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Analysis of the Mitotic Kinase Functions by Chemical Genetics Approaches
Mehmet Ergiiven,

izmir International Biomedicine and Genome Institute
Dokuz Eyliil University Saghk Yerleskesi
Balcova 35340 Izmir/TURKEY

ABSTRACT

Mitosis is the shortest phase of the cell cycle yet it involves dramatic changes in the
cellular architecture and processes. Mitotic entry and progression are tightly regulated by the
dynamic actions of signaling pathway networks and autoamplification loops. Mastl kinase is
responsible for preservation of the hyperphosphorylated state of the mitotic substrates by
indirectly inhibiting the major antagonist protein phosphatase, PP2A. Loss of function studies
of Mastl kinase have shown defects of chromosomal segregation and subsequent failure of

cytokinesis, and underphosphorylation of the mitotic substrates.

To better understand and further characterize the mitotic functions of Mastl kinase, we
aimed to engineer its analogue-sensitive mutant variants. We initially worked on editing the
endogenous loci in human cell lines using CRISPR-Cas9 system. After failed attempts of
editing the endogenous loci, we decided to use the conditional knockout mouse embryonic
fibroblasts. Using retroviral vectors, we ectopically expressed the mutant variants of mouse
Mastl and deleted the endogenous loci by inducing knockout in these stable cell lines
respectively. Our eventual aim was to create an enzyme that will bind ATP and have normal

kinase activity, and yet, be sensitive to an ATP analogue inhibitor.

As a result, we observed that the stable cell lines are not viable when knockout was
induced. We suspect the possible negative impacts of the mutations on enzymatic activity and
insufficient ectopic expression levels. In order to compensate for this possible partial enzymatic
inactivation, we are currently switching to lentiviral expression systems to achieve higher

expression levels.

Keywords: chemical genetics, HADDOCK, Mastl, mitosis



Mitotik Kinaz Fonksiyonlarimin Kimyasal Genetik Yaklasimlarla Incelenmesi
Mehmet Ergiiven,
Izmir Uluslararasi Biyotip ve Genom Enstitiisii

Dokuz Eyliil Universitesi Saglik Yerleskesi
Balcova 35340 izmir/TURKIYE

OZET

Mitoz, hiicre dongiisiiniin en kisa evresi olmasina ragmen hiicresel yap1 ve islevlerde
cok biiyiik degisiklikleri icerir. Mitoza giris ve ilerleme, sinyal yolaklarindan olusan aglarin ve
otoamplifikasyon dongiilerinin dinamik isleyisleriyle garantilenmektedir. Mastl kinaz, protein
fosfataz 2A’y1 (PP2A) dolayli olarak inhibe ederek, mitoz sirasinda mitotik substratlarin
hiperfosforile hallerinin korunmasini saglar. Mastl kinaz i¢in yapilan gen yok etme ¢aligmalar;
hiicrelerde kromozomlarin ayrilmasinda kusur ve bunun sonucu olarak sitokinezin

gerceklesememesi ve mitotik substratlarin fosforilasyon diizeylerinde azalmalar gostermistir.

Mastl kinazin mitotik fonksiyonlarmin daha iyi anlasilabilmesi ve karakterize
edilebilmesi igin; enzimin analog duyarli varyantlarini olusturmay: amagladik. Oncelikle insan
hiicre hatlarinda, endojen Mastl lokusuna CRISPR-Cas9 metoduyla ilgili mutasyonlarin
yerlestirilmesi amaglandi. Basarisiz denemelerin ardindan ¢aligmalar1 kosullu knockout fare
embriyonik fibroblast hiicrelerinde yapmaya karar verdik. Retroviral vektorler araciligiyla,
analog duyarh kinaz varyantlarini ekzojen olarak ekspresse ettik ve olusturulan stabil hiicre
hatlar1, endojen Mastl lokusunun delesyonu i¢in indiiklendiler. Amacimiz, ATP’yi baglayabilen
ve normal kinaz aktivitesi veren ve buna ek olarak bir ATP analogu inhibitoriine duyarli olan

bir enzim olusturmakti.

Calismanin son durumunda, knockout indiiklenmis stabil hiicre hatlarinin saglikli
olmadigimi gozledik. Mutasyonlarinin enzim aktivitesine olasi olumsuz etkilerinden ve yetersiz
seviyede ektopik ekspresyondan siiphelendigimiz i¢in, azalan enzimatik aktiviteyi daha yiiksek
ekspresyon diizeyleriyle telafi edebilmek amaciyla, lentiviral expresyon sistemlerine gegis

stirecinde 6n denemeler yapilmaktadir.

Anahtar Sozciikler: kimyasal genetik, HADDOCK, Mastl, mitoz



1. INTRODUCTION AND AIM

Although the Mastl knockout phenotype is well-characterized, currently a mechanistic
explanation of this phenotype is not present in the literature. Moreover, a mitotic kinase can
take different and independent roles in different phases of the cell cycle. To understand and
analyze possible, yet unknown functions of the Mastl kinase, and to capture at which phase
before cytokinesis its activity becomes dispensable, we aimed to engineer AS (analogue-
sensitive) mutant variants of the kinase. Reversible and instantaneous chemical inhibition of
the kinase is very important to obtain reliable data from spatio-temporal analyses. As a
precaution, we simultaneously prepared four predetermined mutant constructs bearing M109G,
M109A, V93A/M109G, and VI93A/M109A amino acid substitutions. Using these mutations,
we aimed to accommodate bulky ATP analogues into the ATP binding pocket of Mastl kinase.
All mutant residues are located across the ATP binding pocket-ATP interface. We selected
three ATP analogue inhibitors, namely 1-NA-PP1, 1-NM-PP1, and 3-MB-PP1. Initially, in
silico and in vivo trials with various mutant-inhibitor combinations were aimed to choose an
optimal combination to utilize in phenotypic characterization studies, such as analysis of protein
colocalization at the kinetochores with live cell imaging and analysis of several key mitotic

phosphorylations with Western blot, in a time-dependent manner.

Obtaining such a cell line-drug combination will allow us to probe the functions of the
enzyme deeper via spatio-temporal analyses. Potentially, an ultimate, conclusive research can
be done to elucidate yet unknown functions of Mastl kinase, beyond the inhibition of PP2A and
preservation of the hyperphosphorylated form of MpsL1.



2. GENERAL INFORMATION

2.1. Mitosis

Mitosis is the last phase of the cell cycle wherein duplicated genetic material is
distributed equally between the newly generated daughter cells. Upon completion of
chromosomal segregation, nuclear membrane is reconstituted and karyokinesis (division of the
nucleus) is completed. At the end of the phase, genetically identical two daughter cells are
formed (Alberts, 2015). Throughout each subphase of the mitosis, the cell undergoes substantial
cellular and biochemical changes (Figure 1). The remarkable morphological changes include
condensation of DNA to form chromosomes, fragmentation of the nuclear envelope, and

rearrangement of the cytoskeleton to form the spindle (Glover, 2012).

Interphase Mitosis

Chromatin

Chromosomes

Nucleolus KTs
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Figure 1. Morphological changes in mitosis. Mitotic cell division requires enormous
morphological changes such as condensation of DNA, fragmentation of nuclear envelope, and
rearrangement of the cytoskeleton (adapted from Alvarez-Fernandez & Malumbres, 2014).

During metaphase, microtubules exert force on the bound kinetochores to coordinate the
chromosomes on the metaphase plate. Chromosomes remain on the metaphase plate until all
the kinetochore-microtubule attachments are in the correct orientation and the tension is
established. This subphase of mitosis is denoted as metaphase. This is followed by anaphase.

During anaphase, sister chromatids are separated and they are pulled to the spindle poles by



microtubules. Finally, during telophase, the biochemical and morphological state of the cell is
reversed to its interphase state (Figure 2).

Spindle Sister
poles chromatids

Prophase Metaphase Anaphase

Telophase and
cytokinesis

Figure 2. Phases of the cell cycle. Phases of the cell cycle are G1, S, G2, and M, respectively.
Mitosis is further classified into 4 sub-phases: Prophase, Metaphase, Anaphase, and Telophase,
respectively (adapted from Baxter, Hastings, Law, & Glass, 2008).

As observed for many other cellular processes, mitosis is strictly regulated by post-
translational modifications, subcellular localization, and proteolytic degradation of proteins
(Baxter et al., 2008). When the short duration of the mitosis and extent of the cellular changes
throughout this phase are considered, the regulatory networks that coordinate mitosis have to
be robust, efficient, and fast. Post-translational regulation is the type of regulation that can
satisfy such a need. Phosphorylation-dephosphorylation dependent post-translational
modifications govern the action of many mitotic proteins (H. Kim, Fernandes, & Lee, 2016).

Key mitotic kinases work in a network with several layers of positive feedback loops,



constructing a robust signaling cascade which quickly activates the mitotic substrates.
Similarly, phosphatases and ubiquitin ligases are responsible for dephosphorylation and
proteolytic degradation of the target mitotic proteins, resulting in quick reversal of the mitotic

cellular changes at the end of mitosis.

2.2. Phosphorylation-dephosphorylation dependent regulation of mitosis

Active Cdkl1/cyclin B complex is the primary kinase that promotes mitosis and it is
essential for mitotic entry (Diril et al., 2012). Weel and Myt1 kinases inhibit Cdk1 by inhibitory
phosphorylations at threonine-14 and tyrosine-15 residues. At the onset of mitosis,
phosphorylation of Cdk1 at threonine 161 activates Cdk1/cyclin B complex. Next, Cdk1/cyclin
B phosphorylates and activates Cdc25 phosphatase and activated Cdc25 removes the inhibitory
phosphorylations on Cdkl (J. Yu, Zhao, Li, Galas, & Goldberg, 2006). Active Cdkl
phosphorylates many substrates, including Weel, Mytl, and Cdc25. Phosphorylation of Weel
and Mytl by Cdk1 inhibits them, so that these anti-mitotic kinases can no longer block Cdk1
activity. Phosphorylation of Cdc25 by Cdk1 further activates it, which accelerates the activation
of the Cdk1 pool of the cell, constructing a positive feedback loop. Most of the phosphorylations
on downstream proteins result in activation of factors that promote mitosis and inhibition of
factors that promote mitotic exit. To be able to preserve the mitotic state of the cell, mitotic
phosphorylations have to be maintained. A strong autoamplification loop has to be coupled with
inhibition of the factors promoting mitotic exit (Gharbi-Ayachi et al., 2010). PP2A (protein
phosphatase 2A) is the primary antagonist of Cdkl during mitosis. This phosphatase is
indirectly inhibited by Mastl (Microtubule-associated serine/threonine kinase like). Mastl is the
human orthologue of Gwl (Greatwall) kinase which was first identified in Drosophila. Mastl
kinase phosphorylates two highly homologous, small, thermostable proteins named Arpp19 and
Ensa at their Serine 62 and Serine 67 residues, respectively. These two phosphoproteins
specifically bind to and inhibit B556 bound PP2A isoform. Inhibition of PP2A-B550 results in
the rapid accumulation of phosphorylations on mitotic substrates. This inhibition also prevents
the removal of inhibitory phosphorylations on Weel and Myt1, and activating phosphorylation
of Cdc25, further supporting the autoamplification loop (Figure 3) and the activity of MPF
(maturation promoting factor) (Kim et al., 2012; Mochida, Maslen, Skehel, & Hunt, 2010;
Slupe, Merrill, & Strack, 2011).
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Figure 3. Mastl pathway and MPF autoamplification loop. Contribution of the Mastl
(Greatwall)>Arppl19&Ensa>PP2A pathway to the MPF autoamplification loop (adapted from
Glover, 2012).

Autoamplification loop activates the activators of MPF and inhibits its inhibitors via
interconnected feedback and feedforward loops. As a result, the system is robust and it ensures
the preservation of the mitotic alterations in the cell when mitotic entry is triggered. The
robustness of the system was demonstrated in Xenopus eggs. Minute amounts of mature oocyte
cytoplasm were transferred to an uninduced oocyte and this dilution was serially repeated
(Kishimoto, 2015). After each subsequent cytoplasmic transfer, meiotic maturation of the
recipient immature oocytes was observed, even in the absence of hormonal induction (Figure
4).
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Figure 4. MPF autoamplification loop is a robust system. Cytoplasmic transfer from a
meiotic Xenopus egg to immature eggs is sufficient to induce maturation even in the absence
of progesterone. Even after four rounds of serial dilutions, the strength of the autoamplification
loop was sufficient to induce maturation (adapted from Kishimoto, 2015).
2.3. Spindle assembly checkpoint signaling

It is important for the kinetochores to bind microtubules in the correct orientation for
genomic stability. Kinetochores are protein structures located around the centromeres of
chromosomes. Under physiologically normal circumstances, transition from metaphase to
anaphase is blocked until all the kinetochores are correctly bound bilaterally and tension is
established. (Ciliberto & Shah, 2009). Spindle assembly checkpoint (SAC) signaling is a
delicate system that senses whether all kinetochore-microtubule bindings are correct or not. If
the bindings are complete and correct, then the signal is diminished and the cell is allowed to



proceed to anaphase. Otherwise the signal persists and the cell is arrested at metaphase until the
binding requirements are satisfied. Docking of the microtubules to the kinetochores is achieved
by the outer kinetochore members KNL1, Ndc80 complex, and Mis12 complex (Kelly &
Funabiki, 2009). According to the current model, correct microtubule-kinetochore binding is
sensed through a series of conformational changes which ultimately diminish the signal.
Briefly, the physical tension exerted upon kinetochores by the pulling action of microtubules
from opposite poles, is translated to a chemical output via conformational changes, leading to
the silencing of SAC (Kops et al., 2005). Some studies using microtubule poisons have also
revealed presence of other unknown contributors to SAC silencing and stood against the
accepted notion explained above (Tauchman, Boehm, & Deluca, 2015). The kinetochore-
microtubule binding occurs randomly. Erratic microtubule-kinetochore attachments are
unstable and bilateral attachments are stable. As a result, erroneous bindings are easy to
dissociate and correct bindings are persistent. Because of this difference, kinetochore-
microtubule attachments are dynamically established and broken until correct attachment

occurs (Figure 5).

Cohesin is a ring-like protein complex that acts like a cuff and holds the sister
chromatids together. Cleavage of this protein at the N-terminal domain of its Sccl subunit by a
cysteine protease called separase, removes the force that holds the sister chromatids together.
Now the remaining force on the kinetochores is the pulling effect of the microtubules. As a
result, the sister chromatids segregate to the opposite poles. Securin is an inhibitory protein that
initially binds to and inhibits separase. At this inhibited state, separase can not free the arms of
the sister chromatids from cohesin. When all the kinetochores are correctly bound to the
microtubules, SAC signaling is silenced. Anaphase promoting complex-cyclosome (APC/C) is
now freed from the inhibitory effect of SAC signaling. APC/C ubiquitinates and marks securin
for proteolytic degradation in proteasomes. Only then separase can digest cohesins, freeing the

chromosomes to segregate (Shindo, Kumada, & Hirota, 2012).

Inhibition of APC/C by SAC prevents transition from metaphase to anaphase.
Kinetochores that are not caught by spindle or attached incorrectly, hence not under tension,
form docking sites for members of mitotic checkpoint complex (MCC). The noteworthy
members of MCC are Mad1, Mad2, Bub1, and BubR1. There are many other disputed members
of MCC, as it is a versatile complex and can be found in many forms, both in terms of the

variety of protein constituents and in terms of their stoichiometry. This complex is the source



of the SAC signaling. It is established on unbound kinetochores and emits a diffusing signal to
the cytoplasm from there. Active MCC complexes and subcomplexes bind and sequester the
essential subunit Cdc20 of APC/C (Ciliberto & Shah, 2009) and directly bind APC/C (Sudakin,
Chan, & Yen, 2001) (Figure 5). Both phosphorylation of Cdc20 and direct binding by MCC
contribute to the inhibition of APC/C complex (Izawa & Pines, 2015; Jia, Li, & Yu, 2016; Tang,
Shu, Oncel, Chen, & Yu, 2004) (Figure 5).
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Figure 5. Correlation between the kinetochore tension and SAC signaling. From left to
right, gradual silencing of the SAC signaling upon correct kinetochore-microtubule attachment
is demonstrated. In the absence of the tension on kinetochores, the SAC signaling is at its peak
and the establishment of tension silences the signal (adapted from Ciliberto & Shah, 2009).
The mechanism of SAC signaling explains how even one unattached kinetochore is
sufficient to keep SAC signaling active. Even if one unattached kinetochore is present, it will
provide docking sites for reprocessing of the inactivated MCC members. Moreover, with
respect to the demands of the cell at that moment, unattached kinetochores can expand these
docking sites beyond centromeres in order to process more MCC components at a time (Kaisari,
Sitry-Shevah, Miniowitz-Shemtov, & Hershko, 2016; Tang, Bharadwaj, Li, & Yu, 2001). Upon
establishment of the stable kinetochore-microtubule binding, the MCC complexes are carried
towards the spindle poles via dynein motor proteins, thereby diminishing the SAC signaling
(Chen & Liu, 2015). But these cargos constantly fall off the microtubules and are ready to
diffuse towards any presently unattached kinetochore and APC/C and Cdc20. The rather
obligatory aspect of SAC inhibition is dephosphorylation of the Aurora B and Plkl
phosphorylated signaling factors. The major phosphatase that does this job is PP2A-B556.
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PP2A-B550 is recruited to the outer kinetochore by Plk1 phosphorylated BubR1 (Lampson &
Kapoor, 2005). There is a dynamic balance between kinase and phosphatase activities at the
kinetochore. Upon stable kinetochore-microtubule attachment, the outer kinetochore is pulled
away from the inner kinetochore. The Aurora B kinase located in the inner kinetochore can not
efficiently phosphorylate the SAC signaling factors located at the outer kinetochore. PP2A-
B550 located at the outer kinetochore can efficiently inactivate these factors by
dephosphorylating them. As a result, the phosphatase activity is no longer rivaled by kinase
activity. This summarizes the chemistry of the kinetochore-tension model that terminates the
SAC signaling (Alberts, 2015; Baxter et al., 2008). The inactive complex is dispersed and
further blocked by binding of p3lcomet protein (Foley & Kapoor, 2013; Vleugel,
Hoogendoorn, Snel, & Kops, 2012; Westhorpe, Tighe, Lara-Gonzalez, & Taylor, 2011). The
APC/C and Cdc20 is now freed from the inhibitory effect of the MCC complex. Cdc20 activates

APC/C and active APC/C can carry out its previously explained functions to initiate anaphase.

