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Summary

This work aims to characterize four different biomolecular systems of increasing complexity
with fluorescence spectroscopy and imaging as well as biochemical methods in vitro and in
cells, achieving temporal-spatial infformation on a molecular and cellular level. Proteins, the
most complex biomolecules, maintain their functionality via specific three-dimensional
structure and dynamic movements. Therefore, understanding the structure and dynamics of
proteins will usually yield functional knowledge as well, which is the key for many major
contributions in life sciences. Fluorescence spectroscopy is a highly viable tool to accurately
resolve structures and dynamics on a molecular level. Coupled with complementary
methods like fluorescence imaging and biochemical basics, we were able to achieve a
comprehensive readout over a magnitude of spatial and temporal scales. The first project
aimed to characterize an unassigned quenching state found in single labeled T4-lysozyme
(T4L). By using truncated T4L variants to suppress internal dynamics, we contextualized the
unknown state within the known dynamics of T4L. In the second project, we followed
domain movements upon dimernization of human guanylate binding protein 1 (hGBP1) on a
millisecond timescale with a stopped-flow coupled ensemble time correlated photon
counting setup (SF-eTCSPC). Changes in Fdrster resonance energy transfer (FRET)
efficiency enabled us to monitor the transition of the molecule from a monomer into a
(semi-)elongated dimer. The third project aimed to charactenze protein-protein interaction
and oligomerization behavior of murine guanylate-binding protein 7 (mGBP7) with two other
mGBEPs, mGBP2 and mGBP3. We used multi-parameter image fluorescence spectroscopy
(MFI5), fluorescence recovery after photobleaching (FRAP) and image analysis tools to
show and explain the dynamic and specific assembly of mGBP7 with mGBP3 in a co-
localized/mixed phase and with mGBP2 in a spatially separated phase. Lastly, the lysine
demethylase 6A (KDMGA) was complementary characterized regarding demethylase
activity, interaction ability, cellular localization, protein stability of KDM6A variants and their
relation to malignant cellular phenotypes. Here, we used a primarily biochemical toolset in
synergy with fluorescence spectroscopy and fluorescence imaging. We showed that
truncated vanants of KDMGBA cause significant levels of cellular damage and apoptosis,
while substitution varants only show mild effects. Ultimately, this work gives a
comprehensive insight into the strengths and limitations of our methods and delivers
valuable readout to further investigate and understand the four characterized protein

systems.



Zusammenfassung

In dieser Arbeit wurden vier unterschiedliche biomolekulare Systeme steigender Komplexitat
mit Fluoreszenzspektroskopie, Fluoreszenzmikroskopie und biochemischen Methoden
charakterisiert. Dabei wurden zeitlich und rdumlich aufgeldste Ergebnisse auf molekularen
und zelluldren Ebenen erzielt. Proteine, komplexe Biomolekile, Oben ihre Funktion dber
spezifische dreidimensionale Strukturen und Dynamiken aus. Kennt man die Struktur und die
Bewegungsablaufe eines Proteins, kann man funktionelle Zusammenhange verstehen — das
ist der Schliissel fir viele beutende Entdeckungen innerhalb der Lebenswissenschaften.
Fluoreszenzspektroskopie ist dabei ein wichtiges Werkzeug, um Strukturen und Dynamiken
auf molekularem Level mit hoher Prazision und Richtigkeit aufzulGsen. Zusammen mit
erganzenden Methoden aus der Fluoreszenzmikroskopie und biochemischen Methoden
kdnnen somit Ergebnisse innerhalb einer grofien Reichweite in zeitlicher und rAumlicher
Auflésung erzielt werden. Im ersten Projekt wurde ein fotophysikalischer Prozess
unbekannter Herkunft in Fluoreszenzkormrelationsspektroskopie-Messungen von T4-Lysozym
(T4L) untersucht. Mithife von verkirzten T4L-Proteinen konnten wir den unbekannten
Prozess innerhalb der bekannten Dynamiken von T4L einordnen. Im zweiten Projekt konnten
Proteindomanenbewegungen im Dimerisierungsprozesses des humanen Guanylat-
Bindeprotein 1 (hGBP1) in einem Millisekunden-Zeitfenster dargestellt werden. Dazu wurde
eine flussunterbrechende Analyse gekoppelt an eine zeitkorrelierte Einzelphotonenzahlung
(Ensemble) genutzt (SF-eTCSPC). Anderungen in der Effizienz des Férster-Resonanz
Energietransfers ermoglichte uns, die Konformationsdnderung von einem Monomer zu
einem halbausgestreckten Dimer zu beobachten. Im drtten Projekt wurden die Protein-
Protein-Interaktionen und Oligomerisierung des murinen Guanylat-Bindeproteins 7 (mGBPT)
mit zwei weiteren mGBPs, mGBP2 und mGBP3 charakterisiert. Durch Einsatz von
bildgebender Mehrparameter-Fluoreszenzspektroskopie (MFIS), Fluoreszenzregeneration
nach Fotobleichung (FRAP) und Bildanalysen konnte gezeigt werden, dass mGBP7 und
mGEBP3 in einer kolokalisierten, gemischten Phase vorliegen, wihrend mGBP7 und mGBP2
raumlich voneinander getrennt sind. Abschliefend wurde die Lysin-Demethylase G6A
(KDMBA) umfassend im Hinblick auf Demethylaseaktivitat, Interaktion, Lokalisation, Stabilitat
und den resultierenden zelluldaren Phanotypen untersucht. Dafir wurde ein hauptsachlich
biochemisches Methodenset in Kombination mit Fluoreszenzmikroskopie und
Fluoreszenzspektroskopie verwendet. Wir konnten zeigen, dass verkirzte Vananten von
KDMBA zellularen Schaden und Apoptose induzierten, wahrend punktmutierte Varianten
lediglich einen milden Effekt auf die Zellen hatten. Insgesamt gibt diese Arbeit einen
umfassenden Einblick in die Starken und Herausforderungen unserer Methoden und liefert

viele Einblicke sowie neue Grundlagen fir die weitere Arbeit mit den vier Systemen.
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1. Exciting biomolecules: An introduction to structure and dynamics of
biomolecules and implications on fluorescent labeling

Over time and with evolution towards higher organisms exhibiting even more specific tissues,
many proteins became exceedingly complex biomolecules [1]. Per definition, biomolecules
are mainly organic molecules and macro-molecules with a biological function [2] and can be
categorized proteins, lipids, nucleic acids, carbohydrates, metabolites and natural products.
Biomolecules are building the fundament of any living organism [2]. They are essential to

biological processes such as division, development and morphogenesis [3-6].

Among the biomolecules, proteins are considered the most complex [7]. Driven by the nearly
infinite combinations possible by combining all 21 canonical amino acids and rare amino
acids [8], the number of proteins translated from the human genome is estimated to exceed
20,000 individual proteins [9]. Furthermore, the function and structure of proteins can be
tuned by pH [10], cofactors [11], salt concentration [12], temperature [13], redox
environment [14] and post-translational modifications [15]. Triggered by hydrophobicity [16],
electrostatic interaction [17] and oftentimes through auxiliary folding by chaperones [18],
most proteins assume a highly specific, but not necessarnily rigid three-dimensional assembly.
The structural hierarchy [2] starts at the primary structure, which is the one-dimensional
sequence of amino acids. The secondary structure describes the arrangement of the amino
acids into o-helices and B-sheets, while the tertiary structure describes the intra-domain
arrangement. Finally, the quatemnary structure specifies the way in which proteins interact in
multi-protein arrangements. The biomolecular structure usually resembles the functionality of
a protein [2]. Sophisticated protein structure can point towards a complex functionality [19],
but there exist equally intricate, low-structured, intrinsically disordered proteins (IDPs) [20,
21]. Consequentially, both persistence and intrinsic transition of structural elements
eventually add up and determine a protein’s functional complexity [22]. Mapping both
dynamic and rigid elements is the key to fully understand the function [23, 24].

Functionally, many proteins have implications as enzymes. Enzymes are biocatalyst,
speeding up chemical reactions or pushing an equilibrium [25]. The catalytic functions are
often connected to a distinct domain movement around the active center or even further
away [26], thus acting as ‘energetic counterweight' [27]. While those movements can
rearrange the whole protein in particular cases [28, 29], sometimes only small angle twists or
residual deposition are enough to suffice the protein’s catalytic cycle [30]. Ultimately, the
catalytic function can also contribute to a protein’s complexity [31] and super-fast catalytic

cycles or transition states push methods to their time-resolution limits [32, 33].



A. System complexity
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Figure 1: System complexity, dynamics and distances characterized in this work. A. Structural
and functional complexity encountered in this work. T4L achieves catalysis with a two-domain minor
pincer movement. hGBP1 operates with one catalytic domain (right side of depicted molecule) for
GTP-binding and hydrolysis which will favor a homodimer organized via the catalytic domain mGBP7
proposedly behaves similar to hGBP1 and is able to form hetero-dimers with other mGEBPs in vivo.
KDMBEA is a highly complex three-domain protein with a catalytic domain, an interaction domain and
an intrinsically disordered domain in between. B. We characterized intra- and intermolecular distances
in protein complexes in Angstrom range. We resolved cellular colocalization and distribution (also
ratio) of proteins in the nanometer-micrometer range. C. In this work, we characterized the fast
conformation dynamics and diffusion of T4L on a nanosecond-microsecond timescale. We further
characterized domain movement dynamics of hGBP1 on a millisecond timescale. In cells, we

characterized the diffusion of mGBPs into previously bleached particles on a timescale of seconds.
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All systems used in this work (Fig. 1A) exert an enzymatic function: The bacteriophage T4
Lysozyme (T4L) is hydrolyzing glycosidic bonds in bacterial cell walls by using a pincer
movement between the domains during the catalytic cycle [34]. Both hGBP1 and mGBP7
hydrolyze GTP to change their domain arrangement and assemble in dimers and
subsequent oligomers, which are able to directly attack intracellular parasites [35, 36]
KDMBA can specifically bind to Histone H3K27me3/2 residues and demethylate them, using
o-ketoglutarate and Fe(ll) as co-substrates and Zn(ll) as co-factor [37].

Apart from the catalytic function, many proteins serve as scaffold protein to enable
interaction with other proteins in order to trigger pathways and/or assemble into large
complexes [38-40]. In our work (Fig. 1A), both hGBP1 and mGBP7 contain interaction
interfaces to form dimers, a crucial step for the subsequent formation of oligomers and their
anti-parasitic function [41, 42]. The scaffolding can also occur in conjunction with the catalytic
function [29, 43]. The tetratricopeptide repeat region (TPR) found in KDMBA can interact with
complexes which are directly connected to the enzymatic function of KDMEA [44]. Other
structure proteins enable organisms to assume and hold shape, by forming or producing
molecular meshes or grids [45, 46]. The functionality of antibodies or toxins is also
determined by the structure fitting to the target sites [47, 48].

Fluorescence-based techniques can resolve most of the features described above. In order
to be spectroscopically visible, proteins need to be labeled with suitable reporters. This is
either an artificial fluorophore, attached to the biomolecule in a labeling procedure [49], or a
fluorescent protein, usually cloned into the protein’'s expression gene [50]. Protein tags and
fluorescent antibodies enabling specific labeling in cells [51, 52], albeit the spatial resolution
is mostly limited to imaging resolution due to their large intrinsic size. It should be considered
that any modification might significantly alter the proteins behavior in relation to the
unmodified entity [53].

The biomolecular systems characterized in this work (Fig. 1) are classified into four projects,

shown below. Please refer to the individual chapters for detailed introduction of the system

and the respective results.

In Chapter 1, we aimed to complement and conclude in vitro experiments charactenzing
movement between the two sub-domains of the bacteriophage T4 Lysozyme (T4L) during
the catalytic cycle.

In Chapter 2, we aimed to characterize the substantial change in relative domain positioning
of the human guanylate-binding protein 1 (hGBP1) in witro upon substrate binding and

subsequent dimerization on a magnitude of seconds.



In Chapter 3, we aimed to understand the assembly of murine guanylate binding proteins

(mGBEPs) into dense protein phases known as vesicle-like structures (VLS) in vivo.

In Chapter 4, we aimed to comprehensively characternze the histone H3K27-specific
demethylase 6A (KDMG6A or UTX) and its cancer-derived/inspired vanants in vifro and in vivo
with respect to localization, activity, interaction and cellular phenotype observed after

expression in urothelial cancer cell lines (UCCs).

2. llluminating methods: An introduction to fluorescence-based spectroscopy
and imaging

In modern day life sciences, especially in medical research and the rapidly advancing biotech
sector, knowing the functionality of a protein and using it to one’s objective is the key to
success [54-56]. Consequentially, a central paradigm of protein structure research is the hunt
for the structure-function relationship, aiming to expand the understanding of a protein's
functionality via the knowledge of its structure. While the primary structure of a protein is
easily extractable from genomic information [57], the correct topology, arrangements and
even functionalities are harder to assess [58, 59). Recently though, advances in deep
leaming deliver tremendous results on structure prediction from sequence [60, 61]. Quite
often, the underlying secondary/tertiary structure elements and even quaternary assemblies
are predictable by ubiquitous principles in consensus motifs [62, 63] and structure homology
[64, 65]. These methods largely depend on a posferiori knowledge, even the recent deep
learning algorithms (so far) used empirical resources to train the Al [60]. Hence, hard data
gained from various spectroscopic methods builds up the fundaments of most databases on
protein structure [66, 67]. By design, many of these classic spectroscopy techniqgues yield
highly resolved protein structure as a nrigid crystal but struggle in the resolution of dynamic
areas [68, 69]. All the while, knowledge on protein dynamics became more and more
relevant, especially since the dynamic parts of the protein are often the functional ones [F0].
Both transition times and spatial resolution of flexible regions are of high interest [32].
Although spectroscopic methods are very different in sample requirements and technical
limits, modern scientific communities now bring forward interdisciplinary studies, addressing
both dynamic and ngid structural elements simultaneously [71-73]. Many of the
spectroscopic methods have been interconnected and offer convertible formats to allow a

global analysis of spectroscopy data in one effort [74-76].

As one of the fundamental pillars of spectroscopy, fluorescence-based spectroscopy and
imaging techniques excel by concurrently delivenng multi-magnitude temporal resolution and

spatial information [77]. Spatial information can be accurately determined on an Angstrém



level due to the direct distance dependency of Firster resonance energy transfer (FRET)
[78]. Methodically, all fluorescence-based techniques exploit certain information gained from
analysis of the photons emitted by the fluorophore upon controlled excitation with a
monochromatic light source [F8]. The yielded emission intensity can be used to localize the

fluorophore’s stationary position in space [79] or to follow the diffusion of molecules [80].

In fluorescence correlation spectroscopy (FCS), fluorescently labeled molecules
translationally diffuse through the confocal volume (Fig. 2B) which is determined by the point
spread function (PSF). Low concentration (low nM to pM) of molecules allows only a few
molecules present in the confocal volume at the same time, causing the actual fluctuation in
fluorescence to be visible and not being averaged over a large ensemble. The measured
fluorescence signal can be self-correlated over an effective time-range between of sub-
nanosecond to milliseconds (Fig. 2E). The resulting autocorrelation function G(1)is the
correlation of fluorescence intensity with itself, shified by the lag-time 1. Whenever an event
causes the fluorescent signal to fluctuate, the time-point and amplitude of this event causes
the autocomelation function to abbreviate from the baseline. In this work, we used FCS5 for

our T4L-study to resolve quenching and diffusion dynamic (Fig. 1B).

When working with multiple distinguishable fluorophores, the contributions of resonance
energy transfer can be assessed by intensity ratios [B81] and converted into distance at
Angstrém level (Fig 2D). If the device is able to clock the time-period needed for the photon
to be emitted and detected after excitation, this time-resolved spectroscopy can further
reveal tempo-spatial features [B2] (Fig. 2E). Finally, the detection of polarized emission by
usage of multiple perpendicularly placed detector units enables to analyze an additional
parameter, the anisotropy [76]. The resulting multiparameter fluorescence detection (MFD)
can greatly enhance experimental options and data quality [83]. In the last decade, FRET-
based and fluorescent spectroscopy steadily developed into a reliable high-accuracy toolset
for a temporal-spatial readout to resolve protein dynamics and structure [84]. This cumulated
into the latest comparative blind study, where 20 labs independently managed to determine
FRET-efficiencies on DNA-duplexes with a standard deviation of AE between +0.02 and
+0.05 [85]. Results concerning dynamics are equally impressive [32, B6] and the growing
FRET-community is harmonizing approaches, aiming to enhance data accessibility,
compatibility and set a gold standard for future FRET-based spectroscopy [84]. For the
computational sciences, FRET-assisted comparative modelling has developed into an
acclaimed tool to synergize in silico with experimental data [77, 87]. This cumulated in the
recent addition of FRET-assisted comparative modelling to the PDB-Dev [B8], a prototype

archiving system for structural models obtained using integrative or hybnd modelling.



Technically, the effective resolution of FRET-techniques is determined by model accuracy,
depending on data quality [89] and knowledge of fluorescent dye distributions and
orientations [90] as well as specific dye photophysics [91]. All the established FRET-based
methods are all able to achieve high-accuracy readout by design. Achieving very high
accuracy can already be challenging in a controlled environment, making the comparative
results of the first FRET-study [85] even more impressive. Correction factors need to be
determined for our methods, even when working with relatively stable and uniform DNA-
duplex samples [92, 93]. Calculating FRET-efficiency from fluorescence intensity ratios and
fluorescence lifetimes, we need to consider correction factors [81]: 1) spectral crosstalk a, ii)
direct acceptor excitation & and iii) the excitation/detection comrection factor y, with the latter
one being identified as the main contribute for deviation in the study. The correction factors

can be determined by using MFD combined with pulsed interleaved excitation (PIE) [94].

If we increase the system complexity (Fig. 1), a couple of additional factors come into play: 1)
labeling and sample preparation [53], ii) chemical environment of the fluorescent dye [95,
96], i) internal dynamics and unknown states [32] and iv) growing user bias concerning
sample preparation, measurements, data sampling and analysis [84, 97]. Most experiments
are carried out in vitro at super low single-molecule concentrations (an immense advantage
of fluorescence spectroscopy) so that labeling conditions allow the fluorophore to be
attached in a well-controlled environment. While labeling, it is crucial that the protein retains
its native state [53]. One needs to be sure that experimental conditions are not irreversibly
changing the protein and that the fluorescent entity is not interfering with the protein
structure. Vice versa, one needs to be sure that the protein will not quench the fluorophore,
change the quantum yield and eventually meddle with the y-factor estimation [91].
Consequentially, appropriate control experiments should always be in place [94]. The
immense sensitivity of our methods will punish any aberrancy in fluorescence as a visible
state. This can distort the data and lead to misinterpretation if the systemic knowledge is
limited. Unknown dynamics found in biomolecules can complicate the data but can also be a
very rewarding as novel results if resolved correctly [32]. Prior information, especially on
basic structure or end-states, is highly valuable for any-well planned FRET-experiment.
Consequentially, FRET-based spectroscopy will often excel by further advancing knowledge
into a direction where other methods are out of bounds [86, 98]. We used a FRET-readout in
an eTCSPC experiment on our hGBP1-system (Fig. 1B/C), measuring distances on an inter-
and intramolecular magnitude (Fig. 2D) with multiple FRET-pairs. By combination with a
stopped-flow system, we could follow the dynamic change of the distances on a millisecond
timescale (Fig. 2E).



Changing from in witro experiments to in vivo expernments brings a new set of challenges,
namely 1) frequent use of terminal fluorescent proteins or tags instead of fluorophores
positioned on demand [99], ii) cellular background fluorescence [100] and iii) transient protein
expression and cellular heterogeneity. Since labeling conditions in cells are hard to control by
design, fluorescence proteins and tags are often the choice for the respective measurements
[101]. Fluorescent proteins and most tags are challenging to use as spatial indicators since
the positional distribution is wider than for dye fluorophores [99, 102] and the hydrodynamic
radius of the reporter proteins already take up the high-efficiency section within the FRET
distance range [103]. Photophysics of fluorescent proteins are usually complex [104, 105]
and depend heavily on the cellular environment [106], systematic ermors are possible. Our
spectroscopic methods always retain their high accuracy - but the complex system will
confine them to lower accuracy quite often. Still, qualitative interaction, complex assembly
ratios and binding affinities can be estimated very well and give unique and valuable
information about cellular processes [35, 107]. In both studies carried out in live cells,
mGBP7 and KDMGA, we used an MFIS-FRET readout to obtain information about the
interaction to a labeled binding partner. We achieved information about spatial proximity (Fig.

2A) and could conseguentially determine binding affinities in live cells.

As a synergistic method to fluorescence spectroscopy [74], fluorescent imaging is
traditionally applied to achieve resolution above the Abbe limit (> 200 nm) [108] (Fig. 2D).
Recently, with the expansion of light microscopy below the classic resolution limit, super-
resolution (SR) fluorescence microscopy technigues are also aiming to achieve molecular
resolution on a sub-nanometer level [109, 110] (Fig. 2D). Still, fluorescence microscopy is
preferably used as a tool to evaluate where and in which ratios proteins assemble in a
cellular context. In this work, we used both SR and confocal microscopy (Fig. 2C) to 1)
resolve colocalization between protein species at pixel-resolution and ii) to quantify cellular
distribution and to iii) observe cellular phenotypes to categorize them. Compared to
fluorescence spectroscopy, fluorescence microscopy is also able to resolve cellular
dynamics [111] but on a macroscopic time-scale, following cellular movement or particle
diffusion (Fig. 2E). We used this technique, fluorescence recovery after photobleaching
(FRAF), to follow the diffusion of mGBP7 molecules and their partners in large oligomers
(Fig. 1C).
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Figure 2: Principles of fluorescence, FRET and resolution of methods used in this work. A.
FRET-efficiency following an inverse sixth-power distance dependency. The Forster radius, Ruo,
defines the individual point at which two fluorophores are at a FRET-efficiency of 0.5.. The additional
Jablonski-diagram depicts excitation of fluorophores and FRET between donor and acceptor. B.
Fluorescent molecules diffusing through the confocal volume, determined by the PSF. C. Application
of fluorescent imaging. The Laser (1) beam is directed (2) into an objective (6) through an excitation
filter (3). The fluorescent signal emitted from the sample (7) will re-enter the objective, pass the
dichroic filter {5) and an emission filter (4) and enter the detector (8). D. In this work, we spatially
resolved molecular distances within FRET range (<100 A). Cellular protein distributions in SR-imaging
range (~100 nm) and the wider confocal range (>200 nm) was utilized to resolve intracellular
distances. E. In this work, we temporally resolved the fluorescence decay occurring within
nanosecond-range after excitation. We further resolve fast (minor) conformational dynamics and
rotation within the nanosecond range, triplet states and diffusion in the microsecond range and slow
(major) conformational dynamics in the millisecond range. In cellular systems, we resolve recovery
after photobleaching and particle diffusion in the range of seconds.

The fluorescence-based methods used in this work (Fig. 2) are distributed over the course of

the four main projects. Please refer to the individual chapters for detailed methodical

description and data.

In Chapter 1, we mainly used fluorescence correlation spectroscopy (FCS) to compare

diffusional, conformational and photophysical dynamics.

In Chapter 2, we mainly used ensemble time-correlated single photon counting (eTCSPC)
with a readout based on Fdrster resonance energy transfer (FRET) and complemented with
a macro-time extension (stopped-flow) to follow kinetics in the magnitude of milliseconds-

seconds.

In Chapter 3, we mainly used multiparameter fluorescence image spectroscopy (MFIS) and
imaging methods, such as confocal microscopy, structured illumination microscopy (SIM)
and fluorescence recovery after photobleaching (FRAFP) to characterize affinities and phase

properties.

In Chapter 4, we used both confocal and SR-imaging, utilized auxiliary MFIS measurements

and complemented the results with a vast amount of biochemical methods.
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Chapter 1: Expression and experimental evaluation of a stable T4
lysozyme fragment as a platform for dye quenching studies in a
low-dynamic environment

Chapter digest

Aims Methods Qutcome

Charactenization of a slow | FCS with full-length (FL) T4L | FL-T4L and CT-T4L
(=260 ps) photophysical | compared with N-terminally | perform

process in T4L variants. truncated (CT) variants.

Contributions

dN-T4L protein expression and troubleshooting: Julian Koch, Aiswaria Prakash. CT-T4L and
full-length T4L protein expression, labeling, measurement and analysis: Julian Koch,
Alexander Larbig. Initial full-length T4L protein expression, labeling, measurement and

analysis: Katharina Hemmen, Aiswaria Prakash, Laura Steffens. Project supervision: Claus
A M. Seidel.

Abstract

T4 lysozyme (T4L), expressed by bacteriophage T4, is a protein that hydrolyzes 1,4-beta
linkages between N-acetyl-D-glucosamine and N-acetylmuramic acid of peptidoglycans in
prokaryotic cell walls, initiating their lysis. Due to an excellent characterization, T4L is used
as a model protein in protein stability and was established as a scaffold platform to test
environment-specific fluorescent dye behavior in a rigid system. Using Multiparameter
Fluorescence Detection (MFD), we observed quenching of unknown origin in full-length T4L.
This quenching was initially attributed to the known intermolecular cycling between three
conformational states (C1-C3) in T4L, involving both N- and C-terminus. We therefore
generated an N-terminally truncated construct, delta-N (dN-T4L), to avoid any effects caused
by internal dynamics. Initially encountering stability issues, we retained the stabilizing helix
connecting N- and C-terminus. With the resulting C-terminal variant, CT-T4L, we managed to
express multiple stable N-terminally truncated T4L species. We directly compared this
truncated protein to the full-length T4L species in fluorescence correlation spectroscopy
(FCS). We confirmed three labeled vanants as strongly quenched (R119C, D127C, N132C),
one vanant as hardly quenched (P86C) and one variant (1150C) inept to (good) labeling. We
were unable to attribute the observed slow quenching to internal dynamics. We conclude
that, although the variants used in this study are suitable for quenching study, they are not

sufficient to elucidate the dynamics of all the different conformational states of T4L.
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1. Introduction

The well-charactenzed [1] T4 lysozyme is a routinely used protein to probe for and verify
models on protein stability depending on temperature [2] and pH [3], energy landscapes [4],
experimental [5] and modeled [6] structure-thermodynamics relationship, ligand binding [7]
and protein dynamics [B]. Since fluorescent spectroscopy is a powerful tool for the
elucidation of protein dynamics, there are multiple contributing studies available within the
scope of T4L characterization [9-12]. Functionally, T4L is a monomeric protein that
hydrolyzes peptidoglycan, effectively breaking the PB-(1,4)-glycosidic bonds between its
fundamental components [13]. As gram-positive bacteria use a cell wall consisting of
peptidoglycan as fundamental structural component [14], T4L has a profound implication as
antibiotic component [15]. The structure-function relationship of T4L is determined by two
main conformers [16, 17]: The more open state ‘C1' to initiate substrate binding and a
closed, substrate-bound conformation ‘C2' were the actual hydrolysis takes place. Recently,
an additional and transient third conformer ‘C3" was identified, being involved into an active
release of the product [18]. Consequentially, T4L cycles between those states during
catalysis and even in a substrate free state, although C1 emerges as the dominant
conformer [18]. The state interchange is characterized by a hinge-movement [19] between
the two domains of T4L (see Fig. 1A/B), the N-terminal subdomain (NTsD) and the C-
terminal subdomain (CTsD), topologically clasped around the active center which will slightly
open and close [20]. The NTsD (olive) and CTsD (brown) will move towards each other in a
pincer movement when cycling between C1, C2 and C3. Substrate binding occurs in the
pocket between both domains, the NTsD binds the glycoside part while the CTsD largely
binds the tetra-peptide of peptidoglycan [16]. The linker helix (orange) acts as the hinge
between both domains, it bends and kinks back and forth slightly while cycling through the

conformers.

Although the internal dynamics found in the three major states of T4L might complicate the
readout of spectroscopic methods aimed at a rigid, non-dynamic target, T4L has received
major interest as a model system for quenching studies, in particular on tryptophan as a
natural photophysical quencher [11, 21, 22]. Tryptophan as an UV-emitter [23] is already a
tempting target but comes with the disadvantage of a strong dependence on the chemical
environment as the indol-moiety is often embedded or topologically close to other residues
and as such heavily exposed [24] to varnable dipol-dipol coupling, resulting in a complex
multi-exponential fluorescence lifetime decay. A more expedient application for tryptophan is
the role as a quencher for a fluorescent dye in a Forster Resonance Energy Transfer (FRET)
or Photoinduced Electron Transfer (PET) experiment [25, 26].
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Figure 1: Structure and sequence of T4l and truncated variants, principle of FCS. A. Crystal
structure (PDB: 148L) of TAL representing the open state (C1). B. Sequence alignment of full-length
T4L, dN-T4L and CT-T4L. Domains are color coded according to crystal structure. Structural elements
are highlighted above sequence. C. FCS, explanation of the autocorrelation function. Segment A in
the representation of G(r) contains the photon antibunching, which centers around the average lifetime
of the fluorescence dye — usually a sub-nanosecond up to a couple of nanoseconds [27]. PET also
takes place in this time-window [26, 28]. Segment B represents the time-scale of fast folding or very
fast conformational dynamics [29] as well as rotational diffusion of molecules with a defined dipole in
low-viscosity medium [30]. Segment C is dominated by intersystem crossing from excited states into
dark triplet states, depending on the laser power, dye characteristics and the presence of triplet
guencher in the system [31]. Lastly, the Segment D mostly represents the translational diffusion of the
fluorescent molecules, depending on the diffusion coefficient of the molecule [25].



To resolve these different quenching effects on their respective timescales, FCS (see Fig.
1C) is the method of choice. Overall, there is a high experimental potential for controlled and
well-designed dye-gquencher systems using the fluorescence spectroscopy techniques FCS
and FRET. Ambiguously, fluorescent dye quenching by tryptophan can also heavily disturb
FRET expenments by strong static quenching, worst-case resulting in a multi-exponential
decay of the fluorescent dye before FRET even occurred. It is therefore highly beneficial to
understand fluorescent dye quenching by in detail. Appropriately, T4L has three natural
tryptophan residues in the CTsD at residues W126, W138 and W158, which have all been
characterized towards their chemical environment and resulting photophysical behavior [11,
21, 22, 24]. In addition, the weaker quenchers tyrosine, methionine, arginine and histidine in
T4L further pronounce the effect. This well-characterized and unigue quenching environment
motivated our working group to establish T4L as a scaffold platform to test for dye quenching
in a controlled environment. Prior to this consecutive project, five single-cysteine variants
(T4L P86C, R119C, D127C, N132C and 1150C) based on the WT* construct C54T/C97A
were designed, labeled with Alexa Fluor 488 and analyzed [32]. While results were promising
in underlining the strong influence of tryptophan as quencher, we noticed quenching on a
timescale in the higher microsecond range in FCS measurements. If such a quenching effect
appears It is expected to originate from domain movements, possibly an interchange
between the three main conformers of T4L. Intriguingly, the rate constant for the "C3'-'C2’
interchange has been determined with kcascz = 3.7 ms™' [18], fitting very well into the approx.
average 1 = 260 ps observed for the quenched state in the FCS measurements [32].
Therefore, we designed a set of truncated T4L variants, which partially lack the N-terminal
domain (Fig. 1B), to get a ‘'motionless’ prospect on the dye quenching and elucidate the
nature of the slow-quenched state. Both variants loose weaker N-terminal quenchers (Y18,
Y24, Y25, R52, additionally M1, M6, R8, R14 while they are moved to the C-terminus in dN-
T4L, altering their environment) but maintain all three tryptophan residues in the C-terminal
part. These truncated vanants were measured back-to-back with the full-length variants by
FCS to compare fit result and conclude if the truncation impacts the dye environment
Furthermore, we wanted to find the origin of the unknown quenching state and try to attnbute

it to internal dynamics.

2. Results

We first established dN-T4L vanants (see Fig. 1B for sequence, Fig. 2A for structure) based
on Llinas et al. [33]. Here, the first 12 amino acids of T4L are attached to the C-terminus. The
N- and C-temminus of T4L are in close proximity. The rest of the NTsD (olive) is missing as

well as 68% of the linker helix (orange). The CTsD (brown) was fully incorporated into this
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construct. After multiple expressions, it became evident that the dN-T4L variants (based on
the T4L WT*) P86C, R119C, D127C, N132C and 1150C precipitated as inclusion bodies [34].
Dealing with inclusion bodies usually requires a solution step, where the aggregates are
dissolved in chaotropic agents like urea or guanidinium chloride (GdmCI) and a refolding
step, where the monomeric, unfolded protein is retumed to its native state [35, 36] (Fig. 2B).
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Figure 2: Structure and purification of truncated T4L variants. A. Simplified crystal structure of
dN-TAL based on and modified from PDB: 148L. 2D-depiction of quencher in red and labeling
positions in green. B.Purification SDS-PAGE gel of dN-TAL P86C with (unfolded) and without
(reconstituted) GdmCI. GAmCI in concentrations >1 M smeared the gel band. C. Simplified crystal
structure of CT-TAL based on and modified from PDB: 148L. The first 12 amino acids are linked via a
5xGly region to the full-length linker helix+1 (not displayed). D. Purification gel of CT-TAL showing
supernatant (SN) and pellet (P) fractions before cation exchange (CatlEx), flow-through (FT) is
gathered after applying SN to the CatlEx-column. E. Exemplary purification gel of ful-length T4L
N132C variant. BI: Before induction; Al: After induction; SN: Supernatant (before CatlEx); CIE: Cation
exchange chromatography (main fraction), clean lane. F. All variants used were checked for integrity
via fluorescence at approx. 488 nm excitation and 515 nm emission and coomassie blue (CB).

The concurrent design of CT-T4L (see Fig. 1B for sequence, Fig. 2C for structure) was
based on Kato et al. [37]. In contrast to the dN-T4L fragment (Fig. 2A), the CT-T4L was
soluble after expression and the variants PB6C, R119C, D127C, N132C and 1150C (based
on WT*) were eventually purified using the standard full-length T4L protocol [18] (Fig. 2D).
The full-length T4L variants were re-expressed and purified according to the same protocol
(Fig. 2E). After labeling with Alexa 488-maleimide, all variants were checked for degradation
(Fig. 2F) before performing FCS measurements. All variants except the full-length 1150C
vanant show a good cormrelation in band density between fluorescence gel and CB stain. The
full-length T4L 1150C shows a much higher density in CB staining, underining the limited
degree of labeling (DOL) found for the 1150C vanants. The DOL for CT-T4L 1150C was
improved by a massive excess of dye, which proved disadvantageous for FCS
measurements due to residual free dye which could not be removed by desalting/buffer
exchange columns, but needed a size exclusion chromatography treatment on a larger

column (e.g. Superdex 10/300).

FCS curves (Fig. 3) were fitted with three fit models to allow an unbiased, naive approach on
how many terms are needed to describe the system. We fitted either one (1-BT, orange), two
(2-BT, brown) or three (3-BT, olive) (see 5. Methods) bunching terms to account for all
possible photophysical processes within the system. The respective fit with highest goodness
of fit was displayed over data. Additionally, CT-T4L I1150C was fitted with two diffusion/one
bunching (2-diff., 1-BT, bright green) and two diffusionftwo bunching (2-diff., 2-BT, brght
blue) (see 5. Methods) to account for possible dye diffusion. Weighted residuals are
displayed on top. Confocal volume was assumed as three-dimensional Gauss-shaped,
determined by dye reference measurements and kept constant for each respective set
Diffusion time of the free Alex Fluor 488 dye in our confocal volume was determined with
~260 ps, depending on the fit used (see Chapter 1-Table supplement 1-4). For free Alexa
Fluor 488 (Fig. 3F) and both FL- and CT-P86C (Fig. 3A) variants, almost no static quenching
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was present. One bunching term (BT) was therefore sufficient to descnbe the data, since
triplet quenching (C-term) was the only contribution for this variant and for the free dye. Note
that slight aggregation was visible for both FL- and CT-P86C variants at approx. 0.5-10 ms.
For the R119C (Fig. 3B), D127C (Fig. 3C) and N132C (Fig. 3D) vanants as well as fl-T4L
1150C (Fig. 3E), two BT were needed to describe the data, both for triplet quenching (C-
term) and static quenching (B-term). Only the CT-T4L 150C (Fig. 3E/F) variant needed a
third bunching term (A-term) or alternatively a second diffusion term to achieve the best
goodness of fit. The diffusion component is able to replace the slow gquenching (A-term)
found in the CT-1150C at 260 ps, yielding the same goodness of fit for two diffusionftwo
bunching (Fig. 3F) or one diffusionfthree bunching (Fig. 3E). In general, the amount of static
guenching found for each vanant is concurrent to earlier measurements [32] and does not
majorly differ between full-length and truncated variants see (Chapter 1-Table supplement
1-4). There are minor changes in triplet time and amplitude as well as static quenching
between the FL- and CT-T4L variants which will be discussed accordingly. To resolve the
unknown quenching attributed to internal dynamics originally found at 260 ps, a state at 260
us (ts) was forced in the 3-BT fit for all variants (as specified in Table 1). This made it
possible to observe which data has an increased amplitude for the quenching described by A
(data cells highlighted by thick line in Table 1). Only the CT-T4L 1150C has a considerable
amplitude (0.089) for the forced 260 ys A-term.
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Figure 3: FCS data fitted with different fit functions (BT = bunching term, Diff = diffusion term).
A. TAL P86C and CT-TAL P86C, best chiZq if fitted with one bunching term (1-BT) (triplet). Adding a
third state at 260 ps (3-BT) does not improve goodness of fit. B. TAL R119C and CT-T4L R119C, best
chiZq if fitted with two bunching terms (2-BT) (one triplet, one fast quenching). Again, adding a third
state at 260 ps (3-BT) does not improve goodness of fit. C. TAL D127C and CT-TAL D127C, best
chiZeq if fitted with two bunching terms (2-BT) (one triplet, one static quenching).
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Adding a third state at 260 ps (3-BT) does not improve goodness of fit. D. T4L N132C and CT-T4L
N132C, best chiZeq if fitted with two bunching terms (2-BT) (one triplet, one stafic quenching). Again,
adding a third state at 260 ps (3-BT) does not improve goodness of fit. E. T4L 1150, best chifq if fitted
with two bunching terms (2-BT) (one triplet, one static quenching). Adding a third state at 260 ps (3-
BT) does not improve goodness of fit. CT-T4L 1150, best chiZ.q if fitted with three bunching terms (one
triplet, one static quenching, one slow quenching state at 260 ps). F. Alexa Fluor 488 (Carboxylic
acid), best chiZeq if fitted with one bunching term (friplet) Adding a second and third state does not
improve goodness of fit any further. CT-T4L 1150, fitted with two diffusing components and one or two
bunching terms (one triplet, one static quenching).

Table 1: FCS fit-parameter. BT = Bunching term. Fit results for Fit 28 (see 5. Methods, Eq. (3))
with the additional bunching-term fixed to 260 ps, forcing the proposed domain dynamic. Fixed
parameters in italic. See 5. Methods, Eq. (3) for explanation of fit parameters. See Chapter 1-Table
supplement 3 for non-rounded numbers.

Full-length T4L CT-T4AL
Species A488 PB6C | R119C | D127C | N132C | M50C PB6C | R119C | DM27C | N132C | M50C
Chifrea: 0.736 2512 1.064 1.280 1.828 1.138 2725 0.945 0.834 0919 | D950
Offset (DC): 1.000 1.000 1.000 1.000 1.001 1.000 1.003 1.001 1.005 1.003 | 1.000
Number of
6.056 2122 2 408 2.258 1.541 1.447 3515 1477 1.075 1.363 | 1.756
molecules (N):
Diffusion time
0.29% 0.801 0.694 0.742 0.728 0719 0513 0.501 0472 0471 0424
(tirans) [Ms]:
Obs. Vol.
3.690 3.690 3690 3.690 3690 3.690 3.690 3.690 3.690 3690 | 3450
{w/z0) [fL]:
Ampl. of C-BT
) 0147 0.151 0.081 0.031 0.198 0076 0132 0.069 0.035 0089 | D136
{triplet) (C):
Time of C-BT (tc)
s]: 4.420 4.4 4232 2553 1.451 4.500 4. 787 3636 3123 2270 | 4950
Ampl. of B-BT
|stat. quenching) - 0.003 0.091 0.068 0.121 0109 0.006 0.133 0.068 0.174 | D.089
(B):
Time of B-BT (ts)
ns] - 1372 320 95.02 94 26 5415 703.6 184.0 1359 33891 88.85
ns]:
Ampl. of A-BT
(additional - 0.000 0.003 0.000 0.001 0000 0.000 0.000 0.002 0.005 § 0D.089
fast/slow) (A):
Ampl. of A-BT
(ta): - 0. 260 0260 0. 260 0260 0.260 0. 260 0.260 0. 260 0.260 | 0.260
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3. Discussion

Expression and purification of the truncated T4L variants

During protein purification, the formation of inclusion bodies can be triggered by high protein
concentration levels as well as destabilizing the protein due to high expression temperature,
lack of post-translational modifications (PTM) and loss of stability due to mutations [35, 38,
39]. Since the full-length T4L is a highly soluble protein [40] and our full-length variants never
formed wvisible amount of inclusion bodies, we attributed the formation of inclusion bodies to
destabilization caused by the missing N-terminal domain, the position of the N-terminal alpha
helix (res. 1-12) switched to the C-terminus and the severely shortened linker helix. The
stabilization issue of the dN-T4L construct was already noted within the oniginal publication
[33]. Although appearing to be well folded it was determined to be approx. 6.5x less stable
compared to full-length WT* (2.1 kcal/mol vs 14.1 kcal/mol) due to hydrophobic parts being
exposed to solvent [33]. Still, we managed to achieve good expression levels of the dN-T4L
construct after testing different post-induction conditions, seftling on lower temperature over
night to minimize instability due to higher temperature. The purity achieved from our
expression was decent using only molecular weight cut-off filter (MWCQO) for a crude
purification since the high amount of GdmCI prohibited the use of ion-exchange columns.
The addition of GdmCIl smeared the SDS-PAGE and masked UV-based concentration
determination. It was more practical to work with reconstituted protein, although labeling with
dyes is usually more efficient with unfolded proteins. A challenge was the current approach
of refolding the protein correctly for our sensitive spectroscopic technigues. Depending on
the shape of the folding energy landscape, it is possible that a considerable fraction of the
protein gets stuck in one or multiple partially-refolded states [41, 42]. If this fraction exceeds
our sensitive detection limit for sub-ensemble states, especially in SM-FRET experiments,
partially refolded species might be misinterpreted as an actual state of the fully refolded T4L
species. In contrast to unfolding expenments [1, 4, 37] which can usually be forced to an
endpoint by maximizing chaotropic agent concentration and/or high temperatures [43], re-
folding is more indifferent, hard to control and needs elaborate optimization [44, 45]. Since
we were already aiming to characterize an unassigned and potentially elusive state, using a
re-folding approach was risky. A robust control method like circular dichroism (CD) would
likely not match the sensitivity of our spectroscopic methods to control our re-folding efforts.
Consequentially, we decided to increase stability on a molecular level, avoiding inclusion
bodies from the beginning and established the new construct CT-T4L [37] with an elongated
linker helix and a more native position of the N-terminal alpha helix (res. 1-12). This scaffold
represents an excellent tradeoff between low interdomain dynamics due to the perpetual
absence of the NTsD and enough stability to effectively render the unfolding/re-folding

procedure obsolete.
30



Fluorescence correlation spectroscopy

After purfication and labeling, subsequent fitting of our FCS-data could confirm the results
found by Stephan, L. (Thesis) [32] with FL-PB6C showing the lowest amount of quenching
and FL-N132C showing the highest amount of quenching. In the above-mentioned work, this
finding was structurally explained and supported by MD simulations. It depends on dye
position in respect to the quenchers and the tendency of charged residues to pull dyes
towards quenchers. Our FCS measurements revealed a high similarity between the
parameters of the CT and full-length vanants for the same labeling positions. This finding
indicates that the contribution to dye quenching originating from the NTsD is very low, as can
be seen in Fig. 1. All tryptophanes and most of the tyrosine quenchers are positioned on the
CTsD. In MD-simulations in Stephan, L. (Thesis) [32], three residues are identified as
potential quenchers, W126, ¥1.38 and M120. As all of them are positioned on the CTsD, we
have already a good support for our findings. The minor differences in static quenching (as
e.g. observed between FL- and CT-N132C with same amplitude of B but different ts, see
Table 1) could be due to small structural differences in the overall structure between FL- and
CT-T4L caused by the lack of the NTsD. In general, the CTsD might be less stabilized in a
sense of rgidity. In order to properly resolve the internal dynamics between CTsD and NTsD,
we would likely need to design constructs of dyes/quenchers over both domains in order to

display the domain movement.

