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Zusammenfassung

Pflanzenzellen befinden sich stets in der Situation, sich einer Vielzahl externer und interner
Stimuli anpassen zu müssen. Das Zytoskelett und damit assoziierte Proteine spielen dabei
essenzielle Rollen bei der Koordination des Zellinneren und der Aufrechterhaltung zellulärer
Signalkaskaden und metabolischer Prozesse. Kürzlich wurde ein neuartiger Multiproteinkom-
plex in der Modellpflanze Arabidopsis thaliana identifiziert. Dieser besteht aus dem (VAMP)-
assoziierten Protein 27-1 (VAP27-1), dem IQ67-Domänen Protein 2 (IQD2), NETWORKED 3C
(NET3C) und KINESIN LIGHT CHAIN-RELATED 1 (KLCR1) und wird als PINK Komplex beze-
ichnet. Er verbindet das Aktin Zytoskelett, die Mikrotubuli, die Plasmamembran (PM) und das
endoplasmatische Retikulum (ER) an ER-PM-Kontaktstellen. KLCR1 und IQD2 bilden das
Kernmodul diese Komplexes. Da weder IQD2, noch NET3C, noch KLCR1 über enzymatische
Aktivität verfügen, handelt es sich bei diesem Komplex möglicherweise um einen Super-Hub aus
Gerüstproteinen, der wesentlich im Pflanzenwachstum involviert ist. Zusätzlich wurden IQD2
und KLCR1 in der Vergangenheit als Interaktoren des Ca2+-Sensors Calmodulin (CaM) identi-
fiziert, sodass eine Regulation dieses Komplexes durch CaM-vermittelte Ca2+-Signale plausibel
erscheint. Diese Arbeit verfolgt das Ziel der Charakterisierung der Dynamik und Mechanismen
hinter der Assemblierung von Proteinkomplexen aus der Perspektive von KLCR1 durch bio-
chemische, zellbiologische und strukturbiologische Ansätze.
Die Charakterisierung KLCR1-IQD2 vermittelter Proteinkomplexe führte zur Entdeckung poten-
zieller KLCR1-Dimere, sowie der Fähigkeit von KLCR1 auch mit anderen KLCRs in vitro und
in vivo Komplexe zu bilden. Darüber hinaus wurden die Interaktionsmodi von KLCR1 und
KLCR2 mit CaM eingehend untersucht und ihre Bindestellen kartiert. Diese Ergebnisse deuten
auf präferenzielle Interaktion bestimmter KLCRs mit bestimmten CaM-Isoformen hin. Auf Ba-
sis von cross-linking Experimenten wurde zudem das erste datenbasierte in silico Modell von
KLCR-CaM-Komplexen generiert. Die Untersuchung binärer und trinärer Interaktionen zwis-
chen KLCR1, IQD2 und CaM deutete auf eine wichtige Funktion von IQD2 bei der Rekrutierung
von KLCRs und ihren Komplexen an Mikrotubuli und bei der Integration CaM-vermittelter
Ca2+-Signale zur Proteinkomplexbildung hin. Zu guter Letzt wiesen Experimente mit NET3s
die direkte Interaktion mit KLCR1 und CaM nach und fügten eine weitere Ebene potenzieller
Ca2+-Regulation von KLCR1-IQD2 vermittelten Proteinkomplexen hinzu.
In Summe verschafft diese Arbeit einen umfassenden Einblick in die molekularen Mechanismen
hinter der Bildung und Regulation von Proteinkomplexen. Sie dient zudem durch die Etablierung
von Expressions- und Aufreinigungsprotokollen als Fundament für weitere strukturbiologische
Analysen von KLCR-IQD-CaM Komplexen und den Transfer in pflanzliche Systeme.
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Abstract
Plant cells are in a constant process of adaptation to a plethora of external and internal

stimuli. The cytoskeleton and cytoskeleton-associated proteins play crucial roles in coordinating
the cellular interior and ensuring the efficient flow of internal processes. Recent research has
identified a novel multi-protein complex in the model plant Arabidopsis thaliana with proposed
functions as a scaffold in cellular calcium signalling. This complex, consists of the (VAMP) AS-
SOCIATED PROTEIN 27-1 (VAP27-1), IQ67 DOMAIN protein 2 (IQD2), NETWORKED 3C
(NET3C), and KINESIN LIGHT CHAIN-RELATED 1 (KLCR1), and was termed the PINK
complex. It connects the actin cytoskeleton, the microtubule cytoskeleton, the plasma mem-
brane (PM), and the endoplasmatic reticulum (ER) at ER-PM-contact-sites (EPCS). KLCR1
and IQD2 form the core module of this complex. Interestingly, neither IQD2, nor NET3C, nor
KLCR1 have known enzymatic activities, suggesting that this complex may be a super-hub of
scaffold- and adaptor-proteins with functions in plant growth and development. Furthermore,
IQD2 and KLCR1 were previously known as interactors of the Ca2+-sensor Calmodulin (CaM),
suggesting regulation of the KLCR-IQD2 module by CaM-mediated Ca2+-signalling. This thesis
focused on elucidating the dynamics and mechanisms of core-module-mediated protein-complex
formation from the viewpoint of KLCR1 by biochemical, cell biological, and structural biology
approaches.
The characterisation of KLCR1-IQD2 mediated protein complexes uncovered dimerisation of
KLCR1 with itself and other KLCR family members in vitro and in vivo. Furthermore, CaM-
binding sites in KLCRs were mapped to the terminal regions of their TPR domain, and differ-
ential binding of KLCR1 to different CaM-isoforms was discovered. Cross-linking firmly placed
CaM-binding in the C-terminus of KLCR1 and formed the basis for the generation of the first
data-based in silico model of KLCR-CaM-complexes. The investigation of KLCR1-IQD2 binary
and KLCR1-IQD2-CaM ternary interactions pointed toward a role for IQD2 in recruiting KL-
CRs and their complexes to microtubules and in integrating CaM-mediated Ca2+-signalling to
protein complex formation. Lastly, NET3s were found to physically interact with KLCR1, and
CaM, adding an additional layer of possible Ca2+-regulation to KLCR1-IQD2 modules.
This thesis provides comprehensive insights into the molecular mechanisms orchestrating the
formation of multi-protein complexes and their regulation. It lays the foundation for further
research into the structural determinants underlying KLCR-IQD-CaM complexes by establish-
ing expression and purification protocols and experimental pipelines for structure elucidation of
their interactions. These will allow transfer into plant systems to further understand the role
of CaM-mediated Ca2+-signalling at the PM-cytoskeleton-nexus.
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1 Introduction

Cells form the basic unit of life. In multi-cellular organisms cells are specialised in different
tissues and organs, fulfilling a plethora of essential functions. Internally, all eukaryotic cells are
sub-divided into organelles, specialised compartments with a unique biochemical composition
that enables functional specialisation [1]. Within these compartments as well as outside of
them, eukaryotic cells require additional means of structuring their interior and maintain their
cellular pathways. Prokaryotic cells (i.e. bacteria and archaea) do not possess organelles or
compartments, but still efficiently maintain their cellular processes. Recent estimates place the
abundance of proteins in living bacteria between 2 and 4 million protein molecules per µl cell vol-
ume [2]. While the same estimate assumes that number to be approx. three to ten times lower
for yeast and animals, and probably even smaller for plants, those numbers are still staggering.
The genome of the model plant Arabidopsis thaliana encodes for approx. 20,000 protein coding
genes [3], many of which may give rise to multiple protein isoforms via alternative splicing. In
this potential chaos, components of distinct signalling or metabolic pathways require specialised
guidance to assemble efficiently. To add to this complexity, plant cells constantly need to adapt
to external and internal stimuli to maintain a functioning organism [4].
The cytoskeleton and scaffold proteins are critical facilitators of intracellular order. The cy-
toskeleton is an intracellular structure that acts as an internal skeleton and provides stability
to cells, mediates organelle positioning, confers contact between different membrane systems
within a cell, and fulfils crucial roles in intracellular transport [5]. The assembly of functional
units for efficient cellular signalling and metabolic flux is conferred by scaffold proteins that aid
in the assembly of protein-complexes in the crowded environment of the cellular interior [6].

1.1 Scaffold proteins

Scaffold proteins are crucial contributors to intracellular organisation. The term "scaffold
protein" has a number of different, and partially overlapping meanings, primarily referring to
proteins that provide a structural scaffold to a cell or intercellular matrices, or to proteins that
serve as assembly platforms for protein complexes. While the former usually includes compo-
nents of the cytoskeleton, or related proteins, the latter are more diverse in terms of structure
and function. This section focuses on scaffold proteins as modes of assembly for other proteins.
Scaffold proteins as assembly platforms for other proteins were first discovered in Saccharomyces
cerevisiae. The zinc-finger protein Ste5 was found to be essential for the formation of a multi-
kinase complex comprised of several MAP kinases (MPKs) [7]. Since then, the number of
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known scaffold proteins has increased greatly [8]. Current research classifies scaffold proteins
into four main functional groups: Assembly platforms for components of signalling pathways,
anchors/dockers that direct their interacting proteins to distinct subcellular sites, regulators
of signal transduction or metabolic pathways, and isolators between different (signalling) path-
ways [9]. None of these functions exclude any of the others and multiple proteins belonging to
more than one of these classes exist. Prominent examples of the first class are the previously
mentioned Ste5 [7] and related proteins. Since the characterisation of multi-protein complexes
in vitro poses a significant challenge, a plethora of work has been done on in silico simulations
and mathematical models describing the regulation of scaffold protein complexes and possible
effects of binding affinities and complex stoichiometry on their assembly, using Ste5-mediated
complexes as a model system [10] [11]. Other examples of assembly platforms include the cullin-
component of cullin-ring-ligases in the ubiquitin-proteasome-system (UPS). Cullins can bind a
number of target-specific F-box proteins and E2-interactors, allowing for an intricately fine-
tuned mode of specific protein ubiquitylation [12]. The A-kinase anchoring proteins (AKAPs)
are prime examples for anchoring proteins that target the eponymous protein kinase A (PKA)
to regions of cAMP production, therefore confining phosphorylation by PKAs to a small subset
of target proteins by spatial limitation. Differential targeting of different splice variants of the
same AKAP diversifies AKAP functions, as does feedback-regulation of AKAPs by phospho-
rylation via PKAs [13]. Isolating properties of scaffold proteins were shown for AKAP7α and
protein kinase C (PKC), whereby PKC tethered to AKAP7α was less susceptible to competitive
inhibition by the ATP-competitor Gö6976 or the substrate competitor PKC20-28 [14]. The
concept of pathway regulation by scaffold proteins is mainly attributed to mathematical models
of scaffold protein function, whereby scaffolds with different binding affinities to their partners
either accelerate or decelerate intracellular signalling processes [10] [15]. Real-life examples
of pathway regulation by scaffold proteins are reported in the c-Jun N-terminal kinase (JNK)
signalling pathway. Four distinct JNK interacting proteins (JIPs) serve as scaffolds for compo-
nents of the JNK pathway, conferring differential levels of activity to the resulting JNK signal
cascade [16].
Since their initial discovery, scaffold proteins have been implicated in a number of signalling
pathways and other cellular processes. They serve as putative intracellular hubs for kinase and
ubiquitin signalling, and assembly platforms for the protein folding machinery [17]. Due to
their central role in cellular signalling, they are targets for the engineering of novel pathway
behaviours, and for the disruption of cellular signalling by invading pathogens [17]. In intracel-
lular networks scaffold proteins are proposed to function as central coordinating hubs [18] [19].
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Most commonly, scaffold proteins fulfil their function through enforced proximity of their bind-
ing partners, or through conformational fine-tuning, e.g. by activating a bound enzyme, or
exposing an interaction surface for modification [17] [20]. A key function of scaffold proteins
is the integration of different signalling pathways by anchoring their components to the same
subcellular site or acting as adaptors between them [21]. A degree of modularity observed in
many scaffold proteins confers a certain freedom to modify pathways or to form new integra-
tion hubs through the evolution of existing scaffold proteins, or even the creation of artificial
scaffold proteins by directed mutation [22]. Interestingly, artificial scaffolds have in recent years
been candidates for the development of inhibitors of protein-protein interactions by creating
synthetic scaffolds for target proteins that out-compete naturally occurring interactions [23].
Recent advances in computational biology allow for more detailed studies of the influence of the
biochemical and biophysical properties of scaffold proteins on their function in protein-complex
assembly through in silico simulations [24].
Although lagging behind the animal and yeast field, an increasing number of plant-specific
scaffold and adaptor proteins have been described in recent decades [25] [26] [27]. The WD40
repeat containing protein Receptor for Activated C-Kinase 1 (RACK1) has been proposed as a
scaffold protein for plant PKCs, with critical roles in plant hormone signalling [25], and in the
regulation of cross-talk between kinase and ROS signalling [28] [29]. The polarity protein PO-
LAR has been implicated as a scaffold for the kinase BIN2/GSK3. By recruiting BIN2, POLAR
spatially modulates the ratio of nuclear to cytosolic BIN2 in favour of cytosolic localisation,
thus changing the target profile of BIN2. Recruitment of BIN2 by POLAR has been implicated
in asymmetric cell division in stomata cells in A. thaliana [30]. The GRAS [gibberellic acid in-
sensitive (GAI), repressor of GAI (RGA), and scarecrow (SCR)] proteins are proposed to act as
scaffolds in plant hormone signalling [31]. IQ67 domain (IQD) proteins, a plant-specific group
of Calmodulin (CaM)-targets, have in recent years been established as scaffold proteins with a
wide range of functions in plant defense and development [32] [33] [26]. As interactors of the
Ca2+-sensor CaM and CaM-like proteins (CMLs), they are believed to integrate CaM-mediated
Ca2+-signals at various subcellular sites, such as the microtubule cytoskeleton, plasma mem-
brane subdomains, and the nucleus [34]. Furthermore, they may function as hubs in cellular
signalling, linking Ca2+-signalling and auxin-signalling, therefore affecting plant cell and organ
shape [35]. Lastly, KINESIN LIGHT CHAIN-RELATED (KLCR) proteins have been implicated
as putative bridging scaffolds between different cytoskeleton components [36] [27]. KLCRs and
IQDs act in the same pathways in plant growth and development. Different KLCRs and IQDs
have been shown to interact, putatively forming scaffold protein hubs [27].
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1.1.1 Types of scaffold proteins

Scaffold proteins are grouped by their mode of interaction with their respective targets into
the following practical categories: Adaptors [6], scaffolds/anchors [37] [38], and dockers [39]
(Fig. 1). Adaptors are usually small proteins that interact with precisely two interaction
partners at the same time via distinct interaction domains, thus conferring enforced proximity
between the two to enable immediate signal transfer from e.g. a receptor to a target protein [40]
(Fig. 1 A). Like adaptors, scaffolds/anchors also serve to enforce proximity between their inter-
actors but are usually larger multi-domain proteins that can bind more than two proteins at the
same time (Fig. 1 B). Thereby, scaffolds anchor whole signalling cascades on a single docking
platform [37]. In addition to the spatial assembly of signalling cascades, adaptors and scaffolds
can affect cascade activity by allosteric modification of their binding partners, or by protecting
certain components from degradation [9] [20]. Distinct combinations of binding partners with
the same scaffold protein result in different outcomes, allowing for regulatory mechanisms by
post-translational modification of scaffolds/anchors to influence the binding affinities for dif-
ferent interactors, or by translational regulation of interactor abundance [41]. Lastly, dockers
specifically dock interactors to distinct subcellular sites, e.g. the plasma membrane or the cy-
toskeleton, thus spatially limiting signalling pathways or ensuring efficient processing of external
or internal stimuli or nutrients/metabolites by pre-assembly of the processing machinery at the
site of arrival [39] (Fig. 1 C). A considerable overlap exists between these groups, e.g. dockers
can also fall into the categories of adaptors or scaffolds, depending on their structural proper-
ties outside of their domain(s) conferring subcellular localisation [6]. This overlap gives rise to
a plethora of modes of intracellular coordination by assembly of whole signalling cascades at
e.g. the plasma membrane or near receptors or transporters initiating signalling or metabolic
cascades. Combinatorial action by different scaffolds or adaptors may additionally facilitate the
integration of multiple cellular signalling or metabolic pathways [21] [17].

1.1.2 Biochemical and structural properties of ordered scaffold proteins

To fulfil their role as mediators of protein-protein interactions and complex assembly plat-
forms, scaffold proteins require certain biochemical and structural properties such as the pres-
ence of protein-protein interaction motifs and domains. Many protein-protein interaction do-
mains are characterised by tandem repeat domains, i.e. repeating arrays of small, conserved
motifs [42]. Known tandem repeats include ankyrin repeats (Ank) [43], Armadillo repeats [44],
HEAT repeats [45], leucine-rich-repeats (LRRs) [46], tetratricopeptide repeats (TPR) [47], and
WD40 repeats [48], and several more. Repeat domains are usually characterised by small,
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Figure 1: Types of scaffold proteins by target-interaction. A: Adaptor protein with two binding partners
that bind to distinct domains. B: Scaffold/anchor with three binding partners bound by different binding
domains. C: Docker with one binding partner tethered to a subcellular site.

structurally conserved units that are repeated multiple times, forming an extended protein-
protein interaction surface. Most commonly, a single unit of a repeat contains multiple short
α-helices connected by loops (Ank, Armadillo, HEAT, and TPR), and in some cases also β-
sheets (LRR and WD40) [42]. Ligand binding sites are much more variable between different
repeat proteins of the same type than the amino acids conferring 3D protein structure. Amino
acid residues in tandem repeat motifs can thereby be categorised as structure-determining, and
ligand specificity-determining residues [49]. The generation of artificial tandem repeat domain
proteins highlights the role of both short-range molecular interactions and long-range elec-
trostatic forces in tertiary structure assembly and ligand binding specificity of tandem repeat
domains, suggesting diverse binding modes with target proteins [50] [51]. Tandem repeats are
relatively rigid and maintain their conformation upon ligand binding, indicating that rather than
changing to fit their ligand, ligands change conformation to fit into repeat domain proteins [52].
Due to the modularity conferred by repeat motifs, tandem repeat domains can − in theory −
extend ad infinitum by adding more repeats. This allows for the assembly of large tandem re-
peat proteins with extensive protein-protein interaction surfaces. Tandem repeat proteins have
thus been implicated as scaffold proteins in the assembly of a number of protein complexes.
HEAT domains, for example, are found in the protein phosphatase 2A (PP2A) complex, where
the A subunits act as scaffolds for the regulatory B and catalytic C subunits, binding both with
different HEAT repeat domains [53]. Interactome studies have identified WD40 domains as
"promiscuous" interactors present in a number of putative signalling hubs, thereby contributing
to cellular signalling networks by facilitating signalling cascade assembly and conferring network
cross-talk [54]. The assembly of various heat shock proteins (HSPs) by the HSP organising
protein (HOP), on the other hand, is orchestrated by binding of different HSPs to distinct sets
of TPR motifs within HOP, thereby bringing HSPs into close proximity to promote the folding of
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HSP target proteins [55]. Components of the repeat-domain-mediated multi-protein chaperone
machinery have also been identified in plants [56], suggesting a high degree of conservation.
In plants, tandem repeat proteins are reported to regulate growth, development, and stress
response, as well as hormone signalling [57] [58]. A repetitive organisation of TPR motifs,
e.g. is characteristic for the KLCR protein family from A. thaliana, which emerged as putative
adaptor proteins between components of the cytoskeleton in intracellular coordination [27].
TPR motifs arrange in an anti-parallel helix-loop-helix conformation of 34 amino acids [42].
Consistent with the high degree of variability found in tandem repeats, no position within TPR
motifs is fully conserved. Certain preferences, however, are found in various TPR motifs which
tend to feature amino acids tryptophan at position 4, leucine at position 7, glycine at position
8, tyrosine at position 11, alanine at positions 20 and 27, phenylalanine at position 24, and
proline at position 32. Positions 20 and 27 show a higher degree of conservation than the other
positions [59]. Despite proline’s known function as a helix-breaker, due to its unique stere-
ochemical properties [60], the consensus proline in TPR motifs appears to mediate a tighter
3D structure of TPR domains when present in a TPR motif, rather than disrupting the mo-
tif [61]. TPR motifs are known to occur in repeats of three to sixteen motifs, that form a
protein-protein interaction groove by adopting a helical arrangement of helices in higher order
TPR domains [62]. The inner cylinder formed by multiple TPR motifs is thought to serve as
the primary interaction interface between TPR domains and interacting proteins. Due to the
structural rigidity of TPR domains, interactors tend to adopt an extended conformation when
binding to a TPR domain, contacting multiple TPR motifs at once [63]. Research on human
TPR-containing KLCs has provided insights into the structural mechanism of ligand binding by
TPR domains through specific amino acid residues as well as target selection through changes
in the helix orientation within the TPR domain for steric regulation [64] [65]. Interestingly,
helix-loop-helix motifs have also been implicated in CaM-binding [66], hinting at possible, non-
canonical roles for TPR motifs in Ca2+-signalling. In addition to facilitating protein-complex
formation, TPR domain proteins have been shown to self-associate, forming dimers or higher
order oligomers both in plants and other kingdoms of life [67] [68] [69] [70] [71]. Oligomeri-
sation of TPR domain proteins is mediated by the TPR domains, resulting in diverse modes
of self-association. Most commonly, TPR domains "twist" into each other by interaction of
the inner groove of their N- or C-terminal helices [62]. The capping helices of TPR domains
have been identified as putative regulators of TPR-TPR association by steric inhibition of the
interaction [69]. While TPR domain proteins are found in all kingdoms of life, a plant-specific
TPR-related motif has been identified. The pentatricopeptide repeat (PPR) motif consists of
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35 amino acids instead of 34 and shares a high degree of structural and sequence similarity
with the TPR motif [72]. Over 400 putative PPR proteins have been identified in various plant
species. The majority of PPR domain proteins function as putative scaffold proteins in chloro-
plast and mitochondrial gene regulation and biogenesis, and RNA binding [73], pointing toward
diversification of scaffold protein functions in plants compared to animals.

1.1.3 Disordered scaffold proteins confer binding flexibility

While a large number of scaffold proteins adopt a defined 3D structure, thereby providing
a rigid scaffold for interacting proteins, a number of scaffold proteins identified in more recent
time are intrinsically disordered proteins (IDPs) or contain intrinsically disordered regions (IDRs)
crucial for their scaffolding function [74]. IDPs contain little to no tertiary structure under native
conditions and instead rely on short molecular recognition features (MORFs) connected by flex-
ible regions to bind to their interactors [75] [74]. Notably 20 to 30 % of all eukaryotic proteins
are believed to be disordered, out of which many may function in cellular signalling [76] [77].
Intrinsic disorder has been shown to assist in promoting the assembly of protein complexes [78],
and IDRs are thus widely found in subunits of protein complex components. The prevalence
of IDRs in signalling and metabolic network hubs suggests that IDRs are advantageous when
assembling multi-protein machineries that require tight regulation [79].
Functions of IDPs and IDRs can be broadly categorised as molecular recognition, molecular
assembly, protein modification, and entropic chain activities [80] [81], with the former two be-
ing more crucial for scaffold proteins. Protein-protein interactions with IDPs are conferred by
MORFs that bind to diverse binding partners. Commonly observed binding mechanisms of IDPs
are coupled or concomitant binding and folding, i.e. either the adoption of a defined 3D struc-
ture while binding to an interactor [82] [80], or sequential adoption of a defined structure after
binding to an interactor [83]. Usually, the initial interaction between an IDP and an interactor is
mediated by pre-formed elements in their MORFs, regions that possess residual secondary struc-
ture and serve as starting points for folding after or during protein-protein binding [84]. The
arrangement of different MORFs within the same scaffold protein allows for differential bind-
ing to different interaction partners with the same IDR and provides a mechanism for binding
inhibition, whereby a MORF may be inaccessible under certain conditions [85]. An additional
mode of interaction between a scaffold and a binding partner unique to IDPs is "fuzzy" binding,
i.e. a dynamic bound state [86]. Fuzzy binding describes a situation where instead of adopt-
ing a defined fold after binding to an interactor, an IDP remains in a state of disorder while
bound. Fuzzy binding is believed to allow rapid dis-association and re-association between the
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IDP and its interactor(s) in fuzzy complexes [86]. In protein complexes IDPs not only confer
protein-protein interactions, but also serve to provide contextual spatial arrangements of their
binding partners due to their flexibility [74]. Intrinsic disorder in scaffold proteins can also serve
to isolate binding partners through the adoption of a more defined structure of the scaffold,
which leads to masking or unmasking of intra- or inter-molecular interaction sites within bound
partners, or confer allosteric modification of bound proteins [87] [22] [74]. Post-translational
modifications (PTMs) have been shown to regulate the structure of IDPs. Phosphorylation,
for example, affects disorder-to-order switching in synaptogamin 1 [88], and induces disorder-
to-order transition in 4E-BP2, thereby modulating its affinity for its binding partner eIF4E [89].
PTMs thus allow for efficient switching of the localisation or binding behaviour of IDPs, modu-
lating cross-talk between different cellular signalling and metabolic networks [90] [13] [91] [92].
The presence of multiple or promiscuous kinase consensus sites has been suggested to facilitate
integration of different signalling pathways [93]. IDPs may thus integrate kinase signalling by
various kinases at different subcellular sites.
Based on the research focusing on IDPs and IDRs, several in silico prediction servers have been
established in the past two decades that predict protein disorder based on amino acid compo-
sition, hydrophobicity, net charge, and other biophysical characteristics [94]. The underlying
algorithms differ in their respective method of predicting disorder, window length for averaging
predicted disorder scores, and consequently their accuracy. Quality, however, is steadily im-
proving, allowing for more and more reliable prediction of IDRs in proteins of interest. MORFs
tend to appear as sharp drops in predicted disorder propensity in the graphs produced by these
predictors due to the presence of residual secondary structure often found in MORFs [84] [95].
In plants IDPs contribute to the plasticity required to master their sessile lifestyle [96]. IDPs,
and more specifically intrinsically disordered scaffold proteins, have been implicated in cell cy-
cle control, regulation of plant metabolism, plant hormone signalling, the regulation of gene
expression, plant cell development, and stress response [96] [97] [98]. Known and characterised
IDPs in plants include but are not limited to the LEA proteins, regulators of stress response
that undergo disorder-to-order transition under drought stress, a number of chloroplast-specific
proteins involved in photosynthesis, coordinators of MPK-signalling in plant immunity, members
of the WRKY family of transcription factors (TFs), the TF interactor RCD1, and a number
of members of various other signalling pathways [99] [97] [100]. Among the latter are the
GRAS proteins, which are intrinsically disordered DELLA proteins implicated in gibberelic acid
signalling [31]. GRAS proteins are involved in various growth and developmental processes and
signal transduction. They are believed to undergo disorder-to-order transition as part of their
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function [101]. Other plant IDPs with functions in intracellular signalling include the AUX/IAA
proteins involved in auxin signalling [102]. The putatively disordered IQ67 domain (IQD) pro-
teins [26] function as regulators of cytoskeleton organisation and dynamics. They interact with
KLCRs, putatively contributing to the formation of super-hubs of disordered and ordered scaf-
fold proteins. KLCR-IQD modules have been implicated in the facilitation of cross-talk between
the actin and the microtubule cytoskeleton. The function of KLCR-IQD modules in the regula-
tion of the cytoskeleton points towards more general mechanisms of cytoskeletal regulation by
scaffold proteins in the green lineage.

1.2 The plant cytoskeleton

The cytoskeleton forms a second, but no less critical mechanism to provide structure and
order to the cellular interior. It forms a highly dynamic three-dimensional network inside eu-
karyotic cells [5]. While a "proper" cytoskeleton is believed to be exclusive to eukaryotes,
rudimentary precursors of cytoskeleton components are found in bacteria [103]. The term
"cytoskeleton" was first coined by Paul Wintrebert to describe a structure providing physical
stability to cells [104]. To date, the cytoskeleton or its precursors have been shown to be in-
volved in almost all major processes in living organisms. It provides both plasticity and structural
stability to cells [5], while simultaneously serving as an intracellular transport network for cell
components, as well as whole organelles [105] [106]. It is crucial for cell division and cytokinesis,
assisting in chromosome separation during cell division [107], and the creation of new daughter
cells [108]. The plant cytoskeleton consist of two key components: Actin microfilaments and
microtubules [105] (Fig. 2). The actin and the microtubule cytoskeleton form filamentous
structures, assembled from single units. Actin microfilaments consist of actin subunits that as-
semble into fibres. Microtubules are formed by tubulin dimers that polymerise into hollow tubes.
The different cytoskeletal structures differ in their respective dynamic properties, with actin fil-
aments exhibiting a higher degree of dynamicity compared to microtubules. Microfilaments
and microtubules exhibit polarity, with plus- and minus-ends in microtubules or barbed and
pointed ends in actin filaments. Directionality of cytoskeleton components allows for directed
cell growth and transport along these structures [109]. Microfilaments and microtubules both
exhibit a behaviour referred to as "treadmilling", i.e. simultaneous net-gain at the fast-growing
end and net-loss at the slow-growing end, that is crucial to their regulation and their roles as
transport networks and facilitators of cell integrity [5]. Cytoskeleton dynamics, their bundling,
cross-linking, or tethering to different cytoskeleton components and various membrane systems
are mediated by multiple, functionally distinct cytoskeleton associated proteins and cross-linking
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factors [110] [111].
In plants the cytoskeleton is involved in providing the specific cell shape required to form

Figure 2: The plant cytoskeleton. Orientation of the cytoskeleton in non-growing cells (A) and cells showing
diffuse, anisotropic growth (B). Microtubules are depicted in red, actin microfilaments in yellow. c: cytosol,
cw: cell wall, n: nucleus, pd: plasmodesmata, v: vacuole. Figure modified from Kost and Chua, 2002 [105].

distinct plant organs. It contributes to the characteristic "puzzle" shape observed in leaf epi-
dermis pavement cells, the forked trichomes found on the leaf surface, and the unidirectional
growth of root hairs and pollen tubes, by directing cellulose deposition during cell wall formation
and restricting growth in certain regions of the cell [112] [113] [114]. Furthermore, the plant
cytoskeleton is involved in the generation of plant-specific structures required for correct cell
division and cytokinesis (Fig. 3). The rigid cell wall in plant cells inhibits cell division by cleav-
age and requires a mechanism of separating the daughter cells by the insertion of a new cell wall
in the middle of the mother cell. Both microtubules and actin are crucial for the determination
of the cell division plane by forming the pre-prophase band (PPB) [115] [116]. At the onset
of G2 to M transition microtubules and actin reorganise into a dense ring-like structure around
the cell periphery that predicts the future division site (Fig. 3 A). After PPB disassembly,
microtubules and actin depart the cellular division zone (CDZ), forming an actin-depleted zone
(Fig. 3 B). Markers of the positional information remain at the CDZ, allowing for correct
fusion of the newly formed cell wall. Additionally, both cytoskeleton components are required
for the formation of the phragmoplast, the intracellular structure assembling the cell plate and
ultimately the newly formed cell wall (Fig. 3 C). It has been suggested that microtubules
and actin fulfil distinct functions within the phragmoplast, with actin providing stability, and
microtubules being involved in guiding the cell plate to its future site of fusion with the mother
cell wall [117]. To fulfil this function, microtubules re-organise dynamically. They depolymerise
at the inner edge of the phragmoplast and polymerise at the growing edge, allowing for centrifu-
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gal expansion [108]. While in animals the cytoskeleton is crucial for maintaining cell stability,
in plants this function is taken over by the cell wall. This leaves the plant cytoskeleton with
more functions in intracellular organisation and transport during interphase [118] [105]. Cell
wall biosynthesis relies on the cytoskeleton for both cellulose synthesis and the delivery of non-
cellulosic materials via the secretory pathway [119]. Microtubules act as "rails" for the cellulose
synthase complex, directing cellulose deposition and thereby cell wall rigidity. Uncoupling of
microtubules from the plasma membrane results in loss of directed cellulose deposition and
cell morphology defects [120]. Actin is additionally crucial for cytoplasmic streaming and the
transport of organelles within the cell. Consequently, actin is critical for nuclear positioning
prior to chromosome separation during cell division [105] [121].
Microtubule binding proteins (MAPs) and actin binding proteins (ABPs) play essential roles
in the regulation and rapid remodelling of the plant cytoskeleton in response to various biotic
and abiotic stresses and in the context of various signalling pathways, such as CaM-mediated
Ca2+-signalling and phospholipid signalling. While most MAPs and ABPs bind exclusively to
microtubules or actin, certain MAPs and ABPs possess dual affinity for both cytoskeleton
components and confer regulation to both [122]. Additionally, interaction between MAPs and
ABPs can facilitate cross-talk between actin and microtubules. IQDs are MAPs that recruit
KLCRs to the microtubule cytoskeleton [123]. KLCR-IQD modules are crucial for the assembly
of regulatory multi-protein complexes at the microtubule cytoskeleton. The extension of the
base KLCR-IQD module by interaction of KLCRs with the actin-binding NETWORKED (NET)
proteins links microtubules and actin through the formation a bridging complex [27].

Figure 3: The plant cytoskeleton during mitosis. Orientation of the cytoskeleton during the pre-
prophase/prophase (A) mitosis (B), and cytokinesis (C). Cortical microtubules are depicted in red, perinuclear
microtubules, the spindle apparatus, and the phragmoplast in green, and actin microfilaments in yellow. Chro-
mosomes are depicted in purple. The newly growing cell plate is depicted between the daughter nuclei in C.
PPB: pre-prophase band, ZAD: zone of actin depletion. Figure modified from Kost and Chua, 2002 [105].
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1.2.1 The actin cytoskeleton

Actin microfilaments are highly conserved structures throughout the kingdoms of life. They
were originally identified as components of blood plasma in the late 19th century [124]. Pre-
decessors of actin have been identified as crucial facilitators of cell division in the form of the
protein FtsA in Escherichia coli [125]. While actin is highly conserved between animals and
plants, recent research points towards distinct functions of the actin cytoskeleton in the reg-
ulation of plant growth and morphology and the interplay with their environment. To fulfil
these functions, plants possess ABPs that are conserved in eukaryotes, and additional plant-
specific ABPs [126]. Actin microfilaments measure approx. 7 nm in diameter [105]. They
consist of globular actin monomers (G-actin), that assemble into fibrous actin filaments (F-
actin) through the hydrolysis of ATP into ADP [127]. The ATP required for polymerisation
is sandwiched within the actin-monomers and hydrolysed during formation of actin microfila-
ments [128]. The conformational change underlying actin-polymerisation consists of a 20 degree
rotation of two domains within G-actin that results in a comparatively flat structure and the
conversion to F-actin [129]. In forming actin filaments, actin monomers arrange themselves in
a helical structure [130], that is capable of forming both dense bundles consisting of multiple
filaments, as well as intricate three-dimensional networks [5].
The most important transport proteins using actin filaments as tracks for ATP-dependent intra-
cellular transport are myosins [131]. Myosins consist of a motor or head domain, that binds actin
and generates force through ATP-hydrolysis, a neck region, and a tail domain that is required
for cargo binding. The tail region also confers interaction with the Ca2+-sensor CaM in many
myosins as a putative mode of regulating myosin activity [132]. A total of 18 myosin families are
known [133], with myosins VIII and XI being plant-specific [134]. Both of these plant-specific
myosins are involved in cell division. Myosin VIII is found at the phragmoplast [135], while
myosin XI has been identified at the mitotic spindle [136]. Furthermore, myosin XI has been
implicated in intracellular organelle trafficking [137], hormone transport by affecting the polar
localisation of auxin transporters, and root organogenesis [138], suggesting distinct roles for
the actin cytoskeleton in intracellular signalling exclusive to plants.
The genome of A. thaliana encodes for ten different actins, suggesting remarkable diversity in
actin filament composition and thus a possible multitude of functions [139]. The actin cytoskele-
ton has been implicated as a signalling hub in directional cell growth, by integrating GTPase-,
Ca2+-, and lipid-signalling via its associated proteins [140]. It confers cytoplasmic streaming in
plants, a means by which the cytoplasm is kept in motion in controlled flow patterns as a product
of intracellular microfilament organisation [141]. In addition to the distribution of cellular com-
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ponents to their destination, cytoplasmic streaming can be used to transport organelles within
the cell [106]. Recent research has highlighted the role of the actin cytoskeleton in intercellular
transport through plasmodesmata [142], and the importance of the actin-nucleator formin for
rapid actin remodelling in innate immunity in plants [81]. The NET protein family has recently
been identified as a novel class of ABPs [143]. The most recent findings point towards roles
for NET2s in regulating cortical actin in pollen tube growth [144] and for the NET3 proteins
in linking the actin cytoskeleton to microtubules and the plasma membrane through a bridging
multi-protein complex through interaction with KLCRs [27]. The dynamics and exact roles of
KLCR-NET3 complexes in cellular regulation are not fully understood.

