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Zusammenfassung

Das grundlegende Ziel der Lebenswissenschaften ist das Verständnis von Organis-
men in ihrer gesamten Komplexität. Räumliche Omic Technologien versuchen diese
Frage zu beantworten, indem sie umfassende räumliche Karten liefern, welche alle
Biomoleküle eines gegebenen Systems lokalisieren. Dies bedeutet die Kartierung von
Zehn- oder sogar Hunderttausenden von Interaktionspartnern mit molekularer Au-
flösung. Um diese Aufgabe, welche „Localizomik“ genannt wird, zu erfüllen, wurden
mehrere Technologien implementiert. Multiplexed error-robust FISH (MERFISH)
und sequential fluorescence in situ hybridization (seqFISH+) sind die führenden
Technologien bei der Kartierung der transkriptomischen und genomischen Verteilun-
gen, und in der Lage Tausende von mRNA und DNA-Abschnitte auf Organebene zu
visualisieren. Imaging mass cytometry (IMC), multiplexed ion beam imaging (MIBI)
und co-detection by indexing (CODEX) sind in der Lage Proteomeverteilungen mit
bis zu 60 aufgelösten Zielen bereitzustellen. Mit all diesen Technologien kann zwar
eine große Anzahl von Biomolekülen kartiert werden, aber keine von ihnen ist in der
Lage, eine nanoskopische Auflösung zu erreichen. Superauflösungsmikroskopie kann
Proteinanordnungen mit Nanometerauflösung kartieren, diese Verfahren sind aber in
der Regel auf wenige Biomoleküle beschränkt. Selbst Verfahren wie DNA-PAINT,
welche mit Technologien wie Exchange-PAINT unbegrenzte Anzahl an verschiede-
nen Zielen auflösen können, verfügen entweder nicht über den Durchsatz (bei tradi-
tionellem DNA-PAINT), oder nicht über die Fähigkeit mehr als sechs verschiedene
Ziele (bei geschwindigkeitsoptimiertem DNA-PAINT) in einzelnen Zellen aufzulösen.

Die Arbeit in dieser Dissertation hat als Ziel diese Beschränkungen zu über-
winden und die superauflösende Mikroskopie als Werkzeug für räumliche Omic zu er-
möglichen. Durch die Entwicklung der Technologie secondary label-based unlimited
multiplexed DNA-PAINT (SUM-PAINT) kann die Kartierung von Proteinverteilun-
gen einzelner Zellen mit molekularer Auflösung innerhalb von Minuten mit unbe-
grenzter Anzahl an verschiedenen Zielen erreicht werden. Als Anwedung dieser Tech-
nologie wurde ein neuronaler 3D-Atlas mit 30 Proteinen in Einzelproteinauflösung
kartiert, was eine umfassende Untersuchung der nanoskopischen Anordnung der neu-
ronalen Architektur und der synaptischen Heterogenität ermöglicht. Die Komplex-
ität der Daten erforderte die Entwicklung einer auf maschinellem Lernen basieren-
den Analyse welche uneingenommene entdeckerische Untersuchungen ermöglicht, die
schließlich zur Entdeckung einer neuen Klasse von chemischen Synapsen führte.
Diese Synapse, welche wir als „gemischt“ bezeichneten, ist gekennzeichnet durch
die nebeneinanderliegende Anordnung des für inhibitorische Synapsen spezifischen
postsynaptischen Gerüsts (Gephyrin) und des für excitatorische Synapsen spezifis-
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Zusammenfassung

chen präsynaptischen Neurotransmittertransporters (VGlut1). Der zweite Teil dieser
Arbeit konzentrierte sich auf die Verbreitung der SUM-PAINT-Technologie, indem
ein detailliertes Protokoll erstellt wurde, welches den gesamten Prozess der Versuch-
splanung und die Schwierigkeiten bei der Anwendung von SUM-PAINT auf beliebige
biologisches System darlegt. Im letzten Teil dieser Arbeit wird linkshändige DNA
verwendet, um einen einfacheren Ansatz für die räumliche Proteomic, ohne die Ver-
wendung von Sekundären Markern zu ermöglichen. Diese Technologie steigert die
Bildgebungsgeschwindigkeit um den Faktor 2, ist aber auf den Nachweis von 12
Zielen beschränkt. Abschließend werden offene biologische Fragen und neue vielver-
sprechende Technologien besprochen, die den Weg zur superaufgelöste Lokalizomik
ebnen.
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Abstract

The fundamental goal of life science research is the understanding of living systems
in their full complexity. Spatial omics technologies try to answer this question by
providing comprehensive spatial maps, localizing all biomolecules of a given system.
Ultimately, this means mapping of tens or even hundred of thousands of interac-
tion partners at molecular resolution. To achieve this task of "localizomics", many
technologies have been proposed. Multiplexed error-robust FISH (MERFISH) and
sequential fluorescence in situ hybridization (seqFISH+) are the leading technolo-
gies in mapping transcriptomic and genomic arrangement, visualizing thousands of
transcripts and loci on an organ scale. Imaging mass cytometry (IMC), multiplexed
ion beam imaging (MIBI) and co-detection by indexing (CODEX) provide proteome
maps with up to 60 targets resolved. But while all these technologies can map high
numbers of biomolecules, none of them is capable of achieving nanoscopic resolution.
Super-resolution microscopy methods are capable of revealing protein arrangements
with nanometer resolution, but are commonly limited to the detection of a handful of
biomolecules. Even approaches like DNA-PAINT, which can achieve unlimited mul-
tiplexing with approaches like Exchange-PAINT, lack either the throughput (in tra-
ditional DNA-PAINT) or the multiplexing power (in speed-optimized DNA-PAINT)
to achieve more than the arrangement of six protein targets even in single cells.

