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Abstract

Abstract

Alternative splicing of pre-mRNAs can regulate the expression and function of proteins.
As such it is a major tool of eukaryotes to adapt their proteome — and thus the whole
organism — to external and internal changes of circumstances. In mammals body
temperature cycles result in oscillating alternative splicing driven by rhythmic
phosphorylation of SR-proteins. Recently, it has been shown that this is facilitated by
temperature dependent activity of Cdc2-like kinases (CLKs). Temperature sensitivity is
conserved across evolution and the active temperature range of the kinases is adapted
to the body temperature or growth temperature of the corresponding organism. While
it has been shown that the temperature dependence of CLK activity is mediated by
conformational changes in the activation segment, the mechanisms by which the active
temperature range of the kinases is adapted to the organisms body temperature
remained elusive. Here we show multiple structural features fine-tuning the active
temperature range of CLK homologues. We characterized a CLK homologue, CmLIK, and
its substrate phosphorylation from the ancient thermophilic red alga C. merolae and
could show that kinase activity at high temperatures is mediated by activation segment
stabilization via a salt bridge in the P+1 loop. In contrast to other CLK homologues auto
phosphorylation of CmLIK shows markedly different patterns than substrate
phosphorylation. Furthermore, we identified an H-bond network from a residue in the
P+1 loop of a CLK homologue from A. thaliana, AtAFC3, that stabilizes the activation
segment and also mediates kinase activity at higher temperatures. We could show that
AFCs play a role in heat responsive hypocotyl elongation in A. thaliana upstream of PIF4,
the major regulator of thermomorphogenesis. Our results demonstrate stabilization of
the P+1 loop of the activation segment as a common mechanism mediating CLK
homologue activity at high temperatures. With the characterization of CmLIK we found
a model system to study an ancient CLK homologue with activity at high temperatures.
Our findings lay the foundation for exploration of genetic engineering of crop plant AFCs
to facilitate kinase activity at higher temperatures and adapting their
thermomorphogenesis accordingly. This could lead to a partial solution of the problems

crop plant growth faces due to global warming.

1



Zusammenfassung

Zusammenfassung

Durch alternatives Spleilen von Pra-mRNAs kann die Expression und Funktion von
Proteinen reguliert werden. Deshalb ist es ein wichtiges Werkzeug fliir Eukaryoten, um
ihr Proteom — und damit den gesamten Organismus — an &dullere und innere
Verdnderungen anzupassen. Bei Sadugetieren fihrt der zyklische Verlauf der
Korpertemperatur zu oszillierendem alternativem SpleilRen, das durch die rhythmische
Phosphorylierung von SR-Proteinen angetrieben wird. Kirzlich wurde gezeigt, dass dies
durch die temperaturabhéangige Aktivitat von Cdc2-ahnlichen Kinasen (CLKs) kontrolliert
wird. Die Temperaturempfindlichkeit der Kinasen ist evolutionar konserviert und der
aktive Temperaturbereich ist an die Korpertemperatur bzw. Wachstumstemperatur des
entsprechenden Organismus angepasst. Es konnte gezeigt werden, dass die
Temperaturabhangigkeit der CLK-Aktivitdt durch Konformationsanderungen im
Aktivierungssegment vermittelt wird, aber die Mechanismen, durch die der aktive
Temperaturbereich der Kinasen an die Korpertemperatur des Organismus angepasst
wird, blieben unklar. Hier zeigen wir mehrere Strukturmerkmale, die den aktiven
Temperaturbereich von CLK-Homologen anpassen. Wir haben ein CLK-Homolog, CmLIK,
aus der thermophilen Rotalge C. merolae und dessen Substratphosphorylierung
charakterisiert. Dabei konnten wir zeigen, dass die Kinaseaktivitdit bei hohen
Temperaturen durch die Stabilisierung des Aktivierungssegments Uber eine Salzbriicke
im P+1-loop vermittelt wird. Im Gegensatz zu anderen CLK-Homologen folgt die
Autophosphorylierung  von  CmLIK  nicht demselben  Muster wie die
Substratphosphorylierung. Darliber hinaus haben wir ein Wasserstoffbriickennetzwerk
um einen Rest im P+1-loop eines CLK-Homologs aus A. thaliana, AtAFC3, identifiziert.
Dieses stabilisiert das Aktivierungssegment und vermittelt ebenfalls die Kinaseaktivitat
bei hoheren Temperaturen. Wir konnten zeigen, dass AFCs {ber PIF4, dem
Hauptregulator der Thermomorphogenese, eine Rolle bei der warmeresponsiven
Hypokotyl Verlangerung in A. thaliona spielen. Unsere Ergebnisse zeigen die
Stabilisierung des P+1-loops des Aktivierungssegments als einen allgemeinen
Mechanismus, der die Aktivitdt von CLK-Homologen bei hohen Temperaturen vermittelt.

Mit der Charakterisierung von CmLIK haben wir ein Modellsystem gefunden, um ein CLK-
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Zusammenfassung

Homolog mit Aktivitat bei hohen Temperaturen zu untersuchen. Unsere Ergebnisse
legen den Grundstein fur die Erforschung der genetischen Modifizierung von AFCs in
Nutzpflanzen, um die Kinaseaktivitat bei hdheren Temperaturen zu ermdglichen undihre
Thermomorphogenese entsprechend anzupassen. Dies konnte zu einer teilweisen
Losung der Probleme beim Anbau von Nutzpflanzen aufgrund der globalen Erwdrmung

fUhren.



Introduction

1 Introduction

1.1 Alternative splicing— a driver of complexity

According to the original dogma of life DNA is transcribed into messenger RNA (mRNA)
which in turn gets translated into a protein. While this is true in general, reality is much
more complex. Looking at this process in more detail, DNA is transcribed into precursor
MRNA (pre-mRNA) which consists of exons — coding sequences — and introns — non-
coding sequences. This pre-mRNA is processed co- and post-transcriptionally in various
ways, such as 5’ capping (Shatkin, 1976), polyadenylation (Colgan and Manley, 1997), A-
to-1 editing (Nishikura, 2016)and splicing, until it is mature mRNA which gets translated
into a polypeptide sequence. These modifications influence the stability, localization and
included information of the mRNA and thus serve as regulatory mechanisms.

Splicing describes the excision of introns from the pre-mRNA and joining of the remaining
exons via two transesterification reactions (Figure 1-1A) (Black, 2003). Sequence
elements required for this are the 5’ splice site, 3" splice site (Yeo and Burge, 2004), the
intronic branch pointadenosine (Gao et al., 2008) and the poly pyrimidine tract upstream
of the 3’ splice site (Garcia-Blanco et al., 1989) (Figure 1-1 B). This process is catalyzed by
the spliceosome, a highly dynamic complex comprising mainly five small nuclear
ribonucleoprotein particles (snRNPs; U1, U2, U4, U5 and U6) and a plethora of auxiliary
proteins which assembles anew for every splicing event at the 5" and 3’ splice site in a
stepwise manner (Wahl et al., 2009).

While human exons exhibit a median length of 120 nucleotides (nt) in a range of 50-250
nt (Movassat et al., 2019), the median size of introns is 3.4 kilobases (kb) (Lander et al,,
2001). Considering the huge excess of non-coding sequence over coding sequence, this
would appear as more junk than information if it was a static process. But splicing is not
always constitutive. Alternative splicing describes the possibility to generate multiple
different mature mRNAs from one pre-mRNA by inclusion of different exons, or also
introns, in the mature transcript. As such it is a means for proteome diversification since

multiple different proteins can originate from one gene (Graveley, 2001).
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In general, there are five forms of alternative splicing (Figure 1-1C) (Black, 2003). The
most common in humans being the cassette exon (Wang et al., 2008), where an
alternative exon that is either included or excluded is located between two constitutive
exons, which are always included in the mature transcript. Similar are mutually exclusive
exons, where two alternative exons are located next to each other but only one of both
can be included in the mature transcript at a time. Alternative 5" and 3’ splice sites enable
the generation of shorter or longer exons. These splicing isoforms can give rise to longer
or shorter protein isoforms with different functions or interactions, if the reading frame
remains conserved. But, they can also serve as a regulatory mechanism via inclusion of a
premature termination codon or causation of a frame shift and targeting the transcript
for degradation, for example via nonsense-mediated mRNA decay (NMD). In addition,
intron retention describes the inclusion of an intron in the mature transcript. These
retained introns are much shorter than other introns and often serve a regulatory
function, as described before. While intron retention is not common in humans, it’s a
very relevant form of alternative splicing in plants (Ner-Gaon et al., 2004).

Notably 95 % of all human genes are spliced alternatively (Pan et al.,, 2008), which
explains a large proteome in relation to a rather small genome. The impact of proteome
and protein-protein interaction diversification via alternative splicing (Buljan et al., 2012)
onorganism complexity is evidentin the comparison of the amount of alternative splicing
in simple organisms such as nematodes and more complex organisms as mice or humans,
where more alternative splicing correlates with higher complexity (Barbosa-Morais et al.,
2012). Moreover, throughout different species, it could be observed, that alternative
splicing is also tissue specific. Consistently alternative splicing abundance was higher in

cortex, cerebellum andtestis thanin liver, kidney and heart (Barbosa-Morais et al., 2012).
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Figure 1-1 Schematics of alternative splicing. A Simplified scheme of the two transesterification
reactions constituting a splicing event. In the first step the 3'OH group of the branchpoint (BP)
adenine attacksthe phosphodiester bond (p) of the 5" splice site (5’ SS). In the second step the
free 2’OH group of the 5’ exon attacksthe phosphodiester bond of the 3’ splice site (3’ SS). The
exons are ligatedandthe intron is excised in a lariat form. Adapted from (Plaschka et al., 2019).
B Conserved elements necessary for splicing are the 5 splice site, 3’ splice site, branch point
adenine and poly pyrimidine tract. Human consensus sequences are indicated below the line
depicting the intron. Adapted from (Plaschka et al., 2019). C Scheme of the five major forms of
alternative splicing. Exons are depicted as rectanglesand introns as grey lines. Splice events are
shown as solid or alternatively as dashed black lines. The alternatively included sequences are
indicated by color. Each pre-mRNA can generate two mRNAs. Adapted from (Black, 2003).

1.2 Regulation of alternative splicing— a matter of context

A process as impactful as alternative splicing needs tight regulation to function properly
and exert its full potential. The main players in alternative splicing regulation are cis-
acting elements, sequences in the pre-mRNA, and trans-acting factors, proteins that
recognize and bind these sequences (Fu and Ares, 2014). Cis-acting elements can be

classified as intronic or exonic, dependent on their location and divided into splicing
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silencers or enhancers. If a splicing silencer is bound by the corresponding trans-acting
factor, a repressor protein, assembly of the splicing machinery is blocked and the
transcript remains unspliced, meaning the introns and exons remain in the transcript. In
contrast, if a splicing enhancer is bound by its trans-acting factor, an activator protein, it
aids in assembly of the splicing machinery and the transcript gets spliced, the introns
excised. The function ofthese regulatory sequences and proteinsin general always needs
to be considered in the context of their position in the transcript and the splice event
that is investigated (Ule and Blencowe, 2019). A regulatory pair might function as
enhancers for one splice site but at the same time as silencers for another site in the
same transcript in the complex process of alternative splicing. While this means that the
role of a trans-acting factor can’t be predicted with certainty and is always context
dependent, heterogeneous nuclear ribonucleoproteins (nnNRNPs)are in general regarded
as repressors and SR-proteins as activators (Mayeda and Krainer, 1992; Matlin et al.,
2005). The position dependent effect also applies to trans-acting factors that belong to
other families (Ule et al., 2006; Wanget al., 2010). Other factors that influence splice site
selection are for example competition for splicing machinery subunits between different
splice sites (Yang and Li, 2008), RNA secondary structure (Eperon et al., 1988; Hiller et
al., 2007)and the velocity of RNA polymerase Il (Pol Il) (La Mata et al., 2003).

Via these regulatory mechanisms alternative splicing and thus the cellular transcriptome
and proteome can be adapted in response to different circumstances. Prominent
examples of changes in alternative splicing upon environmental stimuli and resulting
effects can be found in the activation of T-cells upon stimulation via antigens (Martinez
and Lynch, 2013). For example, alternative splicing of the CD45 transcript upon T-cell
activation leads to a shorter, inactive isoform of CD45 and thus to reduced signaling via
the T-cell receptor. Here alternative splicing functions as a feedback loop to regulate T-
cell activity (Wang et al., 2001; Xu and Weiss, 2002). Furthermore, alternative splicing
also plays a role in cell differentiation. For example it could be shown that a change in
splice isoform of Ninein under control of Rbfox facilitates differentiation of neural
progenitor cells into neurons (Zhang et al., 2016). Dysregulation of alternative splicing

can result in various diseases, notably also cancer (David and Manley, 2010).
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1.3 SR-proteins— major splicing activators

In humans the SR-protein family of splicing factors comprises 12 core members, SRSF1-
12 (Manley and Krainer, 2010). They in general consist of one or two N-terminal RNA-
binding domains (RBDs) and a C-terminal arginine-serine rich (RS) domain (Fu and
Maniatis, 1992; Zahler et al., 1992). Classification as SR-protein does notonly depend on
structural similarity, but also on the protein functioning in constitutive and alternative
splicing (Long and Caceres, 2009). RS domains were also found in other proteins, which
either lack the RBDs or execute other functions (Boucher et al., 2001). While SR-proteins
are also characterized by their function in splicing, their functionality goes beyond that
as also roles in chromatin interactions (Loomis et al., 2009), transcriptional elongation
via Pol Il modulation (Lin et al., 2008), NMD regulation (Zhang and Krainer, 2004), mRNA
export (Huang and Steitz, 2005) and translation stimulation in the cytosol (Sanford et al.,
2004; Michlewski et al., 2008) have been reported.

For their regulating function in splicing multiple modes have been characterized. After
binding a pre-mRNA splicing enhancer sequence with their RBD SR-proteins can interact
with U1 snRNPs bound at the 5" splice site and U2AF bound at the 3’ splice site of the
same exon via their phosphorylated RS domain and thusaid in exon definition (Kohtz et
al., 1994). But SR-proteins can also form a protein-protein interaction network bridging
an intron from 5’ splice site to 3’ splice site in an RS domain dependent way and thus
facilitate spliceosome assembly (Wu and Maniatis, 1993). In another mode, an SR-
protein that has bound an exonic splicing enhancer (ESE) can inhibit the effect of an
hnRNP bound to an exonic splicing silencer (ESS) on the same exon and thus promote
splicing of thisexon (Zhuet al., 2001). Interestingly it has been shown that the RS domain
can also interact with the branchpoint to facilitate spliceosome assembly (Shen et al.,
2004).

It has been shown that SR-proteins are essential for organism development (Jumaa et
al., 1999; Ding et al., 2004) and cell differentiation (Wang et al., 2001; Sen et al., 2013).
Furthermore their dysregulation is associated with a plethora of cancers (Stickeler et al.,
1999; Karni et al., 2007; Jia et al., 2010; Gautrey and Tyson-Capper, 2012; Cohen-Eliav et
al., 2013; Tang et al., 2013). Especially mutationsin SRSF2 have been linked to leukemia
(Yoshida et al., 2011; Lasho et al., 2012; Meggendorfer et al., 2012; Patnaik et al., 2013).

8
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Thus, it is necessary that SR-protein activity is tightly regulated. Post translational
modifications (PTMs) are an elegant way to modulate protein activity. For SR-proteins
three major PTMs have been reported. Lysine acetylation marks SR-proteins for
proteasomal degradation and deacetylation in turn counteracts this, leading to
modulated protein homeostasis (Edmond et al., 2011). Arginine methylation has been
shown to control subcellular localization of SR-proteins and thus influence their site of
action (Sinha et al., 2010). The most well characterized SR-protein PTM is serine
phosphorylation in their RS domain. A tightly regulated cycle of phosphorylation and
dephosphorylationis necessary for correct SR-protein functions in splicing (Mermoud et
al., 1994; Cao et al., 1997). While phosphorylation is crucial for interaction with other
splicing factors and spliceosomal components (Xiao and Manley, 1997)
dephosphorylation is essential for the continuation of the splicing process after
spliccosome assembly (Tazi et al., 1993). In addition to activity modulation,
phosphorylation has also been shown to regulate SR-protein shuttling between cytosol
and nucleus. While phosphorylated SR-proteins translocate to the nucleus (Yun et al.,
2003) and accumulate in nuclear speckles (Saitoh et al., 2004), dephosphorylated SR-
proteins get exported from the nucleus together with spliced mRNA (Huang et al., 2004,
Reed and Cheng, 2005; Singh et al., 2012). The importance of SR-protein activity
regulation via phosphorylation is highlighted as the responsible kinases are required for
organism development across species (Kuroyanagi et al., 2000; Loh et al., 2012)and their
dysregulation is— same as for SR-proteins—associated with cancer development (Garcia-
Sacristan et al., 2005; Hayes et al., 2007;Janget al., 2008; Gout et al., 2012).

SR-protein phosphorylation is mainly facilitated by two kinase families. The SR-protein
specific kinase (SRPK) family comprises the first characterized kinases responsible for SR-
protein phosphorylation (Gui etal., 1994a; Guiet al., 1994b)and is conserved throughout
all eukaryotes (Giannakouros et al., 2011). While SRPKs are located in the cytosol and
nucleus, with cytosolic localization facilitated by a large spacer in the C-lobe (Ding et al,,
2006), the second family responsible for SR-protein phosphorylation, the Cdc2-like
kinase (CLK) family (Colwill et al., 1996a), is localized solely in the nucleus and lacks this
spacer (Colwill et al., 1996b; Duncan et al., 1998). The difference in localization suggests
a synergistic relationship with distinct roles for both kinase families (Ngo et al., 2005).

While SRPKs are responsible for initial phosphorylation and nuclear import of SR-

9
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proteins, CLKs are responsible for further phosphorylation (Velazquez-Dones et al., 2005)
and distribution of SR-proteins from nuclear speckles (Caceres et al., 1997; Nayler et al.,

1997).
1.4 CLKs—dual-specificity kinases controlling alternative splicing

Similar to the SRPK family, the CLK family is conserved throughout eukaryotes, too (Yun
et al., 1994). Both families belong to the CMGC (cyclin-dependent kinase (CDK), mitogen-
activated protein kinase (MAPK), glycogen synthase kinase (GSK3), CLK) kinase group
(Manning et al., 2002; Varjosalo et al., 2013). CDKs and MAPKs constitute the two largest
families of this group. The closest families to CLKs in this group are dual-specificity
tyrosine-regulated kinases (DYRK) and SRPKs (Figure 1-2A) (Howard et al., 2014). In
humansthere are 4 CLK homologues, CLK1-4. Dueto a conserved “EHLAMMERILG” motif
in the C-lobe CLKs are also referred to as LAMMER-kinases. Notably CLKs are dual-
specificity kinases, which are able to auto phosphorylate on tyrosine, serine and
threonine residues, but only phosphorylate substrates at the latter two amino acids
(Nayler et al., 1997). CLKs are constitutively active, their activity does not depend on
phosphorylation of its activation loop (Bullock et al., 2009). Consistent with that, the
arginine in the catalytic loop that is present in all kinases with activation loop
phosphorylation dependent activity (Johnson et al., 1996) is replaced by a threonine,
constituting an HTD motif. But it could be shown that CLK auto phosphorylation
modulates substrate phosphorylation and recognition in a substrate specific manner
(Prasad and Manley, 2003). While SRSF1 phosphorylation appeared to be dependent on
Ser/Thr auto phosphorylation, SRSF2 phosphorylation appeared to be dependent on Tyr
auto phosphorylation.

CLKs comprise a variable unstructured N-terminus and a typical kinase domain (Colwill
et al., 1996b). Thekinase domain (KD) can be subdivided into the N-lobe, adopting mostly
B-sheet folds and harboring the aC helix, and the C-lobe, which is mostly a-helical and
contains the catalytic center. Distinct structure features in the KD that set CLKs apart
from other kinases are a B-hairpin insertion, the aG helix harboring the LAMMER motif,
a MAPK-like insertion and the aH helix (Figure 1-2B). The LAMMER motif has been
suggested to influence substrate binding (Kang et al., 2010). While in SRPKs the MAPK-
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like insertion forms a binding groove that is essential for its processive activity (Ngo et
al., 2008; Long et al., 2019), this binding groove is buried by the aH helix in CLKs (Bullock
et al., 2009). The aH helix also buries the aG helix, potentially further interfering with
specific substrate interaction. In addition, the B-hairpin covers substrate interaction
grooves available in related MAPKs (Bullock et al., 2009). The differences in substrate
interactions between SRPKs and CLKs mediated by these structural elements might
explain the difference in substrate specificity of both kinase families. While SRPKs strictly
prefer Ser-Arg sites, CLKs phosphorylate Ser-Arg, Ser-Lys and Ser-Pro sites (Colwill et al.,
1996a). A feature thatis present in all protein kinases is the activation segment, a largely
unstructured stretch of 20 to 35 residues in close proximity of the catalytic loop that
comprises the magnesium binding loop, B-sheet 9, the activation loop and the P+1 loop.
Conformational changes and phosphorylation in the activation segment have been
shown to influence kinase activity (Nolen et al., 2004). The sequence of the 25 residues
constituting the CLK activation segment is highly conserved between all homologues and
vertebrate species (Figure 1-2C). Re-evaluation of a previously published electron
density of a hCLK1 crystal (PDB: 2VAG (Fedorov et al.,, 2011)) revealed an alternative
conformation of the activation segment. The unphosphorylated conformation was
oriented closer to the catalytic loop in contrast to the conformation phosphorylated at
S341 and T342, which is shifted further away from the catalytic loop (PDB: 6TW2
(Haltenhof et al., 2020), see also Figure 1-3 B). Superimposition with a PKA substrate
(PDB: 1JBP (Madhusudan et al., 1994))revealed a steric clash between the substrate and
R342 of the phosphorylated but not of the unphosphorylated conformation suggesting
the phosphorylated conformation to be inactive.

