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Abstract

Deregulation of protein kinases is associated with many diseases making them
important targets for therapeutic intervention. Kinases can switch between active and
inactive conformations that can be targeted by type 1 or type 2 inhibitors respectively.
One of the most relevant conformational switches is the ‘in’ and ‘out” movement of the
ATP/Mg?* binding motif DFG. Factors modulating the conformational equilibria such as
the residue environment of regulatory motifs remain poorly understood despite their
importance for drug discovery.

In this thesis, the first model system tested the hypothesis that accessibility of the
DFG-out conformation is restricted by the energetic cost of transition between the in
and out states. CDK2 was chosen as a target that was thought to have an inaccessible
DFG-out conformation, and several point mutations were introduced to promote this
conformational transition. Detailed biochemical and biophysical characterisation
illustrated that the mutants bound type 2 inhibitors more potently than the wild type. In
addition, the wild-type CDK2 was shown to bind type 2 inhibitors in the absence, but
not in the presence, of cyclin. The first known CDK2 co-crystal structure in the DFG-out
conformation was solved, opening the door to a new class of CDK2 inhibitors.

In the second project, site-directed mutagenesis was used to explore the residues
determining inhibitor selectivity between PIM1 and PIM2. Evaluation of ligand binding
to the variants and comparison of PIM1 and PIM2 crystal structures showed that
flexibility of the phosphate-binding loop was the dominant factor determining the
differences in their affinities for ATP and small molecule inhibitors.

These studies illustrate that residues contributing to kinase conformational equilibria
can be just as important for inhibitor binding as contact residues formed in the ligand

complex.
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1. Introduction

1.1. Protein kinases and their role in diseases

The human kinome comprises 518 protein kinases, which control and modulate a wide
range of biological processes (Manning et al., 2002). These enzymes all catalyse the
same reaction in eukaryotic cells, the transfer of the y-phosphate group of adenosine
triphosphate (ATP) to the hydroxyl group of a serine, threonine or tyrosine residue on a
substrate.

Hanks and Hunter performed sequence conservation and phylogeny analysis of the
protein kinases and revealed many conserved motifs, which were classified into 12
subdomains (Hanks et al., 1988). Today the kinase family is structurally well defined
and by August 2013, 198 unique human kinase domain structures had been
determined and deposited in the protein data bank (PDB) (Berman et al., 2000). Even
though they are diverse in their amino-acid sequence, all typical protein kinases share
a conserved bilobal fold, formed by 250-300 amino acids (Figure 1.1). The N-terminal
lobe is composed of B-sheets and the conserved regulatory ‘helix aC’, whereas the
larger C-terminal lobe consists mainly of a-helical secondary structure; the two lobes
are connected by a loop called the ‘hinge’. The ATP binding pocket is located in a deep
cavity formed by the N- and C-terminal lobes and is lined by structural elements
responsible for the catalytic activity of the kinase.

One of these elements, the ‘activation loop’ located in the C-terminal lobe, is typically
formed by 20-30 residues and functions as a docking site for the substrate. The N-
terminus of the activation loop is marked by the highly conserved sequence motif DFG
(Asp-Phe-Gly), where the aspartate is critical for protein catalysis by interacting with a
magnesium ion that coordinates the y-phosphate groups of ATP (Hubbard, 1997,

Taylor and Kornev, 2011). Protein kinase activity is controlled by multiple mechanisms
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and commonly involves large conformational changes of the activation loop when the
kinase switches between its inactive and active forms.

Another conserved motif, HRD (His-Arg-Asp), is located in the catalytic loop that
directly precedes the activation loop. The HRD motif's aspartate acts as a catalytic
base that deprotonates the hydroxyl group of the substrate residue during the
catalysis (Gibbs and Zoller, 1991, Jura et al., 2011).

An important structural element, the ‘P-loop’, is located in the N-terminal lobe between
the B2 and B3 strands and contains a conserved glycine-rich sequence motif
(GXGX9G), where ¢ is usually phenylalanine or tyrosine. The flexible P-loop plays a
crucial role in catalysis by forming a part of the ATP binding pocket and by making
interactions with the 3 and y-phosphates of ATP.

Another important structural element is helix aC in the N-terminal lobe of the kinase.
This very dynamic helix contains a conserved glutamate residue (‘aC-Glu’), which
forms a salt bridge with a conserved lysine residue in strand B3 (‘cat-K’) in order to
coordinate a- and B-phosphate groups of the ATP molecule. Indeed, the mutation of
catalytic lysine is known to generate catalytically dead kinases (Bachmann and Mordy,
2005, lyer et al., 2005).

Protein kinases are turned on and off by very precise biological mechanisms. During
reversible inactive-to-active conformational transitions, the structural elements, such as
the helix aC, the P-loop and the DFG motif play important regulatory roles (Mdbitz and
Fabbro, 2012, Huse and Kuriyan, 2002). Certain features might facilitate the flip of the
DFG motif by providing space for the phenylalanine and by coordinating the aspartate
side chain when it rotates out of the active site (Huse and Kuriyan, 2002, Levinson et
al., 2006). Moreover, a network of conserved hydrophobic interactions between the P-
loop, helix aC and the activation segment have been suggested to be central in kinase
activation by linking the ATP and substrate binding regions. Spatially conserved

hydrophobic motifs, termed ‘spines’, reveal the internal architecture of protein kinase
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core (Kornev et al., 2006). First is the regulatory spine, which consists of four non-
consecutive hydrophobic residues from B4 strand, the helix aC, the activation loop and
the catalytic loop. The regulatory spine is assembled in active kinases and
disassembled if a kinase is inactive. Another is the catalytic spine, which comprises
eight conserved residues from both N- and C- terminal lobes and is completed by the
ATP molecule. Both spines are connected to the helix aF, which is deeply buried in the
C-lobe.

In most cases the kinase and substrate have complementary sequences and there
interactions are based on charge, hydrogen bond formation or hydrophobic effect

(Section 1.4.2).
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Figure 1.1 Protein kinases and their conformations. (a) Structure of a typical kinase, PDB: 2c3i.
The chain is coloured beginning with blue at the N-terminus going through the rainbow to red at
the C terminus with structural elements labelled. (b) Comparison of different conformational
states of ABL kinase in complex with the DFG-out inhibitor, PDB: 3kfa and (c) with the DFG-in
inhibitor, PDB: 3kf4. The effect of the inhibitor on the size and shape of the binding pocket is
shown with a surface representation of the binding site. (d) Schematic representation of ATP-
binding pocket with the key elements indicated.
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1.2. Protein kinases as drug targets

Protein kinases are involved in many cell signalling networks and coordinate basic
cellular functions such as gene expression, cell division and differentiation. Dysfunction
of kinases, mainly overexpression and upregulation, has been implicated in many
diseases including cancer, diabetes and inflammation (Noble et al., 2004, Zhang et al.,
2009). Protein kinases therefore have been attractive targets for drug development,
and small molecule inhibitors have been extensively pursued for potential therapeutic
benefits.

The inhibitors that target the ATP-binding pocket are commonly classified into type 1
and type 2 (Liu and Gray, 2006). Type 1 inhibitors occupy the ATP site of the active
form of a kinase and have at least one hydrogen bond donor or acceptor which
enables binding to the hinge region (Figure 1.1b). Type 2 inhibitors also bind to the
ATP site, but recognise the inactive DFG-out conformation and occupy the
hydrophobic side pocket vacated by the phenylalanine of the DFG motif (Figure 1.1c
and Figure 1.2b). Not all type 2 inhibitors form a hydrogen bond with the hinge; one of
their distinct features is a central urea or amide linker, which serves as a facilitator of
an essential hydrogen bond between the aC-Glu side-chain with the backbone amide
of aspartate of the DFG motif. Hydrophobic moieties of type 2 inhibitors extend into the
deep DFG-out pocket providing additional interactions with the target, whereas an
orthogonally arranged aromatic scaffold enhances the affinity and ensures an
extended conformation of the small molecule (Figure 1.2).

All active kinases are designed to bind ATP and hence have a similar active site
architecture, while inactivation of a protein kinase often involves large movements of its
subdomains, making this state structurally diverse. The targeting of distinct inactive
conformations of kinases has emerged as a promising strategy for inhibitor design after
the first kinase inhibitor, imatinib, was approved by the Food and Drug Administration

(FDA) in 2001. The success of imatinib was phenomenal and this drug revolutionised
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the treatment of chronic myeloid leukaemia (CML). According to the clinical studies
reports, "complete hematologic responses were observed in 53 of 54 patients with
CML treated with daily dosage of 300 mg or more and typically occurred in the first four
weeks of therapy" (Druker et al., 2001), whereas the five-year follow up study
estimated overall survival rate for patients to be 89%, with a relapse rate of only about
17% (Druker et al., 2006). Crystallographic studies have revealed that imatinib binds to
a distinct inactive conformation of its target, the ABL kinase domain (Schindler et al.,
2000, Nagar et al., 2002). In this DFG-out binding mode, rotation of phenylalanine of
the DFG motif creates a large hydrophobic pocket that is efficiently targeted by type 2
inhibitors (Figure 1.1c). Strikingly, imatinib fails to potently inhibit the highly related Src
kinase family, suggesting that a DFG-out conformation of Src is associated with high
energetic barrier (Dar et al., 2008).

Unfortunately, induced mutations cause imatinib resistance, leading to relapse in some
patients (Daub et al., 2004). Dasatinib is a potent kinase inhibitor approved in 2006 as
a second-line treatment for those patients (Daub, 2010). Unlike imatinib, dasatinib
binds to the active DFG-in conformation of the ABL kinase domain (Figure 1.1b) and
inhibits not only the wild-type, but also most of the reported ABL mutants (Kéri et al.,
2011). However, being a multi-targeted type 1 kinase inhibitor, dasatinib interacts with
a larger number of kinases and is known to cause serious adverse effects.

Overall, targeting the inactive conformations alone does not guarantee more
favourable selectivity profiles, and some type 2 inhibitors bind to multiple kinases while
some type 1 inhibitors are relatively selective. Addressing unique active site features,
like the additional hydrophobic pocket next to the gatekeeper residue (Zuccotto et al.,
2010), and allosteric binding sites located outside the ATP pocket (Emery et al., 2009)
have also been shown to be successful in designing selective inhibitors (Figure 1.1d).
In total, 17 kinase inhibitors and five monoclonal antibodies have already been
approved for clinical use and many more are at various stages of clinical testing,

mainly for oncology indications (Fabbro et al., 2012, Mébitz and Fabbro, 2012).
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Unfortunately, cross-reactivity, adverse effects and developed resistance result in high
attrition rates of kinase inhibitors in the clinic and a low rate of new therapeutic

discovery.

-~
J,\ '
a
K
< 2
O A

Adenine pocket

Figure 1.2 Abl protein kinase in the active and inactive state. (a) Crystal structure of Abl kinase
in complex with ADP, PDB: 1c2i. The activation loop is coloured in green and side chains of the
gatekeeper and the DFG-motif are shown as sticks. (b) Crystal structure of Abl kinase in
complex with Imatinib, PDB: 2hyy, the activation loop is coloured in purple. (c) Pharmacophore
model for type 2 inhibitor (Imatinib) with the approximate positions of the hinge region and the
gatekeeper residues indicated. (d) Positioning of Imatinib within the ATP-binding site of Abl
kinase, important resides are indicated.
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1.3. The equilibrium nature of protein conformations

In general, proteins are dynamic molecules and can be described in terms of their
dynamically fluctuating conformational ensembles and ensemble distributions (Kar et
al., 2010). The concept of equilibrium shift of the ensemble was proposed nearly 15
years ago and its basic idea is that proteins in solution pre-exist in a number of
conformational substates (Ma et al., 1999). The equilibrium of the substates is not
static and can be shifted by mutations of amino-acid sequence, post-translational
moadifications, ligand binding or other environmental factors.

Reversible switching between active and inactive conformations of a protein kinase is a
central feature in regulation of signalling networks, hence active, inactive and
numerous intermediate kinase conformations exist in a dynamic equilibrium. Indeed,
large conformational changes have already been described by population shift, where
in addition to active and inactive states many intermediate states have also been
sampled using experimental and computational techniques (Grant et al., 2009, Shan et
al., 2009, Endicott et al., 2012). To date, however, a limited number of protein kinase
conformations has been identified and while the key structural features of kinases such
as the DFG motif, aC-helix and P-loop have been well characterised (Cowan-Jacob et
al., 2009, Kornev and Taylor, 2010), the mechanisms leading to the displacement of
these elements resulting in kinase inactivation remain poorly understood. In theory,
every kinase can adopt any conformation at an energetic cost, which is dictated by its
primary sequence, post-translational modifications and binding to protein partners.
Quantitative evaluation of energetic penalties and the mechanisms of dynamic
conformational changes that occur during protein binding remain the subject of intense
interest (Csermely et al., 2010). At present, our vast amount of information results from
structural determinations by means of X-ray crystallography. However, conventional
crystallographic studies only reveal static snapshots of protein conformations, a space

average over all molecules in the crystal and a time average over the period required
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for data collection. In order to learn about functionally important transient intermediate
states and to encompass the dynamic nature of conformational fluctuations due to
binding events with interaction partners, crystallographic analysis should be
complemented with other approaches. Comprehensive biochemical and biophysical
analysis, nuclear magnetic resonance (NMR) technologies and molecular dynamics
simulations are amongst methods that can effectively reflect the dynamics of the
conformational distributions. Alternatively, targeted amino-acid substitutions have been
shown to shift the conformational equilibrium, which can be characterised by
evaluation of the binding specificity of activating and inactivating mutants (Csermely et
al., 2010, Mobitz and Fabbro, 2012).

Currently, only a small fraction of the kinome has been selectively targeted by small
molecule inhibitors (Fedorov et al., 2010) and there is a big demand for the
development of better drug design strategies addressing not only clinically validated
targets, but also novel kinases. Therefore, gaining detailed knowledge of dynamics
within the kinase catalytic domain is important for understanding kinase-ligand

interactions and for designing selective inhibitors.

1.4. Function and regulation of CDK2

1.4.1.Cyclin dependent kinases govern the cell cycle

Most events in the eukaryotic cycle are controlled by the transfer of the y-phosphate
group of ATP to the hydroxyl of serines and threonines in regulatory proteins. Cyclin-
dependent protein kinases (CDKs) can be described as machines that run the cell
cycle programme since they are the key enzymes that catalyse this reaction (Morgan,

2006).
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Different CDKs are activated at different stages of the cell cycle (Figure 1.3a) and their
activities are highly controlled through a number of mechanisms. Most fundamentally,
activation of a respective CDK is mediated through association with a regulatory cyclin
subunit (Figure 1.3c), the levels of which are tightly controlled by transcription and
ubiquitin-mediated degradation in a time-based manner (Morgan, 2006). Other
regulatory mechanisms include positive and negative phosphorylation of CDKs, as well
as interactions with inhibitors and accessory proteins (Harper and Elledge, 1998,
Moore, 2013, Malumbres and Barbacid, 2005).

In human cells, 21 genes encoding CDKs have been identified and classified on the
basis of similarities in sequence and function (Malumbres et al., 2009). At least five
constitute the core cell cycle engine: CDK1, CDK2, CDK3, CDK4 and CDK®6 (Figure
1.3a). Transition of cell cycle from the GO to G1 phase is assigned to the CDK3-Cyclin
C complex, while cyclin D-dependent kinases CDK4 and CDK6 govern progression
through G1.

The activity of retinoblastoma tumour suppressor gene product (Rb), which controls the
G1/S transition, is modulated by the sequential phosphorylation by CDK4/6-Cyclin D
and CDK2-cyclin E (Malumbres and Barbacid, 2001). Once Rb is phosphorylated by
CDK4/6, it releases the E2F-DP transcription factors required for transcription of
cyclin E. Consequent partnering of cyclin E with CDK2 results in additional
phosphorylation and full inactivation of Rb, while the E2F is responsible for production
of numerous S-phase proteins (Schwartz and Shah, 2005). During the G1/S transition
the CDK2-cyclin E also phosphorylates other substrates involved in chromosomal DNA
replication.

While cyclins D and E are subjected to ubiquitin-mediated proteasome degradation
early in S-phase (Elledge and Harper, 1998), cyclin A is being synthesised. The CDK2-
cyclin A complex then governs S-phase progression and DNA synthesis, enabling
production histones, proliferating cell nuclear antigen and other crucial proteins.

Importantly, E2F-DP phosphorylation by CDK2-cyclin A inhibits its DNA-binding ability,
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and thus E2F-DP-dependent transactivation abolishes (Xu et al., 1994). Active CDK1-
cyclin A complex is necessary for DNA damage checkpoint control, followed by

association of CDK1 with cyclin B to drive the cell into mitosis.

1.4.2.Activation of CDK2

Like other CDKs, CDK2 activity is tightly regulated by a complex mechanism.
Monomeric CDK2 is inactive and its activation in vitro requires at least two steps:
binding to a regulatory cyclin and activation loop phosphorylation (Figure 1.3).
Cyclin A, cyclin B and cyclin E are amongst the identified activators of CDK2 (Brown et
al., 2007). Binding to cyclin induces significant conformational modifications within the
CDK2 subunit.

The most dramatic change is the reorientation of the aC-helix that induces interaction
between the catalytic aC-Glu (E51) and the ATP-coordinating lysine (K33) for catalysis
(Figure 1.3d). In contrast, the activation loop of the inactive unphosphorylated CDK2
contains a short helical segment (aL12), which displaces the aC helix and exposes the
oC-Glu to solvent.

Cyclin binding also results in changes of the activation loop positioning, ensuring
appropriate exposure of the threonine phosphorylation site (T160) to the solvent.
Consequent phosphorylation of the CDK2-cyclin complex at T160 by Cdk7/cyclin H
(CAK) rigidifies the activation loop forming a platform for substrate recognition, further
stabilising the complex and enhancing the kinase activity (Figure 1.3e) (Brown et al.,
2007). Dual phosphorylation of the P-loop (T14 and Y15) by the inhibitory kinases
Weel and Mytl, negatively regulates activity of CDK2 (Gu et al., 1992, Welburn et al.,
2007). Unlike activation loop phosphorylation, P-loop phosphorylation does not induce
major conformational changes, but reduces CDK2 affinity for the peptide substrate,

thereby inhibiting the kinase activity. In addition, phosphorylation of Thrl4 could
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probably prevent correct positioning of ATP in the binding pocket (Echalier et al.,
2010).

The Cip/Kip family of cyclin-dependent kinases inhibitors (CKIs) bind to both the cyclin
and CDK2 subunits, disrupting the CDK2 fold and interacting with the ATP binding
pocket (Kaldis, 1999). Strikingly, association with the Cip/Kip family also promotes the
association of cyclin D with CDK4 and CDK®6, which in turn activates CDK2 (Johnson
et al., 2002).

This activation model is not universal for all CDKs. For example, CDK7 partners with
cyclin H and the complex is stabilised by phosphorylation of the two residues within the
activation segment of the kinase, or alternatively by association with a third protein
MAT1 (Kaldis, 1999).

CDK2 and CDK7 have different substrate specificities. The consensus peptide
substrate in CDK2, S/T-P-X-K/R (where X is any amino acid), is characterised by a
proline immediately after the phosphorylatable residue (p+1). This proline fits into the
hydrophobic cavity near the catalytic site, available only when T160 is phosphorylated.
CDK2 has a strong preference for a charged residue at the next position (p+2), which
is exposed to the solvent, and a basic residue in the p+3 position. Structural studies
revealed that the latter forms a hydrogen bond with T160 and to the main chain of the
cyclin subunit, 1270 in cyclin A (Brown et al., 1999).

