). Staining of
amyloid plaques with ThS (I). (A) Temporal cortex; (B to I) occipital cortex. Squares
in (B), (D), and (F): Regions displayed in the higher-magnification images (C, E, and G).
Arrow in (C) points to a tangle; arrowhead points to a dystrophic neurite.

staining and matrix-assisted laser desorption/ionization (MALDI)
imaging mass spectrometry (IMS). Similar to those that were posi-
tive for ThS, plaques stained with the LCOs q-FTAA and h-FTAA
(Fig. 3E) showed a distinct core surrounded by a diffuse halo of
fibrillar Ap (Fig. 3F). The MALDI-IMS analyses suggested that the
plaques mainly consist of ABUpp42a19-24, either in its full-length
version or as N-terminally truncated peptides, which mainly start
at positions 3 (pyroglutamate), 4, 5, or 8. The contribution by
ABUpp1-40a19-24, APwt1-40, and APwt1-42 to the formation of
amyloid plaques in the Uppsala APP mutation brain seemed to
be minor (Fig. 3, G and H). These results, as well as the peptide
sequence identity, were confirmed by immunoprecipitation (IP)
and MS analyses of pooled material from 50 individually laser-
microdissected plaques, identified with LCO staining (table S3).

To investigate the contribution of ABUpp and APwt in CSF from
Uppsala APP mutation cases and thereby understand why AB1-42
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Fig. 3. Plaques in the Uppsala APP mutation brain mainly consist of ABUpp42,419_24. Electrochemiluminescence (MSD) immunoassay (A and B) and ELISA (C and D) analyses
of human brain extracts. Concentrations of AB40 and AB42 in the TBS (A) and FA (B) fractions. Concentrations of TBS soluble AB aggregates (C) and large AB oligomers (D). Staining
of AB plaques on fresh-frozen temporal neocortical tissue of the Uppsala APP mutation brain with the luminescent conjugated oligothiophenes (LCOs) g-FTAA (green)
and h-FTAA (purple) (E) and with ThS (blue) (F). MALDI-IMS spectrum (G) and images of plaques from the Uppsala APP mutation brain (H). Error bars represent SD. For
controls, n=9; for sporadic AD (sAD), n=11. Because n =1 for the Uppsala AD group, no statistical analysis was performed. a.u., arbitrary units; m/z, mass/charge ratio.

CSF concentrations were within the normal range in these patients,
we performed IP-MS analyses using 6E10 (A amino acids 5 to 10)
and antibodies targeting the AB40 and AB42 C terminus for IP. CSF
from the three mutation carriers (sibling 1, sibling 2, and cousin) was
analyzed and compared to CSF from 11 sAD cases and 10 healthy
control subjects (Fig. 4A) (demographic information; table S1).
Mutation carriers displayed higher CSF amounts of AB1-40, AB1-
42, and total AB (sum of all detected AP variants) as compared to
sAD cases and control subjects (Fig. 4B). The amounts of ABwtl-
40 in CSF, produced from their nonmutated APP allele, were lower
in patients with the Uppsala APP mutation than in sAD cases and
control subjects, whereas ABwt1-42 was not different in patients with
the mutations compared to controls (Fig. 4C). The Uppsala APP
mutation carriers displayed a relative increase of both ABUppl-
40419-24 and ABUpp1-42419_24 (Fig. 4D). Thus, the expression of AR
from the mutated allele probably accounts for the unexpectedly high
AB1-42 CSF concentrations in the routine analysis of patients with
the Uppsala APP mutation. These measurements were performed with

Pagnon delaVega et al., Sci. Transl. Med. 13, eabc6184 (2021) 11 August 2021

an immunoassay that should detect ABwt1-42 and ABUpp1-42a19-24
equally well. However, a comparison of AB1-42 measurements per-
formed with the routine immunoassay and IP-MS (fig. S2A) showed
that whereas values from control and sAD samples correlated well
between the two methods, those from the three Uppsala APP muta-
tion cases did not (fig. S2B). Ion spectra from ABUppl-42a19-,4 and
ABUpp1-40419-24 are shown in fig. S3.

The Uppsala APP mutation alters APP processing, resulting
inincreased Ap production

To study the potential effects of the Uppsala APP mutation on APP
processing, conditioned media of human embryonic kidney (HEK)
293 cells transfected with APP carrying the Uppsala mutation (APPUpp)
or wild-type APP (APPwt) were analyzed with MSD immunoassays to
determine sAPPo and sAPPP concentrations of soluble APP fragments
resulting from o- and B-cleavage, as well as in AB40 and AB42. Only
background amounts of sAPPo were detected in media from the
APPUpp culture, whereas high concentrations were found in media
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Fig. 4. Uppsala APP mutation carriers present increased concentration of A in CSF. IP-MS analyses of CSF from 10 healthy controls, 11 sAD cases, and the 3 Uppsala
APP mutation patients (A). IP-MS-based quantitation of CSF AB1-40, AB1-42, and total AB concentrations in CSF (B to D). All data are represented as group means, and
error bars represent SD. The arbitrary units in the y axes represent ratios of intact mass peak area of individual Ap peptide signals normalized to the spiked AB1-40 internal
standard. For control CSF, n=10; for sAD, n=11; for Uppsala CSF, n = 3. Analyses of individual peptide signals and comparisons between the groups were performed by
one-way ANOVA in (B) (P=0.0002, P<0.0001, and P < 0.0001 for AB1-40, AB1-42, and total AB, respectively) and (C) (P=0.0069, P=0.0001, and P=0.0767 for AB1-40,
AB1-42, and total AB, respectively) followed by Tukey’s post hoc test. For (D), paired t test was performed (P=0.0029, P=0.0081, and P=0.0007 for AB1-40, AB1-42, and
total AB, respectively). Nonsignificant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

from APPwt-expressing cells (Fig. 5A). In contrast, concentrations of
sAPPp were higher in media from APPUpp than APPwt cells (Fig. 5B),
which was also reflected in a higher concentration of both AB40 and
Ap42 (Fig. 5C).

To study whether the Uppsala APP mutation causes an ablation of
o-secretase cleavage or whether the cleavage site is shifted toward
the N terminus due to the six-amino acid deletion, Western blot was
performed on the same cell media as used for the MSD analyses.
Total soluble APP (detected with 22C11, binding to an N-terminal
epitope of APP) was similar in cell media from APPUpp- and
APPwt-transfected cells. Similar to the MSD analyses, no sAPPa
could be detected in the media from the APPUpp culture when
probing with 6E10 (directed against AR amino acids 5 to 10 and
usually present on sAPPa) (P = 0.0004) or 2B3 (specific for the
C-terminal end of sAPPa) (P = 0.0045). However, when detected
with mAb1C3 that binds to A amino acids 3 to 8, which is closer to
the APP N terminus than 6E10 (fig. S4), a faint sAPPo band was
observed (P = 0.0291) (Fig. 5, D and E).

Next, the same cell media were analyzed with two different AR
sandwich ELISAs: AB1-40 (using AP N-terminal-specific antibody
3D6 for detection) and ABx-40 (using 6E10 for detection). Because
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the MSD and Western blot-based results suggested an additional
cleavage site in APPUpp resulting in mAb1C3-positive sAPP frag-
ment, we expected that the C-terminal side of this cleavage site would
be detectable with the ABx-40 ELISA (Fig. 5F). Cell media from the
APPUpp culture showed a significantly higher (P = 0.0016) Apx-40/
AB1-40 ratio compared to APPwt-transfected cells, indicating that,
in addition to A, an extra N-truncated A fragment was present in
the APPUpp cell media (Fig. 5G).

To confirm that the reduction of sAPPo in APPUpp cell me-
dia was a-secretase cleavage specific, we performed Western blot
with the same constructs as in the other cell culture-based experi-
ments. When probing with the sAPPa-specific antibody 14D6,
sAPPa was found to be reduced (P < 0.0001) in APPUpp compared to
APPwt cell media. Moreover, upon treatment with the metalloprote-
ase inhibitor GI254023X that blocks a disintegrin and metallopro-
teinase 10 (ADAM10), the major o-secretase (32) (Fig. 5, H and I),
sAPPa was decreased in media from both cell cultures. In addition,
and in line with the MSD results (Fig. 5B), sAPPB was increased
(P <0.01) in media from APPUpp-transfected cells (Fig. 5, H and I).
A mild reduction in total sSAPP was observed (Fig. 5, H and I).
Moreover, we performed Western blot on the cell lysates using a
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Fig. 5. The Uppsala APP mutation alters APP processing. Electrochemiluminescence immunoassay (MSD) analyses of sAPPa (A), sAPPB (B), and AB40 and AB42 (C) in
conditioned media from HEK293 cells transfected with APPUpp as compared to APPwt (n =3, N = 1). Western blot of APPUpp conditioned media, with the sAPPa antibody
2B3 (C terminus), 6E10 (AB5-10), and mAb1C3 (AB3-8) (n=3, N=3) (D). Results from (D) quantified as a ratio of sAPPa, (detected with 6E10, 2B3, or 1C3) or total sSAPP
(detected with 22C11) in cell medium over total APP in cell lysate (E). Schematic image indicating B- and o-cleavage sites of APPwt and APPUpp, with antibody binding
epitopes indicated (F). Ratio of Apx—40 and AB1-40in APPwt and APPUpp medium quantified by ELISA (n =3, N =3) (G). Western blot analyses of media and lysates from
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0.0291, and 0.7167 (E) and P=0.0016 (G)], and multiple t test (H). All data are represented as group means, and error bars represent SD. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001. All results were normalized to total APP. DMSO, dimethyl sulfoxide.

y-secretase inhibitor [difluorophenylacetyl-alanyl-phenylglycine-t-
butyl-ester (DAPT)] to detect C-terminal fragments (CTFs) resulting
from a- and B-secretase cleavage of APP and found a slight reduction
in CTFo and a more prominent increase in 6E10-postive CTFs (fig. S5).
In addition to the Western blot analyses, we applied MS to inves-
tigate the altered APP processing. With respect to APP-transfected
cells, subjected to IP with 6E10, anti-AB40, and anti-AB42, the most
prominent forms of AB were AB1-40 and AB17-40 in media from
APPwt-transfected cells (Fig. 6A), whereas ABUpp1-40419-24 and
ABUpp5-404a19-24 were the dominating species in media from
APPUpp-transfected cells (Fig. 6B), suggesting a new major cleavage
of APPUpp between amino acids 4 and 5 in the AP sequence.
Furthermore, affinity-purified sAPP was digested with the pro-
tease LysN, which cleaves proteins at the N-terminal side of lysines,
followed by liquid chromatography-tandem MS analyses of peptides
that are specific for the cleavage sites of a-secretase and B-secretase.