While CLK KDs are relatively conserved, their N-termini differ in length and amino acid
sequence between homologues. The intrinsically disordered N-terminus harbors an RS
domain and has been shown to be essential for interaction with substrate SR proteins
(Colwill et al., 1996b). Substrate specificity via self-oligomerization and CLK localization
to nuclear speckles are also governed by the N-terminus (Keshwani et al., 2015).
Furthermore, this RS domain is important for substrate release of CLKs in a SRPK-
dependent way. CLK1 alone is unable to release its phosphorylated substrate, but
interaction with SRPK1 via its RS domain leads to substrate release (Aubol et al., 2016;

Aubol et al., 2018). This is another example for the intimate relationship between CLKs
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and SRPKs in SR-protein regulation. While multiple nuclear localization sequences (NLS)
can be found in the CLK N-termini, they appear to be not essential for the nuclear
localization of CLKs. Instead, CLKs are co-transported with their SR-protein substrates by
forming a stable complex via their N-terminus and utilizing the SR-protein NLS (George
et al.,, 2019).

CLK phosphorylation, and thus activity and SR-Protein phosphorylation, can be
modulated via extracellular signals. One characterized way is CLK phosphorylation by
Akt2 downstream of phosphatidylinositol 3-kinase (PI3K) activation upon insulin
stimulation which influences the alternative splicing of protein kinase C Bll (PKCBII) pre-
mRNA (Jiang et al., 2009). More specifically Akt2 phosphorylates CLK1 at S36,T122 and
S139 in the RS domain during preadipocyte differentiation (Li et al., 2013). For CLK2
phosphorylation by Akt in the RS domain (Nam et al., 2010) as well as on T343 in the
activation segment (Rodgers et al., 2010) has been shown in different contexts. It has to
be noted that also SRPK activity is under control of the PI3K/Akt cascade upon epidermal
growth factor (EGF) stimulation (Zhou et al., 2012), which is to be expected since both
kinase families act in sync. A scheme of CLK and SRPK modulation downstream of EGFR
activation is shown in Figure 1-2 D.

As for SR-proteins, dysregulated CLK expression and activity is associated with cancer
development and progression (Naro and Sette, 2013; Blackie and Foley, 2022; Song et
al., 2023). But CLKs have also been associated with a wide range of other diseases such
as Alzheimer’s disease (Glatz et al., 2006; Jainetal., 2014), Duchenne muscular dystrophy
(Sako et al., 2017), osteoarthritis (Deshmukh et al., 2019), HIV-1 replication (Wong et al.,
2011; Wong et al., 2013), influenza A replication (Artarini et al., 2019) and cardiac
hypertrophy (Huang et al., 2022). Thus, it is not surprising that specific CLK inhibitors are
sought after as potential therapeutics. Most developed CLK inhibitors are ATP mimetics
binding in the ATP binding pocket between N-and C-lobe (Lee et al., 2019; Némec et al.,
2019; Martin Moyano et al., 2020; Schroder et al., 2020). One inhibitor is TG003, a
benzothiazole, that is specific for CLK1 and 4 (Muraki et al., 2004) and has for example

been investigated for prostate cancer treatment (Uzor et al., 2021).
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Figure 1-2 CLK phylogeny, structure and regulation. A Phylogenetictree of the human CMGC
kinase group. Family branches are indicated in corresponding colors and numbers indicate
position of CLK1-4. Kinome data from (Manning et al.,, 2002). Tree was visualized with
Hypertreevl1.2.2 (Bingham and Sudarsanam, 2000). B Structure of hCLK1 kinase domain (PDB:
6TW?2 (Haltenhof et al., 2020)) depicted as cartoon. a-helices are colored in deepsalmon and -
sheetsaquamarine.Secondary structure element labeling according to (Bullock et al., 2009; Modii
and Dunbrack, 2019) is indicated. Important structural elements are labeled in different colors.
C Multiple sequence alignment of CLK1 and CLK4 activation segments of different species.
Conservation as colored blocks and consensus sequence shown on top. Residues colored
according to properties and conservation (Clustal X color scheme). D Scheme of CLK and SRPK
modulation upon EGFR activation. PI3K activates Akt via PIP3. Akt phosphorylates CLKs and
SRPKs. Initial SR-protein phosphorylation by SRPKs in the cytosol is followed by translocation into
the nucleus in complex with CLKs. CLKs hyperphosphorylate SR-proteins. SRPKs initialize SR-
protein release from CLKs and hyperphosphorylated SR-proteins regulate alternative splicing.
Adaptedfrom (Zhou and Fu, 2013).
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1.5 Linking body temperature and alternative splicing

The core body temperature of homeothermic organisms is tightly regulated in a narrow
range but oscillates in a circadian manner by around 1 — 4°C (Refinetti and Menaker,
1992; Buhret al., 2010; Saini et al., 2012). Previously it could be shown that these small
changes control rhythmic alternative splicing dependent on RS domain phosphorylation
in SR-proteins with higher SR-protein phosphorylation at lower temperatures (Preuliner
et al., 2017). A previous study from the Heyd laboratory could show that CLKs are the
cellular factor linking subtle changes in body temperature to alternative splicing changes
(Haltenhof et al., 2020). Human CLK activity was shown to be temperature dependent in
a reversible manner in the physiologically relevant temperature range. High activity was
observed at lower temperatures while it decreased with increasing temperature. The
kinase domain was sufficient to exhibit a very similar temperature activity profile as the
full-length CLK. This temperature dependence was found to be mediated by the
activation segment. More precisely, it could be pinpointed to two residues, hCLK1 R343
and H344, of which mutation abolished temperature dependent hCLK1 activity.
Introduction of H344 in hSRPK1 was sufficient to induce temperature dependence to the
otherwise temperature independent active kinase.

Furthermore, it could be shown in the same study (Haltenhof et al., 2020) that the CLK
activity range of three poikilotherm species, Drosophila melanogaster, Alligator
mississippiensis and Trachemys scripta scripta, is adapted to the growth temperature of
the corresponding organism. Interestingly CLK activity also coincides with the
temperature ranges observed for temperature dependent sex determination (TSD)
(Capel, 2017) for both reptiles (Ferguson and Joanen, 1982). Together with the finding
that one temperature dependent intron retention event in Jarid2 that is associated with
TSD (Deveson et al., 2017) is under control of CLK activity this suggests that CLKs are
involved in reptile TSD.

Recently temperature dependent CLK activity was found to play a role in immune
response. It could be shown that small changes in body temperature below fever
temperature can regulate antiviral innate immunity via alternative splicing in context of
SARS-CoV-2 infection (Los et al., 2022). At lower temperatures STAT2 expression is

decreased via inclusion of a premature termination codonin exon 11, whereas at higher
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temperatures an alternative 5’ splice site in the same exon is used, which leads to
exclusion of the premature termination codon and increased STAT2 expression levels.
STAT2 then induces expression of diverse antiviral genes and increases the defense
against viral infection. The observed effect could be diminished by the CLK-specific
inhibitor TGO03, linking this alternative splicing event to CLK activity.

Considering that body temperature decreases with age (Keil et al., 2015) it is of great
interest for a population that grows ever older to elucidate the mechanisms by which
body temperature changes alternative splicing and thus cell behavior and how
detrimental processes can be counteracted. In addition to the already elucidated
implications of CLK activity in temperature dependent antiviral response, it needs to be
considered that CLKs are associated with a lot of diseases and that solid cancerous tissue
exhibits elevated temperatures (Owens et al., 2020). This offers potential novel
therapeutic treatment via temperature changes that can be improved by fully

understanding temperature dependent CLK activity and how to modulate it.

1.6 Cyanidioschyzon merolae — low organism complexity and high

temperatures

The red algae Cyanidioschyzon merolae (C. merolae) was found to inhabit sulfuric hot
springs with temperatures of around 45°C and a pH of 1.5 (Luca et al., 1978). It belongs
to the most ancient clades of red algaes (Yoon et al., 2004; Yoon et al., 2006) and exhibits
an exceptionally simple cellular architecture, lacking a rigid cell wall and vacuoles and
containing just one nucleus, one mitochondrion and one plastid (Luca et al., 1978). The
C. merolae genome is only 16.5 Mbp small and was fully sequenced (Ohta et al., 1998;
Matsuzakiet al., 2004; Nozakietal., 2007). Only 0.5 % of its protein-coding genes contain
introns and overall gene redundancy is low. Several genetic modification methods, such
as transient gene expression (Ohnuma et al., 2008), homologous recombination (Minoda
et al., 2004), stable overexpression (Watanabe et al., 2014) and epitope tagging using
marker recycling (Takemura et al., 2018) have been established for C. merolae. All of the
aforementioned characteristics made it an outstanding candidate as model organism for
various processes, such as organelle division (Kuroiwa, 1998; McFadden and Ralph,

2003), photosystem function (Busch et al., 2010; Nikolova et al.,, 2017), starch
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metabolism (Pancha et al., 2019; Takahashi et al., 2021), biofuel production (Pancha et
al., 2021)and evolution of pre-mRNA splicing (Stark et al., 2015; Black etal., 2016; Reimer
et al., 2017; Wonget al., 2023).

Considering that C. merolae possesses such a small genome and only 27 introns, it is not
surprising that also its spliceosome is reduced in comparison to other eukaryotes (Stark
et al., 2015). Along with spliccosome components, two SR-proteins have been identified.
CmRSP31 (gene CYME_CMOO009C), homologue to Arabidopsis thaliana RSP31, and
CmSC35 (gene CYME_CML202C), homologue to human SRSF2. Looking for dual-
specificity kinasesa LAMMER-like dual-specificity kinase, CmLIK (gene CYME_CMR245C),
can be found in C. merolae. It is classified as LAMMER-like since the aG helix comprises
“EHLQLMQKLLQ” instead of the typical LAMMER motif.

A previous study from the Heyd laboratory investigated the ability of CmLIK-KD to
phosphorylate a synthetic GST-RS substrate comprising a GST-tag followed by a
PreScission cleavage site, short linker and four Arg-Ser dipeptide repeats (Haltenhof,
2020). They found high substrate phosphorylation between 44°C and 52°C with a
maximum at 48°C (Figure 1-3 C). Auto phosphorylation was highest at 52°C. As for other
CLKs the temperature activity profile matched the living temperature range. The melting
temperature was determined to be 55°C via circular dichroism (CD) spectroscopy,
suggesting that the decrease in activity was not due to unfolding but to conformational
changes. CmLIK comprises a very long intrinsically disordered N-terminal region and a
kinase domain. To get further insights they obtained a first structure of the CmLIK-KD at
a resolution of 2.5 A by X-ray crystallography (Figure 1-3 A). CmLIK-KD exhibited a typical
kinase fold as for CLKs. Two major differences in structural elements are evident in
comparison to hCLK1. The B-hairpin is replaced by a shorter flexible loop and the MAPK-
like insertion comprises an extended loop followed by long a-helix instead of a short a-
helix followed by a two-strand B-sheet. Upon closer inspection, a salt bridge is evident
between R649 of the P+1 loop in the activation segment (R343 in hCLK1) and D690
located in a loop between aF and aG helix. The corresponding residue in hCLK1 is S384
and the salt bridge is therefore absent. Comparing the activation segment conformation
between CmLIK-KD and hCLK1 they found that the salt bridge stabilizes it in the active (in
hCLK1 unphosphorylated) conformation (Figure 1-3 B). They hypothesized that this salt

bridge mediated CmLIK-KD activity at higher temperatures. To test this, they generated
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a CmLIK-KD D690S mutant and observed reduced substrate phosphorylation at 48°Cbut
increased overall auto phosphorylation (Figure 1-3D). The melting temperature
according to CD spectroscopy was reduced to 44°C. Inturna mouse CLK1 (mCLK1) S383D
mutant exhibited detectable substrate phosphorylation at 40°C in comparison to no
activity in the wildtype (WT). These initial results formed the basis for one of the projects
presented in this thesis. Since this study was carried out with a synthetic substrate it
remains to be determined if and how CmLIK-KD phosphorylates one of the C. merolae
SR-proteins. In addition, the impact of the larger structural differences between CLKs and

CmLIK-KDshould be investigated.
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Figure 1-3 Initial analysis of CmLIK-KD. A Superimposition of the first obtained CmLIK-KD structure
with hCLK1-KD. Proteins depicted as cartoon. For CmLIK-KD a-helicesare coloredin deep salmon
and B-sheets aquamarine. Secondary structure element labeling according to (Bullock et al.,
2009; Modi and Dunbrack, 2019) is indicated. Important structural elements are labeled in
different colors. For hCLK1 kinase domain (grey, PDB: 6TW2 (Haltenhof et al., 2020)) B-hairpin is
indicated. B Zoom of A on the R649-D690 salt bridge. The phosphorylated conformation of the
hCLK1 activation segment is colored in grey and the unphosphorylated conformation in deep
teal. Residues involved in the conformational change of the P+1 loop are depicted as sticks. C
Representative gel of on-bead in vitro kinase assays of GST-CmLIK-KD WT with synthetic GST-RS
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substrate. Kinase is indicated as “auto” and substrate as “RS” on the left. Sample temperature is
indicated on top. Protein loading detected by Coomassie staining and phosphorylation detected
by autoradiography (32P) is shown. Taken from (Haltenhof, 2020). D Representative gels of on-
bead in vitro kinase assays of GST-CmLIK-KD WT/D690S with synthetic GST-RS substrate. Kinase
is indicated as “GST-LIK” and substrate as “GST-RS” on the left. CmLIK-KD variant is indicated on
the bottom. Sample temperature is indicated on top. Protein loading detected by Coomassie
staining and phosphorylation detected by autoradiography (32P) is shown. Taken from
(Haltenhof, 2020).

1.7 Arabidopsis thaliana—how plants adaptto elevated temperatures

Arabidopsis thaliana (A. thaliana) is a widely used model organism to study land plants
(Woodward and Bartel, 2018). A process in plants that is especially interesting
considering climate change is thermomorphogenesis (Erwin et al., 1989; Quint et al.,
2016), the ability to adjust growth and morphology at high ambient temperatures below
heat stress level. Since plants are sessile, they cannot move and must adapt in other
ways in response to temperature changes. One observed morphological adjustment is
hypocotyl elongation, growth of the stem (Gray et al.,, 1998). A second change is
hyponastic growth, the elongation of the petioles and upwards movement of the leaves
(van Zanten et al., 2010). Lastly the plants develop smaller and thinner leaves with
decreased stomata density (Vile et al., 2012). All these morphological changes together
contribute to enhanced evaporative cooling to mitigate the high temperatures (Crawford
et al.,, 2012) and appeared to be mediated by the phytohormoneauxin (indole-3-acetic
acid, 1AA) (Gray et al., 1998; Stavangetal., 2009; Wit et al., 2014). The transcription factor
phytochrome-interacting factor 4 (PIF4) was identified asthe major regulator of ambient
temperature responses in A. thaliana (Koini et al., 2009; Proveniers and van Zanten,
2013). At high temperatures PIF4 binds its target promoters leading to expression of
auxin biosynthesis genes such as YUCCA 8 (YUC8) (Sun et al., 2012). Elevated auxin levels
in turn induce the expression of small auxin up RNA 1-24 (SAUR 19-24) genes (Franklin
et al.,, 2011) which regulate elongation growth (Chae et al., 2012; Spartz et al., 2012;
Spartz et al., 2014). Avery simplified scheme of this cascade is shown in Figure 1-4 A. For
thermomorphogenesis to function properly PIF4 activity needs to be tightly regulated. In
addition to rhythmic PIF4 expression regulated by the circadian clock (Niwa et al., 2009;
Nusinow et al., 2011), post translational modifications (Lorrain et al., 2008; Bernardo-

Garcia et al., 2014), interactions with other proteins (Foreman et al.,, 2011) and
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competition for promoter binding (Toledo-Ortiz et al., 2014)have been reported as PIF4
regulatory mechanisms. Considering that alternative splicing is a common regulatory
mechanism for protein activity, that several temperature dependent alternative splice
events have been found in A. thaliana (Neumann et al.,, 2020) and the findings of
temperature dependent activity of CLKs, it is not farfetched to surmise that plant CLK
homologues play a regulatory role at some level in thermomorphogenesis.

Three CLK homologues were found in A. thaliana, AFC1-3 (Bender and Fink, 1994,
Golovkin and Reddy, 1999; Rodriguez Gallo et al., 2022). Sequence identity between
AtAFC1 and 2is 70. 8 %, between 1 and 3 64.5 % and between 2 and 3 60.9 % (calculated
with Clustal Omega (Madeira et al., 2022)). Their activation segments are highly similar
to those of animal CLKs and especially the temperature sensitivity mediating residues of
hCLK1 R343 and H344 are conserved (Figure 1-4B). Previous members of the Heyd
laboratory carried out in vitro kinase assays with GST-tagged full-length (f.l.) AFCs and a
synthetic GST-RS substrate (Figure 1-4 C). They found that all three kinases exhibited
distinct temperature activity profiles. AtAFC1 exhibited high substrate phosphorylation
at and below 20°C and activity decreased steeply between 20°C and 32°C, with barely
any detectable activity at higher temperatures. In contrast, AtAFC3 exhibited low
substrate phosphorylation below 16°C followed by a steep increase until a maximum at
24°C. At 36°C AtAFC3 activity decreased again but was still detectable up to 40°C. AtAFC2
exhibited similar activity to AtAFC1 until 20°C but exhibited still higher activity between
24°Cand 32°C, though not as high as AtAFC3. No activity could be detected at 36°C and
above. Such distinct temperature activity profiles in a set of highly similar kinases prompt
the investigation of their structural differences to elucidate elements governing their

temperature sensitivity.
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Figure 1-4 Thermomorphogenesis and CLK homologues in A. thaliana. A A very simplified scheme
of the cascade mediating thermomorphogenesis in A. thaliana. Increase in temperature causes
increased PIF4 expression which in turnincreases expression of its target genes (YUC8, TAA1 and
CYP798). This leads to more synthesis of the phytohormone auxin which leads to expression of
SAUR19-24. These proteins facilitate hypocotyl elongation. Proteins are represented as ovals,
black upwards arrows indicate upregulation and grey arrows indicate effects. Adapted from
(Proveniers and van Zanten, 2013). B Multiple sequence alignment of hCLK1 and AtAFC1/2/3
activation segments. Conservation as colored blocks and consensus sequence shown on top.
Residues colored according to properties and conservation (Clustal X color scheme).
C Quantification of substrate phosphorylation observed in on-bead in vitro kinase assays of GST-
AtAFC1/2/3f.l. WT with synthetic GST-RS substrate atindicated temperatures. Phosphorylation
was detected by autoradiography (32P) and normalized to highest signal in assay. AtAFC1 n = 3,
AtAFC2/3 n = 6. Experiments performed by Miriam Strauch and Paul Wulf.
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2 Aims

Aim of this study was the characterization of the underlying molecular mechanisms that
match the active temperature range of CLKs and their homologues to the body
temperature or physiological environment temperature of their corresponding
organisms. As methods for kinase characterization in vitro kinase assays, thermostability
assaysas well as structure elucidation using X-ray crystallography or AlphaFold prediction
should be employed.

One approach followed the reconstruction of ancestral CLK sequences and analyzing
their differences in amino acid sequences and protein structure in relation to their
different temperature-activity profiles. This should shed light on the evolution of CLK
temperature sensitivity during the evolution of different species.

A second approach investigated a CLK homologue from the extremophilic red algae
C. merolae. Not only is this alga an established simple eukaryotic model organism, but
the growth temperature of around 45°C requires a kinase that exhibits activity at higher
temperatures and thus an attractive candidate for finding mechanisms that stabilize
CLKs.

Lastly, three CLK homologues from A. thaliana were investigated with the reasoning that
plants have to adapt to a wide range of temperatures since they can neither run nor hide.
The presence of multiple homologues with distinct temperature-activity profiles
suggests that each is used to adapt to a different temperature condition and poses an
excellent opportunity to further analyze the molecular mechanisms governing kinase
temperature sensitivity with respect to their high similarity.

Understanding the molecular mechanisms that govern the temperature sensitivity of
CLKs and especially their plant homologues raises the possibility to engineer kinases in

crop plants to adapt them to higher temperatures in the context of global warming.
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3 Material and methods

If notstated otherwise, all chemicals were obtained from Carl Roth GmbH.
3.1 Molecular cloning and QuickChange PCR

Selected ancestral CLK f.I. sequences were ordered from Twist Bioscience in pETM-11
vector with 5" Ncol site and 3’ Xhol! site. KDs were re-cloned into pET-GST vector using
PCR with the pETM-11 f.I. plasmids as templates and suitable primers, restriction digest
with Ncol and Xho/ and T4 DNA ligation. Mus musculus CLK4-KD (mCLK4-KD), Alligator
mississippiensis CLK4-KD (AmCLK4-KD) and Trachemys scripta scripta CLK1-KD (turtle
CLK1-KD) in pGex-6p-1 vector were already available in the laboratory. Similarly to the
method described above CmSC35 was re-cloned from an existing plasmid out of the pET-
MCN-Avector into pETM-11 vector. CmLIK-KD WT, D690S and hairpin mutant, as well as
A. thaliana (At)AFC1, AtAFC2 and AtAFC3 f.l. WT in pGex-6P-1 vector were already
available in the laboratory. CmLIK-KD T683V, AtAFC2 f.I. C210S and AtAFC3 f.I. Q254A
mutants were generated via quick-change PCR. As described above AtAFC2-KD WT and
C210S, as well as AtAFC3-KD WT were cloned out of the pGex-6P-1 vector into pETM-11
vector.

