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Abstract

This thesis encompasses two key topics. As the prime topic, I present the devel-
opment of a novel method called Proteolytic Antigen Cleavage-Mediated Amplifi-
catioN (PACMAN) which aims to enable the isolation of proteolytic antibodies from
combinatorial libraries. Proteolytic antibodies differ from conventional antibodies
as they possess the unique ability to not only recognize and bind their antigen,
but also enzymatically cleave it. However, this adds to the challenge that prote-
olytic antibodies fail to be effectively captured via well-known display methods, such
as phage display, as the antibodies hydrolyze their antigen upon binding, leading
to dissociation of the binding complex. To address this challenge, I invented the
PACMAN method. It aims to allow the isolation of antigen-specific proteolytic anti-
bodies from combinatorial libraries by in vitro expression of microbead-bound DNA
of individual library members in picoliter-sized water-in-oil emulsions and subse-
quent detection and recovery of microbeads carrying DNA of active library mem-
bers via fluorescence-activated cell sorting (FACS) using the successful cleavage of
a simultaneously microbead-bound dual fluorescent labeled antigen-substrate as a
reporter. In this thesis, the principle of PACMAN was successfully validated by recov-
ery of DNA encoding Tobacco-Etch-Virus protease from a dilute mixture with excess
irrelevant DNA.
The second focus of this thesis is an investigation into the formation and pathophys-
iological implications of amyloid-β oligomers (AβO) in Alzheimer’s disease. The ’di-
mAβ’ model, which formsmetastable AβO, was leveraged to selectively examine the
influence of AβO on fibril aggregation, AβO biogenesis and their impact on neuronal
processes. It was demonstrated that AβO form independent from fibril formation and
actively hinder the proliferation of amyloid fibrils. Furthermore, a potential in vivo

pathway for AβO generation was discovered. A slightly acidic pH of 4.5–5.5, which
is physiologically present in endolysosomal vesicles, accelerated AβO formation by
Aβ42 approximately ∼8,000-fold. Under these conditions, the critical Aβ42 concen-
tration necessary for AβO formation was decreased to ∼3 µM, which was shown to
be present in endolysosomal vesicles. These findings indicate that the endolyso-
somal system might be an important site for toxic AβO generation in vivo. Lastly,
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the specific impact of AβOs on primary mouse neurons was examined. The results
revealed that AβO prominently bind to dendritic spines while neurons exposed to
AβO stimuli exhibited decreased spontaneous Ca2+-oscillations and translocation of
the microtubule-associated protein tau from their axons to their somatodendritic
compartments. This translocation of tau is known as a critical event implicated in
the pathogenesis of Alzheimer’s disease.
In conclusion, this thesis presents the development of the PACMAN method, along
with an in-depth investigation into AβO and their role in Alzheimer’s disease. The
PACMANmethod offers a promising approach for the isolation of proteolytic antibod-
ies from combinatorial libraries against amyloid targets, while the insights gained
into AβO formation and their impact on fibril aggregation and neuronal processes
contribute to a deeper understanding of the underlying pathology of Alzheimer’s
disease.
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Zusammenfassung

Diese Arbeit umfasst zwei Hauptthemen. Im Hauptteil präsentiere ich die Entwick-
lung einer neuartigen Methode namens Proteolytic Antigen Cleavage-Mediated Am-
plificatioN (PACMAN), welche die Isolierung proteolytischer Antikörper aus kombi-
natorischen Bibliotheken ermöglichen soll. Proteolytische Antikörper unterscheiden
sich von herkömmlichen Antikörpern darin, dass sie die einzigartige Fähigkeit be-
sitzen, ihr Antigen nicht nur zu erkennen und zu binden, sondern es auch enzy-
matisch zu spalten. Dies stellt jedoch eine Herausforderung für die Selektion dar,
da proteolytische Antikörper über altbekannte Display-Methoden wie dem Phagen-
Display nicht einfach erfasst werden können, da die Antikörper ihr Antigen nach
initialer Bindung hydrolysieren und daraufhin wieder dissoziieren. Um diese Her-
ausforderung zu bewältigen, habe ich die PACMAN-Methode entwickelt. Sie soll
die Isolierung antigen-spezifischer proteolytischer Antikörper aus kombinatorischen
Bibliotheken ermöglichen, indem die Mikrobead-gebundene DNA einzelner Biblio-
theksvarianten in pikolitergroßen Wasser-in-Öl-Emulsionen in vitro exprimiert wird
und anschließend Mikrobeads mit aktiven Bibliotheksvarianten mittels Fluoreszenz-
aktivierte Zellsortierung (FACS) detektiert und isoliert werden, falls diese erfolgreich
zusätzlich an die Mikrobeads gebundene, doppelt fluoreszent markierte Antigen-
Substrate gespalten haben, welche als Reporter dienen. In dieser Arbeit wurde das
Prinzip von PACMAN erfolgreich validiert, indem DNA, welche die Tabakmosaikvirus-
Protease kodiert, aus einer verdünnten Mischung mit überschüssiger, irrelevanter
DNA zurückgewonnen wurde.
Der zweite Schwerpunkt dieser Arbeit liegt auf der Untersuchung der Bildung von
Amyloid-β-Oligomeren (AβO) und deren pathophysiologischen Auswirkungen bei der
Alzheimer-Krankheit. Das „dimAβ”-Modell, das metastabile AβO bildet, wurde ver-
wendet, um den Einfluss von AβO auf die Fibrillenaggregation, die Biogenese von
AβO und ihre Auswirkungen auf neuronale Prozesse selektiv zu untersuchen. Es
wurde gezeigt, dass AβO unabhängig von der Fibrillenbildung entstehen und zusät-
zlich die Proliferation von bestehenden Amyloid-Fibrillen aktiv behindern. Darüber
hinaus wurde ein potenzieller in vivo Entstehungsweg von AβO entdeckt. Ein le-
icht saurer pH-Wert von 4,5–5,5, der physiologisch in endolysosomalen Vesikeln
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vorkommt, beschleunigte die Bildung von AβO durch Aβ42 um etwa das 8.000-fache.
Unter diesen Bedingungen wurde die kritische Aβ42-Konzentration, welche für die
Bildung von AβO erforderlich ist, auf ca. 3 μM verringert. Diese Konzentration wurde
in endolysosomalen Vesikeln bereits nachgewiesen. Diese Ergebnisse deuten darauf
hin, dass das endolysosomale System möglicherweise einen wichtigen Ort für die
in vivo Bildung von toxischen AβO darstellt. Schließlich wurde der spezifische Ein-
fluss von AβO auf primäre Mausneuronen untersucht. Die Ergebnisse zeigten, dass
AβO an dendritischen Spines binden können und dass Neurone, die AβO ausgesetzt
wurden, verringerte spontane Ca2+-Oszillationen aufwiesen. Am interessantesten
war allerdings, dass eine deutliche Translokation des Mikrotubuli-assoziierten Pro-
teins Tau von den Axonen der Neurone in ihre somatodendritischen Kompartimente
stattfand. Diese Translokation von Tau ist als ein entscheidendes Ereignis während
der Pathogenese der Alzheimer-Krankheit bekannt.
Zusammenfassend präsentiert diese Arbeit die Entwicklung der PACMAN-Methode,
sowie eine eingehende Untersuchung von AβO und ihrer Rolle im Bezug auf die
Alzheimer-Krankheit. Dabei liefert die PACMAN-Methode einen vielversprechenden
Ansatz zur Isolation proteolytischer Antikörper gegen Amyloide aus kombinatori-
schen Bibliotheken, während die gewonnenen Erkenntnisse über die Bildung von
AβO und ihre Auswirkungen auf die Fibrillenaggregation und ihr Einfluss auf neu-
ronale Prozesse zu einem tieferen Verständnis der zugrunde liegenden Pathologie
der Alzheimer-Krankheit beitragen.
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1. Introduction

1.1 Amyloid Diseases

A diverse range of pathologies is linked to various amyloid diseases (reviewed in
[2]). A non-exhaustive list of amyloid diseases is shown in Table 1.1. As virtually
all organs can be affected by some amyloid disease, their symptomatic expressions
are equally divers and differ substantially between diseases. Alzheimer’s Disease
(AD) for instance, as the most reknown amyloid disease, represents the most com-
mon form of dementia characterized by progressive decline in cognitive skills and
motor function [3–5].
On the other hand, gelatinous drop-like corneal dystrophy affects the eye of a pa-
tient. Gelatinous nodules accumulate in the subepithelial space of the cornea lead-
ing to severe opacification and loss of vision (reviewed in [6]).
Seminal vesicle amyloidosis manifests as prostatitis, an acute or chronic inflamma-
tion of the prostate gland often associated with hematospermia, the presence of
blood in the ejaculatory output [7–10].
Furthermore, an amyloid component might also be involved in type 2 diabetes.
Here, leading to insulin resistance associated with increased blood sugar levels and
a diffuse set of symptoms including polyuria, polydipsia, polyphagia, blurred vision,
itchiness, fatigue, nausea and many more [11, 12].
These diseases emphasize the manifold, fundamentally distinct manifestations of
amyloid diseases. Yet, the unifying property of these diseases is to be found on
the molecular level. In all amyloid diseases, a peptide or protein is abberantly pro-
cessed and thereby gains the tendency to aggregate. Consequently, a multitude
of distinct aggregate species emerge that are resistant to degradation. Oftentimes,
these abberant proteinogenic aggregates progressively accumulate forming micro-
scopic deposits in the extra- or intracellular spaces of the affected tissues.

1



2 Introduction: Amyloid Diseases

Table 1.1: A non-exhaustive list of amyloid diseases and their associated aggregating pep-
tides or proteins. [1]

Disease Aggregating protein or peptide

Neurodegenerative diseases

Alzheimer’s disease Amyloid-β peptide; Tau protein

Tauopathies Microtubule-associated protein Tau (Tau protein)

Spongiform encephalopathies Prion protein or its fragments

Parkinson’s disease α-synuclein

Amyotrophic lateral sclerosis Superoxide dismutase 1

Huntington’s disease Huntingtin fragments

Familial amyloidotic polyneuropathy Transthyretin mutants

Ageing pituitary, prolactinomas Prolactin

British familial dementia ABri

Non-neuropathic systemic amyloidosis

Amyloid light chain (AL) amyloidosis Immunoglobulin (Ig) light chains or its fragments

Amyloid A (AA) amyloidosis Serum amyloid A1 protein fragments

Senile systemic amyloidosis Wild-type transthyretin

Haemodialysis-related amyloidosis β2-microglobulin

Lysozyme amyloidosis Lysozyme mutants

Finnish hereditary systemic amyloidosis Gelsolin

Renal amyloidosis Leukocyte cell-derived chemotaxin-2

Non-neuropathic localized amyloidosis

Apolipoprotein A1 (Apo A-1) amyloidosis Apo A-1 fragments

Diabetes mellitus Type II Amylin

Injection-localized amyloidosis Insulin

Atrial amyloidosis Atrial natriuretic factor

Medullary carcinoma of the thyroid Calcitonin

Aortic medial amyloidosis Medin

Gelatinous drop-like corneal dystrophy Lactotransferrin

Pulmonary alveolar proteinosis Pulmonary surfactant-associated protein C

Lichen amyloidosis and Macular amyloidosis Galectin 7

Hypotrichosis simplex of the scalp Corneodesmosin

Seminal vesicle amyloidosis Semenogelin-1
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The plethora of pathological processes triggered by these aggregates is sim-
ilarly diverse as their symptomatic expressions. Acute cytotoxicity, activation of
inflammatory immune responses and disturbance of cellular homeostasis pathways
are among the list.
In the following sections AD and its pathophysiology will be discussed in more detail.

1.2 Alzheimer’s Disease

Alzheimer’s Disease, as the most reknown amyloid disease, was first described by
Dr. Alois Alzheimer in 1906 [3]. In 1901, Dr. Alzheimer performed a long-term study
on his patient Auguste Deter who presented a paranoid symptomatology with in-
creasing intensity — experiencing sleep disorders, disturbances of memory, aggres-
siveness, crying, and progressive confusion. After the death of his patient in 1906
he performed an autopsy and noticed an evenly atrophic brain with arteriosclerotic
changes to the vasculature and prominent lesions scattered throughout her brain
tissue. These lesions are now famously known as senile plaques and neurofibrillary
tangles.

Since the discovery of AD the number of affected individuals continually rose
concomitantly with our aging society and viciously gained notoriety as a devastating
and deadly disease. According to the World Health Organization (WHO) 55 million
people worldwide were diagnosed with dementia in 2020 [13]. The numbers were
projected to reach 150 million by 2050 [14], which will, on top of the interpersonal
tragedies, load a substantial burden on public healthcare systems and nursing home
capacities. To this day, no effective treatment against AD is available. This empha-
sizes the need for in-depth investigations into the pathophysiology of the disease
and the need to develop effective treatments to alleviate its symptoms or possibly
cure or prevent the manifestation of the disease.
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Figure 1.1: Processing of the Amyloid Precursor Protein (APP): The amyloidogenic
pathway. The amyloidogenic pathway describes the proteolytic cleavage of the membrane
protein APP by β- and γ-secretase resulting in the release of Aβ which proceeds to aggregate
into oligomers, protofibrils and fibrils.

1.2.1 Pathophysiology of Alzheimer’s Disease

AD is defined as an amyloid disease with the Amyloid-β (Aβ) peptide and the micro-
tubule-associated protein Tau being responsible for the formation of the character-
istic lesions observed in the diseased brain tissue.
Aβ originates from sequential, proteolytic cleavage of the Amyloid Precursor Pro-
tein (APP). APP is a single-pass transmembrane protein that resides in the outer cell
membrane of neurons and might act as a receptor regulating neuronal survival, cell
adhesion, neurite outgrowth and synaptic plasticity [15–17] . Furthermore, APP un-
derlies dualistic proteolytic processing which results either in secretion of a soluble
APP fragment that acts as a receptor ligand [18] or secretion of the amyloidogenic Aβ
peptide [19]. APP processing and Aβ production takes place in the ER and Golgi/TGN
during vesicular transport of APP to the cell membrane [20]. Additionally, Aβ is also
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proposed to be produced within endo-/lysosomal compartments after reinternaliza-
tion of APP during homeostatic recycling processes [21, 22]. The amyloidogenic
cleavage is facilitated by β- and γ-secretase excising and releasing the Aβ peptide,
while the non-amyloidogenic cleavage involves α-secretase instead of β-secretase
[19] (see Figure 1.1). There is a certain leeway in the cleavage performed by γ-
secretase leading to the production of Aβ isoforms of 36–43 amino acid residues in
length [23]. The most abundant isoforms are Aβ1-40 and Aβ1-42, while the latter is
considered more pathogenic and its abundance in AD patients is increased. Nev-
ertheless, the exact insults leading to Aβ accumulation and eventually AD are still
elusive, however the most widely accepted hypothesis on the origin of AD states
that either overproduction or reduced clearence of Aβ leads to its accumulation in
the cortex eliciting toxicity and ultimately leading to AD [24].
After production of Aβ (especially Aβ1-42), it proceeds to aggregate, forming a ple-
thora of distinct structures including soluble oligomers [25–27], fibrils [28–30] and
eventually senile plaques which are dense Aβ-rich foci found in the cortex that fur-
ther include co-deposition of complement proteins, clusterin and ApoE, they are
modified by ubiquitination and advanced glycation endproducts (AGE) and are sur-
rounded by microglia and reactive astrocytes [31–33]. All of these Aβ agglomerates
are believed to excert neurotoxicity and to ultimately lead to the progression of AD.
Nevertheless, there is a lively debate on the disease-relevance and the extent of
toxicity attributable to specific aggregate species [34–40]. Currently, small soluble
Aβ oligomers (AβO) are considered as the main culprit driving AD pathology. Some
hypothesized that Aβ fibrils, in contrast to AβO, may act as a sink by sequester-
ing soluble Aβ species into an insoluble form and thereby attenuating their toxicity
[41, 42].
The mechanism of AβO toxicity is still a matter of debate. AβO were suggested
to trigger toxicity by ligand-like binding to several receptors [43, 44]. Due to the
multivalency of AβO, candidate receptors might cluster and hence erroneously acti-
vate pathological signaling cascades [45–48]. AβO were observed to preferentially
cluster at dendritic spines which degenerate after prolonged exposure [49]. Further-
more, AβO hamper long-term potentiation [50, 51], induce oxidative stress [52, 53],
plasmamembrane damage [54], endoplasmic reticulum stress [55], mitochondrial
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dysfunction [55], neuroinflammation [56–60], and facilitate Tau missorting into the
somatodendritic compartment paired with Tau hyperphosphorylation which leads to
microtubule destabilization [31, 43, 56, 61–67]. Tau missorting is one of the first
hallmarks of tauopathies and its induction by AβO might present a link in the Aβ-
Tau axis in AD pathogenesis. Nevertheless, further details on the Tau aspect of AD
pathogenesis is beyond the scope of this thesis.

The notion that Aβ aggregation and deposition in the brain parenchyma and
downstream induced pathology constitutes the prime insult leading to ADwas coined
by John Hardy as the Amyloid Cascade Hypothesis [68] in 1992. Since then, the ma-
jority of AD research focused on advancing our understanding of Aβ pathogenesis
and means to eliminate Aβ from the diseased brain. In the following section, an
overview of current advances in Aβ-targeting therapeutics as well as pitfalls are
presented.

1.3 Strategies to mitigate disease pathology

Since the discovery of AD, there has been a hunt for therapeutic medications to
treat AD patients. Most of these aimed to remove or reduce the amount of Aβ in AD
patients. In the recent years, the amount of clinical studies performed on AD ther-
apeutics has surged, but unfortunately, virtually none of them made it to the clinic
[69–72]. Due to the complexity of AD, increasingly divers mechanisms of action are
being persued by AD therapeutics.
Among the earliest strategies was the utilization of the immune system to remove
Aβ. This was intended to be achieved either by active immunization (i.e. vaccina-
tion against Aβ) or passive immunization by providing biologics, mostly in the form
of monoclonal antibodies, that bind Aβ or its aggregates and recruit the patients’
immune system to ultimately eliminate them [73–75].
Another persued approach is the modulation of specific enzymes that are involved
in the production of Aβ. Specifically, small molecules have been and are still being
developed to inhibit or modify the activity of β- or γ-secretase and thereby reduce
the amount of toxic Aβ production [76].
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Figure 1.2: Disease mitigation by β- and γ-secretase inhibitors and modulators.
Using compounds that specifically inhibit or modulate the activity of β- or γ-secretase, the
production of Aβ shall be reduced. Either less APP is processed via the amyloidogenic path-
way or APP cleavage is modulated to produce preferentially the shorter, less toxic Aβ vari-
ants rather than the longer, more toxic variants.

A more recent trend is the strategy to develop means to inhibit individual aggrega-
tion processes of Aβ or Tau fibrillization or oligomerization [77–83].
The following sections will provide an overview on current trends in therapeutic de-
velopment and elaborate on obstacles faced on their way.

1.3.1 Modulation of Aβ production

A large portion of therapeutic research resides around the development of inhibitors
or modulators of β- or γ-secretase activity. The rationale is the assumption that re-
duction of β- and γ-secretase activity might attenuate Aβ production [84] (see Figure
1.2).
In 2000, the first β-secretase inhibitor OM99-2 has been developed [85], proving
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the feasibility of reducing Aβ production by inhibiting β-secretase. However, OM99-
2 and several successor compounds were peptidomimetic inhibitors with relatively
large molecular sizes which unfortunately eliminated their chances for applicability
in vivo due to short half-life, deficiency in blood-brain-barrier (BBB) transmissibility
and low oral availability [86]. Consequently, the next generation of β-secretase in-
hibitors were derived from high-throughput screenings of small molecule libraries
with improved pharmacokinetics. This led to the development of compounds like
Verubecestat (Merck)[87], LY2886721 (Eli Lilly)[88], AZD3839 (AstraZeneca)[89],
atabecestat (JNJ-54,861,911, Janssen)[90], and lanabecestat (AZD3293, LY3314814,
AstraZeneca and Eli Lilly)[91, 92]. These compounds proved to be effective in reduc-
ing Aβ levels in brain and cerebrospinal fluid (CSF), not only in animal models, but
also in human clinical trials. Nevertheless, all clinical trials were discontinued due
to lack of clinical benefit [93, 94]. Quite contrary, a significant cognitive worsening
was reported associated with verubecestat and atabecestat [95–97]. A recurrent
theme was detrimental liver toxicity induced by the inhibitors owing to β-secretase
also being active in the liver and other organs exhibiting a crucial role governing
and executing signaling pathways and enzymatic reactions [76].

At the same time, development of γ-secretase inhibitors (GSIs) and later γ-
secretase modulators (GSMs) has been persued as well. Initial attempts included
substrate-based GSIs that competitively bound to the binding site of APP. Of these,
semagacestat (Eli Lilly) was one of the most sophisticated compounds which was
advanced into a phase III clinical trial [98]. However, the trial was terminated be-
fore completion due to severe toxicity and increased risk of skin cancer and in-
fections. Participants presented broad alterations to their immune system with re-
duced counts of CD19+ T cells and monocytes, and eosinophilia. But also cognitive
worsening, renal and hepatic changes, increased QT intervals, and weight loss was
observed [98, 99]. However, this clinical worsening might easily be explained ac-
counting for the fact that more than 90 γ-secretase substrates, beyond APP, are
known [100, 101], including Notch, a cardinal key receptor of highly conserved cell-
cell-communication pathways, most reknown for its involvement in embryonic de-
velopment, but also in renewal and maintenance of most adult tissues [102].
To overcome these adverse effects, ”notch-sparing” GSMs were developed that
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should not interfere with γ-secretases’ physiological Notch processing. Merely its
cleavage activity excerted on APP should be altered, aiming to shift its cleavage
site preference towards Aβ38 production, away from Aβ42 [103–105]. EVP-0962
(FORUM Pharmaceuticals Inc.), a small-molecule GSM that was shown to selectively
modulate γ-secretase activity in preclinical trials [106], was advanced into a human
phase II trial, but discontinued in 2016 [70, 107]. In 2013, Humanetics Corporation
was enrolling 40 patients with mild to moderate AD in a second single-site phase IIb
study with their GSM compound NIC5-15 (a natural compound, also called pinitol)
but no results have been published [108, 109]. To date, clinical trials on GSIs and
GSMs similarly to β-secretase inhibitors dampened enthusiasm for their therapeutic
applicability.

As framed by Bart De Strooper [110], there is a ’critical knowledge gap in γ-
secretase pharmacology’. With failed clinical trials stacking up, it became evident
that there is a glooming lack of understanding on the complex physiological in-
terconnections and enzymatic pathways involving β- and γ-secretase. This is fur-
ther aggravated by our appalling ignorance concerning the structural biology of
γ-secretase which limits our ability to develop precise and safe GSMs. Much more
research would be necessary to safely derive beneficial effects for AD patients with-
out disturbing the yet inscrutable, but vital, physiological processes exhibited by β-
and γ-secretase.

1.3.2 Aggregation inhibitors

Aβ self-assembly is governed by distinct kinetic processes [123]. Primary nucleation
describes the initial step of Aβ fibril formation in which a few Aβmonomers assemble
into a growth-competent nucleus, a prerequisite and seed for further fibril formation.
Elongation is an addition process of Aβ monomers to fibril ends leading to fibril
growth. Secondary nucleation describes the catalytic production of new fibril nuclei
by template-dependent conversion of Aβ monomers into nuclei via interaction with
fibril surfaces. Secondary nucleation-derived oligomeric fibril nuclei were suggested
to represent a potent neurotoxic agent in AD [124–127]. Yet another mode of Aβ self-
assembly yields neurotoxic AβO which are off-pathway to fibril formation [128, 129].
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Figure 1.3: Overview of a selection of small molecule inhibitors of Aβ aggregation.
PRI-002 [111], curcumin [112], ALZ-801 [113, 114] and trodusquemine [115] are compounds
believed to prevent oligomerization or shift oligomers into a non-toxic state. Bexarotene
[116], Resveratrol [117], DesAb29-36 [118] and uncarinic acid C [119] either prevent primary
nucleation or elongation of Aβ fibrils. EGCG [120] and DesAb29-36 [118] were shown to
hamper secondary nucleation processes. VY-WIW [121] and RNPN [122] were proposed to
prevent ambiguous spreading events (e.g. synaptic transmission) of Aβ aggregates. pN,
primary nucleation and E, elongation.

All these assembly mechanisms might represent potential targets for disease-modi-
fying therapeutic interventions (see Figure 1.3). Many groups developed small mole-
cules or screened natural compound libraries for inhibitors targeting individual Aβ
aggregation mechanisms [130, 131].

In the latter category, several natural compounds repeatedly lived through hy-
pes as potential cures for AD and gained popularity in public media but also in scien-
tific literature. Albeit the therapeutic potential of these compounds was regularly,
comically exaggerated. Curcumin, for example, was hailed as an all-round, natural,
miracle cure interfering with Aβ oligomerization, fibrilization and plaque formation
as well as promoting disassembly of Aβ aggregates, while also acting as an anti-
inflammatory, anti-oxidant, anti-proliferative, anti-atherosclerotic and anti-arthritis
compound [112, 132]. Nevertheless, clinical studies on curcumin failed to derive
any positive effects in AD patients [133]. A similar story unfolded around Resver-
atrol [134], a compound found in the skin of grapes and red wine. This case was
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particularly grim, as Resveratrol further aggravated brain volume loss in recipients
as compared to placebo group in a phase II study [134]. Another compound, Epi-
gallocatechingallat (EGCG), found in green tea, was anticipated to inhibit secondary
nucleation and entered clinical trials in 2009, but any publications on results are still
pending [135].

On the other hand, there are also highly sophisticated, tailor-made aggregation
inhibitors that might stand a chance in clinical trials. The most promising candi-
dates aim to shift toxic AβO towards non-toxic conformers or to disassemble them
entirely. Among these, ALZ-801 [113, 114] and PRI-002 [111] are currently persuing
promising phase III and phase II clinical trials, respectively.
Another set of inhibitors specifically target isolated fibril aggregation mechanisms.
These compounds target fibril elongation, secondary nucleation or synaptic prop-
agation individually. Compounds include: Bexarotene [116], DesAb29-36 [118], VY-
WIW [121] and RNPN [122], but most are still in the preclinical stage.
Nevertheless, it remains to be elucidated which exact aggregation mechanisms rel-
evantly contribute to AD pathology and therefore pose worthwhile therapeutic tar-
gets. Furthermore, aggregation inhibitors need to be administered with sufficient
caution as unanticipated liberation of Aβ from aggregates might provide substrate
for toxic oligomer formation in vivo. Let alone shifting AβO into alternative conform-
ers might pose unforeseen adverse effects, considering research on AβO is still a
highly dynamic area with many unknowns.

1.3.3 Immunotherapy

Immunotherapy describes a set of medical interventions that utilize the abilities of
the host’s immune system or components thereof (e.g. antibodies) to mitigate a
disease’s pathology. In the context of AD, active and passive immunization are the
most intensively persued immunotherapeutic strategies [72, 136, 137]. In active
immunization the aim is to train the immune system to recognize and eliminate
the amyloidogenic agents involved in AD by vaccination. Therefore, the immune
system is confronted with prominent epitopes from an amyloid antigen, typically
coupled to a protein carrier and mixed with adjuvants to provoke a proper immune
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response with immune memory formation directed against the amyloid antigen.
The benefit of active immunization is that after successful establishment of an im-
mune response, the immune system should henceforth be equipped with the means
to eliminate amyloid antigens on its own without the necessity for further, regular
drug applications, which is a major drawback of virtually all other therapeutic ap-
proaches.
The first attempt of an anti-Aβ vaccine was AN1792 (JANSSEN & Pfizer) that enrolled
in a clinical phase II trial in 2001 [138]. AN1792 utilized a synthetic full-length Aβ1-42
peptide coupled to a saponin-based adjuvant as the immunogen. It was able to
provoke the desired immune response with robust antibody production. These anti-
bodies were able to target and reduce Aβ plaque burden by solubilization and efflux
of Aβ through the perivascular pathway. Furthermore, a reduction in hippocampal
Tau pathology was noted. Unfortunately, the phase II study had to be terminated,
despite these positive effects, due to severe, adverse inflammatory reactions. 6%
of the participants elicited sterile meningoencephalitis attributed to infiltration of
the brain parenchyma by proinflammatory T-lymphocytes. It was later determined
that T helper (Th)-1 cells, upon immunization, became reactive to the C-terminal
and central regions of Aβ resulting in unanticipated autoimmunity [139, 140].
Subsequent active immunization strategies omitted these T-lymphocyte-reactive re-
gions and focused on N-terminal B-cell epitopes. Some of the next-generation active
anti-Aβ vaccines are listed in Table 1.2. So far, most clinical trials were unfortu-
nately terminated prematurely due to adverse effects or inefficiency and none of
them were approved, yet.

On the other hand, by far the most research, but also hope, went into the devel-
opment of passive immunization as a means to treat AD [137]. In passive immuniza-
tion, purified polyclonal or monoclonal antibodies specific to Aβ or its aggregates are
administered to the patient in hopes to facilitate removal. The anticipated mecha-
nisms of action are quite versatile. Anti-Aβ antibodies administered to the peripheral
blood stream are believed to scavenge soluble Aβ from the blood stream reducing
the Aβ concentration in the periphery. This is anticipated to create an increased Aβ
concentration gradient across the blood-brain barrier, shifting Aβ equillibrium and
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Table 1.2: Anti-Aβ vaccines in clinical trials

Drug Composition Clinical trial status References

ACC-001
(Janssen)

Aβ1-7 coupled to CRM197
and QS-21

Halted in phase II due to
inefficacy

[141–143]

AD01
(AFFiRiS AG)

Aβ1-6 mimic with Alum ad-
juvant

Phase I trial completed [144–147]

AD02
(AFFiRiS AG)

Aβ1-6 mimic with Alum ad-
juvant

Phase II trial terminated
due to inefficacy

[144, 145, 148]

AD03
(AFFiRiS AG)

Pyroglutamate-Aβ with
Alum adjuvant

Terminated due to organi-
zational reasons

[144, 145]

ACI-24
(AC Immune SA)

Tetra-palmitolated Aβ1-15
locked in β conformation
by incorporation into
liposome membranes

Phase I completed, phase
IIa withdrawn (decision
to proceed with an op-
timized study design
and optimized vaccine
formulation)

[149–151]

CAD-106
(Novartis)

Aβ1-6 coupled to 180
copies of the
bacteriophage QB coat
protein

In phase II/III [152, 153]

Lu AF20513
(Lundbeck, Otsuka Phar-
maceutical Co., Ltd.)

Aβ1-12 attached to Th
epitopes of P2 and P30
from tetanus toxin

Terminated, no outcomes
published yet

[154, 155]

UB-311
(United Neuroscience)

Aβ1-14 coupled to CpG and
Alum as adjuvants

In Phase II [156, 157]

V-950
(Merck Sharp & Dohme
Corp.)

Aβ1-15 coupled to Alum/IS-
COMATRIX

Halted after phase I for
unknown reasons

[158]

consequently inducing enhanced efflux of Aβ into the periphery, where it is subse-
quently again sequestered by the antibodies and removed by endogenous degra-
dation pathways (e.g. the liver). This ultimately results in progressive Aβ drainage
from the brain. This concept was coined ’peripheral-sink hypothesis’ (see Figure
1.4) [159–162].
In addition, a small portion of the antibodies were shown to enter the brain through
receptor-mediated transcytosis [163]. Subsequently, these antibodies are believed
to engage Aβ aggregates in situ, either resulting in their active disassembly or their
opsonization, recruiting microglia through Fc-domain recognition. After microglia
bind to these antibody-Aβ immune complexes, uptake is facilitated via receptor-
mediated phagocytosis and elimination through the endo-/lysosomal system is com-
menced [164–168].
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Table 1.3: Anti-Aβ monoclonal antibodies in clinical trials

Drug Isoform and target Clinical trial status References

Bapineuzumab
(Janssen, Pfizer)

humanized IgG1
monoclonal antibody
targeting N-terminal
Aβ1-5

Terminated in phase III
due to inefficacy and ad-
verse effects

[169–172]

Ponezumab
(Pfizer)

humanized IgG2
monoclonal antibody
against the C-terminus of
Aβ40

Halted after two phase
II studies revealed ineffi-
ciency

[173–175]

Solanezumab
(Eli Lilly)

humanized IgG1
monoclonal antibody
selective for Aβ16-26

Failed in phase III as pri-
mary endpoints were not
met

[176–178]

Crenezumab
(AC Immune SA, Genen-
tech, Hoffmann-La Roche)

human IgG4 monoclonal
antibody engineered from
a mouse antibody against
pentameric Aβ oligomers,
plaques and fibrils

Failed in phase II. No cog-
nitive or clinical benefit,
but adverse effects like
ARIA-H. Nevertheless, a
phase III study is con-
ducted on prodromal-to-
mild AD patients

[179–182]

Donanemab
(Eli Lilly & Co)

humanized IgG1
monoclonal antibody
derived from mouse
antibody mE8-IgG2a,
selective for
pyroglutamate Aβ(p3-42).
It is aimed to specifically
target plaques

In phase II/III [183, 184]

Ganterenumab
(Chugai Pharmaceutical
Co., Ltd., Hoffmann-La
Roche)

human IgG1 monoclonal
antibody against Aβ fibrils

In phase II until 2023. But
another phase II/III trial
failed to meet primary
endpoints

[185–187]

Aducanumab
(Biogen)

human IgG1 monoclonal
antibody selective for
Aβ3-7 and aggregates

FDA approved, in phase IV [114, 188–191]

Lecanemab
(Biogen, Eisai Co., Ltd.)

humanized IgG1
monoclonal antibody
against large soluble Aβ
protofibrils

In phase III until 2024.
First promising results
published

[192–194]

The first monoclonal antibody developed against Aβ was bapineuzumab, a hu-
manized IgG1 antibody targeting the N-terminus of Aβ (Aβ1-5) [169]. This antibody
was developed after AN1792 was terminated and subsequent analyses revealed
that targeting N-terminal regions of Aβ might be regarded as a safer epitope, re-
ducing undesirable inflammatory responses. Bapineuzumab entered clinical trials
and was advanced into multiple phase III studies. Unfortunately, these had to be
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terminated owing to severe adverse reactions including amyloid-related imaging
abnormalities (ARIA) edema and ARIA-hemorrhages [169–172].
In the past 15 years, several successor antibodies were developed and advanced
into clinical trials targeting virtually all thinkable epitopes and conformers of Aβ
(see Table 1.3). ARIA-related adverse side-effects were recurrently observed in all
trials, albeit to different extent for each antibody. Owing to the plethora of trials
performed so far, a sophisticated model of the drug-induced pathophysiology lead-
ing to these adverse effects was derived (see Figure 1.4) [195, 196]. A prominent
effect during immunotherapy efforts was the relocalization of Aβ from the brain’s
parenchyma to the vasculature [188, 197, 198]. It was suggested that increased
antibody-mediated efflux of Aβ — especially when Aβ fibrils were targeted — fa-
cilitated trapping of Aβ within capillary vessel walls and linings promoting cerebral
amyloid angiopathy (CAA). Deposits of Aβ aggregates within vascular vessel walls
were suggested to then further sequester even more Aβ by continued aggrega-
tion. Concomittantly, a continued influx of anti-Aβ antibodies engage the trapped
Aβ leading to further accumulation of Aβ and antibodies in the vessel walls initiating
a proinflammatory feedback loop leading to therapy-induced exacerbation of CAA
[195, 197, 198]. Chronic CAA-related inflammation in the vicinity of the vasculature
increases vulnerability to vasogenic edema, microhemmorhages, damage to and
leakage of the BBB and defective blood supply [199, 200].
Another detrimental implication regarding anti-Aβ passive immunotherapies is res-
olubilization of insoluble Aβ aggregates promoting AβO formation [201–204]. This
effect was dubbed the ”dust-raising effect” [201]. Mobilization of Aβ from well-
established plaques transforms relatively inert, localized deposits into highly neu-
rotoxic agile pathogens. This effect was particularly impressive in the vaccination
studies of AN1792, which drastically reduced plaque burden, but increased soluble
Aβ concentration which was conspicuously harmful and aggravated brain volume
loss [205].
Furthermore, antibodies targeting the N-terminal sequence of Aβ, were shown to
bind APP off-target, which interestingly enhanced Aβ production, possibly by initi-
ation of endocytosis and subsequent proteolytic degradation of the APP-antibody
complex [206, 207]. This effect might therefore be anticipated for antibodies like
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bapineuzumab, ganterenumab and aducanumab which all target the N-terminal re-
gions of Aβ [208]. Further, when acknowledging that certain antibodies are able
to bind to APP on neuronal membranes via the exposed N-terminal Aβ sequence,
it would be negligent to dismiss the consequential risk of imminent Fc-domain-
mediated immune attacks on neurons, that are decorated by these antibodies.
Furthermore, an over-the-top precarious situation culminates in the already inflamed
cerebral milieu by additional cues from the Fc-region of the administered anti-Aβ
antibodies. Once an antibody has bound to its Aβ antigen, its Fc-domain shifts con-
formation and becomes receptive to Fc receptors [209]. Many immune cells express
and present Fc receptors and are thereby able to detect these immune complexes,
which triggers activation upon binding. Thereby, antibody-Aβ immune complexes
elicit a broad proinflammatory mediator function, which leads to activation of im-
mune cells, including microglia, prompting release of proinflammatory cytokines
and chemokines [165]. Another mediator function of the antibodies, anticipated in
this context, is complement protein recruitment and activation which further pro-
motes central nervous system (CNS) inflammation [210, 211]. Altogether, these
complicationsmight collectively explain the adverse effects and poor efficacies seen
in clinical trials.

Despite the aforementioned shortcomings of passive immunization, currently
the most promising candidate to root for is lecanemab. Lecanemab primarily tar-
gets protofibrillar Aβ, which is considered to be the most potent neurotoxic agent in
AD. To a lesser degree lecanemab binds to plaques and fibrils. A phase IIb study with
28 patients receiving the highest dose of 10 mg/kg, biweekly, revealed a promising
47% reduction in progression of cognitive decline and a 93% reduction in brain amy-
loid, while merely 10% of the participants experienced ARIA-related adverse events
[192]. Just recently, first results of a phase III study of lecanemab underscored its
promising potential [194]. In an 18 month trial with 1795 participants 50 to 90
years of age with early AD, lecanemab slowed cognitive decline by 27% compared
to placebo, albeit incidents of adverse events were observed more frequently com-
pared to its phase IIb study. 12.6% of the participants experienced ARIA-edema and
17.3% ARIA-hemorrhages. These were exciting news, but the optimism was met by
caution, as safety concerns remain and need to be addressed in extended trials
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Figure 1.4: Anticipated beneficial impact of anti-Aβ passive immunization and
mechanisms of adverse antibody-mediated effects. Microglia and neuron sprites were
adapted from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

[212, 213]. Nevertheless, these results once more signify the disease-relevance
of protofibrillar AβO and strengthen the call for in-depth investigations into their
pathophysiology.

Another special case is aducanumab which deserves to be mentioned sepa-
rately. Aducanumab is a human monoclonal IgG1 antibody targeting aggregated
Aβ, which was originally developed by Neurimmune and later advanced by Biogen
into successful phase I and II studies suggesting cognitive benefit in AD patients.
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But in 2019, two almost identical phase III clinical trials were shut down prema-
turely, as a futility analysis by an independent monitoring committee could not de-
tect a beneficial effect in patients. Beyond, 41.3% of the participants receiving the
highest dose of aducanumab experienced ARIA, 35.2% ARIA-edema, 19.1% ARIA-
microhemorrhage and 14.7% ARIA–superficial siderosis which raised serious safety
concerns [189, 214].
Nevertheless, Biogen later reported, upon reanalysis of their datasets, that partici-
pants receiving the highest dose of aducanumab in one of the two trials showed a
slight slowdown of cognitive decline. Biogen then applied for approval by the U.S.
Food and Drug Administration (FDA) and indeed became the first approved drug that
claimed to treat the underlying pathophysiology of AD and to slowdown its progres-
sion.

1.3.3.1 Aduhelm: a backlash unfolds

Aduhelm, the brand name of aducanumab, became an increasingly controversial
topic in the AD field and beyond. On 7th June 2021, the FDA gave the green light for
the marketing authorization of Aduhelm utilizing an accelerated approval pathway.
This requires Biogen to confirm the efficacy and benefit of Aduhelm in a follow-
up phase IV study. But, this whole process was remarkable, as this approval was
granted despite the almost unanimous advise against the approval by the FDA’s
scientific advisory committee.

“Ten voted against and one was uncertain.” — The New York Times [215]

The events following the approval were nothing shy of a thriller. On June 11th,
three FDA advisors resigned over the approval, on June 25th, two Congressional
House committees launched joint investigations into the approval process, on July
9th, the FDA’s acting commissioner requested an independent investigation, on
August 4th, investigations by the Department of Health and Human Service were
launched [216, 217]. Entanglements of Biogen and FDA individuals were uncovered
and are further discussed in [216, 218].
On top of this political fiasco, as Aduhelm is now effectively approved, clinicians are
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now facing difficult discussions and decisions with patients and their families regard-
ing the vague promise of clinical benefit, but potentially severe side-effects and the
high costs associated with Aduhelm. Annual costs for the drug itself were initially
listed at 56.000 US$, but were later reduced to 28.200 US$ due to public outrage.
This does not yet include costs for mandatory periodic follow-up MRI scans and hos-
pital stays. This further raised questions about equity and affordability. Aduhelm
was also picked up as a strengthening argument to push for reforms on drug pricing
legislations in the US.

In response to these uncertainties, the European Medicines Agency (EMA) re-
fused a marketing authorization for Aduhelm in europe [219].

Heretofore, passive immunization withmonoclonal antibodies, like aducanumab,
unfortunately still constitutes our ray of hope to tackle AD, despite the off-putting
risk benefit ratios, precarious side-effects and incomprehensible, trust deteriorat-
ing regulatory decision rulings. But, we have to admit that after all these iterations
of monoclonal anti-Aβ antibodies entering clinical trials and not or barely succeed-
ing, although targeting virtually all possible epitopes and conformers of Aβ (see
table 1.3), chances of a breakthrough game-changer are exhausted. Negative side-
effects (see Figure 1.4) appear to render these therapeutic applications futile or at
least ineffective. In my opinion, it is time to lay conventional antibodies against Aβ
to rest and approach novel techniques.
Unfortunately, all these accumulated failed iterations also camewith another caveat:
No return on investments. After repeated loss of investments, as clinical trials were
terminated, investors are now increasingly reluctant to invest in AD therapeutics.
Pfizer, for example, called it quits on Alzheimer’s and Parkinson’s research, entirely
[220]. Consequently, novel developments will have a hard time and will have to
increasingly rely on public financial support or might not be able to advance into
clinical phases at all.

But, if one positive learning could be derived from aducanumab and more re-
cently lecanemab, it would be the first indications that reduction of Aβ in AD patients
might actually yield a beneficial effect, if not masked by the inflicted additional bur-
den attributable to the negative side-effects of the drug itself. Reinforced by these
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findings, I want to shed some light onto a novel, potential therapeutic approach
that might surpass its predecessors by avoiding the aforementioned negative side-
effects while yet improving the anticipated Aβ clearing effect.

1.4 Proteolytic antibodies

To ease the mood of the previous sections, let me introduce a refreshingly inge-
nious avenue that might resolve the aforementioned shortcomings of conventional
antibody therapeutics and might represent a worthwile addition to our therapeutic
repertoire against amyloid diseases.

Catalytic antibodies, i.e. proteolytic antibodies with an inherent ability to hydrol-
yse their antigen [221]. These antibodies would instead of merely binding to their
antigen, cleave it and release hydrolysis products. In the case of Aβ, these hydrolysis
products are believed to be inert in terms of amyloidogenic potential [222, 223]. Fur-
thermore, proteolytic functionality might resolve virtually all shortcomings of con-
ventional antibody immunotherapeutics as observed in clinical trials by: (1) Elimina-
tion of antibody-Aβ immune complex-induced activation of microglia, as no stable
immune complexes are formed at any point. Antibody-Aβ contact is merely tran-
sient due to cleavage-mediated antigen release. (2) Circumvention of microglial
uptake to get rid of Aβ aggregates. Once the proteolytic antibodies engage Aβ it
would be hydrolysed on the spot, no need for microglial uptake of aggregates. (3)
Increase in clearance efficiency, as proteolytic antibodies are not consumed once
an Aβ molecule is hydrolysed, as is the case for conventional antibodies which upon
antigen binding are eliminated alongside their bound antigen by microglial uptake
or clearance by the liver. Contrary to that, proteolytic antibodies can engage an Aβ
molecule, cleave it and then continue to eliminate further Aβ molecules (see Fig-
ure 1.5). Therefore, one proteolytic antibody might eliminate ten thousands of Aβ
molecules during its lifetime. Consequently, they might not only drastically increase
the efficiency of Aβ clearance, but could possibly reduce the necessary amount of
antibody to be administered in therapy. (4) Sparing of the BBB from aggravating
CAA, owing to the mode of action of proteolytic antibodies. Neither Aβ aggregates
would be shuttled through the BBB nor antibodies would be trapped in the vessel
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Figure 1.5: Increased efficiency anticipated for proteolytic antibodies. A conven-
tional antibody may bind one or two antigens before being degraded alongside its bound
antigen. On the other hand, a proteolytic antibody is not consumed when hydrolysing an
antigen. Therefore, proteolytic antibodies might successively cleave thousands of antigens
and thereby drastically increase clearance efficiency and might reduce necessary therapeu-
tic doses.

linings. Quite the opposite, Aβ in proximity to the vasculature would possibly be
among the first to be cleared by the catalytic action of the proteolytic antibodies,
which would attenuate CAA. (5) Proteolytic antibodies act independent of endoge-
nous, homeostatic degradation pathways. Protein homeostatic maschinery is al-
ready impaired in AD and in the case of conventional antibody immunotherapeutics
further stress is inflicted on these pathways by the need to additionally process the
antibody-Aβ complexes. This is not the case for proteolytic antibodies, which act by
themselves.

Proteolytic antibodiesmight constitute a novel class of immunotherapeutic drugs
that combine the superior antigen-specificity of antibodies with the catalytic clear-
ance ability of proteases. They bear a tremendously promising potential and might
pose a valuable addition to our therapeutic arsenal which might be applied to a wide
range of amyloid diseases.
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1.4.1 Naturally occurring proteolytic antibodies

Proteolytic antibodies have first been reported in 1989 [221]. Naturally occurring
proteolytic antibodies able to degrade vasoactive intestinal peptide (VIP), a bron-
chodilator, were discovered in patients with autoimmunity [221]. Several other
proteolytic antibodies were discovered in the following years including antibodies
against thyroglobulin in Hashimoto’s thyroiditis [224], factor VIII in hemophilia pa-
tients [225] and monoclonal myeloma light chains were shown to hydrolytically
cleave prothrombin [226] and vasopressin [227]. Furthermore, transthyretin [228]
and Aβ [229, 230] have been identified as targets of proteolytic antibodies.

At first glance, the ubiquitous natural occurrence of proteolytic antibodies against
distinct antigensmight appear as an intellectually challenging concept. Activation of
B-cells and subsequent antibody production is dependent on B-cell receptor (BCR)-
mediated signal transduction upon antigen binding. Therefore, antigen cleavage,
as is the case for proteolytic antibodies, would diametrically contradict this require-
ment, as the antigen would be prematurely released upon cleavage and would
therefore abbrogate development of proteolytic adaptive immunity. According to
our classical understanding, there is yet another prerequisite for B-cell activation
and expansion — contemporaneous T-helper cell stimulation. Here, T-helper cells
need to specifically recognize processed fragments of the antigen, presented on
the B-cell’s major histocompatibility complex II (MHC II) molecules. After successful
recognition, the T-helper cell releases cytokines, highly localized, directed towards
the B-cell, promoting and enabling activation, clonal expansion and class-switching
of the B-cell. But in addition, the B-cell needs to simultaneously grip onto another
antigen molecule via its BCR. This co-stimulation is required for proper activation,
clonal expansion and appropriate class-switching of the B-cell [231, 232]. Conse-
quently, when pondering about the chances of proteolytic antibody existence, the
intuitive stance would be to assume: They must be obscure and rare immunological
oddballs. But the conflicting observation of many proteolytic antibodies with distinct
targets, leads to the challenging question of: How can proteolytic antibodies be so
ubiquitously induced?
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Antigen proteolysis by BCRs only allows subsequent B-cell activation and clonal
expansion in case transmembrane BCR signaling, as a consequence of antigen bind-
ing, is faster than antigen proteolysis and release [233]. Elevated abundance of pro-
teolytic antibodies in patients with autoimmunities characterized by reduced thresh-
olds in BCR signalling supports this assumption [234, 235]. Furthermore, B-cell ac-
tivation in proteolytic immunity might follow a T-helper cell-independent activation
route. Strong BCR signaling alone, induced by multivalent antigens (e.g. polysac-
charides on the surface of bacteria), was shown to be sufficient to induce B-cell
activation with proper antibody production [236, 237]. Albeit, this activation mech-
anism exclusively results in the production of IgM-class antibodies, as T-helper cell
signalling is imperative for class-switching to occur and is missing in this case. A
supporting argument of the T-helper cell-independent induction hypothesis is that
superior catalytic activity was consistently found in IgM-class antibodies and almost
none in class-switched IgG antibodies [238, 239].
One exemption of T-helper cell-dependency in antibody class-switching is present in
IgA antibodies. IgA class-switching is facilitated through both T-helper cell-depen-
dent and T-helper cell-independent pathways [240]. Accordingly, proteolytic IgA an-
tibodies have been reported and surprisingly elicited profound activities surpassing
IgM activities [241, 242].

Interestingly, all proteolytic antibodies that have been identified so far exhibited
serine protease-like activity, featuring the typical catalytic triads or diads character-
istic for serine proteases, consisting of serine, histidine and aspertate residues. In-
dependent catalytic domains and antigen-binding domains were consistently found
in proteolytic antibodies and therefore a split-site model of spatially separated anti-
gen recognition and hydrolysis has been posited [239, 243]. The catalytic domains,
which presented prominent nucleophilic activity, were found within the conserved
framework regions of the V domains and their nucleophilic activity was not abbro-
gated by experimental complementarity determining region (CDR) exchange, while
on the other hand CDRs were indispensable for antigen recognition and binding
[244]. Nucleophilic sites were found to be encoded in conserved, heritable germline
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sequences and promiscuous nucleophilic reactivity was found in essentially all V do-
mains, when probed with phosphonate diesters (strong electrophiles able to cova-
lently bind nucleophiles, such as the catalytic domains of serine proteases) [245].
The ubiquity and conservation of the nucleophilic sites in heritable, germline V do-
mains allowed speculations that catalytic activity might evolutionarily preceed clas-
sic, adaptive immunity and might serve an important protective purpose [243]. In
support of this assumption, high levels of catalytic antibodies have been correlated
with survival chances in sepsis patients [246].

In the case of proteolytic antibodies against amyloid peptides, the induction re-
quirements are readily met, as amyloids present a high degree of multivalency,
which might be sufficient for T-helper cell-independent activation. Furthermore,
amyloids present conformational neoantigens whichmight circumvent developmen-
tal negative selection of autoreactive B-cells during B-cell development.
In line with this notion, proteolytic anti-Aβ antibodies were found in AD patients,
healthy elderly but also in healthy young individuals (<35 y.o.). The catalytic activ-
ity was superior in IgM-class antibodies and virtually absent in IgG-class antibodies.
Polyclonal IgM preparations from healthy elderly donors (>70 y.o.) displayed cat-
alytic activities against Aβ1-40 that were 3 orders of magnitude higher than those of
IgG preparations from the same donors [229]. Correlation of catalytic activity with
age and AD pathology hints at adaptive processes involved in these antibodies.
However, analyses suggested that this adaptivity occured only by affinity matura-
tion of the antigen-binding sites while the nucleophilic, catalytic sites were devoid
of adaptive processes [229].
Proteolytic anti-Aβ antibodies were shown to reduce Aβ levels, prevent its aggrega-
tion and reduce toxicity in AD mouse models and cell culture [229, 247]. Another
positive finding in experiments in mice, was that a proteolytic anti-Aβ single-chain
variable fragment (scFv) did not activate microglia and the number of microhem-
orrhages found in the neocortex was slightly reduced compared to control group,
which was treated with an irrelevant scFv. These results support the superiority
of proteolytic antibodies over conventional antibodies in terms of safety and infers
promising potential for proteolytic antibodies as a treatment opportunity for AD.
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1.5 Selection methods

The following sections will focus on the evolution of selection methods and how
these have been utilized for proteolytic antibody development in the past — pitfalls
of these early attempts will be discussed and finally, my proposed method to de-
velop proteolytic antibodies will be introduced in section 3.1 and its advantages will
be emphasized.

1.5.1 Harnessing in vitro evolution — survival of the fittest

In biochemistry, methods for isolation and development of compounds with tailor-
made properties (e.g. antibodies that bind a certain antigen, enzymes that catalyze
a defined reaction or whole organisms that produce a valuable resource) rely heav-
ily on the concept of evolution, which can be condensed down to the utilization of
mutations and specific selection pressures leading to the enrichment of entities with
the desired functionality.
Conceptually, in an evolution-driven system traits of an entity are passed on to its
successors. Individual traits are subject to random alterations. Beneficial alterations
to traits are more likely to be passed on to the next generation. Effects of evolution
can be seen in any living species over the course of several thousands of genera-
tions due to mutations in their genetic information. But evolution is not limited to
living creatures, as evidenced by viruses which are also subject to evolution. This
also shows that evolutionary processes are not limited to the inherited information
being encoded in DNA, but can also act on RNA which encodes the information of
certain forms of viruses. Generalized, evolution may act on any system in which
a genotype — the code harbouring the information about the traits of an entity —
is connected to the corresponding phenotype — the functional expression of the
traits encoded in the genotype. But there are two more conditions: First, the geno-
type must be subject to intergenerational variability due to mutations/alterations
and second, the probability of survival/reproduction of the entity must be subject to
selection pressures.
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We have learnt to harness the potential that lies in these evolutionary pro-
cesses to our advantage. To date, artificial evolutionary processes were ubiqui-
tously adapted in tightly controlled setups to develop functional proteins (e.g. an-
tibodies and enzymes) or catalytic and binding DNAs or RNAs (e.g. aptamers and
DNAzymes).

1.5.2 First-generation selection methods

Early selection methods focused on the provision of means to physically connect a
proteinogenic expression of a variant with its encoding DNA. These methods were
widely used to isolate antibodies against specific antigens from large combinatorial
libraries by repeated panning and recovery of variants, that were able to bind to the
desired, immobilized antigens. As the corresponding encoding DNA was physically
connected to the captured antibodies, active variant sequences could easily be re-
covered. Probably the most famous and routinely used selection method is phage
display [248]. Here, antibodies or other proteins are conjugated to a coat protein
(mostly pIII) of the bacteriophage M13. Therefore, E.coli bacteria are infected with
phagemids that harbour the code for an entire phage and in addition a conjugation
construct of the proteins of interest (POI) with the pIII coat protein. Subsequently,
the infected E.coli produce phages which clonally display a POI-variant on their sur-
face. These phages are then subjected to immobilized ligands and phages that are
able to bind are recovered. These phages are then reused in subsequent selection
cycles or maturation experiments by mutagenesis to further increase the binding
affinities or for down-stream analyses of selected variants.
Similar and more advanced display methods have been developed including ribo-
some display, mRNA display, CIS display, yeast surface display, SNAP-BG display
and many more, which all have their individual advantages and disadvantages and
are reviewed in [249–251]. But unfortunately, all these methods still have the in-
herent disadvantage of a pretty narrow scope of application, limited exclusively to
non-covalent or covalent binding events. Proteolytic antibodies on the other hand
do exactly the opposite by hydrolysing peptide bonds of their antigens. Therefore,
early attempts to isolate proteolytic antibodies using phage display had to come up
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Figure 1.6: Chemical structure of the Aβ CRAA used by Taguchi et al. The Aβ CRAA
features two large phosphonate ester probes conjugated to the lysine residues of the Aβ
sequence and an N-terminal biotin. Image recreated according to [230].

with unconventional means to circumvent the cleaving nature of proteolytic anti-
bodies during selection.

