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Abstract
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In situ proximity ligation assay (PLA) is a method for detection of protein interactions, post-
translational modifications (PTMs) and individual proteins that allows information about their
localization in a cell or tissue to be extracted. The method is based on oligonucleotide-
conjugated antibodies (proximity probes) that upon binding of two epitopes in close proximity
give rise to an amplifiable DNA circle. Rolling circle amplification (RCA) is used to
create a DNA bundle of over a thousand repeats to which fluorescently labeled detection
oligonucleotides are hybridized. This thesis is focused on improving the existing in situ PLA
method and on developing new approaches for detection of proteins, protein-protein interactions
and PTMs in situ in cells and tissues.

In paper I, a new enzyme-independent method capable of in situ detection of protein-protein
interactions was developed. The method combined the proximity requirement of in situ PLA
and the amplification of hybridization chain reaction (HCR) creating a proximity-dependent
initiation of hybridization chain reaction (proxHCR). Circumventing the need for enzymes
resulted in a cost-efficient method that is less sensitive to storing conditions.

Paper II addresses the problem of irregularly formed RCA products that can appear to be
split into several fluorescent objects. A compaction oligonucleotide system was designed to
crosslink the DNA bundle with itself and thereby reduce the size and increase the brightness
of each individual RCA product.

In paper 111, the conventional in situ PLA was redesigned to increase the detection efficiency
of protein interactions and PTMs in situ. The new set of proximity probes was designed to have
circularization oligonucleotides incorporated that were unfolded through enzymatic digestion.
The UnFold in situ PLA was able to generate more signals and had a higher sensitivity than the
conventional in situ PLA.

In paper IV, an oligonucleotide system able to generate signals for individual proteins (A
or B) and their interaction (A and B) in a molecular Boolean (MolBoolean) protein analysis
was designed. The MolBoolean design was able to generate signals detecting both individual
proteins and their interaction in situ.
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Abbreviations

A Adenine

AP site  Apurinic/apyrimidinic site or abasic site
BER Base excision repair

CFP Cyan fluorescent protein

C Cytosine

DNA Deoxyribonucleic acid

DO Detection oligonucleotide

dsDNA  Double-stranded DNA

EndolV  Endonuclease IV

ELISA  Enzyme-linked immunosorbent assay
E.coli Escherichia coli

Exolll Exonuclease I11

FRET Forster resonance energy transfer

GFP Green fluorescent protein
G Guanine

H1 Hairpin 1

H2 Hairpin 2

H&E Hematoxylin and eosin
HRP Horseradish peroxidase

HCR Hybridization chain reaction

IF Immunofluorescence
Ig Immunoglobulin

IHC Immunohistochemistry
ISH In situ hybridization
Tm Melting temperature

mRNA  messenger ribonucleic acid
dNTP Nucleoside triphosphate

NA Numerical aperture
PCR polymerase chain reaction
PTM Post-translational modification

PH1 Proximity hairpin 1



PH2
PLA
qPCR
RNA
RCA
SIM

UNG
YFP

Proximity hairpin 2

Proximity ligation assay
quantitative PCR

ribonucleic acid

Rolling circle amplification
Structured illumination microscopy
Thymine

Uracil

Uracil-DNA glycosylase

Yellow fluorescent protein






Introduction

All cells have a common ancestry and therefore, have similarities in their
biomolecules, whether the cell is living as a unicellular organism at the edge
of a volcano on the bottom of the ocean floor or if it is a part of a complex
organ in a large multicellular organism. Cells have a plasma membrane with
receptors and other surface proteins, often with the same evolutionary origin,
that allows them to interact with their environment, which provides signals
to alter cellular functions accordingly.' In multicellular eukaryotic cells, the
signal can inform the cells to take a variety of different actions e.g. replica-
tion, differentiation, secretion, regulation of metabolism and apoptosis and a
substantial portion of the signals are emanating from neighboring cells.
However, molecules traveling around the organism through its circulatory
system also have a prominent effect on the cell. When a receptor is activated
by a ligand, it transfers the received information from the outside of the cell
into the intracellular space. Signal transduction over the plasma membrane
usually involves ligand-induced conformational changes and dimerization of
the receptor, which often result in post-translational modifications (PTMs)
on the intracellular receptor part. This starts a signaling cascade of protein
interactions and protein modifications, like phosphorylations, which is am-
plifying the original signal. The signaling network of activated proteins often
results in regulation of gene expression by binding of transcription factors to
promotor regions of the genomic deoxyribonucleic acid (DNA). Genes are
transcribed to messenger ribonucleic acid (mRNA) via pre-mRNA and
thereafter translated into proteins by the ribosomes. Proteins perform the vast
majority of cellular functions i.e. structural support, transport, a huge array
of different enzymatic functions and the aforementioned signaling.”

These inter- and intracellular communications are strictly regulated in order
for cells and organisms to function normally and to keep homeostasis. Errors
in the cellular communication that sidestep the regulatory functions are the
cause of most non-infectious diseases e.g. cancer and diabetes.”* To identify
these diseased cells and tissues and to understand how they differ from their
healthy counterparts, methods for visualizing the proteins important for the
cells’ signaling networks are required. Many of these methods have drawn
inspiration and borrowed biomolecular tools from nature’s own processes.
For example, many different methods use antibodies to bind a protein of
interest, either to visualize it or to capture it.’
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Apart from the existence of a protein, also information on interaction part-
ners and PTMs, e.g. phosphorylations, are important for comparisons of the
status of the cell.®® Furthermore, determining where proteins are expressed
and whether they are interacting with each other, provides information on
functional status and allows us to differentiate between diseased and healthy
cells within a specimen.”"’

During my PhD work, I have been focused on improving existing methods
and developing new approaches for detection of proteins, protein-protein
interactions and PTMs in situ in cells and tissues.