Human DYRK3 isoform 2 f.l. in pGex-4T1 and human Sec16 fragment (residues 1102-
1405) in pMAL were supplied by Dr. Lucas Pelkmans from the University of Zurich. The
Secl16 fragment was re-cloned into pET-GST vector as described above.

All primers were ordered from Eurofins. For all PCRs S7 Phusion polymerase (Biozym,
332530S)was used. FastDigest (Thermo Fisher) restriction enzymes were used with the
supplied buffer. T4 DNA ligase from Thermo Fisher (ELO011) was used. Empty pETM-11
and pET-GST vectors were supplied by Dr. Bernhard Loll.

Chemically competent Escherichia coli (E. coli) Top10 for cloning and BL21(DE3) pRare
for heterologous protein expression were transformed via heat shock at 42°C for 50s.
E. coli RosettaGami2 for expression of pETM-11 AtAFC2-KD WT and C210S were
transformed using the ROTI®Transform kit (Carl Roth, P043.1) according to

manufacturer’s instructions.
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3.2 Gene expression analysis via RT reaction and gPCR

RNA samples from A. thaliana Col-0 and afc1/2/3 triple knockout plants cultured on
1 % (w/v) sugar supplemented medium at 17°Cor 28°Cfor 8 and 24 h were provided by
Dr. Daniel Maag from University of Wirzburg. 1 pg of isolated RNA was incubated with
0.48 pmol reverse primer per target transcript and annealing was carried out using a
temperature gradient from 90°C to 43°C in 1°C steps. 100U M M-MulV reverse
transcriptase (Enzymatics # P7040L) was added to the mix and reaction allowed to go on
for 30 min at 43°C. Resulting cDNA solutions were diluted with MilliQ H20 to a final
volume of 100 uL. gPCR was then performed in 96-well format with technical duplicates
using Biozym Blue S'Green gPCR 2x mix (Biozym Cat # 331416) according to
manufacturer’s instructions in a Bioer Real-Time-Thermocycler LineGene 9600 Plus for
40 cycles. 8 plL of diluted cDNA was used in a final reaction volume of 20 pL with 5 pmol
forward and 5 pmol reverse primer. Gene specific primers for PIF4, YUC8, SAUR19 and
SAUR20 were used. AT4G34270(TIP41) was used as a reference gene.

3.3 Reconstruction of ancestral CLK sequences

Ancestral CLK sequences were reconstructed by Dr. Rainer Merkl and Dr. Kristina Straub
at University of Regensburg as described previously (Straub and Merkl, 2019). Initially
sequences were searched via BLAST (Altschul et al., 1990) with hCLK1 as query and E-
value set to 1-19. Only sequences with a query coverage above 90 % were considered.
Results were pruned by deselecting sequences with a sequence identity above 99 % and
removing sequences that produced large indels in the multiple sequence alignment
(MSA). Phylogenetic trees were calculated using Bayesian likelihood-based method and
iteratively sequences were pruned to obtain a robust tree with bootstrap values greater
than 0.75. The final tree was rooted using hDYRK1A sequence and used for
reconstruction of ancestral CLK sequences using FastML (Ashkenazy et al., 2012).

For analysis and visualization of the resulting phylogenetic tree NJplot 2.3 (Perriere and
Gouy, 1996) was used. MSAs were analyzed using JalView 2.11.3.2 (Waterhouse et al.,
2009) and visualized with SnapGene Viewer 7.1.1 (www.snapgene.com). The body
temperature or active ambient temperature of the organisms which constituted the

phylogenetic tree were analyzed to select ancestral CLK sequences for further analysis.
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3.4 Heterologous protein expressionin £. colf

Recombinant proteins were expressed in E. coli BL21(DE3) pRare cultured in LB medium
with 100 pg/mL ampicillin (pGex-6P-1 vector), or 50 pg/mL kanamycin (pETM-11 and
PET-GST vector) and 34 pg/mL chloramphenicol by 0.2 mM IPTG induction at an ODsoo
of 0.8 — 1.0 and incubation overnight (ON) at 18°C. Cultures were harvested by
centrifugation at 4.5k x g, 4°Cfor 15 min and bacterial pellets stored at -20°Cuntil use.
For on-bead in vitro kinase assays (IVKA) bacterial cultures were induced with 0.4 mM
IPTG and split into aliquots equaling a total ODeoo of 80 prior to harvest via centrifugation.
His-AtAFC2-KD WT and C210S were expressed in E. coli RosettaGami2 under the same

conditions.
3.5 Purification of GST-tagged CmLIK-KD variants

Bacterial pellets (E. coli BL21(DE3) pRare, pGex 6P1) were resuspended in lysis buffer
(50 mM Tris-HCl pH 7.0, 500 mM NaCl, 10 mM MgCl, 1 mM DTT), 1 mg DNase | (Roche,
10104159001) was added, cells lysed via sonification at 70 % amplitude, 1 s on, 2 s off
for 17 min and centrifuged at 21.5k x g, 4°C for 1 h. The supernatant was loaded onto
5 mL GST beads (Protino® Glutathione Agarose 4B, Macherey-Nagel REF# 745500). The
beads were washed twice with 10 column volumes (CV) lysis buffer and the recombinant
protein eluted with 5 CV elution buffer (50 mM Tris-HCl pH 8.5, 500 mM NaCl, 10 mM
MgCly, 1 mM DTT, 20 mM glutathione) in 1 CV fractions. Fractions were analyzed via SDS-
PAGE and protein concentrations measured via spectrophotometry using a NanoDrop
(DeNovix DS-11) considering the molecular weight and extinction coefficient of the
protein of interest. Subsequently fractions containing the protein of interest were
pooled, PreScission protease (inhouse production at AG Wahl) was added 1:30to cleave
off the GST-tag and the mixture was dialyzed ON at 4°Cin 6-8 kDa MWCO dialysis tubing
(Spectrum™, 132660) against 2 L dialysis buffer (50 mM Tris-HCl pH 7.0, 300 mM Nacl,
10 mM MgCly, 1 mM DTT). The dialyzed mixture was loaded onto 5 mL GST-beads again,
the flow-through (FT) was collected, beads washed with 3 CV dialysis buffer and bound
protein eluted with 3 CV elution buffer. FT and wash fractions were analyzed via SDS-
PAGE and protein concentrations measured via spectrophotometry using a NanoDrop

(DeNovix DS-11) considering the molecular weight and extinction coefficient of the
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protein of interest. Subsequently FT and wash fractions containing the protein of interest
were pooled, concentrated in an Amicon Ultra-15 10 kDa MWCO filter unit (Millipore,
UFC901024) and subjected to size exclusion chromatography (SEC) using a HilLoad
Superdex S7516/600 pg column (Cytiva, GE28-9893-33)on a Quest system (BioRad). The
pooled fractions were loaded manually onto a 2 mL loop. Flow was set to 1 mL/min, loop
was emptied with 10 loop volumes and isocratic elution carried out with 1.2 CV SEC-
buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 10 mM MgCl,, 1 mM DTT) while collecting
1.5 mL fractions. Fractions were analyzed via SDS-PAGE according to the chromatogram
and protein concentrations measured via spectrophotometry using a NanoDrop
(DeNovix DS-11) considering the molecular weight and extinction coefficient of the
protein of interest. Subsequently fractions containing the pure protein of interest were
pooled, concentrated in an Amicon Ultra-4 10 kDa MWCO filter unit (Millipore,
UFC801024)and aliquoted prior to flash freezing in liquid nitrogen and storage at -80°C.
For CmLIK-KD D690S the pH of the lysis and dialysis buffers was 7.2. For CmLIK-KD hairpin
the pH of all buffers was 8.5. The final protein concentration of CmLIK-KDT683V was
26 UM, of D690S 29 uM and of hairpin 49 uM. CmLIK-KD WT was already available at

65 UM in the laboratory, purified previously by Ana Kotte.

3.6 Purification of His-tagged CmSC35

Bacterial pellets (E. coli BL21 pRare, pETM-11 CmSC35) were resuspended in lysis buffer
(50 mM Tris-HCI pH 8.0, 500 mM NaCl), 1 tablet cOmplete protease inhibitor (EDTA-free,
Roche) and 1 mg DNase | (Roche, 10104159001) were added, cells lysed via sonification
at 70% amplitude, 1 s on, 2 s off for 17 min and centrifuged at 21.5kx g, 4°C for 1 h.
Supernatant was loaded onto 1 mL NiNTA beads (HIS-Select® Nickel Affinity Gel, Sigma
Aldrich P6611-25ML). The beads were washed with 10 CV lysis buffer, 10 CV lysis buffer
with added 20 mM imidazole and the recombinant protein eluted with 5 CV elution
buffer (50 mM Tris-HCI pH 8.0, 500 mM NaCl, 250 mM imidazole) in 1 CV fractions.
Fractions were analyzed via SDS-PAGE. Subsequently fractions containing the protein of
interest were pooled and diluted with 50 mM Tris-HC| pH 8.0 for a final concentration of
100 mM NaCl. The protein was further purified using a HiTrap Heparin HP 5 mL column
(Cytiva, 17-0407-03) on a Quest system (BioRad). The column was equilibrated with 1 CV
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buffer A(50 mM Tris-HCI pH 8.0, 0.1 M NaCl) and the protein solution was loaded with a
flow rate of 0.5 mL/min. The column was washed with 1 CV buffer A. Elution was carried
out at a flow rate of 1 mL/min with a gradient from 0 to 100 % buffer B (50 mM Tris-HCl
pH8.0,1 M NaCl) over 10 CV followed by a step with 1 CV 100 % buffer B. During elution
1 mL fractions were collected. According to the chromatogram, fractions were analyzed
via SDS-PAGE. Fractions containing the protein of interest were pooled and subjected to
SEC using a HiLoad Superdex S75 16/600 pg column (Cytiva, GE28-9893-33)0on a Quest
system (BioRad). The pooled fractions were loaded manually onto a 5 mL loop. Flow was
set to 1 mL/min, loop was emptied with 2 loop volumes and isocratic elution carried out
with 1.2 CV SEC-buffer (50 mM Tris-HCl pH 8.0, 300 mM NacCl) while collecting 1.5 mL
fractions. Fractions were analyzed via SDS-PAGE according to the chromatogram and
protein concentrations measured via spectrophotometry using aNanoDrop (DeNovix DS-
11)considering the molecular weight and extinction coefficient of the protein of interest.
Subsequently fractions containing the pure protein of interest were pooled,
concentrated in an Amicon Ultra-4 10 kDa MWCO filter unit (Millipore, UFC801024)toa
final concentration of 68 UM and aliquoted prior to flash freezing in liquid nitrogen and

storage at -80°C.

3.7 Purification of GST-tagged AtAFC3 f.l. variants

GST-AtAFC3 f.I. WT was purified only by affinity chromatography as described for GST-
CmLIK-KD variants (see paragraph 3.5), but using 1 mL GST beads and pooled eluate
fractions were concentrated in an Amicon Ultra-0.550 kDa MWCO filter unit (Millipore,
UFC505024) to a final concentration of 57 uM and aliquoted prior to flash freezing in
liquid nitrogen and storage at -80°C.

GST-AtAFC3 f.l. Q254A was purified as described for GST-CmLIK-KD variants (see
paragraph 3.5) with the following changes. 2 mL GST beads were used during affinity
chromatography. The GST-tag was not cleaved off and pooled fractions after affinity
chromatography were directly concentrated and subjected to SEC using a HilLoad
Superdex S200 16/600 pg column (Cytiva, GE28-9893-35) on an Akta pure system
(Cytiva). The loop was emptied with 2 loop volumes. The final concentration was 14 uM

and 95 uM.
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As lysis buffer for GST-AtAFC3 f.I. variants 50 mM Tris-HC| pH 7.2, 500 mM NaCl, 10 mM
MgCl,, 1 mM DTT was used. The elution buffer had the same composition with added
20 mM glutathione. The SEC buffer comprised 50 mM Tris-HCI pH 7.2, 300 mM Nacl,
10 mM MgClz, 1 mM DTT.

3.8 Purification of His-tagged AtAFC3-KD WT

His-AtAFC3-KD WT was purified as described for His-CmSC35 (see paragraph 3.6) with
the following changes. Eluate fractions of the NiNTA affinity chromatography containing
the protein of interest were concentrated in an Amicon Ultra-4 10 kDa MWCO filter unit
(Millipore, UFC801024) and subjected to SEC. A 2 mL loop was used and emptied with
10 loop volumes. The final concentration amounted to 38 uM. Lysis buffer comprised
50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10mM MgCl, and SEC buffer 50 mM Tris-HCl
pH 8.0,300 mM NaCl, 10 mM MgCla.

3.9 On-bead /in vitrokinase assays

Per investigated kinase and 9 reactions one bacterial pellet equaling a total ODeoo of 80
was thawed and resuspended in 700 uL lysis buffer (50 mM Tris-HCI pH 7.4, 300 mM
NaCl, 2 mM DTT). Cells were lysed via sonification at 40 % amplitude, 0.4 cycle for 1 min
and cell debris cleared by centrifugation at 13k x g, 4°C for 15 min. The cleared lysate
supernatant was incubated for 1 h at 4°C with 100 pL 50:50 slurry Protino® Glutathione
Agarose 4B (Macherey-Nagel, REF 745500) equilibrated with lysis buffer. Incubated
beads were centrifuged at 500x g, 4°C for 2 min, the supernatant discarded, and beads
subsequently washed 4 times with 1 mL lysis buffer via centrifugation at 500x g, 4°C for
1 min. The 50 uL bead pellet after washing was resuspended in lysis buffer to a final
volume of 1 mL. Per reaction 100 uL of the bead slurry were used. The beads were
centrifuged once more at 500x g, 4°C for 1 min and the supernatant discarded. 14 pL
13.8 UM GST-RS synthetic substrate in reaction buffer (50 mM Tris-HCl pH 7.6, 10 mM
MgCly, 5 mM DTT, 0.1 mM spermidine) was added to the beads per reaction and pre-
incubated for 20 min at the indicated temperatures. After addition of ATP mixture (y-32P-
ATP : ATP 1 : 20k, ca. 0.3 Ci/mmol) to a final concentration of 22 uM the samples were

incubated for 5 min at the same temperatures. The reaction was stopped by addition of
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6 x SDS sample buffer and incubation at 95°C for 5 min. Samples were analyzed on 12 %
SDS-PAGEs. Gels were stained with Coomassie, de-stained with 10% (v/v) acetic acid,
40 % (v/v) ethanol and imaged. Subsequently gels were placed on filter paper, dried in a
gel drier for 45 min and exposed on phosphoscreens ON. The phosphoscreens were
detected in a Typhoon FLA 7000 phosphoimager (650 nm laser, latitude L4, PMT = 500,
100 um pixel size) and band intensities quantified using ImageQuant TL software.
Intensities were normalized to highest signal in assay, divided into auto and substrate
phosphorylation. For further analysis GraphPad Prism 9.3.0 was used. Statistically
significant differences were determined by two-way ANOVA with Sidak correction. Curve
fitting was performed using nonlinear regression with Boltzmann sigmoidal fitting. The
resulting best fit values were used to calculate the temperature at which CLK4-KD activity
reached 50 % according to equation1 (see Supplement). Standard deviation was
calculated with error propagation according to equation 2 (see Supplement). Statistically
significant differences were determined by two-way ANOVA followed by a Tukey HSD
post-hoctest.

Synthetic GST-RS substrate was already available as purified protein in the laboratory,

previously purified by Paul Wulf.

3.10 /n vitrokinase assays with purified CmLIK-KD variants

0.5 uM purified CmLIK-KDWT, T683V, D690S or hairpin mutant was pre-incubated with
1 uM CmSC35in kinase assay buffer (50 mM MES-KOH pH 6.0, 10 mM MgCl) for 10 min
at the indicated temperatures. After addition of ATP mixture (y-32P-ATP : ATP 1: 120k,
ca. 0.05 Ci/mmol) to a final concentration of 133 uM the samples were incubated for
30 min at the same temperatures. The reaction was stopped by addition of 6 x SDS
sample buffer and incubation at 95°C for 5 min. Samples were analyzed on 12 % SDS-
PAGEs. Gels were stained with Coomassie, de-stained with 10 % (v/v) acetic acid, 40 %
(v/v) ethanol and imaged. Subsequently gels were placed on filter paper, dried in a gel
drier for 45 min and exposed on phosphoscreens ON. The phosphoscreens were
detected in a Typhoon FLA 7000 phosphoimager (650 nm laser, latitude L4, PMT = 500,
100 um pixel size) and band intensities quantified using ImageQuant TL software.

Intensities were normalized to highest signal in assay, divided into auto and substrate
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phosphorylation. Statistically significant differences determined by unpaired Welch t-

test using GraphPad Prism 9.3.0.

3.11 /n vitrokinase assays with purified AtAFC3 f.l. variants

0.5 uM purified GST-AtAFC3 f.I. WT or Q254A was pre-incubated with 2 uM GST-RS in
reaction buffer (50 mM Tris-HCI pH 7.6, 10 mM MgCl,, 5 mM DTT, 0.1 mM spermidine)
for 20 min at the indicated temperatures. After addition of ATP mixture (y-32P-ATP : ATP
1:20k, ca. 0.3 Ci/mmol) to a final concentration of 22 uM the samples were incubated
for 5 min at the same temperatures. The reaction was stopped by addition of 6 x SDS
sample buffer and incubation at 95°Cfor 5 min. Samples were analyzed as described for

in vitro kinase assays with purified CmLIK-KD variants (see paragraph 3.10).
3.12 Thermal shift assays

CmCLK-KD was mixed with kinase assay buffer (50 mM MES-KOH pH 6.0, 10 mM MgCly)
containing 1:500 SYPRO® Orange Protein Gel Stain (Sigma-Aldrich, S5692) to a final
concentration of 1.7 uM in a final volume of 20 uL. The mixture was incubated in a
Stratagene Mx3005P Real-Time-Thermocycler (Agilent Technologies) with a temperature
range from 25°Cto 95°Cwith a ramp of 1°C/min over 70 min and fluorescence measured.
The reaction was also carried out with 500 uM ATP or 500 uM AMPPNP in the mixture,
as well as all three conditions also with addition of 1 uM CmSC35. The assay was carried
out in 96-well plate format with triplicate measurements. The minima of the second
derivate of the resulting fluorescence curves were calculated with Excel and
GraphPad Prism 9.3.0 to obtain Tm values. The final Tm values were calculated as the
mean of the triplicates and errors were calculated as the standard deviation. Statistically

significant differences were determined by unpaired Welch t-test.

3.13 Phosphorylation quantification via intact mass LC-ESI-MS

3.13.1 CmLIK-KD and His-CmSC35 phosphorylation

10 uM CmLIK-KD variant was incubated with 5 pM His-CmSC35 in 50 mM MES-KOH
pH6.0, 10mM MgCly for 10 min at 32°C, 45°C or 49°C. ATP was added to a final
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concentration of 2 mM in a final reaction volume of 30uL and the reaction further
incubated at the set temperature. 5 uL sample was taken 2,5, 10, 20 and 30 min after
ATP addition and the reaction was stopped by dilution in 45 puL TA33 (33 % (v/v)
acetonitrile (ACN), 0.1 % (v/v) trifluoroacetic acid (TFA) in H20). Samples were stored at
-20°C until use. The remaining 5 puL after 30 min were diluted with 5 pL 6 x SDS-sample
buffer, boiled for 5 min at 95°Cand stored at -20°C until they were used for in-gel digest

analysis (see paragraph 3.14).

3.13.2 Intact mass LC-ESI-MS

10 pL of each sample was diluted with 30 pL buffer A (0.1 % (v/v) formic acid (FA) in H20)
tolower ACN concentration. Intact proteins were analyzed using the Ultimate 3000 liquid
chromatography system connected to a Q Exactive HF mass spectrometer via the ion
max source with HESI-II probe (Thermo Scientific). The following MS source parameters
were used: spray voltage 3.6 kV, capillary temperature 320°C, sheath gas 10, auxiliary
gas 4, S-lens RF level 60, intact protein mode on. For the analysis 10 uL (approx. 0.13 ug
of total protein) of the sample were desalted and concentrated by injection on a
reversed-phase cartridge (MSPac DS-10, 2.1x10 mm, Thermo Scientific) at 60°C using
buffer A (0.1 % (v/v) FA, 5 % (v/v) ACN in H,0) at a constant flow rate of 22 uL/min for
3 min. This was followed by a short linear gradient of 5% — 95 % buffer B (0.1 % (v/v) FA
in 80 % (v/v) ACN, 20 % (v/v) H20) within 10 min followed by washing and re-
equilibration. Full MS spectra were acquired using the following parameters: mass range
m/z 600-2500, resolution 15,000, AGC target 3x10°, uscans 5, maximum injection time
200 ms. Spectra were deconvoluted, processed, analyzed and peaks quantified using
UniChrom of the UniDec software suite (Marty et al., 2015). An averaged spectrum was
generated from each measurement, followed by spectral deconvolution using the
default settings except for the following adjustments: charge range 1-100, mass range
22-46 kDa, sample mass every 1 Da, peak picking range 10 Da. For further analysis
GraphPad Prism 9.3.0 was used and catalytic rates calculated using nonlinear regression

with a one phase decay.
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3.14 Phosphorylation site analysis via in-gel digest and LC-ESI-MS/MS

3.14.1 SDS-PAGE and band excision

SDS-PAGE samples from CmLIK-KD variant and His-CmSC35 phosphorylation (see
paragraph 3.13) corresponding to 2 pg CmLIK-KD and 0.6 pg His-CmSC35 were loaded
onto 12 % (v/v) polyacrylamide gels. Gels were run at 100V for 10 min and subsequently
150V for 2 h. After staining with Coomassie, the gels were destained with 10% (v/v)
acetic acid and washed with MilliQ H2O. Protein bands were excised from the gels and
cut into approximately 1 mm wide pieces to maximize surface area. Half of each band
was used for digestion with trypsin and the other half for digestion with elastase. Both
approaches were handled simultaneously. Gel pieces were incubated with 25 mM
ammonium bicarbonate, 50% (v/v) ACN at 45°C for 15 min. Supernatant was removed
and gel pieces incubated with ABC buffer (50 mM ammonium bicarbonate) at 45°C for
15 min. Supernatant was again removed, gel pieces incubated with ACN at 45°C for

10 min, supernatant removed and gel pieces dried in a SpeedVac.