The balance between kinase-phosphatase activity is delicate. Premature exit from
mitosis is prevented via MastlI>Arpp19/Ensa>PP2A-B550 pathway. During interphase, Mastl
and PP2A are speculated to be associated, through which Mastl is maintained in an inhibited
state. This interaction prevents phosphorylation of Ensa and Arpp19. During mitosis, Mastl is
activated and this pathway starts to work as explained before. PP2A-B550 dephosphorylates
Arppl9 and Ensa, but at a very slow rate, making these two proteins strong competitive
inhibitors of PP2A-B550 (Mochida & Hunt, 2012).

2.4. Chemical genetics

In mammalian cells, under normal circumstances, mitosis is completed usually within
an hour. Throughout mitosis, DNA is compacted and becomes inaccessible to transcription
factors. Due to its very rapid and sequential nature, mitosis can not be regulated at the level of
transcription. Rather fast-acting post-translational modifications govern the regulation of
mitosis. Protein kinases are enzymes which in general transfer the gamma phosphate group of
ATP to the hydroxyl group of the target serine, threonine, or tyrosine residues of the substrate
protein. Upon phosphorylation, three negative charges are added per phosphosite, causing a
drastic change in the physicochemical state of the protein. This may result in formation or
breakage of major intramolecular and intermolecular interactions mainly via docking of
phosphoresidues and their neighborhood to basic patches of the same protein or other proteins.
This is an important way in which proteins become activated, inactivated, or be able to
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communicate to initiate signals. Phosphate groups are eventually removed from these residues
by protein phosphatases.

In the past, the use of gene knockout and gene silencing (knockdown) techniques have
been utilized for investigation of the functions of mitotic kinases. The disadvantage of these
approaches is that both techniques are slow acting at DNA or RNA level and mostly
irreversible. Their nature renders these approaches incompatible to use as tools for short term
functional analysis and characterization. The ability to make short term and delicate spatio-
temporal analysis is especially important in case of mitotic kinases. Mitotic events take very
short time and occur in rapid succession when compared to most other processes that cells

undergo, such as migration or cell growth.

Loss of several cell cycle regulatory Cyclin-dependent kinases can be compensated by
other kinases of the same family in case of gene knockout studies. In gene knockout and
silencing, the cell is given enough time to adapt to such a loss of function if the kinase of interest
is atonable. A strong example is that in mice, combined knockout of Cdk2, Cdk3, Cdk4, and
Cdk6 genes can be compensated by Cdk1 alone, but not vice versa (Santamaria et al., 2007).
However, chemical inhibition of Cdk2 showed a strong phenotype in mammalian cell lines,
hindering the progression of cell cycle. To do so, they utilized a chemically inhibitable, yet a
viable mutant of Cdk2 (Horiuchi et al., 2012).

When the indicated kinase is indispensable and a phenotype is observed in gene
knockout or knockdown, the phenotype can not be completely attributed to the loss of catalytic
activity, because the protein is abolished (Horiuchi et al., 2012; Lera & Burkard, 2012). Using
chemical inhibition, the observed phenotypes can be attributed to the catalytic activity of the
kinase. Chemical inhibition allows instantaneous loss of function and similarly instantaneous
retrieval of the enzymatic activity upon removal of the inhibitor. In conclusion, permanent loss
of a protein kinase at the gene or transcript level and transient blockade of the same protein

kinase by chemical inhibition can result in different phenotypic effects.

Spatio-temporal analysis of biological functions of a mitotic protein kinase can be
achieved by chemical inhibition of the kinase of interest. However, it can be a challenge to find
a commercially available inhibitor or to design a specific inhibitor, because too many protein
kinases are present with evolutionarily well-conserved ATP binding pockets. In the case of

Mastl kinase, an allegedly specific small compound inhibitor was discovered (Ocasio et al.,
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2016), but it is not commercially available and it has not been reported in another research since
its discovery. We decided to follow an alternative approach to achieve specific chemical
inhibition of Mastl kinase. To bypass the obstacle of drug design, ATP binding pocket of the
kinase is engineered with respect to the structural features of ATP analogue small compounds,
instead of designing small compounds with respect to the known ATP binding pocket structure.
This is the reversed version of the known classical pharmacological approach, and it is named
“chemical genetics”. Instead of substituting functional groups or rings on a small organic
compound scaffold, amino acid residues are substituted within the ATP binding pocket to create
an AS (analogue-sensitive), chemically switchable protein kinase. In case of the Cdk2 example
explained earlier in this section, the researchers utilized chemical genetics approach to achieve
the necessary chemical inhibition. Mpsl dual-specificity protein kinase is indispensable for
mitosis. Its chemical genetics analysis revealed a new function of the kinase that could not be
addressed with other loss of function techniques published earlier. In addition to the known role
of Mpsl in centrosome duplication, it is revealed that it also functions in SAC signaling later
during metaphase (Sliedrecht, Zhang, Shokat, & Kops, 2010).

Chemical genetics technique mainly revolves around the use of a bulky ATP analogue
as the inhibitor and substitution of the “gatekeeper” residue with a residue that is smaller in size

(Figure 6).
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Figure 6. Principle of chemical genetics. In the upper panel, several examples for ATP
analogues are given. These molecules contain additional cyclic groups covalently bound to the
weak base moiety of each structure. In the lower panel, the inhibition of an AS kinase by an
ATP analogue is demonstrated (adapted from Lera & Burkard, 2012).
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The “gatekeeper residue” was initially discovered in drug-resistant tumor cells. The
residue is located in the ATP binding pocket and its mutation alters the substrate specificity of
the protein kinase in natural occurrences, such that a gatekeeper-mutant protein kinase can
become drug resistant or constitutively active. A large gatekeeper residue blocks inhibitor
compounds by causing steric hindrance, and a small gatekeeper residue allows access of the
inhibitor compounds to the hydrophobic core of the ATP binding pocket (Barouch-Bentov &
Sauer, 2011; Kissova, Maga, & Crespan, 2016). There are several advantages and limitations

of this technique:
Advantages:

e High specificity towards the engineered ATP binding pocket.
e Rapid inhibition of the engineered kinase.

e Rapid reactivation of the kinase upon removal of the inhibitor.
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e Less labor intensive when compared to the classical pharmacological
approaches involving drug design.

Limitations:

e Mutations in the ATP binding pocket may inactivate the enzyme.
e The drug has to be cell membrane permeable.
e The drug has to be of lowest cytotoxicity.

e Determination of the optimal mutation-drug combination can be tricky.

2.5. Mastl kinase

Protein Kinases are transferase class of enzymes that in general transfer the gamma
phosphate of ATP to the hydroxyl group of serine, threonine, or tyrosine residues of the
substrate protein. Protein kinases are bilobal enzymes and the active site is buried in a cleft
between the lobes. Several crucial segments or residues located within the active cleft are the
activation loop, DFG motif, glycine-rich loop, gatekeeper residue, and ATP binding pocket.
Gatekeeper residue within the ATP binding pocket does not possess a catalytic feature, but its
space occupancy is a determinant of whether an inhibitory compound can properly fit in the
ATP binding pocket or not. A centrally located loop known as the “activation loop”, typically
20-30 residues in length, provides a platform for the peptide substrate binding. Through specific
interactions, activation loop sequence of a protein kinase determines the consensus sequence to
be phosphorylated in the peptide/protein substrate, thus providing substrate specificity. In
inactive state, activation loop is in “DFG-out” conformation that tilts the catalytic aspartate
away from the ATP binding pocket and simultaneously blocks the catalytic cleft, thus
preventing accession of both ATP and protein substrate. Upon phosphorylation of the activation
loop, “DFG-in” conformation occurs and the activation loop is twisted out, as a result, the
binding pocket is accessible to the substrates. In “DFG-in” state conformation, side chain of the
catalytic aspartate now faces the ATP binding pocket and can interact with the gamma-
phosphate of ATP (Huse & Kuriyan, 2002; Zuccotto, Ardini, Casale, & Angiolini, 2010).

The catalytic aspartate is a part of the DFG motif, which is located within the N-terminal
segment of the activation loop. The DFG motif chelates the essential cofactor divalent cation,
usually a magnesium. Backbone of the glycine rich loop, magnesium cofactor, and a conserved
lysine residue located in the ATP binding pocket mainly interact electrostatically with ao-
phosphate and B-phosphate of the ATP molecule to coordinate the ligand. Catalytic aspartate is
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responsible for transfer of the y-phosphate from ATP to the target residue of a substrate protein.
According to the mechanistic hypothesis, the ion-dipole interaction between the negatively
charged oxygen of catalytic aspartate carboxylate and hydrogen of the protein substrate
hydroxyl group, lowers the pKa value of the substrate hydroxyl. Hypothetically, this results in
conversion of the alcohol group of the target residue into an alkoxide at physiological pH, which
is a stronger nucleophile than alcohol. Upon correct positioning of ATP and the substrate
protein, nucleophilic attack of the alkoxide to the phosphorus atom of y-phosphate initiates the
enzymatic reaction. On the other hand, pH dependence studies are in conflict with this general
acid catalysis model, suggesting a dissociative-like transition state. As in the case of explained
catalytic models, kinetic models of protein kinases are also in conflict. The reactions catalyzed
by protein kinases require both ATP and a substrate protein, thus, can be viewed as bisubstrate
kinetic mechanisms. Bisubstrate reaction kinetics with compulsory ordered ternary complex
mechanism was experimentally observed for PI3Ka and p38 MAPKa (LoGrasso et al., 1997;
Maheshwari et al., 2017). On the other hand, although the results vary by use of different
peptide substrates, steady-state kinetic approaches have revealed that several important protein
kinases have shown random bisubstrate kinetic mechanism, again including p38 MAPKa
(Adams, 2001; Kornev & Taylor, 2015; Szafranska & Dalby, 2005; Weber, 2010; Weber, Qian,
& States, 2018).

Mastl (Microtubule-associated serine/threonine kinase like) is a unique serine/threonine
protein kinase among the AGC family kinases. It has an unusually long (~500 residues) linker
region between its N-terminal and C-terminal lobes. Studies on Xenopus egg extracts have
shown the presence of three critical phosphosites on Mastl kinase. Positions of these residues
in mouse Mastl are respectively T193, T206, and S861. T193 and T206 are located in the
activation loop within Cdk1 consensus motifs (proline-directed) and are phosphorylated by
Cdk1 in vitro. These two phosphosites are necessary for nuclear export of Mastl before NEBD.
According to the currently accepted model, phosphorylation by Cdk1 partially activates Mastl
by converting the activation loop from DFG-out conformation to DFG-in conformation. Upon
partial activation, Mastl phosphorylates itself at its C-terminal tail phosphosite S861, allegedly
by both cis-autophosphorylation and trans-autophosphorylation. In most other protein kinases,
the phosphorylated C-tail is docked to a basic patch on the N-lobe to provide structural stability
and to enhance the enzymatic activity. However, in case of Mastl, the C-tail of the enzyme is

short and it can not reach to the basic patch on the N-lobe. For this reason, Mastl allegedly
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works as homodimers and heterodimers, with the C-tails of both protein molecules docked to
the basic patch on the N-lobe of each other (Blake-Hodek et al., 2012; Labesse et al., 2011).

In the PDB, a single entry (5LOH) is available for Mastl kinase crystal structure with a
resolution of 3.1 A (Ocasio et al., 2016). This crystal structure of human Mastl is incomplete,
lacking residues within the activation loop, the glycine-rich loop, and N-terminal and C-

terminal ends (Figure 7).

Figure 7. Crystal structure of human Mastl kinase. PDB entry 5LOH.

Structural and catalytic features of Mastl kinase are shown on the model structure of
mouse Mastl in Figure 8.
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Figure 8. Structural and catalytic features of mouse Mastl. Active site elements such as the
catalytic aspartate, activation loop, and glycine-rich loop are located in a cleft between the N-
lobe and the C-lobe.

In 2004, Yu et al. discovered the importance of Mastl kinase for mitosis in a study in
which they were characterizing a loss of function mutation of this gene (Yu et al., 2004). In
2009, Vigneron et al. has shown that PP2A, the major antagonist of mitosis, is regulated by
Mastl (Vigneron et al., 2009). Mechanism of this regulation was undiscovered at the time. Later
it was revealed that Mastl is responsible for the phosphorylation of specific inhibitors of PP2A-
B550, namely Arpp19 (S62) and Ensa (S67) (Cundell et al., 2013; Gharbi-Ayachi et al., 2010;
Okumura et al., 2014). Throughout years, the role of this gene in mitosis was repeatedly
demonstrated in independent research articles. Loss of function studies of Mastl have shown
phenotypes such as aberrant chromosomal segregation, formation of anaphase bridges, and
failure of cytokinesis (Burgess et al., 2010; Galas, Li, Yu, Goldberg, & Zhao, 2006; Krajewska
& van Vugt, 2010; Kubiak & Kishimoto, 2016).
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In 2016, our work was published offering a possible explanation for the known
phenotype (chromosome segregation defects in anaphase) when Mastl kinase is lost (Diril et
al., 2016). In this paper, conditional knockout mouse embryonic fibroblasts were subjected to
a phosphoproteomic mini-screen, to identify proteins that have an altered phosphorylation
status in mitotic Mastl KO cells. Results revealed lowered phosphorylation levels for several
proteins, including Mps1, an indispensable mitotic protein kinase that functions in duplication
of centrosome and later in SAC signaling as explained in the previous sections. In addition,
Mastl deficient cells were found to exit the mitotic state prematurely, supporting the hypothesis
that Mastl might play a role in establishment/maintenance of the SAC signaling through
phosphorylation of Mps1. However, whether Mastl kinase activity is required only for the initial
establishment of SAC or it is also essential for its maintenance could not be addressed by
genetic deletion methods. To further elucidate the Mastl kinase functions during different stages
of mitosis, a reversible and acute inhibition of its kinase activity would be very useful.
Therefore, we decided to utilize chemical genetics and to generate an analogue-sensitive variant
of the Mastl kinase.

19



3. MATERIALS AND METHODS

3.1. Materials

Q5 high-fidelity DNA polymerase (M0491S) was purchased from NEB. DreamTaq
DNA polymerase (EP0701), Fast Digest BstXl (ER1021), Pstl (FD0614), HindlIl (FD0504),
and EcoRI (FD0274) endonucleases, Fast Alkaline Phosphatase (EF0654), T4 DNA ligase
(EL0011), Genelet PCR purification kit (K0701), PureLink HiPure plasmid miniprep kit
(K210002), Lipofectamine 3000 transfection reagent (L3000015), Opti-MEM reduced serum
media (11058021), PageRuler Plus prestained protein ladder (26619), 0.45 um PVDF transfer
membrane (88518), and dithiothreitol (R0862) were purchased from Thermo Scientific. Skim
milk powder (SKI1400.250) was purchased from BioShop. Sterile Trypsin-EDTA solution
(T4049-100ML), phosphate buffered saline (P4417-100TAB), high-glucose DMEM (D5671-
6X500ML), LB Broth (Lennox) (L3022-1KG), Methanol (34860-2.5L-R), isopropanol (34863-
2.5L), ethanol (32221-2.5L), glacial acetic acid (695092-2.5L), hydrochloric acid (258148-
2.5L), sodium hydroxide (221465-500G), sodium dodecyl sulfate (L3771-500G), triton X-100
((T8787-100ML), tris base (T1503-1KG), bromophenol blue (114391-5G), potassium acetate
(P1190-100G), ethylenediaminetetraaceticacid (EDS-500G), donor goat serum (G6767-
500ML), and ammonium persulfate (A3678-100G) were purchased from Sigma (Merck). Fetal
bovine serum (16140) was purchased from Gibco. Puromycin (ant-pr-1) was purchased from
InvivoGen. Glycerol (TK.070190.01001) and glucose (TK.090271.05004) were purchased
from  TEKKIM. Cell culture grade DMSO  (A3672,0100), N,N,N',N'-
Tetramethylethylenediamine (A1148,0025), and agarose (A8963,0250) were purchased from
Applichem. Safeview (G108) and 1kb Opti-DNA marker (G106) were purchased from ABM.
Enhanced chemiluminescence detection kit (1705061), acrylamide/bisacrylamide 37.5:1 (w/w)
30% solution (1610148), and Bradford protein assay kit 1 (5000001) were purchased from Bio-
Rad. Calcium chloride, Coomassie R-250, Mowiol, paraformaldehyde, polybrene, and Tween-
20 were obtained from local research laboratories. All reagents were of analytical grade.
Microscope slides (1000000) and cover glasses (0111520) were purchased from Marienfeld.