Visualization of the cell

For visualizing proteins in a cellular context, magnification of the cell is
required. The first known microscope used for visualizing biology was de-
veloped in the 17th century'' and was a compound microscope. In the begin-
ning, it was mainly larger histological structures that were explored. Howev-
er, as the microscope technology improved and different chemical dyes for
staining were developed, further histological details were gained. These dif-
ferent staining protocols are still used today and are a vital tool for diagnosis
by pathologists all over the world. Originally, specimens were mainly
stained with different chromophores that are visible under a normal light
microscope. One example of this is the widely used hematoxylin and eosin
(H&E) staining. Hematoxylin is a base that mainly stains negatively charged
structures and molecules, like nucleic acid, with a dark blue stain. Eosin is
an acid that has a preference to stain positively charged molecules, like some
proteins. Due to the high protein content, it stains cytoplasm and extracellu-
lar matrix pink/red. The H&E stains complement each other and give con-
trast thereby enhancing morphological structures.'” An alternative to using
the, by eye visible, chromophores is to stain the tissue using fluorophores
instead and visualizing it with an epi-fluorescence microscope.” Fluoro-
phores are molecules that are excited by light in a certain spectrum (i.e a
range of wavelengths) and thereafter emit light in another spectrum. Both
normal light and epi-fluorescence microscopes are based on the same type of
compound microscope used in the 17th century with an eyepiece and objec-
tive lens setup. Most microscopes have the ability to change between objec-
tives with different magnification depending on how detailed a certain struc-
ture should be studied. The resolution of a microscope is the distance be-
tween two objects that still can be resolved. The magnification and other
characteristics of the objective define its numerical aperture (NA) and affect
the resolution. With the NA, the maximum resolution (diffraction limit) for
any given wavelength (1) can be calculated as follows:
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This, by optical physics limited maximum resolution, will be around 200-
300 nm for a normal light or epi-fluorescence microscope, depending on the
objective and wavelength imaged.'* One way to achieve a higher resolution
is using electrons instead of photons to radiate the sample. Electrons have a
shorter wavelength, which allows for a resolution below 0.1 nm and magni-
fications above a million times can be achieved. Electron microscopes are,
however, technically complex, resulting in high maintenance cost and the
need for extensive user training Moreover, they require the sample to be
labeled with an electron dense molecule like gold."” There are also optical
microscopes with a higher resolution that goes beyond the diffraction limit
and these are collectively called super-resolution microscopes. These micro-
scopes have optical resolutions ranging from 10-100 nm.'® One example is
structured illumination microscopy (SIM) used in paper II. SIM overcomes
the optical limitations by acquiring several images under different light pat-
terns creating a Moiré effect. The Moiré pattern of the different images are
thereafter reconstructed into one high-resolution image (100 nm
resolution).'” The resolution required determines what type of microscope is
necessary and most of the time a normal light or epi-fluorescence micro-
scope is sufficient. The size of cells and histological structures are all on the
um scale and are resolvable without going below the diffraction limit of
light. However, some subcellular structures are too small to be resolved, like
individual ribosomes on the endoplasmic reticulum. Imaging the cell in an
electron microscope allows seeing the folding of the endoplasmic reticulum
and the about 20 nm large ribosomes become visible."

Apart from staining different cellular structures e.g. the nucleus, it is also
common to stain proteins of interest. When staining a cell with different
fluorophores, the microscope should only visualize one type of fluorophore
at a time. Epi-fluorescence microscopes usually have a wide spectra lamp
able to excite all types of fluorophores. A filter cube is placed between the
objective and the eyepiece to prevent excitation and visualization of the
wrong fluorophores. The light from the lamp is directed into the cubes exci-
tation filter where only wavelengths optimal for the selected fluorophore’s
excitation can pass through. Thereafter, the light is reflected towards the
objective by a dichromatic mirror and out to the specimen where the fluoro-
phores are excited. The excited fluorophores will then emit light of lower
energy and higher wavelength. The emitted light collected by the objective
can pass through the dichromatic mirror and the emission filter of the filter
cube if it has the right wavelength. The emission filter reduces the amount of
autofluorescence able to pass through the filter cube.'* The ability to dis-
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criminate between different fluorophores provides the possibility to simulta-
neously stain the same specimen with multiple fluorophores. Standard mi-
croscopes usually have a few filter sets that can be used simultaneously
without extensive overlap of the spectra or any significant bleed-through.
Staining different structures and proteins in a specimen each with a different
fluorophore enables more information to be extracted, which can be relevant
when working with limited patient and animal samples, as well as for single
cell analysis. Therefore, it is of interest to be able to maximize the number of
colors that can be visualized. At least seven different colors can be added in
an image by correcting for bleed-through between the fluorophores computa-
tionally'® or six colors can be created by marking each epitope with two or
more fluorophores reading the overlap as an individual color."” Both of these
methods have their advantages and disadvantages but both are technical-
ly/mathematically challenging solutions to the problem. There are also mi-
croscopes with condensed filter sets that allow up to six different fluoro-
phores to be visualized with minimal bleed-through.”” The actual images of
the samples are collected by a camera under the microscope and for light
microscopes, this is a color camera. However, for epi-fluorescence
microscopes, it is common to have a black and white camera resulting in a
grayscale image per channel. The images are thereafter given an artificial
color by a software and can be exported for image analysis.

Generally, stains are used to highlight morphological structures, mark pro-
teins and PTMs of interest and assess their subcellular localization. This
information is of high importance for research and medical purposes, which
becomes apparent by the fact that pathologists diagnose and classify cancer
from tissue biopsies, usually with the help of stains. Even though tissue
staining is routinely used in the clinical setting and is valuable for stratifying
patients, the subjectivity of evaluating the stains is a known problem.”’ To
help find the correct diagnosis, additional stains/biomarkers can be
developed but also finding more standardized ways to interpret the stained
specimens can aid in this process. Imaging the samples under a microscope
and doing an automated analysis of the images would help pathologists in
their interpretation and allow to standardize the procedure. In the long run,
this would likely increase both patient safety and consistency in treatment.

Many different software for image analysis exist’> and one of them is Cell-
Profiler.” CellProfiler is a free, open-source software designed to analyze
individual cells in images with a high throughput. The software is modular
based in its analysis, simplifying the construction of an image analysis pipe-
line. Applying the same pipeline to all images ensures that information is
collected equally from the images and removes the bias of manual evaluation
by eye. With the appropriate staining of the cell and nucleus, an analysis
pipeline can identify and measure each individual cell in the image. Infor-
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mation on the size and shape of the cells can be extracted including meas-
urements of protein amounts and their subcellular localization. Compared to
an automated analysis, in a manual analysis, only a subset of the image or
tissue features are scored and some differences are too subtle to be noticed
by eye. The heterogeneity of the sample is retained by analyzing on a cellu-
lar level and possible subpopulations of cells become easier to detect. After a
pipeline for analyzing the images has been set up in CellProfiler, it can re-
duce the time required to analyze a huge data set of images compared to
using less high-throughput image analysis strategies. However, image analy-
sis is not always straightforward and it does take time and adjustments to
build a pipeline able to extract the necessary information required per exper-
imental setup. Nevertheless, it can give objective data from samples for re-
searchers and possibly together with new assays and biomarkers help
pathologists as a tool to complement their own ratings of tissues.

Methods for in situ protein detection

Many of the methods and treatments within medical science are based upon
already existing compounds found in nature. Nature has, over millions of
years, solved problems through natural selection. For example, a drug that
has revolutionized medicine, penicillin, was found in fungi, where the mole-
cule protects Penicillium chrysogenum from bacteria in its surrounding.** By
extracting the molecule and improving it, we now have many different anti-
biotic derivatives deploying that same mechanism first used by the fungus.”
Apart from the development of nature-based drugs,* different biological
processes and molecules have also been utilized as an extensive toolbox for
the development of molecular tools for research and diagnosis.

To be able to stain a protein of interest in or on a cell, a probe needs to meet
two requirements: firstly, that it is targeting a specific structure (epitope)
and, secondly, that it is resulting in a detectable signal. These properties are
often achieved by borrowing molecules from nature directly or by modifying
them for better effect. For example, phalloidin is a toxin from a poisonous
mushroom with affinity to bind F-actin, which can be used to visualize actin
filaments after it has been equipped with a fluorophore.”” However, the most
commonly used molecules to target proteins are antibodies.