Pagnon delaVega et al., Sci. Transl. Med. 13, eabc6184 (2021) 11 August 2021

Two different peptides in the N-terminal part of APP, upstream of
the o-secretase and B-secretase cleavage sites, respectively, could then
be found at similar concentrations in APPUpp and APPwt cell media
(Fig. 6, C and D). Analysis of the a-secretase cleavage site-specific
peptide KMDAEFRHDSGYEVHHQK (595-612 in wt hAPP695)
showed that cleavage at this site was not significantly reduced
(P=0.10) in APPUpp compared to APPWt media (Fig. 6E). In con-
trast, the intensity of the B-secretase cleavage site—specific peptide
KTEEISEVKM(ox) (587-596 in wt hAPP695) was strongly increased
in APPUpp in comparison to APPwt media (P < 0.001), indicating in-
creased cleavage by beta-site APP cleaving enzyme 1 (BACEL1), the major
B-secretase (Fig. 6F). Moreover, the semi-specific peptide (N terminus
specific for LysN, C terminus unspecific) KMDAEFRHDSGY
(595-606 in wt hAPP695) was identified. It ends at amino acid 10
of the AP sequence (same as the B’-secretase cleavage site) and
was found to have a much higher intensity in media from APPUpp

60of 13

1202 ‘vg 1snbny uo 1senb Aq /610 Bewaousios wis//:dily woly papeojumoq



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

1-40(A19-24)

AB17-40

ABUPPS5-40(A19-24)
U

AB5-40
= AB1-40
—

e bt

2500 3000 3500 4000 4500 1500 2000 2500 3000 3500 4000 4500

Ll

C Peptide 1: APP N-terminal region D Peptide 2: APP N-terminal region
(KYLETPGDENEHAHFQ) (KAVIQHFQE)
1x10° = APPW 6x10° = APPW
—8x10° == APPUpp w— APPUpp
=3
. P=03 =4x105 P=0.55
2
a o 2
g 4x10 gz x10°
L2108 =
0

29.0 292 294 296 298 30.0
Retention time (min)

250 252 254 256 258 260
Retention time (min)

E Peptide 3: a-Secretase cleavage site F Peptide 4: B-Secretase cleavage site

(KMDAEFRHDSGYEVHHQK) [KTEEISEVKM(ox)]
3x107 — APPWL 2x107 - APPW

= APPUpp == APPUpp

;2)(107 P=0.1 ; P <0.001

2 21 %107

g1x107 2

£ £

200 202 204 206 208 210 195

Retention time (min) Retentlon time (min)

G Peptide 5: Alternative cleavage site- H
specific peptide (KMDAEFRHDSGY)

Peptide 6: Alternative cleavage site-
specific peptide (KTEEISEVKMDAEF)

2x10° — APPW 2 x10° — APPWL
w= APPUpp - == APPUpp
— 3
3 15 x 100
2 P <0.001 s 1810 P=003
g 2
21x10° 2 1x10°
£ £
£ £
£ 5 x10°

o+
42.0 425 43.0 435 44.0
Retention time (min)

Retentlon tlme (min)

Peptide 3
Peptide 4
. .KTEEISEVKMDAEFRHDSGYEVHHQKLVFFAED'

APP_WT . 1) B-Secretase cleavage site
2) Alternative secretase
1 2 3 4 cleavage site
3) Alternative secretase
cleavage site
APP_UPP. . .KTEEISEVKMDAEFRHDSGYEVHHQKLV-----~ GSNKG. .. | 4) o-Secretase cleavage site
Peptide 5
Peptide 6

Fig. 6. The Uppsala APP mutation increases B-secretase cleavage and alters
a-secretase cleavage. MS spectra of the APPwt-transfected (A) and APPUpp-
transfected (B) HEK293 cells that showed the most prominent peptides present in
cell media from cells transfected with either APPUpp or APPwt. The absence of
Upp17-40419-24 is indicated by the red arrow (B). Extracted ion chromatograms
of different peptides of APP (blue, APPwt; red, APPUpp). Chromatogram of the
N-terminal APP peptides, peptide 1, KYLETPGDENEHAHFQ (302-317 in wt hAPP695)
(C) and peptide 2, KAVIQHFQE (354-362 in wt hAPP695) (D). Shifts in retention
times between APPwt and APPUpp were within the normal range of shifts be-
tween runs. Chromatogram of the a-secretase cleavage site-specific peptide 3,
KMDAEFRHDSGYEVHHQK (595-612in wt hAPP695, containing one missed LysN
cleavage site) (E). Chromatogram of the B-cleavage site-specific peptide 4,
KTEEISEVKM(ox) (587-596 in wt hAPP695, also containing one missed LysN cleav-
age site) (F). Chromatogram of the semi-specific peptides (N terminus specific for
LysN, C terminus unspecific), peptide 5, KMDAEFRHDSGY (595-606 in wt hAPP695)
(G) and peptide 6, KTEEISEVKMDAEF (587-600 in wt hAPP695) (H). (I) Cleavage
sites of a- and B-secretase are indicated for the sequences of APPwt and APPUpp.
Thick arrows indicate increased and thin arrows indicate decreased cleavage of the
two APP sequences.
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compared to APPwt cells (P < 0.001) (Fig. 6G). In addition, a peptide
generated upon cleavage between amino acids 4 and 5 of the AP
sequence, KTEEISEVKMDAEF (587-600 in wt hAPP695), was
strongly increased in APPUpp media (P = 0.03) (Fig. 6H). These
MS-based results thus demonstrate activity at two major cleavages
sites within the N-terminal part of the AR domain of APPUpp. The
effects on APP processing revealed by MS analyses are summarized
in Fig. 61. MS sequencing results are shown in fig. S6.

ABUpp1-42,19_>4 is prone to form amyloid fibrils in vitro and
displays a unique structural polymorphism

To investigate the aggregation behavior of ABUpp, we performed
in vitro aggregation experiments. Monomeric AR was extracted from
solubilized lyophilized synthetic ABUpp1-42419-24, APwt1-42, and
APBArc1-42 peptides with high-performance liquid chromatography-
size exclusion chromatography (SEC) and analyzed with three dif-
ferent methods upon aggregation at 37°C without shaking.

First, we analyzed fibril formation with the thioflavin T assay
(ThT), which revealed that ABUpp1-424;9_24 fibrillizes very rapidly,
reaching half of its maximum ThT signal after 0.93 hours, com-
pared to 8.3 hours for ABwt1-42 and 1.3 hours for ABArcl-
42p5,6. ABUpp1-424a19_24 thus aggregated significantly faster than
APwtl1-42 (P < 0.0001) and with a similar rate as ABArcl1-42g,q,
albeit apparently with a somewhat less prominent lag phase (Fig. 7A).
The ABUpp1-40a19-24 peptide did not display any fibril formation
and was therefore not included in the analysis. Next, we applied an
ELISA that selectively measures soluble AB oligomers/protofibrils
(33) and found that the concentration of such AP species decreased
for ABUpp1-42a19-24, whereas they increased with time for ABwt1-
42 and ABArc1-42 (Fig. 7B). In the same samples (isolated at 1 and
8 hours), the distribution of protofibrillar and monomeric Ap was
qualitatively visualized with SEC. Before SEC analysis, fibrillar AR
was pelleted with centrifugation, and hence, fibril formation was
also indirectly monitored as a decreased size of the protofibril and
monomer peaks. Overall, SEC largely confirmed the results from
the ThT assay and ELISA, with a prominent decrease of monomeric
ABUppl1-42419-24 over time (from 1 to 8 hours). In addition, similar
to the ThT assay and ELISA data and in contrast to APwt1-42 and
ABArcl-42, no increase in the protofibril peak could be observed
over time for ABUpp1-424;9-,4 (Fig. 7C).

To further investigate the structural polymorphism of AP formed
as a result of the Uppsala APP mutation, ABUppl-42x19_24 Was
fibrillized under a low-pH condition that has previously been
shown to yield slow-growing and well-ordered Apwt1-42 fibrils
(34). Electron microscopy (EM) imaging of negatively stained fi-
brils revealed the presence of long and well-ordered fibrils with at
least four different polymorphs (Fig. 7D). For higher-resolution ex-
amination of these fibrils, cryo-EM experiments were performed. For
the two most dominant polymorphs, we obtained three-dimensional
density reconstructions at resolutions of 5.7 and 5.1 A for poly-
morphs 1 and 2, respectively (Fig. 7D). Both fibrils were found to
consist of two symmetric protofilaments. The density allowed for
building a tentative backbone trace, but because no side-chain
density was visible, the amino acid sequence and also the N- and
C-termini could not be assigned to the backbone trace. For both
polymorphs, all 36 residues could be accommodated by the density
and thus seem to be part of the folded ABUpp1-424;9_y4 fibril.

Polymorph 1 (Fig. 7D, middle) resembles an ABwt1-42 fibril
structure that has been earlier described (35) and possibly shares the
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carriers develop symptoms already in
their early forties and have an aggressive
disease course. The clinical picture involves
severe dementia, characterized by wide-
spread parietotemporal lobe involvement,
leading to death from dementia-related
illnesses within 5 to 11 years. These clini-
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5 20 cal characteristics are thus similar to AD
in general and to what has been reported
for other familial disease variants.

In terms of structural brain imaging,
the CT scans displayed the expected sym-
metrical pattern of global cortical atrophy
and mild MTA. As for PET, investiga-
tions with the ['"*F]FDG ligand showed
a disease-characteristic hypometabolism
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Fig. 7. The Uppsala APP mutation accelerates the formation of fibrils. ThT assay of different ABUpp1-42419-24,
ABArc1-42g556, and Apwt1-42 (A). Concentrations of soluble AR oligomers/protofibrils for incubated ABUpp1-
4219-24, ABArc1-42g5,6, and ABwt1-42 samples, as measured by ELISA (B) and SEC (C). Negative stain EM image of
ABUpp1-42419-24 fibrils formed at low pH resulted in long, well-ordered fibrils (D) (left). Cryo-EM reconstructions (D)
(middle and right). For ThT, four replicates of each peptide were aggregating simultaneously (n =4) for each of the
three experiments (N = 3). Error bars represent SD of the replicates, and black and dashed lines represent curves fitted
to the ThT data points. For ELISA, from the same monomeric fraction used for ThT, two replicates (n = 2) for each ex-

periment (N = 3). SEC was performed one time (N = 1). PF, protofibrils.

same protofilament interface in the fibril core (fig. S7). Polymorph
2 has a vague similarity to the previously described Apwt1-42 structure
(34), where the prominent salt bridge between the N-terminal Asp'
and Lys28 residues could also be present in ABUpp1-42419_,4 fibrils
(fig. S7). However, the C-terminal protofilament interface in the core
of the fibril is instead very similar to the interface in two solid-state
nuclear magnetic resonance structures of Apwt1-42 (fig. S8) (36, 37).

DISCUSSION

We here describe the Uppsala APP mutation, an APP deletion caus-
ing a dominantly inherited form of AD. This pathogenic deletion,
resulting in a loss of six amino acids in the mid-region of AB, was
found in three affected family members and not in 500 other sub-
jects, including older nonaffected family members, older healthy
controls, and sAD cases.

Most of the AD-causing APP mutations lead to symptom onset
between 40 and 65 years (38), although cases with an even earlier
onset have been reported for some mutations (7, 9, 12). The clinical
effects of the Uppsala APP mutation are severe, insofar that mutation
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of posterior parietal and temporal lobes,
whereas analysis with [''C]PIB, which
selectively binds to amyloid plaques, only
showed a slightly positive pattern. Anal-
yses of postmortem brain tissue from one
of the affected cases resulted in several
important observations. First, the patho-
logical picture was compatible with AD,
including abundant deposition of extra-
cellular AB-positive plaques and intra-
cellular tau-positive tangles and neurites
accompanied by pronounced gliosis. The
regional distribution of AP aggregates
was extended from neocortex to cere-
bellum, corresponding to Thal phase 5,
and p-tau pathology was observed from
locus coeruleus to neocortex, correspond-
ing to Braak stage VI. Second, upon a
more detailed examination of tissues
from different cortical areas, it became
evident that the AP pathology of the
Uppsala APP mutation carriers mainly
consists of AB42. This observation was
corroborated by MALDI-IMS analyses of AB plaques from the tem-
poral cortex, which in addition suggested that almost only mutated
A was present, either in its full-length version or as N-terminally
truncated forms. Third, AB plaques were positive for staining with
the amyloid dye ThS, which is structurally similar to PIB, raising the
question why patients were only slightly [*'C]PIB-PET positive, de-
spite high total AB concentrations in the postmortem brain tissue
analysis. The PET results are displayed as a standard uptake value
ratio (SUVR), which is a ratio of the PET signal in the region of
interest to the signal from a reference region, in this case the cere-
bellum. Hence, a low SUVR could have been explained by a high
reference region signal, but this interpretation could be ruled out as
ThS staining of cerebellum in the patient with Uppsala APP revealed
alow amyloid burden in this brain region. Although amyloid plaques
generally reach the plateau phase rather early in the disease course,
we cannot rule out that the time between the scan and the postmortem
analyses could explain these differences in patients with Uppsala
APP. Subtle changes in the fibrillar structure of ABUppaj9-24 could
be another potential explanation for the low PIB retention signal
seen for the patients with Uppsala APP.