CDKY7, however, lacks this preference for a proline and can tolerate other residues at
the p+3 position. Like other transcriptional CDKs, CDK7 is able to phosphorylate
different substrates that a dissimilar in sequence, demonstrating more relaxed
specificity compared to CDK2 (Larochelle et al.,, 2001, Echalier et al., 2010). This
recognition of a substrate is thought to result not from the sequence features
surrounding the phosphorylatable residue, but rather from the remote protein-protein
interaction sites. Supposedly, the presence of MAT1 could allow for specificity for
proline-directed phosphorylation sites (Echalier et al., 2010).For many years CDK2 has

been regarded as an attractive drug target because deregulation of CDK2 is frequently



25

associated with cancer. Genetic studies revealed that CDK2” mice were viable but
sterile, and indicated that CDK2 was not essential for G1/S transition in cells, including
murine embryogenesis and post-natal development (Ortega et al., 2003, Berthet et al.,
2003). Moreover, experiments with cultured cancer cells illustrated that inhibition of
CDK2 prevents cell proliferation (Tetsu and McCormick, 2003).

For these reasons, extensive effort from both pharmaceutical industry and academic
groups lead to the development of hundreds, if not thousands, of small-molecule CDK2
inhibitors, several of which are currently in clinical trials as anti-tumour agents
(Johnson, 2009). Numerous CDK2 crystal structures revealed different conformations
of the ATP-binding site, however, the inactive DFG-out state has not yet been
demonstrated. This made CDK2 an ideal model to elucidate the effect of sequence
modifications on energetic and structural determinants that govern the conformational
plasticity of protein kinases.

Many studies have been done to exploit conserved features around the ATP-binding
site and their role in inhibitor binding. Over the last decade, Shokat and co-workers
have made significant contributions to the field, and their work on chemical genetic
strategies for inhibiting protein kinases is of particular relevance to this project (Garske
et al., 2011a). Exploration of the hydrophobic residue preceding the hinge region called
the gatekeeper demonstrated that inhibitor specificity can be achieved via shape
complementarity. A protein kinase with a small gatekeeper (glycine or alanine) could
be selectively inhibited by a bulky inhibitor, while a protein kinase with a cysteine
gatekeeper could be selectively targeted by an electrophilic compound. Inhibitor
sensitivity could also be affected by secondary mutations near the engineered cysteine

residue within the ATP-binding pocket.
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CDK-activating

kinase (CAK): Cyclin A

Figure 1.3 Function and regulation of CDK2. (a) Overview of core cell cycle regulation: different
CDK/cyclin heterodimer complexes are highly specialised for promoting particular cell cycle
transitions (Harper and Elledge, 1998, Moore, 2013, Malumbres and Barbacid, 2005).
(b) Schematic diagram demonstrating two CDK activation steps: binding to a regulatory cyclin
and activation loop phosphorylation by a variety of kinases collectively called CAK (CDK7-
Cyclin H for CDK2). (c) Surface representation of CDK2-cyclin A complex, where the cyclin
docks against the oC-helix of the CDK2 causing significant conformational changes. (d) An
overlay of apo-CDK2 (green) and CDK2 from the complex (grey) highlighting change in
orientation of the aC-helix and contact formation between catalytic residues E51 and K33. (e)
Activation segment stabilisation motif in CDK2 (grey) — cyclinA (pink) complex, the residues
involved in the activation segment stabilisation and the hydrogen bond network are shown. The
figures (c)-(e) were created using ICM (Molsoft, LLC) with the following structures: apo-CDK2
(PDB: 1b38), CDK2-cyclin A complex (PDB: 1gmz).
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1.4.3.Project description

The aim of this project was the identification of residues that have an effect on the
energetics of the DFG movements and thereby the ability of CDK2 to bind type 2
inhibitors. CDK2 was chosen as a model to study DFG-in/out conformational changes
because this protein kinase family member is easily expressed and has the biggest
number of PDB depositions. Most importantly, despite this large amount of structural
data, no DFG-out conformation has yet been observed. Therefore this kinase served
as a prototype for a kinase that cannot easily assume a DFG-out conformation due to
the large conformational penalty. By substituting amino-acids that may influence DFG
movement, our goal was to convert CDK2 into a kinase that can assume DFG-out and
can be targeted by type 2 inhibitors. Detailed structural and sequence comparisons,
site-directed mutagenesis, biochemical, biophysical testing and crystallography were
implemented to elucidate the structural mechanisms that modulate transitions of kinase
regulatory elements from active to inactive states. Essentially, this information could be
useful to probe sequence and structural features that define the DFG-in/out movement

of the activation loop and assist in the design of more specific CDK2 inhibitors.
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1.5. PIM Kkinase family

1.5.1.Biological role of PIM Kinases

PIM kinase was identified nearly 30 years ago as a Proviral Integration site of Moloney
virus in murine lymphomas (Cuypers et al., 1984). Integration of the viral DNA in the 5’
encoding region of the PIM locus leads to stabilisation of the messenger RNA,
overexpression of PIM and formation of tumours (Bachmann and Méroy, 2005, Bullock
et al.,, 2005a). In humans, the PIM family comprises three serine/theronine protein
kinases, PIM1, PIM2 and PIM3. Despite being classified as calmodulin-dependent
protein kinases (CAMK) (Manning et al., 2002), PIM proteins are constitutively active
and do not require association with a regulatory partner or phosphorylation for activity.
Members of this family are highly similar in primary structure and despite the fact that
all three human PIM isozymes are located on different chromosomes and have distinct
expression patterns, they have been suggested to be at least partially functionally
redundant (Mikkers et al., 2004, Brault et al., 2010). PIM proteins are key players in
cell cycle progression and apoptosis (Bachmann and Moroy, 2005, Bullock et al.,
2005a). Expression of PIM proteins is regulated by cytokines (Wang et al., 2001) and
high levels of these kinases confer a growth advantage through a variety of
mechanisms, including inactivation of the proapoptotic protein BAD (Aho et al., 2004)
and the cell cycle inhibitor p21°r*ail (Wang et al., 2002) via phosphorylation . Overall,
PIM1 has been shown to prevent the normal process of apoptosis and to promote cell
survival, thereby contributing to the development of malignancies.

Importantly, after substrate stimulation PIM1 protein levels are transient with a short
half-life in primary cells being rapidly degraded by heat shock proteins and the
ubiquitin—proteasome pathway (Shay et al.,, 2005), and this could be the main
regulation mechanism of PIM activity.

All three PIM kinases are aberrantly expressed in a wide variety of tumours (Nawijn et

al.,, 2011) although considerable attention has been paid to PIM1 in particular. After
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studies with PIM1-deficient mice, which did not show any anatomic or developmental
abnormalities (Laird et al., 1993), PIM1 kinase emerged as a target for cancer therapy.
In addition, analysis of PIM1 gene in cancer tissues led to identification of
nonsynonymous single nucleotide polymorphisms (nsSNPs), which result in
polypeptide sequence with amino-acid substitutions (Forbes et al., 2011, Greenman et
al., 2007, Yuan et al., 2006). The effects of these nsSNPs on stability, function and
interactions of PIM1 with other proteins have been studied extensively (Lori et al.,

2013, Zhang et al., 2012).
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1.5.2.Structures of PIM kinases

In 2005 the crystal structure of human PIM1 was determined (Bullock et al., 20054,
Qian et al., 2005, Kumar et al., 2005) (Figure 1.1a), followed by human PIM2 in 2009
(Bullock et al., 2009), while the crystal structure of PIM3 kinase has not yet been
deposited in the PDB. The available PIM1 and PIM2 structures revealed a number of
unique structural features of PIM kinases and offered new opportunities for the
development of selective inhibitors.

Both isozymes have the conserved protein kinase fold that forms a bilobal structure
(Figure 1.1a). While all active kinases bind the cofactor ATP in their binding pocket and
have similar active site architecture, PIM proteins have distinct features. Firstly, due to
the presence of a proline residue in the hinge region, PIM kinases are not able to form
a second hydrogen bond between the hinge backbone and the adenine ring of ATP
(Pogacic et al., 2007). Furthermore, a structure-based alignment of PIM proteins with
other characterised kinases reveals at least one amino-acid insertion following that
conserved proline residue (Figure 1.4), which provides a larger hydrophobic pocket for
binding inhibitors. PIM kinases are also characterised by a unique B-hairpin insert in
the N-terminal lobe linking B3 to helix aC, which is partially disordered in the PIM2
structure (Bullock et al., 2009). As the ATP-binding site represents the target site for
the inhibitor, these unique characteristics make the PIM family a promising target for
structure-based drug design, since they offer the potential for enhanced selectivity.
Indeed, there has been a massive interest in PIM inhibitors both in academic and
industrial groups. The most advanced drug candidate SGI-1776 has been subjected to
clinical trials sponsored by Astex Pharmaceuticals (Chen et al., 2009, Mumenthaler et
al., 2009, Chen et al., 2011). Unfortunately in 2010 the trial was discontinued due to
dose-limiting toxicity (http://clinicaltrials.gov/show/NCT00848601). Another clinical
candidate, AZD1208 by AstraZeneca, is currently undergoing a phase Il clinical trial.

(http://clinicaltrials.gov/show/NCT01489722). Very potent pan-PIM inhibitors with a
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similar chemical scaffold have been reported recently (Wang et al., 2013, Burger et al.,
2013) and have also been developed by collaborators at the University of Oxford
Chemistry department.

From a comparison of the ATP binding pockets of PIM1 and PIM2 it is evident that the
few non-conserved residues point their side chains away from the binding site, creating
pockets with the same structural topology. Despite this high similarity, the substantial
majority of reported inhibitors show considerable selectivity for PIM1 and PIM3 over
PIM2 (Brault et al., 2010, Pogacic et al., 2007). The mechanisms leading to the
observed inhibitor selectivity have not yet been studied and the reasons for differences
in inhibitor binding remain unclear. Most likely, dynamic features such as P-loop and/or
hinge flexibility, which result in different conformations of structural elements, could
play a role. Indeed, some investigators have suggested that flexibility of this glycine-
rich phosphate binding loop is an important factor in ligand binding affinity and

specificity (Doudou et al., 2009, Gohda and Hakoshima, 2008).

Bs Hinge 0D
120 130
PIM1 SFVLILERPEPVQDLFDFITER
PIM2 GFMLVLERPLPAQDLFDYITEK
PIM3 GFLLVLERPEPAQDLFDFITER
PHKG FFFLVFDLM.KKGELFDYLTEK
CAMKI HLYLIMQLV.SGGELFDRIVEK
CHK1 IQYLFLEYC.SGGELFDRIEPD
TTN ELVMIFEFI.SGLDIFERINTS
CKll TPSLIFEYV.NNTDFKVLYPT.
PAK1 ELWVVMEYL .AGGSLTDVVTET

SFRSK2 HVVMVFEVL. .GENLLALIKKY
PKACA NLYMVMEYV.PGGEMFSHLRRI

CK1D YNVMVMELL. .GPSLEDLFNFC
CDK2 KLYLVFEFL. .HQDLKKFMDAS
ERK2 DVYIVQDLM. .ETDLYKLLKTQ
GSK3B YLNLVLDYV. .PETIVYRVARHY

|
Figure 1.4. Sequence alignment of the hinge region of selected human kinases. Secondary

structure elements are indicated and PIM-characteristic proline residue is coloured in blue
(adapted from (Kumar et al., 2005)).
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1.5.3.P-loop flexibility

P-loop flexibility has been observed and documented in many structures and
characterised by molecular dynamics studies (Doudou et al.,, 2010). Six P-loop
residues (46-51, PIM1 numbering) link 31 and 32 strands and form a part of the ATP
binding pocket interacting with the adenine ring. From structural observations it is
evident that the P-loop changes its conformation when the ligand binds, and its
orientation could be an important part of the inhibitor binding mechanism (Figure 1.5a).
As suggested by a number of AMP-PNP inhibited structures (Bullock et al., 2005a,
Qian et al., 2005, Kumar et al., 2005), the P-loop is displaced by ATP and takes on the
so-called extended P-loop conformation. In contrast, apo-enzymes and co-structures
with some small ligands adopt a folded P-loop conformation (Figure 1.5b).

Since PIM kinases are constitutively active, they do not adopt an inactive DFG-out or
aC-out conformation to prevent ATP binding, although a range of P-loop fluctuations
can be observed (Figure 1.5a). Depending on the compound in the co-structure,
distinct active and inactive P-loop conformations are recognised, where phenylalanine
(F49 in PIM1) at the tip of the P-loop points ‘in’ or ‘out’ of the binding pocket (Figure
1.5b). The ‘in’ or ‘folded’ position of F49 results in n— 7 interaction with aromatic rings
of the inhibitor, which is incompatible with ATP binding. Phenylalanine stacking similar
to this has also been observed in a few other kinases (Guimaraes et al., 2011) and the
propensity of a kinase to adopt a ‘folded’ P-loop conformation could probably be
explained by specific combinations of the residues within the P-loop area. Improved
potency and selectivity of compounds could be the potential advantages of targeting

this inactive conformation (Guimarées et al., 2011, Pogacic et al., 2007).
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Figure 1.5. P-loop flexibility in PIM kinases. (a) An overlay of all available PIM1 structures and
co-structures, showing P-loop fluctuations, (b) P-loop in active (green, PDB: 1yxt) and inactive
(blue, PDB: 2c3i) conformations.

1.5.4.Project description

The aim of this project is the identification of residues that confer the specificity of
protein-ligand interaction resulting in different binding profiles of PIM1 and PIM2
proteins when targeted by small molecule inhibitors. To address this, we adopted a
bioinformatic approach taking into account the phylogenetic history of PIM kinases and
the structures of PIM1 conformations upon binding to various ligands. Additionally, a
number of point mutations, located at the hinge and the P-loop, were introduced into
the PIM1 sequence. PIM1 was selected for the following reasons: it is known to be a
stable protein and has been thoroughly characterised both structurally and
biochemically compared to PIM2. The PIM2 residues were therefore introduced into
the PIM1 sequence to engineer mutants that have inhibitor binding profiles similar to
that of PIM2. Experiments involving screening of representative chemical libraries and
X-ray crystallography provided insights into the structural flexibility of the P-loop and
the hinge. The potential reasons for the inability to obtain consequent PIM2 and PIM3
structures were also investigated by predicting and comparing disorder of PIM family

proteins.



2. Methods

2.1. Site-directed mutagenesis

Site-directed mutagenesis was performed with the assistance of Dr Pavel Savitsky.
The cDNA sequences available at the Structural Genomics Consortium (SGC) were
used as templates for site-directed mutagenesis. All primers used (Table 2.1) were
purchased from Sigma—Aldrich (Oakville, ON). Mutant sequences were generated by
site-directed mutagenesis of a wild-type cDNA using the primer extension method
(Reikofski and Tao, 1992, Heckman and Pease, 2007). The method involves
incorporating mutagenic primers in independent PCRs before combining them into the
final product. The reaction required two flanking master primers (A and D) that mark
the 5' ends of both strands, and two internal primers (B and C) that contain the

mutation of interest and also create overlapping nucleotide sequences (Figure 2.1).

A C
B e
1st round PCR
R ] [
B D
AB
2nd round PCR —
CD
A
Final product  ————————— b = === ===
—

Figure 2.1 Site-directed mutagenesis using the primer extension method. During the 1st PCR
round, two flanking master primers, A and D, and two internal primers, B and C containing the
mutation of interest (indicated by the red dot) are used to generate intermediate PCR products
AB and CD. In the 2nd PCR round, strands of each product anneal at their overlapping
complementary regions containing the mutation, and amplification of the product AD is driven
by primers A and D.
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ESTImMatea
Construct | Modifica- A Expected [Extinction
. Vector Name Primers
iD tion Mass Coefficien
Fwd: TACTTCCAATCCATGCTCTTGTCCAAAATCAACTCGCTTGC
PIM1A-c001 wt pLIc-scc1 |7 38011.2 50420
Rev: TATCCACCTTTACTGTCAGCTGGGCCCCGGCGACAGGCTGTGG
PIM1Z-c001 | S46K/S51T [pNIC28-Bsa4|Obtained from * 38066.4 50420
PIM1Z-c002 E124L pNIC28-Bsa4|Obtained from * 37995.3 50420
PIM1Z-c003 S46K pNIC28-Bsa4|Obtained from * 38052.4 50420
PIM1Z-c004 V126A pNIC28-Bsa4|Obtained from * 37983.2 50420
PIM1Z-c005 S51T pNIC28-Bsa4|Obtained from * 38025.3 50420
PIM1Z-c009 HE8Y PNTC28-Bsad Fwd: GTGGCCATCAAAGTCGTGGAGAAGGACCGGATTTCCGA 37973.3 50420
Rev: TCCTTCTCCACGACTTTGATGGCCACCGGCAAGTTGTC
Fwd: CACCGCGTCTCCGACAACTTGCAGGTGGCCATCAAACACGTGGAGAA
PIM1Z-c010 | I56H/P63Q |pNIC28-Bsa4 W 38066.3 50420
Rev: CTGCAAGTTGTCGGAGACGCGGTGGCCTGAGTAGACCGAGCCGAAGC
PIM2A-c007 wt PNIC28-Bsa4 Fwd: TACTTCCAATCCATGTTGACCAAGCCTCTACAGG 36743.2 48930
Rev: TATCCACCTTTACTGTCAGGGTAGCAAGGACCAGGC
t Fwd: TACTTCCAATCCATGGGCAAGGATCGGGAAGCGTTCGAGGCC
PIM2A-c008 v pNIC28-Bsad| " 34841.0 48930
truncated Rev: TATCCACCTTTACTGTTAGGGTAGCAAGGACCAGGCCAAAGG
PIM3A-c030 wt pNIC28-Bsa4|Made at the SGC 39295.8 44920
Fwd: TACTTCCAATCCATGGAGAACTTCCAAAAGGTGGAAAAG
CDK2A-c002 wt pNIC28-Bsa4 v 36482.3 38390
Rev: TATCCACCTTTACTGTCAGAGTCGAAGATGGGGTACTG
Bioti lat Fwd: TACTTCCAATCCATGGAGAACTTCCAAARAGGTGGAAAAG
CDK2A-c004 | - ONIRYRAE L onte-Bio3 [TV 38872.9 45380
ion Rev: TATCCACCTTTACTGCTGAGTCGAAGATGGGGTACTGG
Fwd: TCTACCTGGTTACTGAATTTCTGCACCAAGATCTCA
CDK22-c001 F8OT pNIC28-Bsad| " 36436.3 38390
Rev: TGCAGAAATTCAGTAACCAGGTAGAGTTTATTTTCT
Fwd: TCTACCTGGTTATGGAATTTCTGCACCAAGATCTCA
CDK2Z-c002 F80M PpNIC28-Bsa4 v 36466.3 38390
Rev: TGCAGAAATTCCATAACCAGGTAGAGTTTATTTTCT
F TAGCTTTCTTACATTCTCAT TCCTCCA!
CDK2Z-c003 C118L PpNIC28-Bsa4 wd: GCCTAGC c < CTCATCCEGTCCTCCAC 36492.3 38390
Rev: CCGATGAGAATGTAAGAAAGCTAGGCCCTGGAGCA
Fwd: GCCTAGCTTTCATCCATTCTCATCGGGTCCTCCAC
CDK2Z-c004 Cc118I pNIC28-Bsa4 v 36492.3 38390
Rev: CCGATGAGAATGGATGAAAGCTAGGCCCTGGAGCA
Fwd: CCATCAAGCTATGTGACTTTGGACTAGCCAGAGCTTTT
CDK2Z-c005 Ald4c pNIC28-Bsa4 v 36514.4 38390
Rev: AGTCCAAAGTCACATAGCTTGATGGCCCCCTCTGTGTT
Fwd: ATCAAGCTAGGAGACTTTGGACTAGCCAGAGCT
CDK2Z-c006 Al44G pNIC28-Bsa4 v 36468.3 38390
Rev: TCCAAAGTCTCCTAGCTTGATGGCCCCCTCTGT
CDK2Z-c007 |C118L/A144C|pNIC28-Bsa4|Sequential use of CDK2Z-c003 and CDK2Z-c005 primers 36524.4 38390
CDK2Z-c008 |C118L/A144G|pNIC28-Bsa4|Sequential use of CDK2Z-c003 and CDK2Zz-c005 primers 36478.3 38390
Bioti lat Fwd: TACTTCCAATCCATGGAGAACTTCCAAAAGGTGGAAAAG
CDK22-c009 | > TO TRYRAE L pnte-Bio3 [TV 38915.0 45380
ion Rev: TATCCACCTTTACTGCTGAGTCGAAGATGGGGTACTGG
CCNA2A-c00] wt pNIC28-Bsa4|Obtained from ** 43402.9 43320
CCNB1A-c004 wt pCOEX-1 Made at the SGC 34452.2 31860

* Department of Biochemical Sciences “A. Rossi Fanelli’, Sapienza University of Rome, Rome,

Italy.