Antibodies or immunoglobulins (Ig) are a part of the adaptive immune sys-
tem of all jawed vertebrates (gnathostomes)™ and have evolved to be highly
variable to bind epitopes of any pathogen the host may come across. Anti-
bodies are produced by B-cells as a response to coming in contact with for-
eign epitopes. There are five main antibody isotypes each with its own func-
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tion, but in research, mainly the IgG isotype is used for detecting proteins.
Immunoglobulin G has a Y shaped structure that consists of four polypeptide
chains joined by disulfide bonds. Together the molecule is about 10 nm in
length and has a weight of 150 kDa. All polypeptide chains have a constant
and a variable region. The variable epitope binding regions are created in the
B-cells through gene recombination and somatic hypermutation, followed by
affinity selection.”” Antibodies produced for research are either polyclonal or
monoclonal, meaning that the IgG is derived either from several different
matured B-cell clones or from a single antibody-producing B-cell clone. As
a result, polyclonal antibodies bind several different epitopes while a mono-
clonal antibody recognizes a single epitope. Also, the production of the two
antibody types differ and polyclonal antibodies are produced by immunizing
the protein of interest or a part of it into a host animal (e.g. rabbit, mouse or
donkey). Thereafter, the antibodies are extracted from host blood serum,
meaning there will be a batch variation of polyclonal antibody quality.®
Monoclonal antibodies are produced by one hybridoma clone,’’ usually of
mouse origin, and have no variation in binding properties between
batches.”>”’

Since the discovery of antibodies in the 1890s,** it took about 50 years be-
fore Coons et al. published a paper describing conjugation of a fluorophore
to an anti-pneumococcus III antibody. They found that the fluorescently
labeled antibody would specifically mark the type III pneumococci and ren-
der them fluorescent under UV light.>>*® The method described by Coons et
al. for staining tissues is now called immunohistochemistry (IHC) or im-
munocytochemistry if performed on e.g. cultured cells. Subsequently, anti-
bodies have been a cornerstone for in situ detection with their ability to spe-
cifically bind most proteins and the antibody staining technique has evolved
into many different methods beyond in situ detection. Immunohistochemis-
try with fluorescently labeled antibodies is also commonly called immuno-
fluorescence (IF), which can be done directly with only a primary fluoro-
phore-labeled antibody or indirectly with an unlabeled primary and second-
ary fluorophore-labeled antibody.”” Indirect IF requires that first, a primary
antibody binds the target protein, followed by a secondary antibody binding
specifically to the constant region of the primary antibody. Several second-
ary antibodies can bind every primary antibody causing an amplification of
signal. The constant region of an antibody isotype remains the same when it
originates from the same host leading to reusability of secondary antibodies
for a variety of different primary antibodies. However, this also causes prob-
lems visualizing several proteins simultaneously if the primary antibodies
come from the same species. For direct IF the primary antibody is labeled
with a fluorophore and is not limited in regards to multiplex-ability by host
origin.’’ To increase the signal amplification of both direct and indirect
staining, instead of using a fluorophore, the antibody can be labeled with an
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enzyme.”™* One enzyme that has proven to function exceptionally well for
this purpose is horseradish peroxidase (HRP), which, as the name entails, is
found in the roots of the horseradish.*** In the presence of hydrogen perox-
ide (H202), HRP is able to oxidize and thereby activate a plethora of differ-
ent substrates. The activated substrate results in a local build-up of either a
colored, fluorescent or chemiluminescent product, depending on which sub-
strate was added.”***** This enzymatic approach is also the basis for the
enzyme-linked immunosorbent assay (ELISA), which is a solid-phase meth-
od for measurement of a substance in solution.”** The IHC method is today
extensively used both within research and for diagnosing patients, due to the
large repertoire of commercially available antibodies. The flexibility and
variety of probes available enable the user to customize the method accord-
ing to the lab equipment available and assay requirements. However, the
method still has disadvantages including that the probes always have some
off-target binding and, therefore, each assay setup requires validation.* The
cells and tissues stained are usually fixated and if the target is below the
plasma membrane, permeabilization is required. This prevents intra-cellular
antibody staining of living cells. To visualize protein interactions the resolu-
tion required is higher than that of many commonly used microscopes mak-
ing it difficult to draw conclusions from double-stained cell structures. A cell
stained for two highly expressed proteins in the cytoplasm will look similar
in the microscope independent of whether the proteins interact with each
other.*®

To visualize intra-cellular proteins in living cells there are other options than
to label them with an antibody. With the help of genetic manipulations, we
are able to create cells expressing the protein we are interested in linked to
e.g. a green fluorescent protein (GFP). Hence, no external probe is required
to visualize the protein, because the protein becomes fluorescent by itself.
After discovering the GFP in the jellyfish dequorea Victoria," it has been
developed into an excellent tool for monitoring living cells and the work was
awarded the Noble Prize in chemistry 2008.** Two variants of GFP were
created, both with a shifted excitation and emission spectra. The new vari-
ants, cyan and yellow-emitting florescent protein (CFP and YFP), allow
Forster resonance energy transfer (FRET) between them and they are there-
fore useful for measuring protein-protein interactions.”” FRET occurs be-
tween two fluorophores that have the same dipole orientation and where the
emission spectra of the donor fluorophore overlap with the excitation spectra
of the acceptor fluorophore. It is the distance dependency of FRET that
makes it suitable for detection of protein-protein interactions, as only pro-
teins within 10 nm of each other can generate a signal.”'~*

In contrast to detecting proteins with antibodies, using fluorescent fusion
proteins is more cumbersome but has the advantage of being able to track
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proteins in living cells and to detect if two proteins interact. However, modi-
fying a protein may alter its function. In systems where fusion proteins are
overexpressed, it can cause a change in the localization and interaction pro-
file of the proteins. In addition, it is not possible to monitor interactions in
tissue sections, as the method requires transfection of fusion constructs. The
comparative ease of use of antibodies coupled to a detectable molecule for
staining, has established IHC and IF as widespread standards for in situ de-
tection of fixated specimens.

Structure and properties of DNA

The genomic DNA is the main blueprint of any living organism and its
double-stranded molecular structure makes it a stable carrier of information.
In a single eukaryotic cell, the information to create the whole organism is
stored. The information is encoded using the four different nucleotides that
each consists of a sugar-phosphate and one of the four nucleotide bases,
which are cytosine (C), guanine (G), adenine (A) or thymine (T). The sugar-
phosphate is a deoxyribose with a phosphate group attached to its 5° carbon
and, as the name implies, it has a hydroxyl group on the 3’ carbon, but lacks
one on the 2’ carbon. The nucleotides are linked together into a long polynu-
cleotide chain by phosphodiesters connecting the 5’ carbon of the deoxyri-
bose sugar together with the 3’ carbon of the next. Already before we knew
the exact structure of DNA, it was discovered that extracted DNA from dif-
ferent organisms always contained the same amount of the bases G and C as
well as A and T. Therefore, it was predicted that these nucleotides were
binding each other and forming pairs.® This information together with the
X-ray crystallography performed by Franklin and Wilkins allowed Watson
and Crick™ to correctly predict the double helix structure of DNA. In the
double helix DNA, two polynucleotide chains are hybridized to each other
by hydrogen bonds that can form between the base pairs; with three and two
hydrogen bonds between G=C and A=T, respectively. The strands are anti-
parallel which means that one strand has a reverse complementary nucleo-
tide sequence to the other and that the 5’ and 3’ end of the two strands pair
up (figure 1).>* The distance between each base pair in the helix is around
3.4 A and they have an angle of 36° between them. Therefore, the structure
bends around its own axis every 10 base pairs at a distance of 34 A. The
innate structure of genomic DNA allows for high fidelity replication of the
information carried in the nucleotide sequence due to a precise polymerase
and various proofreading enzymes.
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Figure 1. The structure of DNA (Illustration by Madeleine Price Ball)