1.2.2 Regulation of the microtubule network

Like the actin cytoskeleton, microtubules are a crucial intracellular structure conferring form
and stability to cells [105]. They are highly conserved and rudimentary precursors were identi-
fied in bacteria in recent years [145]. In contrast to microfilaments, microtubules form hollow,
tubular arrangements of up to 50 µm in length and an outer diameter of approx. 27 nm [146].
Microtubules consist of single units that polymerise to form the larger structure. These units are
dimers of α- and β-tubulin [147], with GTP sandwiched between them and an exposed GDP
bound on the surface-accessible side of β-tubulin [148]. α- and β-tubulin are roughly 50 %
identical in their sequence and share a molecular weight of approx. 50 kDa [149]. A third type
of tubulin, γ-tubulin, plays an essential role in the nucleation of new microtubules by forming
the γ-tubulin ring complex [150] [122]. The A. thaliana genome encodes nine α-tubulins and
six β-tubulins, allowing for remarkable diversity within microtubules through a concept termed
"isovariant dynamics". Isovariant dynamics confer increased functionality, responsiveness, and
resilience of the microtubule cytoskeleton through diverse array composition and partial func-
tional redundancy between different tubulin isoforms [139]. Microtubule polymerisation occurs
by end-to-end association of tubulin dimers. The β-subunit of one dimer contacts the α-subunit
of the following dimer. The resulting proto-filament has an α-tubulin exposed on its (−) end
and a β-tubulin exposed on its (+) end [151]. Proto-filaments assemble in a pseudo-helical
arrangement of 13 proto-filaments to form the microtubule lattice. The disordered, negatively
charged C-terminal tails of tubulin are presented on the surface of the microtubule lattice [152].
Microtubules consisting of different numbers of proto-filaments have been reported, pointing
to diverse functions, depending on their composition [153]. The process of microtubule poly-
merisation also functions in cell-free environments when tubulin and GTP are present [154].
Microtubule elongation primarily occurs at the (+) end and microtubule directionality is crucial
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for their function [155].
Microtubule growth and stability are affected by several factors, including temperature, Ca2+-
concentration, PTMs of tubulin, and differential activities of MAPs [147] [156]. MAPs ful-
fil many functions, such as regulating microtubule nucleation and growth, (de-)stabilisation,
bundling, or tethering of microtubules to subcellular sites [157] [122]. Katanin is a microtubule
severing protein with putative roles in promoting microtubule nucleation in plant cortical micro-
tubule arrays [158]. Catastrophins, i.e. proteins that promote microtubule catastrophe, were
identified in humans as regulators as microtubule stability and microtubule dependent vesicle
transport [159]. Homologues in plants are not known. The tau proteins promote microtubule
stability and the formation of parallel microtubule arrays via two distinct microtubule binding
sites [157] [160]. Other microtubule stabilisers include CLASP and XMAP215 [161], the former
of which is also conserved in plants [162]. Modification and regulation of MAPs is crucial for
the orchestration of cellular processes. Many MAPs bind microtubules via electrostatic interac-
tion between polybasic stretches and the acidic tubulin tails [152]. Phosphorylation of MAPs in
proximity to polybasic regions locally changes their charge and regulates their association with
microtubules [163].
In plants the primary transport proteins associated with microtubules are the kinesin fam-
ily, which play important roles in the intracellular transport of single proteins and whole or-
ganelles [164] [165]. Kinesins consist of an ATP-dependent motor domain and a coiled-coil
domain that facilitates interaction with a second kinesin. Two kinesins assemble into a func-
tional kinesin complex that allows transport along microtubules by "stepping" of the motor
domains on the microtubule lattice [165]. Kinesins either bind their cargoes directly via specific
interaction domains, or indirectly by the formation of a multi-protein complex with a target
adaptor. The use of target adaptors allows for increased diversity in the set of potential tar-
gets for the same kinesin and for context-dependent regulation of kinesin specificity by adaptor
exchange. Target adaptors of the Kinesin-1 family are the Kinesin Light Chains (KLCs) that
interact with the motor-domain containing Kinesin Heavy Chains (KHCs) [165]. The KLCs
are more variable than the KHCs, conferring cargo specificity to Kinesin-1s [166]. The plant-
specific KLCRs are homologues of KLCs found in animals [123]. Overall, kinesins have been
grouped into 14 subclasses, based on sequence homology between their motor domains [167].
While most kinesins are (+) end directed, Kinesin-14 instead moves cargoes towards the (−)
end of microtubules [168]. Distinct Kinesin-13 family members facilitate microtubule depoly-
merisation instead of transport [165], indicating regulatory roles for kinesins in addition to their
function as transporters. Plant kinesins have diversified from animals, with a large increase in
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kinesin genes encoded in plant genomes [167] [169] [170]. As kinesins have diversified in plants,
so have their functions. Several plant kinesins, such as the PHRAGMOPLAST ORIENTING
KINESINS (POKs), are involved in PPB formation and cell division plane selection during cy-
tokinesis [171] [172].
Microtubules are crucial for cell division. They form the centrioles and the spindle apparatus
during mitosis in all kingdoms of life, thereby contributing to chromosome separation [173] [107]
[174]. In plant cells, microtubules are the main contributor to the formation of the PPB as the
first visible marker of the future cell division plane [175] [176] [177]. Intact microtubules at the
PPB are crucial for the formation of the PPB’s actin-component. Correct cell division has been
observed in the presence of actin-destabilising drugs, indicating that the role of microtubules
in cell division is more important than that of actin [115] [105]. Furthermore, microtubules are
essential components of the phragmoplast, a cylindrical structure of anti-parallel microtubules
that overlap in the mid-zone of dividing cells and serves to deliver cell wall components to the
newly forming cell plate as well as guide the cell plate to the future site of fusion with the
mother cell wall [178] [179]. Within this structure, members of the MAP65 protein family,
MAP65-1, MAP65-2, and MAP65-3, cross-link plus-ends of microtubules at the midzone, reg-
ulating microtubule stability and depolymerisation. MAP65s and are subject to MPK mediated
regulation [180] [181] [182] and MAP65-hubs may play a role in controlling phragmoplast ori-
entation and expansion speed [183]. Furthermore, members of the plant-specific IQD protein
family have been implicated as crucial contributors to PPB formation and division-plane orien-
tation in A. thaliana by interacting with Kinesin-12 family members POK1 and POK2 as well
as GTPase activators PLECKSTRIN HOMOLOGY GTPase ACTIVATING Protein (PHGAP) 1
and PHGAP2, and anchoring these proteins to the PPB and CDZ [184].
Outside of their role in cell division and cytokinesis, plant microtubules are believed to function
as sensor arrays for the response to abiotic stresses, such as salt stress, cold stress, or drought
stress by sensing mechanical tension within the cell and orchestrating the cellular response [185].
Additionally, the plant microtubule cytoskeleton has been implicated as a crucial component for
monitoring Ca2+-levels and integrating Ca2+-signalling and ROS-signalling for efficient signal
transduction [186]. CML24 has been shown to directly bind and regulate cortical microtubule
arrays [187]. Furthermore, recent reviews have highlighted functions for MAPs in the integra-
tion of Ca2+-signalling at the microtubule cytoskeleton and the facilitation of cross-talk with
other signalling pathways through the formation of signalling hubs and regulatory multi-protein
complexes at the microtubule cytoskeleton [188] [122] [27].
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1.3 The KLCR-IQD module - a potential hub for macromolecular
complex assembly

Recent studies identified a novel multi-protein complex in A. thaliana [27]. It consists
of the (VAMP) ASSOCIATED PROTEIN 27 (VAP27-1), IQ67 DOMAIN protein 2 (IQD2),
NETWORKED 3C (NET3C), and KINESIN LIGHT CHAIN-RELATED 1 (KLCR1) and has
been termed the PINK complex. The PINK complex acts as a bridging complex between
the microtubule cytoskeleton, the actin cytoskeleton, the plasma membrane (PM), and the
endoplasmatic reticulum (ER) at ER-PM contact sites (EPCS) (Fig. 4). Loss of function
mutants in members of this complex exhibit altered leaf cell shapes and root morphology, and
defects in cytoskeleton and ER organisation. This suggests that the PINK complex plays a
crucial role in plant growth and development by organising the cellular interior [120] [27].
KLCRs and IQDs constitute the core protein-protein interaction module of the PINK complex.
The interaction of putative structured adaptor proteins in the form of the KLCRs, and putatively
disordered scaffold proteins in the form of IQDs serves as the basis for the formation of a
signalling super-hub. IQDs interact with microtubules, the plasma membrane, and the Ca2+-
sensor CaM [32] [123]. KLCRs are TPR domain proteins that act as adaptors for the KLCR-IQD
module. They interact with the NET protein family, thereby linking the KLCR-IQD core module
to the actin cytoskeleton [123] [27]. Neither component of the KLCR-IQD module has known
enzymatic activity. Therefore, this core module may be crucial for regulating the interplay
between the microtubule and actin cytoskeleton, the PM, and the ER by acting as a calcium
signalling hub in cellular coordination.

1.3.1 KINESIN LIGHT CHAIN-RELATED proteins are a central adaptor for protein-
protein interactions

The KINESIN LIGHT CHAIN-RELATED proteins, also known as CELLULOSE MICRO-
TUBULE UNCOUPLING (CMU) [120], form a small family of three proteins in A. thaliana.
KLCRs feature a TPR domain in their C-terminus, consisting of 10 to 11 TPR motifs, char-
acteristic for tandem-repeat proteins [123]. KLCRs are named by their similarity to the light
chains of animal Kinesin-1, and were originally proposed to function in plant kinesin transport
along the microtubule cytoskeleton by binding to KHCs. The static localisation of KLCRs along
microtubules, the lack of typical Kinesin-1 family members in plants, and the lack of the coiled-
coil domain typically conferring KHC-interaction suggests that plant KLCRs do not function as
kinesin subunits [27].
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Figure 4: Schematic depiction of the PINK complex. (VAMP)-ASSOCIATED protein 27-1 (VAP27-
1), the NETWORKED 3 proteins (NET3s), IQ67 domain proteins (IQDs), and the KINESIN LIGHT CHAIN
RELATED proteins (KLCRs) form the PINK complex, linking actin, microtubules, the plasma membrane, the
endoplasmatic reticulum, and Ca2+-signalling. Dashed lines indicated indirect or suspected interactions. Solid
lines show known interactions. VAP27-1 was not investigated in this thesis. Modified from Zang and Klemm
et al., 2021 [27].

KLCRs are proposed to anchor cortical microtubules to the plasma membrane thereby stabilising
microtubules against the pushing force of the cellulose synthase complex and directing cellulose
deposition [120]. Direct interaction of KLCRs with microtubules, however, is disputed. KLCRs
were originally identified as interactors of IQD proteins IQD1 and IQD2 [123] [36]. Due to
their known microtubule interaction, IQDs are believed to recruit KLCRs to the microtubule
cytoskeleton to fulfil their function in the regulation of cellulose deposition [123] [36]. KLCR1
additionally interacts with IQD9 in the regulation of cellulose synthesis during the formation of
seed mucilage [189].
Functions of KLCRs as adaptors are supported by the identification of KLCR2 as a central hub
in cellular signalling networks [190]. KLCR2 was found to interact with members of hormone
and kinase signalling pathways, TFs, RNA binding proteins, and components of Ca2+-signalling
pathways in the form of IQD2 and IQD23. Furthermore, KLCR1 and KLCR2 have been found
to interact with the kinesin FRA1. FRA1 affects protein levels and microtubule localisation of
KLCR1 and KLCR2, potentially regulating sites of cell wall synthesis [191]. Phosphorylation of
FRA1 reduces its binding affinity for KLCRs, suggesting that the composition of KLCR-mediated
protein complexes can be fine-tuned by PTMs. Phosphorylation of KLCRs as a putative mode
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of regulation was suggested by the identification of KLCRs as targets for calcium dependent
protein kinases (CDPKs), MPKs, and sugar nonfermenting kinases (SnRK) [192] [36]. KLCRs
together with IQD2 and the NET3s were implicated in plant growth and morphology by affect-
ing leaf and root development [27]. By interacting with IQDs and NET3s, KLCRs serve to link
the microtubule and actin cytoskeleton with EPCS. Known regulation of KLCs by CaM-binding
and phosphorylation may be the basis for similar modes of regulation for KLCR-IQD modules
through modification of KLCRs [193]. The mechanisms behind KLCR-IQD interaction, and
thus the modes of protein complex formation exerted by KLCRs are not understood, yet.

1.3.2 IQ67 DOMAIN proteins comprise disordered scaffolds

IQ67 domain proteins were originally identified as plant-specific CaM-targets in A. thaliana
and O. sativa [32]. Since their original discovery, IQD families have been annotated in several an-
giosperms, including commercially relevant plant species, such as soybean (Glycine max) [194],
maize (Zea mays) [195], tomato (Solanum lycopersicum) [196], and wheat (Triticum aestivum
L.) [197], and the moss Physcomitrium patens, indicating early evolution of IQDs in the land
plant lineage [32]. In angiosperms, alterations in the expression of IQD genes has been reported
to affect fruit size or shape, or plant morphology, establishing IQDs as potential critical regu-
lators of plant growth and development.
The genome of A. thaliana encodes for 33 IQDs (Fig. 5 A), which are characterised by their
eponymous IQ67 domain, a 67 amino acid spanning domain containing up to three IQ motifs,
separated by stretches of 11 and 15 amino acids, as well as varying numbers of 1-5-10 and 1-
8-14 motifs [32] (Fig. 5 C). IQ motifs are thought to confer Ca2+-independent CaM-binding,
while the other motifs are reported to confer Ca2+-dependent CaM-binding, making IQDs ver-
satile CaM-interactors with putative roles in Ca2+-signal integration [198] [32] [123]. Outside
of the IQ67 domain IQDs are characterised by hyper-variable regions that differ widely in length
and amino acid composition. They possess no known conserved domains or enzymatic activity
and are predicted to be intrinsically disordered [32]. The IQ67 domain has been shown to be
sufficient and required for CaM-binding of IQDs [123]. Recently, conserved motif #8 has been
identified as part of a microtubule binding DUF4005 domain in IQD16 that shares similarity
with the microtubule binding domain in animal Kif18A proteins [199]. Additionally, IQDs con-
tain short, conserved motifs with mostly unknown function (Fig. 5 B). IQDs cluster into four
phylogenetic groups that differ mostly in the size and distribution of conserved motifs (Fig. 5
A). Unpublished data suggest that clade III IQDs represent the most evolutionarily conserved
IQDs, characterised by the specific arrangement of conserved motifs. IQDs localise to PM
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subdomains, the nucleus, or the microtubule cytoskeleton, putatively conferring CaM-mediated
Ca2+-signalling to other proteins at these subcellular sites by differential recruitment of CaMs
and CMLs [34].
IQDs are involved in a plethora of biological networks. Often their function is conferred by inter-
action with distinct binding partners and is subject to strict regulation. IQD1 has been suggested
to be involved in the recruitment of KLCRs and CaMs to the microtubule cytoskeleton by co-
expression in N. benthamiana leaves. It differentially interacts with CaM- and CML-isoforms,
indicating context-specific modes of Ca2+-signal mediation by and regulation of IQDs [123].
More recent research also showed interaction of IQD1 with MPKs and hints at phosphorylation
of IQD1 by these kinases in its hyper-variable regions [36]. Furthermore, rice IQD protein GW5
was identified as a phosphorylation target of GSK2/BIN2 [200]. Other IQDs, such as IQD2 have
been identified as phosphorylation targets by various kinases, such as the TOR kinase [201],
and in various contexts, such as circadian clock controlled processes [202]. The identification
of phosphorylation events in various IQDs suggests PTMs as a general mode of regulation for
IQD localisation and function.

IQDs and their interactors are involved in several processes of plant growth and develop-
ment. Overexpression of IQD11, IQD14, and IQD16 affects microtubule organisation and cell
shape in A. thaliana [34], and Os IQD14 regulates microtubule dynamics in rice in a CaM-
dependent manner [203]. IQD13 has been linked to the regulation of ROP GTPase domains
in the PM through the formation of "lateral fences" of cortical microtubules that restrict PM
subdomain size. Overexpression or loss of IQD13 also affects the size and shape of secondary
cell wall pits, indicating that IQD13 indirectly regulates cell wall architecture [204]. IQD2 and
IQD5 are involved in the establishment of the characteristic puzzle shape of leaf epidermis
cells [205] [114] [27], while IQD2 together with KLCRs also appears to regulate root growth,
with mutants showing deviations in touch response [27]. IQD6 to 8 are essential regulators
of PPB formation and cell division plane selection during cytokinesis through their interac-
tion with POKs and PHGAPs [184]. Fine-mapping of POK- and PHGAP-interaction sites in
IQD8 has revealed a prominent role for the C-terminus of IQDs in protein-protein interactions,
indicating protein-protein binding via putative MORFs in IQDs. IQD9 interacts with KLCR1
and the IQD9-KLCR1 module regulates seed mucilage formation by affecting cellulose synthase
speed [189]. IQD15 to 18 have been implicated in the integration of auxin- and Ca2+-signalling
and the regulation of the activity of SPIRAL2 at the microtubule cytoskeleton [206].
Due to their biochemical properties and their multitude of known or putative interactors, IQD
proteins have been suggested to function as cellular scaffolds and signalling hubs with diverse
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Figure 5: The IQ67 domain family in A. thaliana. A: Domain organisation of the IQ67 domain family in
A. thaliana. All IQDs share the eponymous IQ67 domain. Outside of this domain, they differ in size and amino
acid composition. IQDs are organised into clades, showing clades I (red line), clade II (yellow line), clade III
(blue line), and clade IV (green line). IQD33 only possesses a truncated IQ67 domain. Conserved motifs are
marked as coloured boxes and numbered 1 to 9 from N- to C-terminus. B: Consensus logos of the conserved
motifs found in IQDs. Motif #8 corresponds to the DUF4005 domain [199] C: Consensus logo of the IQ 67
domain found in A. thaliana IQDs. Modified from Kumari et al., 2021 [184].
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functions depending on their expression and localisation [26] [35]. They may be important
in integrating Ca2+-signalling, auxin-signalling, and kinase signalling at the PM and the cy-
toskeleton [35]. Their predicted disorder coupled with short, conserved motifs of lower disorder
propensity (Fig. 29 B), their ability to localise to the plasma membrane, bind microtubules
through the DUF4005 domain [199], and CaMs through the IQ67 domain [123] singles IQDs
out as bona fide disordered scaffold proteins, interspersed with MORFs.

1.3.3 The NETWORKED protein family links KLCR-IQD modules to the actin
cytoskeleton

The NETWORKED proteins were identified as a novel superfamily of 13 actin-binding
proteins acting in concert with VAP27s at the actin-PM-nexus [110]. They are divided into four
phylogenetic groups with diverging subcellular localisation and functions. They do, however,
share the eponymous NETWORKED ACTIN BINDING (NAB) domain in their N-terminus and
coiled-coil domains of varying sizes in their C-terminus [143]. Homologues of the NET family
have been identified in other plant species by the conservation of the NAB domain [207]. Coiled-
coil domains have been implicated as mediators of protein-protein interactions in some protein
families in the past, suggesting protein-protein interactions of NETs through this domain [208]
[209]. NETs are believed to function in the regulation of the actin cytoskeleton in directional
cell growth through their NAB domain [144]. NET3A and NET3C interact with VAP27-1 to
link the ER and the actin cytoskeleton to the PM [210]. They were also shown to interact with
KLCRs, thus forming a bridge to IQDs and the microtubule cytoskeleton [27]. Their lack of
enzymatic activity, small size, actin binding domain, and coiled-coil domain mark NET3A and
NET3C as putative adaptor proteins or dockers of KLCR-IQD modules to the actin cytoskeleton.

1.4 Calcium signalling at the microtubule cytoskeleton

Calcium is one of the most important second messengers in all kingdoms of life [211].
Despite its high degree of conservation between the kingdoms, Ca2+-sensor and -transducer
families have largely expanded in plants compared to animals, suggesting extended roles for
calcium signalling [212] [213] (Fig. 6). Calcium signalling has been implicated in virtually every
process of plant life, including but not limited to growth and development, nutrient sensing,
stress response, and plant immunity [214] [215] [216] [217]. Studies carried out in microgravity
have additionally provided evidence, linking Ca2+-signalling to gravitropic growth [218]. Ca2+

further contributes to cell wall stability, the regulation of polar cell growth, cell cycle progression,
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cytoskeleton organisation and dynamics, various hormone signalling pathways, and hormone
transport [219] [213] [220] [221] [200] [222] [188].
Due to its tendency to form insoluble compounds with phosphate, thereby hindering the ATP
metabolism crucial to every living cell, cytosolic Ca2+-concentrations are constantly kept at low
levels of approx. 100 nM. The low cytosolic calcium levels allows for small absolute changes
in the local Ca2+-concentration to exert large relative effects in cellular signalling cascades
[211]. To avoid Ca2+-toxicity, Ca2+-transport across membranes is tightly regulated against
an approx. 20,000-fold gradient between the cellular interior and its exterior, as well as certain
organelles [211] [223]. In plant cells, the ER and the vacuole act as Ca2+-stores with Ca2+-
concentrations in the millimolar range that would be lethal in the cytosol [223]. EPCS are
believed to be crucial to the re-filling of internal Ca2+ stores of cells by allowing transport of
Ca2+ directly into the ER [224]. Ca2+-transport maintaining the trans-membrane gradient is
carefully orchestrated by the interplay of Ca2+-influx and efflux. Influx transporters, such as
ligand- or voltage-gated ion channels and Ca2+-permeable channels (Fig. 6, left) act in concert
with ATP-dependent efflux carriers and Ca2+-antiporters that transport protons in exchange
for Ca2+ ions [225] [226] [227] (Fig. 6, middle). External stimuli to plant cells result in
intricately regulated patterns of Ca2+-influx and -efflux by these transporters. This intricate
interplay leads to specific Ca2+-gradients across the cell interior that vary in their amplitude and
frequency. Collectively, these Ca2+-oscillations are known as the "Ca2+-signature" [225] [228].
The exact contribution of different transporters and organelles to this signature is not fully
understood [223].
The Ca2+-signature is read out by a diverse set of more than 400 Ca2+-sensors and more than

200 Ca2+-targets, indicating a possible signalling network of staggering complexity [230] (Fig.
6, right). While some proteins are directly affected by Ca2+-binding, the gamut of Ca2+-
signalling is conferred by specific sensors [231] [232]. The main Ca2+-sensors are the CaMs
and CMLs [233], the CDPKs [234], and the calcineurin-B-likes (CBLs) [235]. These sensors
bind Ca2+ via their conserved EF-hands, a helix-loop-helix domain that confers Ca2+-binding by
sandwiching the ion between its two helices [211] [212] [236]. Ca2+-binding in EF-hands usually
results in conformational changes in binding proteins, causing a switch from a "closed" (apo) to
an "open" (holo) conformation, thus changing protein-protein interaction properties [237] [238].
CaMs possess four EF-hands and directly bind to a diverse array of target proteins, either in
their Ca2+-bound or their Ca2+-free state. CMLs are more diverse in size, composition, and
number of EF-hands than CaMs, ranging from one to six EF hands [239] [240] [233]. CDPKs
are comprised of a CaM-like domain containing four EF-hands and a kinase domain. Upon
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Figure 6: Calcium signalling in plant cells. Schematic depiction of Ca2+-signalling coordinated by Ca2+-
influx, -efflux, and signal decoding. Left: Ca2+-influx channels: GLR: Glutamate Receptor-Like channel;
CNGC: Cyclic Nucleotide Gated Channel; OSCA: Reduced HyperOSmolality induced CA2+ increase; MCA:
Mechanosensitive channel; TPC: Two-Pore Channel; Middle: Ca2+-efflux transporters: ACA: Autoinhib-
ited Ca2+-ATPase; ECA: ER-type Ca2+-ATPase; HMA1: P1-ATPase; MCUC: Mitochondrial Ca2+-Uniporter
Complex; CAX: Ca2+-exchanger; Right: Ca2+-sensors: CaM: Calmodulin; CML: CaM-Like; CDPK: Ca2+-
Dependent Protein Kinase; CBL: Calcineurin-B Like; CIPK: CBL-Interacting Protein Kinase. Figure taken from
Edel et al., 2017 [229].

Ca2+-binding they can phosphorylate their targets, causing downstream effects [212]. CBLs
usually contain only three EF-hands and confer Ca2+-signalling via CBL-interacting protein
kinases (CIPKs) that phosphorylate target proteins following CBL-binding [212] [241]. The
various sensors and signal transducers translate Ca2+-signals into protein-phosphorylation or
protein-protein-interactions, thereby leading to alterations in protein localisation or activity, or
changes in gene expression by interaction with TFs [242]. While there are only a few groups of
major Ca2+-sensors and -signal transducers, these families have expanded in plants, compared
to animals. The genome of A. thaliana alone encodes for seven CaMs, and 50 CMLs [233],
34 CDPKs [234], and ten CBLs [235]. Only three CaMs and no CMLs are know in humans,
indicating much more intricate mechanisms of Ca2+-signal control in plants compared to the
animal kingdom.

25



1.4.1 Calmodulins and Calmodulin-like proteins

Calmodulin is the archetypal Ca2+-sensor. It is highly conserved between animals and plants
and precursors of CaM have even been identified in bacterial genomes [243]. In A. thaliana
seven genes encode for four different CaM isoforms. A. thaliana CaMs possess the canoni-
cal four globular EF-hands and share a sequence identity of 97 to 99 % between them and
above 95 % identity to animal CaMs, suggesting largely similar CaM-binding targets and func-
tions. CMLs are exclusive to plants. The genome of A. thaliana encodes for 50 CMLs that
share only 15 % identity with CaMs on average and are much more diverse in their make-up
and putative targets and functions. In contrast to CaMs, CMLs possess between one and six
EF-hands [240] [244] [236]. The regulation of cortical microtubule arrays in plant roots by
CML24 [187], and the interaction of CaMs/CMLs with the microtubule-associated IQDs sug-
gests distinct functions in cytoskeleton regulation by CaMs/CMLs in plants [206].

The expansion of CaMs and CMLs in plants suggests the need for more diverse and varied

Figure 7: 3D models of Calmodulin. A: Crystal structure of apo-CaM from R. norvegicus in cartoon
depiction, showing the compact fold of apo-CaM. Based on PDB entry 1QX5 [245]. B: Crystal structure of
holo-AtCaM7, showing its two globular EF-hand domains, each consisting of two EF-hands bound to Ca2+.
Ca2+ is depicted es red spheres. Based on PDB entry 5A2H [246]. C: Crystal structure of apo-CaM from M.
musculus (orange) bound to an IQ domain of myosin V (grey). Based on PDB entry 2IX7 [247]. D: Multiple
holo-AtCaMs (orange) bound to the amphiphatic helix of Aca8R (grey). Ca2+ is depicted es red spheres. Based
on PDB entry 4AQR [248].

functions of Ca2+-signalling. It also points toward possible Ca2+-independent roles for some
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CMLs in cellular signalling and organisation [233] [244]. While the seven CaMs found in A.
thaliana are all expressed at high levels throughout the plant, they differ in their expression
levels relative to each other, suggesting context-specific roles for different CaM-isoforms de-
spite their high similarity [239] [233]. Additionally, different splice variants of AtCaMs are
known. CaM1/4 possesses multiple splice variants with differences in their N-terminal EF-hand
domain. Splice variants of CaM2/3/5 differ in the linker between their first two EF-hands
and in their C-terminus. CaM6 has no known splice variants, while splice variants of CaM7
differ in both termini. This diversity further support an expansion of CaM-signalling in plants.
Different CaM-isoforms and the different EF-hands within a single CaM possess different bind-
ing affinities for Ca2+-ions [66] [249] [250] [251]. Competition for Ca2+ between the different
CaM-isoforms [252], changes in Ca2+-affinity in the presence of target proteins [253], different
binding affinities for the same CaM-targets, and differential effects of different CaM-isoforms
on target proteins when binding to the same CaM-target [254] support the hypothesis of a vast
degree of sophistication in CaM-mediated Ca2+-signalling in plants.
Ca2+-binding induces a conformational switch in CaM. Apo-CaM adopts a compact fold with
few surface-accessible residues in the linker between the EF-hands [255] (Fig. 7 A). Ca2+-
binding results in a more extended conformation in holo-CaM (Fig. 7 B), with a higher surface
area available for protein-protein interactions in the flexible linker [256]. It has been suggested
that burying of the surface-exposed residues in holo-CaM may be a major contributor to holo-
CaM complex formation [256], resulting in high stability of holo-CaM binding to target proteins,
and consequently weaker interaction between apo-CaM and its targets due to lower accessible
interaction surface area. Because of their low pI of approx. 4, CaMs carry a high negative
net-charge in native pH between 7 an 8, indicating a crucial role for electrostatic interactions
in CaM-target protein binding [257].
CaM- and CML-targets include transcription factors, receptors, kinases, F-box proteins, ion-
channels, cytoskeleton regulators, and putatively many more [258] [259] [260] [261]. Despite
the high degree of diversity between CaM- and CML-targets, they share some similarity. Canon-
ical CaM/CML-binding domains consist of short, amphiphatic α-helical regions that interact
with hydrophobic regions in CaMs/CMLs − found within the linker between EF-hands 2 and
3 [262] [236]. In the canonical CaM-target protein interaction, holo-CaM has been found to
wrap around helical interaction domains (Fig. 7 D), thereby affecting the biochemical prop-
erties of its targets [132]. Binding of holo-CaM to target proteins in an extended conformation
has been additionally reported, e.g. for Small-conductance Ca2+-activated potassium channel
(SK2) [263]. Active site remodelling as a consequence of holo-CaM-binding has been observed
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in anthrax edema factor [263]. Electrostatic interactions between CaMs/CMLs and their targets
have been found to stabilise CaM/CML-target-complexes and consequently the target proteins,
themselves [250] [264]. CaMs/CMLs have additionally been found to interact with a number
of targets − including myosins and Ca2+-channels − in the absence of Ca2+, suggesting a
plethora of regulatory functions for apo-CaM [198] [264] [265]. Apo-CaM-interaction is usually
conferred by IQ-motifs (Fig. 7 C), conserved motifs found in several ion-channels, myosins,
and the IQDs [198] [266] [132], suggesting diverse modes of interaction between CaM and its
target proteins in the holo- and apo-form.
As part of their confirmed and putative roles in the regulation of cellular signalling pathways,
CaMs have been identified as regulators of scaffold and hub proteins in cellular signalling net-
works, putatively linking hormone, kinase, and Ca2+-signalling to the cytoskeleton and the
plasma membrane [34] [35] [267], as well as affecting microtubule stability [268]. Furthermore,
CaMs and other EF-hand proteins have been implicated as possible Ca2+-dependent adap-
tor proteins, linking their interactors through the flexibility of the linker between the EF-hand
domains [267]. Through their interaction with IQDs, CaMs may play an important role as
mediators of Ca2+-signalling to KLCR-IQD modules at the cytoskeleton [27].

1.5 Regulation of the cytoskeleton by calcium and scaffold proteins

Rapid remodelling of plant cells in response to external and internal stimuli is critical to their
success. The integration of Ca2+-signals at the cytoskeleton by direct and indirect regulation
of MAPs and ABPs is crucial to this process [188]. Several MAPs and ABPs are subject to
subcellular re-localisation and changes in their interaction profiles following Ca2+-dependent
CaM/CML-binding, including putatively IQDs and KLCRs [188]. KLCR-IQD modules are be-
lieved to function as the central unit for the assembly of regulatory multi-protein complexes
at the microtubule cytoskeleton. These complexes can be extended to the actin cytoskeleton
and EPCS by integration of NET3s [27]. The ability of IQDs, to interact with CaMs/CMLs
suggests functions in the integration of Ca2+-signals in the assembly and regulation of protein
complexes by IQDs.
The exact modes of action of core modules for multi-protein complex assembly remain elusive.
The dynamics of complex assembly, the molecular binding mechanisms, the stoichiometry of the
KLCR-IQD core module, and the modes of CaM-mediated regulation by Ca2+-signals are still
unknown. The formation of a putative super-hub of different classes of scaffold proteins provides
an intriguing model system for the investigation of cellular coordination by the integration of
protein complex assembly and signal transfer. Elucidating the function of KLCR-IQD modules
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at the cytoskeleton and the plasma membrane may serve to further the general understanding
of the role of scaffold protein hubs in cellular signalling.

1.6 Goals of this thesis

The goal of this thesis was the biochemical characterisation of the KLCR-IQD protein-
protein interaction module and its interaction with and regulation by CaM-mediated Ca2+-
signalling. This allows us to further our understanding of scaffold proteins as cellular signalling
hubs, using the KLCR-IQD module as a model system. Interaction of IQD2 and KLCR1 was
chosen as the primary focus over other IQD-KLCR modules, such as KLCR1-IQD9, due to their
overlapping phenotypes, and their involvement in the PINK complex. This function singles
out IQD2 and KLCR1 as well-established central components of a multi-protein complex that
links both contributors of the cytoskeleton, the PM, and the ER. Characterisation of KLCR1-
IQD2 modules can therefore serve as a basis for uncovering modes of regulation between the
cytoskeleton and cellular membrane systems.
In this thesis, components of the PINK complex in Arabidopsis thaliana were characterised
comprehensively with regards to their interaction dynamics and mechanisms and with the aim
of assessing the integration of KLCR-IQD modules into cellular signalling networks − namely
Ca2+-signalling. This thesis takes a KLCR-centric approach, first focusing on a biochemical
analysis of possible KLCR-homo-interactions, before expanding into biochemical assays and
structure-function studies aimed at investigating the binary interactions between KLCR proteins
and CaMs, IQD2, the microtubule cytoskeleton, and NET3 proteins. These in vitro and in vivo
experiments are further supplemented by in-depth in silico analyses of the involved proteins,
integration of experimental data and in silico predictions, and the generation of protein and
protein-complex models based on the experimental data. Furthermore, this thesis takes initial
steps towards the characterisation of the structural and biochemical determinants underlying
the ternary interaction between KLCRs, CaMs, and IQDs, and therefore possible modes of
CaM-mediated regulation of the KLCR-IQD core module.
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2 Results

2.1 Biochemical characterisation of KLCRs and their binding partners

Previous work performed in this research group and recent publications established KLCRs
as central bridging proteins that link functionally diverse interaction partners to the actin and
microtubule cytoskeleton and EPCS. The architecture and dynamics of KLCR-mediated protein
complexes, and the modes of interaction between individual binding partners, however, are still
largely elusive. The comprehensive in vitro characterisation of multi-protein complexes is a
challenging task, due to the different biochemical properties of the involved proteins and lack
of knowledge regarding the spatio-temporal dynamics of complex composition. To reduce the
complexity for in vitro studies, it is useful to first focus on binary interactions within a putative
protein complex before delving into the more intricate interaction dynamics that come with
ternary, quaternary, or higher order interactions. KLCRs − specifically KLCR1 − serve as the
central linchpin for the characterisation of binary protein-protein interactions in this thesis. The
structural determinants of the function of KLCRs and IQDs in the KLCR-IQD core module for
protein complex formation, the extension of this core-module by NET3s, and the regulation of
KLCR1-IQD2 mediated protein complex assembly will be investigated.

2.1.1 In silico assessment of KLCRs

To gain first insights into the characteristics of KLCR proteins, their structural and bio-
chemical properties were assessed in silico by interrogation of publicly available databases and
bioinformatic tools. KLCR1, KLCR2, and KLCR3 are proteins of 610, 663, and 650 amino acids,
and molecular weights of approx. 66, 72, and 71 kDa, respectively. They share a sequence
identity of 34.3 % between the three of them, with 243 identical and 176 similar amino acid
residues (Fig. A.1). KLCR2 and KLCR3 are more similar to each other than to KLCR1, with
52.4 % identity as opposed to 45 and 46 %. KLCRs are characterised by, in the case of KLCR1
and KLCR3 ten, or in the case of KLCR2 eleven TPR motifs in their central to C-terminal
region, connected by short linkers (Figs. 8 A, A.3 A, and A.4 A). KLCRs are therefore bona
fide tandem repeat proteins with possible regulatory elements in their terminal regions. The N-
and C-termini of KLCRs possess no known conserved domains or motifs.
The first 100 to 190 amino acids and the last 50 to 60 amino acids of all KLCRs are predicted
to feature regions of intrinsic disorder, while the TPR motifs are predicted to adopt a helical
fold with short regions of higher disorder propensity in the linkers connecting them (Fig. 8 B,
Figs. A.3 B and A.4 B). While the N-terminal 100 amino acids of KLCR1 are predicted to
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be fully disordered, KLCR2 and KLCR3 contain a short region of predicted structure in their
N-terminus (Figs. A.3 B and A.4 B). This region stretches from residues 20 to 90 in both
proteins and is characterised by two sharp drops in disorder propensity connected by a region
of higher disorder propensity. These short, ordered regions may confer functions specific to
KLCR2 and KLCR3, but have not yet been assessed experimentally. KLCR1 possesses a similar
short, likely ordered region with no known conserved motifs or domains just N-terminal of its
first TPR motif.
Although no experimentally confirmed 3D structures of KLCRs exist to date, the 3D structure

of tandem TPR domains can be predicted with high confidence due to their extensive characteri-
sation as known protein-protein interaction domains [62]. 3D models of all KLCRs were obtained
from the Alphafold 2.0 database [269], or produced with the MODELLER server, using PDB
structure 6EOU of human UDP-N-acetylglucosamine-peptide N-acetylglucosaminyltransferase,
110 kDa subunit [270] as a template. 3D models were assessed and curated with PyMol to
gain insights into the tertiary structure of KLCRs. The TPR motifs in all KLCRs are predicted
to form two short parallel helices connected by a flexible linker, consistent with the secondary
structure predictions of KLCRs (Fig. 8 C and D). Multiple TPR motifs are predicted to be
arranged in a helical structure, in agreement with known structures of multi-TPR-domains [62].
This helical arrangement forms a central cylinder that may be essential for interactions with
other proteins (Fig. 8 E). Due to their predicted disorder and the resulting low prediction
confidence for 3D structures, the positions and orientations of the N- and C-terminus of KLCRs
in 3D models are less clear. The predicted ordered regions in the N-terminus of all KLCRs
are represented as short, helical motifs in 3D structure predictions and may serve as flexible
regulatory elements for KLCR functions. In addition to its canonical form, KLCR1 possesses
an alternative splice variant, referred to as KLCR1spl, missing the last exon and consequently
the C-terminal 78 amino acids, i.e. the C-terminal disordered region and half of TPR motif
#10 (Fig. A.2). The disruption of the last TPR motif does not affect secondary structure
predictions, or 3D models generated of this splice variant, suggesting that it still adopts a fold
largely similar to the canonical version of KLCR1. No information regarding the expression of
KLCR1spl relative to its canonical form is currently available.
Charge plots of KLCRs were generated with the EMBOSS charge tool to address their electro-

static properties as possible factors in protein-protein interactions. KLCRs are acidic proteins
with pIs of 5.35 for KLCR1, 5.02 for KLCR2, and 4.93 for KLCR3. Charge plots of KLCRs show
a charge distribution characterised by basic or acidic patches with few regions showing a more
even charge distribution. Basic patches are found as an over-representation of positively charged
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Figure 8: In silico analysis of KLCR1. A: Schematic representation of KLCR1. TPR motifs are depicted
as green boxes. First and last amino acid positions are provided above and below each motif, respectively.
B: Disorder prediction consensus of KLCR1 with the protein schematic superimposed. A disorder propensity
above 0.5 is considered to be likely disordered, a value below 0.5 suggests an ordered secondary structure. C:
Alphafold 2.0 model of KLCR1 with prediction confidence from high confidence (dark blue) to low confidence
(dark orange). D: Alphafold 2.0 model of KLCR1 in cartoon presentation. Helices are coloured green, while
loops are coloured grey. E: "Top down" view of the model shown in D, showing the inner cylinder formed by
the TPR domain of KLCR1.
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Figure 9: In silico analysis of the charge distribution in KLCR1. A: Charge plot of KLCR1 generated
with the EMBOSS charge tool with the schematic representation of KLCR1 superimposed. B to D: Cartoon
depiction of the Alphafold 2.0 model of KLCR1 with a surface of 40 % transparency superimposed. The
negatively charged amino acids aspartic acid and glutamic acid are depicted as red spheres, while the positively
charged amino acids arginine, histidine, and lysine are depicted as blue spheres.

amino acids N-terminal of the TPR-domain, in TPR motifs #5, and #6, and at the very N-
and C-terminus of KLCR1. Acidic patches are present as an over-representation of negatively
charged residues in TPR motifs #1 to #4, #7, #9, and #10, respectively. Consistent with the
low pI of KLCR1, negatively charged residues are enriched in KLCR1 compared to positively
charged residues, with a maximum positive charge of 0.6 and a maximum negative charge of
−0.8 (Fig. 9 A). The surface accessibility of charged amino acid side chains on KLCR1 or
inside its central cylinder may be crucial to its structural and functional integrity (Fig. 9 B to
D) [65]. KLCR2 and KLCR3 show similar charge distributions to KLCR1 throughout the TPR
domain, but differ in their N-termini, which show an over-representation of negatively charged
residues, as opposed to positively charged ones in KLCR1 (Fig. A.3 E and A.4 E). The
negative charge coincides with the short, structured regions in the N-termini of KLCR2 and
KLCR3 (Fig. A.3 B and A.4 B). The low pI of KLCRs and the enrichment of positively or
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negatively charged amino acid residues in distinct regions suggests that KLCRs bind to their
diverse interaction partners via electrostatic interactions.
Together, the central cylinder of the TPR domain and the surface accessibility of basic or acidic
amino acids may be essential in determining how and where certain binding partners interact
with KLCRs. Additionally, post-translational modifications of KLCRs, e.g. via phosphorylation,
may serve to regulate the function of KLCR proteins, similar to animal KLCs, where inhibition of
Kinesin-1 ATPase activity by CaM-binding to KLCs is blocked by phosphorylation of KLC1 and
KLC2 [193]. This hypothesis is further supported by preliminary work carried out in this group
showing phosphorylation of all KLCRs by and interaction with MAP kinases MPK3, MPK4,
and MPK6 [36]. Annotated phosphorylation sites in the PhosPhAt database [271] and in silico
predictions of kinase recognition sites in KLCRs point towards phosphorylation of KLCRs in the
disordered regions N-terminal of the TPR domain and of KLCR1 and KLCR3 in their C-terminal
disordered regions, i.e. their polybasic stretches [36] (Fig. A.29 B to D). Phosphorylation in
disordered regions has been shown to induce disorder-to-order switching. Alternatively, phos-
phorylation in proximity to polybasic regions may reduce surface charge and thereby influence
electrostatic interactions within KLCRs or with potential binding partners [272].