1.5.3 An early success — enrichment of proteolytic antibodies via phage
display

In 2001, the group of Paul Sudhir published a method to isolate single-chain prote-
olytic antibodies from combinatorial libraries by phage display [252]. The group —
inspired by the serine protease and serine esterase inhibitor diisopropyl fluorophos-
phate (DFP) — developed phosphonate diester probes, that were utilized to develop
covalently reactive antigen analogs (CRAAs). In CRAAs, inhibitory phosphonate es-
ters are conjugated to certain residues of the target antigen. Thereby, CRAA probes
are able to irreversibly and covalently bind to the active site of proteolytic antibod-
ies, while at the same time presenting antigen epitopes, favouring the isolation of
antigen-specific, proteolytic antibodies. In a subsequent study, an Aβ CRAA (see
Figure 1.6) was developed by coupling phosphonate esters to the lysine residues
of Aβ and it was used to isolate single-chain proteolytic anti-Aβ antibodies [230].
Phage display was used wherein phages that displayed proteolytic antibodies which
were able to engage the Aβ-coupled phosphonate diester moieties, were covalently
captured and recovered. The method design was affirmed, by successful isolation
of single-chain antibodies which exhibited prominent catalytic activies against Aβ.
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At that time, it was a formidable achievement to successfully utilize the limited ver-
satility of phage display to isolate antigen-specific, proteolytic antibodies. Two anti-
bodies from these selections were published: 2E6, a non-physiological single-chain
antibody consisting of two lambda light chain Fvs, and 5D3, a single-domain kappa
light chain Fv antibody. Both presented superior catalytic activity against Aβ com-
pared to polyclonal and monoclonal IgM preparations. Furthermore, 2E6 was able
to reduce Aβ plaque burden in an AD mouse model, while microglia activation and
incidences of microhemmorhages were indistinguishable from control [247]. Never-
theless, unfortunately, the stability of these antibodies turned out to be unsuitable
for therapeutic applications. The purification process of 2E6 drastically diminished
its specific activity.
On a side note, multiple attemts I performed to reproduce the claimed proteolytic
activity of 2E6 and 5D3, failed to recapitulate any proteolytic activity against Aβ,
which adds a grain of salt to the afforementioned achievements.

Generally, a set of disadvantages inherent to the afforementioned phage dis-
play method utilizing CRAAs to develop antigen-specific, proteolytic single-chain
antibodies limits its applicability and needs to be overcome, to successfully develop
antibodies fit for therapeutic applications: 1) Instability of antibodies is a major
concern and currently needs to be met by extensive engineering post-isolation. 2)
CRAAs favour the isolation of antibodies featuring nucleophilic activity, irrespective
of antigen-specificity. Any antibody with nucleophilic activity, that is able to engage
the phosphonate ester probes, will be isolated. 3) Presence of nucleophilic activity
does not equate to the presence of proteolytic activity. This necessitates further
extensive manual screening of individual variants post-isolation for antigen-specific
proteolytic activity. 4) the antigen is modified by conjugation with large phospho-
nate ester probes across multiple residues, altering the structural appearence of
epitopes originally presented by the antigen, potentially tampering with achievable
antigen-specificity.
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Table 1.4: Applications of IVC in biomolecule engineering

Type of molecule Functionality Selection method References

Proteins Site-specific methylation by
HaeIII methyltransferase

Protection from nuclease degra-
dation by DNA methylation

[253, 254]

Enhanced thiolactonase
activity

W/o/w emulsion sorting by
FACS, fluorescence produced
by thiolactonase activity

[255]

Site-specific endonuclease Incorporation of dUTP-biotin
into cohesive ends after suc-
cessful nuclease cleavage by
DNA polymerase

[256]

Enhanced phosphotriesterases
for degradation of
organophosphate pesticides
and nerve agents (soman,
sarin and VX)

Microbead display and FACS
sorting of microbeads conju-
gated with variant DNA and har-
bouring product, if the variant
was active

[257]

Protein-ligand binding,
development of enhanced
HA-tags

FACS sorting of microbeads dis-
playing a POI

[258]

Protein-ligand binding, mutant
ligand peptides recognized by
anti-His antibody

FACS sorting of microbeads dis-
playing mutant His-tags recog-
nized by fluorescent anti-His an-
tibody

[259]

Protein-ligand binding Attachment of encoding DNA to
the POI via BG-SNAP covalent
bonding, selection panning per-
formed as in phage display

[250, 260–262]

RNAs Trans-acting ligase ribozymes Microbead display and FACS
sorting, active variants attach
fluorophors to RNA oligonu-
cleotides

[263]

Ribozymes catalyzing
multiple-turnover Diels-Alder
cycloadditions

Library DNA variants are modi-
fied with an anthracene moeity
and are conjugated to a biotin-
maleimide by active ribozymes

[264]

Other T7 promotor variants with
enhanced in vitro activity

Microbead display and FACS
sorting of microbeads which
gain fluorescence upon suc-
cessful in vitro expression

[265]

1.5.4 Next-generation selectionmethods—miniturizing the laboratory with
artificial cell-like compartments

Earlier selection methods were essentially limited to simple binding or bond-forming
reactions to physically capture variants with the desired properties from a bulk mix-
ture.
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The advent of next-generation selection methods, arrived with the invention of in
vitro compartmentalized (IVC), cell-sized, picoliter reactors provided via emulsifica-
tion. With in vitro transcription and translation (IVTT) formulations becoming com-
mercially available, proteins and enzymes could be produced in reaction tubes, de-
void of any cells. This was utilized in combination with IVC to establish artificial
cell-like compartments with custom compositions to allow millions of paralleled en-
zymatic reactions to be performed simultaneously, which enabled development of
sophisticated, custom enzymes performing complex and tailor-made chemical re-
actions. These methods allowed the development of a broad range of enzymes
with functionalities beyond bond formation. Table 1.4 contains a compiled, but non-
exhaustive list of successful developments achieved using IVTT IVC applications.

The next leap forward in selection methods was achieved by the introduction
of a solid phase to IVC IVTT in the form of microbeads. These microbeads could
be funtionalized by tethering chemicals, proteins or nucleic acids to their surfaces
alongside with a variant-encoding DNA. Selection setups were formulated, so that
functional groups could be manipulated by the desired variant-induced enzymatic
reactions yielding a readout for isolation. A popular readout was generated by at-
tachment, detachment or modification of fluorescences as a result of catalysis in-
duced by active variants. Afterwards, microbeads harbouring DNA encoding active
variants could be collected via fluorescence-activated cell sorting (FACS).

1.5.5 Microfluidics

The current state-of-the-art technique predicted to soon dominate the enzyme and
biomolecule engineering field is microfluidics with chip-based microfluidic devices.
Microfluidics applications feature pressure pumps capable of reliably pumping fluids
on a nanoliter to milliliter per minute scale. These pumps are used together with
carefully designed microfluidic chips, which are usually made of polydimethylsilox-
ane (PDMS) and feature miniscule, intricate, interconnected channels that allow a
broad range of fluid manipulations. Their main purpose in enzyme engineering is
the establishment of highly homogeneous aqueous droplets in oil [266]. Further-
more, the chip design allows not only for droplet generation but also for droplet
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mixing [266], splitting [266, 267], fusion [266, 268], incubation [266], microbead
or cell encapsulation [269, 270], sorting via fluorescence or absorbance readouts
[268, 269, 271, 272] and also sorting by droplet load or size [273, 274]. The versa-
tility of this platform never ceases to amaze with ever more elaborate applications
emerging in the field of directed evolution and biomolecule development.
Unfortunately, microfluidics has a relatively high entrance barrier, as it necessitates
the use of highly specialized equipment, which is only available to a handful of lab-
oratories. But as costs for equipment drop, it is expected to quickly dominate the
field of biochemical engineering.

1.6 The scope of this study

This study was divided into two parts. The first part focused on the investigation of
an AβOmodel, which was derived from a recombinant dimeric Aβ construct (dimAβ).
The second and main part of this thesis revolved around the development of means
to enable the isolation of antigen-specific proteolytic antibodies from combinatorial
antibody libraries against amyloid peptides, in this case against Aβ.

1.6.1 Investigations into AβO using dimAβ

dimAβ is a recombinantly produced Aβ40 dimer, which is composed of two Aβ40
subunits tethered head-to-tail via a (G4S)4 linker. In initial experiments, dimAβ
presented a conspicuous kinetic behavior in Thioflavin T (ThT)-monitored aggre-
gation experiments. Typically, amyloid aggregation is characterized by sigmoidal
assembly kinetics. The aggregation of dimAβ on the other hand presented highly
concentration-dependent biphasic assembly kinetics. Intriguingly, the first phase
was dominated by rapid generation of AβO, while the second phase represented
the conversion of AβO into mature fibrils. The first part of my thesis aimed to elu-
cidate on the assembly mechanisms of dimAβ-derived AβO, their interactions with
mature fibrils, and to probe their suitability as a model to study AβO-induced patho-
physiology.
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1.6.2 Development of a method to enable the isolation of antigen-specific
proteolytic antibodies from combinatorial libraries

To conquer the pressing need for an effective AD treatment, I sought out to pro-
vide means to enable investigations into the potential of antigen-specific proteolytic
antibodies as novel anti-Aβ therapeutics. Proteolytic antibodies were so far largely
neglected as potential drugs, probably due to their elusive nature and lack of sophis-
ticated methods to isolate them from combinatorial antibody libraries. Therefore,
as a self-proclaimed goal of this study, I aimed to develop a method which allows
for the isolation of proteolytic antibodies and thereby makes them tangible for ther-
apeutic research. The pinnacle of this work was intended to be an initial application
of my method to isolate proteolytic anti-Aβ antibodies from combinatorial antibody
libraries derived from naive human blood donations.



2. Results: Aβ Oligomers

We previously developed an AβO model by connecting two Aβ40 molecules head-
to-tail via a (G4S)4 linker. This recombinant peptide was termed dimAβ. By the
spatial proximity of the two Aβ subunits the local Aβ concentration was artificially
elevated, which promoted a highly concentration-dependent formation of AβO. Un-
der quiescent conditions, AβO formation by dimAβ was kinetically favored over fibril
formation, enabling the generation of metastable AβO. In contrast to AβO generated
by Aβ40 and Aβ42, dimAβ-derived AβO, once formed, could be studied for elongated
periods of time, without interfering progression of aggregation into fibrillar confor-
mations. This was true for quiescent incubation conditions, but could be overcome
by agitation which lead to proper fibril formation, possibly induced by interactions
with the water-air interphase. Using dimAβ as an AβO model, I investigated the
interactions of AβO with Aβ fibrils, demonstrating that AβO were able to bind and
decorate fibril surfaces and thereby hamper fibril growth by inhibition of secondary
nucleation processes (see original publication abstracts in infoboxes 2.1 and 2.2
and original publications 1 and 2 in 2.4) [128, 275]. My results supported the no-
tion that AβO might be sequestered and thereby inactivated via interactions with
Aβ fibrils, albeit beyond that they also antagonize their fixation at the same time
by inhibition of fibril formation and thereby might elude their inactivation. Regard-
less, it remains to be elucidated whether AβO fixation by fibrils or senile plaques
reduces their specific toxicity or might even promote toxicity elicited in the vicinity
of plaques [276–278].

The origin of AβO in vivo is yet an open question. There is a long-standing para-
dox by which AβO formation in vitro is depend on elevated two- to three-digit micro-
molar concentrations of Aβ [65, 279–283], but these concentrations far exceed the
estimated pico- to nanomolar concentrations found in brain tissue or cerebrospinal
fluid (CSF) by several orders of magnitude [284–286]. Nevertheless, AβOwere found

33
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in post-mortem AD brain homogenates suggesting the existence of alternative for-
mation mechanisms or factors promoting AβO production in vivo [287].
Together with colleagues, I was able to demonstrate a possible route of in vivo AβO
formation [288]. We investigated the effect of pH on the concentration-dependent
generation of AβO by dimAβ as well as native Aβ42. At neutral pH, fibril formation of
Aβ42 and dimAβ was favoured until a critical oligomer concentration was exceeded
giving rise to rapid AβO formation. These AβO were off-pathway to fibril formation.
The critical oligomer concentration at neutral pH was ~30 µM for Aβ1-42 far exceed-
ing physiological concentrations. But we were able to show that upon reduction of
pH to endo-/lysosomal pH of 4.5–5.5 the formation of AβO was accelerated ~8,000-
fold and the critical oligomer concentration was reduced to ~3 µM.
The endo-/lysosomal system is known to naturally enrich Aβ. Endo-/lysosomal Aβ
concentration has previously been reported to be well above 2.5 µM [289] suggest-
ing that, together with its acidic pH, the endo-/lysosomal system might be a major
contributor to spawning AβO in vivo (see original publication abstract in infobox 2.3
and original publication 3 in 2.4).
Furthermore, using dimAβ as a metastable AβO model, we were able to recapitu-
late a hallmark event of AD in primary mouse neurons that has been linked to AβO:
Tau missorting. AβO formed by dimAβ potently induced Tau missorting in primary
mouse cortical neurons and decreased spontaneous calcium oscillations. These re-
sults highlight the potential of our dimAβ-derived AβO model to faithfully recapitu-
late AβO pathology and might thereby provide a valuable model to investigate this
usually elusive key-player of AD pathogenesis and might contribute to the develop-
ment of novel therapeutics against AβO.
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2.1 Origin of metastable oligomers and their effects
on amyloid fibril self-assembly [128]

Figure 2.1: Aβ gO/CFs form at concentrations above the
COC and inhibit fibril growth.

Assembly of rigid amyloid fibrils
with their characteristic cross-β
sheet structure is a molecular sig-
nature of numerous neurodegen-
erative and non-neuropathic dis-
orders. Frequently, large pop-
ulations of small globular amy-
loid oligomers (gOs) and curvilin-
ear fibrils (CFs) precede the forma-
tion of late-stage rigid fibrils (RFs),
and have been implicated in amy-
loid toxicity.

Yet our understanding of the origin of these metastable oligomers, their role as on-pathway
precursors or off-pathway competitors, and their effects on the self-assembly of amyloid
fibrils remains incomplete. Using two unrelated amyloid proteins, amyloid-β and lysozyme,
we find that gO/CF formation, analogous to micelle formation by surfactants, is delineated
by a “critical oligomer concentration” (COC). Below this COC, fibril assembly replicates the
sigmoidal kinetics of nucleated polymerization.
Upon crossing the COC, assembly kinetics becomes biphasic with gO/CF formation respon-
sible for the lag-free initial phase, followed by a second upswing dominated by RF nucle-
ation and growth. RF lag periods below the COC, as expected, decrease as a power law
in monomer concentration. Surprisingly, the build-up of gO/CFs above the COC causes a
progressive increase in RF lag periods. Our results suggest that metastable gO/CFs are off-
pathway from RF formation, confined by a condition-dependent COC that is distinct from
RF solubility, underlie a transition from sigmoidal to biphasic assembly kinetics and, most
importantly, not only compete with RFs for the shared monomeric growth substrate but
actively inhibit their nucleation and growth.

Abstract from [128].
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2.2 Protofibril–Fibril Interactions Inhibit Amyloid
Fibril Assembly by Obstructing Secondary Nu-
cleation [275]

Figure 2.2: Aβ gO/CFs are able to bind to the surface of Aβ
fibrils. This obscures secondary nucleation sites and thereby
inhibits fibril formation.

Amyloid-β peptides assemble into
both rigid amyloid fibrils andmeta-
stable oligomers termed AβO or
protofibrils. In Alzheimer’s dis-
ease, Aβ fibrils constitute the core
of senile plaques, but Aβ protofib-
rils may represent the main toxic
species. Aβ protofibrils accu-
mulate at the exterior of senile
plaques, yet the protofibril–fibril
interplay is not well understood.
Applying chemical kinetics and
atomic force microscopy to the
assembly of Aβ and lysozyme,
protofibrils are observed to bind to
the lateral surfaces of amyloid fib-
rils. When utilizing Aβ variants with different critical oligomer concentrations, the interaction
inhibits the autocatalytic proliferation of amyloid fibrils by secondary nucleation on the fibril
surface. Thus, metastable oligomers antagonize their replacement by amyloid fibrils both
by competing for monomers and blocking secondary nucleation sites. The protofibril—fibril
interaction governs their temporal evolution and potential to exert specific toxic activities.

Abstract from [275].
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2.3 Endo-lysosomal Aβ concentration and pH enable
formation of Aβ oligomers that potently induce
Tau missorting [288]

Figure 2.3: Scheme of intracellular APP processing and AβO formation. APP is endocytosed
via clathrin-dependent mechanisms. Cleavage of APP by β- and γ-secretase present in the endosomal
membrane releases Aβ into the endosomal lumen. The locally increased Aβ concentration together
with progressive lumen acidification promotes AβO formation and subsequent release.

Amyloid-β peptide (Aβ) forms metastable oligomers >50 kDa, termed AβOs, that are more
effective than Aβ amyloid fibrils at triggering Alzheimer’s disease-related processes such
as synaptic dysfunction and Tau pathology, including Tau mislocalization. In neurons, Aβ
accumulates in endo-lysosomal vesicles at low pH. Here, we show that the rate of AβO
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assembly is accelerated 8,000-fold upon pH reduction from extracellular to endo-lysosomal
pH, at the expense of amyloid fibril formation. The pH-induced promotion of AβO formation
and the high endo-lysosomal Aβ concentration together enable extensive AβO formation of
Aβ42 under physiological conditions. Exploiting the enhanced AβO formation of the dimeric
Aβ variant dimAβ we furthermore demonstrate targeting of AβOs to dendritic spines, potent
induction of Tau missorting, a key factor in tauopathies, and impaired neuronal activity. The
results suggest that the endosomal/lysosomal system is a major site for the assembly of
pathomechanistically relevant AβOs.

Abstract from [288].
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2.4 Original publications

In the following part of the chapter, (shared) first author publications are presented as orig-
inally published. These publications address insights into the emergence and pathological
relevance of AβO as well as their interactions with Aβ fibrils and their effects on amyloid
aggregation kinetics.
Publications are reprinted as originally published by the corresponding publisher. The Sup-
plementary Information are attached as deposited by the corresponding publisher. Copy-
rights are governed by Creative Commons licenses as stated below:

1. Chemical Science, RSC. Open Access. This article is licensed under a Creative Com-
mons Attribution-NonCommercial 3.0 Unported (CC BY-NC 3.0):

https://creativecommons.org/licenses/by-nc/3.0/

The original publication is available at Chemical Science, RSC:

https://onlinelibrary.wiley.com/doi/epdf/10.1002/anie.202010098

2. Angewandte Chemie. Open Access. This article is licensed under a Creative Com-
mons Attribution 4.0 International License (CC BY 4.0):

https://creativecommons.org/licenses/by/4.0/

The original publication is available at Angewandte Chemie:

https://onlinelibrary.wiley.com/doi/epdf/10.1002/anie.202010098

3. Nature Communications. Open Access. This article is licensed under a Creative Com-
mons Attribution 4.0 International License (CC BY 4.0):

https://creativecommons.org/licenses/by/4.0/

The original publication is available at Nature Communications:

https://www.nature.com/articles/s41467-021-24900-4.pdf

Details on my contributions can be found in appendix B.

https://creativecommons.org/licenses/by-nc/3.0/
https://onlinelibrary.wiley.com/doi/epdf/10.1002/anie.202010098
https://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/doi/epdf/10.1002/anie.202010098
https://creativecommons.org/licenses/by/4.0/
https://www.nature.com/articles/s41467-021-24900-4.pdf


Origin of metastable oligomers and their effects on
amyloid fibril self-assembly†
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Assembly of rigid amyloid fibrils with their characteristic cross-b sheet structure is a molecular signature of

numerous neurodegenerative and non-neuropathic disorders. Frequently large populations of small

globular amyloid oligomers (gOs) and curvilinear fibrils (CFs) precede the formation of late-stage rigid

fibrils (RFs), and have been implicated in amyloid toxicity. Yet our understanding of the origin of these

metastable oligomers, their role as on-pathway precursors or off-pathway competitors, and their effects

on the self-assembly of amyloid fibrils remains incomplete. Using two unrelated amyloid proteins,

amyloid-b and lysozyme, we find that gO/CF formation, analogous to micelle formation by surfactants, is

delineated by a “critical oligomer concentration” (COC). Below this COC, fibril assembly replicates the

sigmoidal kinetics of nucleated polymerization. Upon crossing the COC, assembly kinetics becomes

biphasic with gO/CF formation responsible for the lag-free initial phase, followed by a second upswing

dominated by RF nucleation and growth. RF lag periods below the COC, as expected, decrease as

a power law in monomer concentration. Surprisingly, the build-up of gO/CFs above the COC causes

a progressive increase in RF lag periods. Our results suggest that metastable gO/CFs are off-pathway

from RF formation, confined by a condition-dependent COC that is distinct from RF solubility, underlie

a transition from sigmoidal to biphasic assembly kinetics and, most importantly, not only compete with

RFs for the shared monomeric growth substrate but actively inhibit their nucleation and growth.

Introduction

Deposits of protein aggregates forming non-branching rigid
brils (RFs) with a characteristic cross-b sheet architecture are
closely associated with a wide range of human disorders
including Alzheimer's and Parkinson's disease, as well as non-
neuropathic amyloidoses such as type-II diabetes and heredi-
tary lysozyme amyloidosis.1–9 More recently, amyloid formation
has also been associated with functional biological responses.10

Beyond late-stage RFs, amyloid formation frequently involves
morphologically distinct, long-lived and highly populated
metastable intermediates. Globular amyloid oligomers (gOs)

and their associated highly curvilinear brils (CFs), oen
referred to as protobrils, have been observed with large
numbers of amyloid proteins and over a wide range of growth
conditions.11–21 Substantial evidence suggests that early-stage
gOs are potent sources of cytotoxicity in amyloid
diseases.19,22–30 Metastable oligomers also affect the aggregation
of pharmaceuticals,31 and might hold answers to the question
what distinguishes functional from pathological amyloid
species.3,10 Formation of metastable precursors relates to
a variety of physiochemical and biomedical problems.32 This
includes metastable liquid phases as precursor of protein
crystallization33 or sickle-cell hemoglobin brillation,34 as well
as the signicance of membrane-less organelles in promoting
ALS bril formation.35 Some amyloid oligomers themselves
have been suggested to share characteristics of disordered
liquid-like states.36,37

Characterizing the mechanisms and developing solutions to
kinetic schemes that replicate RF nucleation and growth
kinetics in the absence of long-lived, metastable intermediates
has made signicant progress.38,39 These models helped identify
secondary nucleation mechanisms as critical contributors to
the process of bril nucleation. Analysis of the scaling behavior
of reaction half-times vs.monomer concentrations now permits
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quantication of the relative contributions of distinct growth
mechanisms to bril formation.39–41 In contrast, the conditions
required for the formation of signicant concentrations of long-
lived, metastable amyloid oligomers, which are distinct from
the inherently minor populations of small, on-pathway bril
seeds, remain uncertain. Similarly, the mechanisms by which
these metastable oligomers are replaced by late-stage RFs
continue to be elusive. The role metastable states play in the
nucleation and growth of late-stage RFs has important impli-
cations for our understanding of amyloid pathogenesis and
informs efforts at intervening with their formation. Yet, it
remains unresolved whether metastable globular oligomers are
obligatory or optional precursors of bril growth, and whether
they serve as on-pathway precursors or represent off-pathway
competitors of late-stage RFs.13 Two prevalent models for the
role of globular oligomers are nucleated conformational
conversion (NCC) vs. nucleated polymerization with competing
off-pathway oligomers (cNP) (Fig. 1A). In NCC, oligomers are on-

pathway but structurally distinct precursors of RFs; restructur-
ing of oligomers into RF seeds represents the rate-limiting
nucleation step.42,43 In cNP, RFs nucleate via “classical nucle-
ation” from the monomer pool while metastable oligomers and
curvilinear brils are off-pathway competitors to RF nucleation
and growth.44,45 It is difficult to distinguish these scenarios since
both predict qualitatively identical temporal sequences of
aggregate populations and growth kinetics.

We have previously reported the separation of the parameter
space for amyloid assembly of lysozyme in dependence of
protein and salt concentration (Fig. 1B).46,50 One regime is
typied by nucleated polymerization of rigid amyloid brils
without discernible populations of metastable intermediates.
The other regime results in lag-free formation of readily
detectable globular oligomer (gOs) which tend to assemble into
highly curvilinear brils (CFs), i.e. brils with distinctly shorter
persistence lengths than their rigid bril (RF) counterparts. A
colloidal model accounting for the free-energy cost of charge

Fig. 1 Amyloid oligomer model systems. (A) Schematic of potential roles for globular oligomers (gOs) and their curvilinear fibrils (CFs) in late-
stage rigid fibril (RF) formation. (Top) Globular oligomers (gOs) and their curvilinear fibrils (CFs) are presumed to assemble prior to late-stage
formation of RFs. The dashed lines represent the potential nucleation pathways for RFs either via nucleated conformational conversion (NCC)
from gO/CFs or via nucleated polymerization from monomers, with RFs competing with off-pathway gO/CF formation (cNP). (Bottom)
Nucleated polymerization (NP) of RFs from monomers only, i.e. in the absence of metastable gO/CFs. The transition for fibril formation in the
absence or presence of gO/CF occurs upon crossing some monomer threshold called the “critical oligomer concentration” (COC, blue dotted
line) (B) phase diagram for lysozyme at pH 2, 52 �C (adapted from ref. 46). Open orange circles indicate protein/salt concentrations resulting in
RFs without gO/CF formation, as assessed by thioflavin T (ThT) and light scattering kinetics as well as time-resolved atomic force microscopy
(AFM). Blue circles specify conditions for lag-free onset of gO/CF growth. The blue curve represents the fit from a colloidal model to the protein-
and salt-dependent COC. The dashed vertical line indicates the transition from RF growth without build-up of metastable oligomeric species
(below COC) to oligomeric RF growth (above COC) upon increasing monomer concentration, as applied in this study. (C) Morphologies of
lysozyme (top) and dimAb (bottom) gOs and CFs formed above their respective COCs, imaged using AFM. Color scale: height in nm. (D) Top:
Amide I band infrared spectra of hewL monomers vs. gO/CFs or RFs, both after separation frommonomers. Bottom: gO/CF and RF spectra after
subtraction of monomer reference (adapted from ref. 54) (E) scheme of the dimeric Ab40 construct dimAb. Two Ab40 units are linked in a single
chain in a head-to-tail fashion. An N-terminal methionine affords recombinant expression. A flexible (G4S)4 linker was chosen to provide the
Ab40 units with conformational freedom. (F) Far-UV CD spectra of dimAb before and after gO/CF formation, recorded at 4 �C or 20 �C,
respectively, at a protein concentration of 20 mM.

5938 | Chem. Sci., 2018, 9, 5937–5948 This journal is © The Royal Society of Chemistry 2018
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repulsion among monomers upon connement to an oligomer
replicated the prominent protein- and salt-dependence of the
sudden onset of gO formation in hen egg-white lysozyme (hewL)
(Fig. 1B).46 Due to these strong similarities with the onset of
micelle formation in charged surfactant system we labelled this
transition the “critical oligomer concentration” or COC.47 Our
observations also resembled a transition of b2-microglobulin
amyloid assembly upon changes in solution pH.48,49 The gOs
formed by hewL above the COC displayed the basic character-
istics of small oligomers observed with multiple amyloid
proteins, including those of b2-microglobulin, transthyretin,
Ab40/42, and a-synuclein.14,20,21,51–53 These characteristics
include the globular morphology, the size of a few nanometers
(Fig. 2E-I), the propensity to assemble into curvilinear brils
(Fig. 1C, top, and Fig. 2E-II), and the muted ThT responses they
elicit.54 Their IR spectra showed prominent peaks in the char-
acteristic “amyloid band”, which were slightly but consistently
shied with respect to those of their RF counterparts (Fig. 1D).55

An additional weak peak near 1690 cm�1 hints at a potential
antiparallel b-barrel architecture, now reported for multiple
amyloid oligomers.56 The tinctorial and spectroscopic features
of hewL gOs therefore replicate the limited number of high-
resolution structures of early-stage amyloid gOs in other
systems.57,58 We also conrmed that gO/CFs were metastable as
RFs seeded above the COC readily grew while gO/CFs seeded
below the COC slowly decayed. In short, metastable gO/CFs of
hewL are conned by their COC to a subset of conditions
permissive of bril growth and are therefore nonobligatory
intermediates of bril growth (Fig. 1B).

These results raised a series of questions we set out to
answer. First, is formation of metastable gO/CFs typically
conned above a threshold protein concentration, i.e. a COC?
Does it depend whether a folded or an intrinsically disordered
protein undergoes amyloid assembly? Are these metastable gO/
CFs on-pathway precursors or off-pathway byproducts of
amyloid assembly? Most importantly, does the emergence of
metastable gO/CFs above the COC alter RF nucleation and
growth, and if so, in what ways? We chose to address these
questions by comparing a single-chain Ab dimer (dimAb)
against the behaviour of hen egg-white lysozyme (hewL). While
Ab is a disordered monomer and the key component of protein
deposits associated with Alzheimer's disease, hewL is a folded
protein closely related to hereditary lysozyme amyloidosis. The
dimeric Ab construct increases the local concentration of Ab
monomers and, thereby, lowers the threshold for oligomer
formation in vitro. As detailed below, it also promotes the
separation of timescales for gO/CF vs. RF formation and,
thereby, permits separate analysis of their intrinsic kinetics. We
show that, for both dimAb and hewL, RF assembly kinetics
changes from purely sigmoidal to biphasic upon crossing
a protein- and condition-specic COC. The initial phase in
biphasic kinetics represents the lag-free formation of gO/CFs
while the second phase indicates RF nucleation and growth.
Analysing the RF component, we nd that the increasing levels
of gO/CFs above the COC progressively slow RF formation, as
evident in increasing RF lag periods. As we argue below, the
formation of metastable gO/CFs therefore alters RF nucleation

and growth in ways that neither of the currently dominant
models of NCC and cNP fully captures.

Results
Single-chain Ab dimer as amyloid oligomer model system

Formation of metastable gO/CFs of Ab has been linked to
neurotoxicity in Alzheimer's disease.11,12,22,24,26,28–30,59 To facilitate
determination of the effects of gO/CFs on Ab bril formation,
we introduce here a single-chain dimeric variant of Ab40 termed
dimAb. In dimAb, two Ab40 units are connected through
a exible glycine–serine-rich linker in a head-to-tail fashion
(Fig. 1E). A relatively long (20 amino acids), exible linker was
chosen to guarantee minimal disturbance of the conforma-
tional properties of Ab in monomeric as well as aggregated
states. This is especially important in the light of previous work
on Ab dimer constructs that suggested that short linkages via
disulde bridges restrict the accessibility of the RF state.30,60–62

In the case of dimAb, solution NMR of the monomeric construct
retrieves the resonances of monomeric Ab40, indicating that the
two Ab subunits in dimAb do not affect each other's largely
disordered conformation (Fig. S1†). According to AFM
(Fig. S2A†) and solid-state NMR spectroscopy (Fig. S2B and C†)
the end product of dimAb assembly, as for Ab40, are RFs. A 2D
INEPTMAS spectrum, which only displays mobile regions of the
brils, almost exclusively picks up signals from glycine and
serine residues. This indicates that the linker in dimAb RFs
remains exible, while both Ab subunits are incorporated into
the RF b-sheet core (Fig. S2B†). Ab40 and Ab42 were previously
shown to exhibit biphasic assembly kinetics at elevated protein
concentrations.63–66 The linkage of two Ab units was chosen to
increase the local Ab concentration, thereby promoting the
highly concentration-dependent gO/CF formation. Compared
to Ab40 and Ab42, this provides the separation of the two
kinetics phases, i.e. the time regimes with dominant gO/CF or
RF formation, at much reduced total incubation times and
protein concentrations, important for the subsequent analysis
of gO/CF and RF kinetics (see below). As seen by AFM and CD
spectroscopy, dimAb does readily form gO/CFs with morphol-
ogies (Fig. 1C) and b-structure (Fig. 1F) similar to those
observed with hewL.

Formation of gO/CFs induces switch from sigmoidal to
biphasic assembly kinetics

The time courses of amyloid bril assembly for both hewL and
dimAb undergo a discontinuous transition from purely
sigmoidal to biphasic kinetics, as monitored by the amyloid
indicator dye ThT (Fig. 2A and C). Below the transition (orange
traces), ThT shows no discernible increase during an extended
lag period lasting many hours to days. The atness of the initial
plateaus is highlighted in Fig. 2A and D by using a logarithmic
axis for the ThT signal. This initial plateau is followed by
a dramatic upswing in ThT emission which eventually satu-
rates. Upon crossing a monomer concentration of about 1.5 mM
dimAb or 40 mM hewL, at their respective solution conditions,
the kinetics changes discontinuously (blue traces, Fig. 2A and

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 5937–5948 | 5939
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C). Slightly above the transition, ThT responses display a small
but steady upward dri from the outset, followed by a prom-
inent upswing at a time point consistent with RF nucleation and
growth. By further raising monomer concentration the biphasic
character of the kinetics becomes increasingly prominent, with
the initial phase reaching a saturation plateau well before the
second upswing in ThT response. The hewL traces shown in
Fig. 2C emphasize another features of biphasic kinetics. The
second upswing above the COC, while present, becomes less
pronounced and the ThT amplitude at 96 hours decreases even
though monomer concentration increases. As shown below, the
progressive decrease in ThT response at this time point corre-
lates with the increasing concentrations of residual gO/CFs.
Both of these features support the model of RF assembly in
the presence of gO/CFs put forth below. The ThT trace for hewL
in Fig. 2E emphasize the biphasic character of hewL kinetics.
The biphasic kinetics reported here extend our prior observation
that the onset of a lag-free increase in ThT and light scattering
kinetics in hewL coincided with the onset of gO/CF formation.

Using AFM imaging, we conrmed that the sigmoidal
kinetics indicated RF growth without detectable intermediates
while biphasic kinetics represented the sequential growth of
gO/CFs during the initial phase and RF nucleation and growth
during the secondary phase. AFM images of aliquots sampled
for hewL growth below the COC indeed only detect monomers
within the lag phase and accumulating numbers of brils of
increasing length during the rise and subsequent plateau in
ThT (Fig. 2D). The extended lag periods with no discernible
bril nucleation/growth matches well with the predictions from
nucleated polymerization dominated by autocatalytic secondary
nucleation mechanisms (see ts below). In contrast, AFM
images of aggregate populations sampled during the initial
phase of biphasic growth only show signicant buildup of small
gOs and CFs. This matches with the high reaction-order of gO/
CF formation discussed below. Following the second upswing,
in turn, AFM detects RFs in the solution (Fig. 2B and E). While
AFM images of samples taken near the end of the kinetics traces
clearly show RFs, signicant populations of residual gO/CFs

Fig. 2 Transition from sigmoidal to biphasic growth kinetics upon oligomer formation. Transition from sigmoidal (orange) to bimodal (blue)
amyloid growth kinetics of dimAb (A, B) and hewL (C–E), as monitored by ThT fluorescence. Concentration dependent time traces of (A, B) dimAb
assembly in 50 mM Na-phosphate, 50 mM NaCl, pH 7.4, 37 �C, and (C–E) hewL assembly in 25 mM K-phosphate, pH 2.0, 52 �C, with 450 (C, E)
and 500 (D) mMNaCl, respectively. Typical sigmoidal (D) and bimodal (B, E) growth kinetics correlated to AFM images of aggregatemorphologies
at the indicated time points (I–V) and concentrations of 20 mM dimAb (B), 21 mM hewL (D), and 280 mM hewL (E), respectively.
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persist and their concentrations increase with monomer
concentration above the COC. For hewL, for example, an addi-
tional two weeks of incubation were required before RFs had
completely replaced gO/CFs. Hence, the apparent decline in the
ThT amplitude above the COC (Fig. 2C) arises from the
increasing populations of (weakly ThT positive) residual gO/CFs
and their glacial pace of depolymerisation into (strongly ThT
positive) RFs.

Inherent metastability of gO/CFs

The slow depletion of gO/CFs by RFs highlights perhaps the
most distinctive feature of gO/CFs: their intrinsic metastability
against RF formation.13,46 We previously corroborated the
metastability of hewL gO/CFs by seeding solutions above the
COC with RFs, which readily grew and replaced gO/CFs. Simi-
larly, isolated gO/CFs, when seeded into monomeric solutions
below the COC, dissolved and did so at progressively faster rates
the further monomer concentrations were below the COC.46

Fig. 3A exemplies this behavior by showing the kinetics of an
unseeded, RF seeded and gO/CF seeded monomer solution,
with the total monomer concentration aer seeding remaining
below the COC. While seeding with isolated RFs induced lag-
free RF elongation, seeding with isolated gO/CFs at identical
concentrations caused their slow decay and increased the RF lag
period compared to the unseeded sample. Moreover, we previ-
ously established that the binding protein ZAb3, which
sequesters monomeric Ab, achieves dissolution of Ab42 gO/CFs
but not of Ab42 RFs.65,67 Here, we used ZAb3 as a tool to monitor
the slow depletion of gO/CFs and the concomitant RF growth
(Fig. 3B). When an excess of ZAb3 is added to dimAb assembly
reactions before the second ThT upswing, uorescence
vanishes almost completely on the time scale of hours, indi-
cating dissolution of gO/CFs at the expense of formation of the
dimAb:ZAb3 complex. In contrast, when ZAb3 is added aer the

second ThT upswing, the amplitude of the uorescence drop
progressively decreases the later ZAb3 is added, reecting the
increasing formation of stable RFs and concomitant decrease of
gO/CFs susceptible to disaggregation into the dimAb:ZAb3
complex (Fig. 3B). Incubation of preformed dimAb:ZAb3
complexes in the presence of sonicated dimAb RF seeds resul-
ted in the dissociation of the dimAb:ZAb3 complex at the
expense of RF growth (Fig. S3†). Thus the dimAb states can be
ordered according to their thermodynamic stability: RF-
incorporated > ZAb3-bound > gO/CF-incorporated (Fig. 3C).
This indicates substantially higher thermodynamic stability of
RFs compared to gO/CFs.

High reaction order of gO formation

As noted above, using the dimeric Ab construct helped to
separate the time regimes of dominant gO/CF vs. RF formation
sufficiently to allow separate analysis of the gO/CF assembly
kinetics (Fig. 4A and B). A global t to the concentration-
dependent time course of the initial uorescence increase
with a primary nucleation-growthmodel,68 assuming a common
nucleus size as well as common nucleation and elongation rate
constants, shows clear systematic deviations (Fig. 4A). However,
it could be t to an nth-order oligomerization reaction with
a global rate constant for all concentrations (Fig. 4B). The
reaction order obtained from global ts to three independent
data sets was 3.3 � 0.2, reecting the high concentration
dependence of gO/CF formation. This high reaction order
explains the observability of a well-dened COC. Considering
that one dimAb molecule contains two Ab units, the reaction
order of �3.3 suggests an oligomer size of six to seven Ab units,
which is compatible with previous studies indicating a prom-
inent role of hexamers in Ab assembly.69–72 For hewL, gO/CF and
RF kinetics overlapped, requiring a simultaneous t to both gO/
CF and RF growth (Fig. 4C), with the gO/CF portion better

Fig. 3 Metastability and RF seeding incompetence of gO/CFs. (A) HewL RF kinetics below the COC (38 mMhewL, 400mMNaCl) without seeding
(black), or after seeding with isolated gO/CFs (blue) or RFs (orange) at either 3.5 or 7 mM each, and incubated at pH 2, T¼ 52 �C. (B) ThT-detected
dissociation of pre-assembled dimAb upon addition of the binding protein ZAb3 (grey), which sequesters monomeric dimAb in a b-hairpin
conformation (red, see ref. 65 and 67). The complex is shown in ribbon representation, hydrophobic side chains of ZAb3 in direct contact with the
Ab40 b-hairpin are shown as spheres (Protein Data Bank entry 2OTK). The assembly of 6 mM dimAb was monitored by ThT fluorescence, with
addition of 14 mM ZAb3 at different time points, indicated by red lines. Addition of ZAb3 during the gO/CF formation-dominated time regime
results in nearly complete loss of ThT fluorescence, while ZAb3 addition during the RF-dominated time regime leads to a progressive decrease in
the amplitude of the fluorescence drop. (C) Energy diagram illustrating the order of thermodynamic stability of different states of Ab, above the
COC and under the present experimental conditions.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 5937–5948 | 5941
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represented by rst-order kinetics. The near rst-order kinetics
of hewL gO/CFs probably reects the propensity of hewL gOs to
assemble further into CFs (see Fig. 2E), with a simultaneous
decrease in net reaction order. However, the exponential rate
constant tting the gO/CF data increased as a non-linear 3rd-
order function in monomer concentration (Fig. 4C, inset), again
suggesting a high reaction-order for the initial gO formation
step. In both cases, the concentration dependence of gO/CF
formation is much higher than the one for RF formation, for
which negative scaling exponents down to only �1.7 were re-
ported.73 These observations indicate once more that gO/CF
formation occurs through a fundamentally different reaction
mechanism than RF formation and rapidly becomes the
initially dominant growth process above the COC.

GO/CFs are retarding RF nucleation and growth

Crossing the COC results in a sharp transition from RF nucle-
ation and growth in the absence of metastable gO/CFs to their
concurrent growth. This provides the unique opportunity to
evaluate how gO/CFs alter the mechanisms of RF nucleation
and growth, while maintaining xed solution conditions and
monomer conformations. Theoretical considerations indicate
that RF lag periods follow specic scaling laws as function of
monomer concentration, with the magnitude of the scaling
coefficients providing information about the underlying
molecular mechanisms of bril nucleation and growth.39,74Here
we investigated whether and how the presence of increasing
concentrations of gO/CFs above the COC altered these scaling
laws for RF nucleation and growth. It is worth mentioning that
this comparison is valid irrespective of whether RFs nucleate via
homogeneous or heterogeneous nucleation mechanism(s). In
the absence of metastable gOs (i.e. below the COC) we t RF
kinetics with the analytical expression for nucleated polymeri-
zation with secondary mechanisms that ignores late-stage
monomer depletion (early time approximation of eqn (1), see
Materials and methods in the ESI† and ref. 38). Besides the
quality of the individual ts (Fig. 5A), the net rate for primary
and secondary nucleation extracted varied within a narrow
range (Fig. 5B). The dominance of secondary over primary

nucleation (Fig. 5B) reects the highly cooperative character of
RF nucleation, as already apparent from the initially completely
at ThT responses. The critical importance of autocatalytic
nucleation mechanisms replicates prior observations with
a multitude of amyloid proteins.38,74

To t RF kinetics of dimAb above the COC, we rst sub-
tracted the global ts of the gO/CF formation time regime to an
oligomerization reaction from the entire time traces (Fig. 5D).
The resulting time courses represent the RF portion of the ThT
signal. This treatment disregards the depletion of gO/CFs aer
the second ThT upswing. However, this introduces only
a negligible error into the determination of lag-times, as gO/CF
depletion is slow and becomes signicant only long aer the lag
phase (see AFM images for Fig. 2B and E). Lag-times were ob-
tained from the RF portions of the data by applying the same ts
as for RF kinetics below the COC. In the case of hewL the time
regimes of dominant gO/CF formation and dominant RF
formation above the COC were not as clearly separated. We
therefore tted the data simultaneously to a combination of the
above analytical approximation for RF growth (eqn (1)†) with
a saturating exponential growth for gO/CFs (eqn (4)†). Fig. 4C
indicates that the resulting ts were good when limited to the
early stages of RF nucleation. Subtraction of the gO/CF
component of the ts from the raw data again yielded the
sigmoidal time traces expected for the RF portion of the ThT
data (Fig. 5C).

Several striking features emerge from the log–log plots for RF
lag time vs. protein concentration (Fig. 5E and F). The lag
periods below the COC (orange) do decrease as a power law in
monomer concentration, with scaling exponents yielding values
of a ¼ �(0.24 � 0.07) and a ¼ �(0.32 � 0.05) for hewL and
dimAb, respectively. As recently shown, scaling exponents below
a magnitude of 0.5 indicate that dock and lock steps upon
monomer addition at the growing bril end become rate-
limiting of bril elongation.39 Neglecting gO/CF formation,
one would expect lag periods above the COC to continue to
shorten as indicated by the extrapolation of the power law ob-
tained below the COC (Fig. 5E and F, solid black lines). While
this holds true for some data points just above the COC, rapidly
increasing formation of gO/CFs above the COC not only arrests

Fig. 4 gO formation kinetics. (A, B) Concentration-dependent kinetics of gO/CF formation of dimAbmonitored by ThT fluorescence. Global fits
to the data were performed using (A) a primary nucleation-growth model (eqn (2); see Materials and methods in the ESI†) or (B) a one-step
oligomerization model (eqn (3)†). The reaction order obtained from the global fit to the data set in (B) was 3.4� 0.1. (C) Fits to the early stages of
hewL ThT kinetics combining a single-exponential with the model for nucleated polymerization (eqn (4) & (1)†). The inset shows the power-law
increase in the exponential growth rate required to fit the data.
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the decrease but progressively increases RF lag periods with
increasing protein concentration, as shown by the blue data
points. A leveling off of the lag periods would be consistent with
gO/CFs as off-pathway competitors of RFs. As monomer
concentrations exceed the COC, the increasingly rapid pace of
gO/CF formation eventually depletes monomers down to their
value at the COC. As a result RF nucleation rates from mono-
mers would be reduced to their value at the COC. The experi-
mentally observed rapid increase in RF lag periods, though,
implies that gO/CFs actively inhibit RF nucleation beyond the
capacity for off-pathway aggregates to buffer monomer
concentrations.

GO/CFs act as off-pathway competitors of RFs, not as on-
pathway precursors

The above changes in scaling behaviour of lag periods upon
onset of oligomer formation speak to the broader question
whether gO/CFs are on-pathway precursors or off-pathway
competitors of RF growth. To be effective precursors of RF
seed formation, gO/CFs should decrease the lag periods upon
crossing the COC. Even if gO/CFs are only slowly converting to
RFs, lag periods above the COC should, at best, level off.
Instead, lag periods increase. Hence, nucleated conformational
conversion (NCC) of the gO/CFs observed here into RF seeds is
not a feasible mechanism. Our qualitative observation that AFM
imaging of samples with particularly high concentrations of gO/
CF failed to generate RFs for weeks further corroborates the off-
pathway character of gO/CFs.

As additional conrmation that hewL gO/CFs are incapable of
conversion into RFs on the time scale of spontaneous RF nucle-
ation from monomers we seeded isolated gO/CFs or RFs into
solutions below the COC. As shown in Fig. 3A, controls without
addition of seeds (black traces) underwent traditional nucleated
polymerization. Seeding with preformed and isolated RFs
(orange traces) eliminated the lag period and resulted in imme-
diate bril elongation. In contrast, adding identical concentra-
tions of gO/CF seeds (blue traces) increased RF lag periods just as
observed above the COC. This further supports the conclusion
that gO/CFs, instead of being on-pathway for RF nucleation,
retard the process of RF nucleation frommonomers. The data in
Fig. 3A also address the unlikely scenario that we might have
missed small populations of gO/CFs already present below the
COC, which in turn dominate nucleation rates under those
conditions. The signicant increase in the ThT baseline upon
adding gO/CFs indicates that their concentrations are well above
any vanishingly small levels of gO/CF present below the COC. Yet,
even at those high concentrations, they do not promote RF
formation. Notably, the progressively prominent inhibitory effect
of gO/CF formation on RF nucleation and growth with increasing
protein concentration falls outside the current versions for off-
pathway oligomer formation as well.

Numerical simulations of biphasic off-pathway oligomer
growth

The above data suggest that gO/CFs are off-pathway products
that emerge only over the limited range of amyloid bril growth

Fig. 5 gO/CFs are retarding RF nucleation and growth. (A) Fit to ThT kinetics of hewL RFs below the COC with the analytical solution for
nucleated polymerization (eqn (1)†). (B) Primary (d) and secondary (k) nucleation parameters obtained by the fits. (C, D) Typical ThT kinetics above
the COC (blue circles), and their underlying RF kinetics (orange circles) obtained after subtracting the oligomeric portion of the fit (red line) from
the data for hewL (C) and dimAb (D). (E, F) RF lag times of hewL (E) and dimAb (F) extracted from fits to experimental kinetics below (orange) and
above (blue) the COC. The solid lines are power-law fits through these specific data sets below the COC (exponent a¼�(0.17� 0.02) (hewL) and
�(0.32� 0.06) (dimAb)). Three or four, respectively, independent repeats of thesemeasurements yielded power law values of a¼�(0.24� 0.07)
(hewL) and a ¼ �(0.32 � 0.05) (dimAb).

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 5937–5948 | 5943
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conditions above the COC. They are non-obligatory since RFs
can readily form above and below the COC. To gain a better
understanding of the transition from sigmoidal to biphasic
growth kinetics not just during the initial stage of RF nucleation
but over the entire range of reaction time scales, we adopted the
off-pathway kinetics model originally proposed by Powers and
Powers,75 but modied it in two signicant ways. First, off-
pathway oligomer formation was limited to concentrations
above the COC. In addition, we needed to include secondary
nucleation mechanisms for on-pathway bril growth in order to
replicate the experimentally observed RF kinetics. Details of the
numerical scheme are provided in the ESI.† An example of
tting experimental kinetics below and above the COC to
simulated growth kinetics is illustrated in Fig. 6 (for further
examples see Fig. S4†). This off-pathway kinetic model readily
replicates the transition from sigmoidal to biphasic behavior
seen in our experimental data. Equally important, it provides
a natural decomposition of the ThT signal into its gO/CF and RF
components. Since the current model does not include mech-
anisms to account for active inhibition of RFs by gO/CF
formation, the parameters for RF formation rates had to be
adjusted to match the individual kinetic curves.

Discussion

The combined kinetics and imaging data reported here show
that the sharp transition in amyloid assembly from sigmoidal to
biphasic kinetics coincides with the onset of gO/CF formation
above a protein and solution-condition dependent COC (Fig. 2A
and C). Prior reports of biphasic ThT kinetics for Ab43,63,66 and
Sup35 yeast protein42 suggest that biphasic kinetics represent
a generic mode for amyloid assembly. Similarly, there are
previous reports associating a micelle-like transition in
Ab40,64,76,77 amylin,78 b-microglobulin,21 and lysozyme,46 with
the formation of gO/CFs. Our data indicate that biphasic
kinetics represents a generic mode of amyloid assembly that is
directly related to the formation of metastable gO/CF formation,
and is distinct from the sigmoidal kinetics associated with
nucleated polymerization of RFs from monomers. The lack of
any detectable gO/CFs below the COC (Fig. 2D) and their

inability to accelerate RF nucleation and growth under those
conditions (Fig. 3A) indicates that metastable gO/CFs are not
precursors of RFs. This distinguishes gO/CFs from any on-
pathway oligomeric bril seeds transiently formed below the
COC.

We presume that the commonly observed formation of gO/
CFs and RFs by various amyloid proteins, and over a wide
range of solution conditions, arises from two basic yet distinct
features of polypeptide chains: their amphiphilic nature and
their propensity to form intermolecular hydrogen bonds across
their backbone. The latter is well established as the funda-
mental driving force underlying RF formation.79 Similarly, the
amphiphilic character of polypeptide chains has been repeat-
edly suggested to contribute to the existence of a COC and gO
formation.77,78 We have previously provided a quantitative
colloidal model replicating both the salt and protein concen-
tration dependence of the COC of hewL.46 The available struc-
tural data suggest that gOs are short anti-parallel b-barrels,80

clearly distinct from the steric zipper structure of RFs. GO/CFs
arising from amphiphilic phase separation vs. RFs via inter-
molecular hydrogen bonding also rationalizes the existence of
two distinct aggregate species formed along separate assembly
pathways. Furthermore, it explains why they have distinct
morphologies and mechanical rigidities (sterically constrained
gOs polymerizing into weakly-linked CFs vs. mechanically rigid
hydrogen-linked RFs), their relative thermodynamic stabilities
(weaker linked gO/CFs vs. strongly bonded RFs), the distinct
reaction orders of their formation (as reported here), their
dependence on various solution parameters such as pH, ionic
strength, specic ion effects, and of course, their dependence
on the primary sequence of the polypeptide chain itself.

Recently, it has been proposed that the switch from RFs to
gO/CFs in b-lactoglobulin at strongly hydrolyzing conditions
(90 �C, pH 2) results from concentration-dependent changes to
the distributions of hydrolyzed fragments.81 It is possible that
different peptides do undergo either gO/CF or RF formation at
identical solution conditions. For our hewL assembly condi-
tions (52 �C, pH 2) we have shown that the switch from RF to gO/
CF formation can be readily induced by increasing salt at xed
protein concentrations (see horizontal lines in Fig. 1B),46 while
hydrolysis rates across the COC were unchanged (Fig. 4 in ref.
54). Here we show that pre-hydrolyzing hewL for multiple days
has no discernible effect on RF kinetics which, due to its long
lag periods, would be most susceptible to hydrolysis (see
Fig. S5†). Hence, we believe hydrolysis is not fundamental to the
switch from RF to gO/CF formation.

The sharp transition from “oligomer-free” to “oligomeric”
RF growth upon crossing the COC allowed us to address a long-
standing question: what role do metastable gO/CFs play in the
nucleation–polymerization of RFs? Qualitatively, NCC ts well
with the lag-free emergence of gO/CFs and the biphasic kinetics
for gO/CF growth with late-stage RF nucleation and growth.
However, the inability of gO/CFs to seed RF growth below the
COC (Fig. 3A) and their inhibitory effects on RF formation above
the COC (Fig. 5E and F) are inconsistent with NCC. We note,
however, that protein-specic factors such as the structure of
the protein undergoing assembly or the size and structure of its

Fig. 6 Numerical simulation of biphasic ThT kinetics. Fit of the
experimental ThT kinetics for 280 mM hewL (black) to the dual-
pathway assembly model (green) and corresponding decomposition
into its RF (orange) and gO/CF (blue) components.
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oligomers might affect whether NCC is a feasible RF nucleation
mechanism under other conditions. Large liquid-like droplets
have been reported to arise during polyQ bril assembly or b2
microglobulin disassembly.82,83 Hence, there remains uncer-
tainty whether there are multiple, potentially distinct meta-
stable states, and how those might be related to each other and
to late-stage brils.

Extrapolating NP scaling laws, established below the COC, to
monomer concentrations above the COC allowed us to quantify
how gO/CF formation altered NP. Crossing the COC, the scaling
law for lag periods with monomer concentration initially
developed a kink. Kinks in the scaling behavior of RF lag
periods, albeit to a lesser degree, have been reported for insulin,
bovine serum albumin and lysozyme.39,41,84 Even inverse rela-
tionships between half-time and/or lag-time of amyloid bril
growth have been observed before for the light chain variable
domain LEN,85 ribosomal protein S6,86 glucagon-like peptide-
1,31 and Ab66 and have been explained with competing off-
pathway aggregation. A model for competing off-pathway
aggregation by Powers and Powers75 did generate an inverse
relationship between half-time for reaction completion (but not
lag-time) of amyloid formation at high protein concentration,
due to monomer depletion by off-pathway precipitates. Impor-
tantly, though, COC-limited monomer depletion can only
explain an arrest but not the increase in the RF lag-times re-
ported here. The identied active inhibition of RF formation by
gO/CFs necessitates modication of the standard cNP model
(Fig. 7).

The COCs observed here are relatively high compared to
typical in vivo protein concentrations. For example, dimAb,
although showing increased oligomerization propensity due to
covalent linkage of two Ab units, has a COC of the order of 1 mM
(in low salt buffer at neutral pH), whereas physiological Ab
concentrations are in the nanomolar range.87 Similar discrep-
ancies, though, exist for Ab bril solubilities, with the latter
ranging from hundreds of nanomolar to millimolars. It is

important to realize in this context that there are multiple
factors that can signicantly reduce COCs or increase local
protein concentrations in vivo. These include salt concentration
and pH (see Fig. 1B) (e.g., accumulation of micromolar
concentrations of Ab in acidic vesicles87); interfaces, such as
membrane or bril surfaces;88 post-translational modications
such as cross-links;30 macromolecular crowding;89 and disease-
related mutations, some of which strongly promote gO/CF
formation.17,90,91 Moreover, interactions with other cellular
components may affect gO/CF formation. For example, inter-
action with another aggregation-prone protein, TDP-43, was
shown to strongly promote gO/CF formation of Ab at the
expense of RF formation.92 The relatively high COCs observed
for the two model systems therefore likely result from the
present experimental conditions. Interestingly, reduced
expression of APP in mouse models that did not affect plaque
load led to reduced formation of plaque-unrelated oligomers,
suggesting that the concentration dependence of gO/CF
formation has a correlate in vivo.93,94

The above results paint a complex picture of how RF
formation proceeds in the presence of gO/CFs. The mutual
interactions among gO/CFs and RFs, either direct or via the
monomer pool, are likely to feature prominently in the temporal
evolution of gO/CFs vs. RF populations in vivo, as well. There are
solid indications that gO/CFs and RFs have distinct biological/
pathological activity proles that might vary with protein
identity, its growth conditions, and its cellular environ-
ment.20,27,57,95–98 The retarding effects of early-stage gOs on the
nucleation and growth of late-stage RFs might result in
extended exposure to toxic oligomers and low rates of RF
formation and gO/CF depletion in vivo. This provides one
possible explanation for the paradoxical observations that post-
mortem RF loads correlate poorly with the severity of clinical
symptoms.99,100 Overall, systematic investigation of the ther-
modynamic and kinetic factors regulating the assembly of
distinct amyloid species in vitro and their mutual interplay can
provide important insights into the mechanisms regulating
amyloid assembly in vivo.
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Biol., 2010, 8, e1000334.