It has been a common perception that the hydrogen bonds between the bases
result in increased stability of double-stranded DNA (dsDNA). However, the
stability of dsDNA is an effect of base stacking with m-m interactions be-
tween the adjacent base pairs.”>”° It was shown by Yakovchuk et al. in 2006
that the A=T base pairing by itself reduced the stability of the dsSDNA while
the G=C base pairing contributed little to no stabilization.® Nevertheless,
any mismatch in the sequence affects the strength of the hybridization and
lowers the average melting temperature (T,,) of an oligonucleotide of 10 to
35 nucleotides by 20°C to 2°C, respectively.”” The T,, of an oligonucleotide
is defined as the temperature at which 50% is hybridized in its ds confor-
mation and 50% is denatured. Even though the base pairing does not stabi-
lize the DNA structure, a mismatch in the sequence is causing structural
alterations and therefore destabilizes binding to a variable degree. The sever-
ity of the effect depends on the mismatch varying from mild with C-C pair-
ing to severe with G-G pairing.”™ When oligonucleotides hybridize, the bind-
ing of the first couple of base pairs is thermodynamically costly (Gibbs free
energy, AG > 0), before the base stacking is able to affect the stabilization.”
For predicting the T,, of an oligonucleotide sequence there are three main
aspects which have an effect: First, the concentration of cations i.e. [Na']
and [Mg’'] affects the binding strength of the oligonucleotide and a higher
salt concentration leads to a higher T,,. Second, the T, is increased when
there is a high concentration of oligonucleotides. Finally, the design of the
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oligonucleotide affects the T,,, where increased GC content and length stabi-
lizes the dsDNA resulting in a higher Th,.

The characteristics of DNA together with our ability to synthetically manu-
facture oligonucleotides have allowed us to develop the DNA nanotechnolo-
gy field.*” The predictability of DNA base-pairing and behavior has made it
a perfect building block for DNA origami,”’ which creates scaffolds and
potential drug delivery systems.®”®' Moreover, the properties of DNA have
also been found suitable for developing dynamic DNA nanotechnology,
which is based on strand displacements. One example, created by Yurke et
al., is a molecular machine. The machine was opened and closed by the se-
quential addition of two complementary single strands of fuel DNA, which
powered the process and expended its potential energy in forming dsDNA
(AG = - 1.8 kcal mol™).”* In the open version, the “tweezer”-like machine
has two single-stranded sequences that, upon hybridization to the added fuel
DNA, are forced closed. The fuel DNA hybridized into the closed state of
the machine creates a short single-stranded overhang, later called tochold.®
Thereafter, the addition of the complementary fuel DNA can open the ma-
chine again, by hybridizing the toehold and starting a branch migration®
with a random walk strand displacement.”’ The displacement of the first fuel
DNA results in expended dsDNA and a reopened machine.®” The toehold
length affects the strand displacement speed until it is seven nucleotides
long 559

Utilizing the toehold for strand displacement, Dirks and Pierce created an
oligonucleotide system able to detect an initiator oligonucleotide, which
induces a hybridization chain reaction (HCR). The HCR mechanism is
fueled, just like in Yurkes “machinery”, by the potential energy of single-
stranded DNA, % which in this case is “hidden” in two metastable hairpins
(H1 and H2). Each hairpin has an unpaired toehold and a short single-
stranded DNA loop separated by a dsSDNA stem. The two hairpins are unable
to react with each other, until the addition of an initiator oligonucleotide.
The initiator hybridizes the toehold of the first hairpin (H1) and displaces its
stem. The opening of H1 enables it to hybridize the complementary strand of
the H2 toehold, which in turn is opened and reveals an identical sequence of
the initiator. This isothermal reaction quickly forms a nicked dsDNA poly-
mer as more hairpins build on to the complex.”” HCR can be used as an
enzyme-independent method of signal amplification in a variety of different
settings.®® The simplest system is to use HCR for direct detection of a nucle-
ic acid (DNA or RNA) in solution, where the target is the initiator.” Howev-
er, it is not always optimal or possible to use the hairpin as a detector, be-
cause the target affects the whole sequence design of the hairpins and there-
by their stability. When using HCR to amplify the signal of in situ hybridiza-
tion (ISH), the initiator is integrated into the probe. Normally, ISH uses
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DNA probes to hybridize nucleic acid (DNA or RNA) in the cell and the
target is visualized by attaching a fluorophore/chromophore or an enzyme,
like HRP, to the probe. When combining ISH and HCR, the DNA probe
contains a sequence able to hybridize to the target molecule and an initiator
sequence. The target is hybridized by the probe and all excess probe is re-
moved. Because only the target is marked with the initiator sequence, the
hairpins labeled with fluorophores can start a localized HCR amplifying the
signal. Multiplexing the system Pierce and colleagues were able to detect
five different mRNAs in zebrafish embryos.”

To ensure that the hairpins are not starting the HCR without the initiator,
they need to be designed with the right lengths and sequences. Dirks and
Pierce have created algorithms to predict oligonucleotide performance,” "
which they have integrated and made available on the homepage
nupack.org.” These allow us to analyze sequences in silico and predict how
they would perform under different salt concentrations and temperatures.
The homepage also has a function to design sequences capable of forming
secondary structures and hybridizing each other according to a predefined
reaction pathway with minimal crosstalk.”” However, most available soft-
ware, including nupack.org, are not built for prediction of non-Watson-Crick
base pairing in oligonucleotides.”® These predictions would be valuable
when oligonucleotides form tertiary structures, not following the normal
DNA helix, like in aptamers’’ and DNAzymes.”® Aptamers are synthesized
oligonucleotides that have been screened for affinity to a specific target and
are one of several molecules that can replace antibodies as a target-binding
reagent.”””” Common tertiary structures for both aptamers and DNAzymes
are G-quadruplexes, often formed in G rich sequences. The G-quadruplexes
have the ability to bind molecular structures and in the case of DNAzymes
they together with cofactors possess an enzymatic activity.™

DNA modifying enzymes

The versatility of DNA has made it an excellent tool for both detection of
biomarkers and amplification of signal. Combining it with DNA modifying
and producing enzymes increases the possibilities of what can be achieved
with DNA as a tool. These enzymes normally function as part of the DNA
replication and repair mechanism in different pro- and eukaryotic cells.