2.1.2 Expression and purification of KLCRs for in vitro characterisation

To experimentally address the structural and biochemical properties of KLCR proteins,
KLCRs were expressed in E. coli strain KRX and purified using a tandem method of affinity
purification coupled with gel filtration. KLCRs were expressed either with a 10x His-tag, a
GST-tag, a combined GST-tag and 6x His-tag with a thrombin cleavage site before the protein
of interest, or with a combined 8x His-tag followed by a SUMO-tag for use in various different
assays and interaction studies (Tab. 2). The highest achieved protein yield during KLCR
purifications were approx. 12 mg of pure His-KLCR1 from 3 l expression culture, showing as a
prominent band at approx. 70 kDa in denaturing PAGEs (Fig. 10 A and B). In vitro studies
requiring purified protein focused on KLCR1 due to its putative role in KLCR1-IQD2 protein-
protein interaction modules. Assays carried out in cell lysates additionally included KLCR2
and/or KLCR3 to assess possible differences in the biochemical properties of these closely
related proteins and gain insights into the underlying structural and biochemical determinants.

Relatively pure His-tagged KLCR1 already eluted in the last washing step during affinity
purification via Ni-NTA agarose. The last wash fraction of affinity purifications of KLCR1 via
Ni-NTA was thus consistently included in further affinity purification or gel filtration. In SDS-
PAGEs KLCRs migrated at their expected sizes as a clean band (Tab. 2, Figs. 10 and A.5
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Table 2: KLCR expression constructs used in this thesis.

Protein Tag Trivial name Expected size [kDa]
KLCR1 10x His His-KLCR1 69,4

GST GST-KLCR1 94,5
GST, 6x His GH-KLCR1 98,1
8x His, SUMO HS-KLCR1 81,2

KLCR2 10x His His-KLCR2 75,6
GST GST-KLCR2 100,8
8x His, SUMO HS-KLCR2 87,4

KLCR3 10x His His-KLCR3 74,3
GST GST-KLCR3 99,5

A and B), although occasionally double bands were observed, even after multiple purification
steps (Fig. 21 A, D, and E). These double bands may be attributed to modifications of
KLCRs or possible DNA contamination. Failure to remove these double bands by the addition
of DNaseI to purification buffers or more stringent washing steps point towards modifications
of KLCRs as the more likely explanation.

2.1.3 KLCRs may form dimers

During gel filtration, KLCR1 migrated in a sharp peak at a retention volume of 67 ml on
a HiLoad 16/600 Superdex 200 pg column, while KLCR2 migrated at a retention volume of
68 ml (Figs. 10 C and A.5 C). When compared to a size standard for 16/600 Superdex 200
columns, proteins of 70 kDa are expected to migrate at a retention volume between 70 and
80 ml, while a retention volume just below 70 ml more closely correlates to a molecular weight
of 150 kDa (Fig. 11 A and B), i.e. roughly twice that of His-KLCR1 or -KLCR2. Silver
staining of the protein fractions corresponding to the peaks confirmed the presence of only a
single protein − KLCR1 or KLCR2, respectively. The observed migration behaviour during SEC
may therefore point towards possible homo-dimerisation of KLCR proteins (Figs. 11 C and
D, and A.5 B and C).
To assess the possibility of direct interaction between KLCRs, in vitro pulldown experiments
were carried out. GST-KLCR1 was immobilised on GSH-agarose and incubated with His-KLCR1
over night. GST alone served as a negative control to rule out unspecific interaction between
His-KLCR1 and the GST affinity tag. Efficient immobilisation of GST and GST-KLCR1 on GSH-
agarose was validated by western blot analysis using an anti-GST antibody which confirmed the
presence of GST (at 25 kDa) and GST-KLCR1 (approx. 100 kDa). Weak co-recruitment of His-
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Figure 10: Purification of His-KLCR1. A: 15 % SDS-PAGE of crude extract (ce), wash fractions (w1 to
w3), and elution fractions (e0 to e5) after affinity purification via Ni-NTA agarose. His-KLCR1 is marked with
a red asterisk. B: 15 % SDS-PAGE of peak fractions of SEC of His-KLCR1. His-KLCR1 is marked with a
red asterisk. C: Chromatogram of SEC of His-KLCR1 on a HiLoad 16/600 Superdex 200 pg column showing
absorption at 280 nm (blue), 260 nm (violet), and conductivity (orange) plotted against the retention volume.
The fractions analysed in B correspond to the peak at 67.56 ml.
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KLCR1 (at 70 kDa) was detected with an anti-His antibody in combination with GST-KLCR1,
but not GST alone (Fig. A.6), confirming specific and direct homo-interaction of KLCR1.
The low amount of His-KLCR1 recruited by GST-KLCR1 suggested that either the affinity for
self-association of KLCRs is low, or that dimerisation of GST-KLCR1 has been saturated by
itself in this assay, blocking interaction with His-KLCR1. To test these hypotheses, GST-His-
KLCR1 (GH-KLCR1) was co-expressed with His-SUMO-KLCR1 (HS-KLCR1) and subjected
to GST-pulldowns. HS-KLCR2 and HS-KLCR1spl were included in this assay to assess the
possibility of KLCR-hetero-dimerisation and to test whether the C-terminus of KLCR1 affects
dimerisation. Co-expressions of HS-KLCRs with GST-His (GH) alone served as the negative
control. A publicly available anti-SUMO antibody was not functional. Recruitment of HS-
KLCRs was therefore detected with an anti-His antibody, which recognises both HS-KLCRs
and the GH-tag. The expected differences in molecular mass and an apparent preference of
the anti-His antibody for the N-terminal 8x His-tag in the HS constructs over the 6x His-tag
in the GH constructs allowed for distinction between the different constructs (Fig. A.7). GH-
KLCR1 and GH were successfully immobilised on GSH-agarose, showing as bands at 100 kDa
and 40 kDa when detected with an anti-GST antibody by western blotting. Recruitment of HS-
KLCR1 (at 80 kDa), HS-KLCR2 (at 90 kDa), and HS-KLCR1spl (at 70 kDa) was observed with
GH-KLCR1, but not with GH alone (Fig. 11 E). The observed bands of HS-KLCRs, that co-
recruited to GSH-agarose with GH-KLCR1 upon co-expression, were much stronger than those
observed for sequential incubation of GSH-agarose with GST-KLCR1 and His-KLCR1. These
data confirm the direct physical interaction between KLCR1, and suggest that dimerisation can
occur for full length KLCR1 and KLCR1spl. In addition, KLCR1 likely forms hetero-dimers with
KLCR2. It further suggests that KLCR-dimers are stable, showing little dis-association and
re-association.

To validate the potential KLCR-KLCR interaction in an independent experimental system,
bimolecular fluorescence complementation (BiFC) assays with VYNE-KLCR1, VYCE-KLCR1,
and VYCE-KLCR2 were carried out in N. benthamiana leaves. The MAP TRM1 was used as a
negative control for KLCR-interaction, while co-expression of TRM1 with its known interactor
TON1 served as a control for the expression of TRM1 [273]. Co-expression of VYCE-KLCR1
with VYNE-KLCR1 or VYNE-KLCR2 resulted in YFP fluorescence complementation, while
co-expression of VNYE- or VYCE-KLCRs with VYNE- or VYCE-TRM1, respectively, did not,
suggesting specific interaction between KLCRs in vivo (Fig. 12 A to E). The apparent
KLCR-dimers displayed diffuse fluorescence signals, indicative of cytosolic localisation, which is
consistent with previously reported localisation of RFP-KLCR1 and RFP-KLCR2 in transient
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Figure 11: In-depth analysis of KLCR1 regarding homo-dimerisation. A and B: Size standard for a
HiLoad 16/600 Superdex 200 pg column with molecular weights and Stokes Radii of size standard components.
C: Chromatogram of SEC of His-KLCR1 on HiLoad 16/600 Superdex 200 pg showing absorption at 280 nm
plotted against the retention volume. The peak corresponding to His-KLCR1 is marked with a black arrowhead.
D: 15 % SDS-PAGE of the marked peak from C after silver staining. His-KLCR1 is marked with a red asterisk.
E: Western blot of a GST-pulldown of HS-KLCR1, -KLCR2, and -KLCR1spl with either GH-KLCR1 or GH as
negative control. Blue asterisks mark the bait constructs, red asterisks the prey constructs. i: input, w: wash,
bb: bead-bound.
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expression assays in N. benthamiana [123] [27]. Co-expression of VYCE- or VYNE-TON1 with
TRM1 in either orientation resulted in fluorescence complementation at microtubules and in the
cytosol depending on expression strength, confirming expression of TRM1 (Fig. A.8). Taken
together, these findings support KLCR homo- and -hetero-dimerisation, and point towards the
ability of different KLCRs to form stable dimers both in vitro and in vivo.

2.2 KLCR-CaM interactions

Previous work carried out in our group implicated KLCRs as interactors of holo-CaM, but
not of apo-CaM [36]. To validate these findings, CaM-pulldown experiments with all His- and
GST-KLCRs were carried out with commercially available bovine CaM immobilised on agarose
beads [274]. KLCRs were detected in western blots using either anti-GST or anti-His antibodies.
His-KLCRs (70, 75, or 74 kDa) (Fig. 13) and GST-KLCRs (95, 100, or 99 kDa) (Fig. 42 A)
were recruited to CaM-agarose from cell lysate in the presence of 1 mM CaCl2. KLCR2 and
KLCR3 were not recruited in the presence of 5 mM EGTA, a specific Ca2+ ion chelator. KLCR1
also showed faint recruitment to CaM-agarose in the presence of EGTA. This observation may be
concentration-dependent, as this interaction was only observed at high KLCR1-concentrations
in protein solutions incubated with CaM-agarose. These data establish KLCRs as (mostly)
specific holo-CaM interactors.
Initial pulldown experiments were carried out with bovine CaM, but not with A. thaliana CaM

(AtCaM). Despite the high conservation between bovine and plant CaM (87 % identity to
AtCaM2 and AtCaM4, 88 % identity to AtCaM7), possible artifacts caused by inter-kingdom
differences between these proteins can not be ruled out. To test the direct interaction between
AtCaMs and KLCRs, in vitro GST-pulldowns of His-tagged KLCR1 with GST-tagged CaM2 or
CaM7 were carried out. GST alone served as the negative control. Successful immobilisation
of GST-CaMs and GST was detected with an anti-GST antibody in western blots, showing as
bands at 45 kDa or 25 kDa, respectively (Fig. 14 A and B). His-KLCR1 was co-recruited to
the GSH-agarose by holo-GST-CaM2 and -CaM7 (Fig. 14 A), but not with either apo-GST-
CaM (Fig. 14 B). His-KLCR1 was not recruited by GST regardless of the presence or absence
of Ca2+ (Fig. 14 A and B). These findings demonstrate that A. thaliana KLCRs can bind to
CaMs from A. thaliana, establishing them as bona fide CaM-targets. Interestingly, the GST-
pulldown with holo-GST-CaM7 resulted in slightly stronger recruitment of His-KLCR1 compared
to holo-CaM2, hinting at possible differential interaction between KLCR1 and different CaM-
isoforms (Fig. 14 A).
To assess, whether KLCRs and CaMs interact in planta, BiFC-assays in N. benthamiana
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Figure 12: BiFC of KLCR1 and KLCR2 in N. benthamiana leaves. A to C: Co-expression of negative
controls VYCE-TRM1 with VYNE-KLCR1 and VYNE-TRM1 with either VYCE-KLCR1 or VYCE-KLCR2. D
and E: Co-expression of VYNE-KLCR1 with either VYCE-KLCR1 or -KLCR2. YFP fluorescence shows protein
interaction, while the T-PMT channel served as a pseudo-bright-field image to visualise cells without fluores-
cence. Scale bars represent 50 µm . Positive controls for TMRs can be found in Fig. A.8.
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Figure 13: CaM-pulldown of His-KLCRs. Western blots of 15 % SDS-PAGEs of CaM-pulldowns of His-
KLCR1, -KLCR2, or -KLCR3 with bovine CaM immobilised on agarose beads in the presence of 1 mM CaCl2
(+ Ca2+) or 5 mM EGTA (− Ca2+) from bacterial lysate. The expected positions of His-KLCRs in the blots
are marked with black arrowheads. w: wash, bb: bead-bound.

Figure 14: GST-pulldown of His-KLCR1 with GST-CaMs. Western blots of 12 % SDS-PAGEs of GST-
pulldowns of His-KLCR1 with either GST-CaM2, -CaM7, or GST alone in the presence of 1 mM CaCl2 (A) or
of 5 mM EGTA (B) from bacterial lysate. Bait constructs are marked with blue asterisks, prey constructs with
red ones. i: input, w: wash, bb: bead-bound.
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leaves with VYNE-KLCR1, VYCE-CaM2, and VYCE-CaM7 were carried out, with TRM1 as the
negative control. Co-expression of TRM1 with TON1 served as the control for the expression
of TRM1 (Fig. A.8). Co-expression of VYNE-KLCR1 and VYCE-CaM2 or VYCE-CaM7
resulted in specific YFP fluorescence complementation (Fig. 15 C and D). No fluorescence
complementation was observed when VYNE-KLCR1 was co-expressed with VYCE-TRM1 or
when VYCE-CaMs were co-expressed with VYNE-TRM1 (Fig. 15 A to C). KLCR-CaM-
complexes displayed diffuse fluorescence signals, pointing towards cytosolic localisation. This
is consistent with previously reported findings on the subcellular localisation of KLCR-CaM
complexes [36].
To test the direct interaction between KLCR1 and CaMs in planta, co-immuno-precipitation (co-
IP) assays of GFP-KLCR1 were performed with RFP-CaM2 using RFP-trap beads. Successful
immobilisation of RFP-CaM2 on the RFP-traps in the presence and absence of added Ca2+

was confirmed with an anti-RFP antibody, showing as a signal at 45 kDa (Fig. A.11). Weak
recruitment of GFP-KLCR1 (100 kDa) to RFP-traps was already observed in the absence of
additionally added Ca2+, which was enhanced upon addition of 1 mM CaCl2 to the IP-buffer
A.11). Residual Ca2+ from disruption of plant material (since no EGTA was added) may have
been sufficient for weak interaction between GFP-KLCR1 and RFP-CaM2. These data confirm
the direct interaction of CaM2 and KLCR1 in planta and validate the Ca2+-dependency of their
interaction.

2.2.1 Dynamics of KLCR1-CaM interactions

To quantitatively assess the dynamics of KLCR-CaM interactions, affinity measurements
between purified KLCRs and CaMs were carried out. To test for differential interaction with
different CaM-isoforms, the binding affinity between KLCR1 and CaM2, CaM4, and CaM7 was
determined. CaM2, CaM4, and CaM7 were expressed in and purified from E. coli strain KRX as
10xHis-tagged constructs. CaMs expressed and purified with a maximum yield of 36 mg protein
from 3 l expression culture − albeit the degree of purity was lower than for KLCR1. These
yields were achieved with all CaM isoforms, showing as prominent bands at approx. 15 kDa in
denaturing PAGEs (Figs. 16, A.12, and A.13). CaMs already eluted from Ni-NTA agarose
during the washing steps, which led to the last wash step, "w3", consistently being included
in further purification steps. CaMs migrated in clean peaks at a retention volume just above
60 ml on a HiPrep Sephacryl S100 HR column in the case of CaM2 and CaM4 (Figs. 16 and
A.12 C) or at 68 ml on a 16/60 Superdex 75 column in the case of CaM 7 (Fig. A.13 C).
CaMs showed a tendency for DNA contamination, as indicated by an absorption at 260 nm
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Figure 15: BiFC of KLCR1 with CaM2 or CaM7 in N. benthamiana leaves. A to C: Co-expression
of negative controls VYCE-TRM1 with VYNE-KLCR1 and VYNE-TRM1 with either VYCE-CaM2 or VYCE-
CaM7. D and E: Co-expression of VYNE-KLCR1 with either VYCE-CaM2 or -CaM7. YFP fluorescence shows
protein interaction, while the T-PMT channel serves as a pseudo-bright-field image to visualise cells without
fluorescence. The same positive controls for TMRs were used as in Fig. 12 and can be found in Fig. A.8. Scale
bars represent 50 µm .
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higher than that at 280 nm in the protein peak in SEC chromatograms (Fig. A.13 C). For
biochemical assays, special care was taken to avoid this contamination through the inclusion of
DNaseI in purification buffers.

To determine binding affinities between KLCRs and CaMs, purified His-KLCR1, -CaM2, -

Figure 16: Purification of His-CaM2. A: 15 % SDS-PAGE of crude extract (ce), wash fractions (w1 to w3),
and elution fractions (e0 to e4) after affinity purification via Ni-NTA agarose. His-CaM2 is marked with a red
asterisk. B: 15 % SDS-PAGE of peak fractions of SEC of His-CaM2. His-CaM2 is marked with a red asterisk.
C: Chromatogram of SEC of His-CaM2 on a HiPrep 16/60 Sephacryl S100 HR column showing absorption at
280 nm (blue), 260 nm (violet), and conductivity (orange) plotted against the retention volume. The fractions
analysed in B correspond to the peak at 60.77 ml.

CaM4, and -CaM7 were subjected to microscale thermophoresis (MST) [275]. MST was the
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method of choice due to ease of use and low material requirements. Experiments were carried
out on a Nanotemper Monolith at room temperature with 20 nM His-KLCR1 labelled with
the NHS-red dye provided by Nanotemper as the target and unlabelled CaMs as the ligand.
Labelling of KLCR1 consistently yielded between 2.2 and 6.9 µM labelled KLCR1 with a degree
of labelling (DOL), i.e. the average number of dye molecules per protein molecule, between
0.77 and 1.33. KLCR1 was subjected to titration of CaMs in the presence of 1 mM CaCl2
or 5 mM EGTA and the fraction of KLCR1 bound to CaMs was determined. Titration curves
showed little change in the fraction of KLCR1 bound to its ligand below 10 nM of either CaM,
a sharp increase between 20 and 200 nM CaM and saturation above 1 µM CaM. Saturation
of KLCR1 with CaM7 occurred at lower concentrations than with CaM2 or CaM4. Automatic
fits of the resulting binding curves yielded KD values of 190±65 nM for CaM2, 270±109 nM
for CaM4, and 48±23 nM for CaM7 in the presence of Ca2+ (Fig. 17 A). While data points
were recorded in the absence of Ca2+, the analysis software failed to produce any reasonable
fitted curves or reliable KD values based off of these measurements (Fig. 17 B). These
data confirm the direct interaction observed qualitatively between KLCR1 and CaMs as well
as the Ca2+-dependency of their interaction. In addition, they indicate a binding preference
of KLCR1 for CaM7, followed by CaM2, and lastly CaM4. These data are consistent with
the lower amount of His-KLCR1 pulled from solution by GST-CaM2 compared to GST-CaM7
in pulldown assays (Fig. 14 A). This preferential interaction between KLCR1 and different
CaM isoforms − despite the high degree of sequence identity between CaM2 and CaM7 (Fig.
A.9) − may point toward different biochemical effects on KLCR1 as a consequence of binding
different CaMs. This effect may depend on the expression levels of different CaM isoforms, or
on different Ca2+-binding affinities of individual CaM-isoforms. These data indicate a possible
Ca2+-dependent mode of regulation for KLCR1 function through differential CaM interaction.

2.2.2 Fine-mapping of KLCR-CaM interactions

To uncover, which regions in KLCRs contribute to CaM-binding, in vitro CaM-pulldown as-
says were carried out with truncations of KLCR1 and KLCR2 (Figs. 18 A and 19 A). The trun-
cations had been generated previously in our group and were designed to maintain the integrity
of the TPR motifs within KLCR1 and KLCR2. KLCR1N−term encompasses the N-terminal
disordered region of KLCR1 and KLCR1TR1 to KLCR1TR3 cover the N-terminal, central, and
C-terminal three TPR motifs of the TPR Rregion of KLCR1. KLCR1N−hal f is a combined
truncation, encompassing KLCR1N−term and KLCRTR1, KLCR1central combines KLCR1TR1

and KLCR1TR2, and KLCR1C−hal f combines KLCR1TR2 and KLCR1TR3. KLCR1∆C−term and
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Figure 17: MST affinity measurements between His-KLCR1 and His-CaM2, -CaM4, and -CaM7.
A: Fitted curves of MST measurements plotting the fraction of KLCR1 bound to CaMs against the CaM-
concentration. In the presence of 1 mM CaCl2 the fit results in KD values of 190±65 nM for CaM2, 270±109 nM
for CaM4, and 48±23 nM for CaM7. B: Fitted curves of MST measurements in the presence of 5 mM EGTA
acting as a negative control. The fits did not result in reliable KD values.

KLCR1∆N−term are missing the C- or N-terminal regions of KLCR1, respectively (Fig. 18 A).
Truncations of KLCR2 differ from those of KLCR1. KLCR2N−term covers the N-terminal dis-
ordered region of KLCR2 and the first TPR motif. KLCR2TR1 encompasses TPR motifs #2 to
#5, and KLCR2C−hal f the C-terminal six TPR motifs. KLCR2N−hal f combines KLCR2N−term

and KLCR2TR1. KLCR2∆N−term combines KLCR2TR1 and KLCR2C−hal f and is missing the
N-terminal disordered region of KLCR2 and the first TPR motif (Fig. 19 A).
Due to recent changes in the annotation of TPR motifs in KLCR1, TPR motif #4 is disrupted
in these truncations, with the first half being part of KLCR1TR1 and the second half being part
of KLCR1TR2. The helices of TPR motif #4 are still intact in the truncations because the
TPR motif was split in its flexible linker. For KLCR1, the alternative splice variant, KLCR1spl,
was included in the CaM-pulldowns to assess possible effects of the C-terminus of KLCR1 on
CaM-binding.

Truncations of KLCR1 or KLCR2 were expressed as 10xHis-tagged constructs in E. coli
KRX and incubated with CaM-agarose in the presence of 1 mM CaCl2 or 5 mM EGTA. Re-
cruitment to CaM-agarose was detected in western blots using an anti-His antibody. None
of the artificial truncations of KLCR1 interacted with CaM in the presence of EGTA, simi-
lar to full length KLCR1. His-KLCR1N−term and -KLCR1TR1 weakly recruited to holo-CaM.
His-KLCR1TR3 showed the strongest holo-CaM-recruitment of all short truncations of KLCR1,
indicating strong CaM-binding in the C-terminus, and weak CaM-binding in the N-terminus
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Figure 18: CaM-pulldowns of truncations of KLCR1. A: Schematic representation of truncations of
KLCR1 (F1 to F9) and the alternative splice variant KLCR1spl, showing the respective TPR motifs present in
each truncation as green boxes as well as the exact amino acid positions of each truncation. B: Western blots
of 15 % SDS-PAGEs of CaM-pulldowns with KLCR1 truncations in the presence of 1 mM CaCl2 (+ Ca2+)
or 5 mM EGTA (− Ca2+). Expected positions of KLCR1 truncations are marked with black arrowheads. C:
Western blots of 12 % SDS-PAGEs of CaM-pulldowns of His-KLCR1 or His-KLCR1spl in the presence of 1 mM
CaCl2 (+ Ca2+) or 5 mM EGTA (− Ca2+). The expected positions of both proteins are marked with black
arrowheads. w: wash, bb: bead-bound.
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of KLCR1. His-KLCR1TR2 was not recruited to CaM-agarose, indicating no CaM-binding
in the central region of the TPR domain of KLCR1. Combination of KLCR1N−term and
KLCR1TR1 in His-KLCR1N−hal f resulted in recruitment to CaM-agarose comparable to, if
somewhat stronger than observed for His-KLCR1N−term and -KLCR1TR1. Combination of
His-KLCR1N−hal f and His-KLCR1TR2 in His-KLCR1∆C−term resulted in weak CaM-binding,
comparable to KLCR1N−hal f , indicating slightly enhanced CaM-binding when combining the
disordered N-terminus and the N-terminal three TPR motifs of KLCR1. His-KLCR1C−hal f and
-KLCR1∆N−term were both recruited to holo-CaM at comparable levels to His-KLCR1TR3 and
the full length protein. Interestingly, His-KLCR1central showed no recruitment to CaM-agarose
(Fig. 18 B), indicating that CaM-binding of the N-terminal end of the TPR domain observed
in KLCR1TR1 may be an artifact of the truncation of KLCR1. These data suggest that the
primary CaM-binding region of KLCR1 is located in its C-terminal region, with the N-terminal
half possessing residual holo-CaM-binding capabilities. The truncations may render regions of
KLCR1 accessible for CaM-binding that would be masked in the full length protein, such as
observed for KLCR1N−hal f and KLCR1∆C−term.
His-KLCR1spl differed from His-KLCR1 in its CaM-binding and was recruited efficiently to both
holo- and apo-CaM (Fig. 18 C). Together, the CaM-pulldowns of the truncations of KLCR1
and the altered CaM-binding of KLCR1spl point toward an important role of the C-terminal
region of KLCR1 in CaM-binding. CaM-binding of KLCR1 may be conferred by its C-terminal
TPR motifs, while its very C-terminal disordered region may be crucial for the regulation of
apo-CaM-interaction. These data are consistent with in silico predictions of CaM-binding re-
gions in KLCR1 by the CaM-target database and the Calmodulation database. These online
resources predict a high CaM binding score in the C-terminal half of KLCR1, although the
CaM-target database places the highest CaM-binding score for His-KLCR1 within KLCR1TR2,
not KLCR1TR3. Additionally, both databases predict a low CaM-binding probability around
TPR motif #1 of KLCR1, i.e. the border between KLCR1N−term and KLCR1TR1. Restoration
of this region in KLCR1N−hal f may explain its stronger CaM-interaction compared to the short
truncations. The CaM-binding score of KLCR1spl is largely identical to that of KLCR1, with
the exception of an additional high-scoring region within KLCR1TR3 that is consistent with the
Calmodulation database prediction and the experimental data (Figs. A.14 and 18 C).
The CaM-binding patterns of truncations of KLCR2 partially overlap with those observed for

KLCR1. None of the truncations of KLCR2 interacted with CaM in the presence of EGTA,
similar to full length KLCR2. The N-terminal region of KLCR2, His-KLCR2N−term, showed
weak but detectable holo-CaM recruitment, while the combination of TPR motifs #2 to #5
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Figure 19: CaM-pulldowns of truncations of KLCR2. A: Schematic representation of truncations of KLCR2
(N-term to ∆N-term) showing the respective TPR motifs present in each truncation as green boxes as well as
the exact amino acid positions of each truncation. B: Western blots of 15 % SDS-PAGEs of CaM-pulldowns
with KLCR2 truncations in the presence of 1 mM CaCl2 (+ Ca2+) or 5 mM EGTA (− Ca2+). Expected
positions of KLCR2 truncations are marked with black arrowheads. w: wash, bb: bead-bound.

in His-KLCR2TR1 did not result in CaM-recruitment. His-KLCR2C−hal f was recruited to holo-
CaM stronger than His-KLCR2N−term but not as strong as the full length protein (Fig. 19
B). In contrast to KLCR1N−hal f , His-KLCR2N−hal f exhibited the strongest CaM-binding of
the truncations, comparable to full length KLCR2 (Fig. 13), while His-KLCR2∆N−term showed
CaM-binding similar to His-KLCR2C−hal f in its CaM-recruitment strength (Fig. 19 B).
Overall, these data indicate differential CaM-interaction of KLCR1 and KLCR2. The main
CaM-binding site in KLCR1 is likely located in its C-terminal three TPR motifs and/or the
disordered C-terminus. The main CaM-binding site in KLCR2 may be located in in the N-
terminus of the TPR domain. The N-terminal short truncations of KLCR1 and KLCR2 both
showed weak CaM-recruitment that was increased when the the disordered N-terminus and the
first three TPR motifs were combined. The CaM-recruitment of His-KLCR2C−hal f and His-
KLCR2∆N−term was consistent with KLCR1. The increase in CaM-binding strength observed
for His-KLCR2N−hal f is consistent with a region of a high predicted CaM-binding score around
TPR motif #1 in KLCR2 (Fig. A.15). In His-KLCR2N−term and His-KLCR2TR1 this region
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may be disrupted, resulting in decreased CaM-binding capability. The reconstitution of the full
CaM-binding region may restore full binding capacity. The in silico data also feature a predicted
CaM-binding site in the C-terminal region of KLCR2, similar to KLCR1, which is consistent
with the experimental data (Fig. A.15). Taken together, KLCR1 and KLCR2 are both capable
of binding to holo-CaM, although their CaM-binding regions likely differ. Considering the pu-
tative role of KLCRs as adaptor proteins, binding to CaM in different regions may confer Ca2+

signals to different binding partners that bind either in the N- or C-terminal regions of KLCRs.
CaM-mediated Ca2+-signalling may additionally affect the stability or changes the dimerisation
status of KLCRs by masking putative dimerisation-interfaces.

2.2.3 Cross-linking of KLCRs and CaMs

To gain a more detailed understanding of the structural determinants underlying the differ-
ential interaction of KLCR1 and KLCR2 with different CaM-isoforms, cross-linking experiments
were carried out. Cross-linking experiments allow for insights into which regions of proteins of
interest are in close proximity, by covalently linking the proteins with a chemical cross-linker. In
the recent past, cross-linking experiments have been successfully employed in a tandem approach
with molecular modelling and existing crystal-structures to generate large-scale 3D models of
the endocytic T-plate complex [276]. To assess the binding mode in KLCR-CaM-complexes,
as well as suspected KLCR-homo-dimers, KLCRs and CaMs were subjected to chemical cross-
linking with the cleavable cross-linker Disuccinimidyl Dibutyric Urea (DSBU) [277]. DSBU is a
12.5 Å molecule that preferentially binds to primary amines, thus linking surface-exposed lysine
residues and N-termini in target proteins. DSBU can later be cleaved to identify the linked
protein regions by mass spectrometry.

To establish cross-linking conditions for KLCRs and CaMs, initial cross-linking tests were
carried out with purified proteins. GST-KLCR1, GST-KLCR2, His-CaM2, and His-CaM4 at a
concentration of 5 µM were incubated with a 30- or a 100-fold molar excess of DSBU or a
control containing no cross-linker in the presence of 1 mM CaCl2. Cross-linking efficiency was
subsequently assessed by denaturing PAGE. Upon incubation with DSBU input protein bands in
the SDS-gels at approx. 100 kDa (KLCRs) or 20 kDa (CaMs) disappeared and a high molecular
weight smear of more than 180 kDa appeared in PAGEs, regardless of incubation time or molar
excess of DSBU (Fig. 20). In the case of CaM4, a second lower molecular weight smear
appeared at approx. the same molecular weight as CaM4, indicating residual non-cross-linked
CaM4. This was not observed in cross-linking tests carried out with CaM2, which may be at-
tributed to lower amounts of CaM2 in the input samples despite concentration adjustment prior
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Figure 20: Cross-linking of KLCR1 and KLCR2 with CaM2 or CaM4. 12 % SDS-PAGE of cross-linking
results of 5 µM GST-KLCR1 (K1) and GST-KLCR2 (K2) with His-CaM2 (C2) or His-CaM4 (C4) after one or
four hours of incubation without cross-linker (ø) or with 100- or 30-fold molar excess of cross-linker DSBU.
Expected positions of GST-KLCRs and His-CaMs are marked with black arrowheads.

to incubation. Incubation of only KLCR1 or KLCR2, or KLCR1 and KLCR2 together resulted
in the formation of a similar high molecular weight smear (Fig. A.16). These data suggest
successful cross-linking of KLCRs with other KLCRs, and with CaMs.
For a comprehensive analysis via LC/MS/MS, the possible effect of protein tags on cross-linking
results needed to be eliminated. To generate tag-free KLCRs and CaMs, expression constructs
containing a thrombin cleavage site between the affinity tags and the protein of interest were
generated and a protocol for purification was established. GH-KLCR1 and -CaM2 were purified
via Ni-NTA agarose, showing as bands at approx. 100 kDa or 45 kDa, respectively, in a 12 %
denaturing PAGE (Figs. 21 and A.17 A). The proteins were immobilised on GSH-agarose and
subsequently subjected to tag removal by addition of thrombin, resulting in a shift in molecular
weight to 70 kDa for tag-free KLCR1 and 20 kDa for tag-free CaM2 (Figs. 21 and A.17
B). KLCR1 was insensitive to unspecific thrombin cleavage, allowing for storage on ice for
more than 24 hours in the presence of 50 units of thrombin. CaM2 on the other hand was
much more susceptible to thrombin cleavage, making immediate thrombin removal necessary.
Both proteins were further purified and separated from remaining thrombin by SEC on either
a HiLoad 16/600 Superdex 200 pg column (KLCR1) or a HiPrep Sephacryl S100 HR column
(CaM2). Tag-free KLCR1 migrated at a retention volume of 70 ml, while CaM2 was found in a
peak at 51 ml. The tag-removal from CaM2 resulted in a significant reduction in its extinction
coefficient at 280 nm, making detection via the absorption of its peptide bonds at 230 nm
necessary (Figs. 21 and A.17 C). After SEC, both proteins showed a sufficient degree of
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purity and were concentrated to approx. 1 g/l (KLCR1) or 0.7 g/l (CaM2) (Figs. 21 and
A.17 D and E). The maximum yield achieved by this method was 300 µg KLCR1 from four
liters expression culture and 210 µg CaM2 from three liters expression culture. While these
results still leave room for improvement, especially when aiming to generate X-ray structures of
these proteins, they were sufficient for cross-linking studies. To confirm successful purification
of intact protein, tag-free KLCR1 and CaM2 were subjected to protein identification via mass
spectrometry. Both proteins were identified with a sequence coverage of more than 70 % in
the case of KLCR1 and 50 % in the case of CaM2. The identification of peptides covering the
entire length of both proteins confirmed the purification of intact proteins after tag removal
(Fig. A.18). The functional integrity of KLCR1 was further confirmed by successful in vitro
CaM-pulldown of tag-free KLCR1 with CaM-agarose and subsequent detection by denaturing
PAGE. Tag-free KLCR1 showed strong recruitment to holo-CaM and only weak recruitment to
apo-CaM (Fig. 22 A), consistent with previous results. These data suggest the successful
generation of stable and intact tag-free KLCR1 and CaM2 for cross-linking experiments and
validate that native KLCR1 interacts with CaM.
To gain detailed insights into KLCR-CaM-interactions, tag-free KLCR1 and CaM2 were sub-

jected to cross-linking under the same conditions as previously described. Due to the lack of
differences between 100- and 30-fold molar excess of DSBU, 5 µM pure KLCR1 and CaM2 were
incubated with 150 µM DSBU for one and three hours in the presence and absence of added
CaCl2 (Fig. 22 B). Additionally KLCR1 was incubated alone with DSBU. Cross-linking suc-
cess was assessed by 10 % denaturing PAGE. Unlike in previous experiments, tag-free KLCR1
did not cross-link with itself, despite the fact that tag-free KLCR1 showed similar migration
behaviour during SEC to His-KLCR1. Only faint bands just below 140 kDa appeared after
cross-linking. These data suggest a possible need for adjustment of cross-linking conditions
for efficient KLCR1-dimerisation. In the case of the KLCR1-CaM2 co-incubation, a band at
approx. 100 kDa appeared after cross-linking in addition to the input bands at 70 kDa and
20 kDa, which may correspond to KLCR1-CaM2 complexes (Fig. 22 C). In contrast to initial
cross-linking tests, the input bands did not disappear completely, suggesting incomplete cross-
linking of KLCR1 and CaM2. This may be attributed changes in the biochemical properties of
tag-free proteins, or to unfavourable cross-linking conditions that may be improved in future
experiments.
To gain further insights into the structural determinants underlying KLCR-CaM interactions,

the bands observed at 100 kDa in the samples containing KLCR1 and CaM2 and the faint
bands just below 140 kDa in the samples without CaM2 were subjected to LC/MS/MS analysis.
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Figure 21: Generation of tag-free KLCR1. A: 12 % SDS-PAGE of wash (w1 to w3) and elution (e0 to e5)
fractions of affinity purification of GST-His-KLCR1 (GH-KLCR1) via Ni-NTA agarose. GH-KLCR1 is marked
with a red asterisk. B: 12 % SDS-PAGE of flow-through (Ft), wash (w1 to w3) and protein-of-interest (POI1
to POI3) fractions after tag-removal from GH-KLCR1. C: SEC of tag-free KLCR1 on HiLoad 16/600 Superdex
200 pg. The peak corresponding to tag-free KLCR1 is marked with a black arrowhead. D: 12 % SDS-PAGE of
peak fractions of the SEC in C. KLCR1 is marked with a red asterisk. E: Concentrated peak fractions of three
independent purifications (I to III) of KLCR1 with a BSA calibration curve for concentration determination.
KLCR1 can be found at approx. 70 kDa.
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Figure 22: Cross-linking of tag-free KLCR1 and CaM2. A: CaM-pulldown of tag-free KLCR1 with CaM-
agarose in the presence of 1 mM CaCl2 (+ Ca2+) or 5 mM EGTA (− Ca2+). w: wash, bb: bead-bound
B: Cross-linking conditions used in C. C: 10 % SDS-PAGE of KLCR1 or KLCR1 and CaM2 after one hour
incubation with 30-fold molar excess DSBU in the presence (holo-CaM) or absence of added CaCl2. Expected
positions of KLCR1, CaM2, or the cross-linking product are marked with black arrowheads.

LC/MS/MS analysis followed by assessment of cross-links using the MeroX software identified
intra-molecular cross-links within KLCR1 and inter-molecular cross-links between KLCR1 and
CaM2. Intra-molecular cross-links within KLCR1 appeared mostly unchanged in the presence
of CaM2, suggesting that CaM-binding resulted in no structural changes in KLCR1, or at least
no changes in the relative positioning of surface exposed, cross-linked amino acid side-chains
(Fig. A.19). This is consistent with the reported rigidity of tandem repeat proteins [63].
Interestingly, cross-links between KLCR1 and CaM2 were almost unchanged in samples with
1 mM added CaCl2 and without the additions of CaCl2, suggesting either the formation of an
artificial complex in the presence of CaCl2, the presence of residual Ca2+ in CaM2 without
added CaCl2, or the stabilisation of an otherwise very transient complex with minor structural
differences depending on available Ca2+ (Fig. A.19 B and C).
The majority of intra-molecular cross-links inside KLCR1 occurred between a short, lysine-rich
region within its predicted unstructured, N-terminal region and TPR motifs #5, #7, #8, #10,
a short predicted structured region just before TPR motif #1, and the predicted unstructured
C-terminus of KLCR1 (Fig. 23 A). These data point towards a possible connection between
the unstructured N- and C-terminus of KLCR1, or suggest that the N-terminus is very flexible
and comes into contact with other, surface exposed regions of the protein. Further cross-links
were identified between the flexible linkers connecting TPR motifs #5 and #6 and motifs #6
and #7 and between the linkers connecting TPR motifs #6 and #7 and motifs #7 and #8.
These cross-links are likely the result of close proximity between amino acid residues inside the
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central cylinder of KLCR1.
Inter-molecular cross-links between KLCR1 and CaM2 concentrated on first and third EF-hand
domain of CaM2, the aforementioned lysine-rich region in the N-terminus of KLCR1, the flexible
linker between TPR motifs #3 and #4, TPR motif #10, and the flexible C-terminal region of
KLCR1 (Fig. 23 B). The identified cross-links between CaM2 and the C-terminus of KLCR1
confirm previous findings regarding the in silico prediction of CaM-binding sites in KLCR1 and
the experimental data suggesting a role for the C-terminus of KLCR1 in CaM-binding (Figs.
A.14 and 18 B). Cross-links of both termini of KLCR1 with the same regions of CaM2 sug-
gest close proximity of the termini of KLCR1 during CaM-binding. The cross-links to the linker
between TPR motifs #3 and #4 may be the result of close proximity between this region and
CaM2 through the cylindrical inner groove of KLCR1.

Figure 23: Cross-linking results of tag-free KLCR1 and CaM2. A: Intra-molecular cross-links within
KLCR1, identified using the MeroX software after LC/MS/MS analysis and visualised using xVis. The TPR
motifs of KLCR1 are marked as green boxes. Red lines represent cross-links identified in three independent
experiments. B: Inter-molecular cross-links between KLCR1 and CaM2. Green boxes represent the TPR motifs
in KLCRs, orange boxes the EF-hands in CaM2. Cross-links identified in three independent experiments are
represented as blue lines. The bold red lines in A and B mark the end of the remaining protein tag after protease
cleavage. LC/MS/MS measurements and analysis with MeroX were carried out by Dr. Christian Ihling.