Rabbit anti-Mastl polyclonal antibody was used at 1:5000 dilution for western blot and
1:100 dilution for immunocytochemistry. Rabbit anti-Arpp19 polyclonal antibody was used at
1:1000 dilution for western blot and 1:150 dilution for immunocytochemistry. The Mastl and
Arppl9 antibodies are homemade, produced in Kaldis lab (Institute for Molecular and Cell

Biology, Agency for Science, Technology and Research, Singapore, Republic of Singapore).
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Rat anti-HA tag monoclonal antibody (Roche, clone 3F10, 11867423001) was used at 1:500
dilution, rabbit anti-HA tag monoclonal antibody (Cell Signaling Technology, clone C29F4,
3724) was used at 1:1000 dilution, HRP-linked goat anti-rat 1gG (Cell Signaling Technology,
7077P2) was used at 1:1000 dilution, and HRP-linked goat anti-rabbit 1gG (Cell Signaling
Technology, 7074P2) was used at 1:5000 dilution for Western blot. Mouse anti-HA tag
monoclonal antibody (Cell Signaling Technology, clone 6E2, 2367) was used at 1:150 dilution
for immunocytochemistry. Mouse anti-HA tag monoclonal antibody (Roche, clone 12CAS5,
11583816001) was used at 1:100 dilution for immunocytochemistry. Anti-HA tag primary
antibodies and HRP conjugated secondary antibodies were obtained from Kaldis lab. Alexa
Fluor 488 goat anti-rabbit secondary antibody (4412), Alexa Fluor 488 goat anti-mouse
secondary antibody (4408), Alexa Fluor 594 goat anti-rabbit secondary antibody (8889), and
Alexa Fluor 594 goat anti-mouse (8890) secondary antibody were purchased from Cell
Signaling Technology, and used at 1:150 dilution for immunocytochemistry. PLAT-E and
293FT packaging cell lines, and immortalized Mastl conditional knockout mouse embryonic

fibroblasts were obtained from Kaldis lab.
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Primers used in this study are given in Table 1.

Table 1. The list of primers used in this study.

Sequence

Purpose

CTGCAGAACCAGTGTGGTGGATGTACCCATACGATGTT

HA_mmMastl with BstxI site FWD

CTGCAGAACCACTGTGCTGGCTACAGACTAAACCCAGAT

HA_mmMastl with Bstxl site REV

GCAACATCTACTTGATAGGGGAGTATCTTATTGGCGGAGA
TGTCAAGTCTCTCCTAC

HA_mmMastl M109G FWD

GACATCTCCGCCAATAAGATACTCCCCTATCAAGTAGATG
TTGCTTGCTGACTGC

HA_mmMastl M109G REV

GCAACATCTACTTGATAGCGGAGTATCTTATTGGCGGAGA
TGTCAAGTCTCTCCTAC

HA_mmMastl M109A FWD

GACATCTCCGCCAATAAGATACTCCGCTATCAAGTAGATG
TTGCTTGCTGACTGC

HA_mmMastl M109A REV

TTGCGCATCTCTATTACTCACTGCAGTCAGCAAGCAACATC
TACTTGATAGCGGAGTATCTTATTGG

HA_mmMastl V93A/M109A FWD

TCCGCTATCAAGTAGATGTTGCTTGCTGACTGCAGTGAGTA
ATAGAGATGCGCAACAAAAGG

HA_mmMastl V93A/M109A REV

TTGCGCATCTCTATTACTCACTGCAGTCAGCAAGCAACATC
TACTTGATAGGGGAGTATCTTATTGG

HA_mmMastl V93A/M109G FWD

TCCCCTATCAAGTAGATGTTGCTTGCTGACTGCAGTGAGTA
ATAGAGATGCGCAACAAAAGG

HA_mmMastl V93A/M109G REV

CTCAATCCTCCCTTTATCC pBABEpuro sequencing FWD
CAGGACAAGTCTTATCTCTC HA_mmMastl sequencing FWD
ATTTCCACTTGGTTGACTC HA_mmMastl sequencing and colony
PCR FWD
CCCTAACTGACACACAT pBABEpuro sequencing and colony

PCR REV

ATGCTCTAGAACCATGTACCCATACGATG

HA_mmMastl with Xbal site FWD

ATGCTCTAGACTACAGACTAAACCCAGATATGG

HA_mmMastl with Xbal site REV

GCCATCCACGCTGTTTTGACCT

pBOBI sequencing and colony PCR
FWD

CGGCTCCTTCTGATCTACAGACATAGGAC

HA_mmMastl sequencing and colony

PCR reverse

GGCAGGTGGAGGCAAGAGCTCACAGA

mmMastl genotyping primer REV

CATGCCTTCCTTGAAAGAGGTGGAC

mmMastl genotyping primer FWD

GTGGGAGGAATTACAAGAGACAAC

mmMastl genotyping primer REV
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Hettich table top centrifuge (Rotanta 460R), Eppendorf table top centrifuge (5810R),
Thermo table-top microcentrifuge (Micro CL 17R), Thermo benchtop orbital shaker (MaxQ
4000), Thermo digital shaker drybath (88880028), Thermo compact digital rocker (88880020),
Thermo compact digital mini rotator (88880026), Thermo mini centrifuge (mySPIN 6), and
Thermo LP vortex mixer (88880018) were used as basic lab equipment.

P330 NanoPhotometer spectrophotometer (Implen) was used for OD600 measurements.
SimpliAmp thermal cycler (Applied Biosystems) was used for various applications of
polymerase chain reaction. Savant 1SS110-230 SpeedVac Concentrator (Thermo) was used for
vacuum drying of the DNA preparates. PowerPac Basic and PowerPac Universal (Bio-Rad)
power supply systems were used for gel electrophoresis and Western blotting. B Owl™
EasyCast™ B1 and B2 Mini Gel Electrophoresis Systems (Thermo) were used for agarose gel
electrophoresis. Mini-PROTEAN Tetra Cell system (Bio-Rad) was used for polyacrylamide gel
electrophoresis. AE-6675 semidry transfer system (ATTO) was used for Western blots. DNA
concentration measurements were done using Thermo NanoDrop 2000. 1X71 microscope
(Olympus) with cellSens Entry software was used for acquisition of bright field and
fluorescence images. Universal Hood Il UV trans illuminator (Bio-Rad) with Image Lab 5.2.1
software was used for acquisition of agarose gel (SafeView), acrylamide gel (Coomassie), and
PVDF membrane (Coomassie) stains. When necessary, Image Lab 6.0 software was used for
guantitative analysis of the gels and blots. Multiskan GO multiwell plate reader (Thermo
Scientific) with Skanlt 3.2 software was used for protein concentration measurements. Chemi-
Smart 50001 (Peglab) with Chemi-Capt software was used for detection of chemiluminescence
in Western blot analysis. CLC Main Workbench 7.9.1 software was used for visualization of
DNA and protein sequences. PyMOL software was used for molecular visualization. Images

were rendered via Adobe Photoshop CS6 software.

3.2. Methods

3.2.1. Computational analysis of the mutations
Webservers, programs, and databases used in this study are listed below:

e RCSB PDB: https://www.rcsh.org/
e UniProt: https://www.uniprot.org/
e Pfam: https://pfam.xfam.org/

e EMBOSS Needle:  https://www.ebi.ac.uk/Tools/psa/emboss needle/
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e |-TASSER: https://zhanglab.ccmb.med.umich.edu/I-TASSER/

e ProFit; http://www.bioinf.org.uk/software/profit/
e ConSurf: http://consurf.tau.ac.il/2016/
e TargetATPsite: http://www.csbio.sjtu.edu.cn:8080/TargetATPsite/

e HADDOCK2.2:
https://milou.science.uu.nl/servicesstHADDOCK?2.2/haddockserver-quru.html

e PLIP: https://projects.biotec.tu-dresden.de/plip-web/plip/

3.2.1.1. Homology modeling
Although crystal structure of the fused kinase domains of Mastl is present (PDB entry
5LOH), ATP or ATP analogue bound crystal structures are not available. To analyze the effects
of ATP binding pocket point mutations on the binding affinities of ATP and the ATP analogues,

we initially modeled the ATP bound state of mouse Mastl.

The protein sequence of mouse Mastl was downloaded from Uniprot (Uniprot entry
GWL_MOUSE Q8CO0P0) (Bateman, 2019) and domain annotations were obtained from Pfam
(The Protein Family Database) (EI-Gebali et al., 2019). Regardless of the protein family and
species, ATP bound ten protein kinase crystal structures (PDB entries 1ATP, 3VVH, 4EOQ,
4WB5, 4XBR, 4XX9, 5D9H, 5LPY, 50BJ, and 50SP) were downloaded from RCSB PDB
(Research Collaboratory for Structural Bioinformatics Protein Data Bank) (Berman et al.,
2000).

Sequence homology between the mouse Mastl kinase domains and the sample crystal
structures were analyzed via EMBOSS Needle Pairwise Sequence Alignment webserver (Rice,
Longden, & Bleasby, 2000; Saul & Christian, 1970). The tool uses the Needleman-Wunsch
alignment algorithm to achieve optimum alignment of two protein sequences (Needleman &
Wunsch, 1970). The pairwise sequence alignments were created using the default settings of
the tool.

I-TASSER (Iterative Threading ASSEmbly Refinement) is an online webserver for
prediction of protein structure based on its sequence (Roy, Kucukural, & Zhang, 2010; Yang et
al., 2014; Zhang, 2008). This webserver follows a hierarchical approach to prediction of protein
structure and function. Utilizing multiple threading approach LOMETS, the program first

identifies structural templates from the PDB with full-length atomic models constructed by
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iterative template-based fragment assembly simulations. Function insights of the target are then
derived by threading the 3D models through protein function database BioLiP. The sequence
of mouse Mastl kinase domain and the template crystal structure 1ATP were submitted to I-

TASSER. Within the “first option” tab, template was specified without alignment.

3.2.1.2. Analysis of evolutionary conservation of the residues

Wild type mouse Mastl model structure was submitted to ConSurf for estimation of the
evolutionary conservation of amino acid positions. Default settings of the server were used and
the calculations were done using the Bayesian method. The server generated an MSA (multiple
sequence alignment) from an ensemble of 150 homologous protein sequences and calculated
the conservation percentage for each amino acid position (Ashkenazy et al., 2016; Ashkenazy,
Erez, Martz, Pupko, & Ben-Tal, 2010; Celniker et al., 2013; Glaser et al., 2003; Landau et al.,
2005).

3.2.1.3. Prediction of the active site residues

TargetATPsite is a webserver that predicts the ATP binding pocket within a given
protein (Yu et al., 2013). To determine the active site residues, model structure of mouse Mastl
was submitted to TargetATPsite webserver, using the default settings. After analysis of the trial
docking results using this initial set of residues and comparison of the different residue sets
obtained by use of different threshold values, we decided to elaborate our active site residue
choices. Under the guidance of the initial residue set determined by TargetATPsite, we selected
the active site residues empirically.

3.2.1.4. Preparation of the model complexes for HADDOCK refinement
The model structure output files did not contain ligands. The template crystal structure
was superimposed to the obtained model structure via the alignment option of PyMOL. The
ligand coordinates of the crystal structure were isolated together with the model structure and

the desired ATP-bound model structure of mouse Mastl was obtained.

Coordinates of the ATP analogues 1-NA-PP1, 1-NM-PP1, and 3-MB-PP1 were edited
based on the ATP coordinates within the model structure of mouse Mastl. Currently, PyMOL
lacks small compound-alignment feature. ProFit (Protein Least Squares Fitting) program was
used locally for atom-atom alignment of small compounds. A planar alignment of the ligands
is aimed in which the weak base group of each molecule is superimposed. Briefly, the

coordinates of the ATP analogues were edited via ProFit and the corresponding three atoms of
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each ATP analogue were aligned to the C1', N1, and N6 atoms of the ATP from the model
structure of mouse Mastl. The ATP analogue-bound model complexes were obtained similarly

by isolating the ligand coordinates with the protein moiety of the model structure.

3.2.1.5. HADDOCK refinement
HADDOCK (High Ambiguity Driven protein-protein DOCKing) is a molecular
docking program for prediction of the 3D structures of biomolecular complexes (Van Zundert

etal., 2016). HADDOCK performs docking by using the three stages explained respectively:

e it0 (iteration 0): Randomization of orientations and rigid body minimization: In
the first stage, intramolecular interaction features such as bond lengths, bond
angles, and dihedral angles are fixated and treated as rigid bodies. The partners
are randomly rotated around their center of mass. After randomization of starting
orientations, rigid body minimization is applied to optimize the interactions.

e itl (iteration 1): Semi-flexible simulated annealing in torsion angle space: In the
second stage, the interfaces that modeled at the end of itO are refined in three
steps:

i Optimization of orientations of the partners.
ii. Optimization of interfacial backbone conformations.
iii. Optimization of interfacial side chain conformations.

e water: Refinement with explicit solvent: In the third stage, the interacting
partners are immersed in a solvent shell (8 A for TIP3P model water or 12.5 A
for DMSO). In order to improve the energetics of interactions, short molecular
dynamics simulation (at femtosecond timescale) at 300 K is performed on these

solvated complexes.

For refinement, HADDOCK 2.2 guru interface was used. To obtain the mutant proteins,
side chain information of the residues of interest were erased from the files manually and the
name of the residues were changed with respect to the to-be-substituted amino acids.
HADDOCK then automatically filled in the new side chain conformations throughout each run.
As a control, the triphosphate and ribose groups of the ATP molecule were removed prior to
the refinements. Thus, the control results will be directly comparable with the results of ATP
analogues which lack triphosphate and ribose groups, and the protein-ligand interface at the site

of point mutations will be more focused on for scoring.
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A restraint file was prepared to define the atom-atom restraints which will be used
during the simulations. Hydrogen bond donor or acceptor candidates from both the protein and
the ligand were given priority for preparation of the restraint file. The to-be-substituted residues
were avoided when constructing the restraint file. It is a good practice to set the restraints distant
to the sites of particular interest, so that these sites will be relatively free throughout the
simulation, improving the results. Although all of the three restraints were set on the rigid
(planar and non-rotatable) heterobicyclic group, care was taken to select atom pairs distant to
the mutation sites just in case. The same set of atoms which utilized for ligand alignment (C1',
N1, and N6 atoms) were also used for preparation of the restraint file. Atomic distances were
obtained via the measurement option of PyMOL and 0.5 A error range was defined for each

restraint. An example restraint file is given below:

assign (resid 79 and name O and segid A) (resid 1 and name N6 and segid B) 2.90.50.5
assign (resid 81 and name N and segid A) (resid 1 and name N1 and segid B) 3.40.50.5
assign (resid 9 and name C and segid A) (resid 1 and name C1' and segid B) 4.50.50.5

In order to perform local docking, itO stage was skipped by unchecking the “randomize

starting orientations”, “perform initial rigid body minimization”, and “allow translation in rigid

body minimization” parameters within the “Advanced sampling parameters” tab in the website.

The final structures were clustered based on their pairwise ligand interface RMSD
(Karaca & Bonvin, 2013). After each successfully completed run, a single cluster with an
ensemble of 200 water refined complexes was obtained. Van der Waals (kcal/mol),
electrostatics (kcal/mol), BSA (A), and total HADDOCK score values were extracted from the
complex with the lowest total HADDOCK score (the highest absolute value). For each run
output, these first ranked complexes were submitted to PLIP (Protein-Ligand Interaction
Profiler) (Salentin, Schreiber, Haupt, Adasme, & Schroeder, 2015) for physicochemical

analysis of the non-covalent protein-ligand interactions.

3.2.2. Preparation of chemically competent cells and DNA transformation
Chemically competent TOP10 strain of Escherichia coli cells were prepared according

to our modified protocol from Sambrook and Russel, 2013:

e LB media and LB agar plates were prepared according to the common protocols found
in the manufacturer’s web sites. Briefly, 20 g/l LB broth powder was dissolved in
ddH.O for LB media preparation. Additional 15 g/L agar was used for LB-agar plate

preparation. Media and agar mixtures were sterilized by autoclave. For antibiotic
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selection, ampicillin was added to the media and agar solutions at a working
concentration of 100 pg/mL. Sterile 1L LB, 1L 0.1 M CaCl2, and filtered 10 mL 10%
glycerol/0.1M CaCl2 solutions were prepared.

Further steps were carried out under aseptic conditions.

1 uL of bacteria from previous competent cell batch (electrocompetent or chemical
competent) was added in an LB containing microcentrifuge tube.

Bacteria were serially diluted in antibiotic free LB media 10° folds, in sterile
microcentrifuge tubes. 100 puL of the final dilution was seeded to an antibiotic free LB
agar plate. The plate was incubated at 37°C overnight.

A single colony was picked and inoculated in 7.5 mL antibiotic free LB in a 50 mL
conical flask. The inoculated media was cultured overnight at 37 degree at 250 rpm.
2x 2L conical flasks prefilled with prewarmed 500 mL of antibiotic free LB were
inoculated with 2.5 mL of overnight miniculture per conical flask.

Centrifuge was cooled to 4°C.

OD600 measurements were initiated after 1 hour, and repeated every 15-20 min. The
incubation was immediately terminated by cooling the cultures when the OD600 value
reached 0.15-0.3. To do so, cultures were poured in a total of two 500 mL prechilled
centrifuge bottles and the centrifuge bottles were placed on ice-water bath.

Bacteria were spun down at 27509 for 20 minutes.

Supernatants were discarded. Each pellet was resuspended in 250 mL of ice-cold 0.1 M
CaClz and held for 1 hour in ice bath.

Centrifugation step was repeated as before.

Supernatants were discarded. Each pellet was resuspended in 250 mL of ice-cold 0.1 M
CaClz and held for 4 hours in ice bath.

Centrifugation step was repeated as before.

The supernatants were discarded. Each pellet was resuspended in 4 mL ice-cold 15%
glycerol containing 0.1 M CaCl,. Bacterial suspensions were pooled together.