20 Time (min)
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Biochemical analyses of AD CSF biomarkers revealed the expected
pathological increase of t-tau and p-tau, whereas, unlike other APP
mutation cases (39), concentrations of AB42 were normal for all three
Uppsala APP mutation carriers investigated. The IP-MS-based CSF
analyses suggest an explanation for this unexpected finding, as they
demonstrated that the amounts of ABUpp1-40419-24 and, especially,
ABUpp1-42419-24 produced by the mutated allele were substantially
higher than APwt1-40 and ABwt1-42 generated from the nonmu-
tated allele. Thus, an increased generation of A from the allele with
the Uppsala APP mutation seems to result in higher total CSF con-
centrations of AB1-40 and AB1-42 as compared to both sAD cases
and controls. Comparison of the IP-MS and routine ELISA-based
CSF AP data revealed a good correlation for all control and sAD sam-
ples, whereas for the Uppsala APP mutation carriers, IP-MS-generated
CSF AP concentrations were relatively higher. The ELISA measure-
ment displayed normal concentrations of AB1-42 in CSF from Uppsala
APP mutation cases, which is higher than in sAD cases, but in the
same range as control subjects. We speculate that this discrepancy
may be related to a difference in conformation between ABUppai9-24
and APwt. Whereas ELISA detection of AB1-42 relies on the simulta-
neous binding of the assay antibodies to the C and N terminus of A,
the IP-MS method is only dependent on one antibody-Ap interaction
at a time, which could facilitate its detection of ABUppaj9_p4. We there-
fore believe that the IP-MS results in this case better reflect the true
amounts of AB1-42 in CSF, which, in turn, suggests a substantially in-
creased production of A in the brain of Uppsala APP mutation carriers.

We next performed cell-based experiments to seek a molecular
explanation for the difference in AP production from the mutant and
wild-type alleles in the mutation carriers. The MSD and Western blot-
based analyses of cell media from APP-transfected cells, together
with analyses of CTF fragments with the 2C11 (C-terminal APP) and
6E10 (AB5-10) antibodies on the same cell model, demonstrated an
increased production of sAPPB accompanied by a higher concen-
tration of AP in medium from cells transfected with APPUpp. The
MS analyses of the same cell culture media confirmed an increased
B-secretase cleavage, thereby providing an explanation to the elevated
amounts of ABUppa19-24 observed with IP-MS in CSF from the Uppsala
APP mutation carriers. The detection of an increase in both AB
and sAPPP by different methods confirms that the increased CSF
ABUppa19-24 detected by IP-MS was not a method-related artifact.

Because the N-terminal start of the Uppsala APP mutation is
located only two amino acids from the a-secretase cleavage site, and
this enzyme is dependent on the distance from the membrane and not
exclusively on a determined cleavage site (40-42), we reasoned that
the mutation may also affect a-secretase activity and/or the location
of the cleavage site itself. In line with this, we could demonstrate that
o-secretase-related APP processing is indeed altered by the Uppsala
APP mutation. MSD and Western blot analyses of conditioned
media from HEK293 cells transfected with APPUpp suggested a
strongly decreased o-secretase cleavage at position AB16-17. This
was further strengthened by analysis of corresponding CTF fragments
with the C-terminal APP (2C11) antibody in the same cell model.
Moreover, with enzyme inhibition experiments, we could demon-
strate that the decreased cleavage indeed was specific to a-secretase.
Furthermore, Western blot analysis revealed an additional APP frag-
ment that was faintly detected with mAb1C3 (which binds to AB
amino acids 3 to 8), but not with 6E10 (which binds to A amino
acids 5 to 10) or 2B3 (which binds to an epitope near the C-terminal
end of APPa) antibodies, suggesting possible alternative cleavage sites.
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To identify the alternative cleavage sites, IP-MS analyses of sAPP
fragments secreted in media from APPUpp- or APPwt-transfected
cells were performed and indicated that the mutation results in a
new major cleavage site located 12 amino acids N-terminally of the
conventional a-secretase cleavage site, between amino acids 4 and 5
of the AP sequence. This site was also detected with MS analysis of
LysN-digested peptides from media of APPUpp-transfected cells.
The resulting peptide, ABUpp5-40419-24, was present in media from
APPUpp cells to a similar extent as ABwt17-40 (also known as p3)
was in media from APPwt cells. Furthermore, ABUpp5-40a19-24
was identified by IP-MS in CSF from Uppsala APP mutation carriers,
albeit less abundantly than in media from APPUpp-transfected
HEK293 cells, a cell type that usually has a much higher activity of
o-secretase than B-secretase as we could observe with the MSD anal-
yses of the cell culture media. In addition, ABUpp5-42a19-24, likely
resulting from the same enzymatic cleavage, was detected by MALDI-
IMS in the brain, suggesting that it coaggregates with ABUpp1-42419-24
into plaques.

Whereas ABUpp5-40419-24 Seems to be consistently present as
a result of the Uppsala APP mutation, it is at this point unclear
whether it is generated as a result of cleavage at an alternative
o-secretase site or by some other protease. Several additional pro-
teolytic cleavages of APP may occur within or just outside of the
AB sequence, for example, by BACE2 or proteases referred to as
8- and n-secretases or by alternative B-secretases, such as meprin-b
(43-51). We speculate, however, that ABUpp5-40419_24 could be
an alternative version of p3 resulting from a shifted o-secretase
cleavage, which coaggregates with ABUpp1-42a19-24 to form plaques
and thereby contribute to the pathogenesis in mutation carriers. As
additional support of its potential pathogenic significance, ABwt5-
42 has, in a previous study, been found to have similar toxicity as
ABwt1-42 but with an even higher propensity to aggregate (52).
Furthermore, two previous studies have shown that treatment
with a BACEL inhibitor resulted in increased concentrations of
AB5-40/42 (53, 54), indicating that the cleavage of APPwt between
ApB4 and A5 is indeed independent of B-secretase. Irrespective of
the nature of the secretases involved, our data, together with these
previous observations, thus suggest that both the B-secretase and
the new cleavage site N-terminally of the a-secretase cleavage site
are altered by APPUpp.

An additional major cleavage site between amino acids 10 and
11 of the AP sequence was found to be increased in APPUpp com-
pared to APPwt cell media. Accordingly, AB11-40a19_24 and AB11-
42719-24 were identified in CSF from patients with the Uppsala APP
mutation and in APPUpp cell media. Moreover, ABp11-42419-24
was abundant in the plaques of the mutation carrier brain, likely as
a consequence of increased cleavage at this site. This additional
cleavage occurs at the B’ cleavage site, and it is, at this point, uncer-
tain whether the observed activity with the Uppsala APP mutation
is due to a general increase of BACE1 activity that affects both
B-secretase sites in APPUpp or whether it represents an additional
shifted a-secretase cleavage site resulting from the deletion of six
amino acids in the APPUpp sequence.

Thus, the Uppsala APP mutation seems to abolish the non-
amyloid-generating pathway of APP processing, which may further
contribute to the pathogenesis in affected individuals. However,
to confirm the responsible protease(s) of the additional cleavage
sites, further experimental studies using different protease inhibitors
are needed.
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To investigate the inherent properties of AB, we next performed
in vitro studies that examined the aggregation behavior of the mu-
tated peptides. Upon analyzing results generated by the ThT assay,
it became evident that ABUpp1-42a19_24 Was forming bona fide
fibrils very rapidly. With respect to oligomers or protofibrils, both
APwt1-42 and ABArc1-42 formed such intermediately sized solu-
ble aggregates that increased with time, which is in line with what
has been proposed as the pathogenic mechanism for the Arctic mu-
tation (22). However, ABUpp1-42419_24 oligomer/protofibril con-
centrations decreased over time, probably because the in vitro fibril
formation was so rapid and complete that intermediate species were
immediately fibrillized. This theory may be supported by the finding
that, compared to sAD cases, TBS extracts of the Uppsala APP muta-
tion carrier brain displayed lower concentrations of oligomers/
protofibrils, especially larger variants, which may suggest that
ABUppa19-24 aggregates into smaller-sized oligomers that rapidly
fibrillize and deposit into plaques. Despite this, oligomers/protofibrils
of AP are likely to be of relevance for the pathogenesis of AD caused
by the Uppsala APP mutation.

Structural analyses of two different polymorphs of the Uppsala
APP mutation revealed that they share some features of previously
published AB1-42 fibril structures but generally differ from all AR
fibril structures that have been described to date. Further studies will
be required to determine the effects of these structural polymorphs
with respect to how they interact with amyloid dyes, such as PIB, and
how they may contribute to the formation of toxic A oligomers.
Such oligomer formation could be driven by secondary nucleation,
which has previously been reported to depend on the structure of
the fibrillar surface where such a process is believed to occur (55).

To the best of our knowledge, the only previously described
intra-AP APP deletion is the Osaka mutation (30). Whereas this
mutation has been reported to have a recessive character, the
Uppsala APP mutation is inherited in a dominant manner. Overall,
ABUppl1-42419-24 seems to be forming amyloid fibrils much more
aggressively than the corresponding form of ABosaka. For example,
an Osaka APP mutation knock-in mouse model was reported to
display brain pathology only when the inserted gene was homozy-
gously expressed (56). In the Osaka APP mutation mouse model, a
reduced o-secretase cleavage could be observed, similar to what we
report here for the Uppsala APP mutation (57).

Taken together, we have identified an APP mutation, which is an
intra-AP deletion causing dominantly inherited AD. The loss of six
amino acids results in an increase of the Ap promoting B-secretase
cleavage, leading to an elevated generation of ABUppai9-24 with a con-
comitant suppression of the regular a-secretase cleavage. Thus, the
non-amyloid-generating pathway is seemingly abolished with the muta-
tion. Instead, two other AP species, ABUpp5-40/42a19-24 and ABUpp11-
40/42x19-24, are formed, possibly as a result of a shift of the a-secretase
cleavage site, and these may contribute to disease development in
mutation carriers. The facts that ABwt5-42 has previously been reported
as pathogenic and that ABUpp5-42419_24 was found to be present
in plaques from the investigated Uppsala APP mutation brain support
that, at least, this species may be contributing to the pathogenesis.
Moreover, the mutation also renders unique properties to ABUppl-
421924, which accelerates its fibrillization into distinctive polymorphs
and promotes plaque deposition in the affected brains. Thus, the com-
bined effect of three putative pathogenic mechanisms by the Uppsala
APP mutation may well explain why affected carriers develop an
aggressive form of disease with a very early age at symptom onset.

Pagnon delaVega et al., Sci. Transl. Med. 13, eabc6184 (2021) 11 August 2021

Although the study has clearly identified that the Uppsala APP
mutation causes AD by a combination of three mechanisms, all
related to APP, it is based on a limited patient material from Uppsala
APP mutation carriers (CSF, n = 3 and brain, n = 1), which limits
the statistical power of certain analyses. Therefore, the exact quan-
titative impact of the mutation on the development of AB and
downstream pathologies is difficult to assess, because a certain indi-
vidual variation between patients is to be expected. Furthermore,
although we have identified alterations in APP processing, at both
the a- and B-cleavage sites, it remains to be confirmed by which
enzymes the cleavages occur. Future studies will also be needed to
elucidate the impact of each of the three disease mechanisms presented
here, as well as the temporal and structural aspects of the development
of A pathology. Some of these future studies could be performed in
genetically modified mice carrying the Uppsala APP mutation.