66 M. Nick, Y. Wu, N. W. Schmidt, S. B. Prusiner, J. Stöhr and
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Materials and methods 

 

Protein and chemicals 

 Two times recrystallized, dialyzed, and lyophilized hewL was purchased from Worthington 

Biochemicals (Lakewood, NJ) and used for all experiments. Ultrapure grade ThT was obtained from Anaspec 

(Freemont, CA) and standard grade ThT from Sigma Aldrich. All other chemicals were from Fisher Scientific 

(Pittsburgh, PA) and were reagent grade or better. 

 

Preparation of hewL solutions  

 HewL was dissolved at twice its final concentration in 25 mM KH2PO4 pH 2 buffer and was placed 

in a water bath for 3 minutes at 42 °C to help dissolve preformed assemblies. Samples were successively 

filtered through 220 nm nitrile (Fisherbrand, Fisher Scientific, Pittsburgh, PA) and 50 nm polyethersulfone 

(Tisch Scientific, North Bend, OH) pore size syringe filters. The concentrated hewL stock was mixed 1:1 with 

a NaCl/25 mM KH2PO4 pH 2 stock solution at double the desired final salt concentrations. Final lysozyme 

concentrations were determined from UV absorption measurements at 280 nm (ε280 = 2.64 mL mg−1 cm−1).  

 

Preparation of DimAβ 

 Following a strategy previously established for recombinant production of Aβ,1 bacterial expression 

of dimAβ was achieved by co-expression of ZAβ3, a binding protein that shields aggregation-prone 

sequence segments of Aβ. The gene encoding dimAβ, including an N-terminal methionine, followed by a 

Aβ40 unit, a (G4S)4 linker, and a second Aβ40 unit, was obtained from Life Technologies, and was cloned 

into the pACYCDuet-1 vector for co-expression with the ZAβ3 gene using NcoI and HindIII restriction sites. 

The coexpression vector contains the genes for dimAβ and (His)6-tagged ZAβ3 in the following order: 

T7promoter-1 – dimAβ – T7promoter-2 – (His)6ZAβ3 – T7 terminator. The protein was expressed as 

described.1 

 For purification, cell pellets were resuspended in 50 mM Na-phosphate, 0.3 M NaCl, 20 mM 

imidazole, pH 8, containing EDTA-free protease inhibitor (Roche Applied Sciences) and lysed by a cell 

disrupter (Constant Systems). The cell debris was removed by centrifugation in a Beckman J2-21 centrifuge 

mounting a JA20.1 rotor at 18,000 RPM, 4 °C for 40 minutes. For capture of the dimAβ:ZAβ3 complex by 

immobilized metal ion affinity chromatography (IMAC), the supernatant was loaded on a HisTrap FF column 

(GE Healthcare). DimAβ was separated from the resin-bound ZAβ3 and eluted with 8 M urea, 20 mM Na-

phosphate, pH 7. For further purification, including removal of residual ZAβ3, reverse phase high-

performance liquid chromatography (RP-HPLC) was performed. For this purpose the IMAC eluate was 

concentrated in a Vivaspin 20 centrifugal concentrator (Sartorius), followed by addition of 5 mM TCEP to 

reduce the disulfide bond of ZAβ3, and loading onto a semi-preparative Zorbax 300SB-C8 RP-HPLC column 

(9.4 mm × 250 mm, Agilent) connected to an Agilent 1260 Infinity system with UV detection at 214 nm. 

Monomeric dimAβ was eluted in a gradient from 30% (v/v) to 36% acetonitrile in water, 0.1% (v/v) 

trifluoroacetic acid at 80 °C. DimAβ containing fractions were pooled, lyophilized, dissolved in HFIP, 

aliquoted in 1 mg portions, lyophilized again, and stored at -20 °C. Immediately before use in experiments, 

lyophilized dimAβ was reconstituted in 6 M guanidinium-HCl, 50 mM Na-phosphate, 50 mM NaCl, pH 7.4, 

and sonicated for 30 minutes in a sonicator bath. Subsequently, the solution was loaded onto a Superdex 

75 10/300 GL column (GE Healthcare) equilibrated with 35 mM Na2HPO4, 50 mM NaCl, 5 mM NaOH, pH 11. 
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DimAβ eluted at 13.5 ml. Protein concentration was determined by spectrophotometry. Immediately 

before the start of an experiment, 1.5% 1 M NaH2PO4 was added, yielding 50 mM Na-phosphate, 50 mM 

NaCl, pH 7.4, as final buffer. 

 

Atomic force microscopy  

 For imaging of hewL assemblies, 50 μL of sample solutions were diluted 20-100 fold into the same 

solvent used during growth, deposited onto freshly cleaved mica for 3 minutes, rinsed with deionized water 

and dried with dry nitrogen. Amyloid fibrils were imaged in air with a MFP-3D atomic-force microscope 

(Asylum Research, Santa Barbara, CA) using NSC36/NoAl (Mikromasch, San Jose, CA) or PFP-FMR-50 

(Nanosensor, Neuchatel, Switzerland) silicon tips with nominal tip radii of 10 and 7 nm, respectively. The 

cantilever had a typical spring constant and resonance frequency of 2 nN/nm and 80 kHz, respectively. It 

was driven at 60−70 kHz in alternating current mode and at a scan rate of 0.25-0.75 Hz. Images were 

acquired at 512 × 512 pixel resolution. Raw image data were corrected for image bow and slope. Amplitude, 

phase, and height images were collected for areas of 5x5 µm. 

For imaging of dimAβ assemblies, 25 μL of sample solutions were directly deposited onto 

freshly cleaved mica for 1 minute, rinsed with deionized water and dried with dry nitrogen. Imaging 

was performed in air with a NanoWizard 2 (JPK instruments) with OMCLAC160TS silicon cantilevers 

(Olympus) with a nominal tip radius of 7 nm. The cantilever had a typical spring constant and 

resonance frequency of 26 nN/nm and 300 (±100) kHz, respectively. It was driven at 250−370 kHz 

in intermittent contact mode and at scan rates of 0.5-1.0 Hz. Images were acquired at 1024 × 1024 

pixel resolution. Raw image data were corrected for image bow and slope. Amplitude, phase, and 

height images were collected for areas of 2x2 or 10x10 µm. Height images were superimposed over 

either amplitude or phase images using Gimp – GNU Image Manipulation Program. 

 

Circular dichroism spectroscopy 

 Far-UV CD spectra of dimAβ were measured on a JASCO J-815 spectropolarimeter at a protein 

concentration of 20 µM in 1 mm Suprasil Quarz cuvettes (Hellma). To obtain a spectrum of monomeric 

dimAβ the sample was measured at 4°C, immediately after elution of the monomer fraction from SEC. The 

spectrum of dimAβ in the gO/CF state was recorded at 20°C, after 24 hours of quiescent incubation in 50 

mM Na-phosphate, 50 mM NaCl, pH 7.4. The gO/CF state of the sample was confirmed by AFM. 

 

Thioflavin T (ThT) fluorescence-monitored amyloid formation 

 ThT stock solutions were prepared by dissolving 1 mM dye in distilled water and then filtering 

through 220 nm syringe filters. Final ThT concentrations were obtained from absorption at λ = 412 nm (ε412 

= 32 000 M−1 cm−1).  

 HewL amyloid growth kinetics measurements with ThT were performed using a SpectraMax M5 

fluorescence plate reader (Molecular Devices). ThT fluorescence was excited at 440 nm, and emission 

collected at 488 nm. Protein solutions at concentrations ranging from 0.3 mg/ml (21 µM, below the COC) 

to 5 mg/ml (350 µM, above the COC) were incubated in the presence of either 450 or 500 mM NaCl. Protein 

concentrations were more closely spaced near the COC for a given salt concentration, and more widely 

spaced above the COC. Typically, six identical 300 µL samples were incubated in a 96 well plate at 52 ℃. 
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ThT at final concentrations of 5-10 µM was added to each well. Measurements were taken every 20 minutes 

and the plate was shaken for 3 seconds before each measurement. 

 DimAβ amyloid growth kinetics measurements were performed using an Infinite M200 Pro 

fluorescence plate reader (Tecan) with ThT excitation at 445 nm, and emission collected at 482 nm. Protein 

concentrations ranged from 0.6 µM (below the COC) to 40 µM (above the COC) in 50 mM Na-phosphate, 

50 mM NaCl, pH 7.4. Typically, three identical 100 µL samples were incubated in a 96 well plate at 37 ℃. 

ThT at final concentrations of 100 µM was added to each well. Measurements were taken every 3 minutes 

and the plate was shaken for 2 seconds before each measurement. The slow thermal equilibration of the 

multiwell plates causes an initial decrease in ThT fluorescence, which is equally present in ThT/buffer 

control wells. This thermal transient was either removed from the traces (lysozyme) or ignored for the 

analysis of the more rapidly assembling dimA samples. 

 

Determination of the COC  

 We frequently refer to the COC, which is the phase boundary for the onset of gO/CF formation in 

both hewL and dimAβ. For hewL, we relied on our prior measurements of a sharp transition in ThT and light 

scattering kinetics from traces with extended lag periods to the onset of a lag-free drift.2 This transition 

coincided with a sudden switch in aggregate morphology from RFs past the lag period to immediate 

presence of gOs and CFs. In addition, we showed that pre-formed gO/CFs grew above and decayed below 

the COC and that RFs seeded above the COC continued to grow. These measurements indicated that the 

COC is a (metastable) phase boundary, and the resulting phase diagram is shown in Fig. 1B. For dimA, the 

COC was similarly taken as the concentration for which ThT kinetics transitioned from pure sigmoidal to 

weakly bimodal kinetics - again reflecting the lack of a lag period for gO/CF formation. 

 

Data analysis of ThT kinetics 

 The sigmoidal kinetics of RF formation in the absence of oligomers (below the COC) was fit to the 

analytical approximation of nucleated polymerization with secondary nucleation mechanisms.3 Specifically, 

in the absence of fibril seeding 

 

 𝑀𝑅𝐹(𝑡) = 𝑀0[1 − exp (𝐶−𝑒−𝜅𝑡 − 𝐶+𝑒+𝜅𝑡 +
𝛿2

𝜅2)] (1) 

 

where MRF is the fibril mass, M0 the total protein concentration, C = (/2)2, and  and  represent the 

primary and secondary nucleation rates.  

 The biphasic kinetics of dimAβ and hewL, in turn, were fit to a superposition of a one-step 

oligomerization reaction and the above nucleated-polymerization reaction. For dimAβ, the time regimes of 

dominant gO/CF formation and dominant RF formation were sufficiently separated to allow separate 

analysis of the gO/CF assembly kinetics. Two alternative reaction models were fit to gO/CF kinetics in the 

initial time regime, namely primary nucleation-growth and one-step oligomerization. For a match to 

primary nucleation-growth the expression for classical nucleated polymerization was used4 

 

 𝑀𝑔𝑂/𝐶𝐹(𝑡) = 𝑀0[1 − sech2/𝑛𝑐 (√𝑛𝑐𝑘𝑛𝑘+𝑀0
𝑛𝑐  𝑡)] (2) 
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with MgO/CF(t) the mass concentration of polymer, M0 the total protein concentration, kn the nucleation rate 

constant, k+ the elongation rate constant, and nc the critical nucleus size. Global fits to the concentration-

dependent gO/CF formation were performed with nc and the product knk+ as shared fit parameters. For 

one-step oligomerization n M → Mn , the mass concentration of oligomer, MgO/CF,  evolves in time according 

to the following expression 

 

 𝑀𝑔𝑂/𝐶𝐹(𝑡) = 𝑀0 − [𝑀0
 1−𝑛 + (𝑛 − 1)𝑛𝑘𝑡 ]1/(1−𝑛) (3) 

 

with M0 the total protein concentration, k the oligomerization rate constant, and n the oligomer size or 

reaction order. Global fits to the concentration-dependent gO/CF formation data were performed with n 

and k as shared fit parameters. For both fits, the proportionality constant relating M(t) to ThT fluorescence 

intensity was treated as a fit parameter with an individual value for every sample. 

 In the case of hewL, the time scales for gO/CF and RF formation overlapped, particularly at 

monomer concentrations just slightly above the COC. We therefore fit the data to the superposition of the 

above nucleated polymerization reaction (eqn. 1) and an oligomerization reaction. In addition, the initial 

hewL oligomerization kinetics were better approximated using a 1st-order forward reaction with an 

exponential growth in time.  

 

 𝑀𝑔𝑂,𝐶𝐹(𝑡) = 𝑀(1 − exp(−𝑎𝑡)) (4)

  

where MgO/CF(t) is the mass concentration of oligomer, and M is the gO/CF mass that would be reached in 

the absence of RF formation. The neglect of a backward rate for oligomers is justified by two observations. 

First of all, we had previously shown that gO/CF decay rates are exceedingly small.2 In addition, as discussed 

below, CFs did not fully depolymerize for many days after RFs had nucleated.  

 

Determination of lag periods 

 We defined the RF lag time as the point at which the amplitude of the RF portion of the ThT signal 

increases beyond a fixed threshold. To determine RF lag periods below the COC (sigmoidal growth) ThT 

kinetics were directly fit to Eqn. (1). Above the COC (biphasic growth) our kinetics data were fit as the 

superposition of oligomeric and RF growth, as described above. The oligomeric fits were then subtracted 

from the entire time traces, resulting in the RF portion of the ThT signal. RF lag periods where then 

determined as below the COC. In both cases, using semi-logarithmically scaled ThT intensities significantly 

improves visual detection for deviations of ThT kinetics from its flat baseline and onset of significant RF 

growth. Error bars for individual lag periods (see Figs. 5E &F), which are derived from analytical fits to 

individual kinetic traces, are difficult to assign.  However, the scatter among the data points is a reasonable 

measure of underlying experimental and fitting uncertainties. The uncertainty in the slope of the resulting 

power law fit through the lag periods, as well as the average of the slopes for three independent repeats of 

these experiments, is provided in the figure caption. 

 

Stability assessment of dimAβ assembly states by ZAβ3 

 The affibody protein ZAβ3 and its tryptophan-containing derivative ZAβ3W were prepared as 

described previously.5,6 To monitor the stability of dimAβ assemblies formed during ThT assays, 14 µM ZAβ3 
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was added to assembly reactions of 6 µM dimAβ at different time points, and ThT fluorescence was 

recorded. To test if RFs of dimAβ are thermodynamically or only kinetically stable against dissolution in the 

presence of ZAβ3, 15 µM preformed dimAβ:ZAβ3W complex was incubated over one week in the presence 

of 48 µM (in monomer equivalents) sonicated dimAβ RF seeds and the wavelength of maximum tryptophan 

fluorescence emission was recorded as previously described.6 

 

Modeling of biphasic assembly kinetics 

 To replicate the experimentally observed transition from sigmoidal to biphasic growth we 

performed numerical simulations for fibril growth in the presence of off-pathway aggregation. To do so we 

modified the model of Powers and Powers (for details, see ref. 7) in three ways. We (i) accounted for 

secondary nucleation of fibril growth; (ii) replaced the off-pathway amorphous precipitates with off-

pathway oligomers that could only form after crossing a well-defined solubility threshold we had previously 

identified;2 and again following our experimental results, we (iii) assumed that RF fibrils, once nucleated, 

elongate faster than gO/CFs grow. A more detailed description of this model is provided further below. 

 To connect ThT responses to the kinetics of gO/CF vs. RF formation, we built on our prior 

measurements indicating that ThT responses to gO/CFs are weaker than to equivalent concentrations of 

RFs (about ten times in the case of hewL).8 We further considered the ThT fluorescence to be the linear 

superposition of the response evoked by gO/CFs and RFs, each with their distinct response factors, i.e.  

∆𝑇ℎ𝑇 = 𝛼 [𝑔𝑂, 𝐶𝐹] +  𝛽 [𝑅𝐹] 

The fits used ,  as global fitting parameters for a given protein.  This implicitly assumes that binding of 

ThT to gO/CFs and RFs remains linear over the range of concentrations we consider.  

 

Assessing role of hewL hydrolysis 

 We have previously shown that hewL hydrolysis under our growth conditions requires in excess of 

18 hours to generate distinct peptide fragments (see Fig. 4 in ref. 8).  Since gO/RF formation is lag-free and 

the total amounts of gO/CFs formed at the plateau phase matched monomer concentrations above the 

COC (see ref. 2), hydrolysis is unlikely to underlie gO/CF formation in our system. In contrast, RF formation 

does show lag periods that stretch into the time frame for weak hewL hydrolysis.  To investigate whether 

hydrolysis does affect RF formation under our growth conditions, we pre-hydrolyzed 20 mg/ml of hewL 

monomers in 25 mM KH2PO4 buffer (RF growth conditions) for either 3 or 7 days at 45 °C, ie. slightly below 

the threshold temperature of 50 °C for any amyloid aggregation. 

 

NMR spectroscopy 

 For solution NMR spectroscopy, [U-15N]-dimAβ was freshly eluted in 20 mM Na-phosphate, 50 mM 

NaCl, pH 10, from a Superdex 75 10/300 column (GE Healthcare). 375 µl eluate at ca. 130 µM protein 

concentration was diluted with 75 µl of 20 mM NaH2PO4, 50 mM NaCl, and 50 µl D2O to a final [U-15N]-

dimAβ concentration of ca. 100 µM. The solution had a pH of 7.9. For comparison with dimAβ, [U-15N]-Aβ40 

was prepared with an N-terminal methionine as described previously.1 Solution NMR data were collected 

at 5 °C using a 600 MHz spectrometer (Varian). [1H,15N]-HSQC spectra were collected at 5.0°C on a Bruker 

AVANCE III HD 600 MHz or Varian VNMRS 900 MHz NMR spectrometer equipped with cryogenic probes 

with z-axis pulsed field gradient capabilities. 
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 For solid-state NMR spectroscopy, [U-15N-13C]-dimAβ was freshly eluted in 20 mM Na-phosphate, 

pH 10, from a Superdex 75 16/60 column (GE Healthcare). To form RFs samples were incubated in 5 ml 

Qualyvials (Zinsser). 1035 µl isotopically labeled dimAβ were mixed with 3915 µl 20 mM Na-phosphate, 50 

mM NaCl, pH 7.4, and 50 µl 10% NaN3. The vials were incubated at 37 °C while being stirred with a micro 

stir bar. After 20 h of incubation fibril formation was confirmed by AFM analysis. The remaining sample was 

centrifuged for 10 min at 16.100 x g at 4 °C, and the pellet was centrifuged into a 3.2 mm MAS NMR rotor. 

MAS NMR spectra were recorded at sample temperatures of 25 °C  5 °C (INEPT spectrum, Fig. S2B) and 0 

°C  5 °C (PDSD spectrum with CP excitation, Fig. S2C), respectively on a 14.1 T (1H Larmor frequency: 600 

MHz) spectrometer (Varian). NMR data were processed with NMRPipe9 using squared and shifted sine bell 

functions for apodization and analyzed with CcpNmr.10 
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Figure S1. The conformation of monomeric Aβ40 is retained in dimAβ. To assess differences in 

conformation, solution NMR spectra of monomeric Aβ40 were compared to those of monomeric dimAβ 

and the mutant dimAβ-A30S. (A) Amino acid sequences of dimAβ and dimAβ-A30S. DimAβ-A30S contains 

an Ala-to-Ser exchange at position 30 of only the first Aβ40 unit, in order to locally perturb the NMR 

spectrum and abolish spectral overlap of the two Aβ40 units. (B) Overlay of (1H-15N) HSQC NMR spectra of 

[U-15N]-Aβ40 (black) and [U-15N]-dimAβ (blue). Assignments are shown for Aβ40. In the spectrum of [U-
15N]-dimAβ the resonances of Aβ40 are recovered, indicating that the conformation of monomeric Aβ40 is 

retained in dimAβ. In addition, further peaks are observed mainly in the glycine and serine regions of the 

spectrum and can be attributed to the (G4S)4 linker. For some resonances in the central/C-terminal region 

of the Aβ sequence, e.g., Ile-32 and Gly-33, peak splittings are evident in the spectrum of dimAβ (C,E). To 

evaluate if the peak splittings originate from a symmetric interaction between both Aβ units, or if it is due 

to the asymmetric placement of the Aβ units within dimAβ (preceding vs. following the linker), the variant 

dimAβ-A30S was generated and compared to dimAβ. In dimAβ-A30S (orange spectrum), one of the two 

split resonances observed for dimAβ is shifted as a consequence of local perturbation by the A30S mutation 

(D,F). This indicates that the peak splittings are not due to a symmetric interaction between both Aβ units, 

as in this case quadruple peaks would be expected for Ile-32 and Gly-33. Instead, specifically the one dimAβ 

resonance is shifted in dimAβ-A30S (D,F) that does not overlay with the Aβ40 resonance (C,E). This suggests 

that the peak splittings in dimAβ result from a slightly altered electronic environment of the central/C-

terminal region in the N-terminal Aβ unit within dimAβ, likely resulting from proximity to, or transient 

interaction with, the linker region.  
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Figure S2. Both Aβ subunits of dimAβ are incorporated into the RF β-sheet core. (A) AFM image of a dimAβ 

RF. Color scale: height in nm. (B) 2D (1H-13C) HETCOR spectrum obtained with refocused INEPT as 

magnetization transfer11 of diMAβ RFs. Only signals from mobile regions of the fibrils are detected.12 Almost 

exclusively signals from glycine and serine residues (encircled) in dimAβ RFs are visible, indicating that the 

(G4S)4 linker remains flexible, while both Aβ units are incorporated into the RF β-sheet core. The sample 

temperature was ~25 °C  5°C, the MAS spinning speed was 11 kHz. For the 2D spectrum, 64 t1 increments 

with 32 scans each were recorded. During 13C detection, high-power proton decoupling (~83 kHz) was 

applied. (C) 2D (13C-13C) correlation spectrum of diMAβ RFs (orange) overlayed with intraresidual cross-

peaks generated from resonances previously reported for six preparations of Aβ40 RFs (crosses). Initial 

proton to carbon magnetization transfer was achieved by cross polarization with a contact time of 200 µs, 
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homonuclear mixing was achieved by proton driven spin diffusion with a mixing time of 50 ms. High-power 

proton decoupling (~83 kHz) was employed during 13C evolution and detection periods. Sample 

temperature was ~0 °C  5°C, the spinning speed was 11 kHz. In total 256 t1 increments with 128 scans each 

were recorded. MAS NMR was performed at a magnetic field strength of 14.1 T corresponding to a proton 

Larmor frequency of 600 MHz. Spectra were processed using squared and shifted sine-bell apodization 

(shift of 0.35·π). The Aβ40 RF literature resonances are from Petkova et al. (BMRB entry 18127),13 Paravastu 

et al. (BMRB entry 18129),14 Lu et al. (BMRB entry 19009),15 Bertini et al.,16 and Lopez del Amo et al.17 The 

spectrum of diMAβ RFs particularly overlaps with the cross-peaks of conformer 1 of Lopez del Amo et al., 

but also with those of Bertini et al., Petkova et al., and Paravastu et al., suggesting structural similarity of 

the diMAβ RF polymorph investigated here with the Aβ40 RF polymorphs of these studies.  
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18-21  

Figure S3. DimAβ possesses higher thermodynamic stability in the RF state than in the ZAβ3-bound state. 

(A) ZAβ3W, a tryptophan-containing version of ZAβ3, is a probe for the stability of Aβ assembly states.6 The 

fluorescence emission spectrum of ZAβ3W exhibits a blue shift upon binding of Aβ and can therefore report 

on dissociation of Aβ monomers from Aβ assemblies. (B) Scheme of the experiment to compare the 

thermodynamic stability of dimAβ in the ZAβ3-bound and RF state. 15 µM preformed dimAβ:ZAβ3W 

complex was incubated over one week in the presence of 48 µM (in monomer equivalents) sonicated dimAβ 

RF seeds and the wavelength of maximum tryptophan fluorescence emission was recorded as described 

previously.6 (C) The wavelength of maximum tryptophan fluorescence emission exhibits a red shift, 

indicating that dimAβ dissociates from the dimAβ:ZAβ3W complex and is incorporated into RFs.  
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Kinetic Model of Competing Oligomer and Fibril Pathways 

Our formalism for the transition from sigmoidal to biphasic growth upon crossing the COC builds 

on the model of Powers and Powers.22 Their original model has two assembly pathways: (1) on-pathway 

assembly leads to RF formation, and (2) off-pathway assembly generating gOs. We include both pathways 

in our model. Along the on-pathway, the fibril nucleation barrier is represented by unfavorable association 

constants for monomer addition up to n=5 (nucleus size). Note that the reaction rates can be adjusted to 

fit the model to the data when a nucleus size smaller or larger than 5 is considered. The reaction from 

nucleus to RF is irreversible (note that b2 = 0). The unstructured oligomer growth is treated as unstable 

aggregates that may grow to some specified maximum size, m (we take m=8), and follow the off-pathway 

that essentially buffers the monomer concentration temporarily. This, for now, neglects subsequent 

assembly of gOs in CFs.   

To replicate our observations, we make four key changes to the model by Powers and Powers. (1) 

We use rate constants that are significantly smaller than those in (Powers and Powers 2008).22 (2) In the 

original model, the same on-rate for monomer addition was used along the entire on-pathway, while the 

off-rate below and above the nucleus size were different. In our model, both the on- and off rates (a1 vs. a, 

and b1 vs. b in Fig. S4) are different for aggregates that are smaller than the nucleus size and RFs. (3) We 

included a secondary nucleation mechanism, as proposed by Knowles et al.3,4,23,24 where already formed 

RFs facilitate nucleation of new seeds (blue arrows, k2 binding constant in Fig. S4). This was necessary to 

replicate the sharp autocatalytic rise in the experimental ThT fluorescence upon RFs nucleation. (4) To 

incorporate the lack of gO formation below the COC and the dependence of experimental gO growth rates 

on monomer concentration, we replicated the increase in off-pathway assembly rates seen in experiment 

(see Fig. 4C, insert). With these changes, the amount of different species in the solution are given by the 

following rate equations. 

  

𝑑[𝑋1]

𝑑𝑡
= −[𝑋1](2𝑎1[𝑋1] + 𝑎1 ∑ [𝑌𝑗] + 𝑎[𝐹(0)]𝑛

𝑗=2 ) + 2𝑏1[𝑌2] + 𝑏1 ∑ [𝑌𝑗] + 𝑐[𝐹(0)]𝑛
𝑗=3 −

[𝑋1](2𝛼1[𝑋1] + 𝛼 ∑ [𝑍𝑗])𝑚
𝑗=2 + 2𝛽[𝑍2] + 𝛽 ∑ [𝑍𝑗]𝑚

𝑗=3 − 𝑘2𝑛[𝑋1]𝑛[𝐹(1)]              (1) 

 

𝑑[𝑌2]

𝑑𝑡
= (𝑎1[𝑋1]2 − 𝑏1[𝑌2]) − (𝑎1[𝑋1][𝑌2] − 𝑏1[𝑌3])                            (2) 

 

𝑑[𝑌𝑗]

𝑑𝑡
= (𝑎1[𝑋1][𝑌𝑗−1] − 𝑏1[𝑌𝑗]) − (𝑎1[𝑋1][𝑌𝑗] − 𝑏1[𝑌𝑗+1]), j=3,4.     (3) 

 

𝑑[𝑌𝑛]

𝑑𝑡
= (𝑎1[𝑋1][𝑌𝑛−1] − 𝑏1[𝑌𝑛]) − 𝑎[𝑋1][𝑌𝑛] + 𝑘2[𝑋1]𝑛[𝐹(1)]     (4) 

 

𝑑[𝑍2]

𝑑𝑡
= (𝛼1[𝑋1]2 − 𝛽 [𝑍2]) − (𝛼[𝑋1][𝑍2] − 𝛽[𝑍3])      (5) 

 

𝑑[𝑍𝑗]

𝑑𝑡
= (𝛼[𝑋1][𝑍𝑗−1] − 𝛽[𝑍𝑗]) − (𝛼[𝑋1][𝑍𝑗] − 𝛽[𝑍𝑗+1]), j=3,4,…7.    (6) 
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𝑑[𝑍𝑚]

𝑑𝑡
= (𝛼1[𝑋1][𝑍𝑚−1] − 𝛽[𝑍𝑚])        (7) 

 

𝑑[𝐹(0)]

𝑑𝑡
= 𝑎[𝑋1][𝑌𝑛]          (8) 

 

𝑑[𝐹(1)]

𝑑𝑡
= (𝑛 + 1)𝑎[𝑋1][𝑌𝑛] + 𝑎[𝑋1][𝐹(0)] − 𝑐[𝐹(0)],       (9) 

 

where [X1], [Yj], [Zj], [F(0)], and [F(1)] represent the concentration of monomers, i-mers along the on-

pathway, j-mers along the off-pathway, the RF number concentration, and the amount of monomers 

incorporated in RFs respectively in μM. The last term in eqs (1 – 5) each corresponds to secondary 

nucleation of new fibrils catalyzed by already established ones. The rate constants, a, b1, c, and β are fixed 

at 1.981011 M−1hr−1, 3.9610-4 hr−1, 7.2102 hr−1, and 3.610-2 hr−1 respectively. The on rate, α1, is given by 

7.21010  f([X1],[NaCl]) (in M−1hr−1), where f([X1],NaCl) is given by the following equation 

𝑓([𝑋1], 𝑁𝑎𝐶𝑙) =
1

1 + 𝑒𝑥𝑝(𝐶𝑂𝐶−[𝑋1])/0.5
 

𝐶𝑂𝐶 = 3.522𝑒−[𝑁𝑎𝐶𝑙]/45.3107 + 45.3107 

 

where COC is the critical oligomer concentration.  This assures that the oligomer reaction only becomes 

significant upon crossing the COC. In the model, the primary and secondary nucleation rates a1 and k2 are 

varied over the range 6.336 M−1hr−1 – 10.296 M−1hr−1 and 3.610-15  M−1hr−1 – 5.0410-10  M−1hr−1 to obtain 

the best fit for fibril and aggregation growth with varying initial monomer concentration. The rate constant 

α is varied between 72.0 M−1hr−1 – 1.728103 M−1hr−1 to stay consistent with the power law behavior of the 

initial slope of gOs growth curve as a function of monomer concentration.   

Representative time traces from the model with initial monomer concentration below and above 

the COC are shown in Figure S4B. In order to compare the theoretical mass concentrations to experimental 

ThT kinetics, we measured a slope of 125 ThT units / 1 M RF for our plate reader.  Based on our earlier 

measurements, the ThT response of gO/CFs was taken to be ten-fold weaker than that of RFs.8  
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Figure S4: (A) Diagram of on- and off-pathways in the kinetic model. The on-pathway is displayed using 

orange symbols, where in addition to primary nucleation, secondary nucleation contributes to RF seed 

formation. Within the on-pathway, monomers (green) associate, forming pre-fibrillar multimers (orange) 

until eventually reaching a nucleus size (orange bars) consisting of n monomers. Beyond this specified 

nucleus, fibril growth begins. Already existing fibrils catalyze the formation of new ones through secondary 

nucleation with rate constant K2. On the off-pathway monomers form gOs, but can only do so once 

monomer concentrations cross the COC.  This limits the pool of monomers available for gO growth 

(indicated by using triangles instead of spheres) (B) Comparison of simulated with experimental kinetics. 

Experimental observed time-traces (black) showing ThT kinetics in response to the presence of hewl gOs 

and RFs  and theoretical fits (green) plotted alongside their contributions from gOs (blue) and RFs (orange) 

concentrations at the indicated total monomer concentrations.  ThT increases are in arbitrary units but 

account for the 10-fold smaller ThT response to equivalent mass concentrations from gO/CFs vs. RFs. 
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Figure S5:  Effect of hewL pre-hydrolysis on RF nucleation and growth. HewL monomers, either 

freshly prepared or pre-hydrolyzed for 3 or 7 days, were incubated at (A) 30 uM hewL and 350 mM 

NaCl or (B) 350 uM and 100 mM NaCl in the presence of 15 uM ThT. Both are RF growth conditions, 

but at more than 10-fold different protein concentrations. As shown, pre-hydrolysis did not affect 

the RF lag periods in our system.  Some acceleration in RF elongation occurred during the latter parts 

of the incubation periods, and only for the 7 day pre-hydrolyzed sample.  This suggests that hewL 

hydrolysis, under our growth conditions, is not the cause of RF nucleation but can accelerate RF 

elongation rates at the late-stages of growth. 
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Protofibril–Fibril Interactions Inhibit Amyloid Fibril Assembly by
Obstructing Secondary Nucleation
Filip Hasecke+, Chamani Niyangoda+, Gustavo Borjas, Jianjun Pan, Garrett Matthews,
Martin Muschol,* and Wolfgang Hoyer*

Abstract: Amyloid-b peptides (Ab) assemble into both rigid
amyloid fibrils and metastable oligomers termed AbO or
protofibrils. In AlzheimerQs disease, Ab fibrils constitute the
core of senile plaques, but Ab protofibrils may represent the
main toxic species. Ab protofibrils accumulate at the exterior of
senile plaques, yet the protofibril–fibril interplay is not well
understood. Applying chemical kinetics and atomic force
microscopy to the assembly of Ab and lysozyme, protofibrils
are observed to bind to the lateral surfaces of amyloid fibrils.
When utilizing Ab variants with different critical oligomer
concentrations, the interaction inhibits the autocatalytic pro-
liferation of amyloid fibrils by secondary nucleation on the
fibril surface. Thus, metastable oligomers antagonize their
replacement by amyloid fibrils both by competing for mono-
mers and blocking secondary nucleation sites. The protofi-
bril—fibril interaction governs their temporal evolution and
potential to exert specific toxic activities.

Introduction

Amyloid fibrils are cross-b structured protein assemblies
that represent the hallmark of many protein aggregation
disorders.[1] For several disease-related proteins, amyloid
fibrils correspond to the thermodynamic minimum of the
free energy landscape for folding and aggregation.[2] For
example, Ab amyloid fibrils are the core components of the
senile plaques found in AlzheimerQs disease (AD)-affected

brains.[3] Ab fibrils are polymorphic, variably constructed
from in-register parallel b-sheets.[4–6] They form by nucleated
polymerization, where initial fibril nuclei grow by monomer
addition to the fibril ends.[7] A frequent contributor to the
typical sigmoidal growth profile of amyloid fibrils is fibril-
mediated secondary nucleation. In this process, the fibril
surface acts as the preferential site for new fibril nucleation,
leading to the autocatalytic proliferation of amyloid fibrils.[7]

A second type of assemblies that Ab is prone to form are
metastable globular oligomers with a molecular weight
> 50 kD, and their associated curvilinear fibrils with typical
lengths up to 200 nm.[8–14] These oligomers are collectively
referred to as AbO or protofibrils.[8, 12,15] As these oligomers
are formed in a reaction distinct from fibril formation (i.e.,
off-pathway),[8,11, 13, 16] the term protofibril can be misleading.
Similarly, the term AbO is used interchangeably for on-
pathway oligomers. Below we use the designations globular
oligomer (gO) and curvilinear fibril (CF) to refer specifically
to the off-pathway, metastable assemblies. GO/CFs form in
a lag-free oligomerization reaction with a much higher
reaction order than that observed for fibril formation.[11] Like
amyloid fibrils, gO/CFs are rich in b-sheets, but their structure
has not been resolved to the same level of detail yet.[17] GO/
CFs have been reported for several amyloidogenic proteins,
suggesting that they are a general alternative assembly type of
this class of proteins.[16,18–20]

Ab gO/CFs may represent the main toxic species in AD,
as they are more effective than amyloid fibrils at inducing
synaptic dysfunction, inhibiting long-term potentiation, trig-
gering inflammation, and disrupting membranes.[8, 13] Several
receptors that mediate toxic signaling of extracellular Ab gO/
CFs have been identified.[21] In addition, intracellular Ab gO/
CFs show cytotoxic effects.[8] Ab gO/CFs are enriched in
a halo surrounding senile plaques, pointing to a potential role
of gO/CF-fibril interactions.[22, 23] For example, fibril plaques
have been suggested to serve as a reservoir, or buffer, of Ab

oligomers.[22, 23] However, gO/CF–fibril interactions have not
been characterized in detail.

We have recently reported that the high concentration
dependence of gO/CF formation results in a threshold
monomer concentration required for gO/CF formation,
denoted critical oligomer concentration (COC), which is
significantly higher than the threshold for fibril forma-
tion.[11, 20] Above the COC, the assembly kinetics are biphasic,
with an initial lag-free gO/CF formation phase, followed by
a sigmoidal phase representing the nucleation and growth of
fibrils which slowly replace the metastable gO/CFs. Surpris-
ingly, we observed that gO/CF formation above the COC
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progressively increased the lag period for subsequent fibril
nucleation and growth, revealing that gO/CFs inhibit fibril
formation not only by competing for monomers, but also in an
active fashion. These observations were made with two
distinct amyloid proteins, a dimeric variant of Ab40 (dimAb)
and hen egg-white lysozyme (hewL).[11]

Here, we investigate how gO/CFs actively inhibit fibril
formation. We first show that the inhibitory effects of off-
pathway gO/CF formation on subsequent fibril nucleation
and growth are similarly present in the two dominant AD
peptides Ab40 and Ab42.We then demonstrate for Ab as well
as for hewL that gO/CFs bind to fibril surfaces. GO/CF
binding also promotes fibril bundling, thereby further reduc-
ing fibril surface area. We finally take advantage of the Ab-
dimAb system to show that the gO/CF-fibril interaction
interferes with secondary nucleation and blocks the prolifer-
ation of amyloid fibrils.

Results and Discussion

To investigate gO/CF formation of Ab, we have generated
dimAb, a dimeric Ab variant in which two Ab40 units are
linked in one polypeptide chain through a flexible glycerin-
serine-rich linker.[11] The conformational properties of the
Ab40 units in dimAb are the same as those of unlinked
Ab40.[11] However, due to the increased local Ab concen-
tration, gO/CF formation of dimAb is strongly promoted,
which is reflected in the comparatively low COC of & 1.5 mM
at neutral pH.[11] Above the COC, Thioflavin T (ThT)
fluorescence indicates biphasic assembly kinetics of dimAb

(Figure 1A). During the first phase, gO/CFs form (Figure 1C)
in an oligomerization reaction with a high reaction order of
& 3.[11] After a lag-time, amyloid fibril formation is observed,
in agreement with a nucleation-polymerization reaction (Fig-

ure 1A,C).[11] Upon prolonged incubation, themetastable gO/
CFs are slowly replaced by amyloid fibrils.[11] Above the COC,
the lag-time of amyloid fibril formation develops an inverse
dependence on protein concentration, i.e., the lag-time
increases with protein concentration (Figure 1B), indicating
that gO/CFs actively interfere with amyloid fibril forma-
tion.[11]

We tested if these observations, previously made for
dimAb and hewL, are reproduced for Ab40 and Ab42. A
logarithmic plot of the ThT time course of Ab40 assembly at
a concentration of 20 mM or below shows a sigmoidal curve
with a lag-time of several hours. This is in agreement with
amyloid formation by a nucleation-polymerization reaction
with prominent contributions from secondary nucleation
(Figure 1D). In contrast, for Ab40 concentrations of 40 mM
or above, an additional, lag-free kinetic phase occurred during
which gO/CFs assembled (Figure 1D,F). These gO/CFs were
replaced by amyloid fibrils during a second kinetic phase
(Figure 1D,F). Ab40 assembly thus follows the same pattern
as dimAb assembly, albeit with an approximately 20-fold
higher COC (& 30 mM), which is expected considering the
lack of a covalent connection between Ab monomers in
unlinked Ab40. ThT kinetics recorded with Ab40 by the
deGrado and Prusiner lab, for concentrations at or above
those used here, generated similar biphasic kinetics and
produced long-lived Ab gOs.[24] As with dimAb and hewL, the
lag-time of amyloid fibril formation of Ab40 started to
increase above the COC (Figure 1E). This indicates that
Ab40 gO/CFs share the ability to interfere actively with fibril
formation. For Ab42, the ThT time courses indicated
a transition to biphasic kinetics at a concentration between
10 and 30 mM (Figure 1G), in line with previous observa-
tions.[25] The short lag times of Ab42 amyloid fibril formation
undermined our efforts of correlating biphasic ThT kinetics
with the onset of gO/CF formation in that system. Never-

Figure 1. Biphasic assembly kinetics of Ab. A), D), G) Transition from sigmoidal (orange) to bimodal (blue) amyloid growth kinetics of dimAb,
Ab40, and Ab42, monitored by ThT fluorescence. Concentration dependent time traces of A) dimAb assembly in 50 mM Na-phosphate, 50 mM
NaCl, pH 7.4, 37 88C, and D) Ab40 or G) Ab42 assembly in 50 mM Na-phosphate, pH 7.4, 27 88C. ThT fluorescence is plotted logarithmically to
highlight the stable low signal during the lag-time under sigmoidal growth conditions. B), E) Dependence of the lag-time of the second kinetic
phase on protein concentration. C), F) AFM images corresponding to the early oligomeric and subsequent fibril-dominated kinetic phases
observed above the COC.
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theless, the data for Ab40 and Ab42 show that the observa-
tions made for dimAb and hewL extend to the two prevalent
Ab variants, with higher COCs of the unlinked peptides.

One possible mechanism by which gO/CFs might actively
inhibit amyloid formation would be by interfering with
secondary nucleation. GO/CFs might bind to amyloid fibril
surfaces, where they could block the sites capable of catalyz-
ing fibril nucleation. To test this hypothesis, we first inves-
tigated if gO/CFs bind to amyloid fibril surfaces. Fibrils were
formed from Ab40 at a concentration of 10 mM. Since this
concentration is below the COC of Ab40, only fibrils but no
gO/CFs were formed. Upon centrifugation, the fibrils were
found in the pellet (Figure 2A, left). GO/CFs were formed by
quiescently incubating dimAb at a concentration of 10 mM for

24 hours. Under these conditions dimAb assembled into gO/
CFs whereas amyloid fibrils were still absent. The gO/CFs
were collected from the supernatant after centrifugation
(Figure 2A, middle). When Ab40 fibrils and dimAb gO/CFs
were mixed and subsequently centrifuged, the pellet con-
tained amyloid fibrils decorated with gO/CFs (Figure 2A,
right). This indicates that the fibril surfaces have an affinity
for gO/CFs, leading to co-precipitation of the two species. The
experiment was repeated for hewL. HewL amyloid fibrils
grown under sigmoidal (sub-COC) conditions (Figure 2B,
left) and hewL gO/CFs formed during the early phases of
biphasic growth (Figure 2B, middle) were mixed, resulting in
binding of gO/CFs to the lateral surfaces of the fibrils
(Figure 2B, right). In addition, mixing of hewL gO/CFs with
fibrils at growth temperatures dramatically increased lateral
bundling and precipitation of fibrils, while isolated fibrils
remained unchanged (Figure 2C). Both binding and bundling
reduce the fibril surface area available for secondary nucle-
ation.

In order to isolate the consequences of this gO/CF and
fibril interaction on fibril growth mechanisms we performed
seeded fibril growth experiments with increasing gO/CF
admixtures. To do so, we took advantage of the different
COCs for dimAb vs. Ab40: at low mM concentrations dimAb

assembles into gO/CFs, whereas Ab40 continues to exhibit
the sigmoidal kinetics of nucleated-polymerization with
secondary nucleation. Furthermore, dimAb gO/CFs possess
high kinetic stability and persist even for several hours after
dilution to sub-COC concentrations, thereby allowing to
investigate effects of gO/CFs down to sub-mM concentra-
tions.[26] Amyloid fibril formation is a multistep reaction
(Figure 3G).[27] To test the effects of gO/CFs specifically on
fibril elongation and secondary nucleation, we seeded Ab40
monomers with different concentrations of sonicated Ab40
fibrils in the presence of increasing concentrations of dimAb

gO/CFs (Figure 3A). When 10% Ab40 seeds were added to
2.5 mM Ab40 monomers, fibril elongation was the dominant
reaction as evident from the immediate linear increase in ThT
signal (Figure 3B). Addition of 1.25 mM dimAb gO/CFs
(corresponding to an Ab40 subunit concentration of 2.5 mM)
did not have a substantial effect, showing that gO/CFs do not
actively interfere with amyloid fibril elongation (Figure 3B).
When a lower amount, that is, 0.1%, of Ab40 seeds was
applied, sigmoidal time traces were obtained, indicating the
importance of autocatalytic amplification of amyloid fibrils by
secondary nucleation (Figure 3C). In this case, addition of
dimAb gO/CFs led to a concentration-dependent increase in
lag-time (Figure 3C). Since primary nucleation does not
contribute to the ThT signal on this time scale at this Ab40
monomer concentration (Figure 1D) and fibril elongation is
not affected by gO/CFs (Figure 3B), we conclude that gO/
CFs inhibit secondary nucleation. The inhibitory effect was
already discernible at a concentration of 60 nM gO/CFs,
which corresponds to a gO/CF:monomer ratio of 1:20 in
numbers of Ab40 units. Such a substoichiometric effect is
compatible with inhibition of an autocatalytic process. To
confirm that inhibition of Ab40 fibril formation is in fact
caused by gO/CFs and not due to any other activity of dimAb

on Ab40, we compared the effects of i) dimAb gO/CFs

Figure 2. GO/CFs bind to amyloid fibril surfaces. AFM images of
assemblies of A) dimAb and Ab40 or B),C) hewL. A) Amyloid fibrils
formed from 10 mM Ab40 were found in the pellet upon centrifugation
at 14000g (left); gO/CFs formed from 10 mM dimAb remained in the
supernatant (middle). Upon mixing equimolar amounts, dimAb gO/
CFs co-precipitated with Ab40 fibrils and decorated fibril surfaces
(right). B) Amyloid fibrils and gO/CFs formed from 1.75 mM hewL
were grown below (50 mM NaCl) or above (250 mM NaCl) the COC,
respectively. After isolation and adjusting NaCl for both to
450 mM,100 mM of fibrils were mixed with 1 mM of gO/CFs at room
temperature and in 450 mM NaCl. C) Mixing hewL gO/CFs and fibrils
at growth temperature (52 88C), instead, induced rapid fibril bundling
and precipitation while, under the same conditions, fibrils themselves
remained unchanged.
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prepared above the COC and diluted to a sub-COC concen-
tration of 0.3 mMwith those of ii) dimAbmonomers that were
freshly eluted from size exclusion chromatography and kept
at a sub-COC concentration of 0.3 mM. The dimAb prepara-
tion that contained gO/CFs due to incubation above the COC
exhibited a much stronger effect on fibril formation than the
one kept below the COC (Figure 3D). The inhibition is not an
unspecific effect of any polypeptide assembly in the size range
of gO/CFs, as it is not observed for ferritin, a 24-mer of helical
bundles with a molecular weight of 440 kD (Figure S1).

To further confirm that the kinetics data are in agreement
with inhibition of secondary nucleation, we computed global
fits to the gO/CF concentration-dependent data for two
different models of fibril formation using the software

package Amylofit.[27] First, we applied a nucleation-elonga-
tion model and performed global fits that attributed the
effects of gO/CFs to an altered rate constant of either primary
nucleation or fibril elongation (all parameters were shared
among the data sets apart from the rate constants of primary
nucleation or fibril elongation, respectively). These fits
showed clear deviations from the experimental data (Figur-
es 3E and S2A,B). Second, we applied a secondary nuclea-
tion-elongation model and performed global fits that attrib-
uted the effects of GO/CFs to altered rate constants of either
primary nucleation, secondary nucleation, or fibril elongation
(again, keeping all other fitting parameters the same among
the data sets). The global fit to this model using a variable rate
constant of primary nucleation did not reproduce the

Figure 3. GO/CFs inhibit secondary nucleation of amyloid fibrils. A) Scheme of the kinetics assays. The effects of dimAb gO/CFs on secondary
nucleation and elongation of Ab40 amyloid fibrils were probed. B) Elongation of Ab40 fibril seeds by Ab40 monomers in the absence and
presence of dimAb gO/CFs. C) Secondary nucleation-elongation of Ab40 fibril seeds by Ab40 monomers in the absence and presence of dimAb
gO/CFs. D) Secondary nucleation-elongation of Ab40 fibril seeds by Ab40 monomers in the absence (grey) and presence of dimAb gO/CFs
formed above the COC and diluted below the COC (orange) or dimAb monomers below the COC (blue). E) Global fits to the data using
a nucleation-elongation model. All parameters were shared apart from the elongation rate constants. F) Global fits to the data using a secondary
nucleation-elongation model. All parameters were shared apart from the secondary nucleation rate constant. G) Nucleation-growth model
including binding of gO/CFs to amyloid fibril surfaces, which inhibits secondary nucleation. P, fibril particle concentration; M, fibril mass
concentration; m, monomer concentration; nc, nucleus size; kn, primary nucleation rate constant; k2, secondary nucleation rate constant; k+,
elongation rate constant; KD, affinity of gO/CF for the fibril surface. H), I) Numerical simulations applying the model outlined in G), using the
rate constants obtained for the nucleation-elongation model in F) (uninhibited trace) and a KD of 160 nM. Duplicate or triplicate measurements
per condition are shown in panels (C), (E), (F), (H), (I).
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decreasing slope during the exponential growth phase with
increasing gO/CF concentration (Figure S2C). In contrast,
when the rate constants of secondary nucleation or fibril
elongation were variable, good agreement with the data was
obtained (Figures 3F and S2D,E). These fits do not differ-
entiate between effects on secondary nucleation and fibril
elongation, as the rate constant of secondary nucleation
occurs in the regression equation only in the form of its
product with the rate constant of fibril elongation.[28] How-
ever, as we can exclude any substantial effect of gO/CF on
fibril elongation (Figure 3B), the global fits further strength-
en the case for gO/CFs inhibiting amyloid fibril formation
through an effect on secondary nucleation. As gO/CFs bind to
amyloid fibril surfaces, they likely inhibit secondary nuclea-
tion by blocking the sites capable of catalyzing secondary
nucleation (Figure 3G). This mode of inhibition of Ab fibril
formation has previously been described for the BRICHOS
chaperone.[29] The reduction in the number of active sites
effectively corresponds to a reduction in the fibril surface
available for autocatalytic amplification rather than to
a decrease in the secondary nucleation rate constant. We
extended the nucleation-polymerization model by including
an equilibrium of gO/CF binding to fibrils that reduces the
fibril mass engaged in secondary nucleation (Figure 3G).
Numerical simulations with the modified model were per-
formed, using the rate constants obtained by Amylofit for the
uninhibited case of nucleation-polymerization with variable
secondary nucleation (black fit in Figure 3F). In particular,
the same secondary nucleation rate constant was used for all
gO/CF concentrations, attributing the gO/CF concentration
dependence of the kinetics solely to changes in the fibril mass
available for secondary nucleation according to the gO/
CF:fibril interaction equilibrium. The gO/CF:fibril interac-
tion was treated as a 1:1 interaction in the number of Ab

subunits. When applying a dissociation constant of KD=

160 nM the numerical simulations yielded good agreement
with data obtained both at 2.5 mM and 5 mM Ab40 monomer
concentration (Figure 3H,I).

Conclusion

We previously observed a remarkable inversion of the
scaling relation between increasing protein concentration and
decreasing lag-times for dimAb and hewL amyloid fibril
formation upon crossing the COC.[11] Here, we reproduced
the surprising increase in lag-time with increasing protein
concentration for Ab40, which indicates that gO/CFs actively
inhibit fibril formation (Figure 1E). Collectively, the AFM
data (Figure 2) and chemical kinetics data (Figure 3) provide
strong evidence that gO/CFs inhibit Ab amyloid fibril
formation by binding to amyloid fibril surfaces, blocking the
sites that would otherwise promote secondary nucleation. The
same mode of inhibition was observed for the BRICHOS
chaperone, but not for a set of control proteins.[29] This
suggests that this inhibitory activity is rather specific. It is also
in line with the relatively high affinity of the gO/CF:fibril
interaction, as indicated by the observed inhibition at low nM
gO/CF concentration.

Our observations provide insight into the structure
specificity of secondary nucleation. Decoration of amyloid
fibril surfaces with gO/CFs formed from the same protein
results in less efficient secondary nucleation. This demon-
strates that gO/CF surfaces do not possess the same capacity
as amyloid fibril surfaces to catalyze fibril nucleation,
suggesting that the cross-b structure of amyloid fibrils is
essential for efficient secondary nucleation. This is consistent
with the distinct structural signatures of gO/CFs vs. fibrils
seen in the amide-I bands of their respective infrared spectra
that we have shown for hewL and that have been reported for
Ab, as well.[20,30]

Figure 4 shows an updated Scheme of oligomer and
amyloid fibril formation. GO/CFs are an alternative (off-
pathway), metastable assembly type and form rapidly and
extensively above the COC. GO/CFs inhibit amyloid forma-
tion by competing for the monomers that are required for
amyloid fibril nucleation and elongation.[11] In addition, as we
show here, GO/CFs actively inhibit the autocatalytic amplifi-
cation of fibrils by blocking secondary nucleation sites on
amyloid fibrils.

Recently, protofibril–fibril interactions were observed
under conditions of biphasic Ab42 assembly, and the proto-
fibrils were interpreted to represent nuclei formed by
secondary nucleation.[31] This interpretation is in conflict with
the off-pathway nature of protofibrils.[11, 13] The results re-
ported here show that protofibril–fibril interactions do not
represent, but rather interfere with secondary nucleation.

The interplay between gO/CFs and amyloid fibrils has
a high relevance for AD pathogenesis: GO/CFs, which are
thought to represent the main toxic Ab species,[8, 13,21,32] were
shown to associate with amyloid fibril plaques in vivo, with
potential consequences for the neurotoxic activities of both
assembly types.[22,23] For example, amyloid fibril plaques
might serve as reservoir of toxic gO/CFs.[22,23] Our results
demonstrate that the interaction of gO/CFs with amyloid
fibrils affects the kinetics of formation and depletion of the

Figure 4. Scheme of oligomer and amyloid fibril formation. GO/CFs
constitute an alternative (off-pathway) assembly type that competes
with amyloid fibrils for monomers and that inhibits the autocatalytic
amplification of amyloid fibrils by secondary nucleation. GO/CFs
interfere with secondary nucleation by binding to amyloid fibrils
surfaces and blocking the sites that catalyze nucleation.
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two species. By binding to amyloid fibrils, gO/CFs inhibit
formation of new fibrils and thereby delay their own replace-
ment by amyloid fibrils. The dimAb-Ab40 system may serve
as a valuable tool for further elucidation of the interplay
between gO/CFs and amyloid fibrils.
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1. Supporting Experimental Section 

 

Proteins and chemicals 

DimAβ was recombinantly produced as previously described.[1] Aβ40 and Aβ42 were obtained 
from Bachem or rPeptide. Two-times crystallized and lyophyilized hen egg-white lysozyme 
(hewL) was obtained from Worthington Biochemical Corporation and used without further 
purification. Ferritin was obtained from Cytiva.  

 

Preparation of Aβ40 

Before use, Aβ40 peptide from Bachem was further purified. The lyophilized powder was 
reconstituted in 6M guanidinium chloride, 50 mM sodium-phosphate buffer, pH 7.4. Reverse 
phase high-performance liquid chromatography (RP-HPLC) was performed to remove residual 
impurities. The sample was loaded onto a semi-preparative Zorbax 300SB-C8 RP-HPLC 
column (9.4 mm × 250 mm, Agilent) connected to an Agilent 1260 Infinity system with UV 
detection at 214 nm. Monomeric Aβ40 was eluted in a gradient from 30% (v/v) to 36% 
acetonitrile in water, 0.1% (v/v) trifluoroacetic acid at 80 °C. Aβ40 containing fractions were 
pooled, lyophilized, dissolved in HFIP, aliquoted in 1 mg portions, lyophilized again, and stored 
at RT. 