3.14.2 Reduction and carbamidomethylation of cysteines

Gel pieces were incubated with 100mM DTT in ABC buffer at 56°C for 30 min.
Supernatant was removed, gel pieces incubated with ACN at 45°C for 5min and
supernatant removed again. For carbamidomethylation gel pieces were incubated with
55 mM iodoacetamide in ABC buffer at RT for 20 min protected from light. Supernatant
was removed and the gel pieces washed once with ABC buffer for 10 min at RT and twice

with ACN for 5 min at RT before being dried in a SpeedVac again.

3.14.3 Enzymatic digest

15 plL 10 ng/uL trypsin in ABC buffer or 10 uL 10 ng/uL elastase in ABC buffer was added
to the corresponding gel pieces, followed by addition of 20 uL ABC buffer and incubation
at 37°CON.

31



Material and methods

3.14.4 Peptide extraction for LC-ESI-MS/MS analysis

50 uL 0.5 % (v/v) TFA in ACN was added to the gel pieces and the mixture was incubated
for 5 min in an ultrasonic bath. Supernatants were transferred into a 96-well plate. 50 uL
ACN was added to the gel pieces, incubated for 10 min at RT and the supernatant
combined with the first supernatant. Peptides were dried in a SpeedVac and stored at -

20°C until use.

3.14.5 LC-ESI-MS/MS analysis

Peptides were reconstituted in 10 uL of 0.05% (v/v) TFA, 4 % (v/v) ACN in water, and
1uL was analyzed using an Ultimate 3000 reversed-phase capillary nano liquid
chromatography system connected to a Q Exactive HF mass spectrometer (Thermo
Fisher Scientific). Samples were injected and concentrated on a trap column
(PepMap100C18, 3 um, 100A, 75 pmi.d. x 2 cm, Thermo Fisher Scientific) equilibrated
with 0.05% (v/v) TFA in water. After switching the trap column inline, LC separations
were performed ona capillary column (double nanoViper PepMap Neo C18, 2 um, 100 A,
75 umi.d.x 50 cm, Thermo Fisher Scientific) at an eluent flow rate of 300 nL/min. Mobile
phase A contained 0.1 % (v/v) FA in water, and mobile phase B contained 0.1 % (v/v) FA
in 80 % (v/v) ACN /20 % (v/v) water. The column was pre-equilibrated with 5% mobile
phase B followed by an increase of 5 —44 % mobile phase B over 35 min. Mass spectra
were acquired in a data-dependent mode utilizing a single MS survey scan (m/z 300—
1650) with a resolution of 60,000, and MS/MS scans of the 15 most intense precursor
ions with a resolution of 15,000. The dynamic exclusion time was set to 20s and
automatic gain control was set to 3x10%and 1x10° for MS and MS/MS scans, respectively.
Reconstitution and measurement were carried out by Dr. Benno Kuropka. Obtained .raw
files were converted to mzML file format with MSConvert from the ProteoWizard
software package (Chambers et al., 2012). Peptide identification and quantification was
done with FragPipe (v21.1, (Kong et al., 2017)) using the LFQ-Phospho workflow. For
trypsin samples “stricttrypsin” and for elastase samples “nonspecific” were used as
enzyme specificity in MSFragger. As FASTA sequence database, the sequences of the
purified and digested CmLIK-KD and undigested His-CmSC35 proteins supplemented

with decoys, common contaminants and the proteome of E. coli strain K12
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(UPO00000625) was used. Data of phosphorylated residues was further analyzed with
Excel and GraphPad Prism 9.3.0.

3.15 CmLIK-KD hairpin nucleotide exchange

10 uM CmLIK-KD hairpin was incubated with 1 mM AMPPNP (Jena Bioscience, NU-407-
10) in exchange buffer (50 mM Tris-HCI pH 8.5, 300 mM NaCl, 300 mM (NHa)2S0s,
10 MM EDTA, 2 mM DTT) for 1 h at room temperature (RT). The exchange was quenched
by addition of MgCl; to a final concentration of 20 mM and incubation on ice for 5 min.
The protein was concentrated and washed three times with washing buffer (50 mM Tris-
HCl pH 8.5, 300 mM NaCl, 1 mM DTT) in an Amicon Ultra-0.5 10 kDa MWCO filter unit
(Millipore, UFC501024)to get rid of ammonium sulfate and EDTA.

3.16 Proteincrystallization

3.16.1 CmLIK-KD WT crystallization

5.6 mg/mL CmLIK-KDWT and 4 mg/mL His-CmSC35 in the presence of 3 mM ATP-y-S
(Roche, 11162306001)and 4.5 mM MgCl, were crystallized in hanging drop format with
1 uL protein solution + 1 pL reservoir solution drops and 1 mL reservoir solution (0.1 M
Tris-HCl pH 8.0, 20 % (v/v) ethanol) at 18°C. Crystals were soaked in reservoir solution
supplemented with 20 % (w/v) ethylene glycol for cryo protection, flash frozen in liquid
nitrogen for storage and used for X-ray diffraction experiments at BESSY Il (Helmholtz-

Zentrum (HZB), Berlin, Germany), beamline 14-2.

3.16.2 CmLIK-KD hairpin crystallization

2.2 mg/mL CmLIK-KD hairpin was used for crystallization trials in sitting drop format with
0.1 pL protein solutionand 0.1 ulL reservoir solution drops in 96-well plate format. Plates
were prepared using a mosquito® LV pipetting robot (sptlabtech) and incubated at 4°C.
The Classics Suite (Qiagen), PEG | suite (Qiagen), PEG Il suite (Qiagen) and Index
(Hampton research) screens were used for initial crystallization trials. Initial hit
conditions are listed in Table 2. Fine screens based on the conditions
PEG |1 G4 and PEG Il H10 were carried out in sitting drop format in a 48-well plate, with

1 uL protein solution and 1 pL reservoir solution drops and 200 ulL reservoir solution at
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4°C. The fine screens yielded rod/envelope shaped crystals in 0.25 M calcium acetate,
4 % (w/v) PEG-8000 (well A6). Crystals were soaked in reservoir solution supplemented
with either 20 % (w/v) ethylene glycol or 30 % (w/v) glycerol for cryo protection, flash
frozen in liquid nitrogen for storage and used for X-ray diffraction experiments at
BESSY Il, beamline 14-2. Crystals of the same crystal form were obtained in 0.25M
calcium acetate, 6 % (w/v) PEG-8000 (FS#1B6) and used to prepare a seed stock. Larger
crystals of the same form were obtained after longer time in 0.25M calcium acetate,
14 % (w/v) PEG-3350 (well A2). Crystals were soaked in reservoir solution supplemented
with 20% (w/v) ethylene glycol for cryo protection, flash frozen in liquid nitrogen for
storage and used for X-ray diffraction experiments at PETRA Il (Deutsches Elektronen-
Synchrotron (DESY), Hamburg, Germany), beamline P11.

For seed stock preparation crystals and the complete drop were transferred into a tube
containing a PTFE Seed Bead™ (Hampton research, HR2-320) and 50 pL reservoir
solution and vortexed twice for 30 s with a 30s pause on ice in between. Afterwards
150 ulL reservoir solution was added, the tube vortexed briefly and the generated seed
stock transferred to a new tube and stored at 4°C.

2.3mg/mL CmLIK-KD hairpin  with nucleotide exchanged to AMPPNP (see
paragraph 3.15) was used in a new fine screen around hit conditions of the first fine
screen with streak seeding using the FS#1B6 seed stock. The fine screen was carried out
in the same format asthe first and seeding was donein dilution by successively streaking
through quadruplicate drops with a cat whisker. 0.25 M calcium acetate, 4 % (w/v) PEG-
8000 with streak seeding yielded bigger, bipyramidal crystals. These were soaked in
reservoir solution supplemented with either 20 % (w/v) ethylene glycol or 30% (w/v)
glycerol for cryo protection, flash frozen in liquid nitrogen for storage and used for X-ray
diffraction experiments at BESSY Il, beamline 14-2.

The previous fine screen was repeated in part with 2.6 mg/mL CmLIK-KD hairpin with
nucleotide exchanged to AMPPNP in the same way. Bipyramidal crystals obtained in the
same condition were soaked in reservoir solution supplemented with 20% (w/v)
ethylene glycol for cryo protection, flash frozen in liquid nitrogen for storage and used

for X-ray diffraction experiments at PETRA Ill, beamline P11.
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3.16.3 His-AtAFC3-KD WT crystallization trials

1.6 mg/mL His-AFC3-KD WT was used for crystallization trials in sitting drop format with
0.1 pL protein solution + 0.1 ulL reservoir solution drops in 96-well plate format. Plates
were prepared using a mosquito® LV pipetting robot (sptlabtech) and incubated at 18°C.
The Classics Suite (Qiagen) and Index (Hampton research) screens were used for

crystallization trials.
3.17 X-raydiffraction experiments and structure modelling

All X-ray diffraction experiments at BESSY-Il and PETRA Ill and dataset procession using
XDSAPP (Krug et al.,, 2012) were carried out by Dr. Bernhard Loll. Data was further
handled with the PHENIX suite (Liebschner et al., 2019). Data quality was assessed with
Xtriage and phasing performed with molecular replacement using Phaser-MR (McCoy et
al., 2007) and the previously obtained CmLIK-KD WT structure as search model. The
model resulting from molecular replacement was further refined in iterative cycles with
phenix.refine (Afonine et al., 2012) and manual rebuilding in Coot 0.9.6 (Emsley et al,,
2010). MolProbity (Williams et al., 2018) was used for structure data validation. Polder

electron density maps were calculated using phenix.polder (Liebschner et al., 2017).

3.18 AlphaFold prediction of ancestral CLK4-KD structures

The structures of selected reconstructed ancestral CLK-KDs were predicted using
AlphaFold 2.3.1 (Jumper et al., 2021) in monomeric mode running on the high-
performance computer at ZEDAT, FU Berlin (Bennett et al., 2020). Per kinase the model
with highest ranking was used for analysis. Models were analyzed using PyMOL2.3.4
(Schrodinger and DelLano, 2020).

3.19 Structural analysis of AtAFC AlphaFold predictions

To assess structural differences in the AFC family predictions of full-length A. thaliana

AFC1, AFC2 and AFC3 structures by AlphaFold (Jumper et al., 2021) published in the

AlphaFold protein structure database (Varadi et al., 2022) as entries P51566 (AtAFC1),

P51567 (AtAFC2) and P51568 (AtAFC3) were used. For analysis only the kinase domains,

AtAFC1 residues 89-467, AtAFC2 residues 72-427 and AtAFC3 residues 46-400 were
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considered. Structure data was analyzed with PyMOL 2.3.4 (Schrédinger and Delano,
2020) and Coot 0.9.6 (Emsley et al., 2010). Similarity of structures was calculated with

the rigid jFATCAT algorithm (Ye and Godzik, 2003; Li et al., 2020) via the RCSB PDB

pairwise structure alignment tool.
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4 Results

4.1 Gradualevolutionof temperature sensitivity in kinases —a function older

than CLKs

Aiming to investigate how the temperature activity profiles of CLKs from different
organisms evolved to accommodate their body or habitat temperatures we selected 231
CLK1 and CLK4 sequences from different animals. Our cooperation partners from the
University of Regensburg, Dr. Rainer Merkl and Dr. Kristina Straub, iteratively calculated
several phylogenetic trees, pruned the used sequences until they obtained a
phylogenetic tree suitable for ancestral sequence reconstruction and rooted the tree
with DYRK1 as outgroup (Figure 6-1). Here we focused on the smaller CLK4 tree in general
and especially on the differences between bird and turtle ancestors (Figure 4-1 A). Both
groups are closely related but show stark differences in body / habitat temperature —
birds being homeotherm with body temperatures around 41°C (Prinzinger et al., 1991)
and turtles being poikilotherm with active temperatures between 28°C and 33°C
(Crawshaw et al., 1980). This placed them as good candidates to investigate the diverging
evolution between homeotherm and poikilotherm animals and closely related CLKs that
should possess highly different temperature activity profiles. First, we aligned the
sequences of three reconstructed ancestral CLKs with the sequences of chicken, soft-
shell turtle, alligator and mouse (Figure 4-1B). The chosen reconstructed sequences
were: N3 for all CLK4s, N7 the turtle ancestor and N9 the bird ancestor. All sequences
showed over 80 % identity with the lowest identity being between mouse and soft-shell
turtle at 80.5%. As expected, most variations were found in the variable N-terminus.
Since previous studies of ourlab showed thatthe kinase domain was sufficient to display
a CLKs temperature activity profile (Haltenhof et al., 2020) we focused on differences in

the kinase domain.
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Figure 4-1 Reconstruction of ancestral CLK4 sequences. A Phylogenetic tree of selected CLK4
sequences. Calculatedaspart of a phylogenetictree also comprising selected CLK1s and rooted
with DYRK1 as outgroup (Figure 6-1) by Dr. Rainer Merkl and Dr. Kristina Straub. Species are
labeled as “species_CLK1/4 body temperature or active temperature rangein °C if applicable”.
Identifiers of calculated ancestral sequences are indicated at branches. Branch length scale
indicated on top. Ancestral CLK4s that were further used and their corresponding branches
indicated on the right. B Multiple sequence alignment of selected existing CLK4 sequences
(mouse, chicken, turtle andalligator) andthree reconstructed ancestral CLK4s—N3 common, N7
turtle and N9 bird CLK4 ancestor. Conservation as colored blocks and consensus sequence shown
on top. Residues colored according to properties and conservation (Clustal X color scheme).
Kinase domain and activation segment are indicated. Asterisks indicate residues that differ
between N3 and N9 and exhibited changesin interactionsin AlphaFold predictions (Figure 4-2).
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4.1.1 AlphaFold predictions facilitate exploration of interaction differences due to

residue changes in reconstructed ancestral CLK4s.

The effect of differences in protein sequence are not necessarily clear from the sequence
alone. Therefore, we performed AlphaFold monomer predictions for the kinase domains
of N3, N9 and N7. All adopted the typical kinase fold and no differences in overall folding
could be observed (Figure 4-2 A, Figure 4-3 A). In Figure 4-2 A and B a superimposition
of N3 and N9isshown. Residues that differ between both kinases were depicted as sticks
and their interacting residues examined. We observed three clusters of differing
interactions. The corresponding residues are marked with asterisks in the multiple
sequence alignment (Figure 4-1B). At the N-terminal end of the aE helix D261 in N3
forms a salt bridge to R259 in the loop before it, possibly stabilizing this region more
(Figure 4-2 C). In N9 this salt bridge is absent and N259 just forms an H-bond with R262,
an interaction thatis negligible due to both residues already being part of the aE helix.
In the C-lobe of N3 R407 forms H-bonds to 1401 and H412 and stabilizes a loop in the
MAPK-like insertion after the aG helix (Figure 4-2 D). The orientation of R407 is facilitated
by the insertion of an additional residue, K408, in comparison to N9. The most striking
difference in interaction is at Y329 of the activation segment of N3 which forms an H-
bondto H210 of the aC helix (Figure 4-2 E). This interaction that stabilizes the activation
segment is absent in N9, where the corresponding residue is F327 which is unable to
form an H-bond. H210 of N3 is further stabilized by H-bonds to S213 and T214 via its
backbone oxygen. The only interaction network that is more stabilizing in N9 is around
S215 in the loop directly C-terminal of the aC helix, with H-bonds to D213 and T217.
Overall N3 appeared to display more stabilizing H-bond networks, leading to the
hypothesis that N3 would exhibit a temperature activity profile shifted to higher

temperatures compared to N9.
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activation
segment

Figure 4-2 Kinase domain structure comparison of CLK4 N3 and NS. A AlphaFold predictions of the
kinase domains of CLK4 N3 (residue 146-481) and N9 (residue 144-478) overlaid with each other.
N3 is depicted in dark grey and N9 in orange. Overall structure is depicted as cartoon. Residues
differing between N3 and N9 (but not N7) and their interacting residues are depicted as sticks.
H-bonds (distance cut-off = 3.2 A) from N3 are colored light grey and from N9 orange. N-lobe, C-
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lobe and activation segment are indicated as orientation aide. Areas depicted in C-E are indicated
with the corresponding letter. B Image as in A, turned 180° around Y axis. C Zoom-in on
interaction networksinthe C-lobe. Residues are labelled in the corresponding color of the kinase.
D Zoom-in on interaction network around R407 of N3 close tothe LAMMER motif. Labeling asin
C. E Zoom-in on interaction network around H210 of N3, influencing the activation segment
around Y329. Labelingasin C.

Comparing the AlphaFold predictions of N9 and N7 no differences in overall folding were
evident (Figure 4-3 A). Mapping the residues in which both kinases differed yielded two
interactions thatchanged. INnN7Y210 of the aC helix formed an H-bond with N280 of the
aE helix, bridging N- and C-lobe (Figure 4-3B). This could potentially influence the
dynamic shift of both lobes to one another. On the other hand, N263 of the aE helix of
N9 formed an H-bond to T315 of the B-hairpin which was not predicted for Q265 of N7
(Figure 4-3 C). Due to the lack of distinct interaction differences between both kinases
we could not form a hypothesis on their temperature activity profiles, but since turtles
are active at lower temperatures than the body temperature of birds, we proposed that
N7 would exhibit a temperature activity profile shifted to lower temperatures compared

to NO.

activation
segment

Figure 4-3 Kinase domain structure comparison of CLK4 N7 and N9. A AlphaFold predictions of the
kinase domains of CLK4 N7 (residue 146-480) and N9 (residue 144-478) overlaid with each other.
N7 is depicted in greenand N9 in orange. Overall structure is depicted as cartoon. Residues
differing between N7 and N9 and their interacting residues are depicted as sticks. H-bonds
(distance cut-off =3.2 A) from N7 are colored light grey and from N9 orange. N-lobe, C-lobe and
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activationsegment areindicated asorientationaide. Areasdepictedin B and C are indicated with
the corresponding letter. B Zoom-in on interaction of N7 Y210 close to the activation segment.
Residues are labelled in the corresponding color of the kinase. C Zoom-in on interactions of
residue 265/263 in both kinases in the C-lobe. Labeling asin B.

4.1.2 /nvitrokinase assays reveal agradual shiftin CLKtemperature activity profiles from

a common ancestor towards living species.

To elucidate the temperature activity profiles of the reconstructed ancestral CLKS we
ordered the sequences of N3, N7, N9 and chicken CLK4 as synthetic genes optimized for
expression in E. coli, re-cloned the kinase domains into pET-GST vector and expressed
them in E. coli BL21(DE3) pRare. In addition, we also expressed GST-tagged mouse and
alligator CLK4-KD and turtle CLK1-KD. These constructs were already available in the
laboratory. The expressed proteins were used for on-bead in vitro kinase assays with
synthetic GST-RS substrate.

N3, the ancestor to all CLK4s exhibited a similar auto phosphorylation activity compared
to mouse CLK4 as a control (Figure 4-4 A, B). Substrate phosphorylation was significantly
elevated at 35°Cand 38°C. In comparison N9, the bird ancestor, also exhibited elevated
auto phosphorylation at 35°C and 38°C in addition to even further elevated substrate
phosphorylation at 38°C. Furthermore, substrate phosphorylation was still detectable at
40°C. Auto phosphorylation at 35°C was even more pronounced in chicken CLK4 even
though it was slightly decreased at 38°C compared to N9. Substrate phosphorylation by
chicken CLK4 was comparable to N9, with activity at 35°Cin general higher. The dip in
auto and substrate phosphorylation at 33°C between high activity at 31°C and 35°C by
chicken CLK4 was reproducible and no effect of unequal protein loading as is evident in
Coomassie staining (Figure 4-4 A). 50 % substrate phosphorylation could be observed at
36.5°Cwith N3, 38.2°Cwith N9, 38.0°Cwith chicken, and 33.3°Cwith mouse CLK4 (Figure
4-4C). The temperature activity profiles show a gradual evolution to higher
temperatures from N3 to chicken viaN9. For mouse CLK4 the temperature activity profile

shifted towards lower temperatures compared to the N3 ancestor.
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Figure 4-4 Development of ancestral CLK4 temperature-activity profiles towards birds.
A Representative gels of on-bead in vitro kinase assays of GST-CLK4-KD N3, N9, chicken and
mouse with synthetic GST-RS substrate. Respective kinase is indicated on the left and sample
temperature is indicated on top. Protein loading detected by Coomassie staining and
phosphorylation detected by autoradiography are shown for the kinase (auto) and substrate.
B Quantification of auto and substrate phosphorylation from the on-bead in vitro kinase assays
in A. Radioactive signal was normalizedto highest signal in assay. Shown are meanand standard
deviation. Respective kinase is indicated in the legend on the right. Statistically significant
differences between N3 and other kinases determined by two-way ANOVA with Sidak correction
areindicated as asterisks in the color corresponding to the kinase (*: p < 0.05, **: p <0.01, ***:
p <0.001). N3 n=3, N9 andchicken n =4, mouse n = 2. C Temperature atwhich CLK4-KD activity
reaches 50 %. Calculated by nonlinear regression with Boltzmann sigmoidal fitting from the data
in B. Standard deviation was calculated with error propagation. Statistically significant
differences determined by two-way ANOVA followed by a Tukey HSD post-hoc test are indicated
as asterisks (*: p < 0.05, **:p <0.01, ***:p <0.001).
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In agreement with previous assays (Haltenhof et al., 2020)alligator CLK4 and turtle CLK1
displayed temperature activity profiles shifted to even lower temperatures than mouse
CLK4, both in auto and substrate phosphorylation. In contrast to our expectations and
the observed intermediate shift in thetemperature activity profile of N9 towards chicken
CLK4, N7 CLK4 exhibited significantly elevated auto phosphorylation between 35°C and
40°Ccompared to N3 (Figure 4-5 A, B). This shift was even more pronounced than for N9
and chicken, especially at40°C. Substrate phosphorylation was also significantly elevated
even compared to N9 and chicken at 38°C and 40°C. 50 % substrate phosphorylation
could be observed at 32.1°C with turtle CLK1 and alligator CLK4, and at 39.3°C with N7
CLK4 (Figure 4-5C). While we could show a gradual evolution of temperature activity
profiles from a common CLK4 ancestor towards birds, we could not show the same kind

of evolution towards turtles.