** Novo Nordisk Foundation Center for Protein Research, Copenhagen, Denmark.

In the first round of PCR, two separate reactions were performed, firstly using primer

pairs A and B, and secondly using primers C and D. The PCR products were treated

overnight with Dpn | restriction enzyme (Stratagene) to digest the methylated, non-

mutated parental DNA template. The resulting fragments AB and CD were mixed for

the second round of PCR with primers A and D to create the final product, which

contains the desired mutated sequence.



36

A standard PCR reaction was performed using the Platinum Pfx proofreading enzyme
(Invitrogen, Carlsbad, CA, USA) in a volume of 18 pl containing 1-2 ng template,
1.6 uM of each primer was mixed with 5 pl 10 x Pfx amplification buffer, 0.5 yl 50 mM
MgSQO4, 0.75 pl 10mM dNTP mix, 13.5 pyl H,O and 2.5 pl Platinum Pfx. Cycles
generally consisted of initial denaturation (95°C, 5 min), then 30-35 cycles of
denaturation (98°C, 30 seconds), primer annealing and extension (1 min per DNA
kilobase-pair) at 68 °C. Cycling was performed in thin-walled plastic PCR tubes

(ABgene) and a PTC-225 thermocycler (Bio-Rad).

2.2. Ligation independent cloning

The prepared PCR products were purified (QIAquick PCR Purification Kit,
QIAGEN Ltd. UK) and subcloned into pET28 derived expression vectors, pNIC28-Bsa4
(gi]124015065) or pNIC-Bio3 (gi|355331699) (Keates et al., 2012), using ligation
independent cloning (LIC) (Aslanidis and de Jong, 1990). The LIC method is based on
annealing short complementary single-stranded 5'-tails generated by the 3'-
exonuclease activity of T4 DNA polymerase, where 12-16 base overhangs in cDNA
were ensured by building appropriate extensions into the primers according to the
expression vector (Table 2.1) (Savitsky et al., 2010). For the T4 DNA polymerase
treatment, 5 pyl PCR product was mixed with 1.5 pl 10 x T4 Polymerase buffer
(Novagen), 1 pyl 25 mM dCTP, 0.5 yl 100 mM dithiothreitol (DTT), 0.5 ul BSA (NEB),
0.5 yl T4 Polymerase (Novagen) and 1.5 yl H.O and incubated for 30 min at 22°C,
followed by 30 min at 80°C in a PTC-225 thermocycler (Bio-Rad). The vector was
treated in the same manner, but with dGTP instead of dCTP. Annealing was performed
by mixing 1 ul treated plasmid with 3 pl treated insert, incubated 5-10 min at 22°C and
placed on ice. The cloning vectors for E. coli included fusion tags for affinity

purification, typically N-terminal Hiss tags that can be cleaved with Tobacco etch virus
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(TEV) protease (Appendix A). Competent Machl cells (Invitrogen, UK) were

transformed with the constructs to yield the final plasmid DNA.

2.3. Protein production

2.3.1.Transformation into E.coli protein expression strain

E.coli strains of BL21(DE3)-R3-pRARE cells (phage-resistant derivative with a pRARE
plasmid encoding rare codon tRNAs) (Savitsky et al., 2010) or Rosetta-R3-BirA
(encoding the BirA gene for biotin-protein ligase) (Keates et al., 2012) were used as
expression hosts. For PIM proteins, an additional co-expression plasmid encoding
lambda protein phosphatase was incorporated (Gileadi et al., 2008). Competent cells
were transformed by heat shock for 45 seconds in a water bath at 42°C, then
immediately placed on ice for 2 min, followed by addition of 200 ul LB medium and
incubation for 1 hour at 37°C. 50-100 pl transformed cells were plated onto LB-agar

media, supplemented with appropriate antibiotics.

2.3.2.Protein expression in E.coli

The expression culture was grown in lysogeny broth (LB) medium at 37°C until ODsgo
of 0.8 was reached. At this point the temperature was reduced to 18°C and expression
was induced by the addition of 0.5 mM isopropyl 1-thio-3-D-galactopyranoside (IPTG).
Expression was continued for 16 to 18 h. The cells were harvested by centrifugation at
4000g for 20 min at 4°C and resuspended in lysis buffer comprising 50 mM HEPES pH
7.5 300 mM NaCl, 5 mM imidazole, 5% glycerol, and 0.5 mM tris(2-

carboxyethyl)phosphine (TCEP).
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2.3.3.Expression in baculovirus-infected insect cells

The baculovirus used to produce CDK2 for successful structural studies (Rosenblatt et
al., 1993, De Bondt et al., 1993) was provided by Novartis (Emeryville). The
baculovirus was amplified in Spodoptera frugiperda (Sf9) insect cells in Sf900 Il media
(Invitrogen) and used to infect Sf9 cells grown in suspension to a density of
2 x 10° cells/ml. At 48 h postinfection the cells were harvested by centrifugation at
800g for 20 min at 4°C and cell pellets were stored at -20 °C. Cells were re-suspended

in a buffer consisting of 10 mM TRIS pH 7.4 and 25 mM NacCl.

2.3.4.Protein purification

The cell suspension was lysed using high-pressure cell homogenization (Avestin C3
Emulsiflex) and cleared by centrifugation at 560009 for 40 min at 4 °C. The cleared cell
lysate was loaded onto a column containing Ni Sepharose High Performance media
(GE Healthcare) equilibrated with lysis buffer. The column was then washed with buffer
typically consisting of 50 mM HEPES pH 7.5, 300 mM NaCl, 40 mM imidazole, 5%
glycerol and 0.5 mM TCEP. Proteins were eluted with 50 mM HEPES pH 7.5, 300 mM
NaCl, 250 mM imidazole, 5% glycerol and 0.5 mM TCEP. The eluted proteins were
treated with tobacco etch virus (TEV) protease for 18 h at 4°C (1:20 mass ratio) to
remove the hexa-histidine tag, leaving an additional serine residue at the N terminus.
The proteins were further purified by size exclusion chromatography by using a
Superdex S200 16/60 column (GE Healthcare) buffered in 50 mM HEPES pH 7.5, 300
mM NacCl, 5% glycerol, and 0.5 mM TCEP, at a flow rate of 1 ml/min.

For purification of the untagged protein, cell extracts were clarified by centrifugation
and DNA was removed using a diethylaminoethyl cellulose (DE52, Whatmann)

column. The cleared lysate was loaded onto a 5-ml HiTrap Q HP ion-exchange column
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(GE Healthcare) that was previously equilibrated with buffer containing 10 mM TRIS
pH 7.4 and 25 mM NacCl. The flow-through contained the protein, whereas impurities
were retarded by the column. The flow-through was subsequently loaded onto 5 ml
HiTrap™ Blue HP column (GE Healthcare), and eluted using a linear gradient of up to
1M NaCl. The positive fractions were pooled and dialysed against 10mM HEPES,
pH 7.4, 25mM NaCl, and 5mM DTT.

For all proteins, positive fractions as analysed by SDS-PAGE (Bio-Rad or Novex) were
pooled and concentrated with Amicon-Ultra centrifugal concentrators (Millipore) with a
molecular weight cut-off of 10 or 30 kDa. Protein aliquots were flash frozen in liquid

nitrogen and stored at —80°C.

2.3.5.Mass spectometry

The correct mass of each protein was confirmed by electrospray ionisation mass
spectrometry. Electrospray ionisation time-of-flight (ESI-TOF) mass spectrometry
(Agilent) was used to determine the intact mass of the protein. The protein was diluted
to 0.1 mg/ml in 0.1% formic acid and 10 pl of the solution was injected into the LC-ESI-
TOF. The LC component of the system is a C2 reverse phase column which allows the
system to effectively desalt the protein prior to application to the ESI-TOF. The system
washes the column in 0.1% formic acid, 5% acetonitrile and then elutes the column
with a gradient from 5% to 60% acetonitrile. The resulting data was interpreted by QS

Analyst (Applied Biosystems) and MagTran software (Zhang and Marshall, 1998).
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2.3.6. Absorbance spectra and measurement of protein
concentration

The concentrations were determined using a NanoDrop spectrometer (Thermo
Scientific, Waltham, MA) against a buffer blank, using molar extinction coefficient and
molecular weight of a protein derived from the primary sequence as shown in Table 2.1

(ExPASy server (Gasteiger et al., 2003)). Protein concentrations were determined

using the Beer’s law (Equation 2.1), where A,g, is the absorbance of the protein, €,g

is the molar extinction coefficient (M cm™), C is the protein concentration (M), [ is the

path length (cm).

Equation 2.1 Azgo = €280 C |

2.4. Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) involves the progressive heating of a protein,
while a dye fluoresces upon contact with the exposed hydrophobic core of the
denatured protein. With the rise of temperature, the protein unfolds inducing increase
in fluorescence levels and therefore allowing detection of the protein melting
temperature (Tm). Since potent inhibitors stabilise the protein in its folded conformation
thereby increasing T, shifts in melting temperature serve as indicators of a compound-

protein binding strength (Vedadi et al., 2006).
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Figure 2.2 Schematic representation of a typical recording of during a DSF experiment. The
fluorescence of the dye Sypro Orange is dramatically increased upon binding to hydrophobic
patches during protein unfolding (adapted from (Niesen et al., 2007)).

Each protein was buffered in 10 mM HEPES, 500 mM NaCl, pH 7.0 at a final
concentration of 2 uM and mixed with an environmentally sensitive fluorescent dye
SYPRO-Orange (Molecular probes, 1000x concentrated stock). Ligands were added at
a final concentration of 10 uM. The samples were placed in a 96-well plate, heated
from 25 °C to 96 °C at 3 °C per minute and fluorescence levels were recorded at each
step by a Stratagene Mx3005P real-time PCR instrument. The change in fluorescence
was monitored using excitation and emission filters set to 465 and 590 nm
respectively. Data were processed using Prism v5.01 (GraphPad Software) and the
inflection point of the transition curve (Tm) was calculated using Boltzmann (Equation

2.2), where LL and UL are the values of minimum and maximum intensities

respectively, d is the slope of the curve at T, (Niesen et al., 2007).

(UL-LL)
Tm—x
1+e d

Equation 2.2 y=LL+
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2.5. Enzymatic assays

Microfluidic electrophoretic mobility-shift assay was used to compare activities of
kinases in a panel, observe the effects of mutations and establish kinetic parameters of
binding. The assay is based on the electrophoretic separation of phosphorylated
(product) and non-phosphorylated (substrate) peptides based on their charge

difference [11] (Figure 2.3).

electrophoresis
) of analytes (+)

sipper : ® ® vacuum

pressure driven flow
Peptide substrate  Peptide product

(more positive) (more negative)

Figure 2.3 Principles of microfluidic electrophoretic mobility-shift assay technology. Due to
difference in charge, the phosphorylated peptide (product) migrates through the chip faster than
the non-phosphorylated (substrate). The signals from the fluorescent tag attached to the
peptide are detected and their relative ratio serves as a measure of enzyme activity.

The peptides are tagged with fluorescent marker and the shift in mobility was detected
via laser-induced fluorescence allowing for direct and real-time measurements of
kinase activities (sequences: 5-FAM-QSPKKG-CONH2 for CDK2 and 5-FAM-
AKRRRLSSLRA-COOH for PIM). Results were expressed as a conversion ratio by
measuring peak heights for both the substrate and product and dividing the product
peak height by the sum of peak heights for both substrate and product.

Kinase activity against peptides was measured using the Caliper protein kinase
profiling system (Caliper Life Sciences, Hopkinton, MA, U.S.A.). Concentrations for the
enzyme and ATP were assay specific and optimised for each kinase individually during

assay optimisation. The assay optimisation started with determination of the lowest
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protein concentration that provides sufficient signal for analysis under conditions of
saturating peptide and ATP. This was done to ensure a steady linear reaction with
substrate consumption less than 20% so that the initial enzymatic velocity (V) follows
the Michaelis-Menten equation (Equation 2.3), where 1;,,, is the maximal velocity at

saturating substrate conditions.

Vmax [S]

Equation 2.3 V=
quation K +[S]

Next, the Michaelis constants for ATP (Km ~™") and peptide (Km PP") were obtained
from measurements conducted at constant enzyme concentration and a range of ATP
and peptide concentrations respectively. Equation 2.3 was applied to the curve
obtained by plotting the measured enzyme velocities versus the corresponding
substrate concentration, leading to the values for Kn and Vmax by a nonlinear
regression fit (GraphPad Software). The kca values were then defined as shown in

Equation 2.4, where [Eo] is the total enzyme concentration.

Equation 2.4 kear = Vmax/[E ]
0

For ICsp measurements, a 384 assay well microtiter plate contained 8-point serial
dilutions of inhibitors and 16-point serial dilutions of staurosporine as a reference
compound. First, 4.5 uyl of 2 x kinase solution was added to 0.05 uyl compound
(maximum concentration 1.8 mM in 90% DMSO and 10% H:0). To allow for possible
slow association, plates with type 2 inhibitors were incubated for 60 min at 30°C. The
assay started after addition of 4.5 pl of 2 x peptide with ATP and run for 60 min at
30°C, after which 16 pul of stop solution was added (100 mM HEPES pH 7.5, 5%
DMSO, 0.1% coating reagent (Caliper Lifescience) 10 mM EDTA pH 8.0, 0.015%

BRIJ35). All reactions were performed in 50 mM HEPES, pH 7.5, 1 mM DTT, 0.02%
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Tween 20, 0.02 % BSA, 10 mM beta-glycerophosphate, 0.01 mM NazVOi4, 0.6 %
DMSO and 2 uM peptide.

Liquid handling and incubation steps were done on a Thermo CatX workstation
equipped with Innovadyne Nanodrop Express. Stopped kinase reactions were
analysed in a LC3000 reader (Caliper Lifescience), where both substrate and product
were quantified by measuring the laser-induced fluorescence intensities of the
peptide’s fluorescein labels and calculating the turnover. The dose-dependent
influence of the compound on kinase activity was as an ICsy value. Each 1Cso value
was calculated from the plot of percentage of inhibition relative to controls versus

inhibitor concentration according to Equation 2.5 using GraphPad Software or Helios.

Equation 2.5 y= A4, +

where y is the inhibition fraction at the inhibitor concentration x, A; is the lowest

inhibition value, A, is the maximum inhibition value and P is the Hill coefficient.

2.6. Isothermal titration calorimetry

Direct measurement of protein binding energetics was performed by isothermal titration
calorimetry (ITC). This technique was used as a benchmark to validate hits established
during DSF and Caliper experiments. In a single experiment ITC provides binding
affinity constant (Kq) and the stoichiometry (n) of bimolecular interactions, and in
addition allows resolution of thermodynamic terms that define the binding affinity (Ka),

the enthalpy (AH) and entropy (4S) changes.
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Figure 2.4. Schematic representation of a power compensation in an isothermal titration
calorimeter.

All ITC experiments were performed using a VP-ITC (Microcal, Northampton, MA)
instrument, which is based on the principle of isothermal power compensation (Leavitt
and Freire, 2001, Holdgate and Ward, 2005). Two identical cells are surrounded in an
adiabatic chamber in order to minimise any heat flow to or from the system (Figure
2.4). The binding process occurs in a sample cell containing protein, which is
accessible for delivery of ligand solution from the injection syringe, while the reference
cell serves as a thermal blank and filled with water. When binding occurs, the heat (Qp)
is generated (exothermic reaction) or absorbed (endothermic reaction) by the sample
cell, resulting in a temperature difference between the two cells. Once the temperature
difference is detected by the heat sensing device, a feedback system adjusts and
records the amount of power supplied to the sample cell over time (P(t)), minimising

the temperature difference between the sample and reference cells. In case of an
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exothermic reaction, the applied power decreases, while for endothermic reactions the
feedback power to the sample cell increases, thereby maintaining a close-to-zero
temperature difference between the cells.

This way the electrical energy (W,) crossing the boundary of the calorimetric system

compensates the temperature changes caused by the chemical reaction. Because the
system is adiabatic and isobaric, change in enthalpy after each injection equals the
heat associated with the binding interaction, which is obtained by calculating the area
under each peak according to Equation 2.6, where AH is the amount of heat released

per mole of ligand bound.

Equation 2.6 AH=Qp=W,, = ff: P(t)dt

Decreasing magnitude of peaks upon each injection indicate saturation of binding.
When complete saturation is achieved, subsequent injections produce small consistent
peaks corresponding primarily to dilution of protein and heat effect due to mixing; these
heats need to be subtracted from all the injection peaks before analysis.

All experiments were carried out at 10 or 15°C in 50 mM HEPES pH 7.5, 300 mM NacCl
and 1 mM DTT and all protein samples were dialysed against this buffer in advance.
The concentration of the proteins was chosen between 0.1 mM and 0.2 mM, while the
ligand was 10 to 15 times less. A typical titration was conducted using an initial
injection of 2 pl, followed by 25 identical injections of 10 yl at time intervals of at least
240 s.

Thermodynamic parameters were calculated using origin 7.0 software (OriginLab,
Northampton MA) provided with the equipment and in all cases a single binding site
model was employed. With knowledge of the volume and concentration of both the
reactants, the experimental data were analysed using a non-linear least squares curve-
fitting algorithm with three floating variables: stoichiometry (n), association constant

(Ka), and the change in enthalpy (AH) of the interaction. From these parameters the
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change in both entropy (AS) and Gibbs free energy (AGy,) of association can be

calculated using the Equation 2.7 and Equation 2.8.