2.2.4 In silico model of the KLCR1-CaM2-complex

Using the cross-linking data as input, in silico models of the KLCR1-CaM2 complex were gen-
erated. Monomeric models of KLCR1 and CaM2 were created using the neural network-based
prediction algorithm Alphafold [278]. Model confidence was assessed by Predicted Alignment
Error (PAE) and Local Distance Difference Test (lDDT) scores produced by Alphafold [279]. An
lDDT below 50 was considered low confidence and residues were removed for further modelling.
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The five best-scored models per protein were assessed and Model 1 of each protein was chosen
for further processing. For CaM2, Alphafold identified two domains with high confidence, con-
nected by a linker with low prediction confidence (Fig. A.20 A). The two domains correspond
to the globular EF-hand domains of CaMs. In KLCR1, the TPR domain was modelled with
high confidence, but the putatively disordered N- and C-termini scored below an lDDT of 50,
indicating low model confidence due to intrinsic disorder (Fig. A.20 B).
To validate the structures, the intra-molecular cross-links detected via LC/MS/MS analysis of

Figure 24: Single Alphafold models of CaM2 and KLCR1 used in MD simulations. Models of CaM2
contain only a single cross-link, each, in the presence (A) or absence (C) of added 1 mM CaCl2 with Cα-
distances of 17 Å and 39 Å between the cross-linked residues. Models of KLCR1 show several intra-molecular
cross-links. Cαavg between cross-linked residues are 17 Å and 16 Å in the presence (B) or absence (D) of added
1 mM CaCl2, respectively. In the presence of CaCl2, nine cross-links above a Cα-distance of 30 Å were mapped,
and only five in the absence of added CaCl2, resulting in a lower spread of Cα-distances. Satisfied cross-links
below 30 Å are displayed in blue, violated cross-links above 30 Å are displayed in red. Models were generated
and curated by Dr. Christian Tüting.

the cross-linking samples of KLCR1 and CaM2 with 1 mM added CaCl2 and without added
CaCl2 were mapped onto the models. Cα-distances between cross-linked residues were calcu-
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lated. Distances below 30 Å were considered satisfied cross-links, and distances above 30 Å
were considered violated cross-links. The average distance between the Cα atoms of cross-linked
residues in a model (Cαavg) was used as an indicator of model agreement with experimental
data. The intra-molecular cross-link detected in CaM2 in the presence of CaCl2 was satisfied
with a Cα-distance of 17 Å. The cross-link detected without added CaCl2 was violated, with a
Cα-distance of 39 Å, suggesting a different internal orientation of CaM2 to the model (Fig. 24
A and C). The presence of a single intra-molecular cross-link in CaM2 allows for no insights
into the relative arrangement of the EF-hands and suggests an extended conformation of CaM2
bound to KLCR1 [263]. The intra-molecular cross-links in KLCR1 were mostly satisfied in the
absence of added CaCl2, but showed a larger spread in the presence of added CaCl2, with a
Cαavg of 16 Å and 17 Å, respectively (Fig. 24 B and D). Both models showed violated
cross-links between the C-terminal region of KLCR1 and the core of the TPR domain, but the
amount of violated cross-links was lower in the absence of added CaCl2, indicating better model
satisfaction.
Two approaches were used for modelling of KLCR1-CaM2 complexes: (A) The monomeric mod-
els were submitted for multimer prediction by Alphafold multimer [280] and (B) the monomeric
models were subjected to in silico docking simulations by the HADDOCK docking server [281],
using the cross-links as unambiguous distance restraints [282]. Model quality was assessed
by Cαavg. HADDOCK additionally provided insights into the contribution of Van der Waals
(VdW), electrostatic (ES), and desolvation (DS) energies on complex formation, allowing for
model ranking by energy scores.
Alphafold multimer generated 25 complex models for each condition, with a wide range of
orientations of CaM2 relative to KLCR1 (Fig. A.21 A). Alphafold predicts protein orientation
in complexes based on a learned dataset of known protein complexes. The large spread of
CaM2-orientations relative to KLCR1 predicted by Alphafold multimer suggests that the inter-
action interface between CaMs and KLCRs is not known, yet. Mapping of the cross-links onto
the generated models showed that every model was in violation of experimental data, with no
model scoring below a Cαavg of 30 Å (Fig. A.21 B). Most models scored above a Cαavg of
40 Å. The best-ranked model by Alphafold score was model 13 with Cαavg of 60 and 52 Å,
respectively (Fig. A.21 B, black arrowheads). Despite its higher Cαavg compared to models
10 (52 and 41 Å), 14 (52 and 40 Å), 17 (58 and 41 Å), or 20 (58 and 41 Å), model 13 was
selected for comparative analysis due its Alphafold score. Model 13 placed CaM2 near the core
of the TPR domain of KLCR1 (Fig. 25 B and D). HADDOCK models of KLCR1-CaM2
complexes in the presence and absence of 1 mM CaCl2 were generated by molecular dynamic
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(MD) simulations. Water-refined models grouped into clusters by their HADDOCK scores. For
each condition, approx. 75 % of water-refined models (148 of 188 and 155 of 192) grouped
into a single cluster, indicating a highly confident docking solution (Figs. A.23 and A.24).
The highest scored model from each condition was used for further analysis. VdW and DS
energies differed little within clusters, indicating a minor role in KLCR1-CaM2 interactions. ES
energies showed greater variation, correlating with variation in the buried surface area between
models, i.e. the protein-protein interaction interface. These data suggest that KLCR1-CaM2
interactions are mainly charge-driven (Fig. A.22). HADDOCK models placed CaM2 in the
C-terminal region of KLCR1 (Fig. 25 A and C), consistent with the fine-mapping of the
CaM-binding site of KLCR1 in CaM-pulldowns and the in silico CaM-binding scores (Figs. 18
and A.14).
To validate model quality, inter-molecular cross-links were mapped onto the best-scored multi-

meric models created by HADDOCK and Alphafold multimer. Most cross-links were satisfied in
the HADDOCK models with a Cαavg of 24 Å in the presence of CaCl2, and 25 Å in the absence
of CaCl2, indicating good model quality (Fig. 25 A and C). Three violated inter-molecular
cross-links above a Cα-distance of 60 Å were observed in the complex model in the presence
of CaCl2, linking CaM2 and the core of the TPR domain of KLCR1 (Fig. 25 A). Seven
cross-links were violated in the absence of CaCl2, resulting in a greater spread of Cα-distances.
Distances in violated cross-links were between 30 and 50 Å, connecting CaM2 to the core of
the TPR domain and the N-terminus of KLCR1 (Fig. 25 C). Model 13 of the Alphafold
multimer showed only few satisfied cross-links with a Cαavg of 41 Å and 54 Å in the presence
and the absence of CaCl2, respectively (Fig. 25 B and D). In the presence of CaCl2, two
inter-molecular cross-links between CaM2 and the core of the TPR domain were satisfied, but
all cross-links between CaM2 and the C-terminus of KLCR1 were violated with Cα-distances
between 30 and 100 Å (Fig. 25 B). No inter-molecular cross-links were satisfied in the model
generated in the absence of CaCl2, with Cα-distances ranging from 33 to 105 Å (Fig. 25 D).
Taken together, cross-linking data allowed for the generation of preliminary models of KLCR1-
CaM2 complexes with satisfactory quality. Derived Alphafold models of KLCR1 and CaM2
showed high confidence, but complex models generated by Alphafold multimer were lacking in
quality. HADDOCK MD simulations indicated that KLCR1-CaM2 interactions are mostly driven
by electrostatic interactions. HADDOCK placed the CaM2-binding region in KLCR1 in the C-
terminus of the TPR domain, consistent with experimental fine-mapping of the protein-protein
interaction site between KLCR1 and CaM2.
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Figure 25: Models of KLCR1-CaM2 complexes generated by HADDOCK or Alphafold multimer.
HADDOCK models were generated using experimentally validated cross-links between KLCR1 and CaM2 in
the presence (A) or absence (C) of 1 mM added CaCl2. Cαavg in the HADDOCK model in the presence of
CaCl2 is 24 Å with a minor spread in Cα-distances and three violated cross-links above 60 Å. Cαavg is 25 Å in
the absence of added CaCl2 with seven violated cross-links between 30 and 50 Å. Alphafold multimer models
in the presence (B) or absence (D) of 1 mM added CaCl2 show almost no satisfied cross-links with a Cαavg
41 Å and 54 Å in the presence and the absence of CaCl2, respectively. Two cross-links between CaM2 and the
core of KLCR1 was satisfied in the presence of added CaCl2. Satisfied cross-links below 30 Å are displayed in
blue, violated cross-links above 30 Å are displayed in red. Models were generated and curated by Dr. Christian
Tüting.
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2.3 Determinants of the subcellular localisation of KLCRs

KLCRs are proposed to play a crucial role in the organisation of protein complex formation
at the microtubule cytoskeleton and the plasma membrane. First in vitro data suggest that
KLCRs possess only weak microtubule binding affinity [120]. When expressed under control of
the cauliflower mosaic virus (CMV) 35S promoter in transient assays in N. benthamiana leaves,
KLCR proteins accumulate in the cytosol (Fig. 12). Reduction of expression levels by use of
the native, or the Ubiquitin10 (Ub10) promoter results in partial microtubule localisation (Fig.
26 A). Microtubule localisation is enhanced in the presence of IQD proteins, suggesting that
KLCRs may be recruited by additional adaptor proteins. To identify structural determinants of
subcellular localisation of KLCRs, fluorescent protein fusions of KLCR1 and KLCR2 and their
truncations were expressed transiently in N. benthamiana leaves under the control of different
promoters.
When expressed under control of the Ub10 promoter GFP-KLCR1 and -KLCR2 partially lo-
calised to the microtubule cytoskeleton, indicated by the labelling of filamentous structures
in leaf epidermis cells, while a large fraction remained in a diffuse pattern, indicative of cy-
tosolic localisation (Figs. 26 and A.26 A). When expressed under the control of the 35S
promoter, the partial microtubule association of both KLCR1 and KLCR2 was abolished and
both GFP-fused proteins displayed diffuse fluorescence signals, pointing towards cytosolic lo-
calisation (Figs. A.25 and A.31 A), consistent with previously published data [123]. Most
truncations of KLCR1 (Fig. 18 A), except GFP-KLCR1∆C−term and -KLCR1∆N−term, showed
the same diffuse, likely cytosolic localisation, indicating no interaction with microtubules. This
was observed independent of expression strength (Figs. 26 and A.25 B to H). Under control
of the Ub10 promoter GFP-KLCR1∆C−term and -KLCR1∆N−term both localised to filamentous
structures within the leaf cells (Fig. 26 I and J), indicating recruitment to microtubules.
Under control of the 35S promoter they showed a diffuse, likely cytosolic localisation pattern
(Fig. A.25 I and J). No truncation of KLCR2 showed microtubule localisation (Fig. A.26
B to F).
Partial microtubule localisation of full length KLCR1 and KLCR2 when expressed under con-
trol of the Ub10 promoter and abolition of microtubule localisation under control of the 35S
promoter suggests that rather than binding directly to microtubules, KLCRs are recruited by
an adaptor naturally occurring in N. benthamiana. This adaptor may become rate-limiting for
efficient microtubule targeting in the presence of an excess of KLCR proteins, leading to masked
signals of microtubule-localised KLCRs. The lack of microtubule association of short truncations
of either KLCR1 or KLCR2 suggests that no single site in KLCR1 or KLCR2 confers microtubule
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binding. The stronger microtubule association of KLCR1∆C−term and -KLCR1∆N−term when
compared to full length protein may be an artifact of the truncations. Microtubule association
may results from the loss of regulatory elements of microtubule binding in the N- and/or C-
terminus of KLCR1, or indicate stronger binding to a potential adaptor protein.
To experimentally assess direct physical association of KLCR1 with the microtubule cytoskele-

ton, in vitro microtubule spin-down assays were carried out with purified GH-KLCR1 and tag-
free KLCR1, using in vitro assembled and taxol-stabilised microtubules. Earlier publications
reported microtubule-binding ability in CaM [283]. GH-CaM2 and -CaM7 were therefore in-
cluded in spin-down experiments to assess their microtubule association, and possible regulation
of microtubule association of KLCR1 via CaM-binding. Proteins of interest were incubated with
microtubules for 30 min and subsequently subjected to ultracentrifugation at 50,000 g for 40 min
to sediment the microtubules and bound proteins. For co-spin-downs KLCR1 and CaMs were
co-incubated with microtubules in the presence of 100 µM CaCl2 to facilitate their interaction
without disturbing microtubule integrity [284]. A MAP fraction (MAPF) served as the positive
control for microtubule binding, while bovine serum albumin (BSA) served as the negative con-
trol. Spin-downs were assessed by denaturing PAGE.
Microtubules sedimented after ultracentrifugation, visible at 50 kDa in the pellet. The MAPF

control co-sedimented with microtubules, as indicated by a band above 180 kDa in the pellet
sample, but remained in the soluble fraction in the absence of microtubules. BSA remained in
the soluble fraction in the presence and absence of microtubules, at 70 kDa (Fig. 27 A and
C). GH-KLCR1 sedimented in the tubulin-free control, indicated by bands at 100 kDa in the
soluble fraction and the pellet. The sedimented fraction did not increase upon incubation with
microtubules, suggesting no direct binding. GH-CaM2 and -CaM7 remained largely soluble after
ultracentrifugation with or without microtubules, indicated by bands just below 50 kDa (Fig.
27 A and C). Co-incubation of GH-KLCR1 with either GH-CaM2 or -CaM7 with microtubules
resulted in no changes in protein sedimentation compared to incubation of the single proteins
with microtubules. Partial sedimentation of GH-KLCR1 and -CaMs was maintained (Fig. 27
B and D). These data suggest that KLCR1, CaM2, and CaM7 do not physically interact with
microtubules and that CaM-binding of KLCR1 does not affect its microtubule interaction, or
its susceptibility to sedimentation.
In vitro interaction between purified KLCR1 and microtubules reported by collaborators had

been observed at concentrations of 3.6 µM KLCR1 (personal communication), while the 5 µg
KLCR1 used for microtubule spin-downs in this thesis resulted in a final KLCR1 concentration
of approx. 1 µM GH-KLCR1 in solution. To assess if KLCR1 interacted with microtubules at
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Figure 26: Subcellular localisation of GFP-KLCR1 and its truncations. Subcellular localisation of GFP-
KLCR1 (A) or its truncations according to Fig. 18 A (B to J) under the control of the constitutive Ub10
promoter. Scale bars in the overview images represent 50 µm , those in the close up images represent 10 µm .

63



Figure 27: Microtubule spin-down of KLCR1, CaM2, and CaM7. A: 12 % SDS-PAGE of supernatant after
MT spin-down at 50,000 g for 40 min of control samples, GH-KLCR1, GH-CaM2, and GH-CaM7 with 2 µM
in vitro assembled, taxol-stabilised microtubules. Expected positions of the MAP positive control, GH-KLCR1,
the BSA negative control, tubulin, and the GH-CaMs are marked with black arrowheads. B: Supernatant after
MT spin-down of GH-KLCR1 together with GH-CaM2 or GH-CaM7 in the presence of 100 µM CaCl2. C: 12 %
SDS-PAGE of the pellet corresponding to A. D: 12 % SDS-PAGE of the pellet corresponding to B.

high concentrations, microtubule spin-downs with a concentration gradient of either tag-free
KLCR1 against a fixed concentration of 2 µM tubulin (Fig. 28 A and B) or increasing tubulin
concentrations against a fixed concentration of 3 µM tag-free KLCR1 (Fig. 28 C and D) were
carried out. Spin-downs were assessed by denaturing PAGE. Protein amounts were quantified
using ImageJ and MS Excel.
In both spin-down experiments a small fraction of KLCR1 consistently sedimented even in the
absence of microtubules, visible as a band at 70 kDa in the soluble fraction (S) and the pellet
sample (P). This fraction did not increase with increased concentrations of tubulin from 0 to
8 µM (Fig. 28 A), nor with increasing concentrations of KLCR1 from 0 to 3 µM (Fig. 28
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Figure 28: Microtubule spin-down concentration curve of KLCR1. A: 12 % SDS-PAGE of MT spin-down
of 3 µM tag-free KLCR1 with increasing concentrations of in vitro assembled, taxol-stabilised microtubules,
showing supernatant (S) and pellet (P) alongside each other. The expected positions of KLCR1 (K1) and
tubulin (Tub) are marked with black arrowheads. B: Plot of the percentage of KLCR1 found in the pellet
against the tubulin concentration in A. C: MT spin-down of increasing concentrations of tag-free KLCR1 with
2 µM in vitro assembled, taxol-stabilised microtubules. D: Plot of the percentage of KLCR1 found in the pellet
against the KLCR1 concentration in C.

C). With KLCR1 constant, a fraction of 10 to 15 % of KLCR1 was found in the pellet after
ultracentrifugation, regardless of the amount of tubulin added. At tubulin concentrations of
4 µM and 8 µM this fraction dipped below 10 % (Fig. 28 B). Increasing the KLCR1 con-
centrations in the presence of a constant amount of tubulin resulted in a steadily decreasing
fraction of KLCR1 in the pellet after ultracentrifugation from 35 % to below 10 % of KLCR1
at 3 µM (Fig. 28 D). These data are consistent with the qualitative microtubule spin-downs
and confirm that KLCR1 does not interact directly with microtubules.
In conclusion, KLCR1 and KLCR2 localise to filamentous structures that are likely the micro-
tubule cytoskeleton when expressed at low levels in N. benthamiana leaves. In vitro microtubule
spin-downs carried out with GH-KLCR1 as well as tag-free KLCR1 suggest that KLCRs do not
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directly bind to microtubules. Co-spin-downs carried out with CaM2 and CaM7 furthermore
suggest that CaM-binding of KLCRs does not affect their microtubule affinity. These data point
towards an indirect microtubule association of KLCRs through an adaptor protein, rather than
direct interaction.

2.4 KLCR-IQD interactions

The plant-specific IQ67 domain proteins (IQDs) have previously been connected to KLCRs
and the microtubule cytoskeleton as part of a core-protein-protein interaction module [123]
[35]. IQDs thus are likely candidates to act as adaptors between KLCRs and microtubules.
Previous work carried out in our group established IQD1, IQD2, and IQD9 as direct interactors
of KLCRs [36]. As known CaM-targets IQDs may additionally be involved in Ca +

2 -signal
integration at KLCR-IQD modules, conferring regulatory functions to KLCRs and associated
protein complexes [32]. Similar phenotypes in mutants of both IQD2 and KLCR1 have recently
been identified during root growth and leaf epidermis pavement cell shape formation. Because
IQD2 and KLCR1 likely act in the same pathway in planta [27], this thesis focused on the
characterisation of KLCR-IQD2 interactions as a model for KLCR-IQD modules.

2.4.1 In silico assessment of IQD2

To gain initial information about the characteristics of IQD2, its structure and biochemical
properties were assessed in silico by interrogation of publicly available databases and bioinfor-
matic tools. IQD2 is a protein of 461 amino acids and a molecular weight of 50 kDa. IQD2
possesses the eponymous IQ67 domain, a 67 amino acid long domain containing several CaM-
binding motifs, most prominently three IQ-motifs [32]. Outside of the IQ67 domain, IQD2
contains six other motifs of mostly unknown function that are conserved throughout clade III
IQDs (Fig. 29 A). Motif #6 has recently been identified as part of a DUF4005 domain that
confers microtubule association in IQD16 [199].

Disorder prediction of IQD2 marks it as a putative IDP (Fig. 29 B), which is further cor-
roborated by the amino acid composition bias of IQD2. Compared to a known set of ordered
proteins, the RCSB Protein Data Bank (PDB), IQD2 shows a similar amino acid compositional
bias as the Disprot consensus, a database of known IDPs (Fig. 29 C). IQD2 displays an over-
representation of the amino acids asparagine, arginine, and serine and an under-representation
of histidine, aspartic acid, and glycine relative to the Disprot consensus. In the case of histidine
and serine, however, the compositional bias of IQD2 is consistent with the Disprot consensus,

66



Figure 29: In silico analysis of IQD2. A: Schematic representation of IQD2 and truncations used in this
thesis with conserved motifs as identified by the MEME Suite depicted as coloured boxes. Numbers and amino
acid positions of conserved motifs are provided for each motif. The IQ67 domain is marked in red. B: Disorder
prediction consensus for IQD2. A disorder propensity above 0.5 likely corresponds to a disordered region, while
a score below 0.5 is more likely to be structured. C: Amino acid compositional bias of IQD2 (orange) and the
DisProt consensus (black) relative to known ordered proteins. D: Alphafold 2.0 model of IQD2 with conserved
motifs and the IQ67 domain coloured as in A. E: Alphafold 2.0 model of IQD2 with prediction confidence
indicated by colour scale from high confidence (dark blue) to low confidence (dark orange).
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relative to ordered proteins, but exceeds the reference set. Histidine is under-represented in
IQD2 compared to ordered proteins, and serine is over-represented, but more so than the Dis-
prot consensus. The majority of the IQD2 sequence is predicted to adopt no defined secondary
structure, indicated by a disorder propensity above 0.5. The predicted disorder is interspersed
with short regions with a lower disorder propensity. These regions of lower disorder coincide
with the conserved motifs found in IQD2, especially the IQ67 domain and motifs #4 and #5
(Fig. 29 B), marking them as potential pre-formed MORFs in IQD2.
Currently no 3D structures of IQD proteins exists. The Alphafold 2.0 model of IQD2 indicates
that IQD2 adopts a loose, disordered structure with a low prediction confidence outside of the
conserved motifs (Fig. 29 D and E). Almost all conserved motifs are predicted to adopt a
helical fold with a higher prediction confidence than the putatively disordered regions between
them. Likely due to similarity of the IQ67 domain to deposited structures of IQ domains of
other CaM-binding proteins (e.g. myosin V, PDB entry 2IX7 [247]), the IQ67 domain shows
the highest model confidence. Conserved motif #3 and motif #4 have similarly high modelling
confidence, followed by motifs #1, #5, and #6. Motif #7 has a low prediction confidence on
par with that of the putative loop regions of IQD2. In agreement with known crystal structures
of other CaM-binding helices, the IQ67 domain is predicted to form one long, amphiphatic helix
together with conserved motif #3 [132]. Motifs #4 and #5 are predicted to form a second,
larger helical arrangement, connected to the IQ67 domain and motif #3 by a short, flexible
linker. Conserved motifs, interspersed with disordered regions highlights IQD2 as a putative
bona fide disordered scaffold protein.
IQD2 has a pI of 10.3 which corresponds to an over-representation of positively charged amino

acid residues organised in poly-basic patches (Fig. 30 A and B). Poly-basic patches are
especially pronounced in conserved motifs #1 and #3, the IQ67 domain and the C-terminal
region behind motif #5 of IQD2, while the N-terminal disordered region and motif #5 show
a relatively even charge distribution. Electrostatic interactions may mediate binding of IQD2
to negatively charged tubulin tails and membrane lipid head groups, or to overall acidic KL-
CRs [285] [152] [286]. The possible reliance on charge-driven interactions may be key to
the regulation of IQD localisation and interactions with other proteins through phosphory-
lation. Phosphorylation of IQD proteins by MPKs MPK3, MPK4, and MPK6 was already
shown for IQD1 and IQD2 [36]. Similarly, rice IQD protein GW5 is subject to phosphorylation
by GSK2/BIN2 [200]. Further phosphorylation sites of IQDs are annotated in the PhosPhAt
database [271], suggesting phosphorylation as a general mode of regulation of IQDs (Fig. A.29
A). Due to the putatively flexible nature of IQD2 and the presence of poly-basic stretches, phos-
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Figure 30: In silico analysis of the charge distribution in IQD2. A: Charge plot of IQD2 generated with
the EMBOSS charge tool with the schematic representation of IQD2 superimposed. B: Cartoon depiction of
the Alphafold 2.0 model of IQD2 with a surface of 40 % transparency superimposed. The negatively charged
amino acids aspartic acid and glutamic acid are depicted as red spheres, while the positively charged amino
acids arginine, histidine, and lysine are depicted as blue spheres.

phorylation has the potential to alter the organisation and orientation of IQD2 by affecting the
local charge. Similar mechanisms were shown for human 4E-BP2, which undergoes disorder-
to-order switching upon phosphorylation [287].
Truncations of IQD2 were generated for fine-mapping of the subcellular localisation and protein-
protein interactions of IQD2. These truncations divide IQD2 roughly into quarters with the
intent to maintain the integrity of the conserved motifs found within them (Fig. 29 A).
IQD2N−term contains conserved motif #1 and the N-terminal variable region of IQD2. IQD2IQ67

encompasses the IQ67 domain and conserved #3. IQD2M4+5 covers conserved motifs #4 and
#5 of IQD2 and the surrounding variable regions, and IQD2C−term contains the C-terminal
variable regions of IQD2 and conserved motifs #6 and #7. IQD2central combines IQD2IQ67

and IQD2M4+5, covering the central region of IQD2. IQD2∆N−term is missing only IQD2N−term,
covering the IQ67 domain and the C-terminal half of IQD2.

2.4.2 Subcellular localisation of IQD2

To identify structural determinants of subcellular targeting in IQD2, GFP-fusions of IQD2
and its truncations were transiently expressed in N. benthamiana leaves. GFP-IQD2 localised
to filamentous structures reminiscent of microtubule localisation in planta when expressed un-
der control of the 35S promoter (Fig. 31 A). The truncations GFP-IQD2N−term, -IQD2IQ67,
and -IQD2M4+5 displayed diffuse fluorescence signals, indicating cytosolic localisation of the
N-terminus, the IQ67 domain, and motifs #4 and #5 of IQD2 (Fig. 31 B to D). GFP-
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IQD2N−term and -IQD2M4+5 additionally accumulated in punctate structures that suggest ei-
ther an association with specific membrane sub-domains or the formation of protein aggregates.
Considering the size and fluorescence intensity observed in these structures, the accumulation
in membrane sub-domains seems more likely for GFP-IQD2N−term, while aggregation seems to
be the more likely explanation for GFP-IQD2M4+5 (Fig. 31 B and D, zoomed images).
The C-terminus of IQD2 alone, containing motif #6, partially labelled filamentous structures,
indicating microtubule localisation, while a large portion exhibited diffuse, likely cytosolic local-
isation (Fig. 31 E). Combination of IQD2IQ67 and IQD2M4+5 in GFP-IQD2central, spanning
the IQ67 domain and motifs #3 to #5, resulted in partial labelling of filamentous structures,
indicating microtubule localisation. GFP-IQD2∆N−term, spanning IQD2central and IQD2C−term,
localised exclusively to filamentous structures in a pattern similar to full length GFP-IQD2,
indicating efficient microtubule localisation (Fig. 31 F and G).
These findings are consistent with the previously reported subcellular localisation of IQD2 to
microtubules [34]. They suggest that direct interaction of IQD2 with microtubules is conferred
by the presence of at least two distinct microtubule binding regions (MTBs). Microtubule
association of GFP-IQD2C−term points to a conserved role of motif #6, which is part of the
DUF4005 identified in IQD16 [199], in mediating microtubule binding in MTB1. A second
microtubule binding region (MTB2) is present in GFP-IQD2central. Full microtubule localisa-
tion was observed in variants containing both MTBs, suggesting that both microtubule binding
regions are required for efficient microtubule binding of IQD2.

To confirm the physical interaction between IQD2 and microtubules, in vitro microtubule
spin-downs were carried out with purified IQD2 and assessed by denaturing PAGE. IQD pro-
teins have proven challenging to purify due to their low expression rate, sub-optimal solubility
in bacterial expression cultures, and low stability after purification. The generation of His-
SUMO-tagged IQD2 (HS-IQD2) expression constructs and the establishment of co-expression
and co-purification protocols of these constructs with GH-CaMs improved the yield of soluble
IQD2 available for in vitro studies (Fig. A.27). The major drawback of these protocols is
the necessary inclusion of GH-CaMs and Ca2+ in in vitro assays involving HS-IQD2. HS-IQD2
has a calculated molecular weight of 65 kDa. In denaturing PAGEs it migrated at a molecular
weight between 70 and 100 kDa. Migration above their expected molecular weight in dena-
turing PAGEs was consistently observed with all expression constructs of IQD2 and some of
its truncations. Whether this deviation from its expected migration pattern is caused by the
relatively high pI of IQD2 or other biochemical properties could not be determined conclusively.
As controls for unspecific sedimentation of IQD2 and CaMs, spin downs without tubulin were
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Figure 31: Subcellular localisation of GFP-IQD2. Subcellular localisation of GFP-IQD2 (A) or its trunca-
tions according to Fig. 29 A (B to J) under the control of the constitutive 35S promoter. Scale bars in the
overview images represent 50 µm , those in the close up images represent 20 µm . Scale bars in the zoomed
images in B and D represent 3 µm . Microscopy was carried out by Jacqueline Patzsch.
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performed. MAPF and BSA served as positive and negative control for microtubule interaction.
Tubulin controls without added proteins, and MAPF and BSA positive and negative controls
showed the same sedimentation described in microtubule spin-downs with KLCR1 and CaMs.
MAPF co-sedimented with microtubules, while BSA did not. In microtubule spin-downs in the
presence of GH-CaM2 and 100 µM CaCl2 HS-IQD2 co-sedimented with microtubules, visible at
70 kDa in the pellet sample, while remaining soluble in the absence of tubulin (Fig. 32). Fur-
thermore, IQD2 was capable of recruiting GH-CaM2 to microtubules, detectable as in increase
in the amount of CaM2 in the pellet sample in the presence of tubulin compared to spin-downs
of CaM2 alone. Due to low solubility and stability of IQD2, these spin-downs could not be
carried out with defined protein amounts as was the case for KLCR1 and CaMs. Nonetheless,
these findings demonstrate a direct physical interaction between IQD2 and the microtubule
cytoskeleton and further support IQD2 as a microtubule-adaptor for CaMs and possibly also
KLCRs.

Figure 32: Microtubule spin-down of His-SUMO-IQD2 together with GH-CaM2. A: 12 % SDS-PAGE
of supernatant after MT spin-down at 50,000 g for 40 min of control samples and His-SUMO-IQD2 (HS-IQD2)
together with GH-CaM2 with 2 µM in vitro assembled, taxol-stabilised microtubules in the presence of 100 µM
Ca2+. B: Pellet corresponding to A. Expected positions of the MAP positive control (MAP), HS-IQD2, the
BSA negative control, tubulin, and GH-CaM2 are marked with black arrowheads. The band corresponding to
HS-IQD2 is highlighted with a red asterisk.
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2.4.3 Binding mode of KLCRs and IQD2

Previous publications showed interactions between KLCRs and IQD1 [123], KLCRs and
IQD2 [36] [27] and KLCRs and IQD9 [189]. To further investigate the possible role of IQD2
in KLCR1-recruitment to microtubules, their direct physical interaction was tested in in vitro
GST-pulldown assays. GST-KLCR1 was immobilised on GSH-agarose beads and incubated with
His-IQD2. GST served as the negative control. Immobilisation of GST-KLCR1 and GST was
confirmed by detection with an anti-GST antibody in a western blot (Fig. 33). Co-recruitment
of His-IQD2 to the GSH-agarose by GST-KLCR1 but not by GST was detected with an anti-His
antibody as a band at 70 kDa (Fig. 33). These data confirm the previously reported direct
interaction between IQD2 and KLCR1 [36].
To gain insight into the regions in IQD2 required for interaction with KLCRs a first screen for

Figure 33: GST-pulldown of His-IQD2 with GST-KLCR1. Western blot of 15 % SDS-PAGE of GST-
pulldown of His-IQD2 with GST-KLCR1 or GST alone as a negative control. Expected positions of His-IQD2,
GST-KLCR1, and GST are marked with black arrowheads. Bait constructs are additionally marked with blue
asterisks, prey constructs with red asterisks. w: wash, bb: bead-bound.

KLCR-binding regions in IQD2 was carried out in the GAL4-based yeast-two-hybrid (Y2H) sys-
tem. KLCR1, KLCR2, and KLCR3 were expressed as GAL4 activation domain (AD) fusions, due
to previously observed auto-activation when fused to the GAL4 DNA binding domain (DBD).
IQD2 and its truncations were expressed as DBD fusions. Successful transformation of yeast
strain PJ69-4a with both constructs was indicated by growth on vector-selective double drop-
out (DDO) medium, while protein-protein interaction between KLCRs and IQD2 constructs
was determined by yeast growth on interaction-selective triple drop-out (TDO) and quadruple
drop-out (QDO) medium, with medium and high stringency, respectively. TDO with 2.5 mM
3-amino-1,2,4-triazole (3-AT) was used to reduce unspecific growth by inhibition of the His-
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metabolism in PJ69-4 [288]. Co-expression of either constructs with the corresponding vector
expressing only the AD or the DBD served as a negative control for interaction.
All yeast colonies grew on DDO medium, confirming successful transformation with the con-
structs of interest (Fig. 34 A). Growth of colonies expressing full length IQD2 and KLCRs
on TDO medium without 3-AT suggests interaction in yeast. Addition of 3-AT reduced yeast
growth, suggesting that the interaction (or protein expression) is relatively weak. On high-
stringency QDO medium only colonies expressing IQD2 and KLCR2 grew (Fig. 34 B to D).
No growth was observed for any of the negative controls, confirming that the constructs were
not auto-activating and that interactions between the tested protein pairs are specific. These
data suggest interaction of IQD2 with all KLCRs, confirming previously reported findings. On
medium stringency media, in the absence of 3-AT, auto-activation was observed for IQD2M4+5,
IQD2C−term, and IQD2central, as indicated by growth in combination with the empty AD con-
struct (Fig. 34 B). Auto-activation was abolished by addition of 3-AT and on high-stringency
medium. Co-expression of the short truncations IQD2IQ67, IQD2M4+5, as well as the long
truncations containing these two, IQD2central and IQD2∆N−term, with all KLCRs resulted in
yeast growth on TDO containing with 3-AT. Co-expression with KLCR2 and KLCR3 addition-
ally resulted in growth on QDO medium (Fig. 34 B to D). These data suggest interaction
of IQD2 truncations containing the IQ67 domain and conserved motifs #3, #4, and #5 with
all KLCRs. The interaction between IQD2 constructs encompassing motifs #4 and #5 and
KLCR3 appeared weaker compared to KLCR2 (Fig. 34 B to D). Cells expressing IQD2N−term

or IQD2C−term did not grow on TDO or QDO medium when co-expressed with any KLCR,
indicating no interaction between the termini of IQD2 and KLCRs, or no expression of these
constructs (Fig. 34 B to D). These data place the KLCR-interacting region of IQD2 between
the IQ67 domain and conserved motif #5. The contribution of motif #3 to KLCR-interaction
appears stronger than that of motifs #4 and #5, as indicated by yeast growth on QDO medium.
Preliminary data on IQD1 suggest that KLCR1-binding is independent of the IQ67 domain. In-
teraction of IQD2IQ67 may thus be mediated via motif #3, which is part of the truncation.
Additional data are needed to fine-map the KLCR binding site in IQD2 to specific amino acid
residues. These data suggests partial overlap between the KLCR-binding site in IQD2 and
MTB2 required for efficient microtubule recruitment. Additionally, interaction between IQD2
and KLCR2 may be stronger than that between IQD2 and KLCR1.
To further assess the KLCR-binding regions in IQD2 and confirm physical interaction, in vitro

His-pulldowns were carried out. HS-IQD2 and its truncations were immobilised on Ni-NTA
agarose and incubated with GST-KLCR1. GST alone served as the negative control. Due to
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Figure 34: Interaction of IQD2 truncations with KLCRs in yeast-two-hybrid experiments. Yeast-two-
hybrid double drop-out (DDO), triple drop-out (TDO), TDO + 2.5 mM 3-AT, and quadruple drop-out (QDO)
medium (A to D, left to right) of IQD2 and its truncations (Fig. 29 A) as DBD fusions and KLCR1, KLCR2,
and KLCR3 as AD fusions.

unspecific stickiness of the involved proteins in standard buffer conditions, His-pulldowns were
carried out in the presence of 500 mM NaCl to reduce the effect of possible unspecific electro-
static interactions.
Successful immobilisation of HS-IQD2 constructs on Ni-NTA agarose was confirmed by detec-

tion with an anti-His antibody in a western blot. Co-recruitment of GST-KLCR1 or GST was
detected using an anti-GST antibody. Recruitment of GST-KLCR1 to Ni-NTA agarose was ob-
served with all truncations containing the IQ67 domain and motif #3, or motif #4 to motif #5,
i.e. HS-IQD2IQ67 (35 kDa), -IQD2M4+5 (37 kDa), -IQD2central (50 kDa), and -IQD2∆N−term

(70 kDa), and full length IQD2 (90 kDa), indicating direct interaction with KLCR1 (Fig. 35 A).
In addition, weak recruitment of GST-KLCR1 was detected in combination with the N-terminal
and C-terminal truncations of IQD2 (i.e. HS-IQD2N−term and -IQD2C−term) alone (Fig. 35
A). Co-incubation of GST with HS-IQD2 constructs resulted in faint co-recruitment to Ni-NTA
with HS-IQD2N−term, HS-IQD2M4+5, and HS-IQD2C−term, but not with any other construct
(Fig. 35 B), suggesting that these signals result from unspecific binding. These data are con-
sistent with the Y2H experiments in placing the KLCR1-binding site in IQD2 between conserved
motifs #3 and #5. Co-incubation of GST-KLCR1 with IQD2IQ67 and IQD2central resulted in
only slightly less GST-KLCR1 pulled from solution than with IQD2M4+5 or IQD2∆N−term, de-
spite lower amounts of these truncated IQD2 versions bound to the Ni-NTA agarose. These
data, together with the preliminary data from IQD1 suggest that motif #3 of IQD2 may be
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Figure 35: His-pulldown of GST-KLCR1 with HS-IQD2 and its truncations. A: Western blot of 12 %
SDS-PAGE of His-pulldown of GST-KLCR1 with HS-IQD2 or its truncations according to Fig. 29 A under
high salt conditions (500 mM NaCl). Bait constructs are marked with blue asterisks, prey constructs with red
asterisks. i: input, w: wash, bb: bead-bound. B: Western blot of the negative control to A carried out with
GST alone. Bait constructs are marked with blue asterisks.

crucial for efficient KLCR1 interaction. It also supports the putatively relatively minor role of
motifs #4 and #5 compared to motif #3 in IQD2-KLCR1 binding. Furthermore, it points to
a possible role for the flexible regions in the C-terminus of IQD2 in regulating protein-protein
interactions. The outcomes between the pulldowns carried out with different salt concentrations
did not differ in principle, but the amount of GST-KLCR1 pulled from solution was reduced
under high salt conditions (Figs. 35 A and A.28). This observation supports the hypothesis
of charge-driven mechanisms as the main facilitator of IQD-KLCR-interactions.
To fine-map the IQD2 binding site in KLCR1, in vitro His-pulldowns between HS-IQD2 and

GST-tagged truncations of KLCR1 were performed. GST served as a negative control (Fig.
35 B). Immobilisation of HS-IQD2 on Ni-NTA agarose was confirmed by detection with an
anti-His antibody in a western blot, while GST-tagged KLCR1 constructs were detected with
an anti-GST antibody. Co-incubation of HS-IQD2 with any of the short fragments of KLCR1, or
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Figure 36: His-pulldown of GST-KLCR1 truncations with HS-IQD2. Western blot of 12 % SDS-PAGEs
of His-pulldown of GST-KLCR1 truncations according to Fig. 18 A with HS-IQD2. Bait constructs are marked
with blue asterisks, prey constructs with red asterisks. Pulldown of GST-KLCR1 and GST with HS-IQD2 shown
in Fig. 35 A and B served as the positive and negative control. The pulldown was carried out by Jacqueline
Patzsch. i: input, w: wash, bb: bead-bound.