 

Preparation of monomeric Aβ species for ThT kinetics experiments 

For aggregation kinetics experiments, the lyophilized protein (Aβ40 or dimAβ) was 
reconstituted in 6M guanidinium chloride, 50 mM sodium-phosphate buffer, pH 7.4, and 
incubated at room temperature for 30 min. The lyophilized powder from rPeptide (Aβ40 or 
Aβ42) was dissolved directly in 100 mM NaOH at pH 12. For all Aβ peptides, SEC was 
performed using a Superdex 75 increase column (GE Healthcare) equilibrated with 35 mM 
Na2HPO4 50 mM NaCl, 5 mM NaOH, pH 11. The concentration of the monomeric peptides 
was measured via UV absorption at 280 nm using the extinction coefficient of 1,490 M-1 cm-1 
for Aβ40 and Aβ42, and 2,980 M-1 cm-1 for dimAβ. Solutions were kept on ice during 
subsequent sample preparation. Immediately before the start of ThT kinetics experiments, 
1.5% 1 M NaH2PO4 was added, yielding 50 mM Na-phosphate, 50 mM NaCl, pH 7.4, as final 
buffer composition. 
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Preparation of dimAβ gO/CFs for kinetic assays 

DimAβ lyophilisate was resuspended in a small volume (3-5 µl) 50 mM NaOH until completely 
dissolved. Next, 50 mM Na-phosphate buffer, 50 mM NaCl, pH 7.4, and 50 mM HCl (3-5 µl) 
were added and immediately mixed, obtaining a final concentration of 10 µM dimAβ. To induce 
gO/CF formation, dimAβ was incubated at 37°C for 16 – 24 hours.  

 

Preparation of Aβ40 fibril seeds for kinetic assays 

Aβ40 lyophilisate was resuspended in a small volume (3-5 µl) 50 mM NaOH until completely 
dissolved. Next, 50 mM Na-phosphate buffer, 50 mM NaCl, pH, 7.4, 10 µM ThT, and 50 mM 
HCl (3-5 µl) were added and immediately mixed, obtaining a final concentration of 10 µM Aβ40. 
Aβ amyloid growth was monitored using a BMG ClarioStar plate reader in 96-well low-binding 
plates (Greiner). After 16 – 24 hours samples with a steady plateau were taken and combined. 
Samples were sonicated using a Bandelin Sonopuls utilizing an MS72 sonicator tip. Sonication 
was performed in 3 pulses of one second sonication and five seconds waiting in between at 
25% amplitude strength. 

 

Preparation of isolated hewL fibrils and gO/CFs for interaction experiments 

HewL fibrils and gO/CFs were grown and isolated following protocols previously described.[1]  
In short, lyophilized hewL was dissolved at 14 mM in 25 mM KH2PO4 buffer with either 50 mM 
NaCl (fibrils) or 250 mM NaCl (gO/CFs) and incubated for 90 hours (fibrils) or 5 hours (gO/CFs), 
respectively. RFs and go/CFs were isolated from the residual monomeric background three 
repeated centrifugation (15,000 rpm for 12 hours, each) with the resulting pellet re-suspended 
in fresh buffer solution after each round. 

 

Amyloid formation assays using Thioflavin T (ThT) fluorescence 

ThT stock solutions were prepared by dissolving 2 mM dye in distilled water and then filtering 
through a 220 nm syringe filter. Final ThT concentrations were obtained from absorption at a 
wavelength of 412 nm (ε412 = 32,000 M-1 cm-1). Aβ amyloid growth kinetics measurements were 
performed using either a BMG ClarioStar or a BMG Fluostar Optima plate reader with ThT 
excitation at 445 nm and emission collected at 482 nm in 96-well low-binding half-area plates 
(Greiner) which were sealed with transparent polypropylene films. Samples contained Aβ 
species as indicated in the Results and 10 µM ThT in 50 mM Na-phosphate buffer, 50 mM 
NaCl, pH7.4. Typically, three identical 100 μL samples were incubated at 37 °C. 
Measurements were taken every 3 minutes without shaking in between.  

 

Data analysis of ThT kinetics 

ThT data in Figure 1 was analyzed as described in ref.[1]. Briefly, sigmoidal amyloid growth 
kinetics below the COC were fit to analytical approximations of nucleated polymerization with 
secondary nucleation mechanisms. Biphasic growth kinetics above the COC were analyzed in 
two steps. First, the portion dominated by gO/CF formation was fit to a one-step oligomerization 
n M → Mn function. To be able to fit the fibril nucleation-growth dominated second part of the 
kinetics, the oligomerization fit was substracted from the raw data followed by a fit to analytical 
approximations of nucleated polymerization with secondary nucleation mechanisms as 
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described before. We defined the RF lag time as the point at which the amplitude of the RF 
portion of the ThT signal increases beyond a fixed threshold. 

 

Primary and secondary nucleation and elongation models using AmyloFit 

Data as shown in Figure 3 E and F was analyzed using the online software AmyloFit.[2] The 
ThT raw data was uploaded into the fitting software and the triplicates were grouped. Sample 
and seed concentrations were assigned to the individual groups. The seed particle 
concentration was defined assuming fibril seed sizes of 1,000 Aβ subunits per seed. The 
models “Nucleation Elongation” and “Secondary Nucleation Dominated” were used to analyze 
the data. The variables nc and n2 were kept at 2. Only one of the variables kn, k+ and k2 was 
fitted individually while the others were fitted globally as indicated in the Results. 

 

Secondary nucleation-growth model including binding of gO/CFs to amyloid fibril surface 

The effect of gO/CFs on fibril growth was modeled using numerical simulations. The change 
of fibril mass concentration (M) and fibril particle concentration (P) was calculated over time in 
one thousand time increments over the observed timespan. The rates for primary nucleation 
(kn), elongation (k+) and secondary nucleation (k2) for Aβ40 in the presence of 0.1% Aβ40 fibril 
seeds and in the absence of gO/CFs were obtained from analysis with AmyloFit. 

Each time increment included the calculation of the following derivatives: 

ୢ௉

ୢ௧
ൌ 𝑘୬ ⋅ 𝑚ሺ𝑡ሻ௡ౙ | Change of fibril particle concentration due to primary nucleation-growth 

ୢெ

ୢ௧
ൌ 2 ⋅ 𝑘ା𝑃ሺ𝑡ሻ𝑚ሺ𝑡ሻ | Change of fibril mass concentration due to fibril elongation 

In our model of secondary nucleation inhibition in response to gO/CF binding to secondary 
nucleation sites, the formula for secondary nucleation was modified to include the reduction of 
available fibril surface for secondary nucleation: 

ୢ௉

ୢ௧
ൌ 𝑘ଶ ⋅ ൫𝑀ሺ𝑡ሻ െ 𝑀ୠ୪୭ୡ୩ୣୢሺ𝑡ሻ൯ ⋅ 𝑚ሺ𝑡ሻ௡ౙ | Secondary nucleation including surface inhibition 

The blocked fraction was calculated taking the inhibitor concentration [gO/CFs] and the 
dissociation constant (KD) into account: 

 

𝐾ୈ ൌ
ൣgO CFs⁄ ୤୰ୣୣ൧ሾM୤୰ୣୣሿ

ሾMୠ୪୭ୡ୩ୣୢሿ
 

 

ሾMሿୠ୪୭ୡ୩ୣୢሺ𝑡ሻ

ൌ
ሺሾMሿ୲୭୲ୟ୪ሺ𝑡ሻ ൅ ሾgO CFs⁄ ሿ୲୭୲ୟ୪ ൅ 𝐾ୈሻ െ ඥሺሾMሿ୲୭୲ୟ୪ሺ𝑡ሻ ൅ ሾgO CFs⁄ ሿ୲୭୲ୟ୪ ൅ 𝐾ୈሻଶ െ 4ሾMሿ୲୭୲ୟ୪ሺ𝑡ሻሾgO CFs⁄ ሿ୲୭୲ୟ୪

2
 

 

Atomic force microscopy 

For imaging of Aβ assemblies, 25 µl of the samples were applied onto freshly cleaved 
muscovite mica. After 1 minute of incubation at room temperature, samples were washed three 
time with 100 µl ddH2O, and subsequently dried under N2 gas stream. Imaging was performed 
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in intermittent contact mode (AC mode) in a JPK Nano Wizard 3 atomic force microscope (JPK, 
Berlin) using a silicon cantilever with silicon tip (OMCLAC160TS-R3, Olympus) with a typical 
tip radius of 9 ± 2 nm, a force constant of 26 N/m and resonance frequency around 250 kHz. 
The images were processed using JPK DP Data Processing Software (version spm-5.0.84) or 
Gwyddion (version 2.52). For the presented height profiles a polynomial fit was subtracted from 
each scan line first independently and then using limited data range. False colour height 
images were superimposed over either amplitude or phase images using Gimp – GNU Image 
Manipulation Program. 

For hewL samples, each of isolated RFs and gO/CFs were brought to 450 mM NaCl, mixed 
and further diluted to a final concentration ratio of 30:300 M. 16 L of this mixture was 
deposited on freshly cleaved mica, either immediately after mixing or following 15 min of 
incubation at the amyloid growth temperature of 52 °C. After 5 minute incubation, samples 
were washed with dH2O and dried with N2 gas. AFM imaged were acquired on an MPF-3D 
(Asylum Research) in taping mode using PFP-FMR-50 silicon tips (Nanosensor) with nominal 
tip radii of 7 nm. The cantilever had a typical spring constant and resonance frequency of 2 
nN/nm and 70 kHz, respectively. It was driven at 60−70 kHz in alternating current mode and 
at a scan rate of 0.25-0.5 Hz. Images were acquired at 512 × 512 pixel resolution. Amplitude, 
phase, and height images were collected and processed using the built-in acquisition software.  
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2. Supporting Figures 

 

 

 

Figure S1: Inhibition of secondary nucleation is not a universal feature of polypeptide 
assemblies in the size range of gO/CFs. Secondary nucleation-elongation of Aβ40 fibril seeds 
by Aβ40 monomers in the absence (grey) or presence of either dimAβ gO/CFs (green) or the 
440 kD-protein ferritin (red), which is a 24-mer of helical bundles. 
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Figure S2: Comparison of the “Nucleation Elongation” and “Secondary Nucleation Dominated” 
models of AmyloFit. ThT traces from 5 µM Aβ40 seeded with 0.1 % Aβ40 seeds treated with 
inrcreasing concentrations of dimAβ gO/CFs were analyzed. The effect of gO/CFs on the 
kinetic rates of fibril nucleation and growth was analyzed by fitting one of the kinetic rates kn, 
k+, or k2 individually while the other rates were fitted globally. a), b) Fits to the “Nucleation 
Elongation” model, either fitting kn (a) or k+ (b) individually. c)-e) Fits to the “Secondary 
Nucleation Dominated” model, either fitting kn (c), k+ (d), or k2 (e) individually. 
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Endo-lysosomal Aβ concentration and pH trigger
formation of Aβ oligomers that potently induce Tau
missorting
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Gunnar F. Schröder 3,5, Hans Zempel 2✉ & Wolfgang Hoyer 1,3✉

Amyloid-β peptide (Aβ) forms metastable oligomers >50 kDa, termed AβOs, that are more

effective than Aβ amyloid fibrils at triggering Alzheimer’s disease-related processes such as

synaptic dysfunction and Tau pathology, including Tau mislocalization. In neurons, Aβ
accumulates in endo-lysosomal vesicles at low pH. Here, we show that the rate of AβO
assembly is accelerated 8,000-fold upon pH reduction from extracellular to endo-lysosomal

pH, at the expense of amyloid fibril formation. The pH-induced promotion of AβO formation

and the high endo-lysosomal Aβ concentration together enable extensive AβO formation of

Aβ42 under physiological conditions. Exploiting the enhanced AβO formation of the dimeric

Aβ variant dimAβ we furthermore demonstrate targeting of AβOs to dendritic spines, potent

induction of Tau missorting, a key factor in tauopathies, and impaired neuronal activity. The

results suggest that the endosomal/lysosomal system is a major site for the assembly of

pathomechanistically relevant AβOs.
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Aβ amyloid fibrils are highly stable protein aggregates of
regular cross-β structure that constitute the main com-
ponent of the senile plaques in the brains of Alzheimer’s

disease (AD) patients1–3. Although amyloid fibrils can exert toxic
activities, metastable Aβ oligomers are thought to represent the
main toxic species in AD3–5. At sufficiently high monomer
concentration, Aβ readily forms oligomers with molecular
weights (MWs) >50 kDa with spherical, curvilinear, and annular
shapes, where the elongated structures appear as “beads-on-a-
string”-like assemblies of spherical oligomers4–11. While multiple
names have been given to these metastable Aβ oligomers,
including AβOs, ADDLs, and protofibrils, they seem to be closely
related with regard to their structures and detrimental activities
and likely form along a common pathway6,7,12. Importantly, this
pathway is distinct from that of amyloid fibril formation, i.e.,
AβOs are not intermediates on the pathway to amyloid fibrils
(they are “off-pathway”) but constitute an alternative Aβ
assembly type with distinct toxic activities (Fig. 1a)4,5,11,13. The
distinct nature of Aβ amyloid fibrils and AβOs is also reflected in
their different formation kinetics. Aβ amyloid fibrils form by
nucleated polymerization with crucial contributions from sec-
ondary nucleation processes, resulting in the characteristic sig-
moidal growth time courses that feature an extended lag time14.
AβOs, on the other hand, form in a lag-free oligomerization
reaction that has a substantially higher monomer concentration
dependence than amyloid fibril formation11. We note that in this
work the term AβO refers exclusively to these off-pathway oli-
gomers and does not include other oligomeric Aβ species, such as
those transiently formed on the pathway to amyloid fibrils,
through secondary nucleation, or through shedding by fibril
fragmentation15.
Several lines of evidence support a critical role of AβOs in AD

pathogenesis. AβOs of sizes >50 kDa are the main soluble Aβ

species in biological samples16. They are synaptotoxic, disrupt
long-term potentiation, and cause cognitive impairment in mouse
and non-human primate models4,8,17–23. Furthermore, AβOs
induce oxidative stress, endoplasmic reticulum stress, neuroin-
flammation, and elicit Tau missorting, the earliest hallmark of
tauopathy in AD21,23–29. The detrimental effects are enhanced by
pathogenic Aβ mutations that specifically promote AβO forma-
tion, in particular the arctic (Aβ E22G) and the Osaka (Aβ ΔE22)
mutations22,23,28,30,31. Consequently, targeting AβOs ther-
apeutically is an important alternative to amyloid-centric
approaches and has entered clinical evaluation32–34.

AβOs were suggested to trigger toxic effects through ligand-like
binding to a remarkably high number of candidate receptors4,35.
AβOs achieve clustering of receptors in cell surface signaling
platforms, probably promoted by the multivalency inherent to
AβOs4,35,36. AβO clustering is especially prominent at dendritic
spines, which deteriorate upon prolonged exposure to AβOs18.
Importantly, this effect is mediated by Tau protein, providing a
connection between the Aβ and the Tau aspects of AD patho-
genesis. AβOs induce missorting of Tau into the somatodendritic
compartment as well as Tau hyperphosphorylation, leading to
microtubule destabilization and spine loss23,37–39.

In addition to receptor binding of extracellular AβOs, intra-
cellular AβOs are thought to contribute to AD pathogenesis40.
The endosomal–lysosomal system is the main site not only for Aβ
production but also for the uptake of Aβ monomers and
AβOs27,41–49. Aβ accumulates in endosomes/lysosomes, which
promotes aggregation with potential consequences for cellular
homeostasis as well as for the spreading of Aβ pathology by
exocytosis of aggregated Aβ species27,28,41,44–46,48–51.

At neutral pH, high Aβ concentrations are required to convert
a substantial fraction of the protein into AβOs. Widely used
protocols for AβO preparation start from around 100 µM Aβ

Fig. 1 AβOs assemble from dimAβ in a lag-free oligomerization reaction. a Scheme of AβO and amyloid fibril formation. b Biphasic assembly kinetics of
dimAβ at pH 7.4 and indicated concentrations monitored by ThT fluorescence. The experimental replicates illustrate the good reproducibility of the
nucleation-free oligomerization phase and the stochastic nature of the nucleation-dependent fibril growth phase. c AFM images corresponding to the two
kinetic phases as indicated in b. d Exemplary 2D classes of the smallest dimAβ AβO species observed in cryo-EM micrographs. e 3D density reconstruction
of this dimAβ AβO species at a resolution of 17 Å by cryo-EM. The comparatively low resolution is due to the small size and high degree of heterogeneity of
the dimAβ AβO species. Consequently, only a rough estimate to size and volume can be made. f AFM images of dimAβ assemblies formed upon incubation
at pH 7.4 in microcentrifuge tubes. Kinetics data as shown in b was obtained from at least three independently prepared assays with two to three replicates
for each concentration for reproducibility. AFM images in c were prepared from two independent assays and at least three areas at different positions on
the mica surface were scanned. The experiment in f was done once and at least two sections of the mica surface were scanned.
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monomers7,8,10. At tenfold lower Aβ concentration, the forma-
tion of AβOs is already greatly disfavored, which enables the
investigation of the pure sigmoidal time course of amyloid fibril
formation, including the analysis of on-pathway oligomer
formation14,15,52. These on-pathway oligomers, however, are
short-lived, rapidly consumed in the process of fibril formation,
and, as evident from the different assembly kinetics, clearly dis-
tinct from the neurotoxic off-pathway AβOs introduced above.
To investigate AβO formation, we have generated a dimeric
variant of Aβ termed dimAβ, in which two Aβ40 units are linked
in one polypeptide chain through a flexible glycine–serine-rich
linker11. In dimAβ, the conformational properties of the Aβ40
units are not altered as compared to free Aβ40 monomers11. The
linkage of two Aβ units, however, increases the local Aβ con-
centration, which strongly promotes the highly concentration-
dependent formation of AβOs11 (Fig. 1b, c). The advantages in
applying dimAβ for the study of AβOs are: First, AβOs form
already above a threshold concentration (critical oligomer con-
centration (COC)) of ~1.5 µM dimAβ at neutral pH. Second, the
increased local Aβ concentration preferentially accelerates AβO
formation as compared to Aβ fibril formation, resulting in an
enhanced separation of the kinetic phases of AβO and Aβ fibril
formation, which facilitates analysis.
There is an apparent discrepancy between the obvious patho-

genic relevance of AβOs and the high µM Aβ concentrations
required for the conversion of a substantial fraction of the protein
into AβOs at neutral pH in vitro, which exceeds the estimated
picomolar to nanomolar concentrations of extracellular Aβ in
normal brain by several orders of magnitude44. However, accu-
mulation of Aβ in the endo-lysosomal system was shown to result
in micromolar Aβ concentrations in late endosomes and
lysosomes44, suggesting that these acidic vesicles might be the
prime sites of AβO formation. Acidic conditions have been
reported to accelerate Aβ aggregation53. Here we applied dimAβ
and Aβ42 to test whether pH reduction from neutral to endo-
lysosomal pH affects AβO formation. We find that endo-
lysosomal pH in fact strongly accelerates AβO formation,
whereas amyloid fibril formation is delayed, suggesting that AβO
formation is the dominant aggregation process in endosomes/
lysosomes. We furthermore show that dimAβ is a disease-relevant
model construct for pathogenic AβO formation by demonstrating
that dimAβ AβOs target dendritic spines, induce AD-like soma-
todendritic Tau missorting, and reduce synaptic transmission in
terminally matured primary neurons. This indicates that dimAβ-
derived oligomers are suitable for the study of downstream
mechanistic and neuropathological events in the
progression of AD.

Results
DimAβ assembles into AβOs that bind to dendritic spines and
potently induce Tau missorting. The assembly kinetics of
dimAβ at neutral pH monitored by ThT show a biphasic behavior
above a concentration (COC) of ~1.5 µM, with the first phase
corresponding to the lag-free oligomerization into AβOs and the
second phase reflecting amyloid fibril formation11 (Fig. 1b, c).
DimAβ AβOs are of spherical and curvilinear shape (Fig. 1c) and
rich in β-structure11, in agreement with the characteristics of
AβOs formed from Aβ40 and Aβ42 (refs. 4–6,9,13,21; for atomic
force microscopic (AFM) data of AβOs formed from Aβ42, see
below). We applied cryogenic electron microscopy (cryo-EM) to
further characterize dimAβ AβOs structurally. Structure deter-
mination is hampered by the size and shape heterogeneity of
AβOs7,9,10, which is moreover evolving with time, as observed for
AβOs formed from Aβ9 as well as dimAβ11. As larger AβOs seem
to be assemblies of small spherical structures, our analysis focused

on the small AβOs observed in the micrographs (Fig. 1d, e and
Supplementary Figs. 1–3). The fraction of small AβOs was 72 ±
12% in terms of particle number but only ~2–3% in terms of the
number of Aβ molecules within AβOs (Supplementary Fig. 1c).
The relation between the small and the elongated curvilinear
AβOs cannot be inferred from the micrographs. Nevertheless,
structure elucidation of the small AβOs could provide insight into
a biologically relevant AβO substructure that may furthermore
laterally associate and convert into protofibrillar AβOs54. We
obtained a three-dimensional (3D) density reconstruction
(Fig. 1e) at a resolution of 17 Å, which shows a bowl-shaped
structure with dimensions of 80 × 48 × 40 Å. From this recon-
struction, we were able to calculate the approximate molecular
mass that fits into the density to be 62 kDa (Supplementary Fig. 3;
see “Methods”). Therefore, the small AβO species, as visible on
the micrographs, likely contains six dimAβ monomers (total MW
of 60.2 kDa), which corresponds to 12 Aβ40 units. Dodecameric
Aβ oligomers were observed before in AβO preparations from
synthetic peptide or isolated from AD brain or mouse models and
have been associated with neuronal dysfunction and memory
impairment55–58.

AβO formation occurred on the same time scale in the plate
reader experiment as in microcentrifuge tubes (Fig. 1b, c, f). In
contrast, extensive amyloid formation was observed in the plate
reader experiment after ~10 h but was not detectable when AβOs
were incubated in microcentrifuge tubes for several days, unless
the microcentrifuge tube was agitated (Fig. 1b, c, f). This suggests
that the movement of the microplate in the plate reader, caused
by scanning of the wells during measurements every 3 min and 2
s of preceding orbital shaking, creates sufficient agitation to
promote amyloid fibril nucleation. When the samples in the
microplate were covered with a layer of mineral oil, AβO
formation was unaffected but amyloid fibril formation was
completely abrogated (Supplementary Fig. 4), in line with the
essential role of the air–water interface in Aβ amyloid formation
in vitro59. The strong effects of agitation14 and air–water interface
on Aβ amyloid fibril formation but not on AβO formation
confirms again that their assembly mechanisms are different and
is in line with the notion that AβO formation does not involve a
nucleation step11,60. When AβOs, formed by incubation of
dimAβ above the COC, were diluted to sub-COC concentrations,
they persisted for >24 h, indicating high kinetic stability
(Supplementary Fig. 5). We conclude that AβOs formed from
dimAβ under quiescent conditions are kinetically stable, not
replaced by amyloid fibrils for several days, and can be applied at
sub-µM concentrations. DimAβ AβOs may therefore serve as a
favorable AβO model.
To test whether dimAβ AβOs cause the same biological effects

as reported for AβOs formed from Aβ40 or Aβ42, we investigated
their binding to dendritic spines, their direct cytotoxicity, their
capacity to induce Tau missorting, and their consequences for
neuronal function. AβOs were formed from 20 µM dimAβ and
added to primary mouse neurons (days in vitro 15 (DIV15)–22)
to a final concentration of 0.5 µM (all dimAβ AβO concentrations
given in dimAβ equivalents). One micromolar Aβ40 was used as
monomeric control. DimAβ localized to neuronal dendrites both
after 3 and 24 h of treatment, where it partially co-localized with
dendritic protrusions positive for filamentous actin (stained by
phalloidin), which mark synaptic spines (Fig. 2a). In contrast,
Aβ40 monomers did not show substantial localization to
dendrites (Fig. 2a). Direct cytotoxicity was assessed by analysis
of the sizes and shapes of neuronal nuclei upon staining with
NucBlue. The fractions of normal and dense nuclei did not
change significantly after incubation with dimAβ AβOs (Fig. 2b,
c), indicating the absence of direct cytotoxicity, in line with
previous reports on AβOs61.
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Tau cellular distribution was analyzed with an anti-Tau (K9JA)
antibody. DimAβ AβO-treated neurons showed strong enhance-
ment of the fluorescence signal of Tau in the soma after 24 h of
treatment (Fig. 3), indicating pathological somatodendritic Tau
missorting as previously reported for AβOs38,39. In contrast,
Aβ40 monomers did not induce Tau missorting in our
experimental setting (Fig. 3). In previous studies, Tau missorting
and spine loss were reversible within 12–24 h due to loss of AβO
potency (transformation of AβOs over time to larger, non-toxic
aggregates)38,62. Here we observe an increase of Tau missorting
over time, which indicates remarkable kinetic stability and
persistent ability of dimAβ AβOs to induce pathological Tau
missorting.
Next, we investigated the consequences of AβO exposure for

neuronal function. As readout, we measured spontaneous calcium
oscillations in our neuronal cultures after dimAβ AβO treatment
as an indicator for neuronal activity with live-cell imaging, using
the fluorescent cell-permeable calcium indicator Fluo-4 as
previously described38. A significant decrease of calcium oscilla-
tions was observed after 24 h but not after 3 h of treatment with
dimAβ AβOs (Fig. 4). As calcium oscillations in our conditions
depend on action potentials and neurotransmission, this indicates
that dimAβ AβOs impair neuronal activity and function. With
regard to dendritic spine binding, lack of direct cytotoxicity,
potent induction of Tau missorting as well as decreased neuronal
activity, dimAβ AβOs thus faithfully reproduce the observations
previously made for AβOs formed from Aβ40 or Aβ42 or from
7:3 Aβ40:Aβ42 mixtures regarded as particularly toxic38. Of note,
dimAβ AβOs effects appeared later (24 vs. 3 h) than for the
previously studied oligomers, hinting toward their kinetic and
structural stability in cell culture conditions.

Aβ42 as well as dimAβ accumulate within endo-lysosomal
compartments. Next, we aimed to test the uptake of dimAβ
AβOs in neuronal cells. First, SH-SY5Y neuroblastoma cells were
subjected to a mixture of 0.1 µM HiLyte Fluor 647-labeled Aβ42
and 1 µM unlabeled Aβ42. After 24 h of incubation, Aβ42 accu-
mulated within vesicular foci within the cytoplasm of the cells.
Co-staining with a LysoTracker dye showed prominent coloca-
lization suggesting the accumulation of Aβ42 within endo-
lysosomal compartments (Fig. 5). This is in line with previous
studies that showed Aβ42 accumulation in acidic vesicles of
neuroblastoma cells and primary murine cortical neurons41,44–46.
Hu et al. measured local Aβ42 concentrations >2.5 µM within
endo-lysosomal compartments, which exceeds the extracellular
concentration by approximately four orders of magnitude44.

In a second attempt, SH-SY5Y cells were treated with 1.1 µM
Abberior Star 520SXP-labeled dimAβ AβOs, formed from a
mixture of 91% unlabeled and 9% fluorophore-labeled dimAβ
(i.e., same final concentrations of unlabeled and fluorophore-
labeled Aβ as in the Aβ42 experiment above). This experiment
revealed a similar colocalization in acidic vesicles as for Aβ42
(Fig. 5). This confirms that both Aβ monomers and AβOs are
readily taken up by neuron-like cells and accumulate in the endo-
lysosomal system. Our results, however, do not reveal the
assembly state of Aβ, and it is possible that the applied Aβ
species undergo structural alterations upon cell entry and
accumulation in endo-lysosomes, such as higher-order assembly
as described below.

Endo-lysosomal pH promotes AβO assembly but delays amy-
loid fibril formation. Due to the accumulation of Aβ, endosomes/
lysosomes might constitute the dominant site of the highly

a

b

3h 24h 3h 24h 3h 24h

normal
dense

Ctrl. dimAβ Aβ40

0

50

100

150

%
 o

f n
uc

le
i

c

normal dense

Ctrl. 0.5 μM dimAβ 1.0 μM Aβ40

Phalloidin

Aβ (4G8)

Merge

3h 24h 24h24h

ns

Fig. 2 DimAβ AβOs bind to dendrites and postsynaptic spines but have no direct cytotoxic effect on primary mouse neurons. Primary mouse neurons
(DIV15–22) were treated with 0.5 µM dimAβ AβOs or 1 µM Aβ40 for 3 and 24 h. a DimAβ AβOs localized to neuronal dendrites both after 3 and 24 h of
treatment, where they partially co-localized with phalloidin, a marker for synaptic spines. Arrows indicate co-localization of dimAβ with phalloidin. Scale
bar, 5 µm. The experiment was independently repeated four times with similar results. b Nuclei of primary neurons were stained with NucBlue and analyzed
with respect to shape and size. Representative images of normal and dense nuclei. Scale bar, 10 µm. c Quantification of normal and dense nuclei of primary
neurons after vehicle control, Aβ40, or dimAβ AβO treatment revealed no direct cytotoxicity. N= 3; around 300 nuclei were analyzed for each condition.
Error bars represent SEM. Statistical analysis was done by two-way ANOVA with Tukey’s test for multiple comparisons and yielded no significant
differences between the experimental groups.
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concentration-dependent AβO formation. Apart from the increased
Aβ concentration in endosomes/lysosomes, the low pH in late
endosomes (~5.5) and lysosomes (~4.5) might promote AβO for-
mation. We used dimAβ to simultaneously determine the specific
effects of pH on AβO formation and on amyloid fibril formation.
Lyophilized dimAβ was dissolved in 6M buffered guanidinium
chloride, followed by size-exclusion chromatography (SEC) into 1
mM NaOH, leading to a pH of 10.9, and added to the wells of a
microplate. The basic pH conditions prohibit premature aggregation
of Aβ63. The pH-dependent aggregation reaction was initiated in the
microplate reader by injection of a 10× buffer yielding the desired
final pH, allowing for monitoring of ThT fluorescence without any
substantial delay. We determined the kinetics of dimAβ assembly
between pH 4.8 and 7.6 in the concentration range 0.65–5.0 µM. At
neutral pH, the initial kinetic phase reflecting AβO formation
spanned several hours, but upon pH reduction, AβO formation was
continuously accelerated and occurred within a few seconds at pH
4.8 (Fig. 6a–g). ThT fluorescence intensity decreased at acidic pH64

but was still sufficiently sensitive to detect the signal of AβO for-
mation at pH 4.8 and 0.65 µM dimAβ (Fig. 6g). For pH 7.4, we have
previously shown that a global fit of an nth-order oligomerization
reaction to the concentration-dependent assembly kinetics is in good
agreement with the data and yields a reaction order of ~3.3 for

dimAβ AβO formation11. Here we found that a reaction order of
three applied to global fitting of the concentration-dependent data
results in fits that reproduce the kinetic traces at all pH values
(Fig. 6a–g). This indicates that the fundamental mechanism of AβO
formation is not affected by pH reduction. A logarithmic plot of the
obtained oligomerization rate constants against pH shows a linear
trend with a slope of −1.56, i.e., the rate constant decreases 36-fold
per pH unit within the investigated pH range (Fig. 6h). At pH 4.8, in
between lysosomal and endosomal pH, AβO formation is 7900-fold
faster than at interstitial pH (7.3).
In order to test whether the acceleration of AβO formation

kinetics is accompanied by thermodynamic stabilization, we
evaluated the effect of pH reduction on the COC of dimAβ. In the
AβO formation assay at pH 7.4, the fluorescence intensity
increase during the lag-free oligomerization phase scaled linearly
with protein concentration at dimAβ concentrations above ~2
µM, whereas no lag-free oligomerization was detectable below
~0.5 µM, indicative of a COC of around 1 µM (Supplementary
Fig. 6a, b). At pH 5.6, however, there is no indication of
disappearance of the oligomerization phase down to a concentra-
tion of 0.4 µM dimAβ (Supplementary Fig. 6c, d). Due to the
limited sensitivity of ThT at acidic pH64, it is not possible to
reliably monitor oligomerization at lower concentrations and to
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determine the COC at this pH. Nevertheless, the COC at pH 5.6
is clearly lower than the COC at neutral pH, indicative of
thermodynamic stabilization of AβOs at acidic pH.
AβOs formed at different pH values were imaged by AFM

(Fig. 6i–o). From pH 7.6 to pH 6.8, AβOs were mainly spherical
and curvilinear structures, the latter apparently resulting from

bead-chain-like association of the spherical AβOs6. At pH 6.4,
AβOs showed an increased tendency to form more compact
structures, such as annular protofibrils and denser clusters. Below
pH 6.0, AβOs associated into large clusters, in line with a previous
description of Aβ40 aggregates at pH 5.853. In AFM, these AβO
clusters have average heights of ~100 nm, compared to heights of
~4 nm observed for AβOs formed between pH 6.0 and 7.2
(Fig. 6p). Thus, while the fundamental mechanism of AβO
formation seems to be unaffected by pH reduction, there is an
additional level of particle aggregation involved below pH 6.0.
The second kinetic phase in the ThT time course of dimAβ

aggregation reports on amyloid fibril formation11. It is char-
acterized by a lag time, which reflects the primary and secondary
nucleation events involved in nucleated polymerization14,52. In
contrast to the acceleration of AβO formation, the lag time of
amyloid formation did not decrease with decreasing pH. On the
contrary, the amyloid fibril formation phase could not be
observed within 10 h experiments at pH values of 6.8 and below.
This can be explained by the inhibition that the rapidly forming
AβOs entail on amyloid formation: First, AβOs compete for the
monomer growth substrate of amyloid fibril growth; second,
AβOs actively inhibit amyloid fibril growth11,65.

AβO assembly of Aβ42 is enabled under endo-lysosomal con-
ditions. We investigated whether the promotion of AβO forma-
tion at endo-lysosomal pH is sufficient to also support AβO
formation from Aβ42 at relevant endo-lysosomal Aβ concentra-
tions, determined to be well above 2.5 µM44. At pH 7.2, Aβ42 in
the concentration range 1.9–9 µM displayed sigmoidal assembly
kinetics typical for amyloid fibril formation (Fig. 7a). The absence
of a lag-free oligomerization phase is in agreement with the
observation that the COC of Aβ42 in in vitro assay at neutral pH
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Fig. 4 DimAβ AβOs decrease spontaneous calcium oscillations of primary mouse neurons. Primary mouse neurons (DIV15–22) were treated with 0.5
µM dimAβ AβOs for 24 h. Cells were labeled with calcium-sensitive Fluo-4 dye and spontaneous calcium oscillations were recorded by time‐lapse movies.
a Representative ratiometric images of low and high calcium concentrations in the soma of a neuron. Scale bar, 20 µm. b, c Representative graphs of
spontaneous Ca2+ oscillations in b vehicle control- and c dimAβ AβO-treated primary neurons. Fluorescence intensities were normalized to minimum
values and plotted over time. d Quantification of spontaneous Ca2+ oscillations in primary neurons after vehicle control or dimAβ AβO treatment.
Fluorescence intensities were normalized to minimum values and peaks per minute were counted for each sample. In total, 35 cells were analyzed;
statistical analysis was done by two-tailed unpaired t test. Statistical significance: ***p= 0.0001.

Fig. 5 Aβ42 and dimAβ AβOs accumulate in endosomes/lysosomes. SH-
SY5Y cells were treated with Aβ42 monomers (top row) or dimAβ AβOs
(bottom row) and co-localization with endo-lysosomal compartments was
analyzed. 1.1 µM Aβ42 (containing 9% HiLyte 647-labeled Aβ42, top row)
or 1.1 µM dimAβ AβOs (in monomer equivalents, formed from a dimAβ
solution containing 9% AbberiorStar 520SXP-labeled dimAβ, bottom row)
were added to the cells. After 24 h, the medium was exchanged with fresh
medium supplemented with 50 nM Yellow HCK-123 LysoTracker dye. Scale
bar, 5 µm. N= 3, at least three images were acquired for each treatment to
ensure reproducibility.
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is >10 µM65. Consequently, the aggregation products under this
condition are amyloid fibrils (Fig. 7c, f). In contrast, at pH 4.5 lag-
free aggregation occurred at a concentration of ≥5.4 µM (Fig. 7b).
The change from lag-containing to lag-free conditions at pH 4.5
was accompanied by a switch in aggregate morphology from
amyloid fibril networks to large AβO clusters identical to those
observed for dimAβ at endo-lysosomal pH (Fig. 7d, e, g, h). This
indicates that under endo-lysosomal conditions the local Aβ
concentration can exceed the COC of AβO formation, suggesting

that endosomes/lysosomes may represent crucial sites of AβO
formation in vivo.
Aβ aggregates can leak from endosomes/lysosomes into the

cytosol and to other cell compartments or can be secreted and
spread to other cells, potentially contributing to the propagation
of Aβ pathology27,28,44,45,51. Upon transfer from endosomes/
lysosomes to the cytosol or interstitial fluid, AβOs experience a
shift from acidic to neutral pH. We tested the kinetic stability of
AβOs formed at pH 4.5 after a shift to neutral pH by monitoring

Fig. 6 pH dependence of dimAβ assembly kinetics. a–g DimAβ assembly at concentrations between 0.65 and 5 µM and at pH values between 4.8 and 7.6
monitored by ThT fluorescence. Solid lines represent global fits to the data using a one-step oligomerization model with a shared reaction order of 3 for all
pH values and concentrations and an individual oligomerization rate constant per pH value. h Logarithmic plot of the obtained oligomerization rate
constants vs. pH. The rate constants were obtained from global fits to n concentration dependence data sets obtained from m independently prepared
assays, with n/m being 2/2 (pH 4.8), 6/4 (pH 5.6), 8/4 (pH 6.0), 5/4 (pH 6.4), 6/2 (pH 6.8), 6/2 (pH 7.2), and 6/2 (pH 7.6). One of the n repeats is
shown in a–g. Replicates are given in Supplementary Fig. 8. Data points represent mean and standard deviation, except for pH 4.8, where the error bar
indicates the higher and lower value of the n= 2 experiments. i–o AFM images of dimAβ AβO formed at different pH values. Note the dramatic change in
the height scale bar upon pH decrease to <6.0 due to formation of large AβO clusters. Between 7 and 25 micrographs of at least 2 independent assays
were recorded for each pH value to ensure reproducibility. p Particle height distributions determined from AFM images, displayed as violin plots. All pixels
assigned to AβOs by the image analysis software in five micrographs per pH value were evaluated. Dashed lines represent medians; dotted lines represent
interquartile ranges. Inset, zoom on the data for pH 6.0 to pH 7.2.
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the ThT intensity and by imaging of the aggregate morphology by
AFM. We applied Aβ42 at a concentration of 10 µM in this
experiment, as Aβ42 does not form AβOs de novo at this
concentration at neutral pH. Any AβOs observed after the pH
shift can therefore safely be ascribed to the kinetic stability of
AβOs pre-formed under acidic conditions. As before, a pH shift
from basic pH to pH 4.5 was applied to initiate AβO formation.
After AβO formation had reached a steady state, pH was adjusted
to 7.2 by a further injection of a corresponding buffer stock. After
the adjustment to neutral pH, there was an instantaneous increase
in ThT fluorescence (Supplementary Fig. 7), which can be
explained by the pH dependence of ThT fluorescence64. There-
after, the ThT fluorescence did not exhibit any other larger
changes that would be expected in the case of disassembly of
AβOs or replacement of AβOs by an alternative type of aggregate.
Apart from dense clusters like those observed for low pH AβOs,
AFM images showed spherical and curvilinear structures typical
for AβOs formed at neutral pH, indicating dissociation of the
AβO clusters into their constituents (Fig. 8a). In fact, the AFM
images suggest that smaller AβOs detach from fraying AβO
clusters. The height of the cluster-released Aβ42 AβOs was
3.5–4.5 nm as measured by AFM in the dried state (Fig. 8b, c),
identical to that of Aβ42 AβOs (Fig. 8d, e) and dimAβ AβOs
(Fig. 6p) that were directly formed at neutral pH. Taken together,
the ThT and AFM data demonstrate that AβOs formed at endo-
lysosomal pH possess a high kinetic stability after shifting to

neutral pH, which is, however, accompanied by dissociation of
large AβO clusters into spherical and curvilinear AβOs.

Discussion
AβOs have been identified as the main neurotoxic Aβ species in
AD. The characterization of the most critical disease-related
AβOs has revealed that they are metastable oligomers >50 kDa in
size that do not represent intermediates of amyloid fibril forma-
tion but are an alternative Aβ assembly type. However, the
conditions required for AβO formation and the underlying
mechanism have not been elucidated in detail. Here we show that
AβO formation is highly pH dependent and is accelerated ~8000-
fold upon a change in pH from neutral to endo-lysosomal pH. At
the same time, the COC of AβO formation is reduced. This
enables AβO formation at physiologically relevant Aβ con-
centrations, determined to be well above 2.5 µM in endo-
lysosomal vesicles44. The strong acceleration of AβO formation
at pH 4.5–5.5 suggests that the endosomal/lysosomal system
might be a major site of AβO formation. AβOs may either form
from Aβ monomers that have been newly generated by amyloid
precursor protein (APP) processing or from endocytosed
monomers (Fig. 9)40–42,44,47,48. APP processing in endo-
lysosomal compartments by γ-secretase containing presenilin 2
generates a prominent pool of intracellular Aβ that is enriched in
Aβ42 (ref. 48). Esbjörner et al. applied fluorescence lifetime and

Fig. 7 Aβ42 rapidly forms AβOs at endo-lysosomal pH. a, b Aβ42 assembly at a pH 7.2 or b pH 4.5 at concentrations between 1.9 and 15 µM monitored
by ThT fluorescence. Replicates are given in Supplementary Fig. 9. c–e AFM images of c amyloid fibrils formed by 9 µM Aβ42 at pH 7.2, d AβOs formed by
15 µM Aβ42 at pH 4.5, and e amyloid fibril networks formed by 1.9 µM Aβ42 at pH 4.5. At least three micrographs each of two independently prepared
sample repeats were recorded to ensure reproducibility of the AFM data. f–h Height profiles of the sections indicated in c–e.
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super-resolution imaging to determine the kinetics of Aβ aggre-
gation in live cells and found that aggregation occurred in endo-
lysosomal compartments41. Importantly, they reported that Aβ42
aggregated without a lag time into compact, dense structures41.
Both the absence of a lag time and the structural characterization
are in line with the low pH AβO clusters described here, sug-
gesting that AβO clusters indeed form in endo-lysosomal com-
partments and represent the dominant Aβ aggregate species in
live cells. Subsequently, AβOs might cause lysosomal impairment,
leak into the cytosol and cause intracellular damage, or might be
secreted and spread to neighboring cells, where they could con-
tribute to the propagation of pathology40,42,44–46,48,49.

Enhanced aggregation at acidic pH is a known property of Aβ
with established relevance for sample preparation63. Our results
are in line with a study on the aggregation of Aβ40 (at a con-
centration of 230 µM) at pH 5.8 that reported the rapid formation
of large clusters with (proto)fibrillar and globular substructures
that were not able to seed, but rather inhibited, amyloid fibril
formation53. Our analysis of the aggregation kinetics reveals that
these low pH Aβ aggregates, often termed amorphous aggregates,

form along the same pathway as neutral pH AβOs and therefore
represent particle aggregates of AβOs. This is supported by the
observation that low pH AβO clusters release spherical and
curvilinear AβOs upon a shift to neutral pH (Fig. 8a). Never-
theless, there may be differences between atomic-level structures
and between intermolecular interactions in AβOs formed at dif-
ferent pH, just as atomic-level structures and protofilament
interfaces of amyloid fibril polymorphs can differ significantly.
The increasing clustering of AβOs upon pH reduction from

neutral to pH 6 points to the high propensity of AβOs to
associate. At neutral pH, self-association of spherical AβOs results
in curvilinear assemblies. A decrease of pH leads to an increase in
annular and compact assemblies and finally to large AβO clusters
(Fig. 6). This propensity of AβOs to associate likely also con-
tributes to their clustering with neuronal receptors35,36 and to
their accumulation around amyloid fibril plaques66.

In contrast to AβO formation, amyloid fibril formation of
dimAβ is slowed down at acidic pH. This pH dependence is not
an inherent property of Aβ amyloid fibril formation: in the
absence of AβOs, Aβ42 amyloid fibril formation occurs rapidly at

Fig. 8 Stability of AβOs formed by Aβ42 at endo-lysosomal pH after shifting to neutral pH. a AFM images of AβOs formed by 10 µM Aβ42 at pH 4.5
before (left) and after (right) shift to pH 7.2. Red arrowheads point to a few of the sites where AβOs seem to detach from AβO clusters. In all, 3–7
micrographs were recorded per condition to ensure reproducibility. b, c Height profiles of small AβOs after pH shift to neutral pH. Height profiles in c
correspond to the sections in b. d, e Height profiles of AβOs formed by 110 µM Aβ42 at pH 7.2. Height profiles in e correspond to the sections in d.
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pH 4.5 (Fig. 7b, 1.9 µM trace). Delayed amyloid fibril formation
upon pH reduction is only observed in combination with accel-
erated AβO formation and can be explained by the two inhibitory
activities of AβOs on amyloid fibril formation: AβOs compete
with amyloid fibrils for monomers (Fig. 1a) and furthermore
inhibit amyloid fibril growth actively11,65.

DimAβ AβOs show dendritic spine binding, lack direct cyto-
toxicity, potently induce Tau missorting, and decrease neuronal
activity, suggesting that they constitute a suitable AβO model
construct to study the pathomechanism of AD. Previous AβO
preparations showed a loss of potency to induce Tau missorting
within 12 h due to transformation to non-toxic larger Aβ
aggregates38,62. In contrast, dimAβ AβOs led to extensive and
persistent Tau missorting 24 h after application. The sustained
activity of dimAβ AβOs is likely a consequence of the kinetic
stabilization of the AβO state achieved by the dimer linkage.
DimAβ might therefore be an advantageous model for eliciting
Tau missorting and downstream consequences, as it represents a
model of chronic stress corresponding to the human disease
rather than acute insult.

Methods
Preparation of dimAβ. DimAβ was produced recombinantly11. Expression of
dimAβ was achieved by co-expression of ZAβ3, a binding protein that shields
aggregation-prone sequence segments of Aβ67. The gene encoding dimAβ included
an N-terminal methionine, followed by a Aβ40 unit, a (G4S)4 linker, and a second
Aβ40 unit. DimAβ and (His)6-tagged ZAβ3 were co-expressed from a
pACYCDuet-1 vector that contained the genes in the following order: T7promoter-
1–dimAβ–T7promoter-2–(His)6ZAβ3–T7 terminator. BL21(DE3) E. coli cells
(Novagen) were transformed with the expression vector and grown for ~16 h at 37
°C on LB agar plates containing 34 μg/ml chloramphenicol. Single colonies were

picked and grown for ~16 h in 50 ml M9 medium, containing 2×YT medium and
34 μg/ml chloramphenicol. In all, 40 ml of the pre-culture was transferred to 2 l of
M9-Celtone medium in a 5 l baffled Erlenmeyer flask. The culture was grown at 37
°C with shaking and induced at OD600 ~ 0.8 by the addition of IPTG to a final
concentration of 1 mM. After further growth for 4 h, the cells were harvested and
frozen at −20 °C.

For purification, cell pellets were resuspended in 50 mM Na-phosphate, 0.3 M
NaCl, 20 mM imidazole, pH 8, containing EDTA-free protease inhibitor (Roche
Applied Sciences), and lysed by a cell disrupter (Constant Systems). The cell debris
was removed by centrifugation in a Beckman J2-21 centrifuge mounting a JA20.1
rotor at 18,000 RPM, 4 °C for 40 min. For capture of the dimAβ:ZAβ3 complex by
immobilized metal ion affinity chromatography (IMAC), the supernatant was
loaded on a HisTrap FF column (GE Healthcare). DimAβ was separated from the
resin-bound ZAβ3 and eluted with 8 M urea and 20 mM Na-phosphate, pH 7. For
further purification, including removal of residual ZAβ3, reverse-phase high-
performance liquid chromatography (RP-HPLC) was performed. For this purpose,
the IMAC eluate was concentrated in a Vivaspin 20 centrifugal concentrator
(Sartorius), followed by addition of 5 mM TCEP to reduce the disulfide bond of
ZAβ3, and loading onto a semi-preparative Zorbax 300SB-C8 RP-HPLC column
(9.4 mm × 250 mm, Agilent) connected to an Agilent 1260 Infinity system with UV
detection at 214 nm. Monomeric dimAβ was eluted in a gradient from 30% (v/v) to
36% acetonitrile in water and 0.1% (v/v) trifluoroacetic acid at 80 °C. DimAβ-
containing fractions were pooled, lyophilized, dissolved in hexafluoroisopropanol
(HFIP), aliquoted in 1 mg portions, lyophilized again, and stored at −20 °C.

For aggregation kinetic experiments, the lyophilized protein was reconstituted
in 6M guanidinium chloride and 50 mM sodium-phosphate buffer, pH 7.4, and
incubated at room temperature (RT) for 30 min. Subsequently, SEC was performed
using a Superdex 75 increase column (GE Healthcare) equilibrated with 1 mM
NaOH. The concentration of the monomeric dimAβ in the alkaline eluate was
measured via tyrosine fluorescence using a pH-adjusted extinction coefficient of
2685M−1 cm−1. Samples were always kept on ice until further needed.

ThT aggregation kinetics. ThT, NaN3, NaCl, protein, and 1 mM NaOH were
given into the wells of a 96-well low-binding plate (Greiner) such that if filled up to
100 µl, concentrations of 1 µM ThT, 0.02% NaN3, 150 mM NaCl, and the desired
final protein concentration were reached. The outermost wells of the plate were left

Fig. 9 Scheme of intracellular APP processing, Aβ uptake, and AβO formation. This is an extension of previous schemes of APP processing and Aβ
uptake48,76,77, now including potential formation of AβOs especially in endo-lysosomal compartments. Using a conservative estimate of the endo-
lysosomal Aβ concentration of 2.5 µM44 and assuming an endosome volume of 0.3 µm3, there are on average 450 Aβ molecules in an endosome. Protein
structure images were prepared using pdb entries 1OWT, 1IYT, 1RW6, 3DXC, 4UIS, and 1SGZ. TGN trans-Golgi network.
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blank due to the risk of aberrant aggregation behavior. The plate was put in a BMG
ClarioStar platereader fitted with two injectors and tempered at 37 °C. One syringe
of the injector was equilibrated with 1 ml 10× buffer concentrate. The reaction was
started using the injector of the platereader by dispensing 10 µl of the concentrate
at highest available speed into each of the wells. This adjusted the pH value in situ
and initiated oligomerization. Data points were collected in evenly spaced intervals
depending on the velocity of the reaction using the BMG Reader Control software
(version 5.40).

For shifting the pH in situ twice, both syringes were equilibrated with 10×
buffer concentrate; the first one resulting in a final buffer concentration of 20 mM
and pH 4.5 and the second one resulting in a final buffer concentration of 50 mM
and pH 7.2. The first syringe was used to inject 10 µl to initiate oligomerization,
whereas the second one was used to inject 11 µl to achieve the shift to neutral pH at
a time point where the oligomerization reaction had reached its plateau.

For analysis of the kinetics of AβO formation, the initial phase of the ThT
kinetics was fit to one-step oligomerization nM→Mn (ref. 11). The AβO mass
concentration, MAβO, evolves in time according to the following expression

MAβOðtÞ ¼ M0 � ½M1�n
0 þ ðn� 1Þnkt�1=ð1�nÞ ð1Þ

with M0 the total protein concentration, k the oligomerization rate constant, and n
the oligomer size or reaction order. Global fits to the pH- and concentration-
dependent AβO formation data were performed using the Origin 9.0 software with
a reaction order of n= 3 shared between all data sets, and the oligomerization rate
constant k as a pH-dependent parameter, which was shared within the
concentration-dependency data sets at a given pH. The proportionality constant
relating M(t) to ThT fluorescence intensity was treated as a fit parameter with an
individual value for every sample.

Atomic force microscopy. In all, 10 µl of the dimAβ samples were taken directly
from the plate after the ThT assays at a concentration of 5 µM and applied onto
freshly cleaved muscovite mica. They were left to dry, washed with 500 µl ddH2O,
and dried with a stream of N2 gas. For imaging dimAβ at pH 4.8, the aforemen-
tioned method did not work, likely due to sticking of the sample to the well.
Instead, all reaction components apart from the buffer concentrate were premixed
and loaded into a micropipette tip. By adding the reaction components to a vial
containing the buffer concentrate and thorough mixing, the reaction was started,
before pulling the solution back into the tip. Immediately afterwards, the micro-
pipette was relocated into a 37 °C incubation cabinet, where a drop was pushed out
to the point where it still stuck to the tip. After 45 s, the drop was pushed onto the
freshly cleaved muscovite mica and preparation commenced as with the other pH
values.

For the Aβ42 samples, 5 µl of the respective concentrations were taken, applied
onto freshly cleaved muscovite mica, and left to dry for 15 min before carefully
washing with 200 µl ddH2O and drying under a stream of N2 gas.

Imaging was performed in intermittent contact mode (AC mode) in a JPK
Nano Wizard 3 atomic force microscope (JPK, Berlin) using a silicon cantilever
with silicon tip (OMCL-AC160TS-R3, Olympus) with a typical tip radius of 9 ± 2
nm, a force constant of 26 N/m, and resonance frequency around 250 kHz. The
images were processed using the JPK DP Data Processing Software (version spm-
5.0.84). For the presented height profiles, a polynomial fit was subtracted from each
scan line first independently and then using limited data range. False-color height
images were overlaid onto the amplitude profile.

Particle height distributions were extracted from AFM images. Therefore, the
Morphological Active Contours without Edges (MorphACWE) function of
python’s scikit-image module was used to distinguish and separate AβOs from
background (see Supplementary Fig. 10 for examples of AFM image segmentation).
Histographical height profiles of AβOs at different pH were determined as per pixel
heights of the MorphACWE-isolated areas.

Cryo-EM. For cryo-EM imaging, the AβO sample was plunge-frozen on glow-
discharged Quantifoil 1.2/1.3 grids. In total, 1308 micrographs were recorded as
focal pairs at high defocus (6 µm) and low defocus (using a range of −0.5 to −2
µm) on a Tecnai Arctica (200 kV) using a Falcon III direct electron detector,
yielding a pixel size of 0.935 Å. Particle selection was performed automatically
using crYOLO68. In total, 32,211 particles were selected on the high defocus
micrographs. The contrast transfer function of the micrographs was determined
using CTFFIND469. Further image processing was performed using the software
package RELION 3.0.570. Two-dimensional and 3D classification was conducted
on the high-defocus images to clean the data set. A box size of 128 pix, which
corresponds to 119.7 Å, and a radial mask with a diameter of 100 Å were used.

The high-defocus micrographs were aligned to the low-defocus micrographs.
The relative shifts obtained from this alignment were applied to all particles (that
were picked from the high-defocus micrographs) and then the particles were
extracted from the low-defocus micrographs with the shifted particle coordinates,
while keeping the Euler angles from the high-defocus 3D refinements. A 3D
reconstruction calculated from the high-defocus images was low-pass filtered to 60
Å and was used as an initial model for further low-defocus 3D refinements. For
further processing steps, only micrographs that contain a signal beyond a
resolution of 5 Å were used. The final resolution of 17 Å was assessed by Fourier
shell correlation.

In order to obtain an estimate for the molecular mass within the reconstructed
density, 110 pseudo-atomic models with varying number of pseudo-atoms
(molecular masses between 10 and 120 kDa) were generated from the density map
using the program VISDEM71, which is part of the software package DireX72. In
VISDEM, atoms are randomly placed into a density region with density above a
provided threshold. The density threshold was set to yield a volume such that the
mass density is fixed at 0.714 ml/g (average mass density observed in proteins). The
pseudo-atomic model has a composition of 62.2% C atoms, 20.6% O atoms, and
17.2% N atoms, which corresponds to the average composition observed in
proteins. Afterwards, a density map was computed from each of the 110 pseudo-
atomic models. The VISDEM method was used to sharpen these pseudo-atomic
model maps as well as the EM reconstruction. The sharpening was performed with
a resolution cutoff of 17 Å and the mass of the corresponding pseudo-atomic
model. Finally, the cross-correlation between the sharpened EM reconstruction and
the sharpened pseudo-atomic model map was computed and plotted for each
tested mass. The highest cross-correlation was found for the pseudo-atomic model
map that contains a molecular mass of 62 kDa. One dimAβ monomer (101 amino
acids) has a molecular mass of 10.0 kDa. Thus, the reconstructed density likely
holds six dimAβ monomers. The final 3D reconstruction of the oligomer was
sharpened by VISDEM using a mass of 62 kDa and a resolution cutoff of 17 Å.

Preparation of dimAβ AβOs and Aβ40 monomers for treatment of primary
neurons. Aβ preparations were performed under sterile conditions. DimAβ lyo-
philisate was resuspended in 50 mM NaOH until completely dissolved. Next,
phosphate-buffered saline (PBS) and 50 mM HCl were added and immediately
mixed, obtaining a final concentration of 20 µM dimAβ and 40 µM Aβ40. To
induce AβO formation, dimAβ was incubated at 37 °C for 16 h. Aβ40 controls were
prepared in the same manner without subsequent incubation. Primary neurons
(DIV15–22) were treated with either 0.5 µM dimAβ AβO or 1 µM Aβ40 monomers
diluted in conditioned neuronal maintenance media for 3 and 24 h under normal
growth conditions (see below). In addition, control cells were treated with a vehicle
control (PBS containing 50 mM NaOH and 50 mM HCl). Afterwards, cells were
fixed and stained as described below.