Equation 2.7 K,; = 1/1(
a

Equation 2.8 AG, = AH —TAS = RT InK,

2.7. Kinetics experiments based on biolayer interferometry

Biolayer interferometry (BLI) is a technology based on interferometry developed by
FortéBio to monitor molecular interactions. The biosensors utilised in this technique are
made of glass fibre with an additionally engineered biocompatible surface where
molecules attach. When white light is directed down the fibre, it partially reflects from
the two surfaces: one between the glass fibre and biocompatible surface and the
second between the layer of biomolecules and the solution (Figure 2.5). Once the
surface tip of the glass fibre contains immobilised protein, the thickness of the
bimolecular layer increases and causes a shift in the path length of the reflection wave
from the interface with the solution. Specific interaction of the immobilised molecule
with the ligand additionally changes the biomolecular layer thickness on the sensor
tips, leading to the spectral shift (AL). The reflected light is detected by the sensor and
the shifts of spectra in the interference pattern are monitored in a real-time manner,
providing kinetic data of binding events.

The binding of CDK2 to inhibitors was analysed on an Octet RED 384 instrument
(FortéBio), which offers fast, and cost-effective, compared to surface plasmon
resonance (SPR), analyses for multiple real-time characterisations of biomolecular
interaction. Each experiment was performed at 25°C using 50 mM TRIS pH 7.5,
300 mM NacCl, 0.005% P20 Tween and 1 mM DTT as buffer. The buffer-equilibrated

super streptavidin biosensors (FortéBio) were loaded with 3 pg/ml biotinylated kinase
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for 300 s, washed in buffer for 300 s, incubated with inhibitors for at least 300 s,
followed by washing in buffer for at least 500 s. Typically, small molecule stock
solutions were serially diluted (2.5-fold, 8-point serial dilutions) in buffer. The binding
data were fitted using the Octet analysis software 7.0, where the association and
dissociation curves were corrected for non-specific binding by subtracting two
references: sensors with no kinase incubated with inhibitors and sensors with kinase

incubated in buffer.
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Figure 2.5 Principles of the FortéBio biolayer interferometry. White light is reflected through the
glass fibre optic biosensor and capturing of the ligands by the protein changes the thickness of
molecular layer resulting in shift of the light spectra that can be measured in real time.
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2.8. Crystallisation

All crystallization was performed using the sitting drop vapour diffusion method at 4°C
in 150 nl drops. CDK2 was buffered in 10 mM Tris-HCI pH7.4, 25 mM NaCl, 5 mM DTT
with ImM compound added, and concentrated in a 10-kDa-cutoff Amicon Ultra-15
concentrator (Millipore) to 10 mg/ml. Crystals were grown in drops in a reservoir
solution containing 10% PEG4000, 0.1 M HEPES pH 7.5 and 0.05 M ammonium
sulphate. On mounting, CDK2 crystals were cryo-protected with an additional 25%
glycerol before vitrification in liquid nitrogen.

Each of the PIM proteins buffered in 50 mM HEPES pH 7.5, 300 mM NaCl, 5 mM DTT
was mixed with 0.6 mM consensus substrate peptide Pimtide (ARKRRRHPSGPPTA)
and 1 mM inhibitor, and then concentrated to 6-7 mg/ml.

Crystals of V126A PIM1 mutant were grown in a precipitant solution containing 0.2 M
Na,SO4, 0.1 M bis-trispropane at pH 6.5, 20% polyethylene glycol (PEG) 3350 and
10% ethylene glycol. Larger crystals were obtained by using follow up screening plates
with similar conditions.

PIM2 was crystallised in drops in a reservoir solution containing 0.1 M bis-tris-propane
pH 7.0, 0.25 M potassium thiocyanate, 20% PEG 3350 and 10% ethylene glycol. After
PIM2 crystals were formed, they were soaked in a solution containing the inhibitor in
order to obtain PIM2 bound with the inhibitor. Prior to vitrification in liquid nitrogen, all

PIM crystals were briefly soaked in mother liquor supplemented with 25% ethylene

glycol.
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2.9. Structure determination and refinement

All native diffraction data were collected at 100 K at the Diamond Light Source. Data
processing and refinement were performed with the assistance of Dr Jon Elkins and
Dr Apirat Chaikuad using the CCP4 suite of software (1994). Diffraction images were
indexed and integrated using iIMOSFLM (Battye et al., 2011) and data were scaled
using SCALA (Evans, 2006). Phases were calculated by molecular replacement in
Phaser (McCoy et al., 2007) with the corresponding kinase structure as a search
model. Model rebuilding was carried out using COOT (Emsley et al.,, 2010)
interspersed with cycles of restrained refinement with REFMACS5 (Murshudov et al.,
1997). During later stages of refinement, translation/libration/screw (TLS) parameters
were introduced. Progress of the refinement for each structure was judged throughout
by following a reduction in Rsee (calculated from 5% of the data that was excluded from
the refinement). The stereochemical properties and quality of the final model were
assessed with the MOLPBROBITY software (Davis et al., 2007). Structural figures and
graphical renderings were made with ICM (Molsoft LLC, San Diego, CA) or PyMOL

Molecular Graphics System (Schrodinger, LLC).
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3. DFG-in/out transitions in CDK2

3.1. Design of point mutations

CDK2 has been chosen as a model to study DFG-infout conformational transitions.
This kinase could be easily expressed, had the largest structural coverage (over 180
PDB depositions) and most importantly, despite this large amount of structural data, no
DFG-out conformation has yet been observed. Therefore this kinase served as a
prototype of a kinase that could not easily assume a DFG-out conformation. By
substituting amino-acids that may influence DFG movement, the goal was to convert
CDK2 into a kinase that can more easily assume DFG-out and can therefore be
targeted by type 2 inhibitors.

A large scale sequence and structural comparison of the human kinome has been
performed at Novartis (M6ebitz, unpublished data) and used to elucidate and propose
mechanisms that govern the conformational plasticity of protein kinases. To start with,
a unified nomenclature was introduced in order to match the conserved features
across different sequences. The major kinase conformations were then classified
followed by comparison of multiple sequence alignments between the conformations.
To prospectively identify residues that could be involved in stabilising the inactive DFG-
out state, the analysis of DFG-in vs. DFG-out conformations was combined with type 1
and type 2 inhibition data. As a result, we focused our attention on the three prime
candidates for mutagenesis.

The first and the most obvious place to make a point mutation was the gatekeeper, a
residue preceding the hinge region (F80 in CDK2). The size of the gatekeeper side
chain has been recognised to control the accessibility to the deeper hydrophobic
pocket inside the ATP-binding site and controlling kinase selectivity for ATP-
competitive inhibitors (Zuccotto et al., 2010, Garske et al., 2011b). Mutations of this
residue are frequently associated with the development of resistance mechanisms

when bulkier amino-acids occupying this position prevent drugs from binding to their
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target kinase (KIT (Tamborini et al., 2004), PDGFRA (Cools et al.,, 2003), EGFR
(Kobayashi et al., 2005), EML4-ALK (Choi et al., 2010), and FLT3 (Smith et al., 2013)
kinases as examples). Several potential explanations of this resistance have been
suggested, including simple steric blocking of the deeper hydrophobic pocket and
stabilisation of the hydrophobic spine, which is necessary for kinase activity (Kornev et
al., 2008, Kornev and Taylor, 2010). In addition, large aromatic gatekeepers are known
to form contacts with the oC-helix, thereby shifting the equilibrium to the active
conformation (Taylor and Kornev, 2011, Wang et al., 2006) and numerous gatekeeper
mutations leading to enhanced kinase activity have been reported (Zuccotto et al.,
2010, Choi et al., 2012). The analysis revealed that in general kinases with threonine
or methionine at the gatekeeper position have the ability to assume a DFG-out
conformation, unlike those with phenylalanine, leucine or valine in that position,
perhaps due to stabilisation of the active state. Therefore, mutants F80T and F80M
would be expected to make it easier to adopt a DFG-out conformation.

The second position for point mutations was cysteine 118 located at the aE helix
(Figure 3.1). We observed that in CDK2 the DFG-Phe146 is ‘sandwiched’ between the
large gatekeeper (F80) and C118. Besides, the side chain of the C118 is at a distance
of 3.8A from the aromatic ring of the DFG-Phe (closest atom to atom contact) and
complies with the geometry known to form a strong sulphur-arene interaction in protein
structures (Salonen et al., 2011, Chakrabarti and Bhattacharyya, 2007). At the time of
the kinome analysis, the only non-tyrosine kinases observed in DFG-out conformations
were p38a, Aurora A, CDK6 and CDK7. Sequence alignment of the nine CDK2 family
members indicated that both CDK6 and CDK7 had leucine at the position of C118
(Figure 3.1c). Interestingly, about 90% of tyrosine kinases, which account for the vast
majority of deposited DFG-out structures (Figure 3.1d), have leucine at this position.
Regulation of the tyrosine kinases often relies on a native inactive state, unlike the

other kinase families which tend to have native active conformations (Mobitz and
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Fabbro, 2012). All these observations resulted in the hypothesis that the interaction of
C118 with F146 stabilises the DFG motif in an active ‘in’ conformation. Cysteine was
therefore mutated to leucine (C118L) to remove sulphur-aromatic interaction and allow
for rotation of the DFG-Phe into the ATP-binding pocket, and to isoleucine to

investigate the effect of this residue on aC-helix displacement.
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Figure 3.1 Location of CDK2 mutations. (a) Structure of CDK2 (PDB: 1gmz) shown as a ribbon
diagram with mutated residues highlighted and important structural elements indicated. (b)
Magnified view of the DFG motif and the favourable interaction between F146 and C118 is
indicated with dashed lines. (c) Sequence alignment of nine human CDK family members. The
position corresponding to Cys118 of CDK2 located at the oE helix is highlighted in yellow. (d)
Distribution of DFG-out structures in individual kinases across human kinome families as
deposited to the PDB by November 2011.
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The third position for point mutations was the residue preceding the DFG motif (termed
DFG-1) where the side chain points towards the ATP-binding pocket. This residue
often makes direct contacts with the bound ligand and like the gatekeeper, stabilises
the regulatory hydrophobic spine (Taylor 2010). While alanine is the most commonly
observed residue across the kinome in this position, glycine and cysteine appear to
play a role in lowering the torsional barrier for the DFG backbone rotation and
stabilising the end state of the DFG-out. Our strategy involved mutating the DFG-1
position to cysteine (A144C) and glycine (A114G) followed by generation of double

mutants (C118L/A144C and C118L/A144G) to combine the potential effects.

3.2. Screening procedure

The work plan depicted in Figure 3.2 has been applied to test the predictions
experimentally. Residues suggested by structural comparisons to facilitate the
adoption of a DFG-out conformation were mutated by site-directed mutagenesis and
the mutated protein was expressed and purified (Appendix G). The sensitivity of the
mutants to the type 1 and type 2 inhibitors was tested according to the hypothesis that
type 2 inhibitors would be inactive on the wild-type CDK2, while binding to a mutant
would suggest that a DFG-out conformation has been successfully induced. The
assays were carefully selected to investigate the effect of the compound on enzymatic
activity and ligand binding.

First, techniques with rapid turnover and low associated cost (DSF, Caliper) were used
to identify compound hits and provide basic information about binding. Second, hits
were validated with ITC experiments, which allowed for accurate determination of
binding affinity and thermodynamic parameters. Since each ITC run requires large
amounts of purified proteins, only a limited number of interactions were feasible to

study. Third, BLI methods were implemented to investigate association and
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dissociation rates of compound binding. And finally, protein crystallography was used

to confirm the compound binding mode.
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Figure 3.2 Flow diagram showing the experimental procedures for compound screening. Each
experimental activity, objectives and estimated number of compounds used during the activity

are illustrated.
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3.3. Evaluation of structural integrity and stability of mutants

The impact of mutations on the structural integrity and thermal stability of CDK2 was
investigated using DSF, which involves the progressive heating of a protein while a dye
fluoresces upon contact with the exposed hydrophobic core of the denatured protein.
Therefore with the rise in temperature, the protein unfolds inducing an increase in
fluorescence levels the measurement of which allows determination of the protein
melting temperature (Tm).

The wild-type enzyme exhibited a melting temperature of 52.4 + 0.5 °C (Table 3.1).
Overall, the mutants demonstrated similar behaviour with unfolding temperatures
ranging from 48 °C to 55 °C, confirming that introduced mutations had no strong effect
on the overall protein fold and stability. It should be noted, however, that the average
Tm of the A144C mutant was about 4 °C lower (48.0 + 0.3 °C), suggesting that the
cysteine introduced at the binding site could affect N- and C-lobe interactions resulting
in slightly earlier unfolding of the kinase. This effect is suppressed when a second point
mutation is introduced as for the C118L/A144C and C118L/A144G double mutants,
which had similar melting temperatures to the wild-type (51.8 + 0.2°C and

53.0 £ 0.2 °C respectively).

Table 3.1 Melting temperatures (Trm) obtained for the wild-type CDK2 and mutants using DSF
show that mutations introduced have no strong effect on CDK2 stability. Mean values and
standard deviations were derived from at least 40 independent experiments in each case.

Protein Tm (°C)
Wild-type 52.4+0.5
F80T 54.3+0.2
F8OM 52.3+0.3
C118L 55.1+0.3
C118I 54.0+£0.2
A144C 48.0+0.3
A144G 50.6 £0.2
C118L/A144C 51.8+0.2
C118L/A144G 53.0+£0.2
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3.4. Binding of type 2 inhibitors to WT was suggested by DSF

The thermal shift based assay was also used as a rapid and low-cost screening
method to identify inhibitors that bind to CDK2 variants. Ligand binding can stabilise
the protein in its folded conformation, leading to an increase in the temperature at
which unfolding begins. Changes in Tn, therefore serve as indicators of a compound-
protein binding strength.

Scatter plots (Figure 3.3) illustrate differences in binding of inhibitors to wild-type CDK2
and the mutants. The change in melting temperature (ATy,) was calculated as the
difference between the melting temperatures of the protein in the presence of ligand
compared with the protein alone. Once ATy, values for all proteins were calculated, the
data were sorted from smallest to largest ATy for CDK2. Then the compounds were
subdivided in two groups: type 1 and type 2 inhibitors.

In general, a bigger temperature shift indicates higher stabilisation of a protein against
thermal denaturation and thus corresponds to stronger binding. As seen from Figure
3.3a, the gatekeeper substitution F80T caused a dramatic reduction of type 1 inhibitor
binding. For example, for the compound used as a positive control, staurosporine, AT
changed from 13.6 °C to 0.9 °C, indicating a complete lack of binding to the F80T
mutant. Despite that, an inhibitor with a type 2 scaffold, KO3859 was noticed to bind to
the F80T mutant giving a ATy, of 11.9 °C, while for the wild-type AT, was only 2.7 °C.
The F80M (Figure 3.3b) and C118l mutants (Figure 3.3d) did not demonstrate any
notable difference in compound binding, while the inhibitor interactions with the A144G
(Figure 3.3f) and C118L/A144G mutants (Figure 3.3h) were slightly weaker than that of
the wild-type, particularly for type 2 binders.

Introduction of a cysteine to the ATP-binding pocket (DFG-1 position) resulted in higher
affinity of type 1 inhibitors for the A144C variant (Figure 3.3e) with milder effect for the
double mutant C118L/A144C (Figure 3.3g). This can be explained by a possible S-H/n

interaction of the cysteine with an aryl ring frequently present in kinase inhibitors
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coupled with the aromatic-aromatic edge to face interaction with the phenylalanine
gatekeeper (F80) (Furet et al., 2006). The type 2 compounds demonstrated higher
affinity for the C118L (Figure 3.3c) and A144C mutants (Figure 3.3e), while the binding
data for the C118L/A144C mutant suggest a potential synergistic effect of these amino-
acid substitutions (Figure 3.3g).

Overall, the thermal studies confirmed the conserved protein fold and pocket shape for
each mutant and suggested type 2 binding to the CDK2 variants. The melting
temperature shift assay is a good first indication, however the data produced are hard
to quantify and could be subject to artefacts (Hau et al.,, 2011). Therefore these

thermodynamic studies were complemented with enzymology (Figure 3.2).
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Figure 3.3 Scatter plots of relative compound binding for each CDK2 mutant with respect to the
wild-type (WT) as established by DSF. Each value represents a shift in melting temperature
(ATmin °C) calculated as the difference between the melting temperatures of the protein in the
presence of ligand compared with the apo-protein. Type 1 compounds are shown as green
circles and type 2 compounds are shown as red rhombuses. Compounds of interest are

labelled.
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3.5. Reconstitution of CDK2 and cyclin results in active
CDK2 /cyclin complexes

The objective of this project was to demonstrate that certain amino-acid positions have
effect on the orientation of the DFG motif. Hence, identification of type 2 compounds
that bind to a CDK2 mutant(s) but not to the wild-type would provide experimental
evidence for a shift in conformational equilibrium. Since ‘inactivating’ mutations were
introduced, we also characterised the catalytic efficiency for all CDK2 variants by
following the kinetics under steady-state conditions. All enzymatic assays were
conducted using microfluidic electrophoretic mobility shift assay (Caliper) described in
Chapter 2.

As an enzyme, CDK2 alone is inactive and at least two steps are necessary for its full
activity (Chapter 1). First, activation of CDK2 requires complex formation with a cyclin
protein, like cyclin A or cyclin B, leading to significant conformational changes in and
around the ATP binding pocket of the kinase. Second, phosphorylation of the T160
residue by an upstream kinase results in organisation of the substrate recognition site
(Figure 1.3).

We discovered that CDK2 can be activated to a level sufficient for enzymology
experiments by simply mixing CDK2 with either cyclin A or cyclin B in vitro, with no
need for co-expression or addition of other protein-activators. A thorough optimisation
process was needed to have a reliable and reproducible biochemical screening assay.
First, titrations of each CDK2 variant were performed to define enzyme concentrations,
which result in a sufficiently high assay signal and at the same time ensure steady-
state conditions during the initial phase of the reaction, when about 10% of the
substrate has been converted into product. When the conditions were maintained in
the steady state, the initial velocity of the reaction was defined by the slope of the
amount of product formed versus time plot making the reaction rate compliant with the

Michaelis-Menten model for enzyme kinetics. The optimum concentration for each
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variant was established under conditions of saturating peptide substrate, ATP and
cyclin A. We observed that the mutations clearly reduced the kinases’ ability to
phosphorylate the substrate peptide and therefore larger amounts of mutants
compared to the wild-type were necessary for a detectable signal (Table 3.2).

Second, cyclin A titration experiments were performed for each CDK2 variant in order
to establish the optimum CDK2/cyclin A ratio when the kinase is fully saturated. Figure
3.4 shows that without cyclin A the kinase is inactive and addition of cyclin A results in
the formation of an active complex. Once a 1:1 molar ratio was reached, CDK2 was
fully saturated with cyclin A and demonstrates maximum activity. For all the following

enzymology experiments, equimolar amounts of CDK2 and cyclin A were used.
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Figure 3.4 Cyclin A titration experiments using the Caliper assay demonstrate that addition of
cyclin A activates CDK2. Both the wild type (left) and the A118L/A144C mutant (right) reach a
maximum rate of peptide substrate phosphorylation at a 1:1 molar ratio with the cyclin A. The
mutant has a lower rate of substrate conversion than the wild type confirming the inactivating
nature of the amino-acid substitution.

3.6. Impact of mutations on enzymatic activities

A key step in the evaluation of the CDK2 variants involved studying the effect of the
mutations on ATP and peptide binding by establishing corresponding Km values under
initial velocity conditions.

The Kn PP value is defined by the peptide concentration which results in half maximal

reaction velocity. Peptide titration experiments resulted in similar Kn, PP" values for all
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CDK?2 kinases, indicating that the mutations did not affect peptide binding, so the same
peptide concentration has been used for all the following assays.