MATERIALS AND METHODS

Study design

This study was designed to characterize the clinical and mechanistic
features of the herein identified Uppsala APP mutation, which results
in early onset familial AD. Three members of the “Uppsala family”
showing manifest AD symptoms were identified as mutation car-
riers and subjected to clinical evaluation, structural and amyloid
brain imaging, and lumbar puncture for analyses of CSF bio-
markers. Furthermore, brain tissue from one of the mutation carri-
ers was analyzed postmortem to assess a range of pathological
markers—Ap, tau, and neuroinflammation—and stage the pathology
according to established criteria. Brain tissue was also analyzed
with MALDI imaging and immunoassays to investigate the nature
of A pathology in comparison with groups of sAD brains (n = 11)
and neurologically normal control brains (n = 9). To study the
mechanistic properties of the Uppsala APP mutation, MS and
immunoassays were used to analyze AB and APP fragments resulting
from APP processing. Such studies were performed in (i) CSF from
the three Uppsala APP mutation carriers in comparison with CSF
from sAD (n = 10) and control (n = 10) and (ii) medium and lysate
from cell cultures transfected with APP harboring the Uppsala APP
mutation in comparison with wild-type APP. Last, the aggregation
behavior and structure of AP aggregates were studied with ThT
aggregation assay and cryo-EM. Sample sizes for brain tissue and
CSF studies were determined to achieve a statistical power of 80%,
based on group differences and variability from previous experi-
ence of measurements of AP concentrations. Researchers were
blinded to sample identity where possible. Selection of the brain
tissue and CSF samples is stated in the Supplementary Materials.
Figure legends contain the sample sizes, replicate information, and
statistical tests used.

Statistics

Statistical analyses were performed using GraphPad Prism (ver-
sions 6 and 7). Differences between two groups were evaluated for
significance with two-tailed Student’s ¢ test and multiple ¢ test when
comparing two treatments. Comparisons of three or more groups
on a single dataset were performed by one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test. A P value threshold of
0.05 was used for the assessment of statistical significance. Values
are shown as means + SD. Individual subject-level data are reported
in data files S1 and S2.
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APP from Sweden

The amyloid precursor protein (APP) gene encodes amyloid precursor protein, whose proteolysis gives rise
to A B peptides. Mutations in APP cause familial Alzheimer's disease (AD). In this study, Pagnon de la Vega et al.
describe a pathogenic APP deletion causing a dominant form of AD. This mutation, called the Uppsala APP
mutation, results in early onset, fast-progressing AD. At molecular level, the Uppsala APP mutation alters the
protein processing, resulting in increased A § production and rapid aggregation. The results contribute to elucidate
the molecular mechanisms regulating AD development and to understand the impact of APP mutations on
disease pathophysiology.
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Materials and Methods

Human subjects and ethical considerations

The Regional Ethical Review Board in Uppsala, Sweden and the Swedish Ethical Review
Authority had approved of all parts of the study (2005-244, O 48-2005, 2005-103, 2011-044,
2013-187, 2020-03703). The CSF samples were obtained from the Uppsala Biobank and the
post mortem brain tissues were obtained from the Uppsala Biobank and the Netherlands Brain
Bank (NBB, Amsterdam, the Netherlands), respectively. Written informed consent had been
given from all participants or from their direct next-of-kin.

The control CSF samples were selected from our cohort of individuals who had been recruited
via advertisements in the local newspaper and undergone lumbar puncture preceded by an
examination to rule out cognitive dysfunction. The clinical AD diagnosis of patients with
dementia was performed according to NINCDS-ADRDA criteria (58). Disease-specific
neuropathology was confirmed in all post mortem AD cases using recommended
histopathological protocols and formalin-fixed specimens.

Positron emission tomography and computed tomography (PET/CT)

All imaging investigations were performed at Uppsala University Hospital PET Centre and
radiology department. For the two siblings, PET imaging was performed on a General Electric
healthcare (GE) Discovery ST PET/CT system. A 10-minute scan was acquired 50 min post
injection of 3.5 MBq FDG/kg. For [''C]PIB, a 20-minute scan was acquired between 40 and
60 minutes after injection of 3 MBq [''C]PIB/kg. Images were reconstructed using the
included scanner software with ordered subset expectation maximization (OSEM), applying
all the appropriate corrections for random scatter etc. and a 5 mm Gaussian post- filter.
Attenuation correction was based on a low-dose CT.

For the last subject ['*F]JFDG-PET imaging was done on a GE Discovery MI PET/CT system
using the same parameters as above but with a 5-minute scan instead of 10 due to improved
camera sensitivity.

Post processing of PET images was done using CortexID (CortexID suite v 2.1, Ext. 2.
General Electric Company). Standard uptake value ratios (SUVR) were calculated using a
global reference for [""FJFDG and the cerebellum gray matter for [''C]PIB. Image
interpretation was based on both visual examination and semi quantitative measurements.

A standard clinical routine CT without contrast enhancement and with visual interpretation
was performed on all subjects at the department of radiology.

Lumbar puncture and CSF analyses

Samples were collected according to the recommended consensus protocol for CSF collection
and biobanking (59). The concentrations of AP42, t-tau and p-tau in CSF were measured at
the Clinical Neurochemistry Laboratory, University of Gothenburg, Mélndal, Sweden. The



measurements were performed by board-certified laboratory technicians, who were blinded to
clinical data, using two immunoassays with identical set-up of antibodies (Lumipulse
automated assay for one of the mutation carriers (cousin) and INNOTEST ELISA for the rest
of the samples; Fujirebio) and procedures accredited by the Swedish Board of Accreditation
and Conformity Assessment.

Cerebrospinal fluid samples from ten sporadic AD (sAD) cases and three patients with the
Uppsala APP mutation with similar pathology stage, and ten controls (older than 78) were
analyzed. The information about the patients can be found in table S1.

Genetic analyses

DNA was extracted from blood samples of older family members. In addition, DNA was
available from 273 subjects with SAD and 262 healthy controls. The presence of an intra-Af
18 nucleotide deletion was identified in two of the index cases by targeted exome sequencing.
All selected exons, including at least 25 nucleotides surrounding exons, were amplified using
AmpliSeq sequence enrichment method followed by IonTorrent sequencing (Life
Technologies). Sequenced gene regions were aligned to the human reference genome
(assembly hg19). Targeted exome sequencing was also used to infer the APOE genotypes.

For the screening of other samples (older family members, Swedish patients with AD, and
older healthy control subjects), a DNA fragment containing the mutation site was amplified
by PCR and analyzed on an agarose gel (3%). Polymerase chain reaction (PCR) was
performed in a standard buffer to a final volume of 15 pl containing 30 ng genomic DNA and
0.2 uM of each primer (CATCCAAATGTCCCCTGCAT and
GCACCTTTGTTTGAACCCAC) and 0.45U GoTaq DNA polymerase (Promega). The
following amplification protocol was used: denaturation for 2 min at 95°C followed by 35
cycles of 94°C for 30 s, 58°C for 30 s and 72°C for 30 s. Two PCR fragments were observed
in DNA samples from individuals with the mutation, whereas in subjects without the mutation
only one band was found. In order to confirm results from the first PCR, a second PCR was
performed with a common forward primer (CATCCAAATGTCCCCTGCAT) and a reverse
primer either specific to the mutation site (ACCTTTGTTTGAACCCACCTT), or to wild type
APP (TTGAACCCACATCTTCTGCAA).

Immunohistochemistry and Thioflavin S staining of human brain tissues

Paraformaldehyde fixed and paraffinized tissue blocks from temporal, parietal and
occipital cortices were sectioned at 7 pum. Next, the sections were deparaffinized and
treated with 80% formic acid or 50 mM citrate buffer for 1 h (60). To stain amyloid
plaques, we used different AP antibodies — 6F/3D, binding to AP amino acids 8-17 (61),
anti-AB40 and anti-Ap42 (Agrisera, Umed, Sweden), whereas for p-tau slides were incubated
with the AT8 antibody (Thermo Fisher). Vector NovaRED Peroxidase (HRP) substrate Kit
(Vector Laboratories) was used for detection. For ThS staining, paraffinized sections were
pretreated in a 2:1 chloroform/absolute ethanol solution for 10 minutes, followed by
incubation in 1:1 mixture chloroform/absolute ethanol. Thereafter, the sections were
incubated in 95% and 7% ethanol, 3 minutes in each, quickly rinsed in water and incubated



in 0.1% ThS for 5 minutes. Finally, they were briefly washed in 80% ethanol and water,
dehydrated in ethanol, cleared in xylenes and mounted with DPX.

MSD Electrochemiluminescence immunoassay and ELISA of human brain extracts
Approximately 200 mg of superior frontal, superior occipital, medial temporal gyrus of the
Uppsala APP brain, eleven sAD brains and nine control brains (for three of them no temporal
gyrus) were homogenized in TBS using the Precellys Evolution homogenizer (Bertin
Instruments, Montigny-le-Bretonneux, France) and centrifuged for 1 h at 16 000 x g. The
supernatant was collected and the pellet re-homogenized in formic acid (FA) and centrifuged
1 h at 16000 x g as described above. The V-PLEX AP Peptide Panel 1 (6E10)
electrochemiluminescence assay (Meso Scale Discovery), was used to detect AB40, AB42 and
APB38 in TBS and FA supernatants from the human brain homogenates (following the
manufacturer’s recommended protocols). Statistical analyses were performed using GraphPad
Prism (version 6), bars on the figures shows standard deviation (SD) values. The experiment
was performed one time with duplicates of each sample.

The 3D6 antibody, which selectively recognizes the N-terminal end of AP, and the mAb158,
which selectively recognizes AP protofibrils (33), were combined in sandwich ELISAs to
detect soluble AP aggregates of different sizes in the TBS extracts (317).

Ninety-six well plates were coated with 1 pg/ml of 3D6 or 2 ug/ml of mAb158 in PBS. Plates
were blocked with 1% BSA in PBS and a standard series of synthetic Ap protofibrils was
applied for quantification. The TBS fractions were incubated overnight at 4°C and added to
the respective plates. Biotinylated 3D6 (0.5 pug/ml) was added as secondary antibody in both
ELISAs and signals were detected with streptavidin-conjugated horseradish peroxidase (SA-
HRP; Mabtech AB) and K Blue Aqueous TMB substrate (Neogen Corp.). Plates were
developed and read with a spectrophotometer (Magellan infinite 2000Pro) at 450 nm. The
experiment was performed 3 times with duplicates of each sample.

The information about the patients are provided in table S1.

MALDI imaging MS and LCO staining of AP peptides in Uppsala APP mutation human
Brain

For MALDI imaging, fresh frozen tissue blocks were cut into 12-pm-thick sections on a
cryostat microtome (Leica CM 1520, Leica Biosystems) at -18 °C. The tissue was thaw-
mounted on conductive indium tin oxide glass slides (Bruker Daltonics) and analyzed as
previously described (62). Briefly, a series of sequential washes of 100% EtOH (60 s), 70%
EtOH (30 s), Carnoy's fluid (6:3:1 EtOH/chloroform/acetic acid) (110 s), 100% EtOH (15 s),
H,O with 0.2% TFA (60 s), and 100% EtOH (15 s) was carried out. Next, the tissue was
subjected to formic acid vapor for 20 min. 2.5-Dihydroxyacetophenone was used as matrix
compound and applied using a TM Sprayer (HTX Technologies). A matrix solution of 15
mg/ml 2.5-dihydroxyacetophenone (DHAP) in 70% acetonitrile, 2% acetic acid, 2% TFA was
sprayed onto the tissue sections using the following instrumental parameters: nitrogen flow
(10 p.s.i.), spray temperature (75 °C), nozzle height (40 mm), eight passes with offsets and



rotations, spray velocity (1000 mm/min), and isocratic flow of 100 pl/min using 70%
acetonitrile as pushing solvent.