4.1.3 Temperature dependent activity of DYRK3 shows that thermosensitivity did not

evolvein CLKs.

To broaden ourunderstanding of the evolution of thermosensitivity in kinases we looked
at the family closest to CLKs, the DYRK kinase family of which DYRK1 was used as an
outgroup for the construction of the CLK1/4 phylogenetic tree. GST-tagged human
DYRK3 isoform 2 was used in on-bead in vitro kinase assays with a GST-tagged section of
its physiological substrate Sec16 (residues 1102-1405) (Figure 4-6 A, B). Similar to hCLK1
(Haltenhof et al., 2020) we observed highest activity below 37°C. While the decline of
activity between 35°C and 38°C appeared to be rather shallow, a steep decline in
phosphorylation between 38°C and 39°C was evident. The observation of temperature
dependent DYRK3 activity is surprising, considering that the activation segment of DYRK3
exhibits only 44% sequence identity to hCLK1 (Figure 4-6C, calculated with Clustal
Omega (Madeira et al., 2022)) and that it lacks the histidine (hCLK1 H343) which was
shown to mediate hCLK1 thermosensitivity and was sufficient to introduce
thermosensitivity in  hSRPK1 (Haltenhof, 2020). These results suggest that
thermosensitivity did not evolve in the CLK family, but before DYRK and CLK families

diverged.
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Figure 4-5 Development of ancestral CLK4 temperature-activity profiles towards reptiles.
A Representative gelsof on-beadin vitrokinase assays of GST-CLK4-KD N7 and alligator and GST-
CLK1-KD turtle with synthetic GST-RS substrate. Respective kinase is indicated on the left and
sample temperature is indicated on top. Protein loading detected by Coomassie staining and
phosphorylation detected by autoradiography are shown for the kinase (auto) and substrate.
B Quantification of auto and substrate phosphorylation from the on-bead in vitro kinase assays
in A. N3 data is taken from Figure 4-4. Radioactive signal was normalized to highest signal in
assay. Shown are mean and standard deviation. Respective kinase is indicated in the legend on
the right. Statistically significant differences between N3 and other kinases determined by two-
way ANOVA with Sidék correction are indicated as asterisks in the color corresponding to the
kinase (*: p < 0.05, **: p< 0.01, ***: p <0.001). N3 and N7 n = 3, alligator n= 2, turtlen = 1.
C Temperature at which CLK4-KD activity reaches 50 %. Calculated by nonlinear regression with
Boltzmann sigmoidal fitting from the data in B. Standard deviation was calculated with error
propagation. Statistically significant differences determined by two-way ANOVA followed by a
Tukey HSD post-hoc test are indicated as asterisks (*: p < 0.05, **: p < 0.01, ***: p <0.001).
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Figure 4-6 GST-DYRK3 exhibits temperature dependent phosphorylation of GST-Sec16.
A Representative gel of on-bead in vitro kinase assays of GST-DYRK3 (full length isoform 2,
Uniprot 043781-2) with GST-Sec16 (residues 1102-1405) as substrate. Sample temperature is
indicated on top. Protein loading detected by Coomassie staining and phosphorylation detected
by autoradiographyare shown for the kinase (auto) and substrate. B Quantification of auto and
substrate phosphorylation from the on-bead in vitro kinase assays in A. Radioactive signal was
normalized to highest signalin assay. Shown are meanand standard deviation. n = 3. C Multiple
sequence alignment of hCLK1 (residues 325-349) and DYRK3 (residues 335-359) activation
segments. Conservation as colored blocks and consensus sequence shown on top. Residues
colored according to propertiesand conservation (Clustal X color scheme).
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4.2 C. merolae—adapting kinase activity to inhabiting sulfuric hot springs

As stated in the introduction C. merolae is well suited as a model organism to study
splicing due to its low complexity. Its extreme habitat, as well as its genetic ancientness
also make it a suitable candidate to study the evolution and adaptation of its molecular

mechanisms and proteins.

4.2.1 CmLIK-KD phosphorylates CmSC35 in a temperature dependent manner.

In this context we continued to investigate the C. merolae CLK homologue CmLIK.
Previously the activity of CmLIK-KD was only investigated using a synthetic GST-RS
substrate in on-bead in vitro kinase assays (Haltenhof, 2020). We cloned, expressed and
purified oneof the two C. merolae SR-proteins, CmSC35, thehomologue to human SRSF2
(Stark et al., 2015)and used it as a substrate in in vitro kinase assays with CmLIK-KD WT
(Figure 4-7). For auto phosphorylation we observed a peak at 49°C in agreement with
previous observations, where the maximum was observed at 52°C. However, where GST-
RS was also phosphorylated the most at 48°C (Figure 1-3C) we observed maximum
CmSC35 phosphorylation at 32°C. Substrate phosphorylation decreased with increasing
temperature. At 45°C, the habitat temperature, CmSC35 phosphorylation amounted to
50 % relative to maximum observed activity. While at 49°C still over 25 % activity was
observed, this was decreased to below 10 % at 52°C and barely any activity could be
observed at 54°C. Unlike for other CLKs auto phosphorylation and substrate
phosphorylation do not correlate for CmLIK-KD and CmSC35. As auto phosphorylation

increases, substrate phosphorylation decreases.
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Figure 4-7 CmLIK-KD phosphorylates itself and CmSC35 in a temperature dependent manner.
A Representative SDS-PAGE gel of in vitro kinase assays of purified CmLIK-KD WT with
physiological CmSC35 substrate. Sample temperature is indicated on top. Protein loading
detected by Coomassie staining and phosphorylation detected by autoradiography are shown
for the kinase (auto) and substrate. B Quantification of auto and substrate phosphorylation from
thein vitrokinase assaysin A. Radioactive signal was normalized to highest signalin assay. Shown
are mean andstandard deviation. The mean of all experimentswas taken.n = 8.

4.2.2 Characterization of CmLIK-KD nucleotide binding and auto interaction.

Since we already obtained a crystal structure of the CmLIK kinase domain we aimed to
co-crystallize it with its physiological substrate CmSC35 in the presence of a non-
hydrolysable ATP analogue to elucidate the substrate binding mode. We managed to
obtain rod-shaped crystals of the space group P212121. While the spacegroup was the
same as from thefirst obtained structure, the unit cell parameters differed, all axes being
longer in the new crystals (Table 3). The crystals yielded a structure at 2.69 A resolution
and the asymmetric unit comprised only two copies of CmLIK-KD. No binding of CmSC35
could be observed (Figure 4-8 A). Superimposition of both CmLIK-KD copies on each
other (Figure 6-3 A) revealed that chain B (deep teal) adopted a more open conformation
with a shifted N-lobe in relation to chain A (grey). The closed conformation is the
completely active conformation while the open conformation is the switch between
inactive and active conformation (Kornev et al., 2006). In both chains the coordinated
adenosine of the nucleotide is visible (Figure 4-8 B, Figure 6-3 B). While polder electron
density maps support that these atoms are indeed present (Figure 4-8 C, Figure 6-3 C),
no electron density could be observed for the phosphate groups, suggesting that the
nucleotides were completely dephosphorylated. In addition to the polder electron

density maps the presence of the adenosine is supported by the sidechain position of
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L555, which is flipped out of the nucleotide binding pocket in comparison to the first
obtained structure without bound nucleotide where it blocks the pocket (Figure 6-3 D).
Here we could show the adenosine coordinating residues in CmLIK being the backbone
of E553,H554 and L474.

We could observe one interaction interface between both chains, comprising the loop
after the aH helix of chain B and the N-lobe of chain A (Figure 4-8 D). Here E767-Bforms
an H-bond to the backbone of V453-A, K481-Alocated in 2 forms an H-bond with the
backbone of H769-B, S476-Alocated in B1 forms an H-bondto P774-Band E775-Bforms
an H-bond to R500-A, located between 3 and aC helix. The last 7 C-terminal residues of
both chains could not be built. But the C-terminus of chain B is located in such a way,
that the C-terminal tail could protrude towards the catalytic center of chain A (Figure
4-8 A). This could suggest that the observed interactions between both chains are not
only crystal contacts, but part of the interaction during trans auto phosphorylation of

CmLIK-KD.
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Figure 4-8 CmLIK-KD WT structure with bound adenosine. A Asymmetric unit contents of CmLIK-
KD WT structure at 2.69 A resolution. Protein depicted as cartoon, chain A colored in grey, chain
B in deep teal. Nucleotide depicted as sticks. N- and C-termini of are indicated. B Nucleotide
binding pocket of chain B. Residues interacting with adenosine depicted as sticks and labeled.
C Polder electron density map of chain B adenosine contoured at 0 =3.0. D Interactions of
chain B C-lobe with chain A N-lobe. Interacting residues are depicted as sticks and labeled. H-
bonds (distance cut-off = 3.2 A) are depicted as dashed lines in bright orange.
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4.2.3 CmLIK-KD exhibits an inhibitory auto phosphorylation close to the activation
segment at T683.

Upon further inspection difference density near chain B T683 suggested the presence of
a phosphorylation atthisresidue (Figure 4-9 A). A polder electron density map supported
the presence of TPO683 in chain B (Figure 4-9 B). The phosphate group forms two H-
bonds, to E677 ofthe aF helixand to Y651 ofthe activation segment (Figure 4-9 A). These
interactions might stabilize the activation segment of CmLIK in a phosphorylation-
dependent manner. To elucidate the potential role of CmLIK auto phosphorylation at
T683 we cloned and purified a T683V exchange mutant. In in vitro kinase assays the
mutant exhibited slightly decreased auto phosphorylation below 39°C and significantly
increased CmSC35 phosphorylation at 39°C and 45°C (Figure 4-9C, D). Apo CmLIK-KD
T683V exhibited a melting temperature (Tm) decreased by 0.4°C compared to the WT
(Figure 4-9E). While the presence of ATP increased the Tm of the WT by 4.9°C, this
increase was reduced in T683Vt0 2.7°C, yielding a AATm of -2.3°C. The presence of a non-
hydrolysable ATP analogue, AMPPNP, led to a Tm increase by 1.5°C, 1.3°C respectively,
yielding only a AATm of -0.3°C. Thus, theabolishment of CmLIK T683 leads to a significant
decrease of phosphorylation dependent protein stabilization. Together these results
suggest that CmLIK exhibits an auto phosphorylation at T683, among other sites. This
auto phosphorylation likely stabilizes the activation segment, and thus the kinase, in a
conformation that is less favorable for substrate phosphorylation. The CmLIK-KD T683
auto phosphorylation could not be detected via LC-ESI-MS/MS after in-gel digest with
elastase, but the data showed low peptide counts and intensities for residue T683 in
general due to its position in the protein, so this does not disprove the auto

phosphorylation.
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Fig ure 4-9 Auto phosphorylation of CmLIK-KD T683 exhibits an auto inhibitory effect. AZoominon
phospho-threonine (TPO) 683 of chain B of the CmLIK-KD structure from Figure 4-8, protein
depicted as cartoon and interacting residues depicted as sticks. H-bond distance cut-off = 3.2 A.
B Polder electron density map of chain B TPO 683 contoured at o = 3.0. C Representative SDS-
PAGE gelsof in vitrokinase assays of purified CmLIK-KD WT and T683V mutant with physiological
CmSC35 substrate. Respective kinase isindicated on the left and sample temperature isindicated
on top. Protein loading detected by Coomassie staining and phosphorylation detected by
autoradiography are shown for the kinase (auto) and substrate. D Quantification of auto and
substrate phosphorylation from the in vitrokinase assays in C. Radioactive signal was normalized
to highest signal in assay. Shown are mean and standard deviation. For the WT the mean of all
experiments was taken. Respective kinase is indicated in the legend on the right. Statistically
significant differences between WT and T683V variant determined by unpaired Welch t-test are
indicated as asterisks in the color corresponding to auto or substrate phosphorylation (*: p <
0.05, **: p< 0.01, ***:p <0.001). WT n=8and T683V n = 3. E Melting temperature of CmLIK-
KD WT and T683V mutant with or without indicated nucleotide in assay buffer determined by
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thermal shift assay. Shown are mean and standard deviation. Respective kinase is indicated in
the legend on theright. Statistically significant differences determined by unpaired Welch t-test
areindicatedas asterisks (*: p <0.05, **: p<0.01, ***:p < 0.001). n=3.

4.2.4 Asaltbridge facilitates CmLIK-KD activity at higher temperatures.

In the first CmLIK-KD structure a salt bridge between D690 (loop between aF and
aG helix) and R649 of the activation segment could be observed (Figure 1-3B) and an
exchange mutant D690S, replacing the aspartate with a serine present in hCLK1,
exhibited reduced activity at high temperatures in assays with a synthetic GST-RS
substrate (Haltenhof, 2020). We wanted to further characterize this mutant and its
activity on the physiological substrate. The D690S mutant exhibited significantly elevated
auto phosphorylation between 32°C and 45°C and significantly decreased auto
phosphorylation at 49°C. CmSC35 phosphorylation was significantly reduced at 45°Cand
nearly abolished at 49°C and higher temperatures in the in vitro kinase assays (Figure
4-10A, B). This proved that the salt bridge is essential for CmLIK activity at and above
45°C, the physiological habitat temperature of C. merolae (Luca et al., 1978). Further we
subjected the D690S exchange mutant to a thermal shift assay. The mutant Tm was 4.5°C
lower than the WT in the apo state and 4.0°C lower in the presence of AMPPNP (Figure
4-10C). In contrast the difference between D690S and WT was just -1.4°C in the
presence of ATP. So, we observed a phosphorylation dependent stabilization of 4.0°Cin
the WT and 7.1°Cinthe mutant, yielding a AATm of 3.1°C. This surprising phosphorylation
dependent restoration of protein stability might be due to the presence of a new
phosphorylation site at D690S, the phosphoserine mimicking the aspartate and restoring
the salt bridge. Indeed, we could observe phosphorylation at D690S after incubation for
30 minin the presence of ATP and CmSC35 at 32°C and even more so at 45°Cand 49°C
via LC-ESI-MS/MS after in-gel digest with elastase (Figure 4-10D). Considering that not
only this phosphorylation site is present in hCLK1 (S384), butalso the interacting arginine
(R343), auto phosphorylation and thus stabilization of the activation segment might also

play a role in hCLK1 function.
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Figure 4-10 Abolishing the salt bridge at D690 impairs CmLIK-KD activity at high temperatures.
A Representative SDS-PAGE gels of in vitro kinase assays of purified CmLIK-KD WT and D690S
mutant with physiological CmSC35 substrate. Respective kinase is indicated on the left and
sample temperature is indicated on top. Protein loading detected by Coomassie staining and
phosphorylation detected by autoradiography are shown for the kinase (auto) and substrate.
B Quantification of auto and substrate phosphorylation from the in vitro kinase assays in A.
Radioactive signal was normalized to highest signal in assay. Shown are mean and standard
deviation. For the WT the mean of all experiments was taken. Respective kinase is indicated in
the legend on the right. Respective kinase is indicated in the legend on the right. Statistically
significant differences between WT and D690S variant determined by unpaired Welch t-test are
indicated as asterisks in the color corresponding to auto or substrate phosphorylation (*: p <
0.05, **: p<0.01, ***:p <0.001). WT n =8 and D690S n = 3. C Melting temperature of CmLIK-
KD WT and D690S mutant with or without indicated nucleotide in assay buffer determined by
thermal shift assay. Shown are mean and standard deviation. Respective kinase is indicated in
the legend on theright. Statistically significant differences determined by unpaired Welch t-test
are indicated as asterisks (p <0.05). n = 3. D Label-free quantification (LFQ) of intensities of
peptides containing phosphorylated residue S 690. CmLIK-KD D690S wasincubated with CmSC35
in the presence of ATP at different temperaturesfor 30 min, protein separatedvia SDS-PAGE, in
geldigested with elastase, peptides extracted and subjected to LC-ESI-MS/MS. Datawas analyzed
and spectra quantified using FragPipe LFQ-phospho workflow.

4.2.5 Insertion of the CLK B-hairpin destabilizes CmLIK-KD.

Apart from the afore mentioned salt bridge and the MAPK-like insertion in the C-lobe

one major difference evident between hCLK1-KD and CmLIK-KD is the B-hairpin located
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upstream of the activation segment, connecting it with the loop harboring the
catalytically active aspartate (Figure 1-3 A). This structural motif is conserved in animal
CLKs (Figure 4-2A, Figure 4-3A) and also plant CLK homologs (Figure 4-17 A, Figure
4-18 A) butabsent in CmLIK. To investigate the potential effect of the B-hairpin we cloned
and purified a CmLIK-KD hairpin mutant where residues 610-624 were replaced with
residues 297-319 of mCLK1. First, we attempted to crystallize apo CmLIK-KD hairpin
mutant to see if the inserted residues adopted the B-hairpin fold and obtained small
envelope-shaped crystals of the spacegroup P212121 which yielded a dataset with the
resolution of 2.50 A from measurement at BESSY-1I, beamline 14-2. A larger envelope-
shaped crystal of the same spacegroup was measured at PETRA-III, beamline P11. The
dataset yielded unit cell parameters closely resembling those of the first CmLIK-KD WT
structure (Table 3) and a structure at 1.77 A resolution, with one copy of CmLIK-KD
hairpin in the asymmetric unit and no visible density for bound nucleotide, as well as the
sidechain of L555 blocking the nucleotide binding pocket (Figure 4-11A). Overall, the
structure of CmLIK-KD did not change, and no significant shift was observed upon hairpin
insertion, suggesting that the protein remained intact and functional. The inserted
residues adopted the B-hairpin fold similar to hCLK1 (Figure 4-11 B) showing that mutant
generation was successful. In addition, we attempted co-crystallization of the CmLIK-KD
hairpin mutant with AMPPNP, a non-hydrolysable ATP analogue, to investigate
nucleotide binding. Refining the previous apo conditions and utilizing seeding we
obtained bipyramidal crystals. Two crystals yielded datasets with 2.10A, 2.17A
resolution respectively at BESSY-II, beamline 14-2 and one crystal yielded a dataset with
1.86 A resolution at PETRA-1II, beamline P11. All three structures did not differ from the
obtained apo structure, no density for bound nucleotide could be observed and the
sidechain of L555 blocked the nucleotide binding pocket (data not shown). In in vitro
kinase assays CmLIK-KD hairpin mutant exhibited significantly reduced CmSC35
phosphorylation at 35°C and higher temperatures (Figure 4-11C, D). While auto
phosphorylation was significantly increased at 30°C up to 45°C compared to the WT, it
was nearly abolished at 49°C and higher temperatures. Thermal shift assay revealed a
decreased Tm of 47.7°Cfor the apo mutant, 4.9°Clower than the WT (Figure 4-11E). The

presence of ATP increased the mutant Tm to 51.4°Cin a fashion similar to the WT with a
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AATm of 0.1°C. These results suggest that the shorter loop in CmLIK is important for its

stability as well as activity at higher temperatures.
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Figure 4-11 Insertion of hairpin lowers CmLIK-KD activity at higher temperatures.
A Superimposition of CmLIK-KD hairpin mutant structure at 1.77 A (light blue) with CmLIK-KD WT
(deeppurple) represented as cartoon. Domain elements indicated. B Zoom on hairpin from A.
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PAGE gelsof invitrokinase assays of purified CmLIK-KD WT and hairpin mutant with physiological
CmSC35 substrate. Respective kinase isindicated on the left and sample temperature isindicated
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on top. Protein loading detected by Coomassie staining and phosphorylation detected by
autoradiography are shown for the kinase (auto) and substrate. D Quantification of auto and
substrate phosphorylation from the in vitro kinase assays in C. Radioactive sighal was normalized
to highest signal in assay. Shown are mean and standard deviation. For the WT the mean of all
experiments was taken. Respective kinase is indicated in the legend on the right. Respective
kinase is indicated inthe legend on the right. Statistically significant differences between WT and
hairpin variant determined by unpaired Welch t-test are indicated as asterisks in the color
corresponding to auto or substrate phosphorylation (*: p <0.05, **: p < 0.01, ***: p < 0.001).
WT n =8 and hairpin n = 3. E Melting temperature of CmLIK-KD WT and hairpin mutant with or
without indicated nucleotide in assay buffer determined by thermal shift assay. Shown are mean
and standard deviation. Respective kinase is indicated in the legend on the right. Statistically
significant differences determined by unpaired Welch t-test are indicated as asterisks (*: p < 0.05,
**.p<0.01, ¥**:p <0.001). n = 3.