Primary neuron culture. Primary neurons were isolated and cultured as described
before73 with slight modifications: In brief, the brains of FVB/N mouse embryos
were dissected at embryonic day 13.5. Brainstem and meninges were removed and
whole cortex was digested with 1× Trypsin (Panbiotech). Neurons were diluted in
pre-warmed (37 °C) neuronal plating medium (Neurobasal media (Thermofisher
Scientific), 1% fetal bovine serum (FBS; Biochrom AG), 1× antibiotic/antimycotic
solution (Thermofisher Scientific), 1× NS21 (Panbiotech)) and seeded onto poly-D-
lysine (Merck) coated coverslips. Neurons were cultivated in a humidified incu-
bator at 37 °C, 5% CO2. Four days after plating, media was doubled with neuronal
maintenance media (Neurobasal media (Thermofisher Scientific), 1× antibiotic/
antimycotic solution (Thermofisher Scientific), 1× NS21 (Panbiotech)) and cells
were treated with 0.5 µg/ml Cytosine β-D-arabinofuranoside (AraC; Sigma-
Aldrich). The isolation of primary neurons was reviewed and approved (§4 TschG)
by the Animal Welfare Officer of University of Cologne and the Landesamt für
Natur-, Umwelt- und Verbraucherschutz (LANUV), Germany.

Somatodendritic missorting of Tau. To analyze Tau somatodendritic localization,
neurons were fixed with 3.7% formaldehyde/4% sucrose in PBS (both Sigma-Aldrich)
for 30min at RT using gentle agitation after treatment with Aβ or vehicle control for
the indicated time points. Afterwards, cells were permeabilized and blocked for 5–10
min in 5% bovine serum albumin/0.2% TX-100 in PBS (both Carl Roth), washed with
PBS, and stained with a polyclonal rabbit anti-Tau (K9JA, Dako A0024; dilution:
1:1000) antibody overnight at 4 °C. The next day, coverslips were washed again with
PBS, incubated with NucBlue (Thermofisher Scientific) for 15min, and subsequently
stained with a secondary antibody coupled to an AlexaFluor dye (Thermofisher Sci-
entific) for 1 h at RT. Coverslips were mounted onto glass slides using Aqua-Poly/
Mount (Polysciences) and dried overnight at RT (for further details on immuno-
fluorescence staining procedure, see ref. 73). Images of neuronal cell bodies were taken
with a wide-field fluorescence microscope (Axioscope 5, Zeiss) and the ZenBlue Pro
imaging software (V2.5, Zeiss). Fluorescence intensities of cell bodies were quantified
using the ImageJ software74,75. Fluorescence intensity values were normalized to
vehicle-treated control cells after 3 h of treatment. All experiments were performed 4
times; 30 cells were analyzed for each condition. Statistical analysis was done by two-
way analysis of variance (ANOVA) with Tukey’s test for multiple comparisons using
GraphPad Prism v6 (GraphPad Software).

Cytotoxic effect of dimAβ. To evaluate AβO toxicity, cells were fixed and stained
with NucBlue (Thermofisher Scientific) after dimAβ AβO treatment. Shape and
density of nuclei were analyzed and counted: cells were considered dead, when
nuclei appeared condensed and smaller, compared to viable cell nuclei. All
experiments were conducted for 3 times; around 300 nuclei were analyzed for each
condition. Statistical analysis was done by two-way ANOVA with Tukey’s test for
multiple comparisons using GraphPad Prism v6 (GraphPad Software).
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Aβ targeting to postsynaptic spines and imaging of spontaneous calcium
oscillations. To analyze Aβ binding to synapses, neurons were fixed and stained
for F-actin with phalloidin as a marker of synaptic spines (Thermofisher Scientific)
and a monoclonal mouse anti-Aβ (clone 4G8, Merck, #MAB1561; dilution: 1:300)
antibody. The experiment was repeated independently for four times and coloca-
lization of AβO with synapses was observed for all replicates.

To monitor spontaneous Ca2+ oscillations, primary neurons were labeled with
2 µM Fluo-4 (Thermofisher Scientific) and 0.02% Pluronic F127 (Merck) for 20
min after 24 h of dimAβ treatment. Time‐lapse movies of different fields were
recorded for 1 min each (frame rate: 1 s) using a Leica DMi8 microscope (Leica)
and the Leica LAS X imaging software (v3.7.3). Fluorescence intensity changes of
cell bodies were quantified over time with ImageJ74,75 and corrected for
background signal. Fluorescence intensities were normalized to minimum values
and peaks per minute were counted for each sample. In total, 35 cells were
analyzed; statistical analysis was done by two-tailed unpaired t test.

Preparation of fluorescently labeled Aβ for cell culture experiments. For
preparation of AbberiorStar 520SXP-labeled Cys0-dimAβ, a mutant of dimAβ with
an N-terminal cysteine residue was expressed as described above. For fluorophore
labeling, TCEP-reduced Cys0-dimAβ lyophilisate was incubated in 200 mM
HEPES pH 7.0 with a twofold molar excess of maleimide-conjugated AbberiorStar
520SXP fluorophore, which was dissolved in dimethylformamide. After 2 h of
incubation, the labeled dimAβ was purified using reverse-phase HPLC. Samples
were lyophilized, redissolved in HFIP, and aliquots were prepared. These aliquots
were lyophilized and stored at RT for later use. Abberior STAR 520SXP-labeled
AβOs were prepared from a 1:10 molar ratio of Abberior STAR 520SXP-labeled
dimAβ and unlabeled dimAβ, in order to avoid that the fluorophore alters AβO
properties. In all, 10 µl of 1:10 mixture of Abberior STAR 520SXP-labeled dimAβ
and unlabeled dimAβ was prepared in 50 mM NaOH. Quickly, 490 µl phenol red-
free Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 100 U/ml
penicillin–streptomycin was added, and the pH was readjusted by adding 10 µl 50
mM HCl. The final dimAβ concentration was 10 µM. The sample was quiescently
incubated at 37 °C in the dark for 24 h. AβO formation was confirmed using AFM.

For Aβ42 cell culture experiments, Aβ42-HiLyte Fluor 647 (Anaspec) was
dissolved in HFIP and lyophilized into smaller aliquots (30 µg). For cell culture
experiments, aliquots were first dissolved in 3 µl 50 mM NaOH. In all, 544 µl
phenol red-free DMEM supplemented with 100 U/ml penicillin–streptomycin was
added, and the pH was recalibrated by the addition of 3 µl 50 mM HCl. To avoid
exposure of the Aβ peptide to local low pH environments, the HCl was pipetted
into the lid of the tube, closed, and quickly vortexed. This procedure yields a 10 µM
mostly monomeric stock solution of Aβ42-HiLyte Fluor 647 suitable for cell culture
experiments.

Neuroblastoma cell culture. SH-SY5Y cells were grown to 80% confluency in
DMEM with phenol red, 10% FBS, and 100 U/ml penicillin–streptomycin in T75
flasks. Experiments were performed in Ibidi collagen IV-coated µ-Slide VI 0.4. A
total of 7500 cells (250,000 cells/ml) were seeded into each channel of the slide.
Cells adhered to the surface of the channels within an hour of incubation at 37 °C,
5% CO2, in a humidified chamber. Subsequently, the feeding reservoirs of the
channels were filled with further medium. Each day, the medium in the reservoirs
was replaced with fresh medium until the cell density was satisfactory for coin-
cubation experiments.

Coincubation experiments and imaging. For coincubation and imaging experi-
ments, phenol red was removed by flushing the channels three times with phenol
red-free DMEM supplemented with 100 U/ml penicillin–streptomycin. Subse-
quently, channels were filled with medium containing corresponding Aβ species.
Cells were incubated for 24 h. Channels were flushed with fresh medium and
supplemented with 50 nM Yellow HCK-123 LysoTracker. Imaging was performed
either on a Leica Infinity TIRF microscope or on a confocal microscope using the
Leica LAS AF software. Confocal measurements were performed using a TCS SP8
STED 3× (Leica Microsystems) equipped with an HC PL APO CS2 ×100 objective
(NA 1.4) at a scan speed of 600 Hz and a line accumulation of 6. A 488 nm of a
pulsed white light laser was chosen as excitation for Yellow HCK-123 LysoTracker
and AbberiorSTAR520XPS. The emitted fluorescent signal was detected by
counting-mode hybrid detectors in the spectral range of 500–531 nm for Yellow
HCK-123 LysoTracker and 650–765 nm for AbberiorStar520SXP. Additionally, a
time-gating of 0.1 ns was used to avoid laser reflection.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The cryo-EM density map of dimAβ AβOs has been deposited in the Electron
Microscopy Data Bank under accession code EMD-11327. The authors declare that all
the data necessary to interpret, verify, and extend the research of the article are available
within the article (and Supplementary Information files). All data are available from the
corresponding authors on reasonable request. Source data are provided with this paper.
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Supplementary Figures 

 

Supplementary Fig. 1 Representative examples from a total of 1308 cryo-EM micrographs 

collected of dimAβ AβOs. Micrographs were recorded at a defocus of a -1.6 µm or b -6 µm, 

respectively. Small AβO particles, indicated by red arrows, were selected on the high defocus 

micrographs for density reconstruction. c Thirty micrographs were analyzed to estimate the 

relative abundance of the small AβOs (green boxes) and AβO protofibrils (orange boxes). All 

clearly discernible objects were counted. Small AβOs accounted for 72±12% of all particles. 

Considering the particles’ dimensions, we estimated that small AβOs contain 2-3% of all Aβ 

molecules within AβOs. 
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Supplementary Fig. 2 Fourier shell correlation (FSC) for the 3D reconstruction of the 

smallest dimAβ AβOs observed on the cryo-EM micrographs yields a resolution estimate of 

17 Å.  
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Supplementary Fig. 3 Density cross-correlation computed for each of the 110 pseudo-atomic 

model maps with the EM reconstruction after sharpening with VISDEM using the 

corresponding mass of the pseudo-atomic model. The highest correlation (0.923) is obtained 

for a mass of 62 kDa. 
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Supplementary Fig. 4 The air-water interface is crucial for fibril nucleation in vitro. Time 

courses of dimAβ assembly at pH 7.4 monitored by ThT fluorescence in a platereader. Half of 

the samples were covered by layering 10 µl of mineral oil on top of the aqueous solution. 

AβO formation was not impaired by mineral oil. Fibril nucleation, on the other hand, was 

retarded and not detectable during the whole timespan of the experiment. 
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Supplementary Fig. 5 Long-term stability of diluted AβO. 10 µM dimAβ were quiescently 

incubated at 37°C, pH 7.4, for 72 h (left). Subsequently, the solution was diluted ten-fold to a 

dimAβ concentration of 1 µM and further quiescently incubated for 24 h at 37°C (middle). 

This solution was then further diluted ten-fold to a dimAβ concentration of 0.1 µM, which is 

far below the COC, and further incubated quiescently for 24 h at 37°C (right). Scalebar, 1 µm. 

N=1, between two and five micrographs were recorded for each condition. 
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Supplementary Fig. 6 The critical concentration of AβO formation is reduced at acidic pH. 

Analysis of the AβO formation phase of dimAβ assembly at pH 7.4 (a, b) and pH 5.6 (c, d). 

a, c  ThT fluorescence time traces at the indicated dimAβ concentrations. b, d The increase in 

ThT fluorescence intensity during the first 4 h (b) or 0.3 h (d) plotted against the dimAβ 

concentration. The inset in b shows data of a separate experiment spanning a range of higher 

concentrations. The data values in b and d are from single kinetic runs per concentration, with 

error bars representing the standard deviation of the final ten fluorescence readings in a and c.  

At pH 7.4, the intensity increase during the lag-free oligomerization phase scales linearly with 

protein concentration at dimAβ concentrations above ~2 µM (b, inset), whereas no lag-free 

oligomerization is detectable below ~0.5 µM, indicative of a COC of around 1 µM (a, b). At 

pH 5.6, however, there is no indication of disappearance of the oligomerization phase down to 

a concentration of 0.4 µM dimAβ (c, d). Due to the limited sensitivity of ThT at acidic pH it 

is not possible to reliably monitor oligomerization at lower concentrations and to determine 

the COC at this pH. Nevertheless, the COC at pH 5.6 is clearly lower than the COC at neutral 

pH, indicative of thermodynamic stabilization of AβOs at acidic pH.  
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Supplementary Fig. 7 Stability of AβOs formed from Aβ42 at endo-lysosomal pH after 

shifting to neutral pH. ThT time course of AβO formation, initiated by pH adjustment from 

10.9 to 4.5. Upon pH adjustment from pH 4.5 to pH 7.2 an immediate increase in fluorescence 

intensity is observed due to the pH sensitivity of ThT fluorescence. Apart from that, no other 

larger signal changes that would be expected in the case of disassembly of AβOs or 

replacement of AβOs by an alternative type of aggregate were observed. 
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Supplementary Fig. 8 Replicate time traces from the dimAβ assembly experiment of Fig. 6. 
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Supplementary Fig. 9 Replicate time traces from the Aβ42 assembly experiment of Fig. 7. 
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Supplementary Fig. 10 Examples of AFM image segmentation for height anaylsis. The 

Morphological Active Contours without Edges (MorphACWE) function 

‘morphological_chan_vese’ of python‘s scikit-image module was used to distinguish and 

separate AβOs from background (typical settings were: iterations = 35; smooth = 1; lambda1 

= 0.9; lambda2 = 0.89 to 0.895). Histographical height profiles of AβOs at different pH were 

determined as per pixel heights of the MorphACWE-isolated areas. 
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3. Results: PACMAN

3.1 Proteolytic Antigen Cleavage-Mediated AmplificatioN
(PACMAN)

The method Proteolytic Antigen Cleavage-Mediated AmplificatioN (PACMAN) is a state-of-
the-art take on proteolytic antibody engineering. It employs emulsion-based picoliter reac-
tors, functionalized microbeads and in vitro transcription and translation (IVTT) to isolate
antigen-specific proteolytic antibodies from combinatorial libraries. On a broader scale, be-
yond proteolytic antibodies, PACMAN may also serve as a platform to engineer proteases in
general, by altering their specificities, processivities or chemical and environmental needs
and susceptibilities. The concept of the PACMAN method is illustrated in Figure 3.1 and
briefly described below.
First, microbeads are decorated with specifically designed target peptides and multiple
copies of a template DNA which encodes one of the library members (e.g. from an antibody
library or protease-derived mutagenesis library). To achive this, biotinylated target pep-
tides are attached to streptavidin-functionalized microbeads. Streptavidin and biotin form
the strongest non-covalent bond, known to date [290, 291], which is resistant to high tem-
peratures, proteases and harsh solvent conditions. They are therefore perfectly suited to
tightly and virtually irreversibly connect the aforementioned molecules to the microbeads.
The target peptides are designed to contain the amino acid sequence of the target anti-
gen or equivalently the amino acid sequence that shall be cleaved by the to-be engineered
protease. The amino acid sequence is sandwiched between a spectrally distinct N-terminal
and C-terminal fluorophor. For attachment to the streptavidin-coated microbeads, a biotin
molecule is tethered to the N-terminus of the target peptide.
To achieve multivalent but monoclonal presentation of each library member on its own mi-
crobead, the genetic information of each library member is exclusively attached and repli-
cated thousands of times onto individual microbeads via on-bead emulsion PCR (emPCR).
Therefore, biotinylated primers are attached to the microbeads and a PCR is performed
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Figure 3.1: PACMAN scheme. Figure legend continued on the next page.
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Figure 3.1: PACMAN scheme. Illustration of the principle of the PACMAN method. 1,
biotinylated forward primers are coupled to paramagnetic streptavidin-coated microbeads.
Then, biotinylated target peptides harbouring the target antigen sequence between two
different fluorophors (green and red) are added to and bound by the microbeads. 2, mi-
crobeads coated with primers and peptides are mixed with library DNA variants and an
on-bead emulsion PCR is performed to clonally amplify the library variants on individual
microbeads. 3, the emulsion is broken and the microbeads are collected and washed thor-
oughly to remove any unspecifically bound DNAs. 4, microbeads are reemulsified in an in

vitro transcription and translation solution. The library variants are expressed and confined
within the same compartment as the encoding DNAs on the corresponding microbeads. 5,
the emulsion is incubated for several hours to allow sufficient expression of the variants
and plenty of contact time with the target peptides. Active variants may proteolytically
cleave the target sequences releasing the distal (red) fluorophors from the microbeads. 6,
the emulsion is broken, the microbeads are collected and thoroughly washed to remove the
cut-off peptide fragments and fluorophors. 7, microbeads are sorted by FACS, collecting
the microbeads with a reduced distal (red) fluorophor signal. 8, the DNA from the collected
microbeads is amplified by PCR and used for subsequent selection cycles, maturation ex-
periments or further analyses.

within an emulsion, which encapsulates individual microbeads together with a single tem-
plate DNA molecule. During emPCR, each template is clonally amplified several thousand
times and attached onto a microbead via the surface-attached primers.
Next, the microbeads are recovered and subsequently subjected to another emulsion, but
this time, the aqueous phase contains an in vitro transcription and translation (IVTT) so-
lution, which allows the transcription and translation of the microbead-attached DNA tem-
plates. A genotype-phenotype coupling is achieved by the in vitro compartmentalization
(IVC) provided by the emulsion. Hence, expressed variants may only interact with the tar-
get peptides displayed on the surface of the same microbead that carries the corresponding
template DNA. A proteolytically active library member can now cleave the target peptides,
which are displayed on the surface of its microbead. By cleavage of the target peptides, the
C-terminal fluorophors are released from the microbead. On the other hand, microbeads
that are subjected to inactive library members remain unaltered.
Subsequently, microbeads with successfully cleaved target peptides may be recovered by
Fluorescence-Activated Cell Sorting (FACS) according to their altered fluorescence profiles.
Subsequently, the DNA from the recovered microbeads is reamplified by PCR and employed
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in further PACMAN cycles or analyzed otherwise.

My aim designing PACMAN was to provide a selection method meeting a set of prereq-
uisites to assure — by concept — only the isolation of antibodies with the best properties
required to quickly advance into preclinical and clinical applications. These prerequisites
included: 1) that the effective selection criterion of PACMAN should be the successfully exe-
cuted cleavage of the antigen and not the stabilization of a transition-state of the proteolytic
cleavage reaction (as described in section 1.5.3 using CRAAs by the Paul group). This is an-
ticipated to limit mis-selections of antibodies that are proteolytically inactive, but feature
nucleophilic properties. 2) during the whole selection process the antibodies should be un-
tagged (i.e. not necessarily contain a His-tag, FLAG-tag, etc.) and uncoupled (i.e. not bound
to phages or microbeads). This inflicts an additional selection pressure on the antibodies to-
wards increased inherent solubility by elimination of artificial solubilizing or stabilizing cues.
3) the possibility to carefully adjust the inclusion or exclusion of chaperones and chaper-
onins, which act as a folding maschinery in the IVTT solution (e.g. GroEL/ES and DnaK).
This may allow to provide a tuned selection environment favoring isolation of self-folding
variants. 4) the method should provide means for a positive and a negative selection. This
may, for example when PACMAN is applied to a mutagenesis library of a protease, allow the
selection of a shift in the protease’s specificity towards an altered cleavage sequence (e.g.
to shift the sequence preference of a mutant TEV protease towards another amino acid in-
stead of the original glycine/serine at the P1’ position). On the other hand, it would provide
means for targeted exclusion of specific antigens which may have presented undesired off-
targets or it may be used to select for exclusive specificity towards a post-translationally
modified antigen (e.g. phospho-Tau versus native Tau). This prerequisite may be provided
by the use of two antinomic target peptides with distinct sets of fluorophors — one peptide
providing a positive readout and the other peptide a negative readout in FACS.

3.2 Validation and optimization of the PACMAN method

Prior to antibody selections, the PACMAN method had to be validated and each step had
to be optimized. For validation, the well-known Tobacco-Etch Virus (TEV) protease was uti-
lized as a model protease. Ultimately, as validation experiment, template DNA featuring a
TEV-protease expression cassette should be recovered from a mixture with excess DNA fea-
turing an expression cassette encoding an irrelevant scFv. TEV-protease has a very similar
size compared to scFvs with 27 kDa and 25–27 kDa, respectively. Therefore, TEV-protease
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Figure 3.2: Optimization of the amount of TEV-target peptides per microbead.
Promag HP 3 streptavidin microbeads were decorated with 105, 106 or 107 molecules of TEV-
target peptide per microbead and subsequently subjected to 1 µg/ml purified TEV-protease
over night at RT to assess the cleavability of the microbead-bound TEV-target peptides,
which would lead to the release of the Cy5 fluorophor. The microbeads were analyzed by
flow cytometry and the log10 of the fluorescence signals of 5-FAM and Cy5 are shown as
scatter plot. Blank microbeads in grey, uncleaved control microbeads in blue hues and TEV-
protease subjectedmicrobeads in orange hues. The amount of TEV-target peptidemolecules
per microbead is annotated next to the corresponding adjacent microbead populations. TEV-
protease model, pdb: 1Q31.

constituted a well-fitted model to assess the validity of the PACMAN concept and to probe
and optimize each critical aspect of it.
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3.2.1 Assessment of TEV-target peptide coupling to streptavidin-function-
alized microbeads and subsequent accessibility by TEV-protease

A TEV-target peptide was designed featuring a TEV-cleavage site sandwiched between an
N-terminal 5-FAM and a C-terminal Cy5 fluorophor. In addition, a biotin was linked to the
N-terminus of the peptide to facilitate attachment to streptavidin-coated microbeads (see
Figure 3.2). The peptide was synthesized by Pepscan.
To evaluate whether it was possible to bind TEV-target peptides to streptavidin-coated mi-
crobeads via streptavidin-biotin bond formation and to assess the optimal amount thereof
per microbead, incremental amounts of TEV-target peptides were added to 3 µm Ø ProMag
HP 3 streptavidin microbeads and analyzed by flow cytometry (see Figure 3.2). 105, 106 and
107 peptides/microbead were compared. Afterwards, purified TEV-protease was added to
the microbeads and incubated over night to evaluate the accessibility of the TEV-target pep-
tides by TEV-protease while the peptides were bound to microbeads in order to exclude that
the proximity to the microbeads or local crowding effects might interfere with TEV-protease
cleavage. As illustrated in Figure 3.2, TEV-target peptides were able to bind to ProMag 3
HP streptavidin microbeads and a concentration-dependent increase in 5-FAM and Cy5 flu-
orescence was detectable by flow cytometry. Furthermore, successful cleavage by purified
TEV-protease was verified by detection of decreased Cy5 fluorescence and simultaneously
increased 5-FAM fluorescence after TEV-protease treatment. The counter-intuitive simulta-
neous increase in 5-FAM fluorescence after TEV-protease treatment might be the result of
abrogated Fluorescence Resonance Energy Transfer (FRET), as a result of Cy5 release from
the peptides. 5-FAM and Cy5 represent a well-known FRET pair and were expected to exert
FRET to some degree. Consequently, in the intact peptides, 5-FAM fluorescence was for-
mally reduced. But after cleavage-mediated Cy5 release, 5-FAM fluorescence increased, as
less energy was lost to Cy5 via FRET.

For subsequent experiments, 106 molecules/microbead of TEV-target peptides were
used, as this concentration provided sufficient separation between TEV-protease-treated
and untreated microbead populations while not unnecessarily consuming considerable a-
mounts of the peptide.
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3.2.2 TEV-protease produced by compartmentalized in vitro transcription
and translation was able to cleave TEV-target peptides while main-
taining genotype-phenotype coupling

Probably the most crucial and delicate step of PACMAN is the in vitro transcription and trans-
lation of each individual library member while its encoding DNA is attached to a microbead,
while that is encapsulated in a picoliter-sized emulsion compartment. To evaluate the feasi-
bility of this effort and to assess the lower limit of the necessary copies of the DNA coupled
to each microbead to achieve sufficient expression by IVTT, the following assay was devised
which aimed to emulate a PACMAN selection: ProMag HP 3 streptavidin microbeads were
first decorated with 106 TEV-target peptides per microbead in a single batch, to guarantee
equal starting conditions in terms of the initial fluorescence signal of the whole microbead
population. The batch was then split into three aliquots and biotinylated DNA containing a
TEV-protease expression cassette was added. The first aliquot contained a single molecule
of biotinylated DNA per microbead, on average, the second aliquot contained one thou-
sand biotinylated DNA molecules per microbead, on average, and the third aliquot was kept
devoid of any DNA. The microbeads containing a single or one thousand DNA molecules/mi-
crobead were individually mixed one to ten with microbeads devoid of any DNA. A total of
106 microbeads of each mixture was subsequently subjected to an in vitro compartmental-
ization with PURExpress IVTT solution, supplemented with PURExpress disulfide bond en-
hancer (by New England Biolabs), DnaK mix (containing purified DnaK, DnaJ and GrpE, by
Genefrontier) and GroE mix (containing purified GroEL and GroES, by Genefrontier) as aque-
ous phase and 2% FluoSurf as organic phase. The resultant emulsions were incubated at
37°C for four hours to allow TEV-protease expression and TEV-target peptide cleavage. The
emulsions were broken using Fluorostop solution and microbeads were recovered, washed
and analyzed using flow cytometry. As controls, to evaluate the effect of the encapsulation
in terms of provision of a genotype-phenotype coupling, aliquots of the same microbead
mixtures were subjected to IVTT, but without emulsification.

Microscopic analyses of the emulsions (see Figure 3.3 a) revealed an apparent mean
diameter of 21.7 µm for microbead-bearing compartments (see Figure 3.3 b) and more than
80% of microbead-bearing compartments contained only a single microbead (see Figure 3.3
c), suggesting proper genotype-phenotype coupling might have been achieved by the IVC.
To calculate the corresponding volumes of the compartments, their geometry induced by
being squeezed between a microscopy slide and a cover slip during image acquisition had
to be taken into account. As all microbeads appeared in the same focal plane, irrespec-
tive of their corresponding compartment diameters, compartments must have been tightly
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Figure 3.3: Compartmentalized in vitro transcription and translation of TEV-
protease and TEV-target peptide cleavage. a, TIRF microscopy image of a FluoSurf
IVTT emulsion containing microbeads decorated with 106 TEV-target peptides/microbead.
Depicted is an overlay of the DIC-channel with the 5-FAM and Cy5 fluorescence channels.
Scalebar, 25 µm. b, histogram analysis of the compartment diameters of microbead-bearing
compartments. N = 181 compartments were included in the analysis. c, histogram of the
fraction from total microbeads versus the number of microbeads contained in a given com-
partment. N = 76 compartments containing microbeads were analyzed. d, on the left, a
scheme of the microbead composition used to gather the experimental data on the right
is shown. On the right, scatter-plots of the flow cytometric analyses of microbeads from
emulated PACMAN experiments are shown. ’control’, contained microbeads that were not
subjected to an emulsion nor IVTT. ’IVTT in solution’ contained microbeads that were sub-
jected to IVTT but without an emulsion. ’IVTT in emulsion’, contained microbeads that were
subjected to IVTT in emulsion, corresponding to an emulated PACMAN selection. The dashed
red line was arbitrarily defined as a population boundary of microbeads with intact (lower
right, blue dots) and cleaved (upper left, orange dots) TEV-target peptides. In the upper left
corners, the percentage from total microbeads inside the region of microbeads with cleaved
TEV-target peptides (orange dots) is given. Experiments in d were partially performed by
Anne Pfitzer.
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squeezed between the microscopy slide and the cover slip. Consequently, it was fair to
assume a consistent layer thickness of 3 – 4 µm, limited only by the diameter of the mi-
crobeads. Thereby, the compartment volumes were estimated by calculating a cylindrical
volume with an assumed height of 3 – 4 µm, rather than by calculating the more intuitive
spherical volume using merely the apparent diameters of the droplet compartments. Cylin-
drical volumes yielded an average volume of 1.1 – 1.5 picoliter (pL), which corresponded to
an estimated total of 1.2 – 1.6 x 107 compartments present in each IVC emulsion.
Flow cytometry data of these emulated PACMAN assays are shown in Figure 3.3 d. To easily
appreciate differences in the microbead populations in the flow cytometry data, a popula-
tion boundary (red diagonal dashed line) was arbitrarily defined, which separated the plots
into areas containing microbeads with intact (lower right, blue dots) and microbeads with
cleaved TEV-target peptides (upper left, orange dots) . The IVTT control sample without
emulsification by IVC, containing a 1:10 mixture of microbeads harbouring a single molecule
of TEV-protease-coding template DNA and without any DNA, respectively, presented iden-
tical fluorescence signals compared to untreated control microbeads. This suggested that
TEV-protease expression attributable to the miniscule amount of TEV-protease-coding DNA
present in the sample was insufficient to properly induce cleavage of a perceptible amount
of TEV-target peptides. In comparison, the IVTT control sample without IVC, containing a
1:10 mixture of microbeads harbouring 1,000 molecules of TEV-protease-coding template
DNA/microbead and microbeads without any DNA, respectively, presented a considerable
shift of the whole microbead population towards the population boundary (towards the area
of microbeads with cleaved TEV-target peptides). But as expected, without IVC the TEV-
target peptides of all microbeads were indiscriminately cleaved to a similar extent, irre-
spective of whether the individual microbead was harbouring TEV protease-coding DNA or
not. But as IVC was introduced by emulsification, a genotype-phenotype coupling was suc-
cessfully established, evidenced by a disruptive separation of the microbeads into two pop-
ulations with 15.6% of the microbeads falling into the area of microbeads with cleaved TEV-
target peptides (orange dots) and the rest into the area of microbeads with intact TEV-target
peptides (blue dots). Interestingly, slightly more than the anticipated 10% of microbeads
were classified as microbeads with cleaved TEV-target peptides, which might be explained
by occasionally having multiple microbeads encapsulated in a single compartment, while
one of these microbeads harboured TEV-protease-coding DNA, resulting in additional, false
positive signals due to coencapsulated microbeads that harbored no DNA. Unfortunately,
this disruptive effect was not as prominent in the sample containing microbeads harbouring
merely a single molecule of TEV-protease-coding DNA. Here, only 2.9% of the microbeads
were classified as microbeads with cleaved TEV-target peptides, suggesting that a single
DNA molecule might not be sufficient for robust expression in IVC IVTT.
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The fact that a single molecule of template DNA/microbead appeared insufficient for
IVC IVTT, but one thousand molecules were sufficient, was unfortunate, as consequently, to
enable screening of divers libraries with PACMAN, an on-bead emulsion PCR was imperative
to clonally amplify the DNA templates of each library member on individual microbeads prior
to IVC IVTT. If that would have not been the case and a single DNAmolecule would have been
sufficient per microbead, biotinylated DNA templates could have simply been added to the
microbeads in a simple batch coincubation — irrespective of the libraries complexity — to
stochastically achieve monoclonal coverage of each microbead with a single DNA molecule
without the detour presented by on-bead emPCR.

3.2.3 Optimization of on-bead emulsion polymerase chain reaction

On-bead emulsion PCR (emPCR) constitutes a method used for highly paralleled, clonal am-
plification and simultaneous attachment of millions of distinct DNA templates each mon-
oclonally onto the surface of a microbead, while facilitating not only the attachment but
also the amplification of each template DNA on the surface of the respective microbead.
Eventually resulting in each microbead carrying hundreds to millions of clonal DNA copies
of a distinct DNA template. This is especially handy, in applications that require display of
distinct library members on individual microbeads, in case a single molecule of DNA is not
enough for down-stream applications and hence clonal amplification is necessitated. In prin-
ciple, on-bead emPCR is a PCR reaction in the presence of microbeads, which are decorated
with one of the two primers while the whole reaction is compartmentalized into millions of
picoliter-sized reaction droplets generated via water-in-oil emulsification. Included in the
reaction is a carefully titrated amount of input DNA templates as to stochastically provide
encapsulation of a single molecule of DNA together with a single microbead. During the
PCR each DNA molecule is clonally amplified while concomitantly being attached to the mi-
crobead via its tethered primers.
Unfortuantely, on-bead emPCR is not a standardized, routine method, and hence not read-
ily available. In fact, establishment and optimization of a viable protocol presented a major
challenge of this project. Copious protocols have been published on this matter, but most
of them had a prominent, inherent limitation rendering them inapt for application in PAC-
MAN. Their amplification efficacies were promising for short DNA templates, but plummeted
quickly with template lengths above 500 bp or were not evaluated for templates of longer
lengths [259, 265, 292–297]. Unfortunately, the template DNA length of scFv antibody
variants, as used in this study, is 1,000 – 1,100 bp, far exceeding the capabilities of the
aforementioned protocols.
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Few protocols claimed to have accomplished successful on-bead emPCR with DNA templates
of ≥1,000 bp in length [258, 262, 265, 298]. But unfortunately, neither of these protocols
could be readily reproduced nor adapted without considerable adjustments to be applica-
ble for use in PACMAN. Therefore, meticulous effort was invested to establish an on-bead
emPCR protocol complying to the needs of PACMAN.

My early, initial attempts at on-bead emPCR were performed with Abil EM 90-based
emulsions, Phusion polymerase and 1 µm Ø ProMag streptavidin microbeads, but consis-
tently failed to achieve any amplification of templates on microbeads (data not shown).
Abil EM 90 is a broadly utilized surfactant in IVC experiments and reports exist about suc-
cessful application thereof in on-bead emPCR experiments [265, 295, 297]. Unfortunately,
all my attempts to reproduce these experiments were in vail. Therefore, an extensive liter-
ature review was conducted which hinted towards promising results by Diamante et al. and
Mankowska et al. [258, 262], who applied HFE7500 as an organic solvent, a low-viscosity
hydrofluoroether, and a fluorinated surfactant to prepare their emulsions. Both substances
are probably most reknown for their use in microfluidic applications. Unfortunately, the
particular surfactant used by Diamante et al. was not commercially available, but propri-
etary surfactant formulations in HFE7500 for microfluidic applications were commercially
available and therefore lent themselves as a promising candidate to replace the Abil EM
90-based emulsions. Henceforth, all the following experiments were performed using 2%
FluoSurf by Dolomite, unless stated otherwise. Furthermore, literature review suggested
the use of larger microbeads with diameters of 3 µm and above might contribute to on-
bead emPCR success [258, 259, 262, 296]. Accordingly, 3 µm Ø microbeads were used in
the following experiments. The final insight from literature review was the apparent supe-
riority of Titanium Taq polymerase-based on-bead emPCR formulations as opposed to other
polymerases [258, 262, 296].
Reinforced by these insights, the protocols published by Diamante et al. [258] and Mankow-
ska et al. [262] provided a valuable starting point for further optimization and were even-
tually adapted to the needs of PACMAN.

In a first instance, three different 3 µm Ø streptavidin-coated microbead products (Dyn-
abeads M270, Dynabeads M280, ProMag HP 3) were compared in terms of their suitability
for on-bead emPCR. Therefore, a short, 277 bp DNA fragment was used as a template DNA,
which due to its short length, was anticipated to best assure on-bead emPCR success for an
initial comparative assessent of the different microbead products. Emulsions were prepared
with 2% FluoSurf as an oil-surfactant mixture and a Titanium Taq-based PCR formulation as
aqueous component according to Diamante et al. [258]. Stable emulsions were quickly
prepared with ease, due FluoSurf’s simple preparation method via vortexing, which was
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Figure 3.4: Evaluation of on-bead emulsion PCR parameters. a) representative DIC
micrograph of an on-bead emPCR emulsion prepared with 3 µm Ø microbeads, Titanium Taq
PCR mixture and 2% FluoSurf. Scalebar, 200 µm. b) comparison of the suitablility of differ-
ent 3 µm Ø streptavidin-coated microbead products for use in on-bead emPCR (Dynabeads
M270, Dynabeads M280 and ProMag 3 HP). qPCR analysis was performed to determine the
DNA copies/microbead. On-bead emPCR was performed with 2.5x Titanium Taq polymerase
in Titanium Taq buffer with 1 µM reverse primer. Microbeads were decorated with 1.2 x
105 biotinylated forward primers/microbead. A 277 bp DNA template was used as input
template. 106 microbeads and 1.7x107 molecules of template DNA were supplied to each
reaction as suggested by Diamante et al. [258] c) Evaluation of the influence of the mean
compartment sizes of the emulsions on the efficacies of the on-bead emPCR. The sizes of
the emulsion compartments was varied by the use of different vortexers and speed set-
tings for each reaction. M280 microbeads and a 277 bp input DNA template was used. d)
Flowcytometric evaluation of the accessibility of microbead-bound TEV-target peptides by
TEV-protease comparing Thermofisher’s streptavidin-coated Dynabeads M280 and Bangs
Laboratories ProMag HP 3 streptavidin microbeads. 106 TEV-target peptides were bound
per microbead. Microbeads were treated with purified TEV-protease overnight and subse-
quently analyzed by flow cytometry. e) Evaluation of the effect of the template DNA length
on the efficiency of on-bead emPCR. The DNA copies/microbead were determined by qPCR
after on-bead emPCR.
qPCR was always performed in triplicates (n=3, mean±sd).
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recommended for the product (see Figure 3.4 a). Mean compartment sizes of the emulsions
could be slightly tweaked by varying the vortexer settings or changing the vortexer devices.
Depending on the setup, it was possible to achieve mean compartment volumes between
0.7 – 3.3 pL, which corresponded to a total of 0.6 – 25 x 107 compartments per preparation.
Intervariability of preparations with the same vortex setup was negligible.
In all initial experiments, 120,000 biotinylated primers (’b-TEG-TGS-Link-T7p For’) were cou-
pled per microbead prior to on-bead emPCR. On-bead emPCR was performed with Dyn-
abeads M270, Dynabeads M280 and ProMag HP 3 microbeads and subsequently emPCR
efficacies were analyzed by qPCR. After emPCR the microbeads underwent a rigorous wash-
ing procedure to remove any unspecifically bound DNAs. To faithfully determine emPCR
efficacies after on-bead emPCR, it was necessary to be able to distinguish between DNA
which was properly microbead-bound via streptavidin:biotin coupling and DNA which was
either residually in solution or still unspecifically bound to the microbeads after the washing
procedure. This distinction was readily accomplished by separating the microbeads from so-
lution using a 0.2 µm PES syringe filter. This way, the bulk of the unspecifically bound DNA
could be sheared off the microbeads by the filtering process and was then detectable in the
eluate, while microbeads and properly streptavidin:biotin-bound DNA was retained by the
filter. By comparing the DNA content of the original microbead suspension and the filtered
eluate, on-bead emPCR efficacies could be faithfully derived and the wash protocols could
be optimized. qPCR was always performed on a total of 1,000 microbeads per reaction,
as determined via hemocytometer, and compared to the equivalent amount of the filtered
eluate. Evaluation revealed a superior on-bead emPCR efficiency achieved with Dynabeads
M280 with approximately 3.500 DNA copies/microbead (see Figure 3.4 b). Dynabeads M270
and Promag HP 3 microbeads proved slightly less efficient, both with approximately 2.500
DNA copies/microbead. Nevertheless, all three microbead products were ongoingly consid-
ered as potential candidates for on-bead emPCR optimization.
Using the Dynabeads M280, the influence of the mean IVC compartment volume on on-bead
emPCR efficiency was evaluated. By adjusting the vortexer settings and the use of different
vortexer devices, compartment volumes ranging from 0.7–3.3 pl, were prepared and on-
bead emPCR efficacies were compared, revealing a positive correlation (R2=0.65) between
compartment volume and on-bead emPCR efficiency. Compartment volumes below 1.5 pl
almost entirely diminished the efficiency and best results were achieved around the 3 pl vol-
ume mark, larger compartment volumes could unfortunately not be reliably prepared (see
Figure 3.4 c). However, the larger, 3 pl compartments could be reproducibly prepared by 5
minutes of vortexing using the vortexer VV3 by VWR on strength setting 5 of 6 (see section
6.4.4 for further details)
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Figure 3.5: On-bead emPCR in the presence of TEV-target peptides. a) Evaluation
of the binding capacity of apo-form streptavidin after on-bead emPCR. Left, micrograph of
the merged FAM- and Cy5-channel of microbeads with TEV-target peptides added after on-
bead emPCR. Right, microbeads with TEV-target peptides added prior to on-bead emPCR. b)
qPCR evaluation of the achieved DNA copies/microbead after on-bead emPCR in the absence
and presence of TEV-target peptides, which were bound to the microbeads prior to on-bead
emPCR. TEV-protease-coding DNA (1,003 bp) was used as input templates for the on-bead
emPCR.
qPCR was performed in triplicates (n=3, mean±sd).

Next, focusing on the accessibility of the TEV-target peptides by TEV-protease, while be-
ing bound to the different microbead products, revealed the surprising inability to execute
cleavage, when the targets were bound to Dynabeads M280. Conversely, cleavage was
readily achieved, when Promag HP 3 microbeads were used. Hence, the Dynabeads M280
were disqualified for use in PACMAN, as apparently, these microbeads protected the TEV-
target peptides from access by TEV-protease (see Figure 3.4 d). Henceforth, all experiments
were performed using Promag HP 3 microbeads only.
The most important factor yet to be evaluated, was to ensure that the current on-bead
emPCR protocol allowed for the amplification of DNA templates with ≥1,000 bp in length,
to enable the amplification of TEV-protease-encoding, as well as scFv-encoding templates.
Hence, the amplification efficacies for larger templates were analyzed using a 637 bp nano-
body-encoding template and the 1,003 bp TEV-protease-encoding template. As to be ex-
pected, the efficacies dropped considerably with increasing template lengths, but amplifi-
cation was still achieved with the 1,003 bp TEV-protease-coding template with still approxi-
mately 500 DNA copies/microbead, which was anticipated to be sufficient for PACMAN (see
Figure 3.4 e).
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As a next step in preparation for PACMAN, it was initially intended to couple the bi-
otinylated TEV-target peptides to the microbeads after on-bead emPCR, but conflicting with
the original protocol by Diamante et al. [258], streptavidin in its ligand-free apo-form ap-
peared to be susceptible to elevated temperatures leading to irreversible loss of its binding
capacity as a consequence of the repeated heating cycles during emPCR (see Figure 3.5
a). As a consequence, microbeads were unable to bind TEV-target peptides after on-bead
emPCR. Therefore, it was inevitably paramount to be able to bind the target peptides to
the microbeads prior to on-bead emPCR and still achieve template amplification while also
maintaining stability of the target peptides and especially their fluorophors.
Fortunately, the ligand-bound holo-form of streptavidin sustained the elevated tempera-
tures during emPCR and also the fluorophors of the target peptides were unscathed by
the process, as evidenced by prominent fluorescence intensities detected by fluorescence-
microscopy after on-bead emPCR (see Figure 3.5 a). Subsequently, the influence of the pres-
ence of TEV-target peptides during on-bead emPCR was evaluated in terms of potential im-
pairment of amplification efficacies (see Figure 3.5 b). Therefore, the DNA copies/microbead
were compared between two on-bead emPCR preparations, one featuring microbeads dec-
orated with 106 TEV-target peptide molecules/microbead in addition to the primers and the
other without TEV-target peptides, otherwise the reaction conditions were identical. The
presence of TEV-target peptides on the microbead surfaces turned out to negatively influ-
ence the on-bead emPCR efficiency, but fortunately, the efficiency was not entirely abro-
gated, but merely reduced by one-third of its efficiency achieved in the absence of TEV-
target peptides. Nevertheless, this reduction in efficiency was not anticipated to interfere
with the PACMAN process and optimization was optimistically continued.

Having established a viable protocol for on-bead emPCR, further effort was invested into
the determination of the sweet-spot of the primer concentration coupled to the microbeads
and furthermore, four polymerase formulations were compared: 2.5 X Titanium Taq in Ti-
tanium Taq buffer, 2.5 X Phusion polymerase in its HF-buffer, CloneAmp Hifi PCR premix
and Q5 Hot Start High-Fidelity premix. At the same time, for each PCR formulation, three
incremental concentrations of microbead-bound primers were compared: 105, 106 and 107

primers/microbead. Furthermore, for each condition four different DNA template lengths
(277 bp, 637 bp, 1,003 bp and 2,164 bp) were compared in terms of the achievable DNA
copies using on-bead emPCR. Finally, the stability of the emulsions after on-bead emPCR
was evaluated (see Figure 3.6).
Of immediate notice, was the severe instability of the Phusion polymerase-based emPCR for-
mulation. After emPCR, the emulsions were broken for the most part and a brownish film of
released microbeads was found at the liquid-air interface and some were clumped together
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Figure 3.6: Effect of the microbead-bound primer concentration and DNA poly-
merase formulations on the on-bead emPCR efficiency. Figure legend continued on
the next page.
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Figure 3.6: Effect of the microbead-bound primer concentration and DNA poly-
merase formulations on on-bead emPCR efficiency. The on-bead emPCR efficacies
were compared using 2.5 X Titanium Taq in Titanium Taq buffer, 2.5 X Phusion polymerase
in HF-Buffer, CloneAmp Hifi premix and Q5 Hot Start High-Fidelity premix. For each con-
dition, four different DNA templates were compared with nucleotide lengths as indicated
in the upper left corner of the bar charts (277 bp, 637 bp, 1,003 bp and 2,164 bp). For
each DNA template and polymerase formulation, on-bead emPCR was performed with mi-
crobeads harbouring 105, 106 and 107 primers/microbead. 1.7 x 107 molecules of input
template DNA and 106 microbeads were used in each reaction. In addition, the stability of
the emulsions after on-bead emPCR was evaluated and is indicated at the bottom of the
columns.
qPCR was always performed in triplicates (n=3, mean±sd).

at the sides of the tube. Therefore, the determined DNA copies/microbead for the Phusion-
based emPCR, as stated in Figure 3.6, have to be considered as irreliable, as compartmental-
ization was not provided throughout the emPCR. Conversely, the emPCR formulations based
on the CloneAmp Hifi premix and Q5 Hot Start High-Fidelity premix presented astounding
stability, unscathed by the PCR’s temperature cycles. Furthermore, compartment volumes
were on par to those of the Titanium Taq-based emPCR formulations. But unfortunately, no
or barely any amplification of the DNA could be detected for the CloneAmp Hifi premix or
the Q5 Hot Start High-Fidelity premix formulation. In all conditions, qPCR revealed either
the total absence of any DNA or merely a miniscule amount of DNA.
The only viable formulation was based on the Titanium Taq product. In this case, the emul-
sions were mostly intact after PCR with but a negligible fraction of the microbeads escaping
the emulsions. Here, increasing the amount of primers coupled to the microbeads, achieved
dramatic increases in on-bead template amplification for all template lengths (see Figure
3.6, first column). For the shorter templates (277 bp and 637 bp), an amplification satu-
ration was reached at around 10,000 DNA copies/microbead after on-bead emPCR, which
was achieved by both 106 and 107 primers/microbead. The additional increase of primer
concentration to 107 primers/microbead did not yield an additional increase in amplification
in comparison to 106 primers/microbead. Furthermore, the larger DNA templates (1,003 bp
and 2,164 bp) were also successfully amplified by on-bead emPCR based on the Titanium
Taq product, albeit less efficiently. With the 1,003 bp template, an amplification of up to
4,000 copies/microbead was achieved using 107 primers/microbead. Unexpectedly, even
the longest, 2,164 bp template was successfully amplified, albeit saturation was reached
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at 400 copies/microbead. Nevertheless, this might still be sufficient for PACMAN, enabling
introduction of library constructs approaching 70 kDa to future PACMAN selections.

In conclusion, considering the Titanium Taq-based on-bead emPCR, IVC compartment
volumes and microbead-bound primer concentrations represented the most crucial parame-
ters influencing on-bead emPCR success and efficiency. Tightly controlling the compartment
volumes to larger volumes towards the vicinity of 3 pL, by adjusting vortexer settings, pre-
sented the best option for successful on-bead emPCR including DNA templates with up to
2,164 bp in length. The sweet-spot of primer concentration bound to microbeads was found
to be 106 primers/microbead, efficacies did not benefit beyond that and amplification was
saturated. Further increases in primer concentration might in contrast adversely induce
sterical hindrance by crowding the microbead’s surface, potentially impeding downstream
applications.

3.2.4 Compartmentalized in vitro transcription and translation after on-bead
emPCR

After on-bead emPCR, the successful amplification of templates was further confirmed by
subsequent IVTT activity assays. Therefore, microbeads were decorated with TEV-target
peptides and subsequently with DNA encoding a TEV-protease expression cassette was at-
tached via on-bead emPCR, as described in the previous section. Subsequently, the mi-
crobeads were subjected to purified TEV-protease or IVC IVTT. In IVC IVTT, the microbead-
attached TEV-protease-coding DNA was in vitro expressed in emulsions and incubated for
4 hours. Subsequently, the microbeads were harvested and analyzed by flow cytometry.
IVC IVTT activity was compared between two emulsion formulations: One prepared with
Abil EM 90 and the other with FluoSurf. As can be appreciated from Figure 3.7 a, in both IVC
IVTT preparations, TEV-protease was successfully expressed as evidenced by cleavage of the
microbead-bound TEV-target peptides, which was detected as a reduction of Cy5- and an in-
crease of 5-FAM fluorescence across the whole microbead population as compared to control
microbeads. Albeit, in both IVC IVTT preparations, the degree of TEV-target peptide cleav-
age was less efficient than that achieved by purified TEV-protease. IVC IVTT performed using
Abil EM 90-based emulsions yielded slightly more efficient TEV-target cleavage as compared
to FluoSurf-based IVC IVTT. Nevertheless, despite the slightly reduced TEV-protease activity
achieved in FluoSurf-based IVC IVTT, it was still anticipated to be sufficient for the purpose
of proving the feasibility of the PACMAN concept with TEV-protease as a model system.
FluoSurf-based emulsions provided another benefit by reducing the amount of consumed
IVTT solution, as merely 18 µl were used per emulsion preparation as compared to 50 µl in
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Abil EM 90-based IVC IVTT. Albeit, it has to be noted, that a single FluoSurf-based IVC IVTT
reaction could only accomodate for up to 106microbeads, whereas a single Abil EM 90-based
IVC IVTT reaction could accomodate for up to 4 x 106 microbeads. Therefore, for large-scale
selections of antibodies, Abil-based IVC IVTT would be favored, as more microbeads could
be used as input in relation to the consumed amount of IVTT solution.

In the afforementioned experiment, on-bead emPCR was performed with 1.7 x 107

molecules of template DNA per reaction (as suggested by Diamante et al. [258]). But,
this concentration of DNA apparently saturated the emulsion droplets with template DNA,
which was evident by the fact that virtually the whole microbead population appeared pos-
itive for TEV-protease-encoding DNA in IVC IVTT (as evidenced by the homogeneous reduc-
tion in Cy5 and increase in 5-FAM fluorescence throughout the entire microbead population
after IVC IVTT, see Figure 3.7 a, orange populations). Consequently, assuming Poisson dis-
tribution probabilities, most microbeads must have been polyclonal, due to their emulsion
compartment containing more than one DNA molecule. Hence, in a library screening exper-
iment most microbeads would have displayed more than one library member under these
conditions. Therefore, it was necessary to determine and evaluate the input DNA template
concentration that would result in optimized monoclonality.

3.2.5 Assessment and optimization of monoclonality after on-bead emPCR

To be able to screen complex DNA libraries with PACMAN, it was necessary to ensure proper
monoclonality of microbeads after on-bead emPCR to not contaminate the PACMAN selec-
tion output by having multiple library members presented on a single microbead. The DNA
of library members is supplied to on-bead emPCR droplets in a Poisson distributed fashion,
therefore the amount of input DNA used in on-bead emPCR had to be optimized to hit the
probabilistic likelyhood in which single DNA occupation of droplets dominates. The empirical
determination of the degree of monoclonality achieved using a specific amount of input DNA
supplied to on-bead emPCR was performed by assessing the total fraction of microbeads,
which were detected to excert TEV-protease activity in IVC IVTT experiments after on-bead
emPCR as a function of the initially supplied amount of TEV-protease-encoding template
DNA. Using the fraction of microbeads that evoked TEV-protease activity in IVC IVTT after
on-bead emPCR (i.e. the fraction of microbeads which must have coincided with at least
one molecule of TEV-protease-encoding DNA during on-bead emPCR), the percentage of
microbeads that coincided with zero, one or more than one DNA templates during on-bead
emPCR was derived using Poisson estimations. Using this workaround, the degree of mon-
oclonality achieved by on-bead emPCR could be estimated simply from the subsequently
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evoked activity by the microbeads. In general, according to evaluation of Poisson distri-
butions (see Figure 3.7 b) a favorable degree of monoclonality is achieved when roughly
two-thirds of the microbeads end up containing DNA after on-bead emPCR, which would
derive to approximately 30% of microbeads being polyclonal, displaying more than one
DNA template (i.e. they were encapsulated with more than one DNA template during on-
bead emPCR), while 37% display exactly one DNA template and are therefore considered
monoclonal (i.e. they were encapsulated with exactly one DNA template during on-bead
emPCR)(see Figure 3.7 b). This distribution would be especially favorable for early PACMAN
selection cycles, as it presents a sweet spot providing the largest total fraction of monoclonal
microbeads. Nevertheless, for later selection cycles it would be beneficial to incrementally
reduce the amount of input DNA templates to further reduce the fraction of polyclonal mi-
crobeads, albeit, consequently sacrificing on the total amount of microbeads that display
any DNA.

To investigate the optimal amount of input DNA templates, three incremental amounts
of DNA were evaluated as on-bead emPCR inputs and subsequently the microbeads were
analyzed for TEV-protease activity evoked in IVC IVTT. 106 microbeads were used for each
on-bead emPCR reaction and 1.7 x 107 (as reported by Diamante et al. [258]), 1.7 x 106

and 1.7 x 105 molecules of DNA containing a TEV-protease expression cassette were used
as inputs (see Figure 3.7 c). An evaluation of the results using Poisson distributions to derive
details on the achieved clonality are listed in Table 3.1.
With the amount of input DNA suggested by Diamante et al. [258], 1.7 x 107 molecules per
reaction, the majority of microbeads (90.3%) subsequently evoked TEV-protease activity
in IVC IVTT, which indicated an over-saturation of the IVC compartments with input DNA.
In that case, most microbeads (67.7%) were estimated to have been polyclonal and merely
22.6% to have beenmonoclonal. For PACMAN selections, less input DNA would be favored to
achieve the targeted two-thirds of microbeads obtaining DNA via on-bead emPCR. With 1.7 x
106 molecules of input DNA the fraction of microbeads that evoked TEV-protease activity in
IVC IVTT was already below the two-thirds mark with 51.7%, which corresponded to 35.2%
of the microbeads having been monoclonal and 16.5% having been polyclonal. Therefore,
for the first few cycles of PACMAN selections, an amount of input DNA slightly above 1.7
x 106 would be desirable. Finally, 1.7 x 105 molecules of input DNA were evaluated which
demarced the lower end of the evaluated input amounts. Here, merely a total of 13.7% of
the microbeads evoked TEV-protease activity in IVC IVTT, but virtually all of the microbeads
were monoclonal with a total of 12.7% and merely 1% polyclonal, but the rest did not harbor
any DNA at all. This lower end of input DNA amount would represent a preferable amount in
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Figure 3.7: Activity-based evaluation of the degree of monoclonality after on-
bead emPCR. a) flowcytometric analyses of microbeads after IVC IVTT after on-bead em-
PCR with template DNA containing a TEV-protease expression cassette. Microbeads were
decorated with 106 TEV-target peptides/microbead in addition to the primers necessary for
on-bead emPCR. TEV-protease activity evoked in IVC IVTT was compared in emulsions pre-
pared with FluoSurf and Abil EM 90. As negative controls, microbeads without IVC IVTT
treatment were analyzed and as positive controls microbeads were subjected to purified
TEV-protease without IVC (labelled ’TEV’). b) Poisson equations describing the probabilis-
tic likelihood of a microbead coinciding with 0, 1 or more than one library members as a
function of the total microbeads coinciding with ≥ library members. c) On-bead emPCR
was performed with different amounts of input DNA (amount stated above each dot plot)
with microbeads harbouring 106 TEV-target peptides/microbead. Subsequently, microbeads
were subjected to IVC IVTT using FluoSurf-based emulsions. Microbeads were analyzed via
flow cytometry and results were plotted as dot plots. The percentage of microbeads with
cleaved TEV-target peptides is given in the upper left corner (orange dots).
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Table 3.1: Degrees of monoclonality and polyclonality achieved by on-bead emPCR de-
pending on the amount of input DNA. Evaluation of the data from Figure 3.7 c using the
Poisson distributions shown in Figure 3.7 b. Listed are always the fractions from the total of
microbeads analyzed.

Molecules of input DNA 1.7 x 107 1.7 x 106 1.7 x 105

Fraction of TEV-protease-positive microbeads
(microbeads that obtained more than zero DNA
templates during on-bead emPCR)

0.903 0.517 0.137

Fraction of monoclonal microbeads 0.226 0.352 0.127

Fraction of polyclonal microbeads 0.677 0.165 0.010

late-stage PACMAN cycles, to assure monoclonality and suppress cross-contaminations by
polyclonality in favor of stringency of the selection.