GST-KLCR1N−hal f did not result in co-recruitment of the GST-constructs to Ni-NTA agarose
(Fig. 36), indicating no interaction. GST-KLCR1central, -KLCR1C−hal f , -KLCR1∆C−term and
-KLCR1∆N−term were co-recruited to Ni-NTA agarose by co-incubation with HS-IQD2 (Fig.
36), indicating direct interaction. These data suggest a role for the C-terminal half of the TPR
domain of KLCR1 in IQD2-binding. Interaction between HS-IQD2 and GST-KLCR1C−hal f ap-
peared stronger than with any other truncation of KLCR1. This points toward the location
of the IQD2-interacting region in KLCR1 in its C-terminal half. Considering the strong over-
representation of negatively charged amino acid residues in this region of KLCR1 (Fig. 9 A), a
potential role of electrostatic interactions in IQD2-binding seems plausible. These findings were
consistent with Y2H experiments testing for interaction between the truncations of IQD2 and
KLCR1 expressed as DBD or AD fusions, respectively. Co-expression of full length KLCR1 with
IQD2M4+5 and IQD2∆N−term resulted in strong yeast growth on TDO medium, and faintly with
full length IQD2. Co-expression of KLCR1C−hal f with IQD2central also resulted in weak yeast
growth on TDO medium (Fig. A.30), confirming previous Y2H experiments and indicating
interaction between the C-terminal of KLCR1 and the central region of IQD2.
Taken together, these findings narrow down the location of binding sites required for interac-
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tion between KLCR1 and IQD2 to the central region of IQD2, encompassing the IQ67 domain
and conserved motifs #3 to #5, and to the C-terminal half of the TPR domain of KLCR1.
Combined with preliminary data from IQD1, suggesting that the IQ67 domain does not con-
tribute to KLCR-IQD-binding, conserved motif #3 may contribute the most to KLCR1-binding
of IQD2, while motifs #4 and #5 may fulfil a supporting role. On the side of KLCR1, the
protein’s C-terminus confers IQD2-interaction but a greater resolution of this interaction to a
specific TPR motif was not possible. One explanation may be that no single TPR motif confers
IQD2 interaction, but rather a certain number of TPR motifs together form an IQD2-binding
structure in KLCR1. This may be further investigated by structural elucidation of KLCR1-IQD2
complexes.

2.4.4 Subcellular localisation of IQD2-KLCR complexes

The interaction of IQD2 and KLCRs has been demonstrated, as well as the localisation of
IQD2 to microtubules in planta and in vitro. To assess whether IQD2 is capable of recruiting
KLCRs to the microtubule cytoskeleton and to fine-map the regions required for this function,
GFP-IQD2 and its truncations were transiently co-expressed with RFP-KLCRs and the trunca-
tions of KLCR1 in N. benthamiana leaves under control of the 35S promoter.

Consistent with previous data, RFP-KLCRs localised to the cytosol (Figs. 37, A.31,
and A.32 A), while GFP-IQD2 labelled the microtubule cytoskeleton (Fig. 31 A). When
co-expressed with GFP-IQD2, RFP-KLCRs were recruited to microtubules as indicated by co-
localisation of GFP-IQD2 and RFP-KLCRs (Figs. 37, A.31, and A.32 B). This was supported
by fluorescence overlap of GFP- and RFP-fluorescence in a fluorescence profile. Co-expression
of GFP-IQD2central with RFP-KLCRs mostly resulted in a loss of the microtubule association
of IQD2central (Fig. 31 F), while RFP-KLCRs remained in the cytosol (Figs. 37, A.31, and
A.32 D). In a small subset of cells, GFP-IQD2central remained at the microtubule cytoskeleton
when co-expressed with RFP-KLCRs, but did not recruit KLCRs (Fig. A.33). These findings
suggest that KLCR-binding in MTB2 out-competes microtubule binding. It also shows that,
while IQD2central is necessary for KLCR-binding of IQD2, it is not sufficient for recruitment of
KLCRs to the cytoskeleton. The localisation of IQD2central to microtubules in a subset of cells,
but failure to recruit KLCRs further supports the exclusive nature of KLCR- and microtubule-
interaction. Co-expression of RFP-KLCRs with GFP-IQD2C−term did not result in changes in
subcellular localisation of either construct. GFP-IQD2C−term continued to partially label the
cytoskeleton, while the KLCRs remained cytosolic (Figs. 37, A.31, and A.32 C), consistent
with their lack of interaction. When MTB1 and MTB2 were combined in GFP-IQD2∆N−term,
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Figure 37: Co-localisation of IQD2 and KLCR1 in N. benthamiana leaves. A: Subcellular localisation
of RFP-KLCR1 under control of the 35S promoter. B to E: Co-expression of GFP-IQD2 and its truncations
with RFP-KLCR1 under control of the 35S promoter. Scale bars represent 10 µm . Fluorescence profiles were
generated along the yellow lines in the "merge" images.
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RFP-KLCRs were efficiently recruited to microtubules to levels comparable to full length IQD2
(Figs. 37, A.31, and A.32 E). These findings suggest that microtubule binding of the central
MTB2 of IQD2 is out-competed by KLCR1 binding and that the C-terminal MTB is required
to anchor IQD2-KLCR complexes at microtubules. Results observed upon co-expression of
KLCR1, KLCR2 or KLCR3 with IQD2 and truncated IQD2 variants were comparable, indicat-
ing no differences of different KLCRs on microtubule localisation of IQD2. These data indicate
that regulation of the central MTB2 is conserved for all three KLCR isoforms.
Co-expression of GFP-IQD2 with the truncations of KLCR1 resulted in recruitment of RFP-
KLCR1, -KLCR1N−hal f , -KLCR1central, -KLCR1∆C−term, and -KLCR1∆N−term to the micro-
tubule cytoskeleton (Fig. A.35), while the short truncated RFP-KLCR1 constructs and RFP-
KLCR1C−hal f exhibited diffuse, likely cytosolic localisation (Figs. A.34). These data are
mostly consistent with earlier findings, placing the IQD2 binding site in the C-terminus of
KLCR1. The recruitment of RFP-KLCR1N−hal f but not of -KLCR1C−hal f to the microtubule
cytoskeleton by GFP-IQD2 requires further assessment.

Our previous work indicates that KLCRs form homo-dimers and hetero-dimers with other
KLCRs (Fig. 11 and 12). To assess whether IQD2 interacts with and recruits KLCR-dimers
to the microtubule cytoskeleton, CFP-IQD2 was co-expressed with combinations of BiFC-pairs
VYNE-KLCR1, VYCE-KLCR1, and VYCE-KLCR2 in N. benthamiana leaves. Consistent with
previous data, CFP-IQD2 labelled the microtubule cytoskeleton (Fig. 38 A), while dimers of
VYNE-KLCR1 and VYCE-KLCR1, and of VYNE-KLCR1 and VYCE-KLCR2 accumulated in
the cytosol (Fig. 38 B and C). Upon co-expression with CFP-IQD2, YFP-fluorescence was
observed at microtubules, suggesting that IQD2 efficiently recruited KLCR1-homo-dimers, and
KLCR1-KLCR2-hetero-dimers (Fig. 38 D and E). These data indicate that IQD2 is capable
of interacting with KLCR-dimers in vivo and that interaction with KLCR-dimers does not affect
the subcellular localisation of IQD2 or its ability to recruit KLCRs to microtubules.

2.5 IQD2-CaM interactions

IQD proteins were originally identified as the largest group of plant-specific CaM-interactors
[32], and binding of IQD2 to bovine CaM had been demonstrated previously [36]. Thus, the
interaction of KLCRs and IQD2 − and the assembly and dynamics of KLCR-IQD modules −
may be subject to CaM-mediated regulation orchestrated by IQD2-CaM interactions. IQDs are
named after their IQ67 domain, a domain shown to confer holo- and apo-CaM binding [32].
Previous work demonstrated that the IQ67 domain is required and sufficient for CaM binding in
IQD1, which is encoded by the sister gene of IQD2 [123] [36]. To validate that the IQ67 domain
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Figure 38: Subcellular localisation of KLCR-dimers co-expressed with CFP-IQD2 in N. benthamiana
leaves. A: Subcellular localisation of CFP-IQD2 under the control of the 35S promoter. B and C: Sub-
cellular localisation of KLCR1- or KLCR1-KLCR2-dimers. D and E: Subcellular localisation of KLCR-dimers
co-expressed with CFP-IQD2. Scale bars represent 10 µm .
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mediates CaM binding in IQD2, truncations of IQD2 were analysed for their CaM binding in
Y2H assays.

In Y2H assays IQD2 constructs were expressed as DBD-fusions and CaM-constructs as AD

Figure 39: Fine-mapping of IQD2-CaM interactions. Y2H experiment showing interaction of DBD-IQD2
or its truncations with all AD-AtCaM isoforms on DDO (A), TDO (B), TDO + 2.5 mM 3-AT (C), and QDO
(D) medium. The same negative controls for AD and DBD were used as in Fig. 34.

fusions. Protein-protein interactions were assessed by yeast growth on vector-selective DDO
medium, and interaction-selective TDO, and QDO medium with medium to high stringency.
All yeast colonies grew on DDO medium, indicating successful transformation (Fig. 39 A).
No negative control of CaM-fusions co-expressed with the DBD showed auto-activation on
TDO or QDO medium (Fig. 39 B to D). IQD2M4+5 and IQD2central showed auto-activation
on TDO medium without 3-AT. This was abolished by the addition of 3-AT and on QDO
medium (Fig. 39 B to D). Co-expression of full length IQD2, IQD2IQ67, and IQD2∆N−term

with all CaMs resulted in yeast growth on TDO medium, indicating protein interaction (Fig.
34). Only IQD2IQ67 and IQD2central co-expressed with CaMs resulted in yeast growth on TDO
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plates containing 2.5 mM 3-AT and no colonies grew on QDO plates, suggesting interaction
of IQD2IQ67 and IQD2central with all CaMs (Fig. 39 C and D). These data indicate specific
interaction between all tested CaM-isoforms and those regions of IQD2 containing the IQ67
domain. No colonies grew when IQD2N−term or IQD2C−term were co-expressed with CaMs,
indicating no interaction between CaMs and the termini of IQD2, or no expression of these
constructs. No differential interaction between IQD2 and the different CaM isoforms was
observed. These data are consistent with the previously reported specific CaM-binding of IQD
proteins via their IQ67 domain [123].
To test whether IQD2 directly interacts with different CaM-isoforms found in A. thaliana, and

Figure 40: His-pulldowns of GST-CaMs with HS-IQD2. Western blots of 12 % SDS-PAGEs of His-pulldown
of GST-CaM2, -CaM7, or GST alone with HS-IQD2 in the presence of 1 mM CaCl2 (A) or of 5 mM EGTA
(B). Bait constructs are marked with blue asterisks, prey constructs with red asterisks. i: input, w: wash, bb:
bead-bound.

assess the Ca2+-dependency of IQD2-CaM-interactions in vitro, His-pulldowns of GST-CaM2
and -CaM7 in the presence of 1 mM CaCl2 or 5 mM EGTA were carried out. GST alone
served as the negative control. HS-IQD2 was immobilised on Ni-NTA agarose and incubated
with the GST-constructs. Successful immobilisation of HS-IQD2 was confirmed with an anti-
His antibody and recruitment of GST-constructs with an anti-GST antibody in western blots.
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Co-incubation of HS-IQD2 with GST-CaM2 and GST-CaM7 resulted in co-recruitment of the
CaMs to Ni-NTA agarose in the presence of CaCl2 (Fig. 40 A). Weak recruitment of GST
alone was observed in the presence of CaCl2, indicating partial unspecific recruitment. The
stronger co-recruitment of GST-CaMs over GST points to physical interaction between IQD2
and holo-CaM2 and holo-CaM7. In the presence of EGTA, GST-CaM2 and GST-CaM7 were
recruited to Ni-NTA agarose by HS-IQD2 (Fig. 40 B), but no GST was recruited in the
presence of EGTA, indicating specific interaction of IQD2 with apo-CaMs. These data are
consistent with previously reported apo- and holo-CaM binding of IQD proteins [123] [36].
They establish IQD2 as a bona fide interactor of AtCaM-isoforms that binds to apo-CaM and
holo-CaM. Weaker interaction of HS-IQD2 with apo-CaMs compared to holo-CaMs suggests
that IQD2 exhibits a binding preference for holo-CaM. The ability of IQD2 to bind apo-CaM
may play a role in recruiting other IQD2-binding proteins to apo-CaM that on their own would
only interact with holo-CaM, such as KLCRs, and make them available for efficient Ca2+-signal
integration. Alternatively, apo-CaM-binding of IQD2 may fulfil regulatory functions distinct
from holo-CaM [198].
The CaM-binding scores of IQD2 provided by the CaM-target database and the Calmodulation
database are consistent with the observed CaM-binding of IQD2 and its truncations (Fig.
A.36). Both online resources placed the highest CaM-binding score in the IQ67 domain of IQD2,
with an emphasis on the N-terminal half of the IQ67 domain. Furthermore, both databases
predicted a moderately high CaM-binding score for motif #4 of IQD2, which did not show
CaM-binding on its own. Additionally, the Calmodulation database predicted low CaM-binding
scores throughout the N-terminal disordered region of IQD2 and around the DUF4005 domain
in its C-terminus. IQ motifs were identified by the Calmodulation database only in the IQ67
domain of IQD2. IQ motifs were reported to bind apo-CaM, suggesting apo-CaM binding of
IQD2 specifically through the IQ67 domain [289]. All other CaM-binding motifs identified in
IQD2 by the Calmodulation database rely on the presence of Ca2+ to associate with CaM.

2.5.1 Subcellular localisation of IQD2-CaM complexes

Mapping of the CaM binding domain in IQD2 via Y2H experiments confirmed that the
IQ67 domain is required for CaM binding. This domain partially overlaps with MTB2 of IQD2.
To assess whether IQD2 recruits CaMs to the microtubule cytoskeleton and if and how CaM-
binding affects the microtubule binding behaviour of IQD2, GFP-IQD2 and its truncations were
transiently co-expressed with mCherry-CaM2, RFP-CaM4, or RFP-CaM7 in N. benthamiana
leaves.
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When expressed on their own, all CaMs displayed diffuse fluorescence signals, likely localising

Figure 41: Co-localisation of IQD2 and CaM2 in N. benthamiana leaves. A: Subcellular localisation of
mCherry-CaM2 under control of the 35S promoter. B to E: Co-expression of GFP-IQD2 and its truncations
with mCherry-CaM2 under control of the 35S promoter. Scale bars represent 10 µm . Fluorescence profiles
were generated along the yellow lines in the "merge" images.

to the cytosol (Figs. 41 A, A.37 A, and A.38 A). Co-expression of CaMs with GFP-IQD2,
resulted in partial to complete recruitment of all CaMs to filamentous structures resembling
microtubules (Figs. 41 B, A.37 B, and A.38 B). These data show that IQD2 recruits CaMs
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to the cytoskeleton, consistent with previous findings [123] [34]. Co-expression of CaMs with
GFP-IQD2central resulted in loss of the previously observed partial microtubule association of
GFP-IQD2central in the case of mCherry-CaM2 (Fig. 41 D), while co-expression with RFP-
CaM4 or -CaM7 did not result in a loss of microtubule-localisation. RFP-CaM4 and -CaM7
were recruited to the microtubules by GFP-IQD2central (Figs. A.37 D and A.38 D). These
data suggest that CaM2 is capable of out-competing the microtubule binding-capacity of GFP-
IQD2central, while CaM4 and CaM7 are not. When co-expressed with GFP-IQD2C−term, the
IQD2 construct maintained its partial microtubule labelling, and no CaMs were recruited to the
microtubules (Figs. 41 C, A.37 C, and A.38 C), consistent with their lack of interaction. Co-
expression of GFP-IQD2∆N−term with all CaMs resulted in their recruitment to the microtubule
cytoskeleton comparable to full length GFP-IQD2 (Figs. 41 E, A.37 E, and A.38 E). These
findings point to a mechanism of CaM-recruitment to the cytoskeleton, by which IQD2 interacts
with CaMs via its IQ67 domain and recruits them to the microtubules via the DUF4005 domain
in its C-terminus, i.e. MTB1. Furthermore, microtubule recruitment of CaM4 or CaM7 but not
CaM2 by IQD2central point toward differential integration of CaM-mediated Ca2+-signals at the
microtubule cytoskeleton by IQD2 by different CaMs. These data further suggest a regulatory
effect for the interaction if IQD2 with different CaM isoforms. The fact that neither CaM4, nor
CaM7 out-competed the microtubule association of GFP-IQD2central indicates a more efficient
localisation to the microtubule cytoskeleton when these two CaM-isoforms are bound, while
CaM2 may be more important for a reduction of IQD2-microtubule association.

2.6 Ternary interactions between KLCR1, IQD2, and CaMs

Our work established IQD2 and KLCR1 as bona fide CaM targets that physically interact
with each other. Previous work suggested that ternary complexes between IQDs, KLCRs, and
CaM can occur [36]. The stoichiometry of these complexes, and the contribution of IQDs and
KLCRs to CaM-binding in these complexes, however, are still largely elusive. Notably, while
KLCR1 and IQD2 both interact with holo-CaM, interaction with apo-CaM is specific for IQD2.
Performing in vitro CaM-pulldown assays in the absence of Ca2+ thus allowed to assess if IQD2
can simultaneously bind KLCR1 and apo-CaM. KLCR-IQD-CaM complexes were additionally
investigated in vivo by transient co-expression in N. benthamiana leaves.
To test ternary interactions between KLCRs, IQD2, and CaM, in vitro co-CaM-pulldowns with

GST-KLCRs and His-IQD2 were carried out in the presence of 5 mM EGTA. CaM-pulldowns of
His-IQD2, GST-KLCRs and a co-CaM-pulldown of His-IQD2 with GST alone served as positive
and negative controls, respectively. His-IQD2 was detected with an anti-His antibody and GST-
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Figure 42: Co-interaction of IQD2 with KLCRs and CaM. A: Western blot of 15 % SDS-PAGE of CaM-
pulldown of GST-KLCRs and His-IQD2 in the presence of 1 mM CaCl2 (+ Ca2+) or 5 mM EGTA (− Ca2+).
Expected positions of GST-KLCRs and His-IQD2 are marked with black arrowheads. B: Western blot of a
CaM-pulldown of His-IQD2 together with GST in the absence of Ca2+. C: Western blot of a CaM-pulldown of
His-IQD2 together with GST-KLCR1, -KLCR2, or -KLCR3 in the absence of Ca2+. His-IQD2 is marked with
blue asterisks, GST-KLCRs with red asterisks. i: input, w: wash, bb: bead-bound.

KLCRs and GST were detected with an anti-GST antibody after western blotting. Consistent
with earlier data, GST-KLCRs were recruited to holo-CaM, but not apo-CaM, while IQD2 was
recruited to both, but weaker to apo-CaM (Fig. 42 A). These data suggest that GST-KLCRs
possess the same CaM-binding properties as His-KLCRs. Co-incubation of His-IQD2 and GST
with CaM-agarose and 5 mM EGTA resulted in weak recruitment of His-IQD2 to apo-CaM
(Figs. 42 B ) and no GST was recruited, suggesting that GST does not affect the apo-CaM-
binding properties of IQD2 and does not bind to apo-CaM together with IQD2. Co-incubation
of His-IQD2 and GST-KLCRs with CaM-agarose in the absence of Ca2+, resulted in recruitment
of GST-KLCRs to apo-CaM, indicating simultaneous binding of IQD2 to apo-CaM and KLCRs.
Co-incubation resulted in increased recruitment of KLCR1-IQD2 complexes to apo-CaM when
compared to IQD2 alone, indicated by stronger bands in western blots (Fig. 42 C). These
findings suggest that IQD2-KLCR-interaction affects their respective apo-CaM-binding affinity
in a putatively cooperative binding mechanism. Possible causes for this increased affinity on
the molecular level may be that either IQD2-KLCR-binding results in structural alterations in
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KLCRs that affect their ability to bind apo-CaM, or vice-versa. Since only IQD2 is capable of
apo-CaM-interaction on its own, it seemed more likely that IQD2 acts as the mediator of this
increased binding affinity. The structural rigidity of KLCRs observed in cross-linking experi-
ments with CaM2 further makes conformational changes in KLCRs unlikely.
To test, whether the observed altered apo-CaM binding of KLCR-IQD2-complexes was concen-
tration dependent, co-CaM-pulldowns with gradual dilutions of the GST-KLCR- or GST-lysates
co-incubated with undiluted IQD2-lysates were carried out. Decreasing the KLCR-concentration
in co-pulldowns resulted in a gradual loss of the apo-CaM-affinity of KLCR-IQD2 complexes
with all KLCRs (Fig. A.39 A to C). Dilution of the GST-lysate did not affect the apo-CaM
affinity of His-IQD2 (Fig. A.39 D). These data hint at a possible sequential binding mode of
IQD2 and KLCRs with apo-CaM. IQD2 and KLCRs may bind in solution, before recruiting to
apo-CaM with increased affinity. These data are still preliminary and require further detailed
assessment to draw solid conclusions from them.
The interaction between IQD2, KLCR1 and CaM are putatively charge-driven [285] [263]. High
ionic strengths are known to disrupt electrostatic interactions in protein-protein complexes [286].
To assess the contribution of electrostatic interactions in the co-recruitment of KLCR-IQD2
complexes to apo-CaM further, in vitro His-pulldowns, CaM-pulldowns, and co-CaM-pulldowns
with HS-IQD2 and GST-KLCR1 were carried out in buffers containing 1 M NaCl. Proteins
were detected after western blotting using either anti-His or anti-GST antibodies. Incubation of
GST-KLCR1 or HS-IQD2 with CaM-agarose in the presence of 1 mM CaCl2 or of 5 mM EGTA
resulted in recruitment of both GST-KLCR1 and HS-IQD2 to holo-CaM, suggesting resistance
of holo-CaM binding to high ionic strength (Fig. A.41 A). Apo-CaM-recruitment of IQD2 was
abolished in the presence of 1 M NaCl, suggesting susceptibility to the disruption of electro-
static interactions. These data are consistent with previous findings suggesting high resistance
of holo-CaM-binding to target proteins to mechanisms of disrupting electrostatic interactions,
e.g. by pH or changes in ionic strength [256] [257] [290]. Abolition of apo-CaM-binding of
IQD2 is consistent with reported decreased interaction surfaces between apo-CaM and target
proteins, and thus likely weaker interaction [256] [263]. High ionic strength was additionally
shown to limit interactions of apo-CaM with target proteins by destabilising apo-CaM [290].
Co-incubation of GST-KLCR1 and HS-IQD2 with Ni-NTA agarose resulted in the successful
immobilisation of HS-IQD2 and co-recruitment of GST-KLCR1, indicating that KLCR1-IQD2
binding is not affected by high ionic strength (Fig. A.41 C). Co-incubation of HS-IQD2 and
GST-KLCR1 with CaM-agarose in the absence of Ca2+ resulted in no recruitment of either
protein to apo-CaM (Fig. A.41 B), consistent with the abolished apo-CaM binding of IQD2.
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The disruption of KLCR1-IQD2-co-recruitment to apo-CaM indicates that apo-CaM-interaction
of IQD2 is necessary for co-recruitment of KLCR1-IQD2 complexes to apo-CaM. These data
further support a role for IQD2 as a bridge between KLCR1 and apo-CaM in KLCR-IQD-apo-
CaM interactions.
To validate that KLCR1 recruitment to apo-CaM is mediated by IQD2 and to determine the

Figure 43: Apo-CaM pulldown assays with IQD2 truncations and KLCR1. Western blot of 12 % SDS-
PAGEs of HS-IQD2 and its truncations (Fig. 29 A) together with GST-KLCR1 (A) or GST alone (B) in the
absence of Ca2+ under high salt conditions (500 mM NaCl). HS-IQD2 and truncations are marked with blue
asterisks, GST-KLCR1 is marked with red asterisks. i: input, w: wash, bb: bead-bound.

minimum required module in IQD2 required for co-recruitment, co-CaM-pulldowns of GST-
KLCR1 with the truncated HS-IQD2 constructs were carried out in the absence of Ca2+. Stan-
dard buffer conditions resulted in inconclusive, unspecific protein-protein interactions (Fig.
A.40). These pulldowns were thus carried out in the presence 500 mM NaCl to reduce un-
specific interactions but still allow apo-CaM binding of IQD2. Co-CaM-pulldowns with GST
served as the negative control. HS-IQD2 constructs were detected using an anti-His antibody
and GST-KLCR1 and GST were detected with an anti-GST antibody after western blotting.
Co-incubation of GST-KLCR1 with HS-IQD2, -IQD2IQ67, -IQD2central, and -IQD2∆N−term re-
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sulted in recruitment of HS-IQD2 constructs and GST-KLCR1 to CaM-agarose, consistent with
CaM-binding of these regions of IQD2. Co-incubation of GST-KLCR1 with HS-IQD2N−term,
IQD2M4+5, or -IQDC−term did not result in recruitment to CaM-agarose, consistent with their
lack of CaM-binding (Fig. 43 A). IQD2IQ67 showed weak recruitment to apo-CaM in the
presence of KLCR1, while recruitment of full length IQD2, IQD2central, and IQD2∆N−term

was comparable to the apo-CaM-recruitment of His-IQD2 with GST-KLCRs (Fig. 42 C).
These data indicate co-interaction between KLCR1, IQD2IQ67, and apo-CaM. They also sug-
gest more efficient co-interaction of IQD2 constructs containing the central region of IQD2 and
its C-terminus with KLCR1, compared to constructs lacking the C-terminus. Co-incubation
of HS-IQD2 constructs with GST resulted in the CaM-binding properties observed previously
for IQD2. HS-IQD2, -IQD2IQ67, -IQD2M4+5, and -IQD2central were recruited to CaM-agarose,
but no other HS-IQD2 construct, nor GST were (Fig. 43 B), indicating no effect of GST on
apo-CaM binding of IQD2 or its truncations. These data suggest that the IQ67 domain and
conserved motif #3 of IQD2 form the minimal necessary unit for co-recruitment of KLCR1 apo-
CaM. The lack of co-recruitment of GST-KLCR1 and HS-IQD2M4+5 to apo-CaM suggests that
both CaM- and KLCR-binding capacity in IQD2 are necessary to recruit KLCRs to apo-CaM.
The stronger effect of all IQD2 constructs encompassing the IQ67 domain and conserved mo-
tifs #3 to #5 on KLCR1-co-recruitment to apo-CaM suggests, that co-recruitment is increased
with stronger KLCR-interaction in IQD2 (Fig. 35 A). This is consistent with the preliminary
observations of KLCR-concentration-dependency of IQD2-KLCR co-interaction with apo-CaM
(Fig. A.39). Taken together, apo-CaM interaction is mediated by the IQ67 domain of IQD2,
and adjacent motifs #3 to #5 are required for simultaneous binding of KLCR1 − consistent
with the mapping of domains that mediate binary interactions of IQD2 with CaMs and KLCR1.
To assess ternary KLCR-IQD-CaM interactions in vivo, CFP-IQD2 was transiently co-expressed

in N. benthamiana leaves with the KLCR1-CaM BiFC pairs (Fig. 15). Both VYNE-KLCR1
and VYCE-CaM2 and VYNE-KLCR1 and VYCE-CaM7 displayed diffuse fluorescence, indicating
localisation to the cytosol, when expressed together, while CFP-IQD2 labelled the microtubule
cytoskeleton (Fig. 44 A to C). Co-expression of VYNE-KLCR1 and VYCE-CaM2 or VYNE-
KLCR1 and VYCE-CaM7 with CFP-IQD2 resulted in recruitment of YFP-fluorescence to the
microtubule cytoskeleton (Fig. 44 D and E). These data suggest that recruitment of KLCR1
or CaMs to the microtubule cytoskeleton by IQD2 is not mutually exclusive and may have reg-
ulatory functions in vivo.
In conclusion, IQD2 can simultaneously interact with KLCR1 and apo-CaM. Furthermore,
co-interaction increases the apparent affinity of KLCR1-IQD2 complexes for apo-CaM in a
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Figure 44: Subcellular localisation of KLCR1 and CaMs co-expressed with CFP-IQD2 in N. ben-
thamiana leaves. A: Subcellular localisation of CFP-IQD2 under the control of the 35S promoter. B and
C: Subcellular localisation of KLCR1-CaM2- or KLCR1-CaM7-complexes. D and E: Subcellular localisation of
KLCR1-CaM-complexes co-expressed with CFP-IQD2. Scale bars represent 10 µm .
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concentration-dependent manner, either by affecting binding affinity directly, or by the forma-
tion of complexes with KLCR-dimers that recruit additional IQD2 to apo-CaM. Fine-mapping of
the minimum requirements for this co-interaction revealed that both CaM- and KLCR-binding
capacity in IQD2 are necessary for co-recruitment, suggesting that IQD2 acts as a bridge be-
tween KLCR1 and apo-CaM. Stronger apo-CaM co-recruitment of truncated IQD2 versions
that exhibited stronger KLCR-binding suggest that co-recruitment depends on the ability of
IQD2 to efficiently interact with KLCRs and CaM.

2.7 KLCR-NET3 interactions

IQD-KLCR modules potentially act as hubs in macromolecular complex assembly that inte-
grate CaM-mediated Ca2+ signaling at distinct subcellular sites. NET3 proteins, in particular
NET3C, were recently identified as KLCR1 interacting proteins with predicted roles in linking
IQD-KLCR modules to the actin cytoskeleton and EPCS [143] [27]. NET3C and related pro-
teins thus are potential accessory subunits of in planta assembled KLCR-IQD mediated protein
complexes. NET3s appear not to interact with IQD2, nor has CaM-interaction been shown
prior to this thesis.

2.7.1 In silico assessment of NET3C

NET3C is a member of clade 3 of the NETWORKED protein family. No structural data of
NET3s is available. To gain initial information on the characteristics of NET3C, its structure
and biochemical properties were assessed in silico by interrogation of publicly available databases
and bioinformatic tools.
NET3C is a protein of 225 amino acids and a molecular weight of approx. 26 kDa. NET3C

contains the Networked Actin Binding (NAB) domain near its N-terminus and a coiled-coil
domain near it C-terminus (Fig. 45 A). These domains are connected by a flexible linker. The
N-terminus of NET3C and the linker between its domains are predicted to adopt no defined
secondary structure (Fig. 45 B). The Alphafold 2.0 model of NET3C predicts helical structures
with medium high to high prediction confidence for the NAB domain and the coiled-coil domain.
Prediction confidence outside it those domains is low and suggests loops or approximate helices
for the rest of the protein sequence (Fig. 45 C). NET3C has a slightly acidic pI of 5.69
with negatively or positively charged amino acids arranged in alternating short acidic and basic
patches. An over-representation of negatively charged amino acids is present in the flexible
linker and the C-terminus is characterised by a poly-basic region (Fig. 45 D and E). CaM-
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Figure 45: In silico analysis of NET3C. A: Schematic representation of NET3C with conserved domains and
motifs depicted as violet boxes. B: Disorder prediction of NET3C with the protein’s schematic representation
superimposed. A disorder propensity above 0.5 represents likely disorder, while value below 0.5 represents a likely
structured region. C: Alphafold 2.0 model of NET3C coloured by prediction confidence from high (dark blue) to
low (dark orange). D: Charge distribution of NET3C superimposed with the protein’s schematic representation.
E: Alphafold 2.0 model of NET3C in cartoon depiction with a surface of 40 % transparency superimposed. The
negatively charged amino acids aspartic acid and glutamic acid are depicted as red spheres, while the positively
charged amino acids arginine, histidine, and lysine are depicted as blue spheres.
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binding scores of NET3C were evaluated to estimate the possibility of CaM-mediated regulation
of NET3s. The CaM target database and the Calmodulation database predict a CaM-binding
motif in the C-terminal end of the coiled-coil domain, while the Calmodulation data base also
suggests CaM-binding capacity in the NAB domain of NET3C (Fig. A.42 A).

2.7.2 Interaction of NET3s with KLCRs

The interaction of NET3C with KLCRs had been shown in previous publications [27]. To
test these findings, Y2H experiments and in vitro pulldowns were carried out. In vitro pulldowns
were performed with NET3C and its closely related NETWORKED family member NET3A.
NET3C was expressed as a DBD-fusion in Y2H experiments and KLCRs as AD-fusions. Yeast

Figure 46: Y2H experiment and in vitro GST-pulldowns showing interaction of NET3s with KLCRs.
A: Y2H DDO, TDO, TDO + 2.5 mM 3-AT and QDO medium (top to bottom) with NET3C as a DBD-fusion
and KLCRs as AD fusions. The same negative controls for AD and DBD were used as in Fig. 34. B: Western
blot of GST-pulldown of NET3A and NET3C with GST-KLCR1 or GST. Expected protein sizes are marked
with black arrowheads. N3A: HS-NET3A, N3C: HS-NET3C, K1: GST-KLCR1. Pulldowns were carried out by
Mariyam Gaysaeva.

colony growth served as the read-out for protein-protein interactions. Yeast grew on vector-
selective DDO medium, showing successful transformation. Co-expression of NET3C with the
AD showed auto-activation on TDO medium without 3-AT but not on TDO medium containing
2.5 mM 3-AT or on QDO medium (Fig. 46 A). Co-expression of NET3C with all KLCRs
resulted in yeast growth on TDO medium with 2.5 mM 3-AT, confirming protein interaction.
Yeast also grew on QDO medium for all co-expressions, except with KLCR3. Co-expression of
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NET3C with KLCR3 resulted only in weak yeast growth on TDO medium with 3-AT. These
data are consistent with the previously reported interaction of NET3C with all KLCRs and the
reported binding preference for KLCR1 and KLCR2 over KLCR3 [27].
To test the direct interaction between the NET3s and KLCR1, in vitro GST-pulldowns of
HS-NET3C and -NET3A were carried out with GST-KLCR1 and GST as a negative control.
Successful immobilisation GST-KLCR1 or GST on GSH agarose was detected using an anti-GST
antibody. Recruitment of NET3s was observed with an anti-His antibody after western-blotting.
Co-incubation of NET3A or NET3C with GST-KLCR1 resulted in recruitment of NET3s to the
GSH-agarose, showing as bands at 55 kDa for HS-NET3A and 50 kDa for NET3C (Fig. 46 B).
Co-incubation of either NET3 with GST did not result in recruitment to GSH-agarose. These
data are consistent with previously reported findings and suggest specific, direct interaction
of NET3A and NET3C with KLCR1. In summary, these experiments confirmed the previously
reported interaction between the NET3 proteins NET3C and NET3A and the KLCRs and show,
that interaction with KLCR1 is a direct, physical interaction that persists in vitro.

2.7.3 CaM-mediated regulation of NET3s

Interaction of NET3s with CaMs was not previously reported. To assess the putative ability
of NET3 proteins to bind CaMs, suggested by in silico CaM-binding site predictions in NET3C,
Y2H experiments and in vitro CaM-pulldowns with NET3A and NET3C were carried out.
NET3C was expressed as a DBD-fusion in Y2H experiments and CaMs as AD-fusions. Yeast

colony growth served as the read-out for protein-protein interactions. Yeast grew on vector-
selective DDO medium, showing successful transformation. Co-expression of NET3C with the
AD indicated auto-activation on TDO medium without 3-AT. This was abolished by the addition
of 2.5 mM 3-AT, and on high-stringency QDO medium (Fig. 47 A). Co-expression of NET3C
with all CaMs resulted in yeast growth on TDO medium with 2.5 mM 3-AT, indicating CaM-
interaction. Yeast also grew on QDO medium for all co-expressions (Fig. 47 A). These data
suggest interaction of NET3C with all CaM-isoforms found in A. thaliana.
To test direct interaction between NET3s and CaM, in vitro CaM-pulldowns in the presence
of 1 mM CaCl2 or 5 mM EGTA were carried out with both NET3s. HS-NET3s were detected
with an anti-His antibody. Both HS-NET3s recruited to CaM-agarose in the presence of CaCl2,
but not in the presence of EGTA, indicating interaction of NET3A and NET3C with holo-
CaM (Fig. 47 B). These data are consistent with the in silico CaM-binding predictions for
NET3C. Direct interaction between NET3s and holo-CaM potentially links the connection of
KLCR-IQD-modules to the actin cytoskeleton to regulation by CaM-mediated Ca2+-signalling.
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Figure 47: Y2H experiment and in vitro CaM-pulldowns showing interaction of NET3s with CaM. A:
Y2H DDO, TDO, TDO + 2.5 mM 3-AT and QDO medium (top to bottom) with NET3C as a DBD-fusion and
AtCaMs as AD fusions. The same negative controls for AD and DBD were used as in Fig. 34. A. B: Western
blot of CaM-pulldown of NET3A and NET3C in the presence of 1 mM CaCl2 (+ Ca2+) or 5 mM EGTA (−
Ca2+). Pulldowns were carried out by Mariyam Gaysaeva.

While no interaction between the NET3s and IQDs is known, these data further strengthen
the putative role of IQD2 as a recruiter of apo-CaMs to KLCR1-IQD2-mediated multi-protein
complexes for subsequent Ca2+-signal integration at the cytoskeleton.
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3 Discussion

KLCR-IQD modules have been proposed to play a crucial role in linking the microtubules
and the actin cytoskeleton to intracellular membrane systems and to integrate CaM-mediated
Ca2+-signalling at the cytoskeleton-PM-nexus. This work provides first insights into the mech-
anistic basis of the function of KLCR-IQD modules in macromolecular complex assembly. It
uncovers the mode of interaction between two distinct scaffold proteins - an IDP and a tan-
dem TPR protein. Furthermore, it provides initial data on the regulation of protein complex
formation through Ca2+ by fine-mapping CaM-binding regions in IQD2 and KLCRs. In doing
so, this thesis builds and expands on previous findings by Bürstenbinder et al. [123], Pflug [36],
and Zang & Klemm et al. [27].
This thesis identified possible KLCR-dimerisation as a putative functionally relevant trait. It un-
covered the structural determinants and dynamics of KLCR-CaM, KLCR-IQD2, and IQD2-CaM
binding, and delved into a mechanistic understanding of ternary KLCR1-IQD2-CaM interactions.
Additionally it confirmed previously reported binary protein-protein interactions between KLCRs
and NET3s and linked actin-binding of NET3s to potential regulation by CaM. Furthermore,
this thesis confirmed IQD2-microtubule binding, and recruitment of its interactors to micro-
tubules. The combination of biochemical and structural biology approaches with methods of
computational biology served to produce comprehensive insights into the mechanisms and dy-
namics of protein complex formation and regulation, using the KLCR1-IQD2 core module as a
suitable model system.