The slow quenching (~260 ps) found in Stephan, L. (Thesis) [32] was not reproducible in
both full-length and CT-T4L vanants, even if a third quenching time at t, = 260 ps was forced
(3-BT fit). Almost all vanants yielded sufficient goodness of fit when using a fit with two
bunching terms, except for PBEC and CT-T4L 1150C. Both FL- and CT-P86C could be fitted
with one bunching term since the amount of dye quenching by tryptophan is low enough.
Additionally, both variants showed fluctuations in G(t;) at approx. 0.5-10 ms which is very
likely due to aggregation of this variants, possibly due to the P86 position being an important
structural element [46]. In the case of CT-T4L 1150C, the labeling was challenging (see Fig.
2F). The fulHength 1150C already had a very low degree of labeling (DOL) und native
conditions, yielding only a few percent labeled protein. The CT-1150C appeared to be even
less accessible, prompting us to use a high dye excess to increase the DOL. Intriguingly, the
CT-1150C was the only variant with a considerable amplitude when we forced the third time
at ta = 260 ps, the amplitude being at approx. 0.09 (see Fig. 3E, Table 1). This prompted us
to evaluate the effect of a low DOL on our expenments. Low DOL would cause us to use a
high excess of dye =10-fold. The present of free dye in our expenment would have an
enormous impact on the FCS readout. The diffusion time of free Alexa Fluor 488 in our setup

was determined with 235 ps, unluckily matching the transition time of the C2-C3 state
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transition quite well. Earlier measurements only used a MWCO-column protocol to
concentrate the labeled protein followed by additional washing steps to get rid of the excess
dye (see e.g. Stephan, L. (Thesis) [32]). For all our measurements shown in this work, we
purified the T4L variants with a size exclusion chromatography (SEC) column to minimize the
amount of free dye. This resulted in an almost complete lack of the additional state in all
vanants except the CT-T4L 1150C where we tried to enhance the DOL by working with a
massive excess of dye. The CT-T4L 1150C FCS measurement is the only dataset fitted well
with a fit with two bunching terms and two diffusion terms, one for the free dye and one for
the labeled protein (see Fig. 3F). We compared measurements of stocked MWCO-purified
vanants vs. SEC-purified variants and could reproduce the effect (data not shown). The
SEC-purification step after labeling was thus to be highly important for all applications with
high sensitivity to the presence of free dye and whenever large amounts of dye are used to

compensate a low DOL.

4. Conclusion and outlook
Overall, we were able to reproduce the results found in earlier measurements of this system.
Comparing the FL- and CT-T4L vanants showed only minor differences, since the quenching

is almost exclusively occuring within the CTsD and not between the domains

The unassigned state was shown to coincide with the presence of free dye, confusingly

having by chance a similar diffusion time as the transition time of the T4L C2-C3 transition.

We conclude, that more optimized constructs (having gquenchers/dyes on both domains,
designed to detect inter-domain dynamics) will be suited to resolve the transitions into the

elusive C3-state in a more explicit way.

5. Methods

Experimental Procedure:

dN-T4L, CT-T4L and fl-T4L were obtained readily cloned into pET-11a (BioCat, Heidelberg,
Germany). Expression was done in BL 21 Al (FrompT hsdSe (re" me’) gal dem araB-T7RNAP-
tetA) E. Coli bacteria (Thermo Fisher Scientific, Waltham, MA, USA). Chemically competent
BL21 Al were transformed via heat-shock transformation with the respective plasmids, plated
on LB-Agar plates with 50pg/ml kanamycin. After single colony picking and pre-culture, 1.5 1
LB-medium was inoculated and grown at 37 °C until an optical density at 600 nm (ODggg) of
0.8. Expression was induced with a final concentration of 1 mM isopropyl B-d-1-
thiogalactopyranoside (IPTG) and 4 g/l L-arabinose, bacteria were left expressing for 16 h at
30 °C. After expression, bacteria were harvested by centrifugation (10 min at 8,000 xg),
resuspended in lysis buffer (10 mM HEPES, pH 8, 0.1 mM EDTA, 20 mM NaCl),
disintegrated by sonification, incubated with 1 pg/ml DNase | for 1 h at 4 °C and segmented
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by centrifugation (30 min at 24,000 xg, 4 “C). For punfication from inclusion bodies (dN-T4L),
the pellet was resuspended in solubilization buffer (50 mM Tris-HCI, pH 8, 1 mM EDTA, 1%
(v/v) Triton X-100), sonicated and centrifuged (30 min at 24,000 xg, 4 °C). The supernatant
was discarded and the step was repeated. Subsequently, the remaining pellet was
resuspended in denaturing buffer (200 mM Tns-HCI, pH 7.5, 6 M GdmCI) and left stirming for
16 h at 4 °C. The suspension was again centrifuged (30 min at 24,000 xg, 4 °C) and the
protein was crudely purified by using MWCO-columns (Merck, Darmstadt, Germany) with the
respective cut-offs. For purfication from supernatant (fl-T4L, CT-T4L), the supernatant was
fitered and loaded on a Resource S cation exchange column (Cytiva, Marlborough, MA,
USA). The protein was then eluted in an IEx-buffer (25 mM HEPES, pH 8, 2 mM DTT) with
an increasing NaCl-concentration from 0-1 M NaCl over 100 ml. For labeling, the protein-
buffer was exchanged to PBS (11.8 mM P;, pH 7.4, 137 mM NaCl, 2.7 mM KCI) in NAP-5
columns (Cytiva), incubated with a 10x excess TCEP for 30 min at 4 °C and then incubated
with a 2x excess of the maleimide-conjugated Alexa Fluor 488 dye (Thermo Fisher 5Sci.) for
an empirically determined time, 15 min for all variants except 1150C and 16 h for 1150C. The
dye/protein-mixture was then loaded on a SEC-column and eluted with PBS-buffer. Fraction
punty and DOL was evaluated via UV/VI5-absorption and PAGE. FCS measurements were
done in spectroscopically clean PBS buffer. To equalize triplet quenching, the buffer was
equilibrated at air for 1 h to allow a homogenous oxygen concentration in the buffer. 1 mM
BSA was added to the buffer to avoid protein sticking to the glass slide. Laser power at the
objective was adjusted to 60 pW.

Experimental Setup:

Confocal setup for FCS was illuminated by a continuous wave diode laser 488 06-MLD
(Cobolt, Solna, Sweden) through a water-immersion objective lens UPLSAPQO 60x (Olympus,
Hamburg, Germany) with a numerical aperture of 1.2. Detection side contained two
avalanche photodiodes PDM 50CT (PicoQuant, Berlin, Germany) coupled to a photon
counting module SPCM-AQR-14 (PerkinElmer, Waltham, MA, USA). A dichroic beamsplitter
488 DCLP (AHF, Tibingen, Germany) was used in the excitation path and a 520/30
bandpass filter (AHF) in the emission path.

Data analysis:

FCS data was analyzed with the software correlator and fitting routine KRISTINE, part of the
MFD-software package available from our research group. The following five fits were used
with fitting parameters iterating towards a minimal chi-square according to the Levenberg-

Marquardt algorithm.
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with DC = offset, N = total number of flucrophore emitters independently diffusing in the
observation volume, ti=ns = diffusion time, wo/zg = observation volume approximated by a 3D-
Gaussian volume with 1/e? radii in the lateral (wp) and axial direction (zp), C = amplitude of
triplet states, tc = triplet transition time. Eq. 1 (Fit 24 in KRISTINE) represents the most

appropriate FCS fit for any freely diffusing standard dye, with one bunching term (1-BT)
being present for triplet-quenching.
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with DC = offset, N = total number of flucrophore emitters independently diffusing in the
observation volume, ti=ns = diffusion time, wo/zg = observation volume approximated by a 3D-
Gaussian volume with 1/e? radii in the lateral (wo) and axial direction (zo), C = amplitude of
triplet states, tz = triplet transition time, B = amplitude of static quenching, tg = static
guenching time. Eq. 2 (Fit 26 in KRISTINE) represents the most appropriate FCS fit for any
fluorescently labeled protein where the dye is affected by static quenching. This is
considered by a second bunching term (B-term) in addition to the first bunching term being

present for triplet-quenching (C-term).
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with DC = offset, N = total number of flucrophore emitters independently diffusing in the
observation volume, ti=ns = diffusion time, wo/zg = observation volume approximated by a 3D-
Gaussian volume with 1/e? radii in the lateral (wg) and axial direction (zp), C = amplitude of
tniplet states, tc = triplet transition time, B = amplitude of static quenching, ts = static

guenching time, A = additional bunching term used to either fit fast processes (photon
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antibunching, PET) or slower processes (e.g. relaxation time of internal dynamics), ty =
corresponding time. Eq. 3 (Fit 28 in KRISTINE) represents a more complex FCS fit for any
fluorescently labeled protein where the dye is affected by static quenching and additional
guenching on a separate timescale (faster or slower). This is considered by a third bunching
term (A-term) in addition to the two bunching terms (C-term, B-term) being present for triplet-

guenching and static quenching.
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with DC = offset, N = total number of flucrophore emitters independently diffusing in the
observation volume, tyne = diffusion times, wy/zg = observation volumes approximated by a
3D-Gaussian volume with 1/e? radii in the lateral (wo) and axial direction (zo), C = amplitude
of triplet states, tc = triplet transition time, R = fraction of the first diffusion term, denoted with
“1". Eq. 4 (Fit 33 in KRISTINE) represents a more complex FCS5S fit for a mixture of two
differently diffusing fluorophore emitters affected by triplet-quenching (C-term).
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with DC = offset, N = total number of flucrophore emitters independently diffusing in the
observation volume, twns = diffusion times, wo/zo = observation volumes approximated by a
3D-Gaussian volume with 1/e? radii in the lateral (wg) and axial direction (zp), C = amplitude
of triplet states, tc = triplet transition time, R. = fraction of the first diffusion term, denoted with
“1". BEq. & (Fit 34 in KRISTINE) represents a more complex FCS fit for a mixture of two
differently diffusing fluorophore emitters affected by trplet-quenching (C-term) and static
guenching (B-term).
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Chapter 1 supplement
DATAFINDER

A) FCS5 data and fits are available at:
AUser\KochJ\Thesis\T4L story\FCS and fits

B) Text and images used in this work are available at:
AUser\KochJ\Thesis\T4L story

C) Onginal data used for this work available at:
AFCS\2021-1\February\ T4L_AL KO

Chapter 1-Table supplement 1

Fit 24 (1-BT), fixed parameter in italic

FL
Species A488 P8&C R119C D127C N132C 1so0C
chi®: 0.80968258 | 245518853 | 2.32571452 | 1.37375446 | 263801627 | 2.18614206
b0: 0.99991279 | 1.00026769 | 1.00017258 | 0.99966266 | 1.00064601 | 1.0005712
b1: 6.05554822 | 213129418 | 2.4945268 | 2.34827089 | 1.65820336 | 1.48044091
b2: 0.23490155 | 0.80203579 | 0.68310791 | 0.74174323 | 0.72518689 | 0.70977429
b3: 3.69090736 | 3.69 3.69 3.69 3.69 3.69
b4: 0.1449594 | 0.1503468 | 0.138968238 | 0.06275093 | 026601239 | 0.16218254
b5: 0.00434078 | 0.00447693 | 0.00197795 | 0.00102812 | 0.00105921 | 0.00167515
CcT
Species - F8eC R118C D127C N132C 1nsoc
chi®: - 266485700 | 3.99228098 | 1.60852387 | 3.44454503 | 3.00471144
b0: - 1.00339897 | 1.00119386 | 1.00504648 | 1.00293483 | 1.00067106
b1: - 3.52213781 | 1.5879945 | 1.11322571 | 140059084 | 1.689485154
b2: - 05129526 | 049472511 | 0.46832095 | 046155212 | 035938823
b3: - 3.69 3.69 3.67 3.67 345
b4: - 0.13611994 | 0.13830162 | 0.0692765 | 0.23994681 | 0.16497633
b5: - 0.00461285 | 0.00123217 | 0.0009&8715 | 0.00078713 | 0.00421087
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Chapter 1-Table supplement 2
Fit 26 (2-BT), fixed parameter in italic

FL
Species | A488 P8EC R119C D127C N132C 1150C

chi®: 0.76850719 | 247678915 | 1.05658533 | 1.24472521 | 1.69195961 | 1.13383372
b0: 0.99990486 | 1.00026615 | 1.00009929 | 0.99964595 | 1.00057248 | 1.00043424
b1: 6.056504 212731179 | 240850172 | 2.18789112 | 1.57996802 | 1.446592808
b2: 024581167 | 0.80226287 | 0.6903474 | 0.74332719 | 0.73099757 | 0.7182335
b3: 3636364 3.69 3.69 3.69 3.69 3.69
b4: 0.146639966 | 0.14979112 | 0.08134651 | 0.04492976 | 0.17246631 | 0.07427606
b5: 0.00443864 | 0.00449429 | 0.00427541 | 0.00161423 | 0.00172768 | 0.00447773
be: 0.04483363 | 0.00220608 | 0.09107824 | 0.08249625 | 0.13018418 | 0.11038866
b7: 0.30080548 | 0.00020852 | 0.00034136 | 3.3558E-05 | 0.0001946 | 0.000557

CcT
Species | - P8EC R119C D127C N132C 1150C

chi®: - 268349454 | 092265542 | 0.806551 0.89437239 | 1.413632901
b0: - 1.0034018 | 1.00100992 | 1.00489724 | 1.00278121 | 1.000313527
b1: - 3.52485101 | 1.47822437 | 1.08567149 | 1.36471238 | 1.86258321
b2: - 0.51308872 | 0.5009438 | 04709931 | 046659155 | 0.37718976
b3: - 3.69 3.69 3.69 3.69 345
b4: - 0.13472979 | 0.06756951 | 0.0323251 | 0.08560032 | 0.1504262
b5: - 0.00469564 | 0.003581218 | 0.00345726 | 0.00238205 | 0.00314615
be: - 0.00082465 | 0.13396957 | 0.06210195 | 0.17703541 | 0.03951995
b7: - 0.00057931 | 0.0001904 | 0.00018656 | 0.00035163 | 0.04808755
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Chapter 1-Table supplement 3
Fit 28 (3-BT), fixed parameter in italic

FL
Species A488 P8&C R119C D127C N132C 1so0C

chi®: 0.73570771 | 251196026 | 1.06429984 | 1.2804549 | 1.82778039 | 1.13788677
b0: 0.99988164 | 1.00014829 | 1.00007823 | 0.99968666 | 1.00055703 | 1.0004262
b1: 6.05590168 | 212221159 | 2.40848649 | 225763419 | 1.54136311 | 14471226
b2: 0.29946007 | 0.80121145 | 0.69421299 | 0.74214171 | 0.72842246 | 0.71866597
b3: 3.69 3.69 3.69 3.69 3.69 3.69
b4: 0.14673863 | 0.15056182 | 0.08106572 | 0.03138068 | 0.1981315 | 0.07618555
b5: 0.0044202 | 0.0044213 | 0.00423153 | 0.00255285 | 0.00145045 | 0.0045
be: 0.06714207 | 0.00289181 | 0.09097636 | 0.066812928 | 0.1210975 | 0.10858549
b7: 0.12736747 | 0.00013716 | 0.00034196 | 9.5018E-05 | 94726E-05 | 0.00054147
bB: 0.12704334 | 1.8E-08 0.00314625 | 5.0538E-05 | 0.00062826 | 4. 7601E-05
b9: 064011377 | 0.26 0.26 0.26 0.26 0.26

CcT
Species - P8&C R119C D127C N132C 1so0C

chi®: - 272453492 | 094543721 | 0.83388013 | 091935866 | 094959722
b0: - 1.0033975 | 1.00101506 | 1.00488295 | 1.00273632 | 1.0000864
b1: - 3.51486171 | 1.47707419 | 1.07529803 | 1.36314755 | 1.75568955
b2: - 0.51296536 | 0.50071574 | 047202232 | 047101953 | 0.4241694
b3: - 3.69 3.69 3.69 3.69 345
b4: - 0.13207987 | 0.06936562 | 0.03483247 | 0.08908338 | 0.13553533
b5: - 0.00478676 | 0.00363596 | 0.00312283 | 0.00227 0.00435025
bé: - 0.00607321 | 0.13265773 | 0.06802545 | 0.17401031 | 0.08942964
b7: - 0.00070363 | 0.00018397 | 0.00013591 | 0.00033911 | 8.68652E-05
bB: - 0.00037192 | 6.760E-06 | 0.0017359 | 0.00515348 | 0.08922678
b9: - 0.26 0.26 0.26 0.26 0.26
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Chapter 1-Table supplement 4

Fit 33 and 34 (1-BT/2-diff) (2-BT/2-diff}, fixed parameter in italic

Fit 33 Fit 33 Fit 34
Species A488 CT1150C CT 1150C
chi®: 0.71849424 | 120533616 | 0.96203504
b0: 0.999951004 | 1.00006249 | 1.00033348
b1: 6.05661053 | 1.8862536 | 2.26049576
b2: 0.24892839 | 0.26 0.26
b3: 1.89883066 | 345 3.45
b4: 0.23508248 | 0.57449873 | 0.45
b5: 4 87597462 | 345 345
be: 029671993 | 0.62719251 | 0.57482177
b7: 0.14612293 | 0.15761336 | 0.17055092
bB: 0.00441092 | 0.0035811 | 0.005
b9: - - 0.11797748
b10: - - 8.8000E-05
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Chapter 2: Advanced fluorescence spectroscopy and stopped-flow
form a perfect couple to elucidate dimer association dynamics and
domain movements of the human guanylate binding protein hGBP1

Chapter digest

Aims Methods Qutcome

Follow domain re-arrangement | Ensemble FRET Structural movement:

of dimerizing hGBP1 on a measurements on a Identification of the transitional
millisecond timescale after stopped-flow coupled | timescale from monomer into
addition of GTPyS. TCSPC. consecutive dimer conformation.

Contributions

TCSPC/SF measurements: Julian Koch, Thomas Peulen. Data analysisffitting: Julian Koch,
Oleg Opanasyuk, Julian Folz. Mathematical models: Oleg Opanasyuk. TCPSC/SF setup
implementation and testing: Jan-Hendrik Budde. hGBP1 expression and labeling: Thomas

Peulen, Carola Hengstenberg. Project supervision: Christian Herrmann, Claus A. M. Seidel

Abstract

Human guanylate-binding protein 1 (hGBP1), a member of the dynamin-superfamily of large
GTPases, can self-associate up to higher order oligomers in a nuclectide dependent manner,
even forming ring-like and tubular structures. Therefore, hGBP1 is a pime example to study
the relevance of structural dynamics as a prerequisite for the self-association of proteins. To
follow the rearrangement of hGBP1 within microseconds to seconds after dimerization, we
combined a time-correlated single photon counting (TCSPC) device for inter- and
intramolecular Forster resonance energy transfer (FRET) experiments with a stopped-flow
(SF) setup, using a network of FRET-pairs between the different domains of hGBP1. We
followed FRET observables over time during the measurement, directly linking their change
over time to domain movements and extracting rate constants. Under the given experimental
conditions, the results obtained with our best fit indicate three major transitions, starting with
a fast association of two hGBEP1-monomers into an initial, ‘flexible’ dimer within a time-
window of approx. tp+360 ms. Next, after approx. to+830 ms, the hGBP1 dimer undergoes
intermolecular re-arangement of the C-terminal helix al12 and a13 into a ‘bridged’ dimer.
Finally, we observe a slow (to+6-8 s) increase in distance between all intra-FRET pairs and a
closing-in of the inter-FRET pair 344D + 481A, which is best explained by stretching out helix
al12 and a13 into an ‘elongated dimer. Our findings prove the feasibility of the method and

yield valuable information on understanding the transitional coordinate of hGBP1.
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1. Introduction

The human guanylate binding protein hGBP1 is an interferon-gamma induced large GTPase
and part of the immune response to intracellular parasites [1]. hGBP1 can dimerize and
subsequently oligomenze to sustain cellular trafficking [3] and thus achieve its anti-parasitic
functionality [4]. The dimer conformation needed for formation of a higher multimer is initiated
by GTP-dependent engagement of the LG (Large GTPase) domains of two hGBP1
molecules (Fig. 1A, blue) [5], which arrange in a head-to-head conformation [6]. The dimer is
now able to assume multiple conformations where the al12-helices (Fig. 1A, green) and the
C-terminal a13-helices (Fig. 1A, yellow) are arranged in different positions around the core
LG and middle domain [9], a multi-state we termed flexible dimer. These internal re-
arrangements happen in a microsecond regime, making them faster than the subsequent
domain movements by orders of magnitude. From these initial fast-transitioning flexible dimer
conformations, the a13-helices [7] can lock onto each other, pulling the a12-helices slightly
away from the LG/middle into a planar arrangement [7,8] termed ‘bridged dimer. The LG-
domain maintains permanent contact during these reamangements. The bridged dimer
represents the major species fraction of dimers in an equilibrium [10] before transitioning into
elongated conformation and subsequent formation of oligomers happens under certain
conditions. The (semi-)elongated dimer emerging from the bridged dimer is structurally
elusive. Structures being half-kinked at the hinge around pos. 480 or a fully stretched-out
form have been implied [20, 24]. Between the bridged dimer and the consecutive
(semi-)elongated dimer seems to be a clear possibility for a transition state or transition
ensemble. Here, the al2-helices would likely be in a slightly open or hinging move,
increasing spatial distance in respect to each other and to the middle domain. The state
could also represent a further advanced variation of the bridged dimer with locked a13-
helices and the al12-helices being slightly decoupled [7]. Naturally, FRET-pairs used in our
experiments were selected explicitly to show a change in FRET efficiency while transitioning
between these states. Especially the residues pos. 525 and pos. 540 in relation to the others
was of major interest since they best render the opening of the a12-helices away from the

LG/middle domains.

The elaborate placement of fluorescent dyes at labeling sites into a FRET-network has been
widely utilized for elucidation of more sophisticated protein structures [11] and even more so
for dynamic movements [12], as it is exerted with hGBP1 in this work. The conformation and
dynamics at the steady state monomer and the endpoint dimer of unfamesylated hGBP1 was
already comprehensibly resolved with FRET measurements [9], ulimately gaining a
topological map of the different conformations possible, putting a frame around the start and
the end of the transition coordinate. Since the transition times between the monomeric state

and the endpoint dimer where unassessed, we aimed to resolve the domain rearrangement
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and transition states on our macro-timescale, set within a millisecond time range. Although it
is certainly possible to catch transient states down to a microsecond timescale [13, 14] and
hence extract equilibrium constants [15] with single molecule FRET measurements, the
proposed transient conformational states of hGBP1 are not easily eligible for the classical
single molecule approaches. This limitation is mainly due to the necessity of adding an
additional substrate (GTP or analogues) in order to trigger dimerization [f]. The fast
dimerization reaction coordinate [16] makes it impossible to mix and start the experiment by
hand and still detect transient states before the system enters an ‘late’ equilibrium, or
respectively an endpoint state after a few seconds. Therefore, the combination of a detector
unit for TCSPC, measuring ensemble FRET (eFRET), with a stopped-flow device (Fig. 1B)
enables us to obtain the fluorescence decay points quickly after mixing hGBP1 with a GTP-
analogue, GTPyS. When using eTCSPC to follow domain movements, a change in the
relative distance of a FRET-pair in the sample due to internal dynamics will alter the energy-
transfer rate krerer (see 6. Methods) [17]. Conseqguentially, the fluorescence decays and the
resulting FRET photons detected within the TCSPC ‘microtime’ (nanoseconds regime) will
change owver the duration of the whole measurement, the ‘macrotime’ (high
milliseconds/seconds regime). With that type of data, it is possible to fit the signal fluctuation
over the whole macrotime to derive time constants (Fig. 1C) and/or ananlyze the individual
microtime-decays. The kinetic 2AB(B)C models used for macrotime fitting are based on an
initial bimolecular assembly (state 2A), followed by compact, non-elongated dimers (state B)

and are followed up by an elongated or semi-elongated dimer (state C) (Fig. 1F).

In theory, each recorded detection window could give an individually analyzable photon
histogram per comresponding laser pulse, only limited by the nanosecond window the dye
needs to decay from an excited to a steady state to be excitable again. In reality, dye
photophysics, low concentration of labeled protein and detector capacity limit the number of
photons collected per detection window [18, 19]. Consequentially, low amounts of photon-
counts in the histogram would lead to poor statistics and a bad signal-to-noise ratio, resulting
in unreliable fits. This forced us to bin all detection windows derived within 10 ms, a value
which empirically provided enough photons per timepoint to produce a confident fit per time-
bin. As a trade-off, time-resolution decreased. In the schematic examples shown in Fig. 1D
and Fig. 1E, the inter-dye distance would increase for all intramolecular dye-pairs used in
this experiment. Concurrently, the no-FRET fraction Xnorrer will increase over time while the
FRET-fractions Xrrer will decrease. Based on available data [9] and knowledge of the
endpoint equilibria, we theorized a working model as depicted in Fig. 1F, where we can
follow the dimer transition over time. We then deployed two kinetic models to fit the data

accordingly (see 2. Results below).
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Figure 1: FRET-pairs, SF-FRET setup, readout and scheme of kinetic model. A. Color-coded
domain architecture and schematic (no dye-linker included) FRET-network used in this study, based
on siructures derived from PDB-IDs 1f5n (whole molecule) aligned with 2b92 (dimer interface). B.
Schematic setup of the SF-TCSPC device. C. Macrotime fitting was done applying kinetic models to
the FRET-photon fluctuation observed over the course of the experiment, extracting transition rate
constants. D. Microtime fitting yields FRET-fractions at any macrotime window (within a 10 ms bin). E.
Distance distributions and Xpo/Xrrer-fractions change over the course of the macrotime to a no-FRET
dominated state for all inframolecular FRET pairs used in this work. F. Scheme of kinetic model for the
transition from a monomeric, GTP-unbound conformation (free hGBP1) into the consecutive dimeric
state. Upon a GTP binding step (GTP in purple), two parts of the LG-domain, state 2x A, will form the
dimerization surface. Dimer might now cycle between different non-elongated early dimer
conformations, state B, before transitioning into the consecutive, (semi-)elongated dimers, state C.
State B might be resolvable into two sub-states B1 and B2 using an extended model. Higher oligomer
assembly is a topic of ongoing discussion and might depend on type of nucleotide used, famesylation
status and presence of pathogenic organisms and was not addressed in this study.

2. Results

Fit function of kinetic models

According to the working model shown in Fig. 1F, we developed two consecutive Kinetic
models to fit the data for the inter FRET (Fig. 2) and intra FRET (Fig. 3) pairs (see Chapter
2-Written supplement 2 for full dernivation of models). Both models are consecutive
(meaning one state follows another A — B — ---) and start with a bimolecular assembly step
2A = B. The fraction of each state 4,B,C changes over time while the rates are fitted as

constant over time. We use two models to confirm if one additional state and one additional
kg ke
rate is needed to increase the goodness of fit. The simplified model (2ABC) with 24 = B = C,

assumes three states A, B, C and two rates k,, k.. The extended model (2ZABBEC) with 24 % By

k k,
—1532 = C assumes four states 4,B1,B2,C and three rates kg ki k.. We analyzed the

evolution of FRET induced acceptor intensity over time I, (t). For both models, the raw

m|Dexc

data was fitted with the following function body:
Idam|ﬂa.rc(t] = Xp (x(t] . E) + Bg {'1)

with x, as scaling factor and Bg as background (both fitted parameters), x(t) as the vector of
time-dependent fractions of monomer and dimer states (including the monomer state fraction
x4), 50 x(t) = (x4(t), Xpimer staresit)), weighted with comesponding donor brightness
proportional to efficiencies E for a given FRET pair. Both x(t) and E were fitted parameters.

The fit was done globally for either intra or inter FRET datasets. x(t) was always a joined
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parameter within one set, while E, x, and Bg were local parameters fitted individually for

each FRET pair within one set.
xa(t)
x(t) = | xg(t) |; E

with E; as FRET-efficiency for the given pair, determined by the Forster-Radius R, of the dye-
pair (here given with 52 A for the Alexa Fluor 488/647 pair) and the fitted inter-dye distance

Rp.. The raw data was divided by two, to account for a software error, which doubled the

(g;) E, = (1 + (e )_1, i €{4,B,..} )

photon counts.

For the simplified three stateftwo rate 2ABC model 24 - E i‘; C, the evolution of fractions of

states (see Fig. 1F for graphical depiction of states) was modeled by the expression:

1

¥ )‘{ﬂ 1t+kgt
x(t) (24BC) = | x5(t) | = £k kg t) (3)
%c(t) 1\1—1““—1”{:& k, t}}

where k,, k, are the (fitted) transition rates from states 24 to B to € and the function
f-(k;, kg, t) with i € {b, c}) the (fitted) convolution of the incoming recombination rate and the
exponential decay. It also contains the exponential integral function Ei(x). See Chapter 2-

Written supplement 2, Eq. 28-29 for the full denvation of f.(k,, k_.t).

£k ko ) = — t1+ - +ekt 4 ka [TFLH:; r}( (k +Ek; t) Ei (:—;)) (4)

x
e'l-'
Ei(x) = J-T dv

For the extended four state/three rate 2ABBC model 24 5 By 5 B 55 C, the evolution of

fractions of states (see Fig. 1F for graphical depiction of states) was modeled by expression:

1

1+kgt
e foll k£ 3
x(t) (24BBC) = \Iaz(t) - — (f (ke kg t) — f (ki kg t}) ©)
x(t) »
L 1_1+kﬂ:_ﬁf (k. kg, r)+—,f' (k. k. )

Where k,,k;, k. are the (fitted) transition rates from states 24 to B to € and the function

f.(k;, k_, t) is defined the same as above.
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Fitted transition rates and inter-dye distances are given in either Table 1 (2ABC model),

Table 2

background).

(ZABBC model) or in Chapter 2-table supplement 1-3 (scaling factors,

Table 1: 2ABC model. Rates derived, including reduced ¥2. Fitted parameters in bold. R, from [9]
averaged by using Eq. 6. Large uncertainties (>1000%) for {(Rp4}gz are not shown since (Rp4ly Was
mainly used to stabilize the fitting of rates. * = Inter-FRET data was not fitted in dependency of E. ** =
Value taken from Vopel et al. [7]. *™* = Ca-Ca distance of pos. 344 + 481 from PDB-ID 1f5n (whole
molecule) aligned with PDB-ID 2b92 (dimer interface), see Fig. 2A.

k.(2A— B) [s7] k.(B—C) [s"] x:
inter FRET 2.740 % 0.372 0.157 £ 0.003 1.028
intra FRET 2.740 (fixed) 0.234 % 0.004 1.173
t inter FRET Intra FRET Rpa .
Data Rpa from Peulen et al. [9] Avg. Fitted Rp,
(Rpa)g (Rpa) (Rpa)e | (Rpale
. (Rpga} (Rpa(M1))| (Rpa(M3))| (Avg. of DA/E Dimer | Dimer
Dye pair x1=0.61 | x2=0.39 | M1 and “5‘;:;:“:’ State | State
M2) B C
inter 18D + 18A 63+9** - - 62 - * *
FRET | 344D +481A 194+ - - 194 - * *
344D/A, 540D/A - 5944 4543 53 28 71 92
intra | 344D/A, 525D/A - 4743 21413 42 - - -
FRET | 254D/A, 540D/A ; 6445 3743 53 49 70 121
254DIA, 344DIA - 81+17 7248 75 75 88 95

Table 2: 2ABBC model. Rates derived, including reduced 2. Fitted parameters in bold. R, from [9]
averaged by using Eq. 6. Large uncertainties (>1000%) for {Rp4)g are not shown since (Rp,)g wWas

mainly used to stabilize the fitting of rates.

kq(2A— B;) [s"] | ky(By— By)[s7] kc(B, — C) [s7] xt
intra FRET 2.740 (fixed) 1.200 £ 0.045 0.115 2 0.005 1.017
Intra FRET Ry, :
Datasets trom peaior, et al'ty | AVE: Fitted Rp,
{Rpale (Rpale {Rpale {RpalE
Dye pair {ff:éﬂ;:]} {ffiégﬁﬁ (Rps)g| Mono. Dimer Dimer Dimer
’ ) State A State By State B; State C
344D/A, 540D/A 5944 4543 53 35 51 80 120
intra | 344D/, 525D/A | 47+3 | 2113 | 42 - - - -
FRET | 254D/A, 540D/A | 6445 3743 53 41 52 70 169
254D/4A, 344D/A 8117 7248 7o &7 69 82 a0

a0




The average of E was calculated with

2
1 Ry, — (Rpa:))?

(E) = fP(E; (Rpai), 0;) dE = fzxfﬁexp (_( = 2; zﬂmn )E{RDA) dE

i=1 g ‘

s 1

(Rpalg = w 1-Ry (6)

Experimental approach

The hGBP1 variants were based on the Cys-9 [7] varant, a WT construct which lacks all
native cysteins to avoid random labeling. The non-native cysteins needed for the labeling
reaction with the maleimide-primed dyes were concurrently mutated to the desired locations
in the sequence. In the reaction chamber, the non-hydrolysable GTF analogue GTPyS was
used to trigger dimerization upon mixing. GTPyS along with GDP*AIF, has been shown to
work as the most potent non-hydrolysable GTP agent under standard conditions [20], using it
at 250 pM final concentration. The choice of the GTP-analogue can majorly determine
experimental outcomes in different ways [6, 20] and should be taken into account when
comparing results. Intramolecular FRET (ex. 480 nm) was measured in double labeled
hGBP1 vanants, both donor- and acceptor-labeled, with Alexa Fluor 488 and Alexa Fluor
647. Intermolecular FRET was measured between single labeled hGBP1 variants, each
vanant separately labeled with either donor dye (Alexa Fluor 488) or acceptor dye (Alexa
Fluor 647). FRET was measured in pulsed interleaved excitation (PIE) mode to allow
integrated acceptor dye analysis [21]. Here, ‘green photons’ refer to the donor decay excited
by the 480 nm laser, ‘red photons’ refer to the FRET sensitized donor decay and ‘yellow
photons' to the acceptor decay, excited by the 635 nm laser. The individual decays were
binned into 10 ms windows and merged into a macrotime. The macrotime signal was fitted
with the two kinetic models shown above to extract the transition rates. In addition, we used
a fraction-focused approach for the fitting of intramolecular distances given from [9, 20] in
keeping distances constant to ensure fit stability and instead monitor the fraction of different

FRET or no-FRET distances. Bi- or tri-exponential fits were applied here (see 6. Methods).
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Inter-FRET measurements: 18D + 18A and 344D + 481A (+ unlabeled Cys-9)

For our two intermolecular dye pairs (Fig. 2A, dimer based on PDB-IDs 1fon (full protein
structure) and 2b92 (LG-interface alignment)), we monitored the increase in red photons
(FRET-sensitized photons, offset corrected) over the course of the macrotime. Conceptually,
the 344D + 481A pair probes the consecutive elongation of the dimer, while the 18A + 18D
pair simply shows the starting point of the dimenzation by monitoring the LG-LG interaction.
The 18D + 18A pair thus serves as our basic dimerization control and determines the first
rate, ks, transitioning from monomer to initial dimer. The 18D + 18A assembly process
requires two hGBP 1 molecules. Accordingly, this dataset had to be fitted with a second order
kinetic term (see above and Chapter 2-Written supplement 2). Upon global fitting of both
inter-FRET datasets, the 18D + 18A macrotime signal yielded a rate constant of k. = 2.740 +
0.372 s translating into a bulk transition time of 365 + 50 ms for initial dimerization (Fig. 2
B). A plateau ranges on starting from approx. 5,000+ ms macrotime for 18D + 18A, from
where the initial dimenization process enters a state of endpoint equilibrium. In measures of
distance, the LG-interaction finds the 18D + 18A pair at (Rp,) = 63 + 9 A [7] at an endpoint
equilibrium. The 344D + 481A pair is initially far beyond FRET distance limits, with a
theoretical a-carbon to a-carbon distance of 194 A in the head-to-head LG (presumed)
starting dimer conformation (Fig. 2A). In order to get an increase in FRET for the 344D +
481A positions, the middle domain containing 344D and the kinking-loop with 481A need to
move and converge within a <100 A distance to each other. There are multiple elongated or
semi-elongated conformations possible which would allow this distance. Since these ‘late’
conformations need dimenzation as a necessary pre-condition, the 344D + 481A dataset is
assumed to consecutively follow the 18D + 18A. Therefore, a consecutive fitting term had to
be applied for the 344D + 481A datasets. Upon global fitting of both inter-FRET datasets,
the 344D + 481A pair yielded a rate constant of k. = 0.157 + 0.003 s translating into a bulk
transition time of 6373 * 127 ms for the consecutive rearrangements leading to the
converging of 344D and 481A (Fig. 2 B). Using this model results in smooth residuals and in
a good red. chi-square of x> = 1.028. Applying a 2ABBC model (see chapter: Intra-FRET
measurements) to the inter-FRET data gained no increase in goodness of fit. A sketch of the
conformational arrangements likely linked to the observed data is depicted in Fig. 2C. There,
the 18D + 18A pair indicates in respect to interaction between the LG-domains and
subsequent initial dimer formation why 344D + 481A indicates for the ‘late’ dimers in respect

to the middle-hinge-interaction and subsequent dimer elongation.
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Figure 2: Inter-FRET pairs, data and schematic explanations. Concentrations given with: 250
HM GTPyS, 10 pM acceptor-labeled hGBP1, 200 nM donor-labeled hGBP1, filled up to 25 pM
total hGBP1 concentration with unlabeled hGBP1. A. Pairs used for inter-FRET detection. 18D +
18A distance has been determined in [20], 344D + 481A from a Ca-Ca distance in the PDB-ID: 1f5n
crystal structure. B. Global 2ABC fit on both inter-datasets yields two rates ks and ke. Residuals and y2
show high goodness of fit for the applied model. C. Schematic display of the proposed domain
movements detectable over the course of the macrotime.



Intra-FRET measurements: (254D/A, 344D/A), (254D/A, 540D/A), (344D/A, 525DIA),
(344DJ/A, 540D/A) + unlabeled Cys-9

For our four intramolecular dye pairs (Fig. 3A, PDB 1fon), we monitored the decrease in red
photons (FRET-sensitized photons, offset corrected) over the course of the macrotime. Since
the hGBP1 monomer cycles between two main conformations, two distances are assigned to
every dye pair (see Fig. 3A). Conceptually, the (254D/A, 344D/A) pair probes intramolecular
distance between the middle domain and the LG domain, while the three other intra-pairs all
detect opening of the a12-helix, away from the middle domain, on different labeling positions.
The macrotime trace for all pairs needed to be fitted with an at least bi-exponential decay
function. The fit model had to be consecutive since the intramolecular dynamics only change
after initial dimerization. The resulting extended kinetic model, 2ZABBC (see 2. Results,
Eq. 5) assumes a consecutive conformational change from B1 -> B2, with B1 being the dimer
conceived from 2A. The simplified 2ABC kinetic model (see 2. Results, Eq. 3) assumes an
immediate conformational change from 2A -> B. Upon fitting, we noticed a constant misfit of
the (344D/A, 525D/A) dataset. Cross checking the photon histograms revealed a roughly
tenfold higher relative number of yellow photons (compared to the other three datasets)
found in the PIE-window, which translates into increased acceptor concentration. Since we
could not exclude an experimental error in the concentration of labeled protein for this pair,
the dataset was excluded from fitting. The 2ABC fit yields a slow component B -> C of k. =
0.234 + 0.004 s (see Fig. 3B) translating into a bulk transition time of = 4274 + 73 ms, using
ka = 2.740 (fixed) from the inter-FRET dataset as fast 2A > B component. There is a visible
misfit in the residuals for 2ABC, resulting in a mediocre red. chi-square of x* = 1.173. The
2ABBC fit yields the slowest component B2 -> C with k. = 0.115 + 0.005 s (see Fig. 3C)
translating into a bulk transition time of = 8696 + 350 ms. The additional B1 -> B2 component
yields a rate of k, = 1.200 + 0.045 s (see Fig. 3C) translating into a bulk transition time of =
833 + 31 ms. We were also using ks = 2.740 (fixed) from the inter-FRET dataset as fast 2A =
B1 component in the 2ABBC model. The residuals are very smooth, resulting in a good red.
chi-square of ¥ = 1.017. The overall clearly better goodness of fit for the 2ABBC model
suggests that at least this one additional component is necessary to fully describe the data. A
sketch of the conformational arrangements that might be linked to the observed data is
depicted in Fig. 3D. There, the (254D/A, 344D/A) pair indicates intramolecular spacing
between the middle and LG-domain why the other pairs follow the opening of the al12-helix

and concurrent dimer elongation.
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Figure 3: Intra-FRET pairs, data and schematic explanations. Concentrations given with: 250
HM GTPyS, 200 nM donorfacceptor-labeled hGBP1, filled up to 25 pyM total hGBP1
concentration with unlabeled hGBP1. A. Pairs used for intra-FRET detection. Monomer distances
have been determined in [9]. Structure: PDB 1fan. B. Global 2ABC fit on three intra-datasets yields a
rate k. using a fixed fast rate ks from inter-FRET pairs. Residuals and ¥2 show mediocre goodness of
fit for the applied model. C. Global 2ABBC fit on three intra-datasets yields two rates kv and ke using
the fixed fast rate ka from inter-FRET pairs. Residuals and 2 show high goodness of fit for the applied
model. D. Schematic display of the proposed domain movements detectable over the course of the
macrotime.