MALDI IMS was performed at 25 um spatial resolution on a Bruker UltrafleXtreme MALDI
ToF/ToF instrument equipped with a SmartBeam II Nd:YAG/355-nm laser as previously
described (62). For verification of AP peptide distribution in situ, image data were
reconstructed, normalized to the total ion current, and visualized using Flex Imaging version
3.0 software (Bruker Daltonics).

To verify the identity of the AP peptides observed with MALDI imaging MS, laser
microdissection pressure catapulting (LMPC) and immunoprecipitation mass spectrometry
analysis (IP-MS) of single plaques were performed. Here, consecutive sections (12um) were
collected on 0.17 PEN membrane slides (Zeiss/P.A.L.M., Microlaser Technologies) and
stored at —80 °C.

Prior to laser microdissection, the sections were stained with the LCO fluorophores q-FTAA
and h-FTAA (63) were used to identify all AR plaques present in the tissue. First, the sections
were thawed in a desiccator and fixed at —20 °C for 10 min using 95% ethanol. The sections
were double-stained with g-FTAA and h-FTAA (2.4 um g-FTAA and 0.77 um h-FTAA in
PBS) similar to a protocol previously described (62, 64) and incubated for 30 min at room
temperature in the dark, rinsed with milliQ water and finally dried through desiccation.

LMPC isolation of AP plaques was done using a PALM Microbeam LMPC microscope
(Zeiss) equipped with a 355-nm pulsed UV laser. A total of 200-250 AP plaques were
collected in Adhesive Cap 500 opaque tubes (Zeiss) and stored at —20 °C prior to extraction.
Prior to IP, 70% formic acid solution (FA) containing 5 mM EDTA was added to the laser
microdissected plaques. The plaques were sonicated for 5 min and incubated for 1 h at 24 °C.
Following FA hydrolysis, the samples were neutralized to pH 7 using 0.5 M Tris.

AP immunoprecipitation, Ap quantification and mass spectrometry of brain tissue and
CSF

Amyloid-p peptides in the LMPC isolated extracts, CSF of control subjects, sSAD cases and
patients with the Uppsala APP mutation, were purified through immunoprecipitation using
AB-specific antibodies (6E10 and AP C-terminal antibodies 12F4 and 11A50, BioLegend),
coupled to magnetic Dynabeads M-280 sheep anti-mouse (Invitrogen) using a modified
version of previously developed procedure (44, 62, 65, 66). Here, in order to ensure reliable
quantification a synthetic AB1-40 containing stable isotope "°N, "*C labeled Arginine (R) was
used as internal standard (Caslo) and spiked into the CSF sample prior to extraction.
Following antibody-bead conjugation and incubation with the samples, three sequential
washes were performed using 0.025% Tween-20 in PBS, PBS and 50nM ammonium
hydrogen carbonate, 10 seconds each. Elution from the beads was done over the course of 4
minutes using 0.5% formic acid with the recovery of ~80%. The supernatant was collected
and dried through lyophilization. Mass spectrometric analysis of the samples was performed
using a MALDI ToF/ToF UltrafleXtreme instrument (Bruker Daltonics). The instrument was



operated on positive reflector mode, and 10 000 shot were collected for each spectrum over a
mass range of 500-5000Da, at 1 kHz laser speed and random walk activated (62, 67).

To further verify the sequence identity of the observed peptides, LC-MS/MS analysis was
performed as described previously (67). Briefly, liquid chromatography separation of amyloid
peptides was performed with an UltiMate 3000 binary pump, column oven, and autosampler
system (Thermo Scientific) using a C18 reversed phase column and an alkaline mobile phase
system. MS analysis of the eluting peptides was carried out using a Q Exactive quadrupole—
Orbitrap hybrid mass spectrometer equipped with a heated electrospray ionization source
(HESI-II) (Thermo Scientific) and operated in data-dependent mode. Here acquisition was
performed with 1 pscan/acquisition with the resolution set to 70.000 and target values of 1 x
10° for both for MS and MS/MS. The precursor isolation width was 3 m/z units, and ions were
fragmented by higher-energy collision-induced dissociation (HE-CID) at a normalized
collision energy of 25.

For statistical analyses, individual mass spectra were exported as csv files from FlexAnalysis
(version 3.0, Bruker Daltonics) and imported into Origin (version 8.1 OriginLab). Bin borders
were used for area under curve (AUC) peak integration within each bin using an in-house
developed R script. Individual peptide signals of CSF were normalized with the isotopically
labelled AB1-40 internal standard. AP peptide pattern in brain lysates was performed without
internal standard, for qualitative profiling. The mass spectrometry analysis of brain lysates
was otherwise performed as for CSF.

Processing of raw LC-MS/MS data obtained for AP peptide verification, was performed using
Xcalibur 2.2 Quanbrowser (Thermo Scientific). Spectra were deconvoluted using Mascot
Distiller before submission to database search using the Mascot search engine (both Matrix
Science) (62, 67). The MS/MS spectra were searched toward an in-house generated database
containing unmodified and mutant human 4PP sequences using the following search
parameters: Type of search: MSMS Ion search; precursor mass £ 20 ppm; fragment mass +
0.05 Da; no fixed modifications; variable modifications: deamidation (NQ), Glu->pyro-Glu
(N-term E), oxidation (M); instrument:Distiller CID. Only peptides with ion score >100 were
considered.

Cell culture and transfection

Human embryonic kidney 293 (HEK293) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS), 1% PeSt
and 4 mM of glutamax. Human 695 amino acid long wt or Uppsala APP was cloned into a
pcDNA3.4-TOPO vector (Thermo Fisher Scientific) and transfected into cells with
polyethylenimine (PEI). For establishing a stable cell line, transfected cells were split 24 h
post transfection into new 9 cm dishes with the following dilutions: 1:10, and 1:5. For
selection G418 (Geneticin) was used (400 ug/mL; according to the antibiotic kill curve). After
selection cells were cultured in maintenance medium (10% FBS, 2 mM glutamax, 200 ug/mL
G418).



The medium was changed 24 h before collection (maintenance medium) and cells were lysed
(20 mM Tris pH 7.5, 0.5 % Triton-X-100, 0.5 % deoxycholic acid, 150 mM NaCl, 10 mM
EDTA, 30 mM NaPyroP). To normalize with the total amount of protein, lysates and media
were analyzed with Pierce BCA Protein Assay Kit (Thermo Fisher).

Electrochemiluminescence of transfected cell culture samples

An sAPPa/sAPPB ELISA kit (MSD) based on electrochemiluminescence, was used to
quantify sAPPa and sAPPf in cell media from HEK293 cells transfected with wild-type APP
(APPwt) and Uppsala APP (APPUpp) (following the manufacturer’s recommended protocol).
V-PLEX AP Peptide Panel 1 (6E10) was used to quantify AP in the same cell media. Samples
were loaded by total protein concentration in lysates, determined by Pierce BCA Protein
Assay Kit. Results were normalized by total sAPP determined by WB of the cell culture
samples and statistical analyses were performed using GraphPad Prism (version 6). The
experiment was performed once with duplicates of samples from three biological replicates
(n=3).

Western blot of transfected cell culture samples

Western blot was performed to analyze APP and APP fragments resulting from a- or -
secretase cleavage. Media from the HEK293 transfected cells with the different versions of
APP containing ~7 pg of total protein (determined by Pierce BCA Protein Assay Kit) was
diluted in PBS. Samples were denatured in BOLT LDS buffer (Invitrogen) mixed with
reducing agent (Invitrogen), boiled at 70°C for 10 min and loaded in a 4-20% Tris-glycine
Bolt gel (Invitrogen). The proteins were transferred by electrophoresis to a nitrocellulose
membrane (Invitrogen) and the membrane was blocked with 6% skim milk in PBS-T (0.1%
Tween-20) for 45 min. After blocking, the membrane was incubated overnight at 4°C with
primary antibody (1 pg/ml 6E10, binding to amino acid 5-10 of AB; 3 pg/ml Anti-human
APPa 2B3 (IBL-International), binding to the C-terminal part of APPa (targeted to
DAEFRHDSGYEVHHQK); 2 pg/ml 1C3 (33), binding to amino acids 3-8 of Ap and 0.5 pg/ml
22C11 (eBioscience from Thermo Fisher Scientific), binding to the N-terminal part of APP in
PBST (0.1% Tween-20, 0.05% BSA) and washed with PBST (0.1% Tween-20), followed by
incubation with anti-mouse 1gG/IgM-HRP (0.8 pg/mL) in PBST (0.1% Tween-20, 0.05%
BSA). The membrane was exposed to Amersham ECL Western Blotting detection reagents
(GE Healthcare) for 2 min and the ECL signal was detected in ChemiDoc XRS+ with Image
Lab software (Bio-Rad).

AB1-40 and APx-40 sandwich ELISA of transfected cell culture sample

Ninety-six well plates were coated with 1 pug/ml of anti-Ap40 (Agrisera) in PBS. Plates were
blocked with 1% BSA in PBS and standard series of synthetic APpwt1-40 was applied. A total
of 60 pg of total protein in HEK 293 media diluted according to BCA normalization were
added to the plate in ELISA buffer. For the two different ELISA, respective biotinylated 3D6
(binding to amino acid 1-5 of AB) or 6E10 (binding to amino acid 5-10 of Ap) antibodies (1
ng/ml) were added as detecting antibody and signals were detected with streptavidin-
conjugated horseradish peroxidase (SA-HRP; Mabtech AB) and K Blue Aqueous TMB
substrate (Neogen Corp.). Plates were developed and read with a spectrophotometer



(Magellan infinite 2000Pro) at 450 nm. Results were expressed as a ratio and statistical
analyses were performed using GraphPad Prism (version 6, San Diego, CA).

Immunoblotting with protease inhibitors treatment of transfected cell culture samples
2.5x 10° HEK293 cells were seeded on pre-coated 24 well plates and transfected with
indicated constructs with Lipofectamine 2000 according to the manufacturer's instructions
(Thermo Fisher). Cells were incubated overnight in 500 uLL. DMEM (Gibco, 31966047) with
10% FCS, containing either 5 uM of the a-secretase-preferring inhibitor GI1254023X (Sigma,
SMLO0789) (68), 1 uM of the y-secretase inhibitor DAPT in the case of CTF fragments, or
vehicle DMSO. In measurements for secreted APP species, the conditioned media were
collected and centrifuged for 1 h at 100,000 g and stored at -20 °C. Cells were lysed with
STET (150 mM NaCl, 50 mM Tris (pH 7.5), 2 mM EDTA, 1% Triton X-100) buffer
containing 1x protease inhibitor (Sigma, P8340). Five pg of the lysate and the corresponding
equal volume of conditioned media were loaded on 10% SDS-PAGE gels. Antibodies used
for immunoblotting: 22C11 (APP N-terminus), 14D6 (specific for human APPsa in culture
media) (69), BAWT (specific for human sAPPB) (32, 69, 70), 2C11 (specific for human C-
terminal APP) (69, 70), 6E10 (binding to amino acid 5-10 of AP) and calnexin (Enzo, ADI-
SPA-860). Image J was used for quantification and all the results were normalized by total
APP, which was normalized by loading control protein calnexin.