ATP values, defined as ATP concentration that results in half maximal

However, Kn
reaction velocity, were observed to be increased for all mutants meaning that
inactivating mutations reduced affinity for ATP. The ratios of Michaelis—Menten

constants, Kea/Km ™

, were used as descriptors of catalytic efficiency of CDK2 variants,
where Kea is the catalytic rate of reaction (Table 3.2).

Comparison of catalytic rates revealed that the mutants’ ability to phosphorylate the
peptide substrate was decreased, confirming the inactivating nature of the mutations.
On average, the efficiency of the C118l mutant was decreased 10 times compared to
that of the wild-type, while the F80OM, C118L and A144G mutants demonstrated nearly
70-fold decrease. In contrast, the DFG-1 mutant A144C had a similar Kn ™ value to
the wild-type, however, the rate of catalysis was almost halved. Interestingly, the
double-substitution variant C118L/A144C seemed to balance the effects of the single
mutants. The extreme cases of F80T and C118L/A144G amino-acid substitutions

ATP was limited

demonstrated very low affinities for ATP and exact establishment of Kn,
by the assay capacity: we observed that in kinetic mode, increase of ATP
concentration beyond 1 M resulted in reduction of catalytic activities. The data for
these mutants therefore were not suitable for curve fitting since there was no
convergence to a plateau.

We noted that the complex of wild-type CDK2 with cyclin A mixed in vitro was less
efficient in product formation than the co-expressed complex provided by Novartis,
showing the effects on both the apparent ATP binding constant (K»”™") and on the
catalytic rate (kcar). The insect-cell produced protein is likely to be phosphorylated on
T160, which explains higher activity. Because T160 phosphorylation was absent in all
other CDK2 variant, partnering with cyclin only partially activated the kinase. This was

key to the success of the screen to identify type Il inhibitors that are designed to target

the inactive state.
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Table 3.2 Steady-state kinetic constants for the ATP titration experiments determined using
Caliper microfluidic mobility shift assay.

CDK2 variant conceﬁtl:];tisc?n (nM) K (WM) Kear () (M'lk?l/imlo“)
WT 20 440+ 145 18.1+55 412+ 185
F80T 100 Not converged*
F8OM 100 432.2+21.8 26+04 06+0.1
C118L 50 328.1+76.8 19+0.2 06+0.1
C118l 100 96.1 £16.1 3.3%+19 35+20
Al44C 100 51.6 £13.3 9.8+0.6 189+5.0
Al44G 100 302.0+74.6 21+0.6 0.7+25
C118L/A144C 100 52.4+16.5 16+0.3 31+£1.2
C118L/A144G 100 Not converged*
co-expressed WT 10 27.2+19.3 40.8+84 149.9 + 110.7

* A curve could not be fitted because the data did not converge to a plateau.

3.7.Enzymatic assay detected type 2 compound binding to the
mutant but not the wild-type CDK2

The sensitivities of CDK2 and the mutants to kinase inhibitors were established and
presented as half-maximal inhibitory concentrations (ICso). Since all screened inhibitors
were ATP-competitive, the ATP concentration is an important factor in the ability of a
compound to inhibit the kinase. Therefore, for comparable quantitative analysis of the
ICso values across the kinase panel, the ATP concentration for each variant was
chosen to be equal to Kn ™. For the F80T and C118L/A144G mutants ATP

ATP value for

concentration was set to be 450 uM, corresponding to the maximum Ky,
the CDK2 panel (Table 3.2). Unfortunately data collection for the C118L/A144G mutant

was unsuccessful due to undetectable activity of the kinase.
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Several compounds that bind to the mutants but not the wild-type have been detected
(Table 3.3). For example, binding of the inhibitor KO3861a to the wild-type was not
identified at 10 uM concentration (considered as ‘no binding’), however, this compound
clearly inhibited the mutant A144C with 1Csp value of 7.2 uM and even more potently
the mutant C118L/A144C with ICso value of 0.8 uM (Figure 3.5). The results
additionally confirmed exclusive binding of the compound K03859a to the F80T
mutant, which was suggested by our DSF experiments (Figure 3.3). Interestingly, the
chemical structure of this inhibitor is very similar to the registered type 2 inhibitor
sorafenib (Chang et al., 2007), and while the gatekeeper substitution F80T resulted in
dramatic affinity reduction of all typical CDK2 inhibitors, including staurosporine (Table
3.3 and Figure 3.3), further investigation of this interaction could provide useful insight
into the role of polar residues in the active site of protein kinases.

Type 2 inhibitors are known to have slow association rates and to accommodate for
this we tested whether compounds bind to the CDK2/cyclin A complex in a different
manner to those pre-incubated with the kinase domain and cyclin A added at the start
of the reaction. There was, however, no clear distinction in ICso values resulting from

the two experimental setups (Appendix B).
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Table 3.3 The ICso values (uM) for hits with type 2 scaffold and the positive control
staurosporine determined by Caliper assay. The data for the C118L/A144G mutant could not be
determined due to inability of the mutant to phosphorylate the substrate at a sufficient level for

assay detection.

CDK2/(_:ycIin A ICs0 (UM)
variant Staurosporine K03861a K03859a Compl Comp2 Comp3
WT 0.01 >10 >10 >10 1.9 >10
F80T 1.94 >10 7.1 >10 8.9 >10
F80OM 0.38 >10 >10 >10 >10 >10
C118L 0.06 7.2 >10 >10 1.2 3.5
C118l 0.07 >10 >10 >10 2.1 >10
Al44C 0.03 >10 >10 >10 3.0 >10
Al44G 0.19 >10 >10 >10 >10 >10
C118L/A144C 0.05 0.8 >10 6.5 0.4 1.7
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Figure 3.5 Hit finding using Caliper microfluidic mobility shift assay. (a) Chemical structures of
selected compounds described in Table 3.3. (b) Dose response curves determined by Caliper
assay for the wild-type complex with cyclin A the C118L/A144C complex with cyclin A mutant

with KO3861a inhibitor.
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3.8. Type 2 inhibitors can bind to the wild-type CDK2

Caliper microfluidic mobility shift and thermal shift based assays are good pre-
screening steps for identification of hits and nomination of mutants for more detailed
analysis. ITC has been used as a benchmark to evaluate data from those assays. A
set of hit compounds was taken through to ITC to quantitatively compare binding to the
wild-type and the mutants (C118L, A144C, C118L/A144C). The limiting factor is that
each ITC run requires large amounts of purified protein and the procedure is time
demanding. Nonetheless, the ITC method provides a unique and most direct means for
determining the thermodynamic properties of protein-ligand binding, and this technique
is capable of measuring not only the magnitude of the binding affinity but also the
magnitude of the two thermodynamic terms which define the binding affinity, the
enthalpy (AH) and entropy (AS) changes.

The representative fitted curves (Figure 3.6) and parameter values along with errors in
least-squares fitting (Table 3.4) are reported. All interactions are consistently
exothermic since the peaks are below the baseline and enthalpic contributions are the
dominating factor for the reaction. Titrations of C118L/A144C mutant into K03861a
validated the hit, which appeared to be very potent with Kq value 8.2+1.4 nM. The
interactions of single point mutants C118L and A144C were slightly weaker, with Ky
values of 20.0£2.8 nM and 14.3t1.6 nM respectively, supporting the hypothesis of
synergistic effect of these mutations. Because inhibition of the wild-type CDK2 was not
detected during enzymology experiments (Caliper assay), there was no expectation of
binding and the experiment was carried out as a negative control for completeness.
Surprisingly, strong enthalpic signal was detected during titrations and Kq of 52.7+3.4
nM was established, indicating potent binding of type 2 inhibitor to the kinase domain
of the wild-type CDK2.

We therefore decided to test if the presence of cyclin in the Caliper assay was the

reason for no apparent inhibition of the wild-type enzyme. The ITC experiments were
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repeated with CDK2/cyclin B complexes titrated into KO3861a. After initial trials, the
spacing interval parameter between each injection was increased from 240 s to 400 s
to accommodate for the potential conformational changes during binding. No binding of
the wild-type CDK2/cyclin B complex was detected but the complex of C118L/A144C
mutant with cyclin B was still interacting with the compound with Kq of 135.3 + 14.7 uM.
These findings indicate that the addition of cyclin activated the CDK2 kinase domain
and thus made the inactive DFG-out conformation inaccessible for type 2 binding. In
contrast, inactivating mutations in the C118L/A144C variant shifted the conformational
equilibrium and still allowed for a DFG-out conformation even in the presence of cyclin,
showing reduced affinity (~16 fold reduction) compared to affinity when cyclin was not
added. These results fully validate the findings of the previous assays, where binding
of KO386la to the wild-type CDK2 was not detected. Besides, the relatively weak
binding to the C118L/A144C mutant can be explained by the presence of cyclin, which
was necessary for running the activity assay. In addition, potency and selectivity for the
C118L/A144C mutant by K03861a and other compounds with type 2 scaffold have
been previously indicated by DSF screens (Figure 3.3).

In all cases, the binding reactions were enthalpically driven and characterised by
unfavourable or only slightly favourable entropy changes. The big enthalpic
contribution reflects the strength of the protein-ligand interactions relative to those
existing with the solvent (Leavitt and Freire, 2001), thereby the negative sign of large
changes in enthalpy indicates a net gain of a number of energetically favourable
contacts or an improvement of their strengths. Changes in conformational entropy as
well as changes in solvation entropy are reflected by the entropy change of the
reaction. Negative change of entropy values are often linked to conformational
penalties, associated with loss of freedom by the ligand and the protein.

Our results allowed accurate quantification of energetic penalties associated with the
intrinsic (point-mutations) and external (association with another protein) alterations.

Hence, the energy required for binding type 2 inhibitor to the wild-type CDK2 was
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determined to be -9.6 kcal and the double amino-acid substitution C118L/A144C
reduced this cost by 1.0 kcal, resulting in more potent binding as illustrated by
differences in binding affinity (Kq) and biochemical data (ICso values). Moreover, for this
mutant we estimated that the conformational penalty associated with binding to cyclin

B was increased by 1.5 kcal, thereby reducing the strength of the interaction with the

inhibitor (Table 3.4).
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Figure 3.6 Binding of KO3861a to the wild-type and to the C118L/A144C mutant as determined
by ITC. The exothermic reaction is evident in a row thermogram as heat is released and
decreasing heat signals upon each injection indicate saturation of binding. The data were fit to a
single site model using chi-square minimization algorithm in Origin 7.0 software revealing the
binding isotherms. (a) Titrations of the kinase domain into KO3861a indicate potent binding to
the inhibitor. (b) Formation of the kinase-cyclin complexes resulted in reduced binding of
inhibitor to the C118L/A144C and impaired binding to the wild-type.

Table 3.4 Thermodynamic parameters of K03861a (type 2) inhibitor binding to CDK2 variants
as determined by ITC. All errors shown for the ITC are taken from the fit of the titration
determined by the Origin software using a single site model with chi-square minimization
algorithm.

CDK2 variant Kd (nM) (k%Z‘/’ntiil) (kc;ﬁr?lol) n (I(Acgl) (ﬁ?g)
WT 50.0+37 | -14.9 53 |096| -96

c118L 186429 | -15.0 48 |099|-102]| 06
A144C 154423 | -15.9 56 |098|-103] 07"
C118L/A144C 9.7+0.8 -18.0 -7.4 0.94 | -10.6 | 1.0°
WT with cyclin B N/b2

C118L/A144C with cyclin B 134.1+15.8 -94 -0.3 0.82 | -9.1 1.5¢

a No binding detected under current assay conditions.
b AAG = AGWT _ AGmutant
CAAG = AGwith cyclinB __ AGwithout cyclin B
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3.9. Kinetic characterisation confirms long compound residency
typical for DFG-out binding mode

While binding affinity describes how well a molecule binds to its target, this measure
gives no information about how rapidly a molecule associates and dissociates from its
target. When interacting with the ATP-binding pockets of protein kinases, type 2
inhibitors often display slower rates of association and dissociation compared to type 1
inhibitors (Hari et al., 2013) and the mechanism that could explain this is the
conformational selection (Chapter 1). The basic assumption is that a protein kinase
slowly isomerises between active, inactive and perhaps other states in solution, and
inter-conversion between these states is relatively slow. Upon addition of a type 2
inhibitor, CDK2 kinases in the DFG-out conformation bind the compound and are
therefore removed from the equilibrium between the free states. The inter-conversion
between the conformations is likely to be the rate limiting step and is expected to make
association slower. If the interaction is very strong and association rate is limited,
extremely slow dissociation may be observed.

Direct monitoring of binding via real-time kinetics measurements was performed on a
16-channel ForteBio Octet RED384 instrument, which is based on BioLayer
Interferometry (BLI) technology (Chapter 2). The data generated for the wild-type
CDK2 established the slower binding kinetics of DFG-out inhibitors compared to that of
type 1 inhibitor flavopiridol (Carlson et al., 1996).

The binding phase of the curves reflects the fact that the off rate is particularly low for
the KO3429a compound, implying its high potency and type 2 binding mode (Figure
3.7). The determined equilibrium constants (Kg) closely agreed with values determined

using ITC (Table 3.4 and Table 3.5).
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Figure 3.7 Biolayer interferometry real-time kinetic studies of the interaction between
immobilised wild type CDK2 and three inhibitors. Dose-response curves are shown in colours
and nonlinear least square fitting are shown in black. Type 1 inhibitor flavopiridol demonstrated
typical fast on- and off-rates, while type 2 inhibitor KO3861la had slower association and
dissociation, and another type 2 inhibitor K03429a had very slow dissociation. The
corresponding chemical structures are presented below.

Table 3.5 Kinetic interaction of CDK2 with type 1 and type 2 inhibitors. Reported values are
representative of a single biolayer interferometry experiment as shown in Figure 3.7.

Parameter Flavopiridol K03861a K03429a
Kon (M2s) 5.0 x 10 2.3 x 10
Kot (5 3.5x 10?2 3.2x 103 not fitted
Ka (NM) 500 60
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3.10. Structural evidence for a DFG-out conformation of CDK2

After confirming potent binding of the type 2 inhibitors to the wild-type CDK2, it was
crucial to identify the mode of binding. Co-crystallisation of the recombinant CDK2 from
the E.coli expression system was unsuccessful after repeated attempts. This could be
due to the fact that the expressed protein was heterogeneous with mass shifts of 178
Da and 258 Da, indicating potential gluconoylation and phosphogluconoylation of
CDK2 (Figure 3.8). These common post-translational modifications have been
frequently observed in recombinant proteins and the heterogeneity created by
gluconoylation is known to interfere with crystallisation of proteins (Kim et al., 2001,
Geoghegan et al.,, 1999, Aon et al., 2008). The additional bands were consistently
present in tagged, untagged CDK2 and all the mutants, suggesting that the
maodification is within the protein sequence itself and not at the N-terminal His-tag as
observed previously (Kim et al., 2001). We therefore expressed wild-type CDK2 using
the baculovirus strain (De Bondt et al., 1993), and determined the co-crystal structure
of CDK2 with type 2 inhibitor KO3861a by X-ray crystallography.

The resulting structure provided definitive evidence that CDK2 is able to adopt a DFG-
out conformation, where DFG-Phe (F146) undergoes large translocation compared to
all previous CDK2 crystal structures which are in the DFG-in conformation (Figure 3.9).
The compound K03168a occupies the adenine-binding pocket of the ATP-binding site
and makes two H-bonds within the hinge region: one between the pyramidine-N and
backbone NH of L83, and another between the amino group of the aminopyrimidine
and the backbone carbonyl of L83. The carboxyl side-chain of the conserved oC-helix
glutamate (E51) is engaged in at least one H-bond interaction with the NH from urea,
while maintaining its usual salt bridge with catalytic leucine K33. The carbonyl from the
urea linker also accepts the H-bond from the backbone NH of DFG-Asp (D145). The
compound K03861a has a phenyl ring which is substituted with a trifluoromethyl group

at the meta position. This typical type 2 scaffold motif projects into the hydrophobic
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pocket vacated by the rotation of the DFG-Phe side chain around the C-N bond of the
DFG-Asp into the ATP-binding pocket. There was a clear break in the density of the
activation loop between residues 151-164 indicating that the activation loop is
disordered as it is often observed in inactive kinase structures.

Surprisingly, a second K03861a molecule was found outside the ATP-binding pocket,
packed between the C-lobe as shown and o C-helix of the symmetry related molecule.
Very similar examples with other protein kinases have been reported previously
(Eswaran et al., 2008). Because the ITC data indicated 1:1 stoichiometry of binding,
we concluded that the K03861a molecule located outside the active site has no
biological significance, and only serves to stabilise crystal contacts at the interface

between symmetry-related molecules.

34016
6.0x105-
> 4.0x10%
c 34274
3
=
— 20x10% 34194
0 ) . .
33500 34000 34500 35000
Mass (Da)

Figure 3.8 Mass spectrometry analysis of cleaved wild-type CDK2 from E.coli expression
system. ESI-TOF spectrum showing molecular ions corresponding to the expected mass of
untagged CDK2 (34016 Da), 34194 Da and 34274 Da, which are 178 Da and 258 Da larger
than the expected mass and could be gluconoylated and phosphogluconoylated derivatives.
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Table 3.6 Data collection, processing and refinement statistics for the CDK2 complex with
K03861a inhibitor.

Data collection
Space group P212121

Unit cell [a b ¢ (A)] 64.41 67.27 89.13
Resolution range? (A) 67.27-2.00 (2.11-2.00)

No. of unique observations?

26499 (3591)

/a(l)r2 10.8 (1.8)
CC(1/2) 0.998 (0.742)
Completeness? (%) 98.8 (93.4)
Multiplicity? 3.7 (2.6)
Wilson B factor (A) 35.6
Rmerge? (%) 6.3 (52.9)
Rpima (%) 3.7 (37.5)
Refinement

Rwork (Rfree) b (%)

20.20 (24.76)

RMSD. bond length (A) 0.0087
RMSD. bond angle (°) 1.3278
Number of atoms 2413
Number of residues 295
Water molecules 135
Compound 36
Ramachandran

Preferred (%) 97.43
Allowed (%) 2.57
Disallowed (%) 0.0

a Values in parentheses show the statistics for the highest resolution shell.

b Rfree was calculated using 5% of the diffraction data assigned randomly and not used
throughout refinement.
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N-terminal lobe

b c

Figure 3.9 Crystal structure of CDK2 in complex with K0386la determined by X-ray
crystallography confirms that inhibitor binding occurs to the DFG-out conformation of the
kinase. (a) An overlay of the DFG-in (green, PDB: 1b38) and DFG-out (purple) CDK2
structures. Large translocation of the DFG-Phe (F146, highlighted) is revealed, while the
activation loop of the DFG-in structure is coloured in red and the aC helix is in orange. (b) Two
typical hydrogen bonds formed with the CDK2 hinge. (c¢) Hydrogen bond network formed
between urea linker, catalytic lysine (K33) and aC-Glu (E51). The figures were prepared using
ICM (Molsoft, LLC).
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3.11. Discussion and conclusions

This project tested the hypothesis that primary sequence alteration of a protein kinase
can shift the conformational equilibrium between its active and inactive states. CDK2
was chosen as a target that was thought to have inaccessible DFG-out conformation
due to the large conformational penalty between the ‘in’ and ‘out’ states. Residues
suggested by structural comparisons were mutated to promote this transition.
Biochemical and biophysical assays were used to investigate if the mutations affected
kinase’s sensitivity to small molecule inhibitors, including type 2 compounds that bind
to the DFG-out conformation. A number of type 2 inhibitors were identified as hits for
the mutants, however, binding of type 2 inhibitors to the wild-type CDK2 was also
detected. The detailed characterisation revealed that type 2 compounds were potent
inhibitors of the monomeric CDK2, but not the CDK2 complex with cyclin. The co-
crystal structure of CDK2 with type 2 inhibitor KO3861a confirmed the DFG-out binding
mode.