3.1 TPR-mediated homo-interaction of KLCRs

Native purifications of KLCR1 and KLCR2 via gel filtration suggested the formation of
KLCR-homo-dimers in vitro (Figs. 11 and A.5 C). GST-pulldown experiments confirmed
these initial findings and hinted at the ability of KLCR1 and KLCR2 to form hetero-dimers
in addition to homo-dimers (Figs. 11 E). BiFC experiments confirmed KLCR-hetero- and
-homo-dimerisation in vivo and revealed that KLCR-dimers can be recruited to microtubules
upon co-expression with IQD2 (Figs. 12 and 38). These data suggest that KLCR-dimers
form in planta and that they can interact with IQD2 and possibly other IQD proteins.
KLCRs contain tandem-repeats of TPR motifs in their central to C-terminal region, forming
a putatively helical TPR domain (Figs. 8, A.3, and A.4). Dimerisation and higher order
oligomerisation of TPR-domains has been reported before for various proteins, including MamA
from Magnetospirillum [62], CdC16/Cut9 from S. pombe [70], IpgC from Shigella [68], and
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SGT1 from A. thaliana [67]. The magnetosome-associated protein MamA self-associates via its
TPR domains and contributes to the outer hull of magnetosomes [71]. TPR-TPR-association
of MamA does not hinder binding of other interactors, suggesting a stabilising role for these
interactions, rather than a strictly regulatory one. Similar mechanisms for dimerisation have
been described for CdC16/Cut9, IpgC, and SGT1. In all of these proteins the TPR domains in-
teract via their N- or C-terminal helices, "twisting" into each other and interacting via the inner
groove formed by three or more TPR motifs. The resulting increased protein-complex surface
and concave shape may then be accessible for functionally relevant protein-protein interactions
with other binding partners [70] [62]. This surface increase was shown to confer interaction
between IpgC and its effector IpaB [68], as well as between CdC16/Cut9 and its binding partner
Hcn1 [70]. Dimerisation may thus be crucial for the interaction of KLCRs with their binding
partners. For SGT1, self-association has been shown to be concentration-dependent, where pro-
tein concentrations above 50 µM increased self-association in solution [67]. Furthermore, the
dimerisation status of SGT1 was affected by pH and ROS-mediated oxidisation, possibly linking
context-dependent regulation of protein self-interaction to plant defense. Oxidisation-dependent
formation of dimeric or monomeric populations of SGT1 is believed to play a regulatory role in
the association of SGT1 with components of the UPS and thereby context-dependent protein
degradation. Considering the putative role of KLCRs as scaffold proteins, fine-tuning of their
oligomerisation status through changes in protein abundance or electrostatic properties may
serve to regulate their set of interactors for spatio-temporal control of complex assembly. The
maintenance of monomeric or dimeric populations of KLCRs may further diversify functional
fine-tuning of KLCR-mediated protein complexes.
TPR oligomerisation was also shown for artificially generated consensus TPR proteins (CT-
PRs). In these cases, self-association of TPR motifs was induced by the introduction of tyrosine
residues in the flexible loops connecting the two α-helices of the interacting TPR motifs [69].
Experiments further suggested that the position of the C-terminal capping helix of these CTPRs
may regulate the ability to self-associate. Upon self-association, the capping helix was disrupted,
adopting a disordered fold. This disruption allowed for hydrophobic contacts between the he-
lices of the interacting TPR motifs, resulting in dimerisation. The coiled-coil domain in the
natural protein from which the CTPR was generated was believed to regulate self-association
by steric inhibition. The predicted flexible N- and C-terminal regions present in all KLCRs
may thus affect KLCR-KLCR interactions by regulating the accessibility of the termini of the
TPR domain in a similar fashion. PTMs in these regions may be a means of directing KLCR-
homo-interactions by changing the internal organisation of KLCRs. Phosphorylation of KLCRs
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via MPKs may be crucial for this regulation by affecting the local electrostatic environment
and therefore KLCR-KLCR interactions [272] [36]. Phosphorylation of KLCR2, but not other
KLCRs in the C-terminal TPR motif may affect motif stability and thus possibly dimerisation,
suggesting functional diversity of different KLCR-dimers (Fig. A.29 C). Data suggest that
homo-dimerisation of KLCR1 is not affected in the splice variant lacking the C-terminal IDR
(Fig. 11 E). This indicates that the absence of the C-terminal 78 amino acids does not alter
the regulation of self-association of KLCR1 in vitro and points towards possible functions of
the N-terminal IDR of KLCR1 for regulation of self-association.
In cross-linking experiments dimerisation of KLCR1 was not consistently observed (Figs. 22
C and A.16), suggesting additional means of regulating KLCR-self-association we have yet
to understand. Similar to reports from SGT1, dimerisation of KLCR1 may be concentration-
dependent [67]. A concentration-dependent effect of dimerisation is also supported by re-
cent findings which demonstrated that protein complex assembly and retention is enhanced in
crowded environments when compared to in vitro buffer conditions [291] [292]. The crowded
cellular environment may thus support protein complex assembly and retention. In vitro these
effects may be achieved by the addition of crowding-simulators, such as polyethylene glycol,
to experiment buffers [293]. Ionic strength and pH of the experimental environment may also
affect KLCR-self-association. The tag-free KLCR1, however, migrated in cross-linking buffer
at a retention volume comparable to His-KLCR1 or GH-KLCR1 in different buffer conditions
during gel-filtration (Figs. 10 and 11 C), suggesting that additional layers of regulation may
contribute to KLCR-dimerisation. The successful establishment of conditions for the recombi-
nant expression of KLCR1 and subsequent purification of tag-free variants provides an excellent
starting point for detailed structural analyses, e.g. via x-ray crystallography, which may provide
detailed information on the structure and dimerisation status of KLCR1. The high protein con-
centrations required for protein crystallisation may contribute to the formation of KLCR-dimers
in protein crystals and allow insights into their 3D structure [64] [65].
The effects of TPR-domain oligomerisation on providing extended protein-protein interaction
surfaces suggest that KLCR-dimerisation may be crucial for its function in KLCR-IQD mod-
ules [62]. Context-dependent regulation of TPR-self-association may play a role in maintaining
monomeric or dimeric populations of KLCRs with different sets of interactors, or allow for
switching between monomers and dimers to regulate binding properties [67]. The ability of
KLCR-homo- and -hetero-dimers to occur, and interact with IQDs in vivo (Figs. 12 and 38),
suggest a functional role for KLCR-dimers in protein-complex assembly. Differences in inter-
action partners between different KLCRs may allow for the assembly of diverse multi-protein
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complexes through the incorporation of different KLCRs in KLCR-dimers.

3.2 Adaptors, scaffolds, and dockers

KLCRs and IQDs form the core protein-protein interaction module of a multi-protein complex
linking the actin and the microtubule cytoskeleton, the plasma membrane, and the endoplas-
matic reticulum [27]. NET3s provide an extension of this core module by linking KLCRs and
IQDs to the actin cytoskeleton. The experimental investigation of protein-protein-interactions in
this thesis thus focused on IQDs, KLCRs, and NET3s, and their regulation via CaM-mediated
Ca2+-signalling. Interestingly, IQDs, NET3s, and KLCRs do not possess enzymatic activ-
ity [32] [143] [123]. Their structural and biochemical properties are indicative of functions as
putative adaptors, scaffolds, or subcellular dockers [6]. IQDs would likely classify as IDPs with
scaffolding functions, while KLCRs and NET3s would fit more into the category of ordered
scaffold proteins (Figs. 29, 8, and 45). The KLCR-IQD-NET3 protein-protein interaction
module would consequently be a super-hub of scaffold proteins, linking various crucial subcel-
lular structures and potentially providing an assembly platform for signal integration at these
sites by connecting Ca2+-, hormone-, and kinase-signalling [35] [36]. Direct interaction between
KLCR1 and NET3A as well as NET3C was shown in this thesis (Fig. 46), consistent with
previous findings [27]. Since the NETWORKED protein family was already shown to directly
associate with actin, thereby functioning as dockers, and linking the KLCR-IQD module to
the actin cytoskeleton [143], assessments of subcellular localisation and its possible regulation
concentrated on IQDs and KLCRs.

3.2.1 IQDs but not KLCRs associate directly with microtubules

GFP-KLCR1 and -KLCR2 both located to the microtubule cytoskeleton when expressed at
low levels under control of the Ub10 promoter in N. benthamiana leaves (Figs. 26 and A.26
A), but not when expressed under control of the stronger 35S promoter (Figs. A.25 and
A.31 A). Only those truncations of KLCR1 missing the N- or C-terminal disordered regions
displayed microtubule localisation when expressed under control of the Ub10 promoter, but no
other truncations did (Fig. 26). These data suggest that there may be no distinct direct
microtubule binding site present in KLCRs and association with microtubules requires a large
portion of the TPR domain to be intact. Additionally, no direct interaction between purified
KLCR1 and microtubules was observed in in vitro microtubule spin-down assays, regardless of
microtubule- or KLCR1-concentration (Figs. 27 and 28). The small percentage of KLCR1
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consistently observed in the pellet after ultracentrifugation may point to susceptibility of KLCR1
for sedimentation at high g-forces, or may be the result of a "buffer shock" experienced when
KLCRs are diluted in General Tubulin Buffer (GTB) for spin-downs. The latter may be addressed
by purifying KLCRs in GTB for future experiments. While KLCRs were shown to co-localise
with microtubules in vivo and directly bind them in vitro in recent studies [120], these findings
could not be reproduced in this thesis. Microtubule localisation of KLCRs was shown in A.
thaliana in our group, but likely relies on the presence microtubule adaptors (Sandra Klemm,
unpublished data). These data also point to a possible tissue-specific subcellular localisation of
KLCRs, likely dependent on the availability of putative adaptors. Taken together, these findings
suggest that rather than directly interacting with microtubules, KLCRs are most likely recruited
to the microtubule cytoskeleton by a docking protein [39]. Considering the known microtubule
interaction of IQD proteins [34], as well as their interaction with KLCRs [123] [36], IQDs may
act as microtubule dockers for KLCRs. KLCRs were shown to interact with a number of clade
III IQDs, namely IQD1 [123], IQD2 [36], and IQD9 [189]. Due to the recent implication of
IQD2 and KLCR1 as the central module for the assembly of the PINK complex, investigations
focused on this particular protein combination [27].
IQD2 localised to the microtubule cytoskeleton when expressed under the control of the 35S
promoter in N. benthamiana leaves (Fig. 31 A). Direct microtubule binding was demonstrated
by co-sedimentation with microtubules in microtubule spin-down assays (Fig. 32), confirming
direct interaction of IQD2 and the microtubule cytoskeleton (Fig. 51 A). Transient expression
of truncations of IQD2 narrowed down the microtubule interaction sites in IQD2 to two distinct
regions, namely its very C-terminal 134 amino acids, and the central region encompassing
the IQ67 domain and conserved motifs #3 to #5 (Figs. 29 A and 31 E to G). The C-
terminal microtubule binding site in IQD2 coincides with the presence of a recently reported
microtubule binding DUF4005 domain in conserved motif #6 (MTB1) [199]. The central
microtubule binding region of IQD2 contains the IQ67 domain and motifs #3 to #5 (MTB2)
(Fig. 49). Motifs #3 and #4 had been implicated in microtubule binding of IQD13 in
addition to motif #6 [204], consistent with these data. The polybasic regions in both MTBs
may confer electrostatic interactions between IQD2 and the negatively charged tubulin tails, as
described for other MAPs [294]. The presence of multiple microtubule binding domains was
previously shown to be confer particularly strong microtubule association in SPR1 [295], which
is consistent with the stronger microtubule localisation of IQD2 constructs containing both
MTB1 and MTB2 compared to those containing only one MTB. IQD2 may therefore serve as
the docker for anchoring KLCRs to microtubules. The presence of multiple MTBs may also
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point to other roles of IQD2 in bundling microtubules (Fig. 51 A) [296] [160].
The microtubule binding properties of the A. thaliana IQD family suggest that neither the
presence of a DUF4005 domain, nor the presence of the IQ67 domain or conserved motifs #3
to #5 are sufficient for efficient microtubule localisation of IQDs [34]. Clade III IQDs IQD4,
IQD5, IQD9, and IQD10 all possess MTB2, but not MTB1. IQD4, IQD9, and IQD10 show
weak microtubule labelling, similar to constructs of IQD2 containing only one MTB. IQD5,
on the other hand, strongly associates with microtubules. All other clade III IQDs contain
both MTBs and exhibit strong microtubule labelling. IQD15 and IQD26, both possess MTB1,
but not motifs #3 to #5 of MTB2. IQD26 shows strong microtubule labelling, while IQD15
does not. The minimal IQD protein IQD20, consisting only of the IQ67 domain, also does not
label microtubules, indicating no role for the IQ67 domain in microtubule binding. These data
point towards important roles for the conserved motifs in IQDs for microtubule binding, but
also suggest additional regulatory layers to the subcellular localisation of IQD proteins beyond
their conserved motifs. These may be located in the hyper-variable regions of IQDs, and/or be
conferred by PTMs.

3.2.2 IQD2 binds KLCRs and recruits them to the microtubule cytoskeleton

IQD2 interacted with all three KLCRs and exhibited possible preferential binding for KLCR2
in Y2H assays (Fig. 34). Fine-mapping of IQD2-KLCR1 interactions revealed that the KLCR-
binding site in IQD2 stretched from the IQ67 domain to #5, therefore overlapping with MTB2
(Fig. 35 A). Out of these motifs, motif #3 may have the strongest influence in KLCR1-
binding, while motifs #4 and #5 may contribute a supporting effect for KLCR-binding (Fig.
49). Further findings in our group suggest that specifically motifs #3 to #5 are required
for KLCR-interaction, as truncations of IQD1 missing only the conserved motifs, but not the
surrounding amino acids or the IQ67 domain could not interact with KLCRs (Bürstenbinder et
al., unpublished data). The need for specific, conserved motifs in IQD2 for KLCR1-interaction
is reminiscent of MORFs conferring protein-protein interaction in disordered scaffold proteins
[84] [75] [297]. In KLCR1, on the other hand a certain number of TPR motifs, but no one
concrete TPR motif, was sufficient for IQD2-interaction (Fig. 36). This is consistent with
previous findings on TPR domain-ligand interactions, whereby structural conservation rather
than sequence conservation is necessary for tandem-repeat proteins binding to their interactors
[49] [42] [62]. These findings suggest that the formation of an inner groove assembled by more
than three TPR motifs in sequence may be sufficient for scaffold-ligand interactions, causing
the ligand to adopt an extended conformation upon binding to the tandem-repeat protein, while
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the tandem-repeat protein remains rigid [42] [298]. The putative structural flexibility of IQD2
may allow for the required extended conformation upon binding to KLCRs. The strong positive
charge in motif #3 of IQD2 and strong negative charge in TPR motifs #7, #9, and #10 of
KLCR1 points towards these sites primarily conferring IQD2-KLCR1-binding via electrostatic
interactions (Figs. 30 and 9 A). Charge-mediated protein-protein interactions are susceptible
to high salt concentrations that disrupt the necessary electrostatic properties of the interacting
proteins [286]. The persistence of IQD2-KLCR1 interactions even in the presence of 1 M NaCl
suggests a particularly strong protein-protein interaction between the two, or a reliance on other
binding mechanisms than electrostatic forces (Fig. A.41 C).
Transient co-expression of KLCRs with IQD2 in N. benthamiana resulted in the recruitment
of all KLCRs from the cytosol to the microtubules (Figs. 37 B, A.31 B, and A.32 B),
suggesting that IQD2 functions as the docker for KLCRs to the microtubule cytoskeleton (Fig.
51 B) [39]. Interestingly, microtubule binding of MTB2 alone was abolished by KLCR-co-
expression, suggesting an out-competition and steric inhibition of microtubule association of
the central region of IQD2 by KLCRs (Figs. 37 D, A.31 D, and A.32 D). MTB1 may
therefore be crucial in anchoring IQD2-KLCR-complexes to microtubules, while KLCR-binding
may serve as a regulatory mechanism for the subcellular relocation of IQD2. The subcellular
localisation of IQD2-KLCR-complexes more closely resembled that of full-length IQD2 than
that of the C-terminus of IQD2. This suggests that rather than completely abolishing the
contribution of MTB2 to the microtubule localisation of IQD2, KLCR-interaction may still
leave this contribution partially intact. Further insights into the exact mode of binding in
IQD2-KLCR-complexes may uncover the structural mechanism by which this recruitment is
achieved. Due to challenges in acquiring high amounts of pure IQD2 for in vitro studies
(Fig. A.27), cross-linking experiments with IQD2 and different KLCRs may be the method
of choice for structural approaches, due to their lower requirements for protein amounts and
purity compared to e.g. crystallography. The simulation of crowded conditions may support
the formation of stable IQD2-complexes in vitro [293], allowing for additional experimental
investigation. Further research may also shed light onto the structural determinants underlying
the differential binding between IQD2 and different KLCRs. Direct recruitment of KLCRs to
microtubules by IQD2 may also be further investigated by performing in vitro co-microtubule-
spin-downs. The structure of KLCR-IQD mediated protein complexes on microtubules may
be investigated employing cryo-electron microscopy (EM) on in vitro assembled microtubules
incubated with KLCRs, IQD2, and their interactors.
The differential interaction between IQD2 and different KLCRs as well as the interaction of
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other clade III IQDs with KLCRs may be the basis for the formation of not just one KLCR-
IQD mediated multi-protein complex but rather a set of different, context-dependent protein-
complexes. The fact that both KLCR1 and KLCR2 could act as bridges between IQD2 and
NET3C further supports the hypothesis of a diverse set of actin-microtubule bridging complexes
mediated by KLCRs, as does the interaction of both NET3A and NET3C with KLCR1 and
KLCR2 [27]. Phosphorylation of IQDs by MPKs and other kinases has been shown for a number
of IQDs, including IQD1 and IQD2 [202] [36] [201]. Phosphorylation of both IQDs, and KLCRs
may thus serve as a regulatory mechanism for charge-mediated protein-protein interactions as
well as subcellular localisation of these proteins [36]. Phosphorylation of IQDs may additionally
induce disorder-to-order switches, as shown for human 4E-BP2 [287]. Annotated phospho-
sites in the disordered regions in IQD2 further support this hypothesis (Fig. A.29 A). The
biochemical and structural assessment of putative KLCR-IQD-NET3-complexes may shed light
on the structural properties of NET3s contributing to the assembly of extended KLCR-IQD-
modules on the actin cytoskeleton. Lastly, it would allow for insights into possible competitive
or cooperative protein-protein interactions within the KLCR-IQD-mediated protein complexes
and their putative fine-tuning by PTMs.

3.3 CaM-mediated calcium-signalling as a regulatory mechanism of
the KLCR-IQD core module

Previous work identified IQDs and KLCRs as CaM-interactors [32] [123] [36]. While IQDs
contain a canonical CaM-interacting domain in the form of the IQ67 domain, no such con-
served CaM-binding domains were known for KLCRs [123]. CaM-binding of NET3s had not
been reported previously. CaM-interaction of the three members of the PINK complex inves-
tigated in this thesis was analysed comprehensively to assess the possibility of CaM-mediated
regulation of the IQD-KLCR modules by Ca2+-signalling. CaM-pulldown experiments showed
Ca2+-dependent CaM-binding for all KLCRs, as well as NET3A and NET3C (Figs. 13 and
47 B). IQD2 was shown to interact with both apo- and holo-CaM, albeit with a lower affinity
for apo-CaM (Fig. 40), confirming previously reported findings [36]. IQD2 and KLCR1 were
shown to interact directly with AtCaM2 and AtCaM7 in GST- or His-pulldowns, exhibiting
comparative CaM-binding observed with commercially available CaM-agarose (Figs. 14 and
40), but showing a slight binding preference for CaM7 over CaM2. The interaction between
AtCaMs and KLCRs was further supported by in vivo BiFCs assays and co-IPs (Figs. 15 and
A.11). Overall, these findings firmly link three out of four contributors of the PINK-complex
to CaM-mediated signalling, thereby cementing the role of Ca2+-signalling in the regulation of
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KLCR-IQD-mediated multi-protein complex assembly and function.

3.3.1 Regulation of KLCRs by CaM-mediated calcium-signalling

KLCRs share similarity with animal KLCs in their TPR domain. Interestingly, CaM-binding
is conserved within animal KLCs and plant KLCRs. In human KLCs, CaM-binding regulates
kinesin activity by interacting with hydrophobic and basic residues in the C-terminus of KLCs
and indirectly inhibiting the ATPase activity of the associated KHC [193]. Likewise, the C-
terminus of plant KLCRs shows basic patches (Fig. 9). Bovine CaM and AtCaMs have pIs of
approx. 4.1. In pH of 7 to 8, CaMs have thus been reported to carry a net charge of -15 [257].
The surface accessibility of negatively charged residues in holo-CaM may result in binding to
polybasic regions in KLCR1 or KLCR2 by electrostatic interactions [256] (Figs. 9 A, A.3 D,
A.4 D, and A.10). CaM-mediated regulation of KLCs is subject to regulation by phosphory-
lation by blocking CaM-binding to KLCs through changes in the electrostatic environment of
the CaM-binding site [193]. As known MPK targets, KLCR-CaM-interaction may be subject
to similar modes of regulation [36]. Phosphorylation of KLCRs as a mode of regulation is fur-
ther supported by the identification of KLCRs as targets for calcium dependent protein kinases
(CDPKs), MPKs, and sugar nonfermenting kinases (SnRK), and by the presence of multiple
promiscuous kinase consensus sites in KLCR1 [93] [192]. Annotated phospho-sites in the C-
terminus and in the N-terminal disordered region of all KLCRs further supports this hypothesis
(Fig. A.29 B to D). Since the involvement of KLCRs in kinesin-mediated transport has yet
to shown, their CaM-interaction and phosphorylation points to a re-purposing of conserved
regulatory mechanisms for different tasks in the plant kingdom.
The implied importance of the C-terminus of the TPR domain in KLCR1 and KLCR2 for
CaM-interaction was confirmed by fine-mapping of their CaM-binding sites by CaM-pulldowns
with truncations of both proteins (Figs. 18 and 19). Interestingly, both KLCRs showed
CaM-binding in their C-terminus and an additional CaM-binding site in the N-terminus of their
respective TPR domain, although CaM-binding in this region was much more pronounced in
KLCR2 compared to KLCR1 (Fig. 48). CaM-binding in the N-terminal region of the TPR
domain may be caused by an artificially generated CaM-binding site as a result of truncating
the KLCRs. However, these findings agree with in silico CaM-binding site predictions, that also
suggest differential CaM-binding sites in KLCR1 and KLCR2, and therefore possible functional
diversification between different KLCRs (Figs. A.14 and A.15). The increase in apo-CaM
binding capacity in KLCR1spl compared to canonical KLCR1 suggests either a crucial role for
the C-terminal disordered tail of KLCRs in CaM-binding regulation or the accessibility of a newly
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formed CaM-binding site in this splice variant by changes in the chemical environment, as sug-
gested by in silico predictions by the CaM-target database (Fig. A.14). The former would be
similar to putative modes of regulation of the formation of KLCR-dimers by the flexible regions
within the KLCRs, and would allow for PTM-mediated fine-tuning of CaM-interactions [69].
The altered CaM-binding of KLCR1spl may allow for alterations of CaM-mediated regulation
of KLCR1 functions in a tissue-specific manner, depending on the abundance of either splice
variant.
Cross-linking experiments between KLCR1 and CaM2 largely confirmed the position of the
CaM-binding site(s) in KLCR1 observed in pulldown experiments (Fig. 23 B). The majority of
inter-molecular cross-links occurred in the C- or N-terminal flexible regions of KLCR1 and EF
hands 1 and 3 in CaM2. The intra-molecular cross-links within KLCR1 suggest close proximity
between the N- and C-terminus, making the apparent connection between CaM2 and both ter-
mini of KLCR1 more plausible (Fig. 23 A). Interestingly, the general pattern of intra-molecular
cross-links within KLCR1 is almost identical between KLCR1 alone or KLCR1 complexed with
CaM2 (Fig. A.19). This is consistent with previous observations regarding the structural
rigidity of tandem-repeat proteins when bound to ligands [52] [42]. The formation of a largely
similar pattern of inter-molecular cross-links between KLCR1 and CaM2 in the presence and
absence of 1 mM added CaCl2 is puzzling. No interaction between KLCR1 and CaM2, and
therefore no cross-links were expected in the absence of Ca2+ (Fig. A.19 B and C). Possible
explanations may be either the formation of an artificial KLCR1-CaM2 complex in the presence
of added CaCl2 due to a lack of incubation time prior to the addition of the cross-linker, the
presence of residual Ca2+ within CaM2, which was sufficient for complex formation, or the
stabilisation of a KLCR1-CaM2 complex that can still form in the absence of Ca2+ but would
be too unstable to be observed by other means or be biologically relevant. Pre-incubation
of KLCRs and CaMs with CaCl2 prior to the addition of the cross-linker would be the most
straightforward way of testing these possibilities, similar to how cross-linking-based structures
of TIR1-AUX/IAA complexes were generated with pre-incubation of TIR1 and IAA7 or IAA12
with auxin [102]. Cross-linking experiments including KLCR2 and/or CaM7 may shed light
on the structural determinants underlying differential protein-protein interactions, and therefore
their possible regulatory effects in the context of the KLCR-IQD-module.
In silico modelling was used to visualise the spatial arrangement of KLCR1 and CaM2 in KLCR1-
CaM2 complexes. Alphafold models of KLCR1 and CaM2 showed high confidence due to the
availability of good templates for derived models of both proteins (Figs. 24 and A.20). A
drawback of derived protein models is the lack of confidence when modelling flexible regions of
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proteins of interest, as seen in the termini of KLCR1, or the linker between the EF-hand domains
of CaM2. The lack of intra-molecular cross-links in CaM2 additionally complicated validation
of CaM2-models with experimental data. Intra-molecular cross-links in KLCR1 confirm the
compact fold of the TPR domain suggested by the Alphafold 2.0 database. Violated cross-links
between the C-terminus and the core of KLCR1 suggest an even more compact conformation
of the protein than represented in the model. Manual refinement of the Alphafold models using
cross-linking data as distance restraints may resolve confidence issues and produce a model of
KLCR1 with higher quality.
The generation of protein complex models produced the first data-based models of KLCR-
CaM complexes. It also showed the advantages of HADDOCK-based modelling over Alphafold
multimer. Using the experimental cross-links as distance restraints during modelling, the HAD-
DOCK models of KLCR1-CaM2 complexes agree with the fine-mapping of CaM-binding sites
in KLCR1, placing CaM2 in the C-terminus of the TPR domain of KLCR1 (Figs. 18 B and
25 A and C). Violated intra-molecular cross-links in KLCR1 and inter-molecular cross-links
between the core of KLCR1 and CaM2 may point towards a complex between a more com-
pact conformation of KLCR1 and an extended conformation of CaM, as reported for other
CaM-targets [263]. Binding energies calculated by HADDOCK suggest that electrostatic in-
teractions are the main contributor to KLCR1-CaM2 binding (Fig. A.22). This is consistent
with the regulation of CaM-binding in other TPR domain proteins by PTMs that affect surface
charge, such as phosphorylation [193]. The contribution of electrostatic interactions to KLCR-
CaM-binding may be further investigated by CaM-pulldowns in different pH conditions or salt
concentrations. CaM-pulldowns of KLCR1 in the presence of 1 M NaCl suggest high resistance
of KLCR-CaM-binding to ionic strength (Fig. A.41 A). Further experimental investigation
may provide more detailed insights. Alphafold multimer created a wide range of assemblies of
CaM2 on KLCR1. The highest ranked model placed CaM2 near the core of the TPR domain,
violating almost all experimental cross-links (Fig. 25 B and D). Taken together, these data
show that cross-linking of KLCR1 and CaM2 coupled with MD simulations via HADDOCK pro-
duced satisfactory complex models. Improved cross-linking data resulting from pre-incubation
of KLCRs and CaMs with CaCl2 prior to the addition of DSBU may bolster the confidence
of these models by providing higher quality restraints for the refinement of monomeric protein
models, and HADDOCK MD simulations. The high quality of KLCR1-CaM2 complex models
based on data from experiments without added CaCl2 suggests that the residual Ca2+ present as
a contamination in buffer solutions is sufficient to form holo-CaM-mediated protein complexes.
Cross-linking experiments with lower concentrations of CaCl2 may thus produce KLCR1-CaM2
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complexes under more physiologically relevant conditions that may represent a more natural
complex assembly [211].
Affinity measurements carried out by MST between KLCR1 and CaM2, CaM4, and CaM7
confirmed the differential binding between KLCR1 and different CaM-isoforms observed in in
vitro pulldowns (Fig. 17). The calculated KD values of 48±23 nM between KLCR1 and
holo-CaM7, 190±65 nM for holo-CaM2, and 270±109 nM for holo-CaM4 are within the phys-
iologically relevant range, but suggest preferential binding for CaM7 over CaM2 over CaM4.
Most holo-CaM binding affinities reported in literature lie between 1 and 600 nM [299] [300]
[301] [302] [123] [303], although the effects of different methods of affinity determination on
the resulting KD must be taken into account. Furthermore, different CaM-binding motifs have
different affinities for holo-CaM. Differential CaM-binding has been reported for other CaM-
targets. KCBP showed an almost twofold stronger binding affinity for CaM2 over CaM4 and
CaM6 [254]. Similar differences in target binding affinity were also described in soybean CaMs,
despite identical target profiles [252]. Differential target-affinity may provide a mode of reg-
ulation of CaM-target-interactions, either by fine-tuning the relative abundance of different
CaM-isoforms [252], or by making use of different Ca2+-binding affinities of different CaMs or
even different EF-hands in the same CaM [250] [251]. Following the latter hypothesis, affinity
measurements with different KLCRs, or in the presence of different, physiologically relevant
Ca2+-concentrations may shed light on these modes of regulation. They may also provide in-
sights into the role of CaM-mediated Ca2+-signalling on the scaffolding function of KLCRs in
KLCR-IQD-mediated protein complexes. Putative interaction of KLCRs with CMLs may serve
as an additional layer of protein complex regulation in planta, as would the tissue-dependent
regulation of the expression of different CaM- and CML-isoforms, and stress-dependent changes
in the intracellular Ca2+-signature.

Figure 48: Putative binding regions for interaction partners in KLCR1. A: Putative binding regions of
IQD2 and CaM in the TPR domain of KLCR1.
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3.3.2 IQD2 as a mediator of CaM-signalling

IQ67 domain proteins comprise one of the largest classes of plant-specific CaM-targets [32].
Their CaM-interaction is conferred by their conserved IQ67 domain and believed to be mediated
by up to three IQ motifs and a variable number of 1-5-10 and 1-8-14 motifs [32]. These
different motifs potentially allow for interaction with both apo- and holo-CaM − in contrast
to the exclusive holo-CaM interaction observed in KLCRs and NET3s. Due to their ability to
recruit apo-CaM, IQDs may play a crucial role in the recruitment of apo-CaM to KLCR-IQD
mediated protein-complexes, either as a means to rapidly confer CaM-mediated Ca2+-signals
to other complex members, as a Ca2+-dependent molecular switch, or as a Ca2+-independent
means of complex regulation by apo-CaM [198]. Y2H experiments painted a clear picture of the
CaM-binding sites in IQD2. Only constructs of IQD2 containing the IQ67 domain were capable
of CaM-interaction (Fig. 39). These experimental data agree with in silico predictions of
CaM-binding sites within IQD2, which place the highest CaM-binding score in the N-terminal
half of the IQ67 domain, followed by the very N-terminus of IQD2, the region just C-terminal
of the IQ67 domain, and lastly the C-terminus of IQD2 (Fig. A.36). They are also consistent
with previously reported CaM-binding of the IQ67 domain of IQD1 [123]. In contrast to the
IQD2-KLCR1-interaction, no difference was observed between the CaM-binding of only the IQ67
domain, or longer constructs containing this domain, suggesting that there are no additional
motifs within IQD2 contributing to the CaM-interaction.
Although no CaM-interaction was shown for the IDRs of IQD2, they may play a role in fine-
tuning the binding affinity of IQD2 for apo- or holo-CaM. Mechanisms of fine-tuning a protein-
protein interaction by the inclusion of disordered regions of varying size and composition in one
binding partner were reported in the case of the IDPs IAA7 and IAA12 in their auxin-dependent
interaction with TIR1 [102]. Similar mechanisms may be at play in IQD proteins, contributing
to differential CaM-binding of different IQDs. Additionally, IQ motifs in myosins were shown
to adopt different conformations in complex with apo- or holo-CaM, indicating possible modes
of structural regulation of IQDs by CaM-binding [289]. The abolition of apo-CaM-interaction
but retention of holo-CaM-interaction of IQD2 in the presence of 1 M NaCl suggests strong
binding between IQD2 and holo-CaM (Fig. A.41 A), consistent with previously reported
strong interaction of holo-CaM with target proteins [256]. Holo-CaM binding was reported to
be unaffected by mechanisms of disrupting electrostatic interactions, e.g. by pH or changes
in ionic strength [256] [257] [290], consistent with experimental data. Abolition of apo-CaM-
binding correlates with reported decreased interaction surfaces between apo-CaM and target
proteins, and thus likely weaker interaction [256] [263]. High ionic strength was additionally
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shown to result in destabilisation of apo-CaM [290], thus possibly limiting its interactions with
target proteins further.
IQD2 was capable of recruiting all tested AtCaM-isoforms to the microtubule cytoskeleton
(Figs. 41 B, A.37 B, and A.38 B) consistent with the microtubule localisation of other
clade III IQDs [123] [36]. IQD2 also recruited CaM2 to microtubules in in vitro microtubule
spin-downs, further confirming a direct, physical interaction between these proteins (Fig. 32).
MTB2 of IQD2 partially overlaps with the IQ67 domain, the primary CaM-binding site in IQD2.
Interestingly, CaM-binding resulted in the out-competition of microtubule binding of MTB2
when co-expressed with CaM2 in N. benthamiana (Fig. 41 D). This was not the case for
CaM4 or CaM7 (Figs. A.37 D and A.38 D), suggesting possible modes of differential CaM-
mediated regulation of the subcellular localisation of IQD2 by different CaM-isoforms. Similar
to the regulation of KLCR-scaffold functions by CaMs, this may be achieved by regulation of
the availability of different CaMs or differential Ca2+-affinities and therefore the presence of
different holo-CaMs in different cellular contexts [254] [252] [250] [251]. These findings suggest
that IQD2 may not only function as a docker for KLCRs to the microtubule cytoskeleton, but
also for different AtCaM-isoforms.
Co-expression and co-purification of IQD2 with CaM2 or CaM7 resulted in an increased yield of
soluble IQD2 compared to expression and purification of IQD2 by itself (Fig. A.27), suggesting
a stabilising effect of the IQD-CaM-interaction on IQD2, as described for other CaM-binding
proteins [237] [264]. These co-expressions may be used for future cross-linking experiments
to gain insight into the binding mode between IQD2 and different CaMs. In contrast to the
cross-linking experiments carried out with KLCR1 and CaM2, tag-removal from IQD2 may
not be possible due to the solubility-enhancing effect of the SUMO-tag used in most in vitro
assays involving IQD2 in this thesis [304]. Biochemical assays with a reduced truncation of
IQD2 encompassing only the IQ67 domain, i.e. amino acids 114 to 180, may provide further
insights into its CaM-binding potential, possible regulation of IQD2-CaM-interactions by the
IDRs of IQD2, and may allow for more detailed structural studies of differential binding between
IQD2 and different CaMs, and therefore possible modes of conferring differential CaM-mediated
Ca2+-signalling to KLCR-IQD modules.

3.3.3 Calcium-signalling as a regulator of the subcellular localisation of NET3s

Here we showed that both NET3A and NET3C specifically interact with holo-CaM (Fig.
47 B). These findings suggest an additional layer of CaM-mediated regulation of the assem-
bly and localisation of extended KLCR-IQD-NET3-modules and their localisation to the actin
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Figure 49: Putative binding regions for interaction partners in IQD2. Putative binding region of CaM in
the IQ67 domain of IQD2, KLCRs in motifs #3 to #5, and microtubules in MTB1 and MTB2. The DUF4005
domain likely confers microtubule binding in MTB1.

cytoskeleton. Given the predicted possible position of CaM-binding sites in NET3C in its C-
terminal coiled-coil domain and/or in the C-terminal half of its NAB domain, a mechanism of
regulating the actin-association of NET3s similar to how CaM- and KLCR-binding may affect
the microtubule localisation of IQDs seems plausible (Fig. A.42 A). Another possible function
more connected to CaM-binding in the coiled-coil domain may be the regulation of interac-
tions between NET3s and VAP27-1 or KLCRs, given the putative role of coiled-coil domains as
protein-protein interaction domains [209]. Alternatively, CaM-binding in the coiled-coil domain
may indirectly affect actin-binding by either masking or unmasking the NAB domain similar to
how coiled-coil domains in other proteins can affect protein-protein interactions [69]. Similarity
between in silico predictions of CaM-binding sites in NET3A and NET3C suggests possible
general modes of NET3-regulation by CaM (Fig. A.42 A and B). In animals, Ca2+-signals
are known to promote the establishment and stabilisation of EPCS [305]. Furthermore, the ER
provides a crucial intracellular Ca2+-store and EPCS have been shown to be crucial to main-
tain Ca2+-homeostasis by re-filling internal stores [224]. CaM-mediated regulation of NET3s
may therefore influence the establishment and maintenance of EPCS and may regulate Ca2+-
homeostasis in plants.
Ultimately, further research into the exact function of NET3s and a mechanistic understanding
of their interaction with VAP27-1 and actin is necessary to uncover their function in the regu-
lation of KLCR-IQD modules and gain insight into the role of CaM-mediated Ca2+-signalling
in their regulation.

3.3.4 Assembly of calcium-signalling modules by ternary interactions between KL-
CRs, IQD2, and apo-CaM

The ability of IQD2 to recruit KLCRs to apo-CaM was shown in this thesis (Fig. 42).
These data are consistent with previously reported ternary interactions between KLCRs, IQDs,
and CaM [36]. They suggest a function in the pre-assembly of Ca2+-signalling modules aided
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by IQDs. Interestingly, the co-recruitment of IQDs and KLCRs to apo-CaM also resulted in an
increase in apo-CaM-binding affinity of the respective IQDs, comparable to the affinity for holo-
CaM. Contrary to the apparent preferential interaction of IQD2 with KLCR2 over KLCR1 and
KLCR3, no strong preference in the co-recruitment of IQD2 with any KLCR became obvious in
in vitro pulldowns (Fig. 42). In vivo BiFC assays further showed recruitment of KLCR1-CaM
complexes to the microtubule cytoskeleton by IQD2, suggesting that KLCRs and CaMs may be
recruited by IQDs at the same time and that their coupled binding does not hinder microtubule
association of IQDs in planta (Figs. 44 and 51 B). While these in vivo assays likely featured
holo-CaM due to Ca2+ present in plant cells, not apo-CaM, they suggest the assembly and
subcellular recruitment of IQD-mediated Ca2+-signalling modules in planta.
Preliminary experiments assessing the concentration dependency of KLCR-IQD2 co-recruitment
to apo-CaM showed that gradual reduction of the amount of KLCRs in co-CaM-pulldowns with
constant input amounts of IQD2 resulted in a gradual decrease of the apo-CaM affinity of IQD2,
suggesting a concentration-dependent mechanism of increased apo-CaM affinity conferred by
the interaction of IQD2 and KLCRs (Fig. A.39). While the interaction of KLCRs and IQDs
may cause the increase in apo-CaM binding affinity, CaM-pulldowns in the presence of 1 M
NaCl showed that an abolition of apo-CaM-binding of IQD2 also resulted in the abolition of
the ability to co-recruit to apo-CaM with KLCR1. Possible explanations for this co-recruitment
may be that either the interaction of IQD2 and KLCR1 results in the accessibility of a combined
interaction surface for apo-CaM binding with increased affinity, or structural changes in IQD2
that result in this increased binding affinity (Fig. 50 B). Changes in the conformation of IQ-
domains of myosins complexed with holo- or apo-CaM support conformation-specific binding
mechanisms of IQD2 to CaM [289]. Alternatively IQD2 may bind to apo-CaM with its "normal"
binding affinity and subsequently recruit KLCR-dimers that can then bind an additional IQD2,
leading to an apparent increase in binding affinity that isn’t really one (Fig. 50 C). While
the former hypothesis seems more plausible, both of these hypotheses could be tested by a
structural biology approach. Cross-linking of KLCR-IQD-CaM complexes in the presence and
absence of Ca2+ may provide insights into the binding mechanisms underlying the formation
of these complexes. Similar approaches, combining cross-linking data with computational bi-
ology, and existing 3D structures of components of a protein complex, have been successfully
employed in recent years to generate 3D models of the endocytic TPLATE complex [276]. Ex-
isting crystal structures of holo- and apo-CaM and the high degree of structural conservation
between TPR domains make this a very viable endeavour [246]. The challenges posed by in
vitro handling of IQDs may also be addressed in this manner, as cross-linking was shown as a
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suitable tool for protein complex stabilisation, potentially lowering the risk of IQD-degradation
in solution [306]. The resulting structural information could be used to specifically generate
mutants of IQDs or KLCRs which are incapable of some of their protein-protein interactions,
to assess which interactions contribute to which function in planta.