3. Discussion

In this work, we were successfully following the transition of labeled Cys-9 hGEP1 from
monomer to dimer with our eTCSPC/SF-setup. We were able to extract transition rates by
applying and comparing two multi-exponential, consecutive kinetic models. The conclusion
we can make agree with and expand on data and models presented by Hengstenberg et al
[20], Peulen et al [9] and Vdpel et al [7]. Minor discrepancies can be well explained by
varying conditions. Especially the choice of the GTP-analogous nucleotide has an impact as
all of the different nucleotides show a unigue affinity and even multimerization potential [20]
as well as differences in the dimerization interface [6]. The GTPyS used in this work has
been shown to be one of the most potent non-hydrolyzable nucleotides for dimerization of
hGBP1, used at a final concentration of 250 pM [20]. When comparing the data between
different GTP-analogues, one should always consider the possibility of a unique behavior of
the nucleotide used and refrain from generalization. Also note that the Cys-9 vanant has
been shown to have a higher GTP hydrolyzation rate than the wildtype (WT), which might

lead to a divergence from the actual wildtypic time axis in which the transitions happen.

Within the complex energy landscape of a multi-conformational protein like hGBP1, all FRET
pairs (intra- and inter-FRET) follow spatial changes, which can usually be seen as a
sequence of domain movements relative to each other. In our expenments, this happens
over the course of 20 s after GTPyS-induced dimerization, under the necessary condition
that the distance of the dye pair changes for a least a few Angstrom from the original
(starting) value. In general, we see a decrease of red photons for all intra-FRET variants (as
depicted in Fig. 3) and an increase in red photons for all inter-FRET variants (as depicted in
Fig. 2). The timescale on which the red signal changes happen depends on the vanants
used (each varant probes a unigue set of distances) and the observed domain movement
and arrangement. For the sake of simplicity, we handle conformations as discrete states in
our interpretation of the data. Conformational ensemble or a mix of transient domain-

rearrangements is possible while transitioning to the (semi-)elongated form.
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Looking at the intermolecular FRET measurements (see Fig. 2B) there is a very clear idea of
the conformational changes behind the data. More importantly, we were able to resolve the
time-axis on which these changes happen. Applying the necessary second-rate kinetic
model, the timescale of the 18D + 18A interaction appears to be more than one order of
magnitude faster than the one found for 344D + 481A. This proves conceptually that the
initial LG-dimenzation and the subseguent domain rearrangement happen on different
timescales within the first seconds after addition of GTPyS. The LG-domain, where 18D +
18A is located, functions as first-line dimernization interface of hGBP1. Consequentially, we
expect that of all intermolecular dimer-induced effects, the 18D + 18A interaction will happen
first.t The two hGBFP1 molecules will likely dock as monomers into a head-to-head
conformation, but subsequent dynamics might take place instantly (in a very short time-
window after initial dimenzation) . We assume that the dimer interface remains unchanged
while the rest of the molecule transitions, this assumption is backed by the 18D + 18A signal
staying constant during measurement. There is a possibility that the interface positioning
changes slightly while maintaining constant distance between 18D +18A. In the rigid head-to-
head conformation depicted in Fig. 2A, the 344D + 481A would not give any FRET signal.
The distance between the two labels is far above FRET range (194 A Ca-Ca). To have FRET
between 344D + 481A, the two hGBP1 molecules need to adopt a conformation where the
middle domains of both molecules are bended towards each other. Any elongated or semi-
elongated dimer with close proximity hinge-regions would be a likely candidate. The 344D +
481A data must be treated consecutively to the 18D + 1BA since the dimer needs to
assemble first (see Fig. 4A). Additionally, the conformational transition is clearly slower and
happens In a different time regime. The energy barmers to overcome for transition into an

(semi-)elongated state likely have a higher bulk transition time.

In the intra-FRET measurements (see Fig. 3A/B) all pairs show a similar and immediately
decreasing red signal after mixing. This suggests that a12-helix (pos. 540) moves away from
the middle (pos. 344) and LG-domain (pos. 254). These results strongly imply an elongated
or elongated-kinked (semi-elongated) dimer conformation. Like the 344D + 481A pair in inter-
FRET, a change in red signal for all intra-FRET pairs first needs a dimenzed LG-domain.
That puts all the intra-FRET data consecutively behind the transition event observed by 18D
+ 18A inter-FRET. Prior to dimerization, the monomers should be in an equilibrium between
their M1 and M2 states. The conformation between the monomeric states and the first dimer
might be the same if only the LG-interfaces dock while maintaining monomeric M1/M2
conformation in the rest of the molecule. There might also an immediate conformational
change upon dimerization which happens within our resolution of the 2A -> B assembly and
can thus by represented by ks. Until now, the two models (2ABC vs 2ZABBC, see Fig. 4A/B)
both use a fixed k; as a reference point for the consecutive transitions. We would then fit one
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or two additional rates, which should in some sense represent the lower (elongation) rate k.
already extracted from the 344D + 481A inter-FRET pair. Using only one additional rate k: in
the 2ABC fit yvielded a faster transition at approx. 4300 ms bulk transition time B -> C but was
clearly missing a rate when referring to residuals (Fig. 3B) and red. chi-square. Feeding the
fit an additional rate ks in the 2ABBC model improved the goodness of fit tremendously and
clearly shows that the 2ABBC is the superior model to analyse the intra-FRET pairs. We now
end up with an approx. 8700 ms bulk transition time for the slowest transition B2 -= C, which
is a likely representative for the dimer elongation also observed in the 344D + 481A inter-
FRET pair. The difference might be explainable by a transient transition ensemble in which
pos. 344 and 488 get into FRET distance slightly before the intra-FRET pairs getting into no-
FRET distance, but this is heavy speculation. Looking at the additional transition B1 -> B2
found at approx. 830 ms, we likely see the transitioning towards an (semi-)elongated form.
An educated guess would be the interpretation of B2 as the ‘bridged dimer’ (see Fig. 4B), a
conformation predicted and shown by Vépel et al [7]. The publication suggests increased
spacing between the al12-helix and LG/middle domains, while still not transitioning in the
(semi-)elongated ‘late’ conformations which would fit our data very well. In equilibium, the
bridged dimer seems to be the favorable conformation (see Fig. 4E). The spacing is
supposed to be driven by the alignment of the two a13-helices, making it an obvious target
for our technigue. Unfortunately, we lack the appropriate measurements with dyes positioned

at the a13-helices to experimentally verify this theory.

The (254D/A, 344D/A) pair is somewhat different from the other intra-FRET pairs since it
probes the intramolecular distance between LG and middle domain. Interestingly, it fits very
well within the same 2ABBC model, which enabled us to do global fitting. The transitions
seen here likely means that the pronounced movement from the a12-helix away LG/middle is
feedbacking into the dynamics between LG and middle domain. As such, pretty much the
whole molecule seems to be in movement. The intermal LG/middle dynamics could work as
an energetic counterweight to compensate the vast movement of the al2-helix into a
somewhat open, likely unfavorable state. We find very good agreement with the 2ABBC
macrotime fits when looking at FRET-fractions obtained from lifetime fits of (254D/A, 344D/A)
at different micro-timepoints (see Fig. 4C and chapter supplement). After the fast initial
dimerization window (interpreted as 2A -= B1), the longer M1 distance starts to peak towards
1000 ms while the shorter M2 distance goes down concurrently (interpreted as B1 = B2).
This observation is clearly indicating a consecutive conformational hierarchy. The no-FRET
distance appears for the first time after 1000 s and starts to raise in fraction while M1 keeps
decreasing (interpreted as B1 -> C). In terms of conformations, right after mixing, the contact
between the LG and middle domain needs to loosen/start spacing to push the low-FRET
fraction M1 up. Until now, the middle domain is probably not fully turned away from the LG.
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Figure 4: Concluding schemes and hypothesis for hGBP1 transition. A. Simplified 2ABC model
yielded two transition rates from both intra- and inter-FRET datasets: ks from monomer to initial dimer
and k. (inter-FRET and infra-FRET) towards the consecutive (semi-)elongated dimer. B. Extended
2ABBC model yields three transition rates from intra-FRET datasets: ka from monomer to flexible
dimer, k» from flexible dimer to bridged dimer and or k. towards the consecutive (semi-)elongated
dimer. The 2ABBC model yields higher goodness of fit and is therefore preferred for the intra-FRET
measurements. C. (254D/A, 34407A) fraction change over time. Before/while initiating dimerization,
the FRET-pair is within FRET-range with zero no-FRET contribution. Approx. between 300-1000 ms,
the longer distance fraction goes up while the shorter distance fraction decreases. From =1000 ms,
the no-FRET distance comes into account. D. (Sketched) data from [20] already suggests three rates
as well for the (3440/A, 5400/A) and other pairs. Measurement made with GTP and different protein
concentration might cause slightly different behavior. E. Dimer equilibrium dynamics suggested by
Vopel et al [7] could explain the B1 -» B2 transition observed in our data. The bridged dimer
dominates the equilibrium with a fraction of 90% making it possible to approximate the back reaction

contribution as zero in our 2ABBC model.
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For the final transition, the middle domain turns more into its (semi-)elongated positioning,
increasing the distance between pos. 254 and pos. 344 further into the no-FRET distance.
An (semi-)elongated conformation suggested by Hengstenberg et al. [20] or the one
simulated for hGBP5 [24], where the molecules are semi-elongated/partially closed/kinked,
but aligned, seems likely. We still want to suggest the possibility for a fully elongated dimer.
Note, that a kinked dimer in the way suggested by [20] and [24] would likely mean a late (B2
-= C) retumn of all intra-FRET pairs into FRET-distance, which is not visible in our data.
Possibly, the domain movements observed could be specific for GTPyS while Hengstenberg
et al. [20] did their experiment with GTP.

4. Conclusion

Based on our work and the work of others we established a working model which can
temporally resolve and structurally explain the full transition from monomeric, unfamesylated,
fluorescently labeled Cys-9 hGBP1 to an endpoint dimer (termed as ‘(semi-)elongated
dimer’) upon addition of GTPy5. Additionally, the workflow of our stopped flow TCSPC-setup
was successfully established. The conformational changes observed over the course of the
macrotime was based on five dye-pairs available from our measurements. Fitting the FRET
photons with the models introduced in 2. Results, we got three distinct transition rates. While
the inter-FRET data could be fitted using two rates and the simpliied 2ABC model, the
intra-FRET data showed an increased goodness of fit using an additional third rate,
rendering the 2ABBC model superior. The 2ABBC model should therefore be used for further
datasets, while the 2ABC can serve as back-up to stabilize the fits if there is obvious
overfitting with the 2ZABBC. The rates could be interpreted based on structural knowledge
and dye positioning. In addition, we were able to extract distances from individual microtime
windows by fluorescent lifetime fitting. As endpoint in our measurement window, we propose
a (semi-)elongated dimer where the two molecules align most of their domains in a
stretched-out fashion. Before the elongation, the dimer could be in a bridged configuration, a
structure that has been proposed before. We can detect a clear consecutive order of the
transitions. The proposed states are likely solutions based on the data we have but possible

additional states or ensembles as well as the exact movement trajectories remain elusive.

5. Outlook

To clarify things further, the measurements could be repeated with additional pairs, different
GTP-analogues, in concentration curves or with the famesylated species. In the light of our
results, especially variants with a13-dyes could be interesting to see if the B2 state is indeed

the bridged dimer. Nonetheless, the experiments in this work shaped the conceptual basis
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for further experiments to elucidate the consecutive transition. Cleaner and more extensive
datasets could enable even more precise fits. Bioinformatics can provide comparative

modeling to further understand how hGBP1 goes through its complex transition.

6. Methods

Experimental procedure

Purified hGBP1 was available in concentrated (=puM) labeled stock solutions from previous
[71 and running projects. hGBP1 variants used were thawed and filtered through 100k
MWCO spin-filter (Merck, Darmstadt, Germany). The concentration of each respective
vanant was determined on a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham (MA), USA). The labels were Alexa Fluor 488 (Donor, D) and Alexa Fluor 647
(Acceptor, A), respectively (both Thermo Fisher Scientific). For SF-TCSPC measurements,
two buffers were freshly prepared, a protein buffer with hGBP1 and a GTP-buffer with
GTPyS. The following final concentrations refer to the value after 1:1 mixing in the stopped
flow chamber. In syringe 1, we loaded protein buffer: DA-labeled (intra-FRET) hGBP1 at 200
nM, D-labeled (inter-FRET) hGBP1 200 nM and A-labeled (inter-FRET) hGBP1 for 10 uM in
a spectroscopically clean PB5. The protein buffer also contained the amount of unlabeled
hGBP1 calculated to fill up to a final hGBP1 concentration of 25 pM (total labeled +
unlabeled protein) after mixing. In syringe 2, the GTP-buffer contained GTPyS (Jena
Bioscience, Jena, Germany) for a final concentration of 250 pM after mixing in a

spectroscopically clean PBS buffer.
Experimental setup

SF-TCSPC was done in a SX Series Sequential Stopped-Flow Sample Handling Unit
(Applied Photophysics, Leatherhead, UK) coupled to two Photomultiplier Tubes H72422P-40
(Hamamatsu Photonics, Hamamatsu, Japan), one upstream with a ET535/30m emission
fiter (Chroma Technology, Bellows Falls (VT), USA) and the other one upstream with a
HQ730/140 emission filter (Chroma Technology). PMTs were controlled via a DCC-110 card
(Becker & Hickl, Berlin, Germany) and TCSPC was operated via a SPC-830 card (Becker &
Hickl). Excitation was done with LDH-P-C-470 and LDH-P-C-635M laser diode heads
(PicoQuant, Berlin, Germany) operated by a PDL 800 and a PDL 800-B driver unit.
Experiments were done in PIE-mode and under magic-angle conditions. Repetition rate was
set to 20 MHz, Time-amplitude converter (TAC) window was set to 60 ns. The two syringes
of the stopped-flow unit were holding a max. volume of approx. 1.2 ml each for 20 shots at
120 pl total volume per shot. The link to a detailed operational guide can be found in Chapter

2-Methods supplement 1.
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FRET photon data analysis over macrotime (mathematical solution)

The full derivation can be found in 2. Results and Chapter 2-Written supplement 1.

Diffusion limit of enzymatic reactions

To avoid wrong conclusions in the case of very fast rates, we must show that the rate yielded
for our initial, bimolecular reaction 24 = B is below the threshold of diffusion limited rates.
The diffusion limit of rates of enzymatic reactions in PBS-buffer at 20 °C is given with
kpi(max) = 3(5) = 65-10% st (7
3kn
and by comparing the limit (using a concentration of c(hGBP1) = 25 uM and k, = 2.74571)

kg
o(REBP1)

ky;(hGBP1) = =11-10°s"tM™? (8)

we can conclude that the initial reaction is not diffusion limited, since k;;(max) »

ky;(hGBP1).

Fluorescence lifetime data analysis

Raw data was prepared using the software “An/-3SF" developed in Seidel group, as part of
the software package for multiparameter TCSPC/imaging. Macrotime data was merged from
the start of each shot by using the stopped flow injection as a line trigger. Additionally, all
data within a 10 ms time-well was merged to further enhance photon statistics, starting at 50
ms after mixing. Constant merging window of 10 ms was applied over the whole macrotime.
All fits and detailled parameter are available in Chapter 2-Table supplement 4. As an
example, the decay fitted for the 55 ms time point represents the average/merged data from
approx. 20 repeated shots and all TAC windows (166,692) in between 50 ms and 60 ms.
TAC resolution was set to a 512-channel binning, yielding a time resolution of dt = 0.11717
ns. Fluorescence decay analysis was done using “ChiSurf’, a global analysis platform for

fluorescence data developed as open-source software https://github_com/fluorescence-tools.
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Figure 5: A. Exemplary fitting sequence of the 344-525 FRET-pair, displaying the changes in
fluorescence lifetime over time. Mono- (grey), bi- (blue) or tri-exponential (green) fits of the 344-525
inframolecular FRET pair to exemplify lifetime behavior and resulting distance distributions. A.
Without GTPyS, the bi-exponential fit (blue) is sufficient to describe the two main conformers of the
hGBP1 monomer, regardless of the macrotime chosen. B. With GTPyS and at a macrotime of 195
ms, the tri-exponential fit (green) shows the best goodness, the distance distribution is almost even
between the two main conformers of the monomer and the emerging low/no-FRET distance (>100 A)
from the dimeric state, making three lifetime components mandatory. C. With GTPyS and at a
macrotime of 955 ms, the distance distribution is already shifted towards the low/no-FRET distance
of the dimeric state but the other two fractions, in particular the shorter one, are still present in the fit,

thus favoring again the tri-exponential fit (green). D. With GTPyS and at a macrotime of 20 s, the
low/no-FRET distance dominates. Still, the remains of the monomeric distances’ fractions are existing

in this near-equilibrium state but can be reduced to one component, closely making the bi-exponential
fit (blue) the most eligible.

In general, FRET effects will add additional energy transfer modes, increasing the number of
exponents needed to descrnibe the fluorescence decay, as exemplary shown in Fig. 5.
Fluorescent decays of donor (Eq. 9) dye without the possibility to engage in FRET serves as
a reference for dye behavior and ubiquitous quenching effects implied by the protein (e.g.

guenching amino acids next to the dye), buffer background and setup-specific features.
155® = Tixpexp (— 1) (©)

with DO representing the donor in absence of the acceptor, D|D representing donor emission
upon donor excitation, i representing the number of exponents needed to fit the system, xp
representing the donor fraction of each exponential expression and 1o representing the donor

lifetime of each exponential expression.

Knowing that the donor will be quenched by FRET in addition to Eq. 9, we denve Eq. 10,

describing the FRET-induced donor decay on top of the donor-only decay.
fiﬁﬁ{ﬂ = ﬂ:lr:ig (t)-%; xJi?RET EKP{_t . kfmxr) (10)

with DA representing the donor in presence of the acceptor, xrrer representing the fraction of
molecules undergoing FRET corresponding to each FRET-rate kgger (with i depending of the

number of energy transfer modes described by different transfer rates).

The same equation can also be expressed using the DA inter-dye distance Rpa as shown in
Eq. 11.



ﬂﬁg&) = f!ﬂg (t) - (xﬂﬂ + .rRDAP(RﬂA) - exp (—t - ko - (;:;)6) dRﬂA) (11)

with p{Ropa) representing the DA inter-dye distance distribution, Ro representing the Férster-
radius (Ry = 52 A for Alexa Fluor 488) with a constant dipole orientation factor k* = 2/3, and
ko representing the inverted donor-only lifetime 7/1oo (Too = 4.0 ns for Alexa Fluor 488). If the
protein was labeled insufficiently with acceptor dye, the acceptor dye was bleached or the
dyes are above the maximum FRET-distance for the dye pair, xpo accounts for the fraction of
the donor only species associated to these effects. Accounting for uncertainty, p{Rpa) was
modeled as a superposition of Gaussian distributions as shown in Eq. 12 (exemplary for two

distributions)

{ﬁ[}) (r(])
WDaA - WDA
-I;(l—.rl]-s

P(RDA) =& =
J;'“’DA

(12)

With the width of the Gaussian distribution represented by wpa = 20.

f(t) functions were fitted with an iterative re-convolution approach of f{f) to the instrument
response function (IRF), using a modified Levenberg-Marquardt algorithm [25]. In
incorporating experimentally conditioned parameters such as light scatter and background,
the model function g(t) based on f{t) is derived in Eq. 13.

g(t) = N - f(t)®IRF(t) + Ng; - IRF(t) + BG (13)

With Nge representing the number of fluorescence photons from all processes, Ngs
representing the number of background photons (either as background file or as fitting
parameter) and BG representing the detector offset. The absolute value of g(t) scales with
the number of photons in the data used for the respective fit. Reduced chi-square and
Durbin-Watson test are utilized to describe the agreement between the model function g(i)
and the data.
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Chapter 2 Supplement
Chapter 2-Written supplement 1: DATA FINDER

A) An operation manual for the TCSPC-stopped flow is available at:
Measurements@New Server\Stopped Flow\Operation manual stopped flow
setup_pdf

B) Raw data from TCSPC-SF is available at:

‘Measurements@New _Serven\Stopped Flow\2017\hGBP1 measurements. .
.. 720 17 for (344D/A, 525D/A)
.. 8 08 _17 for 18D + 18A
.. 8 14 17 for (344D/A, 540D/A)
.. 8 15 17 for (254D/A, 540D/A)
.. 8 21 17 for (254D/A, 344D/A)
... 8 24 17 for 344D + 481A
C) Kinetic model fit files (ASCIll/txt) are available at:
AKochJ\Thesis\hGBP1 story'Kinetic models

D) ChiSurf fit files from TCS5PC-5F is available at:

‘Measurements@New _Serven\Stopped Flow\2017\hGBP1 measurements\Fits and
processed data

E) Images and text used in this work is available at:

AKochJ\Thesis\hGBP1 story

Chapter 2-Written supplement 2: Full solution for multistate exchange in the
presence of a recombination

Let us consider the kinetic scheme consisting of initial irreversible recombination step (24
kr } :
— D) followed by multistate dimer (D) exchange (B; = By = C)

n
k — e,
2L ey (14

The corresponding system of ODE describing the kinetic of reagent concentration can be

written as:

ca(t) =—k,ci(t)
{Zc;;(t)= ky c2(t)xp, + 2Kp cp(t)’ (15)

where ¢, is concentration of monomers, ¢p = (¢py,€pa, .. )T IS column-vector consisting of

concentrations of dimer in different states, x;,. is vectors of probabilities that recombination
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lead to the particular dimer state, k.. is the specific recombination rate constant and K is the

transition rate matrix describing exchange between dimer states.

We assume that at the beginning all molecules are not dimerized and the concentration of
monomers c,(t = 0) = c,,- We can rewrite Eq. 16 in the form for fractions of monomer units

in all reagents:

{x;{t) = _kr.ﬂ x.:l'z (t}

] h t)=2 ' t
X (®) = ke x3(0) 2p, + Kp 2p(®) 7T |2 = 260 (/a0 (16)

x,(t) =  c4(t)/cyg
kro = Cao ks

The solution should fulfil initial and conservation conditions:

[x},I (0)=1

xp(0) =0 ¢ M@ +1T-xp () =1 (a7

The equation for monomers x4(t) can be solved separately:

1
xa(t) = Kot +1 (18)

Solution for x, (&)

For shortness, let us rewrite Eq. 16 in the form:

k:r',ﬂ

xp(t) = r(t)xp, + Kp xp(t); r(t) = —x4(t) = ———
(k,_u t+ 1]

(19)

This is the first order non-homogeneous ODE which can be solved by the integrating factor
method. Let us multiply both side of equation by factor e~®¥2* then, move the term with
e ED'K x,(t) to the left-hand side:

e KD tx,(t) —Kpe K0T xp(t) = r(t)e ®0txp, (20)

Now the left-hand side can be written as derivative of the product e X2t x,(t), and we get:

(e7*0txp l’_t})r = r(t)e ¥0xp, (21)

Mow the right-hand side is the antiderivative of e ¥2f x,(t). So, applying the Fundamental

Theorem of Calculus we can write:

t
e KDt x (t) = J- r(t)e ®2Tx, dt + const (22)
0
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Mow we can apply the initial condition x,(0) = 0 and get const = 0. At last step we multiply

both sides by e®2  and get the solution:

t

xp(t) = f r(v)e ®0 txp dr (23)
1]

Note that the factor e KD tx;, . is the solution of the complementary (c) homogeneous ODE:

) '(6) = Kpxy (t); x5 (0) = xp, (24)

Which describe the kinetic of dimers (B; — B> — C) in the absence of recombination and with

initial fractions equal to x5 ..

So, the formal solution for the monomer fractions in the dimer states is the convolution (*):

[ 4

x(0) = —x(®) =20 O] =~ [ 4 @ex Dz, ar
o

x{ﬂ!’-‘) (t:l — EKD txﬂ,r ! {25}
r ki‘;
() =———
(kppt+1)

The matrix exponential e¥2 * can be calculated using eigen value decomposition (EVD) of K,

matrix. This gives the next expression for xg,":' (t):

n—1
PROE Z ae ™, a;=wu(v;-xp,) (26)
i=0

where n Is the number of dimer states, k; are negated eigen-values of K; and u;, v; are

corresponding left and right eigen-vectors.

Then the whole solution in the presence of a recombination is:

1
xa(kro,t) = m

n—1
xp(t) = Z a;fo(ki kyrot) (27)
i=0
a; = u;(v; - xp,)
fiolke, ko, t) = —x4(ko, t) xe™*F
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Derivation of function f..(k. kq. t)

First, we can use integration by parts and rewrite the convolution in the form involving x,(t)

fraction instead of its denvative:

folk, kg t) = —xi(kg,t) xe %t = —x,(kp,t) +e %% + k[x_q(ku, thxe® ‘)

1 1
fill,kot) = —————+ e %t + k(—* e"”)
kot + 1 kot +1
i v
k (;z ek ‘) = J- 1 e kE-Tlgr = ie_{"_nﬂ: t] J- £ dv (28)
kgt+1 1+ kgt kg v
0 X
— T
v=k 74— -
E k
v 1 ° Bi( -+ t)-Fi(1-)
% Fp
d'r=id1-r

This results in (indices harmonized to Eq. 1-5as k; = k,; k= k; i €{b,c})

1 ki _(& it (ki ki
frlki g t) & —xy(kg, 1) 78T = —o—mm b e+ e Lo )(E‘ (g + ) - (k_)) 29

where Ei(x) is the exponential integral function:

Ei(x) = J-E? dv (30)

The fitting of the stop-flow data presented in this work was done using the numercal EVD
and Eq. 29 above. However, for simple exchange schemes the relaxation rates k; and

amplitudes vectors a; can be calculated analytically. Thus, for the 3-state dimer with xp . =

(1,0,0)7 (in this work we assumed that monomers always recombinate into the state B;) and

k k,
exchange scheme B, = B, = C they are:

ko =0; ky = ky; kz = ke;
1 0
0 Ry ky
ﬂu=([}); ay=| kp—ke|; ay=| kn—kc |; (31)
1 kc _ kb
kb - kr:.' kb - kc
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So, the dimer part of solution is:

fr{kb- kr.n- t)

X5 (t) ks

3 state dimer: |x,(t) = | x5(t) | =4k, — k. (ﬁ‘(kc' krot) = frlkp. Kro, t)) (32)
xc(t) 1 kp, k,

1= 1+ kﬂ t B kb - kc fr(kc’ k"*“" t) + kb — kﬂﬁ'(kb'kr.nl t]

k,
The expression for the 2-state scheme B — C can be obtained from 3-state solution above by

S’Etting kb —* 00, kc = k and Xg = xBl(t) + sz(t]:

fr (k, kr.ﬂ: t)

- fr{krkr,ﬂl t] {33}

2 state dimer: |x,(t) = (;B Eg) = {
c

14kt

Chapter 2-Written supplement 3: Time-dependency of ka

In general, a specific reaction rate is time-dependent: k., = k.(t). We assumed a time-
independent k. to make our solution possible. This assumption will be validated in the
following supplemental part. We can assume that the dimerization kinetics follows the
Smoluchowski theory. This means, that the dimerization followed the diffusion-controlled
collision happens with probability pg;,, = 1. Then the Smoluchovski theory predicts that the
specific reaction rate is:

R
k,(t) = 4mDRN, (1 + m) (34)

Then, the condition for k, = constant is:

2

R
—_l =2 tEH —
Dt D (39)

Using the Einstein diffusion relation

ED — kgT
6w N Ry (36)
where Ry, is molecular radius. So we can write:
61 RZR,,
L3 —
T (37)

Then, taking Ry, ® 107%m, R ¥ 2R, n = 1[}‘3%,'}* = 300K, we get:
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61 R2Ry N BX4X 1073 x 1072#

t =
kgT 300 x 1.38 x 10723

s R 107 5s (38)

In our measurements the smallest time is At = 10725 3 1075, this validates our assumption

that k, can be treated time-independently.

Chapter 2-Table supplement 1: Inter-FRET - 2ABC fit results (red photons)
The result of joint fitting of inter-FRET pairs 18D + 18A, 344D + 481A with 2ABC model

Inter-FRET data was not weighted with corresponding donor brightness proportional to
efficiencies since, therefore no distances were fitted. “init” = starting value.

Parameter Value

Reduced chi-square 1.0284

Akaike information criterion 174.1894

Bayesian information criterion 2143845

kb 1.5691e-04 +/- 3.1972e-06 (2.04%) (init = 0.0001392)
r (kb/ka) 0.0572 +/- 0.006604 (11.54%) (init = 0.01)
Offset 18D + 18A 4132 5404 +/- 22 493831 (0.54%) (init = 3900)
Scaling 18D + 18A 449 5134 +/- 22 084485 (4.91%) (init = 600)
Offset 344D + 481A 10354.6911 +/- 8.280897 (0.08%) (init = 10300)
Scaling 344D + 481A 1337.5482 +/- 7776847 (0.58%) (init = 1350)
1/kb 63729395 +/- 130.009200 ms

1/r (ka/kb) 174813 +-2.017342 ms

1/ka 364 5568 +/- 49 506813 ms

Chapter 2-Table supplement 2: Intra-FRET - 2ABC fit results (red photons)

The result of joint fitting of intra-FRET pairs (254D/A, 344D/A); (254D/A, S40D/A);
(344D/A, 540D/A) with 2ABC model)

Large uncertainties for distances and offset not shown since E has not enough restrictions.
Distances were only used to stabilize the fitting of rates and are not explicit.

Parameter Value

Reduced chi-square 1.1726

Akaike information cnterion 14467878

Bayesian information criterion 15604408

ka {fixed to ka from inter-FRET) | 0.0027 {fixed)

kb 0 (fixed)

ke 2.3436e-04 +/- 4.0029e-06 {1.71%) (init = 0.000126)
Offset (254D/A, 344D/A) 966.7315 (imit = 1120)
Scaling (254D/A, 344D/A) 24209098 (init = 2528)
R1 (state A) (254D/A, 344D/A) 75.3306 (init = 73)

R2 (state B) (254D/A, 344D/A) 87.8194 (init = 82)
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R3 (state C) (254DJ/A, 344D/A)

95.0998 (init = 89)

Offset (254D/A, 540D/A)

2191.6570 (init = 2183)

Scaling (254D/A, 540D/A)

3112.7710 (init = 3828)

R1 (state A) (254D/A, 540D/A)

493747 (init = 52)

R2 (state B) (254D/A, 540D/A)

69.7142 (init = 69)

R3 (state C) (254DJ/A, 540D/A)

120.6849 (imit = 150)

Offset (344D/A, 540D/A)

1060.7583 (init = 1130)

Scaling (344D/A, 540D/A)

3012.7347 (init = 3357)

R1 (state A) (344DJA, 540D/A)

28.3340 (init = 44)

R2 (state B) (344DJA, 540D/A)

70.6606 (init = 77)

R3 (state C) (344DJ/A, 540D/A)

91.9179 (init = 123)

Chapter 2-Table supplement 3: Intra-FRET - 2ABBC fit results (red photons)

(The result of joint fitting of intra-FRET pairs (254D/A, 344D/A); (254D/A, S40D/A);
(344D/A, 540D/A) with 2ABBC model)

Large uncertainties for distances and offset not shown since E has not enough restrictions.

Distances were only used to stabilize the fitting of rates and are not explicit. Fractions x2, x3

Ll

x4 were added and fitted globally to stabilize the fit further.

Parameter Value
Reduced chi-square 1.0171
Akaike information criterion 173.7358
Bayesian information criterion 322 9054

ka {fixed to ka from inter-FRET)

0.0027 (fixed)

kb

0.0012 +/- 4.4789e-05 (3.75%) (init = 0.0015)

ke

1.1516e-04 +/- 4.6280e-06 (4.02%) (init = 0.000126)

Offset (254D/A, 344DJA)

1128.28105 (init = 1120)

Scaling (254DJ/A, 344D/A)

2537 .38576 (init = 2528)

R1 (state A) (254D/A, 344D/A)

66.6258388 (init = 73)

R2 (state B1) (254DJ/A, 344DJ/A)

68.5952036 (init = 63)

R3 (state B2) (254DJ/A, 344D/A)

824853213 (init = 82)

R4 (state C) (254D/A, 344DIA)

89.6373952 (init = 89)

Offset (254D/A, 540D/A)

2180.07871 (init = 2183)

Scaling (254D/A, 540D/A)

R1 (state A) (254D/A, 540D/A)

41.2189782 (init = 52)

R2 (state B1) (254D/A, 540D/A)

52.4469301 (init = 51)

R3 (state B2) (254D/A, 540D/A)

104076247 (init = 63)

R4 (state C) (254D/A, 344D/A)

168.997720 (init = 150)

Offset (344D/A, 540D/A)

2180.07871 (init = 2183)

Scaling (344D/A, 540D/A)

(I
(i
(i
(i
(i
(I
3920.44226 (init = 3828)
(I
(i
(I
(init
(i
(i

3450.72683 (init = 3357)

R1 (state A) (344DJA, 540D/A)

35.0241359 (init = 44)

R2 (state B1) (344DJ/A, 540D/A)

R3 (state B2) (344DJ/A, 540D/A)

|

(
51.1380156 (init = 50)
79.9306324 (init =77)

R4 (state C) (254D/A, 344DIA)

119.667322 (init = 123)

x2 (global) 0.7864 (init = 0.5)
x3 (global) 0.21350191 (init == "1-x1")
*4 (global) 0 (fixed)
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Chapter 2-Table supplement 4: 18D-18A inter-FRET

Parameters which are fitted are given in bold, linked parameters in jfafic. fixed parameters are plain text.

E'_I'TZ]""’“'"‘ 55 125 195 255 305 625 55 3065 7097 20001
DOnly 0992 | 0953 0874 0.887 0810 0642 0.586 0417 0281 0.295
RIG.1) BZ000 | 62000 | 62000 | BZ000 FZO00 | 62.000 EZ000 | 2000 | 62000 | 62000
RIG.Z) 45000 | 45000 | 45000 | 45000 | 45000 | 45.000 45000 | 45000 | 45000 | 45000
RO 52.000 | 52.000 52.000 52000 | 52000 £2.000 52000 | 52000 | 52.000 £2.000
bg 0183 | 0709 0.5940 0.3456 0.000 0.252 0397 0792 0.542 0.083
ot o117 | 0117 o117 o117 o7 o117 o117 o117 o117 o117
g 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
KIG.1) o000 | 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
KG.2) o000 | 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
k2 D867 | o.8a7 0.867 0.667 0.667 0.867 0.667 0.667 0.667 0.867
kappaZ? D667 | 0.667 0.667 0.667 0.667 0.667 0667 0.667 0.667 0.667
T Toa1 | 0021 0031 0,031 o031 0031 0051 o031 0.031 0031
Z Toar | 0.037 o037 0037 o.037 0037 o037 o037 0.037 0037
I 78262 | 99999 1521 99 938 100000 | 15219 99999 | 99573 | 99.270 99,590
0 60431 | 681008 | 694200 | 6&76.00 | 601275 | GOB267 | DGB7.60 | 000684 | 717325 | 7060.90
28 7 8 i} 8 g 4 a8 1 8

i) 0360 | 0.260 0,380 0380 0380 0,360 0,360 0380 0,380 0,360
rep 20.000 | 20.000 20.000 20000 | 20.000 20.000 20000 | 20.000 | 20.000 20.000
s[G.1) 6.000 | 6.000 6.000 £.000 6.000 .000 B.000 6.000 £.000 .000
S[G.2) B.ODD | 6.000 6,000 B.000 B.000 B.000 B.000 B.000 B.000 B.000
¢ 0000 | C.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
start 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
stop BO.O01 | 50081 50,001 RE.oo 50091 50.001 5O.001 5o.a01 50,001 50.001
] 4000 | 4000 4000 4.000 4.000 3.000 4000 4.000 3.000 3.000
tBg 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
thead BE.O00 | 85.000 B5.000 B5000 | 65.000 85.000 B5.000 | 65.000 | &5.000 85.000
] 3066 | 2966 5,966 5,966 3,966 3.000 3966 3.986 3.986 966
iz D234 | 0234 0.234 0.234 0234 0.234 0234 0.234 0234 0.234
3 1028 | 1926 1.926 1.926 1.926 1.926 1.926 1.926 1.926 1.926
Thieas 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
= o006 | 0.006 0.006 0006 0.006 T.006 0.006 0,006 0.006 0,006
win-size 17.000 | 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000
©(G.1) 0860 | C.860 0.860 0.860 0,660 0.860 0,860 0.860 0,860 0.860
©G.2) 0140 | 0.140 0,140 0140 0140 0.140 0,140 0.140 0140 0140
i 0747 | 0747 0747 0.747 0.747 0.747 0747 0.747 0747 0747
Wz D114 | o.114 0114 0114 0114 0.114 0114 0114 0114 0114
] 0138 | 0.159 0139 0139 0139 0130 0139 0,139 0139 0139
Chizr 10803 | 1.06571 10328 101860 122560 1.0054 06034 11330 .65 ]
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Chapter 2-Table supplement 5: 344D-481A inter-FRET

Parameters which are fitted are given in bold, linked parameters in jfafic. fixed parameters are plain text.

E'_I'TZ]""’“'"‘ 55 125 185 255 305 B25 B55 3085 7097 20001
DOnly 0.952 0.983 0951 [EFF] 0.953 0941 0.735 0.609 0.497 0.379
RIG.1) BE.600 | 58.500 58,500 58500 58,500 58.500 58,500 58.500 58,500 58500
RIG.Z) 41.000 | 41.000 41.000 41.000 41.000 41.000 41.000 41.000 41.000 41.000
RO 52000 | 52.000 £2.000 £2.000 52.000 52.000 52.000 £2.000 £2.000 £2.000
bg 0.642 0792 0.543 0.583 0.850 03719 1.023 0978 0.692 0.040
ot o117 o117 o117 o7 o117 o117 o117 o117 o117 o7
g 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
KIG.1) T.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
KG.2) T.000 0.000 0.000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
k2 0,867 0.867 0.8667 0.667 0.667 0.667 0.867 0.867 0.8667 0.667
kappaZ? 0667 0.667 0.667 0.667 0.667 0.667 0.667 0.667 0.667 0.667
T VR 0031 0031 o031 0,031 0,031 0031 0031 0031 o031
Z IVER 0037 0.037 o.037 0037 0037 o037 0037 0.037 o.037
I 995986 | 99.913 3.046 99,599 99 839 100000 | 100.000 | 99.999 100.000 | 100.000
160823 | 1474278 | 1482101 | 15254.00 | 1408200 | 1480470 | 1452562 | 14712.88 | 1464285 | 14878.71

nd oe B 1 3 1 o B a o 7

i) 0,360 0,360 0,380 0380 0380 0380 0,380 0,360 0,380 0380
rep 20.000 | 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000
s[G.1) 6.000 .000 .000 6.000 £.000 B.000 B.000 .000 .000 6.000
S[G.2) B.000 B.000 B.000 B.000 B.000 B.000 B.000 B.000 B.000 B.000
¢ 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
start 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
stop RO.Oo1 | 50.001 50,001 50091 RE.oo RE.oo 50,001 50.001 50,001 50091
] 4.000 3.000 3.000 4.000 4.000 4.000 4000 3.000 3.000 4.000
tBg 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
thead BE.O00 | 85.000 5.000 B5.000 B5.000 B5.000 B5.000 85.000 5.000 B5.000
] 4.000 1.090 4.050 4.050 4090 4090 4050 1.090 4.050 4.050
iz 2070 2070 2070 2070 2070 2070 4000 4.000 4.000 4.000
3 0.260 0.290 0.250 0.290 0.250 0.290 4.000 4,000 2,000 A.000
Thieas 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
= TO71 0071 s 0.071 0071 0071 o071 0071 s 0.071
win-size 17.000 | 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000
©(G.1) 0.626 0626 0626 0.626 0.626 0.628 0.626 0626 0626 0.626
©G.2) Do 0are [EFT] 0374 Oard 0374 Oard a4 0374 0374
i 0.815 0815 0815 0.815 0.815 0.815 0.815 0815 0815 0.815
Wz 0.103 0103 0103 0.103 0103 0.103 0103 0103 0103 0.103
] 0062 062 0062 0.082 0,082 0,062 0062 062 0062 0.082
Chizr 00242 | 00083 10798 D22 1.0068 10663 10704 0.0246 00633 12172
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Chapter 2-Table supplement 6: 254-344 intra-FRET

Parameters which are fitted are given in bold, linked parameters in jfafic. fixed parameters are plain text.