Additionally, we demonstrated that the large conformational changes required to
accommodate type 2 inhibitor binding were responsible for slow binding kinetics. In
particular this conformational adaptation plays a key role in stabilising the compound-
target complex, thereby increasing the compound residence time. While effectiveness
of an inhibitor is traditionally quantified using Kq or 1Cso values, which are related to the
concentration of inhibitor needed for a certain level of target occupancy under
equilibrium conditions, inhibitor-target binding in vivo is not wholly governed by
equilibrium conditions. Hence, the prolonged compound residency time could be
important for its pharmacological selectivity and efficacy, and compounds with a very
slow dissociation could have a significant clinical advantage over rapidly reversible
inhibitors since they inhibit the activity of a kinase for a significant time period.

The gatekeeper and the residue preceding the DFG motif were already pointed out as

residues that influence the ability of a kinase to adopt a DFG-out conformation (Hari et
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al., 2013). The authors demonstrated that mutating leucine to cysteine at the DFG-1
position prevents Erk2 from binding to the indicator probe with a type 2 scaffold,
implying that the introduced cysteine disrupts the DFG-out conformation. This
contradicts our results, which suggest that cysteine at this position actually assists in
stabilisation of the DFG-out state. Moreover, a number of protein kinases that bind type
2 inhibitors including CDK2 and FLT3 have a cysteine at this position, suggesting that
the authors’ predictions could be limited to the specific case of the studied model Erk2.
However, we demonstrated that similarly to disease-related mutations, amino-acid
substitutions can exert a dramatic effect by altering the ability of a kinase to
dynamically switch between near-native conformations. Mutations that are located
within the active site of CDK2 (A144C), as well as those in the outer interaction shell
(C118L), show a synergistic effect on both catalytic activity of the CDK2 and its ability
to bind type 2 inhibitors.

We determined free energies of binding associated with these interactions and
quantified energetic penalties associated with the intrinsic (point-mutations) and
external (association with another protein) modifications, providing a unique context for
interpretation of conformational ensembles and how shifts in the distributions of
conformations are linked to the complex thermodynamic process of ligand binding.
These findings support the assumption that a kinase can adopt all major conformations
at an energy cost, and further strengthen the concept of a dynamic conformational
equilibrium. Essentially, the differences in affinities between the authentic CDK2 and
the C118L/A144C mutant imply differences in population of conformers coupled with
their inter-conversion rates, and the availability of a DFG-out conformation is the
determining factor for the type 2 inhibition. In the absence of cyclin, the C188L/A144C
mutant can more readily form the DFG-out conformation than the wild-type, which is
reflected by more potent binding of the KO3861a inhibitor.

Upon addition of cyclin, the equilibrium shifts dramatically towards the active DFG-in

conformation and therefore binding of this inhibitor to the wild-type could no longer be



77

detected under the same experimental conditions. The C118L/A144C mutant was still
binding type 2 inhibitors, although affinities of these interactions were significantly
reduced compared to those without cyclin. Arguably the introduced point-mutations
have only a minor effect, if any, on the overall fold of the kinase or a particular
conformational state. The basic question remains to be answered regarding the
structural alterations caused by the mutations: is the mutant’s ability to bind cyclin
affected or is a ternary complex with the inhibitor formed? One way or another, this
work highlights the importance of conformational adaptation in the evaluation of drug-
target interactions. Failure to properly accommodate this can mislead screening
campaigns and not only underestimate the affinity and residency time of a compound,
but overlook the fact of binding. The inhibition of CDK2 by type 2 inhibitors is an

excellent example of this.

3.12. Future work

Our studies illustrate that residues contributing to kinase conformational equilibria and
protein-protein interactions can be just as important for inhibitor binding as contact
residues formed in the ligand complex. The traditional view that contacts residues
alone define inhibitor potency and selectivity should therefore be updated.

An important question to address is how type 2 inhibition of CDK2 can be tested in
cellular systems. Since cyclin expression is transient, these data may improve the
understanding of cell cycle regulation and assist in therapeutic research.

Regarding a dynamic interplay between compound potency and conformational
dynamics of its target, it seems reasonable to suggest that more potent type 2

inhibitors like K03429a and K03860a bind to the wild-type CDK2 even if cyclin is
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present. We therefore plan to perform additional ITC experiments to test this
hypothesis.

Even though it seems clear that the introduced point-mutations have only a minor
effect on the binding mode of type 2 inhibitors, obtaining co-crystal structures of
mutants would be useful to support this statement.

An additional way to quantify conformational equilibrium shifts could be evaluation of
binding affinities between cyclin and CDK2 variants. Our attempts to establish these Kg
values using ITC or BLI were unsuccessful, and tentative microscale thermophoresis
(MST) experiments did not detect differences in affinities for cyclin A between the wild
type, the F80T and C188L/A144C mutants. However, SPR experiments could be
useful in orthogonal characterisation of cyclin binding.

Another area for future exploration is explaining the reasons of exclusive binding of the
type 2 compound K03859a to the gatekeeper mutant F80T. The typical drug-resistant
mutations described in patients are ‘reverse’ substitutions of gatekeeper threonine to a
bulkier residue, such as isoleucine (Gorre et al., 2001), or phenylalanine (Warmuth et
al., 2003). The detailed understanding of this interesting interaction could therefore
provide useful insight into involvement of this mutation in the resistance mechanism
and to more fully exploit the role of polar residues in the active site of protein kinases.
Moreover, our discovery of the fact that CDK2 was able to adopt a DFG-out may
trigger medicinal chemistry efforts. There is a strong potential for design and
development of a CDK2 inhibitor that targets the cysteine (C118) located next to the
side pocket (Figure 3.1). Since the cysteine at this position is uncommon in protein
kinases, this inhibitor could have an excellent selectivity profile.

As additional work in the field of protein kinases continues, further descriptions of the
structural determinants of conformational preferences provide useful perspectives into

activation and inhibition of these important drug targets.
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4.Isoform selectivity in PIM Kinases

PIM kinases are promising drug targets in the treatment of cancer (Chapter 1). Despite
highly conserved active sites, most reported compounds inhibit PIM1 and PIM3 more
strongly by a factor of at least ten (Bullock et al., 2005b), which has been suggested to
be related to differences in dynamic properties of the different PIM isoforms (Brault et
al., 2010). Additionally, PIM2 has considerably higher affinity for ATP than PIM1 and
PIM3, which could make cellular inhibition of this protein kinase much more
challenging (Burger et al., 2013).

To elucidate the reasons for this differential compound binding behaviour, we
performed bioinformatic analysis of PIM sequences and structures, coupled with
experiments involving site-directed mutagenesis, screening of representative chemical

libraries, and X-ray crystallography.

4.1.Bioinformatic analysis of sequences and conformations of
PIM kinases

4.1.1.Evolution of the PIM protein kinase family

To compare PIM protein kinases and to gain insights into their evolution, we used
principles of the evolutionary trace analysis. This approach relies on the extraction of
functionally important residues from sequence conservation patterns in homologous
proteins (Lichtarge et al., 1996) and could assist in determination of mutational effects
on biological function and ligand binding.

The following human PIM protein sequences, obtained from the UniProt database
(Bairoch et al., 2005), were used as queries: PIM1|P11309, PIM2|Q9P1W9 and
PIM3|Q86V86 (Appendix C). A PSI-BLAST (Altschul et al., 1997) search was then

performed against the non-redundant protein database downloaded from the NCBI
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website (ftp://ftp.ncbi.nih.gov/blast/db) on 17 July 2010, with default settings and the
maximum Expect value (E) set to 1. In order to obtain the most comprehensive hit set
we performed three searches using each query sequence individually and afterwards
combined the results, yielding 3167 unigue sequences. Only 173 sequences met the
criteria of being relevant PIM homologues and were retained for further analysis
(Table 4.1).

Sequences of all accepted hits in FASTA format were obtained from the NCBI protein
sequence database after which a multiple sequence alignment of PIM homologues
was performed using MUSCLE (Edgar, 2004). Since the accuracy of phylogenetic
analysis is directly influenced by the alignment quality, the results were visualised in
Jalview (Waterhouse et al., 2009) and any irrelevant sequences were excluded. We
applied a maximum likelihood tree building algorithm using the proml program of the
Phylip software package (Felsenstein, 1989) and visualised the generated tree using
iTOL (Letunic and Bork, 2007), with GenBank IDs and species names as primary keys
of the sequences identification (Appendix D). The vast majority of identified hits
belonged to two organisms, Danio rerio (zebrafish) and Taeniopygia guttata (zebra
finch). Recently, Kong and co-workers (Kong et al.) investigated the reasons for an
unusual expansion of PIM kinases in Taeniopygia guttata and concluded that these
duplications occurred as the result of mutational bias. Based on that conclusion, we
conjecture that the same statement may be true for Danio rerio. Therefore we excluded
PIM genes from these two species, which also clustered into separate branches, from
our analysis as they are probably irrelevant to the selectivity problem. The excluded
clades were collapsed, and amongst the remaining 52 examined sequences, 10
formed a PIM1-like family that was closely related to 19 PIM3-like sequences, while 12
PIM2-like genes clustered separately and 11 sequences did not belong to any of the
above (Figure 4.1). The hinge region appeared to be highly conserved across the
species with only two changes from PIM1 and PIM3 to PIM2: E124 to leucine

(hereafter PIM1 numbering) and V126 to alanine (Figure 4.2).
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After the examination of a region containing the P-loop (residues 38-77), sequence

logos for each subgroup were constructed using WebLogo (Crooks et al., 2004), and a

number of conserved changes between amino acids with very different chemical or

structural properties were identified (Figure 3.1a). We focused our attention on the

most interesting and unexpected, but conserved across each clade amino-acid

substitutions, and those located on the surface of PIM1 protein were nominated as the

key substitutions that could play a role in ligand binding (Figure 3.1b).

Table 4.1. Sequence homology analysis of PIM protein kinases

Filtering criterion

Justification

Software tool

Sequence length < 200 residues

Sequences with identity over
99%
(redundant hits)

Sequences without PIM-specific
hinge pattern
[ML]ERP....D[LM].*DFG*

To discard sequence
fragments since the catalytic
domain of PIM proteins is 280
amino acids (Kumar et al.,
2005, Selten et al., 1986)

To eliminate very close
homologues and duplicates
that might confound results

Literature review and manual
inspection of multiple
seguence alignments

Custom Perl script

CD-Hit (Li and Godzik,
2006). Human PIM proteins
kept as representatives of
their respective clusters

Regular expressions in Perl
script

T Sequence pattern was refined after manual inspection ensuring that true hits are not rejected,
while every accepted sequence contains the DFG motif found in any functional kinase and
PIM-characteristic hinge insertion along with proline residue (in bold) as described in the
Introduction, (.) matches any residue, (.*) matches any residue zero or more times.



—_—

0
—

i

%

L]

82

[Tetraodon nigroviridis]gi|47218425

—EEEEE— 65, Danio rerio sequences
S —— 35 Danio rerio sequences

[Nematostella vectensis]gi| 156400273
[Ciona intestinalis]gi| 198413864

— ————s— {8 Taeniopygia guttata sequences

Brugia malayi]gi| 170587458
Caenorhab lls briggsae]qgi| 268556266
Caenorhabditis briggsae]gi|268573160
Caenorhabditis ele ans 1|25143‘:-J34
Brugia malayi]gi|1

Caenorhabditis briggsae]g||2685?3?02
Caenorhabditis elegans]qi|17552060
Caenorhabditis ele ans]f %?552062
Ciona intestinalis gS’198 35060
Xenopus laevis]gi| 148225148
Xenopus {Siluran, 5} tro;%lcalls gi| 56118642
Danio rerio]gi| 11651

Monodelphis domestica]gi| 126309941
Macaca mulattalgi| 109070954

Pim1Homo sapiens]gi|4505811

atius norvegicus|gi é%ﬁ%g
Ovis aries]gi|223712706
Mus musculus]gi|83305340
Pim1p44Homo sapiens]gi|83305339
Callithrix jacchus]gi[296 198050
Oryctolagus cuniculus]gi|291396127
Branchiostoma floridae] ||2608161 02
Haliotis discus d|scus]g|?12669
Saccoglossus kowalevskii] g||291238?99
Cotumnix coturnix |ap0n|c 48 1|20139257
[Taeniopygia guttata]gi|224093472
Monodelphis domestica]gi| 126338690
Xenopus laevis]gi|213623592
Xenopus laevis]gi|83405593
Xenopus laevis]gi| 148235213
[Tetraodon nigroviridis]gi|47213500
Salmo salar]gi|213514132
Xenopus laevis]gi| 148229051
Callithrix jacchus]gi|296192092

im3Homo sapiens

acaca mulattalgi
Rattus norvegicus|gi|3800869
Mus musculus]gi| 74207496
Rattus norvegicu l% i|293348882
Bos taurus]gi[2974 75539
Ixodes scapularis]gi|241246278
Monodelphis domesﬂcaﬁ& 26342853
Canis familiaris]gi|7400
Bos taurus]gi| 194680549
Equus caballus]gi| 194227900

imZHomo sapiens

allithrix jacchus]gi
Oryctolagus cuniculus]gi]291407465
Rattus norvegicus|gi|285402974
Rattus norvegicus|qi| 149028435
Mus musculus]gi| 148701982

Mus musculuslail20070430

Figure 4.1. Reduced phylogenetic tree, black triangles indicate collapsed branches. PIM-like
families are marked with colour lines and human PIM proteins are highlighted with red

rectangles
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Figure 4.2. Multiple sequence alignment of P-loop and hinge regions of PIM homologues.

Conserved residues and their positions are coloured with the ClustalX scheme using Jalview.
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Figure 4.3 An evolutionary analysis of PIM kinases identified protein functional determinants.
(a) Sequence logos of P-loop region from phylogenetic subtrees. The key conserved changes

are marked with arrows. (b) Residues mapped on the PIM1 surface, PDB: 2c3i.
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4.1.2.Structural analysis of PIM1 kinase

In order to study P-loop residue interaction patterns, we investigated the set of all
known X-ray structures of PIML1. At the time of the analysis, 41 PIM1 kinase structures
had been deposited in the PDB, consisting of two apo-forms and 39 liganded
structures. As in our sequence study, we focused our attention on the interactions of
protein residues within the P-loop region. Based on the observed configurations of the
P-loop, we subdivided the representative PIM1 structures into four subclasses (Table

4.2).

Table 4.2. Classification of the selected PIM1 structures

No Subclass Ligand PDB codes and references
1 Apo-enzymes None 1xgz (Qian et al., 2005)
1ywv (Kumar et al., 2005)
2  Complexes with ATP AMP-PNP 1xrl (Qian et al., 2005)
analogues lyxt (Kumar et al., 2005)

2bzk (partial P-loop)
(Bullock et al., 2005b)

3  Co-structures with Imidazo-Pyridazine 2c3i (Pogacic et al., 2007)
PIM1-specific Benzothienopyrimidone (6e)  3jxw (Tao et al., 2009)
inhibitors Benzothienopyrimidone (3b)  3jya (Tao et al., 2009)

4  Co-structures with dual Benzothienopyrimidone (12b) 3ju0 (Tao et al., 2009)
inhibitors Naphto-difuran 3ma3 (partial P-loop)
(Lopez-Ramos et al., 2010)

A custom MATLAB 7.10 (The MathWorks Inc., Natick, MA) script was developed to
transform protein structures into residue interaction networks that can be visualised as
a graph. In our network each node corresponds to an amino acid, while edges
represent residue interactions. Two residues were defined as ‘interacting’ if any atom
of the first residue is located within 4.5 A of any atom of the second residue (Hamer et
al., 2010). The trivial intra- amino-acid contacts were eliminated and the observed

multiple edges indicate how strongly a particular residue interacts with its counterparts.
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Similarly, we indicated protein-ligand contacts, accounting for presence or absence of
interactions between the P-loop residues and the PIM inhibitor reported in co-crystal
structures. Furthermore, for every given residue, we analysed the composition of
surrounding residues in terms of their location at the sequence level. We defined short-
range interactions as those between residues which are within three sequence
positions, whereas long-range interactions are those between residues further away
from one other. Only long-range interactions were considered in the analysis and the
matrices of different PIM1 structures were compared to establish the common
interaction patterns as well as key differences in residue contacts (Figure 4.4a). A
sanity check was conducted to ensure that the maps support the protein models.

Given the initial observation of the P-loop fluctuations, we established two major
conformations (Figure 4.4b). Complexes with PIM1-specific inhibitors (2c3i and 3jya)
shared the same P-loop orientation as the apo-enzyme (1xqz) and we called it
‘conformation A’. The structural comparison of PIM1 structures with the ATP-mimetic
inhibitor AMP-PNP was intriguing since the P-loop orientation in 1lyxt was in
conformation A, which is considerably different from the analogous 1xrl. Moreover, the
P-loop has not been fully resolved in the 2bzk structure, but the surrounding modelled
residues perfectly aligned with 1xrl. Remarkably, PIM1 complexes with dual inhibitors
3jy0 and 3ma3 have the same P-loop orientation as 1xrl and 2bzk. These four
structures formed a group which we termed ‘conformation B’.

From a pairwise comparison analysis of the contact maps derived from these
structures, we deduced that residue interactions 63-56, 73-68 and 73-69 were present
in conformation A, but not in B. Correspondingly, residue pairs 46-50 and 46-51 were
interacting in each structure having a P-loop in conformation B, but not identified in
those with conformation A.

The pair of residues 56-63 was investigated further, since they were also identified in
sequence analysis. The partially conserved position 56 is isoleucine in PIM1 and

serine in PIM3 kinases, however, PIM2 has histidine at this site. In addition, a
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conserved proline found in PIM1 and PIM3 at position 63 is substituted by polar
glutamine in PIM2. If PIM2 is able to adopt conformation B and this glutamine-histidine
pair forms a hydrogen bond, the P-loop movement could be restricted resulting in
weaker binding of the inhibitors (Figure 3.1b). The full set of results of this structural

analysis is provided in the Appendix F.

1XR1 / 2¢31

= 3JY0 mAYXT |
zx [ Conformation B 3gva [ Conformation A
m1XQez

Figure 4.4. Structural analysis of PIM1 kinases. (a) Contact map visualisation with nodes
representing amino acids (humbered according to a sequence) or ligand (Li), and edges
representing residue interactions. Long-range interactions, i.e. between residues that are
further than three sequence positions from each other, are coloured in red. (b) Classification of
PIM1 protein structures described in Table 4.2. Conformations A and B are defined depending
on the P-loop orientation. 2bzk and 3ma3 are classified as conformation B, despite their
incomplete P-loop (the decision was based on the orientation of surrounding residues).