In literature, insights into on-bead emPCR efficacies and also monoclonality evalua-
tions have often been obtained via staining of the microbead-bound DNA with DNA dyes or
by annealing sequence-specific fluorescent oligonucleotide probes and subsequent analy-
sis of DNA-bearing microbeads via flow cytometry [295–297]. Unfortunately, as opposed
to the claims in literature, here it was not possible to determine the DNA load or mono-
clonality of microbeads after on-bead emPCR via staining of the generated DNA via DNA
dyes (GelGreen, GelRed and SYBR green have been assessed without success) nor by an-
nealing of site-specific fluorescently labeled oligonucleotide probes (PROBE-FITC-488-T7p,
PROBE-ATTO490LS-T7TERM). It was possible, however, to stain defined ladder microbeads
decorated with 102–106 biotinylated DNA molecules/microbead with DNA stains and sub-
sequently detect correlating fluorescences via flow cytometry. Unfortunately, blank mi-
crobeads also adsorbed a considerable amount of the DNA stains leading to excessive back-
ground fluorescence. Furthermore, microbeads after on-bead emPCR always appeared ho-
mogeneously stained irrespective of the amount of applied input DNA. Under low input DNA
conditions, only a fraction of the microbeads should have received DNA via on-bead emPCR
while the majority should have remained blank and therefore unstained, but also here, all
microbeads were homogeneously stained by the DNA dyes, suggesting that the microbeads
were somehow chemically modified during the on-bead emPCR process leading to increased
unspecific binding of the DNA stains. Consequently, a distinction of microbead populations
was not possible, neither with DNA stains nor with fluorescent oligonucleotide probes (see
Figure A.1). The situtation was even worse with fluorescent oligonucleotide probes, as not
even a distinction between the microbeads of the clearly defined ladder standards was pos-
sible. Therefore, I do not recommend the use of these detection methods for assessment of
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Figure 3.8: Emulated PACMAN selections with incremental dilutions of TEV-
protease-encoding DNA with irrelevant DNA. Flowcytometric analyses of emulated
PACMAN experiments with different ratios of TEV-protease:scFvnc-encoding template DNAs.
This experiment was intended to provide an impression of how a successful enrichment us-
ing PACMAN would present itself in flow cytometry.

DNA load or monoclonality when evaluating on-bead emPCR protocols.

3.2.6 Proof-of-principle of PACMAN

The proof-of-principle of PACMAN was obtained by recovering TEV-protease-encoding DNA
from a dilutemixture with irrelevant DNA of similar nucleotide length (a random scFv, termed
scFvnc). First, to obtain a visual representation of how successful enrichments via PACMAN
might appear in flow cytometry, different input DNA mixture ratios of active and inactive
DNA variants were assassed in PACMAN experiments. PACMAN was performed with a 1:1,
1:10, 1:100 and a 1:1000 mixture of TEV-protease:scFvnc-encoding template DNAs (see Fig-
ure 3.8). For these emulated PACMAN selection cycles, 106 microbeads were used for each
reaction and they were decorated with 106 TEV-target peptides/microbead and on-bead em-
PCR was performed with 4 x 106 molecules of input template DNA from the indicated DNA
mixtures. Subsequently, IVC IVTT was performed and microbeads were analyzed via flow
cytometry.
As expected, the percentage of TEV-protease-positive microbeads, correlated with the ra-
tio of the input DNA mixtures. In the 1:1 mixture 53.2% of the microbeads were classified
as TEV-protease-positive and the percentage successively dropped to 0.5% for the 1:1000
mixture.
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Input DNA
DNA molecules
per 106 beads

4x106 4x106 1x106

Sort gate 0.5% 1.5% 1.1%

Colonie PCR
ratio of
TEV to scFvnc

12 to 36 42 to 11 98 to 0

Cumulative
enrichment

333-fold 3,800-fold ≥98,000-fold

Figure 3.9: Recovery and amplification of TEV-protease-encoding DNA using PAC-
MAN. In merely two cycles of PACMAN TEV-protease-encoding DNA was enriched at least
98,000-fold from an initial 1:1000 mixture of TEV-protease:scFvnc-encoding DNA, respec-
tively. The dot-plots show the FACS data of each PACMAN cycle and the bottom table lists
the respective details and outcomes of each cycle.

Finally, the feasibility of the PACMAN method was verified by sequential enrichment
of TEV-protease-encoding DNA via PACMAN from a dilute initial DNA mixture. Therefore,
microbeads which were subjected to PACMAN with an initial 1:1000 TEV-protease:scFvnc-
encoding DNA mixture as input, were subsequently sorted via FACS (see Figure 3.9). A sort
gate was defined to capture the upper most 0.5% of microbeads, which shifted towards the
low-Cy5 and high-5-FAM fluorescence area (i.e. the area of microbeads with cleaved TEV-
target peptides, which were thereby classified as TEV-protease-positive). 1,000 of these
microbeads were collected and subsequently the microbead-attached DNA was reamplified
by PCR. For a subsequent enrichment assessment, the reamplified DNA was subcloned into
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pIgV plasmids and transformed into E.coli. Colony PCR with gene specific primers was ap-
plied to determine the TEV-protease:scFvnc-encoding DNA ratios of the recovered DNA. After
a single PACMAN selection cycle, the resulting ratio of TEV-protease:scFvnc-encoding DNA
was shifted from the initial 1:1000 to 1:3, which corresponded to a 333-fold enrichment of
TEV-protease-encoding DNA (see Figure 3.9 first column).
The reamplified DNA from the first PACMAN cycle was further subjected to another PACMAN
cycle. In comparison, it was evaluated whether an increase in stringency, by reducing the
amount of input DNA, could increase the selection specificity and hence enhance the cu-
mulative enrichment of TEV-protease-encoding DNA. In the less stringent second PACMAN
cycle, again 4 x 106 molecules of DNA served as input for the on-bead emPCR, whereas in
the more stringent second PACMAN cycle only 1 x 106 molecules were applied. After the
second PACMAN cycles, the respective amplification of TEV-protease-coding DNA was again
evaluated by colony PCR. With the less stringent setup, a cumulative enrichment of 3.800-
fold was achieved (see Figure 3.9 second column). Interestingly, this was far surpassed by
the more stringent setup which achieved a cumulative enrichment of at least 98,000-fold.
In fact, not a single colony was found containing the negative scFvnc-encoding DNA after
the more stringent second PACMAN cycle (see Figure 3.9 third column).

With this, the proof-of-principle of PACMAN was demonstrated.

3.3 Proteolytic degradation of amyloids by polyclonal
IgM isolated from human plasma

To assess the presence of natural proteolytic antibodies in human plasma and thereby evalu-
ate the viability of my endeavor to isolate proteolytic, combinatorial single-chain anti-Aβ an-
tibodies from the human antibody repertoire, polyclonal IgG- and IgM-class antibodies were
isolated from human plasma. IgG-class antibodies were isolated via affinity chromatogra-
phy with Protein A-conjugated agarose resin (see Figure 3.10 a) and IgM-class antibodies
were isolated from the IgG-depleted plasma flow-through of the Protein A chromatography
using a series of further chromatographies: Gravity flow with LigaTrap Human IgM resin (see
Figure 3.10 b), size exclusion chromatography (SEC) using a Superdex 200 10/300 column
(see Figure A.3) and finally by gravity flow with CaptureSelect Human IgM resin (see Figure
3.10 c).

According to Taguchi et al. [229], human IgG preparations excert little proteolytic ac-
tivity, if any. But polyclonal IgM preparations were shown to excert prominent proteolytic
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Figure 3.10: Purification of polyclonal IgG and IgM from human plasma. SDS-Page
analyses of a) a representative Protein A purified IgG preparation. First lane, non-reduced
(Ox), second lane reduced (Red). Three prominent bands were visible in the non-reduced
sample between 130 and 250 kDa which were attributed to IgG1, IgG2 and IgG3. Another
prominent band was visible at 57 kDa, which was attributed to human serum albumin (HSA)
contamination. The apparentmolecular weight of non-reduced HSA of approximately 57 kDa
(blue square), shifted to 68 kDa upon reduction (blue arrow). In the reduced sample, IgG
dissociated into individual light- and heavy-chains as well as partially reduced heavy- and
light-chain complexes as well as dimeric heavy-chain complexes. b) Equivalent representa-
tion as in a), but for a representative IgM sample purified via gravity flow chromatography
with LigaTrap Human IgM resin. As feed, the IgG-depleted flow-through of the gravity flow
chromatography using Protein A-functionalized agarose resin was used. In the non-reduced
sample (ox) prominent band clusters of IgM, dimeric Igs (IgA) and IgG1 IgG2 and IgG3 were
detected, from top to bottom until 130 kDa. Below 130 kDa several bands of contaminating
proteins were detected. In the reduced sample (Red) most of the bands attributed to IgM,
IgA and IgG dissociated into their individual chains, albeit some residual bands were still de-
tectable at the size of intact IgM, which might either represent insufficiently reduced IgM or
some other high molecular weight contaminants. c) a representative IgM preparation after
gravity flow with LigaTrap Human IgM resin followed by size exclusion chromatography with
a Superdex 200 10/300 column and gravity flow with CaptureSelect Human IgM resin. In
the non-reduced sample only IgM and residual HSA was detected. In the reduced sample,
dissociated heavy-chains were detected, as well as a putative dimeric heavy-chain complex.
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Figure 3.11: Proteolytic digestion of Aβ40 by polyclonal IgG purified by gravity
flow chromatography with Protein A-functionalized agarose resin. The tips of 0.5
ml low-bind reaction tubes were cut off and placed flush into 2 ml glass vials for HPLC so that
it was still possible to seal the glass vials with septed screw caps. These reaction vessels
were able to hold 50 µl reaction volumes. Samples contained 0.1 mg/ml Aβ40 and 0.25 µM
polyclonal IgG in a total volume of 50 µl in 1x PBS. Samples were incubated quiescently
at 37°C for 96 hours. Afterwards, samples were analyzed by reverse-phase HPLC using a
Zorbax 300SB-C8 4.6x250 mm column on a linear gradient of 0–80% ACN 0.1% TFA over 40
minutes. Digestion profiles of IgG preparations of four different donors presented identical
chromatography profiles. One of these profiles is shown in the second panel. First panel,
0.1 mg/ml Aβ40 control. Third panel, 0.25 µM polyclonal IgG control.

activity against Aβ. To confirm these findings, Protein A-purified IgG from plasma of four
human donors was evaluated for their proteolytic activity against Aβ. Therefore, 0.1 mg/ml
Aβ40 was coincubated quiescently with 0.25 µM polyclonal IgG for 96 hours at 37°C. Prote-
olysis products were analyzed via reverse-phase HPLC (see Figure 3.11). But as expected,
the peak profile of untreated Aβ40 was identical to IgG-treated samples of all four donors,
suggesting the absence of any proteolytic anti-Aβ activity excerted by IgG.

Confirmation of proteolytic anti-Aβ activity excerted by polyclonal IgM from human
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Figure 3.12: Proteolytic digestion of Aβ40 and Tau protein by extensively purified
polyclonal IgM. The tips of 0.5 ml low-bind reaction tubes were cut off and placed flush
into 2 ml glass vials for HPLC so that it was still possible to seal the glass vials with septed
screw caps. These reaction vessels were able to hold 50 µl reaction volumes. 25 µM Aβ40
(a) as well as 25 µM Tau protein (b) were individually coincubated with 10 nM polyclonal IgM
in 1x PBS. Additionally, as controls, 10 nM IgM alone and 25 µM Aβ40 alone, as well as, 25
µM Tau protein alone were assessed. Samples were incubated quiescently at 37°C for 96
hours. Afterwards, samples were analyzed by reverse-phase HPLC using a Zorbax 300SB-C8
4.6x250 mm column on a linear gradient of 0–80% ACN 0.1% TFA over 40 minutes. The red
arrows in b indicate the peaks of full-length 441 aa Tau protein.

plasma was initially impeded by persistent impurities in the IgM preparations. The IgG-
depleted flow-through of the Protein A gravity flow chromatography was first subjected to
another gravity flow chromatography using LigaTrap Human IgM resin, but SDS-Page anal-
yses revealed a host of impurities (see Figure 3.10 b). Under non-reducing conditions, the
most prominent bands at the very top of the gel were attributed to IgM. Another cluster of
bands slightly above 250 kDa and three bands between 130–180 kDa were attributed to
IgA and IgG (IgG1, IgG2 and IgG3), respectively. Apart from the Ig impurities a plethora of
additional bands was found on the SDS-Page indicative for a poor specificity of the LigaTrap
Human IgM resin. To further optimize the purity, a size exclusion chromatography (SEC) was
performed using a Superdex 200 10/300 column (the SEC was performed by Anne Pfitzer).



Results: Proteolytic degradation of amyloids by polyclonal IgM 135

Individually collected fractions were analyzed by SDS-Page (see Figure A.2). The first frac-
tion, that contained protein (fraction 4), was picked for evaluation of proteolytic activity
against Aβ, as the expected 900 kDa IgM antibodies would elute within the first fractions.
In fact, the Superdex 200 10/300 column was admittedly not well suited for this prepara-
tion, as its separation range was maxed out at 600 kDa. Consequently, all proteins larger
than 600 kDa eluted in the void volume including the IgM antibodies. Nevertheless, the
proteolytic anti-Aβ activity of IgM from fraction 4 was assessed similarly to that of the IgG
preparations. 0.1 mg/ml Aβ40 was quiescently coincubated with 50 nM of the IgM from frac-
tion 4 for 96 hours at 37°C. Reverse-phase HPLC analyses revealed degradation of Aβ40,
albeit a surprisingly early elution of the proteolytic products was detected, which was un-
fortunately suggestive for single amino acids or small di- or tripeptides. This was indicative
for promiscuous aminopeptidase activity excerted by the IgM preparation and not the an-
ticipated specific proteolytic anti-Aβ activity as proposed by literature [229], which would
have generated distinct Aβ1-16, Aβ1-28 and Aβ29-40 fragments.
As protease or peptidase contaminations were evident in the IgM preparations after Liga-
Trap followed by SEC, all size exclusion chromatography fractions that contained IgM, but no
monovalent Igs (in the depicted example, fractions 4–12 as seen in Figure A.2) were com-
bined and subjected to gravity flow chromatography with CatureSelect Human IgM resin.
This resin promised to yield the most specific purification, as the resin was functionalized
with anti-IgM antibodies. In the end, the entire purification procedure concluded in a ma-
jor loss of total recovered IgM, but SDS-Page analyses of the final products suggested high
purity (see Figure 3.10 c). To evaluate the proteolytic activity excerted against Aβ, 25 µM
Aβ40 was quiescently coincubated with 10 nM IgM for 96 hours at 37°C and cleavage prod-
ucts were analyzed via reverse-phase HPLC (see Figure 3.12 a). Finally, digestion profiles
identical to those described by Taguchi et al. [229] were detected, suggesting that Aβ was
successfully cleaved by highly pure polyclonal IgM. To the best of my abilities, these IgM
preparations might cautiously be claimed to be sufficiently pure to address the broader
question about the extent of proteolytic activity and specificities excerted by IgM antibod-
ies against further amyloids and other proteins and peptides.
Out of curiosity, purified Tau protein, another amyloidogenic peptide associated with Alzhei-
mer’s Disease, was subjected to the highly purified polyclonal IgM to assess the possibility
of the presence of proteolytic anti-Tau antibodies in the human antibody repertoire. Surpris-
ingly, Tau was readily digested (see Figure 3.12 b). Several additional degradation products
were detected in the IgM-treated Tau protein samples and full-length Tau was depleted. In
future experiments, it would be interesting to evaluate the identity of these digestion prod-
ucts by LC-MS. Nevertheless, this finding might substantiate an unfolding opportunity, that
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it might be possible to develop proteolyic combinatorial antibodies against a wider range of
amyloid peptides beyond just Aβ.

In conclusion, IgM isolation was critically dependent on anti-IgM antibody-functionalized
resin purification to ascertain purities and results equivalent to those provided by literature.
Nevertheless, due to the persistent difficulties in IgM purification, it remains uncertain and
leaves room for speculation, whether the observed proteolytic anti-Aβ and anti-Tau activity
seen in the above mentioned experiments, as well as those described in literature, faithfully
represent the action of IgM or whether some trace contaminations with other proteases or
peptidases might still remain responsible.

3.4 Antibody libraries

Plenty of combinatorial antibody libraries are commercially available. Most of these in ready-
to-use formats for phage display applications derived from a wide variety of species. Un-
fortunately, the availability of commercial, naive human antibody libraries is limited. Fur-
thermore, the format of the available libraries is not readily suitable for IVTT experiments.
Therefore, I sought out to develop naive human antibody libraries that comply to the needs
of PACMAN and may provide an optimized foundation to allow the isolation of proteolytic
antibodies against amyloid targets.

3.4.1 Considerations on the antibody formats included in the libraries

PACMAN is dependent on each library member being encoded in just a single DNA template
and they may not exceed 2 kb in length. Combinatorial single-chain antibody formats have
been thoroughly investigated with single-chain variable fragments (scFv) being the most
reknown, which consist of a heavy- and a light-chain-derived Fv connected via a glycine-
serine linker. Another well-known antibody format is the single-domain antibody (sdAb),
also known as nanobody. These consist of a single heavy- or light-chain-derived Fv. Un-
fortunately, human-derived nanobodies are notoriously aggregation prone and just rarely
soluble and functional. Nevertheless, in the field of proteolytic antibody research, reports
about superior catalytic activity exhibited by human-derived nanobodies exist [230]. Fur-
thermore, a non-physiological single-chain antibody consisting of two lambda light-chain
Fvs has been isolated that by far exceeded the catalytic activity of IgM against Aβ [230].
Hence, for PACMAN, two antibody library formats appeared promising: First, an scFv library
with deliberate inclusion of non-physiological IgVL2 and IgVH2 constructs alongside with the



Results: Antibody libraries 137

Figure 3.13: Antibody formats included in the antibody libraries. The antibody
formats included in the antibody libraries LibNano and LibIgV2 were derived from the vari-
able regions (Fvs) of full-length antibodies of all classes (IgM, IgG, IgD, IgA, IgE). In the
LibNano library, the Fvs of the heavy-chains (IgVH) and light-chains (IgVL) were included
as single-domain antibodies (sdAbs), also called nanobodies, without further modification.
In the LibIgV2 library, Fvs were randomly conjoint via a (G4S)4 linker yielding physiological
heterodimers (scFvs) and non-physiological homodimers (IgVH2, IgVL2)

usual scFv format. Second, a nanobody library that includes heavy- and light-chain-derived
sdAbs. The conceptual derivation scheme of these two antibody formats can be reviewed
in Figure 3.13.
Another benefit associated with the utilization of scFv and nanobody formats, as opposed
to full-length antibodies, is the elimination of the proinflammatory aspect associated with
their Fc domain, which has been linked to adverse effects in clinical studies (see Figure 1.4).
Furthermore, the small size of scFvs and nanobodies facilitates elevated uptake across the
BBB, which might later be further increased by attachment of cell-penetrating peptide se-
quences to the single-chain antibodies. Admittedly, an unfortunate disadvantage of scFvs
and nanobodies is their short half-life in circulation, which might limit the duration of expo-
sure of patients and thereby limit the effectiveness of any derived drug, albeit this aspect
might later be addressed by pegylation or similar efforts to extent the half-life of the single-
chain antibodies in the blood stream.

3.4.2 Assembly of the antibody libraries

In this study, two antibody libraries were derived from ten naive human buffy coats. A
schematic overview of the library assembly process can be reviewed in Figure 3.14. Shortly,
peripheral bloodmononuclear cells (PBMCs) were harvested from buffy coats by Ficoll-paque
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Figure 3.14: Cloning scheme of the antibody libraries. PBMCs were isolated from
human blood donations using Ficoll-Paque density gradient centrifugation. PBMCs contain
lymphocytes including mature B-cells, which express mature antibodies after somatic re-
combination. mRNA was isolated from PBMCs and converted to cDNA via reverse transcrip-
tion. Using sequence specific primers, which included degenerate nucleotides, the Fvs of
all antibody germline families were amplified. The primers further introduced overlaps with
the pIgV plasmid or the necessary sequences for a (G4S)4 linker. Gibson assembly was used
to join the homologous sequences of the Fv-amplicons and a linearized pIgV plasmid. Via
introduction into the pIgV plasmid, a T7 promotor, a ribosome binding site and a T7 termina-
tor were added, which was necessary for IVTT. Finally, the library was finalized into a format
suitable for PACMAN via PCR with a forward primer that binds upstream of the T7 promoter
and a reverse primer that includes the T7 terminator. T7p, T7 promotor, RBS, ribosome
binding site, T7 Term., T7 terminator.
PBMC sprites were adapted from Servier Medical Art. Servier Medical Art by
Servier is licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).
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Table 3.2: Fv amplification — primer groups and subgroups. The amplicons pre-
pared with the ATG-V-Stop primer group encoded the Fvs, which were used to assemble the
nanobody library: LibNano. The amplicons of the ATG-V-Link and Link-V-Stop primer group
encoded the N-terminal and C-terminal Fvs, respectively, which were used to assemble the
sinlge-chain dimeric Fv library: LibIgV2. The subgroups (light grey) list the primers used
for the amplification of each Fv family locus: heavy (VH), lambda (VL) and kappa (VK). In
brackets, the optimized annealing temperatures of the primer combinations are stated that
were used during the PCRs to amplify the Fv fragments.

ATG-V-Stop ATG-V-Link Link-V-Stop

ATG-VH-Stop (65°C) ATG-VH-Link (65°C) Link-VH-Stop (65°C)

fwd primers: rev primers:
Vec-SalI-ATG-VH1/7-For JH1_2_4_5-Vec-Rev
Vec-SalI-ATG-VH1-For JH3_6-Vec-Rev
Vec-SalI-ATG-VH2-For
Vec-SalI-ATG-VH3_1-For
Vec-SalI-ATG-VH3_2-For
Vec-SalI-ATG-VH4_1-For
Vec-SalI-ATG-VH4_2-For
Vec-SalI-ATG-VH5-For
Vec-SalI-ATG-VH6-For

fwd primers: rev primers:
Vec-SalI-ATG-VH1/7-For JH1_2_4_5-Rev-Link
Vec-SalI-ATG-VH1-For JH3_6-Rev-Link
Vec-SalI-ATG-VH2-For
Vec-SalI-ATG-VH3_1-For
Vec-SalI-ATG-VH3_2-For
Vec-SalI-ATG-VH4_1-For
Vec-SalI-ATG-VH4_2-For
Vec-SalI-ATG-VH5-For
Vec-SalI-ATG-VH6-For

fwd primers: rev primers:
Link-VH1/7-For JH1_2_4_5-Vec-Rev
Link-VH1-For JH3_6-Vec-Rev
Link-VH2-For
Link-VH3_1-For
Link-VH3_2-For
Link-VH4_1-For
Link-VH4_2-For
Link-VH5-For
Link-VH6-For

ATG-VL-Stop (60°C) ATG-VL-Link (60°C) Link-VL-Stop (60°C)

fwd primers: rev primers:
Vec-SalI-ATG-VL3-For JL1-3-Vec-Rev
Vec-SalI-ATG-VL4ab-For JL7-Vec-Rev
Vec-SalI-ATG-VL6-For

fwd primers: rev primers:
Vec-SalI-ATG-VL3-For JL1-3-Rev-Link
Vec-SalI-ATG-VL4ab-For JL7-Rev-Link
Vec-SalI-ATG-VL6-For

fwd primers: rev primers:
Link-VL3-For JL1-3-Vec-Rev
Link-VL4ab-For JL7-Vec-Rev
Link-VL6-For

ATG-VL-Stop (65°C) ATG-VL-Link (65°C) Link-VL-Stop (65°C)

fwd primers: rev primers:
Vec-SalI-ATG-VL1-For JL1-3-Vec-Rev
Vec-SalI-ATG-VL2-For JL7-Vec-Rev
Vec-SalI-ATG-VL4c-For
Vec-SalI-ATG-VL5-For
Vec-SalI-ATG-VL7-For

fwd primers: rev primers:
Vec-SalI-ATG-VL1-For JL1-3-Rev-Link
Vec-SalI-ATG-VL2-For JL7-Rev-Link
Vec-SalI-ATG-VL4c-For
Vec-SalI-ATG-VL5-For
Vec-SalI-ATG-VL7-For

fwd primers: rev primers:
Vec-SalI-ATG-VL1-For JL1-3-Vec-Rev
Vec-SalI-ATG-VL2-For JL7-Vec-Rev
Vec-SalI-ATG-VL4c-For
Vec-SalI-ATG-VL5-For
Vec-SalI-ATG-VL7-For

ATG-VK-Stop (62°C) ATG-VK-Link (62°C) Link-VK-Stop (62°C)

fwd primers: rev primers:
Vec-SalI-ATG-VK1-For JK1-4-Vec-Rev
Vec-SalI-ATG-VK2-For JK5-Vec-Rev
Vec-SalI-ATG-VK3-For
Vec-SalI-ATG-VK4-For
Vec-SalI-ATG-VK5-For
Vec-SalI-ATG-VK6-For

fwd primers: rev primers:
Vec-SalI-ATG-VK1-For JK1-4-Rev-Link
Vec-SalI-ATG-VK2-For JK5-Rev-Link
Vec-SalI-ATG-VK3-For
Vec-SalI-ATG-VK4-For
Vec-SalI-ATG-VK5-For
Vec-SalI-ATG-VK6-For

fwd primers: rev primers:
Link-VK1-For JK1-4-Vec-Rev
Link-VK2-For JK5-Vec-Rev
Link-VK3-For
Link-VK4-For
Link-VK5-For
Link-VK6-For

density gradient centrifugation. Subsequently, mRNA was isolated by total RNA extraction
via Trizol method (see Figure A.4) and subsequent isolation of mRNA via Dynabead mRNA
purification kit. Immediately afterwards, cDNA was synthesized from mRNA via SuperScript
IV reverse transcription.
The variable regions of matured antibody sequences were amplified using specific primer
sets that annealed to each V domain family and further introduced overhang sequences,
which were necessary for assembly and subsequent ligation into the pIgV plasmid, that pro-
vided all further necessary sequence motifs for IVTT.
The primers were designed after meticulous evaluation of the V and J region exon nucleotide
sequence alignments deposited into V BASE [299]. To include virtually all germline V fam-
ilies, up to three degenerate nucleotides were included in each primer (see Section 5.4.3).



140 Results: Antibody libraries

Figure 3.15: Amplification of Fvs. PCR amplification of all Fv variants from cDNA used
to assemble the libraries LibNano and LibIgV2. The PCRs were performed with individual
primer mixtures for each subgroup as indicated in Table 3.2. The indicated temperatures
denote the annealing temperature used during the PCR. The VL family fragments had to be
split into two sets, as the respective primers achieved best amplifications at two different
annealing temperatures (60°C and 65°C). The amplicons of interest ranged between 350
and 450 bp in length and were excised from the gel and purified for subsequent assembly
into the library formats. Marker, GeneRuler 100 bp plus.

As can be seen in Figure 3.14, for the assembly of the library containing single-chain dimeric
Fvs (LibIgV2) each V domain family had to be amplified twice by PCR from cDNA: The first
amplification, introduced a 5’ pIgV plasmid overlap and start codon and a 3’ sequence en-
coding parts of the (G4S)4 linker. Amplicons from that PCR encoded the N-terminal Fv of the
IgV2 antibodies. The second amplification, introduced a 5’ sequence encoding the remain-
ing part of the (G4S)4 linker and a 3’ stop codon and pIgV plasmid overlap. These amplicons
encoded the C-terminal Fv of the IgV2 antibodies. All these motifs were introduced via ex-
tensions to the primers.
For the LibNano library, the V domain families were amplified with primers that introduced
a 5’ pIgV plasmid overlap and start codon and a 3’ stop codon and 3’ pIgV plasmid overlap.
For each V domain family all primer combinations were evaluated individually by PCR and
annealing temperatures were optimized (see Figure A.5). To amplify Fvs for library assem-
bly, twelve PCR reactions were performed. One for each primer subgroup with an equimolar
mixture of all forward and reverse primers of the respective subgroup and optimized an-
nealing temperature during each PCR as listed in Table 3.2 (Subgroups and temperatures
were: ATG-VH-Stop 65°C, ATG-VH-Link 65°C, Link-VH-Stop 65°C, ATG-VL-Stop 60°C, ATG-
VL-Link 60°C, Link-VL-Stop 60°C, ATG-VL-Stop 65°C, ATG-VL-Link 65°C, Link-VL-Stop 65°C,
ATG-VK-Stop 62°C, ATG-VK-Link 62°C, Link-VK-Stop 62°C). Amplicon quality was evaluated
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by agarose gel electrophoresis (see Figure 3.15) and the corresponding bands of each sub-
group were excised from the gel and DNA was recovered for subsequent library assemblies.
The libraries were assembled via gibson assembly. Therefore, a linearized pIgV plasmid was
generated by PCR and purified by gel elution. For the LibNano library, gibson assembly was
performed with equimolar amounts of the Fv-amplicon subgroups of the ATG-V-Stop group.
For the LibIgV2 library, equimolar amounts of the Fv-amplicon subgroups of the ATG-V-Link
and Link-V-Stop group were combined. For LibIgV2, a three fragment gibson assembly was
performed without preassembly of the IgV2 before ligation into the pIgV plasmid.
As a final step, the gibson assembled libraries were reamplified by PCR into a linear format
that included the T7 promotor, ribosome binding site and T7 terminator. The linearized li-
braries were subsequently used as input templates for PACMAN.
Anne Pfitzer performed a small-scale analysis of the quality of the generated LibIgV2 li-
brary by transformation into E.coli and subsequent single-colony sequencing. The analy-
sis revealed that eight out of ten clones contained properly assembled IgV2 without any
frameshifts or missing Fvs.
Unfortunately, large-scale analyses of the quality of both libraries and an estimation of their
complexity via next-generation sequencing is still pending.

3.5 Attempts to isolate combinatorial proteolytic anti-
Aβ antibodies

3.5.1 Synthesis of the Aβ-target peptide

The Aβ-target peptide was designed in alignment to the TEV-target peptide. The Aβ40 se-
quence was intended to be encased by an N-terminal biotin and a FAM fluorophor and on the
C-terminal side by an ATTO643 fluorophor. Initially, the peptide was commissioned to be
synthesized by Thermofischer, but the synthesis failed twice and the order was abandoned.
Consequently, I had to devisemy own synthesis scheme (see Figure 3.16). For the synthesis,
Aβ40 with a C-terminal cysteine residue (termed MAβ40C) was recombinantly expressed via
coexpression with ZAβ3, which forms a soluble complex with Aβ and protects the E.coli cells
from amyloid toxicity during expression. Purification of MAβ40C was performed as previously
described for Aβ [300] by immobilization of the MAβ40C:ZAβ3 complex on an IMAC column
followed by subsequent elution with 8 M Urea to release MAβ40C from the complex. Next,
MAβ40C was reduced with TCEP and RP-HPLC was performed to isolate monomeric MAβ40C
and remove any residual ZAβ3 and other contaminants. Subsequently, ATTO643-maleimide
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Figure 3.16: Scheme of the Aβ-target peptide synthesis. First, MAβ40C was recombi-
nantly expressed and purified. Maleimide-ATTO643 was conjugated to the C-terminal cys-
teine residue of MAβ40C in the presence of 8 M Urea to keep MAβ40C soluble and in the
presence of 5 mM TCEP to keep MAβ40C reduced and monomeric. The reaction was incu-
bated for 4 hours at RT followed by an overnight incubation at 4°C. However, the incubation
at 4°C should be avoided in the future, as it resulted in the formation of insoluble aggre-
gates. MAβ40C-ATTO643 was purified via RP-HPLC. Subsequently, the N-terminal 5-FAM and
biotin moieties were attached by conjugation of a DBCO-NHS linker to the N-terminal amine
group followed by attachment of a trifunctional biotin-FAM-azide compound to the DBCO
moiety via copper-free click chemistry. The N-terminal amine of Aβ was favored over the
ε-amines of both lysine residues in the DBCO-NHS crosslinking reaction by lowering the pH
to 6.5 instead of the usually preferred pH of above 8 for NHS ester crosslinking, as the pKa
of the N-terminal amine was lower than those of the ε-amines of the lysine residues. This re-
action was performed in the presence of 50% DMF in an attempt to increase the solubility of
MAβ40C-ATTO643, but it was unfortunately still largely insoluble. In future attempts, the use
of HFIP as a co-solvent should be evaluated to increase the solubility of MAβ40C-ATTO643.
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was attached to the C-terminal cysteine residue via succinimidyl thioether formation fol-
lowed by purification via RP-HPLC. Finally, the biotin moiety and FAM fluorophor were at-
tached in a two-step reaction by amine-reactive crosslinking of DBCO-NHS to the N-terminal
amine group followed by copper-free click chemistry of a biotin-FAM-azide compound to the
DBCO. A caveat of this reaction was that NHS was also able to react to the ε-amines of
the lysine residues of the Aβ sequence. But, by maintaining a slightly acidic pH (pH 6.5)
during the conjugation, NHS reactivity was biased towards crosslinking with the N-terminal
amine instead of the ε-amines of the lysine residues which is usually favoured at a pH above
8. Hence, in a single batch reaction, NHS-DBCO was conjugated to the N-terminal amine
of MAβ40C-ATTO643 and in the same reaction the trifunctional biotin-FAM-azide compound
was crosslinked via its azide-moiety to the DBCO by copper-free click chemistry. However,
lysine reactivity was not be entirely abrogated, therefore the generated products of this
reaction were stochastically comprised of a mixture in which most of the FAM-biotin-azide-
DBCO-NHS was crosslinked to the N-terminal amine of MAβ40C-ATTO643 while to a lesser
degree some of the lysine residues were modified, which necessitated further purification
of the distinct products via RP-HPLC followed by meticulous evaluation of their identities.
Nevertheless, the exclusively N-terminally modified product was anticipated to be the most
abundant product of this reaction.

Implementing my reaction scheme, the synthesis of MAβ40C-ATTO643 was achieved
without issue (data not shown). Subsequently, in the final synthesis reaction, several prod-
ucts were generated as anticipated. Four products were detected and isolated via RP-HPLC
from the crude synthesis reaction (see Figure 3.17 a). Subsequently, the four distinct prod-
ucts were further evaluated for their identity. However, product 3 was the most abundant
product, providing a first indication that it might have been the anticipated, exclusively
N-terminally modified Aβ-target peptide.

For evaluation of the identity of the products, an aliquot of each product was digested
with 0.01 X trypsin (Sigma) diluted in PBS for 16 hours at 37°C and the generated digestion
fragments were analyzed via RP-HPLC. Trypsin has three potential cleavage sites within the
Aβ sequence (R5, K16 and K28), while both lysines were also potential, undesired modifi-
cation sites of FAM-biotin-azide-DBCO-NHS. Upon modification of a lysine residue, digestion
via trypsin at that site was blocked. Evaluation of the digestion fragments that exhibited
643 nm and 488 nm absorption, i.e. the peptide fragments that contained a conjugated
fluorophor, enabled the identification of the proper Aβ-target product. The correctly syn-
thesized Aβ-target peptide product upon digestion was anticipated to yield the shortest
digestion fragments that exhibit fluorescence, as all trypsin digestion sites would still have
been susceptible to trypsin cleavage. Side products of the Aβ-target peptide synthesis that
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Figure 3.17: Investigations to identify the correctly synthesized Aβ-target pep-
tide. a) RP-HPLC analysis of the crude conjugation reaction mixture in which DBCO-NHS
and the trifunctional biotin-FAM-azide were crosslinked to MAβ40C-ATTO643. 488 nm and
643 nm absorption data was normalized and identified peaks were labeled. Four putative
Aβ-target peptide products were detected. b–e) Investigations into the product identities
by trypsin digestion and subsequent analysis of the generated fragments via RP-HPLC. f)
SDS-PAGE analysis of the putative Aβ-target peptide products and the corresponding frag-
ments generated via trypsin digestion. The fluorescence of FAM and ATTO643 was detected
and is shown in green and red, respectively. g) Dot-blot analysis of the putative Aβ-target
products and detection with Nab228 antibody specific against the Aβ 1–11 epitope.
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contained modified lysine residues, on the other hand, would have yielded longer fluores-
cent peptide fragments upon trypsin digestion.
The digestion fragments of all putative Aβ-target products were evaluated via RP-HPLC and
results are shown in Figure 3.18 b–e. The longer a respective peptide fragment the later it
tended to elute due to its higher hydrophobicity. The Aβ-target products 1 and 3 yielded
trypsin digestion products inline with proper Aβ-target peptide identity, as they presented
the earliest elution of their main digestion fragment exhibiting 488 nm absorption (at 20.5
minutes), which was expected to correspond to the N-terminal fragment containing the FAM-
biotin-azide-DBCO-NHS modification at the N-terminal amine. Furthermore, both Aβ-target
products, 1 and 3, presented another digestion fragment exhibiting 643 nm absorption,
which eluted at 19.8 minutes that corresponded to the C-terminal fragment containing the
ATTO643 fluorophor. Albeit, this latter peak was present in all four trypsin digested Aβ-target
products. This suggested that the lysine residue at position 28 was likely unmodified in all
four Aβ-target products, as modification of lysine 28 would have resulted in a delayed elution
of the fragment exhibiting 643 nm absorption and would have furthermore simultaneously
exhibited absorption at 488 nm, as the FAM-biotin-azide-DBCO-NHS moiety inevitably would
have still been attached to the fragment.
The putative Aβ-target products 2 and 4, on the other hand, presented a delayed elution of
the main digestion fragment exhibiting 488 nm absorption, which was suggestive for lysine
modification at position 16.

To extend the analysis, all four putative Aβ-target peptide products and their corre-
sponding trypsin digested fragments were analyzed by SDS-Page (see Figure 3.17 f). This
analysis was unfortunately inconclusive beyond the fact that all Aβ-target peptide products
contained FAM and ATTO643 fluorescence, while product 4 was likely modified at multiple
positions with FAM-biotin-azide-DBCO-NHS, as evidenced by an increased FAM fluorescence
in relation to its ATTO643 fluorescence.

As a final analysis, a dot-blot with all four Aβ-target peptide products was performed
with subsequent detection using the anti-Aβ antibody Nab228, which detects the N-terminus
of Aβ at epitope residues 1–11. I speculated that N-terminal modification of the Aβ-target
peptide would obscure the N-terminus and thereby prevent antibody binding. And indeed,
the Aβ-target peptide products 3 and 4 presented reduced antibody binding (see Figure 3.17
g). Consequently, Aβ-target peptide product 3 most likely corresponded to the proper Aβ-
target, while product 4 corresponded to a double-labeled peptide (N-terminal and Lysine 16).
Considering all analyses, product 2 most likely corresponded to a lysine 16 single-labeled
peptide while product 1 still remains unresolved.
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Figure 3.18: TIRF microscopy analysis of microbeads decorated with Aβ-target
peptides. Promag HP 3 streptavidin microbeads were decorated with 106 Aβ-target pep-
tides/microbead or 106 molecules/microbead of the precursor MAβ40C-ATTO643 to evaluate
whether the Aβ peptide without a biotin moiety would unspecifically bind to the microbeads.
An aliquot of the Aβ-target peptide decorated microbeads was subjected to trypsin digestion
with 0.01X trypsin overnight at 37°C.
Microscopy panels from left to right: 5-FAM fluorescence channel in green, ATTO643 fluo-
rescence channel in red, DIC channel and merge. Top row, microbeads coincubated with
MAβ40C-ATTO643. Middle row, microbeads coincubated with the Aβ-target peptide. Bot-
tom row, microbeads decorated with the Aβ-target peptide and subsequently subjected to
trypsin digestion. Scalebar, 25 µm.

Beyond the here presented analyses, mass spectrometric analyses would have yielded
definitive and conclusive evidence on the Aβ-target peptide products identities, but unfor-
tunately mass spectrometry was not available to the institute and an on-demand service
provided by the university was successively postponed indefinitely.

Ultimately, the final yield of the correct Aβ-target peptide product was 1.8 nmol, which
was unfortunately an incredibly poor yield, nevertheless it was sufficient for a couple of
PACMAN selections.
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Figure 3.19: Flow cytometric analysis of microbeads decorated with Aβ-target
peptides. The same microbeads as in Figure 3.18 were analyzed via flow cytometry to
evaluate whether microbeads with cleaved Aβ-target peptides were spectrally sufficiently
distinct from microbeads with intact Aβ-target peptides to allow for FACS sorting after PAC-
MAN. The log10 of the 5-FAM and ATTO643 fluorescence signals are shown as scatter plot.

3.5.2 The Aβ-target peptide was able to bind to streptavidin-functionalized
microbeads and remained accessible for trypsin digestion

It was evaluated whether the newly synthesized and verified Aβ-target peptide was able
to bind to streptavidin-functionalized microbeads via streptavidin:biotin interaction. 106

molecules/microbead of the Aβ-target peptide were added to 5x107 ProMag HP 3 strepta-
vidinmicrobeads and incubated for 30minutes at room temperature followed by an overnight
incubation at 7°C at 1400 RPM in a thermomixer. As a control, to exclude that unspecific
binding attributable to the sticky nature of Aβ might be responsible for attachment, the
MAβ40C-ATTO643 precursor, which was devoid of any biotin moiety was added to a sepa-
rate batch of microbeads at the same concentration. After peptide binding, microbeads were
washed three times with breaking buffer with 30 minutes of incubation at room temperature
at 1400 RPM, each, to wash off any unspecifically bound peptides. Subsequently, an aliquot
of the microbeads decorated with Aβ-target peptides was subjected to an overnight diges-
tion with 0.01X trypsin at 37°C to evaluate the accessibility of the cleavage-sites within the
Aβ-target peptides in the microbead-bound state.
Microscopic analyses revealed, that the Aβ-target precursor, MAβ40C-ATTO643, was unable
to bind to the microbeads (see Figure 3.18). Only residual autofluorescence of the mi-
crobeads in the 5-FAM channel was detected and none in the ATTO643 channel. On the
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Figure 3.20: On-bead emPCR in the presence of Aβ-target peptides. On-bead em-
PCR was performed with both antibody libraries in comparison (LibNano and LibIgV2) and in
the presence and absence of Aβ-target peptides on the microbeads. 106 microbeads with
106 primers/microbead and 106 Aβ-target peptides/microbead or none were used for each
on-bead emPCR reaction. 4x106 input DNA templates/reaction were used. Template lengths
were 600–700 bp and 1,000–1,100 bp for LibNano and LibIgV2, respectively.
The qPCR evaluation of the achieved DNA copies/microbead after on-bead emPCR is shown
as bar chart. qPCR was performed in quadruplicates (n=4, mean±confidence interval of
95%).

other hand, microbeads that received the complete Aβ-target peptide presented vivid flu-
orescence in both the 5-FAM and ATTO643 channel. Furthermore, after trypsin treatment
the ATTO643 signal was drastically diminished while the 5-FAM signal was increased, sug-
gesting that successful cleavage and removal of the C-terminus together with the ATTO643
fluorophor was achieved.
The same microbeads were subsequently analyzed by flow cytometry which validated the
results (see Figure 3.19). Furthermore, the populations of the microbeads with intact Aβ-
target peptides were entirely separated from the microbeads with cleaved Aβ-target pep-
tides, providing a perfect foundation for PACMAN selections of proteolytic single-chain anti-
Aβ antibodies.

3.5.3 On-bead emulsion PCR in the presence of Aβ-target peptides attached
on the microbead surface

It was evaluated whether the presence of the Aβ-target peptides on the surface of mi-
crobeads would result in a decreased efficiency of on-bead emPCR in terms of the achievable
amount of DNA copies per microbead. Therefore, 106 biotinylated primers/microbead and
106 Aβ-target peptides/microbeads were attached to microbeads and subsequently on-bead
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emPCR was performed. For comparison, microbeads that were devoid of Aβ-target peptides
but contained the same amount of primers were subjected to on-bead emPCR. Furthermore,
on-bead emPCR was performed with both antibody libraries in comparison — LibNano and
LibIgV2 — as input. qPCR analysis revealed no significant differences in the on-bead emPCR
efficiency between Aβ-target peptide-decorated microbeads and microbeads that were de-
void of Aβ-target peptides. The 600–700 bp long templates of the LibNano library achieved
an average amplification of ∼4500 DNA copies/microbead, while the 1,000–1,100 bp long
templates of the LibIgV2 library achieved an amplification of ∼3,000 DNA copies/microbead
(see Figure 3.20).

3.5.4 Expression of single-chain antibodies using in vitro transcription and
translation reagent

To evaluate whether single-chain antibodies can be expressed with PURExpress in vitro tran-
scription and translation reagent, the proteolytic antibody 2E6 reported by Taguchi et al.
[230] was subcloned into the pIgV plasmid and subjected to IVTT containing PURExpress
disulfide bond enhancer, which features DsbC and a proprietary blend of proteins and buffer
components optimized for proper folding of proteins containing disulfide bridges. Further-
more, the IVTT reagent was further enhanced by addition of Genefrontier’s GroE mixture
and DnaK mixture, which have been shown to improve correctly folded antibody generation
in IVTT [301–303]. 2E6 was readily expressed at 22°C, 30°C and 37°C, albeit expression
was best achieved at 37°C (see Figure A.6 a). Expression was saturated after 2 hours of
expression at 30°C and 37°C. Consequently, for PACMAN, 37°C was chosen as incubation
temperature.

3.5.5 Failure to recapitulate proteolytic activity of antibodies 2E6 and 5D3
against Aβ

I performed multiple attempts to recapitulate the proteolytic activity of 2E6 and 5D3 against
Aβ, as reported by Taguchi et al. [230]. Irrespective of the expression temperature and
duration, as well as, the presence of PURExpress disulfide bond enhancer and Genefrontier’s
GroE and DnaK mixtures, no proteolytic activity of 2E6 was detected against Aβ (see Figure
A.6 b). Zink ions were claimed to be necessary for 2E6 catalytic activity, but the inclusion of
zink ions during the IVTT did not facilitate catalytic activity of 2E6. In an attempt to broaden
the availability of metal ions during IVTT, a trace metal mixture (Trace Metal Mix A5 with Co
from Millipore) was introduced to the IVTT reactions, but catalytic activity of 2E6 was equally
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Figure 3.21: PACMAN selections of proteolytic anti-Aβ nanobodies and IgV2 from
combinatorial libraries. LibNano and LibIgV2 were screened for proteolytic anti-Aβ anti-
bodies via PACMAN. After PACMAN, microbeads were analyzed and sorted via FACS. In total,
two consecutive PACMAN selection cycles were performed for each antibody library. The
log10 of the 5-FAM and ATTO643 fluorescence intensities of the microbeads were plotted
as dot-plots. Shown in the first two panels are the microbeads of PACMAN selection cycles
one and two of LibNano and in the next two panels the outputs of PACMAN selection cycles
one and two of LibIgV2. The last panel shows a positive control of microbeads that were
treated with trypsin to digest the peptides and hence remove the C-terminal ATTO643 flu-
orophors. The trypsin control indicates the best-case shift in fluorescence signal that could
be expected for strongly active proteolytic anti-Aβ antibodies during PACMAN selections.
The red dashed diagonal line indicates an arbitrarily set transition border used to delineate
microbeads with cleaved Aβ-target peptides (orange dots) from microbeads with uncleaved
Aβ-target peptides (blue dots). In the upper left corners of the dot-plot the percentages of
microbeads falling into the area of microbeads with cleaved Aβ-target peptides is given.

absent (data not shown).
Similar efforts have been made for the antibody 5D3, but these were also shy of proteolytic
activity.

As I was unable to recapitulate proteolytic activity of the two showcase proteolytic an-
tibodies reported by Taguchi et al. [230], neither 2E6 nor 5D3 were available as positive
controls for anti-Aβ PACMAN selections.

3.5.6 Unsuccessful PACMAN selections of proteolytic anti-Aβ antibodies from
LibNano and LibIgV2

A total of three PACMAN selections were performed for each antibody library and each se-
lection consisted of two to three PACMAN cycles. The last attempt is exemplified below.
For each selection cycle 107 microbeads were subjected to PACMAN. Therefore, the mi-
crobeads were decorated with 106 Aβ-target peptides per microbead and 106 ’b-TEG-TGS-
Link-T7p For’ primers per microbead. For the first selection cycles on-bead emPCR was



Results: Attempts to isolate combinatorial proteolytic anti-Aβ antibodies 151

Table 3.3: Details on the exemplified PACMAN selections of proteolytic anti-Aβ
antibodies from LibNano and LibIgV2. Details on the PACMAN selections from LibNano
and LibIgV2 are listed. The amount of input DNA that was used for each 106 microbeads
during the on-bead emPCRs of each selection cycle is listed. The total number of screened
and sorted microbeads is indicated as well as the corresponding threshold percentage of
the sort gate.

LibNano LibIgV2

cycle 1 cycle 2 cycle 1 cycle 2

Input DNA
DNA molecules
per 106 microbeads

4x106 106 4x106 106

Total screened 2,540,004 2,105,912 2,018,257 2,113,888

Total sorted 12,325 15,473 62,812 14,341

Sort gate 0.5% 0.7% 3.1% 0.7%

performed with 4x106 molecules of input DNA templates for each 106 microbeads from ei-
ther LibNano or LibIgV2. After on-bead emPCR, microbeads were subjected to emulsification
with IVTT reagent and were incubated for 3 days at 37°C to allow antibody expression and
subsequent cleavage of Aβ-target peptides. Afterwards, microbeads were recovered from
the emulsion and sorted via FACS isolating only the microbeads deviating the most towards
the low-Cy5 high-FAM fluorescence area from the bulk of the microbead population (see Fig-
ure 3.21). A trypsin digested control microbead population was used as a gauge to estimate
the fluorescence thresholds to single out microbeads with cleaved Aβ-target peptides. The
percentage of the sorted microbeads from the total of screened microbeads is given in Ta-
ble 3.3. Table 3.3 further contains details on the PACMAN selection cycles, such as the total
amount of screened microbeads, the total amount of sorted microbeads and the amount of
DNA template used as input for each selection. For each selection cycle at least 2 million
microbeads were screened and at least 10,000 microbeads were collected.
In the given example in Figure 3.21 the first PACMAN cycle of LibNano and LibIgV2 appeared
to have contained a few microbeads that exhibited a fluorescence profile similar to that of
the trypsin subjected control microbeads (orange dots in the same area as the main popula-
tion of microbeads subjected trypsin digestion). This was especially prominent in selection
cycle 1 of LibNano. But unfortunately, in selection cycle 2 of LibNano and LibIgV2 this effect
was not consolidated and virtually no microbeads were detected in the area in which mi-
crobeads with cleaved target peptides were expected, suggesting that proteolytic antibody
selection was unsuccessful.



152 Results: Attempts to isolate combinatorial proteolytic anti-Aβ antibodies

Figure 3.22: Assessment of enrichment of proteolytic anti-Aβ antibodies after
PACMAN selections. The outputs of each PACMAN cycle was expressed in IVTT and exam-
ined for the presence of proteolytic activity against Aβ. 105 ng, 95 ng, 6.6 ng and 9.5 ng
of the output DNA was used in 10 µl IVTT reactions from LibNano cycle 1, LibNano cycle 2,
LibIgV2 cycle 1 and LibIgV2 cycle 2, respectively. The recoveries of the DNA from the LibIgV2
selections were far less efficient than those from LibNano and therefore only a fraction of
the DNA amount could be used in the latter IVTT reactions. After 4 hours of expression at
37°C the IVTT reactions were diluted 1:1 with Aβ40-AbberiorStar520SXP in PBS to a final
concentration of 10 µM. Samples were incubated at 37°C for 2 days to allow digestion of Aβ.
Digestion products were evaluated on a 20% Tris-tricine SDS-PAGE and AbberiorStar520SXP
fluorescence was recorded. Subsequently, a western-blot was performed using anti-cmyc
detection antibodies to detect expression of the antibodies. AbberiorStar520SXP fluores-
cence is shown in orange, western-blot signal is overlayed in cyan. First lane, Spectra low-
range prestained marker, second lane, Aβ40-AbberiorStar520SXP control in PBS, third lane
Aβ40-AbberiorStar520SXP control in IVTT reagent without any DNA, lanes 4–7, LibNano cycle
1, LibNano cycle 2, LibIgV2 cycle 1 and LibIgV2 cycle 2, respectively.

To assess whether any proteolytic anti-Aβ antibodies were isolated and enriched from
LibNano or LibIgV2 after two successive cycles of PACMAN, the recovered DNA from each se-
lection cycle was reamplified and subsequently in vitro expressed. The produced antibodies
were evaluated for proteolytic activity against Aβ. 1 µM Aβ40-AbberiorStar520SXP was sub-
jected to the IVTT reactions after 4 hours of antibody expression. The digestion reactions
were incubated for 24 hours at 37°C and subsequently analyzed using a 20% Tris-tricine
SDS-PAGE gel to detect the presence of fluorescent digestion products (see Figure 3.22).
Additionally, a western-blot using an anti-cmyc detection antibody was performed to detect
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whether IVTT antibody production was successful.
The IVTT expression of antibodies has been successful for all selection outputs. Even the low
concentrated DNA from the LibIgV2 outputs was sufficient for detectable IgV2 expression.
The expressed nanobodies as well as IgV2 exhibited a prominent aggregation tendency and
cmyc-positive aggregates were visible in all samples. However, Aβ digestion was unfortu-
nately not detected in any sample. All samples presented AbberiorStar520SXP fluorescence
profiles identical to the PBS control. None of the samples presented any digestion fragments,
as no additional fluorescences were detected below the Aβ40-AbberiorStar520SXP band.

A total of three selections as presented above were executed and the results were indis-
tinguishable from the one presented here. In total, more than six million microbeads were
screened for LibNano and LibIgV2, each. However, the results of all PACMAN selections and
their subsequent analyses, unfortunately indicated that my attempts to isolate proteolytic
anti-Aβ antibodies were unsuccessful.





4. Discussion & Conclusion

4.1 A sophisticated Aβ oligomer model

Biphasic Aβ aggregation kinetics and the formation of metastable AβO, which stitch together
into bead-chain-like protofibrillar assemblies have previously been described [65, 279–283].
Oftentimes, these have been interpreted as on-pathway to rigid fibril formation or as repre-
sentation of secondary nucleation events growing from the surfaces of rigid fibrils [283].
Using ThT aggregation kinetics together with our dimAβ-derived AβO model, I was able to
discern an antagonistic role of metastable AβO on the nucleation and amplification pro-
cesses of rigid Aβ fibrils and therefore I suggest the rejection of the nucleated conforma-
tional conversion (NCC) hypothesis [281], which states that metastable AβO convert into
growth competent rigid fibril nuclei and that rigid fibrils grow by addition and conversion of
metastable AβO onto the ends of growing fibrils. Contrary to that, our data suggest that
metastable AβO exhibit an inhibitory effect on rigid fibril growth and amplification which
exeeds beyond a mere competition for the Aβ monomer pool by actively suppressing sec-
ondary nucleation processes via binding to fibril surfaces and thereby blocking secondary
nucleation sites. Goldsbury et al. [304] provided early evidence in agreement with our
proposed off-pathway nature of AβO, by comparative morphological analyses of rigid Aβ
fibril and protofibril preparations examined by AFM and mass-per-length analyses, which in
agreement suggested that a direct conversion of oligomers and protofibrils into rigid fibrils
was unlikely.
An extended debate on the on- and off-pathway nature of distinct amyloid oligomers was
reviewed by Martin Muschol and Wolfgang Hoyer in Frontiers in Molecular Biosciences [305].