E'_I'TZ]""’“'"‘ 55 125 195 255 305 625 55 3065 7097 20001
DOnly oA70 TR RT] 0170 TR RT] o170 0170 0,170 TERT] 0170 0170
RIG.1) T1.000 | 71.900 | 71.500 71.900 71.900 | 71.600 71.900 | 71.900 71.900 71.900
RIG.Z) BZ500 | 62500 | 62500 | 62500 62500 | 62500 62500 | 62500 | 62500 | 62500
RIG.3) 100.00 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000
=T1] FZO00 | 52000 | 52000 52,000 52 000 £2.000 52,000 52 000 £2.000 E2000 |
b 0001 0.000 0.006 0.000 0218 1,566 0.000 0000 0.003 0,000
dt o117 017 017 017 017 0117 017 0117 0117 0117
g 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
KIG.1) T.000 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
KiG.2) 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
kiG.3) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
k2 Toa7 0667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
kappaz Toa7 0667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
1" GIVEY 0.031 0.031 0.031 0.031 0.031 0.051 0.031 0.031 0.031
2 0.0a7 0.037 0.037 0.037 0.037 0.037 0.0a7 0.037 0.037 0.037
b 592799 | 96896 | 99.763 100,000 | 100000 | S9.777 100,000 | B9.887 100000 | 99774
n0 40BZ2. | 411587 | 4132068 | 413888 | 400100 | 400002 | 412821 | 413071 | 4130868 | 414147
TO4 0o B8 56 26 18 48 80 08 20
] 0,360 0.380 0.380 0.380 0.380 0.380 0,360 0380 0.380 0.380
rep 70.000 | 20.000 | 20.000 70000 | 20.000 20,000 70000 | 20.000 | 20.000 20,000
s(G.1) 6.000 £.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
5[5.2) 6.000 £.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
S[G.3) B.000 B.000 6,000 B.000 B.000 B.000 B.000 B.000 B.000 B.000
= 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
start 0,000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Stop R T R R ] E0.001 =R R ] E0.001
] 4000 | 4.000 4.000 4.000 2.000 3.000 4.000 2.000 3.000 3.000
tBg 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
tDead B5.000 | 85.000 | 85.000 B5.000 | 85.000 85.000 B5.000 | 65000 | &5.000 85.000
] 4.300 4300 4,300 4300 4.500 3300 4300 4.300 4.500 4.300
Thieas 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
ts 0450 | 0458 | 0459 0459 0,459 0458 0459 -0.459 0459 0459
Win-size 17.000 | 17.000 | 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000
©[G.1) 0,646 0477 0515 0546 5] NET 0893 0802 0.642 0.555
x(G.2) 0,354 0.523 0.485 0.454 0378 0203 0.087 0.000 0.000 0.000
x(G.2) 0.000 | 0.000 0.000 0.000 0.000 0.000 0.020 0.198 0.358 0.445
] 1.000 7.000 7.000 7.000 1.000 1.000 1.000 1.000 7.000 7.000
Chizr T8 | 1.0531 12612 13306 13645 12082 11729 11244 12004 12087
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Chapter 2-Table supplement 7: 254-540 intra-FRET

Parameters which are fitted are given in bold, linked parameters in jfafic. fixed parameters are plain text.

E'_I'TZ]""’“'"‘ 55 125 195 255 305 625 55 3065 7097 20001
DOnly 0150 | 0.150 0150 0150 0.150 0.150 0150 0.150 0. 150 0150
RIG.1) E1.600 | 51.600 | 51.600 | 51.800 51.800 | 51.600 E1.800 | 51.800 | 61.800 | 51.600
RIG.Z) 31500 | 31500 | 31.500 | 31500 | 31.500 | 31500 31500 | 31.500 | 31.500 | 31.500
RIG.3) 100.00 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000
=T1] FZ.000 | 52000 52.000 52,000 52 000 £2.000 52,000 52 000 £2.000 E2000 |
bg 0.560 | 0682 o711 1.056 0.775 0287 0152 0873 0.818 1071
dt o117 | o7 017 017 017 0117 017 0117 0117 0117
g 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
KIG.1) o000 | 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
KiG.2) 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
kiG.3) 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
k2 Toar | 0.667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
kappaz Toar | 0.667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
1" DoE1 | 0.3 0.031 0.031 0.031 0.031 0.051 0.031 0.031 0.031
2 0.OE7 | 0.037 0.037 0.037 0.037 0.037 0.0a7 0.037 0.037 0.037
b 1462 | 99996 59050 1521 95 5592 59 880 35796 79,950 98279 100,000
n0 37680, | 42110.0 | 414510 | 423440 | 417658 | 415450 | 417521 | 420232 | 418300 | 400408
430 81 87 31 oz 73 B0 41 oo 368
] 0360 | 0.380 0.380 0.380 0.380 0.380 0,360 0380 0.380 0.380
rep 70.000 | 20.000 70,000 70000 | 20.000 20,000 70000 | 20.000 | 20.000 20,000
s(G.1) 6.000 | 6.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
5[5.2) 6.000 | 6.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
S[G.3) B.ODD | 6.000 6,000 B.000 B.000 B.000 B.000 B.000 B.000 B.000
= 0000 | C.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
start 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
stop BO.O01 | 50081 50,001 RE.oo 50091 50.001 5O.001 5o.a01 50,001 50.001
] 4000 | 4000 4.000 4.000 2.000 3.000 4.000 2.000 3.000 3.000
tBg 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
tDead BE.O00 | 85.000 85.000 B5.000 | 85.000 85.000 B5.000 | 65000 | &5.000 85.000
] 4000 | 4000 4,000 4000 2.000 3200 4200 4.200 4.200 4.200
Thieas 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
ts D025 | 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025 0.025
Win-size 17.000 | 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000
©(G.1) 0568 | 0.447 0.445 0422 0396 [T 0,333 0240 0,148 0102
x(G.2) 0363 | 0.457 0.434 0.442 0.436 0.401 0394 0348 0.339 0311
x(G.2) 0063 | 0096 EFI] 0.135 0168 0207 0273 0412 0513 0,586
] 1000 | 7.000 7.000 7.000 1.000 1.000 1.000 1.000 7.000 7.000
Chizr 10638 | 1.1709 12223 11625 13257 12676 08531 10100 1.0623 13662
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Chapter 2-Table supplement 8: 344-525 intra-FRET

Parameters which are fitted are given in bold, linked parameters in jfafic. fixed parameters are plain text.

E'_I'TZ]""’“'"‘ 55 125 195 255 305 625 55 3065 7097 20001
DOnly 0.000 | 0.000 0.000 0.000 0.000 0,000 0.000 0000 0.000 0,000
RIG.1) 76,500 | 26.500 26. 500 26.500 76,500 26,500 26. 500 76,500 26,500 26.500
RIG.Z) 45000 | 45900 | 45900 | 45900 | 45900 | 45.000 45500 | 45900 | 45500 | 45900
RIG.3) 100.00 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000
=T1] FZ.000 | 52000 52.000 52,000 52 000 £2.000 52,000 52 000 £2.000 E2000 |
bg 0.000 | 0.000 0239 0143 0000 0,000 0482 0000 0,435 0,040
dt o117 | o7 017 017 017 0117 017 0117 0117 0117
g 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
KIG.1) o000 | 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
KiG.2) 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
kiG.3) 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
k2 Toar | 0.667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
kappaz Toar | 0.667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
1" DoE1 | 0.3 0.031 0.031 0.031 0.031 0.051 0.031 0.031 0.031
2 0.OE7 | 0.037 0.037 0.037 0.037 0.037 0.0a7 0.037 0.037 0.037
) 100.00 | 100.000 | 1.000 1.000 35148 100.000 | 100.000 | 100.000 | 100.000 | 100.000
n0 31544, | 380207 | 363127 | 345002 | 361282 | 327916 | 380741 | 357832 | 335620 | 335773
284 a7 g5 11 84 &7 74 o1 40 42
] 0360 | 0.380 0.380 0.380 0.380 0.380 0,360 0380 0.380 0.380
rep 70.000 | 20.000 70,000 70000 | 20.000 20,000 70000 | 20.000 | 20.000 20,000
s(G.1) 6.000 | 6.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
5[5.2) 6.000 | 6.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
S[G.3) B.ODD | 6.000 6,000 B.000 B.000 B.000 B.000 B.000 B.000 B.000
= 0000 | C.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
start 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
stop BO.O01 | 50081 50,001 RE.oo 50091 50.001 5O.001 5o.a01 50,001 50.001
] 4000 | 4000 4.000 4.000 2.000 3.000 4.000 2.000 3.000 3.000
tBg 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
tDead BE.O00 | 85.000 85.000 B5.000 | 85.000 85.000 B5.000 | 65000 | &5.000 85.000
] 3700 | 4760 3,750 3750 3750 3060 4080 4.080 4.080 4.080
Thieas 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
ts 0533 | 0.533 0533 0533 0,533 10533 0533 -0.533 0,533 0.533
Win-size 17.000 | 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000
©[G.1) 0478 | 0576 0531 0,501 0.509 0411 0477 0.400 0.356 0.337
x(G.2) 0495 | 0.357 0342 0314 0282 0239 0.156 0.077 0.032 0.040
5.3 0027 | 0.067 (EFi 0.185 0208 0,350 0,367 0522 0612 0624
] 1000 | 7.000 7.000 7.000 1.000 1.000 1.000 1.000 7.000 7.000
Chizr 10542 | 0.0248 0.8500 12003 13341 1.1238 13417 11760 12530 D.oa17
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Chapter 2-Table supplement 9: 344-540 intra-FRET

Parameters which are fitted are given in bold, linked parameters in jfafic. fixed parameters are plain text.

E'_I'TZ]""’“'"‘ 55 125 195 255 305 625 55 3065 7097 20001
DOnly o017 | o041 0.053 0.000 0.000 0100 0.000 0000 0.000 0,000
RIG.1) 42200 | 42200 | 42200 | 42200 | 42200 | 42200 42700 | 42200 | 42200 | 42200
RIG.Z) E7.000 | 57.900 | 57.900 | 57.900 57.900 | 57.600 57900 | 57.900 | 57.900 | 57.900
RIG.3) 100.00 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000 | 100.000
=T1] FZ.000 | 52000 52.000 52,000 52 000 £2.000 52,000 52 000 £2.000 E2000 |
bg OGr7 | 0717 0484 1.000 0.4B7 0,000 0787 0517 1104 0,626
dt o117 | o7 017 017 017 0117 017 0117 0117 0117
g 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
KIG.1) o000 | 0.000 0,000 0.000 0.000 0.000 0,000 0.000 0.000 0.000
KiG.2) 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
kiG.3) 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
k2 Toar | 0.667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
kappaz Toar | 0.667 o667 0667 o667 D.ear o667 T.667 0.667 D.ear
1" DoE1 | 0.3 0.031 0.031 0.031 0.031 0.051 0.031 0.031 0.031
2 0.OE7 | 0.037 0.037 0.037 0.037 0.037 0.0a7 0.037 0.037 0.037
) 99995 | 100.000 | 1.000 59999 1.000 16.620 100,000 | 100.000 | 100.000 | 100.000
n0 27510, | 23070.0 | 226354 | 230201 | 225302 | 231122 | 227952 | 227882 | 223500 | 225570
D44 33 02 22 18 80 11 40 47 32
] 0360 | 0.380 0.380 0.380 0.380 0.380 0,360 0380 0.380 0.380
rep 70.000 | 20.000 70,000 70000 | 20.000 20,000 70000 | 20.000 | 20.000 20,000
s(G.1) 6.000 | 6.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
5[5.2) 6.000 | 6.000 6.000 £.000 6.000 .000 6.000 6.000 £.000 £.000
S[G.3) B.ODD | 6.000 6,000 B.000 B.000 B.000 B.000 B.000 B.000 B.000
= 0000 | C.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
start 0000 | 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
stop BO.O01 | 50081 50,001 RE.oo 50091 50.001 5O.001 5o.a01 50,001 50.001
] 4000 | 4000 4.000 4.000 2.000 3.000 4.000 2.000 3.000 3.000
tBg 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
tDead BE.O00 | 85.000 85.000 B5.000 | 85.000 85.000 B5.000 | 65000 | &5.000 85.000
] 3000 | 2.900 3.900 3.900 3.900 3200 4200 4.200 4.200 4.200
Thieas 1000 | 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
ts 0008 | 0008 0,009 0008 0.009 10.009 0.009 ~0.009 0.009 0,009
Win-size 17.000 | 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000 17.000
©(G.1) 0256 | 0284 0267 0261 0232 0270 0198 0137 0,070 0.076
x(G.2) 0738 | 0713 0677 0.584 0571 0515 0.395 0187 0117 0.066
5.3 0,006 | 0.003 0.056 0.156 EE] 0215 0.407 0676 0,813 0,859
] 1000 | 7.000 7.000 7.000 1.000 1.000 1.000 1.000 7.000 7.000
Chizr 10408 | 0.9007 0.6040 12031 12580 11727 12266 | 0.6428 | 0.0345 0.047
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Chapter 2-Table supplement 10: Exemplary fits 1-exp, 2-exp, 344-525 intra-
FRET

Parameters which are fitted are given in bold, linked parameters in jfafic. fixed parameters are plain text.

Time-point, O ms, [ 1895 ms, | 855 ms, | 20 s, 1- | Timepoint, | O ms, 2- | 185 ms, | 855 ms, | 20 s 2-
exp 1-exp T-exp 1-exp exp exp exp Zexp Zexp exp
DOnly 0.000 | 0.000 0.000 0.000 DOnly 0.000 0.000 0.000 0.000
R(G.1) A7 828 | 54741 73112 102805 | RIG.1) 26500 26500 | 77737 | 120.000
. - . - N RIG.2) 49 690 59224 | 26500 | 22000
=T1] E2000 | 52000 £2.000 52.000 =T1] 52.000 EZ000 | 52000 | 52000
bg 0200 | 0200 0.200 1.000 bg 0.200 0.200 0.200 1.000
dt 0117 | 0117 0117 0117 dt 0117 0117 0117 0117
a 1000 | 1.000 1.000 1.000 a 1.000 1.000 1.000 1.000
kiG.1) 0.000 | 0.000 0.000 0.000 kiG.1) 0.000 0.000 0.000 0.000
. - . - - kiG.2) 0.000 0.000 0.000 0.000
k2 D667 | D.667 D.667 0667 k2 0667 D.667 D.667 0667
kappaz D667 | D.667 D.667 0667 kappaZ 0667 D.667 D.667 0667
1 0031 | 0031 0.031 0031 1 0031 0.031 0.031 0031
[F] 0.037 | 0.037 0.037 0,037 [F] 0,037 0.037 0.037 0.0E7
b Z000 | 2000 Z.000 2000 b 2000 Z.000 Z.000 Z.000
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Abstract

Murine Guanylate Binding Proteins (mGBPs) localize in vesicle-like structures (VLS) and at
the parasitophorous vacuole membrane (PVM) after infection with parasites, where
especially mGBP2 and mGBF7 are assumed to promote parasite membrane disruption.
mGBP7 colocalizes with several mGBPs, but it is unclear with which mGBPs it physically
interacts. Furthermore, it is elusive which rules apply for dimerization and for intrinsic phase
transition into VLS. We characterized MEF mGBP7™" cells stably transduced with eGFP-
mGBPY and mCherry-mGBP1, -2, -3, -5, -6, -7, identifying mGBP32 and mGBP7 as
interacting and mGBP1, -2, -5, -6 as non-interacting partners. We chose mGBP2 and
mGBP3 as prototypic partners for further characterization by MFIS-FRET, FRAFP, SIM and
confocal microscopy. We determined specific high affinity interactions and oligomenzation,
finding homo-interactions as favored over hetero-interactions. While mGBPY and mGBFP3
colocalized in a mixed and mobile protein phase, mGBPY and mGBP2 never colocalized, but
were present at phase boundaries. We conclude that cytoplasmic dimenzation via the LG
domain is a necessary condition for further oligomerization. The low C-terminal helix of

mGBP7Y might act as an anchor to recruit and onent the protein into the VLS protein phase.
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1. Introduction

Guanylate binding proteins are a family of interferon (INF) inducible 65-73 kDa GTPases,
which are strongly upregulated after INF stimulation [1]. They exhibit protective functions
against several pathogens and play important roles in the cell autonomous defense [2].
Usually, mGBFs are studied in the context of immunity to intracellular pathogens, such as C.
trachomatis or T. gondii [3-5]. In an earlier study [6], we used a Multiparameter Fluorescence
Image Spectroscopy-FRET (MFIS-FRET) approach to show homo-interactions of mGBP2
and hetero-interactions with mGBP1 and mGBF3 by forming supramolecular cytoplasmic
complexes which directly attack T. gondii after infection. In the infected host cell, T. gondi
has two membranes: The outer layer PVYM (parasitophorous vacuole membrane) from the
host cell and the inner layer pPM (parasite plasma membrane). The PVYM serves as interface
and modulation platform [7] and is the first target of mGBPs and other proteins of the host
immune defense [8]. The pPM is exposed after PVYM disruption and has been shown to be
attacked by mGBP2 [9]. The exact molecular mechanism underlying the disintegration of the
PVM remains elusive [8]. To increase membrane affinity, the C-termini of mGBP1, mGBP2
and mGBPS can undergo posttranslational prenylation [10]. Intriguingly, loss of the
prenylation motif prevents assembly of mGBP2 to the PVM [3]. mGBP3, mGBP4, mGBPE,
mGBP7, mGBPY9 and mGBP10 do not have a CAAX prenylation motif [11]. However,
comparative models and simulations suggest that the C-terminal tail of mGBP7Y might act as
a lipid anchor by adopting an a-helical/coil-coil conformation as well [12]. Furthermore,
deletion of the C-terminal sequence prevented formation of VLS and efficient assembly at the
PVM.

In addition to the differences in posttranslational modifications, mGBP homologs also show
differences at sequence level [11, 13]. mGBPT shares a high sequence homology with
mGBP3 (identity 73%, similarity 87%), but much less with mGBP2 and hGBP1 as shown in
[12]. Phylogenetic analysis indicated, that mGBP7 and mGBP3 are much closer to each
other than to mGBP2 [14]. Until now, only comparative models for mGBPT are available [12]
based on the hGBP1 crystal structure [15] as well as structure predictions from the deep
mind network AlphaFold2, that is now available on the AlphaFold protein structure database
[16].

All GBPs are composed of three sub-domains, the N-terminal LG-domain, middle and a C-
terminal a12/13 domain. By mapping the protein dynamics with sm-FRET, we identified two
distinct sub-domains playing a key role of free energy minimization and in the initiation of
oligomerization (=GBP polymerization) [17]: While the first contact is made via the LG-
domain and thereby initiating the dimer formation, the C-terminal a12/13 interaction is

stabilizing the protein conformation in its oligomer phase. The hGBP1 protein undergoes a
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GTP-triggered conformational change [17] from a compact (monomer) to an extended
“pocketknife” (oligomer) state [18, 19]. Moreover, oligomerization, which triggers formation of
highly concentrated vesicle-like structures (VLS), is already extensively characterized for
mGBP2 in MEF cells [6].

The formation of such highly concentrated protein phases is controlled by external
parameters (temperature, pH, concentration, pressure, post-translational modifications) and
is known as phase fransition. Each phase is characterized by distinct macroscopic
properties, such as intrinsic concentration, pressure and composition. Minimization of the
Gibbs-free energy, promotes molecular polymerization to regular or amorphous structures
(aggregates) [20]. While phase transitions are mainly linked to IDPs such as Nucleoli [21],
ribosomes [22], Cajal- and P-bodies [23], as well as centrosomes [24] and proteasomes [25],
highly ordered proteins are also capable of fast state reversibility [17, 26] and can assemble
into concentrated protein phases such as microtubuli [27], actin [28] and hGBP1 [29].

As the mGBPY interaction network with other mGBPs is largely unknown, we want to
understand the underlying interaction organization principles leading to the fundamental
guestions: Which rules apply during dimerization and intrinsic phase transition? Which
mGEBP members interact directly with mGBF7 in cytoplasm, VLS and at the PYM? What are
the specific compartment-wise differences (protein phases, localization and sub-structural

arrangement, affinity and mobility) between interacting and non-interacting mGBF members?

To answer these questions, we combined 5IM and confocal fluorescence imaging
spectroscopy in live cells to determine compartment specific prerequisites for mGBP7

interaction with other mGBP species. We studied:

(1) oligomerization properties and interaction affinities by MFIS-FRET measurements
in cytoplasm, VLS and at the PVYM after T. gondii invasion,

(ir) diffusion dependent recovery of mGBP species of VLS after FRAP,

(i) (co-)localization and distribution within the different cellular compartments by SIM
(structured illumination microscopy) and

(iv) protein species dependent complex assembly by using scatterplot analysis and a

cellular back mapping approach.
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2. Results
mGBP7 interacts with itself and mGBP3, but not with other mGBP members in VLS
and at the PVM.

In our initial FRET-based study, we studied the interactions of mGBP7 with other mGBPs.
We took advantage from strong and heterogeneous inter- and intra-cellular expression levels
of the target proteins in uninfected and infected cells, since our interaction studies and
analysis of protein phases required a wide range of concentrations (Figure 1). In addition to
a colocalization study (that reports on relationship between the analyzed proteins), our
FRET-based approach is able to resolve direct interactions on a molecular level. Still,
colocalization is a necessary condition for any FRET expernment in cells. Consequently, we
match our findings to already published colocalization data. The data obtained from the
colocalization study [30] agree very well to our interaction analysis (Figure 1-table
supplement 1). The interaction of mGBP7T with mGBPs in our FRET-based experiments is
defined by changes in the fluorescence-weighted lifetime of the donor eGFP-mGBP7, {tp)s,
in cytoplasm (CP), in vesicle-like structures (VLS) and at the parasitophorous vacuole
membrane (PVM), caused by the close spatial distance to the mCherry-tagged mGBPs [6].
In this study, we used our established Multiparameter Fluorescence Image Spectroscopy
FRET (MFIS-FRET) for a comprehensive analysis of live cell FRET data free of anisotropy
artifacts [31, 32]. MFIS-FRET is supernior to traditional FLIM (Fluorescence Lifetime Imaging
Microscopy) by multiparameter detection, high spatial resolution and photon boost by noise-
reduction through selective pixel averaging. An analogous workflow was established earlier
for mGBP2 [6], where we likewise characterized the FRET properties compartment—wise.
The fluorophores, genetically encoded fluorescent proteins eGFP and mCherry, were fused
to the N-terminus of mGBPs in live cells. Both eGFP and mCherry are commonly used as a
FRET pair with a Forster radius of Ry = 52 A [33]. eGFP serves as the donor molecule and
mCherry as the comesponding acceptor. As depicted in Figure 1, we observed a highly
significant (p < .0001) decrease in {tgp) of mGBP7 in the VLS and at the PVYM when co-
expressed with itself or mGBP3. We also observed a highly significant (p < .0001) decrease
in {tp)¢ In the CP of mGBP7 when co-expressed with itself (mCh-mGBP7). All other
combinations yielded no detectable decrease in {1;); In any compartment (for details see

Figure 1-table supplement 2).
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Figure 1: Lifetime based FRET study of eGFP-mGBP7Y with mCh-mGBP members. Donor-only
(eGFP-mGBPT only, grey boxes) showed fluorescence weighted averaged lifetimes between 2.3 to
2.5 ns in respect to the designated subcellular compartments (CP green, VLS red, PVM blue). mGBPT
combined with mGBP1, mGBP2, mGBP3 (CP), mGBP5 and mGBP6 overiaps with the donor-only
boxes. mGBP7 combined with itself and mGBP3 (VLS, PVM) differs from donor-only boxes with high
significance. The colocalization data [30] is presented qualitatively, with ++ representing very strong,
+~ moderate to low and - negligible colocalization. See Figure 1-table supplement 1 for full
information. Significance was determined with two-tailed {-tesf. Null-hypothesis tested: Data of donor-
acceptor combination is different from corresponding donor-only data. Significance level *™* = p <
0001 Due to the environmental sensitivity of the eGFP fluorescence lifetime and heterogeneous
expression levels, accuracy is limited. Deviations are possible and naturally occurring. Therefore, we
only show experiments with highest significance level. Refer to Figure 1-table supplement 2 for all p
values of the dafaset.

In the following, we chose two prototypic models for non-interacting and interacting mGBPs
to study the molecular basis for interaction and assembly in VLS and at the PVM intensively:
mGBP2-mGBFP7 was chosen as a non-interacting mGBP pair, while mGBP3-mGBP7 was

chosen as the interacting one. We subsequently used these combinations for

(i) SE microscopy and scatterplot analysis to map compartment-wise differences
between the mGBPs in uninfected and infected cells (Figure 2-3),

(ir) a FRET-based study to determine the interaction and oligomenrization affinity
(Figure 4)
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mGBP3 and mGBP7 colocalize in vesicle-like structures, but mGBP7 and mGBP2 do

not colocalize and remain separated at phase boundaries.

We analyzed images from confocal microscopy of the two prototypic models and created
scatterplots. We identified populations within the scatterplot based on signal intensities and
mapped them back to their cellular ongin by using the freely available Fiji plugin ScatterJ
[34]. This is advantageous, as the usual standard analysis based on Pearson correlation
coefficients (PCC) averages over subpopulations and important details get lost. We first
performed a conventional colocalization analysis by comparing PCC values (0.19+0.16 for
mGBP7 and mGBP2; 0.61+0.24 for mGBPY and mGBP3) with already published [30] PCC
values, as shown in Figure 2-figure supplement 2 and Figure 2-table supplement 1. The
PCC values were very similar. On top to the conventional analysis, we used the scatterplot
approach to highlight the importance of cellular resolution in two prototypic mGBP-systems
by identifying (i) VLS heterogeneities, (ii) pattern changes in infected cells (PVYM vs VLS due
to changes in the green-to-red intensity ratio between the mGBPs) and (iil) a unique
population in non-interacting mGBPs. In the following, we explain these findings: In Figure
2A and 2B, we performed scatterplot analysis and cellular back mapping in uninfected and
infected cells (with T. gondii). The comesponding scatterplots (Figure 2C) show the
fluorescence intensity of the eGFP and mCherry channel. We identified three distinct VLS
groups in the mGBP2-mGBP7 scatterplot (Figure 2C, uninfected). First, mGBP2 and
mGEBP7 never colocalize. mGBP2 alone (red subpopulation) mainly localized at the border of
a large VLS with mGBPY mostly unmixed in the center {orange subpopulation). Additionally,
mGBP7 formed small VLS (green population), which fuse with the larger red-orange
particles. The situation at the PVM is more complex, as displayed by the scatterplot
populations. Especially the orange population distributed over a wide intensity range. The
heterogeneous distribution of this particular population (orange) is -at least partly- caused by
the axial and lateral resolution limit of confocal microscopy to clearly resolve non-colocalizing
fractions of proteins in VLS (particles smaller than approx. 200 nm in diameter, see Figure
JA). Scatterplot analysis of mGBPY and mGBP23 indicates a high degree of overlap (orange
population) and a small mGBP7-only (green) population (Figure 2C, uninfected). A
population representing mGBP3 alone was not detectable. Evidently, the green populations
assemble and merge with the orange (double positive) populations (Figure 2B). In cells
infected with T. gondii, the scatterplot analysis indicates a more heterogeneous population of
mGBP7-mGBP3 VLS (orange) with a clear change of the scatterplot slope, thus altering the
intensity ratio between VLS5 and PVM (blue). Consequently, both populations are
distinguishable (Figure 2B/C, infected). Overall, different degrees of colocalization of both

proteins were clearly distinguishable.
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Figure 2: Detailed colocalization analysis of mGBP7 with mGBP3 and mGBP2. A. Confocal
images used in scatterplot analysis. Compartments and cell shape are highlighted in the merged
image. B. Cellular back mapping approach of selected scatterpiot populations. Top section: Back
mapping of the mGBP2 and mGBP7 populations. The zoom in shows the heterogeneous VLS:
Yellow, mixed species in the middle of a condensate, free mMGBP2 (red) at the condensate rim and
small VLS, and free mGBP7 (green) in small separate VLS of mGBPY. In infected cells, VLS
behave similar while the PVM appears heterogeneous, partially mixed or single-species (mMGBP2)
with no clear pattern. Bottom section: Localization of the colocalizing population containing
mGBP7 and mGBP3 (orange), as well as a mGBP7 only fraction (green) within the measured
MEF cell. The zoom-in shows how the green populations assemble the orange population.
Aithough mGBP7 and mGBP3 assemble homogeneously in infected cells, a difference in
stoichiometry is already visible at the PVM (blue) compared to the VLS (orange). €. mGBPT and
mGBP2 show separate green and red populations. A third population with constant high mGBP2
intensity and increasing mGBP7 intensity (yellow) was identified. In infected cells, VLS and PVM
follow this trend but are far more heterogeneous in the mixed population (orange). mGBP7 and
mGBP3 show a high degree of colocalization (orange population) and only little amount of free
mGBP7 (green). Situation in T. gondii reproducibly changes from one info two intensity ratio
populations, forming distinct slopes, which we clearly assigned to either VLS (orange) or PVM
(blue)
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mGBP3 and mGBP7 form sub-structured mixed VLS, whereas mGBP2 and mGBP7
assemble in spatially separated VLS

To improve resolution of the mGBP7 containing condensates and verify the hypothesis that
heterogeneity occurs within the protein phases, we imaged fixed MEF cells by Structure
lllumination Microscopy (5IM) along with a concurrent confocal particle analysis. Our findings
suggest the presence of heterogeneous sub-structures in very small VLS and larger
structures. As suggested from the images (Figure 2-figure supplement 1), a particle size
analysis shown in Figure 3-table supplement 1 indicates differences in particle size and
number: mGBP7 in a homo phase and non-interacting environment (as with mCh-mGBF2)
formed very small particles of 0.13 + 0.34 pmZ. Interestingly, mGBP7-mGBP3 particles have
average particle sizes up to 0.37 + 0.61 pm?, three times larger than in mGBP7 cells without
mGEBP3. In contrast, mGBP2 was extremely vanable in size and form, reaching an average
particle size of more than tenfold (1.78 + 6.61 ym?). The differences in distribution of eGFP-
mGBP7 VLS and mCh-mGBP2 VLS in MEF mGBP7* cells (n = 9) is described in a
histogram and highlighted by the cumulative probability mass function Px; as shown in
Figure 3A. Using the 2o cnterion of size distribution, we identified a size threshold at approx.
4.5 pm? (5%), from where we start to term the VLS as large particles. VLS of eGFP-mGBP7
and mCh-mGBP2 are distinctively different in size with eGFP-mGBPT forming the smaller
VLS, as visible in the cumulative probability mass function Px; and shown in Figure 3-table
supplement 1. Concurrently, the number of small eGFP-mGBFP7 VLS near the diffraction
limit is higher than for mCh-mGBP2 VLS, which follow a broader distribution towards larger
VLS.

Of note, visual inspection and cell counting of MEF mGBP7 cells (n = 500) with eGFP-
mGBP7 and mCh-mGBP2 + INFy indicated that at least in 65% cells (n = 325) particles with
a length of>5 pym and clearly separated mCh and eGFP species can be found.
Representative eGFP-mGBP7 and mCh-mGBP2 particles are shown in Figure 3B. We
cannot rule out very small mGBP7 VLS (<1 pm) within the designated single-positive
mGBP2 VLS (n = 155), as the scatterplot analysis (Figure 2B, infected) already suggested
the presence of VLS smaller than 1 pm consisting of both non-interacting mGBPs. Thus, the
real number of mGBP2-mGBP7Y particles is higher. As these particles are extremely large
and not necessarily globular, we differentiate between the small particles = VLS and the
larger ones with clearly separated mGBPs, that we demark in the following “large particles”.
The heterogeneity occurs due to cell-to-cell vanations in protein expression and differences
in the respective stoichiometry. In Figure 3B, we show a representative confocal imaging
gallery of eGFP-mGBPY and mCh-mGBF2 double positive VLS. Different degrees of co-

localization of both proteins were clearly distinguishable. The VLS could be resolved by
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confocal microscopy at high resolution if large optical zoom (according to the Nyquist
criterion) and very low power (nW) were used. The largest VLS (Figure 3C, white box) were
selected for magnification in both combinations. As observed before with confocal
microscopy and scatterplot analysis, a clear separation between mGBP7 and mGBP2 was
confirmed in Figure 3C. Small VLS were visible which fused into the existing perinuclear,
larger VLS with mGBP2 encompassing mGBF7 for unknown reasons. Compared to confocal
imaging (Figure 3B), we were now able to resolve sub-structures in the mGBF7 phase
(Figure 3C). Furthermore, the VLS can be distinguished into mGBP2-poor phases and into
mGBP2-dense phases. The interior mGBP2-poor phase was charactenized by the presence
of a heterogeneously sub-structured mGBP7 phase. However, the mGBP2-dense phase was
always free of mGBP7 protein. Also shown in Figure 3D, mGBP7 and mGBP3 particles were
nearly always colocalized, but with fluctuating green to red ratios indicating a vanable
mGBP7/mGBP3 stoichiometry. This trend was already observed in cellular back mapping
(Figure 2) and fits reasonably well to the heterogeneity observed in FRAP recovery and

dynamics, as detailed below.
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MEF mGBP7* eGFP-mGBP7/mCh-mGBP2 and eGFP-mGBEP7/mCh-mGBP3 cells

A. Particle size distribution B. Confocal: Large eGFP-mGBPT/
mCh-mGBP2 particles
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C. SIM: eGFP-mGBP7/mCh-mGBP2
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Figure 3: SIM reveals different degrees of heterogeneity in mGBP7 containing condensates.
A. Distribution of VLS size characterized by area of parficles in the confocal plane {n = 9 celis).
Highest freqguency of VLS is found af the confocal resolution limit (here: 207 nm). eGFP-mGBPT
VLS are smaller than mCh-mGBP2. Cumulative probability mass function P(x;) reveals the main
fraction (95%) of VLS as smaller than 4.5 umZ2. VLS larger >4.5 um? are termed farge particles’. B.
Representative gallery of eGFP-mGBP7/mCh-mGBP2 particles. The vertical scale bar is 20 pm, the
horizontal scale bar is 10 ym €. eGFP-mGBP7 (green) in presence of mCh-mGBP2 (red.) Left
image shows two representative cells with predominantly perinuclear eGFP-mGBP7 (green) and
mCh-mGBP?2 (red) positive large particles of different areas >10 pm? as well as mGBP2 or mGBE7
homo-VLS. For orientation, the nuclei and membranes were indicated in grey. Right image (1) is a
zoom of this giant VLS. A grid size of 34 pm for GFP and 42 um for mCherry was used, rotating 5
times. D. eGFP-mGBP7 (green) in presence of mCh-mGBP3 (red). Left image: Both protein species
are co-localized, but a perinuclear, large VLS (white box, zoom 2) clearly shows sub structure (right
image). For orientation, the cell nucleus was outlined.
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Formation of high affinity mGBP7 homo-oligomers and medium affinity hetero-

oligomers.

Our previous analysis clearly indicated a significant colocalization of mGBP7 and mGBP3.
Therefore, we use the established MFIS-FRET technique to measure and analyze the
oligomerization properties dependent on cellular heterogeneity (concentration effects) under

live-cell conditions. In detail, we determined:

(i) the fraction of FRET-active molecules, xrrer, judged by comparison of time-
resolved, FRET-induced donor quenching, ep(t),

(ir) FRET-based affinities by the concentration-dependence of xmer. Here, we use
the observed intra- and inter-cell expression vanability of the respective mGBPs
to determine concentrations from measured fluorescence intensities under
calibrated conditions.

(i) krrer to estimate and compare differences in oligomenzation between the

compartments.

As observed before, eGFP-mGBPY protein in absence or presence of its acceptors mCh-
mGEBPs exists in the cytoplasm in differently concentrated assemblies (Figure 1). The FRET
properties of the system were also visualized directly by time-resolved, FRET-induced donor
guenching, ep(t) [35], [17]. It directly resolves the fraction of FRET-inactive species
(¥mMoFreT=T-XDA) 2s constant offset. Figure 4A displays different e, (t) curves of eGFP-mGBFPT
in absence or presence of mMCh-mGBP2, mCh-mGBP3 and mCh-mGBP7 in CP (green), VLS
(red) and PVM (blue). Accordingly, the fraction of FRET-active mGBPT molecules, xrrer,
increases concentration-dependent, from CP to VLS and PVM. Consistent with the results in
Figure 1, almost no cytoplasmic hetero-FRET was observed for mGBF7 in presence of the
acceptors, mGBP3 and mGBP2. No changes in xmrer were detected in VLS and only minor
changes (concentration effect) at the PVYM in mGBP7/mGBP2 cells. For the acceptor
mGBP3, increasing xgrer was detected in a concentration-dependent manner in VLS and
PVM.

The distinct protein concentration and fraction of FRET-active molecules can be used to
estimate FRET-based affinities (Figure 4B). For determination of Kp, we fit the relation
between xrrer and the acceptor concentration. The observed variation in data is caused by
the heterogeneous properties of mCherry in cells. The apparent Ky indicates that affinity
between the same molecules, namely mGBFP7, is much higher and therefore preferred over
interaction with other molecules, in this case mGBP3 (weaker affinity). We never observed
affinity of mGBPT towards mGBF2Z. The FRET rate constant, kerer is utilized as an additional
measure to compare the increasing amount of FRET upon oligomenzation due to the rising

acceptor concentration (Figure 4C).
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Cytoplasmic mGBPT in presence of mGBP3 shows the lowest kerer and twofold increase in
VLS and at the PVYM. The FRET rate is higher for homo-interaction of mGBP7 and is
comparable to mGBP2 from our previous study [6]. Therefore, we suggest that mGBP7

forms dimers and higher-order oligomers similar to mGBP2.

A. eGFF-mGEFT

+mCh-mGBPF2 +mCh-mGBF3 + mCh-mGBPT

T T e Emo 24680 2468w
B- microtime [ns] microtime [ns] microtime [ns]
0.8{ Kp=550 pM Kp~2.2550.3 pM{ Kp~0.720.1 pM
= 0B

E . F s
oz LY LT -..0
00 I'M"_'. ]

01 1 10 f0004 1 10 1001 1 40 100
CmCh-mGeF FM]

C. eGFP-mGEP7 eGFP-mGEBF2

+ mCh-mGBP3 + mCh-mGBPT + mCh-mGBF2

B, i i 7

CP VLS PVYM CP VLS PYM CF VLS PVM

Figure 4: FRET-based analysis on mGBP7 oligomerization and affinity. A. The slope and
saturation of the curve of the FRET-induced donor quenching ep(f) displays the ratio of the two
fluorescence decays fpa (IMfo(t) of eGFP-mGBPT (D) in presence of the acceptors (A) in CP (green, 4
UM protein), VLS (red, 20 uM protein) and at the PVM (blue, 100 uM protein) in a concentration-
dependent manner. B. FRET-based affinity of eGFP-mGBP7 was determined by plotting the acceptor
concentration versus Xgrer. Kp were calculated to be in the lower pM range. The affinity was highest
for mGBP7 self-interaction (Kp~0.7, n=84, X2 =0.00644), weaker for mGBP3 hetero-interaction
(Ko~2.25, n=65, X2 =0.00436) and absent with mGBP2 (Kp~550 uM, n=80). C. kerer derived from
hetero-interaction of eGFP-mGBPT with mCh-mGBP3 are the lowest in average due to the lowest
affinity befween the species. Kerer derived for mGBPT self-interaction is comparable and slightly lower
than mGBP2 seff-interaction [6].
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mGBP7 VLS are dynamic but at low recovery rates.

While mGBPY and mGEP2 have the ability to localize at spatially separated phase
boundaries, mGBP7 and mGBP3 form hetero-oligomers within VLS. Scatterplot and cellular
back mapping already indicated minor heterogeneities between and inside VLS, suggesting
that VLS are composed of imegular structural elements. Therefore, we used FRAP
(fluorescence recovery after photobleaching) to analyze the dynamic behavior and
composition of mGBP7 containing VLS in different MEF mGBP7 cell lines with stably
transduced with eGFP-mGBPY in presence of mCh-mGBP2 or -mGBP3).

We performed FRAP measurements on VLS with an average size of approximately 3-7 ym
and recorded the fluorescence recovery within an observation window of 360 s. FRAP on
smaller VLS gave no reasonable results, due to fast movements of the observed particles.
Furthermore, we only showed the first 250 seconds of the recovery curves, as fluctuations
and noise increased. eGFP and mCherry were completely bleached (Figure SA), leading to
the background corrected recovery curves shown in Figure 5B. We were unable to observe
full recovery for either eGFP nor mCherry attached to the respective mGBP. Describing the
observed recovery curves by a two-component bi-exponential diffusion model consisting of
two recovery times and comesponding fractions (see eq. (1), material and methods and
Figure S-figure Supplement 1 for model selection), leads to observed values shown in
Figure 5C. While the recovery level can be used to make a statement about the fraction of
freely diffusing (mobile) molecules within the respective VLS, the recovery time quantifies the

velocity of mobile molecules.

Interestingly, FRAP properties determined for eGFP-mGBP7 were strongly dependent on the
compartment. While mGBPY and mGBP3 show similar recovery properties within the VLS,
we observed differences for mGBP7 and mGBP2 with respect to saturation level and
recovery time. eGFP-mGBPY in the presence of mGBP3 shows a faster recovery

((r1/2)Tem?”/3 = 63 + 9 s) and higher mobile fraction (38 + 8%) compared to eGFP-mGBP7 in

mEGBPT 2 _

presence of mGBP2 (18 + 2%, (7,/3) = 14 + 3 s). These findings may indicate that the

elzFP
observed recovery rates of mGBP7-containing VLS are due to heterogeneities within the
different structures in accordance with the interaction ability (little heterogeneity in double
positive mGBP7-mGBP3 VLS, stronger heterogeneity in mGBP7-mGBP2 VLS). Previously
observed sub-structures of mGBP7-mGBP2 VLS may work as a diffusion barrier for mGBP7.
The mGBPT phase is always encompassed by mGBP2, so that the recovery times are

significantly slower, leading to a lower mobile fraction.



Furthermore, local differences in cytoplasmic protein concentrations may also influence the
recovery in all cases. We also observed faster recovery in proximal regions and slower
recovery in the structure’s core (spatial diffusion heterogeneity), explaining the need to fit
data bi-exponentially and resulting in different recovery rates (Figure 5-figure supplement
2A/B). Mareover, we observed fusion, fluctuations and high mobility of VLS, which result in

broad heterogeneity of the observed recovery curves (see Figure 5-figure supplement 2A).
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Figure 5: Fluorescence recovery of fluorescently labeled mGBPs. A. Exemplary images of
mGBPY-mGBP3 (top row) and mGBP7-mGB2 (bottom row) af different times within the FRAP
experiment (t=0s, 9s and 6 min; scale bars 5 ym and 10 ym, respectively). The red arrows indicate the
bleached area (red circle at t = 0s). Corresponding time dependent recoveries [%] are shown in B. for
mGBP7-mGBP?2 (top), mGBP7-mGBP3 (middie). Recovery curves are fitted with a bi-exponential
model (mean eGFP recovery: dark green; mean mCherry recovery: red/purple dashed line with error
shown in green and red/purple, respectively) (eq. 1). The obtained mGBP7 recovery times and mobile
fractions are shown in C, allowing to identify two fypes of FRAP recovery in mGBP7 VLS. Individual
FRAP curves are shown in Figure 5-figure supplement 2.
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3. Discussion

mGBPs specifically assemble in dynamic and concentrated protein phases within the
VLS and at the PVM.