The total suspension was aliquoted into prechilled 1.5 mL PCR tubes on ice as 100 pL
portions. The portions were transferred to a cryobox prechilled at -80°C, in 4°C cold
room. Upon completion of the transfer, the cryobox was immediately placed in the -
80°C freezer.
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e To transform, cells were thawed on ice and at most 5 pL. of DNA solution was added.
DNA-cell mixtures were mixed 2-3 times with a prechilled 20-200 uL pipette tips.

e The suspensions were left on ice for 30 min. The water bath was heated to 42°C.

e The suspensions were heat shocked for 50 seconds.

e The suspensions were immediately placed on ice and held on ice for 3 minutes.

e The recovery incubation was initiated by adding 1 mL antibiotic free LB to each
suspension. The tubes were incubated at 37°C for 40 minutes.

e The bacteria were concentrated by centrifugation at 1000xg for 5 minutes using a table
top centrifuge. The supernatants were discarded. The pellets were resuspended in the
remaining 100-200 pL culture media and seeded to ampicillin containing (100 pg/mL)
agar plates. The plates were incubated at 37°C overnight.

3.2.3. Molecular cloning

3.2.3.1. Site-directed mutagenesis
Full length HA tagged mouse Mastl cDNA inserted in pBABEpuro retroviral expression
vector was obtained from Kaldis lab (Institute of Molecular and Cell Biology, Agency for
Science, Technology and Research, Singapore, Republic of Singapore). Using site directed
mutagenesis approach followed by conventional restriction cloning, substitutions in the ATP
binding pocket were performed. Using mutagenesis primers given in Table 1, mutagenesis PCR
was performed according to NEB’s modified protocols. Principles of the mutagenesis PCR are

explained in Figure 9.
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Figure 9. Mechanism of site-directed mutagenesis PCR. The reaction is constituted of two
steps. In the first round, the desired point mutation is introduced by the use of overlapping
primers (c and b) carrying the intended nucleotide substitutions. The amplification products are
established on the mutated primers, as a result, the amplicons carry the mutation. In the second
round, the strands of two different fragments (AB and CD) of the complete DNA are annealed
by their overlapping region. These annealed fragments prime each other. The full-length DNA
fragment (AB+CD) is amplified by the cloning primers “a” and “d” throughout the proceeding
cycles (adapted from Ho, Hunt, Horton, Pullen, & Pease, 1989).

Mutagenesis PCR setup and cycling conditions are given in Table 2 and Table 3

respectively.
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Table 2. Mutagenesis cloning PCR setup.

Component Volume (pL)
5x Q5 reaction buffer 10

10 mM dNTPs 1

100 uM FWD primer 0.5

100 uM REV primer 0.5

Template plasmid 10 ng

Q5 high-fidelity polymerase 0.5

ddH20 to 50 uL

Table 3. Mutagenesis cloning PCR cycling conditions.

Step Temperature (°C) Time
Initial Denaturation 98 30 seconds
98 10 seconds
First 5 cycles 59 10 seconds
72 1 minute
98 10 seconds
Last 20 cycles 72 10 seconds
72 1 minute
Final extension 72 2 minutes
Hold 10 -

Using GenelJet PCR purification kit (Thermo), spin column purification was performed
on cDNA amplicons to get rid of the primers, primer dimers, and small amplicon artefacts
coming from the mutagenesis PCR. The kit utilizes a silica-based membrane for adsorption of

large DNA fragments under suitable pH condition and buffer composition, so that undesirable
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reaction leftovers can be washed away and the purified DNA can be desorbed and eluted at the

end of the protocol.

e Equal volume of binding buffer was added and mixed.

e Mixtures were pipetted directly on the column membrane.

e Columns were centrifuged at 14,000xg for 1 minute, the flowthroughs were discarded.

e 700 uL of wash buffer was added to each column.

e Columns were centrifuged at 14,000xg for 1 minute, the flowthroughs were discarded.

e The empty columns were centrifuged at 17000xg for 1 minute.

e Columns were transferred to clean 1.5 mL microcentrifuge tubes and 55 pL hot ddH20
was added.

e Columns were incubated at 70°C for 3 minutes and centrifuged at 17000xg for 1 minute.

e Concentrations were measured using ddH20 as blank and 1.5 pL was used for the blank

and each sample on NanoDrop 2000.

The purified cDNA moieties were mixed at equimolar ratios and used as template for
fusion PCR. Briefly, mutagenesis PCR conditions were used for fusion PCR, but the cycling
stage was carried out as a single stage with a fixed annealing temperature of 72°C. Lentiviral
mutant DNA constructs were directly subcloned from the pBABEpuro mutant DNA constructs,
without performing additional site directed mutagenesis. The mutant fusion PCR products were
subjected to a second round of spin column purification. Downstream processes of molecular
cloning experiments require purified, high quality DNA preparates. Because chemical
contaminants coming from the preceding experiments (i.e. PCR buffer) may have a negative
impact on the subsequent delicate reactions such as restriction, dephosphorylation, and

especially ligation.

3.2.3.2. Restriction and ligation
Spin-column purified cDNA preparates were simultaneously digested with Dpnl and
BstX1 (3-6 hours at 37°C). The empty vector was digested with BstXl (3-6 hours at 37°C),
purified, and Fast AP treated (1 hour at 37°C) respectively. The reaction setup is given in Table
4,
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Table 4. Restriction reaction setup for cloning. Reaction volumes were scaled up with respect

to the requirements.

Component cDNA preparation Backbone preparation
10x Fast Digest buffer 2 ulL 5ul

DNA 2 ug S5ug

Dpnl 0.5 uL -

BstX1 1.5 uL 5uL

Fast AP - 5uL

ddH20 to 20 uL to 100 uL

All reaction products were subjected to spin column purification, using GenelJet PCR

purification kit (Thermo). The ligation of the purified, cut insert to the purified, cut, and

dephosphorylated empty vector was carried out according to the manufacturers modified

protocol (Table 5). To achieve the desired insert:vector molar ratio, the calculations were

performed using NEBs online “BioCalculator” tool.
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Table 5. Ligation reaction setup. Reaction volumes were scaled up with respect to the

requirements.

Component negative control negative control ligation
Sample tubes

Insert DNA - 3:1 molar ratio 3:1 molar ratio
Linear vector DNA 100 ng - 100 ng
ddH20 to 10 uL to 10 uL to 10 uL

1X master mix

10x T4 ligase buffer 2 ulL 2 ulL 2 uL

T4 ligase 0.2 uL 0.2 uL 0.2 uL

ddH20 to 10 uL to 10 uL to 10 uL

The DNA containing tubes were mixed, heated, and cooled respectively, in order to
promote correct ligation. Using the thermal cycler with a cover temperature of 75°C, tubes were
incubated at 70°C for 10 minutes. After the incubation step, tubes were cooled to 37°C with a
ramp rate of 0.1°C/sec. The heated cover was opened to allow efficient cooling when the
samples reached 40-50°C. After completion of the slow cooling step, samples were further
cooled to 10°C with a ramp rate of 0.5°C/sec. At the end of the run, DNA containing tubes were
transferred to ice. The ligase containing master mix was prepared according to the given
reaction setup (Table 5) and the volumes were scaled up with respect to the number of reactions

to be set. Ligations were performed at room temperature for at least 10 minutes or overnight.

For cloning of lentiviral mutant DNA constructs, Xbal endonuclease was used for

digestion of both the cDNA and the lentiviral vector.

3.2.3.3. Plasmid isolation, colony PCR, and diagnostic restriction
The ligation products were transformed into the chemically competent cells according
to the protocol previously described in section 3.2.2. The overgrown colonies were initially
screened by colony PCR, using one primer that anneals to the backbone and its partner primer
that anneals to the insert. With this approach, a positive result from colony PCR indicates both

the presence of the insert in the vector and in which orientation it is inserted. Single colonies
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were picked and cultured in 96-well round-bottom plate microculture format. 2 pL of
microculture for each colony were directly used as a PCR template, without preprocessing.

Colony PCR setup and cycling conditions are given in Table 6 and Table 7 respectively.

Table 6. Colony PCR setup.

Component Volume (nL)
10x DreamTaq Buffer 2

10 mM dNTP 0.4

100 uM FWD primer 0.2

100 uM REV primer 0.2

Template 2

DreamTaq DNA polymerase 0.2

ddH20 to 20 ul

Table 7. Colony PCR cycling conditions. 500 bp amplicon indicates positive result.

Step Temperature (°C) Time
Initial Denaturation 95 5 minutes
95 30 seconds
35 cycles 59 30 seconds
72 45 seconds
Final extension 72 5 minutes
Hold 10 -

Colonies which gave positive result were cultured and manual plasmid isolation was
performed to subject the colonies to further validation via diagnostic restriction, using Pstl
endonuclease (Table 8). Manual plasmid DNA isolation protocol is as described below,

modified from Sambrook and Russel, 2013:
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Bufferl: Resuspension buffer. 50 mM glucose, 10 mM EDTA, and 25 mM Tris-Cl, pH
8. RNase was added to ~50 ug/mL if possible. Stored at 4°C.

Buffer2: Lysis solution. Fresh 1:1 (v/v) mix of buffer 2a&2b of required volume was
prepared for each prep session. Buffer2a: 0.4 N NaOH, buffer2b: 2% SDS. Stored at
room temperature.

Buffer3: Neutralization buffer. 3M KOAc (29.4 g potassium acetate), 11.5 mL glacial
acetic acid, and water up to 100 mL.

When required, 0.5-1 mL portion of miniculture was used to establish bacterial clone
stocks. Bacterial suspensions were mixed with autoclaved glycerol at 1:5 (v/v) ratio.
Glycerol contents were mixed carefully and the clones were stored at -80°C.

The remaining cells were pelleted at 3900xg for 15 minutes.

The bacteria were resuspended in 150 pL of bufferl.

150 uL of buffer2 was added to each suspension, mixed by inversion a few times, and
incubated no longer than 5 minutes.

225 pL of buffer3 was added and the samples were mixed by inversion a few times.
Suspensions were centrifuged at 17000xg in a table top centrifuge for 5 min. After this
step, microcentrifuge was cooled to 4°C.

Supernatants were taken to a new microcentrifuge tube and the pellets were discarded.
Supernatants were cooled on ice.

650 uL of -20°C 100% isopropanol was added to each sample and vortexed thoroughly.
Samples were held at -20°C until the cooling of the centrifuge is completed
(approximately 20 minutes).

Samples were centrifuged at max speed at 4°C for 30 minutes.

Supernatants were discarded.

1 mL of -20°C 70% EtOH was added to each white DNA pellet, briefly vortexed, and
centrifuged at 17000xg at 4°C for 5 minutes.

Supernatants were discarded, the tubes were spun down and placed on ice. The residual
solvent was discarded using 20-200 pL pipette tips.

The samples were further dried using vacuum dryer at high rate for 15 min.

Pellets were dissolved in 50 pL ddH2O by shear vortexing.

36



Concentrations of manual minipreps were not measured because we did not aim to use

them in analytical experiments and due to the dirty content of the preparates.

Table 8. Reaction setup of diagnostic restriction. Reaction volumes were scaled up with
respect to the number of colonies to be screened.

Component cDNA preparation
10x Fast Digest buffer 2 ulL

DNA 5uL

Pstl 0.25 uL

ddH.0 to 20 uL

Restriction mapping of lentiviral vectors were carried out using Hindlll and EcoRlI
endonucleases. Digested plasmid DNAs and colony PCR products were analyzed by agarose
gel electrophoresis. 50x TAE buffer is constituted of 242 g/L Tris, 5.7% glacial acetic acid, and
10% 0.5 M pH 8 EDTA-NaOH in ddH20. 1x TAE running buffer was prepared by diluting the
50x TAE buffer 1:50 in ddH.O. 1% agarose gel containing 1:20000 Safeview was prepared in
TAE. Gels were run in TAE buffer at constant 100 V for 1 hour and the gel images were
acquired using Bio-Rad Universal Hood II UV transilluminator. “Nucleic acid gel>Ethidium

bromide>Intense bands” settings of Image Lab 5.2.1 software were used.

Upon successful colony PCR and restriction mapping verification of clones for each
construct, full length cDNAs were sequence verified. Due to the cost and time consumption of
sequencing, we avoid using dirty DNA preparates for sequencing reactions. Sequencing-grade
plasmid DNA minipreps were prepared from the bacterial clones using Genelet plasmid
miniprep kit (Thermo) according to the manufacturer’s protocol. The kit utilizes a silica-based
membrane for adsorption of DNA under suitable pH condition and buffer composition, so that
undesirable soluble bacterial components that can interfere with the sequencing reaction can be

washed away and the purified DNA can be desorbed and eluted at the end of the protocol.

e Minicultures were centrifuged at 3900xg for 10 minutes.
o Clarified culture media were discarded and bacterial pellets were resuspended in 250

uL of resuspension buffer to homogeneity.
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250 pL of lysis solution was added to each sample and tubes were mixed immediately
by inversion. Samples were left 3 minutes for lysis.

350 pL of neutralization buffer was added to each sample and the tubes were mixed
immediately by inversion.

The suspension was centrifuged at 17000xg for 5 minutes and the cell debris was
discarded.

The supernatants were pipetted directly on the column membranes.

Columns were centrifuged at 14,000xg for 1 minute, the flowthroughs were discarded.
500 pL of wash buffer was added to each column.

Columns were centrifuged at 14,000xg for 1 minute, the flowthroughs were discarded.
The washing step was repeated and a total of two washes were performed.

The empty columns were centrifuged at 17000xg for 1 minute.

Columns were transferred to clean 1.5 mL microcentrifuges tube and 55 uL hot ddH.0
was added.

Columns were incubated at 70°C for 3 minutes and centrifuged at 17000xg for 1 minute.
Concentrations were measured using ddH»O as blank and 1.5 pLL was used for the blank
and each sample on NanoDrop 2000.

After sequence verification, transfection-grade (endotoxin-free) plasmid DNA

minipreps were prepared from the bacterial clones using PureLink HiPure plasmid miniprep kit

(Thermo) according to the manufacturer’s protocol:

Minicultures were centrifuged at 3900xg for 10 minutes.

The columns were equilibrated.

Clarified culture media were discarded and bacterial pellets were resuspended in 400
uL of resuspension buffer to homogeneity.

400 pL of lysis solution was added to each sample and tubes were mixed immediately
by inversion. Samples were left 3 minutes for lysis.

400 pL of neutralization buffer was added to each sample and the tubes were mixed
immediately by inversion.

The suspension was centrifuged at 17000xg for 5 minutes and the cell debris was
discarded.
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Supernatants were applied to the columns and eluted by gravity flow. The flowthroughs
were discarded.

2.5 mL of wash buffer was applied to each column and eluted by gravity flow 2 times.
The flowthroughs were discarded each time.

0.9 mL of ddH.O was applied to each column and eluted by gravity flow into sterile 1.5
mL microcentrifuge tubes.

The DNA eluates were cooled on ice and -20°C 100% isopropanol was added to each
DNA eluate and the mixture was thoroughly vortexed.

The table top microcentrifuge was cooled to 4°C and the alcohol-DNA mixture was
incubated for 20 minutes at -20°C.

The mixtures were centrifuged at 17000xg at 4°C for 30 minutes and supernatants were
discarded.

1 mL of 70% EtOH was added to each DNA pellet. The samples were briefly vortexed
and centrifuged at 17000g at 4°C for 5 minutes.

The alcohol supernatants were discarded with a pipette and the samples were further
dried using vacuum dryer at high rate for 15 minutes.

Each DNA pellet was dissolved in sterile ddH2O with vigorous vortexing.
Concentrations were measured using ddH20 as blank and 1.5 pL was used for the blank

and each sample on NanoDrop 2000.

3.2.4. Cell culture, transfection, and infection
Cells were cultured in High glucose DMEM (Sigma) containing 10% FBS (Gibco), 1%

penicillin-streptomycin (Sigma). Incubation conditions were 37°C, 5% COz, and 95% humidity.

Cells were split at 1:10 ratio upon reaching 90% confluence. Briefly, medium was removed and

cells were washed once with phosphate buffered saline (PBS). Cells were trypsinized for 5

minutes in the humid incubator and suspended in culture media. Trypsin containing media was

removed by centrifugation at 100xg for 3 minutes. The pellet was diluted in fresh growth media,

and required amount of portion from this suspension was seeded in growth medium. The freshly

seeded cells were slowly swirled and shaked or mixed by pipetting to achieve uniform

distribution of the cells across the growth surface area. Immortalized Mastl cKO-MEFs were

obtained from Kaldis lab and cultured in the described growth medium containing Spg/mL

blasticidin. Knockout was induced by adding 20 ng/mL 4-OHT to the culture medium when
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required. Serum starvation was performed by culturing the cells in cell culture media containing
0.2% FBS.

PLAT-E (a HEK293 derivative) packaging cell line was obtained from Kaldis lab.
PLAT-E cells were cultured in normal growth medium (high glucose DMEM, 10% FBS, 1%
penicillin-streptomycin) containing 1 pg/mL puromycin and 10 pg/mL blasticidin. 293FT
packaging cell line was obtained from Kaldis lab. The passage protocols are same with that of
described for MEFs.

For ecotropic retrovirus packaging, PLAT-E cells were grown under selective pressure
until transfection and transfected at 90% confluence in the absence of selective pressure. Cells
transfected using Lipofectamine 3000 (Thermo) according to the manufacturers protocol.