Mass Spectrometry of APPUpp and APPwt transfected cell culture media

Cell media from the transfected HEK293 cells, were purified through immunoprecipitation
and followed the same MS protocol as for CSF and human brain extracts explained above in
the section “Af immunoprecipitation, AP quantification and mass spectrometry of brain tissue
and CSF”.

Mass Spectrometry for APP-Upp cleavage site determination of transfected cell culture
samples

5x10° HEK293 cells were seeded on 10 cm dishes. Two different approaches were used for
determining the cleavage site. For specific peptide analysis, cells were transfected with
APPwt or APPUpp. After one day medium was replaced with fresh 6 ml DMEM + 10% FCS.
Two days later the conditioned media were collected and centrifuged. For cleavage site-
specific peptide analysis, 1D1 antibody (hAPP40-64) (71) as used for immunoprecipitation of
secreted sAPP from conditioned media. Elution was done by 0.5% formic acid in ddH2O.
Eluate was neutralized by ammonium bicarbonate and processed by SP3 protocol (72) and
digested by LysN (Promega, VA1180). The generated peptides were analyzed on an Easy
nLC1200 (Thermo Scientific) coupled to Q-Exactive HF Mass Spectrometer (Thermo
Scientific). Peptides were separated with a binary gradient of water (A) and acetonitrile (B)
containing 0.1% formic acid at 50°C column temperature and a flow of 250 nl/min (0 min,
2.4% B; 3:30 min, 4.8% B; 48:30 min, 24% B; 59:30 min, 35.2% B; 64:30 min, 60% B) on a
self-packed C18 column (75 pm*30 cm, 1.9 um C18-AQ 120, Dr. Maisch). Full MS spectra
were acquired at a resolution of 120,000. The ten most intense ions were chosen for collision
induced dissociation. The dynamic exclusion was set to 6 s.



The data were analyzed with Maxquant software (maxquant.org, Max-Planck Institute
Munich) version 1.6.10.43 (73). The MS data were searched against a canonical fasta
database of Homo sapiens from UniProt (download: December 02nd 2019, 74468 entries).
LysN was defined as protease. Two missed cleavages and semispecific generated peptides
were allowed for the database search. The option first search was used to recalibrate the
peptide masses within a window of 20 ppm. For the main search, peptide and peptide
fragment mass tolerances were set to 4.5 and 20 ppm, respectively. Carbamidomethylation of
cysteine was defined as static modification and acetylation of the protein N-terminus as well
as oxidation of methionine were set as variable modifications. The false discovery rate for
both peptides and proteins was adjusted to less than 1% using a target and decoy approach
(concatenated forward/reverse database). Extracted ion chromatograms for peptides identified
for APP were exported with Xcalibur Qual Browser Version 2.2 SP1.48 (Thermo Scientific).

Synthetic peptides
Synthetic peptides of wild type AP (AP wt) 1-42, Arctic AP (AP Arc) 1-42, and Uppsala AP
(ABUpp) 1-42419.04 were purchased (Innovagen AB).

AP aggregation experiments

For aggregation experiments, lyophilized synthetic Ap 1-42 (wt, Arc, Upp) peptides were
dissolved in 6 M GuHCI for 30 min and subjected to gel filtration on a Superdex 75 10/300
GL column in degassed 20 mM sodium phosphate buffer, pH 8, with 200 pM EDTA. The
center of the monomer peak of each peptide was collected on ice and peptide concentrations
were determined by absorbance at 280 nm using €g0 = 1440 L-mol™ cm™'. Monomers were
then diluted in ThT (10 uM) to a starting concentration of 10 uM and added in quadruplicates
into a 96 well plate (black, clear bottom, half area; corning 3881) in different dilution series.
To monitor fibrillization at different time-points, fluorescence was measured at 448 nm
(excitation) and 485 nm (emission) each 5 minutes during 24 h (overnight) with a Magellan
infinite 2000Pro plate reader (Tecan instruments). ABUpp1-42a19.24 Was analyzed at different
dilutions (10, 5, 2.5 and 1.25 uM) and compared with ABwt1-42 and ABUpp1-42g2¢ (both at
7.5 pM). Aggregation curves are presented as % of maximum ThT signal, using the plateau
phase of each curve as maximum. Each curve starts at minimum signal and ends when
maximum is reached. A sigmoidal four-parameter curve is fitted to the data points to allow
comparisons between data sets.

AP protofibril ELISA

The 3D6 antibody, which selectively recognizes the N-terminal end of AP, was used in a
homogeneous sandwich ELISA to detect and monitor formation of AP protofibrils during
aggregation of synthetic peptides, without interference from A monomers (33).

Ninety-six well plates were coated with 1 pg/ml of 3D6 in PBS. Plates were blocked with 1%
BSA in PBS and standard series of synthetic AP protofibrils was applied. The monomer
fractions in a concentration of 10uM were incubated at different time points (0, 0.5, 1, 3, 8
and 24 h) and added to the respective plates at a final concentration of 10 nM and incubated
for 2 h at room temperature. Biotinylated 3D6 (0.5 pg/ml) was added as secondary antibody



and signals were detected with streptavidin-conjugated horseradish peroxidase (SA-HRP;
Mabtech AB) and K Blue Aqueous TMB substrate (Neogen Corp.). Plates were developed
and read with a spectrophotometer (Magellan infinite 2000Pro) at 450 nm.

Size exclusion chromatography

Monomer in a concentration of 6 pM were incubated at different time-points (t=1 h, t=8 h).
Prior to analysis, 6 uM samples were mixed 1:1 with 20 mM sodium phosphate buffer and
centrifuged at 16,000 x g for 5 min to remove fibrillized AB. For size separation of
the AP peptides the supernatant was injected (25ul) in Superdex 75, increase 3.2/300 column
(GE Healthcare) on a Merck Hitachi D-700 HPLC LaChrom system. The samples were eluted
with PBS-Tween, pH 7.4 (50 mM sodium phosphate, 0.15 M NaCl, 0.1% Tween-20, pH 7.4)
at a flow rate of 0.08 ml/min and data obtained at 214 nm.

Transmission electron microscopy of low pH fibrils

Synthetic ABUpp1-42A19-24 peptides were prepared under the same conditions as previously
described (34) and incubated in 30% (v/v) acetonitrile (AcN), 0.1% (v/v) trifluoroacetic acid
(TFA) at pH 2. Conversion of monomeric ABUpp1-42A19-24 to several um long, unbranched
fibrils  occurred over several weeksat room  temperature  under quiescent
conditions. Negatively stained fibrils were prepared with 2% uranyl acetate stain solution. For
cryo-imaging, fibrils were plunge-frozen on Quantifoil 1.2/1.3 grids. In total 1977
micrographs were recorded on a Tecnai Arctica (200 kV) using a Gatan Bioquantum K3
direct electron detector, yielding a pixel size of 0.839 A. The image processing was performed
using the RELION 3.0.5 software package (74). The contrast transfer function (CTF) of the
micrographs was estimated using the program CTFFIND4 (75). Manual picking of the first
and second polymorph resulted in 2052 and 1612 fibrils, respectively. Fibril segments were
extracted from the fibril images with 90% overlap resulting in 66651 segments for the first
polymorph and 59296 segments for the second polymorph. A box size of 200 pixel was used,
which corresponds to 167.8 A. 2D and 3D classification was performed to clean the dataset.
During 3D refinement, only micrographs that contain a signal beyond a resolution of 5 A
were used for further processing steps. Moreover, particle images with a number of samples
above 5000 were discarded. 3D reconstructions calculated from the negative stain images
were low-pass filtered to 60 A and were used as an initial model. The resolutions of 5.7 A for
polymorph 1 and 5.1 A for polymorph 2 were assessed by the Fourier shell correlation (fig.
S8). A search for helical symmetry parameters resulted in a helical rise of 2.41 A and an
azimuthal rotation of 178.45° for the first polymorph and in a helical rise of 2.29 A and an
azimuthal rotation of 179.45° for the second polymorph. The resulting helical pitch is 232 A
for the first polymorph and 375 A for the second polymorph.
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Fig. S1: Immunohistochemistry of different regions of the Uppsala APP mutation brain with
AP40, AB42 and GFAP antibodies.
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Fig. S2: AP42 in CSF measured by two different methods. Electrochemiluminescence-
based immunoassay (MSD) and immunoassays (INNOTEST or Lumipulse automated assay,
Fujirebio, Ghent, Belgium) (A). Correlation curves of the different methods, routine ELISA
and mass spectrometry with and without UppAD samples (B). For control CSF n=10, for sAD
n=11, for Uppsala CSF n=3. Comparisons between the groups were performed by one-way
ANOVA in A (error bars represent SD).
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Fig. S3: Sequence verification of Ap peptides. LC-MS/MS based sequence validation of (A)
AB1-42A1924 and (B) AP1-40A;9.24 extracted from CSF. For each peptide MS/MS fragment
mass spectra and matching peptide sequence are shown including annotation of major
fragment ions detected. The fragment spectra show dominating b-ions with almost complete
sequence coverage allowing unequivocal sequence identification through database search.



YY) 'Y Yo
1 DAEFRHDSGY Epitope 6E10: RHDSGY 1 DAEFRHDS Epitope 1C3: EFRHDS
2 EFRHDSGYEV {5-10) - EFRHDSGY (3-8)
3 RHDSGYEVHH 3 RHDSGYEV
4 DSGYEVHHQK

Fig. S4: 6E10 and 1C3 binding epitopes. Antibody binding epitopes of 6E10 (A) and 1C3
(B) were determined by spotting 8-10 amino acid long peptides spanning the N-terminal part
of AB. Binding (displayed as filled circle) to the 3-4 first spots revealed the antibody’s

epitope.
DAPT h
- & &
< £ 85 5 5 5
o a a a a a
o, & 5 & H %8
100 — - s | Full-Length
75 — - ———1 ApPP
15—
10— _— APP CTF
Full-Length
100 — g
= - APP
15 —
W | APP CTFp
10—
|"_ —— — — —| Calnexin
Full-length APP
E 2.0+
g
A
® 151 = A
5 Ed I
o 104
< _} s .
£ A
% ool 3
5 [ ]
% 0.0 r T
' Control DAPT

C-terminal APP
Antibody (2C11)

AB 5-10
Antibody (6E10)

1.5

1.01

0.5

total CTF / total APP

0.0

APP CTF-B
15+
o
o
< 10 A
g
@
L5
5 ry
0
DAPT
C APP CTF-a
1.5+ "
o
o
<
G__! 1.04 —aasa—
2 N
- 'Y
7 oo =
c i
0.0 :
DAPT
APP CTF total
n.s
—sEaE— ut m APPwt

A APP Upp

DAPT

Fig. S5: APP C-terminal fragments (CTFs) in cell lysate from HEK293 cells transfected
with APPwt and APPUpp. Western blot showing full-length APP and CTFs with 2C11
antibody and full-length APP and CTFf fragment with 6E10 antibody in the cell lysates of
transfected HEK293 cells after treatment with a y-secretase inhibitor (DAPT) (A).



Quantifications of APP CTF-f (B), CTF-a (C), full-length APP (D) and APP CTF total (E).
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Fig. S6: Fragment ion spectra of selected APP derived peptides from Figure 6.
Representative fragment ion spectra of the peptides from Fig. 6: A)
KYLETPGDENEHAHFQ; B) KAVIQHFQE; C) KMDAEFRHDSGYEVHHQK; D)
KMDAEFRHDSGYEVHHQ; E) KTEEISEVKM(ox); F) KMDAEFRHDSGY; G)
KTEEISEVKMDAEF.
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Fig. S7: Comparison of AP1-42A;9,4 most common polymorphs with existing AP fibril
structures.
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Fig. S8: Fourier shell correlation (FSC) of both polymorphs. Fourier shell correlation
(FSC) curves for the 3D reconstruction of A polymorph 1 and B polymorph 2. The curves are
fitted with the model 1/[1+exp(x-A)/B)]° (red), to obtain a more reliable resolution estimate.