Beyond providing a tool for biophysical characterizations to obtain insights into Aβ ag-
gregation kinetics and pathways, with dimAβ we provide a reliable and sophisticated AβO
model which may serve as a toolkit to selectively study the pathophysiological implica-
tions specifically induced by AβO exposure. AβO derived from dimAβ are stable over time
and over broad range of buffer compositions, including PBS and Dulbecco’s Modified Ea-
gle’s Medium (DMEM), enabling cell culture and in vivo experiments in animal models while
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ensuring morphological congruency of the AβO without further progression into fibrillar ag-
gregates. Thereby, experiments can be reliably performed over extended periodes of time
while providing specific AβO stimulation, which might aid in unraveling the specifics of AβO-
induced insults in AD.
Albeit, there is one crucial caveat to bear in mind, it is still mostly unresolved whether our
dimAβ-derived AβO model is structurally relevant in the sense of equivalently being present
in the AD brain. Our current insights into their molecular morphologies are limited to com-
parisons of dimAβ-derived AβO to AβO formed in vitro by Aβ40 and Aβ42, which presented
identical morphologies in AFM. Beyond that, unfortunately, a morphological comparison of
dimAβ-derived AβO and in vivo AβO isolated from human AD brain homogenates is par-
ticularly challenging, as morphological data on patient-derived AβO are still concerningly
sparce. On one hand, they are mostly limited to western blot analyses, density gradient
centrifugations and dot blots with conformation-specific antibodies [40, 306], on the other
hand, current AβO isolation methods involve harsh solvent conditions and consequently the
morphological integrity of the obtained AβO remains questionable. Therefore, the avail-
able imaging data on patient-derived AβO are to be considered with appropriate caution.
In attempts to image patient-derived AβO via electron microscopy by Esparza et al. [307],
low and high molecular weight AβO-rich fractions have been isolated from AD brain ho-
mogenates via multiple centrifugations in the presence of detergents and high concentra-
tions of sucrose followed by immunoprecipitation and elution via high pH. Likely, this proce-
dure altered the molecular conformations and thereby the gross morphological appearence
of the isolated AβO assemblies. Nevertheless, the AβO ultrastructures from this study con-
sisted of multiple spheroid to ovoid subunits with sizes of 10–20 nm, which were in line with
our AFM data of dimAβ-derived protofibrillar AβO substructures, which indicates that there
might be some relevance to our dimAβ-derived AβO model.
To further close in on a conclusion on the putative presence of AβO in the AD brain, which ex-
hibit conformational structures similar to those adopted by our dimAβ-derived AβO model,
we currently aim to develop a conformationally sensitive antibody against dimAβ-derived
AβO. These antibodies should not bind to monomeric or fibrillar Aβ and we aim to utilize this
antibody to assess the presence of similar AβO structures in post-mortem AD brain slices
and thereby confirm the relevance of our dimAβ-derived AβO model.

On another note, further AβO models exist, which enable the generation of similar AβO
aggregates as derived from dimAβ, but these utilized substitutions of distinct amino acid po-
sitions with cysteine residues to generate Aβ dimers via disulfide bond formation [308, 309].
Multiple mutants — Aβ42-A2C, Aβ42-S8C and G3C-Aβ (Aβ42 followed by three glycine and a
cysteine residue at its C-terminus) — formed AβO presenting similar morphologies as those
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formed by dimAβ as discerned by AFM or TEM. Furthermore, in ThT experiments these mu-
tant variants presented single exponential aggregation kinetics distinct from the sigmoidal
kinetics observed in rigid fibril nucleation and growth. Rather, they were very similar to
the kinetics observed during dimAβ-derived AβO formation in the initial phase of dimAβ’s
biphasic aggregation kinetics. In comparison to dimAβ, all these Aβ mutants presented
less conformational freedom as evidenced by the fact that they were conformationally con-
fined to the AβO state and were entirely restricted from accessing the fibrillar conformation
space. Contrary to that, dimAβ-derived AβO were able to adopt fibrillar conformations under
conditions of increased interaction with the water-air interphase via agitation by extended
periods of shaking, suggesting that less sterical constriction was inflicted by the 20 aa long
linker used to connect the two Aβ40 subunits of dimAβ head-to-tail versus the dimerization
via short disulfide bonds. Therefore, I dare to speculate that due to this increased confor-
mational freedom, dimAβ-derived AβO might recapitulate a more faithful representation of
native AβO — possibly including equivalent receptor-ligand interactions.
On that note, our initial results from primary mouse neurons subjected to dimAβ-derived
AβO, revealed AβO binding to synaptic spines, reduction of spontaneous Ca2+ oscillations
and AβO-induced tau missorting from the neurons’ axons into their somato-dendritic com-
partments, which has similarly been observed for native AβO [63, 64]. Furthermore, the
tau missorting effect was more prominent in neurons treated with dimAβ-derived AβO than
with native Aβ42-derived AβO, probably due to the metastable nature of dimAβ-derived AβO,
which allowed exposure of the neurons for an extended period of time as opposed to the
limited exposure window granted by native Aβ42-derived AβO, which quickly progress into
fibrils due to their transient nature [63, 64]. Here, we demonstrated that dimAβ-derived
AβO faithfully induce robust expression of a disease-relevant phenotype in neurons. In this
regard, dimAβ seems to provide an exquisite model to specifically study the effects of AβO
over extended periods of time.

4.2 Consolidation of the Aβ oligomer hypothesis

Until just about a year ago, disbelieve in the amyloid cascade hypothesis grew in the AD
community, as all Aβ-centric therapeutics consistently failed in clinical trials. Calls to rethink
the causes of AD began to rise in the field, until aducanumab as the first Aβ-targeting drug,
claimed to have finally alleviated symptom progression in a phase III study. Although this
reimbued enthusiasm briefly faltered in the community due to uncovered inconsistencies
revolving around aducanumab (see section 1.3.3.1), the latest success of lecanemab — an
AβO-/protofibril-targeting antibody in another phase III study — seems to have ultimately
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reconsolidated and finally confirmed the amyloid cascade hypothesis. By now, a stagger-
ing body of evidence specifically hints towards AβO as executive culprits in AD [34–40].
Lecanemab, as an AβO-/protofibril-targeting antibody, further supports and provides hard
evidence in favor of this notion as it slowed down cognitive decline by 27% in AD patients
treated with the highest dose of lecanemab compared to placebo. This further emphasizes
the need for in-depth investigations into AβO biology to truly understand and finally inter-
vene with AD development and progression.
On the other hand, the early center of scientific attention — Aβ fibrils and plaques — ap-
pear to slowly fade more into the background. Just recently, Blume et al. further stole
the thunder of Aβ fibrils regarding their controversial disease relevance in a lead study
[310]. They chronically stimulated the peroxisome proliferator-activated receptor γ (PPARγ)
in transgenic APPNL-G-F mice via treatment with pioglitazone, which surprisingly led to a
higher fibrillary composition of Aβ-plaques, while reducing AβO burden. This shift of AβO
into a fibrillar conformation was furthermore protective on cognitive function in treated mice
and promoted spatial learning and preserved synaptic density, suggesting that not the load
of Aβ fibrils, but AβO correlates with symptom severity. This poor correlation of Aβ fibril/-
plaque load with symptom severity has similarily been recognized in AD patients [311–314],
suggesting that efforts in the development of Aβ fibril-targeting therapeutics might be a
counterproductive endeavor.

Currently, the AD community seems more confident than ever before, that AβO rep-
resent a major — if not the most important — driver of AD pathology. A growing body of
evidence attributes a negative impact on brain physiology to elevated levels of AβO. Con-
versely, to date, there have been no reports on an important role or critical dependency
attributable to AβO in the physiology of the adult human. In contrast to that, Aβ monomers
have been implicated in multiple physiological functions. They have been identified to act as
anti-microbial [315–318] and anti-viral [319–321] peptides. Furthermore, physiological Aβ
has been associated with neuroplasticity regulation [322–324], recovery from brain injury
[325–328] and has been suggested to act as a sealant securing proper blood-brain-barrier
integrity [329–331]. Albeit interestingly, in regards to AβO, a recent report may have fi-
nally attributed an essential physiological function to AβO during embryonic development.
Bartley et al. [332] identified a transient physiological AβO expression during embryonic
development of the chick retina which coincided with locally upregulated tau phosphory-
lation. In this context, AβO were suggested to act as a negative growth factor essential
to proper retina development. Another report exists, that attributed a positive effect to
picomolar concentrations of AβO on synaptic plasticity and memory formation in the hip-
pocampus of mice, albeit elevated nanomolar concentrations were identified as detrimental
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[333]. Beyond that, the AD field is set on the notion, that therapeutic removal of AβO in
elderly humans will likely lead to beneficial effects on cognition in terms of AD development
and progression. Concerns or expectations that AβO removal could lead to negative effects
on healthy brain function are virtually nonexistent as currently no clinical or experimental
evidence exists that would raise these concerns. But especially with these very nuanced
speculations in mind, it will be necessary to obtain robust insights into AβO biology, es-
pecially in the physiological low picomolar concentration range, which is unfortunately ex-
ceedingly hard to probe due to the transient nature of native AβO, especially in vitro. Albeit
this would be particularly important to uncover any potentially unforeseen dependencies or
exigencies to the presence of AβO in healthy neurobiology.
This is where I hope that our dimAβ-derived AβOmodel might come in handy. With my latest
publication [288] and the introduction of our dimAβ-derived AβO model, as a tool to study
AβO biology, we assessed the scope of applicability of our model and moreover we aimed to
shed light on the neuropathological implications associated with AβO and we further eluci-
dated on a potential mechanism of in vivo AβO biogenesis, which is yet mostly unresolved.
We examined the effect of pH on the generation of AβO using dimAβ and Aβ42. For Aβ42,
at neutral pH, rigid fibril formation was generally favoured until a critical oligomer concen-
tration of approximately 30 µM was exceeded, which gave rise to AβO formation. At pH
4.5, on the other hand, AβO readily formed at concentrations as low as 3 µM. Using dimAβ,
we were able to estimate the extent of the acceleration of AβO formation in dependence
of pH, revealing that AβO formation was accelerated ~8000-fold upon shifting of pH from
7.4 to 4.8. The endolysosomal system is known to naturally enrich Aβ to well above 2.5 µM
[289] and furthermore provides an acidic pH in the range of 4.5–5.5, which is in line with the
prerequisites for AβO formation. Supported by our data, we posit that the endolysosomal
system might be a major contributor to AβO generation in vivo.
In support of our hypothesis on AβO biogenesis, Esbjörner et al. [334] observed Aβ ag-
gregation in live-cell experiments via fluorescence lifetime microscopy and revealed that
Aβ aggregation was indeed localized within endolysosomal compartments. Nevertheless, I
acknowledge that our proposed mechanism of in vivo AβO generation is likely not the sole
source of AβO in the AD brain, but complementary mechanisms are probably involved in
the in vivo biogenesis of AβO, such as interactions with other amyloid proteins like TDP-43,
which has been shown to promote AβO generation [335].

Another clue towards the operating principles of AβO was published in my reports in
Chemical Science [128] and Angewandte Chemie [275]. Here, I reported on a remarkable
mode of interaction of AβO with Aβ fibrils. AβO were found to bind to Aβ fibrils, but intrigu-
ingly, AβO arranged perpendicular to the fibril surface while only attaching with the tips of
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their curvi-linear protofibril structure, like curly hair growing from a rigid rod. Beyond that,
AβO exhibited an inhibitory effect on secondary nucleation of fibril growth by blocking nu-
cleation sites on the surfaces of fibrils. As a potentially disease-relevant consequence, this
retarding effect of AβO on fibril growth might secure AβO survival and extent the exposure
duration of AD patients to toxic AβO by reducing secondary nucleation rates of fibrils and
thereby decelerating AβO depletion.
The binding affinity of AβO towards Aβ fibrils might further support two opposing implica-
tions in regards to plaque involvement in AD, in which plaques might either serve as reser-
voirs of AβO, which could cause a chronic supply and release of toxic AβO in their vicinity or
antithetically might support the implication that plaques act as sinks that burrow AβO into
insoluble deposits and thereby alleviate their toxicity. Several groups reported on the pres-
ence of a toxic AβO halo surrounding plaques in post-mortem AD brains [336–340], which
might favor the first assumption, but does not mutually exclude the sink hypothesis. Further
investigations will be necessary to resolve this question.

As a closing remark on AβO, I hope that our dimAβ-derived AβO model might aid in the
persuit to untangle the biology and pathophysiology of AβO in AD and to ultimately deduce
novel strategies for therapeutic interventions. The elusive nature of native AβO currently
limits our ability to derive tangible insights and to decipher their specific effects and in-
sults in in vitro, cell culture and in vivo experiments as native AβO quickly transition into
a conglomerate of distinct aggregate species muddying the experiments’ readouts. Here,
dimAβ-derived AβOs might prove useful as a substitute due to their metastable nature,
which would allow investigations into the specific effects of AβO in temporally extended ex-
periments, while consistently maintaining the AβO conformation. With a follow-up study, we
hope to finally validate that dimAβ-derived AβO faithfully represent conformational aggre-
gate species present in the AD brain. By developing a conformation-specific antibody using
dimAβ-derived AβO as target antigen and monomeric and fibrillar Aβ as negative selections,
the obtained antibodies should be able to specifically bind AβO, which are conformationally
identical to dimAβ-derived AβO, but should not be able to bind Aβ monomers or fibrils. Uti-
lizing this antibody as a probe, we should be able to prove or disprove the existence of
dimAβ-derived AβO-like entities in the AD brian. If we could prove these conformational
AβO species to be present in the AD brain, our dimAβ-derived AβO model would be affirmed
as an invaluable tool to study the biology of AβO and might further aid in the development
of novel AβO-centric therapeutics.
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4.3 Controversial evidence on proteolytic anti-amyloid
antibodies

To the best of my knowledge, this study provides the first independent replication of the
results by the Paul group from 2008 [229], who first claimed to have detected natural pro-
teolytic anti-Aβ IgM antibodies in human blood. Here, I present a replication of their results
and further extent the picture by providing equivalent evidence for the existence of natural
proteolytic anti-tau IgM. However, at the same time, I also have to distort the current picture
of proteolytic antibodies by raising my suspicion that previous reports about their existence
might have been premature, as other sources of error thatmight have explained the putative
proteolytic activities seen in the experiments seem to have not been adequately excluded.
Therefore, the detected proteolytic activities described here in this study as well as those
reported in literature [228, 229] have to be appreciated with appropriate scepticism.
It has already been mentioned in earlier reports, that contaminations of the IgM prepara-
tions with residual proteases and peptidases was a major concern for misinterpretation in
cleavage experiments and hence it had to be ensured that these contaminations were ab-
sent [229]. One attempt to achieve that, performed by the Paul group, was to wash the IgM
using a denaturing gel filtration in 6 M guanidine hydrochloride in PBS. Thereby, any pro-
teases complexed with the IgM were believed to dissociate and concomittantly be removed.
After refolding of the eluted IgM via dialysis against PBS, the same proteolytic activity pat-
tern against Aβ as before was recovered, albeit strongly reduced. This reduction in activity
was attributed to insufficiently refolded IgM, but it was neglected that it might as well be the
result of residual proteases still being carried over and the IgM being proteolytically inactive
after all. Conversely, this experiment was claimed to prove that the catalytic activity was
excerted by the IgM and not attributable to residual protease or peptidase contaminations.
We were able to equivalently reproduce the afforementioned experiment (data not shown),
however we are very hesitant to claim that this would be sufficient proof of purity and ac-
knowledge that IgM-sized or particularly hard-to-remove proteases and peptidases can not
be removed by this process and might still be responsible for the detected proteolytic ac-
tivity. Afterall, miniscule trace contaminations could be sufficient to turn the tides in these
experiments.

Upon hitherto extended investigations into proteolytic antibodies, I question that pre-
vious reports faithfully elaborated on the properties of proteolytic IgM and other classes of
antibodies. Considering the following remarks, I doubt that the glorification of proteolytic
antibodies was justified and I further question their existence entirely.
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Our most recent data, acquired together with Anne Pfitzer and not shown in this work, sug-
gest that the observed proteolytic activity excerted by IgM preparations highly depends on
the coincidential stringency of the corresponding purification. Multiple preparations of IgM
from the same plasma donation yielded deviating outcomes in terms of their proteolytic
activity against Aβ. Some preparations recapitulated the proteolytic pattern against Aβ as
reported by Taguchi et al. [229], while other preparations exhibited no activity at all and yet
others presented an activity clearly originating from gross contamination with plasma pep-
tidases/proteases. Intriguingly, IgM preparations which appeared to be exceedingly pure,
as judged by SDS-PAGE analyses, exhibited no proteolytic activity at all. These results ini-
tially raised my suspicion that the putative proteolytic activity of IgM was yet insufficiently
understood and might have been prematurely assigned to being an effect of the IgM and
might, afterall, be attributed to some residual protease/peptidase contaminations.
Another blow to the proteolytic antibody theory comes frommy consistent inability to repro-
duce any proteolytic activity of the monoclonal showcase single-chain antibodies 5D3 and
2E6, which have been selected against Aβ by Taguchi et al. [230] and have been claimed
to excert proteolytic activity with outstanding specificity towards Aβ. Nevertheless, in my
experiments, a plethora of attempts to reproduce these claims with distinct expression and
purification procedures were all in vail (data not shown). I evaluated antibody production in
E.coli via periplasmic expression, as originally reported by Taguchi et al. [230], but further-
more evaluated intracellular expression, as well as, media export via conjugation to outer
membrane export signal peptides (PelB-5xD, OsmY and YebF). Intriguingly, expression and
purification of the antibodies was successful in all evaluated cases, nevertheless, no prote-
olytic activity against Aβ was detected in any case. Furthermore, I evaluated production of
5D3 and 2E6 via IVTT, while investigating whether the inclusion of folding maschinery com-
ponents in the form of GroEL/ES, DnaK/DnaJ/GrpE and DsbC might be crucial for activity or
whether the inclusion of a trace metal mixture was necessary to obtain proteolytic activity
(the metal mixture included zink and cobalt ions, which were claimed to be crucial for 2E6’s
functionality [230, 341]). Additionally, I evaluated the influence of the expression duration
and temperature. Unfortunately, all attempts were shy of any proteolytic activity against
Aβ, despite again, successful antibody production.
My inability to recapitulate any proteolytic activity exhibited by the recombinantly produced
monoclonal single-chain antibodies, which were claimed to by far exceed the activity of poly-
clonal IgM preparations, represents another heavy nail in the coffin of proteolytic antibodies.

My last resort to restore the reputation of proteolytic antibodies was to isolate my own
anti-Aβ single-chain proteolytic antibodies from combinatorial libraries via PACMAN. Unfortu-
nately, these attempts joined the ranks of negative outcomes and no proteolytic antibodies
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were obtained (more on that in the next section). Ultimately, by now, the expectation of pro-
teolytic antibodies as a novel class of immuntherapeutics appears to be but a distant wistful
idea and would require grand new and indubitable evidence from future investigations to
reinstill their status or be laid to rest for good.

4.4 Selection of proteases and proteolytic antibodies
via PACMAN — pitfalls and insights for future se-
lections

The PACMAN method enables the isolation of sequence-specific proteases from complex
libraries. PACMAN utilizes microbeads presenting the DNA of distinct library members en-
capsulated in bulk emulsions containing an in vitro transcription and translation system to
express each library member in a droplet which acts as a discrete picoliter-sized reaction
vessels. In addition to the DNA, the microbeads are decorated by attachment of complex
target peptides, which contain the amino acid sequence that shall be cleaved by an active
library member, but the N- and C-terminus of the target peptides are modified with two
spectrally distinct fluorophors and a biotin-moiety at the very N-terminus for attachment to
the microbeads (see Figure 3.1). During PACMAN, library members are expressed in con-
finement within the droplets which contain the corresponding microbead presenting their
genetic information. During incubation, active library members cleave the target peptides,
releasing the distal fluorophors from themicrobead. Subsequently, microbeads with cleaved
target peptides are isolated via FACS according to their altered fluorescence profiles and the
DNA of active library members is thereby enriched.
The feasibility of PACMAN was successfully proven by enrichment of TEV-protease-encoding
DNA from a dilute mixture with irrelevant DNA (see section 3.2.6). Within merely two
PACMAN selection cycles, the irrelevant DNA was completely displaced by the active TEV-
protease-encoding DNA, revealing the outstanding efficiency of the PACMAN method.
However, the intended use-case of PACMAN — the isolation of proteolytic antibodies from
combinatorial libraries — was so far unsuccessful. In my attempts to isolate proteolytic an-
tibodies, two combinatorial antibody libraries were derived from a total of ten buffy coat
donations and screened for proteolytic anti-Aβ antibodies via PACMAN. The first library en-
coded nanobody formats of human heavy-chain and light-chain variable fragments. The
second library encoded conventional scFv-formats as well as unnatural homodimeric IgV2
consisting of two light-chain or two heavy-chain variable fragments tethered via a (G4S)4-
linker. Both nanobodies and the unnatural homodimeric IgV2 have previously been claimed
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to excert superior proteolytic activities as opposed to other antibody formats [230].
The Aβ-target peptide necessary for the PACMAN selections was synthesized by recombinant
expression and purification of an Aβ40 variant which wasmodified by addition of a C-terminal
cystein residue. Subsequently, the synthesis was concluded by consecutive modification of
the C-terminal cysteine via thiol-reactive conjugation of a maleimide-ATTO643 compound
and the N-terminus was modified via amine-reactive N-hydroxysuccinimide ester-mediated
derivitization with an NHS-DBCO compound followed by copper-free click chemistry to attach
a trifunctional azide-FAM-biotin compound to the DBCO moiety (see Figure 3.16). However,
the Aβ-target peptide synthesis was accompanied by a crippling loss of reagents and prod-
ucts. Nevertheless, despite the dreading inefficiency, product was successfully synthesized
with a sufficient yield for multiple PACMAN selections.
Unfortunately, all attempts to screen for proteolytic anti-Aβ antibodies via PACMAN were so
far unsuccessful. The lack of success, however, was likely due to the absence of proteolytic
antibodies in the human antibody repertoire and not due to a technical issue on the side of
PACMAN. Nevertheless, it has to be granted that a few factors exist on the side of PACMAN
that might have been responsible for the unsuccessful selections, which will be briefly dis-
cussed below:
The main caveat I recognize concerning my PACMAN selections was the very limited total
number of screened antibody library members. A roughly aggregated total of six million mi-
crobeads for each antibody library was screened in my collective three selection attempts.
This limits the potential maximum of screened antibody library members in the best-case
scenario to six million distinct nanobodies and six million distinct IgV2. Hence, if the preva-
lence of proteolytic activity in antibodies against Aβ is in the chance of one in a million, it
was likely missed by my PACMAN selections. Therefore, my current attempts might have
encompassed too few library members to ultimately conclude whether the isolation of pro-
teolytic antibodies via PACMAN is a viable endeavor. To address these limitations it will be
necessary to scale-up the processivity of PACMAN, escpecially by increasing the throughput
of on-bead emPCR, which is currently the main limiting factor of throughput. Furthermore,
the batch size of the Abil EM 90-based emulsions containing the in vitro transcription and
translation reagent needs to be scaled up as well to accomodate for an increased number
of microbeads.
However, with increasing concentrations of microbeads, their tendency to cluster increases.
In my attempts to scale up PACMAN batch sizes, microbeads occasionally tended to cluster
leading to horrendously large microbead clumps, comprised of hundreds to thousands of mi-
crobeads, ending up encapsulated in a single droplet, undermining the genotype-phenotype
coupling necessary for PACMAN and displacing the IVTT reagent in the droplet.
Another issue that might be expected with PACMAN, is a limitation to its sensitivity in regards
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to low turnover enzymatic activities. Bulk emulsion preparations are inherently heteroge-
neous in droplet sizes. Droplet sizes are distributed in a stochastic manner usually following
a bell curve. However, these variations in reaction volume are also accompanied by vari-
ability in reaction efficiencies. Differences in reaction volume lead to random variability in
on-bead emPCR efficiencies as well as in in vitro transcription and translation efficiencies
and thereby, the specific readout of PACMAN becomes blurred. Thereby, low turnover enzy-
matic events, as in the case of proteolytic antibodies, might remain undetected in these in-
determinate conditions. Another reason these low turnover events might have been missed
in my PACMAN selections, was that approximately 1 million target peptides were coupled
to each microbead, while the majority of these had to be cleaved to be confidently distin-
guished in FACS. However, this problem might be somewhat avoided by optimization of the
target peptide concentration towards the lower limit of detectability in FACS.

In the future, it might be beneficial to continue the pursuit for proteolytic antibodies
by taking advantage of microfuidics. Microfluidics could solve at least two of the limiting
factors of PACMAN. Microfluidics provide incredibly even droplet sizes, on-chip manipulation
and the possibility to sort droplets on the chip. Future selections might be attempted based
on the show-case method developed by Price et al. [342] who used quenched substrate
peptides and an in vitro transcription and translation reagent expressing a model protease
in homodisperse microfluidic droplets. The generation of fluorescence after incubation was
subsequently used as a readout for successfully cleaved substrate peptides. Combining this
method with on-chip fluorescence activated droplet sorting (FADS) [269, 343] would allow
for the omission of microbeads as solid carriers necessary for subsequent FACS sorting.
Further extension of the workflow by an upstream droplet PCR could be used to increase
the efficiency of the IVTT expression of each library member. Fallah-Araghi et al. [344]
used droplet PCR to amplify the DNA of library members in droplets prior to IVTT, thereby
obtaining droplets containing ∼30,000 copies of the respective library member template
DNA. Subsequently, these droplets were joined with droplets containing an IVTT reagent
and substrate molecules to achieve efficient gene expression and substrate turnover.
Adopting these techniques for PACMAN would eliminate tedious and error-prone microbead
handling and allow the solid detection of low-turnover enzymatic activity by elimination
of heterogeneity in the droplet dimensions and hence reaction efficiencies. Albeit, these
techniques require a specialized laboratory equipped with devices for microfluidic handling
as well as sophisticated detection devices and computing for FADS. Therefore, applicability
would currently be limited to a handful of laboratories, but as time progresses microfluidics
will likely find their way into ordinary laboratories.
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PACMAN as a platform for protease engineering

Despite the afforementioned shortcomings, PACMAN might find its value as an inde-
pendent method in its own right. PACMAN could allow for the rapid development and im-
plementation of adjustments to the substrate specificities of engineered proteases towards
altered recognition sequences. By screening of mutagenesis libraries derived from known
proteases and the use of target peptides which present the desired, altered recognition se-
quences, PACMAN could provide the necessary platform to quickly implement the desired
adjustments to the proteases according to the operators’ volition.
Thinking ahead, PACMAN might ultimately be used to provide a toolbox containing a set of
highly specific proteases which can be used as precision tools for bioscience and bioengi-
neering. I would like to lay the foundation of this toolbox by developing a modified TEV-
protease that cleaves the signal sequence ENLYFQ|M instead of the native ENLYFQ|G/S, i.e
exchanging the originally preferred glycine or serine residue at the P1’ position of wildtype
TEV-protease with a methionine residue.

If PACMAN is to be utilized on a grand scale, as it would be in the case of the provision
of a toolbox containing multiple specialized proteases, the target peptide synthesis process
would need to be optimized and streamlined. The current target peptide synthesis scheme
was accompanied by a major loss of reagents and products due to insufficient solubilities in
the reaction buffers. In future attempts, the inclusion of HFIP in the reaction buffers might
enhance the solubility of the reagents.
Furthermore, the ease of achieving success with the required multiple peptide modifications
could be ensured by a few considerations regarding the initial peptide sequence: Omitting
cysteine and lysine residues in the target peptide sequences would drastically reduce the
necessary post-modification clean up. A C-terminal cysteine residue is required for modifi-
cation with one of the two fluorophors, therefore the inclusion of further cysteine residues in
the target peptide sequence would necessitate downstream investigations and purifications
to ensure the recovery of only those peptides with exclusive modification of the C-terminal
cysteine residue. Likewise, inclusion of additional lysine residues should be avoided as they
would introduce further amine groups, which would compete with N-terminal amine-reactive
NHS modification, which is required for the conjugation of the trifunctional reagent that in-
troduces the other fluorophor and the biotin moiety. Keeping these restrictions in mind while
designing the target peptides would dramatically reduce post-synthesis labor.
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4.5 In conclusion

This thesis provides novel insights into the behavior, pathophysiology and the origins of AβO
in vivo. Furthermore, it provides dimAβ, a stable AβO model allowing temporally extended
investigations into AβO without the risk of aggregation progression into fibrillar entities.
But, the main contribution of this thesis was PACMAN. A method that enables directed evo-
lution of proteolytic enzymes. However, it was intended to be used for the isolation of prote-
olytic anti-Aβ antibodies from combinatorial libraries, which was unfortunately not achieved
during this thesis. Nevertheless, both the establishment of the PACMAN method itself as
well as the attempts to isolate proteolytic antibodies were overwhelmingly tedious as indi-
vidual endeavors. They were high risk high reward ventures and sadly the ultimate goal of
isolating proteolytic antibodies against Aβ was not achieved.
Nontheless, the PACMAN method was successfully established and might in the future en-
able the development of tailormade enzymes with narrowly defined proteolytic activities.
Moreover, PACMAN is readily applicable in most laboratories posing only a low entrance
barrier. The most restrictive requirement in terms of equipment is access to a FACS device.
However, most universities nowadays offer FACS services as part of their core facilities. An
entire PACMAN selection can easily be performed within a week liberating time for the more
interesting downstream applications.

In the end, however, an unfortunate revelation of this thesis was sparked by my inability
to reproduce the claimed catalytic activities of the reported proteolytic anti-Aβ single-chain
antibodies 2E6 and 5D3 by the Paul group. Together with my lack of confidence regarding
the putative proteolytic activities detected from isolated polyclonal IgM antibodies, due to
the inherent difficulty to exclude residual contaminations with other plasma proteases in
their preparations, it opens up room for speculations about proteolytic antibodies potentially
being a misinterpretation of a fluke. Adding to that, the concern of insufficient purity was not
applicable to the published showcase single-chain proteolytic antibodies 2E6 and 5D3 by the
Paul group, which contrary to the IgM, were recombinantly produced and easily purified with
confidence. The fact that these, however, did not exhibit any proteolytic activities against
Aβ in my experiments, was therefore especially discouraging. Lastly, it all culminated with
my inability to isolate any novel proteolytic antibodies via PACMAN which topped off my
doubts regarding the existence of proteolytic antibodies.
Consequently, as a final conclusion, I raise my suspicion and constitute that proteolytic
antibodies — as enticing as they might have appeared — might afterall remain but a myth.





5. Materials

5.1 Chemicals and reagents

2-propanol Sigma-Aldrich
Abil EM90 Evonik
Acetic acid Merck
Acetonitrile VWR chemicals
Acrylamide/Bis Solution 40% (19:1) Serva
Acrylamide Solution 40% Fisher bioreagents
Adipic acid Sigma-Aldrich, Merck
Agarose, my-Budget low-melt Bio-budget
Ammonium persulfate (APS) Roth
ATTO643-maleimide ATTO-TEC
β-mercaptoethanol Invitrogen
Bisacrylamide Serva
Bromophenol blue Riedel-de Haen
Coomassie Brilliant blue G 250 Sigma-aldrich, Merck
Chloroform VWR NORMAPUR
Dibenzocyclooctin N-hydroxysuccinimide ester
conjugate (DBCO-NHS)

Click Chemistry Tools

Diethylether Honeywell, Riedel de Haen
Dithiothreitol (DTT) Roth
N,N-Dimethylformamide, anhydrous, amine free,
99.9%

Thermo scientific

Dimethyl sulfoxide (DMSO) Acros organics
dNTPs Invitrogen
Ethylenediaminetetraacetic acid (EDTA) Acros organics
Ethanol Honeywell, Riedel de Haen
Ficoll-Paque PLUS GE Healthcare

169



170 Materials: Chemicals and reagents

Fluorescein-biotin-azide Click Chemistry Tools
Fluorostop Dolomite
FluoSurf, 2% Dolomite
GelRed Biotum
GelGreen Biotum
HCl Honeywell, Fluka
HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, Pufferan

Roth

Imidazole, for buffer solutions AppliChem
LB-Medium - Powder according to Lennox AppliChem
Mineral oil Sigma-Aldrich, Merck
NaCl Applichem
NaOH Fisher Scientific
Polyethylene glycol 6000 (PEG),
Rotipuran Ph.Eur.

Roth

Phosphate buffered saline (PBS) tablets Gibco, Thermo Fischer
Potassium phosphate, monobasic, KH2PO4 Fisher chemicals
Rotiphorese Gel 30 (37.5:1) Roth
Sodium dodecyl sulfate Merck
Sodium phosphate, dibasic, Na2HPO4 Honeywell, Fluka
Sodium phosphate, monobasic, NaH2PO4 Honeywell, Fluka
SYBR Green I DNA Dye (10,000 x) Biozym
Tetramethylethylenediamine (TEMED) Roth
Trace Metal Mix A5 with Co Millipore
Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP)

TCI

N-Tris(hydroxymethyl)methylglycin (Tricine) Serva
Trifluoroacetic acid (TFA) Roth
Tris(hydroxymethyl)aminomethane (Tris),
Trizma base

Sigma-Aldrich, Merck

Triton X-100 Thermo Scientific
Trypsin, 10X, EDTA Solution Sigma Life Science
Xylene cyanol FF Serva
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5.1.1 Microbeads

Dynabeads M270 Streptavidin Invitrogen
Dynabeads M280 Streptavidin Invitrogen
ProMag HP 3 Streptavidin Bangs Laboratories, Inc.

5.2 Enzymes, kits and antibodies

AceQ qPCR SYBR Green Master Mix Vazyme
Anti-Myc tag antibody (ab9106), rabbit polyclonal abcam

Goat Anti-Rabbit IgG H&L (HRP) (ab6721), goat
polyclonal

abcam

DnaK mix Genefrontier
Dynabeads mRNA Purification Kit Invitrogen
GeneRuler 100 bp Plus DNA ladder Thermo Scientific
GeneRuler 1 kb DNA ladder Thermo Scientific
GroE mix Genefrontier
NucleoSpin Gel and PCR Clean‑up, Mini kit Macherey-Nagel
PageRuler Plus Prestained Protein Ladder, 10 to
250 kDa

Thermo Scientific

Phusion High-Fidelity DNA Polymerase New England Biolabs
Protein A conjugated to agarose beads made in-house
Proteinase K New England Biolabs
PURExpress In Vitro Protein Synthesis Kit New England Biolabs
QIAshredder QIAGEN
RNase inhibitor, murine New England Biolabs
Spectra Multicolor Low Range Protein Ladder Thermo Scientific
Superscript IV First-Strand Synthesis System Invitrogen
SuperSignal West Pico Plus Thermo Scientific
T5 exonuclease made in-house
Taq DNA Ligase made in-house
TEV protease made in-house
Titanium Taq DNA Polymerase Takara Bio
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TRIzol reagent Invitrogen
Ultrapure BSA Invitrogen

5.3 Buffers and solutions

PBS was either prepared using PBS tablets according to the manufacturer’s instructions to
prepare a 1x solution or it was prepared as a 10x stock solution as follows and diluted to a
1x solution with H2O as needed:

10x PBS 1.37 M NaCl
100 mM Na2HPO4
18 mM KH2PO4
27 mM KCl
pH 7.4 (adjusted with HCl)

10x Tris-tricine SDS-Page anode
buffer
(diluted to 1x with H2O prior to
use)

2 M Tris
pH 8.9 (titrated with HCl)

10x Tris-tricine SDS-Page kath-
ode buffer
(diluted to 1x with H2O prior to
use)

1 M Tris
1 M tricine
1% SDS
pH was not adjusted

10x TGS
(diluted to 1x with H2O prior to
use)

250 mM Tris
1.92 M glycine
1% SDS
pH 8.8

1x TBS-T 20 mM Tris
150 mM NaCl
0.1% Tween-20
pH 7.5 (titrated with HCl)
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4x Laemmli loading buffer 250 mM Tris
8% SDS
40% glycerol
50 mM DTT (omitted in non-reducing buffer)
0.002% bromophenol blue (omitted in colorless
buffer)
pH 6.8 (titrate with HCl)

Colloidal coomassie blue stain-
ing solution

0.02% Coomassie brilliant blue G250
5% aluminium sulfate
10% ethanol
2% orthophosphoric acid

6x DNA loading dye 5 ml glycerol
25 mg bromophenol blue
25 mg Xylene cyanol FF
ad 10 ml with 10 mM Tris 1 mM EDTA pH 8.2

50x TAE-buffer
(diluted to 1x with H2O prior to
use)

2 M Tris
1 M acetic acid
50 mM EDTA
pH 8.5 (should not be adjusted)

TE-buffer 10 mM Tris
1 mM EDTA
pH 8.0

Breaking buffer 10 mM Tris
100 mM NaCl
1% Triton X-100
1% SDS
pH 8.0
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Bind and wash buffer 20 mM Tris
1 M NaCl
1 mM EDTA
0.05% Triton X-100
pH 7.5

5x isothermal Gibson buffer 25% PEG-8000
500 mM Tris-HCl pH 7.5
50 mM MgCl2
50 mM DTT
5 mM NAD
1 mM of each of the four dNTPs (dATP, dCTP, dGTP,
dTTP)

1.33x Gibson master mix 50 µl 5x Isothermal Gibson Buffer
0.625 µl in-house Taq DNA ligase (1600 U/µl)
0.5 µl in-house T5 exonuclease (2 U/µl)
3.1 µl Phusion polymerase (2 U/µl)
133.3 µl Milli-Q H2O

5.3.1 Solutions used in emulsification and in vitro transcription translation
(IVTT)

Mineral oil Abil EM90 surfactant
mix

2% Abil EM90
0.05% Triton X-100
in mineral oil
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PURExpress in vitro transcrip-
tion translation mix
(for 50 µl, as used in Abil EM90
emulsions)

20 µl Solution A (PURExpress kit, NEB)
15 µl Solution B (PURExpress kit, NEB)
0.5 µl RNAse inhibitor, murine (NEB)
2 µl PURExpress disulfide bond enhancer 1 (NEB)
2 µl PURExpress disulfide bond enhancer 2 (NEB)
2 µl DnaK enzyme (Genefrontier)
0.66 µl GroE enzyme (Genefrontier)
1.33 µl GroE dilution buffer (Genefrontier)
1 µl UltraPure BSA (Invitrogen)
2.5 µl 10 % Triton X-100
0.5 µl diluted Trace Metal Mix A5 with Co (diluted
1:100 in H2O)
2 µl Milli-Q H2O

PURExpress in vitro transcrip-
tion translation mix
(for 18 µl, as used in FluoSurf
emulsions)

7.2 µl Solution A (PURExpress kit, NEB)
5.4 µl Solution B (PURExpress kit, NEB)
0.18 µl RNAse inhibitor, murine (NEB)
0.72 µl PURExpress disulfide bond enhancer 1
(NEB)
0.72 µl PURExpress disulfide bond enhancer 2
(NEB)
0.72 µl DnaK enzyme (Genefrontier)
0.24 µl GroE enzyme (Genefrontier)
0.48 µl GroE dilution buffer (Genefrontier)
0.36 µl UltraPure BSA (Invitrogen)
0.9 µl 10 % Triton X-100
0.18 µl diluted Trace Metal Mix A5 with Co (diluted
1:100 in H2O)
0.72 µl Milli-Q H2O

PURExpress solutions were usually scaled up according to the amount of samples that
needed to be prepared. Recipes above list ingredients for a single emulsion reaction.

5.4 Primers
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5.4.1 Primers specific for the pIgV plasmid (5’ to 3’)

Link-T7p For AAGTGCTAGTGGTGCTAGCC

b-TEG-TGS-Link-T7p For [biotin][TEG]TGTGTGTGTGTGTGTGTGTGTGTGAAGTGCTAGTGGTG
CTAGCC

No-extension-T7-Term Rev CAAAAAACCCCTCAAGACCCG

Vector Amplification For GGTGCAGCAGAGCAGAAA

Vector Amplification Rev CATGTCGACTCTCCTTCTTAAA

PROBE-FITC-488-T7p [FITC]CCCTATAGTGAGTCGTATTA

PROBE-ATTO490LS-T7TERM [ATTO490LS]CAAAAAACCCCTCAAGACCCG

5.4.2 Primer specific for the TEV sequence

qPCR TEV For ATGAATCGTCGTCGCCGTC

5.4.3 Primers for the amplification of the antibody Fv repertoire from cDNA

Primers for the amplification of VH families (5’ to 3’):

These forward primers all introduce an overlap sequence to the 5’-UTR of the pIgV

plasmid, a start codon and they contain the complementary sequence of the respec-

tive, indicated VH antibody family sequences (bold).

Vec-SalI-ATG-VH1/7-For AGGAGAGTCGACATGGCCCARRTSCAGCTGGTRCARTCTGG

Vec-SalI-ATG-VH1-For AGGAGAGTCGACATGGCCSAGGTBCAGCTGGTGCAGTCTGG

Vec-SalI-ATG-VH2-For AGGAGAGTCGACATGGCCCAGRTCACCTTGAAGGAGTCTGG

Vec-SalI-ATG-VH3_1-For AGGAGAGTCGACATGGCCSARGTGCAGCTGGTGGAGTCTGG

Vec-SalI-ATG-VH3_2-For AGGAGAGTCGACATGGCCGAGGTGCAGCTGKTGGAGWCYSG

Vec-SalI-ATG-VH4_1-For AGGAGAGTCGACATGGCCCAGGTGCAGCTGCAGGAGTCGGG

Vec-SalI-ATG-VH4_2-For AGGAGAGTCGACATGGCCCAGSTGCAGCTRCAGSAGTSSGG

Vec-SalI-ATG-VH5-For AGGAGAGTCGACATGGCCGARGTGCAGCTGGTGCAGTCTGG

Vec-SalI-ATG-VH6-For AGGAGAGTCGACATGGCCCAGGTACAGCTGCAGCAGTCAGG
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These forward primers all introduce part of the (G4S)4 linker sequence and they con-

tain the complementary sequence of the respective, indicated VH family sequences

(bold).

Link-VH1/7-For AGCGGCGGCGGCGGCTC TGGTGGTGGTGGATCCCAR-
RTSCAGCTGGTRCARTCTGG

Link-VH1-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCSAGGT-
BCAGCTGGTGCAGTCTGG

Link-VH2-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGRTCAC-
CTTGAAGGAGTCTGG

Link-VH3_1-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCSARGT-
GCAGCTGGTGGAGTCTGG

Link-VH3_2-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGAGGTGCAGCT-
GKTGGAGWCYSG

Link-VH4_1-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGGTGCAGCT-
GCAGGAGTCGGG

Link-VH4_2-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGSTGCAGC-
TRCAGSAGTSSGG

Link-VH5-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGARGT-
GCAGCTGGTGCAGTCTGG

Link-VH6-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGGTACAGCT-
GCAGCAGTCAGG

These reverse primers are complementary to the sequences of the respective, indi-

cated JH antibody family sequences (bold) and introduce a stop codon followed by

an overlapping sequence with the 3’-UTR of the pIgV plasmid.

JH1_2_4_5-Vec-Rev CTGCTCTGCTGCACCTGAGGAGACRGTGACCAGGGTKCC

JH3_6-Vec-Rev CTGCTCTGCTGCACCTGARGAGACGGTGACCRKKGTCCC

These reverse primers are complementary to the sequences of the respective, in-

dicated JH antibody family sequences (bold) and introduce part of the (G4S)4linker

sequence.
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JH1_2_4_5-Rev-Link ACCAGAGCCGCCGCCGCCGCTACCACCACCACCTGAGGA-
GACRGTGACCAGGGTKCC

JH3_6-Rev-Link ACCAGAGCCGCCGCCGCCGCTACCACCACCACCTGARGAGACG-
GTGACCRKKGTCCC

Primers for the amplification of VK families (5’ to 3’):

These forward primers all introduce an overlap sequence to the 5’-UTR of the pIgV

plasmid, a start codon and they contain the complementary sequence of the respec-

tive, indicated VK antibody family sequences (bold).

Vec-SalI-ATG-VK1-For AGGAGAGTCGACATGGCCGMCATCCRGWTGACCCAGTCTCC

Vec-SalI-ATG-VK2-For AGGAGAGTCGACATGGCCGATRTTGTGATGACYCAGWCTCC

Vec-SalI-ATG-VK3-For AGGAGAGTCGACATGGCCGAAATWGTGWTGACRCAGTCTCC

Vec-SalI-ATG-VK4-For AGGAGAGTCGACATGGCCGACATCGTGATGACCCAGTCTCC

Vec-SalI-ATG-VK5-For AGGAGAGTCGACATGGCCGAAACGACACTCACGCAGTCTCC

Vec-SalI-ATG-VK6-For AGGAGAGTCGACATGGCCGAWRTTGTGMTGACWCAGTCTCC

These forward primers all introduce part of the (G4S)4 linker sequence and they con-

tain the complementary sequence of the respective, indicated VK family sequences

(bold).

Link-VK1-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGMCATC-
CRGWTGACCCAGTCTCC

Link-VK2-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGATRTTGTGAT-
GACYCAGWCTCC

Link-VK3-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGAAATWGT-
GWTGACRCAGTCTCC

Link-VK4-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGACATCGTGAT-
GACCCAGTCTCC

Link-VK5-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGAAACGACACT-
CACGCAGTCTCC

Link-VK6-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCGAWRTTGT-
GMTGACWCAGTCTCC
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These reverse primers are complementary to the sequences of the respective, indi-

cated JK antibody family sequences (bold) and introduce a stop codon followed by

an overlapping sequence with the 3’-UTR of the pIgV plasmid.

JK1-4-Vec-Rev CTGCTCTGCTGCACCTTTGATHTCCASYTTGGTCCC

JK5-Vec-Rev CTGCTCTGCTGCACCTTTAATCTCCAGTCGTGTCCC

These reverse primers are complementary to the sequences of the respective, in-

dicated JK antibody family sequences (bold) and introduce part of the (G4S)4linker

sequence.

JK1-4-Rev-Link A C C A G A G C C G C C G C C G C C G C T A C C A C C A C C A C C
TTTGATHTCCASYTTGGTCCC

JK5-Rev-Link ACCAGAGCCGCCGCCGCCGCTACCACCACCACCTGARGATT-
TAATCTCCAGTCGTGTCCCGACGGTGACCRKKGTCCC

Primers for the amplification of VL families (5’ to 3’):

These forward primers all introduce an overlap sequence to the 5’-UTR of the pIgV

plasmid, a start codon and they contain the complementary sequence of the respec-

tive, indicated VL antibody family sequences (bold).

Vec-SalI-ATG-VL1-For AGGAGAGTCGACATGGCCCAGTCTGTGYTGACKCAGCC

Vec-SalI-ATG-VL2-For AGGAGAGTCGACATGGCCCAGTCTGCCCTGACTCAGCC

Vec-SalI-ATG-VL3-For AGGAGAGTCGACATGGCCTCCTMTGAGCTGACWCAG

Vec-SalI-ATG-VL4ab-For AGGAGAGTCGACATGGCCCAGCYTGTGCTGACTCAATC

Vec-SalI-ATG-VL4c-For AGGAGAGTCGACATGGCCCTGCCTGTGCTGACTCAGCC

Vec-SalI-ATG-VL5-For AGGAGAGTCGACATGGCCCAGSCTGTGCTGACYCAGCC

Vec-SalI-ATG-VL6-For AGGAGAGTCGACATGGCCAATTTTATGCTGACTCAGCCC

Vec-SalI-ATG-VL7-For AGGAGAGTCGACATGGCCCAGRCTGTGGTGACTCAGGAGCCCTC
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These forward primers all introduce part of the (G4S)4 linker sequence and they con-

tain the complementary sequence of the respective, indicated VL family sequences

(bold).

Link-VL1-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGTCTGTGYT-
GACKCAGCC

Link-VL2-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGTCTGCCCT-
GACTCAGCC

Link-VL3-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCTCCTMTGAGCT-
GACWCAG

Link-VL4ab-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGCYTGTGCT-
GACTCAATC

Link-VL4c-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCTGCCTGTGCT-
GACTCAGCC

Link-VL5-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGSCTGTGCT-
GACYCAGCC

Link-VL6-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCAATTTTATGCT-
GACTCAGCCC

Link-VL7-For AGCGGCGGCGGCGGCTCTGGTGGTGGTGGATCCCAGRCTGTGGT-
GACTCAGGAGCCCTC

These reverse primers are complementary to the sequences of the respective, indi-

cated JL antibody family sequences (bold) and introduce a stop codon followed by

an overlapping sequence with the 3’-UTR of the pIgV plasmid.

JL1-3-Vec-Rev CTGCTCTGCTGCACCTAGGACGGTSASCTTGGTCCC

JL7-Vec-Rev CTGCTCTGCTGCACCGAGGACGGTCAGCTGGGTGCC

These reverse primers are complementary to the sequences of the respective, in-

dicated JL antibody family sequences (bold) and introduce part of the (G4S)4 linker

sequence.

JL1-3-Rev-Link ACCAGAGCCGCCGCCGCCGCTACCACCACCACCTAGGACGGT-
SASCTTGGTCCC
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JL7-Rev-Link ACCAGAGCCGCCGCCGCCGCTACCACCACCACCGAGGACG-
GTCAGCTGGGTGCC

5.5 Plasmids

The pIgV plasmid was derived from the plasmid contained in the PURExpress kit
encoding the DHFR control. DHFR was removed and a cloning-site was added con-
taining the restriction sites SalI and NotI. These restriction sites were chosen as
they are not present in antibody germline DNA sequences, as stated by V BASE.
Furthermore, a c-myc tag was added, which would be in-frame and C-terminal to
the antibody sequences which can be inserted using Gibson cloning technique.

The pIgV TEV plasmid was prepared by inserting the TEV protease sequence into
the pIgV plasmid using Gibson cloning technique. The TEV sequence was obtained
from a plasmid used in-house to produce TEV protease for recombinant protein pro-
duction. The TEV sequence inserted into the pIgV plasmid contained an N-terminal
TEV cleavage site, which was a remainder from the source plasmid, which originally
contained an MBP-(TEV cleavage site)-TEV fusion protein. The TEV sequence further
contained a C-terminal 5xR-tag that aimed to increase solubility.
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pIgV AAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCTAGTGGTGCTAGCCCC
GCGAAATTAATACGACTCACTATAGGGTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGAG
TCGACATGGGTGCAGCAGAGCAGAAATTGATTTCTGAGGAAGATTTGTAGTGAGCGGCCGC
GCTAGCGGTCCCGGGGGATCGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGG
CTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAG
GGGTTTTTTGCTGAAAGGAGGAACTATATCCGGAAGCTTGGCACTGGCCGACCGGGGTCGA
GCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGC
GGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGC
CAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCC
CCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACT
ATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGC
CGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCA
CGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAAC
CCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGCTA
AGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG
TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGT
ATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGAT
CCGGCAAACAAACCATCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGC
AGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAA
CGAAAACTCACAGATCCGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATC
CTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACA
GTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAG
TTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAG
TGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGC
CAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTAT
TAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTG
CCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGT
TCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTT
CGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAG
CACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACT
CAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATA
CGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTC
GGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTG
CACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGA
AGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCT
TCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGA
ATGTATTTAG
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pIgV TEV AATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCTAGTGGTGCTAGCCCCGCGAAATTAATACGACTC
ACTATAGGGTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGAGTCGACATGGAAAATCTTTATTTTCAA
GGTCATCATCATCATCATCATCATGGAGAAAGCTTGTTTAAGGGGCCGCGTGATTACAACCCGATATCGA
GCACCATTTGTCATTTGACGAATGAATCTGATGGGCACACAACATCGTTGTATGGTATTGGATTTGGTCC
CTTCATCATTACAAACAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATGGTG
TATTCAAGGTCAAGAACACCACGACTTTGCAACAACACCTCATTGATGGGAGGGACATGATAATTATTCG
CATGCCTAAGGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACAAAGGGAAGAGCGCATA
TGTCTTGTGACAACCAACTTCCAAACTAAGAGCATGTCTAGCATGGTGTCAGACACTAGTTGCACATTCC
CTTCATCTGATGGCATATTCTGGAAGCATTGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGT
ATCAACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAATTTCACCAACACAAACAATTATTTCA
CAAGCGTGCCGAAAAACTTCATGGAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTGGC
GATTAAATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTTCATGGTGAAACCTGAAGAGCCTTTTCA
GCCAGTTAAGGAAGCGACTCAACTCATGAATCGTCGTCGCCGTCGCTAATAAGCGGCCGCGCTAGCGGT
CCCGGGGGATCGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAG
CAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACT
ATATCCGGAAGCTTGGCACTGGCCGACCGGGGTCGAGCACTGACTCGCTGCGCTCGGTCGTTCGGCTG
CGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGG
AAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTT
TCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGA
CAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGC
CGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAG
GTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGA
CCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGCTAAGACACGACTTATCGCCACTGGCA
GCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTG
GCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGA
AAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCATCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGC
AGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCA
GTGGAACGAAAACTCACAGATCCGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCT
TTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATG
CTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCG
TGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCAC
GCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCT
GCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTA
ATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTC
ATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGC
TCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCAC
TGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCA
TTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCA
CATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTAC
CGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACC
AGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAA
ATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGG
ATACATATTTGAATGTATTTAGAAAAATAAACA



184 Materials: Peptides

5.6 Peptides

TEV-target

[biotin][PEG12]K(5FAM)MKGDGGSENLYFQSGDHG
DGSC(Cy5)
4179.9 Da

Pepscan

5.7 Devices

0.1–2.5 µl pipette Research Eppendorf
2–20 µl pipette Research plus Eppendorf
20–200 µl pipette Research plus Eppendorf
100–1000 µl pipette Research plus Eppendorf
Centrifuge 5425 R Eppendorf
Cell Disruptor Constant Systems LTD
CLARIOstar BMG Labtech
CytoFLEX S Beckman Coulter
CytoFLEX SRT Beckman Coulter
FACSCanto II BD Biosciences
FACSAria III BD Biosciences
G:Box, gel documentation system Syngene
Gel Doc XR System BIO-RAD
HPLC-Chromatograph, 1260 Infinity Agilent Technologies
HPLC-Column, Zorbax 300SB-C8, 4.6 x 250
mm

Agilent Technologies

MagnaRack Magnetic Separation Rack Invitrogen
Mastercycler epgradient S Eppendorf
Microwave MW7873 Severin
Mini-Centrifuge Fisherbrand
Mini-PROTEAN Tetra Vertical Electrophoresis
Cell

BIO-RAD
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Mini-Sub Cell GT BIO-RAD
NanoDrop 2000 spectrophotometer Thermo scientific, PEQLAB
NGC Discover System BIO-RAD
PerfectBlue Gelsystem, Maxi M VWR
Power Source power supply, 300V VWR
QS High Precision Cell, 10mm light path, cen-
tre 15

Hellma Analytics

qTower3 G, qPCR cycler Analytik Jena
Sonicator bath SONOREX RK100H Bandelin
Spectrophotometer V-650 Jasco
Sub-Cell GT Gel Caster BIO-RAD
ThermoMixer C Eppendorf
Trans-Blot Turbo, Transfer system BIO-RAD
TruBlu Blue Light Transilluminator Edvotek
VV3 vortexer VWR

5.7.1 The iTrapR: A magnetic microstirrer with ice water bath functionality

The iTrapR (details shown in Figure 5.1) was designed to accomodate for precise,
speed-controlled magnetic stirring while optimally clamping 2 ml Agilent glass vials
to the middle of the microstirrer rotors. Furthermore, the iTrapR provides the oppor-
tunity to simultaneously cool samples in an ice water bath. The iTrapR provides four
independently controlled microstirrers and ice water baths. Speeds may be set in-
dividually from 0 – 2100 RPM and are monitored using a photoelectric speedometer.
Timers can be set individually for each microstirrer and they automatically stop the
rotation of the respective microstirrer when they counted down to zero. I designed
the iTrapR using Blender3D and it was mostly 3D printed. It is controlled using an
Arduino Mega 2560 REV3. Build details and programs are beyond the scope of this
thesis, but the interested reader may send a request in case further details are
desired.
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Figure 5.1: The iTrapR: A magnetic microstirrer with ice water baths. a) assembled
3D rendering of the iTrapR. b) 3D rendering of an ice water bath with the clamp to hold the
2 ml Agilent glass vials. c) an exploded 3D rendering of the iTrapR showing the internal
design of the device. d) the internal setup and wiring of an iTrapR prototype assembly. e)
assembled and running iTrapR prototype. f) ice water bath filled with water and ice while
clamping a 2 ml Agilent glass vial. The 2x7 mm microstirbar can be seen in the vial. g) ice
water bath from e) was inserted into a slot of the iTrapR and the spinning microstirbar can
be appreciated.