Transfection for virus production was carried out in 12-well plate format:

e 50 uL Opti-MEM reduced serum media, 1 pg of transfection-grade plasmid DNA, and
2 uL P3000 reagent were added to a sterile microcentrifuge tube respectively, for each
plasmid construct to be transfected to PLAT-E cells.

e [ ul lipofectamine-3000 containing 50 pL Opti-MEM mixture was added to each DNA
containing tube. Lipofectamine-3000/Opti-MEM master mix was prepared in a separate
sterile microcentrifuge tube and the volume of the master mix was scaled up according
to the number of the transfections to be carried out. 1:1 Lipofectamine3000/P3000 ratio
was used for transfection of the packaging cells.

e Lipofectamine3000/Opti-MEM master mix was distributed to the DNA containing
tubes at 1:1 (v/v) ratio. Tubes were vortexed and incubated at room temperature for 15
minutes.

e The lipid-DNA complexes were briefly vortexed and added dropwise to the packaging
cells.

e 2 days post-transfection, viral media were collected and the media were refreshed.

e 3 days post-transfection, viral media were collected again.

e For each viral medium, the cell debris was removed by centrifugation at 300xg for 5
minutes.

e Each clarified viral medium, the viral supernatant was transferred to a new sterile tube.
Viral media were stored at 4°C up to a week until infection. Polybrene was added to a

final concentration of 8 pg/mL and mixed, immediately before infection.
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e MEFs were transduced at 40% confluence. Viral media collected at the second day of
transfection was used in the first round of infection for each stable cell line to be
established.

e The day after first transduction, viral media was removed and a second round of
transduction was carried out using the remaining batch of viral media.

e 8 hours after the second round of transduction, viral media was removed and cells were
cultured in normal growth medium overnight for recovery, prior to antibiotic selection.

e Pool stable cell lines were generated under 2 pg/mL puromycin selection. Cells were
selected for a week and negative control cells died within the first 2 days of selection.
For lentiviral packaging, 293FT cells were transfected in 24-well plate format. Briefly,

the volumes used in the 12-well plate format was halved to adapt the protocol to the 24-well
plate format. 230 ng pMDLg/pRRE, 90 ng pRSV-Rev, 125 ng pMD2.G (VSV-G) helper
plasmid mix and 315 ng pBOBI expression vector was used for each transfection. The same
protocol used for ecotropic retroviral infection was used for lentiviral infection. A portion of
each cell line was frozen in normal growth medium containing additional 10% FBS and 10%
cell culture grade DMSO.

For single clone isolation, limited dilution technique was used. Briefly, cells were
induced and 6 days after induction, cells were subjected to limited dilution. According to the
hemocytometer measurements, cells were diluted to achieve 1 cell/well cell concentration in
150 uL culture volume for each well of each 96-well plate. Cavities in between the wells in the
96-well plate were filled with sterile PBS to prevent extended evaporation of the medium

throughout the 2-3 weeks of culturing of the clones.

3.2.5. Genotyping

A typical 3 primer system was used for genotyping of the Mastl locus in MEFs (Figure
10). Neomycin cassette has been flrted out, and Mastl gene is floxed but not excised. The
uninduced cells are "WT-like". Fourth coding exon of the Mastl gene is floxed, surrounded by
loxP recombination sites at its 5* and 3 intronic regions. Genotyping PCR yields a longer band
in floxed locus when compared to the WT locus due to the presence of loxP and frt sites in the
intronic region. Upon induction of Cre mediated recombination by 4-OHT treatment, the PCR
reaction yields 500 bp fragment. Floxed DNA vyields 300 bp fragment and WT DNA vyields 200
bp fragment.
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Intron 3
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ATCAGATCAGAGAAAGGTTAAGTGGCTCTGCTCTATTAAAGCTTAAATCATGCCTTCCTTGAAAGAGGTGGASGTAAATTTGCACTGGCAGAA
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GGATGAGATGGATCCGAATTCCTGCAGCCCAATTCCGATCATATTCAATAACCCTTAATATAACTTCGTATAATGTATGCTATACGAAGTTAT
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ATTTCTGAGAGCTGTTTTCTCTAAGTTTATTTTAAAAGAAATAACTACAG‘TGTCTCTTGTAATTCCTCCCACTTTACATGGTATTTTAACAT
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CTTTGAGACTCTTTCATTATTTTTTTTTTACTATACTTGATAAAATGTGATGGCTGTTTGTTCTGAGATAGGCTAAAAATGAGTATGTAATGT
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TGGTTTTGTCCCATTAAAAAGAGACTTGGGGTATGTTAGCATGATGTTTGCTTAAAATGATCCAATTCTAGGACAAAAAAAAAAGAGGAGGAG
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AAAGAGGAAACAAACAAGTAAAAGATCGTTCTTGGATAGTCAAAGGTCCTTAAAATTCCTTAGATATTTAAAAATGGAACTGCCAGCCACTGT
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TCTCTTCATCAGTGCTGAGTCAGGATAGATATTTAAGCATGAACTGACTAAACTACAATATAATCCAGAGCTGATTCCTAAAACTTATGCAGA
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GAGAGAGAGAGAGAGAAAGGGCAGTTTTTCTAAAGAGATTTTATATTGGCTTAATGCTGTCAAGAGAAATTTTGTGTATTTAAGAAGACAAAA
21.400 21.420 21.440 21.460 21.480
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TATTTTAATTCTCTCTGATTTTATATGAGCTTTTGGGGGGAAGAAGGTAGAGTAACACAGGGTTCTTGGTTGTCCTCAAACTTATTATGTAGC
Intron 4

KD_:198 (reverse) w
CGAAAATATﬁTGTGAGCTCTTGCCTCCACCTGCCAAGTGCTGGGATTATAAAAGGAGATCCCTGACTGTATCTGGTTTTGTTTTCTAAATACT

Figure 10. Genomic locus of mouse Mastl. Floxed DNA yields 300 bp fragment amplified by
primers KD 227 & 228. Upon recombination, the binding site of KD_228 is excised out and
the distance between the binding sites of KD_227 and KD_198 is approximately halved,
yielding a 500 bp fragment that indicates a successful knockout.

Samples were harvested from 24-well plates by trypsinization and washed once with
PBS. Cells were pelleted and PBS supernatant was discarded. Lysates were prepared from the
washed cell pellets by using the HotShot lysis protocol (Montero-Pau & Africa Gomez, 2008).
Briefly, 25 pL of lysis solution (25 mM NaOH and 0.2 mM pH 8 EDTA) was added to each
sample and the cells were suspended to homogeneity. Cells were vigorously vortexed and
incubated at 95°C for 30 minutes on digital thermal drybath at 900 rpm. Lysates were cooled
on ice and 25 pL of neutralization buffer (40 mM pH 5 Tris-HCI) was added and the lysates

were mixed by vortexing. Lysates were stored at -20°C.
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Genotyping PCR setup and cycling conditions are given in Table 9 and Table 10
respectively.

Table 9. Genotyping PCR setup.

Component Volume (pL)
10x Buffer 2.5

10 mM dNTP 0.5

100 pM KD_198 0.25

100 pM KD_227 0.25

100 uM KD_228 0.25
Template 2

DreamTaq DNA polymerase 0.125

ddH20 to 25 ul

Table 10. Genotyping PCR cycling conditions.

Step Temperature (°C) Time
Initial Denaturation 94 3 minutes
94 30 seconds
40 cycles 67 30 seconds
72 30 seconds
Final extension 72 2 minutes
Hold 10 -

Genotyping PCR reaction products were analyzed via agarose gel electrophoresis as
described in the section 3.2.3.3. Differently, 2% agarose gel was used due to the smaller size of
the expected reaction products. Images were acquired via Bio-Rad Universal Hood Il UV

transilluminator.
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3.2.6. Western blot
Reagent recipes used in Western blot are as listed below:

Lysis buffer: 1% Triton X-100 in 1X PBS. PMSF (1 mM final) and nuclease (5 U/mL
final) were freshly added to the required amount of cold lysis buffer before lysis.

10x running buffer: 250 mM Tris, 1.9 M glycine, and 1% SDS in ddH-O.

1x running buffer: 10x running buffer was diluted 10 times in ddH2O.

2x sample buffer: 4% SDS, 50 mM DTT, 0.004% bromophenol blue, 125 mM pH 6.8
Tris-HCI, and 40% glycerol in ddH20.

Resolving gel buffer: 1 M pH 8.8 Tris-HCI in ddH-O.

Stacking gel buffer: 1 M pH 6.8 Tris-HCI in ddH0.

10x transfer buffer: 250 mM Tris, 1.9 M glycine, and 2.5% SDS in ddH20.

1x transfer buffer: 1 volume of 10x transfer buffer was mixed with 7 volumes of ddH>O
and 2 volumes of 100% MetOH.

80 mM (80x) PMSF stock in isopropanol.

10% SDS

10% APS

30 % acrylamide/bisacrylamide 37.5:1 (w/w)

20x TBST: 0.4 M pH 7.5 Tris, 1.5 M NacCl, and 2% Tween-20 in ddH-O.

1x TBST: 20x TBST was diluted 20 times in ddH20.

Blocking buffer: 5% skim milk powder was heat-dissolved without boiling, in 1x TBST.
Coomassie staining solution: 0.1% Coomassie Blue R250, 10% glacial acetic acid, 50%
MetOH, and 40% ddH-O.

Coomassie destaining solution: 10% glacial acetic acid, 50% MetOH, and 40% ddH-0.

3.2.6.1. Sample preparation

Cells were harvested by trypsinization. After trypsinization, cells were collected in PBS.

The trypsin containing PBS was removed by centrifugation at 500xg for 3 minutes. Cells were

washed a second time with PBS and centrifuged again. The PBS supernatant was discarded.

The cell pellets were stored at -20°C until use. The pellets were suspended in lysis buffer and

mixed until no clumps were visible. Samples were kept on ice after this step. The table top

microcentrifuge was cooled to 4°C. The suspensions were vigorously vortexed for 10 seconds

and left on ice for 10 minutes, 3 times. Cells were centrifuged at 16000xg for 30 minutes at
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4°C. The supernatant containing the protein content was taken to a new 1.5 mL microcentrifuge

tube.

3.2.6.2. Bradford assay

Bradford assay (Bio-Rad) was used for quantification of protein concentration of the
cellular protein extracts. Briefly, one volume of concentrated dye reagent was diluted in eight
volumes of ddH20, achieving a 9x dilution. The diluted reagent was filtered through filter
paper. Bio-Rad BSA standard was used at 50-400 pug/mL concentration range with 50 ug/mL
concentration increments (Figure 11). Standard measurements were carried out in 5 replicates,
blank and sample measurements were carried out in 2 replicates. Preliminary experiments have
shown that 1:10 dilution of our samples gave satisfactory results for protein assays. Briefly, in
flat bottom 96-well plates, respectively 1 uL of lysis buffer (blank) or sample, 9 uL. ddH>0,
and 200 pL Bradford dye reagent were added. Plate was shaken at medium speed for 15 seconds
in Multiskan GO instrument and the samples were incubated in the instrument for 10 minutes

at room temperature in the dark, followed by measurement of absorbance at 595 nm.

0.6

0.5 -

0.4 - 2

0.3

Absorbance (595 nm)

0.2 1

014 §

100 200 300 400
Concentration (ug/mL)

y =0.00118982x + 0.0837671
R?=0.971

Figure 11. Bradford assay BSA standard curve. BSA concentration range is 50-400 pg/mL.
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3.2.6.3. SDS polyacrylamide gel casting

Sodium dodecyl sulfate polyacrylamide gels with 1 mm thickness were cast according

to the protocol modified from Bio-Rad (Table 11):

Table 11. SDS-PAGE gel casting setup.

Component Resolving gel (mL) Stacking gel (mL)
ddH20 3.4 3.55

Buffer 3.75 0.625

10% SDS 0.1 0.05

30% 37.5:1 Ac/bis 2.7 0.75

10% APS 0.05 0.025

TEMED 0.005 0.0075

Total volume ~10 ~5

Gel components were added in the given order above. The resolving gel was cast first
and immediately overlaid with 100% isopropanol layer. 15 minutes later the isopropanol layer
was poured off and the polymerized gel was washed 3 times with ddH-O in between the glass
plates. The gap between the glass plates were dried with a filter paper without disassembling
the glass plates and without disturbing the gel. The stacking gel was cast on top of the resolving
gel and the comb was immediately placed. The gel was left to solidify for at least 30 minutes.
After pouring each layer of gel, polymerization was ensured before use by observation of
solidification of the gel mixture leftovers.

3.2.6.4. Sample preparation, running, and semidry transfer
Previously clarified cell lysates with known protein concentrations were thawed and 2x
sample buffer was added to each sample at 1:1 (v/v) ratio. The samples were boiled at 95°C for
5 minutes. The reduced and denatured samples were stored at -20°C. Samples were centrifuged
at 17000xg for 1 minute to remove SDS precipitates before loading. When necessary, the
loading volumes were normalized according to the protein assay results to load similar amounts

of protein for each sample.
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The casting apparatus were disassembled and the cores of the tank were assembled with
the intact glass plates containing the gel. The cores were placed in the tank and the system was
filled with running buffer according to the manufacturer’s protocols. The comb was removed
and the lanes were filled with running buffer. Samples were loaded and loading dye was added
to the empty lanes when necessary to equalize the electrophoretic mobility across the width of
the gels. Gels were run at constant 20-25 mA current until the proteins enter the resolving gel.
Once the proteins had entered the resolving gel, gels were run at constant 35-50 mA current

until the bromophenol blue dye reaches the bottom end of the gel.

PVDF membranes and filter papers were cut as a batch according to the gel size. During
running, preparations for semidry transfer was done for each Western blotting session. PVDF
membranes were soaked in 100% MetOH for 1 minute, then transferred to transfer buffer
without drying and incubated for 15 minutes with agitation. Required amount of filter papers
were wetted in transfer buffer. When the running step is finished, the tank cores and the glass
plates were carefully disassembled in order not to disrupt the gels. The gels were soaked in 1x

transfer buffer immediately before sandwich assembly.

Anode and cathode of the semidry transfer apparatus were wiped with a tissue wetted
in transfer buffer. The sandwich assembly was done by overlaying the anode respectively with
14 thin filter papers, PVDF membrane, gel, and 14 more thin filter papers. Air bubbles in the
sandwiches were removed by firmly rolling a 25 mL serological pipette on the sandwiches. The
apparatus was closed and locked, then the cathode was firmly pressed downwards against the
sandwiches before fixing its position. The transfer was done at constant 20-25 V approximately

for 40 minutes.

3.2.6.5. Coomassie staining, antibody incubations, and chemiluminescence
detection
After the transfer is completed, the sandwiches were disassembled. The PVDF
membranes were left to dry on a tissue paper to enhance fixation of the proteins on the
membrane. PVDF membranes (after ECL detection) and gels were Coomassie stained to check
efficiency of the transfer. Coomassie staining and destaining steps were carried out at room
temperature with slow agitation. The stained gel and membrane images were acquired via Bio-
Rad Universal Hood Il UV transilluminator, using the Protein gel>Coomassie>Intense bands

settings.
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Dried membranes were wetted in 100% MetOH for 1 minute and then transferred to
TBST. PVDF membranes were slowly agitated in TBST for 15 minutes and then blocked in
blocking buffer for 1 hour. After blocking, overnight primary antibody incubations of the
membranes at 4°C were initiated. The next day, probed membranes were washed with TBST 4
times, 5 minutes for each wash. Membranes were taken to secondary antibody incubation for 1
hour at room temperature, followed by washing with TBST 4 times, 5 minutes for each wash.
For each mini gel sized PVDF membrane (~40 cm?), 1.2 ml of ECL detection reagent was used.
Developing solution was constituted of 1:1 (v/v) mixture of the kit components, luminol
solution and H20: solution. Initially the membranes were auto-exposed. When necessary,
membranes were exposed for an additional 30 minutes. Images were acquired using Chemi-

Smart 5100 (Peqglab) chemiluminescence detector with Chemi-Capt software.

3.2.7. Microscopy
Reagent recipes used in immunocytochemistry are as listed below:

e 1x PBS: 1 tablet/200 mL ddH-O.

e 4% PFA: PFA was dissolved in 1x PBS by heating up to 60°C and titrated with NaOH
until the solution was clarified. The solution was filtered before use.

e Blocking buffer: 10% donor goat serum, 500 mM NacCl, and 0.2% Triton X-100 in 1x
PBS.

e Mounting medium: Modified from the manufacturer’s protocol, 1.2 g Mowiol was
added to 3 g glycerol and vigorously vortexed. 6 mL 0.2 M pH 8.5 Tris-HCI was
added and heated to 60°C for 6 hours and vigorously vortexed. Suspension was
centrifuged at 5000xg for 15 minutes at room temperature and the clarified
supernatant was stored at -20°C.

e DAPI mounting medium: 25 mg/mL DAPI was added to Mowiol at 1:1000 (v/v) ratio
to achieve a final working DAPI concentration of 25 pg/mL. The DAPI mounting

medium was stored at -20°C.

3.2.7.1. Immunocytochemistry
The cells were seeded on EtOH sterilized and dried 12 mm cover glasses without coating
in 24-well plates and grown to be near-confluent before fixation. Growth media was removed
and cells were washed 2 times with PBS. Cells were fixed using 4% PFA in PBS for 20 minutes
at room temperature. Cells were washed twice with PBS. Cells were stored at 4°C after removal
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of the fixative and addition of PBS up to one day when needed. After the second wash, PBS
was aspirated and cells were blocked and permeabilized using the blocking buffer for 15
minutes at room temperature. The cavities in between the wells in the plate were filled with
ddH20 to provide a humid chamber, thus preventing the coverglasses to get completely dry
throughout low-volume antibody incubations. The blocking buffer was aspirated and
surroundings of the cover glasses were extensively dried. Cells were incubated in the primary
antibodies diluted in blocking buffer for 2 hours, then washed 3 times for 10 minutes with PBS.
Cells were incubated in the secondary antibodies diluted in blocking buffer in the dark for 1
hour, then washed 3 times for 10 minutes with PBS. 15 uL of dilute antibody solutions were
used for both primary and secondary antibody incubations, for each coverglass. It was ensured
that antibody droplets did not leak to the surface of the wells and remained on the cover glasses.
Cells were washed 3 times for 10 minutes with PBS. Microscope slides were labeled and 5 pL
mowiol droplets were placed on slides for each cover glass. PBS was not completely aspirated
from the wells after the last wash to make it easier to take the cover glasses out of the wells,

using a twisted injection needle. Cover glasses were mounted and analyzed within 2 days.