4.1.3. A combination of sequence and structural studies provided
the basis for rational mutagenesis

Our sequence conservation analysis revealed important clues about the protein. We
collected all available PIM homologues from different species and created a multiple
sequence alignment of these sequences, which was then subjected to phylogenetic
analysis (Figure 4.5). Once the phylogenetic tree was constructed, comparative studies

of the orthologous clades were performed. As a result, residues that are highly
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conserved within subtrees but differ among orthologous groups (PIM1 and PIM3
versus PIM2) were identified. In order to improve our understanding of PIM kinase
selectivity we also considered the available structural data. Using a MATLAB script we
identified interacting residue pairs in PIM1 co-structures with selective ligands, which
are not in contact in PIM1 complexes with dual inhibitors. A number of conserved
substitutions, S46K, S51T, I156H, P63Q, H68V, E124L and V126A were identified in
both sequence and structural studies. Therefore we conclude that these substitutions
are likely to be the PIM ligand specificity determinants and are the best candidates for

site-directed mutagenesis.
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Figure 4.5 Flow diagram showing the analysis of PIM structures (left) and sequences (right).

Below is an overlay of PIM1 and PIM2 structures (P-loop and hinge regions) with point

mutations shown as sticks and labelled, PDB: 2c3i and 2iwi. The P-loop folds into the ATP site
making aromatic contacts with the conserved residue F49 and the inhibitor.
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4.2.New PIM2 construct - a truncated variant with improved
crystallisation properties

As stated in the introduction, a crystal structure of the PIM3 kinase is not yet known.
Moreover, only one PIM2 structure is available publicly (Bullock et al., 2009) and
further SGC attempts to co-crystallise PIM2 with inhibitors have been unsuccessful. It
has also been noted that PIM2 is less thermally stable and has a much shorter half-life
than PIM1. To find reasons for the inability of PIM2 and PIM3 to crystallise, and
whether the differences in molecular recognition are guided by structural variability,
flexibility or disorder-to-order transitions, we evaluated PIM proteins using the regional
order neural network server (RONN) (Yang et al., 2005). This method takes protein
sequence as an input and detects natively disordered regions using a neural network.
The output is a graph showing the probability of disorder versus residue position in the
protein sequence (Figure 4.6). The results for PIM1 and PIM3 prediction show little
disorder, whereas two PIM2 segments, one at the beginning of the sequence (residues
1-30) and the second towards the end (residues 265-290) show 60-90% probability of
being disordered.

The comparison of all three protein disorder graphs provided no evidence that
disorder-to-order transitions alter molecular recognition and selectivity profiles of PIM
kinases. A small disordered segment (residues 265-280) shared by both PIM2 and
PIM3 is unlikely to be the cause of PIM3 instability. However, an additional large
disordered region in the PIM2 kinase might explain the poor tendency of PIM2 to
crystallise. Coupled with the fact that the first 22 residues in the available PIM2
structure were not defined by electron density, we designed a new PIM2 construct with
truncated N-terminal fragment (residues 1-22). The truncated PIM2 protein was then
successfully crystallised.

There was no apparent explanation for failure of PIM3 to crystallise, implying that other

factors apart from disorder contribute to this protein’s crystallisation properties.
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Figure 4.6. RONN plots of disorder probability per residue for PIM kinases. The horizontal lines
mark the threshold for disorder predictions (corresponding to probability of 0.5). While PIM1 and
PIM3 proteins are predicted to have little disorder, the segment at the beginning of the PIM2
sequence (residues 1-30, marked with vertical dashed line) shows the high probability of
disorder.
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4.3. Thermal stability and structural integrity of PIM variants

The role played by the residues highlighted in our analysis (Section 4.1) was further
investigated by site-directed mutagenesis, along with the effect of two cumulative
mutations (Table 4.3). DSF experiments were conducted to compare PIM
isoforms/mutants to each other and identify potent inhibitors for further studies. As
explained in the Methods chapter, the DSF technique involves the progressive heating
of a protein, while a dye fluoresces upon contact with the exposed hydrophobic core of
the unfolded protein. With the rise of temperature, the protein unfolds inducing
increase in fluorescence levels and therefore allowing detection of the protein melting
temperature (Tm). Since potent inhibitors stabilise the protein in its folded conformation
thereby increasing Tm, shifts in melting temperature serve as indicators of a compound-
protein binding strength.

As a prerequisite for this measurement, the melting temperature of each variant
without compounds added was established (Table 4.3). PIM2 displayed a lower
melting temperature than PIM1 and PIM3 suggesting that this enzyme is less thermally
stable. The introduction of point mutations did not significantly affect the structural
integrity of the kinase since all mutants had melting temperatures similar to those of
wild-type PIM kinases. The biggest effect was observed in E124L and I156H/P63Q
mutants, for which T, was reduced by up to 5 °C. In the 124L mutant this effect can be
explained by deletion of the salt bridge with R122 (Figure 4.5) and the observed Tn

value was established to be similar to that of PIM2.
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Table 4.3 Melting temperatures (Trm) obtained for the PIM panel using DSF show that PIM2 is
less thermally stable than PIM and PIM3. Most PIM1 mutations have no strong effect on PIM1
stability. Mean values and standard error were derived from at least 40 independent
experiments.

Protein Tm (°C)
PIM1 46.3+1.0
S46K/S51T 459+1.2
E124L 429+1.0
S46K 472+13
V126A 48.0+ 0.9
S51T 46.7 £ 1.7
H68V 46.7 £ 0.3
I56H/P63Q 42.1+£0.5
PIM2 41.8+1.2
PIM3 446+04

4.4. Thermal shift assay allows nomination of potent inhibitors
for quantitative analysis

Thermal stability shift assay, which identifies binding compounds by a shift in the
protein's melting temperature, Tm, was applied to rapidly screen a collection of
available kinase inhibitors. About 1000 compounds were screened, and a selection of
potent inhibitors demonstrating differences in binding to PIM kinases and the mutants
is presented as a colour-coded map (Table 4.4).

Changes in melting temperatures (ATm) were calculated as the differences between
the melting temperatures of the protein in the presence of ligand compared with the
protein alone. Once ATn values for all proteins were computed, the data were sorted
from smallest to largest ATn for PIM1. Then the compounds were subdivided in four

groups according to their scaffolds: imidazopyridazines, carbolines, furanes (with
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related di-substitutions) and novel kinase inhibitors synthesised by GlaxoSmithKline
(GSK) in 2011 (Table 4.4).

The majority of the compounds, in particular imidazopyridazines (e.g. KO0135) and
carbolines (e.g. K01844a), show 2-3 °C difference in ATy, when binding to PIM2, which
corresponds to 20-100 fold selectivity of these ligands towards the PIM1 kinase
(Pogacic et al., 2007). Also, a number of ligands from the furane class have weaker
affinity for the P-loop mutants, including the compound KO00906, which completely
failed to bind to those with single S46K and S51T substitutions. The double mutant
S46/S51 shows a similar effect, but to a lesser extent.

The ATy values of mutants V126A and I156H/P63Q were reduced compared to PIM1
for most of the presented compounds, accounting for most of the observed effect in
melting temperature between PIM1 and PIM2. Other mutations did not show
substantial reduction in binding affinities, given that their AT, values are close to those
of PIM1.

Some GSK compounds (e.g. K02803, K02908) selectively bind to PIM2, which has not
been reported previously. Although the mutants did not replicate this type of ‘reverse’
behaviour, the compounds were selected for further investigation to see if this effect
could be explained and documented.

Overall, the thermal studies confirmed conserved protein fold and pocket shape for
each mutant. After comparison of ATy values across the PIM variants we selected a
range of potent inhibitors with different chemical scaffolds for quantitative analysis of

their binding affinities.



95

Table 4.4 Melting temperature shifts (°C) for all PIM variants and selection of the most
interesting compounds as determined by DSF. Higher values correspond to stronger ligand
binding and are shown in deeper red.

SGCID  PIM1  S46K/SEIT E124L  S46K  VI26A  SBIT He8V  IS6HP63Q  PIM2 PIM3
K02994a | 46 4.9 4.1 4.8 5.8 43 4.4 5.2 7.8 6.7
K03077a 48 48 43 4.9 5.9 45 33 4.0 7.6 5.9
K02978a 4.8 25 52 5.2 4.1 6.0 5.9 38 10.1 76
K00228b 5.2 7.0 59 7.0 6.0 72 27 19 10.0 77

«» |ko3o20a 59 5.9 43 75 5.1 5.4 53 37 5.1 6.1

2 |kosw9a 60 59 5.9 47 42 6.0 6.1 38 4.7 4.9 2

3 |kozs08a 6.0 6.9 72 1.0 7.0 6.4 6.5 5.1 111 10.1 2

g— K03146a 6.3 5.9 63 5.1 5.1 57 6.2 45 14 49 2

S |ko:sra 65 6.2 6.1 5.6 46 5.9 6.3 45 09 45 E

« |Kko2s03a 70 8.7 6.8 9.9 8.4 7.7 7.1 6.6 117 8.9 o

0 |koe67a 7.0 65 6.1 5.8 7.6 6.9 6.3 57 86 7.4 3

O |koszea 72 6.7 62 5.4 38 65 7.0 48 06 35 2

Q  |[ko3129a 74 7.0 7.0 59 42 6.7 7.3 5.8 18 5.0

S |kozosa 77 73 57 6.2 6.6 7.8 6.2 53 76 7.0
K0314la 81 7.3 7.8 63 57 6.7 7.0 56 52 65
K02985a 83 8.1 7.9 7.9 6.7 82 8.9 6.6 856 76
K02931a | 85 8.8 8.9 97 7.1 8.4 7.9 6.7 11.4 10.6
K03140a| 96 9.2 93 8.9 6.2 8.8 96 7.9 25 6.7
K02888a | 10.2 95 9.9 10.2 8.8 10.0 9.4 7.8 8.0 10.1

© | Koos03 57 53 55 56 3.9 53 5.9 39 5.4 5.0

Q| K499 57 5.1 47 52 3.0 48 57 36 26 41

‘S | koo135 59 56 5.1 5.9 48 59 6.6 46 43 6.8

T | koos14 64 55 5.4 6.1 45 53 6.3 44 53 63

S | koodss | 66 6.0 5.8 6.7 48 63 6.7 47 59 65

S |koosi2 | 77 6.7 65 72 48 6.4 8.0 6.0 6.0 6.2

N | xooss7 | 78 6.8 74 76 5.0 75 8.1 5.7 56 6.4

S | koos16 | 7.8 7.0 6.9 72 5.0 6.8 83 6.7 59 6.1

E | «ooso0 | 82 72 7.4 7.4 5.2 7.1 86 55 49 7.1
Koo4ss | 82 7.4 74 7.9 5.7 77 7.9 6.0 6.0 72
Koog6%a 5.7 5.8 65 5.1 4.9 47 6.0 53 6.0 6.9
Koo827a 6.0 6.1 73 6.2 7.2 7.0 57 39 62 52
Koossda 63 6.2 6.6 5.8 6.7 33 6.4 47 8.1 95
Koog75a 63 6.6 72 5.9 5.8 53 6.5 55 5.9 7.3
Koog93a 6.4 6.8 6.1 57 5.7 52 15 14 7.9 82
Koog28a 6.7 6.8 63 7.2 6.3 5.4 6.7 44 53 7.6 =
Koo913a 6.8 7.2 7.6 6.5 6.3 32 8.0 6.1 7.0 8.4 \

« | Koos7ea 7.0 7.6 72 6.7 7.3 5.0 6.6 6.0 7.9 10.2

Q |koosgsa 7.1 34 73 6.1 45 5.0 13 08 7.7 116

@ |koogr2a 7.1 7.1 7.6 7.1 48 5.9 7.0 5.7 46 538 N

T |koo7soa 7.3 7.3 6.2 85 8.2 7.1 5.2 41 75 13.4 )%
K00910a 7.4 6.9 48 5.9 6.5 2.8 7.7 21 5.8 10.8 5
Kooge5a 7.5 7.9 75 6.3 6.7 52 19 48 7.8 9.9 -
Koogg0a 7.6 6.5 82 6.6 8.5 4.2 6.0 34 4.1 12.6
Ko0879a 7.7 7.4 8.0 6.4 7.4 63 8.4 7.3 8.4 95
Koogsla 8.1 6.7 65 6.7 9.0 57 08 12 97 13.0
K00909a 9.3 5.8 7.7 7.3 6.8 5.9 22 09 6.1 11.9
Koogosa | 9.9 35 8.0 -0.2 8.0 07 17 24 12,0 14.4
Ko088%a  10.3 9.9 10.6 93 75 77 95 7.1 10.7 143
K01763a 2.8 38 17 2.8 1.9 16 33 14 27 32
K01740a 2.9 38 25 29 18 2.8 34 05 19 34
Ko1845a 3.0 36 20 26 3.1 24 18 15 27 338
Ko1736a 3.0 36 29 32 34 338 32 11 19 40

«»  |Ko1730a 33 38 26 35 22 27 338 18 09 38

Q |[koi78sa 35 25 3.0 338 25 29 4.0 18 33 46

S |Kowsa7a 39 39 11 338 26 27 17 3.1 16 49

£ |Kkoi74la 40 49 35 42 34 40 27 03 16 47

8 Ko1737a 48 5.8 46 52 5.0 49 52 29 2.8 6.2
Ko1768a 4.8 6.0 42 52 39 47 5.1 25 41 49
Ko1764a 5.1 5.9 48 5.0 37 48 49 35 41 5.0
Ko1786a | 62 65 45 6.2 53 6.4 6.6 47 36 7.1
Ko1742a| 65 7.4 63 6.9 55 6.4 72 5.0 47 7.2
Ko1844a [ 96 9.4 82 86 8.0 82 82 7.8 66 96
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4.5. PIM variants demonstrate different enzyme Kinetics

Melting temperature shift assay is a good first indication of protein-ligand interaction,
but the data produced may be subject to errors and potentially to artefacts (Hau et al.,
2011). To obtain comprehensive and reliable results, the biophysical thermodynamic
studies were complemented with enzymology experiments. Peptide phosphorylation
was monitored using mobility shift microfluidic assay (Caliper), which is based on the
electrophoretic separation of phosphorylated (product) and non-phosphorylated
(substrate) peptides from each well, based on their charge difference. The peptides are
tagged with a fluorescent marker and can be easily detected allowing direct and real-
time measurements of kinase activities (see Methods section for more details).

A key step prior to evaluation of protein-inhibitor binding is the establishment of a
relationship between rate of reaction and concentration of a substrate, i.e the affinity of
the enzyme for its substrate. Due to previous experimental experiences where
substrate affinities for PIM proteins were determined to be very similar, we avoided
high consumption of the fluorescent peptide substrate by omitting the KqPePtde
determination step and assumed that the substrate affinities for all PIM variants were
comparable.

ATP values, defined as ATP concentration that results in half maximal

In contrast, Kn
reaction velocity demonstrated that PIM2 had much higher affinity for ATP than PIM1
and PIM3 with Kn*™ value about 10 fold lower (Table 3.2). We monitored the extent to
which PIM1 variants mimic the behaviour of PIM2 kinase and discovered that the P-
loop mutants S46K and S46K/S51T had intermediate K,*™" values between PIM1 and
PIM2, indicating that lysine at the position 46, located at the tip of the P-loop, could be
responsible for stronger ATP binding in PIM2 by playing a role in the P-loop flexibility
(Figure 4.5).

ATP

The hinge mutation E124L resulted in elevated K" indicating that the removal of the

E124-R122 salt bridge not only affects stability as suggested by the DSF results (Table
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3.1) but also lobe dynamics of the kinase, which influences ATP binding. The P-loop

double mutant 156H/P63Q had the highest value of K™, 718.0 + 225.6 uM,
illustrating that the potential hydrogen bond formed by polar histidine and glutamate
has a strong effect on ATP affinity.

We also used the ratios of Michaelis-Menten constants (kca/Km) as descriptors for the
catalytic efficiency of each variant, where Kca is the rate of reaction (Table 3.2). Overall,
PIM3 has the highest catalytic efficiency with kea/Km of 10.7 + 1.7 (M1 st x 109),
whereas the mutants E124L and 156H/P63Q had decreased at least two-fold on
average compared to that of PIM1, which had kea/Km of 2.2 £ 0.3 (M st x 10°).
Interestingly, this double mutant together with the hinge mutation (E124L)
demonstrated the turnover rate (kca) to be very similar to PIM2. In addition, we
observed that the ability of the P-loop mutants S46K, S51T and S46K/S51T to
phosphorylate the substrate increased by 2-3 that of PIM1, confirming the fact that

these mutations were replicating enzymatic behaviour of PIM2, for which Kca/Km was

determined to be 9.5 + 1.7 (M? st x 105).

Table 4.5 Steady state kinetic constants for the ATP titration experiments as determined by
Caliper microfluidic mobility shift assay. The values are reported as the mean * standard
deviation resulting from three separate measurements.

PIM variant Km (uM) Keat (51 x 10%) | Kea Km (M1 571 x 106)
PIM1 440.4 +41.7 9.7+0.6 22+0.3
S46K/S51T 203.5 + 30.7 11.8+0.1 6.3+1.0
E124L 534.2 + 105.8 44%0.3 0.8+0.2
S46K 294.3+54.8 11.7+0.5 42+0.8
V126A 300.4 +52.7 10.8 £ 0.5 3.9x0.7
S51T 277.8+65.9 13.6+1.5 56%1.5
H68V 396.3 +62.1 7.7+0.8 23+04
IS6H/P63Q 718.0 £ 225.6 41+04 0.6 +0.2
PIM2 34.4+5.6 3.6+0.3 95+1.7
PIM3 308.7 £ 49.4 255+1.0 10.7 +1.7
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4.6. Evaluation of ICs¢ values

After the initial DSF screening of PIM kinases, 23 compounds were selected for the
enzyme inhibition assay (Table 4.6). All experiments were conducted with ATP
concentration corresponding to Kn*™" for each kinase (Table 3.2). As anticipated, PIM1
and PIM3 appeared to be more susceptible to inhibition than PIM2, typically showing
several fold selectivity complying with the previously published results (Pogacic et al.,
2007). The selectivity of the GSK compounds detected during DSF screening has been
confirmed: as an example, the average ICso value for the compound K03128a was
determined to be 0.07 uM for PIM1 and > 10 uM for PIM2. And like in DSF, this
compound has weaker affinity for the hinge mutants E124L and V126A with mean 1Cso
values of 0.27 uM and 0.51 uM respectively. This result further indicates that
substitution of residues located on the hinge could be key determinants of the inhibitor
binding affinity. The mutant 156H/P63Q with the double substitution at the back of the
P-loop appeared to mimic the PIM2 behaviour with intermediate ICso values for most
compounds. The S46K and S51T P-loop substitutions, however, resulted in mutants

with similar binding profile to that of PIM1.
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Table 4.6 Table showing ICso values (uM) for hits with type 2 scaffold and the positive control
staurosporine determined by Caliper microfluidic mobility shift assay. The values are means of
three independent experiments. Standard deviations are presented in Appendix E.