Table S1: CSF samples from the Uppsala BioBank (UBB), patient information.

CSF Biobank  Age Diagnosis AP1-42 T-tau P-tau (pg/ml) ApoE
samples (pg/ml) (pg/ml)

1 UBB 45 UppAD 926 1420 129 33
2 UBB 43 UppAD 736 1220 142 33
3 UBB 44 UppAD 696 512 79

4 UBB 74 sAD 539 703 94

5 UBB 74 sAD 644 1330 147

6 UBB 76 sAD 399 977 92

7 UBB 80 sAD 342 1300 110

8 UBB 87 sAD 460 960 129

9 UBB 81 sAD 329 812 111

10 UBB 82 sAD 401 1010 109

11 UBB 74 sAD 391 949 87

12 UBB 80 sAD 560 850 93

13 UBB 73 sAD 399 792 85

14 UBB 76 sAD 420 1100 128

15 UBB 77 sAD 360 890 130

16 UBB 78 sAD 220 840 123

17 UBB 78 Control 1026 657 45

18 UBB 78 Control 1322 510 64

19 UBB 78 Control 1266 542 67

20 UBB 78 Control 650 228 36

21 UBB 85 Control 788 368 44

22 UBB 86 Control 1084 496 63

23 UBB 84 Control 909 383 45

24 UBB 82 Control 617 361 47

25 UBB 78 Control 457 277 31

26 UBB 83 Control 1006 348 49

Age = at sampling
Reference values: AB1-42 >550 pg/ml; AB42/40 >0.89; t-tau <300 pg/ml; p-tau <60 pg/ml.



Table S2: Brain samples from the Uppsala BioBank (UBB) and Netherlands Brain Bank
(NBB), patient information.

Brain Brain Sex Age Braak Thal/ ApoE Diagnosis AB1-42 (pg/mg
samples bank Amyloid brain tissue-
Frontal cortex)

1 UBB M 49 VI 5 33 UppAD 72665
2 UBB F 90 \% 3 sAD 36179
3 UBB F 63 VI 5 sAD 45384
4 UBB M 71 v 3 sAD 22747
5 UBB F 88 I 0 Control 18

6 UBB M 63 0 0 Control 58

7 UBB M 90 11 0 Control 527
8 NBB M 56 VI C 33 AD 17528
9 NBB M 57 VI C AD 67580
10 NBB M 77 v C 43 AD 27090
11 NBB M 79 C 43 AD 25003
12 NBB F 54 VI C 43 AD 21807
13 NBB F 68 C 33 AD 23810
14 NBB F 75 C 44 AD 31784
15 NBB F 79 C 33 AD 29912
16 NBB M 71 I B Control 27653
17 NBB M 79 II B 33 Control 37151
18 NBB M 80 I A Control 25951
19 NBB F 50 I 0 Control 20
20 NBB F 73 I B Control 37466
21 NBB F 80 I A Control 419

AD = Alzheimer's disease; SAD = sporadic Alzheimer's disease; UppAD = Alzheimer's disease caused by
Uppsala mutation; Control = Non-demented control



Table S3: Assignment of observed peaks in human brain tissue using MALDI imaging
MS and LC-MS/MS based verification from extracts of individually laser microdissected
plaques. Predicted Average Mass for MALDI IMS corresponds to the singly charged species
[M+H]+ based on the theoretical molecular mass of the corresponding AP peptide. For LC-
MS/MS, the Predicted Monoisotopic mass corresponds to the neutral species [M] based on the
theoretical molecular mass of the corresponding AP peptide. Ox refers to oxidation of
methionine (M+16).

MALDI imaging LMPC + LCMSMS (arbitrap)
Predicted MALDI IMS Predicted Plaque Extract
Average Mass  Average Mass  Monoisotopic Monoisotopic
Peptide Sequence [M+H]" observed [M+H]|"  Mass [M] Mass [M]
MALDI IMS (m/z) (m/z) (m/z) (m/z)

AB11pE-36uppsara 2610.14 2610.38 - -
AB11pE-36uppsaLa (0X) 2626.13 - 2623.4632 2623.4717
AB9-36uppsara 2848.38 2848.64 - -
AB9-36uppsara (OX) 2864.37 - 2861.5586 2861.5707
AB8-36uppsara 2935.46 2935.47 - -
AB8-36uppsara (OX) 2951.45 2951.43 2948.5906 2948.6066
AB7-36uppsara 3050.55 3050.70 - -
AB7-36uppsara (0X) 3066.54 - 3063.6176 3063.6241
AB7-37uppsara 3151.65 - - -
AB7-37uppsara (0X) 3167.65 316791 3164.6652 3164.6783
AB6-36uppsara 3187.69 3187.46 - -
AB6-36uppsara (0X) 3203.68 - 3200.6765 3200.6731
ABS-36uppsara 3343.87 3343.80 - -
ABS5-36uppsara (0X) 3359.86 3359.66 3356.7776 3356.7887
AB4-36uppsara 3491.05 3491.15 - -
AB4-36uppsara (0X) 3507.04 3507.06 3503.8460 3503.8491
AB3pE-36yuppsara 3602.16 3602.02 - -
AB3pE-36uppsara (0X) 3618.15 3618.05 3614.8780 3614.8899
AB1-34uppsara 3622.10 3622.19 - -
AB1-34uppsara (0X) 3638.09 3638.27 3634.8315 3634.8437
APB2-36uppsara 3691.25 3691.03 - -
AB2-36uppsara (0X) 3707.24 3707.28 3703.9257 3703.9328
AB3pE-37uppsarLa 3703.26 3703.15 - -
AB3pE-37yppsara (0X) 3719.25 3719.13 3715.9257 3715.9301
AB1-36uppsara 3806.33 3806.37 - -
AB1-36uppsara (0X) 3822.33 3822.01 3818.9526 3818.9488
AB1-37uppsara 3907.44 3907.50 - -
AB1-37uppsara (0X) 3923.43 3923.05 3920.0003 3920.0008
Ap4-42 4199.82 4199.62 - -
AB4-42 (0X) 4215.81 4214.18 4212.1579 4212.1716
AB3pE-42 4310.92 4310.98 - -
AB3pE-42 (0X) 432691 4326.99 4323.1899 4323.2053
AP2-42 4400.01 4400.10 - -
AB2-42 (0X) 4416.00 - 4412.2376 4412.2611
AB1-42 4515.10 4514.91 - -

AB1-42 (OX) 4531.09 4530.84 4527.2645 4527.2741







D. Supplementary Material

D.0.1. Cryo-EM Data Collection - sporadic AD6

As part of the Uppsala mutation project (compare Chapter 6), we first trained the
process of human brain fibril extraction and structure determination by cryo-EM
with sporadic AD brain tissue. As part of this, fibrils were extracted from tissue
material taken from the superior parietal gyrus of a male AD patient (AD6, Braak
stage 5, amyloid C). The brain tissue was provided by Bettina Kass and Fernanda
Salome Peralta Reyes purified fibrils from the brain tissue following a published
procedure [261]. The methods for the EM analysis of Aj fibrils purified from sAD

brain tissue are described in the following.

Negative stain EM 2 pl. of the purified AS fibril sample were applied onto
a glow-discharged 300 mesh carbon-coated copper grid (EM Sciences, ECF300-
Cu). The sample was incubated for 2 min and excess liquid was blotted off with
filter paper. The sample was then washed once in a 15 pl. droplet of dH5O.
2 pL of 1% (w/v) UrAc were applied on the top of the grid, following a 1 min
incubation. Excess liquid was removed with filter paper and the grid was air-
dried. TEM images were acquired using a ThermoFisher Scientific Talos 120C at
an acceleration voltage of 120 kV. Images were collected on a 4k x 4k Ceta 16M
CMOS camera using the Thermo Scientific Velox software. Negative stain EM
confirmed the presence of fibrils in the sample (Figure D.1).
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Figure D.1.: Negative stain EM of a sample of Af fibrils purified from human sAD
brain tissue (AD6).

Immunogold negative stain EM Immunogold negative-stain grids for EM were
prepared following [299]. In brief, 2 pL of the sample were placed on a glow-
discharged 300 mesh carbon-coated copper grid (EM Sciences, ECF300-Cu) for
2 min. The sample was washed once with dH>O and placed in blocking buffer
for 15 min, following incubation with Nab228 (Sigma-Aldrich) primary antibody
diluted in blocking buffer at a concentration of 2 pg/mL for 1.5 h. Afterwards, the
grid was washed with washing buffer and was incubated with 6 nm gold-conjugated
anti-mouse secondary antibody (diluted 1:20 in blocking buffer, abcam) for 1 h.
The grid was washed five times with washing buffer and three times with dH,O
before staining with 1% (w/v) UrAc for 1 min. The sample was air-dried, and
EM Images were acquired as described above. Immunogold negative stain EM
confirmed that the sample contained Af fibrils (Figure D.2). However, Af fibrils
were mostly located within larger fibril clumps. Moreover, several isolated but
unlabelled fibrils could be observed, likely Tau fibrils.
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Figure D.2.: Immunogold negative stain EM of a sample of AS fibrils purified from
human sAD brain tissue (AD6).

Cryo-EM Image Acquisition and Image Processing For cryo-EM imaging, 3 pL
of the final sample were applied to holey carbon grids (Quantifoil 1.2/1.3, 300
mesh), blotted with filter paper for 5 s and plunge frozen in liquid ethane using a
ThermoFisher Scientific Vitrobot Mark IV, set at 95% humidity and 4°C temper-
ature. Data acquisition was performed on a ThermoFisher Scientific Titan Krios
G4 operating at 300 kV using a Falcon IV detector in counting mode. The auto-
mated collection was directed by EPU data collection software. Further details

are given in Table D.1.
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AD6
Data collection
Microscope Krios G4
Voltage [kV] 300
Detector Falcon IV
Magnification 96,000
Pixel size [A] 0.808
Defocus range [pm] -0.5 to -2.5
Exposure time [s] 2.82
Number of frames 40
Total dose [e~/A?] 40.19

Table D.1.: Cryo-EM data collection statistics of Agfibrils purified from sporadic AD6
brain.

Gain-corrected movie frames were aligned and summed into single micrographs
on-the-fly using Warp [218]. CTF estimation was performed using CTFFIND4.1
[209].

To produce the 2D class averages shown in Figure 3.3, particles were picked
automatically using crYOLO [277]. 44,108 particles were extracted from the cryo-

EM micrographs at a box size of 200 pix prior to 2D classification.

D.0.2. Obtaining isolated fibrils from human brain samples

As described in chapter 6, obtaining isolated Af fibrils from human brain material
is not straightforward. Several things were tried in an attempt to resolve the fibril
clusters to produce a sample suitable for cryo-EM. Two different systems were
used for testing: (i) in vitro Ap42 fibrils at neutral pH (the reader is referred to
Chapter 4 for details on the sample preparation), and (ii) Aj fibrils purified by
Fernanda Salome Peralta Reyes from sporadic human brain tissue provided by

Martin Ingelsson following a previously described extraction protocol [261].

Disentangling in vitro AS42 fibrils In order to generate an in vitro system that
mimics the ex vivo sample as well as possible in terms of the used buffer system,
30 nL of in vitro AB42 fibrils were transferred into an ultracentrifugation reaction

tube and pelletised in an ultracentrifuge for 30 min at 153,700 x g. The supernatant
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was removed and the pellet was resuspended in 15 nL. buffer. This was done three

times in total to generate three equivalent samples.