The work in this thesis is aimed to break these limitations and enable super-
resolution microscopy as a tool for spatial omics. By the development of secondary
label-based unlimited multiplexed DNA-PAINT (SUM-PAINT), the mapping of pro-
tein distributions of single cells with molecular resolution can be achieved in minutes
with unlimited multiplexing power. This technology was applied to map a 30 pro-
tein, 3D neuronal atlas at single protein resolution, providing a comprehensive study
at the nanoscopic arrangement of neuronal architecture and synapse heterogeneity.
The complexity of the data necessitated the development of a machine learning-based
analysis pipeline for exploratory investigation, which ultimately led to the discov-
ery of a new class of chemical synapses. This synapse, which was termed "mixed",
is characterized by the juxtaposition of a inhibitory specific postsynaptic scaffold
(Gephyrin) and a excitatory specific presynaptic neurotransmitter transporter (VG-
lut1). The second part of this work focused on the translation of the SUM-PAINT
technology, by providing a detailed protocol, outlining the entire process of exper-
imental design and difficulties to apply SUM-PAINT on any biological system of
interest. In the final part of this thesis left-handed DNA is used to provide an easier
approach to spatial proteomic imaging, without the use of secondary-labels. This
technology is boosting the imaging throughout by a factor of 2, but is limited to
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the detection of 12 targets. Lastly, open biological questions and new promising
technologies are addressed paving the way to super-resolved localizomics.
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1 Introduction

One of the primary goals in life sciences is to understand living organisms in their
entirety, from the complexity of whole organisms to the interactions of individual
proteins on the nanoscale. The advent of optical microscopy has provided transfor-
mative insights into molecular organization, with tools like the �uorescence micro-
scope as key components in every life science laboratory. Although the success of
optical microscopy started in the 17th century, recent technological advances, such
as super-resolution microscopy and emerging spatial omics technologies, promise un-
precedented opportunities to map every biomolecule within living systems. These
innovation will drive us to a more comprehensive understanding of the molecular
basis of life.

1.1 Super-resolution Microscopy

The �uorescence microscope is an essential tool for the investigation of biological
samples. By labeling a target of interest with an emitting probe, a �uorescent dye
or molecule, the speci�c signal of the biomolecule can be detected with high contrast
to the background, which is referred to as the signal-to-noise ratio (SNR). The �u-
orescence microscope separates the excitation light of shorter wavelength from the
emission light of longer wavelength, a phenomenon called the Stokes-shift1, to gen-
erate an image of the target structure. The resolution limit for this detection was
�rst described by Ernst Abbe 18732, and is commonly known as the di�raction limit
of light, which is half of the wavelength of the emission light. Considering light of
the visible spectrum, ranging from approximately 400 to 700 nm, targets separated
by less than 200 nm cannot be distinguished. This resolution limit was overcome by
super-resolution methods for which Stefan Hell, Eric Betzig and W.E.Moerner were
awarded the Nobel Prize in chemistry 20143. One prominent approach to achieve
super-resolution is the temporal separation of target signal. In these localization-
based approaches, the emission from individual molecules is separated into di�erent
camera frames, making it possible to localize single emitters in a di�raction limited
ares. By �tting the emitter position with a Gaussian function, it can be localized with
a precision scaling inversely with the square root of detected photons4. Localization-
based super-resolution approaches include photoactivated localization microscopy
(PALM) 5, which uses photoswitchable �uorescent proteins, stochastic optical recon-
struction microscopy (STORM)6, which uses organic dyes for photo-switching and
point accumulation for imaging in nanoscale topography (PAINT)7 in which dye
molecules transiently binding to the target are used to achieve stochastic blinking.
A subsection of PAINT microscopy employing short dye conjugated DNA oligos for
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1 Introduction

blinking interaction, is DNA-PAINT 8, especially known for its multiplexing capa-
bilities. While conventional �uorescence and super-resolution microscopy techniques
are limited in detecting multiple target species by the separation in emission wave-
length (usually three to �ve targets), DNA-PAINT-based Exchange-PAINT 9 uses
DNA-barcoding for target identi�cation, allowing virtually unlimited multiplexing.
As a major drawback, traditional DNA-PAINT has a very slow acquisition speed,
leading to the development of speed-optimized DNA-PAINT10,11 with hairpin-free
and concatenated binding motifs. However, while these approaches can boost the
acquisition process by a factor of 100, they limited the multiplexing targets to six.

Figure 1.1: Di�raction-limited vs Super-resolution microscopy
Comparison of di�raction-limited Nuclear pore imaging to super-resolved Nuclear pore
imaging with DNA-PAINT, at two di�erent �eld of views and qualitative zoom-ins. The
di�raction-limited image was taken with Nup96-GFP 12 , in which the �uorescent protein is
directly read out. The super-resolved image was acquired with Nup96-GFP labeled with a
primary nanobody against GFP. The nanobody has a DNA-PAINT docking handle,
speed-optimized sequence R3, that is used to achieve the blinking behavior necessary for
super-resolved reconstruction.

1.2 Spatial omics technologies

Spatial omics technologies aim to map large numbers of biomolecules within bio-
logical systems, creating comprehensive molecular atlases. These technologies can
generally be separated in transcriptomic, genomic and proteomic approaches. To ef-
�ciently detect high numbers of distinct targets, spatial omics techniques rely mostly
on barcoding strategies. The most prominent methods to achieve transcriptome or
genome scale imaging (with over 10.000 targets) are MERFISH13 and seqFISH+14,
which both use combinatorial imaging. In combinatorial imaging approaches the
target identity is encoded by a sequence of positive and negative readout, which can
be envisioned as a binary barcode. The scaling of combinatorial readout is exponen-
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