One enzyme type that has been crucial for genotyping, cloning and recombi-
nant protein production is the restriction enzymes. These enzymes have natu-
rally evolved in prokaryotes as a defense mechanism against viruses.®' Re-
striction enzymes are able to cut dsDNA at enzyme specific DNA sequences.
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These restriction sites are around four to eight base pairs long and have a
specified DNA sequence, which often is a palindrome. Either the enzyme
will create a cut in the middle of the recognition site on both strands, causing
a blunt end of the dsDNA, or it can cut the strands creating overhangs on
each side, called sticky ends.*” There also exist natural nicking endonucleas-
es, which only cleave one of the stands creating a nick in the dsDNA. Grow-
ing amounts of engineered versions of restriction enzymes are created into
nicking endonucleases. One example of this is the Nt.BsmAI enzyme used in
paper IV, which is cleaving a strand between two undefined nucleotides
following the five nucleotide sequence (5°... GTCTCN|N...3’) if it is bind-
ing dsDNA.*

An alternative way of nicking dsDNA used in papers III and IV is to com-
bine two enzymes, uracil-DNA Glycosylase (UNG) and endonuclease 1V
(EndolV), which are both parts of the DNA repair mechanism called base
excision repair (BER).** One type of DNA damage is deamination of the
cysteine base causing it to become a uracil (U) instead. Uracil bases are used
in RNA, instead of T, and hence pair up A. If deamination damages are not
corrected the cell will upon its next replication get a daughter cell with a
point mutation, because U will pair with A instead of G. The UNG is an
enzyme with highly conserved function and it can be found in species from
Escherichia coli (E.coli) to humans and even some viruses, like Herpes sim-
plex viruses. In all these, UNG is responsible for detecting any U bases in
the DNA and cleaving the N-glycosidic link between the deoxyribose and
the base. The remaining abasic or apurinic/apyrimidinic site (AP site) is cy-
totoxic for the cell.*® Spontaneous depurination and to a lesser amount depy-
rimidination are also contributing to the creation of AP sites.*® Therefore, all
cells have AP-endonucleases ready to repair this damage. In E.coli, there
exist two separately evolved AP-endonucleases EndolV and exonuclease 111
(ExollI), but only the ExollI family is conserved in mammals.* The func-
tion of EndolV is to remove AP sites on dsDNA, by first cleaving the 5’
phosphodiester bond, leaving a 3> OH group and a deoxyribose without a
base. The abasic deoxyribose is subsequently cleaved off by EndolV leaving
a phosphate group on the 5’ end of the gap.®® The following step of the
BER pathway is to fill in the missing nucleotide with a DNA polymerase and
a DNA ligase.® This process is similar to the one we employ for paper IV
where we need to fill a gap in an oligonucleotide. Polymerases and ligases
are both critical enzymes for replication and repair processes.

Today, the golden standard for amplification and quantification of DNA and
RNA is polymerase chain reaction (PCR).* The method requires a DNA
polymerase, two priming oligonucleotides able to hybridize opposite sides of
a specific target sequence, called forward and reverse primer, and a DNA
target molecule. The target molecule or template has to be DNA or RNA
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transformed into DNA through reverse transcription. The method is divided
into three parts repeated in cycles, starting with a high temperature to dena-
ture the target molecule. Thereafter follows a hybridization (annealing) of
the primers and finally an extension of the primer with DNA polymerase.
The DNA polymerase incorporates nucleotides complementary to the tem-
plate in a 5’ to 3’ direction, by attaching nucleoside triphosphates (ANTPs) to
the hydroxyl group of the primers 3’ end. Every cycle doubles the amount of
target DNA and originally, the DNA polymerase from E.coli had to be re-
plenished between each cycle due to the heat sensitivity of the enzyme.
However, the discovery of the thermostable Taq polymerase® from the
thermophile bacteria Thermus aquaticus together with the building of a
thermal cycler allowed the reaction to become automated. The Taq polymer-
ase also allowed the whole reaction to be performed at a higher temperature,
thereby increasing the stringency of primer hybridization, resulting in a
higher fidelity of the reaction by reducing unspecific amplification. To quan-
tify the template, the amount of DNA can be measured after each cycle, ei-
ther by adding SYBR green, which fluoresces when it intercalates dSDNA or
by adding Tagman probes. This quantitative PCR (qPCR) detects at which
cycle (Ct value) the fluorescence of the sample exceeds a threshold above
the background from which the amount of template DNA can be inferred.”

The ability to detect and amplify a specific DNA sequence with high speci-
ficity has been integrated with protein detection in immune PCR, where a
DNA labeled antibody is used as a probe to detect low amounts of proteins
on a solid support in an ELISA like approach.”’ The signal is amplified with
PCR and detected with agarose gel-electrophoresis or qPCR.”"** The DNA
labeled antibody probe combines the wide range of epitope binding of an
antibody with the flexibility of using DNA as a molecular tool. Attaching an
oligonucleotide to an antibody, or any other affinity binder provides a plat-
form for developing DNA based detection systems. One example of this is
the proximity ligation assay (PLA), using probes to detect proteins in close
proximity to each other. These proximity probes are antibodies or aptamers
with single-stranded oligonucleotides, which have predefined sequences.
One of the oligonucleotides is connected to the affinity binder at the 3° end
while the other is connected at the 5° end. This allows the two free 5’ and 3’
ends to hybridize to a complementary connector oligonucleotide if the
probes are binding to interacting proteins. The connector oligonucleotide
positions the 3° hydroxyl group adjacent to the 5° phosphate group and a
DNA ligase will join them by creating a phosphodiester link between the
oligonucleotides of the proximity probes, thereby creating a DNA template
for qPCR. The targets can be detected in a homogeneous solution or on a
solid phase support and the JPCR readout serves as quantification of inter-
acting proteins.””* The DNA ligase used comes from the bacteriophage T4
and is efficient at joining nicked DNA in the presence of ATP for energy.”
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However, PCR is not capable of preserving the localization of the amplified
signal and, therefore, is not a suitable method to detect proteins, protein-
protein interactions and PTMs in situ. An oligonucleotide system able to
detect genomic DNA in situ is the padlock probe.”” A padlock probe is a
single-stranded oligonucleotide with the two end segments complementary
to the target, which upon target hybridization form a nicked DNA circle. The
circle can be ligated only if the base pairing with the target molecule is cor-
rect, with an ability to discriminate between single nucleotide polymor-
phism.”® Inspired by rolling circle DNA replication® found in e.g. bacterio-
phages, the circular DNA can template the extension by a polymerase creat-
ing a concatemer.'””'”" In the presence of a primer and dNTPs, the polymer-
ase will produce a long single-stranded oligonucleotide with multiple repeats
of the same sequence in a process called rolling circle amplification (RCA).
About 1000 copies of a 100 nucleotides long circle are produced in an hour
when using the highly processive phi29 DNA polymerase.'*'”® Each copy is
hybridized with a fluorescently labeled single-stranded detection oligonucle-
otide (DO), resulting in a bright, up to one pm sized object, when visualized
in an epi-fluorescence microscope. However, phi29 DNA polymerase also
has 3’ exonuclease activity and it can digest any single-stranded DNA with-
out protected 3’ ends, which prevents the use of unprotected DOs during
RCA.'"™ This ability also allows it to chew up non-base pairing nucleotides
at the 3’end of a DNA molecule binding the ligated padlock probe until it is
able to prime the extension of the circle.”*'"

In situ PLA brings the dual recognition of homogenous PLA into the cell and
combines it with the signal amplification of padlock probes.'*® Both oligonu-
cleotides of the proximity probes are required to template the ligation of two
additional circularization oligonucleotides into a circular DNA molecule.
Each of the circularization oligonucleotides, a long and a short, contain
complementary parts to both of the proximity probes in each end, and after
hybridizing they form a circle with a nick on each template. The long circu-
larization oligonucleotide has a spacer sequence of about 40 bases in which
the DO sequence is included. After ligation, the DNA circle is amplified by
phi29 polymerase using one of the proximity probes to prime the extension.
The resulting RCA product is hybridized by the DO linked with either a
fluorophore or an HRP and can be visualized in a microscope (figure 2). For
IF, the signal is sometimes difficult to distinguish from the autofluores-
cence.'"'% For in situ PLA, the signals are easier to detect due to the strong
signal amplification making them visible above autofluorescence and using
image analysis software, i.e. CellProfiler, the RCA products can be quanti-
fied. However, when there is a large amount of RCA products, they can start
to coalesce preventing differentiation of separate signals and reducing the
dynamic range. This problem can be solved by exchanging the long circular-
ization oligonucleotide with three separate ones containing different DO
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sequences at a known ratio (1:10:100). The ability to choose which of the
three RCA products to quantify at a cellular level increases the dynamic
range that is required for e.g. heterogeneous tissues with a wide range of
expression levels.'”