In this study, we analyzed mobility, (co-)localization and interaction affinities between
mGBPs with fluorescence spectroscopy and imaging based techniques in three MEF
mGBP7+ cell lines stably transduced with FP-fused mGBP7, mGBP3 and mGBP2. MFIS-
FRET measurements indicated a high affinity of mGBP7 with itself, a lower affinity with
mGEBP3 and no affinity towards mGBP2 (Figure 1). As a necessary condition for FRET,
confocal and SIM imaging (Figure 3) with subsequent scatterplot analysis and cellular back
mapping (Figure 2) indicated a high degree of colocalization between mGBP7T and mGBP3.
The colocalization was restricted to VLS and to the PVYM, while mGBP7 and mGBP2 never
directly colocalize and interact via FRET (Figure 4). Although the majorty of these VLS
consist of either mGBPT or mGBP2, both proteins were also found together at the boundary
of the two phases. In these condensates, mGBP2 always encompassed mGBPY and never
vice versa. This process is possibly driven by fusion of VLS and spontaneous unmixing of the
non-interacting proteins, creating the large spatially separated VLS shown in Figure 3A.
After infection, the degree of colocalization and resulting FRET based affinities between
mGBP7Y and the analyzed mGBPs at the PVYM appear more heterogeneous and slightly
weaker compared to the VLS. To assess whether the VLS are still dynamic or irreversibly
aggregated, we performed FRAFP experiments (Figure 5). We observed, that all mGBFP

species are mobile but to a different extend, even in very large VLS (3-7 pm).

Structural similarity between LG-domains, low complexity features and the C-terminal

region of mGBPs determine specific phase transitions into dynamic VLS.

Almost all human and murine Guanylate Binding Proteins (mGBPs) are reported to form
vesicle-like structures (VLS) [36]. While some GBFPs colocalize in the same VLS, others stay
clearly spatially separated (phase boundary). We attribute this to the structural similarity
between the GBPs. We used the mGBP7 homology model [12] for further analysis. As
shown exemplarily in Figure 6A, most members of the GBP family share the highest
sequence identity in their N-terminal, structured LG domain (Figure 6-figure supplement 1).
The degree of sequence similanty and key residues, especially in the LG, the presence of a
membrane anchor, C-terminal low complexity regions and their post-translational
modifications may influence the homo- and hetero-oligomerization and therefore the ability to
form VLS. Throughout our characterization, we observed frequent changes in size, shape
and number of VLS among the MEF mGBP7™ cell lines. Based on our experimental findings,

we propose a phase separation behavior for mGBPs in their cellular environment, which
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causes the mGBPs to transit from the solvated cytosolic dimeric form into a dense oligomeric

protein phase, ultimately assembling as VLS. This transition is dependent on

(i) the ability of mGBPs to dimerize via their LG domain and
(ir) biophysical properties such as hydrophobicity (largely determined by the C-
terminus) and electrostatic interactions, making it thermodynamically favored to

align the proteins in the same or spatially separated phase.

{i) Considering sequence similarity, we noticed a strong tendency of all mGBPs towards
homo-oligomerization. This observation is in accordance with studies with hGBPs [29, 37],
and mGBP2 [6]. Consequentially, a higher similarity in sequence would always comrelate with
higher interaction potential. This applies especially to the LG, were the first contact of the
dimer occurs. Evidently, the higher similarity (86.6%) of mGBPY with mGBP3 favors
colocalization but not between mGBP7 and mGBP2 (71.9%). Our FRET expenments
(Figures 1,4) further support this finding, revealing mGBP7 and mGBP2 as non-interacting.
For mGBP7 with mGBP3, FRET exclusively revealed the homo-dimerization via the LG
domain of mGBP7 as having the highest affinity, followed by hetero-dimenzation with
mGBP3. As already reported in literature [6, 38], mutational deletion of key residues in the
LG domain prevent dimerization. Intriguingly, inability to dimerize would also abolish the
ability of mGBP2 to assemble in VLS. Therefore, we conclude that LG-dimerization of GBPs
is a key step to form oligomers and VLS formation [29]. In an effort to explain the inability of
mGBP2 to interact with mGBP7, we compared the full interaction interfaces found in three
hGBP1 dimer crystal structures [39] (PDB: 2b92, 2bc9, 2bBw, see Figure 6-table
supplement 1) to the corresponding residues of all three mGBPs. While most of the contacts
appear well conserved over all homologues, we find a strong accumulation of dimeric polar
contacts impaired in the guanine cap due to substitutions of key residues (Figure 6B). The
guanine cap (GC) is a highly flexible region, which can undergo many smaller and large
conformational changes [40]. It has a relatively low homology compared to the rest of the LG
domain. Upon GTP binding, it changes from the open conformation into a closed
conformation and subsequently allows dimerization [41]. In hGBP1, the most important
residues for this process, R240 and R244, are responsible for roughly half of the AAG in the
dimerization process [42], maintaining crucial contact within the dimer interface during
nuclectide hydrolysis [29, 41]. R240 is conserved over hGBP1 and all three mGBPs in this
study. However, R244 is mutated to lysine (K244 in mGBP7) in mGBP7 and mGEP3, but not
in mGBP2. Crucially, at the -1 position of R244, mGBPY and mGBP3 both introduce an
additional aspartate (D242 in mGBP7) into the motif, effectively elongating the guanine cap
by one residue. (Figure 6D). Comparning the guanine cap crystal structure of nucleotide-
bound hGBP1 (PDB: 1f5n) to the mGBPT homology structure model [12], we found a distinct
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gap between the structures in the respective helix tum (Figure 6D). Therefore, the angle of
the K243 in mGBP7 is distorted against the R244 in hGBP1, deviating from the original
topology. Intriguingly, the shorter ‘gap-R/X' type found in hGBP1 and mGBP2 seems to be a
typical motif for prenylated GBPs (hWmGBP1, mGBP2 and, to a lesser extent, YmGBP%)
[11, 39]. The +1 longer ‘DK’ cap found in mGBP7 and mGBP3 typically exists in GBPs
without CAAX-motif (mGBP3, hGBP4, mGBP6, mGBP7, mGBP10) [11, 39]. Since a weak
interaction between mGBP2 and mGBP3 was reported earlier [6], a lower affinity interaction
must still be possible and the cap motif and length does not appear as fully deterministic for
the interaction. Still, it might play a fundamental role as one key structural element to mediate
not only homo- but especially hetero-dimerization within the same type/motif, explaining a
part of the difference we see in LG hetero-interaction between mGBF7 and mGBP2 or
mGBP3.

A. Full-length similarity & LG similarity, mGBPT vs mGBP2 and mGBP3

mGBPTImGEBP2 — mGBPFT/mGEF3 ; -
~ - =
Owerall: 71.9% similarity LG domain Overall: B6_6% similarity ~ LG domain
similar (N ot similar similar () not similar
B. mGBPT LG interface, homo-dimer & hetero-dimer C. Guanine cap deviation
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mGEPT/ImGEBP3 guanine cap
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Figure 6: Structural analysis of mGBP7 and homologues. A. Side-view: Full-length similarity
between mGBP7 and mGBP2 (72.9%), mGBP7 and mGBP3 (86.6%). Front-view: LG domain with
interface residues highlighted. Green/solid circle: Identical, green/dotted circle: Similar, red/magenta:
not identical. B. LG-interface of mGBP7 with itself, with mGBP2 and with mGBP3. Polar contacts
taken from corresponding residues hGBP1 dimer structures, DSSP-based standard via pymol.
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Identical residues and mGBP7-residues in green, residues found specifically in mGBP2 in red,
residues found specifically in mGBP3 in magenta. Catalytically important regions are highlighted
(blue). Maintained polar contacts displayed as black dashed line. Lost contacts displayed as red
dashed line, thickness represents the number of contacts lost at the respective position between the
homologues. €. Guanine cap sequences aligned. The gap found in the guanine cap of hGBP1 and
mGBP2 is marked in orange. Crystal structure alignment reveals a strong deviation around R244
(hGBP1). RMSD of guanine cap alignment goes up to 3.70 vs 1.22 of the whole L G-domain alignment.

(i) After the high-affinity LG dimenrization step, a re-onentation occurs in the dimer. This was
recently shown for hGBP1 [17, 43] and results in a low-affinity interaction between the o-13
helices, which is sufficient due to the close proximity in the dimer. The re-orentation, while
retaining structural plasticity, can affect hydrophobicity and polar contacts and promote
assembly within protein phase rather than a solvated species. Again, high similanty will
increase the chance of the features being beneficial for homo-phase formation. Accordingly,
a local concentration gradient (Figure 3C) as observed in the VLS could be a consequence
of a favorable homo assembly rather than mixed species. An essential difference conceming
hydrophobicity lies within the prenylation of mGBP2 and other mGBPs at its C-terminus,
inducing a janus-headed, highly amphiphilic momentum into the protein. CAAX-mutated
vanants of mGBP2, unable to be modified via prenylation, fail to form any visible VLS [8],
rendering the C-terminal modification and interaction as the second fundamental step
towards oligomerization, alongside the earlier LG-interaction. The C-terminal membrane
binding helix recently detected in mGBP7 [12] could mimic the concept of mGBP2, although
the hydrophobic potential of a prenylated tail harbors a considerably stronger amphiphilic
character. Apart from the mismatching LG domains, the described difference in C-terminal
hydrophobicity might also determine whether mGBPs assemble in mixed protein phases or

unmix spontaneously.

VLS as dynamic protein phase reservoir for immediate attack of mGBPs on

intracellular parasites

VLS as mobile protein phases serve as reservoir for multiple mGBP species, keeping
cytosolic mGBP-levels effectively under control and induce cooperativity [44]. Upon INF-y
stimulation, cellular mGBF levels rise drastically [45]. The resulting increase in cytosolic
concentration needs to be controlled to avoid uncontrolled aggregation and side effects [46]
in the cytoplasm, eventually causing severe cellular stress by disturbing vital cytosolic
processes. The high throughput of GTP might disturb cellular energy metabolism [47], if not
locally controlled. The assembly of mGBPs in highly concentrated, locally restricted and
dynamic phases appear as a spatial control mechanism [26] to maintain full cellular

functionality and likewise swiftly attack intracellular parasites upon infection [29].
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Plant guanylate-binding proteins like GTPases (GBPL) show similar mechanisms, even
undergoing liquid-liquid phase separation triggered by long IDRs, that mammalian GBPs lack
[48]. We further speculate, that the locally high concentration of mGBPs is regulated by yet
unidentified proteins, such as intrinsically disordered proteins (IDPs), which crosslink proteins
and RNAs [49, 50].

Mode of interaction of mGBPs is connected to specific domain and phase interactions.

Individual GBPs undergo phase transition from a monomeric and dimeric phase (primarily
cytoplasm) to an oligomenric phase (VLS). Based on the structural differences, mGBFP7 can
form different types of mobile protein phases with other mGBPs. The VLS containing mGBP7
and mGBP2 form immiscible protein phases, while mGBP7 and mGBP3 form a miscible,
sub-structured protein phase. We conclude that cytoplasmic (homo-) dimerization via the LG-
domain is a pre-requisite for higher order oligomenzation presumably mediated by the mGBP
C-terminus and subsequent formation of protein phases (=VL5). Whether mGBPs assemble
in mixed or separated phases might be determined by LG-affinity and similarnty of structural
properties (electrostatic potential, hydrophobicity, C-terminal tails) as well as further
interaction partners mediating the phase transition. However, (from a themmodynamic
perspective) the high homo-affinity of mGBP7 and mGBP2 (homo dimerization) might initiate
a nucleation process at a molecular level with lower free energy and therefore allow the
system further minimize the free energy by the formation of two distinguishable phases.
Once the nucleation is initiated, the growth of VLS is driven coalescence, leading to larger
demixed assemblies as shown in Figure 3. Once the thermodynamic equilibrium is reached,
the concentration of GBPs in solution and in the dense phase are highly different. Due to
constant chemical potential in both phases and across the phase boundary, there is no
temporal change in chemical potential causing the diffusion flux. The GBPs stochastically
diffuse in and out of the different phases undergoing conformational changes and protein
interactions. Based on these implications, we propose an interaction model as shown in

Figure 7.
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Figure 7: Proposed mode of interaction and phase behavior of mGBP7 with mGBP2 and
mGBPT with mGBP3. FRET properfies as suggested from MFIS-FRET measurements indicate high
affinity (++), medium affinity (+) or negligible affinity (-). All species, mGBP7 (green), mGBP2 (red) and
mGBP3 (magenta), form homolypic dimer units in the cytoplasm. mGBP7 and mGBP2 are separated
in small VLS and larger VLS where mGBP2 always encloses mGBPY without mixing. The situation at
the PVM is more complex, mGBP2 can quickly interact with the membrane due to the prenylation and
appears to distribute homogeneously around the membrane. In addition to homotypic assemblies,
mGBPY and mGBP3 form mixed assembiies in VLS and at the PVM. Based on their concentration,
oligomerization degree, unknown mGBPs (white hexagons) and possible unknown interactors (white
circles) the FRET properties differ between species and compartments. Especially at the PVM, both
proteins tend to be more clustered in contrast to VLS, where only micro-heterogeneities are visible.

Future research is needed to investigate potential interactors involved in VLS formation and
recruitment to the PVYM, as well as super-resolution imaging and spectroscopy technigues to
resolve the underlying heterogeneities and affinities in protein phases in VLS, at phase

boundaries and at the PVM with higher precision.
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4. Material and Methods

Cloning and constructs

NIH 3T3 mouse embryonic fibroblasts (MEFs) from ECACC (Public Health England,
Salisbury) were used as model organisms. The WT open reading frame of mGBF7 (NCBI
accession number NM_001083312.2), mGBP2 (NCBI accession number NM_010260.1) and
mGBP3 (NCEBI accession number NM_001289492_.1) were cloned into the pWPXL plasmid
(Trono lab) as N-terminal GFP-fusion or mChemy-fusion constructs. The lentiviral envelope
vector pLP/VSVG (Invitrogen) and the packaging vector psPAX2 were used for the lentiviral

genetic transfer.
Cell culture

MEF cells were cultivated in Glutamax™ Dulbecco's modified Eagle's medium (DMEM,
Gibco) supplemented with 10% heat inactivated fetal bovine serum (FBS, Gibco) and 100
U/ml penicillin/100 pg/ml streptomycin at 37 °C with 5% CQO2.

Infection of MEFs with T. gondii

Cells were stimulated with 200 U/mL IFNy (R&D Systems) 16 h before infection. For imaging
and measurements, MEFs were cultured in 6-well plates on cover glasses (@ 15 mm, VWR
International) and inoculated with freshly harvested T. gondii at a ratio of 100:1. To remove
extracellular parasites 2 hours post infection, cells were washed with PBS and fixed for

downstream processing.
Live cell measurements

Live cell measurements were carmed out in Nunc™ LabTek™ Il 8-well chambers
(ThermoFisher). Cells were seeded in supplemented DMEM medium (as described above)
and grown until 70-80% confluence. For live cell measurements, medium was changed to
pre-warmed FluoroBrite™ DMEM (Gibco).

Microscopy

Confocal imaging: Confocal imaging with live or fixed cells were performed on a confocal
laser scanning microscope FV1000 IX81 inverted microscope, Olympus using a 60x water
immersion UPLSAPO NA 1.2 objective. DAPI and eGFP were excited at 405 nm and 488
nm, respectively with the internal FV10-MARAD-2 main laser unit, mCherry was excited at
559 nm with an external Opti A 559 diode laser (NTT Electronics). Internal PMT detectors

(Olympus) were used for detection.

Confocal imaging of mGBP7-mGBP2 VLS: MEF mGBPT7* cells stably transduced with

eGFP-mGBFP7 and mCh-mGBP2 were imaged with the settings explained above. Due to a
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very bright and high expression levels of mCh-mGBP2, we initially observed “yellow”
pennuclear VLS, which were unexpected. To resolve these double positive perinuclear VLS,
an optical zoom between 4-7 was used, a resolution of 1024x1024 pixel, a scanning time of
20 ps and the lowest possible laser power for the red diode laser of 0.1%. The resulting
image collection is presented in Figure 3 and nicely shows spatially separated, unmixed

mGEP assemblies within the same VLS.

Structured illumination microscopy (SIM): structured illumination microscopy (SIM) was
performed on an ELYRA PS.1 (Zeiss) using a Plan-Apochromat 63x/1.4 Qi DIC M27
objective. For imaging of the fluorescent proteins eGFP and mCherry fused to mGBPs in
fixed MEF cells, 488 nm was chosen with a BP495-575+LP750 filter for eGFP and 561 nm
excitation with a BP570-650+LP750 filter for mCherry, respectively. The resulting images

were 7556 pm x 7540 ym. During SIM a grid size of 34 ym for eGFP and 42 pm for
mCherry was used. Grids were 5 times rotated. Reconstruction was performed using the

ZEN structured illumination feature with noise filter of -6.5 for eGFP and -6_2 for mCherry.

Software and Analysis

Image acquisition was performed using the commercial software for the respective

microscopes (Zen Black version for Elyra PS_1, Fluoview 1000 version 3 for Olympus 1X81).

Our homebuilt software collection Multiparameter Fluorescence Detection and Imaging
(MFDI, http:/fwww. mpc_hhu de/software/software-package html) was used for fluorescence
spectroscopy analysis. The colocalization based analysis (scatterplot generation) was done
with Fiji plugin ScatterJ [34]. Particles analysis was done with the ImageJ particle analysis
tool [51]. In particular, "Anl’ was used for image based analysis and ‘Margarita’ was used for
subsequent data visualization. Accurate lifetimes were obtained using ‘ChiSurf
(https://github_com/Fluorescence-Tools/ChiSurf). Huygens Professional 19.04 was used for

chromatic aberration correction in confocal data and for crosstalk correction, stabilization and

deconvolution. SIM images were reconstructed using the Zen Black software.
Fluorescence recovery after photo bleaching (FRAP)

MEF cells were seeded in NUNC 8-well chambered slides one day before FRAP
measurements. Cells were kept in pre-wammed FluoroBrite™ DMEM (Gibco) during
measurement. For FRAP, a bleach region of interest (ROI) of 40x40 pixel was chosen,
resulting in bleached areas of 0.5 ym (for mGBP3 containing structures, 11xzoom) and 2 pm
(for mGBP2 containing structures, 6xzoom) with a resolution of 256x256 pixel. The bleach
ROl was located at the border between cytoplasm and condensate. Both laser lines, 488 nm

and 559 nm were simultaneously activated for bleaching. 15 pre-bleach frames were
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collected, 10 bleach frames and 985 post-bleach frames with a dwell time of 4 ps/pixel. For
analysis, a background ROl (BG) of the same size as the bleach ROl was used to subtract
noise from the fluorescence signals Sgee and Spcn. The resulting corrected intensities lgep
and Imch were plotted versus time. Recovery rate was calculated by the ratio of post-bleach
intensities to the average of pre-bleach intensities: Recovery (%) = (lerp.postbieach! {larp pre-
meach )" 100. No significant photo-bleaching was detected and bleaching efficiency was
between 98-100% for both laser lines.

Background corrected recovery curves were fitted by a biexponential model according to
equation 1:

R(t)=A4A [1 - exp(—;)] + (1—A4) [1 — exp (—Tl)] + of fset (1)

2

where A is the fraction of diffusion component 1 and 1; are the recovery lifetime for the
diffusion component 1 and 2, imespectively. Several models with higher complexity for single

component were also evaluated (see Figure 5-figure supplement 1).
Confocal MFIS-FRET measurements

Setup description: The FV1000 system is additionally equipped with an external time-
correlated single photon counting unit (Hydra Harp 400, PicoQuant) and external detectors
for MFIS-FRET measurements. eGFP was excited at 485 nm with a LDH-D-C-485 diode
laser (PicoQuant) with a linearly polarized beam and a pulse frequency of 32 MHz. mCherry
was excited with an Opti A 559 (NTT Electronics) laser at a continuous wave (CW) setting.
MFIS-FRET measurements were done with laser powers of ~ 200 nW at 485 nm and ~500
nW at 559 nm, a pinhole size of 200 pm, a dwell time of 20 ps at a total of 60 frames.
Separation into parallel and perpendicular signals was realized by a PBS 101 polarizing
beamsplitter cube (Thorlabs). eGFP signal was detected via PD5CTC single-photon
avalanche photodiodes (Micro Photon Devices) with upstream HC 520/35 bandpass filters
(AHF). Detection of mCherry signal was realized via cooled HMPC-100-40 hybrid-
photodetectors (Becker&Hickl) with upstream HC 607/70 bandpass filters (AHF).

Calibration measurements: Rhodamine 110 delivered the G-factor G = Sg./Sq for the GFP

emission wavelength range (green channels). The G-factor accounts for the detection
efficiency difference between detectors of both polarizations (g. and gj). The instrument
response function (IRF) was measured with the back-reflection of the laser beam using a
mirror and was used for iterative re-convolution in the fitting process. Furthermore,

untransfected cells were measured at 488 nm and 559 nm for background determination.
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MFIS-FRET analysis

Multiparameter Fluorescence Lifetime spectroscopy-FRET provides particular advantages to
traditional FLIM as all relevant parameters are simultaneously monitored with picosecond
accuracy allowing for a multi-step analysis on biological systems [31]. In the first step, pixels
were selectively averaged by grouping with the same characteristics. In a second step, the
grouped pixels were integrated for subsequent sub-ensemble analysis. This procedure
increased the signal-to-noise ratio and ensured high quality data for characterization of

structural propenrties, stoichiometry and interaction affinities.

Pixel-wise analysis: To determine fluorescence-weighted lifetimes in a pixel-wise analysis,
the histograms presenting the decay of fluorescence intensity after the excitation pulse were
built for each pixel with 128 ps per bin. We used maximum likelihood estimator to determine

the experimental anisotropy, and the fluorescence-weighted averaged lifetime of donor

molecules { my4))+ in a single pixel using complex model function according to [6].

2D MFD histograms: To show coordinated changes of FRET indicators (shown in Fig. 5C),
we plotted the 2D histograms of donor lifetime ()¢ vs the green to yellow fluorescence
intensity ratio (Fo/Fs) (see equations (2) and (3)) corrected for crosstalk (characterized by the
crosstalk factor a ), background (B}, detection efficiencies of D (gs) and A (gy). The acceptor

fluorescence used for 2D-FRET was cormrected for additional direct acceptor excitation DE.

5S¢ —{Bc)
Fp = —m— 2
o o (2)
Fy = Sy — ({By) + 92— a(Sc —{(Bg)) (3)

crosstalk a is determined as the ratio between donor photons detected in the yellow channels

and those detected in the green channels for the Donor only sample.

The simultaneous reduction in both FRET indicators {ma)) and (Fo/Fa) indicate FRET due to
protein interaction. For a given sub-population selection of the donor fluorescence decay

histograms with 32 ps time resolution was constructed for further pixel-integrated, sub-
ensemble analysis, and the species-averaged fluorescence lifetime of the donor { ma))x was
calculated based on fit results (species fractions x; and lifetimes my)). n is the number of

exponents used in donor fluorescence lifetime fitting.

T

(o= )% * T )

i=1

Pixel-integrated, time-resolved £p(t) illustration: To identify appropriate pixel in the cells

for further pixel-integrated analysis, we computed all fluorescence parameters for each pixel
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and selected the pixels in 2D-histograms of several FRET indicators (described above). A
pixel population with homogeneous properties was integrated for subsequent pixel-
integrated, sub-ensemble analysis. The time-dependent FRET parameter &p{f) contains
information on the underlying FRET-rate distribution and is proportional to the probability that
FRET occurs at a certain time. After pixel selection, eo(f) was plotted for direct visualization of
molecular species with different FRET efficiencies in sub-ensemble data. eo{t) is calculated
as the ratio of normalized fluorescence decays of the FRET sample fp)(t) and donor-only

sample, foip)(t) (see eq. 4).

_ focay(t)
fo(t)
eplf) is the probability density function of the occurring FRET governed by FRET rate

ep(t) (5)

constant(s), krrer. The decaying part of £o(f) represents the features of FRET: high- or low-
FRET can be directly read out from the decay slope. The amplitude of the decaying part
indicates the FRET-active species fraction, xsrer. Accordingly, the offset of gp{f) is the FRET-

inactive fraction, (1 - XrreT).

Pixel-integrated MEIS-FRET analysis: To determine FRET parameters from pixel-integrated,

sub-ensemble data the reference samples were fitted by a multi-exponential relaxation model

accounting for a multi-exponential fluorescence decay of the donor in the absence of FRET:

s
fD{ﬂ)(t] = ZXI{’ ) g—tekp (6)

in which m =2 considers that FPs in living cells usually show at least a bi-exponential

characteristic. Fit parameters in donor decay include three normalized pre-exponential

which are the reciprocals of

1

factors x” (ZIEJM}:]-} and two decay rate constantsk’”

fluorescence lifetimes. The quenched donor decay fp(t) I1s given by:

(m)_—a(sel™
fﬂu}(t) — prm e t«(kp ~+kFRET) {?}
m

and krrer is the FRET rate constant. The fitted parameters in the 1-krrer model are xrgrer and

krreT.

Determination of acceptor and donor concentration from MFIS experiments: To
calculate the protein concentrations from fluorescence intensity, the detection volume of our

microscope and GFP and mChermry brightness are required. The detection volume was
determined as 1.23*10-"° | from FCS measurements of Cyanine 3B (Cy3B). The fitting model
applied to the obtained FC5 curve assumes a 3-dimensional Gaussian-shaped volume, and
a single diffusing species including transitions to a triplet state as described in [6]. The

brightness of enhanced GFP and mCherry in cells were individually charactenzed from FCS
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measurements of freely diffusing FPs in cytoplasm. We found that with 0.6 pW of 559 nm
laser excitation at the objective, mCherry brightness is 0.68 kcpm in cytoplasm. With 0.4 pW
of 485 nm laser excitation at the objective, GFP brightness is 0.56 kcpm in cytoplasm.

The average mCherry fluorescence intensity of an image with mCherry excitation (Syy) was
first comected for detector dead time, and then used to calculate the total concentration of

mCherry, [A]g, with the determined detection volume and the mCherry brightness:
B SB
brightness [kcpm] * confocal velume [fI]
Svy

~ 0.68 kcpm * 0.8 f1

[Alo
(8)

Assuming the concentration of the FPs reflects the concentration of their host proteins, the

mGEBP concentration (without non-fluorescent molecules) in pM was determined.

Apparent FRET-based affinity determination. Kp: Affinity of mGBPs was determined

based on FRET extracted parameters: xgrer and intensity-based acceptor concentrations by

using the following equation 9 implemented in Ongin Version 8.6:

Brax * X

T Ky +x ®)

y
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Chapter 3 Supplement

DATA FINDER:
A) For raw data refer to
P:A\Projects\mGBP7-Project_2017\data

B) For analysed data refer to
P:A\Projects\mGBP7-Project_2017\Analysis

C) Forimage files and text refer to
P:A\Projects\mGBP7-Project_2017\mGBP7 manuscript
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Figure 1-table supplement 1

Comparison between published mGBP7 colocalization data (Steffens et al., 2020)
presented by PCC values and quantitative changes in the donor fluorescence lifetime
extracted from our FRET study presented in Figure 1. For simplification, PCC values
below 0.1 were considered to present no relationship (-) between the observables,
below 0.3 negligible/weak (-), below 0.4 moderate (+) and between 0.7-1 very strong

relationship (++).

mGBP7 partner | PCC {-i+ | Relationship Simplification | Qualitative
INF between FRET judged
treatment)” | observables by lifetime
changes
mGBP1 ~-0.1-0.3 Megligible, weak - Mo
mGBP2 ~-0.1-0.3 Megligible, weak - Mo
mGBP3 ~0.7 Very strong ++ Yes
mGBP5 ~0.05 No - No
mGBP6 ~0.3-04 Moderate + No
mGBP7 ~0.85 Very strong ++ Yes
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Figure 1-table supplement 2

MFIS-FRET t-test results. Hypothesis tested: Donor-acceptor data are different from
donor-only-data. Two-tailled hypothesis. Significance levels: 05<p = N.S., 01<p<05
=* 001<p<.01="" p<001 ="**.

p value by compartment

Species (+mGBP7) CP VLS PVM
mGBP1 A1 24 A7
mGBP2 27 87 027
mGBP3 55 <.0001 <.0001
mGBP5 21 030 40
mGBP6 a7 013 01
mGBP7 <.0001 <.0001 <.0001
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Localization analysis of mGBP proteins

merged merged zoom eGFP ex 488 nm  mCh ex 559 nm

eGFP-mGBP7
+ mCh-mGBP2 eGFP-mGBP7

eGFP-mGBP7
+ mCh-mGBP3

Figure 2-figure supplement 1: Characterization of mGBP7 vesicle like
structures in absence or presence with further mGBP members. The nucleus
was counterstained with DAPI (blue). Top row: eGFP-mGBP7 (green) distribution
and localization. eGFP-mGBP7 appeared as small, globular structures of high
intensity, as well as green background. Middle row: In presence of mChemy-mGBP3
(red), both proteins almost completely co-localized in globular structures (yellow in
merged channel). Bottom row: In presence of mChemy-mGBP2 (red), both proteins
are present pennuclear in very large structures (overview image). Furthermore, both
proteins were independently distributed all over the cell and appeared as small
globular structures (zoom in). All images were taken with the inverse confocal
fluorescence microscope Olympus Fluoview 100 by using the 60x water NA1.2
objective. The Laser intensity for all channels was below 1%. Abbreviations: CP =

cytoplasm, N= nucleus.
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A. Normalized total intensity B. Slope of intensity ratio C. PCC

T p < 4001)
LERLER! [ERTERET Lol
T M5 {p= 31) WE, fa= 48} " |p= ) i — — 9 .8
T 1 ] r 1 - KA. o=, 73 ME, fp= 23]
H = P 1ol
2 : E .
zs g :
< 2 e . g e
£ 2 § W = 8
E 3 I = fe J m &R
[ Y - % L]
3z Bl 5 I : L -
e[ : ; (=
X |l | e T By T2 B e
g L . ] m AR [
Ea T e camatl o £ ' 5 o r
=11  s=13 0= n=  n=12 A= e n=8 =14 o=t AsT o = vt i e
a - - - am @2
INFy 3 + = + = + = + E + ¥ + y +
mGEPT mGAPTIMEEP] mGBEPTIMEERZ mMGEFPTIMGEEPT mEBPTImGEF2 mMGAPTIMEEPS mGEPT/mGEF2

Figure 2-figure supplement 2: PCC and test for INFy dependency.

MEF mGBP7+ transduced with eGFP-mGBP7 and mCh-mGBP2 or mGBP3 were
tested for (A.) differences in intensity, (B.) slope of intensity ratio and (C.) Pearson
Correlation Coefficient. Cells were randomly selected with variable expression levels.
Mo significant difference was found between mGBPs with and without INFy. Highly
significant difference between PCCs of mGBP7-mGBP2 (median approx. 0.05-0.25)
and mGBP7-mGBP3 (median approx. 0.6-0.75). T-test results: Hypothesis 1 tested
(A., B.): Data of one combination with and without INFy is different. Hypothesis 2
tested (C. only): PCC of mGBEP7/2 different from mGBP/7/3. Two-tailed hypothesis.
Significance level: 05<p =N.S., 01<p<05=", 001<p<01 ="*, p<001 =*".
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Figure 2-table supplement 1: PCC from Figure 2-figure supplement 2.

MEF mGBP77- fransduced with eGFP-mGBP7 and mCh-mGBP2 or mGBP3.
Pearson’s cormrelation coefficient determined with Imaged Coloc2 tool (Schneider,
Rasband, & Elicein, 2012).

Combination: mGBP7 with mGBP3 mGBP7 with mGBP2
INFg - INFg + INFg - INFg + INFg
0.93 0.6 0.01 -0.01
0.92 0.31 0.38 0.21
0.88 0.58 0.29 0.05
0.87 0.82 0.21 0.05
0.62 0.92 0.29 0.05
0.57 0.8 0.45 -0.01
PCC (cell-wise) 0.16 0.46 0.38 0.54
0.07 0.8 0.05 0.03
0.65 0.23 0.2
0.43 -0.01
0.47 0.28
0.5 0.27
0.44
0.59
Mean PCC 0.6275 0.59785714 |0.23583333 |0.12333333
STDDEV 0.32255813 |0.17296484 |0.14232933 |0.16579773
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Figure 3-table supplement 1: Size distribution of mGBP7 in absence or
presence of mGBP2 and mGBP3. mGBP7 alone and in presence of mGBP2
appears as very small ym sized particles. In presence of mGBP3, both particles are
of similar size with approximately three times larger particles than mGBP7 in absence

of mGBP3. mGBP2 forms on average the largest particles.

eGFP particle mCherry particle
cell line mean size Mean mean size Mean
and STDDEV | number and | and STDDEV | number and
(pm?2) STDDEV (pm?2) STDDEV
eGFP-mGBP7 013+0.34 344 - -
eGFP-mGBP7 and
mCherry-mGBP3 037 061 736 026+044 717
eGFP-mGBP7 and
mCherry-mGBP2 016 £0.80 152 £ 72 083+373 170113
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A. monoexponential model B. biexponential model
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Figure 5-figure Supplement 1: FRAP model evaluation. In order to make a
statement regarding the protein dynamics in the respective dense phase (VLS),
fluorescence after photobleaching (FRAP) was applied. Different diffusion models
were tested, allowing extracting characternistic recovery, which can be used to get
specific information about the diffusion inside the sample or interaction with the direct
environment. An exemplary background corrected FRAP curve of eGFP from a
eGFP-mGBP7/mCh-mGBP3 sample was used for FRAP model evaluation. Different
diffusion models with increased complexity are shown in (A.) mono-exponential
model (see methods eq. (1)), (B.) bi-exponential (methods eq. (1)) and (C.) pure 1D-
diffusion model (Kang, Day, Kenworthy, & DiBenedetto, 2012; Soumpasis, 1983).
Data was insufficiently described by the mono-exponential model and 1D diffusion
model, but a bi-exponential model yielded adequate results and was used for data

analysis shown in Figure 5B/C.
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A. FRAP measurements in VLS
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Figure 5-figure supplement 2: Recorded FRAP curves of mGBPs. A) left plots:
Background corrected FRAP curves of eGFP-mGBP7 (green, top panel) and mCh-
mGBP2 (red, top)) mCh-mGBP3 (purple, bottom) after INFy treatment. Right plots:
log scale presentation of data clearly shows ongoing very low recovery in
mGBP7/mGBP2 and mGBP7/mGBP3 VLS. B) Fluorescence intensity recovery in
VLS at different time steps: Fluorescence intensity profile (3.43 pm) through a VLS of
eGFP-mGBP7 (nght panel) and mCh-mGBP3 (left panel) at different time steps (1)
prebleached, (2) bleached and (3) postbleached. A faster intensity recovery at the
penphery of the VLS indicates a hindered diffusion. Mote, movement of the VLS and

fusion of smaller VLS with the larger one during the measurement.
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LG-demain alignment of hGEP1, mGEP2, mGEBP3 and mGBP7Y
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+ Dimgr interface residues determined for hGEFL (Ghosh et al., 200€)

+ Catalyticly important residues detemmined for hGEFl (Ghosh et al., 2008)
Figure 6-figure supplement 1: Sequence alignment of the LG-domains of hGBP1
(Ghosh, Praefcke, Renault, Wittinghofer, & Herrmann, 2006), mGBP2, mGBP3 and
mGBP7 (Kresse et al,, 2008). Important regions are highlighted above. The dimer
interface residues marked as ‘plus’ (+), catalytically important residues marked as
‘star’ (*). ldentical residues marked in black, similar residues in orange and different

residues in grey.
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Figure 6-table supplement 1: Polar contacts of the dimer interface of hGBP1 and
comresponding residues of mGBP7, mGBP2 and mGBP3 extracted from PDB 2b92,
2bcY and 2b8w. Contacts were identified by the DS5P-based (Kabsch & Sander,
1983) standard format of the software PyMOL ("The PyMOL Molecular Graphics

System, Version 1.2r3pre,"). Likeliness of bond after mutation was predicted by

BLOSUM substitution matnx (score lower than 0 means not likely’) (Zomaya, 2006)
and crystal structure alignment of mGBP7 model 1 (Legewie et al., 2019) and hGBP1

(PDB 1f5n). “Side” means sidechain interaction, “back” means backbone interaction.
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Chapter 4: Human KDMG6A/UTX is a multifaceted nuclear protein,
modifying and interacting at chromatin structures and beyond

Chapter digest

Aims Methods Outcome

Analyze demethylase activity, ELISA, IP/western Truncated vanants of KDMBA
interaction ability, cellular blot, FACS, MFIS- cause significant levels of
localization, protein stability of FRET, SR/confocal | cellular damage and apoptosis,
KDMGBA variants and observe the | imaging & image while substitution vanants only
relation to cellular phenotypes. analysis show mild effects.

Contributions
This chapter includes multiple sections taken from Koch et al (2021). Affected sections are
highlighted accordingly. See Publications section (Page 200) for a detailed overview on

contributions to the published sections.

Additional, unpublished experiments and data analysis were done by Julian Koch and

Annemarie Greife.

Abstract

In the past decade, multiple deep sequencing and pan-cancer studies revealed high mutation
frequencies in genes coding for histone-modifying proteins, with the KDMBA gene being one
of the most prominent targets, particularly in urothelial cancer. The main-functionality of
KDMBA is the demethylation of H3K27/me2/3 and interaction with transcription factors at
chromatin structures. However, there might be additional demethylase independent
functions, reported in literature and by our own recent findings. Structurally, KDMEA has a
demethylase domain (JmjC) and a N-terminal multi-interaction domain (TPR) connected by a
largely disordered linker region (IDR). Due to the high pan-cancer occurrence of mutations in
KDMBA, many cancer related studies exist but very few stand out by investigating the
structure-function relationship. Consequentially, we aimed to establish a clean cormrelation
between the molecular features: We systematically characterized substitution and truncation
vanants of KDMBA in respect to their demethylase activity, interaction ability, cellular
localization, protein stability and the observed cellular phenotypes. Demethylase activity
depends on the mutation status of the JmjC-domain. Interaction ability with Retinoblastoma-
binding protein 5 (RBBPS) depends on the presence of the TPR-domain and to a lesser
amount to the presence of the other domains. Cellular localization was mainly nuclear for all

vanants, with the tendency of the truncated variants to accumulate at extranuclear DNA
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together with MNucleophosmin (NPM1). Protein stability was lower in truncated variants.
CQuantification of the resulting cellular phenotypes revealed severe effects caused by whole-
domain deletion tends to cause the most severe effects, resulting in cellular damage and
apoptosis. Substitution varnants showed only mild effects. These findings hint towards a
strong interplay between the two functional domains and possibly even an involvement of the
linker region. By further expanding our findings, we hope to increase biomolecular
understanding of KDMG6A in its environment and contribute valuable knowledge towards

medical research, especially in the field of targeted therapy of urothelial cancer.

1. Introduction

The tightly controlled and selective activation and deactivation of genes is a crucial
mechanism maintaining basic cellular functions as well as cell cycle [1], proliferation [2] and
tissue specificity [3]. While regulating genes, preventing uncontrolled spreading of
anomalous cells is crucial, since this sequence of events will fatally lead o cancer
development and growth [4, 5]. Biochemically, regulation of genes is largely controlled by
reversible modifications at the histone tails, which will tune the nucleosomal DNA towards a
desired state [6, 7]. The states are described as either active, reversibly inactive or
ireversible repressed. These modifications occur at all existing histone tails and consist of
methylation, acetylation, phosphorylation, ubiquitination and citrullination [8]. Historically,
KDMBA was discovered and introduced as a histone H3K27-specific demethylase [9-11].
Related research was mostly focused on its enzymatic activity, although some findings
already suggested that KDMG6A contains an interaction domain and might also exert
demethylase-independent functions [12-14]. As of today, only the catalytically active JmjC-
domain is available as crystal structure [15]. Intriguingly, recent advances in deep leaming
algorithms [16] enabled the prediction of the full structure (Fig. 1A) based on the sequence
(Fig. 1B) of KDMGA [11]. The C-terminal part of KDME6A contains the JmjC demethylase
domain [15]. The structure of the JmjC-domain (PDB: 3AVR) [15] and the displayed
AlphaFold-structure (Fig. 1A) is concurrent. The JmjC-domain is able to specifically
recognize H3K27me2 or med marks [17] and demethylates them towards lower methylated
states [18]. The H3K27me2/3 marks are repressive chromatin modifications [7]. Disposal of
this modification will enhance gene accessibility, mostly in combination with gain of the
K27ac and K4med marks [6, 19-21]. Concurrently, the JmjC-domain acts as interaction
interface for Histone H3 binding, no further JmjC-specific interactions were proven so far.
The few published physical interactions focus mainly on the N-terminal part of KDMGBA [22,
23], consisting of an eight helices long tetratricopeptide repeat TPR-domain [15] and a
preceding low-complexity region. The TPR forms a grooved structure as interaction interface,
forming a highly specific topology that usually enables multiple binding sites in one domain

[24, 25]. As of today, there is no crystal structure available for the TPR of KDMBA. The
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displayed TPR (Fig. 1A) predicted by AlphaFold is in good agreement with a prototypic TPR-
8 structure [26]. Topologically, it is predicted to be in weak contact with the Jm|C. It aligns
next to it if the molecule is in an unbound, collapsed state. The JmjC and TPR domains are
connected by an unstructured and intrinsically disordered IDR-domain. There is no structural
or dynamical information available for the IDR. The IDR-structure displayed by AlphaFold
(Fig. 1A) has a very low per-residue confidence score (pLDDT) [16]. The exact topology of
the assembly of the IDR around the structured domains was determined by a few weak
contacts and the nigidity displayed is highly misleading. In the unbound, collapsed state of
KDMGBA, the IDR will be under constant dynamic motion as indicated by the very low pLDDT.
Although there are no apparent functionalities assigned to this linker other than an increased
solubility and domain connectivity, linker behavior and post-translational modifications at the

TPR could have an influence on the rest of the protein.