3.2.7.2. Microscope settings and use
All micrographs were acquired using Olympus 1X71 microscope with cellSens Entry
software. Bright field micrographs were acquired at 4x magnification for morphological
characterization of the cell populations and for coarse visual demonstration of the difference of
proliferation rates among the cell populations. White balance setting was used prior to bright
field image acquisition. All bright field images were acquired using 100 milliseconds exposure

setting.

For fluorescence microscopy, cells were stained with Alexa Fluor 488, and 594
conjugated secondary antibodies and DAPI. Respectively, 400DF15 excitation light path and
535DF2 emission light path were used for DAPI stain, 490DF20 excitation light path and
535DF25 emission light path were used for Alexa Fluor 488 stain, and 590DF10 excitation light
path and 630DF30 emission light path were used for Alexa Fluor 594 stain. Black balance
setting was used prior to fluorescence imaging to subtract the background signal. Exposure
settings of DAPI, Alexa 488, and Alexa 594 were respectively 50 milliseconds, 2 seconds, and
4 seconds for Mastl and HA-Mastl stains. Exposure settings of DAPI, Alexa 488, and Alexa
594 were respectively 50 milliseconds, 7 seconds, and 7 seconds for Arpp19 and HA-Arpp19

stains.
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3.3. Workflow
The project is based on protein engineering and in vivo functional analysis of the
engineered proteins. To design a chemically switchable protein kinase, we initially tested our
mutation-drug combinations in silico. Subsequent order of the computational steps is modeling
of the protein-ligand complexes, molecular docking, and analysis of the results. Subsequent
order of the experimental steps follows a typical pipeline consisting of molecular cloning, cell

line engineering, and cell line characterization (Figure 12).

Determination of the gatekeeper residue

Homology modeling and
preparation of the
protein-ligand complexes

V (Early 2018)

HADDOCK refinement

V (Early 2018)

Analysis of the results

Molecular Cloning of the
expression vectors

V (Early 2018)

Cell line engineering

v (Late 2018)

Knockout induction and
characterization

(Early 2018)

Computational steps

\

(Early 2019)

Experimental steps

/

Figure 12. Workflow of the project.

3.4. Possible obstacles
Virtually every step in any given project carries many risk factors. Possible risk factors

for this project are listed below regarding each step of the workflow.
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e Homology modeling:

We have established ATP bound model structure of mouse Mastl and used the
coordinates of the ATP in this model structure for positioning of the ATP analogues. For this
purpose, we first set a hypothesis regarding the importance of the nitrogen-rich heterobicyclic
group coordinates for correct docking of small compounds in the ATP binding pocket. Adenine
ring of ATP and adenine-like rings of the ATP analogues are the highly similar groups within
these small molecules. As a result, especially considering the known hydrogen bonds between
this nitrogen-rich moiety and the protein, and based on structural alignments given in the results
section, we concluded that this group of each ligand has to be superimposed. With this
approach, we aimed to obtain near-correct ligand coordinates within the ATP binding pocket,
prior to refinements. Currently, crystal structure of gatekeeper-mutant protein kinases in
complex with the ATP analogues are not available in the PDB. For this reason, the coordinates

we defined for the ATP analogues are relative, based on ATP coordinates.

The structures used during HADDOCK refinements in this study are model structures
and the coordinates of ligands were defined based on hypothesis. As a result, coordinates in our
structures do not directly originate from an experimental data, which is expected to have a direct

impact on the simulation results.
e HADDOCK refinement:

HADDOCK is a very versatile and efficient program for molecular docking. The
program offers vast range of parameters and options for integration of various types of
experimental data during the docking protocol. In its default settings, the program applies very

short, yet relatively accurate simulations on biomolecular complexes.

The biological systems that we used for computational analysis in this study is
constituted of protein-small compound pairs. Briefly, we performed molecular docking,
specifically local docking, on mouse WT/mutant Mastl variants and ATP/ATP analogues.
Throughout itl and water refinement stages, interfacial backbone and interfacial residue side
chains were flexible and the rest of the protein was kept rigid. With this approach, processing
power and time requirements are more reasonable, however, the duration of the simulation is
very short and it is active site centric. An unwanted possible biochemical outcome of the point

mutations, such as a structural instability, may not be captured with this approach. The
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simulation conditions are initially expected to be sufficient for analysis of ATP binding pocket-
ligand interactions. Nonetheless, the results also can be suggestive regarding a possible enzyme

inactivation.

e Molecular cloning of expression vectors:

Molecular cloning consists of successive multiple steps, respectively, obtaining the
insert in the form of an amplicon, digestion of the insert and linearization of the vector,
dephosphorylation of the vector, ligation of the insert to the vector, transformation, and colony
screening. It is possible to do mistakes or perform wrong applications which were initially
assumed to be correct given the multiple steps and inexperience. Failure or success of a
molecular cloning experiment can only be detected at the end of the experiment, by screening
the colonies, if there any. Given its complicated workflow, molecular cloning experiments are
difficult to troubleshoot.

e Cell line engineering:

Stable cell lines used in this study were established by infection of the target cells with
ecotropic retrovirus particles. First, the 293 derivative packaging cell line has to be successfully
transfected, and then its virus products have to successfully infect the target cells. After
infection, successfully infected cells have to be selected via a eukaryotic antibiotic selection
marker. In this step of the project, both transfection and transduction efficiency, viral titer, and

viability of the target cells in the viral medium can become problematic.

¢ Induction of knockout in stable cell lines and characterization:

The cell lines established in this study were derived from a conditional knockout mouse
embryonic fibroblast (cKO-MEF) parental cell line. Conditional knockout systems are
advantageous given their rapid action upon chemical induction. In case of the system used in
this study, the cells stably express Cre-ER™ fusion protein. Cre moiety is the recombinase and
ER'2 moiety is the 4-OHT sensitized triple mutant ligand-binding domain of human estrogen
receptor. Upon chemical induction, ER™ binds 4-OHT and this ectopic protein product is
imported to the nucleus via estrogen receptor where Cre moiety of the protein can take action
to recombine the floxed DNA (Sasson & Notides, 2009; Tymms & Kola, 2003). However, the
knockout efficiency is not 100%. This becomes a disadvantage because in the long term, the

floxed cells will take over the population and the proportion of the knockout cells which have
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a growth disadvantage will gradually decrease. It is especially problematic in our case because
the homozygous knockout cells will not be able to proliferate at all.

This is the major obstacle of this research, which can be bypassed with single clone
selection from the induced stable cell pools. However, this approach also has disadvantages.
The procedure is extremely labor intensive, and the work load exponentially increases when
dealing with multiple cell lines. Regardless of the dilution conditions and strict observations of
the clones throughout their weeks of growth, chances are high that some colonies may not be
monoclonal, again leading to possible contamination of the characterization worthy knockout
cells with floxed cells.

The analogue-sensitive knockout cell lines may become unviable due to possible
negative impacts of ATP binding pocket point mutations on the enzymatic activity. Another
possibility is that the mutation may not render the enzyme analogue-sensitive. In this case, we

have multiple mutation-drug combinations to test.
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4. RESULTS

4.1. Homology modeling
Due to the lack of an ATP-bound crystal structure of Mastl kinase in literature, we
initially modeled this complex with I-TASSER. To determine the homology template to be used
for modeling, we performed pairwise sequence alignment between mouse Mastl kinase
domains and separately ten ATP bound protein kinase crystal structures. PDB entries of the
sample crystal structures are 1ATP, 3VVH, 4EOQ, 4WB5, 4XBR, 4XX9, 5D9H, 5LPY, 50BJ,

and 50SP. Similarity scores were compared in Figure 13.
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1ATP 4WB5S 4XX9 50BJ 4XBR 4EOQ 5D9H 3VVH 50SP 5LPY

Similarity score

o
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Figure 13. Pairwise sequence alignment similarity scores. Sequence similarity of mouse
Mastl kinase domains to the homology template candidate protein kinases. PDB entries 1ATP,
4WBS5, 4XX9, 50BJ, 4XBR, 4EOQ, 5D9H, 3VVH, 50SP, and 5LYP.

According to the pairwise alignment results, mouse cAMP-dependent protein kinase
(PDB entry 1ATP) gave the highest score (486.5) with 29.8% identity and 53.2% similarity.
The level of identity is approximate to the required minimum identity threshold (30%) for
reliable template-based modeling (Diamond & Zhang, 2018; Fiser, 2010; Xiang, 2006).
Therefore, the crystal structure 1LATP was chosen to be used as the template for homology

modeling. The model structure of ATP-bound mouse Mastl is given in Figure 14.
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90°

Figure 14. ATP-bound model structure of mouse Mastl.

The NCMR (non-conserved middle region) is excluded from the model structure. The
N-terminal (32-179) and the C-terminal (726-849) segments encompassing the complete kinase

domains were fused.

4.2. Determination of the active site residues
TargetATPsite webserver was utilized for determination of the ATP binding pocket
residues. By synthesizing the result obtained from this webserver and our visual examination

of the ATP binding pocket, the active site residues were determined manually (Figure 15).
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Figure 15. Active site residues of the ATP binding pocket of mouse Mastl. The ligand is in
green stick form and the active site residues are indicated as red sticks.

The final form of the active site residue set used in HADDOCK refinement is
“9,10,11,12,13,14,15,17,28,30,62,78,79,80,81,85,128,129,131,141,142”.

These active site residues and their respective positions within the full-length mouse
Mastl protein sequence (Uniprot entry GWL_MOUSE Q8CO0P0) are 140, S41, R42, G43, A44,
F45, G46, V48, A59, K61, V93, M109, E110, Y111, L112, D116, D159, N160, L162, T172,
and D173.

4.3. Determination of the gatekeeper residue, ligand coordinates, and restraints
ATP binding pockets of protein kinases are well-conserved. Although this has been a
disadvantage for design of specific inhibitory small compounds, researchers have exploited this
similarity to engineer analogue-sensitive mutants of mainly protein kinases and other proteins.
The point mutations we chose for this study were based on the previous studies in this research
field (Aoi, Kawashima, Simanis, Yamamoto, & Sato, 2014; Bartkowiak, Yan, & Greenleaf,
2015; Bishop, Buzko, & Shokat, 2001; Bishop et al., 2000; Holt et al., 2002; Miadokova et al.,
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2011; Sliedrecht et al., 2010). The notion of the “gatekeeper” residue was initially emerged
from natural occurrences such as mutations in drug-resistant tumor cells. These key residues
were determinants of whether a small compound could efficiently fit in an ATP binding pocket
of a protein kinase or not. Due to the high homology of the ATP binding pockets of protein
kinases, a strong pattern regarding the alleged place of a gatekeeper residue in a new protein
kinase of interest can be captured with simple alignments.

This approach has been accurately and reproducibly utilized throughout the last two
decades (Bishop et al., 2000; Gregan et al., 2007; Jones et al., 2005). Following this
methodology, we determined the gatekeeper residue of mouse Mastl. A representative of the

sequence alignment is given in Figure 16.

Va3 M109
* *

YeastCdk1 KEEKE- - BNE NRENBENESE ARKENENEEE U-DEDERRNWM
Human Cdk1 KEBRH- - PNE NsEcBNEwOE S-RENENEEE E-svDERENE
Human Mps1 NKBEQQHSBEN NRENBNENTE oN-UEvNEVEC c-NEBEnNSWE
Human Mastlt SK- - - -SPEN NMHEN-N¥sBos ANNNNENVEN BENccBNESER
Mouse Mastl SK- - - -SPEN NHEN-NsEas ASNENENVEN ENccBNESEE
Human cKit SEBGNE-ENN BNEEGACTHG GPTE-NNTER ccHNcBRENER
Consensus SKL---SPNI VXLYDYSLQD AXNLYLXMEY L-GGDLKSXL
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Figure 16. Position of the gatekeeper residue in Cdkl1, Mpsl, Mastl, and c-Kit. Single red
asterisk (V93) indicates our backup choice of gatekeeper residue and double red asterisk
(M109) indicates the position of actual gatekeeper residue that has been repeatedly verified in
various studies.

The protein kinases used in this alignment have been subjects of chemical genetics
studies and their analogue-sensitive mutants were both viable and chemically switchable as
desired. Similarly, researchers had used alignments to determine the gatekeeper residues in
these studies (Kissova et al., 2016; Miadokova et al., 2011; Sliedrecht et al., 2010). We selected
two gatekeeper candidates, V93 and M109, to substitute for smaller hydrophobic amino acids.
To increase the probability of obtaining a successful AS Mastl cell line, we aimed to
simultaneously screen multiple mutation combinations. Positions of the to-be-substituted
residues are indicated in Figure 17-A. The superimposed molecular structures of ATP and the

ATP analogues which planned to be used in this study are given in Figure 17-B.
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Figure 17. Molecular structures of the ATP binding pocket of Mastl kinase, ATP, and
ATP analogues. (A) The to-be-substituted residues within the ATP binding pocket are
indicated as red sticks. (B) Superimposed molecular structures of ATP (yellow) and the ATP
analogues 1-NA-PP1 (green), 1-NM-PP1 (cyan), and 3-MB-PP1 (magenta).
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Four separate mutations that used in this study are listed below:

e M109G: Substitution of 109" methionine with glycine.

e MI109A: Substitution of 109" methionine with alanine.

e VI3A/M109G: Substitution of 93 valine with alanine and substitution of 109™
methionine with glycine.

e VI3A/M109A: Substitution of 93 valine with alanine and substitution of 109™
methionine with alanine.

The van der Waals radius is a determinant of the atomic space occupancy, which defines
the distance of closest approach among physically interacting atoms. Due to the vdW repulsion
forces, two atoms can not get closer to each other more than their vdW radii allow. This
boundary naturally occurs as a result of the balance between the interatomic attractive forces
among the opposite charges (nuclei/electron clouds) and interatomic repulsive forces among
the same charges (nucleus/nucleus and electron cloud/electron cloud) of the physically
encountering atoms. Violation of these boundaries is not possible unless the said atoms are
bonded, i.e. covalent bond and hydrogen bond (Rahim & Barman, 1978). Unnatural
overlapping of non-bonded atoms cause steric clashes, which is the result of violation of vdW
radii in silico (Ramachandran, Kota, Ding, & Dokholyan, 2011).

The main gatekeeper residue M109 was also verified by structural alignments. It is a
common practice to determine the gatekeeper residue by demonstrating the steric clash between
an ATP analogue and the gatekeeper residue candidate. To do so, we initially utilized the same
set of proteins with identified gatekeeper residues that we used for sequence alignment (Figure
16). Crystal structures of human WT Cdk1, Mpsl, Mastl, c-Kit, (PDB entries 6GU2, 6B4W,
5LOH, and 6GQJ respectively), and model structure of V93A/M109G double mutant mouse
Mastl in complex with INM-PP1 were superimposed to the model structure of WT mouse Mastl
in complex with ATP. According to the hypothesis, it is expected to observe a steric hindrance
between the larger gatekeeper residue side chains and the naphthalene (two fused benzene
rings) moiety of 1-NM-PP1 ATP analogue (Figure 18).
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Figure 18. Visual analysis of the interactions between the gatekeeper residues and 1-NM-
PP1. The side chains are represented as spheres and the ligand is represented as gray sticks and
dots. The steric clashes between the gatekeeper residue side chains and the naphthalene ring of

1-NM-PP1 are indicated in red circles.

Drawing conclusions from this type of structural alignments can be thought as a

scientifically unreliable approach. Because the ligand coordinates of one complex is overlaid

on the protein coordinates of another complex obtained from a different experimental data or
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on a different model structure. This means that the superimposed ligand and protein
conformations are not expected to fit each other. We exploited this indirect approach to observe
the relatively “free” conformational behavior of the bulky ligand and the gatekeeper residue
side chains without one impacting the other. The structures were superimposed and ligands
other than 1-NM-PP1 were removed. The steric clashes between the naphthalene group of the
ligand and the side chains are clearly visible, which is expectedly not observed in case of the
glycine gatekeeper residue in the bottom-right panel of Figure 18. Importantly, within the ATP
binding pocket, only the gatekeeper residues specifically contributed to the steric hindrance and
other active site residue side chains were relatively distant to the ATP analogue. Furthermore,
when we performed HADDOCK refinement on WT and mutant mouse Mastl variants in
complex with 1-NM-PP1, only the simulation of the WT complex has repeatedly encountered
errors and docking of all mutant complexes were successful (data not shown). These errors are
attributed to the insurmountable steric clashes between the restrained ligand and the gatekeeper
residue side chain. In the bottom-right panel of Figure 18, glycine substitution at the gatekeeper
position expectedly results in a free space between the ligand and the gatekeeper residue,
eliminating the said steric hindrance. The threonine gatekeeper of human WT c-Kit shows a
relatively weak steric clash unlike the near-completely overlapping atoms observed in other
WT structures. In case of c-Kit, the distance between the closest non-hydrogen atoms of the
protein and the ligand is 2 A. Threonine is a relatively small amino acid and chemical genetics
engineering of c-Kit involves slight enlargement of this residue by isoleucine substitution. In
the study, researchers successfully developed a drug resistant c-Kit (Kissova et al., 2016), which
is a reverse approach when compared to our aim of analogue sensitization on Mastl kinase and
the aims of other researchers on Cdk1 (Miadokova et al., 2011) and Mps1 (Jones et al., 2005;
Sliedrecht et al., 2010) kinases. This is consistent with the hypothesis that substitution of the
gatekeeper residue alters the substrate specificity. A larger mutated gatekeeper residue confers
drug resistance as in the case of c-Kit, while a smaller mutated gatekeeper residue confers
analogue sensitization as in the case of Cdkl and Mpsl. In both sequence and structure
alignments, the positions of the gatekeeper residues are overlapping for each protein kinase
(Figure 16, 18). Taken together, these results consistently suggest that the gatekeeper position
of mouse Mastl is the M109 residue.