5.8 Consumables

8-Lid chain, flat Sarstedt
Acrodisc Syringe Filter with Supor Membrane -
0.2 µm, 13 mm

Pall corporation

Amersham Hybond P 0.2 PVDF membrane Cytiva
Amersham Protran 0.2 µm NC, blotting mem-
brane

GE Healthcare

Amicon Ultra Centrifugal Filters, 15 ml Merck
Assay Plate 3881, 96-well Half Area, No Lid,
Non-Binding Surface, Black with Clear Bottom,
Polystyrene

Corning

Blotting Paper, 703 VWR
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Cover slip, glass, 24 x 60 mm Menzel-Gläser
Cover slip, glass, 22 x 22 mm Menzel-Gläser
Filter tips 2.5 µl, Biosphere plus Sarstedt
Filter tips 20 µl, Biosphere plus Sarstedt
Filter tips 200 µl, Biosphere plus Sarstedt
Glass vial, screw, 2 ml, ambr, WrtOn Agilent Technologies
Glass vial insert, 250 µl pulled point glass Agilent Technologies
Glass vial blue screw caps & septa Agilent Technologies
Multiply-Pro cup 0.2ml, PP, PCR tubes Sarstedt
Multiply-µStrip cup 0.2ml, white, PCR tubes Sarstedt
PCR Film, adhesive Eppendorf
Protein LoBind Tube 0.5 ml Eppendorf
Protein LoBind Tube 1.5 ml Eppendorf
Quality Pipette Tips 100-1000 µl Sarstedt
SealPlate film Sigma-aldrich
SafeSeal tube 1.5 ml, PP Sarstedt
SafeSeal micro tube 2 ml, PP Sarstedt
Tube 15 ml, 120 x 17 mm, PP Sarstedt
Tube 50 ml, 114 x 28 mm, PP Sarstedt
twin.tec PCR Plate 96, semi-skirted, blue Eppendorf





6. Methods

6.1 General molecular biology methods

6.1.1 Analysis of DNA via agarose gel electrophoresis

Usually, a 1% agarose gel was prepared by dissolving 0.5 g agarose in 50 ml 1x
TAE buffer and melting the agarose by heating in a microwave with intermittened
shaking. The molten agarose was cooled down in a water bath until the flask could
be barely touched by hands. 3 µl 10,000x GelRed DNA staining solution was added
and mixed in. The agarose was poured into an agarose tray clamped into a gel
caster and the appropriate combs were inserted. The gel polymerized while cooling
to RT for 30 minutes. The tray was removed from the gel caster and placed into the
electrophoresis chamber filled with 1x TAE buffer. DNA samples were mixed with
6x DNA loading buffer and filled into the wells. DNA was separated by length by
applying 120 V for 1 hour.
DNA was illuminated using UV light and imaged using a G:Box gel documentation
system.

6.1.2 Extraction of DNA from agarose gel

After electrophoresis, a desired DNA band was excised from the agarose gel using
a scalpel, while being illuminated using a TruBlu Blue Light Transilluminator to visu-
alize the DNA. The band of interest was excised and DNA was extracted using the
NucleoSpin Gel and PCR Clean‑up Mini kit according to the manual. DNA was eluted
using 20–30 µl 5 mM Tris pH 8.5 (supplied in the kit), but in deviation to the manual,
the sample was incubated in a Thermomixer at 65°C at 800 RPM for 5 minutes prior
to elution, which increased the total yield.

189
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6.1.3 Determination of nucleic acid concentration

Concentration of nucleic acids was determined using a NanoDrop 2000 photospec-
trometer. 1.5 µl of the nucleic acid solution was applied on the sample pedestal and
measured using the appropriate device settings for RNA or DNA. A spectrum was
measured and the concentration determined using optical density (O.D.) at 260 nm
wavelength. An O.D. of 1 corresponds to 40 µg/ml RNA or 50 µg/ml DNA. Purity was
assessed by the ratio between the O.D. at 260 nm and 280 nm. A 260/280 ratio of
∼1.8 was considered pure for DNA and ∼2.0 for RNA.

6.1.4 Determination of protein concentration

Protein concentration was determined using UV-Vis spectroscopy using the Spec-
trophotometer V-650 (Jasco) with QS High Precision Cell cuvettes (Hellma Analyt-
ics). The device utilizes a split beam setup allowing simultaneous measurement of
a sample and its blank. Spectra were recorded in the wavelength range of 210–340
nm with a scan speed of 400 nm/min and a bandwidth of 1.0 nm in continuous scan
mode. 80–100 µl of an appropriately diluted protein sample was pipetted into a cu-
vette and the respective blank buffer control into another cuvette. Both cuvettes
were inserted into the device into the respective sample and blank slots. After mea-
surement, the absorption at 280 nm was corrected by substracting the absorption
at 340 nm and was then used to calculate the concentration of the protein sample
using the lambert-beer equation: A = 280nm · d · c. The extinction coefficient (ε) at
280 nm for IgG (MW 150–180 kDa) was 210,000 M−1cm−1 and for IgM (MW 900 kDa)
was 1,062,000 M−1cm−1.

6.1.5 Protein analysis by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE)

Analyses of proteins by their molecular weight was performed using SDS-PAGE. SDS-
PAGE gels were composed of a stacking and a resolving gel. Depending on the
molecular weight of the protein of interest a Tris-glycine gel or a Tris-tricine gel was
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Table 6.1: Composition of 8% tris-glycine gels — amount sufficient for 2 gels

resolving gel stacking gel

1.5 M Tris-HCl, pH 8.8 2.5 ml -
0.5 M Tris-HCl, pH 6.8 - 1.5 ml
Rotiphorese Gel 30 (37.5:1) 2.6 ml 830 µl
Milli-Q H2O 4.7 ml 2.8 ml
10% SDS 100 µl 50 µl
TEMED 10 µl 10 µl
10% APS 100 µl 50 µl

Table 6.2: Composition of 20% tris-tricine gels — amount sufficient for 4 gels

resolving gel stacking gel

3 M Tris-HCl, 0.3% SDS, pH 8.45 10 ml 4.2 ml
34.3% acrylamide, 1.1% bisacrylamide 17 ml 2 ml
Glycerol 3.2 ml -
Milli-Q H2O 2.3 ml 2.8 ml
TEMED 50 µl 50 µl
10% APS 100 µl 100 µl

used for larger (> 40 kDa) or smaller (< 40 kDa) proteins, respectively. Tris-glycine
gels were usually 8% and Tris-tricine gels were 20% polyacrylamide gels. Stacking
gels contained 5 % polyacrylamide.

The SDS-PAGE’s glass plates were assembled in the casting device according
to the manufacturer’s instructions. The polyacrylamide resolving gel was prepared
first. All components were mixed and APS was added as the last ingredient, starting
the polymerization process. While still liquid, the solution was pipetted into the 0.75
mm opening between the two glass slides until filled ∼1.5 cm to the top. The rest of
the chamber was filled with isopropanol. This ensured a flat polymerization of the
interphase. After the resolving gel was fully polymerized, isopropanol was removed
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and the stacking gel, while still liquid, was layered on top. The appropriate comb
was inserted into the opening. After polymerization was completed the casted SDS-
PAGE gels were either used at the same day or stored wrapped in wet paper towels
for up to one week at 4°C.
SDS-PAGE gels were placed into a Mini-PROTEAN electrophoresis chamber. For Tris-
glycine gels, 1x TBS buffer was filled into the cathode and anode chamber. For
Tris-tricine gels, 1x Tris-tricine kathode buffer was filled into the kathode chamber
and 1x Tris-tricine anode buffer was filled into the anode chamber (buffer composi-
tions listed in section 5.3).
Protein samples were prepared by mixing with 4x laemmli loading buffer to a 1x
solution (e.g. 2.5 µl 4x laemmli loading buffer with 7.5 µl protein sample). Sam-
ples were heated to 95°C for 5 minutes, unless stated otherwise, and then loaded
into the wells of the SDS-PAGE gel. Additionally, the appropriate prestained protein
marker was loaded into a free well. Samples were separated by applying a fixed
current of 30 mA per gel for 1–4 hours until either the bromophenol blue stain left
the gel at the bottom or in case the colorless laemmli loading buffer was used, until
the prestained protein marker traveled a satisfactory distance.
The chamber was disassembled and the gel removed from the glass sandwich. Sub-
sequently, the gel was further either used in western blot analysis or for immediate
detection of fluorescent proteins in situ using a Gel Doc XR System or stained using
colloidal coomassie blue solution. Therefore, the gel was placed in a plastic tray and
covered with the colloidal coomassie blue solution and incubated overnight with ag-
itation. If necessary, the gel was destained with 2% acetic acid, 10% ethanol while
a paper tissue was added into the tray to capture released stains. The gel was agi-
tated until the destaining was satisfactory. The gel was rinsed three times with H2O
and images were recorded on a Gel Doc XR System.

6.1.6 Western blot analysis

After SDS-PAGE, the gel was removed from the glass cassette and washed multiple
times with H2O and subsequently the stacking gel was separated from the resolving
gel and discarded. A 0.2 µm PVDF membrane was cut to the size of the resolving
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gel and activated in 100% ethanol for a few minutes. Six sheets of western blot
paper were cut to the same size as the membrane and soaked in 1x TGS buffer. The
western blot sandwich was assembled by placing three sheets of soaked, but not
dripping wet, western blot paper into a chamber of the semi-dry Trans-Blot Turbo
transfer system. The activated PVDF membrane was removed from the ethanol,
quickly rinsed in 1x TGS and added ontop of the western blot paper. The resolving
gel was carefully placed and aligned ontop of the PVDF membrane and the remain-
ing three soaked, but not dripping, western blot paper sheets were placed ontop.
Bubbles were removed with a western blot roller. Excess liquid around the western
blot sandwich was removed with a tissue. The chamber was closed and placed into
the transfer device. The transfer was performed using the standard program of the
device. Afterwards, the chamber was disassembled and the membrane was care-
fully removed from the sandwich. The membrane was placed into a 50 ml conical
tube and the entire subsequent treatment was performed in the tube. The mem-
brane was blocked with 5 % skimmed milk in 1x TBS-T. The tube was placed on a
tube roller mixer for 30 minutes. The primary antibody was usually diluted 1:1000
in 5% skimmed milk in a total volume of 5 ml. The skimmed milk solution used for
blocking was removed from the tube and the 5 ml primary antibody solution was
added. The primary antibody was either incubated for 1 hour at room temperature
on a tube roller mixer or overnight at 4°C. Afterwards, the membrane was washed
5x with 1x TBS-T for 5 minutes on a tube roller mixer. The HRP-conjugated sec-
ondary antibody was usually diluted 1:5000 in 5% skimmed milk in a total volume
of 5 ml. The wash liquid was discarded from the tube containing the membrane and
the secondary antibody solution was added. The secondary antibody was incubated
for 30 minutes to 1 hour at room temperature on a tube roller mixer. Subsequently,
the membrane was again washed 5x with 1x TBS-T with 5 minutes of incubation
each.
Western blot was developed using SuperSignal West Pico Plus according to the man-
ual and recorded using a Gel Doc XR System.
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6.2 Antibody library preparation

The following sections describe the methods involved in the antibody library prepa-
rations.

6.2.1 Isolation of peripheral blood mononuclear cells (PBMC)

In this study, buffy coat samples from human donors were processed. Processing of
human buffy coat samples was approved by the ethics committee of the Heinrich-
Heine University Düsseldorf (Study-No.: 6144R — ”Erstellung einer Antikörperbib-
liothek für die therapeutische Grundlagenforschung”). PBMCs were isolated from
human buffy coats using the ficoll-paque density gradient centrifugation technique.
Therefore, 25 ml of the buffy coat was diluted with 25 ml 1x PBS, 2 mM EDTA, pH
7.2. 15 ml ficoll-paque was placed into a 50 ml conical tube and 35 ml of the diluted
buffy coat was carefully layered on top of the ficoll-paque layer. After centrifugation
at 400 x g for 40 minutes at 20°C in a swing-out rotor with brakes turned to the low-
est setting of the centrifuge, the PBMC layer was transferred to a fresh 50 ml conical
tube using pasteur pipettes. The cells were washed by filling the tube with 1x PBS,
2 mM EDTA, pH 7.2 and centrifugation at 300 x g for 10 minutes at 20°C. To remove
contaminating platelets, the PBMCs were washed two more times by filling the tube
with 1x PBS, 2 mM EDTA, pH 7.2 and centrifugation at 200 x g for 15 minutes at
20°C. Subsequently, the cells were resuspended in 5 ml 1x PBS, 2 mM EDTA, pH7.2
and counted using a hemocytometer after trypan blue staining.
Staining was performed by mixing 50 µl of the cell suspension with 50 µl 0.4% try-
pan blue solution. 10 µl of the stained cells were applied onto the hemocytometer
slide and cells were counted according to the manufacturer’s instructions and cal-
culations.
Subsequently, the cells were aliquoted into 2 ml tubes at 1–2x107 cells per tube.
The cells were pelleted by brief centrifugation at 1000 x g for 1 minute at RT. The
supernatant was removed and the cells resuspended and lysed in 1 ml TRIzol. Lysed
samples were stored at -20°C for up to 6 months without any apparent loss of quality
in the RNA.
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6.2.2 mRNA isolation

First, total RNA was isolated from the PBMCs by TRIzol extraction. Therefore, cells
lysed in TRIzol were subjected to furthermechanical homogenization using QIAshred-
der columns. Lysates were transferred to QIAshredder columns and homogenized
by centrifugation at 16.100 x g at RT for 2 minutes.
Total RNA was isolated according to the instructions of the TRIzol manufacturer.
Briefly, 0.2 ml chloroform was added per 1 ml of TRIzol reagent used for lysis. Sam-
ples were incubated for 2–3 minutes and subsequently centrifuged at 12,000 x g
for 15 minutes at 4°C. The upper, colorless, aqueous layer was transferred to a new
tube, while avoiding disturbance of the interphase. 0.5 ml isopropanol was added
to the aqueous phase per 1 ml of initial TRIzol reagent used. Samples were incu-
bated for 10 minutes at RT followed by centrifugation at 12,000 x g for 10 minutes
at 4°C. RNA formed a pellet and the supernatant was removed using a micropipette.
The pellet was resuspended in 1 ml 75% ethanol per 1 ml of initial TRIzol reagent
used. Samples were vortexed briefly and then centrifuged at 7.500 x g for 5 min-
utes at 4°C. The supernatant was removed using a micropipette and the RNA was
dried under a sterile bench for approx. 30 minutes. RNA was resuspended in 20 µl
RNAse-free Milli-Q H2O and placed on ice immediately. The total yield was typically
between 25 and 50 µg as determined by Nanodrop sprectrometry.
RNA quality control was performed by separating 2 µl of the total RNA with 2 µl 6x
DNA loading dye and 6 µl RNAse-free Milli-Q H2O on a 1 % agarose gel.
Isolation of mRNA from total RNA was performed using the Dynabeads mRNA Purifi-
cation kit immediately after total RNA isolation. Depending on the total RNA yield,
the amount of Dynabeads used for isolation was adjusted (200 µl Dynabead solution
for 75 µg total RNA). Dynabeads were washed by magnetic separation with 100 µl
Binding Buffer (supplied in the kit). Total RNA was adjusted by dilution with RNAse-
freeMilli-Q H2O to a total volume of 100 µl and incubated at 65°C for 2minutes. A 1:1
ratio of Binding Buffer to sample volume was recommended by the manufacturer.
Diluted total RNA was added to the Dynabeads and were incubated while shaking
at 800 RPM for 5 minutes at RT. Subsequently, Dynabeads were washed twice with
200 µl Washing Buffer B (supplied in the kit). Dynabeads were resuspended in 20
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µl 10 mM Tris-HCl pH 7.5 and heated to 65°C for 2 minutes to elute the mRNA and
were immediately placed into a magnet rack. The eluted mRNA was transferred to a
new tube, concentration was determined using a Nanodrop spectrometer and then
immediately used for cDNA synthesis.

6.2.3 Generation of cDNA

Synthesis of cDNA from mRNA was performed separately for each donor using the
SuperScript IV First-Strand Synthesis System according to the manufacturer’s in-
structions. Briefly, for each mRNA preparation 1 µl 50 µM oligo d(T)20 primer, 1 µl
10 mM dNTPs and 11 µl mRNA (but only up to 500 ng total, if it would have been
exceeded the rest was instead substituted by DEPC-treated water – all preparations
contained between 170–500 ng) were mixed and incubated at 65°C for 5 minutes
and then incubated on ice for 1 minute. Subsequently, 4 µl 5x SSIV Buffer, 1 µl
100 mM DTT, 1 µl RNaseOUT Recombinant RNase Inhibitor and 1 µl SuperScript IV
Reverse Transcriptase (200 U/µl) were added and mixed. Samples were incubated
at 50°C for 10 minutes followed by 10 minutes at 80°C. Finally, 1 µl RNase H was
added and incubated at 37°C for 20 minutes.
As storage in the SuperScript mixture lead to premature degradation of the cDNA,
it was purified using the NucleoSpin Gel and PCR Clean‑up kit for long-term stor-
age. Finally, the concentration of the cDNA was determined by spectroscopy using
a Nanodrop 2000 photospectrometer.

6.2.4 Antibody Fv amplification from cDNA

For Fv amplification from cDNA, PCRs were performed with an equimolar mixture of
the cDNA preparations of all ten donors as input. Twelve PCRs were performed, one
for each primer subgroup, as listed in Table 3.2. The composition and temperature
profiles of the PCRs are listed in Tables 6.3 and 6.4, respectively. Annealing temper-
atures were optimized for each primer subgroup and are indicated in Table 3.2.
After PCR, the DNA was resolved on a 1% agarose gel and the corresponding bands
of the Fv-amplicons were excised from the gel and eluted using NucleoSpin Gel and
PCR Clean‑up kit.
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Table 6.3: PCR composition used in the generation of Fv-amplicons using CloneAmp HiFi
PCR premix.

Component Volume

2x CloneAmp HiFi PCR Premix 25 µl
Primer Subgroup Mix [10 µM] 2.5 µl
Primer Subgroup Mix [10 µM] 2.5 µl
cDNA mix (10% of the total PCR volume) 5 µl
Milli-Q H2O 15 µl

Table 6.4: PCR temperature profile used in the generation of Fv-amplicons for library prepa-
ration.

Temperature Time Cycles

94°C 2 min
94°C 1 min |
60°C or 62°C or 65°C 1 min 35x
72°C 2 min |
72°C 10 min
15°C hold

6.2.5 Preparation of linear pIgV plasmid

Linear pIgV plasmid for Gibson assembly was generated by PCR as described in Table
6.5 using the temperature profile in Table 6.6. After PCR the DNA was resolved on
a 1% agarose gel and the corresponding band of the linearized pIgV plasmid (2234
bp) was excised. Subsequently, the linear plasmid was purified and eluted from the
gel via NucleoSpin Gel and PCR Clean‑up kit and concentration was determined by
photospectrometry.

6.2.6 Gibson assembly of antibody libraries

An in-house made 1.33x Gibson assembly mixture (see Section 5.3) was used to
introduce the Fv-amplicons into the pIgV plasmid. Gibson assembly facilitates the
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Table 6.5: PCR composition used in the generation of linear pIgV plasmid for library prepa-
ration using CloneAmp HiFi PCR premix.

Component Volume

2x CloneAmp HiFi PCR Premix 25 µl
Primer [10 µM] — Vector Amplification For 2.5 µl
Primer [10 µM] — Vector Amplification Rev 2.5 µl
Template DNA — pIgV plasmid 1 µl (50-500 pg/µl)
Milli-Q H2O 19 µl

Table 6.6: PCR temperature profile used in the generation of linear pIgV plasmid for library
preparation.

Temperature Time Cycles

98°C 2 min
98°C 30 s |
57°C 30 s 35x
72°C 2 min |
72°C 5 min
15°C hold

conjunction of multiple DNA-fragments via homologous sequences (15–80 bp) at the
end of the fragments. DNA fragments with the respective homologous ends were
mixed 1:3 with the 1.33x Gibson assembly mixture (e.g. 5 µl DNA-fragments and
15 µl 1.33x Gibson assembly mixture) and incubated for 1 hour at 50°C to facilitate
enzymatic assembly.

Assembly of LibNano. 100 ng of each Fv-amplicon encoding Nanobodies (ATG-
VL60-Stop, ATG-VL65-Stop, ATG-VK62-Stop and ATG-VH65-Stop) were mixed with
1 µg linearized pIgV plasmid in a total volume of 41.5 µl. 124.5 µl 1.33x Gibson
assembly mixture was added to the DNA and subsequently incubated at 50°C for 1
hour.
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Assembly of LibIgV2. 100 ng of each Fv-amplicon encoding half of an IgV2 (ATG-
VL60-Link, ATG-VL65-Link, ATG-VK62-Link, ATG-VH65-Link, Link-VL60-Stop, Link-VL65-
Stop, Link-VK62-Stop and Link-VH65-Stop) were mixed with 1 µg linearized pIgV
plasmid in a total volume of 53 µl. 161 µl 1.33x Gibson assembly mixture was
added to the DNA and subsequently incubated at 50°C for 1 hour.

Subsequently, the DNA was resolved on a 1% agarose gel and the band cor-
responding to the assembled product was excised, eluted via NucleoSpin Gel and
PCR Clean‑up kit and used for the preparation of linear input DNA for PACMAN (see
Section 6.4.2).

6.3 Methods utilized to isolate and study polyclonal an-
tibodies from human plasma

The plasma supernatants of the Ficoll-Paque density gradient centrifugations used
to isolate PBMCs from donor buffy coats were scavenged to furhter purify polyclonal
IgG and IgM to assess the presence of specific proteolytic activity as a mechanism
of action of adaptive immunity.

6.3.1 Isolation of IgG antibodies from human plasma

Polyclonal IgG was isolated from human plasma using Protein A-functionalized aga-
rose resin. Therefore, plasma was buffered by a 1:10 addition of 10x PBS. Two
milliliter of Protein A-functionalized agarose slurry was transferred to a gravity flow
column and equilibrated with 10 CV 1x PBS. Most of the liquid was removed and a
stopper was placed onto the tip of the column to stop the flow. 2 ml of the buffered
plasma was added to the column and incubated for 10 minutes with intermittened
shaking. The column was washed with 10 CV 1x PBS and the flow through was col-
lected as IgG-depleted plasma, which was subsequently used for IgM isolation. IgG
was acid eluted using 10 ml 0.1 M glycine pH 3.5. Immediately afterwards, 1 ml 1 M
tris pH 8.0 was added to the collection flask to adjust the pH. The neutralized eluate
was transferred to a 50 kDa MWCO Amicon Ultra Centrifugal Filter and buffer was
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exchanged twice with 1x PBS by centrifugation at 4,000 x g. Samples were filtered
using a 0.2 µm PES syringe filter. Concentration of IgG was determined via UV-Vis
spectroscopy and lambert-beer equation using ε280 nm = 210,000 M−1cm−1.

6.3.2 Isolation of IgM antibodies from human plasma

Polyclonal IgMwas isolated from IgG-depleted human plasmawhich was a byproduct
of IgG isolation. 1 ml LigaTrap human IgM resin slurry was transferred to a gravity
flow column and equillibrated with 10 CV 10 mg/ml adipic acid, 800 mM NaCl, pH
5.8. The IgG-depleted plasma was diluted 1:4 with 50 mg/ml adipic acid, 4.0 M NaCl,
pH 5.8 and added to the column. The sample was incubated on the column for 10
minutes with intermittened shaking. Resin was washed with 20 CV 10 mg/ml adipic
acid, 800 mM NaCl, pH 5.8 and subsequently eluted with 10 ml 0.1 M sodium ac-
etate, pH 4.0. The eluate was neutralized with 12% 3.0 M tris-base, pH 11.1. The
neutralized eluate was transferred to a 50 kDa MWCO Amicon Ultra Centrifugal Filter
and buffer was exchanged twice with 1x PBS by centrifugation at 4,000 x g.
IgM was further purified by size exclusion chromatography using a Superdex 200
10/300 column on an NGC Discover System for liquid chromatography. The column
was equillibrated with 1x PBS and samples were loaded onto the column. IgM eluted
in the void volume peak, which was collected and transferred to a 50 kDa MWCO
Amicon Ultra Centrifugal Filter to increase the concentration by centrifugation at
4,000 x g.
As a final purification step, CaptureSelect human IgM resin was used to further pu-
rify the IgM with high specificity. 1 ml CaptureSelect human IgM resin slurry was
transferred to a gravity flow column and equillibrated with 10 CV 1x PBS. IgM sam-
ples were added to the resin and incubated for 10 minutes with intermittened shak-
ing. Column was washed with 20 CV 1x PBS and IgM was eluted with 10 ml 0.1 M
glycine pH 3.5. The eluate was immediately neutralized with 1 ml 1 M tris pH 8.0.
The neutralized eluate was transferred to a 50 kDa MWCO Amicon Ultra Centrifu-
gal Filter and buffer was exchanged twice with 1x PBS by centrifugation at 4,000
x g. Samples were filtered using a 0.2 µm PES syringe filter. Concentration of IgM
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was determined via UV-Vis spectroscopy and lambert-beer equation using ε280 nm =
1,062,000 M−1cm−1.

6.3.3 Evaluation of proteolytic antigen cleavage by antibodies

Proteolytic activity of polyclonal IgG and IgM was assessed by coincubation with
amyloid peptides and subsequent analysis via reverse-phase HPLC. Therefore, the
tips of 0.5 ml low-bind reaction tubes were cut off and placed flush into 2 ml Agilent
glass vials for HPLC so that it was still possible to seal the glass vials with septed
screw caps. These reaction vessels were able to hold 50 µl reaction volume and were
used to coincubate the Igs with amyloid peptides. Typically, 25 µM of the respective
amyloid peptide and 10 nM of polyclonal IgM or 0.25 µM of polyclonal IgG in a total
volume of 50 µl in 1x PBS were incubated quiescently at 37°C for 96 hours.

6.3.4 High-Pressure Liquid Chromatography analysis

Amyloid proteolysis products generated by the proteolytic activity of Igs were ana-
lyzed by reverse-phase high-pressure liquid chromatography (RP-HPLC) on a 1260
Infinity HPLC-Chromatograph by Agilent Technologies using a Zorbax 300SB-C8 4.6
x 250 mm column applying a linear gradient of 0–80% ACN 0.1% TFA over 40 min-
utes. 20 µl samples were injected using the autosampler of the HPLC device. Data
analysis was performed using python version 3.8 andmatplotlib version 3.3.0. Chro-
matogram data was baseline corrected by substraction of a 7th-order polynomial fit.

6.4 Methods related to PACMAN

6.4.1 Synthesis of the Aβ-target peptide

MAβ40C was recombinantly produced by coexpression of MAβ40C and ZAβ3 as pre-
viously described for the production of Aβ and dimAβ [128, 300]. Both MAβ40C
and ZAβ3 were encoded on the bacterial expression vector pACYCDuet-1 (Novagen)
which was designed for bicistronic expression. MAβ40C was inserted into the first
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multiple cloning site (MCS) and ZAβ3, as a His-tagged (His)6-ZAβ3 variant, was cloned
into the second MCS of the vector. BL21(DE3) E.coli cells were transformed with the
plasmid and overnight precultures were prepared in 50 ml LB medium with 100
µg/ml carbenicillin. The next day, 2 litre LB medium with 100 µg/ml carbenicillin
were inoculated with 40 ml of the preculture. Cells were grown to an O.D. of 0.6 for
approximately 3 hours at 37°C and subsequently expression was induced by adding
1 mM IPTG followed by further incubation at 37°C for 4 hours. Cells were harvested
by centrifugation and stored at -20°C.
For purification of MAβ40C, cell pellets were resuspended in 50 mM sodium phos-
phate, 300 mM NaCl, 20 mM imidazole pH 8 supplemented with EDTA-free protease
inhibitor tablets, as recommended by the manufacturer. Cells were lysed via cell
disruptor at 2.9 kbar and cell debris was removed via centrifugation at 18,000 RPM
at 4°C for 40 minutes. The MAβ40C:ZAβ3 complex was captured by IMAC on a His-
Trap 5 ml excel column and MAβ40C was eluted via denaturation of the complex
with 8 M Urea in 20 mM sodium phosphate pH 7. To remove residual ZAβ3, the elu-
ate was first reduced by supplementing 5 mM TCEP and subsequently separated via
RP-HPLC on a semi-preparative Zorbax 300SB-C8 RP-HPLC column (9.4 mm × 250
mm) connected to an Agilent 1260 Infinity system with UV detection at 214 nm and
275 nm. Monomeric MAβ40C was eluted on a gradient of 12.5% to 45% acetonitrile
in water with 0.1% (v/v) trifluoroacetic acid over 15 minutes at 80°C. The eluate was
lyophilized and powdered MAβ40C was stored at RT.
MAβ40C-ATTO643 was synthesized via maleimide conjugation to the C-terminal cys-
teine residue via succinimidyl thioether formation. 1 mg maleimide-ATTO643 was
dissolved in 100 µl DMF and 1 mg MAβ40C was dissolved in 600 µl 8 M Urea 20
mM sodium phosphate pH 7.0 supplemented with 5 mM TCEP. 33 µl maleimide-
ATTO643 was added to the MAβ40C solution and incubated for 4 hours at room tem-
perature followed by an overnight incubation at 4°C on a tube roller. In hintsight,
the overnight incubation was detrimental to the synthesis as most of the product
aggregated and was impossible to redissolve. Nevertheless, the MAβ40C-ATTO643
product was purified via RP-HPLC by elution on a gradient of 25% to 45% acetonitrile
in water with 0.1% (v/v) trifluoroacetic acid over 15 minutes at 80°C while detect-
ing the absorption at 643 nm. The MAβ40C-ATTO643 product peak was collected
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and lyophillized. Aliquots were prepared by dissolving in HFIP and lyophilization in
appropriate aliquot sizes.

20 nmol MAβ40C-ATTO643 was dissolved in 500 µl 50% DMF, 50% 50mM sodium
phosphate pH 6.5. The DMF was intended to increase the solubility of MAβ40C-
ATTO643, as it was virtually insoluble in aquaeous solutions. However, even with
the addition of DMF and heating to 80°C only partial dissolution was achieved (for
future syntheses the use of HFIP as cosolvent should be evaluated). To the MAβ40C-
ATTO643 solution 1.6 µl 62.5mMNHS-DBCO (25mg in 1ml DMF), for a 5-fold excess,
and 26 µl 9 mM biotin-FAM-azide (1 mg in 100 µl DMF), for a 10-fold excess, was
added and incubated overnight at 4°C on a tube roller. Final purification was per-
formed via RP-HPLC. Products were eluted on a gradient of 25% to 45% acetonitrile
in water with 0.1% (v/v) trifluoroacetic acid over 15 minutes at 80°C while detecting
the absorption at 488 nm and 643 nm. All putative product peaks that simultane-
ously absorbed at 488 nm and 643 nm were collected and lyophillized. Aliquots
were prepared by dissolving in HFIP and lyophilization in appropriate aliquot sizes.
Subsequently, the products were stored at -80°C. Final product concentration was
determined by dissolving one aliquot in PBS and subsequent UV-Vis spectroscopy.
The absorption at 643 nm was measured and the lambert-beer equation was used
to calculate the concentration with an ε643 nm = 150,000 M−1cm−1.

6.4.2 Preparation of input-DNA for PACMAN

Input-DNA for PACMAN needed to contain a T7 promoter with a short 5’UTR before
the promotor sequence, a ribosome binding site (RBS), the sequence encoding the
protein of interest (starting with an ATG and stopping with a stop-codon) followed by
a 3’-UTR which ends with a T7 terminator sequence. These were the prerequisites
for application in IVTT. Therefore, input-DNA was prepared using the primers ”No-
extension-T7-Term Rev” and ”Link-T7p For”. As template, the gene of interest or
library was subcloned into the pIgV plasmid providing the promotor and terminator
regions. Input-DNA was either prepared using Phusion polymerase, as described in
Table 6.7 or CloneAmp HiFi PCR premix, as described in Table 6.8. A temperature
profile as shown in Table 6.9 was used.



204 Methods: Methods related to PACMAN

Table 6.7: PCR composition used in the preparation of input-DNA using Phusion poly-
merase.

Component Volume
(single template)

Volume
(library as template)

5x HF-Buffer 10 µl 10 µl
dNTPs [10 mM each] 1 µl 1 µl
Primer [10 µM] – Link-T7p For 2.5 µl 2.5 µl
Primer [10 µM] – No-extension-T7-Term Rev 2.5 µl 2.5 µl
DMSO 1.5 µl 1.5 µl
Template DNA 1 µl (50-500 pg/µl) 5 µl (up to 100 ng/µl)
Milli-Q H2O 31 µl 26 µl
Phusion polymerase 0.5 µl 0.5 µl

Table 6.8: PCR composition used in the preparation of input-DNA using CloneAmp HiFi PCR
premix.

Component Volume
(single template)

Volume
(library as template)

2x CloneAmp HiFi PCR Premix 25 µl 25 µl
Primer [10 µM] – Link-T7p For 2.5 µl 2.5 µl
Primer [10 µM] – No-extension-T7-Term Rev 2.5 µl 2.5 µl
Template DNA 1 µl (50-500 pg/µl) 5 µl (up to 100 ng/µl)
Milli-Q H2O 19 µl 15 µl

Table 6.9: PCR temperature profile used in the preparation of input-DNA for PACMAN.

Temperature Time Cycles

98°C 2 min
98°C 30 s |
58°C 30 s 35x or 25x for libraries
72°C 1 min |
72°C 5 min
15°C hold
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After PCR, the products were separated on a 1% agarose gel, excised and eluted
from the gel. The concentration was determined and subsequently used in PACMAN
selections.

6.4.3 Coupling of biotinylated primers and target peptides to streptavidin-
coated microbeads

Usually, 5x107 ProMag HP3 streptavidin microbeads were used. Microbeads were
washed three times with 200 µl bind and wash buffer and resuspended in 50 µl
bind and wash buffer. Typically, 120,000 or 106 biotinylated primers were coupled
per microbead. Therefore, 1 µl or 8.3 µl (10 µM) ”b-TEG-TGS-Link-T7p For” primer
was added, respectively, quickly vortexed to evenly disperse the primers and mi-
crobeads in solution. Microbeads were incubated at 1400 RPM at RT for 30 minutes.
The peptide was aliquoted by dissolving in Hexafluoroisopropanol (HFIP), splitting
into aliquots of appropriate size and subsequent lyophilization. Aliquots were pre-
pared as 0.9 nmol aliquots for the Aβ-target peptide and 1.66 nmol aliquots for the
TEV-target peptide.
Usually 106 peptide molecules were coupled per microbead. In case of the Aβ-
target peptide, an aliquot was dissolved in 100 µl 1x PBS and sonicated until no
precipitate was visible. 9.2 µl of that solution was added to the microbeads (106

peptides/microbead) and incubated overnight at 1400 RPM 7°C. The rest of the Aβ-
target peptide aliquot was stored at -80°C and used for several months. In case of
the TEV-target peptide, an aliquot was dissolved in 500 µl 1x PBS and 25 µl of that
solution was added to the microbead suspension (106 peptides/microbead) and in-
cubated overnight at 1400 RPM 7°C. The rest of the TEV-target aliquot was stored
at -80°C and used for several months. Afterwards, the microbeads were washed
three times with 200 µl breaking buffer using a magnetic rack and then incubated
overnight at 1400 RPM 7°C. Microbeads were washed three times with 200 µl bind
and wash buffer and subsequently resuspended in 100 µl bind and wash buffer sup-
plemented with 0.1% sodium azide (NaN3) and stored at 4°C for several months.
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Figure 6.1: Preparation of FluoSurf-based emulsions. FluoSurf-based emulsions were
prepared in 200 µl PCR tubes. After the aqueous and organic phase were added to the
tube (a), lids were closed and wrapped with fabric tape (b). Up to two tubes were placed
horizontally into the rubber opening of the VWR VV3 vortexer (c). The opening was closed
using fabric tape (d). Emulsions were formed by vortexing at speed setting 5 of 6 for 5
minutes. The successfully prepared emulsion floated on top (e).

6.4.4 On-bead emulsion PCR (emPCR)

106 (unless stated otherwise) ProMag HP3 streptavidin microbeads decorated with
120,000 (unless stated otherwise) biotinylated primers (b-TEG-TGS-Link-T7p For)
per microbead and 106 (unless stated otherwise) biotinylated target peptides (TEV-
target or Aβ-target) per microbead were used. The PCR was based on Titanium Taq
polymerase and the emulsion was based on FluoSurf.
Microbeads were washed three times with 100 µl Milli-Q H2O and resuspended at
a concentration of 500,000 microbeads/µl in Milli-Q H2O. The PCR was prepared as
shown in Table 6.10. Unless stated otherwise, 4x106 molecules of input DNA were
used per emulsion.

The total volume of the PCR mixture was 18 µl. To prepare the emulsion, the
PCR mixture was quickly vortexed or sonicated in a sonicator bath to resuspend the
microbeads, subsequently 54 µl 2% FluoSurf was added to the PCR mixture in a
200 µl PCR tube. The PCR tube was vortexed for 5 minutes at RT using a VWR VV3
vortexer on speed setting 5 of 6 (detailed sample placement depicted in Figure 6.1).
PCR was performed according to the temperature profile shown in Table 6.11.

After PCR, the emulsion was broken and microbeads were recovered. Therefore,
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Table 6.10: PCR composition used in on-bead emPCR.

Component Volume

10x Titanium Taq buffer 1.8 µl
dNTPs [10 mM each] 0.45 µl
Primer [10 µM] – No-extension-T7-Term Rev 1.8 µl
Milli-Q H2O 10.05 µl
Microbeads in Milli-Q H2O 2 µl
Template DNA (4 x 106 molecules/µl) 1 µl
Titanium Taq polymerase 0.9 µl

the emulsion was transferred to a fresh 0.5 ml low-bind reaction tube and the PCR
tube was rinsed with 200 µl breaking buffer which was also transferred to the 0.5
ml reaction tube. 60 µl Fluoro-Stop was added and the tube was shaken by hand
to break the emulsion. The aqueous and organic phases were separated either by
placing the tube in a rack and settling by gravity or by quick spin-down in a mini cen-
trifuge. The upper phase contained the aqueous phase with the microbeads which
was transferred to a fresh 1.5 ml reaction tube. To ensure complete microbead re-
covery, a small amount of the organic phase was transferred as well. The reaction
tube was placed into a magnetic rack and microbeads were separated from the liq-
uid. The whole liquid was removed and microbeads were washed three times with

Table 6.11: PCR temperature profile used in on-bead emPCR.

Temperature Time Cycles

94°C 2 min
94°C 30 s |
48°C 30 s 30x
72°C 2-4 min |
72°C 5 min
45°C 5 min
25°C 20 min
15°C hold
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200 µl breaking buffer and incubated overnight at 7°C at 1400 RPM, subsequently
the microbeads were washed three times with 200 µl bind and wash buffer and in-
cubated overnight at 7°C at 1400 RPM. Finally, the microbeads were washed three
times with 200 µl TE buffer.
Nevertheless, the wash protocol had to always be evaluated depending on the cur-
rent experiment. Depending on the used microbead product, the presence of target
peptides and the amount of contaminating soluble DNA, the wash protocols had to
be adjusted. Residual DNA was usually best removed by successive washings with
TE buffer, but in the presence of target peptides a more intensive wash protocol
including repeated breaking buffer and bind and wash buffer washing steps was
favored.

Afterwards, microbeads were stored in bind and wash buffer supplemented with
0.1% NaN3 at 4°C until further use.

6.4.5 Determination of the amount of DNA copies bound to microbeads by
qPCR

The efficiency of on-bead emPCR was evaluated using qPCR by determining the
number of DNA copies per microbead. After on-bead emPCR, after the intensive
wash protocol, microbeads were again washed three times with 100 µl Milli-Q H2O.
50 µl of the microbead suspension was diluted with 250 µl Milli-Q H2O. The mi-
crobead concentration was determined using a Neubauer enhanced cytometer ac-
cording to the manufacturer’s instructions. Subsequently, the sample was further
diluted to obtain 250 microbeads/µl in a total volume of 300 µl Milli-Q H2O. As a con-
trol, whether the wash protocol was sufficient to remove unspecifically bound DNA
from the microbeads, approximately half of the volume of the microbead suspen-
sion was filtered through a 0.2 µm syringe filter to remove all microbeads. Thereby,
residual unspecifically bound DNA was washed off the microbeads and eluted, but
the microbeads were caught in the filter. Always both, the microbead suspension
and the filtered eluate, were analyzed by qPCR. In case almost no DNA was de-
tected in the filtered eluate, microbeads were considered sufficiently washed. Then
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Table 6.12: qPCR composition.

Component Volume

2x AceQ qPCR SYBR Green Master Mix 5 µl
Primer [10 µM] – qPCR TEV For or Vector Amplification For 0.2 µl
Primer [10 µM] – No-extension-T7-Term Rev 0.2 µl
Microbeads (1000/reaction) or filtered eluate 4 µl
Milli-Q H2O 0.6 µl

Table 6.13: qPCR temperature profile.

Temperature Time Cycles

95°C 30 s
95°C 10 s 40x
60°C 30 s |
melt 15 s

the emPCR efficiency could be confidently evaluated by qPCR on the microbead
sample.

The qPCR mixture was assembled as listed in Table 6.12. All samples were mea-
sured in three to four replicates. For samples containing TEV DNA, the forward
primer ”qPCR TEV For” was used, otherwise the forward primer ”Vector Amplifi-
cation For” was used. The PCR temperature profile shown in Table 6.13 was used.
Ct values for each sample were measured using a qTower3 G (Analytik Jena) qPCR
device.

To calculate the number of copies per microbead, a standard curve was pre-
pared using microbeads harbouring 10, 100, 1,000, 10,000 and 100,000 biotiny-
lated molecules of the respective DNA per microbead.
Biotinylated DNA was prepared as described in section 6.4.2, but instead of the
primer ”Link-T7p For”, the biotinylated primer ”b-TEG-TGS-Link-T7p For” was used
in the PCR.
To prepare eachmicrobead standard, 106 ProMag HP 3 streptavidin microbeads were
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washed three times with 100 µl bind and wash buffer. 10, 100, 1,000, 10,000 or
100,000 biotinylated DNA molecules/microbead were added to the microbeads and
incubated overnight at 7°C at 1400 RPM. The microbeads were washed three times
with 100 µl breaking buffer and incubated overnight at 7°C, 1400 RPM. Microbeads
were further washed three times with 100 µl bind and wash buffer and incubated
overnight at 7°C, 1400 RPM. Subsequently, microbeads were washed three times
with 100 µl TE buffer. qPCR was performed in triplicates as described above.
To calculate the standard curve, the log10 of the DNA copies/microbead of each stan-
dard sample was plotted against its respective Ct-value and a linear regression was
performed. The qPCR efficiency (E) was calculated using the slope of the linear
regression: E = 10−1/slope. Using the intercept (I) of the linear regression and the
qPCR efficiency (E) the average number of DNA copies per microbead of the on-bead
emPCR samples was calculated using: N = EI−Ct.

6.4.6 in vitro transcription and translation in emulsion

The Abil EM 90-based protocol was preferred when at least 4 x 106 beads were used
in a PACMAN selection. The Abil-based emulsion consumed more IVTT solution (50
µl) in a single preparation as compared to the FluoSurf-based emulsion (18 µl), but
accomodated for more microbeads in relation to the amount of used IVTT solution.
The Abil-based method was therefore preferred especially in early selection cycles,
as more variants could be screened in a single preparation. In later selection cycles
and in method-optimization experiments, FluoSurf was preferred as IVTT solution
could be conserved and FluoSurf provided a considerably superior ease of handling.

Abil EM 90-based protocol

An Abil EM 90-based IVTT emulsion could accomodate for up to 5x106microbeads
in a single preparation. Unless stated otherwise, 5x106 microbeads, after on-bead
emPCR, were used. Microbeads were washed twice with 100 µl 1x PBS and twice
with 100 µl 1x PBS, 1 mg/ml UltraPure BSA using a magnetic rack. Afterwards,
microbeads were separated using the magnetic stand and the whole aqueous solu-
tion was removed. Microbeads were resuspended in 50 µl PURExpress IVTT solution
(5.3.1). From this point, the IVTT/microbead mixture was kept on ice.
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500 µl mineral oil Abil EM90 surfactant mixture was freshly prepared and placed in
a 2 ml Agilent glass vial with a 2x7 mm microstirbar. The glass vial was placed into
a slot of the iTrapR containing crushed ice and water. The RPM was set to 1200 and
a timer was set to 10 minutes.
The microbead IVTT mixture was pipetted up and down to nicely disperse the mi-
crobeads. The timer was started and the microbead IVTT mixture was slowly added
to the stirring and chilled mineral oil Abil EM 90 surfactant mixture in aliquots of
10 µl, one aliquot per minute. As the microbeads decorated with target peptides
tended to cluster and aggregate in the IVTT solution, the microbead/IVTT mixture
was sonicated in a sonicator bath right before taking each aliquot, to disperse the
microbeads. After the whole aqueous phase was added, the emulsion continued to
stir for 5 minutes until the timer ran out and automatically turned off the stirring.
The emulsion was removed from the glass vial using a pipette and transferred to a
1.5 ml reaction tube. The emulsion was incubated quiescently at 37°C for 4 hours
or up to 5 days. During incubation time, variants were expressed and cleavage of
target peptides took place.
To break the emulsion and to recover the microbeads after incubation, the emulsion
was centrifuged at 16,100 x g for 15 minutes at RT (important!). The supernatant
oil phase was removed thoroughly to leave as little residual oil as possible. 200
µl breaking buffer was added and the emulsion pellet was disrupted by pipetting
up and down. 1 ml diethylether was added and vortexed. The aqueous and the
organic phase were separated by brief centrifugation using a mini centrifuge. The
upper diethylether phase was discarded. Usually, one diethylether extraction was
sufficient for microbead recovery, but if necessary, the diethylether extraction was
repeated. Microbeads were separated using a magnetic rack and the whole liquid
was removed. Microbeads were washed with 200 µl breaking buffer, resuspended in
100 µl breaking buffer and transferred to a fresh 1.5 ml reaction vessel. Microbeads
were washed two more times with 100 µl breaking buffer and then incubated in a
refrigerated thermomixer at 1400 RPM at 7°C overnight. Microbeads were washed
again three times with 100 µl breaking buffer and then five times with 100 µl 1x PBS.
Subsequently, microbeads were sorted or analyzed using FACS or flow cytometry,
respectively.
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FluoSurf-based protocol

A FluoSurf-based IVTT emulsion may accomodate for a max of 106 microbeads
in a single preparation. Unless stated otherwise, 106 microbeads, after on-bead
emPCR, were used. Microbeads were washed twice with 100 µl 1x PBS and twice
with 100 µl 1x PBS, 1 mg/ml UltraPure BSA using a magnetic rack. Afterwards,
microbeads were separated using the magnetic stand and the whole aqueous solu-
tion was removed. Microbeads were resuspended in 18 µl PURExpress IVTT solution
(5.3.1) in a 200 µl PCR tube. The emulsion was prepared by adding 54 µl 2% FluoSurf
and vortexing for 5 minutes at RT using a VWR VV3 vortexer on speed setting 5 of
6 (detailed sample placement depicted in Figure 6.1). The emulsion was incubated
quiescently at 37°C for 4 hours, unless stated otherwise. During the incubation
time, variants were expressed and cleavage of target peptides took place.
After incubation, the emulsion was broken and microbeads were recovered. There-
fore, the emulsion was transferred to a fresh 0.5 ml low-bind reaction tube, the PCR
tube was rinsed with 200 µl breaking buffer, which was then also transferred to the
0.5 ml reaction tube. 60 µl Fluoro-Stop was added and the tube was shaken by hand
to break the emulsion. The aqueous and organic phases were separated either by
placing the tube in a rack and settling by gravity or by quick spin-down in a mini
centrifuge. The upper phase contained the aqueous phase together with the mi-
crobeads which was transferred to a fresh 1.5 ml reaction tube. To ensure complete
microbead recovery, a small amount of the organic phase was transferred as well.
The reaction tube was placed into a magnetic rack and microbeads were separated
from the liquid. The whole liquid was removed and microbeads were washed three
times with 100 µl breaking buffer and then incubated in a refrigerated thermomixer
at 1400 RPM at 7°C overnight. Microbeads were washed again three times with 100
µl breaking buffer and then five times with 100 µl 1x PBS. Subsequently, microbeads
were sorted or analyzed using FACS or flow cytometry, respectively.

6.4.7 Flow cytometer analysis of microbeads

Flow cytometer analysis was performed using a BD FACSCanto II or a Beckman Coul-
ter CytoFLEX S device. Microbeads were appropriately diluted with 1x PBS in a 5 ml
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flow cytometry tube. Usually, 50 µl microbead suspension (∼500,000 microbeads)
was diluted with 500 µl 1x PBS.
The acquisition setup was the same for both devices. Single microbeads were gated
using the forward scatter (FSC) and side scatter (SSC) channels in linear scale, addi-
tionally the fluorescence channels of FITC and APC were recorded. Usually, 10,000
single microbead events were recorded. Subsequent data analysis of the fluores-
cence signals was performed using python version 3.8, FlowCal version 1.3.0 and
matplotlib version 3.3.0.

6.4.8 Fluorescence-activated cell sorting (FACS) of microbeads

Fluorescence-activated cell sorting was performed using a BD FACS ARIA III or a
Beckman Coulter CytoFLEX SRT device. Microbeads were appropriately diluted with
1x PBS in a 5 ml flow cytometry tube. Usually, the whole microbead suspension was
diluted to a total volume of 500 µl with 1x PBS.
The acquisition and gating setup was the same for both devices. Single microbeads
were gated using the forward scatter (FSC) and side scatter (SSC) channel in linear
scale. The fluorescence channels FITC and APC were used to evaluate the cleavage
status of the microbead-bound target peptides. A sort gate and the sort mode was
set as described in the results section and microbeads were collected directly into
96-well plates, which were later used for PCR amplification of the DNA bound to the
microbeads. Subsequent data analysis of the fluorescence signals was performed
using python version 3.8, FlowCal version 1.3.0 and matplotlib version 3.3.0.

6.4.9 Reamplification of DNA from sorted microbeads

DNA bound to sorted microbeads was reamplified by PCR. PCR was performed using
Phusion polymerase in the initial experiments used to prove the principle of PACMAN
via recovery of TEV-protease-coding DNA. In the experiments to isolate antibodies
from libraries, the microbead-bound DNA was reamplified using Hifi CloneAmp PCR
premix, as the recovery using Phusion polymerase was unsatisfactory. In the initial
experiments, the PCR was set up according to Table 6.14. The approximate volume
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Table 6.14: PCR composition used for reamplification of DNA from sorted microbeads. x is
the estimated volume of the sorted microbeads.

Component Volume

5x HF-Buffer 10 µl
dNTPs [10 mM each] 1 µl
Primer [10 µM] – Link-T7p For 2.5 µl
Primer [10 µM] – No-extension-T7-Term Rev 2.5 µl
DMSO 1.5 µl
Milli-Q H2O 32–x µl
Phusion polymerase 0.5 µl

Table 6.15: PCR composition used for reamplification of DNA from sorted microbeads using
CloneAmp PCR premix.

Component Volume

2x CloneAmp HiFi PCR Premix 25 µl
Primer [10 µM] – Link-T7p For 2.5 µl
Primer [10 µM] – No-extension-T7-Term Rev 2.5 µl
1x PBS 20 µl

of the collected microbeads was estimated using a micropipette. The PCR temper-
ature profile of Table 6.9 was used.
For sorts that yielded more than 5 µl of sample, as was the case for the screenings
of the antibody libraries, the microbeads were separated from the liquid using a 96-
well magnetic separator rack and the whole liquid was removed. The FACS solution
has an inhibitory effect on the PCR and had to be removed prior to PCR if volumes
exeeded 5 µl. In these cases, the PCR composition from Table 6.15 was used. The
separated microbeads in the 96-well plate were resuspended in the 50 µl PCR re-
action mix and mixed well. The PCR was subsequently performed according to the
temperature profile in Table 6.9.

The products of the PCR were separated using a 1% agarose gel and the band
corresponding to the size of the anticipated products were excised and eluted.
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Figure A.1: DNA stains do not provide a sufficient readout for monoclonality
assessments of microbeads after on-bead emPCR. a, flowcytometric analysis of mi-
crobeads stained with SYBR green DNA stain after on-bead emPCR. In light grey, unstained
control ProMag HP 3 streptavidin microbeads. In dark grey, SYBR green stained control
microbeads, which show a strong background adsorption of the DNA stain. In blue hues,
microbeads decorated with different amounts of biotinylated DNA/microbead were stained
with SYBR green and a trend in the fluorescence intensity correlating with the amount of DNA
was evident. Two on-bead emPCR reactions were performed with a high and low amount of
input DNAs. In the SYBR green staining the two microbead populations are not discernible.
b, the microbeads from the same two on-bead emPCR reactions as in a) were analyzed by
qPCR revealing the remarkable difference in the DNA load.
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Figure A.2: Purification of polyclonal human IgM by size exclusion chromatograhy.
IgG-depleted human plasma was subjected to gravity flow with LigaTrap human IgM resin.
The IgM-rich eluate was further purified by size exclusion chromatography using a Superdex
200 10/300 column. The individual elution fractions were separated on an 8% glycine SDS-
Page gel. On the upper stitched gel the fractions were not reduced and on the lower stitched
gel the samples were reduced. Marker, PageRuler Plus prestained. Feed, the IgM-rich Liga-
Trap eluate, which was used as feed for the size exclusion chromatography.
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Figure A.3: Digestion of Aβ40 by polyclonal IgM purified from IgG-depleted human
plasma by LigaTrap Human IgM gravity flow chromatography and subsequent Su-
perdex 200 10/300 chromatography. To isolate polyclonal IgM from human plasma, it
was first subjected to to gravity flow chromatography with Protein A-resin for IgG-depletion.
The flow-through was collected and further subjected to gravity flow chromatography with
LigaTrap Human IgM resin which was claimed to preferentially bind human IgM, but with
residual affinity towards the other Ig-classes. Afterwards, the IgM-rich eluate was further
purified by size exclusion chromatography using a Superdex 200 10/300 column (see Fig-
ureA.2). The eluted fraction 4 was used to perform the depicted Aβ40 digestion. 100 µg/ml
Aβ40 was coincubated quiescently with 50 nM polyclonal IgM from fraction 4 for 96 hours
at 37°C. Samples were analyzed by reverse-phase HPLC using a Zorbax 300SB-C8 4.6x250
mm column with a linear gradient of 0–80% ACN 0.1% TFA over 40 minutes. Sample incuba-
tion in this experiment was performed in conical HPLC glass vial insets and not in low-bind
tubes, which resulted in some loss of full-length Aβ40 by binding to the glass walls. There-
fore, the peak height of Aβ40 in the HPLC chromatogramm does not reliably represent the
Aβ40 concentration in the samples. The important information from this experiment is the
presence of early elution peaks at 275 nm within the first seven minutes, which are indica-
tive for single amino acids and small di- to oligo peptides.
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Figure A.4: Quality control of total RNA extractions from human PBMCs from
twelve donors. Total RNA was isolated via Trizol extraction. Afterwards, total RNA was
analyzed by 1% agarose gel electrophoresis. Prominent rRNA bands were visible in donor
samples 3–12 indicative for a purification with limited degradation by Rnases. Samples
1 and 2 unfortunately showed RNA degradation and were therefore excluded from library
preparation. Marker, GeneRuler 1 kb DNA ladder.
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Figure A.5: PCR amplification of the VH antibody family repertoire. All necessary
primer combinations used to amplify the VH antibody family repertoire from cDNA were
examined by PCR. All forward primers which introduce either a 5’ plasmid overlap with a
start-codon or a linker to the VH fragment were evaluated individually for each VH family.
All reverse primers which introduce either a stop-codon with a 3’ plasmid overlap were
combined before PCR, as well as all reverse primers that introduce a linker were combined
before PCR. An optimized annealing temperature was previously determined (65°C) and
here evaluated for all primer combinations. Marker, GeneRuler 1 kb DNA ladder.
The same effort was invested into the evaluation of optimized annealing temperatures for
the amplification of the VL and VK antibody family repertoire by Stefanie Williams during
her Bachelor thesis.
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Figure A.6: Evaluation of PURExpress IVTT parameters to express IgVL2 2E6 and
attempts to cleave Aβ. a, IgVL2 2E6 [230] was subcloned into the pIgV plasmid to intro-
duce a T7 promotor and a T7 terminator necessary for IVTT via PURExpress. 250 ng plasmid
was used for each 25 µl of IVTT reaction volume. The expression temperature and duration
was optimized to express IgVL2 2E6 using PURExpress IVTT solution. Expression was per-
formed at 22°C, 30°C and 37°C for 1–4 hours. The sample in the last lane was substituted
with 130 µM ZnCl2, as zink ions were claimed to be crucial for 2E6 activity according to
Taguchi et al. [230]. Expression products were analyzed on a 20% tris-tricine SDS-Page and
by subsequent western-blot analysis using rabbit anti-cmyc primary antibody and goat anti-
rabbit HRP-conjugated secondary antibody. The IgVL2 2E6 band at 27kDa was most promi-
nent after 4 hours of expression at 37°C. This suggested that IVTT expression of single-chain
antibody fragments should be best performed at 37°C for 4 hours. b, attempts to cleave Aβ
with the IVTT expressed 2E6 antibodies. 2 µl of the IVTT reaction mixtures were mixed with
1 µl 10 µM HiLyte555-Aβ42 and 8 µl PBS and incubated for 2 days at 37°C. The sample in the
first lane contained the PURExpress reagent without any DNA (negative control). Reaction
products were separated on a 20% Tris-tricine SDS-PAGE gel and HiLyte555 fluorescence
was recorded. Unfortunately, no cleavage products were detected in any condition.
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