While publications on KDMEA addressing medical or genetic issues usually excel in genome
analysis [27], cellular [28] or animal models [14, 29] and therapeutic options [28, 30], they
often disregard the biomolecular origin of the results. Additionally, some studies have been
conflicting, characterizing KDMEBA both as a tumor suppressor [31, 32] and oncogene [33-
35]. KDMEBA variants in urothelial cancer feature nonsense and missense mutations
distributed over the whole gene [27, 36], although there are mutational hotspots found in
COSMIC v92 (GRCh 38, November 2020). COSMIC (Catalogue Of Somatic Mutations In
Cancer) is a comprehensive online database of somatically acquired mutations in cancer.
The three most frequent point mutations across all tissues are the synonymous mutation
Q1037= (c.3111G>A) in the JmjC domain, the missense mutation T726K (c.2177C>A) and
the truncating Q555* (c.1663C>T), both in the intrinsically disordered region. Other than that,
there is no particular preference for any domain in any type of cancer or the hereditary

Kabuki Type Il syndrome.

We therefore generated a broad selection of ‘representative’ variants to include every part of
the protein and address all “core functions’ of KDMEA (Fig. 2A). We selected two urothelial
cancer cell lines, T-24 (KDMBA mut.) [37-40] and SW-1710 (KDMEA WT) [41] as systems
since the cell lines might cope differently with the overexpression of either KDMBA WT or the
vanants. We subsequently established methods (Fig. 2B) to explore multiple aspects of the
vanants possibly connected to a malignant function of KDMBA in cancer, namely localization
[42], interaction [43, 44] and activity [45].

Since nuclear import and localization is crucial for any predominantly nuclear protein, it can
be easily disturbed If the import signal is missing and the protein is unable to pass the
nuclear pore complex [46]. This can lead to damage by accumulation of the protein in wrong
compartments and its absence at the destination [47].
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Figure 1: Structure of KDM6A. A. Structure of KDM6A (AF-O15550-F1-model-v1) predicted by
AlphaFold [16], introducing the domains with their respective color code used in this work.

We have recently shown that nuclear import of KDM6A is connected to its interaction and co-
transport with proteins from the KMT2D family [48] and mutations in the TPR have been
implied to hinder this co-transport [23]. Considering the impact of interaction on our study,
decreasing or even enhancing protein-protein or protein-DNA/RNA interactions can easily
promote cancer development [43, 49-52]. Concurrently, database search shows an increase
in publications studying protein interaction domains in histone-modifying enzymes [53, 54]
and eventually for KDMBA as well [22, 23]. Prominent interactors for KDMGBA are the
COMPASS complex [22, 36, 48] or CBP/p300 [19-21, 35, 55, 56]. In synergy with the
activating H3K27me2/3-demethylation by KDMBA, the COMPASS5-core components histone-
lysine N-methyltransferase 2C or 2D (KMT2C/D) will methylate H3K4 and the CREB-binding
protein/Histone acetyltransferase p300 (CBP/p300)-complex will acetylate the fully
demethylated H3K27 to activate transcrption [21]. These histone-modifying enzymes can
harbor multiple and multivalent protein interaction domains that are crucial for the complex
interaction and recruitment schemes [54, 57]. For instance, the two functional domains of
KDMGBA are both able to interact multiple times (TPR with e.g. COMPASS and JmjC with
Histone H3) and the TPR can multivalently interact with at least two COMPASS proteins,
Retinoblastoma-binding protein 5 (RBBP5S) [48] and Set1/Ash2 histone methyltransferase
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complex subunit (ASH2L) [23]. In respect to these vast interactions, we analyzed the
changing ability of KDMEBA variants to pull RBBPS in an immunoprecipitation (IP). RBBPS is
a core component of the COMPASS-complex, binding specific chromatin sequences,
stabilizing and activating the methyltransferase activity of KMT2 proteins [58]. Additional
components of the COMPASS-complex are the PAX-interacting protein 1 (PAXIP1), WD-
repeat protein 5 (WDRS) and the protein dpy-30 homolog (DPY30). Lastly, we covered the
demethylase activity KDMBA variants. Malignancies caused by disruption of processes at
developmental genes (e.g. HOXB1) were connected with the demethylase activity of KDMGA
in multiple studies [10, 11, 18, 45, 59]. Therefore, we developed an ELISA-based activity
assay to evaluate and quantify the demethylase activity for each vanant used in our
experiments. In addition, as a readout for the changes in cellular phenotype, we established
a qualitative and quantitative imaging approach as well as an apoptosis assay. We then

connected our observations at the cellular level with the mutational changes.

A. Interactors of KDMGA B. S
© @ © od-x
Mutagenesis
COMPASS CBP/p300 :.:Ir;'h;?mnm Specific readout/informations
Multi-functionality ﬂ. g' Overexpression 1\1_'-/7
{i“ interaction
O P4
@) KDM&A

Localization Interaction Activity

Gr demethylation G G imaging/FACS G

So 8

Characterization of nuclear/cellular damage

JUB P USCBRIBYLI| JOf PUR JUBD LG 0E U |

Figure 2: Core functions of KDM6A and workflow used for comprehensive analysis. A. The core
functions of KDMBA being either TPR-mediated interaction or JmjC-dependent demethylase activity.
Demethylation specifically occurs at the H3K27me3. Reported interactions of KDMBA with COMPASS
complex and CBP/p300. The interaction functions of KDM6A can be interdependent and or
independent from the demethylase functionality. B. Workflow used in our approach. KDM6A variants
were generated by site-directed mutagegenesis and transiently transfected (overexpressed). Specific
readouts were interaction by Co-IP and Westemn Blot, activity by ELISA and localization by
fluorescence imaging and scatterplot analysis. We then linked our specific information on variants to
the cellular phenotype observed via imaging and FACS.
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By elucidating these structure-function relationships, we aim to increase the understanding
for the different functionalities of KDMEA and how they influence and interact with the cellular
environment. Gaining this kind of knowledge is key in finding approaches in targeted cancer
therapy, which is fundamental for the treatment of urothelial cancer but also for other types of

this malignant disease.

2. Results
Selection and generation of substituted and truncated KDM6A variants based on the

mutational landscape of KDM6A in urothelial cancer and bio-informatics evaluation.

(Text and figures taken or adapted from manuscript 1. {see Publications section, page 187)

Based on 64668 tested samples from 44 tissue types, 2496 unique mutations are listed for
KDMGA in COSMIC v92 (GRCh 38, November 2020). Among the cancer tissues, meninges
and the urinary tract exhibit the highest mutation frequency for KDMG6A with more than 30%
of the tested cancer samples, respectively (411/1336 cases for UC). We selected T726K as
a hotspot substitution variant as well as substitution mutations typically found in urothelial
cancer cell lines and tissues: E3150Q (located in TPR helix 6) and D336G (TPR helix 7T),
which shows reduced affinity to ASH2L[23], P966R (turning loop in the ribcage-like beta
sheet cavity containing the active center), V1338F (zinc-binding domain) and C1361Y (zinc-
chelator). Positions P966, (11133, V1338 and C1361 are conserved in the KDMBA zebrafish
orthologue and the closest functional KDMEBA-paralogs KDMEB and KDMGC, giving them
high probability for an important role. To reasonably compare the impact of these mutations,
we additionally selected the variants Q1133A (interaction with Histone H3 tail) and H1329A
(hydrophobic patch near active center), known to be catalytically inactive [15]. We created all
substitution vanants (Fig. 3A) by site-directed mutagenesis using eGFP-KDMGA as a
template (1401 aa full-length KDMEA, isoform 1, 2 aa eGFP linker length). Nonsense
mutations make up nearly one quarter of all point mutations and generate C-terminally
truncated variants with full and/or partial losses of the IDR and JmjC. To understand the
domains even better, one could also generate arificial N-terminally deleted constructs, which
will not exist in a physiological context. Consequentially, we established a set of truncated
vanants, each with an eGFP-tag fused to their N-terminus, analogous to eGFP-KDMEBA WT:
ATPR, AIDR, AJmjC, TPR (= AIDR/AJm|C) and JmjC (= ATPR/AIDR) (Fig. 3B). We used a
segmental cloning approach, treating the domains as building blocks, which can be
combined individually. All KDMBA substitution and deletion varant proteins were detectable
at the expected sizes by using a-KDMGEA and a-GFFP antibodies (Fig. 3C/D).
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Figure 3: KDMBA variants, composition and expression. Code: 1 = WT, 2 = E315Q, 3 = D336G,
4A =TT726K, 4B = T726V, 5 = P966R, 6 = Q1133A, 7 = H1329A, 8 =V1338F, 9 = C1361Y. A. Graphic
display of the mutated position in the substitution variants. B. Graphic display of KDMEA truncation
variants. C./D. Westemn blot showing all substitution and deletion variants 48 h after transient
transfection, detected with a-eGFP and a-KDM6A antibodies, as well as WDR5 as lysate control,
detected with a-WDRS antibodies. Variants with IDR deletions are not detectable with the a-KDMBA
antibody, as it recognizes epitopes within the IDR. The AIDR variant was enriched via IP. Color code:
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To get comprehensive biochemical data for the generated vanants, we predicted protein
solubility and pl [60], secondary structure [61] and thermodynamic stability [62]. As expected,
single substitution variants were predicted (Table 1) as mostly unchanged compared to WT
with small differences in thermodynamic stability, small changes in secondary structure
(especially P966R) and change in pl, but not in solubility. The truncated variants were not
eligible for thermodynamic stability and secondary structure prediction, but genercally we

expect a decrease in structural stability when removing large parts of the protein.
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Fittingly, the truncated variants showed considerable differences in pl and solubility, which
could alternate protein characteristics in vivo and in vitro. Deleting either TPR or JmjC
increased predicted solubility. The single IDR is the most soluble part but this construct was
not considered meaningful for our expenments, since the single domain has no apparent
functionality yet. Accordingly, prediction for IDR-containing variants have a boost in their
solubility prediction and, vice versa, lack of the IDR strongly lowers the solubility. Other
nuclear proteins from the broader interactome of KDMBA all have a higher solubility
prediction (Table 1). Notably, RBEPS has a higher solubility than WDR5, although they both
majorly consist of the solenoid WD40-domain [63, 64]. Here, the N-terminal disordered tail of
RBBPS apparently makes a large difference in solubility between both proteins, in analogy to
KDMGBEA’'s highly soluble IDR-domain and to the disordered Nucleophosmin (NPM1).

Table 1: Prediction of solubility and pl of KDMBA variants. (From Koch et al, 2021) Solubility
predictions[60] for KDMEA variants and nuclear proteins as measure for comparison. High pl (meaning
high positive net charge at physiological pH) could point towards an abundance of DNA-binding sites
or strong tendency towards negatively charged DNA[65].

KDMG6A variant pl Predicted solubility
KDMBA WT 7.68 0278
ATPR 712 0.336
AIDR 6.98 0.167
AdmjC 923 0.343
TPR 6.10 0209
JmjC 9.06 0266
IDR 962 0.483
TT26K 7.88 0278
T726V 768 0277

MNuclear proteins pl Predicted solubility
NPM1 461 0.866
KMT2C 6.33 0412
KMT2D 547 0.498
WDRS5 9.40 0.396
RBBPS 494 0.654
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KDM6A demethylase activity is strongly affected by substitutions and deletions within

the JmjC domain.
(Text and figures taken or adapted from manuscript 1. {see Publications section, page 187)

To assess the demethylase activity of KDMBA varniants, we established an ELISA-based
H3K27me3 demethylation assay. Fig. 4A summarizes the results and shows all measured
datapoints. Upon mixing with an H3K27me3 peptide (minimum residues required: H3 aa 15-
34), KDMEA binds to the peptide. The demethylation reaction (Fig. 4B) occurs by oxidation
of one of the e-methyl groups of HIK27me3 in the presence of Fe(ll) and under consumption
of O; and a-ketoglutarate. Apart from the demethylated H3K27, succinate, CO; and
formaldehyde are produced by the reaction. The assay conditions were first evaluated with
commercially available recombinant full-length KDMEA. After initial evaluation, the expressed
GFP-tagged KDMG6A variants were pulled from lysates, bound to GFP-dynabeads (anti-GFP
nanobodies coupled to magnetic beads). The elution of the protein proved to be impractical
since acidic elution and heat/SDS would inactivate the protein. Therefore, the protein was left
on the dynabeads, the washed dynabeads were subsequently incubated. We used
fluorescence emission spectra of the eGFP-tag to determine the respective amount of
protein bound onto dynabeads and normalized it throughout the experimental replicates (Fig.
SAI/B). The activity of the bound protein was determined with primary antibodies against the
demethylated products (a-H3K27me2 antibody with affinity towards H3K27me2 and me1 but
not against me3). The secondary antibodies used were conjugated with alkaline
phosphatase (ALP). The colonmetric readout measured the absorption of para-nitrophenol
(pPNP) generated through de-phosphorylation of para-nitrophenolphsophate (pNPP)
catalyzed by ALP. The data points achieved were subsequently fitted via 4PL-regression
(Fig. 5C/D, Eq. 1). The eGFP-KDMBA WT species served as a reference point for the
demethylase activity of the vanants. Data was obtained from at least nine data points from

three independent experiments, each in triplicates.
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Figure 4: Demethylase activity assay results. A. Data points of all substitution variants measured,

emor bars display the deviation within triplicates. Active variants show an increased assay absorption
with increasing amounts of input. Inactive variants remain at background assay absorption
independently of the amount of protein used in the measurement. B. Enzymatic reaction catalyzed by
KDMEBA: H3K27Tme2/3 is demethylated to H3KZ27me1/2 under consumption of O2, a-ketoglutarate and
the production of succinate, COz, and formaldehyde. C. Activity of the T726K variant is dependent on
post expression time. WT activity does not change significantly between 24 h (black) to 48 h (grey),
whereas in T726K activity is slightly lower than WT after 24 h (blue) and strongly reduced after 48 h
(cyan), as can be seen by the shift of the 4PL-fit towards a higher input. D. Absorption of truncated
variants, three repeats with triplicates each. We gualitatively confirmed that all truncated variants with
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a JmjC domain (WT, AIDR, ATPR and JmjC) are catalytically active (green boxes) since the
distribution of the signal over the background is an evidence for activity. The two variants without JmjC
domain (AJmjC and TPR) are catalytically dead (red boxes) and consequentially not exceed assay
background levels.
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Figure 5: Demethylase activity assay principle and references. A. Normalized fluorescence
emission spectra obtained from crude cell lysate of eGFP, eGFP-KDMBA WT or eGFP-KDMGBA
Q1133A samples, with excitation at 470 nm. All fluorescence emission spectra of the substitution
variants had a similar shape (Q1133A variant shown as example). B. Fluorescence emission spectra
of eGFP-KDM6A WT crude cell lysate before incubation (black line) and after incubation (blue line)
with GFP-trap dynabeads. The amount of fluorescent protein bound to the GFP dynabeads was
determined by subtracting the eGFP fluorescence emission after incubation from eGFP fluorescence

emission before incubation within in the range of 500-530 nm. The integral obtained was used to
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calculate the amount of fluorescent protein bound to the beads. C. 1-238 ng demethylated product
(H3K27me2 peptide, MW = 29455 g/mol) served as a reference curve to determined how much
demethylated product (x-axis) corresponds to the respective amount of assay absorption unit (y-axis).
Fitted accordingly to Eq. 1. D. The integral value describing the amount of fluorescent protein bound to
beads (as described in B.) was plotted against absorption (shown exemplary for KDMEA WT) and
fitted accordingly to Eqg. 1, with ¢ being an open fit parameter. E. A defined amount of recombinant
eGFP was used to comrelate the fluorescent emission (calculated as described in B.) to the amount of
protein. The displayed linear dependency was used fo analogously calculate the amount of eGFP-
KDMEA per fluorescent emission unit. F. Same as D. but with transformed x-axis using the
dependency from E., converting fluorescent emission units into the comresponding amount of eGFP-
KDMEA protein. The data large data scattering in D and F can be explained by considerable variation
of ELISA signal based on conditions (expression based activity-differences, incubation temperature,
incubation time, signal/concentration-relationship) for biological replicates done over a month-long
time span. Signal nommalization (Max/Min) was not sufficient to smoothen dataset. Additionally, there
was a minor variation of ELISA signal based on inaccuracy (e.g. pipetting emors) between technical
replicates.

Fitting was done with a four parameters logistic regression (4-PL) according to Eq. 1:

y=d+ -2 Eq. 1
()
with y = assay absorption, x = amount of demethylated product (in Fig. § C), amount of
KDMBA species (in Fig. 5 DIF), a = background signal, d = maximum signal, b = slope, ¢ =

ch0, x-value at half maximum vy.

The following fit results were obtained for the substrate reference curve (Fig. 5 C). a = 0.29,
b=127, d = 173 and ¢ = 624 ng. All measurement with KDMBA protein were later
normalized to these values of a and b to correct for background and maximum signal
fluctuation between experiments. The exponent b, the slope-factor, was assumed as
constant. For the KDM6A measurements the amount of protein displayed as fluorescence
was plotted against assay readout (Fig. 5 D) and fitted accordingly with 4-PL, with ¢ being
the only open parameter. As an example, c50 for WT was determined with 518,000 +/-
56,000 AU. If vanants were less active, one would expect an increase in c¢b0, as the amount
of protein needed to produce the same amount of demethylated product (displayed as assay
absorption) would rise. Transforming the x-axis from fluorescent signal into amount of protein
was done by using recombinant eGFP of known concentration as reference (Fig. 5 E) under

the same conditions and assuming the same spectroscopic parameters (Fig. 5 A).

Accordingly, determined the molar integrated fluorescence (500-530 nm) from emission

spectra for recombinant eGFP (MW = 27 kDa), yielding 2.34*10'® AU/mol with 1 ng eGFP =
138



86,900 [AU] under given conditions. Therefore, 1 ng eGFP-KDM6A WT (MW = 181 kDa)
would yield an integrated fluorescence signal of 12,900 [AU]. Using this relation, we could
calculate the amount of fluorescent KDMBA in the assay (Fig. § F). The ¢50 for all available
substitution variants was obtained in this manner, fixing all parameters except ¢, using it as a

relative measure of activity.

In a second set of measurements, we analyzed all truncated variants for their demethylation
activity. Since the truncated vanants showed an anomalous and changing emission spectrum
quantification of the protein amount based on the emission spectrum (as in Fig. 5 B) was
impossible. Therefore, we assessed the demethylase activity of the truncated KDMGBA
vanants was a qualitative manner (Fig. 4D). Inactive varnants would never exceed
background levels while active variants will be distributed above background. As expected,
all varnants with JmjC domain could be confirmed as active and all variants without JmjC

domain did not show any activity.

To quantify and compare the substituted variants comprehensively, we calculated the
specific activity for each vanant. As calculated from Fig. 5 C, the ¢50 for half absorption
value always corresponds to 62.4 ng demethylated product. Given the fixed time of 240 min
per assay, the specific activity under these conditions could be calculated for each vanant, as

summarized in Table 2 below.

Table 2: Activity of KDM6A substitution variants. (From Koch et al, 2021) Specific activity of
KDM6A variants depends strongly on the mutation site. Mutations affecting the JmjC domain impair
catalytic activity, whereas TPR substitution mutation slightly enhanced activity. The IDR mutation
T726K showed time-dependent diminution of activity selectively caused by the K726 residue.

KDMEA variant, Specific activity

No- affected domain [102 pmol min mg1]

1 WT 215024

2 E3150Q, TPR 396+ 058

3 D336G, TPR 3760489
4a T726K, IDR 069x0.10
4b T726V, IDR 1.54 £ 0.1

5 PS66R, JmjC <0.07 £ 0.03

6 Q1133A, JmjC =0.09 £ 0.02

7 H1329A, JmjC 028 +0.05

8 V1338F, JmjC 029+0.03

9 C1361Y, JmjC <0.12 £ 0.03
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Note that TPR substitutions E3150 and D336G both had a higher activity than WT.
Interestingly, activity in T726K decreased time-dependently within two days after transfection
(Fig. 4D). This prompted us to generate the eGFP-KDMEA T726Y variant, which displayed a
demethylase activity in the range of WT, narrowing the cause of the time-dependency down
to the presence of the K726 residue. As expected, JmjC-mutations all had impaired
demethylase activity. The eGFP-KDMBA variants H1329A and V1338F had strongly reduced
activity, while P966R, 1133A and C1361Y were non-active.

Literature meta-assessment and database mining reveal nuclear and mostly chromatin

associated interactions of KDMBA.

To get an overview on putative KDMGEA interaction, we used the STRING-database [66] to
evaluate the ten most likely protein interaction partners, judged by text-mining, experiments,
databases, co-expression, neighborhood, gene fusion, co-occurrence. The research yielded
mostly COMPASS proteins (KMT2C/D, WDR5, ASH2L, PAXIP1, RBBP5) as proposed
binding partners (Fig. 6). Additionally, Histone H3, EZH2, HDAC3 and HOXB1 were found.
EZH2 is one of the main antagonists of KDMGA in its catalytic function, acting as a K27
methyltransferase [32]. HDAC3 is also affiliated with the antagonistic side of KDMEA,
deactivating chromatin by deacetylation [67]. Lastly, HOXB1 is one of the most prominently
identified target gene clusters of KDMEBA [11].

HISTZH3M

Figure &6: Predicted interactions of KDM6A. STRING network (as of 2019) with ten nodes when

using all interaction sources, included text-mining, experiments, databases, co-expression,
neighborhood, gene fusion, co-occurmence.

In addition to the STRING-results, we started a literature meta-assessment of articles listed
with ‘KDMBA’ and/or ‘UTX" in the title (approx. 500 articles in 2021). We allowed all species

homologs but only afttributed interaction assessed by Co-IP/western blot and mass
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spectrometry. Here, COMPASS members had again the highest occurrence. In addition,
CBP/p300 was found multiple times as well as the ENA-Pol Il interactor SUPTEH, the
retinoic acid receptors RXR/RAR and the tumor-suppressor ph3. See Chapter 4-Table

supplement 1 for a full list.
Mass spectrometry (MS) data reveals novel interactors of KDMG6A

(Text and figures taken or adapted from manuscript 1. and contains dafa from 2. (see

Publications section, page 187)

To determine urothelial and cancer specific interaction partners of KDMGA, we performed a
proteomics analysis from mass spectrometry of stably transduced KDM6A-tagGFP2 in the
urothelial cancer cell lines (UCCs) RT-112 and VM-CUB1, which both exhibit KDM6A and/or
KMT2C/D mutations [48]. Among the top ten proteins in KDMGA pull down and subsequent
MS (see Table 3), we found Nucleophosmin (NPM1), Nucleolin, ribosomal subunits 405 and
605, as well as histone variants. The identified proteins were associated with the following
pathways [68] (see Fig. 7): cell cycle, chromatin organization, DNA repair, RNA metabolism
(including rRMNA processing) and protein metabolism (including ribosome biogenesis and
post-translational modification of histones). This will open up to future research by confirming
the interactions and performing initial charactenization. Motably, COMPASS components
were undetectable, although previous Co-IP experiments suggested assembly with RBBPS
and Ash2L [23, 48].

Since the origin of the activity's time-dependence was unclear, we tested T726K in a
proteomics experiment for post-translational modifications. Concurrent, we predicted [69]
PTMs of all mutated sites in our substitution variants before and after mutation. PTM-
prediction differs multiple times between T726 and K726. Unfortunately, upon MS-analysis,
no modification of the K726 residues was detectable, leaving the question of the K726's role

unanswered for the moment. See Chapter 4-Table supplement 2 for detailed values.
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Figure 7: Pathway enrichment analysis of MS data from KDM&A-tagGFP2 cell lines. A. Data from
quadruplicates of three independent experiments of two different KDM6A-tagGFP2 cell lines using the
reactome database. MS data sets were applied to the reactome analysis database. The resulting
output shows significantly enriched pathways. The five most interesting pathways are depicted: Cell
cycle, chromatin organization, DNA repair, RNA metabolism including rRNA processing and protein
metabolism including ribosome biogenesis and post-translational modification of histones.

Table 3: Top ten proteins identified by MS in KDM6A-tagGFP2 stable cell lines VM-CUB1 and
RT-112. Among the top ten proteins in KDM6A pull down and subseguent MS, Nucleophosmin
(NPM1), Nucleolin, ribosomal subunits 40S and 60S, as well as histone variants, are detectable.
Mutational KDM6A and KMT2C/D status and experiments with RT-112 and VM-CUB1 have been

recently published [48].
# p value Protein names
1 7. 71E-08 KDMG6A
2 6.19E-07 NPM1
3 4 31E-06 60S ribosomal protein L10a
4 5.53E-05 Histone H2A types A/BI/C
5 2.66E-05 60S ribosomal protein L18a
6 7.40E-05 Histones H4
7 4 88E-04 60S ribosomal protein L14
8 4 23E-04 Histones H2A W H2A Z
9 J.80E-04 Histone H3.3
10 263E-04 MNucleolin
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Full-length KDMEA is mandatory for maximal binding of the COMPASS-complex core
component RBBPS.

(Text and figures taken or adapted from manuscript 1. {see Publications section, page 187)

After our initial interaction research, we settled on a selection of interaction partners to test
and confirm with eGFP-KDMGBA WT, our truncated variants (excluding AIDR due to stability
issues) and the substitution variants D336G and T726K. Since all of the a-KDMBA antibodies
bind to an epitope within the IDR, they would not be suitable for truncated variants lacking
this domain. Consequentially, we decided to visualize eGFP-tagged species with an a-GFP
antibody (see Fig. 4 C). Since we already confirmed RBBPY's interaction with KDMGA in
earlier experiments[48] and the antibody gave better signal than the a-WDR5S antibody, we
settled on RBBPS as target interacting protein. After initially evaluating conditions for co-
immunoprecipitation (washing control with eGFP see Fig. BE), we tested for RBBPS
interaction with KDMEBA expenments 48 h post transfection of selected KDMBA truncation
vanants (Fig. 8B) in T-24 and SW-1710. We had previously shown that RBBPS was enriched
in KDME6A-tagGFP2 Co-IPs in different urothelial cancer cell lines [48]. Interestingly, we
observed that for maximum interaction with RBBPS all KDMEBA domains are needed (Fig.
8C). Deletion of any domain impaired RBBP5 binding. Specifically, TPR-containing variants
(AJmJC and TPR, Fig. 8D) and to some extent IDR-containing varants (ATPR) bound
RBBPS to some degree, but the JmjC domain alone did not at all. Notably, a recent study
[23] found that KDMG6A TPR mutations, among them the D336G variant, predominantly
localized in the cytoplasm in stably transfected Hela cells. We performed a pull-down
experiment of KDMB6A WT, D336G and T726K variants with RBEPS to test for impaired
association with the KMT2C/D-complex. REBPS was pulled down with all three KDMGBA
vanants to similar extents, but not with the eGFP control in both urothelial cancer cell lines

(Fig. 8C), suggesting that they are present in the same complex.

Intriguingly, our proteomics analysis (Table 3) failed to prove the expected COMPASS-
interaction that we could show MS- and Co-IP experiments concurrently. Instead, as stated
above, we found a strong enrichment of nucleolar proteins, such as Nucleolin, NPM1 and
ribosomal subunits. In our Co-IP experiments, NPM1 was only visibly enriched with the
KDMBA T7268K mutant in T-24 whereas other selected KDMEA variants failed to interact or
gave very weak bands (ATPR and AJm|C, Fig. 8B white stars). Therefore, we searched for a
complementary approach to detect associations of KDMBA with NPM1.
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Figure 8: Immunoprecipitation with eGFP-KDM6A WT and variants. A. Workflow of the IP-
experiment, from expression in cells to western blot. B. KDMEA variants used in the interaction study.
C. IP of KDM6A variants with RBBPS and NMP1 in SW-1710 and T-24 (n=2-7). The cleared cell
lysates (left section) indicates GFP, RBBPS and NMP1 protein levels after transfection of KDMBA WT,
variants and eGFP. For SW-1710 and T-24, IP (right section) was used to pull of RBBPS with eGFP-
KDMBA WT, D336G, T726K, ATPR, AJmjC, TPR, JmjC and the control eGFP. In SW-1710, NPM1 is
slightly enriched in the IP with the in the eGFP-KDMBA ATPR and AJmjC variants, whereas in T-24,
NPM1 is enriched in eGFP-KDMBA T726K variant (n=1). D. The TPR and RBBPS signals were
separately stained from one IP on two membranes, since the bands overlap in C. E. Dynabeads
washing control on same membrane, washed with 3x Ripa like buffer (RLB). While KDMBA WT pulls a
clearly visible RBBPS band and a low WDR3S band, both are undetectable in eGFP-transfected cells
alone (negative control).

Fluorescent proteins eGFP/tagGFP2 and mCherry coupled to KDM6A and RBEBPS are
not within sufficient proximity in cellulo to confirm interaction via MFIS-FRET

experiments.

We designed two concurrent confocal live cell multiparameter fluorescence spectroscopy
(MFIS)-FRET experiments to complement our biochemical approaches in order to clarify i) if
KDMBA is able to form homo-dimers and i) if we can confirm the physical interaction
between KDMGBA and RBBPS detected in the IP-study via MFIS-FRET. In our early work [70],
we could show that FRET experiments with combinations of N- and C-terminally labeled
KDMB6A (eGFP and mCherry, respectively) yielded no wisible FRET-readout in the
fluorescence lifetime. We concurrently performed an IP-experiment where we attempted to
pull mCh-KDMBA with eGFP-KDMEA and detect the pull with an anti-mCherry antibody. This
experiment yielded no sign for homo-interaction as well. There remain a few resources
claiming that such homo-interactions exists, albeit still lacking conclusive evidence [14]. For
another MFIS-FRET experiment (Fig. 9A), we cross-matched all terminal combinations of
RBBPS and KDMBA (Fig. 9B) possible with fluorescent proteins at both C-terminus and N-
terminus. The KDM6A-tagGFP2 construct substituted our KDMEBA-eGFP construct, which
suffered from very low expression efficiency. The constructs (C-/N-terminally tagged KDMGBA
and RBBP5) were transiently transfected and overexpressed in T-24 cells, all consecutive
MFIS-FRET experiments were done in live cells. In the preliminary evaluation run, results
show no distinct and conclusive change in species-weighted average fluorescence donor
lifetime <Tp>y (Fig 9C/D) for all four combinations used. For a clear FRET readout, we would
at least expect a decrease of 0.2-04 ns. There is a small possibility for the C/C-terminal
combination KDM6A-tagGFP2 with RBEBP5-mCh to harbor a minor FRET signal but the data
is not conclusive enough to justify the huge commitment necessary for further
measurements. Concluding, the physical interaction seen in the IP experiments could not be
reproduced with MFIS-FRET experiments, indicating that the fluorescent proteins topological
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distribution (protein cloud) are not at all or only to a minor fraction within a FRET distance
(<100 A).
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Figure 9: MFIS-FRET with combinations of KDM6A and RBBP5. A. MFIS-FRET workflow: Pixel-
wise species-weighted average fluorescence lifetime <Tp>x can be extracted and fitted from the FLIM-

image. The distribution in the nucleus is homogenous. B. Constructs used in this work were either
tagged N- or C-terminally with GFPs or mChery. C/D. Distribution of fraction weighted average donor

lifetime <To>x for Donly samples and four different combination of eGFP/tagGFP2 and mCherry with

KDM6A and RBBPS5 displayed as boxplots. <To>x is expected to drop below the Donly distribution if
FRET occurs, scaling with the rate of FRET between donor and acceptor. Note that tagGFP2
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unguenched <To>x (approx. 2.6 ns) is slightly higher than eGFP (approx. 2.4 ns). For full fit parameter
see Chapter 4-Table supplement 3-7.

KDMG6A single substitutions do not alter nucleoplasmic localization.
(Text and figures taken or adapted from manuscript 1. {see Publications section, page 187)

In SW-1710 and T-24 cells, wildtype eGFP-KDMG6A was located in the nucleoplasm and in
the cytoplasm, sometimes with a tendency to cytoplasmic speckle formation (dependent on
the dose of the transient overexpression). The localization of eGFP-KDMGA WT is similar to
that of the endogenous KDMEA in these cell lines, as shown by immunostaining using two
different KDMEBA antibodies (sc-514859 and CST-3351, Fig. 10). All substitution vanants
showed cytoplasmic and predominantly nucleoplasmic localization with different degrees of
cytoplasmic speckle formation, as well as weak accumulation around the nucleol (Fig. 11,
Fig. 12).

SW-1710. KDMEA WT T.24. KDM VEOnT

sc-G14852

CET-33510

Figure 10: Staining of endogenous KDM6A-levels in UCCs. Control experiments for antibody

staining specificity and endogenous KDM6A protein levels. SW-1710 (KDM6A WT) and T-24 (KDM6A

E895*/E902* mutation) were transfected with KDM6A WT or AIDR variants and stained with two

different antibodies (sc-514859, Santa Cruz biotechnology and CST-33510, Cell Signaling) raised

against epitopes within the KDMGA central region (IDR) and 2™ antibody labeled with AbStar Red

(Abberior). Clearly, both antibodies (in red channel) detect transfected KDM6A WT protein in addition
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to the endogenous KDMGA (very strong signals in green channel), but not the AIDR variant since the
epitope is missing in this variant.

To rule out unspecific or GFP driven localization of transfected KDMGA, we analyzed free
eGFP controls in SW-1710, T-24 and HBLAK cells (Fig. 11-13). Free eGFP as well as eGFP-
KDMBA shows both cytoplasmic and nuclear localization. The main difference between
eGFP and eGFP-KDMGA is the additional presence of free eGFP in nuclecli while eGFP-
KDMBA is exclusively found nucleoplasmic. As shown in one of our earlier publications[48],
KDMGBA transport into the nucleus depends largely on the KMT2C/D COMPASS complex.
Therefore, the observation that KDMBA WT and all substitution variants localized in the
nucleus, suggests functional nuclear import, as well as interaction with the COMPASS
complex. An increased tendency for DNA release was identified for KDMGBA truncation
vanants, which colocalized at cytoplasmic DNA sequences and prompted us to evaluate the

nuclear damage caused by these variants.
KDM6A truncated variants cause severe nuclear damage.
(Text and figures taken or adapted from manuscript 1. {see Publications section, page 187)

Compared to the eGFP and eGFP-KDMBA WT controls, deletion of any functional domain
resulted in a heterogeneous cellular response with respect to subcellular distribution,
localization and nuclear integrity. For further comparnson, we transfected the KDMB6A TPR
and JmjC wvariants into HBLAK cells, non-transformed urothelial cell lines, and observed
similar damaging effects. To confirm the non-transformed status of our key proteins in
HBLAK, we performed an ICC (Fig. 13A). Via structured illumination microscopy (SIM), we
confirmed correct nuclear or nucleolar localization for KDMBA, KMT2C, NPM1, a prominent
shuttling and chaperone protein found especially in nucleoli, and SC-35, a serinefarginine-
rich splicing factor. After transient transfection, KDMBA vanants displayed either a weak
cytoplasmic or nucleoplasmic localization in all tested cell lines. In some varants, they
presented a speckled, perinuclear distribution of the transfected protein associated with
nuclear defects, as shown in Fig. 11-13. Cellular responses in all cell lines were comparable.
Nuclear DNA, which was excessively released into the cytoplasm, colocalized with KDMGBA
truncation variants. These results indicate the intrinsic ability of all vanants to bind to
chromatin, either directly through the JmjC or indirectly via other protein-protein interactions
by TPR-containing variants. All variants in principle localized to the nucleus, but (to various
extents) showed anomalies like partial nuclear redistnbution to nucleoli or accumulation in
pernuclear DNA-associated speckles. These observations raise two further questions,
namely (1) how deletions of one or two KDM6A domains impair functional interactions with
known interacting proteins such as RBBP5, the KMT2C/D (COMPASS) complex and (2)

whether NPM1 may be involved in KDMEA interactions. Addressing these questions, we
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performed protein immunoprecipitation (Co-IP) (Fig. 8) and co-staining of transiently
transfected KDMEA variants with NPM1 and DAPI (Fig. 14).

A SW-1710 substitution variants
merged DAPI

eGFP
F966R

033606 E315Q WT
H1329A Q1133A

V1338F

T726K
C1381Y

B. SW-1710 deletion variants
Merged DAPI

Figure 11: Transient expression of eGFP-KDM6A variants in SW-1710 cells. A Localization of

chlnnunq
ATPR

AIDR

TPR

JmjC
Adm)C

transiently transfected KDM6A substitution variants in SW-1710 using confocal microscopy and post-
processing with HuygensPro 20.08. All variants localized to the nucleoplasm and cytoplasm.
Occasionally, KDM6A-positive micronuclei and cytoplasmic DNA were observed for all variants
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including wildtype (arrows). B. Abnormal localization pattern compared to the eGFP-KDMGA WT,
WTaoning @and substitution variants: Leakage of DNA from the nucleus and subsequent extranuclear
DMA patches are common features with all truncated varnants in SW-1710.
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Figure 12: Transient expression of eGFP-KDM6A variants in T-24 cells. A Localization of
transiently transfected KDM6A substitution variants in T-24 using confocal microscopy and post-
processing with HuygensPro 20.08. All variants localized to the nucleoplasm and cytoplasm.
Occasionally, KDM6A-positive micronuclei and cytoplasmic DNA were observed for all variants
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including wildtype. B. Abnomal localization pattern compared to the eGFP-KDMBA WT and

substitution variants: Leakage of DNA from the nucleus and subsequent extranuclear DNA patches

are common features with all truncated variants T-24.

A. Endogenous localization of KDME6A, KMT2C, SC-35 and NPM1

in HBLAK cells
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Figure 13: Endogenous KDM6A and variants in untransformed HBLAK cells. A. Localization of
endogenous KDMBA, KMT2C, SC-35 and NPM1 appears natural. Imaged with SIM. B. Abnormal
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localization pattern of eGFP-KDM6A TPR and JmjC compared to the WT, both severe and mild
effects. As for T-24 and SW-1710, leakage of DNA from the nucleus and subsequent extranuclear
DNA patches are common features for the tested variants in HBLAK.

KDM6A WT and NPM1 form nucleoplasmic populations while truncated KDMG6A

variants likewise form complexes with NPM1 at extranuclear DNA segments.
(Text and figures taken or adapted from manuscript 1. {see Publications section, page 187)

Images of eGFP-KDMG6A WT, T726K and JmjC were further analyzed via scatterplots,
cellular backmapping and line profiles. For eGFP-KDMEBA WT and NPM1 (Fig. 14A, left
panel), two unique fractions appeared at the y- or x-axis, representing signals in only one of
the two channels. The corresponding eGFP-KDMEBA WT-only fraction is shown in green and
the NPM1-only fraction in red. A third fraction with green and red signals of different
intensities is shown in orange and named from here on ‘intermediate’ fraction from here on.
Cellular back mapping of the selected populations (Fig. 114A, middle panel), clearly
showed the KDM6A WT-only signal predominantly in the cytoplasm and only a minor fraction
in the nucleoplasm. As expected, the NPM1-only signal was present in nucleoli and in
nucleoplasm. The intermediate fraction was always associated with the NPM1-only fraction
at the nuclecli ims and within the nucleoplasm, indicating a dynamic exchange of NPM1-
only, mixed complexes and KDMBA WT-only fractions at specific sites within the nucleus.
The line profile through the nucleus with DAPI as a DNA indicator (Fig. 14A, right panel)
corroborates these findings: High NPM1 (red) signal intensities were exclusively found in
nuclecli, whereas green-red overlapping signals might represent the KDMB6A WT assemblies
with NPM1. As described above, truncated KDMEBA vanants elicted more severe nuclear
DNA release and nuclear damage (Fig. 11-13). Minimizing our experimental workload, we
reduced our further analysis to KDM6A JmjC and KDMEBA TPR. Scatterplot analysis and line
profiling of the truncated variants with NPM1 clearly indicated an enriched, colocalizing
intermediate fraction at extranuclear DNA segments. As observed before, KDMEBA JmjC and
TPR vanants were also localized to the cytoplasm. In contrast to KDMBA WT, these variants
were always associated with DNA. We identified KDMG6A and NPM1 compositions of variable
stoichiometry and different localization, which were hardly detectable by Co-IP/WB analysis
(Fig. 8C). Importantly, scatterplot analysis and the cellular back mapping approach
highlighted differences among the wildtype, substitution and truncated KDMEA variants. The
T726K vanant represents a non-wildtypic mild phenotype with a low amount of DNA release.
Even more so, the severe phenotype of the truncated variants is characterized by a massive

DNA release and forms complexes of nearly equal stoichiometry with NPFM1.
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Figure 14: Cellular back mapping, scatterplots and line profile of eGFP-KDM6A variants.
Cellular back mapping identifies co-localizing NPM1-KDMEA protein populations in nucleoplasm and
at extranuclear DNA. This effect has a high occurrence in JmjC variant (C.) and lower occurrence in
WT and T726K (A. and B.). Left panel: Scatterplot presentation of KDMGA (green box) and NPM1
(red box) and one intermediate population representing a mixture of KDMGA-NPM1 complexes
(orange box). Middle panel: All three populations were back-mapped to the cellular compartment.
Right panel: Line profile through the nucleus as indicated by an arrow in the image. DAPI (blue),
NPM1 (red) and KDM6A variants (green) signals were overlaid. The orange triangles indicate the
intermediate populations from the scatterplot.
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The severe phenotype of KDM6A fruncation variants is characterized by mitotic

defects, DNA release and significantly decreased cell viability.

(Text and figures taken or adapted from manuscript 1. (see Publications section, page 187)
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Figure 15: Quantification of severe effects observed for truncated eGFP-KDM6A variants in
UCCs. A. Scoring criteria used to quantifiy the occurrence of nuclear damage. B. Truncated KDM6A
variants promote a significant decrease in cells with normal phenotypes in both T-24 and SW-1710.
Freguency of different phenotypes scored as normal interphase (grey) and mitosis (pink), micronuclei
(blue) and damage (red) in bi- or mononuclear T-24 and SW-1710 cells. In mononuclear cells, normal
cells decreased significantly from eGFP control to both eGFP-KDMEA TPR and JmjC, but not WT. In
binuclear cells, damaged cells increased significantly from eGFP control to eGFP-KDM6A TPR and
JmjC variants, but not WT. Cells with micronuclei were not significantly enriched. Overall, we observed
a non-signifcant trend towards an increased number of binucleated cells. See Chapter 4-Table
supplement 8 for full statistics. T-test using two-tailed hypothesis, significance levels: * = P < 0.05, **
=P =001, ™ =P=0.001, see Chapter 4-Table supplement 9 for detailed P-values. C. Line profiles
through lagging chromosomes and the “knot-like structures” of the chromatin bridges found in samples
transfected with eGFP-KDM6A TPR or JmjC indicating overlapping signal intensities of KDMGA
variants (green) with DNA damage markers RAD51 and p-yH2AX (red).