4.2.6 Quantification of phosphorylations by CmLIK-KD via intact mass LC-ESI-MS.

Radioactive in vitro kinase assays are limited in information as only total amount of
phosphorylationis quantified. We wanted to investigate how many sites in CmSC35 and
CmLIK-KD are phosphorylated per molecule in dependence of kinase variant,
temperature and time. To accomplish this, we incubated kinase and substrate in the
presence of ATP at different temperatures, took samples at different timepoints,
stopped the reaction by dilution in TA33 and analyzed the samples via intact mass LC-
ESI-MS. All samples yielded distinct kinase and substrate peaks. Phospho-species peaks
could be distinguished in deconvoluted spectra by 80 Da difference per incorporated
phosphate. In CmLIK-KD WT up to 11 auto phosphorylations per molecule (P/m) were
observed at 49°C (Figure 4-12 A). While the main population showed 3 P/m at 2 and
5 min, this shifted steadily towards 4.5 P/m over the course of 30 min. In accordance
with previously discussed observations the D690S mutant main population showed 4
P/m at 2 min at 49°C, one more than the WT, probably located at S690 (Figure 4-12 B).
We could observe up to 13 P/m and over the course of 30 min the main population
shifted to 6 P/m. In contrast to the other two mutants, the hairpin mutant showed a main
population with 3 P/m at 49°C throughout the whole time course (Figure 4-12C). The
P/m were distributed in a sharp peak, only broadening slightly towards 6 or more P/m.
The maximum number of P/m observed was 10. In Figure 4-12 D the final distribution of
P/m after 30 min for all three CmLIK variants is shown. Here it becomes evident that the
almost Gaussian distribution of P/m centered at 4.5 sites in the WT is shifted by one
phosphorylation in the D690S mutant and decreased to a sharp peak around 3 sites in

the hairpin mutant.

57



Results

For CmSC35 we observed a Gaussian distribution of P/m centered around 1.5 P/m after
incubation with CmLIK-KD WT for 5 min at 32°C (Figure 4-12 E). This distribution shifted
gradually over the time course, the center being 4.5 P/m after 30 min and no
unphosphorylated CmSC35 was left. A maximum of 10 P/m could be observed.
Incubation with the D690S mutant led to a slower increase in phosphorylated
populations and only to an almost Gaussian distribution centered around 2.5 P/m after
20 min (Figure 4-12 F). This distribution changed barely between 20 and 30 min and in
contrast to the WT unphosphorylated CmSC35 could still be detected. The hairpin
mutant exhibited a similarly slow increase in phosphorylations as the D690S mutant but
phosphorylated CmSC35 to a lesser extent with the main populations having 1.5 P/m
after 30 min (Figure 4-12 G). In Figure 4-12 H the CmSC35 P/m distributions after 30 min
at 32°C for all three CmLIK-KD variants are shown. It is evident that both mutants are
unable to fully phosphorylate CmSC35 compared to the WT. This activity impairment in
the mutants could also be characterized by looking at the decrease of unphosphorylated
CmSC35 over the time course. We plotted the relative abundance of unphosphorylated
CmSC35 over the time of incubation with CmLIK-KD WT at the three temperatures
(Figure 4-13 A) and calculated the catalytic rates via nonlinear regression with a one
phase decay (Table 1). In agreement with our in vitro kinase assays the catalytic rate
decreased with increasing temperature but was still quantifiable at 49°C with 1.01 min-
1, For the D690S mutant a catalytic rate could only be calculated at 32°C(Figure 4-13 B),
but for the hairpin mutant 45°C also yielded an analyzable curve (Figure 4-13C).
Comparison of all variants at 32°C (Figure 4-13 D and Table 1) revealed a roughly halved
catalytic rate for D690S mutant and 5 times lower catalytic rate for hairpin mutant
compared to the WT. These results complement our previous insights, and show that
both mutants not only affect the general catalytic rate of CmLIK and total CmSC35
phosphorylation, but also the maximum number of sites that are phosphorylated on a
single CmSC35 molecule. Differences in activity between mutants could be revealed even
at 32°C where CmLIK activity is highest, and no differences could be observed in
radioactive in vitro kinase assays. While the shift in total auto phosphorylation activity
appeared very similar between D690S and hairpin mutant in the radioactive assays

(Figure 4-108B, Figure 4-11D) the intact mass analysis revealed contrasting effects in
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auto phosphorylation site usage, hairpin lowering and D690S increasing the number of

phosphorylated sites on a single CmLIK molecule.
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Figure 4-12 Investigation of CmLIK-KD auto and substrate phosphorylation via intact mass LC-ESI-
MS. CmLIK-KDand CmSC35incubatedin the presence of ATP at different temperatures. Samples
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taken at indicated timepoints, reaction stopped by TA33 addition and subjected to intact mass
LC-ESI-MS. Spectra were deconvoluted and peaks quantified with UniDec software suite. Peak
intensities were normalized to the highest peak and abundance of phosphorylated species
calculated relative to the sum of all normalized peak intensities. A Auto phosphorylation of
CmLIK-KD WT at 49°C at indicated timepoints. B As A for CmLIK-KD D690S. C As A for CmLIK-
KD hairpin. D Auto phosphorylation of indicated CmLIK-KD variants after 30 min at 49°C.
E Phosphorylation of CmSC35 by CmLIK-KD WT at 32°C at indicated timepoints. F As E with
CmLIK-KD D690S. G As E with CmLIK-KD hairpin. H Phosphorylation of CmSC35 by indicated
CmLIK-KD variantsafter 30 min at 32°C.
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Figure 4-13 CmLIK-KD mutants exhibit impaired decrease of unphosphorylated CmSC35. CmLIK-KD
and CmSC35 incubated in the presence of ATP at different temperatures. Samples taken at
indicated timepoints, reaction stopped by TA33 addition and subjected tointact mass LC-ESI-MS.
Spectra were deconvoluted and peaks quantified with UniDec software suite. Peak intensities
were normalized to the highest peak and abundance of phosphorylated species calculated
relative to the sum of all normalized peak intensities. Only relative abundance of
unphosphorylated CmSC35is shown. A In presence of CmLIK-KD WT at indicated temperatures.
B As A for CmLIK-KD D690S. C As A for CmLIK-KD hairpin. D At 32°C in presence of indicated
CmLIK-KD variants.
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Table 1 Catalytic rates (K) with standard deviation (SD) of CmSC35 phosphorylation

WT D690S hairpin
T[°C] K [min1] SD [minY] | K [min?] SD [minY] | K [min1] SD [min]
32 0.392 0.006 0.187 0.012 0.074 0.008
45 0.132 0.003 - - 0.103 0.011
49 0.101 0.016 - - - -

4.2.7 Characterization of phosphorylation sites in CmLIK-KD and CmSC35.

After analysis of how many phosphorylation sites per molecule were used in CmSC35 and
CmLIK-KD we wanted to elucidate which exact sites were phosphorylated. For this
purpose, we used the 30 min timepoint samples from the above-mentioned assay,
separated the proteins via SDS-PAGE, excised the bands, digested one half with trypsin
and the other half with elastase and analyzed the extracted peptides via LC-ESI-MS/MS.
The elastase digested samples yielded no additional phosphorylated sites in CmLIK-KD
that were not detected in the trypsin samples, except for the D690S mutant where
phosphorylated S690 could be detected (Figure 4-10D). The trypsin digested samples
yielded sequence coverages of 63 —77 % (Table 4). Between all sampled temperatures
we found 20 sites that were phosphorylated in CmLIK-KDWT (Figure 4-14 A). While in
most sites the intensity difference between 32°Cand 49°C was less than one order of
magnitude, six residues showed more drastic changes. Phosphorylation of Y468
increased by almost two orders of magnitude between both temperatures.
Phosphorylation of T490 and T599 occurred only at 49°C and of S647 and T648 only at
45°C. S770was phosphorylated at 45°Cand 49°C. These pronounced changes suggest a
role in auto inhibitory phosphorylation. While no clear role for Y468 and T490 in the N-
lobe can be proposed, T599 is in the catalytic center of CmLIK-KD and might interfere
directly with the catalyzed reaction. The corresponding residues to S647 and T648 are
also phosphorylated in hCLK1, and molecular docking data suggests that their
phosphorylation interferes with substrate binding, exerting an inhibitory effect
(Haltenhof et al., 2020). S770 is located in the loop after the aH helix, which buries the
aG helix and the binding grooved formed by the MAPK-like insertion. The MAPK-like

insertion has been shown to be involved in substrate interaction and processivity in
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SRPKs (Ngo et al., 2008; Long et al., 2019), so this phosphorylation might influence
substrate binding. All observed CmLIK-KD phosphorylation sites were mapped onto the
structure we obtained (Figure 4-15).

Consistent with the in vitro kinase assays CmLIK-KD auto phosphorylation in general
(Figure 6-5 C) was higher than WT in both mutants at 32°C (Figure 6-5A) and 45°C (Figure
4-14B) but lower at 49°C (Figure 6-5B). At 45°C differences in auto phosphorylation
between the variants were the most pronounced in the in vitro kinase assays. Here we
observed an increase of phosphorylation of residues Y468 and S770 by one order of
magnitude in CmLIK-KD D690S (Figure 4-14B). Even more pronounced was the
difference for S647 and T648, the residues that have a suggested auto inhibitory effect
also in hCLK1, where phosphorylation increased by three orders of magnitude in the
D690S mutant. This suggests that impaired CmSC35 phosphorylation by CmLIK-KD D690S
might not only be caused by lack of the salt bridge stabilization but also increased
inhibitory auto phosphorylation. The hairpin mutant appears to have lost the ability to
phosphorylate S647, T648 and S770. Phosphorylation of T620 (T627 in the hairpin
mutant) was increased by one order of magnitude compared to the other variants.
Notably this residue is shifted in the sequence due to the hairpin insertion. Despite the
drastic change in amount of phosphorylations per molecule in the hairpin mutant (Figure
4-12 D) the site usage shows little difference to the WT apart from the three
aforementioned residues.

At 32°Cwe could identify 6 phosphorylation sites for CmSC35 in trypsin digested samples
(Figure 4-16) while obtaining a sequence coverage of 55.86 % in all samples (Table 5).
While for most sites no differences between the variants could be observed, usage of
the phosphorylation site T147 was slightly impaired in both mutants. In 32°C samples
digested with elastase the sequence coverage was increased to 62-88 % (Table 5) but
only 4 phosphorylation sites could be detected. This was probably caused by the loss of
overall intensity due to the nonspecific cleavage by elastase and less efficient ionization
of phosphorylated peptides in the positive ion mode during ESI. In addition to S60 and
T147, which were also detected in the trypsin samples, we could identify S36 as a
phosphorylation site in all samples and S37 in both mutant samples (Figure 6-6 A). Insum
we could identify 8 phosphorylation sites in CmSC35, but this list is likely not complete

due to relatively low sequence coverage. Especially the C-terminal RS repeats (residue
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196-216), which are the most likely phosphorylation sites, could not be detected due to

their repetitive nature interfering with obtaining detectable peptides. Also, intact mass

LC-ESI-MS detected up to 10 phosphorylationsin CmSC35 (Figure 4-12 H).
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Figure 4-14 Elucidation of phosphorylated residues in CmLIK-KD variants and CmSC35 by LC-ESI-
MS/MS. A Label-free quantification (LFQ) of phosphopeptide intensities of CmLIK-KD WT.CmLIK-
KD WT was incubated with CmSC35 in the presence of ATP at 32°C, 45°C and 49°C for 30 min,
proteins separatedvia SDS-PAGE, in gel digested with trypsin, peptides extracted and subjected
to LC-ESI-MS/MS. Data was analyzed and spectra quantified using the FragPipe LFQ-phospho
workflow. Intensities are displayed on a logarithmic scale. B Experimental setup as in A, but
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incubatedat 45°C and also CmLIK-KD D690S and hairpin mutant were included. Residue numbers
correspond to CmLIK WT.

« 5798

5749

Figure 4-15Phosphorylation site mapping onto CmLIK-KD WT structure. CmLIK-KD WT structure
at 2.69 A resolution. Protein depicted as cartoon, chain A colored in grey, chain B in deep teal.
For chain B only regions interacting with chain A are shown. Nucleotide, interacting residuesand
phosphorylation sites observed by LC-ESI-MS/MS analysis depicted as sticks. H-bonds (distance
cut-off = 3.2 A) are depicted as dashed lines in grey. Phosphorylation sites are colored in light
orange and labeled.
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Figure 4-16 Elucidation of phosphorylated residues in CmSC35 by LC-ESI-MS/MS. Label-free
quantification (LFQ) of phosphopeptide intensities of CmSC35. Indicated CmLIK-KD variants were
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incubated with CmSC35 in the presence of ATP at 32°C for 30 min, proteins separated via SDS-
PAGE, in gel digested with trypsin, peptides extracted and subjected to LC-ESI-MS/MS. Data was
analyzed and spectra quantified using the FragPipe LFQ-phospho workflow. Intensies are
displayed on alogarithmic scale.

4.3 A. thaliana- differentkinases catering to different needs

Since plants can neither regulate their temperature nor move to a habitat with a stable
temperature they have to adapt to a broad range of temperatures. As such it was not a
surprise that there are three CLK homologs — AFCs — present in A. thaliana that exhibit
each distinct temperature activity profiles (Figure 1-4). These closely related proteins
with high similarity but distinct activities are superb candidates to elucidate structural

elements that govern the active temperature range.

4.3.1 Stabilization of the activation segment via an H-bond network mediates AtAFC3

activity at high temperatures.

With this aim in mind, we compared AlphaFold predictions of the kinase domains of
AtAFC1 and AtAFC3, the kinases with the most contrasting temperature activity profiles,
available in the AlphaFold Protein Structure Database (Figure 4-17 A). Both proteins
adopted a typical kinase fold and did not differ in any structural elements, disregarding
a different orientation on the flexible loop end of the B-hairpin upstream of the activation
segment, yielding ar.m.s.d. of 1.28 A and a TM-score of 0.92 while the sequences were
68 % identical. Closer inspection revealed two clusters of differing interactions in the
activation segment. In AtAFC3 Q254 of the activation segment forms H-bonds with Y258
and S260, also of the activation segment, and C273 and S277 of the aF helix (Figure
4-17 B). These interactions might stabilize the activation segment in general and
especially the loop containing R256 and H257. The corresponding residues in hCLK1
(R342 and H343) were shown to be essential for temperature dependent activity
(Haltenhof et al., 2020). In contrast in AtAFC1 the corresponding residue S301 forms just
one H-bond with T239 of the catalytic loop. The second cluster is centered around an H-
bond between T290 and Q294 in AtAFC1, which pulls the activation loop inward towards
the catalytic center and allows H296 to interact with the backbone of F291, both
interactions stabilizing this region. H-bonds between the backbone of Q294 and H296,

and D295 and N297 further aid in stabilization. These interactions are not present in
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AtAFC3, since the corresponding threonine is replaced by valine (AtAFC3 V243) and
glutamine by arginine (AtAFC3 R247) (Figure 4-17C). To investigate the more defined
interaction cluster around AtAFC3 Q254 we cloned and purified a Q254A exchange
mutant of AtAFC3. In in vitro kinase assays with a synthetic GST-RS substrate we observed
elevated auto phosphorylation of AtAFC3 Q254A between 12°C and 24°C and
significantly decreased auto phosphorylation at 32°C and above. Auto phosphorylation
at 40°Cwas completely abolished. Substrate phosphorylation was significantly impaired
at 36°Cand almost completely abolished at 40°C (Figure 4-17 D, E). These results suggest
that the activation segment stabilization by Q254 in AtAFC3 is essential for its activity at
high temperatures. However, the loss of these interactions was not sufficient toincrease
its activity at temperatures below 24°C and activity at 32°C was not impaired. For the
complete shift of the temperature activity profile towards AtAFC1 the additional
exchange of the second interaction cluster and/or creating an interaction between
residue 254 and T195 might be needed. In order to further validate the interactions of
AtAFC3 Q254 we cloned AtAFC3-KD WT into pETM-11 vector, expressed the protein in
E. coli BL21(DE3) pRare and purified His-AtAFC3-KD WT. Initial crystallization trials using
the Classics Suite (Qiagen) and Index (Hampton research) screens vyielded only

precipitate or clear drops and no crystals.
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Figure 4-17 An H-bond network around Q254 is essential for AtAFC3 activity at high temperatures.
A Superimposition of AlphaFold predictions of AtAFC3-KD (P51568, teal) and AtAFC1-KD
(P51566, grey) represented as cartoon. AtAFC3 activation segment is colored in light orange.
Domain elements indicated. B Zoom on H-bond network around AtAFC3 Q254 from A. Q254,
interacting residues and corresponding residues from AtAFC1 are depicted as sticks. H-bonds
(distance cut-off = 3.2 A) of AtAFC3 shown in orange and of AtAFC1in grey. C Zoom on H-bond
network around AtAFC3 N246 from A. Depiction as in B. D Representative SDS-PAGE gels of in
vitro kinase assays of purified GST-AtAFC3 f.l. WT and Q254A mutant with synthetic GST-RS
substrate. Respective kinase is indicated on the left and sample temperature isindicated on top.
Protein loading detected by Coomassie staining and phosphorylation detected by
autoradiography are shown for the kinase (auto) and substrate. E Quantification of auto and
substrate phosphorylation from the invitrokinase assays in D. Radioactive sighal was normalized
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tohighest signalin assay. Shown are meanand standard deviation. Respective kinase is indicated
in the legend on the right. Statistically significant differences determined by unpaired Welch t-
test are indicated as asterisks (*: p < 0.05, **: p < 0.01, ***: p < 0.001). WT n = 4 and Q254A
n=3.

4.3.2 AlphaFold predictions suggest copper-dependent activity of AtAFC2.

Similarly to our comparison between AtAFC1 and AtAFC3 we compared AlphaFold
predictions of AtAFC1 and AtAFC2 (Figure 4-18 A). As for AtAFC3, the overall fold did not
differ between both proteins, yielding a r.m.s.d. of 0.86 A and a TM-score of 0.91 while
the sequences were 76 % identical. While we did not observe outstanding differing
interactions in the activation segment, we could observe a potential disulfide bridge
between C210 of the aE helix and C159 located in a loop directly downstream of the
aC helix (Figure 4-18 B). This bond would connect the N-lobe with the C-lobe and could
influence their orientation towards each other or the dynamic of their shifts and thus
AtAFC2 catalytic activity, maybe explaining its relatively broad temperature range of
activity. Furthermore, in close proximity to the catalytic center and activation segment
we observed an arrangement of one histidine and three methionine residues, that
resembles a motif commonly found in copper coordination centers (Rubino and Franz,
2012). Precisely the site comprises M145 of the aC helix, M214 ofthe aE helix and M219
and H221 of the catalytic loop (Figure 4-18 C). This kind of site composition has been
reported for example in the Cu(l)-binding site of CopC (Arnesano et al., 2003). Due to the
involvement of the histidine at the catalytic center this could suggest a temperature
independent regulation of AtAFC2 and rather copper dependent kinase activity. Aiming
tovalidate the disulfide bridge in AtAFC2 we cloned a C210S exchange mutant. Expressed
in E. coli BL21(DE3) pRare and subjected to on-bead in vitro kinase assays with synthetic
GST-RS substrate the AtAFC2 C210S mutant showed atemperature activity profile similar
to the WT (Figure 6-7). Considering that BL21(DE3) pRare is not a suitable strain for
expression of proteins with disulfide bridges and that the reaction buffer contained
5 mM DTT this result was not surprising. We re-cloned AtAFC2-KD WT and C210S into
PETM-11 vector and expressed both proteins in E. coli RosettaGami2. During purification
of His-AtAFC2-KD WT the protein precipitated after affinity chromatography as well as
after SEC in standard buffer conditions. This prevented us from further exploring this

approach.
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Figure 4-18 AtAFC2 structure prediction hints atactivity regulation via a disulfide bridge and copper
binding. A Superimposition of AlphaFold predictions of AtAFC2-KD (P51567, blue) and AtAFC1-
KD (P51566, grey) represented as cartoon. AtAFC2 activation segment is colored in light orange.
Domain elementsindicated. B Zoom on potential disulfide bridge between AtAFC2 Cys 159 and
Cys 210 from A. Both residues and corresponding residues from AtAFC1 are depicted as sticks.
Distance between both Cysshown in yellow.C Zoom on AtAFC2 residues constituting a potential
copper binding motif from A. Potential coordinating residues and corresponding residues from
AtAFC1 are depicted as sticks.

4.3.3 AtAFCs regulate thermoresponsive hypocotyl growth in an auxin-dependent way

via PIF4expression.