Probe binding Hybridization Ligation RCA

Figure 2. A schematic illustration of in situ PLA.

Even though the RCA product is on the scale of 100s of nm, the maximum
distance between the epitopes bound by the proximity probes is around 40
nm, when using secondary antibodies and smaller when using directly DNA
conjugated primary antibodies. The resolution of an epi-fluorescence micro-
scope is, as stated above, down to around 200 nm, but with in situ PLA it is
possible to visualize proteins within around 40 nm and, therefore, it is more
suitable for detecting interacting proteins than a dual IF staining. Dependent
on the antibodies used, in situ PLA is able to detect single proteins, their
PTMs''""'2 or protein-protein interactions.'” The method can combine two
antibodies raised against the same protein to increase the specificity due to
the dual epitope recognition. Although both of the antibodies have undefined
off-target binding, they will only generate an amplifiable circle when they
bind the same protein and, thereby, the unspecific background signal is de-
creased.'” This also means that it is possible to e.g. combine a specific re-
ceptor antibody with a pan-phosphorylation antibody and still visualize the
receptor phosphorylation. Furthermore, in situ PLA has been used to detect
protein-DNA interactions,''* mRNA expression'”” and the localization of
single-proteins to cellular compartments.''® Leuchowius et al. showed that in
situ PLA can be multiplexed for detecting different interaction partners of a
protein.'"” Besides, PLA can also be combined with other in situ detection
methods like padlock probes.'"
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Present Investigations

Paper I: Proximity dependent initiation of hybridization
chain reaction

Introduction

The proximity-dependent signal generation of in situ PLA relies completely
on enzymes for it to function. However, enzymes are both relatively expen-
sive reagents and require continuous storage at the right temperature. For
example, the phi29 DNA polymerase has a half-life of about 18 minutes
without a DNA substrate at 30°C, and at 40°C the enzyme activity is lost
almost instantly.'"” It would, therefore, be beneficial to have a method for
proximity dependent detection of PTMs and protein-protein interactions
without the prerequisite for enzymes. The method would become cheaper
and fewer requirements are put on storage capabilities by removing the en-
zymatic steps. The proximity-dependent initiation of hybridization chain
reaction (proxHCR) was developed for this purpose and combines the prox-
imity requirement of in situ PLA and the amplification of hybridization
chain reaction (HCR).

ProxHCR oligonucleotide design

The proxHCR design has two proximity probes that upon activation can
initiate HCR if they are in close proximity. The probes consist of antibodies
conjugated to hairpin oligonucleotides. These proximity hairpins (PH1 and
PH2) are unable to interact until an activator oligonucleotide is added. The
activator oligonucleotide finds a toehold in the loop of PH1 and displaces the
stem of the hairpin, thereby opening it up. If the open PH1 probe is bound in
proximity to PH2, it starts a strand displacement of that oligonucleotide us-
ing the PH2 loop as a toehold. The activator-PH1-PH2 complex results in the
presentation of an initiator sequence that is able to start the HCR of two
fluorophore-labeled hairpins (H1 and H2, figure 3). To prevent the opened
PH1 oligonucleotide from initiating HCR and thereby generating a false-
positive signal, a two-nucleotide mismatch was introduced. The mismatch
was designed in such a way that the toehold of the H1 oligonucleotide has a
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perfect hybridization match to initiator sequence of PH2 but has a mismatch
to the opened PH1 oligonucleotide. Therefore, HCR can only be started effi-
ciently when the two proximity probes are interacting. All the hairpins (PH1,
PH2, H1 and H2) are designed to be metastable and not react with each other
when closed. The probes PH1 and PH2 are allowed to bind their targets and
any unbound is washed off before the activator oligonucleotide is added to
prevent false-positive signal. The HCR will continue until all hairpins are
depleted and result in an amplified signal localized where the interaction
occurred.

PH2 PH1

Activator

Probe binding Activation Proximity binding HCR

Figure 3. A schematic illustration of proximity-dependent initiation of hybridization
chain reaction (proxHCR).

Findings and discussion

The design of proxHCR was optimized by predicting secondary structures
and interactions in silico using the Nupack.org software. The final design
was predicted to have a negative Gibbs free energy (—AG) of 40 and 27
kcal/mol for PH1 and PH2 hairpins, respectively, and therefore to be meta-
stable. The kinetic properties of the hybridization reactions were quantified
in a surface plasmon resonance instrument. All the different oligonucleotide-
binding steps displayed a strong affinity with a quick association and a slow
dissociation that was outside of the detection range of the biosensor. Control
experiments in which key oligonucleotides were excluded, showed no asso-
ciation of the oligonucleotides suggesting that their secondary hairpin struc-
tures are metastable when not activated. This was also confirmed by bead
experiments and polyacrylamide gel electrophoresis, where no reaction was
detected without an initiator. Attaching an initiator sequence to a magnetic
bead allowed for the measurement of how the fluorescent signal increased
overtime and showed that after 30 minutes all the HCR hairpins were deplet-
ed.
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After establishing the stability and robustness of the proxHCR oligonucleo-
tide system, it was evaluated in different in situ experiments. The method
was tested to detect both protein-protein interactions and PTMs in a variety
of different assays and resulted in a significantly increased signal compared
to the biological and technical control. The technical controls were per-
formed by excluding both or either of the primary antibodies on cultured
cells as well as on tissue and no signal was detected. For the biological con-
trols, the basal level of protein-protein interaction or PTM was detected
when cells were not stimulated. The method also produced a similar staining
pattern to in situ PLA on both cultured cells and on tissue. However, the
signal from proxHCR was more diffuse and quantification through enumera-
tion was not possible as with RCA products. Finally, the signal from
proxHCR was also clearly detectable on cells passing through a flow cytom-
eter when detecting an extracellular interaction.

Paper II: Compaction of rolling circle amplification
products increases signal integrity and signal-to-noise
ratio

Introduction

One of the challenges with amplifying the signal by RCA used for in situ
PLA and other methods is the accurate quantification of RCA products dur-
ing image analysis. It can be difficult to define the exact edge of a signal and
to resolve neighboring signals from each other. As previously described,
RCA is performed by a DNA polymerase templated by a circular DNA mol-
ecule and results in a linked series of several hundreds of repeated copies of
the same DNA sequence. The RCA product collapses into a bundle of DNA
and each repeat is hybridized by a fluorescently labeled DO. However, the
DNA bundle does not always collapse into a single entity, but sometimes
splits into several fluorescent objects. The lack of signal integrity in individ-
ual RCA products can cause blurriness around the signal, which is reducing
the ability to distinguish signals from each other and from background fluo-
rescence. Therefore, an oligonucleotide system was designed to generate
distinct RCA products of a reduced size.