As DNA release has been observed earlier, we analyzed whether the typical indicators for a
DNA damage response are activated by KDMBA truncation variants, namely accumulation of
phospho-yH2A X and RADS1. Visual inspection of phospho-yH2A X in cells with truncated
vanants revealed defects in mitosis (Fig. 15C). These defects occurred in anaphase as
lagging chromosomes, multiple fragmentation events and in telophase and cytokinesis by
persisting chromosome bridges and accumulation of DNA damage sites at chromosome
bridges. To quantify our observations, we established a scoring system to determmine the
amount of cells with severe phenotypes per variant (Fig. 15A). Here, we discriminated
between mono- and binucleated cells and quantified cells with damages (cytoplasmic DNA
release, extreme nuclear deformation, lagging chromosomes and chromosome bridges),
micronuclei, normal interphase or mitotis. Both KDMBA deletion vanants, TPR and JmjC,
elicited a significant increase in DNA damage in mono- and binucleated cells. We observed a
trend for cells transfected with eGFP-KDMG6A WT, TPR and JmjC to be detected in binuclear
cells. To evaluate whether the nuclear damage promotes apoptosis, we performed an
Annexin V- based apoptosis assay 48 h post transfection. Up to 50,000 transiently
transfected cells per variant, stained with Annexin-V allophycocyanin (APC) and propidium
iodide (PIl), were fixed and analyzed with fluorescence activated cell sorting (FACS). The
measurements indicate that cell wviability significantly decreases in eGFP-KDMGA TPR and
JmjC vanants in both urothelial cancer lines (Fig. 16A/B). This mirrors the results of the
scoring experiments very well, pointing towards a direct connection between the nuclear

damage and apoptosis induction.
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Figure 16: Truncated KDMB6A variants decrease the amount of viable in T-24 and SW-1710 cells
and exhibit mitosis errors. A. FACS analysis in Annexin V based apoptosis assay. Transfected
eGFP positive cells were gated based on the threshold obtained from untransfected cells, which were
then used to plot Pl (membrane permeability) against Annexin-V-APC (apoptosis marker). The plot
was divided into four quadrants, representing the viable population (lower left), early apoptosis (lower
right), late apoptosis (upper right) and necrosis (upper left). B. Statistics derived from triplicate
measurements. eGFP-KDMBA TPR and JmjC show a significant decrease in cell viability in
comparision to the eGFP control in both cell lines. T-test using two-tailed hypothesis, significance
levels:*=P= 05 "™ =P=<001, ™ = P=0.001, see Chapter 4-Table supplement 10 for detailed P-
values. C. Graphic summary of cellular phenotypes observed with KDMGA mutation variants, depicting
the impact on localization, mitosis, apoptosis and protein assemblies.

Further directions: Initial design and testing of a new generation of eGFP-KDMG6A
constructs utilizing the Spot-Tag® and enhanced solubility.

In an attempt to enhance our expression quality, we first optimized the TPR-construct. We
added a soluble linker region (Sol.-tag, 5x Lys), elongated the construct into the IDR-region
(aa 391-426) and added a C-terminal SPOT (see Fig. 17A). The SPOT-tag is an affinity-
body which is specifically binding a PDRVRAVSHWSS peptide sequence. It enabled

peptide-based elution from beads and enables (in contrast to eGFP) experiments with
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purified SPOT-tagged KDMEBA in solution. The SPOT and eGFP tags can be pulled equally
good with their respective beads (Fig. 17B). The lane from the SPOT-bead pull appears
even cleaner. There is no residual eGFP-TPR-SPOT left in the supernatant (SN). Imaging
(Fig. 17C) reveals a higher and more homogenously distributed expression. The protein
strongly localizes into the nucleus. The 5x Lys Sol.-tag might increase nuclear import [71].
The amount of cellular damage needs to be assessed further in apoptosis assays and

image-quantification.

A.
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Figure 17: Optimized TPR expression construct. A. eGFP-TPR-SPOT construct. TPR ex. consists
of aa 1-426, Sol -tag consists of 5x Lys. B. Westem blot of SPOT-beads vs GFP beads, pulling eGFP-
TPR-SPOT. Detection with a-GFP antibody. B. Imaging of T-24 cells expressing eGFP-TPR-SPOT.

3. Discussion

(Text taken or adapted from manuscript 1. (see Publications section, page 187)
Establishing a comprehensive tool kit for the characterization of KDMG6A

Starting this project, we found next to no comprehensive and clear attempt to establish a
structure-function relationship between the phenotypes observed, the positions mutated or
even the domains deleted while considering the characteristics of the cell line used in the
experiment. To improve this situation, we developed and utilized a comprehensive analysis
tool kit to understand the relationship and interplay of known and predicted regulatory
features of the multi-domain protein KDMGBA. The tool kit consisted of a demethylase assay,
imaging techniques, immunoprecipitation and Western blot as well as FACS. The eGFP-tag
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was utiized as a universal affinity and fluorescent tag. We demonstrate how single
substitution mutations and deletions of the main three functional and regulatory domains,
TPR, IDR and JmjC, affect the intrinsic properties of the target protein and its interactions
with the cellular environment. We could show that mutations within the JmjC domain affected
the catalytic activity. Although nuclear localization changed little, interactions with RBBPS
and NPM1 were affected, especially in truncated variants, where we observed a cellular
mechanism to dispose of harmful KDMEA variants, namely by release of DNA-KDMGA
complexes into the cytoplasm. Harmful KDMGA vanants cause mitosis defects and DNA

damage which promotes cell death.

Selection of KDM6A variants, biochemical quality control and evaluation of specificity

of the phenotypes observed

When selecting wvariants for mutagenesis-based experiments there are two main
considerations to make: First, what effect on the expernmental readout do we deduce for the
vanant and, secondly, can the mutation influence the warant in any uncontrollable way
outside from the readout we want to achieve. Considering this, we would think of some
visible effect for all cancer-derived substitution varants by design, since they likely
contributed to the cancer pathogenicity. A single point mutation is not necessarily changing
the protein as a whole, especially at the size and multi-domain structure of KDMBA. 5till,
even single substitutions could cause unspecific effects, although unlikely. The truncated
vanants on the other hand are a lot harder to judge. While the functional effects might be a
lot stronger here, it is challenging to pinpoint the source of an effect to a specific structural
feature and at the same time exclude unspecific effects like folding issues or solubility
decrease. While the substitution variants all looked stable, the truncated vanants had
aberrancies in the fluorescence emission spectra, cellular expression levels and even, in the
case of the AIDR wvanant, problems to be visualized on western blot. The latter event
prompted us to exclude the AIDR vanant for further experiments, judging its solubility as too
low to be isolated properly. Overall, we see the phenotype encountered with the truncated
vanants as too specific to be mainly caused by solubility or stability issues. Still, the
phenotype could be influenced and blurred by the lowly performance of the truncated

vanants.

Changing demethylase activity of KDMGA via mutagenesis is not just one-
dimensional, but harbors structural implications and post-transfection time

dependency

First, we developed an ELISA-based demethylase assay suited for use with eGFP-tagged
KDMBA wvanants. Our experiments revealed, that substitution variants within the Jmj|C

(catalytic domain) possessed reduced or abolished demethylase activity, especially if amino
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acids involved in peptide recognition, peptide binding or stabilizing were changed.
Remarkably, the demethylase activity was also reduced in the IDR-varant T726K, but not in
T726Y, in a post-expression time-dependent manner. Therefore, we predict a unique
functionality for the amino acid position K726 connected to maybe a faster, possibly partial,
turnover of the protein after expression. Among the selected cancer-associated point
mutations, the hotspot mutation T726K is the third most frequently listed mutation in Cosmic
v92 across all tissues, further highlighting the potential. We predicted and tested K726 as a
possible methylation site, but mass spectrometry analysis did not show any PTM at K726.
There might also be some kind of recognition site involved. More comprehensible, the
demethylase activity of truncated KDMBA variants was determined by the presence or
absence of the JmjC domain. As expected, KDMBA JmjC, ATPR and AIDR exhibited
demethylase activity, whereas TPR and AJm|C did not. However, removal of other domains
negatively affected protein stability and solubility, especially for KDM6A AIDR. KDMEBA JmjC
and the flanking zinc-binding domain are known to recognize and bind several amino acids
between H3R17-H3T32 of the H3K27 di- and tn-methylated N-terminal histone tail to ensure
substrate specificity [15]. Consequently, mutations in the JmjC and flanking domains have a
high potential to impede or even abolish the catalytic activity. As an example, the P966R
mutation localized in the early JmjC is situated at a loop connecting the nbcage-like structure
made of B-sheets, which surrounds the active center of KDMBA. Replacing the proline might
destabilize the loop’s turning angles and weaken the whole structure, ultimately abolishing
the demethylase activity. However, it is unknown to what extent mutations in the TPR and
IDR might contribute to KDMBA demethylase activity. While those variants with N-terminal or
central truncations are mostly artificial, C-terminally truncated variants caused by nonsense
mutations make up almost a quarter of all listed KDMB6A mutations in COSMIC v92. A
prevalent nonsense mutation is Q555*, which may be partly explained by the observation
that it represents a hotspot for APOBEC3-mediated mutations, frequently appearing in
multiple cancer types including bladder cancer. Functionally, the Q555* fully lacks the Jm|C
domain and has a partial deletion of the IDR. Such IDR/JmjC nonsense mutations would
abolish demethylase activity by truncation or deletion of JmjC. Another example is the
KDMGBA fragment found in the urothelial cancer cell line T-24 with heterozygous mutations at
EB95* and ES02*. These similar-sized varnants are still expressed endogenously and can be
detected as a ~97 kDa band on WB[48]. It remains speculative whether these fragments
display dominant negative effects and are actively involved in generating the cancerous T-24
phenotype. Other variants, like the moderately frequent Q333*, lack both IDR and JmjC and
could potentially impair TPRS functionality.
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Our truncation variants help to reveal and map different binding modes of KDMGA with
RBBPS

Apart from implications on demethylase activity, our variants have impaired interactions with
other proteins. We have recently shown that KDMBA associates with RBBPS in urothelial
cancer cell lines dependent on the mutation status of KDMBA and KMT2C/D proteins [48]
suggesting vital interactions of KDMGBA with the COMPASS complex. Here we showed that
TPR and IDR substitution variants did not affect RBBPS binding. However, especially the
KDMBA mutation D336G has been shown to be predominantly cytoplasmic [23] in Hela cells
presumably due to impaired binding to ASH2L in a pull-down experiment and consequential
reduced nuclear import by the KMT2C/D complex [23]. In a previous study we observed that
KDMGBA nuclear import was strongly decreased after double, but not single, knock down of
KMT2C and KMTZ2D proteins [48]. Systematic deletion of KDMBA domains clearly indicated
that all domains, including TPR and IDR, are necessary for proper binding of RBBPS
independent of demethylase activity. This could indicate that the binding motif of RBBPS
stretches into the IDR or that there are multiple binding epitopes distributed throughout the
IDR, possibly even assembling in three-dimensional topology. Although JmjC alone does not
bind REBP5S, the presence of this domain enhanced binding in KDM6A WT compared to
KDMBA AJmC and KDM6EA TPR, this might either be due to an overall stability-
enhancement by the JmjC domain or a second mode of indirect binding to REBPS via the
Histone H3 tail. A recently published study indicated that RBBPS5, WDRS5 and the KDMGBA

JmjC domain share similar recognition and binding motifs at the Histone H3 tail [58].

The observed uniformity in localization for all variants likewise demands multiple

options for nuclear import of KDMGA

Looking at the localization of KDMBA, we have to discuss multiple possible import pathways,
since all variants were located in the nucleoplasm independently of their mutation status,
although to different extents. The theory we verified in our earlier paper [48], was working
with a nuclear co-transport of KDMBA alongside KMDT2D/C and the surrounding WRAD
complex. KO of both KDMT2s would abolish nuclear import. Now our results and others [23]
show that the interaction of KDMBA with core components of the WRAD, especially REBP5,
ASHZ2L and WDRS, are occurring via the TPR domain. Still, we see nuclear localization of all
vanants. This might be due to leakage since our truncated variants are seemingly rupturing
the nucleus, resulting in a general distortion of nuclear import. Alternatively or concurrent,
there could be another pathway or interaction using the JmjC domain as interaction for
import. The nuclear localization sequences (NLS) are o Lastly, there is always the option for
passive nuclear migration via pore complexes (NUP) but KDMGBA is by far too large [72] to
enter via NUP.
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The observed severe phenotype can be explained from different perspectives and is

likely connected with multiple underlying pathways

Truncations, but not substitution vanants, are characterized by eliciting 1) cytoplasmic DNA
release, i) enhanced levels of RAD51 and phospho-yH2AX as indicators of DNA damage,
and iii) defects of mitosis caused by missegregated chromosomes at anaphase and
persisting chromatin bridges at telophase and cytokinesis. All observed effects occurred on a
short time scale within 36-48 h. While transient and stable overexpression of the KDMGA WT
reduces long-term cell growth and colony formation [48], we never observed effects of this
kind, neither short-term nor long-term. Do note that the expression levels achieved with
transient transfections were considerably higher than the low levels we encountered in stably
transduced cell lines. In general, aneuploidy, replication stress and mitosis errors are
common in cancers[f3]. Accordingly, all cancer cell lines used in this study exhibit these
features on a basic level but they are profoundly enhanced after induction of KDMBA
truncation variants. Among the severe phenotypes, cytoplasmic DNA release was most
commonly observed. All KDMBA truncation variants were associated (directly or indirectly)
with the DNA released from the nucleus as indicated by localization analysis and the cellular
back mapping approach. Nuclear DNA release is the presence of cytoplasmic DNA caused
by a yet unknown mechanism. We speculate that appearance of cytoplasmic DNA could be
caused by 1) pulverized micronuclei or ii) chromosome fragments without envelope or iii)
active nuclear release due to impaired nuclear integrity or DNA damage [74]. Qur
observations also point towards mitotic defects followed by apoptosis. However, we cannot
rule out additional mechanisms, as we do not have conclusive data on cGAS/STING
activation that is expected in response to cytoplasmic DNA accumulation [75]. Moreover,
introduction of KDMBA variants, especially truncated variants, elicited elevated phospho-
yH2A X levels. Phospho-yH2A X is activated during the DNA damage stress response [28].
Enrichment of proteins involved in DNA repair and stress response (DDR) appeared in our
MS-data analysis from three different urothelial cancer cell lines with stably or transiently
transfected KDMEA WT. Notably, KDMGBA activity in differentiating embryonal stem cells has
been linked to DNA damage response pathways by colocalization with yH2A_X positive foci
[28]. In addition, as an oxygen-dependent enzyme, KDMG6A serves as a sensor to control
chromatin and cell fate [F6]. Thus, overexpressed (with a high dose-effect) and impaired
KDMBA wvariants as well as oxygen-related stress have the tendency to increase DNA
damage. This phenomenon was also observed in diabetic kidney disease [30]. An
additionally prominent feature of truncated KDM6A variants was a high degree of co-
localization with NPM1 at extranuclear DNA. The combined proteins appeared as a mixed
population in the nucleoplasm. As NPM1 is involved in rRNA processing, ribosome
maturation and shuttling of nbosomal subunits between nucleoli, nucleoplasm and cytoplasm
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[77], KDMEBA might be involved in these processes aswell. However, the co-occurrence of
NPM1 and KDMEA truncation variants may rather result from the role of NPM1 as a
chaperone [78]. At this stage, we cannot completely rule out activation of the unfolded
protein response pathway (UPR) or ER proteostasis [79] by truncated KDMGA, but consider
it rather unlikely for the following reasons: i) We observed correct nuclear localization of all
truncated vanants, ii) Perinuclear aggregation was observable in all KDMBA WT, substitution,
truncation and control (eGFP) variants and iii) in truncated variants with a severe phenotype,
KDMGBA protein was always associated with DNA and never freely distnbuted throughout the
cytoplasm. It remains possible that UPR stress sensors contribute to activation of the nuclear
DNA damage response [/9], which is confirmed by enhanced phospho-yH2A X levels. As
KDMGBA itself might act as a critical stress sensaor, it is difficult to ascertain at this stage which

signaling cascade might explain our observations best.

Our cbservations hint at possible new functions or involvement of KDMEA in the cell

cycle.

Specifically, the following questions are raised: i) What is the role of KDMEA during mitosis
and to which extent is any such function dependent on its catalytic activity and its interplay
with RBBPS and further components of the KMT2C/D-COMPASS complex? Notably, many
lysine demethylases (KDM) have cell-cycle specific roles [80, 81]. KDM4C, KDM1A and
KDM7B have already been linked to mitosis by regulation of chromosome segregation,
transcriptional activation of mitotic checkpoint complex components (see refs in [B0]).
Moreover, WDRS and KMT proteins, likely KDMEA interaction partners, have also been
shown to be involved in mitosis [82, 83]: WDRS is part of the midbody in the spindle
apparatus [81]. Intriguingly, we already found endogenous KDMGA located along the
midbody in HBLAK cells. li) Under which conditions and in which manner do NPM1 and
KDMBA directly or indirectly interact? The multifaceted functions of NPM1 in chromatin
remodeling, DNA repair, cell cycle control, apoptosis, mitotic spindle, centromere and
cytoskeleton binding [78, 84] and its prominent enrichment in MS analysis suggests an

important link between both proteins, that have not been described before.

4. Conclusion & Outlook
During our work,we also experienced some points, that should be cntically considered in

future project research:

i) Expression and stability of truncated KDMEBA variants: The considerably low
expression levels complicated in vitro assays (ELISA based activity assay, Co-IP
and Western Blot) a lot of and made the harvest of larger protein amounts very
challenging. Furthermore, the issues with stability and solubility are surely

interconnected with this problem to some degree.
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i) eGFP fusion proteins and small tags for purification: Although the eGFP-tag
works pristine in affinity and imaging experiments, we have difficulties in eluting
the protein in its active, folded state after binding to GFP beads (in our case GFP
dynabeads from chromotek), again limiting the scope of in vitro methods. With our
newly introduced SPOT-tag®-coupled and solubility-enhanced constructs we
already achieved very good results and we are going to further continue
optimizing it.

iii) TPR: interaction via the N-terminally located TPR is actuallythe most interesting
and promising target in our system, especially with all the new pathways and
putative proteins of interest. We would also like to focus more on biophysical
methods and complementing modeling after achieving more structural knowledge,
especially of the TPR. constructs, which are designed and optimized according to
the cnticial issues addressed above (stability, purfication and labeling tag...) will
certainly help in establishing these methods and integrating them in our

interdisciplinary project.

5. Methods

(Text taken or adapted from manuscript 1. (see Publications section, page 187)
Cell lines and cell culture

Parental T-24 [37-40], SW-1710 [41], VM-CUB1 [40, 85] and RT-112 [86, 87] urothelial
carcinoma cell lines were obtained from the DSMZ (Braunschweig, Germany). Cells were
cultured and treated in DMEM GlutaMAX-l (Gibco, Darmstadt, Germany) with 10% fetal
bovine serum (FBS; Gibco™, Thermo Fisher Scientific) and 100 U/ml penicillin/100 pg/ml
streptomycin (Sigma-Aldrich, Darmstadt, Germany), except for HBLAK cells, which were
solely cultured in CnT-Prime Epithelial Culture Medium (CELLnTEC, Bern, Switzerand)
without any additives. Cells were incubated at 37 “C in a humidified atmosphere with 5%
CO2. 5TR (short tandem repeat) profiling via DNA fingerprint analysis was performed for all

cell lines in this study and is available upon request.
Generation of eGFP-KDM6A substitution and deletion variants

All constructs are listed in Chapter 4-Table supplement 11. eGFP-KDMEA wildtype (WT)
was synthesized by BioCat (Heidelberg, Germany) by cloning a codon-optimized eGFP-
KDMBA (both sequences full-length, KDMG6A main isoform 1 (Uniprot ID O15550) without
additional linker between eGFP and KDMGEA) into the pcDNA 3.1(+) vector, using Nhel and
Notl as flanking restriction sites. Generation of eGFP-KDMBEA substitution variants was done
by using site-directed mutagenesis (SDM) (Chapter 4-Figure supplement 5) using 10 ng
eGFP-KDMBA WT plasmid and mutagenesis primers (Chapter 4-Table supplement 12).

163



1.25 U PnmeSTAR GXL DNA Polymerase (Takara Bio, Kusatsu, Shiga, Japan) was used in
PCR reactions. Successful PCR amplification and product length was checked by gel
electrophoresis. After Dpnl (NEB, Ipswich, MA, USA) digestion (20 U for 1 h at 37 °C), SDM
amplicons were transformed into Escherichia Coli XL10-Gold® (Stratagene, Santa Clara,
CA, USA) and spread on LB amp plates. Colonies were picked, grown and DNA was isolated
using a QlAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany). After sequencing, DNA from
positive KDMGBA substitution clones was re-transformed into E. Coli XL10-Gold®
(Stratagene) and purfied at a large scale using MNuclecBond Xtra Maxi Plus EF kit
(Macherey-Nagel, Dueren, Germany). Substitutions were then re-confirmed by sequencing.
Generation of eGFP-KDMBA deletion variants was done by “modularized” cloning of three
inserts: TPR, res. 1-390, IDR, res. 391-885 and JmjC, res. 886-1401 from the original
wildtype eGFP-KDMGA pcDNA3.1(+) into the pEGFP-C1 vector for the desired combinations.
Each restriction enzyme (RE) site produces a two amino acids long linker. Constructs with
one insert (eGFP-TPR, eGFP-IDR) have BspEl and Hindlll as flanking RE sites. Constructs
with two inserts (eGFP-KDMEBA ATPR, AIDR, AJm|C) have BspEl and EcoRl as flanking RE
sites and Hindlll as middle RE site. The control construct eGFP-KDM6Ay.qing has BspEl and
Kpnl as flanking RE sites and Hindlll and EcoRl as mid RE sites. Amplification primers
(Chapter 4-Table supplement 12) were designed according to the desired combination with
appropriate overhangs and synthesized by Eurofins Genomics (Ebersberg, Germany).
PrimeSTAR GXL DNA Polymerase (Takara Bio) was used for amplification according to the
manufacturer’s instructions. T4 DNA ligase (NEB) was used for insert ligation (10 min at RT,
3.1 insert-vector ratio). All restriction enzymes were purchased from NEB. NucleoSpin Gel
and PCR Clean-Up (Macherey-Nagel) was used to extract and clean up DNA. Cloning
products were transformed into Escherichia Coli XL10-Gold® (Stratagene). An appropriate
number of colonies were picked, grown and the DNA was isolated using a QlAprep Spin
Miniprep Kit (QIAGEN). After sequencing, positively cloned DNA was re-transformed into E.
Coli XL10-Gold® (Stratagene) and purified in a large scale using a NucleoBond Xtra Maxi
Plus EF kit (Macherey-Nagel).

Transient transfection

For transient transfection, cells were seeded into 6-well plates with (imaging) or without
(activity, western blot) glass cover slips. 24 h later, cells were transfected at ~70%
confluence using X-tremeGENE™ 9 or HP (Roche, Basel, Switzerland; application
dependent use) in a 2:1 ratio (v/w) of transfection reagent to DNA. Total DNA transfected per
well (9.6 cm?) did not exceed 2 pg. Transfection was carried out 24 - 48 h for activity assay

and Westemn Blot applications and 36 h for localization analysis.
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Cell death analysis by flow cytometry

150,000 cells (SW-1710) and 200,000 cells (T-24) per well of a six well plate were seeded
and reversely transfected with XtremeGENE™ HP (Roche). After 16 h cells were split into
two wells. 48h post transfection, supermatant and cells were collected, centrifuged at 1000
rpm for 5 min, washed with ice-cold 1x Annexin binding buffer (Serva, Heidelberg, Germany)
and centrifuged again. The pellet was resuspended in 75 pl 1x Annexin binding buffer
containing 4.5 pl Annexin V-APC (Serva) and 7.5 pl Pl {1 mg/ml, Serva) and incubated for 15
min in the dark at RT. The suspension was dilluted with 500 pl 1x Annexin binding buffer,
centrifuged, washed and fixed with 0.5% formaldehyde (methanol-free) for 20 min on ice.
The reaction was stopped with 500 pl 1x Annexin binding buffer. FACS measurements and
analysis was performed using the MACSQuant Analyzer X and MACSQuantify Software
(Miltenyi Biotec, Bergisch-Gladbach, Germany). In total, 50,000 cells/lexperiment were

analyzed in three independent experiments.
Co-IP and Western blot analysis

An appropriate amount of cells were lysed by suspension in SDS-free RIPA like buffer (RLB)
consisting of 50 mM Trs-HCI (pH 7.5), 0.3% CHAPS, 150 mM sodium chloride, 1 mM
sodium vanadate (Na:VOs), 10 mM sodium fluoride (NaF), 1 mM ethylene
diaminetetraacetate (EDTA), 1 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N' N’ -
tetraacetate (EGTA), 2.5 mM tetrasodium pyrophosphate NasO7P2. One pm Dithiothreitol and
1x HALT™ protease inhibitor cocktail {Sigma-Aldrich) were freshly added. Lysis was followed
by immediate freezing in liquid nitrogen, thawing on ice for 30 min and repeated mixing by
pipetting for 30 s each. After centrifuging the pellet, the lysate was either directly separated
by SD5-PAGE on a 4-20% gradient gel or used in the following Co-IP steps. For Co-IP, the
GFP containing lysate was incubated with GFP-trap dynabeads (Chromotek, Planegg-
Martinsried, Germany) for 1 h at 4 C with constantly mild agitation to pull-down eGFP-
KDMBA wvarants and complexed proteins. Dynabeads were magnetically separated and
washed three times with Co-IP buffer, resuspended in SDS-PAGE loading buffer, boiled and
separated on a 4-20% gradient gel. After running, the gel was transferred onto an activated
PVDF-membrane. The membrane was blocked in TBS/0.1% Tween (TBS-T) and 5% BSA
for 1 h at RT and subsequently incubated with the respective primary antibody (Chapter 4-
Table supplement 13) in TBS-T, 1% BSA overnight at 4 “C. The membrane was washed
three times in TBS-T at RT. The secondary antibody (Chapter 4-Table supplement 13) was
applied for 1 h at RT in TB5-T, 1% BSA. The membrane was washed again three times and
Clarity™ ECL (Bio-Rad, Hercules, CA, USA) was used to develop the signal.
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ELISA-based demethylase activity assay

Preparation and lysis of the cells was done the same way as described for Co-IP. However,
before the GFP-trap dynabeads were added, the fluorescent emission signal of the lysate
was measured (470 nm ex., 485-650 nm em.) in a microliter cuvette. The dynabeads were
then mixed in the lysate for 1 h at 4 "C under constant, mild agitation. Beads were then
magnetically separated, the fluorescent emission of the remaining lysate was measured
again with the same specifications as above. The delta in the emission spectra before and
after bead incubation in the range of 500-530 nm was used to calculate the amount of e GFP-
KDMGBA pulled out of the lysate in each run. To eliminate residual RLB buffer (crucial step!),
beads were washed two times with the activity assay (AA) buffer (50 mM TRIS-HCI (pH
7.45), 0.02% Trnton X-100, 100 pM o-ketoglutarate, 50 pM Fe(NH4)2(S04)*6 H=0, 100 pM
ascorbic acid, 1 mM TCEP, cofactors and TCEFP being added freshly to avoid oxidation.
H3K2Tme3 (ProteoGenix, Schiltigheim, France) and H3K27me2 (BioCat) peptides (Chapter
4-Table supplement 14) were dissolved in AA buffer and mixed with the loaded beads. The
beads were incubated with the peptides for 4 h at 30 °C while maintaining constant
suspension. Afterwards, the beads were magnetically separated and the supernatant
containing the biotin-labeled peptide was loaded onto a streptavidin-coated 96-well plate
(triplicate per vanant/control, 50 pl per well). After 1 h of biotin binding at RT and removal of
the solution, the wells were loaded with 50 pl of the a-H3K27me2 antibody in 0.1% TBS-T
and incubated for 1 h at RT while shaking gently. The wells were then washed three times
with 150 pl TBS-T. Subsequently, 50 pl of a 1:1000 alkaline phosphatase (ALP)-conjugated
secondary antibody (Chapter 4-Table supplement 13) was added and incubated for 30 min
at RT. The wells were washed four times for 5 min. For detection, 100 pl of p-nitrophenyl
phosphate (pNPP, Sigma-Aldrich) was added into each well and incubated for 10 min at BT
in the dark, mixing thoroughly. The reaction was then quenched by 100 pl 1 M NaOH. The
signal was measured in a plate reader at 405 nm absorption, quantified, normalized and
fitted. To fit the ELISA readout, we used a 4-PL-regression normalized to the standard curve.
The WT fit overlaid with the standard curve was used to directly calculate the relation
between the amount of flucrescence signal and demethylated product. WT 4PL-regression fit
was applied to calculate cso as a reference point to compare the WT value with the variants.
Additionally, eGFP reference measurements were used to calculate the absolute amount of
protein input and calculate a specific activity. Initial validation for the assay was done with
recombinant full-length KDMBA (Active Motif, Carlsbad, CA, USA).
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Immunocytochemistry

Depending on the antibody requirements two protocols were used. For ICC with primary
antibody incubation overnight, cells were seeded on coverslips, transiently transfected and
fixed at =80% confluence with 1% (v/v) para-formaldehyde, 0.02% (v/v) Triton X-100 for 20
min at RT. Blocking and permeabilization was done with 1% (w/v) BSA, 0.1% (w/v) saponin
in PBS for 30 min at RT. After overnight night incubation at 4 °C, coverslips were washed
with PBS and incubated with the secondary antibody for 1 h at RT. Slides were washed with
PBS, stained with DAPI, washed again frequently with PBS and mounted. For ICC with
primary antibody incubation for 1 h RT, cells were prepared as before, but fixed with 4% FA
(v/v) for 10 min at RT. Permeabilization was done with 0.5% (v/v) Triton X-100 for 3 min at
RT and blocking with 1% (w/v) BSA in PBS for 30 min at RT. The primary antibody was
incubated with shaking for 1 h at RT, coverslips were washed with PBS and incubated with
shaking with the secondary antibody for 1 h at RT. Slides were washed with PBS, stained
with DAPI, washed again several times with PBS and mounted. Primary and secondary

antibodies are listed in Chapter 4-Table supplement 13.
Microscopy and image processing

Confocal imaging with live or fixed cells was performed on a confocal laser scanning
microscope FV1000 IX81 inverted microscope (Clympus, Shinjuku, Japan) using a 60x water
immersion UPLSAPO NA 1.2 objective. DAPI, eGFP and Star Red were excited at 405 nm,
488 nm and 635 nm, respectively, with the intemal FV10-MARAD-2 main laser unit. Star
Orange was excited at 559 nm with an external Opti A 559 diode laser (NTT Electronics,
Yokohama, Japan). Internal PMT detectors (Olympus) were used for detection. Confocal
laser scanning microscope (LSM) processing routine was camed out with the freely
accessible Fiji and Huygens Pro 20.10 (5VI, Hilversum, Netherlands) for deconvolution. For
deconvolution of images fulfilling the Nyquist criterion, we used an automatically computed
theoretical point spread function based on our known microscopic parameters and a model
of the Olympus 1X81 provided by SVI and performed 30 iterative steps of classic maximum
likelihood estimation (CMLE) on our images. Structured illumination microscopy (SIM) was
performed on an ELYRA PS.1 (Zeiss) using a Plan-Apochromat 63x/1.4 Qi DIC M27
objective. For imaging of the fluorescent proteins eGFP and mCherry fused to mGBPs in
fixed MEF cells, 488 nm was chosen with a BP495-575+LP750 filter for eGFP and 561 nm
excitation with a BP570-650+LP750 filter for mCherry, respectively. The resulting images
were 7556 pm x 7540 ym. During SIM a grid size of 34 ym for eGFP and 42 pm for
mCherry was used. Grids were 5 times rotated. Reconstruction was performed using the

ZEN structured illumination feature with noise filter of -6.5 for eGFP and -6_2 for mCherry.
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Multiparameter imaging spectroscopy

The FV1000 system is additionally equipped with an external time-comelated single photon
counting unit (Hydra Harp 400, PicoQuant) and external detectors for MFIS-FRET
measurements. eGFP was excited at 485 nm with a LDH-D-C-485 diode laser (PicoCluant)
with a linearly polanzed beam and a pulse frequency of 32 MHz. mCherry was excited with
an Opti A 559 (NTT Electronics) laser at a continuous wave (CW) setting. MFIS-FRET
measurements were done with laser powers of ~ 200 nW at 485 nm and ~500 nW at 559
nm, a pinhole size of 200 pm, a dwell time of 20 ps at a total of 60 frames. Separation into
parallel and perpendicular signals was realized by a PBS 101 polarizing beamsplitter cube
(Thorlabs). eGFP signal was detected via PD5CTC single-photon avalanche photodiodes
(Micro Photon Devices) with upstream HC 520/35 bandpass filters (AHF). Detection of
mCherry signal was realized via cooled HMPC-100-40 hybrid-photodetectors (Becker&Hickl)
with upstream HC 607/70 bandpass filters (AHF).

In the first step of pixel-wise analysis, pixels were selectively averaged by grouping with the
same charactenstics. In a second step, the grouped pixels were integrated for subsequent
sub-ensemble analysis. To determine fluorescence-weighted lifetimes in a pixel-wise
analysis, the histograms presenting the decay of fluorescence intensity after the excitation
pulse were built for each pixel with 128 ps per bin. Raw data was prepared using the
software “An/-3SF” developed in Seidel group, as part of the software package for
multiparameter TCSPC/imaging. Fluorescence decay analysis was done using “ChiSurf’, a
global analysis platform for fluorescence data developed as open source software

https://github_.com/fluorescence-tools. We used the fit formula Eqg. 2 for Donly-analysis:
fop(t) = Tixh exp(—fg) Eq. 2

with DO representing the donor in absence of the acceptor, D|D representing donor emission
upon donor excitation, / representing the number of exponents needed to fit the system, xp
representing the donor fraction of each exponential expression and 1o representing the donor

lifetime of each exponential expression.

Knowing that the donor will be quenched by FRET in addition to Eq. 2, we derive Eg. 3,
describing the FRET-induced donor decay on top of the donor-only decay.

fﬁﬁ{ﬂ = ﬁ:lr:ig (t) - X xFrer EKP{—t . kfmxr) Eq. 3

with DA representing the donor in presence of the acceptor, xrrer representing the fraction of
molecules undergoing FRET corresponding to each FRET-rate kgger (with i depending of the

number of energy transfer modes described by different transfer rates).
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Scatterplot generation and cellular back mapping

We used the freely available, open source Fiji plugin ScatterJ [88]. Processed images were
converted into 8-bit grey scale tagged image file formats (tiff) and opened in ScatterlJ.
256x256 pixel scatterplots were saved as xy-lists (.dat) for processing in OniginPro. Within
scatterplot, regions were selected using Fiji free-hand-tool and back mapped to the original
image. The back-mapped image, as well as channel-wise images, were saved as text
sequences (.dat) or portable networks graphics (.png) for further image and matrix analysis
in OriginPro. The resulting cellular back-mapping-images represent the pixel-wise analysis of

defined scatterplot populations.

6. List of abbreviations

4-PL: Four parameter logistic

aa: Amino acid

AA: Activity assay

ASHXL: Absent, small, or homeotic-like

BSA: Bovine serum albumin

CEP: CREB binding protein

CHAPS: (3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate)
CMLE: Classic maximum likelihood estimation

COMPASS: Complex proteins associated with Set1

DAPI: 4' 6-diamidino-2-phenylindole

DDR: DNA repair and stress response
DMEM: Dulbecco’s modified Eagle’s medium
ECL: Enhanced chemiluminescence
EDTA: Ethylene diaminetetraacetate

eGFP: Enhanced green fluorescence protein
EGTA: Ethylene glycol-bis(B-aminoethyl ether)-N,N N’ N’ -tetraacetate
ELISA: Enzyme-linked immunosorbent assay
FA: Formaldehyde

FACS: Fluorescence activated cell sorting
FBS: Fetal bovine serum

GO: Gene ontology
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ICC:
IDR:
IP:
KDM:
KMT:
LSM:

MS:
NPM:
PCC:
PAGE:
PBS:
PCR:
pNPP:
PTM:
RBBP:
RE:
RLB:
RT:
SDM:
SDS:
STR:
SWI/SNF:
TBS-T:
TCEP:
TPR:
TRIS:
UTX:
WDR:
WRAD:

Immunocytochemistry

Intrinsically disordered protein
Immunoprecipitation

Lysine demethylase

Lysine methyltransferase

Laser scanning microscope
Manders coefficient

Mass spectrometry
Nucleophosmin

Pearson coefficient

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Phosphate buffered saline
Polymerase chain reaction
para-Nitrophenylphosphat
Post-translational modification
Retinoblastoma-binding protein
Restriction enzyme

RIPA-like buffer

Room temperature

Site-directed mutagenesis

Sodium dodecyl sulfate

Short tandem repeats
SWitch/Sucrose non-fermentable
Tris-buffered salineftween 20
Tris(2-carboxyethyl)phosphine
Tetratricopeptide repeat
Trs(hydroxymethyl)Jaminomethane
Ubiquitously transcribed tetratricopeptide repeat, X chromosome
WD-repeat containing protein
WDR5-RBBP5-ASH2L-DPY30 complex
Wildtype
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Chapter 4 Supplement

(Text and figures taken or adapted from manuscript 1. {(see Publications section, page 187)

DATAFINDER:

A) For a detailed datafinder, refer to P\SFF Projekt UTX\Methoden Ergebnisse\
List of experiment |1Ds (KO, KOB and KOC)

Chapter 4-Figure supplement 1
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Bioinformatic analysis of KDM6A tetratricopeptide repeats. (Adapted from Koch et al., 2021) A.
Alignment of annotated KDM6A TPRs using the TPRprediction and alignment tool published in [1]. Al
annotated KDMBA TPRs with the given amino acid range (see label) were compared for their TPR
conservation to the consensus sequence as published in [4] with the most conserved amino acids W4,
L7, GB, Y11, A20, Y24, A27 and P30. Identity and p-values are shown on the right hand. The 34
amino acid TPR motif could not be identified for TPR 3 (aa 170-199). Color coding according to
CLUSTAL W alignment. B. secondary structure prediction of TPR3 using the Quick2D on the MPI
Bioinformatics toolkit server [2, 3] indicated a high probability for aa 14-26 to form an a-helix, but aa 1-
10 tend to form either an a-helix or a B-strand. Of note, the canonical 34 aa TPR repeating unit forms
the crucial helix-turm-helix motif [4]. In general, the N-terminal TPRs 1-4 show less strict conservation
towards the canonical TPR sequence compared to the C-terminal TPRs 6-8.

1. Karpenahalli, M.R., A.N. Lupas, and J. Soeding, TPRpred: a tool for prediction of TPR-, PPR-
and SELI-like repeats from protein sequences. Bmc Bioinformatics, 2007. 8.

2. McGuffin, L.J., K. Bryson, and D.T. Jones, The PSIPRED protein structure prediction server.
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3. Zimmermann, L., et al., A Completely Reimplemented MPI Bioinformatics Toolkit with a New
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4. Main, E.R.G., et al., Design of stable alpha-helical arrays from an idealized TPR motif.
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Western Blot control experiments and raw blots. A.

eGFP-KDMEA TPR whole cell lysate and the corresponding IP fraction was separated on a Westermn
Blot and stained with eGFP (CST) or RBBPS (CST) antibodies. RBBPS precipitated with eGFP-
KDMEA TPR. B. Dynabeads washing control on same membrane, washed with 3x RIPA like buffer
(RLB). While KDMBA WT pulls a clearly visible RBBPS band and a low WDRS band, both are
undetectable in eGFP-transfected cells alone (negative control). €. Raw blots from Figure 8. Lysate
and Co-IP for selected KDM6GA variants and eGFP. IP and corresponding lysate lanes were also on
the same blot. All experimental conditions for the blots presented were kept constant. D. Raw blots
from Figure 3C/D. Protein lanes shown in main figures are in red boxes. The PageRuler Plus

Prestained protein ladder (Thermmo Fisher) was used for orientation.
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Cellular back mapping identifies co-localizing protein populations at extranuclear DNA
segments. A. images shown in Figure 4, all channels. B. Analysis of KDMGA TPR and NPM1:
Cellular back mapping identifies a colocalizing population (orange) and free KDMEA TPR (green) and
NPM1 (red) at cytoplasmic DNA segments. C. scatterplot analysis and cellular back mapping of
KDMEA variants and DAPI as indicator of KDM6A-DNA complexes. In KDMBA WT scatterplot we
identified four populations: 1 = cytoplasmic KDMGA (without DAPI) and 4 = DAPI (without KDM6A), as
well as, populations #2 and #3, which resemble different ratios of KDMG6A-DNA complexes. Population
2 is located at the lamina and in nucleolar puncta, and population 3 is located within the nucleoplasm.
Substitution variant T726K shows minor differences in populations#2 and #4, as the lamina in #2 is
less clearly visible, but strongly enriched in population #4. Contour scatterplot of JmjC or TPR with
DAPI identified only three populations, with population #1 being absent. Back mapping clearly

indicates compartment-wise localization of different DAPI-KDMBA JmjC or TPR compositions.
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Chapter 4-Figure supplement 4

A, elevated levels of pyHZAX

+KDMGBAWT
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Leica SP8
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RADS1-AbSRed

Abberiar

Distribution and expression levels of p-yH2A.x and RAD51 after KDM6A overexpression and

endogenous localization of KDM6A during mitosis. A. p-yH2A x protein level in untransfected and
KDMBEA variants transfected T-24 cells. Note, that even in strongly overexpressed KDM6A WT cells, p-
yH2A x was not increased, but strongly in KDMEA JmjC and ATPR cells. B. endogenous localization
of KDM6A (CST antibody, 2™ antibody goat-anti-rabbit AbStar red) as imaged with Leica STED SP8 in
HBLAK cells. For STED, the sample was depleted with 35% of 775 nm laser. C. RADS1 proteins were
detected at a persisting chromatin bridge of two daughter cells, with cell 1 being KDM6A ATPR
positive. The image was taken with Abberior STED, excitation laser 640 nm 5% and depletion laser

775 nm with 40%.
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Chapter 4-Figure supplement 5

Quik-change
mutagenesis

Pro: Easy, fast protocol

Con: Might not be
sufficient for
complicated constructs

SLIM-mutagenesis

O O

Pro: More robust

Con: Longer protocol,
still full construct
amplification

Overlap extension
mutagenesis

A@\
7 N

T O

Pro: Full amplification
not needed

Con: Long protocol,
cloning neccessary

Schematic working principle of mutagenesis tested for generation of KDM6A substitution
variants. Quik-change mutagenesis worked best after establishing PimeSTAR GXL® polymerase

and optimization of primer. SLIM- and OE-mutagenesis are further futurre options for more complex
constructs.
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Chapter 4-Figure supplement 6

ELISA-based H3K27me3 demethylation assay

The antbody-dependent assay can be used to test the acbvity of UTX, JMID3 and UTY on a H3IKZTme3 peptide.