Another evidence regarding the location of the gatekeeper residue is captured by

alignment of sequences and crystal structures of PP1 analogue-kinase complexes. In human
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WT c-Kit, threonine is present at the gatekeeper position (Figure 16, 18) and this residue was
mutated to a larger amino acid- isoleucine, to achieve drug resistance against imatinib.
Acinetobacter WT APH(3')-la also possess a threonine and protozoan WT CaMK1 kinases

from different species possess a glycine at their gatekeeper position (Figure 19, 20).

*

Protozoan CaMK1 ENBEBSSSEN NNGEENTGGE EEBENNERER
Protozoan TgCOPK1 EREEBKGHNEN BNCENNTGGE UEBENNSRER
Mouse Mastt MSHQSASNEN BEvENENGGE NEsSERHENGE
Acinetobacter APH(3')-la RTPBBA---W BETTANPGET AECNEEENFD
Consensus EXLEDASXFY LVGEXYTGGE LFDEXIXXKR

10073
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Figure 19. Sequence alignment of CaMK1, TgCDPK1, APH(3’)-la, and mouse Mastl.
Position of the gatekeeper residue is indicated with a red asterisk.

The crystal structures in complex with PP1 analogues are examined and it is seen that,
the bulky rings of the ligands are solvent exposed in Acinetobacter APH(3")-la (PDB entries
4FEV, 4GKH, and 4GKIl), whereas they are buried in protozoan CaMK family kinases (PDB
entries 2WEI, 317B, and 3NCG) (Figure 20). According to the data, threonine confers drug
sensitivity in case of c-Kit/imatinib complex but allegedly confers drug resistance in case of
APH(3)-1a/PP1 analogue complexes. This contrast of outcomes can be attributed to the
different physicochemical characteristics of imatinib and PP1/ATP analogues, affecting their
accommodation in the ATP binding pocket.
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Figure 20. Structural alignments of PP1 analogue-protein kinase complex crystal
structures and model structure of ATP bound mouse WT Mastl. (A) Bulky rings of the
ATP analogues are solvent exposed in the presence of threonine gatekeeper residue. (B) The
steric clashes between the bulky rings of crystal structure ATP analogue compounds and the
model structure methionine side chain is indicated by the red circle. The steric clashes are
shown in detail in the zoomed section of the picture given in the bottom-right panel.
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In superimposed crystal structures of Acinetobacter APH(3")-la in complex with ATP
analogues that planned to be used in this study, the position of adenine-like moiety is conserved
while the complete ligand structure is coordinated in an inverted position, exposing the bulky
rings of the ligands out of the ATP binding pocket (Figure 20-A). This can be attributed to the
presence of threonine at the gatekeeper position, not allowing accommodation of the bulky
rings of ATP analogues. Because when the superimposed crystal structure complexes of
protozoan WT CaMK kinases and ATP analogues are examined, the bulky rings of ligands face
the small gatekeeper residue glycine. These data are consistent with the relative sizes of the
gatekeeper residues, threonine and glycine. In Figure 20-B, these CaMK family of kinases are
superimposed to our model structure of mouse WT Mastl in complex with ATP. While the
bulky rings of ligands are relatively free in these complexes because of the small glycine
gatekeeper residue, especially the epsilon-carbon (green) and the sulfur (yellow) atoms of the
methionine gatekeeper residue of our model structure shows steric clash with these rings.
Considering that both protein side chain and ligand non-polar hydrogen atoms are hidden in all
of the structural alignments, steric clashes demonstrated in Figure 18 and Figure 20-B are

remarkable.

In the structure alignments, it is seen that the heterobicyclic moiety and an extending
additional carbon atom (namely C1° atom in ATP) are homologous among ATP and the ATP
analogues. Consistently, these common groups of ATP and ATP analogues are coordinated
similarly in superimposed complex structures. This information is valuable considering that
PyMOL perform structural alignments by considering only the protein residues. As a result,
alignment option of PyMOL did not align the ligands, but coordinates of the ligands were
modified only with respect to the changing protein coordinates throughout the alignment
process. Based on this finding, the weak base moiety of ATP and each ATP analogue were
preferred for atom-atom alignment to set the coordinates of the drugs in the mouse Mastl model

structure, as explained in the computational methods section.

We initially determined the position of the gatekeeper residue by sequence alignment.
We then demonstrated this structurally, showing the hypothetical steric clashes between an ATP
analogue and the gatekeeper residues by superimposing the WT protein kinase crystal structures
to the mutant mouse Mastl/1-NM-PP1 complex model structure. Using HADDOCK
simulations, we proved the incompatibility of an ATP analogue example- 1-NM-PP1, with a
WT protein kinase, Mastl. Lastly, we sampled the available crystal structures of kinase/ATP
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analogue complexes to use them in sequence and structure alignments, further verifying the
position of the gatekeeper residue. Moreover, we observed that the positions of heterobicyclic
moieties of ATP and ATP analogues are well-conserved among the crystal structures and our
model structures, meaning that the coordinates that we defined for the ATP analogues in our
model structures and the atom-atom restraints that we defined for molecular docking are
unbiased.

4.4. Analysis of the evolutionary conservation of the mutation sites
Evolutionary conservation of the residues of wild type mouse Mastl was analyzed via
ConSurf webserver. The server generated an MSA from an ensemble of 150 homologous

protein sequences. A representative of the MSA is given in Figure 21.

93t 109"
* *
001 Input pdb ATOM A SPFVVHLYYSLOSASNIYLIMEYLI

002 UniRef90 UPI00084A2ESD 36 325 SPFIVHLYYSLOSANNVYLVMEYLI
003 UniRef90 AOAOP5SIR8_ 11 192 SPFCVQLFYCLONSSNIYMVMEYMI
004 UniRef90 AOA139A5I3 81 365 HPFIVNLFCTFQDEKCVYMLLEYVC
005 UniRef90 AOAOE9NH43 431 709 HPFLITLWGTFQDSRNLYMVMDFIE
006 UniRef90 AOAOALlUOI5 770 1063 NQSVVKLYYAFQDACSLFLVMEFCP
007 UniRef90 AOA1lY2CQ70_ 7 273 FPFIVNLLCTFQDEKNVYMLLEYVV
008 UniRef90 AOA1J4JQ66 117 394 HPFIVSLYYTFQSPTKFYLCLEFVP
009 UniRef90 AOA3B4B8V2 23 310 HPFLVGLHFSFQT%E}{}ZTTLYFVLDYVN
010 UniRef90 AOCKQl 33 317 HPFIIKLEYAFQNETKLYFCLQYCP
011 UniRef90 AOA1Y2FM81 163 431 HPFTITLWGTFFDSKNLYMVMDFIE
012 UniRef90_UPI0008F9D571_40_324 HPFIVNLKWYYHDSCHLFMLFEYVC
013 UniRef90 AOAOT6BFX1_ 67 359 HPFIVDLKYAFQTGGKLYLILEYLS
014 UniRef90 K2RR45 72 363 HPFITTMIASFOQDHDSLYMLLDYCP
015 UniRef90 AOA3QICQK9 31 316 HPFLVGLHFSFQTONTLYFVLDYVN

Conservationcolorruler: @12 3 4 5 6 78|}
I ———

(increasing conservation)

Figure 21. Analysis of the evolutionary conservation of the mouse Mastl residues by
ConSurf. Representatively first 15 sequences of the MSA is given in the figure. The UniProt
reference cluster IDs of the sequences (left) and the sequence stretches which encompass the
to-be-substituted residues are shown (right). Conservation levels were semi-quantified with a
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color ruler with dark-cyan representing the weakest level of conservation and dark-magenta
representing the strongest level of conservation.

Residues were numbered with respect to their positions in mouse Mastl protein
sequence. At the position 93, approximately 64% of the sequences have a valine. At the position
109, approximately 50% of the sequences have a methionine. Both 93" and 109" positions of

mouse Mastl are remarkably conserved.

4.5. HADDOCK refinement and analysis of the computational results
Using the atom-atom restraints and empirically determined active site residues,
HADDOCK refinement was applied on the prepared model complexes. According to the
results, all of the mutations yielded an increase in the electrostatic interactions but a decrease

in non-polar interactions (Figure 22).
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Figure 22. HADDOCK scores. HADDOCK refinement scores (electrostatics, van der Waals,
BSA, and total score) of the WT, M109G, M109A, V93A/M109G, and V93A/M109A mutant
mouse Mastl-ATP complexes. Lower values indicate stronger interaction for electrostatics,
vdW, and total score. Higher values indicate stronger interaction for BSA.

Increase in the electrostatics is attributed to the possible decrease of distance between a
hydrogen bond donor from the protein and a hydrogen bond acceptor from the ligand. It is

possible that with the loss of a large aliphatic side chain, the adenine ring can get closer to the
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backbone of the protein, thus increasing the probability of establishment of a new hydrogen
bond between the ligand and the peptide bond.

Model complexes with the complete ATP molecule, 1-NA-PP1, 1-NM-PP1, and 3-MB-
PP1 were also simulated (data not shown). All complexes possessing the complete ATP
molecule have generally shown the strongest interactions when compared to the other
complexes. In case of electrostatics, the difference is dramatic. Fold change of electrostatics
score fluctuated approximately within a range of 10 to 140 folds, which is expected due to the
presence of a triphosphate group in the complete ATP molecule. When the truncated ATP
molecule (adenine) complexes were compared to the ATP analogue complexes, the
electrostatics score difference was insignificant among mutant complexes. Mouse Mastl V93A-
M109A double mutant/1-NA-PP1 complex yielded the lowest electrostatics score (-17.92
kcal/mol) and the strongest electrostatic interactions. The ATP analogue complexes yielded
vdW scores approximately in a range of 2 to 5 folds that of adenine complexes, with mouse
Mastl V93A-M109A double mutant/1-NM-PP1 complex showing the lowest vdW score (27.09
kcal/mol) and the strongest vdW interactions. BSA scores of the ATP analogue complexes were
approximately two times that of the adenine complexes, with mouse Mastl V93A-M109G
double mutant/1-NM-PP1 complex yielding the highest BSA score (633.6 A) and the strongest
hydrophobic interactions. Total HADDOCK scores of the ATP analogue complexes were
approximately 1.3 folds that of adenine complexes, with Mouse Mastl M108G mutant/1-NM-
PP1 complex showing the lowest total HADDOCK score (-84.6) and the strongest interactions.
For each type of score, the score difference among the subsequently ranked complexes were

generally insignificant.

PLIP detects hydrophobic interactions, hydrogen bonds, water bridges, parallel -
stacking, perpendicular n-stacking, m-cation interactions, halogen bonds, salt bridges, and metal
complexation among a given protein-ligand pair. We checked the selected HADDOCK output
complexes on PLIP to set a mechanistic hypothesis regarding the HADDOCK scores. In the
HADDOCK refined complexes, using PLIP, the only detectable interaction type was hydrogen
bond. In contrast to our comments on the raw HADDOCK scores, the results of PLIP indicated

loss of one hydrogen bond in the presence of any mutation (Figure 23).
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V93A/M109G , V93A/M109A

Figure 23. Protein-ligand interactions of the HADDOCK refined complexes. HADDOCK
output complexes were submitted to PLIP webserver for characterization of the protein-ligand
interactions. When compared to the mutant complexes, the wild type complex possesses an
extra hydrogen bond. The different residue (threonine) that contributes to this extra hydrogen
bond as a donor is indicated by the red circle.

In the sequence order of mouse Mastl model structure, residues which contribute to
hydrogen bond formation are E79, L81, and T141. While the glutamate backbone carboxyl and
the leucine backbone amino groups are conserved among all complexes as the H-bond acceptor
and donor respectively, only in the case of WT complex, the side chain hydroxyl of the

threonine is present as an extra H-bond donor.
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Both approaches are in agreement that the overall interaction is weakened in mutant

proteins although the loss of interaction is attributed to the different aspects of physical
properties.

4.6. Molecular cloning
An HA tagged full-length mouse Mastl cDNA in pBABEpuro retroviral expression
vector was used as a template for the mutagenesis PCR and subcloning of the mutant Mastl
cDNAs. The mutant cDNAs were successfully subcloned into the empty vector and verified by

colony PCR, restriction mapping, and Sanger sequencing subsequently.

Using Pstl or Hindlll and EcoRI endonucleases for restriction analysis, colony PCR-

verified clones for each DNA construct gave the correct pattern (Figure 24).
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Figure 24. Restriction analysis of the plasmid DNA constructs used in this project.
pBABEpuro DNA constructs were digested using Pstl. Lentiviral vectors were digested using
Hindl1l and EcoRlI.

Selected pBABEpuro mutant Mastl clones were further subjected to sequence

verification. A representative of the Sanger sequencing results is given in Figure 25.
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Figure 25. Sanger sequencing results of pBABEpuro mouse HA-Mastl DNA constructs.
The codons encoding the gatekeeper residues were successfully changed. The codon encoding
the 93" position in the protein sequence was mutated from GTG to GCG for substitution of
valine for alanine. The codon encoding the 109" position in the protein sequence was mutated
from ATG to GGG for substitution of methionine for glycine or to GCG for substitution of
methionine for valine.

The verified bacterial clones were stored frozen as glycerol stocks. Transfection grade
plasmids were prepared from these bacterial clones and each new preparate was verified again

by restriction mapping.

4.7. Cell line engineering
The efficiency of Mastl gene knockout by the tamoxifen-inducible Cre-ER™ system was

verified at the protein level by Western blot and immunocytochemistry (Figure 26).
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Figure 26. Analysis of the efficiency of tamoxifen-inducible Cre-ERT? system. Knockout
was induced when cells were confluent and under contact inhibition. 20 ng/mL 4-OHT
containing starvation medium was added to the confluent cells and cells were analyzed three
days post-induction. (A) Approximately 30 pg/lane protein was loaded for Western blot
analysis of Mastl expression. (B) Immunocytochemical analysis of the Mastl stained (green)
uninduced and induced cells. Scale bar 100 um.

71



Three days post-induction, Mastl protein levels were analyzed by both Western blotting
and immunocytochemistry and the protein levels were below detectable levels using both
techniques. For Western blots, even when the exposure was increased, Mastl could not be
detected in 4-OHT treated cells. During interphase, Mastl is localized to the nucleus. In
immunocytochemistry experiments, increasing the exposure levels pre-acquisition or post-

acquisition did not show a specific nuclear signal.

The control group used in the Western blot experiment was an asynchronous MEF
population, as a result, the population contained a low proportion of mitotic cells at the time of
harvest. Mastl is hyperphosphorylated in the mitotic cells. The faint band above the intense
Mastl band is the slower migrating phosphorylated form of Mastl kinase. In
immunocytochemistry results, specific Mastl stain was not observed in 4-OHT treated cells.
Mainly background signal and autofluorescent particles were detected. In summary, the
comparative Western blot and immunocytochemistry results of uninduced and induced cells

showed that the Cre-ER 2 system works efficiently.

Next, protein expression from the pBABEpuro DNA constructs was tested by Western
blot analysis of the transiently transfected 293FT cells (Figure 27).
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Figure 27. Western blot analysis of protein expression using the pBABEpuro DNA
constructs. 293FT cells were transfected with the indicated Mastl DNA constructs. Cells were
harvested two days post-transfection and approximately 10 pg/lane protein was loaded.
Utilizing anti-Mastl and anti-HA tag antibodies, total Mastl and transfected Mastl (HA tag)
expression levels were analyzed by Western blot.

Using the pBABEpuro DNA constructs, exogenous protein expression levels were
found to be very low. Mastl signal intensity was similar between cells transfected with the
empty vector versus Mastl coding vectors. Using anti-HA antibodies, transfected Mastl could
be barely detected. Given that we performed transient transfection and analyzed the protein
levels when the expression levels are expected to be at peak, the exogenous protein expression

was several folds below the expected levels.
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pBABEpuro Mastl vectors were used to prepare retrovirus particles as described in the
Materials and Methods section. Conditional knockout cells were infected by retrovirus particles
and selected using the puromycin antibiotic resistance marker for longer than one week.

Selected cells were analyzed by immunocytochemistry (Figure 28).
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Figure 28. Immunocytochemical analysis of Mastl expression in the stable cell lines. Rabbit
anti-Mastl primary antibody and goat anti-rabbit Alexa 488 secondary antibody (green) were
used for total Mastl staining. Mouse anti-HA tag primary antibody and goat anti-mouse Alexa
594 secondary antibody (red) were used for HA tag staining. Scale bar 100 um.
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In interphase, Mastl is localized to the nucleus. Asynchronous populations are >95%
constituted of interphase cells for these cell lines, as a result, the Mastl stain and the HA tag
stain are expected to be localized to the nuclei in majority of the cells. We did not observe a

significant increase in Mastl expression levels in virally transduced cell populations.

4.8. Genotyping
Knockout was induced in the stable cell lines with 4-OHT (dissolved in DMSO)
treatment. Control groups were treated with an equal volume of DMSO without 4-OHT. Briefly,
for each cell line, samples were taken at day 0, 3, and 14 post-induction to verify the success of

knockout by genotyping PCR (Figure 29).
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Figure 29. Genotyping PCR results of the knockout induced stable cell lines. Samples were
collected from the induced cell pools for genotyping, at day 0, 3, and 14. 500 bp band indicates
knockout and 300 bp band indicates the presence of the floxed DNA.