Compaction oligonucleotide design

The RCA product is a long oligonucleotide with a repeated sequence de-
pendent on the template DNA circle, which contains a site for DO hybridiza-
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tion for each copy. However, there is a lot of unhybridized single-stranded
DNA left in the RCA product and this can be utilized for compacting the
DNA bundle. A compaction oligonucleotide with two repeated elements,
separated by a few nucleotides long spacer sequence, was designed to hy-
bridize a segment of the RCA product and cross-link the DNA bundle with
itself. The compaction elements are reverse-complementary to a segment of
the RCA product and hybridize the RCA product at any two repeats of the
sequence preventing them from floating apart (figure 4). The result is a more
uniform and compacted RCA product.

Regular RCA Compaction RCA

Figure 4. A schematic illustration of the compaction oligonucleotide design and how
it can cross-link the RCA product.

Findings and discussion

The compaction oligonucleotide system was validated under different condi-
tions and with different readout methods to confirm its effects on RCA
products and to compare it with regular RCA. First, RCA products were
produced on slides with synthetic targets and two padlock probes that were
identical apart from having different sites for DO hybridization. Compacted
and regular RCA products were visualized with two different DOs and com-
pared. The compaction oligonucleotide system resulted in compact and
bright RCA products, while the regular RCA products were prone to form
small clusters of diffuse fluorescent objects and had a larger object diameter.
That compacted products were brighter and had a better signal-to-noise ratio
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was confirmed by measuring individual RCA products. To establish whether
regular and/or compacted RCA result in single products splitting up in clus-
ters, the observed data for two separately colored RCA products were com-
pared with a Monte Carlo simulation to predict the degree of same color
neighbor. For the regular RCA, the simulation predicted a lower amount of
expected same colored RCA product neighbors than observed, implying that
the RCA products split into clusters. The compacted RCA products had the
same amount of same-color neighbors as predicted by the Monte Carlo simu-
lation, thus confirming that the compaction oligonucleotide can prevent clus-
tering. Besides, RCA is also used to amplify signals in solution where the
RCA products are quantified in microfluidic systems. For optimal quantifi-
cation, the RCA product should be as uniform and bright as possible and it is
therefore important to evaluate the compaction oligonucleotide system in
solution. An RCA reaction in solution is free moving in the liquid and, there-
fore, there is a risk of the compaction oligonucleotides to cross-link two
separate RCA products. Two separately colored RCA products were gener-
ated in solution with or without compaction oligonucleotides and they were
imaged while flowing through a microfluidic system. In the presence of
compaction oligonucleotide, more dual colored RCA products were formed,
indicating aggregation of signal at a significantly higher rate. The system
was also evaluated on hippocampal tissue, where in situ PLA was used to
detect progranulin. The compacted RCA products were smaller and sharper
compared to the regular RCA signals.

Paper I1I: Improved efficiency of in situ protein analysis
by proximity ligation using UnFold probes

Introduction

The conventional in situ PLA only detects a fraction of the protein-protein
interactions or PTMs. The proportion of detected events is dependent on
target-antibody binding and the ability for the oligonucleotide system to
generate a detectable signal. Focusing on the signal generation, in situ PLA
requires two externally added circle oligonucleotides to bind the proximity
probes correctly to form a nicked circular DNA molecule, which thereafter
have to be ligated at two sites. Improving the signal generation could lead to
an increase in both efficiency and sensitivity. This is why, we developed a
new design of in situ PLA in which one of the proximity probes has an in-
corporated circularization oligonucleotide that can be unfolded after target
binding, thereby increasing the likelihood of signal generation.
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UnFold in situ PLA oligonucleotide design

UnFold in situ PLA was designed to include a circularization oligonucleo-
tide in one of the proximity probes and a template for ligation in the other
probe. The circle-forming oligonucleotide of the first probe is shaped like a
hairpin loop where the 5’ end is conjugated to the antibody and the 3’ end
has a single-stranded DNA tail after the stem. Three U bases in a row are
incorporated into the stem at the 5’ end of the loop. The template probe also
contains a hairpin oligonucleotide to prevent probe-to-probe hybridization
during incubation, by protecting the template oligonucleotide sequence in
this dsDNA structure. There are multiple U bases spread out along the stem
on one side of the hairpin. After having bound in the sample, the two prox-
imity probes are unfolded by treating them with UNG to remove the U bases
and EndolV to remove the abasic sites generated by UNG. This causes the
circle probe to release a padlock-like oligonucleotide still hybridized to the
probe, and the other probe to expose the ligation template. A ligase can now
close the circularization oligonucleotide with the help of the ligation tem-
plate. Thereafter, RCA 1is performed followed by incubation with
fluorophore-labeled detection oligonucleotides (figure 5). To summarize,
one of the UnFold probes carries with it the circularization oligonucleotide
and therefore if the two probes are in proximity, only one ligation event is
required for signal generation.
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Figure 5. A schematic illustration of conventional and UnFold in sifu PLA.

Findings and discussion

Comparisons were conducted between conventional and UnFold in situ PLA
on cultured cells, on tissue and on a solid phase support. First, the signal-to-
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noise ratios of the two designs at different concentrations were determined
and it was established that the conventional and the UnFold probes per-
formed best at 600 ng/ml and 66 ng/ml, respectively. UnFold in situ PLA
was able to detect the interacting proteins E-cadherin and B-catenin in both
HaCat cells and on skin tissue at a higher efficiency than the conventional
design. The technical controls, in which one of the primary antibodies or
either of the probes were omitted, showed a low amount of signal, likely
resulting from antibody cross-reactivity and/or unspecific binding. The new
UnFold design was able to detect more phosphorylation events in BJ hTert
cells after stimulation with PDGF-BB, both when investigating the ligands
receptor, PDGFRp, and when detecting the two downstream targets AKT
and ERK1/2. The two in situ PLA designs were also compared with sand-
wich ELISA to detect IL-6 immobilized on a microtiter plate. The conven-
tional and UnFold in situ PLA probes had a higher sensitivity than the ELI-
SA probes, and the UnFold design had the lowest limit of detection. The
UnFold in situ PLA design provides increased efficiency for in situ analysis
and enhanced sensitivity in detecting proteins in a microtiter well format.

Paper IV: A Boolean analysis of protein interactions at a
molecular level in single cells

Introduction

Measuring signaling activity in a cell with in situ PLA provides information
on the abundance of a protein interaction, but not on the abundance of the
non-interacting fraction of these proteins. The amount of protein A interact-
ing with protein B is dependent on the free amount of the two proteins and
their affinity to bind each other. Developing a method that is able to detect
interacting proteins and simultaneously detect the amount non-interacting
proteins would reveal whether the fraction of interacting proteins was
changed. The aim is to create an oligonucleotide system able to generate
signals for individual proteins (A or B) and their interactions (A and B) in a
molecular Boolean (MolBoolean) protein analysis.