To further understand the minimum required module that can still confer co-recruitment of

Figure 50: Modes of IQD-KLCR apo-CaM interaction. A: IQDs interact with apo-CaM, while KLCRs do
not. B: IQDs and KLCRs may form complexes that result in an increased apo-CaM affinity compared to single
proteins. C: IQDs may recruit KLCRs to apo-CaM. KLCR-homo-interaction may result in the recruitment of
additional KLCRs and IQDs, resulting in an apparent increase in binding affinity.

IQD2 and KLCRs to apo-CaM, the previously described truncations of IQD2 were subjected to
co-CaM-pulldowns with KLCR1. Constructs containing the IQ67 domain and conserved motif
#3 of IQD2 were capable of co-recruiting KLCR1 to apo-CaM, suggesting that amino acids
98 to 198 of IQD2 form the minimum required module for this function (Fig. 43). Those
constructs additionally containing conserved motifs #4 and #5 showed stronger apo-CaM co-
recruitment, suggesting a supporting function of these motifs, similar to how motif #3 was
sufficient for KLCR-binding of IQD2 in His-pulldowns, but motifs #4 and #5 enhanced the
binding strength (Fig. 35 A). Motifs #4 and #5 alone were not capable of co-recruiting
to apo-CaM with KLCR1, further confirming that both CaM- and KLCR-binding capacity
within IQD2 are necessary for this ternary interaction. These findings are also consistent with
the concentration dependency of IQD2-KLCR co-recruitment to apo-CaM, whereby increased
IQD2-KLCR-interaction correlated with increased affinity for apo-CaM (Fig. A.39).
Taken together, these data suggest that IQDs may function as adaptors in the formation of
ternary KLCR-IQD-CaM complexes, enforcing proximity between KLCRs and CaMs for sub-
sequent Ca2+-signal transfer between the two [37] [38]. They further point to an additional
docking function for IQDs in recruiting KLCRs and CaMs to the microtubule cytoskeleton simul-
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taneously [39]. IQDs may therefore act as scaffolds with docking function in Ca2+-signalling.
Since these interactions may be governed by electrostatic interactions, this function may be
subject to regulation by PTMs that affect the local electrostatic environment of these proteins,
such as phosphorylation [307] [36] [191]. Ca2+-dependent transition from apo- to holo-CaM
may serve as a molecular switch for changes in protein complex composition or structure. The
structural flexibility of IQDs, and the N- and C-terminal regions of KLCRs may thus serve as
a regulatory mechanism of protein complex formation by governing the steric accessibility of
certain interaction sites and surfaces [74] [94]. These data provide a starting point for further
in-depth characterisation of ternary interactions between KLCRs, IQDs, and CaMs to uncover
mechanisms of multi-protein complex formation and their regulation.

3.4 Assembly and regulation of KLCR-IQD-mediated complexes by
the interplay between docking, scaffolding, and cellular signalling

The KLCR-IQD core module serves as a central module for protein complex assembly. Its
functions can be augmented and linked to specific subcellular sites by the inclusion of other
binding partners, such as NET3s. IQDs may fulfil a dual function in KLCR-IQD-mediated
protein complex assembly. Their ability to interact with microtubules and the PM highlights
them as putative dockers of KLCR-IQD modules to these subcellular sites [34]. Their predicted
disorder and ability to bind both KLCRs and CaMs simultaneously marks them as scaffolds or
adaptors in protein complex assembly, enforcing proximity between its components and CaM
for Ca2+-signal integration. The interaction of IQDs with apo-CaM, specifically, suggests a
function in the pre-assembly of Ca2+-signalling modules for rapid signal processing. KLCRs
bind IQDs, NET3s and CaM, highlighting them as the most central coordinator of KLCR-IQD
modules that acts as a bridge between microtubule-binding and actin-binding components of
assembled protein complexes. Lastly, NET3s likely act as dockers to the actin cytoskeleton and
as adaptors to VAP27-1 and other components of the PINK complex [210] [27]. The capacity
of all investigated proteins to interact with holo-CaM suggests a crucial role for CaM-mediated
Ca2+-signalling in the regulation of the assembly, organisation, or localisation of KLCR-IQD-
mediated protein complexes (Fig. 51 C). It also points to the possibility of Ca2+-signal transfer
to other putative interactors of the these complexes, therefore acting as a cellular signalling
hub [35] [267]. As bridging complexes between both cytoskeleton components, the ER, and
the PM, cell-cycle dependent regulation of KLCR-IQD modules may be critical to their correct
function. CaM-mediated Ca2+-signalling has been implicated in cell cycle regulation in the past,
and the CaM-mediated initiation of cyclin-dependent phosphorylation has been suggested as a
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regulatory mechanism [308] [309] [219]. As cyclin-dependent kinases (CDKs) share a recogni-
tion site with MPKs (S/TP), of which both IQDs and KLCRs are known targets [36], cell-cycle
dependent PTMs may affect KLCR-IQD-mediated protein complex assembly and localisation
in different cellular contexts.
Additionally, KLCR-IQD modules may be subject to compositional diversity as a regulatory
mechanism. A. thaliana possesses 33 IQDs, of which more than ten are capable of differential
interaction with different KLCRs, and all of which are capable of of CaM-interaction (Bürsten-
binder, unpublished data). The addition of four CaM-isoforms encoded by seven genes, two
KLCRs capable of NET3-interaction [27], and two NET3s capable of KLCR-interaction [27],
suggests a vast possible array of KLCR-IQD mediated protein complexes. These complexes
may be subject to context-dependent regulation by different CaM-isoforms in different Ca2+-
signatures. Co-immunoprecipitation of KLCR-IQD-mediated protein complexes from different
plant tissues or plant cells in different stages of the cell cycle may provide insights into this
diversity. Cross-linking in cell lysates may help stabilising the more transient interactions or less
stable protein components of these complexes [306].
A structural biology approach combining x-ray crystallography, cross-linking experiments, and

Figure 51: Configurations of KLCR-IQD complex components on the cytoskeleton. A: Microtubule
bundling by IQDs. B: Recruitment of KLCRs and/or CaMs to microtubules by IQDs. C: A bridging complex
consisting of IQDs, KLCRs, and NET3s connects microtubules and actin, subject to CaM-mediated regulation.

in silico modelling may also shed light onto the structural and functional characteristics of
KLCR-IQD modules. Existing crystal structures of CaMs allow for molecular replacement for
structure elucidation by crystallography [246]. The integration of these different approaches,
and combination with cryo-EM may allow for the generation of a structural model of the whole
KLCR-IQD core module and associated proteins in the future [276]. This is further aided by
the increasing reliability of in silico structure predictions thanks to the recent advances made
by AlphaFold and AlphaFold multimer [280] [310] [278], especially when combined with MD
simulations using software like HADDOCK [281] or RosettaDock [311].
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4 Materials and Methods

4.1 Equipment and consumables

Table 3: Equipment

Device Model Manufacturer
Autoclave DX-200 Systec
Centrifuge Centrifuge 5415 D Eppendorf

Centrifuge 5424 Eppendorf
Centrifuge 5804 R Eppendorf
Centrifuge 5810 R Eppendorf
Mikro 200 R Hettich
Avanti J-26 XP Beckman Coulter
Avanti J-30 I Beckman Coulter
LE-80 Ultracentrifuge Beckman Coulter
PicoFuge Stratagene

Fluorescence imager FluorChemQ Alpha InnoTech
Gel electrophoresis Protean Mini Bio-Rad
Heating block Thermomixer C Eppendorf

Thermomixer 5436 Eppendorf
Incubator Innova 4330 New Brunswick Scientific

Innova 44 New Brunswick Scientific
Unitron Infors

Laser Scanning LSM780 Carl Zeiss
Microscopes LSM880 Carl Zeiss

LSM900 Carl Zeiss
MST device Monolith Nanotemper
PCR cycler T-Gradient Biometra

SimpliAmp Applied Biosystems
Photometer BioPhotometer Plus Eppendorf

DU800 Beckman Coulter
Infinite M200 Tecan
Infinite M1000 Tecan
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Device Model Manufacturer
Rotator Rotator Mixer Starlab
Rotors JA 30.50 Ti Beckman Coulter

JLA 8.1000 Beckman Coulter
TLA 110 Beckman Coulter

Sonicator Sonopuls TS102 & TS106 Bandelin
UV detection Gel Doc XR + Bio-Rad
Western blotting Trans-Blot SD Semi-Dry

transfer cell
Bio-Rad

4.1.1 Chromatography

Proteins were purified by (GSH) affinity chromatography, Immobilised Metal Affinity Chro-
matography (IMAC), ion exchange chromatograpyh, or SEC. Protein purifications were carried
out using an ÄKTApure Fast Protein Liquid Chromatography (FPLC) system by Cytiva, for-
merly known as GE Healthcare Life Sciences, or gravity flow columns with appropriate agarose
resin. Chromatography columns and resins were provided by GE Healthcare, Macherey-Nagel,
Serva Electrophoresis GmbH, Sigma Aldrich, or Thermo Fisher Scientific.

Table 4: Resins

Resin Method Provider
Glutathione agarose resin Affinity Serva
Protino Ni-NTA agarose IMAC Macherey-Nagel
Cobalt agarose IMAC Macherey-Nagel
CaM agarose Affinity Sigma Aldrich

Table 5: ÄKTApure columns

Column Method Size Provider
HiPrep Sephacryl S-100 HR Gel filtration 16/60 GE Healthcare
HiLoad 16/60 Superdex 75 pg Gel filtration 16/60 GE Healthcare
HiLoad 16/600 Superdex 200 pg Gel filtration 16/600 GE Healthcare
MonoQ 5/50 GL Ion exchange 1 ml GE Healthcare
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Table 6: Standards, kits, and specialised consumables

Standard/Kit/Consumable Provider
Amicon Ultra 15 ml Centrifugal Filter Merck Millipore
Roche cOmpleteTM Protease Inhibitor Cocktail Merck
GeneJET Plasmid Miniprep-Kit Thermo Fisher Scientific
GeneJET Gel Extraction and DNA Cleanup Micro Kit Thermo Fisher Scientific
Microtubule Binding Protein Spin-Down Assay
Biochem Kit

Cytoskeleton Inc.

Protein Labeling Kit RED-NHS Nanotemper
Protein Labeling Kit RED-NHS 2nd Generation Nanotemper
PageRulerTM Prestained Protein Ladder Thermo Fisher Scientific
SpectraTM Multicolor Broad Range Protein Ladder Thermo Fisher Scientific
GeneRulerTM 1 kb DNA Ladder Thermo Fisher Scientific
Cytiva AmershamTM ECL SelectTM Western Blot-
ting Detection Reagent

Thermo Fisher Scientific

Cytiva AmershamTM ECL PrimeTM Western Blot-
ting Detection Reagent

Thermo Fisher Scientific

4.1.2 Chemicals & software

All chemicals used in this thesis are commercially available and were purchased from Bio-
rad, Carl Roth, Duchefa, gibco, Merck, Miltenyi Biotec, New England Biolabs (NEB), Otto
Nordwald, QIAGEN, Serva, Sigma Aldrich, St. John’s Laboratory, Thermo Fisher Scientific, or
VWR. Primers and expression constructs were generated and analysed using the Clone Manager
Suite, the SnapGene ViewerTM, or Benchling. Primers were purchased from Eurofins Genomics.
Multiple Sequence Alignments were carried out with the help of ClustalO or Muscle using de-
fault settings, and visualised using JalView Desktop. ImageJ [312] was used to quantify protein
amounts in denaturing PAGEs and for general image processing. The HeliQuest server was
used for helical wheel projections [313]. Laser Scanning Microscopes were operated using the
Zen software provided by Zeiss. MST experimental data was processed using the MO.Control
and MO.Affinity Analysis software by NanoTemper. Statistical analyses were carried out us-
ing Graphpad PRISM [314] or MS Excel. Cross-linking LC/MS/MS data were analysed using
the software MeroX [315], and plots were generated with the xVis Crosslink Analysis Web-
server [316]. Plots generated by xVis were processed using Inkscape. 3D protein models based
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on the cross-linking data were generated using a local installation of Alphafold [310], pro-
cessed with Python, and molecular docking was carried out with HADDOCK [281] using the
cross-links as distance restraints [282]. Conserved motifs in IQD proteins were identified us-
ing the MEME suite [317] using default settings, except for a maximum window width of 67.
Protein disorder predictions were generated using the servers IUPRED [318], MFDp2 [319],
PONDR [320], PrDOS [321], and PsiPred [322]. A disorder prediction consensus was gener-
ated as the average of their respective predictions. Protein 3D models were obtained from the
Alphafold 2.0 database [269], or generated using the MODELLER server [323], and visualised
using PyMol [324]. Charge plots were generated using the EMBOSS charge tool [325]. Online
databases used in this thesis were The Arabidopsis Information Resource (TAIR) [326], the
Uniprot database [327], the CaM-target database, the Calmodulation database [328], and the
RCSB Protein Data Bank (PDB) [329]. This thesis was written using LATEX.

4.2 Buffers and media

Table 7: Buffers − protein work and purifications

Buffer Recipe
Standard buffer 50 mM Tris-HCl pH 8.0, 200 mM NaCl

His lysis buffer
Standard buffer, 10 mM imidazole, 1 mM PMSF, 1x Roche
cOmplete protease inhibitor cocktail

His wash buffer 1 Standard buffer, 25 mM imidazole
His wash buffer 2 Standard buffer, 50 mM imidazole, 1 M NaCl

His wash buffer 3
Standard buffer, 100 mM imidazole, 20 mM MgCl2, 5 mM
ATP

His elution buffer Standard buffer, 250 mM imidazole, 10 % (v/v) glycerol

GST lysis buffer
Standard buffer, 5 mM DTT or DTE, 1 mM PMSF, 1x
Roche cOmplete protease inhibitor cocktail

GST wash buffer 1 & 3 Standard buffer, 5 mM DTT or DTE
GST wash buffer 2 Standard buffer, 1 M NaCl, 5 mM DTT or DTE

GST elution buffer
Standard buffer, 5 mM DTT or DTE, 10 mM GSH, 10 %
(v/v) glycerol

A. tumefaciens infiltration
buffer

10 mM MES-KOH pH 5.3, 10 mM MgCl2, 150 µg /ml
acetosyringone
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Buffer Recipe

In vivo pulldown buffer

20 mM HEPES-KOH pH 7.5, 40 mM KCl, 1 mM EDTA, 1x
Roche cOmplete protease inhibitor cocktail, 1 mM PMSF,
10 % (v/v) glycerol, 0.1 % (v/v) Triton-X100 (only for
lysis)

CaM-binding-buffer
5.8 mM Tris-HCl pH 8.0, 2.7 mM KCl, 137 mM NaCl,
0.1 % (v/v) Tween20, 0.002 % (w/v) NaN3
optional: 1 mM CaCl2 or 5 mM EGTA if used in CaM-PDs
or MST measurements involving CaM

High-salt CaM-binding-
buffer

CaM-binding-buffer, 500 mM NaCl

Max. salt CaM-binding-
buffer

CaM-binding-buffer, 1 M NaCl

MST-buffer
50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10 mM MgCl2,
0.05 % (v/v) Tween20
optional: 1 mM CaCl2 or 5 mM EGTA if used in CaM-PDs
or MST measurements involving CaM

Cross-linking buffer
20 mM HEPES-KOH pH 7.5, 50 mM NaCl, 10 % (v/v)
glycerol

Table 8: Buffers − general utility

Buffer Recipe

4x Laemmli buffer [330]
250 mM Tris-HCl pH 6.8, 8 % (w/v) SDS, 40 % (v/v)
glycerol, 20 % (v/v) β-Mercaptoethanol, 0.02 % (w/v)
bromophenol blue

SDS-running buffer [330]
25 mM Tris-HCl pH 8.3, 192 mM glycine, 0.1 % (w/v)
SDS

Towbin buffer
25 mM Tris-HCl pH 8.3, 192 mM glycine, 20 % (v/v)
methanol, 0.1 % (w/v) SDS

Coomassie staining solu-
tion & destainer

40 % (v/v) ethanol, 10 % (v/v) acetic acid, 0.1 % (w/v)
Coomassie Brilliant Blue (for staining solution only)

PonceauS staining solu-
tion

10 ml milliQ H2O, 0.3 ml glacial acetic acid, 0.033 g Pon-
ceauS, milliQ H2O to 30 ml final volume
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Buffer Recipe

TBS(−T)
50 mM Tris-HCl pH 7.8, 150 mM NaCl, 0.1 % (v/v)
Tween20 (for TBS-T only)

PBS(−T)
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, 0.1 % (v/v) Tween20 (for PBS-T only)

Column regeneration
buffer (for Ni-NTA &
Cobalt agarose)

20 mM MES-NaOH pH 5.0, 100 mM NaCl

50x TAE buffer 2 M Tris-HCl pH 8.3, 1 M glacial acetic acid, 50 mM EDTA

DNA loading buffer
10 mM EDTA, 10 % (v/v) glycerol, 0.025 % (w/v) bro-
mophenol blue, 0.025 % (v/v) xylene cyanole

Table 9: Buffers − MS/MS analysis

Buffer Recipe
ABC solution 100 mM ammonium bi-carbonate
DTT solution 10 mM DTT in ABC solution
IAA solution 55 mM iodoacetamide in ABC solution
Trypsin solution 12.5 ng/µl trypsin in ABC solution
AspN solution 2 to 5 ng/µl AspN
TFA solution 5 % (v/v) trifluoric acid
Extraction buffer 1:2 (v/v) TFA solution in acetonitrile

Table 10: Media

Medium Recipe

Lysogene Broth (LB) [331]
1 % (w/v) Bacto Tryptone, 0.5 % (w/v) Yeast extract,
1 % (w/v) NaCl, 1.5 % (w/v) agarose (for solid medium
only)

S.O.C medium
2 % (w/v) Bacto Tryptone, 0.5 % (w/v) Yeast extract,
0.05 % (w/v) NaCl, 2.5 mM KCl, 10 mM MgCl2, 20 mM
Glucose

Terrific Broth (TB) [332]
1.2 % (w/v) Bacto Tryptone, 2.4 % (w/v) Yeast extract,
0.4 % (v/v) glycerol, 10 % (v/v) 10x KPi buffer
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Medium Recipe
10x KPi buffer 720 mM K2HPO4 · 3 H2O; 170 mM KH2PO4

YPDA medium
2 % (w/v) Difco Peptone, 1 % (w/v) Yeast extract, 0.01 %
(w/v) Adenine hemisulfate, 2 % (w/v) glucose

Drop-out media

0.68 % (w/v) YNB media, 0.5 % (w/v) glucose, appropri-
ate DO mix (DDO, TDO, QDO), 0.001 % Adenine hemisul-
fate (for DDO and TDO), 2.5 mM 3-AT (for TDO with
3-AT), 1.7 % (w/v) bacto-agar

4.2.1 Bacterial strains, cell cultures, and plant material

All recombinantly expressed proteins used in in vitro studies were expressed in E. coli strain
KRX. Plasmids were generated and amplified using E. coli strains TOP10, XLBlue, or DB3.1.
E. coli were grown in LB (for propagation) or TB (for expression) medium (Tab. 10) at
37 ◦C over night if not stated otherwise. A. tumefaciens strains GV3101 (for constructs with
kanamycin resistance) or GV3101pK (for constructs without kanamycin resistance) (Tab. 12)
were used for transient expression of (fluorescent) proteins in N. benthamiana. A. tumefaciens
were grown in LB medium at 28 ◦C for two days. N. benthamiana plants were grown under
long-day conditions (16 h light, 8 h dark) at 18 to 20 ◦C and a relative humidity of 55 to 60 %.
Soil mixed with vermiculite (1 to 2 mm) in a 4:1 ratio was used as growing substrate. Yeast
strain PJ69-4a was used for Yeast-Two-Hybrid experiments. Yeast was grown in liquid YPDA
(Tab. 10) at 30 ◦C over night or on drop-out media plates (Tab. 10) at 30 ◦C for several
days until colonies showed.

4.3 Primers

Table 11: List of primers used in this thesis. Non-gene specific overhangs are marked as italic.

Primer name Number Sequence (5’ to 3’)

IQD2 fwd 2543
G GGG ACA AGT TTG TAC AAA AAA GCA GGC TTC
CTG GTG CCA CGC GGT AGT ATG GGG AAA AAA
GCT AAA TGG TTT T

IQD2 rev 2544
GGG GAC CAC TTT GTA CAA GAA AGC TGG GTC
TCA GCT GCC TGC TCC GTT
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Primer name Number Sequence

IQD2 F1 fwd 2461
TTT GAA TTC CTG GTG CCA CGC GGT AGT ATG
GGG AAA AAA GCT AAA T

IQD2 F1 rev 2462
TTT CTC GAG CTC TAA GGA GCA GAT GAA GAT
G

IQD2 F2 fwd 2463
TTT GAA TTC CTG GTG CCA CGC GGT AGT GGT
GTT GTT CGT CG

IQD2 F2 rev 2464
TTT CTC GAG CTC TAC TCT TTA GCA TGT TTC
TGA A

IQD2 F3 fwd 2465
TTT GAA TTC CTG GTG CCA CGC GGT AGT CTA
GCT GGC TTG AAG AA

IQD2 F3 rev 2466 TTT CTC GAG CTC TAG GTC CCT CTT GCG G

IQD2 F4 fwd 2467
TTT GAA TTC CTG GTG CCA CGC GGT AGT CCA
AGA AAC AAA AAC AGT TT

IQD2 F4 rev 2468 TTT TCT AGA TTC AGC TGC CTG CT

IQD2 F9 fw 2542
G GGG ACA AGT TTG TAC AAA AAA GCA GGC TTC
CTG GTG CCA CGC GGT AGT GGT GTT GTT CGT
CGC GCT

KLCR1
pET41a(+)
fwd

2523
CGG TGA TGA CGA CGA CAA GAG TCC CAT GGG
AAT GCC AGC AAT GCC AGG

KLCR1
pET41a(+)
rev

2524
GTG GTG GTG GTG CTC GAG TGC GGC CGC TCA
GAA CTT GAA ACC GAG GC

CaM2
pET41a(+)
fwd

2525
CGG TGA TGA CGA CGA CAA GAG TCC CAT GGC
GGA TCA GCT CAC

CaM2
pET41a(+)
rev

2526
GTG GTG GTG GTG CTC GAG TGC GGC CGC TCA
CTT AGC CAT CAT AAC CTT CA
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4.4 Cloning

4.4.1 Vectors

Most protein constructs used were generated using the Gateway Cloning System [333].
Newly generated constructs were cloned into Gateway ENTR vectors and mobilised and ex-
pressed in DEST vectors. Restriction cloning was used to generate constructs in the pENTR3C
vector. Constructs in the pET41a(+) vector were generated using Circular Polymerase Exten-
sion Cloning (CPEC). All expression vectors used N-terminal affinity or fluorescence tags. Most
vectors used for transient expression in N. benthamiana expressed proteins under control of the
35S promoter. An exception to this is the pUBN-vector, using the UB10 promoter. Antibi-
otics used were kanamycin (Kan), gentamycin (Gent), carbenicillin (Carb), and spectinomycin
(Spec).

Table 12: Vectors used in this thesis.

Method Vector Tag Resistance
Gateway ENTRY vectors pENTR3C N/A 50 µg /ml Kan

pDONR207 N/A 25 µg /ml Gent
pDONR221 N/A 50 µg /ml Kan

Recombinant protein pDEST15 GST 50 µg /ml Carb
expression pDEST-N110 10xHis 50 µg /ml Carb

pDEST-SUMO 8xHis-SUMO 50 µg /ml Carb
pET41a(+) GST-6xHis 50 µg /ml Kan

Transient expression pB7WGF2 GFP 75 µg /ml Spec
in N. benthamiana pB7WGC2 CFP 75 µg /ml Spec

pGWB455N RFP 75 µg /ml Spec
pJOG393 mCherry 75 µg /ml Spec
pDEST-VYNE N-YFP 50 µg /ml Kan
pDEST-VYCE C-YFP 50 µg /ml Kan
pUBN-GFP GFP 75 µg /ml Spec

Yeast expression vectors pDEST22 Gal4 AD 50 µg /ml Carb
pDEST32 Gal4 DBD 25 µg /ml Gent
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4.4.2 PCR & Protein fragment generation

Expression constructs of IQD2 featuring an N-terminal thrombin-cleavage-site for use in the
Gateway cloning system, and constructs of KLCR1, CaM2, and CaM7 for cloning into the vector
pET41a(+) via CPEC were generated by Phusion PCR. Truncated versions of IQD2 featuring
an N-terminal thrombin cleavage-site were newly generated (Tab. 11). Truncated versions of
KLCR1 and KLCR2 had been generated previously by Dr. Paul Pflug, Dr. Dipannita Mitra, or
Anshu Khatri.

Table 13: Protein constructs

Protein AA positions Trivial name Primers Tm (◦C )
KLCR1 1 to 610 N/A 2523 & 2524 55
CaM2 & CaM7 1 to 149 N/A 2525 & 2526 55
IQD2 1 to 461 N/A 2543 & 2544 56

1 to 97 N-term 2461 & 2462 56
98 to 198 IQ67 2463 & 2464 56
199 to 327 M4+5 2465 & 2466 56
328 to 461 C-term 2467 & 2468 56
98 to 327 central 2463 & 2466 56
98 to 461 ∆N-term 2542 & 2544 56

Phusion PCR was carried out using the Phusion High Fidelity PCR kit. PCR-products were
separated via 1 % agarose gels [1 % (w/v) agarose, 1x TAE, 0.1 µg /ml DNA stain G] and
extracted according to manufacturer instructions using the GeneJET Gel Extraction and DNA
Cleanup Micro Kit.

Table 14: Phusion PCR mix and program for fragment generation

PCR: Program:
5x Phusion buffer 10 µl T (◦C ) t
40 mM dNTPs 1 µl 98 30 s
10 mM Fw primer 2.5 µl 98 10 s
10 mM Rv primer 2.5 µl Tm 30 s 30x
DNA template 1−50 µg 72 15 s/kb
Phusion polymerase 0.5 µl 72 10 min
milliQ H2O to 50 µl 4 ∞
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4.4.3 Restriction cloning

Constructs of IQD2 featuring thrombin-cleavage-sites, except full length IQD2 and IQD2∆N−term,
were cloned into the Gateway pENTR3C vector via restriction cloning. Inserts and vector were
digested with the restriction enzymes in Tab. 15.

Table 15: Restriction digest of IQD2 constructs for cloning

PCR product or vector Enzymes Exp. size [kb]
IQD2 N-term EcoRI & XhoI 0.32
IQD2 IQ67 EcoRI & XhoI 0.33
IQD2 M4+5 EcoRI & XhoI 0.42
IQD2 C-term EcoRI & XbaI 0.43
IQD2 central EcoRI & XhoI 0.72
pENTR3C EcoRI & XhoI 2.28

EcoRI & XbaI 2.27

Restriction digestions were carried out at 37 ◦C for 30 minutes (Tab. 16). FastAP was
only added for vector digestion, not insert digestion, to avoid spontaneous re-ligation. Digested
DNA products were separated by 1 % agarose gel, purified as above, and subjected to ligation
using a T4 DNA ligase by either NEB, Promega, or Thermo Fisher Scientific (Tab. 17). Molar
ratios were calculated using the NEBiocalculator (https://nebiocalculator.neb.com/).

Table 16: Restriction digest

Digest:
Plasmid DNA 1 µg
10x Thermo Scientific FastDigest Buffer 2 µl
FastDigest Restriction Enzyme(s) 1 µl each
FastAP Thermosensitive Alkaline Phosphatase 1 µl
milliQ H2O to 20 µl

10 µl of the cloning reaction were directly transformed into E. coli TOP10 as described
below. Individual colonies were picked from the plates and transferred into liquid LB medium
with vector-specific antibiotics (Tab. 12). After over-night cultivation at 37 ◦C bacteria were
subjected to plasmid preparation according to manufacturer instructions using the GeneJET
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Plasmid Miniprep Kit. Ligation products were analysed via control digest using the enzyme
combinations for cloning, and − if positive − were sent for sequencing by Eurofins Genomics
to validate fidelity of the vector insert.

Table 17: Ligation setup

Sticky end ligation:
Linear vector DNA 20-100 ng
Insert DNA 1:1 to 5:1 molar ratio over vector
10x T4 DNA Ligase Buffer 2 µl
T4 DNA ligase 1 unit
milliQ H2O to 20 µl

4.4.4 Gateway cloning

Constructs of full length IQD2 and IQD2∆N−term featuring a thrombin cleavage site in the
vector pDONR221 were generated via BP-reaction (Tab. 18). BP reaction mixes were incu-
bated at room temperature (RT) for one to two hours. 5 µl reaction mix were subsequently
transformed into E. coli TOP10. Positive clones were confirmed via control digest and se-
quencing by Eurofins Genomics. Most expression vectors were generated using the Gateway

Table 18: BP-reaction

BP-reaction:
DONR-vector 1−2 µl (approx. 150 ng)
PCR product 1−2 µl (approx. 150 ng)
BP clonase II 1 µl
TE-buffer to 10 µl

cloning system. Except for those specified above, ENTRY-vectors for most constructs were
already available. LR-reactions were carried out to mobilise expression constructs into vectors
pDEST-N110, pDEST15, or pDEST-SUMO for recombinant protein expression, into the vec-
tors pB7WGF2, pGWB455N, or pUBN-GFP for transient transformation of N. benthamiana, or
into vectors pDEST22 or pDEST32 for Y2H experiments (Tab 12). LR reactions were carried
out at RT for one to two hours and were subsequently transformed into E. coli TOP10 as
described below (Tab. 19). Positive clones were identified via control digest.
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Table 19: LR-reaction

LR-reaction:
ENTRY-vector 1−2 µl (approx. 150 ng)
DEST-vector 1−2 µl (approx. 150 ng)
LR clonase II 1 µl
TE-buffer to 5 µl

4.4.5 Circular Polymerase Extension Cloning

KLCR1, CaM2, and CaM7 were cloned into the vector pET41a(+) using the CPEC method
modified from Quan et al. [334]. Inserts were generated via Phusion PCR as described above.
The target vector was digested with restriction enzymes NcoI and NotI. PCR products and
digested vector were purified via gel extraction (see above) and subjected to Phusion PCR for
cloning (Tab. 20). Part of the PCR mix was directly used for transformation of E. coli TOP10,
and part was analysed via 1 % agarose gel to assess successful cloning. CPEC products were
analysed by control digest and − if positive − sequenced by Eurofins Genomics.

Table 20: CPEC PCR

PCR: Program:
5x Phusion buffer 10 µl T (◦C ) t
40 mM dNTPs 1 µl 98 30 s
10 mM Fw primer 2.5 µl 98 10 s
10 mM Rv primer 2.5 µl Tm 30 s 30x
DNA template 1−50 µg 72 15 s/kb
Phusion polymerase 0.5 µl 72 10 min
milliQ H2O to 50 µl 4 ∞

4.4.6 Generation of chemically competent E. coli

For the generation of chemically competent bacteria, E. coli TOP10 or KRX were culti-
vated in 50 ml LB medium without antibiotics at 37 ◦C over night. Cells were sedimented
by centrifugation for 10 min at 4 ◦C and 3,500 g. The supernatant was discarded and cells
were re-suspended in 25 ml sterile 100 mM MgCl2 and incubated for 60 min on ice. Cells were
subsequently sedimented again and the supernatant discarded. Cells were re-suspended in 25 ml
sterile 100 mM CaCl2 and incubated on ice for 60 min. Washing with CaCl2 was repeated twice
with incubation times of 45 and 30 min. Cells were finally re-suspended in 4 ml sterile 100 mM
CaCl2 in 10 % (v/v) glycerol. Cells were aliquotted into 50 µl aliquots, flash frozen, and stored
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at −80 ◦C .

4.4.7 Heat-shock mediated transformation of E. coli

50 µl chemically competent E. coli cells were thawed on ice for 5 min. Plasmid DNA or
cloning mixes were added and cells were incubated on ice for 30 min. Following 40 s of heat
shock at 42 ◦C competent cells were incubated on ice for another 2 min. 200 µl sterile LB or SOC
medium (Tab. 10) were added and the cells incubated at 37 ◦C for a minimum of one hour.
Cells were then incubated on solid LB medium (Tab. 10) containing vector-selective antibiotics
at 37 ◦C over night (Tab. 12). Colonies were picked from plates, grown in liquid medium
containing the appropriate antibiotics, and either used for expression or plasmid propagation.
pDEST-SUMO-IQD2 was co-transformed into E. coli KRX with pET41a(+)-CaM2 and -CaM7
for co-expression and -purification, as were pDEST-SUMO-KLCR1, -KLCR2, and -KLCR1spl

co-transformed with pET41a(+)-KLCR1 for co-expression and GST-pulldowns.

4.4.8 Generation of chemically competent A. tumefaciens

For the generation of chemically competent A. tumefaciens, strains GV3101 or GV3101pk
were grown in LB medium (Tab. 10) at 28 ◦C over night. Main cultures were inoculated
in 100 ml LB and grown to an OD600 of 0.5 to 1. Cells were cooled on ice and subsequently
sedimented by centrifugation at 4 ◦C and 2,700 g for 20 min. Cells were re-suspended in 5 ml
cold TE-buffer and sedimented as before. Cells were subsequently re-suspended in 1 ml 20 mM
CaCl2, incubated on ice for 30 min, and sedimented as before. Cells were then re-suspended
in 10 ml LB containing 10 % (v/v) glycerol, aliquotted into 100 µl aliquots, flash frozen, and
stored at −80 ◦C .

4.4.9 Heat-shock mediated transformation of A. tumefaciens

50 µl chemically competent A. tumefaciens cells were thawed on ice for 5 min. 5 µl of
plasmid DNA were added and cells were incubated on ice for another 30 min. Following 5 min
cold-shock in liquid nitrogen cells were heat-shocked for at 37 ◦C 3 min. Cells were then placed
on ice for 2 min. 200 µl LB medium were added and cells were grown at 28 ◦C for minimum
1 hour. Cells were incubated on solid LB containing vector-selective antibiotics (Tab. 12)
at 28 ◦C for two days. Positive colonies were validated by colony PCR using insert-specific
primers.
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4.5 Protein production

4.5.1 Protein expression

For protein expression E. coli KRX were transformed with the respective expression construct
and grown in liquid TB medium (Tab. 10) with appropriate antibiotics (Tab. 12). Pre-
cultures were grown at 37 ◦C over night. Main expression cultures were inoculated with 1:40
to 1:100 dilutions of the over-night pre-cultures and grown at 37 ◦C for two to three hours for
cold expression, or over night for warm expression (Tab. 21). Protein expression was induced
with 0.5 mM IPTG and 1.4 mM rhamnose. For cold expression cells were grown at 16 ◦C for
20 hours. For warm expression growth time was approx. four hours at 37 ◦C . The main culture
was subsequently sedimented by centrifugation for 15 min at 4,500 g. Cells were collected in
50 ml reaction tubes and either flash frozen in liquid nitrogen and stored at −20 ◦C or used
directly for protein purification.

Table 21: Expression constructs and expression conditions

Protein Vector Expression conditions
IQD2 pDEST-N110 16 ◦C , 20 h

pDEST-SUMO 37 ◦C , 4 h
IQD2 fragments pDEST-N110 37 ◦C , 4 h

pDEST-SUMO 37 ◦C , 4 h
KLCR1, KLCR2, pDEST-N110 16 ◦C , 20 h
& KLCR3 pDEST15 16 ◦C , 20 h

pET41a(+) 16 ◦C , 20 h
CaM2, CaM4, & CaM7 pDEST-N110 37 ◦C , 4 h

pET41a(+) 37 ◦C , 4 h
NET3C pDEST-SUMO 37 ◦C , 4 h
NET3A pDEST-SUMO 37 ◦C , 4 h
GST pDEST15 37 ◦C , 4 h

4.5.2 Native protein purification

For protein purification E. coli KRX cells containing the respective protein(s) were re-
suspended in appropriate lysis buffer (Tab. 7). Cell pellet from 1 litre expression culture was
filled up with lysis buffer to a total volume of 30 ml. Cell pellet from 50 ml expression culture
was re-suspended in 2 ml lysis buffer. The re-suspended cells were lysed through sonication
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(TS106, 15 min, 3 s pulse, 3 s pause, 95 % amplitude for 1 l; TS102, 2 min, no pulsation,
85 % amplitude) and the cell debris sedimented via centrifugation for 20 min at 4 ◦C above
20,000 g.
For affinity purification via gravity flow columns, 1 ml glutathione (GSH)-agarose resin (for
GST-fusions) or Ni-NTA or Cobalt agarose resin (for His-fusions) per 50 ml cell lysate were
equilibrated with ten bed volumes of the respective lysis buffer. The cleared cell lysate was
poured over the column bed repeatedly (up to three times) and the flow-through collected.
The column bed was subsequently washed three times with ten bed volumes of the respective
wash buffer(s) (Tab. 7). Bound proteins were eluted up to five times with one bed volume
elution buffer (Tab. 7). Crude extract, wash, and elution fractions were analysed via denaturing
PAGE and protein eluates were concentrated to below 5 ml for further purification steps where
necessary. For proteins that did not require further purification, buffers were exchanged by
centrifugation in Amicon Ultra Centrifugal Filters (Tab. 6) to remove imidazole or GSH and
transfer them into storage buffers containing 10 % (v/v) glycerol. Tandem affinity purification
was carried out to produce pure GH-KLCR1, GH-CaMs, or for co-purification of HS-IQD2 with
GH-CaMs. Two steps of affinity purification, one via Ni-NTA agarose, one via GSH-agarose,
were performed as described above, followed by SEC for GH-KLCR1 and GH-CaMs. Purification
buffers for co-purification of HS-IQD2 and GH-CaMs consistently contained 1 mM CaCl2.
For the generation of tag-free KLCR1 or Calmodulin, GH-KLCR1 or -CaM2 were purified via
Ni-NTA agarose as described above. The elution fractions containing the protein of interest
(POI) were then immobilised on GSH-agarose and incubated with 50 U thrombin at 4 ◦C for
two hours. Three POI fractions were collected and immediately subjected to SEC for thrombin
removal.

4.5.3 Chromatography

Proteins were subjected to size exclusion chromatography (SEC) using an ÄKTA pure FPLC
system. KLCRs and full length IQDs were purified via a HiLoad 16/600 Superdex 200 pg
column, CaM2, CaM4 and IQD fragments either via a HiPrep Sephacryl S-100 HR column
and CaM7 via a HiLoad 16/60 Superdex 75 pg column. Chromatography buffer was chosen
according to experimental needs. For binding assays, proteins were purified in CaM-binding-
buffer and for cross-linking and microtubule spin-downs assays in cross-linking buffer (Tab. 7).
In addition to purification, SEC was used to assess the apparent molecular weight of proteins via
their Stokes’ radii [335], relative to their expected molecular weight, which indirectly provides
information regarding their folding or multimerisation status.
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After SEC, elution fractions were assessed via denaturing PAGE (see below), fractions containing
the protein of interest were combined and concentrated by centrifugation in Amicon Ultra
Centrifugal Filters (Tab. 6) as needed. Protein concentrations were determined in denaturing
PAGEs via BSA calibration or measured in a UV/vis photo-spectrometer.

4.5.4 Denaturing polyacrylamide gel electrophoresis (PAGE)

Purified protein samples and samples from in vitro biochemical assays were analysed via
denaturing PAGE [336]. Gels containing 10 %, 12 %, or 15 % polyacrylamide were used.
Recipes for 12 ml separating gel solution and 5 ml stacking gel solution sufficed for two gels
(Tab. 22).