Due to the nature of the inducible Cre systems, each cell line has a basal level of
knockout cells as a result of spontaneous Cre leakage into the nucleus, in this case even without
4-OHT induction (Hans et al., 2011; Zhong et al., 2015). Three days post-induction, practically
complete knockout of each cell population was observed. However, initially undetectable
numbers of floxed cells (both homozygous and heterozygous) have proliferated and dominated
the population within two weeks in all cell lines, except for the ectopic WT HA-Mastl
expressing cell line (Figure 29). Cells escaping knockout is a known disadvantage of the
inducible Cre systems (Bao, Ma, Schuster, Lin, & Yan, 2013; Song & Palmiter, 2018).
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Considering these facts and the essentiality of Mastl for proliferation, we decided to use
these technical obstacles as a means to determine whether the mutant Mastl variants can rescue
the loss of function phenotype or not. Briefly, exogenous KD HA-Mastl expressing induced
stable cell line was used as a negative control, and exogenous WT HA-Mastl expressing
induced stable cell line was used as a positive control. Even after two weeks of culturing, there
was not detectable amount of floxed cells in the exogenous WT HA-Mastl expressing
population, but exogenous KD HA-Mastl expressing population has shown floxed genotype
(Figure 29). This result verified the notion that exogenous WT HA-Mastl expression rescued
Mastl knockout, therefore cells which might have escaped knockout induction could not take
over the population. Furthermore, single clones were isolated and genotyped from knockout
induced exogenous KD HA-Mastl expressing cell line and knockout induced exogenous WT
HA-Mastl expressing cell line. A total of eight clones were genotyped from both of these cell

populations (Figure 30).
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Figure 30. PCR genotypes of single clones isolated from the knockout induced stable cell
lines. KD or WT HA-Mastl expressing cKO-MEFs were induced and single clones were
isolated from the cell pools 6 days post-induction. For both cell lines, eight grown clones were
selected, expanded, and PCR genotyped.

All of the clones derived from exogenous KD HA-Mastl expressing cell line were floxed
and all of the clones derived from exogenous WT HA-Mastl expressing cell line were

homozygous knockout (Figure 31).
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Figure 31. KO and flox genotype percentage of single clones isolated from induced stable

cell lines.

Our experimental approach works from a proof of principle perspective. Nevertheless,
according to our results, it is clear that none of the engineered mutants can rescue the loss of

endogenous Mastl.

4.9. Bright field microscopy

Conditional knockout cells were engineered and selected to stably express exogenous
Mastl mutants. Knockout was induced by 4-OHT treatment and micrographs were taken at day
0, 3, and 14. Phenotypic features of Mastl-null cells were explained in previous sections. Mastl
is essential for cell cycle. As a result, Mastl-null cells show significant visual phenotypes, i.e.
senescence, enlarged cell size, and multilobular nuclei. This is an advantage in terms of ease of
analysis, because abnormalities can be detected without the need of delicate technigues.
Proliferation and morphological features of the knockout induced and control group cell lines

were initially analyzed by bright field microscopy (Figure 32).
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Figure 32. Bright field micrographs of DMSO or 4-OHT treated stable cell lines.

Micrographs were taken at day 0, 3, and 14 post-induction. Scale bar 160 um.
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Stable cells were seeded at low density and similar amounts before induction. At day
three, it is visible that only the exogenous WT HA-Mastl expression could rescue the loss of
endogenous Mastl. However, we concluded that expression levels may not be sufficient because
we have repeatedly observed that DMSO treated control cell line proliferated at a visibly faster

rate than 4-OHT treated exogenous WT HA-Mastl expressing cell line.

Cell lines which failed to rescue the loss of endogenous Mastl have undergone
senescence as observed in the micrographs taken at day three. Cells were analyzed periodically
until day fourteen and we observed that the proportion of morphologically abnormal cells
decreased and morphologically normal cells gradually dominated the population, consistent

with the genotyping results.

4.10. Use of lentiviral vectors for ectopic Mastl expression

Ectopic expression levels of the transduced and selected stable cell lines were
insufficient. To achieve higher expression levels, in our final attempt, we switched from
ecotropic retroviral expression system to lentiviral expression system. According to our
previous observations, lentiviral expression systems have shown higher transduction efficiency
and yielded higher expression levels. The reason we initially used an ecotropic retroviral
expression vector- pBABEpuro, is that, it includes a eukaryotic antibiotic selection marker-
puromycin, that allows the enrichment of the successfully transduced cells. However, our
lentiviral expression system does not possess such a selection feature or a fluorescent marker

to use for FACS (fluorescence-activated cell sorting).

To test this alternative with a fast trial, we initially subcloned one of the mutants to the
empty lentiviral vector pBOBI and used it in parallel with the preexistent pBOBi mouse WT
HA-Mastl construct. After the last round of infection, cells were seeded on coverglasses and
analyzed by immunocytochemistry. Total Mastl expression and exogenous Mastl expression

were shown in Figure 33.
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Mastl HA-tag
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Figure 33. Immunocytochemical analysis of lentiviral mouse HA-Mastl expression in
MEFs. Immunocytochemical analysis of MEFs were infected with WT HA-Mastl and M109A
HA-Mastl lentivirus particles. Using HA tag staining, presence of the exogenous Mastl was
shown by immunocytochemistry. Rabbit anti-Mastl primary antibody and goat anti-rabbit
Alexa 488 secondary antibody (green) was used for total Mastl staining. Mouse anti-HA tag
primary antibody and goat anti-mouse Alexa 594 secondary antibody (red) were used for HA
tag staining. Scale bar 100 pm.

Next, total Mastl expression levels from the ecotropic retroviral transduction and
lentiviral transduction were compared by immunocytochemistry. The visibly highest
expressing single cells were sampled from the micrographs for both techniques (Figure 34).
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Figure 34. Immunocytochemical comparison of total Mastl expression levels using
ecotropic retroviral transduction and lentiviral transduction techniques. Total Mastl
expression levels are shown in Mastl stained (green) ecotropic retroviral and lentiviral
transduced MEFs. Scale bar 25 pm.

Immunocytochemical comparison of two different transduction approaches have shown
that lentiviral transduction yielded visibly higher expression levels. The majority (>95%) of
ecotropic retroviral transduced cells lacked exogenous expression and the majority (>95%) of

lentiviral transduced cells showed exogenous expression (data not shown).

In our laboratory, lentiviral overexpression system has been used previously in other
projects. We have used pBOBI vector for expression of Arppl9 protein. pBOBI HA-Arppl19
expression vector was transiently transfected into HEK293T cells. Expression levels of total
Arppl9 and HA tag was analyzed by Western blot two days post-transfection (Figure 35-A).
Lentivirus particles were produced for overexpression of WT HA-Arppl9 and S62A HA-
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Arppl9, and cKO-MEFs were infected. Overexpressing single clones were isolated from the
transduced cell pools and their expression levels were analyzed by Western blot (Figure 35-B).
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Figure 35. Western blot analysis of protein expression using the pBOBI DNA constructs.
Arppl9 and HA tag primary antibodies were used at 1:1000 dilution. (A) The expression vector
is transiently transfected to HEK293T cells and expression levels were analyzed by Western
blot 2 days post-transfection by loading the indicated amounts of protein. (B) Lentiviral
overexpression of WT HA-Arppl9 and S62A HA-Arppl9. Expression levels of the single

clones were screened by Western blot. 10 pg/lane protein was loaded.

Expression levels of the selected overexpressing clones were verified by

immunocytochemical analysis (Figure 36).
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Figure 36. Immunocytochemical analysis of protein expression using the pBOBI DNA
constructs. Rabbit anti-Arpp19 primary antibody and goat anti-rabbit Alexa 488 secondary
antibody (green) was used for total Arppl9 staining. Mouse anti-HA tag primary antibody and
goat anti-mouse Alexa 594 secondary antibody (red) was used for HA tag staining. Scale bar
100 pm.

Using pBOBI lentiviral protein expression vector, approximately up to 4 folds of

overexpression was achieved at the protein level.

Among the factors that may affect expression levels are the protein to be expressed and
length of the insert in between the LTR sequences. For this reason, lentiviral overexpression
data given in Figure 35 and Figure 36 are not directly comparable to the overexpression attempt

of Mastl cDNAs. However, our trial data of Mastl overexpression (Figure 33, 34) and the data
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of Arpp19 overexpression (Figure 35, 36) are together promising for the capabilities of pBOBI

lentiviral protein expression vector.

Ecotropic retroviruses can only infect rodents while pseudotyped pantropic lentiviruses
can infect also many other species (Cronin, Zhang, & Reiser, 2005; Gladow, Becker,
Blankenstein, & Uckert, 2000). In this study, we used ecotropic retrovirus to transduce murine
cells. Both the retroviral and lentiviral vectors we used in this study utilize a CMV promoter.
CMV promoters are strong promoters and they are known to achieve high transgene expression
levels (Benabdallah, Rousseau, Bouchentouf, & Tremblay, 2005; Qin et al., 2010).

It is known that lentiviral transduction achieves higher transgene expression levels when
compared to retroviral transduction (Abdellatif et al., 2006). When other distinguishing features
of retroviruses and lentiviruses are compared, the higher expression levels achieved by
lentiviral transduction is understandable. The retroviral transgene integration pattern is more
focused on transcriptionally active sites while the lentiviral transgene integration pattern shows
a more random distribution across the genome (Senigl, Miklik, Auxt, & Hejnar, 2017).
Retroviral transgene integration requires that the target cells are actively proliferating, because
genome integration is limited to the S phase and the retroviral elements can not penetrate the
nuclear envelope (Swanstrom & Vogt, 1990). Lentiviruses can achieve genome integration in
both proliferating and non-proliferating cells, because genome integration is not limited to the
S phase and the lentiviral elements can penetrate the intact nuclear envelope (Miihlebach et al.,
2005).

Viral particles are active supramolecular complexes with limited lifespan, during which
they have the potential to successfully infect the host cells. Throughout the procedure of
infection, the host cells are exposed to the viral media for up to approximately 24 hours. Within
this period of time, the host cells are incubated at 37°C, which is not a favorable condition for
the lifespan of viral particles (Beer, Meyer, Miiller, & Wirth, 2003). We performed infections
on asynchronous cell populations. Retroviral elements can reach the host DNA only in the
portion of cells undergoing mitosis. Mitosis is the shortest phase (~1 hour) of mammalian cell
cycle and as a result, the proportion of mitotic cells in an asynchronous cell population is low.
Upon reconstitution of nuclear envelope, the local retroviral elements can not efficiently
perform the genome integration until the newly generated host cells enter the next S phase. The
duration of the S phase takes approximately one fifth of the mammalian cell cycle (Anglana,
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Apiou, Bensimon, & Debatisse, 2003). This means that even after successful penetration of the
cell membrane, genome integration may not occur throughout the following several hours, thus
some viral particles may lose activity. But in case of lentivirus, virtually every viable cell in the

culture is available for genome integration in any given time period.

Briefly, it can be stated that, when compared to retroviruses, lentiviruses can achieve
higher amounts of successful genomic integration. As explained, lentiviruses target a broader
range of sites across the genome throughout a broader range of time period during the cell cycle
progression of the host cells. Based on this, it can be expected for lentiviral transduction to be
more efficient, because probabilistically, higher copy numbers of transgene can be successfully

integrated into the genome.
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5. DISCUSSION

In this study we aimed to develop ATP analogue-sensitive Mastl mutant cell lines in
order to be able to further probe the functions of the enzyme via spatio-temporal technigues.
Our initial approach was to edit the endogenous loci utilizing the CRISPR-Cas9 system. After
a year of failed attempts, we switched to readily available Mastl conditional knockout cells.
With this approach, we first had to exogenously express the mutant Mastl variants, and then

induce knockout.

Exogenous Mastl expressing stable cell lines were established and exogenous Mastl
levels were analyzed by immunocytochemistry. Although the cells were subjected to antibiotic
selection post-transduction, the expression levels did not significantly increase for each cell line
or expression levels were below detectable levels for the majority of the cells within the
populations (Figure 28). This result is consistent with the protein analysis result of the transient
transfection experiment (Figure 27), which showed near-undetectable expression levels when
compared to our other Western blot results (Figure 35) of another project using a different
overexpression vector. However, according to the initial trials, exogenous HA tagged wild type
Mastl expression could rescue the Mastl knockout phenotype but kinase dead Mastl expression
could not. Although the ectopic protein levels in the stable cell lines are below detectable levels,
it is clear that our system works in principle. Reliability of our system was repeatedly verified
by genotyping and periodical visual analysis of the 4-OHT treated pool cell populations (Figure
29, 32 respectively) and genotyping of the isolated single clones (Figure 30, 31). Based on these
results, we can conclude that our allegedly analogue sensitizing mutations inactivate the kinase.
However, we can not rule out the fact that a successful overexpression of these mutant proteins
can rescue the knockout by compensating for the possible partial inactivation of the mutant
enzyme. Because even low-level expression of the ectopic wild type Mastl efficiently rescued
the knockout phenotype.

Regarding the inactivation of the enzyme by mutations, several possible explanations
can be made by checking the evolutionary conservation of the residues of interest (Figure 21),
positions (Figure 17-A) and characteristics of the mutations, and visual examination of the
protein-ligand interface (Figure 18, 20).

Although the to-be-substituted residues are not located in a catalytically known motif,
their relatively high conservation levels (64% for the valine at 93" position and 50% for the
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methionine at 109" position) may designate an unknown biochemical importance for the

protein structure and function.

At first glance, valine (93™") to alanine substitutions may not be in a critical position to
present a danger in terms of enzymatic activity. It is uncharged and located in the middle of a
loop between conserved secondary structures. Valine and alanine side chains possess similar
characteristics, thus substitution of one for another is not expected to cause a direct structural
instability or loss of a key protein-ligand interaction. On the other hand, methionine (109'") to
glycine or methionine (109™) to alanine substitutions are arguably more dramatic. This residue
takes place at the end of a B-strand within the anti-parallel -sheet moiety of ATP binding
pocket (Figure 17-A). In this case, especially methionine to glycine substitution can be expected
to cause a structural instability due to the truncation of the secondary structure. Methionine has
a large aliphatic side chain, also including a large sulfur atom. Although methionine, alanine,
and glycine are similar in terms of polarity, these substitutions can cause a formidable
difference in intramolecular and intermolecular non-polar interactions as a result of the

remarkable decrease in the space occupancy.

The computational data we obtained in this study can not be directly correlated with an
experimental result. Due to the technical shortages, we could not perform in vitro kinase activity
assays on purified WT and mutant mouse Mastl variants. Our data is qualitative, showing
whether a mutant exogenous protein can rescue the loss of endogenous Mastl or not. Regardless
of that, we performed the simulations to aid our choice of optimal mutation-drug combinations

and to understand the effect of point mutations on the ATP and drug binding energetics.

In previous studies carried out in this research field, using yeast as a model organism,
partial inactivation has been observed in analogue-sensitive mutant enzymes. The reasons
behind that are possibly similar to those explained in this section. In our case, aside from the
chemical aspect, practically total unviability of our mutant cell lines can be attributed to the low
expression levels and the fact that we are working on a more delicate biological system. Under
circumstances in which the exogenous protein can be expressed at higher folds, partial loss of

activity as a result of the mutation can be rescued by excess quantities of the protein.
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6. CONCLUSION AND RECOMMENDATIONS

In this work, we have aimed to engineer mammalian cell lines expressing analogue-
sensitive mutants of Mastl kinase. Our initial approaches of editing the Mastl loci in human cell
lines using CRISPR/Cas9 system and homology directed repair were not successful (data not
shown). As a result of these earlier efforts, we decided to utilize the Mastl conditional knockout
mammalian cell line that was obtained from Kaldis lab (IMCB A*STAR, Singapore), to test
the analogue-sensitive kinase variants. In these cells, the Mastl locus can be easily deleted with
the addition of 4-OHT to the culture medium. We aimed to express the mutant cDNAs by
transduction of retroviral constructs and delete the endogenous loci by 4-OHT addition
respectively. Although the system worked well from a proof of principle perspective, as
exogenous HA tagged wild type Mastl expression could rescue the deletion of endogenous
Mastl, none of the mutant constructs were able to rescue the knockout. In conclusion, the mutant
kinase variants we have engineered are either producing inactive enzymes or enzymes with
reduced activity due to possible conformational changes of the ATP binding pocket or loss of
key protein-ligand interactions, such as a hydrogen bond (Figure 23). Reduction of the
enzymatic activity may result in a kinase dead phenotype as the expression of the exogenous

Mastl was found to be at low levels when we utilized the pPBABEpuro system.

In the future follow up studies, we aim to express the exogenous Mastl, using a lentiviral
vector- pBOBI, which can overexpress ectopic proteins in higher quantities according to our
previous observations from another project. These studies have already been initiated and

currently underway.

Alternatively, as a parallel backup approach, we aim to express exogenous Mastl
constructs in common human cell lines (i.e. HEK293, HelLa) and silence/knockout the
endogenous Mastl using shRNAs or CRISPR/Cas9 system, respectively. Briefly, both for
overexpression and silencing, we aim to generate stably transfected cells from transiently
transfected cell populations by use of eukaryotic antibiotic selection post-transfection. These

studies are also currently underway.

According to the computational results, no single mutation-drug combination stood out
as an optimal choice. Because ranking of the complexes varied among different type of scores.
As a result, we again decided to simultaneously use more than one mutant construct throughout

the alternative experimental approaches, lentiviral transduction and stable transfection.
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