To characterize AtAFC1-3 function further our cooperation partner at the University of
Wirzburg, Dr. Daniel Maag, generated AtAFC triple knock-out (TKO) plant lines via
CRISPR-Cas9 and cultured these plants at 17°C and 28°C. In comparison to the WT/Col-0
they observed reduced thermoresponsive hypocotyl growth. This phenotype could also
be induced with the CLK inhibitor TGO03. Interestingly the phenotype of the TKO plants
could be rescued by applying 1 uM picloram, a synthetic analogue to the phytohormone
auxin. Knock-out of PIF4, a transcription factor regulating auxin levels (Franklin et al.,
2011), also produced a phenotype similar to the AtAFC TKOs. In an effort to investigate
if AtAFCs regulate thermoresponsive hypocotyl growth in a PIF4 and auxin dependent
manner we carried out gene expression analysis with RNA samples from the AtAFC TKO

and WT plants provided by our cooperation partner. While the Col-0 samples showed
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elevated expression of PIF4 after 8 h at 28°C and even more so after 24 h at 28°C, AtAFC
TKO showed significantly reduced PIF4 expression after 24 h at 28°C, the level being
similar tothe 17°C samples (Figure 4-19 A). In addition, expression of YUC8, another PIF4
target (Stavang et al., 2009), was also significantly reduced in AtAFC TKO compared to
elevated levels at 28°Cin Col-0 (Figure 4-19 B). The elevated expression of SAUR19 and
SAUR20, both targets of auxin and drivers of temperature dependent hypocotylgrowth
(Franklin et al., 2011), at 28°C was significantly impaired in AtAFC TKO (Figure 4-19C, D).
These results suggest that AtAFCs regulate thermoresponsive hypocotyl growth in an

auxin-dependent way via modulation of P/F4 expression.
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Figure 4-19 AtAFCs influence heat response gene expression in a PIF4 dependent manner. Gene
expression analysis via RT-qgPCR of AtAFC triple knock-out (afc1/2/3) and WT (Col-0) plants
cultured at 17°C or 28°C for 8 h or 24 h. gPCR with gene-specific primers for A PIF4. B YUCS.
C SAUR19. D SAUR20. 17°C n=4, 28°C n=3. Measurements in technical duplicates. Relative
expression to TIP41(AT4G34270) was calculated. Shown are mean and standard deviation.
Statistically significant differences determined by unpaired Welch t-test are indicated as asterisks
(*: p<0.05,**: p<0.01, ***: p <0.001). Plant RNAs were supplied by Dr.Daniel Maag.
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5 Discussion

5.1 Evolution of CLK active temperature range.

We successfully expressed reconstructed ancestral CLK4 kinase domains and
characterized their temperature activity profiles. A gradual shift of the active
temperature range from a common ancestor, whose activity curve was higher than
mouse but lower than birds via an intermediate bird ancestor could be shown (Figure
4-4B). Revisiting the observed structural differences between N3 and N9 the small
changes in interactions (Figure 4-2) agree with only slight differences in the temperature
activity profiles. But in contrast to our results in the in vitro kinase assays one would
expect N3 to exhibit activity at higher temperatures because there the interactions
stabilize the kinase more, especially the interaction between activation segment and aC
helix (Figure 4-2 D). No clear structure-activity relationship can be drawn from the
structure predictions and the in vitro kinase assays. Since the structures are AlphaFold
predictions information on side chain orientation might not necessarily represent the
native state and some changed interactions might have escaped detection. Furthermore,
CLK substrate binding is not fully characterized so far, in contrast to for example SRPKs,
and no distinct binding grooves are known. Some differing residues might affect
substrate interaction depending on their orientation which might change with
temperature.

For an intermediate turtle ancestor, the active temperature range was even higher than
for birds despite reptile CLKs exhibiting a lower active temperature range (Figure 4-5 B).
Considering that only 10 residues differ between both intermediate ancestors kinase
domains (N7 and N9, Figure 4-1 B) and that these differences only amount to two small
changes in intra molecular interactions (Figure 4-3)the similar active temperature range
is not surprising. The slightly higher activity at higher temperatures in N7 CLK4-KD might
be due to the interaction between aC and aE helix (Figure 4-3 B). This unexpected result
could be due to a fault in ancestor selection for analysis, where N7 is still closer related
to birds than to turtles, and N8 should have been selected. But this would mean, that the
whole shift from a CLK active up to 40°C to one that is not active above 35°C has to be
pinpointed to a substitution of aspartate to asparagine in position 332 in the activation
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segment and alanine to serine in position 444 at the al helix (see MSA, Figure 4-1 B),
since these are the only two residue differing between N7 and N8. This is highly unlikely
since both residue changes are not conserved in Chinese soft-shell turtle CLK4
(Cssh_turtle_4), green sea turtle CLK1 (Gs_turtle_1) and, more importantly, western
painted turtle CLK1 (Ps_turtle 1), which exhibited activity only at low temperatures in
our assays (Figure 4-5 B). Especially the more likely residue in the activation segment is
an aspartate here. When comparing the sequences of all CLK4-KDs used in these assays
(Figure 4-4 and Figure 4-5), only 10 unique residues can be found in the alligator CLK4
sequence (see MSA, Figure 4-1B). All are located away from the catalytic center and the
activation segment, and no direct impact can be inferred. Of these residues two changes
are also evident in the turtle CLK1, arginine 199in the aC helix is replaced by a cysteine
and arginine 455in the al helix is replaced by a lysine. For arginine 455 nointeraction or
function can be inferred. Arginine 199 of the aC helix forms H-bonds to a conserved
aspartate 231in 5-sheet and might aid in orientation of the aC helix. However, in mouse
CLK4 arginine 199 is also present despite activity at low temperatures. Also, these
residues are not changed in the other turtle CLK4 sequences. To investigate if these
residues are involved in CLK temperature activity profile regulation, N7 CLK4-KD
exchange mutants R199Cand R455K could be generated and subjected to in vitro kinase
assays. If these residues are indeed responsible for CLK activity at low temperatures the
CLK4s of the turtles in the MSA should be investigated for their temperature activity
profiles to elucidate if they are active in the expected way according to the active
temperature range of the turtles. If these CLKs showtemperature activity profiles similar
to their reconstructed ancestor above their active temperature range, it could suggest
that poikilotherms possess multiple CLKs with activity in different temperature ranges.
In conclusion we could show a gradual evolution of the CLK4 active temperature range
from a reconstructed common ancestral CLK4 via an intermediate bird ancestor CLK4
towards chicken CLK4. This gradual evolution could not be shown for the investigated
poikilotherm CLK4sand further investigation is necessary.

More kinases from our reconstructed ancestral CLKs could be used to investigate the
evolution of CLK1 activity. The CLK1 temperature activity profiles of certain animals
would also be interesting. Kiwi CLK1 originates from a bird that shows a relatively low

body temperature of 38°C (Farner et al., 1956)and platypus CLK1 originates from the
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evolutionary most distinct mammal (Bino et al., 2019), that has a body temperature of
32°C (Grant, 1983) and can’t withstand ambient temperatures exceeding 30°C
(Robinson, 1954). The CLK1 of bearded dragon harbors a unique tyrosine at residue
number 332 in the activation segment that is an aspartate in all other CLKs and its
LAMMER motif is changed to LAMMOQK. Since expression and/or purification of the full-
length kinases proved difficult they could not be investigated in this project. After re-
cloning of the corresponding kinase domains, they could be subjected to in vitro kinase
assays as we showed for the selected CLK4s.

It has been shown that the kinase domain is sufficient to exhibit a similar temperature
activity profile as the full-length kinase for CLK homologues from human and mouse
(Haltenhof et al., 2020) and A. thaliana (data not published yet), with the N-terminus
shifting the activity just slightly. Nevertheless, it would be of interest to elucidate how
big the effect of the N-terminus of the reconstructed ancestral CLKs is, especially since
the majority of amino acid sequence differences are located in the N-terminus (Figure
4-1B). In addition, it has been shown that the N-terminus influences CLK localization and
substrate interaction (Aubol et al., 2014; George et al., 2019). Unfortunately, soluble full-
length ancestral CLKs could not be expressed. This could be solved by inclusion of
different solubility tags, such as thioredoxin (Trx) (LaVallie et al., 1993)or maltose binding
protein (MBP) (Pryor and Leiting, 1997).

5.2 Temperature sensitivity is not unique to the CLK family.

Our initial results concerning DYRK3 temperature dependent activity (Figure 4-6)suggest
that not only the CLK family is thermosensitive. For the DYRK family reversibility of the
inactivation at high temperatures needs to be shown as it was for CLKs (Haltenhof et al.,
2020). In addition, thermostability of DYRK3 needs to be characterized using TSA or CD
spectroscopy to be sure that local conformation changes and not global unfolding is the
driver of inactivation at higher temperatures. Both assays were beyond the scope of this

initial test. Since DYRK3 is involved in regulation of ER export (Gallo et al., 2023) this
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suggests, that temperature could play a role in organization of ER exit sites and protein
transport.

It has been shown that SRPKs, the next closest family (Figure 1-2 A), are not
thermosensitive in contrast to CLKs and DYRKs (Haltenhof et al., 2020). Comparing the
activation segments of all three families (Figure 6-2), serine at position 4,
aspartate/glutamate at position 8, threonine at position 14 and proline at position 24
could play a role in mediating temperature sensitivity. Also, DYRK1 should beinvestigated
as here position 8 and 14 are different compared to other DYRKs and CLKs. Other
members of the CMGC group, especially GSKs and RCKs, should be investigated to
determine if temperature sensitivity evolved after a DYRK and CLK ancestor diverged
from SRPKs or if temperature sensitivity evolved earlier in the CMGC group and SRPKs

lost it.

5.3 CmLIK phosphorylates CmSC35 in a temperature dependent manner.

We could show in vitro that one of the two existing SR-proteins in C. merolae, CmSC35,
homologue to hSRSF2, gets phosphorylated in a temperature dependent manner by
CmLIK, a LAMMER-like kinase present in this organism (Figure 4-7). In agreement with
previous findings in other organisms (Haltenhof et al., 2020) substrate phosphorylation
is high at the lower border (40°C) of C. merolae habitat temperature (Miyagishima and
Tanaka, 2021)and steeply decreases over the habitat temperature range until nearly no
activity can be observed at the upper border (52°C). This suggests, that even with only
27 introns (Stark et al., 2015) some splice events in C. merolae might be controlled by
temperature and play a role in adaption to temperature changes and that this regulation
mechanism is present already since the most simplest eukaryotes evolved.

While CmLIK auto phosphorylation observed in the assays with CmSC35 closely
resembles the observations with GST-RS as substrate (Haltenhof, 2020), the substrate
phosphorylation differs. The activity curve with CmSC35 aligns better with C. merolae
habitat temperature and considering that CmSC35 is an expected physiological substrate
this likely reflects nature better. Apart from the substrate used, there are two major
differences between those assays which might affect the phosphorylation. While CmLIK-

KD and CmSC35 were assayed in solution, GST-RS and GST-CmLIK-KD were investigated
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coupled to glutathione beads. Possibly both proteins could not adapt favorable
orientations towards each other at low temperatures due to steric hindrance. In
addition, the reaction buffers differed. The CmSC35 assays were carried out in a MES
buffer at pH 6.0 and the GST-RS assays in Tris-HCI pH 7.4. Tris buffer pH is significantly
more temperature sensitive compared to MES, decreasing with increasing temperature.
However, an effect of the pHis very unlikely as hCLK1 activity was shown to be constant
over a range of different pH values (Haltenhof et al., 2020).

CmSC35 harbors four Arg-Ser dipeptides in its RS domain. Our intact mass LC-ESI-MS
results show that while the main population exhibits 4.5 phosphorylations per molecule
we can detect up to 10 phosphorylations per molecule (Figure 4-13 D). This suggested
that CmSC35 also gets phosphorylated outside of its RS domain. Indeed, we found seven
phosphorylation sites in our LC-ESI-MS/MS experiments (Figure 4-14 B, Figure 6-6 A).
Four are located in the intrinsically disordered N-terminus and three in the folded RRM
motif. To our surprise these phosphorylations increased with higher temperatures
(Figure 6-6B) in contrast to the total phosphorylation of CmSC35. This, together with
their location outside of the RS domain, might suggest that they are in vitro artifacts.
Another possibility would be that these phosphorylations are a separate regulatory
mechanism that’s inhibiting SR-protein function, especially with respect to those located
in the RRM and possibly interfering with RNA binding. This could be investigated by
generating phosphomimetic mutants of CmmSC35, replacing serine with aspartate (Léger
etal., 1997), and testing these mutants for their ability to enhance splicing. As expected,
the phosphorylations in the RS domain could not be detected in the trypsin samples as
trypsin cleaves after arginine residues (Keil, 1992), generating just short dipeptides that
are neither detectable nor would they be assignable. Elastase, which has broader
specificity (Rietschel etal., 2009), did not yield detectable peptides in this region either.
In an effort to elucidate phosphosite usage in the RS domain one could repeat the
experiment and use chemical cleavage by formic acid after aspartate residues (Li et al.,
2001) possibly combined with chymotrypsin digest, cleaving after aromatic residues
(Keil, 1992), to generate peptides of appropriate sizes. Another option would be to
analyze the samples with matrix-assisted laser desorption/ionization combined with in-
source decay (MALDI-ISD) MS to resolve the C-terminus where the RS domain is located

(Nicolardi et al., 2020). This method poses the problem that CmLIK-KDand CmSC35 need
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to be separated before spotting on the matrix because else signals from both proteins
would overlap and make peptide peak assignment impossible.

Having characterized the phosphorylation of CmSC35, it would be of interest to also
determine if and how CmLIK phosphorylates the second SR-protein found in C. merolae,
CmRSP31. Expression of GST-tagged full-length CmRSP31 under standard conditions
failed repeatedly. Generation of constructs containing CmRSP31 with different solubility
tags, such as thioredoxin (Trx) (LaVallie et al., 1993) or maltose binding protein (MBP)
(Pryor and Leiting, 1997), might solve this problem and enable investigation of the

second SR-protein.
5.4 Regulation of CmLIK-KD active temperature range.

Aside from its activity at high temperatures, CmLIK sets itself apart from other CLKs as its
auto phosphorylation does not follow the same pattern as the substrate
phosphorylation. As auto phosphorylation increases, substrate phosphorylation
decreases. This suggests, that while for other CLKs auto phosphorylation enhances
activity it is inhibitory for CmLIK-KD.

We characterized one phosphorylation at T683 via structural analysis and generation of
a mutant lacking this phospho site. The significant decrease in Tm of the T683V mutant
that is only observed in the presence of ATP and neither with AMPPNP nor in the apo
state is an evidence for a phosphorylation dependent stabilization of CmLIK-KD via T683.
Abolishment of T683 phosphorylation increased substrate phosphorylation significantly
at 39°C and 45°Cindicating that here auto phosphorylationis used for fine tuning CmLIK
activity at the lower temperature edge. This activity is likely mediated by interactions of
the phosphorylated threonine with E677 of the aF helix and Y651 of the activation
segment, stabilizing the activation segment in an unfavorable conformation for catalysis.
Asignificant decrease in auto phosphorylation could only be observed below 35°C, where

total auto phosphorylation was low. This is likely due to the fact, that one missing
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phosphorylation site is not detectable if up to 11 sites are phosphorylated per molecule
at higher temperatures, as is evident in our intact mass LC-ESI-MS data (Figure 4-12 A).
In addition, we identified several auto phosphorylation sites via LC-ESI-MS/MS. While not
for all sites a probable effect could be inferred from their position in the structure, some
residues positions hint at their function (Figure 4-15).

Phosphorylation of Y468 and T490 might disturb folding of the N-lobe, especially since
T490 forms an H-bond to D487 that stabilizes the loop between B2 and 3. One of the
most striking sites is T599 which is located directly in the catalytic center.
Phosphorylation at this residue would very likely interfere with the catalyzed reaction.
Phospho site S632 is located in the P-loop (Saraste et al., 1990), at the site of Mg+
coordination. Even though we could not show metal coordination in our structure due
tolack of density, the aspartate of the DFG motif is usually involved in metal coordination
in kinases (Knape and Herberg, 2017) and the loop this residue is in is termed the Mg2*-
binding loop (Nolen et al., 2004). As such phosphorylation at S632 is likely to interfere
with Mg2* coordination necessary for catalytic activity.

The residues corresponding to S647 and T648 in hCLK1 have been suggested to position
the activation segment in a conformation which clashes with substrate binding
(Haltenhof et al., 2020). S620 is located in the loop that replaces the B-hairpin which is
present in all other CLKs and buries the MAPK substrate interaction groove (Bullock et
al., 2009), so this might have an effect on substrate interaction in CmLIK. Similarly, S749,
S752 andS770arelocated around the aH helix which buries the substrate binding groove
present in SRPK (Ngo et al., 2008; Bullock et al., 2009). In fact, S770 is located in the
interaction interface between the C-lobe of chain B and N-lobe of chain A in our crystal
structure (Figure 4-8 D), sandwiched between the interactions of E767 with V453 and
F772 with K481. On the opposite side of S770, the phospho sites Y451 and S452 are
located in the N-lobe part of this interface. Another phospho site, S476, is directly
involved in the interaction interface, as this Ser forms an H-bond to the backbone of
P774, adjacent to E775 which forms an H-bond to R500, the last interaction that

constitutes the interaction interface. So, phosphorylation at these four sites is very likely
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to interfere with interaction between CmLIK monomers and might also play a role in
substrate binding.

For S716 and S718, located in the MAPK-like insertion, and T788 and S798, located
towards the C-terminus, no effect could be inferred. The role of phosphorylationat T811
and T814 in the C-terminal tail is also not clear. Interestingly the C-terminal tail of chain B
of our structure can be modeled with low confidence in a way that it interacts with the
aH helix, P+1 loop and S632 of chain A (Figure 6-4 A) and position T814 in a position near
the catalytic center suitable for phosphorylation (Figure 6-4 B).

Overall, the observed phosphorylations might exert auto inhibitory effects either by
disturbing the catalytic center or by interfering with substrate binding. Detailed
information on the effects of individual auto phosphorylations could be obtained by
generating mutants that either mimic phosphorylation — replacement of serine or
threonine by aspartate (Léger et al., 1997) — or by abolishing the phospho site, for
example by replacement with alanine or valine. Especially phosphomimetic replacement
of S467 and S770 would be interesting for investigation of the observed interaction
interface and to elucidate if these phosphorylationsinterfere with substrate interaction.
While we identified 20 phosphorylated sites in CmLIK (Figure 4-14 A), we observed a
maximum of 11 phosphorylations per molecule (Figure 4-12). This suggests, that even
after 30 min at 49°C not all possible phosphorylation sites are used on every molecule
and that a heterogenous population with differing phosphorylations exists. Considering
how close some phosphorylation sites are with only one or no residue between them it
is possible that some sites are redundant. Considering that only about 75 % of CmLIK-KD
sequence was covered by LC-ESI-MS/MS analysis it is likely that not all phosphorylation
sites were observed. For example, T683 was not detected in this assay because of its
positionin a sequence lacking coverage even though its phosphorylation could be proven
with other methods. Thus, it would be interesting to repeat the assay with a different set
of proteases for digestion to expand the sequence coverage. A suitable protease would
be chymotrypsin (Keil, 1992).

We could expand the characterization of a salt bridge between the activation segment
and the loop between aF and aG helix that is essential for CmLIK activity at 45°C and
49°C, so in the range that is relevant to C. merolae habitat temperature (Figure 4-10A,

B). The CmLIK-KD D690S exchange mutant in which the salt bridge was abolished by

78



Discussion

replacing the aspartate involved in it by the serine that is the corresponding residue in
hCLK1 exhibited reduced thermostability in the apo state and in presence of AMPPNP.
This decrease could be almost rescued in the presence of ATP, so in a phosphorylation
dependent manner (Figure 4-10 C). In accordance with this the D690S mutant exhibited
elevated auto phosphorylation at 45°C and less in the radioactive assays (Figure 4-10A
B), on average one auto phosphorylation more than the WT in intact mass LC-ESI-MS
analysis (Figure 4-12 D) and phosphorylation on S690 could be observed by LC-ESI-
MS/MS (Figure 4-10 D). The stabilizing effect of serine phosphorylation is not surprising
since aspartate can be used to mimic phosphorylated serine (Léger et al., 1997), which
is here used the other way around. Considering that this serine and the arginine in the
activation segment are conserved throughout animal CLKs this observation has
implications beyond CmLIK. In human, mouse and other mammalian CLKs this serine is
even followed by an arginine, creating a canonical CLK target phosphorylation site. It is
likely that other CLKs are auto phosphorylated in a stimulating way at this serine to
stabilize the activation segment in an active conformation. This also agrees with the
observation that in other CLKs auto and substrate phosphorylation correlate with each
other (Haltenhof et al., 2020). Previously it has been shown that substituting this serine
in mCLK1 with aspartate, mimicking phosphorylation and establishing the CmLIK salt
bridge, results in activity at higher temperatures than the WT (Haltenhof, 2020). To
further investigate the role of phosphorylation of this serine it would be of interest to
replace it with alanine to abolish the phosphorylation site and see which effect lack of
phosphorylation causes in comparison to constitutive phosphorylation.

Even though the loop between B7 and B8 in CmLIK is unstructured and flexible it
appeared to be essential for CmLIK thermostability (Figure 4-11E), substrate and auto
phosphorylation (Figure 4-11C,D, Figure 4-12 C, G). In the structure of the CmLIK-KD
hairpin mutant we obtained (Figure 4-11 A) the protein folded correctly, no interactions
out of this region were changed and the hairpin insertion also did not interfere with the
interaction interface observed in the CmLIK-KD WT structure. So, while we observed a
drastic effect of the mutant, we could not find a molecular basis for this. One possible
reason for this would be that the flexibility of the CmLIK loop is needed to allow an
interaction with itself and/or the substrate in a mode, that is different from the one

observedin the WT structure and that the extension by the B-hairpin paired with its more
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rigid folding interferes with this. Considering the drastically reduced number of auto
phosphorylations per CmLIK-KD molecule we observed in the hairpin mutant (Figure
4-12 D), even though no residues for which phosphorylation was observed in the WT
were lost by the insertion, it seems very likely that the B-hairpin blocks aninteraction site
that is important for stabilizing auto phosphorylation.

All'in all, we could characterize several modes of activity regulation in CmLIK-KD. Activity
at high temperatures is achieved by stabilization of its activation segment via a salt bridge
between D690 and R649, while it is fine-tuned towards the lower temperature edge by
auto phosphorylation at T683 which interacts with E677 and Y651. CmLIK-KD auto
phosphorylation at high temperatures appears to act auto inhibitory either by disrupting
the catalytic center or interfering with substrate interaction interfaces. The flexible loop
between B7 and P8 appears to be important for substrate interaction and
thermostability. In addition, we could show one possible mode of binding for trans auto
phosphorylation depending on the interaction of the loop between aH and al helix of

one CmLIK-KD molecule with the N-lobe of another CmLIK-KD molecule.