For the first sample, the pellet was dissolved in 15 nlL resuspension buffer (com-
pare [261]) and then sonicated in an ultrasonic water bath for 0 s, 10 s, 30 s, and
1 min in attempt to dissolve the fibril clusters by mechanical forces. After each
sonication step, a negative stain EM grid was prepared as described in Chapter
4.2.2 (Figure D.3 A-D).

For the second and third sample, we tried to dissolve the fibril clusters by inter-
rupting chemical interactions such as hydrophobic interactions and salt bridges.
In order to destroy potentially clustering hydrophobic interactions, we added iso-
propyl alcohol to the sample solution. To prepare the resuspension buffer, 15 pL
of isopropyl alcohol were added onto 85 pL of resuspension buffer (compare [261]).
The pellet was then resuspended in resuspension buffer with 15% isopropyl alco-
hol. A negative stain EM grid was prepared following the protocol described in
Chapter 4.2.2 (Figure D.3 E).

To interrupt salt bridges, the pellet of the third sample was resuspended in
15 uL of a salt containing buffer. The added salt buffer (resuspension buffer with
300 mM NaCl) was prepared by mixing 94 pL of resuspension buffer (compare
[261]) with 6 pL of 5M NaCl. A negative stain EM grid was prepared as described
in Chapter 4.2.2 (Figure D.3 F).

311



Figure D.3.: Negative stain EM of a processed A342 sample. (A) 0 s sonication. (B)
10 s sonication. (C) 30 s sonication. (D) 1 min sonication. (E) Sample resuspended in
isopropyl alcohol containing buffer. (F) Sample resuspended in salt containing buffer.

As seen in Figure D.3, none of the above described methods were successful in

disentangling fibrils.

Disentangling human brain extracted fibrils using Pronase and Sonication In
addition to clustered A/ fibrils, all human brain samples also contain a considerable
amount of tau fibrils, which not only complicate high-resolution reconstruction but
may also affect fibril clustering. It has previously been reported that pronase, a
mixture of different proteases, removes the fuzzy coat of tau fibrils while leaving
the fibril core intact [327]. Moreover, pronase was also used to prepare the cryo-
EM grids of human brain extracted AS fibrils [261, 285]. To study the effects of
pronase on our purified fibril samples, we mixed 2 pL. human brain extracted Aj
fibrils with 1 pL of pronase at a concentration of 0.4 mg/mL in PBS. The pronase
solution was prepared by adding 5.375 mL of PBS onto 2.15 mg of Pronase. The
sample-pronase mixture was incubated for 30 min. A negative stain EM grid
was prepared as described in Chapter 4.2.2. However, since staining with UrAc
does not work well for phosphate buffers, after sample incubation on the grid, the
grid was washed with dH>0. For this, the grid was incubated three times in a
10 pL droplet of dH>O for 3 min. For an alternative procedure to incubate the
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sample in pronase, 2 pul of sample was applied onto a glow-discharged 300 mesh
carbon-coated copper grid (EM Sciences, ECF300-Cu). The sample was incubated
for 2 min and excess liquid was blotted off with filter paper. The grid was then
incubated in a 10 pL droplet of Pronase at a concentration of 0.4 mg/mL for 5 min.
The grid was afterwards washed with water as described above and stained with
UrAc as described in Chapter 4.2.2.

Since sonication of in wvitro AB42 fibrils in an ultracentrifugation reaction tube
did not show any effect (Figure D.3 A-D), 3 pL of the ez vivo Ap fibril sample
was transferred into a 500 pL LoBind reaction tube and sonicated in an ultrasonic
water bath for 10 s.

Figure D.4.: Negative stain EM of a processed ex vivo A sample. (A) Sample-pronase
Mixture incubated for 30 min. (B) Sample incubated in pronase for 5 min. (C) Sample
sonicated for 10 s.

From Figure D.4 A it can be seen that incubating the sample with pronase for
30 min not only removes most of the Tau fibrils, but also reduces the level of
contamination with other cellular components. However, it appears that pronase
treatment also affects the concentration of AS fibrils. In contrast, incubation of
the grid in a droplet of pronase for 5 min does not seem to remove any fibrils or
dissolve any fibril clusters (Figure D.4 B). Finally, sonication of the sample for 10 s

also does not seem to decrease the amount of clustering (Figure D.4 C).
Pulse sonication of human brain extracted fibrils Since continuous sonication

of the sample does not seem to have much effect on the fibril clusters, pulse sonic-

ation was performed in an attempt to enhance the effect. For this, 5 pL. of human
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brain extracted AS fibrils were transferred into a 500 pL. LoBind reaction tube.
The sample was then sonicated in an ultrasonic water bath for a total of 3 min
in pulses of 10 s on and 20 s off. Then, 3 uL of the sample were applied onto a
glow-discharged 300 mesh carbon-coated copper grid (EM Sciences, ECF300-Cu).
The sample was incubated for 2 min and excess liquid was blotted off with filter
paper. Afterwards the sample was washed two times in 15 pL droplets of dH>O
for 1min. Excess liquid was removed and 3 pL of 1% (w/v) UrAc were applied on
the top of the grid, following a 1 min incubation. Excess liquid was removed with
filter paper and the grid was air-dried. TEM images were recorded as described
in Chapter 4.2.2.

Although many fibril clusters are still visible in Figure D.5 A, it seems that pulse

sonication has at least detached some fibrils from large clusters (Figure D.5 B).

Figure D.5.: Negative stain EM of a pulse sonicated ex vivo A3 sample. (A) At 28,000
x magnification (B) At 57,000 x magnification. The yellow arrow indicates fibrils that
are likely AS

Pulse sonication in combination with pronase treatment of human brain ex-
tracted fibrils To test the effect of combining pulse sonication with pronase treat-
ment, the leftover sample (2 pL) of the pulse sonication experiment (compare D.0.2;
Pulse sonication of human brain extracted fibrils) was treated with 0.5 pL pronase
at a concentration of 0.4 mg/mL. The sample was incubated for 30 min before a

negative stain EM grid was prepared as described in Chapter 4.2.2.
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Figure D.6.: Negative stain EM of a pulse sonicated and pronase treated ex vivo AS
fibril sample

As before, the sample contains less impurities after pronase treatment, but the
amount of clustering on the grid appears to be identical whether pronase is added

or not.

Immunogold negative stain EM of treated human brain extracted fibrils In
order to confirm that pulse sonication indeed increases the number of isolated
fibrils in the sample, immunogold negative stain EM of a pulse sonicated sample
was performed. For this, 3 pL. ex vivo AS fibrils were transferred to a PCR reaction
tube and sonicated in an ultrasonic water bath for 3 min, in pulses of 10 s on, 20 s
off. The grid was then prepared as described in Chapter D.0.1.

Two additional immunogold negative stain grids of the ex vivo AS fibrils were
prepared, but prior to sample application the sample was treated once with ethanol
and once with sarkosyl. For ethanol treatment, 1 pL of 90% ethanol were added
onto 2 pL sample solution. For sarkosyl treatment, 0.6 pL of 10% sarkosyl were
added onto 2.4 ul. sample solution. Both samples were shortly vortexed before
they were applied onto the grid.

Unfortunately, the staining is not ideal for assessing the success of pulse son-
ication, yet fibril clusters can still be seen in Figure D.7 A. Furthermore, both
ethanol and sarkosyl treatment of the sample do not seem to dissolve the fibril
clusters well (Figure D.7 B, C). The addition of sarkosyl to the sample may have

even deteriorated its quality.
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Figure D.7.: Immunogold negative stain EM of (A) a pulse sonicated ex vivo AfS
sample, (B) an ethanol treated ex vivo AS sample, and (C) a sarkosyl treated ez vivo
A sample.

Sonication and washing of human brain extracted fibrils As the addition of
sarkosyl to the sample seems to worsen the sample quality, additional washing steps
were added to the sample purification protocol to further decrease the sarkosyl
concentration. Prior to washing, 8 nLi of the ez vivo fibril sample was transferred
into a 500 pL. LoBind reaction tube and sonicated in an ultrasonic waterbath for
2 min in pulses of 10 s on, 20 s off. To monitor sonication, 2 pL of this sample were
applied on a glow-discharged 300 mesh carbon-coated copper grid (EM Sciences,

ECF300-Cu) to perform immunogold negative stain EM screening,.

The remaining 6 pl. were sonicated for two additional pulses (10 s on, 20s off).
Again, 2 pL of this sample were applied on a glow-discharged 300 mesh carbon-
coated copper grid (EM Sciences, ECF300-Cu) to perform immunogold negative
stain EM screening. The remaining sample (~4 nl.) was mixed with another 5 L
leftover from a previous sonication step (compare Pulse sonication of human brain
extracted fibrils) and the sample was centrifuged in an ultracentrifuge reaction
tube at 5,000 x ¢ and 4°C for 6 min. The supernatant was removed and 6 pL of
resuspension buffer were added to the sample. Afterwards, the sample solution
was centrifuged again at 5,000 x ¢ and 4°C for 6 min. As before, the supernatant
was removed and 6 pL resuspension buffer were added to the pellet. A negative
stain grid was prepared using 2 pL of sample and two water washes instead of one

(compare Chapter 6.2.2).

316



Figure D.8.: Immunogold negative stain EM of (A) a pulse sonicated ex vivo Af
sample (2 min, 4 pulses), (B) a pulse sonicated ex vivo A sample (3 min, 6 pulses), and
(C) a two times washed ez vivo A sample. Red arrows indicate thick fibrils, that are
likely Tau fibrils. Blue arrows indicate thin fibrils, that are likely A fibrils.

As seen in Figure D.8 A, B, pulse sonication did not dissolve the fibril clusters
after either 2 min or 3 min. Only a few isolated and labelled fibrils can be observed
in the images. However, washing the sample twice after sonication seems to remove
impurities and lead to more isolated fibrils (Figure D.8 C).

In order to determine whether the order of the two steps (sonication and wash-
ing) influences the success of the technique, and furthermore to verify the observa-
tion that washing indeed improves sample quality, two further grids were prepared.
For the first grid, 6 pL of an ex vivo fibril sample were transferred into a 500 pL
LoBind reaction tube and sonicated in an ultrasonic water bath for 3 min in pulses
of 10 s on, 20 s off. The sample was then centrifuged at 5,000 x g and 4°C for
6 min. The supernatant was removed and 5 pL of resuspension buffer was added
onto the pellet. An immunogold negative stain EM grid was prepared as previously
described in Chapter D.0.1. For the second grid, the remaining 5 pL. of the sample
that were used for the first grid were mixed with the supernatant from the previ-
ous step and centrifuged in an ultracentrifugation reaction tube at 5,000 x g and
4°C for 6 min. The supernatant was removed and 7 uL of resuspension buffer was
added onto the pellet. Afterwards, the sample was centrifuged again at 5,000 x ¢
and 4°C for 6 min, the pellet was resuspended in 7 pL resuspension buffer and
transferred to a 500 pl. LoBind reaction tube. The sample was then sonicated in
an ultrasonic water bath for 3 min in pulses of 10 s on, 20 s off. An immunogold

negative stain EM grid was prepared as previously described in Chapter D.0.1.
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Figure D.9.: Immunogold negative stain EM of (A) a pulse sonicated (3 min, 6 pulses)
and then washed ez vivo Af sample, (B) a washed and then pulse sonicated (3 min, 6
pulses) ex vivo AS sample.

From the images shown in Figure D.9, it seems that the combination of first

washing and subsequent sonication does indeed result in more isolated fibrils, al-

though clumps of fibrils are still clearly visible in this preparation as well.
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