Protein samples were denatured in 4x Laemmli buffer (Tab. 8) by boiling at 95 ◦C for

Table 22: Recipe − SDS-PAGEs

Components 10 % 12 % 15 % 18 % 4.5 %
milliQ H2O 5.0 ml 4.20 ml 3.0 ml 1.80 ml 3.0 ml
30 % acrylamide/bisacrylamide 4.0 ml 4.80 ml 6.0 ml 7.20 ml 0.75 ml
1.5 M Tris-HCl pH 8.8, 0.4 % SDS 3.0 ml 3.0 ml 3.0 ml 3.0 ml −
0.5 M Tris-HCl pH 6.8, 0.4 % SDS − − − − 1.25 ml
Optional: Trichloroethanol (TCE) 60 µl 60 µl 60 µl 60 µl −
10 % APS 60 µl 60 µl 60 µl 60 µl 20 µl
TEMED 13 µl 13 µl 13 µl 13 µl 16 µl

five minutes. PAGEs were run in SDS running buffer (Tab. 8). Gels were either stained
in Coomassie staining solution (Tab. 8) and destained in the same solution sans Coomassie
Brilliant Blue (CBB), or subjected to semi-dry western blotting. TCE in-gel fluorescence was
used for fluorescent detection of proteins with sufficient tryptophan content in gels under UV
light after short incubation with UV light. For higher staining sensitivity, PAGEs were subjected
to silver staining by incubation in water for 30 min, followed by 10 min incubation in destaining
solution (Tab. 8). Gels were subsequently incubated for 5 min in 50 % (v/v) ethanol, 2 min
in Sensitiser [0.02 % (w/v) Na2S2O3 · 5 H2O], and 2 min in water. For staining, gels were
incubated for 20 min in ice-cold 0.1 % (w/v) AgNO3, washed twice with water, and developed
with Developer solution [2 % (w/v) Na2CO3, 0.04 % (v/v) 37 % CH2O, 4 % (v/v) sensitiser]
by incubation for 1 min upwards.
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4.5.5 Semi-dry Western blotting

For semi-dry Western blotting, gels from denaturing PAGEs, four slices of Whatman paper,
and one piece of nitrocellulose membrane were equilibrated in Towbin buffer (Tab. 8). Sub-
sequently a stack of two pieces of Whatman paper, the nitrocellulose membrane, the gel, and
two pieces of Whatman paper (bottom to top) was placed in a semi-dry blotter. The blot was
run for a minimum of one hour at 20 to 25 V. Subsequently, the blot was disassembled and
the membrane stained with PonceauS (Tab. 8) to control for successful protein transfer. The
membrane was blocked with 2 % (w/v) BSA and 2 % (w/v) milk powder in TBS (Tab. 8).
Appropriate (primary) antibodies (Tab. 23) were added in blocking solution, and the blot was
incubated at 4 ◦C over night.
For protein detection or addition of the secondary antibody, blots were washed three times for
10 min with TBS-T, and once for 5 min with TBS. Afterwards, proteins were either directly
detected, or − if necessary − a secondary antibody was added in 2 % (w/v) BSA and 2 %
(w/v) milk powder in TBS. Blots were incubated with secondary antibodies for a minimum of
one hour and subsequently washed as described before. Horseradish peroxidase (HRP) coupled
antibodies were used for chemi-luminescence detection in a fluorescence imager using the Cytiva
AmershamTM kits (Tab. 6). 1:1 mixtures of the ECL SelectTM and the ECl PrimeTM kit were
used to optimise detection quality.

Table 23: Antibodies

Antibody Detection method Dilution Manufacturer
Cat.
Number

His-Antibody HRP 1:10,000 Miltenyi Biotec
130-092-
785

Anti-GST-Tag
antibody

− 1:5,000
St. John’s Labora-
tory

STJ96909

Anti-mouse IgG HRP 1:20,000 Sigma Aldrich A9044

4.5.6 Protein identification via LC/MS/MS

Tag-free KLCR1 and CaM2 were subjected to protein identification via LC/MS/MS by Dr.
Susanne Matschi and Carsten Proksch. Proteins were digested with trypsin and desalted as
described by Majovsky et al. [337]. Dried peptides were dissolved in 5 % (v/v) ACN, 0.1 %
(v/v) TFA, and 2 µg were injected into an EASY-nLC 1000 liquid chromatography system
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(Thermo Fisher Scientific). Peptides were separated using liquid chromatography C18 reverse
phase chemistry employing a 120 min gradient from 5 % to 40 % (v/v) ACN in 0.1 % (v/v) TFA,
and a flow rate of 250 nl/min. Eluted peptides were electrosprayed on-line into a QExactive
Plus mass spectrometer (Thermo Fisher Scientific). The spray voltage was 1.9 kV, the capillary
temperature 275 ◦C and the Z-Lens voltage 240 V. A full MS survey scan was carried out with
chromatographic peak width set to 15 s, resolution 70000, automatic gain control (AGC) 3E+06
and a max injection time (IT) of 100 ms. MS/MS peptide sequencing was performed using a
Top10 TDA scan strategy with HCD fragmentation. Mass to charge ratios (m/z) between 400
and 1300 of tryptic peptides of KLCR1 or CaM2 bearing up to 3 charges and tolerating up to 2
missed cleavages with fixed carbamidomethyl modification of cysteine and variable methionine
oxidation were placed on the inclusion list. The machine was programmed to pick ions if none
of the specified were present. MS/MS scans were acquired with resolution 17500, AGC 5E+04,
IT 50 ms, isolation width 1.6 m/z, normalized collision energy 28, under fill ratio 3 %, dynamic
exclusion duration 20 s, and an intensity threshold of 3E+04. Peptides were identified using the
Mascot software v2.5.0 (Matrix Science) linked to Proteome Discoverer v1.4 or 2.1 (Thermo
Fisher Scientific). A precursor ion mass error of 5 ppm and a fragment ion mass error of
0.02 Da were tolerated in searches of the TAIR database amended with common contaminants.
Carbamidomethylation of cysteine (C) was set as fixed modification and oxidation of methionine
(M) was tolerated as a variable modification. A spectrum (PSM), peptide and protein level
false discovery rate (FDR) was calculated for all annotated PSMs, peptide groups and proteins
based on the target-decoy database model. PSMs, peptide groups and proteins with scores
surpassing the significance threshold of α = 0.05 were considered identified.

4.6 Biochemical assays

4.6.1 In vitro pulldown assays

Pulldown assays were carried out in CaM-binding-buffer (Tab. 7) (unless otherwise spec-
ified) to qualitatively assess protein-protein interactions. GST-tagged proteins immobilised on
GSH-agarose [338] or His-tagged proteins immobilised on Ni-NTA agarose were used to capture
putative binding partners, or commercially available CaM-agarose was used to assess CaM-
binding ability [274]. For pulldowns, E. coli KRX containing the proteins of interest were lysed
in CaM-binding buffer and cell debris was sedimented as described previously. Alternatively, pu-
rified protein was used for pulldowns where specified. CaM-pulldowns of tag-free KLCR1 were
carried out in cross-linking buffer. Pulldowns were carried out in High salt buffer containing
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500 mM NaCl to reduce unspecific electrostatic interactions where specified (Tab. 7). NaCl
concentration was increased to 1 M to fully disrupt electrostatic interactions with Max. salt
buffer (Tab. 7).
For CaM-pulldowns, CaM-agarose was equilibrated with assay buffer containing either 1 mM
CaCl2 or 5 mM EGTA. Cleared cell lysate(s) or protein solution(s) containing CaCl2 or EGTA
were added to the agarose and incubated at 4 ◦C for one hour to over night. The agarose was
sedimented via centrifugation for 5 min at 500 g and 4 ◦C and washed three times with ten
bed volumes of the appropriate assay buffer composition. Proteins were "eluted" by boiling the
agarose in one bed volume 2x Laemmli buffer for 5 min. Protein samples were assessed via
denaturing PAGE and semi-dry Western blotting.
For GST- and His-pulldowns, GSH- or Ni-NTA agarose was equilibrated with CaM-binding buffer
(containing 10 mM imidazole in the case of His-pulldowns). Cleared cell lysate(s) or protein
solution(s) containing a GST- or His-tagged protein of interest (POI) (and − if applicable −
a binding partner of interest) were added to the agarose and incubated at 4 ◦C for at least
two hours to over night. If the binding partner of interest was not already present in the initial
setup, the agarose was sedimented as described above, washed three times, and incubated over
night with cell lysate(s) or protein solution(s) containing the binding partner(s) of interest if
necessary. Washing, "elution", and analysis were carried out as described for CaM-pulldowns.
GST alone was used as a negative control during GST-pulldowns or when GST-tagged proteins
were pulled down in His-pulldowns.

4.6.2 In vivo pulldowns

In vivo pulldowns were carried out by Gina Stamm to qualitatively assess protein-protein
interactions under natural conditions. For in vivo pulldowns, N. benthamiana material was
ground to a fine powder in liquid nitrogen followed by re-suspension in In vivo pulldown buffer
(Tab. 7). Cell debris was sedimented by centrifugation at 4 ◦C and 15,000 g for 10 min.
The resulting supernatant was centrifuged again to remove residual cell debris. RFP-traps were
equilibrated in in vivo pulldown buffer by washing five times with five bed volumes of buffer.
The cleared plant cell lysate was incubated with equilibrated RFP-traps at 4 ◦C for 12 to 16
hours. After incubation, the beads were washed five times with PBS-T (Tab. 8). After the last
washing step, bound proteins were "eluted" and analysed as described for in vitro pulldowns.
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4.6.3 Microscale Thermophoresis (MST)

Microscale Thermophoresis was carried out on a Nanotemper Monolith in order to assess
protein binding affinities [275]. His-KLCR1 was labelled using the Monolith Protein Label-
ing Kit RED-NHS or Monolith Protein Labeling Kit RED-NHS 2nd Generation according to
manufacturer instructions to achieve optimum labelling efficiency. Concentration of labelled
protein and degree of labelling (DOL) were determined using a UV/vis photo-spectrometer
(Tab. 24). Measurements were performed in CaM-binding-buffer (Tab. 7) containing 1 mM
CaCl2 or 5 mM EGTA. Premium Coated Capillaries provided by Nanotemper were used due to
target protein adhesion to Standard Capillaries. Experiments were carried out according to the
instructions provided by the MO.Control software used for operating the Monolith.

Table 24: MST labelling results

Protein Concentration [µM ] DOL
His-KLCR1 2.2 to 6.9 0.77 to 1.33

4.6.4 Chemical cross-linking

Chemical cross-linking was carried out to stabilise protein complexes and to gain insight into
regions conferring interaction. Cross-linking was performed according to a protocol established
in the group of Prof. Andrea Sinz [277]. Proteins were chemically cross-linked using the
cleavable cross-linker DSBU/BuUrBu, a molecule of 12.5 Å length. Due to DSBU’s reactivity
with primary amines, cross-linking reactions were carried out in a HEPES-based cross-linking
buffer (Tab. 7). If CaMs were involved in cross-linking reactions, the buffer was supplemented
with 1 mM CaCl2. Concentrations of proteins were adjusted to 5 µM and subsequently mixed
in a 1:1 molar ratio with one another and 30x or 100x molar excess of DSBU in DMSO. The
mixtures were incubated at RT for one hour, three hours, or four hours, and subsequently
analysed via 10 or 12 % denaturing PAGE.
Tryptic digest and LC/MS/MS analysis of the cross-linking results were carried out by Dr.
Christain Ihling according to the following protocol: Solutions were used as specified above
(Tab. 9). Stained SDS-gels were washed with water for 30 min. Stained bands corresponding
to the cross-linking products were excised, cut into cubes of 1 mm size, and sedimented. Gel
pieces were incubated with 500 µl acetonitrile (ACN) for 10 min at RT. After liquid removal,
gel pieces were incubated in 50 µl DTT solution for 30 min at 56 ◦C , followed by addition of
500 µl ACN and 10 min incubation at RT. After liquid removal, 50 µl IAA solution (Tab.9)
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were added and gel pieces incubated at RT in the dark for 20 min, followed by addition of
500 µl ACN and 10 min incubation at RT and liquid removal. The remaining gel pieces were
incubated in 100 µl ABC/ACN (1:1) and incubated for 10 to 30 min. After addition of 500 µl
ACN and 10 min incubation at RT all liquid was removed.
For digestion 78 µl ABC solution were mixed with 40 µl AspN solution. 20 µl of the resulting
solution were added to the gel pieces and incubated at 4 ◦C over night. After incubation at
37 ◦C for 4 hours, the gel pieces were incubated with trypsin as described for the AspN solution
at 4 ◦C for 4 hours. Gel pieces were then incubated with 80 µl extraction buffer at 37 ◦C
for 15 min. Solid components were sedimented and the supernatant subjected to LC/MS/MS
analysis.

4.6.5 LC/MS/MS analysis of cross-linking data

Digested samples were analyzed by LC/MS/MS using an UltiMate 3000 RSLC nano-HPLC
system (Thermo Fisher Scientific) coupled to a timsTOF Pro mass spectrometer equipped with
CaptiveSpray source (Bruker Daltonics). Peptides were trapped on a C18 column (pre-column
Acclaim PepMap 100, 300 tµm x 5 mm, 5 µm , 100 Å (Thermo Fisher Scientific) and separated
on a µPAC 50 column (PharmaFluidics). After trapping, peptides were eluted by a 90 min
water-ACN gradient from 3 % (v/v) to 35 % (v/v) ACN at a flow rate of 600 nl/min.
For the timsTOF Pro settings, the following parameters were adapted, starting from the PASEF
method for standard proteomics: Scan range was set between 0.6 and 1.6 Vs/cm2 with a ramp
time of 166 ms. 14 PASEF MS/MS scans were triggered per cycle (2.57 s) with a maximum
of 7 precursors per mobilogram. Precursor ions in an m/z range between 100 and 1700 with
charge states greater or equal to 2+ and greater or equal to 8+ were selected for fragmentation.
Values for mobility-dependent collision energy ramping were set to 95 eV at an inverted reduced
mobility (1/k0) of 1.6 Vs/cm2 and 23 eV at 0.73 Vs/cm2. Target intensity per individual PASEF
precursor was set to 20,000. Active exclusion was enabled for 0.4 min (mass width 0.015 Th,
1/k0 width 0.015 Vs/cm2).
Cross-links were identified using the MeroX software with the following settings: Proteolytic
cleavage C-terminal at Lys and Arg, and N-terminal at Asp and Glu; peptide lengths of 4 to 50
amino acids; modifications: alkylation of Cys by IAA, oxidation of Met; cross-linker specificity
Lys, Ser, Thr, Tyr, N-terminus; search algorithm in RISEUP mode; precursor mass accuracy
of 15 ppm; fragment ion mass accuracy of 20 ppm; signal-to-noise ratio greater 1.5; precursor
mass correction enabled; 10 % intensity as pre-score cutoff; 1 % false-discovery rate cutoff;
minimum score of 60. The resulting cross-linking files were visualised as bar plots or circle plots
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using xVis.

4.6.6 In silico modelling of KLCR1-CaM2 complexes

Protein complex models were generated and curated by Dr. Christian Tüting. All analyses
were carried out with Python. Models were curated using PyMol [324]. Monomeric models
of KLCR1 and CaM2 were generated using a local installation of Alphafold v2.2 with default
parameters. Residues with an lDDT below 50 were removed for subsequent analysis. The HAD-
DOCK web server 2.2 (guru interface) was used for docking, generating dimeric structures of
KLCR1-CaM2 complexes. Cross-links were defined as unambiguous distance restraints between
the Cα-atoms of the cross-linked amino acid residues with a permitted distance of 0 to 30 Å.
Cluster analysis was performed with a custom Python script. Cα distances were determined
by extracting the coordinates of each Cα atom from the .pdb files generated by Alphafold or
HADDOCK. Distances d were calculated as

d =
√
(x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2.

A cross-link was considered satisfied with a Cα-distance d below 30 Å.

4.6.7 Microtubule spin-down assays

Microtubule spin-down assays were performed with purified GH-KLCR1, GH-CaMs, HS-
IQD2, and tag-free KLCR1 according to the protocol provided in the "Microtubule Binding
Protein Spin-Down Assay Biochem Kit" by Cytoskeleton Inc. (BK029). For qualitative spin-
downs, instructions were followed, using 2 or 5 µg purified protein, except in the case of HS-
IQD2/GH-CaM2. Because no exact protein concentrations of HS-IQD2 could be determined,
the protein solution after affinity purification was mixed with tubulin either without prior dilution,
or diluted 1:1 in CaM-binding buffer. Ultracentrifugation was carried out at 50,000 g.
For concentration curves, microtubule concentration in the microtubule stock solution was
doubled by diluting two 20 µl tubulin aliquots after polymerisation in General Tubulin Buffer
(GTB) with taxol, and decreasing the amount of GTB added from 200 to 180 µl accordingly.
BSA and a MAPF fraction were used as negative and positive controls, respectively, according
to the kit’s instructions.
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4.6.8 GAL4 Yeast-two-hybrid (Y2H) experiments

For Y2H experiments S. cerevisiae PJ69-4a was inoculated in YPDA medium (Tab. 10)
and grown at 30 ◦C over night to an OD600 of 0.5 to 1.0. Cells were harvested by centrifugation
at 3,500 g for 5 min. Yeast cells from 50 ml liquid cultures were and washed twice with sterile
H2O (10 ml and 1 ml) and once with 1x TE/LiOAc [10 mM Tris-HCl pH 7.5, 1 mM EDTA,
100 mM LiOAc] (1 ml) before re-suspension in 0.25 ml 1x TE/LiOAc. 20 µl yeast cell suspension
was mixed with a 5 g/l stock ssDNA to a final concentration of 0.83 g/l ssDNA and the entire
mixture incubated with a 1:1 mixture of AD- and DBD-fusion constructs for co-expression
amounting to 100 ng vector DNA per construct. Subsequently 100 µl PEG solution [10 mM
Tris-HCl pH 7.5, 1 mM EDTA, 100 mM LiOAc, 40 % (v/v) PEG4000] were added to the
mixture. Cells were incubated at 30 ◦C for one hour followed by heat-shock at 42 ◦C for
15 min. Cells were sedimented, 100 µl liquid removed, washed with 180 µl 1x TE [10 mM Tris-
HCl pH 7.5, 1 mM EDTA], followed by immediate removal of 130 µl solution and re-suspension
in the remaining solution. 10 µl of the remaining solution were plated on vector-selective DDO
medium and grown at 30 ◦C over night or for several days until single colonies showed. Single
colonies were picked and grown at 30 ◦C over night in 1x TE. 10 µl of the cell-suspension were
spotted on DDO (SD/-Leu/-Trp) medium, and interaction selective TDO (SD/-Leu/-Trp/-
His) medium with medium stringency, or QDO (SD/-Leu/-Trp/-His/-Ade) medium with high
stringency, and grown at 30 ◦C until colonies showed.

4.7 Microscopy

4.7.1 Transient transformation of N. benthamiana

For transient expression of fluorescent proteins in N. benthamiana leaves, A. tumefaciens
GV3101 or GV3101pK containing the desired constructs or the silencing inhibitor p19 (kanamycin)
were grown at 28 ◦C in LB medium containing the appropriate antibiotics (Tab. 12) and ri-
fampicin for two days prior to infiltration. Cells were sedimented by centrifugation at 9,3000 g
for 2 min, washed twice with infiltration buffer (Tab. 7), and re-suspended in infiltration buffer.
Cells containing the constructs for transient (co-)expression were mixed with equal amounts of
p19 (e.g. GFP-IQD2 with one equivalent of p19, GFP-IQD2 together with RFP-KLCR1 with
two equivalents p19), and the total concentration adjusted to between an OD600 of 0.5 and 1.0.
For BiFC, OD600s of all BiFC constructs were adjusted to exactly 0.5, while CFP-IQD2 was
adjusted to an OD600 of 1.0 due to lower fluorescence strength. Diluted cells were incubated
at 18 ◦C for one hour and subsequently infiltrated into the abaxial side of N. benthamiana
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leaves using 2 ml syringes. Fluorescence images were taken after two or three days for transient
(co-)expressions and after two days for BiFC experiments.

4.7.2 Confocal laser scanning microscopy (LSM)

Leaf discs were excised from infiltrated leaf areas and mounted in water. Fluorescence
images were recorded using an LSM780, LSM880, or LSM900 inverted confocal laser scanning
microscope, using a 40x water immersion objective or a 10x objective. GFP fluorescence was
excited with a 488 nm laser, and detected with a band-pass filter between 493 and 535 nm.
RFP and mCherry fluorescence were excited with a 561 nm laser and detected between 570
and 633 nm. CFP fluorescence was excited with a 405 nm laser and detected between 463 and
493 nm, and YFP fluorescence was excited with a 514 nm laser and detected between 531 and
620 nm. Channels were recorded in the sequential scanning mode at a resolution of 1024 x
1024 pixels. Z-stacks were generated with an aperture adjusted to one airy unit (AU) and the
corresponding optimal interval suggested by Zeiss’ Zen software. The T-PMT channel served
as a pseudo-bright field channel.
Images were analysed and processed using Fiji/ImageJ. Brightness and contrast were adjusted
via their lookup tables. Where necessary, channels were split using the "image/color/split
channels" option and merged via the "image/color/merge channels" function. Z-stacks were
generated as maximum intensity projections using the "image/stacks/Z project/" option. Scale
bars were added via the "analyze/tools/scale bar" option. Fluorescence profiles were generated
along a line inserted into the image, fluorescence intensities read out via the "analyze/plot
profile" option, and analysed via MS Excel. For BiFC, all images were recorded and processed
identically.
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A Appendix

Figure A.1: Alignment of KLCR1, KLCR2, and KLCR3. The alignment was generated with the Clustal
Omega algorithm using default parameters and displayed in Jalview. Non-polar amino acids are coloured yellow,
polar ones in green. Acidic amino acids are coloured in red, basic ones in blue.
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Figure A.2: Gene model of KLCR1 and its splice variant. Untranslated regions are depicted in blue, exons
as yellow boxes, and introns in black.

Figure A.3: In silico analysis of KLCR2. A: Schematic representation of KLCR2. TPR motifs are depicted
as green boxes. First and last amino acid position are provided above and below each motif. B: Disorder
prediction of KLCR2 with the protein schematic superimposed. A disorder propensity above 0.5 is considered
to be likely disordered, while value below 0.5 suggests an ordered secondary structure. C: Alphafold 2.0 model
of KLCR2 in cartoon presentation. Helices are coloured green, while loops are coloured grey. D: Charge plot
of KLCR2 generated with the EMBOSS charge tool superimposed with the protein schematic. E: "Top down"
view of the model shown in C, showing the inner cylinder formed by KLCR2.
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Figure A.4: In silico analysis of KLCR3. A: Schematic representation of KLCR3. TPR motifs are depicted
as green boxes. First and last amino acid position are provided above and below each motif. B: Disorder
prediction of KLCR3 with the protein schematic superimposed. A disorder propensity above 0.5 is considered
to be likely disordered, while value below 0.5 suggests an ordered secondary structure. C: Alphafold 2.0 model
of KLCR3 in cartoon presentation. Helices are coloured green, while loops are coloured grey. D: Charge plot
of KLCR3 generated with the EMBOSS charge tool superimposed with the protein schematic. E: "Top down"
view of the model shown in C, showing the inner cylinder formed by KLCR3.
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Figure A.5: Analysis of His-KLCR2 regarding homo-dimerisation. A: 15 % SDS-PAGE of affinity purifi-
cation of His-KLCR2 via Ni-NTA agarose. His-KLCR2 is marked with a red asterisk. B: 15 % SDS-PAGE of
the marked peak from C after silver staining. His-KLCR2 is marked with a red asterisk. C: Chromatogram of
SEC of His-KLCR2 on HiLoad 16/600 Superdex 200 pg showing absorption at 280 nm (blue), absorption at
260 nm (violet), and conductivity (orange) plotted against the retention volume. The peak corresponding to
His-KLCR2 is marked with a black arrowhead.
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Figure A.6: GST-pulldown of His-KLCR1 with GST-KLCR1. Western blot of 15 % SDS-PAGE of GST-
pulldown of His-KLCR1 with GST-KLCR1 or GST as negative control. Protein of interest are marked with
black arrowheads. i: input, w: wash, bb: bead-bound.

Figure A.7: Uncropped western blots from Fig. 11. Western blots of GST-pulldowns of HS-KLCR1,
-KLCR2, and KLCR1spl with GH-KLCR1 (A) or GH as negative control (B). Blue asterisks mark the bait
constructs, red asterisks the prey constructs. i: input, w: wash, bb: bead-bound.
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Figure A.8: BiFC of TRM1 and TON1 control in N. benthamiana leaves. Co-expression of VYCE-TRM1
and VYNE-TON1 (A) or VYNE-TRM1 and VYCE-TON1 (B) with high and low expression strength. YFP
signal indicates protein interaction, while the T-PMT channel acts as a pseudo bright-field image. Scale bars
represent 50 µm . The same TRM1-TON1 positive control was used for all BiFC experiments.
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Figure A.9: Alignment of all A. thaliana CaM isoforms. The alignment was generated with the Clustal
Omega algorithm using default parameters and displayed in Jalview. Non-polar amino acids are coloured yellow,
polar ones in green. Acidic amino acids are coloured in red, basic ones in blue.
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Figure A.10: Charge plots of BtCaM, AtCaM2, and AtCaM7. Bovine CaM (A), AtCaM2 (B), and
AtCaM7 (C) are characterised by a strong negative charge throughout most of the protein sequence, except for
a short patch of positive charge in the linker between the EF-hand domains. The negative charge of EF-hands
1 and 3 is less pronounced than that of EF-hands 2 and 4. Charge profiles do not differ between different CaMs
due to their high sequence identity.
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Figure A.11: Co-IP of KLCR1 with CaM2 from N. benthamiana leaves. Western blot of co-IP of GFP-
KLCR1 with RFP-CaM2 using RFP-trap beads in the presence or absence of Ca2+. Expected positions of
GFP-KLCR1 and RFP-CaM2 are marked with black arrowheads. Co-IPs were carried out by Gina Stamm.
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Figure A.12: Purification of His-CaM4. A: 15 % SDS-PAGE of crude extract (ce), wash fractions (w1
to w3), and elution fractions (e0 to e4) after affinity purification via Ni-NTA agarose. His-CaM4 is marked
with a red asterisk. B: 15 % SDS-PAGE of peak fractions of SEC of His-CaM4. His-CaM4 is marked with a
red asterisk. C: Chromatogram of SEC of His-CaM4 on a HiPrep 16/60 Sephacryl S100 HR column showing
absorption at 280 nm (blue), 260 nm (violet), and conductivity (orange) plotted against the retention volume.
The fractions analysed in B correspond to the peak at 61.58 ml.
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Figure A.13: Purification of His-CaM7. A: 15 % SDS-PAGE of crude extract (ce), wash fractions (w1 to
w3), and elution fractions (e0 to e4) after affinity purification via Ni-NTA agarose. His-CaM7 is marked with
a red asterisk. B: 15 % SDS-PAGE of peak fractions of SEC of His-CaM7. His-CaM7 is marked with a red
asterisk. C: Chromatogram of SEC of His-CaM7 on a HiLoad 16/60 Superdex 75 column showing absorption at
280 nm (blue), 260 nm (violet), and conductivity (orange) plotted against the retention volume. The fractions
analysed in B correspond to the peak at 68.39 ml.
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Figure A.14: CaM-binding score of KLCR1. CaM-binding scores from the Calmodulation database (ma-
genta) or the CaM-target database (blue and green) plotted against the amino acids sequence of KLCR1
superimposed with the protein schematic. The green peak represents a difference in CaM-binding score in the
CaM-target database between KLCR1 and its splice variant.

Figure A.15: CaM-binding score of KLCR2. CaM-binding scores from the Calmodulation database (ma-
genta) or the CaM-target database (blue) plotted against the amino acids sequence of KLCR2 superimposed
with the protein schematic.
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Figure A.16: Cross-linking of KLCR1 and KLCR2. 12 % SDS-PAGE of cross-linking results of 5 µM
GST-KLCR1 (K1) and GST-KLCR2 (K2) either by themselves or mixed together after one or four hours of
incubation without cross-linker (ø) or with 100- or 30-fold molar excess of cross-linker DSBU. Expected position
of GST-tagged KLCRs is marked with a black arrowhead.
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Figure A.17: Generation of tag-free CaM2. A: 12 % SDS-PAGE of wash (w1 to w3) and elution (e0 to e5)
fractions of affinity purification of GST-His-CaM2 (GH-CaM2) via Ni-NTA agarose. GH-CaM2 is marked with
a red asterisk. B: 12 % SDS-PAGE of flow-through (Ft), wash (w1 to w3) and protein-of-interest (POI1 to
POI3) fractions after tag-removal from GH-CaM2. C: SEC of tag-free CaM2 on HiLoad 16/600 Superdex 200
pg. The peak corresponding to CaM2 is marked with a black arrowhead. D: 12 % SDS-PAGE of peak fractions
of the SEC in C. Tag-free CaM2 is marked with a red asterisk. E: Concentrated peak fractions of CaM2 with
a BSA calibration curve for concentration determination. CaM2 can be found at approx. 20 kDa.
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Figure A.18: Mass spectrometric identification of tag-free KLCR1 and CaM2. Mass spectrometry results
identifying tag-free KLCR1 and CaM2 from Figs. 21 and A.17. Identified peptides are mapped to the protein
sequence and highlighted in green and yellow. Protein identification via MS/MS analysis was carried out by
Carsten Proksch and Dr. Susanne Matschi.
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Figure A.19: Cross-linking results of tag-free KLCR1 and CaM2 as bar plots. A: Intra-molecular cross-
links within KLCR1, identified using the MeroX software after LC/MS/MS analysis and visualised using xVis
as a bar plot. The TPR motifs of KLCR1 are marked as green boxes. Red lines represent cross-links identified
in three independent experiments. B: Inter-molecular cross-links between KLCR1 and holo-CaM2 and intra-
molecular cross-links within KLCR1 and CaM2. Green boxes represent the TPR motifs in KLCRs, orange
boxes the EF-hands in CaM2. C: Inter-molecular cross-links between KLCR1 and putatively apo-CaM2 and
intra-molecular cross-links within KLCR1 and CaM2. Cross-links identified in three independent experiments
are represented as red (intra) and blue (inter) lines. The bold red lines in A, B, and C mark the end of the
remaining protein tag after tag-removal. LC/MS/MS measurements and analysis with MeroX were carried out
by Dr. Christian Ihling.
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Figure A.20: Quality scores of the Alphafold generated models of CaM2 and KLCR1. Alphafold PAE
(left) and lDDT (right) scores of in silico models of CaM2 (A) and KLCR1 (B) mapped against the amino
acid sequence. Dark areas in 2D plots indicate a low expected position error, thus high model confidence (C)
when comparing the predicted and true structures (i.e. model and template). Two compact domains were
identified in CaM2 and multiple small motifs in KLCR1, consistent with the EF-hands of CaMs and the TPR
motifs in KLCR1. lDDT scores plotted against the amino acid sequence of CaM2 and KLCR1 indicate high
model confidence in the EF-hands of CaM2 and the TPR motifs of KLCR1, but low confidence in the linker
between the EF-hands and the termini of KLCR1. Models were assessed by Dr. Christian Tüting.
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Figure A.21: Alphafold multimer models of KLCR1-CaM2 complexes. A: Overlay of KLCR1-CaM2
complex models created by Alphafold multimer, aligned to the position of KLCR1 (green). The CaM2 assembly
(orange) shows a wide range of positions on the surface of KLCR1. B: Cαavg of Alphafold multimer models
generated of KLCR1-CaM2 complexes. Dashed lines indicate Cα-distances of 30 Å, 40 Å, 50 Å, and 60 Å. Black
arrowheads mark model 13 used for comparison to HADDOCK models. Models were generated and curated by
Dr. Christian Tüting.
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Figure A.22: Energy variations in HADDOCK MD simulations of KLCR1-CaM2 complexes. Energy
variation of the main cluster in HADDOCK MD simulations of KLCR1-CaM2 complexes in the presence (A)
or absence (B) of 1 mM added CaCl2. VdW and DS energies show little variation, but ES energy and buried
surface area (BSA) show variation between models. Models were assessed by Dr. Christian Tüting.
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Figure A.23: HADDOCK scores of KLCR1-CaM2 models generated in the presence of 1 mM CaCl2.
188 HADDOCK models generated with cross-links obtained in the presence of 1 mM CaCl2 grouped into three
clusters containing 148 (cluster 1), 31 (cluster 2), and 9 (cluster 3) models. Cluster averages and standard
deviations of the four best models by HADDOCK score are shown as coloured symbols with error bars. i-RMSD:
Interface RMSD, calculated on the backbone atoms of all residues involved in inter-molecular contacts with a
10 Å cutoff; l-RMSD: Ligand RMSD, calculated on the backbone atoms of all molecules after fitting on the
backbone atoms of the first model; FCC: Fraction of Common Contacts, inter-molecular contacts defined based
on best HADDOCK model using a 5 Å cutoff [339]; a.u.: Arbitrary Units.
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Figure A.24: HADDOCK scores of KLCR1-CaM2 models generated in the absence of added CaCl2.
188 HADDOCK models generated with cross-links obtained in the absence of added CaCl2 grouped into three
clusters containing 155 (cluster 1), 28 (cluster 2), and 9 (cluster 3) models. Cluster averages and standard
deviations of the four best models by HADDOCK score are shown as coloured symbols with error bars. i-RMSD:
Interface RMSD, calculated on the backbone atoms of all residues involved in inter-molecular contacts with a
10 Å cutoff; l-RMSD: Ligand RMSD, calculated on the backbone atoms of all molecules after fitting on the
backbone atoms of the first model; FCC: Fraction of Common Contacts, inter-molecular contacts defined based
on best HADDOCK model using a 5 Å cutoff [339]; a.u.: Arbitrary Units.
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Figure A.25: Sub-cellular localisation of GFP-KLCR1 and its truncations. Sub-cellular localisation of
GFP-KLCR1 (A) or its truncations according to Fig. 18 A (B to J) under the control of the constitutive 35S
promoter. Scale bars in the overview images represent 50 µm , those in the close up images represent 10 µm .
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Figure A.26: Sub-cellular localisation of GFP-KLCR2 and its truncations. Sub-cellular localisation of
GFP-KLCR1 (A) or its truncations according to Fig. 19 A (B to F) under the control of the constitutive Ub10
promoter. Scale bars in the overview images represent 50 µm , those in the close up images represent 10 µm .

Figure A.27: Purification of His-SUMO-IQD2. 15 % SDS-PAGEs of wash (w1 to w3) and elution (e0
to e5) fractions of affinity purification of HS-IQD2 (A) or HS-IQD2 together with GH-CaM2 (B) via Ni-NTA
agarose. Bands corresponding to HS-IQD2 are marked with red asterisks, those corresponding to GH-CaM2
with blue asterisks.
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Figure A.28: His-pulldown of GST-KLCR1 with HS-IQD2 and its truncations under low salt conditions.
Western blot of 12 % SDS-PAGE of His-pulldown of GST-KLCR1 with HS-IQD2 or its truncations according
to Fig. 29 A carried out with 137 mM NaCl. Bait constructs are marked with blue asterisks, prey constructs
with red asterisks. i: input, w: wash, bb: bead-bound.

Figure A.29: Phospho-sites in IQD2 and the KLCRs annotated in the PhosPhAt database. Experi-
mentally confirmed phospho-sites in IQD2 (A), KLCR1 (B), KLCR2 (C), and KLCR3 (D) annotated in the
PhosPhAt database [271]. Phosphorylated amino acids are marked with blue lines. The AS positions of the
first and last amino acid of each protein are labelled. Proteins are not scaled accurately relative to each other.
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Figure A.30: Y2H experiment showing interaction of IQD2 truncations with KLCR1 truncations. DDO
(left) and TDO + 2.5 mM 3-AT (right) plates with IQD2 and its truncations as DBD fusions and KLCR1 and
its truncations as AD fusions.
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Figure A.31: Co-localisation of IQD2 and KLCR2 in N. benthamiana leaves. A: Sub-cellular localisation
of RFP-KLCR2 under control of the 35S promoter. B to E: Co-expression of GFP-IQD2 and its truncations
with RFP-KLCR2 under control of the 35S promoter. Scale bars represent 10 µm . Fluorescence profiles were
generated along the yellow lines in the "merge" images.
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Figure A.32: Co-localisation of IQD2 and KLCR3 in N. benthamiana leaves. A: Sub-cellular localisation
of RFP-KLCR3 under control of the 35S promoter. B to E: Co-expression of GFP-IQD2 and its truncations
with RFP-KLCR3 under control of the 35S promoter. Scale bars represent 10 µm . Fluorescence profiles were
generated along the yellow lines in the "merge" images.
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Figure A.33: Co-localisation of IQD298-327 and all KLCRs in N. benthamiana leaves. Co-expression
of GFP-IQD298-327 with RFP-KLCR1 (A), RFP-KLCR2 (B), and RFP-KLCR3 (C) under control of the 35S
promoter. Scale bars represent 10 µm . Fluorescence profiles were generated along the yellow lines in the
"merge" images.
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Figure A.34: Co-localisation of IQD2 and KLCR1 truncations in N. benthamiana leaves. A to E:
Co-expression of GFP-IQD2 with RFP-KLCR1 and its truncations N-term to TR3 (Fig. 18 A) under control of
the 35S promoter. Scale bars represent 10 µm . Fluorescence profiles were generated along the yellow lines in
the "merge" images.
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Figure A.35: Co-localisation of IQD2 and KLCR1 truncations in N. benthamiana leaves. A to E:
Co-expression of GFP-IQD2 with RFP-KLCR1 truncations N-half to ∆N-term (Fig. 18 A) under control of the
35S promoter. Scale bars represent 10 µm . Fluorescence profiles were generated along the yellow lines in the
"merge" images.
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Figure A.36: CaM-binding score of IQD2. CaM-binding scores from the Calmodulation database (magenta)
or the CaM-target database (blue) plotted against the amino acids sequence of IQD2 superimposed with the
protein schematic.
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Figure A.37: Co-localisation of IQD2 and CaM4 in N. benthamiana leaves. A: Sub-cellular localisation
of RFP-CaM4 under control of the 35S promoter. B to E: Co-expression of GFP-IQD2 and its truncations
with RFP-CaM4 under control of the 35S promoter. Scale bars represent 10 µm . Fluorescence profiles were
generated along the yellow lines in the "merge" images.
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Figure A.38: Co-localisation of IQD2 and CaM7 in N. benthamiana leaves. A: Sub-cellular localisation
of RFP-CaM7 under control of the 35S promoter. B to E: Co-expression of GFP-IQD2 and its truncations
with RFP-CaM7 under control of the 35S promoter. Scale bars represent 10 µm . Fluorescence profiles were
generated along the yellow lines in the "merge" images.
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Figure A.39: Concentration dependency of the co-interaction of IQD2 with KLCRs and CaM. Western
blot of a CaM-pulldown of His-IQD2 together with GST-KLCR1 (A), GST-KLCR2 (B), GST-KLCR3 (C), or
GST alone (D) in the absence of Ca2+ with the bacterial lysate containing the the GST-tagged proteins either
undiluted or diluted 1:5 or 1:25. i: input, w: wash, bb: bead-bound.

Figure A.40: Fine-mapping of IQD2-KLCR1-CaM interactions. Western blot of 12 % SDS-PAGEs of
HS-IQD2 and its truncations (Fig. 29 A) together with GST-KLCR1 in the absence of Ca2+ under low salt
conditions (137 mM NaCl). HS-IQD2 and truncations are marked with blue asterisks, GST-KLCR1 is marked
with red asterisks. i: input, w: wash, bb: bead-bound.
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Figure A.41: Pulldowns with IQD2 and KLCR1 in the presence of 1 M NaCl. A: CaM-pulldowns of
HS-IQD2 or GST-KLCR1 with CaM-agarose in the presence of 1 mM CaCl2 (+ Ca2+) or 5 mM EGTA (−
Ca2+). B: Co-CaM-pulldown of HS-IQD2 and GST-KLCR1 in the presence of 5 mM EGTA. C: His-pulldown
of GST-KLCR1 with HS-IQD2. HS-IQD2 is marked with a blue asterisks, GST-KLCR1 is marked with a red
asterisk. i: input, w: wash, bb: bead-bound.
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Figure A.42: CaM-binding score of NET3A and NET3C. CaM-binding scores from the Calmodulation
database (magenta) or the CaM-target database (blue) plotted against the amino acids sequence of NET3C
(A) and NET3A (B) superimposed with the protein schematic.
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