5.5 Activation segment stabilization appears to be a common mechanism

for CLK activity at high temperatures.

During the investigation of AtAFC temperature sensitivity regulation we found an H-bond
network around Q254 in the AtAFC3 activation segment that was not present in AtAFC1
(Figure 4-17B). Elimination of this H-bond network by mutation of Q254 to alanine
reduced AtAFC3 activity at high temperatures (Figure 4-17 E). Taken together with our
observations on the importance of the salt bridge in CmLIK, this suggests that activation
segment stabilization in the P+1 loop by extended H-bonds is a common motif in CLKs
active at high temperatures. To validate the significance of the H-bond network around
AtAFC3 Q254 further, generation of an AtAFC1 S301Q exchange mutant and
investigation of its activity at high temperatures would be of interest.

Abrogation of the H-bond network around Q254 reduced AtAFC3 activity at high
temperatures but failed to enhance activity at low temperatures to AtAFC1 level. Thus,
a different mechanism mustinhibit AtAFC3 activity, respectively enhance AtAFC1 activity

at low temperatures. Possibly this is facilitated by changes of conformation and
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interactions in the activation loop directly after the P-loop (Figure 4-17 C). While in
AtAFC3 this loop (23VCDNRIHHS?°1) is oriented more outwards and exhibits more
interactions with other structural elements, it is oriented more towards the catalytic
center and exhibits more interactions with itself in AtAFC1 (2°°TFEHQDHNY2%8). These
interactions likely stabilize an inactive conformation in AtAFC3 and an active
conformation in AtAFC1, resulting in opposite effects when they’re loosened at high
temperatures. This hypothesis could be tested by generation of AtAFC1 and AtAFC3

mutants where this loop is exchanged.

5.6 AtAFC2 might link rhythmic copper homeostasis to alternative splicing.

For AtAFC2 initial assays observed relatively stable activity up to 24°C followed by a
decrease until activity was almost abolished at 36°C. This observation is consistent with
a relatively recent publication (Lin et al.,, 2022). When investigating the structural
differences between AtAFC2 and AtAFC1 we observed two very striking elements. A
possible disulfide bond connecting N- and C-lobe (Figure 4-18 B) and a copper binding
motif (Rubino and Franz, 2012) between aC and aE helix close to the catalytic center,
which could also involve the histidine of the catalytic loop HTD motif (Figure 4-18 C). The
two cysteines could also participate in copper coordination since they’re directly
adjacent to the other motif, but their orientation and distance makes a disulfide bond
more likely. Both observations taken together with the relatively stable activity across a
broad temperature range could indicate that AtAFC2 activity is less temperature
dependent and more sensible to copper binding.

Interestingly copper uptakein A. thalianais under control of an autoregulatory negative
feedback loop (Peflarrubia et al., 2010), as expression of copper transporters (COPT) is
downregulated by copper (Sancendén et al., 2003). This feedback loop results in
oscillation of copper levels which in turn results in rhythmic expression of copper
response genes (Cohu and Pilon, 2007) under control of cis regulatory elements in their
promotors, GTAC motifs (Kropatet al., 2005), and the corresponding trans acting factors,
SPL transcription factors (Yamasaki et al., 2009). It has been shown that rhythmic copper
homeostasis influences the circadian clock and is itself also influenced by it in A. thaliana

(Perea-Garcia et al., 2016). Connection of copper with circadian rhythms has also been
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reported in other organisms (Bell-Pedersen et al., 1996; Borjigin et al., 1999; Riese et al.,
2008). Considering that CLKs control rhythmic splicing in mammals (Preullner et al.,
2017; Haltenhof et al., 2020), it is not too farfetched that AtAFC2 connects rhythmic
copper homeostasis with alternative splicing in A. thaliana. To explore this hypothesis, it
would be of utmostinterest to investigate copper dependent activity of AtAFC2.

We generated an AtAFC2 C210S mutant to investigate the effect of the disulfide bridge.
Under the previous assay conditions, the mutant showed the same activity as the WT
(Figure 6-7). Inretrospect this result is not surprising for two reasons. On one hand both
proteins were expressed in E. coli BL21(DE3) pRare. Unspecialized E. coli strains are in
general notsuitable for expression of proteins with disulfide bonds due to the reductive
cytoplasm (Prinz et al., 1997), so no disulfide bond would be present in the WT due to
the expression system. On the other hand, the standard in vitro kinase assay buffer
contained 5 mM DTT, which would reduce any disulfide bond present in the WT.

We tried to circumvent the first issue by changing the expression system to E. coli
RosettaGami2, a strain that contains a mutation in the trxB gene and is suitable for
cytoplasmatic expression of proteins containing disulfide bonds (Derman et al., 1993).
While we observed expression of both His-TEV-AtAFC2-KD WT and C210S both proteins
precipitated during purification at various stages. To solve this problem buffer screens
should be carried out. So far Tris-HCl has been used as a buffer system with pH 8.0 and
7.5, yielding no differences. Addition of MgCl, to stabilize the kinase also yielded no
improvement. The buffer system could be changed to MES or HEPES for example and a
broader pH range should be tested. Addition of glycerol could be tried. For hCLK1
addition of 50 mM L-Glu and 50 mM L-Arg was used to increase solubility (Golovanov et
al., 2004; Bullock et al., 2009) this could also be tried for AtAFC2.

Once both proteins are purified in sufficient amount their temperature activity profile
should be characterized by in vitro kinase assays without DTT in the reaction buffer. The
assays should also be carried out at a stable temperature with different concentrations
of CuSOsin the reaction buffer to investigate copper dependence of AtAFC2 activity. For
characterization of both disulfide bond formation and copper coordination AtAFC2-KD
WT crystallization should be attempted. Disulfide bond formation could also be
investigated via LC-ESI-MS/MS (Lakbub et al., 2018) or using Ellman’s reagent after

carboxymethylation of free thiols (Aitken and Learmonth, 2009). Copper binding could
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also be evaluated using colorimetric assays (Wilkinson-White and Easterbrook-Smith,
2008).

While elucidating if AtAFC2 activity is copper dependent is of great interest, investigation
of the effect of the potential disulfide bond is also relevant. If a change of activity is
observed in dependence of the presence of the disulfide bond, this would be an example
that kinase sequence and structure need to be investigated for disulfide bonds prior to
in vitro kinase assays. Also, this would suggest that maybe not all kinase assays performed
so far reflect the physiological activity as DTT is used as a component in standard in vitro

kinase assays buffers and disulfide bond effects are lost.
5.7 AFCscontribute to thermomorphogenesis in a PIF4 dependent manner.

Our cooperation partner at University of Wdirzburg could show impaired
thermomorphogenesis in afc1/2/3 triple knock-out A. thaliana plants. The gene
expression analysis presented here shows that this impairment is mediated via
downregulation of heat induced PIF4 expression and subsequent reduction of expression
of PIF4 target genes, including auxin biosynthesis genes such as YUCS8, which in turn leads
to reduced auxin levels and thus to reduced inducible expression of auxin target genes,
such as SAUR19 and SAUR20, which regulate elongation growth. This is in line with
current knowledge of thermomorphogenesis under PIF4 control (Quint et al., 2016).
AtAFC activity seems to be especially necessary to sustain elevated PIF4 levels during
longer exposure to high temperatures (Figure 4-19 A). With these insights we can add
temperature dependent AtAFC activity, respectively alternative splicing, as another
player in the complex control of PIF4 expression and activity. This is further supported
by observed differences in temperature dependent splicing in afc1/2/3 triple knock-out
plants. Most notably splicing of transcripts of genes involved in RNA processing, among
them SR proteins, changed in the knock-outs (data not published yet).

In contrast to our findings that AtAFC activity is needed for correct induction of heat
responsive hypocotylgrowth, a relatively recent study attributed an inhibitory role in the
context of heat induced hypocotyl growth to AtAFC2 (Lin et al., 2022). In single knock-
outs of our cooperation partner at University of Wirzburg no phenotype could be

observed (data not published yet). While the above-mentioned study showed a
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phenotype for AtAFC2 knock-out, they did neither show gene expression analysis of any
genes involved in the cascade controlling thermomorphogenesis, nor analysis of
alternative splice events in the transcripts of these genes in the AtAFC2 knock-out. So,
they could not elucidate where AtAFC2 would exert regulatory function during
thermomorphogenesis. The in vitro kinase assays shown for AtAFC2 are subject to the
same limitations described above, as the kinase was expressed in an E. coli strain not
suitable for disulfide bond generation and DTT in the reaction buffer would reduce any
present disulfide bond. This means that the observed temperature activity relationship
is not necessarily physiologic. We could not elucidate separate functions for individual
AtAFCs in thermomorphogensis, but rather show that the ensemble of AtAFC1/2/3 is
necessary for correct regulation of this process. The lack of phenotypes in single AtAFC
knock-outs might be due to redundancy in substrate phosphorylation. Considering that
AtAFC2 and AtAFC3 activity at 28°C do not differ significantly and that also AtAFC1 still
shows moderate activity this is not unlikely. Still the findings of the above-mentioned
study could agree with ourresults if we assumethat AtAFC1 and/or AtAFC3 are necessary
for heat induced PIF4 expression and AtAFC2 fine tunes gene expression downstream of

PIF4 via alternative splicing of induced transcripts.

5.8 Application of CLK homologue active temperature range modulation.

In this thesis we have characterized several structural mechanisms of CLK homologues
that modulate the active temperature range of the kinases, especially with regard to
enabling activity at high temperatures.

In humansthe discovery of temperature dependent CLK activity can be used to enhance
treatment of diseases in which dysregulation of CLKs plays a role by reducing or
increasing the temperature of the patient or at least the affected tissue additionally to
other treatments. For certain cancers hyperthermia treatment is already established
(Crezee et al., 2021). But since CLK dysregulation is associated with more diseases
thermal treatment could also be applied for other diseases such as osteoarthritis
(Deshmukh et al., 2019)or Alzheimer’s disease (Glatz et al., 2006).

Having shown that plant CLK homologues, AFCs, play a role in thermomorphogenesis

regulation and thus in adaptation to higher temperatures and considering the rising
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threat of global warming for crop plants (Janni et al., 2023), engineering of crop plant
AFCs might pose one part of a solution to the challenge of global warming. We could
show that activation segment stabilization is a viable method to allow AFC activity at
higher temperatures. Introduction of the salt bridge present in CmLIK necessitates just a
single residue replacement with aspartate in AFCs and could very likely enable AFC
activity at higher temperatures. This could facilitate adaptation of plant growth to higher
temperatures via simple genetic engineering. Other viable changes in AFC activation
segment environment could be explored via modelling of mutants with AlphaFold and
molecular dynamics simulations (Hollingsworth and Dror, 2018) followed by generation
of transgenic plants with promising AFC mutant candidates.

Other organisms threatened by global warming are reptiles that exhibit temperature
dependent sex determination due to increasing feminization or masculinization of the
species (Valenzuela et al.,, 2019). Since it has been shown that the temperature
dependent switch of CLK activity of such reptiles coincides with the switch between male
and female producing temperature (Haltenhof et al., 2020), engineering those CLKs to
exhibit activity at higher temperatures, for example by introduction of elements
stabilizing the activation segment, might be a way to preserve sex distribution in those

species.
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Figure 6-1 Phylogenetic tree of CLK1 and CLK4. Phylogenetic tree of selected CLK1 and CLK4
sequences calculated by Dr. Rainer Merkl and Dr. Kristina Straub. Rooted using DYRK1 as
outgroup. Species are labeled as “species CLK1/4 body temperature or active temperature
rangein °Cif applicable”. |dentifiers of calculated ancestral sequencesare indicated at branches.
Branch length scale indicated on top. Ancestral CLK4s that were further used, and their

corresponding branches indicated on the right.
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Figure 6-2 Human CLK, DYRK and SRPK family activation segment sequences. Multiple sequence
alignment of hCLK1-4, hDYRK1-3, hSRPK1/2 and hMSSK1 activation segments. Conservation as
colored blocks and consensus sequence shown on top. Residues colored according to properties
and conservation (Clustal X color scheme).

Figure 6-3 Comparison of CmLIK-KD WT chain A and B. A Asymmetric unit contents of CmLIK-KD
structure at 2.69 A resolution. Protein depicted as cartoon, chain A colored in grey, chain B
coloredin deepteal. Nucleotide depicted as sticks. Superimposition of chain B onchain A. B Zoom
in on adenosine of chain A, interacting residues depicted as sticks. H-bond distance cut-off =
3.2 A. C Polder electron density map of chain A adenosine contoured at ¢ =3.0. Adenosine
colored in chartreuse. D Zoom in on adenosine of chain B superimposed with first CmLIK-KD WT
structurein deep purple. Interacting residues depicted as sticks.
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Figure 6-4 Low confidence modeling of CmLIK-KD C-terminal tail for auto phosphorylation. CmLIK-
KD WT structure at 2.69 A resolution from Figure 4-8 depicted as cartoon. Chain A is colored in
greyand chain B in deep teal. A Low confidence modeling (B-factors of 50-100 at an occupancy
of 0.44) of chain B C-terminaltail (residues 808-815). Interacting residues are depicted as sticks
and labeled. H-bonds (distance cut-off = 3.2 A) are depicted as dashed lines in bright orange. B
Catalytic center of chain A. Conserved catalytically relevant residues depicted as sticks and
labeled in addition toresidues interacting with chain B C-terminal tail. H-bonds (distance cut-off
= 3.2 A) are depicted as dashed lines in bright orange.
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Figure 6-5 Extended analysis of CmLIK-KD auto phosphorylation sites. A Label-free quantification
(LFQ) of phosphopeptide intensities of CmLIK-KD. Indicated CmLIK-KD variants were incubated
withCmSC35in the presence of ATPat 32°Cfor 30 min, proteins separatedvia SDS-PAGE, in gel
digested with trypsin, peptides extracted and subjected to LC-ESI-MS/MS. Data was analyzed and
spectra quantified using the FragPipe LFQ-phospho workflow. Intensities are displayed on a
logarithmic scale. Residue numbering corresponds to CmLIK-KD WT. B Asin A, but reactionwas
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carried out at 49°C. C Sum of all LFQ intensities of CmLIK-KD peptides containing phosphorylated
residues. Experimental setupasin A, but reactionwas carriedout at 32°C, 45°Cand 49°C.
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Figure 6-6 Extended analysis of CmSC35 phosphorylation sites. A Label-free quantification (LFQ)
of phosphopeptide intensities of CmSC35. Indicated CmLIK-KD variants were incubated with
CmSC35 in the presence of ATP at 32°C for 30 min, proteins separated via SDS-PAGE, in gel
digested with elastase, peptides extracted and subjected to LC-ESI-MS/MS. Data was analyzed
and spectra quantified using the FragPipe LFQ-phospho workflow. Intensities are displayed on a
logarithmic scale. B Sum of all LFQ intensities of CmSC35 peptides containing phosphorylated
residues. Experimental setup as in A, but reaction was carried out at 32°C, 45°C and 49°C and
proteins were digested with trypsin.
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Figure 6-7 Temperature activity profile of AtAFC2 C210S mutant in the presence of DTT.
A Representative SDS-PAGE gel of on-bead in vitro kinase assays of GST-AtAFC2 f.I. C210S with
synthetic GST-RS substrate. Sample temperatureisindicated ontop. Proteinloading detected by
Coomassie staining and phosphorylation detected by autoradiography are shown for the kinase
(auto) and substrate. B Quantification of autoand substrate phosphorylation from the on-bead
in vitro kinase assays in A. Radioactive signal was normalized to highest signal in assay. Shown
are mean andstandard deviation. n =3.
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Table 2 CmLIK-KD hairpin crystallization conditions

Nucleotide | Screen Well | condition crystal shape
apo PEGI G4 0.2 M Ca acetate, 20 % (w/v) PEG-3350 cube

apo PEGII H10 | 0.2 MMgacetate, 10 % (w/v) PEG-8000 rod

apo Classics B1 0.1 M Tris-HCl pH 8.5, 20 % (v/v) ethanol rod

apo FS#1 A2 0.25 M Ca acetate, 14 % (w/v) PEG-3350 rod / envelope
apo FS#1 A6 0.25 M Ca acetate, 4 % (w/v) PEG-8000 rod / envelope
apo FS#1 B6 0.25 M Ca acetate, 6 % (w/v) PEG-8000 rod / envelope
AMPPNP FS#2 1A-D | 0.25 M Ca acetate, 4 % (w/v) PEG-8000 bipyramidal
AMPPNP FS#2 3A-D | 0.2 M Caacetate, 4 % (w/v) PEG-8000 bipyramidal
AMPPNP FSH#2 4A-D | 0.2 M Caacetate, 6 % (w/v) PEG-8000 bipyramidal
AMPPNP FSH#2 5A-D | 0.5 M Caacetate, 8 % (w/v) PEG-8000 bipyramidal
AMPPNP FS#2 6A-D | 0.1 M Tris-HClpH 8.5, 20 % (v/v) ethanol rods

AMPPNP FS#3 1A-D | 0.25 M Ca acetate, 4 % (w/v) PEG-8000 bipyramidal

Table 3 Crystallographic data

CmLUKKDWT CmUK-KD WT with CmLIKKD hairpin
Data set (Haltenhof, 2020) bound adenosine
PDB entry 9FMO 9SFMP 9FMQ
Data collection
Wavelength (A) 0.9184 0.9184 0.9762
Temperature (K) 100 100 100
Spacegroup P212121 P212121 P212121
a, b, c(A) 65.5,70.4,88.2 71.1,100.9,109.7 64.7,68.7,84.7
a, B,v(°) 90, 90,90 90, 90,90 90, 90,90
Resolution (A) 50.00-2.49 (2.64-2.49) | 50.00-2.70(2.85-2.69) | 50.00-1.77 (1.88-1.77)
Reflections
Unique 14748 (2323) 22375 (3593) 37481 (5958)
Completeness (%) 99.0(98.7) 99.2(95.4) 100.0(99.9)
Multiplicity 7.4(7.6) 13.2(13.0) 13.3(13.8)
Data quality
Intensity (//a(/)) 9.39(0.95) 5.24(1.06) 19.94 (1.06)
Rmeas' (%) 19.2(221.9) 55.4(234.2) 6.4 (244.9)
cc1/2* 99.6(32.7) 97.6(47.6) 100.0 (54.4)
Wilson Bvalue (A2) 57.2 39.4 48.7

Refinement

Resolution (A)

37.38-2.49 (2.68-2.49)

48.18-2.69 (2.81-2.69)

42.36-1.77 (1.82-1.77)
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Reflections
Number 14723 (2895) 22370 (2496) 37478 (2842)
Test set (%) 5.01 5.00 5.00

Rwork (%)

22.99(32.11)

20.32(26.50)

19.19 (31.23)

Rfree (%)

26.68(35.86)

26.78(33.60)

22.98(33.39)

Asymmetric unit

Protein residues 357 717 355
Ethyleneglycols 1 27 8
Waters 13 92 85
Mean temperature factors (A?)
All atoms 57.60 43.13 54.38
Macromolecules 57.61 43.12 54.45
Ligands 62.85 47.67 58.68
Water molecules 52.60 36.70 49,57
R.m.s.d. from target geometry
Bond lengths (A) 0.003 0.003 0.011
Bond angles (°) 0.57 0.57 1.12
Validation statistics
Ramachandran plot, residuesin
Allowed regions (%) 3.7 4.1 3.1
Favoured regions (%) 96.0 95.6 96.9
Ramachandran plot Z-score (r.m.s.d.)
Whole - -1.12(0.29) -0.81(0.39)
Helix - -0.59(0.28) -0.32(0.39)
Sheet - -1.09 (0.50) -0.73(0.88)
Loop - -0.66(0.32) -0.57(0.39)
MolProbity clashscore? ' 3.77 4.69 5.57
MolProbity scoref 1.43 1.92 1.93
Poorrotamers (%) 0 3.13 3.75
CB deviations (%) 0 0 0

Values in parentheses correspond to highest resolution shell.

¥ R meas

(1) = A NCRRD [ INCkD) — 1132 5, [kl — (TCRRD) | /52, 5 Lihkl) where (I(hki))

is the mean intensity of symmetry-equivalent reflections hkl, I i (hkl) is the intensity of a

particular observation of hk/ and N(hk/) is the number of redundant observations of

reflection hkl/ (Diederichs and Karplus, 1997).
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#CCyyp = (IF) — (N2 — 1) 92 where s the mean error within a half data set
(Karplus and Diederichs, 2012).
fiCalculated with MolProbity (Williams et al., 2018).

" Clashscore is the number of serious steric overlaps (>0.4) per 1000 atoms (Williams et

al., 2018).

Table 4 Sequence coverage of trypsin digested CmLIK-KD samples

Protein CmLIK-KD
Variant WT D690S Hairpin
32°C 68.88 72.87 76.04
Sequence coverage [%] 45°C 75.53 76.60 63.02
49°C 72.87 63.83 77.08

Table 5 Sequence coverage of trypsin and elastase digested CmSC35 32°C samples

Protein CmSC35
Sample WT, 32°C D690S, 32°C Hairpin, 32°C
trypsin 55.86 55.86 55.86
Sequence coverage [%]
elastase 62.16 66.67 87.84
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CDK
cDNA
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CMGC
CmLIK
Ccv

DESY
DTT
DYRK

E. coli
EDTA
EGF
EGFR
ESE

ESS

fl.

FA

FT

FU Berlin
GSK3
GST
hCLK1
HEPES
hnRNP
HZB

[AA

IPTG
VKA

kb

KD

kDa

KO
LC-ESI-MS
LC-ESI-MS/MS

Abbreviations

degrees Celsius
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