- 3
‘n. w ‘I".
RN
.'.‘ . " |

1. Harvest transfected cell lines

+  Scratch cells down in medium and
centrifuge a8 1000 xg, 4 55 min,
dizcard medium, keep pellet on ice

*  Resuspend and wash pelet in cold

PES, centrifuge at 1000 xg, 4 °C, 5 min,

discard PBS, keep pellet on ice

2. Lyeig of cell pellets

*  Resuspend pellet from 1. in 300 pl cold
COHP buffer with freshly added
protease inhibkor, shock-fresze val in
liquid nitragen.

+  Theww on ice for 3 min, pipette up and
down bwice for 20 5 after thewing.
Centrifuge at 16000 xp, 4 *C, 10 min,
discard pellet, keep supernatant on ice

3. Measurement of eGFP-signal

*  Take 160 pl of the supematart from 2.,
measure flusrescence at 488 nm.
«  After measurement, the samgls wil b

put back inta the respective supernatant.

e

4. GFP-Trap® MA beads binding

+  Wash 10 il smed GFP-Trap@ MAa
besxds twice in CO-IP buffer, use
magnet to separate beads from buffer.

*  Pipette supematant from 2. onta the
beads.

»  Ratate vial for 60 minat 4 “C then use
magnet 1o separate beads Trom bufler.

[ B

5. Measurement of eGFP-signal

= Take 150 pi of the supermnatant from 4.
measure fluorescence st 483 nm

APRD ATRAAR -
LA -

-
AR TG B

G. Incubation of beads with peptide

= WWash beads Trom 4. with 200 14 AA-
buffer twice. Make sureno residug CO-
IP buffer i left, then use magnat to
seporake beads from buffer.
Resuspend beads in 150 W A4 buffer
with 600 ng HIK2Tmed peptide per wal.

= Shakein thermomixer for 2-4 h, 30 °C,
1000 rpm.

= Additionally, place a comrol-vial with 150
ul Ad-buffer comtainng 714 ng
H3k2Trmes peptide n the thermaomizer

*  Make sure beads stay dspersed
thraughou the mcubation.

-:-c_',c;.:x_:-r

7. Binding peptide in 96-well plate

= Pipet Sz 50 pl (inplic ses) of every
wial from 6. into a well each.

o Cover with parafiim, gently rock Tor
60 min at KT

v

[=X=E=T h=F"14
s A

8. Primary antibody incubation

*  Remove the Solulions Trom every
well

*  Add 50 g primary antibody (1:500 in
TBS-T)into eachwell, cover with
parafilm, genthy rock for G0 minat RT.
‘Wash three times with TBS-T, genthy
rockTor & min &t BT in batween while
TBS-Tis an sample.
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9. Secondary antibody incubation

+  Remowethe solutions from every well
+  Add 5} pl secondary amtibedy (1:1000

in TBS-T) nto each well, cover with
parafilm, gently rock for 30 min et KT

« Yyash faur imes with TBS-T, gently

rock Tor & min at BT in betwean while

TB5-Tis on samgple.
o ol
=

10. ALP-based development

«  Remove the solulions Trom every
wel

«  Add 100w pNPP-solution to each
wel, leave for 10 min in the dark, mix
by tapping ewery 2 min.

«  End reaction by adding 100 pl 1 M
NaOH to each well, mix by tapping.

*\%ﬂféaf P

11. Celorimetric readout

A pale yellow =tain will indicate for
demethylaied product.

+  Readout plate & 405 nmwath 650
nmas reference channel

12. Data analysis

+  Compare dmethylation levels.

+  GCalculste a comechon factor for
difference in protein armount by
diractly relsting the fluorescence
rmeasuremens before (3.) and
after bead incubation (5.}



Chapter 4-Figure supplement 7

pEGFP-C1_TPR-mxtended-SPOT
&

73 be

Plasmid map of the eGFP-TPR-SPOT construct in pEGFP-C1. TPR and extension were cloned into
the leading part of the MCS, using it as an effective linker between SPOT, Poly-K (sol-tag) at the end
of the MCS.
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CHY enhancer

(T_senprimer_siFR F1173 4300

TT206K (1534 P
CAPF hinding cite
Tac oparsior - S :
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N:s
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T
§ eGEP-UTX in pcDMAS.1(+)
E 10377 bp
&
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- RIET

Plasmid map of the substitution mutations in in pcDNA3.1(+). Single substitutions were mutated
at the respective sites. A primer network was establish to allow full sequencing of the construct.
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Chapter 4-Table supplement 1

Literature meta-assessment of KDMBA interaction partners. Grouped via main functionality or

complex-affiliation. Interaction sources with more than two independent publications are indicated in

bold font.
Compass-complex
RBBP5 (Shpargel, Sengoku, Yokoyama, & Magnuson, 2012), (Yang et al, 2019),
(Benyoucef et al., 2016), (Vandamme et al., 2012), (Shpargel, Starmer, Wang, Ge,
& Magnuson, 2017), (Lang et al_, 2019)
ASH2L (Kato et al.), (Benyoucef et al., 2016), (Vandamme et al., 2012), (Rocha-Viegas et
al., 2014)
KMT2D (Vandamme et al_, 2012), (Kim et al., 2014), (Rickels et al., 2020)
PTIPIPAXIP1 (Yang et al., 2019), (Benyoucef et al., 2016), (Vandamme et al_, 2012)
WDR5 (Benyoucef et al_, 2016), (Vandamme et al_, 2012)
KMT2C (Vandamme et al_, 2012)
PA1 (Benyoucef et al, 2016)
KMT2B (Leng et al_, 2020)
Transcription, transcription factors and promotors
CBP (Tie, Banerjee, Conrad, Scacheri, & Harte, 2012), (Zha et al., 2015), (Zha et al.,
2016), (Xie et al., 2017)
p300 (Watanabe et al_, 2019), (Wang et al., 2017)
NCOAG (Benyoucef et al., 2016), (Rocha-Viegas et al., 2014)
RNA-Pol 11 (Smith et al., 2008)
TALT (Benyoucef et al, 2016)
GATA3 (Yu et al., 2019)
GATADB2 (Biswas et al_, 2019)
HNF1A (Kalisz et al_, 2020)
B-Catenin (Leng et al., 2020)
ORF50 (Rossetto & Pari, 2012)
JunB (Beyaz et al_, 2017)
Oct-1 (Perovanovic, Shen, Wu, & Tantin, 2020)
ZBT16 (Beyaz et al_, 2017)
DNA-damage and repair
p53 {Chen et al., 2019), (Zhang et al., 2013), (Gao et al_, 2019)
p53BP1 (Yang et al., 2019)
RADS0 {Chen et al_., 2019)

Chromatin remodeling
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BRM (Tie et al., 2012)

MTA1 (Biswas et al., 2019)
MTA2 (Biswas et al., 2019)
CHD4 (Biswas et al., 2019)
RBBP4 (Biswas et al., 2019)

Receptors

RXR/RAR (Wang et al, 2017), (Rocha-Viegas et al., 2014)

ERa (Xie et al_, 2017)
Histones
H3 (Hong et al., 2007)
Histone demethylases
KDMEGA (Shpargel et al., 2012)
KDMEC (Shpargel et al_, 2012)
KDM7A (Xieetal, 2017)

Benyoucef, A, Palii, C. G, Wang, C. C_, Porter, C_ J_, Chu, A, Dai, F. T_, . . . Brand, M. (2016). UTX
inhibition as selective epigenetic therapy against TAL1-driven T-cell acute lymphoblastic leukemia.
Genes & Development, 30(5), 508-521. doi-10.1101/gad 276790115

Beyaz, 5., Kim, J. H., Pinello, L, Xifaras, M. E, Hu, Y., Huang, J. L, . . . Winau, F. (2017). The
histone demethylase UTX regulates the lineage-specific epigenetic program of invariant natural killer T
cells. Nature Immunology, 18(2), 184-195. doi:10.1038/ni.3644

Biswas, M_, Chatterjee, S. S, Boila, L. D, Chakraborty, S., Banerjee, D., & Sengupta, A. (2019).
MBD3/NuRD loss participates with KDMG6A program to promote DOCKS/8 expression and Rac
GTPase activation in human acute myeloid leukemia. Faseb Joumnal, 33(4), 5268-5286.
doiz10.1096/] 201801035R

Chen, H, Huang, Y. X, Zhu, X. Q. Liu, C, Yuan, Y. M, Su, H,, . . . Huang, K. (2019). Histone
demethylase UTX is a therapeutic target for diabetic kidney disease. Joumnal of Physiology-London,
597(6), 1643-1660. doi-10.1113/)p277367

Gao, J., Zou, J, Li, J,, Zhang, Y., Qiao, L., Wang, F., . . . Liu, C. (2019). Folate deficiency facilitates
coordination of KDM6A with p53 in response to DNA damage. bioRxiv, 591768. doiz10.1101/591768
Hong, 3. H, Cho, ¥. W_, Yu, L. R, Yu, H,, Veensira, T. D, & Ge, K. (2007). Identification of JmjC
domain-containing UTX and JMJD3 as histone H3 lysine 27 demethylases. Proceedings of the
National Academy of Sciences of the United Stafes of America, 104(47), 18439-18444.
doiz10.1073/pnas.0707292104

Kalisz, M., Bemardo, E., Beucher, A, Maestro, M. A, del Pozo, N_, Millan, 1, . . . Ferrer, J. (2020).
HNF1A recruits KDM6EA to activate differentiated acinar cell programs that suppress pancreatic
cancer. Embo Joumnal, 3%(9). doi-10.15252/embj 2019102808

Kato, H., Asamitsu, K., Sun, W_ D, Kitajima, S_, Yoshizawa-Sugata, N., Okamoto, T_, . . . Poellinger, L.
Cancer-derived UTX TPR mutations G137V and D336G impair interaction with MLL3/4 complexes and
affect UTX subcellular localization. Oncogene. doi:10.1038/s541388-020-1218-3

Kim, J. H., Sharma, A, Dhar, 5. 5., Lee, 5. H, Gu, B, Chan, C. H,, . . . Lee, M. G. (2014). UTX and
MLL4 Coordinately Regulate Transcriptional Programs for Cell Proliferation and Invasiveness in
Breast Cancer Cells. Cancer Research, 74(6), 1705-1717. doiz10.1158/0008-5472 Can-13-1896

Lang, A, Yilmaz, M., Hader, C., Murday, S., Kunz, X, Wagner, N, . . . Schulz, W. A  (2019).
Contingencies of UTX/KDMBA  Action in  Urothelial Carcinoma. Cancers, 11(4).
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Leng, X, Wang, J., An, N_, Wang, X., Sun, Y., & Chen, Z. (2020). Histone 3 lysine-27 demethylase
KDM6A coordinates with KMT2B to play an oncogenic role in NSCLC by regulating H3K4me3.
Oncogene, 39(41), 6468-6479. doi:10.1038/541388-020-01449-y

Perovanovic, J., Shen, Z., Wu, Y., & Tantin, D. (2020). Oct1 recruits the histone lysine demethylase
Ux  to canalize lineage  specification. bioRxiv, 2020.2012.2001.406488.
doi-10.1101/2020.12.01.406488

Rickels, R., Wang, L., Iwanaszko, M., Ozark, P. A_, Morgan, M. A, Piunti, A., . . . Shilatifard, A. (2020).
A small UTX stabilization domain of Trr is conserved within mammalian MLL3-4/COMPASS and is
sufficient to rescue loss of viability in null animals. Genes & Development, 34(21-22), 1493-1502.
doi-10.1101/gad.339762.120

Rocha-Viegas, L., Villa, R., Gutiemez, A., Iriondo, O., Shiekhattar, R., & Di Croce, L. (2014). Role of
UTX in Retinoic Acid Receptor-Mediated Gene Regulation in Leukemia. Molecular and Cellular
Biology, 34(19), 3765-3775. doi-10.1128/mcb.00839-14

Rossetto, C. C., & Pari, G. (2012). KSHV PAN RNA Associates with Demethylases UTX and JMJD3 to
Activate Lytic Replication through a Physical Interaction with the Virus Genome. Plos Pathogens, 8(5).
doi-10.137 1/journal.ppat. 1002680

Shpargel, K. B., Sengoku, T., Yokoyama, S., & Magnuson, T. (2012). UTX and UTY Demonstrate
Histone Demethylase-Independent Function in Mouse Embryonic Development. Plos Genetics, 8(9),
17. doi:10.1371/journal.pgen. 1002964

Shpargel, K. B., Starmer, J., Wang, C. C., Ge, K., & Magnuson, T. (2017). UTX-guided neural crest
function underlies craniofacial features of Kabuki syndrome. Proceedings of the National Academy of
Sciences of the United States of America, 114(43), E9046-E9055. doi:10.1073/pnas.1705011114
Smith, E. R., Lee, M. G., Winter, B, Droz, N. M., Eissenberg, J. C., Shiekhattar, R., & Shilatifard, A.
(2008). Drosophila UTX is a histone H3 Lys27 demethylase that colocalizes with the elongating form
of RNA polymerase II. Molecular and Cellular Biology, 28(3), 1041-1046. doi-10.1128/mcb.01504-07
Tie, F., Banerjee, R., Conrad, P. A., Scacheri, P. C., & Harte, P. J. (2012). Histone Demethylase UTX
and Chromatin Remodeler BRM Bind Directly to CBP and Modulate Acetylation of Histone H3 Lysine
27. Molecular and Cellular Biology, 32(12), 2323-2334. doi:10.1128/mcb.06392-11

vandamme, J., Lettier, G., Sidoli, S., Di Schiavi, E., Jensen, O. N, & Salcini, A. E. (2012). The C.
elegans H3K27 Demethylase UTX-1 Is Essential for Normal Development, Independent of Its
Enzymatic Activity. Plos Genetics, 8(5). doi:10.1371/joumal pgen. 1002647

Wang, S. P., Tang, Z. Y., Chen, C. W., Shimada, M., Koche, R. P, Wang, L. H., . . . Roeder, R. G.
(2017). A UTX-MLL4-p300 Transcriptional Regulatory Network Coordinately Shapes Active Enhancer
Landscapes for Eliciting Transcription. Molecular Cell, 67(2), 308-+. doi-10.1016/j.molcel 2017.06.028
Watanabe, S., Shimada, S., Akiyama, Y., Ishikawa, Y., Ogura, T., Ogawa, K., . . . Tanaka, S. (2019).
Loss of KDMGA characterizes a poor prognostic subtype of human pancreatic cancer and potentiates
HDAC inhibitor lethality. International Journal of Cancer, 145(1), 192-205. doi:10.1002/ijc.32072

Xie, G., Liu, X., Zhang, Y., Li, W., Liu, S., Chen, Z., . . . Liang, J. (2017). UTX promotes hormonally
responsive breast carcinogenesis through feed-forward transcription regulation with estrogen receptor.
Oncogene, 36(39), 5497-5511. doi-10.1038/onc.2017.157
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Chapter 4-Table supplement 2

PTM predictions for all residues mutated in our study, both in original state and after

mutagenesis.
Mutation: WT PTM (predicted): Mutant PTM (predicted):
E315Q E315: Proteolytic cleavage (low Q315: Proteolytic cleavage (low
conf.) confidence)
Q315: Pymolidone Carboxylic acid (med.
conf.)
D336G D336 none G336 none
TT726K T726: Phosphorylation (low K726: Acetylation (low confidence)
confidence) K726: Proteolytic cleavage (medium conf.)
T726: Proteolytic cleavage K726: Methylation (high confidence)
(medium confidence) K726: PUPylation (medium confidence)
K726: Ubiquitination (low confidence)
T726V T726: As above V726: none
P966R P966: none R966: none
Q1133A Q1133:  Amidation (medium  A1133: none
confidence)
H1329A H1329: none A1329 none
V1338F V1338 none F1338: Amidation (high confidence)
C1361Y C1361:  Disulfide  (medium Y1361: none
confidence)

Pejaver, V., et al_, The structural and functional signatures of proteins that undergo multiple events of
post-translational modification. Protein Science, 2014. 23(8): p. 1077-1093.
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Chapter 4-Table supplement 3

Parameters which are fitted are given in bold, linked parameters in italic. fixed parameters are plain

text.

Species eGFP-KDMGA Donly KDM6BA-tagGFP2 Donly
Fit-Nbr 1 2 3 1 2 3

bg 229.632 162.772 191.763 287.520 196.581 56.288
dt 0.032 0.032 0.032 0.032 0.032 0.032
g 1.000 1.000 1.000 1.000 1.000 1.000
11 0.031 0.031 0.031 0.031 0.031 0.031
12 0.037 0.037 0.037 0.037 0.037 0.037
b 541.428 188.267 768.486 603.088 891.574 1425.497
no 2621153.813 | 2716139.613 | 1868967 _524 | 2968346.958 | 1853770.021 | 641789232
r0 0.380 0.380 0.380 0.380 0.380 0.380
rep 40.000 40.000 40.000 40.000 40.000 40.000
5C 0.000 0.000 0.000 0.000 0.000 0.000
start 0.000 0.000 0.000 0.000 0.000 0.000
stop 32768 32768 32768 32.768 32768 32768
tBg 1.000 1.000 1.000 1.000 1.000 1.000
tDead 85.000 85.000 85.000 85.000 85.000 85.000
L1 3.096 2.1 2.970 3.084 3.060 3.905
L2 2.036 1.668 1.973 1.784 1.808 2.422
tMeas 1.000 1.000 1.000 1.000 1.000 1.000
ts -0.533 -0.452 -0.625 -0.198 -0.359 -0.131
win-size 17.000 17.000 17.000 17.000 17.000 17.000
XL1 0.378 0.705 0.442 0.666 0.700 0.215
X2 0.621 0.285 0.558 0.334 0.300 0.785
Chi2r 1.0212 1.0025 1.0697 1.0683 0.9642 1.0613
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Chapter 4-Table supplement 4

Parameters which are fitted are given in bold, linked parameters in italic. fixed parameters are plain

text.

Species eGFP-KDMeA/mCh-RBBPS

Fit-Nbr | 1 2 3 4 ] 6

bg 66.438 241.821 258.470 240.139 359.484 342.871
dt 0.032 0.032 0.032 0.032 0.032 0.032

g 1.000 1.000 1.000 1.000 1.000 1.000

11 0.031 0.031 0.031 0.031 0.031 0.031
12 0.037 0.037 0.037 0.037 0.037 0.037

b 178.464 1523.192 1008.270 1306.896 269.472 216.563
no 1409508.580 | 2768683.738 | 2686104.133 | 2515776.437 | 3673933.814 | 3814954 318
r0 0.380 0.380 0.380 0.380 0.380 0.380
rep 40.000 40.000 40.000 40.000 40.000 40.000
5C 0.000 0.000 0.000 0.000 0.000 0.000
start 0.000 0.000 0.000 0.000 0.000 0.000
stop 32.768 32768 32768 32768 32768 32768
tBg 1.000 1.000 1.000 1.000 1.000 1.000
tDead | 85.000 85.000 85.000 85.000 85.000 85.000
L1 2.652 2.948 2.766 3.272 2.705 2.650
L2 1.472 1.947 1.684 2171 1.543 1.513
tMeas | 1.000 1.000 1.000 1.000 1.000 1.000
ts 0.395 0.173 -0.065 0.092 0.065 -0.047
win- 17.000 17.000 17.000 17.000 17.000 17.000
size

XL1 0.800 0.470 0.677 0.265 0.716 0.776
X2 0.200 0.530 0.323 0.735 0.284 0.224
Chi2zr | 1.0312 11216 1.0306 1.0362 1.0807 0.9753
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Chapter 4-Table supplement 5

Parameters which are fitted are given in bold, linked parameters in italic. fixed parameters are plain

text.

Species eGFP-KDMeA/RBEPS-mCh

Fit-Nbr 1 2 3 4 ] 6

bg 9.834 29.338 78.156 B7.411 33.441 229.47T1
dt 0.032 0.032 0.032 0.032 0.032 0.032

g 1.000 1.000 1.000 1.000 1.000 1.000

11 0.031 0.031 0.031 0.031 0.031 0.031
12 0.037 0.037 0.037 0.037 0.037 0.037

b 1020.779 | 288.175 2316.360 949.582 175.765 1159.677
no 93263.183 | 270559.314 | 799554 955 | 912893.086 571664745 | 1933407 844
r0 0.380 0.380 0.380 0.380 0.380 0.380
rep 40.000 40.000 40.000 40.000 40.000 40.000
5C 0.000 0.000 0.000 0.000 0.000 0.000
start 0.000 0.000 0.000 0.000 0.000 0.000
stop 32768 32768 32768 32768 32768 32768
tBg 1.000 1.000 1.000 1.000 1.000 1.000
tDead 85.000 85.000 85.000 85.000 85.000 85.000
L1 2.837 2.554 2.852 2.896 2.661 2.783
L2 1.154 1.083 1.843 2.007 1.421 1.927
tMeas 1.000 1.000 1.000 1.000 1.000 1.000
ts 0.221 0.010 -0.188 -0.238 -0.294 -0.295
win-size 17.000 17.000 17.000 17.000 17.000 17.000
XL1 0.886 0.902 0.570 0.485 0.808 0.621
X2 0.114 0.028 0.430 0.515 0.191 0.279
Chi2r 1.0407 1.0441 0.9906 1.0136 0.9841 1.0655
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Chapter 4-Table supplement 6

Parameters which are fitted are given in bold, linked parameters in italic. fixed parameters are plain

text.

Species KDMbBA-tagGFP2/mCh-RBBPS

Fit-Nbr 1 2 3 4 ]

bg 49.175 105.140 182.533 52.266 55.283
dt 0.032 0.032 0.032 0.032 0.032
g 1.000 1.000 1.000 1.000 1.000
11 0.031 0.031 0.031 0.031 0.031
12 0.037 0.037 0.037 0.037 0.037
b 2696.035 1144.323 830.97T1 6761.800 179.365
no 584556.444 1080445.7390 1964020068 17329199259 1515426.628
r0 0.380 0.380 0.380 0.380 0.380
rep 40.000 40.000 40.000 40.000 40.000
5C 0.000 0.000 0.000 0.000 0.000
start 0.000 0.000 0.000 0.000 0.000
stop 32.768 32768 32768 32.768 32768
tBg 1.000 1.000 1.000 1.000 1.000
tDead 85.000 85.000 85.000 85.000 85.000
L1 3.460 3.184 2.021 0.000 3.008
L2 2.295 2.070 3.203 2.755 1.680
tMeas 1.000 1.000 1.000 1.000 1.000
ts 0.670 0.565 0.410 -1.415 0.538
win-size 17.000 17.000 17.000 17.000 17.000
XL1 0.408 0.565 0.416 0.809 0.731
X2 0.592 0.435 0.584 0.121 0.268
Chi2r 1.1216 1.1085 1.0522 1.1094 0.9487
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Parameters which are fitted are given in bold, linked parameters in italic. fixed parameters are plain

text.

Species KDMbBA-tagGFP2/RBBP5-mCh

Fit-Nbr 1 2 3 4 ]

bg 34.870 35.215 94.490 11.709 114.190
dt 0.032 0.032 0.032 0.032 0.032

g 1.000 1.000 1.000 1.000 1.000

11 0.031 0.031 0.031 0.031 0.031

12 0.037 0.037 0.037 0.037 0.037

b 256.525 2597.394 541.273 3571.406 1138.532
no 276046357 546536667 827422 277 261950.891 973398 667
r0 0.380 0.380 0.380 0.380 0.380
rep 40.000 40.000 40.000 40.000 40.000
5C 0.000 0.000 0.000 0.000 0.000
start 0.000 0.000 0.000 0.000 0.000
stop 32.768 32768 32768 32.768 32768
tBg 1.000 1.000 1.000 1.000 1.000
tDead 85.000 85.000 85.000 85.000 85.000
L1 2.886 5.205 1.603 2.554 3.165
L2 1.133 2.622 2.977 5.494 1.978
tMeas 1.000 1.000 1.000 1.000 1.000
ts 0.233 0.634 0.095 0.480 1.075
win-size 17.000 17.000 17.000 17.000 17.000
XL1 0.894 0.0628 0.194 0.918 0.3823
X2 0.106 0.921 0.806 0.082 0.617
Chi2r 0.8310 0.9288 0.8848 1.0688 1.0573
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Chapter 4-Table supplement 8

Scoring results from Fig. 15 (Adapted from Koch et al., 2021)

T-24
Untransfected [binucl] [binucl] | [binucl] [ [mononucl.] [mononucl] | [mononucl ] s mitotic
(n = 815) Sknormal | %dmg | %MN Senormal Sdmg %MN
Weighted mean %: h.767 0.736 |0245 86.258 1.718 2.822 2.454
Weighted STDDEV- 4 679 0.203 |0.152 3339 1.927 2218 1.514

_ [binucl] [binucl] | [binucl] [ [mononucl.] [mononucl] | [mononucl.] _
eGFP (n = 374) s%normal | %dmg |%MN | %normal %dmg 9%MN %omitofic
Weighted mean %: 4813 1.070 1.070 74.064 11.230 5.080 2674
Weighted STDDEV- 0.083 0.764 1.102 h.544 6.428 5077 1.688
eGFP-KDMG6A WT (n | [binucl] [binucl] | [binucl] [ [mononucl.] [mononucl] | [mononucl.] % mitotic
= 383) Y%normal Yedmg | %MN Y%normal %dmg %MN
Weighted mean %: 6.527 1.305 1.044 71.802 13.838 2.350 3133
Weighted STDDEV- 1.100 1.216 |0.914 h.262 9.130 0.942 1.407
eGFP-KDMG6A TPR | [binucl] [binucl] | [binucl] | [mononucl] | [mononucl] | [mononucl] % mitotic
{n = 360) Y%normal Yedmg | %MN Y%normal %dmg %MN
Weighted mean %: 2.500 T.778 |0278 41111 45278 1.944 1.111
Weighted STDDEV- 0.896 1.285 | 0458 6.365 6.916 1.806 0.779
eGFP-KDMGA JmjC | [binucl] [binucl] | [binucl] [ [mononucl.] [mononucl] | [mononucl ] s mitotic
(n = 476) Sknormal | %dmg | %MN Senormal Sdmg %MN
Weighted mean %: 3.151 6.513 |0.840 36.975 49370 1.681 1.471
Weighted STDDEV- 2735 2.541 0434 3.805 8.376 0.872 0.950
SW-1710
Untransfected [binucl] [binucl] | [binucl] [ [mononucl.] [mononucl] | [mononucl ] % miitofic
(n = 429) Y%normal Yedmg | %MN Y%normal %dmg %MN
Weighted mean %: 3.497 0.233 |0233 90.443 1.399 0.699 3.497
Weighted STDDEV- 2.185 0.278 |0.264 2546 1.306 0.403 1.216
_ [binucl] [binucl] | [binucl] [ [mononucl.] [mononucl] | [mononucl.] _

eGFP (n=303) snomal | %dmg | %MN | %normal | %dmg 9%MN Yemitotic
Weighted mean %: 6.601 1.580 |0.660 78.548 6.271 3.630 1.320
Weighted STDDEV- 4325 1.219 | 0440 4769 3.637 3.093 0.919
eGFP-KDMGA WT (n | [binucl] [binucl] | [binucl] [ [mononucl.] [mononucl] | [mononucl ] s mitotic
= 287T) Y%normal Yedmg | %MN Y%normal %dmg %MN
Weighted mean %: 7.317 3833 |0348 68.990 14.634 3136 1.742
Weighted STDDEV- 2734 0175 | 0543 5270 1.870 1.255 1.208
eGFP-KDMG6A TPR | [binucl] [binucl] | [binucl] | [mononucl] | [mononucl] | [mononucl] % mitotic
(n =223) Y%normal Yedmg | %MN Y%normal %dmg %MN
Weighted mean %: 4.484 9417 1.345 34.081 43.049 3.587 4 036
Weighted STDDEV- 1.498 1.235 |0.764 3234 5.586 1.297 3.089
eGFP-KDMG6A JmjC | [binucl] [binucl] | [binucl] | [mononucl] |[mononucl] | [mononucl ] % mitotic
(n = 445) Sknormal | %dmg | %MN Senormal Sdmg %MN
Weighted mean %: 3.820 10.562 | 0449 48989 28.539 2.697 4944
Weighted STDDEV- 1.281 3.8971 0429 4923 4218 1.168 24932
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P-Values from Fig. 15 (Adapted from Koch et al., 2021)

Hypothesis tested: P-value: Sign.. | P-value: Sign.:
T-24 SW-1710

Different percentage of total (mono/binuclear, | 0.9883 NS. 0.0144 *

mitosis) nommal cells in WT vs. eGFP

Different percentage of total (mono/binuclear, | 0.0026 i 0.0001 b

mitosis) nomal cells in TPR vs. eGFP

Different percentage of total (mono/binuclear, | 0.0013 i 0.0047 i

mitosis) nomal cells in JmjC vs. eGFP

Different percentage of binuclear cells in WT wvs. | 0.2795 NS. 0.5566 N.S.

eGFP

Different percentage of binuclear cells in TPR vs. | 0.0164 * 0.1608 N.S.

eGFP

Different percentage of binuclear cells in JmjC vs. | 0.3400 NS. 02134 N.S.

eGFP

Different percentage of cells with micronuclei (MN) in | 0.4494 NS. 0.7903 N.S.

WT vs. eGFP

Different percentage of cells with micronuclei (MN) in | 0.3132 NS. 0.7956 N.S.

TPR vs. eGFP

Different percentage of cells with micronuclei (MN) in | 0.3192 NS. 06114 N.S.

JmjC vs. eGFP

Different percentage of mitotic cells in WT vs. eGFP 0.7356 NS. 0.6552 N.S.

Different percentage of mitotic cells in TPR vs. eGFP | 0.2191 NS. 02182 N.S.

Different percentage of mitotic cells in JmjC vs. | 0.3425 MN.S. 0.1106 N.S.

eGFP

Different percentage of mononuclear normal cells in | 0.6352 N.S. | 0.0803 NS.

WT vs. eGFP

Different percentage of mononuclear normal cells in | 0.0025 - 0.0002 e

TPR vs. eGFP

Different percentage of mononuclear normal cells in | 0.0007 e 0.0017 -

JmjC vs. eGFP

Different percentage of binuclear damaged cells in | 0.7901 NS. 0.0597 N.S.

WT vs. eGFP

Different percentage of binuclear damaged cells in | 0.0015 - 0.0018 -

TPR vs. eGFP

Different percentage of binuclear damaged cells in | 0.0237 * 0.0232 *

JmjC vs. eGFP
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Chapter 4-Table supplement 10

P-Values from Fig. 16 (Adapted from Koch et al., 2021)

Hypothesis tested: P-value: Sign.:. | P-value: Sign.:
T-24 SW-1710
Different percentage of viable cells in WT vs.eGFP | 0.0655 NS. | 00758 NS
Different percentage of viable cells in TPR vs. eGFP | 0.0002 . 0.0001 .
Different percentage of viable cells in JmjC vs. eGFP | 0.0009 o 0.0213 *
Chapter 4-Table supplement 11
Constructs & variants
Construct Protein Vector
pcDNA 3.1 (+) eGFP-UTX eGFP-UTX pcDNA 3.1 (+)
pcDNA 3.1 (+) UTX-eGFP UTX-eGFP pcDNA 3.1 (+)
pcDNA 3.1 (+) mCh-UTX mCh-UTX pcDNA 3.1 (+)
pcDNA 3.1 (+) UTX-mCh UTX-mCh pcDNA 3.1 (+)
pEGFP-C1 eGFP-WDR5 eGFP-WDR5 pEGFP-C1
pEGFP-N1 WDR5-eGFP WDR5-eGFP pEGFP-N1
pmChemy-C1 mCh-RBBP5 mCh-RBPP5 pmChermy-C1
pmChemy-N1 RBBP5-mCh RBPP5-mCh pmChermy-N1
pmChemy-C1 mCheny-FLAG-RBBP5 mCh-FLAG-RBBP5 pmChermy-C1
puB-eGFP free eGFP pCAGEN
pcDNAS mCherry free mChermy pcDNA 5
puc2CL12 UTX-tagGFP2 UTX-tagGFP2 pLenti-C-mGFP
puc2CL 12 tagGFP2 tagFGP2 pLenti-C-mGFP
Variant Protein Vector
E315Q eGFP-UTX pCDNA 3.1 (+)
D336G eGFP-UTX pCDNA 3.1 (+)
P966R eGFP-UTX pCDNA 3.1 (+)
Q1133A eGFP-UTX pCDNA 3.1 (+)
H1329A eGFP-UTX pCDNA 3.1 (+)
V1338F eGFP-UTX pCDNA 3.1 (+)
C1361Y eGFP-UTX pCDNA 3.1 (+)
T726V eGFP-UTX pCDNA 3.1 (+)
T726K eGFP-UTX pCDNA 3.1 (+)
RE linker* eGFP-UTX pEGFP-C1
A-TPR eGFP-UTX pEGFP-C1
A-IDR eGFP-UTX pEGFP-C1
A-JmjC eGFP-UTX pEGFP-C1
TPR eGFP-UTX pEGFP-C1
JmjCc eGFP-UTX pEGFP-C1
TPR-SPOT eGFP-UTX pEGFP-C1
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Primer

Variant/direction Sequence 5'-3’

E315Q Fwd ATCGACAAGAGCCAGGCCTC

E315Q Rev AGGCCTGGCTCTTGTCGATG

D336G Fwd ATGGGCGCCCTGCAGGCCTACAT

D336G Rev ATGTAGGCCTGCAGGGCGCCCAT

T726K Fwd CAACATCCTGAAGGTGCCTGAGAC

TT26K Rev GTCTCAGGCACCTTCAGGATGTTG

T726V Fwd CAACATCCTGGTCGTGCCTGAGAC

T726V Rev GTCTCAGGCACGACCAGGATGTTG

P96ER Fwd CAAATCCCAATAATCGTGTGACCGTGATC

P966ER Rev GATCACGGTCACACGATTATTGGGATTTG

Q1133A Pwd CATGAATACAGTGGCGCTGTACATGAAG

Q1133A Rev CTTCATGTACAGCGCCACTGTATTCATG

H1329A Fwd GAGGAGCCTGCCGCCTACTGTAGCATCTG

H1329A Rev CAGATGCTACAGTAGGCGGCAGGCTCCTC

V1338F Fwd AGGTGGAGTTCTTCGACCTGCTGTT

V1338F Rev AACAGCAGGTCGAAGAACTCCACCT

C1361Y Fwd ACTGCCAGGACTACGCCAGAAAGA

C1361Y Rev TCTTTCTGGCGTAGTCCTGGCAGT

Domain/direction RE Sequence 5'-3°

TPR front Fwd BspEl | ATATTCCGGAATGAAGTCCTGCGGCGTGT
TPR front Rev Hindlll | TATAAGCTTCAGGGCGGATGTATTGCTGCA
TPR front stop Rev Hindlll | TATAAGCTTTCACAGGGCGGATGTATTGCTGCA
IDR front Fwd BspEl | ATATTCCGGAGCCGCCAGGATCAAGTACCT
IDR front Rev Hindlll | TATAAGCTTCATGCTGGGGATGATCTGAGGG
IDR back Fwd Hindlll | TATAAGCTTGCCGCCAGGATCAAGTACCT

IDR back Rev EcoRl | ATATGAATTCCATGCTGGGGATGATCTGAGGG
IDR back stop Rev EcoRl | ATATGAATTCTCACATGCTGGGGATGATCTGAGGG
JmjC front Fwd BspEl | ATATTCCGGATCCGTGTCCATCTACCCCTCCTCC
JmjC front Rev Hindlll | TATAAGCTTGCTGGAGGCGCTAGGCAGA
JmjC front stop Rev Hindlll | TATAAGCTTTCAGCTGGAGGCGCTAGGCA
JmjC back Fwd Hindlll | TATAAGCTTTCCGTGTCCATCTACCCCTCCT
JmjC back rev EcoRl | ATATGAATTCGCTGGAGGCGCTAGGCAGA
JmjC back stop Rev EcoRl | ATATGAATTCTCAGCTGGAGGCGCTAGGCA
JmjC third Fwd EcoRl | ATATGAATTCTCCGTGTCCATCTACCCCTCCT
JmjC third Rev Kpnl TATGGTACCGCTGGAGGCGCTAGGCAGA
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JmjC third stop rev Kpnl | TATGGTACCTCAGCTGGAGGCGCTAGGCA

RBBPS C1 fwd BspEl | GATTCCGGAATGAACCTCGAGTTGCTG

RBBPS C1 rev Apal | AATAGGGCCCTCTAGATG

RBBPS N1 fwd Hindlll | TCATTAAGCTTATGAACCTCGAGTTGCTGG
RBBPS N1 rev Agel | GATACCGGTAGTAACAGTTCTGAGATTGCTCCT
WDRS C1 fwd BspEl | ATATCCGGAATGGCGACGGAGGAGAAGAAG
WDRS5 C1 rev Apal | ATAGGGCCCACTAGCAGTCACTCTTCCACAGTT
WDRS N1 fwd Hindlll | ATTAAGCTTCGGATGGCGAC

WDRS N1 rev Agel | GATACCGGTAGGCAGTCACTCTTCCACAGTT

Chapter 4-Table supplement 13

(Adapted from Koch et al., 2021)

Primary antibodies

Antibody Source/lsotype | Clone | Company Cat.-Nr.
a-KDMGBA Rabbit IgG D3Q11 | Cell Signaling Technology (CST) | 33510

a-KDMGA Mouse 1gG E-8 Santa Cruz Biotechnology (SC) | Sc-514859
a-RBBP5 Rabbit IgG D3I6P | Cell Signaling Technology 13171

a-GFP Mouse IgG2a | 4B10 | Cell Signaling Technology 2955

a-p-yH2AX Rabbit IgG 20E3 | Cell Signaling Technology 9718

a-NPM1 Mouse IgG1 E-3 Santa Cruz Biotechnology (SC) | sc-271737
a-a-Tubulin Mouse IgG1 B-5-1-2 | Sigma-Aldrich Te074
a-H3K27me2 | Mouse IgG2a 0324 | Active Motif (AM) 61435
Secondary antibodies

Conjugation | Antigen Host Company Cat.-Nr.

HRP Rabbit IgG Goat Cell Signaling Technology 7076

HRP Mouse IgG Horse | Cell Signaling Technology 7074

Star Orange | Mouse IgG Goat Abberior STORANGE-1001
Star Red Rabbit IgG Goat Abberior STRED-1002
ALP Mouse 1gG2a Rabbit | Sigma-Aldrich SAB3701179
Chapter 4-Table supplement 14

(Adapted from Koch et al_, 2021)

Feptide Res. Sequence Maodification MW Gnmpany Cat. Nr.
H3K27 | 15 | Ac-APRKQATKAAR N-Acetyl  C- | 2477.9 | Proteo- Custom
me3 34 | K(me3)SAPATGG-PEG-Bio PEGylate/Biotin | g/mol | Genix order
H3K27 | 21- | NH-ATKAARK(me2)SAPAT | C-PEGylate/ 29455 | Epi- R-1033
me2 44 | GGVKKPHRYRPG-PEG-Bio | Biotin g/mol | Gentek
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Conclusion

Throughout this work, we were able to demonstrate the power of fluorescence spectroscopy
to resolve protein dynamics and structure, even in a cellular context. In addition, we used
fluorescence imaging to achieve readout and statistics on cellular localization and
phenotypes, namely large protein particles the severely damaged phenotype of cells. We
also showed the importance of biochemical methods both as complementing and as pre-
requisite for the fluorescence spectroscopy measurements. In project TAL (Chapter 1), we
were able to correctly assess the number of photophysical processes in the system and
prepare further experimental workflows. In project hGBP1 (Chapter 2), we were able to
follow the domain movement of hGBP1 upon GTPyS-induced dimerization. We were able to
complement existing data on the protein start-point structure and end-point structure after
dimerization with the domain movement in between on a low millisecond time-resolution. We
were able to recover rates from our datasets and made a comprehensive model to show the
transitioning of hGBP1 through its dimer-stage from an early dimer to a somewhat elongated
molecule. In project mGBP7 (Chapter 3), we were able to show specific affinity and phase
behavior of mGBP7 with two other mGBPs, mGBP2 and mGBFP3. We identified the protein
phases as dynamic and found structural basis for the observed effects. In the main project,
KDM6A (Chapter 4), we managed to comprehensibly characterize functional mutants and
vanants found in cancer in regard to their activity, localization, interaction and the cellular
phenotype they generate. By using a wide vanety of biochemical methods, we identified the
truncation of the multi-domain protein KDMEA as a trigger for DNA-damage, DNA release
into the cytoplasm and higher apoptosis-rate. In addition, the outcome of the biochemical
methods enabled us to plan further highly sophisticated fluorescence spectroscopy
experiments. Concluding, we strongly encourage people to do spectroscopic research in
cellular high-complexity systems with attention to a couple of points: Spectroscopic
experiments dealing with high levels of systemic complexity need to be planned accordingly
and the desired readout should match a defined expenmental question. The more complex
the system is spatially; the more structural knowledge is needed to establish high-quality
FRET-pairs. The expenment should be paired with a series of complementing (biochemical
or biophysical) methods, which will generate additional readout but can also be used
synergistic. A real potential lies within computational modelling of the system to find the night
fit-model and to bolster and validate the data. Deep learning Als for structure and soon even
interface prediction can serve as a valuable tool to position the dye-pairs to the right place in
unknown proteins if combined with our already developed FRET-prediction tools. If this
synergy is further developed, there is a huge potential for all fluorescence spectroscopy-
based methods to shine in the next decades and evolve along with the raising computational

methods.
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