MolBoolean oligonucleotide design

The MolBoolean design utilizes preformed DNA circles that hybridize to
proximity probes and consequently incorporate a tag oligonucleotide into the
circle. The circle is thereafter amplified with RCA and a sequence-specific
DO visualizes which tags have been incorporated. Each proximity probe is
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an oligonucleotide-conjugated antibody and the oligonucleotide consists of a
single-stranded sequence with a hairpin loop structure in the middle. The
preformed DNA circle has reverse complementary sequences to the single-
stranded sequences of both proximity probes. The DNA circle can thus bind
to either one of the probes or to both if they are in close proximity. To enable
tag incorporation, the circle contains two digestions sites, which can be cut
using two different enzyme-dependent strategies. Incorporating a U base in
the circle enables it to be nicked by UNG and EndolV. Alternatively, the
digestion can be achieved with Nt.BsmAlI that creates a nick in the circle
only if it is dSDNA i.e. has bound a proximity probe. Both strategies require
their own sets of oligonucleotide design with different sequences, but the
nicking site is always 3 base pairs away from the hairpin of the probe. After
the circle is cut, the tag oligonucleotide invades the hairpin-loop of the prox-
imity probe and opens it up through strand displacement, while the two
flanking sequences of the probe remain hybridized to the circle. The circle is
reformed by ligating in the tag oligonucleotide and thereby incorporating its
sequence into the circle. One of the proximity probes acts as a primer for
RCA to generate a concatemer containing hundreds of reverse complemen-
tary copies of the tag sequence, which are hybridized by a fluorescently
labeled DO. The RCA product is visualized and dependent on the tag(s)
incorporated and DOs hybridized, it has either one of two different colors or
both (figure 6).
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Protein
Aand B A B

Figure 6. A schematic illustration of the MolBoolean design detecting proteins A or
B and their interaction (A and B). i) Hybridization of the preformed DNA circle to
the proximity probes. Digestion sites are shown with a red arrowhead. ii) The DNA
circle is cut at the digestion sites where it is binding a proximity probe. Note that the
proximity probe is unaffected by the digestion. iii) The tag oligonucleotide invades
the hairpin-loop of the probe and is integrated into the circle through ligation. iv)
Signal amplification by RCA. v) Hybridization of two different detection oligonu-
cleotides (green and red). The resulting RCA product is colored according to which
proximity probe gave rise to the signal (A=red and B=green).

Findings and discussion

The two oligonucleotide designs were validated in solution before any in situ
experiments were conducted. Digestion and ligation efficiencies were evalu-
ated with gel electrophoresis for both digestion strategies with relevant ex-
clusion controls and appeared to produce the expected digestion and ligation
products. The conjugated probes were incubated on HaCat cells to detect E-
cadherin, B-catenin and their interaction. The functionality of the method
was evaluated by excluding either of the primary antibodies or both. The
uracil based MolBoolean design successfully detected protein interaction but
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was unable to detect the individual proteins. This was likely due to the ina-
bility to amplify the signal by RCA when the circle contained an AP site as a
result of UNG treatment. To address this issue, two additional steps were
added to the protocol, which removed the AP site and filled the resulting gap
with the corresponding T nucleotide. With the extended gap-fill protocol we
were able to the detect protein interaction as well as E-cadherin and B-
catenin individually. The Nt.BsmAl design gave a similar result. These re-
sults indicate that our designs are capable of MolBoolean analysis of pro-
teins and have the potential to detect a change in the interaction properties of
two proteins.
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Concluding remarks

There are estimates mapping all the different protein-protein interactions
ranging from 130,000 to 650,000'*" in us humans. These interactions are
structured into networks and changes in a subset of interactions can be asso-
ciated with changes in phenotype leading to disease e.g. cancer.'”*'** Inves-
tigating the level of a known protein interaction using in sifu PLA in patient
samples can be used to predict clinical response to treatment of an
inhibitor.'> The subcellular localization of proteins have also been correlat-
ed with disease.'"’ Therefore, proximity-based methods for in situ protein
detection have the potential for clinical applications as well as being used to
further enhance our understanding of cellular processes.

The versatility of DNA hybridization and DNA modifying enzymes have
enabled us to develop several DNA-based methods for analysis of protein
interactions. In this thesis, I present how in sifru PLA can be improved by
compacting the RCA products (paper II) or by increasing its efficiency (pa-
per III). Furthermore, two new methods were developed for detection of
proteins in situ, one enzyme-free method (paper I) and one that enables
detection of a protein-protein interaction and the level of each individual
protein (paper 1V).

In paper I, an enzyme-independent method for detection of protein-protein
interactions in situ was developed. This proximity dependent initiation of
hybridization chain reaction (proxHCR)'** presents an inexpensive and ro-
bust alternative to in situ PLA. In contrast to RCA products, HCR signals are
not quantifiable through enumeration but have to be quantified by integrated
fluorescence intensity. The cost efficiency of the method makes proxHCR
more suitable for high-throughput screening of proximity detection in situ
than PLA. The versatility of DNA hybridization allows for multiplexing,
which has been performed with conventional HCR measuring mRNA ex-
pression.'” As no enzymes are required, the storage conditions of the rea-
gents are less sensitive and they could be stored in room temperature for
longer times. This makes proxHCR a possible candidate for further optimi-
zations into a point-of-care device.

The issue of irregular formed RCA products was addressed in paper II. An
oligonucleotide system was designed to improve in situ PLA and other RCA
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based methods by cross-linking and, thereby, compacting each individual
RCA product.'*® These compaction oligonucleotides can prevent RCA prod-
ucts from splitting up and improve the signal-to-noise ratio. The compacted
and brighter RCA products are easier to quantify during image analysis. The
compaction oligonucleotide design can be combined with any RCA based in
situ method and e.g. UnFold in situ PLA has been successfully compacted.

A new design of in situ PLA was developed in paper III to increase the
detection efficiency of protein interactions and PTMs in situ. For UnFold in
situ PLA, the proximity probes carry with them the circularization oligonu-
cleotide and template for circularization. This results in a more efficient cir-
cle formation, probably due to a higher local concentration of circularization
oligonucleotide and the requirement of only one ligation event. The in-
creased efficiency and improved signal-to-noise ratio make the UnFold de-
sign suitable for detecting rare events. Even though the protocol includes an
additional enzymatic step, it requires fewer proximity probes and has a high-
er sensitivity. The UnFold in situ PLA design is, with slight alterations, suit-
able for multiplexing due to the high efficiency. By conjugating primary
antibody probes and visualization of the RCA product with e.g. in situ se-
quencing'?’ or sequential hybridization of DOs'*® it is theoretically possible
to reach relatively high levels of multiplexing.

Paper 1V is still in the developmental phase but has proven to have the po-
tential for MolBoolean analysis of individual protein levels and their interac-
tions. An increase in interaction is not necessarily due to an altered affinity
between the two interacting proteins because of PTMs but can be caused by
an increase in expression level of one or both of the interacting proteins
thereby shifting the equilibrium of the interaction. The MolBoolean method
is designed to increase the insight of why there is a change in interaction.

This thesis illustrates how molecules borrowed from nature in this case
DNA, DNA modifying enzymes and antibodies have been combined into
molecular biology tools, with a special focus on in situ analysis of cell
signaling activity.
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