SGCID
K00997a
K03140a
K01844a
K03129a
K00746a
K02698a
K03527a
K01742a
K03128a
K03137a

Staurosporine

K00070a

K00906a

K00487

K00135

K00512

K00780a

K02723a

K02908a

K00486

K02978a

K00072

K01779a

PIM1

0.16
0.17
0.18
0.21
0.26
0.51
0.60
0.60
0.68
0.69
112
1.20
3.48

S46K/S51T E124L

0.21
0.19
0.19
0.30
0.41
0.72
0.34
0.89
0.57
1.33
1.66
111
857

0.27
0.18
0.23
0.58
0.40
0.40
0.55
1.25
2.27
1.03
0.98
122
2.72
3.20
>10

S46K

0.18
0.23
0.22
0.24
0.37
0.71
0.40
0.64
0.66
1.15
1.87
1.05
4.55

V126A

0.17

0.51

0.55
0.16
1.01
0.37
1.86
0.49
1.19
1.09
2.00
3.48
112
7.89

S51T

0.18
0.20
0.23
0.22
0.34
0.82
0.82
0.88
0.79
0.95
2.01
121
7.08

H68V

0.30
0.18

0.25
0.36
0.70
0.34
0.45
0.53
1.42
0.87
4.86

I56H/P63Q

0.16
0.29
0.21
0.26
0.49
0.33
0.30
0.70
1.19
1.34
177
0.74
1.93
1.92
1.69
6.15

PIM2
0.34
>10

1.48
6.26
2.65
0.25
0.43
5.85
>10

>10

0.22
4.13
0.34
0.45
6.23
2.43
0.96
>10

0.45
9.53
0.32
0.98
>10

PIM3A

0.20
0.18

0.57

0.42
0.40
4.17
0.20
0.42
0.30
2.20
0.38
0.83
4.98

strength of binding
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4.7.1TC experiments determine binding constants and
thermodynamic properties of protein-ligand binding

The Tm and Caliper assays are good pre-screening steps for nomination of mutants
and compounds for more detailed analysis of protein-ligand interactions via
thermodynamic studies. Isothermal titration calorimetry (ITC) is the most direct method
for determining the thermodynamic properties of protein-ligand binding and comparing
those properties could help to understand the reasons for compound selectivity.
However, the limiting factor is that each ITC run requires large amounts of purified
proteins and the problem scales if many compounds are being tested.

The experimental characterisation of PIM1 interaction with the imidazo [1,2-b]
pyridazine inhibitor (KO0135) by ITC has already been performed (Bullock et al.,
2005b). The Gibbs free energy of binding was determined to be -9.8 kcal/mol with a
moderate binding enthalpy of -5.3 kcal/mol. To compare the inhibition of the two
proteins directly and to understand what interactions govern the free energies of
binding, we performed ITC measurements for the PIM2 kinase with this inhibitor under
the same conditions (Table 4.7). As anticipated, the KO0135 compound has a greater
(more than 10-fold) affinity for PIM1 than PIM2 with dissociation binding constants of
27.7£4.1 nM and 306.9 + 55.9 nM respectively. The total free energy of binding for
the PIM2 interaction was established to be 1.4 kcal/mol less than for PIM1 with AG of -
8.4 kcal/mol. Moreover, while similarity in the inhibitor binding mode and the active site
environment in both kinases was suggested by very close values of enthalpic
contributions, the variation in compound affinity could be explained by differences in
entropic contributions, such as conformations of the P-loop and presence of solvent

within the binding site.
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Table 4.7 Thermodynamic parameters of KO00135 inhibitor binding to PIM kinases as
determined by ITC. All errors shown for the ITC are taken from the fit of the titration determined
by the Origin software.

. AHobs TAS AG
PIMkinase | Ka (M) | camol) | (kcalimol) | " | (kcalimol)
PIM1’ 27.7+4.1 53 45 093 | -98
PIM2 306.9+55.9 | -5.1 3.3 088 | -84

* PIM1 experiments were conducted previously (Bullock et al., 2005b) and are included here for
comparison.
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Figure 4.7 Isothermal calorimetry data of KO0135 binding to PIM1 and PIM2 kinases. The
protein has been titrated into a solution of the ligand in 50 mM HEPES pH 7.5, 150 mM NaCl
and 1 mM DTT at 10 °C. Row binding data reveal exothermic binding while decreasing heat
signals upon each injection indicate saturation of binding (PIM1 data shown as an example in
the upper panel). The normalised binding isotherms are shown in the lower panel. Data were fit
to a single site model using Origin 7.0. The best fitting functions are shown as solid lines, and
fitting parameters of these experiments are summarised in Table 4.7.
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4.8. Crystal structures highlight that flexibility plays a role in
compound binding

4.8.1 Comparison of PIM1 and PIM2 structures

Although the PIM kinase family has been extensively studied prior to this work, only
one PIM2 structure has been deposited in the PDB (Pogacic et al., 2007). When a
series of imidazo[1,2-b]pyridazine inhibitors was identified with anti-leukemic activity,
PIM2 was markedly less susceptible to inhibition than PIM1 (Pogacic et al., 2007). A
crystal structure of PIM1 with the compound K00135a has been available since 2005
(PDB: 2c3i) and the PIM2 complex with the same compound would directly allow
assessment of the differences in binding. We therefore crystallised the truncated PIM2
construct (Section 4.2) in apo-form and after soaking experiments obtained a structure
of the PIM2 complex with KO0135a. The PIM2 protein crystallised in space group P2;
with four protein molecules per asymmetric unit (Table 4.8).

Superposition of main chain atoms of PIM1 and PIM2 reveals high similarity between
the two kinases with all atom root-mean-square deviation (RMSD) of 0.472 A, and with
nearly identical binding mode of the inhibitor (Figure 4.8). The compound K00135
binds to the ATP binding pocket and the P-loop adopts an inactive or ‘folded’
conformation where phenylalanine (F49, hereafter PIM1 numbering) points into the
active site, making a kinase incompatible with ATP binding. The inhibitor accepts a
hydrogen bond from the side chain of catalytic K67 and forms a number of hydrophobic
contacts, including L44, F49, 1104, and L120, which stabilise the interaction (Figure
4.8b). Presumably, a weaker contact is formed with the hinge region by donation of a
hydrogen bond to the backbone carbonyl of hinge residue (E121 in PIM1) (Pogacic et
al., 2007). As stated in Section 4.1.1, the hinge region is highly conserved across PIM
kinases with the exception of E124 and V126. The latter is an alanine in PIM2 and is
the only one conservative change amongst residues that make interactions with the

inhibitor. Furthermore, the side chain of E124 forms a salt bridge with the neighbouring
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arginine. The substitution of E124 for leucine in PIM2 destroys this salt bridge and may
change dynamics of the N-terminal and C-terminal lobes (Figure 4.8c). The new PIM2
structure reveals that this arginine forms a strong bond with a glutamine, which his not
present in PIM1 (P63Q substitution). These changes may determine mobility of the N-
and C-terminal lobes and hence protein stability and ligand binding.

The P-loop in both PIM1 and PIM2 complexes with K00135 displays a folded
conformation. In PIM1, all P-loop atoms are well defined by the electron density and
have low B-factors revealing high loop rigidity and tight F49-inhibitor stacking (Figure
4.9). In PIM2, however, the corresponding atoms either have a high B-factor compared
to the globular protein core or could not be resolved. These differences are consistent
with our findings on compound binding, and while the B-factor analysis could perhaps
be treated with some caution, since mobility of the P-loop in PIM1 could potentially be
affected by crystal packing thereby locking it in one position, there are PIM1 structures
that resulted from the same crystal packing and have P-loop disordered (Table 4.2).
Moreover, in apo-PIM2 structure the P-loop residues were disordered, indicating that
the P-loop is free to move in between different conformations and lack electron density
even though it could be structured. This confirms that there is a link between the P-

loop flexibility and the differential affinities of PIM inhibitors and ATP.
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Imidazol[1,2-b]Pyridazine

K00135

CHj

aJ-helix
(PIM1)

M PIM2

PIM1 PIM2

Figure 4.8 Comparison of PIM1 and PIM2 complexes with KO0135. (a) Overlay of the two
proteins is shown in ribbon representation reveals the strong conservation of the kinase fold,
with the exception of the C-terminal aJ helix, which is not present in PIM2. (b) Chemical
structure of the KO0135 compound. (c) A close-up view of the binding site region with the side
chain making contacts with the inhibitor, and relevant mutated residues are shown as sticks.
Dotted lines represent hydrogen bonds between R122-E124 in PIM1 and Q57-R118, as
described in the text. (d) Interaction maps of KO0135 in the active site of PIM1 and PIM2
kinases generated by LigPlot+ (Laskowski and Swindells, 2011).
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PIM1 V126A mutant

Protein Apo PIM2 PIM2 with KO0135 with K00487a

Data collection

Space group P21 P21 P6s

Unit cell parameters

[a, b, ¢ (A)] 72.3,62.4,144.0 72.9, 62.6, 144.4 98.0, 98.0, 81.0

[o, B, v ()] 90.0, 93.1, 90.0 90.0, 93.1, 90.0 90.0, 90.0, 120.0

Resolution range 2 (A) 49.63 - 2.15 49.91 -2.00 49.01 - 2.05
(2.27 - 2.15) (2.11-2.00) (2.11 - 2.05)

No. of unique 67888 (9867) 84670 (11844) 27847(2143)

observations 2

Completeness 2 (%)
<l/o(l)>2

CC(1/2)

Wilson B

Multiplicity 2

Rmerge 2 (%0)

Rpim 2 (%)
Refinement

Rwork (Riree) © (%)
RMSD bond length (A)
RMSD bond angle (°)
Number of atoms
Protein (residues)
Water molecules

Ramachandran
Preferred (%)
Allowed (%)

Disallowed (%)

97.0 (97.3)
6.9 (2.0)
0.99 (0.52)
20.07
6.3 (6.2)
21.7 (104.5)

9.3 (45.2)

22.09(27.56)
0.0114
1.499
8469
1060

281

96.53
3.47
0.0

96.2 (93.1)
6.2 (1.9)
0.99 (0.68)
20.51
3.3 (3.4)
11.7 (63.3)

7.5 (40.2)

22.50(26.78)
0.0114
1.4817
8566
1064

302

97.61
2.39
0.0

100.0(100.0)
13.5(1.9)
0.99(0.57)
28.48
9.3(9.4)
13.7(140.3)

7.1(72.7)

17.77(19.86)
0.0092
1.2900
2423
274

130

96.38
3.62
0.0

@ Values in parentheses show the statistics for the highest resolution shell.

b Rfree was calculated using 5% of the diffraction data assigned randomly and not used

throughout refinement.
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Figure 4.9 B-factors analysis of co-crystal structures with the same inhibitor KO0135 reveals
that the atomic fluctuations of the P-loop in PIM2 are much higher than in PIM1. The structures
are drawn in ‘cartoon putty’ representation and the colour is ramped by residue from blue as the
lowest B-factor value to red as the highest B-factor value; additionally, thicket tubes represent
larger B-factors.

4.8.2 Valine 126 contributes to strong interactions between PIM1
and imidazopyridazine inhibitors

The only non-conserved residue in the active site interacting with the
imidazopyridazine inhibitor was valine at position 126 in PIM1, which is replaced by
alanine in PIM2. To address the role of this substitution we co-crystallised the V126A
mutant with imidazopyridazine inhibitor KO0487a. Providing that the compound K00487
has the same binding mode with the wild-type PIM1 (Figure 4.10c), the mutation
resulted in distance between the inhibitor and the side chain of this hinge residue of
4.9A compared to 3.4A in PIM1 (PDB: 2c3i). We therefore suggest that additional
interaction of V126 in PIM1 with the inhibitor results in stronger affinity. This complies
with the DSF and ICso results (Table 3.1 and Table 4.6), where the 2.8 °C difference in
ATm and 5-fold variation in ICsp indicated that this V126A mutation reduced the potency

of the inhibitor.
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Figure 4.10 Crystal structure of V126A mutant of PIM1 kinase in complex with KO0487 inhibitor.
(a) An overlay with wild-type PIM1 structure (PDB: 2c¢3i), F49 and V126A are shown as sticks.
In both structures F49 residue is in ‘folded’ conformation (b) ATP-binding pocket occupied by
the inhibitor, shortest contact distances between K00487 and the side chain of the residue at
position 126 are shown, (c) an overlay of inhibitors from the co-structures illustrating no
differences in the binding mode, KO0487 (green) and K00135 (yellow). Both compounds belong
to the imidazopyridazine class.

4.9, Discussion and conclusions

The PIM2 protein kinase is known to demonstrate different ligand binding behaviour
compared to PIM1 and PIM3 despite highly conserved active sites. To date, most
experimental data have been generated using PIM1, while very little is known about
the regulation of PIM2 and PIM3. Nonetheless, recent biological studies indicate that
PIM2 could be a more attractive therapeutic target (Gémez-Abad et al., 2011, Lu et al.,
2013) and the origin of this ligand selectivity for PIM1 and PIM3 over PIM2 remains an
important question in the field of PIM protein kinases.

The effects of divergent evolution on the three-dimensional protein structures and

ligand binding of the PIM protein kinase family members has been addressed in this
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project. A set of residues has been identified as candidates for mutagenesis and
followed by characterisation of the thermodynamic, kinetic and structural properties of
the protein panel.

A simple explanation for the difference in compound affinity could be a difference in the
global stabilities of the proteins, which were evaluated through DSF. We established
that the melting temperature of PIM2 was about 5 °C lower than that of PIM1 and
PIM3, suggesting that this enzyme is thermally and conformationally less stable.
Hence, the differences in binding could be a result of a difference in the stability and
the dynamic properties defining the individual proteins.

Enzymatic experiments showed that PIM2 has much higher affinity for ATP than PIM1
and PIM3, with about 10-fold increase in K™, in agreement with the published
results (Burger et al., 2013). As an essential part in the catalytic cycle, protein kinases
undergo large conformational transitions, which involve movements of flexible loops
and rotations of domains thereby reshaping the active site and allowing ATP and
downstream substrate to enter and leave. Structural studies have demonstrated that in
PIM kinases rearrangements of the P-loop are of particular significance. As suggested
by apo- and AMP-PNP inhibited PIM1 structures, this P-loop movement may have
important consequences, and ATP-compatible binding may involve energetic cost due
to rotation of F49 out of the binding pocket. This energetic penalty could be lower in
PIM2 if the P-loop adopts multiple conformations with similar probabilities, or if ATP
binds to the near-native intermediate state of this protein.

Evolutionary analysis and structural comparisons indicated that the P-loop is the prime
candidate responsible for differences in ATP-binding and affinities for inhibitors.
Another line of evidence was provided by ITC experiments, which suggested that the
difference in ligand binding could be explained by conformational selection. We
compared binding of the K00135 inhibitor to PIM1 and PIM2 and discovered that
despite 10-fold variation difference in dissociation constants (Kq of 27.7 £ 4.1 nM and

306.9 = 55.9 nM respectively), the binding enthalpies were very similar. Therefore, the
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reduced binding affinity for PIM2 could be explained by the entropic penalty,
suggesting a conformational search for the complex state.

Furthermore, the observed differences in binding mode of this inhibitor were not
apparent from the high-resolution structural studies of PIM1 and PIM2 and we
therefore rule out major structural variations as a cause for the difference in inhibition.
Instead, the P-loop in PIM2 was much more flexible and loss of intermolecular
associations due to this flexibility could be one of the reasons of weaker compound
affinity. The degrees of freedom of P-loop motion were even higher in the PIM2 apo-
structure, where some P-loop residues could not be resolved. While the folded
conformation was better defined with the inhibitor, there still was relatively little induced
strain due to binding, given that the P-loop remained poorly defined in the electron
density map compared to PIM1. These differences match with the experimental
determination of binding affinity of the inhibitor to PIM1 and PIM2 proteins by DSF, 1Cso
values, and ITC.

Several mutants have highlighted that reduction of flexibility caused by point mutations
results in affinity variations for some ligands. For example, wild-type PIM1 was potently
inhibited by KO0135 and K00487 compounds, yet the V126A and 156H/P63Q mutants
demonstrated weaker binding, thereby replicating PIM2 affinity profiles.

On the other hand, we discovered that enzymatic abilities of the P-loop mutants S46K,
S51T and S46K/S51T were mimicking PIM2 by showing lower Ky*™ values and
improved catalytic efficiencies compared to PIML. It is therefore likely that these P-loop
maodifications reduce the energetic penalty that is required to displace the P-loop and
to accommodate ATP into the binding site. Once highly optimised PIM1 inhibitors like
K00135 are present, binding of ATP could be disfavoured, since the former do not
change the structure significantly.

Recently reported low-picomolar range pan-PIM inhibitors no longer demonstrate

preference for PIM1 and PIM3 over PIM2 (Burger et al.,, 2013, Wang et al., 2013),



110

illustrating the fine interplay between compound potency and conformational dynamics
of its target.

While our findings sheds some light on the observed differences in PIM1 and PIM2
behaviour, much more work still needs to be done to address this complex

thermodynamic problem involving ligand binding.

4.10. Future work

To complete this work and to enhance understanding of how ligands interact with
individual PIM kinases by considering association and dissociation rates of inhibitor
binding, SPR experiments will be performed at GSK as a part of the K4DD initiative
(http://www.imi.europa.eu/content/k4dd).

What remains to be developed is a detailed understanding of how flexibility underlies
the functionality and ligand binding in PIM kinases. Therefore, molecular dynamics
(MD) simulations coupled with NMR hydrogen-deuterium exchange studies could be
used to determine the differences in flexibility of specific regions of these proteins,
such as the P-loop and hinge.

Thus far we have shown that each PIM kinase family member is highly conserved
throughout animal evolution. The basic questions are yet to be answered: what are the
reasons for nature producing the three family members and what are the differences in
their functions. While a number of biological studies about the importance of PIM
kinases in different cancers have been made (Mikkers et al., 2004, Lu et al., 2013,
Brault et al., 2010), differentiation of the specific functions still remain to be
investigated systematically. Chemical probes for each individual PIM kinase could
potentially reveal the functional roles of each protein. Development of chemical probes
in collaboration with the University of Strathclyde has begun, and understanding of

which part of an inhibitor is important for binding affinity is an important aspect of that
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project. In addition, since PIM kinases have an atypical hinge region characterised by
an insertion of one additional residue and the presence of a proline, PIM family-specific
inhibitors could be developed.

Since motions and flexibility of protein kinases are essential for their function, it is not
surprising that in response to environmental changes, evolutionary pressure could tune
protein dynamics instead of altering the structural fold. Homologues from the PIM
protein kinase family, which share high sequence identity and structural similarity,
provide an excellent system to explore the mechanisms by which this dynamics is
affected. Further understanding of the residues contributing to flexibility and ligand
binding will add to the amount of knowledge about protein kinases in general. Other
kinase systems demonstrating differential binding behaviour, like DYRK1 and DYRK2
(Soundararajan et al., 2013) could also be useful for future investigations of the

relationships between sequence, structure and ligand interactions.
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Appendix A. Plasmids used for E.coli expression.
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C-tag: None

Proteins: PIM1, PIM1 mutants

Accession: EF198106

N-tag:
MHHHHHHSSGVDLGTENLYFQ*SM
C-tag: None

Proteins: CDK2 panel, PIM2, PIM3

Accession: IN792439
N-tag:
MHHHHHHSSGVDLGTENLYFQ*SM

C-tag:
GSKGGYGLNDIFEAQ(KMIEWHE

Proteins: CDK2

*TEV protease cleavage site
K~ biotin acceptor lysine
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Appendix B. Comparison of the ICso values (uM) for CDK2 variants

obtained during enzymology studies.

incubated with cyclin A for 1

pre-

ditions were tested:

hour and adding cyclin A immediately before reaction begins. Red (low) values indicate

ing con

For each protein two start

stronger and green (higher) weaker binding. No clear differences in results were

observed.
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Appendix C. Human PIM k

ClustalW2 alignment with secondary structure elements indicated.
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Appendix D. A phylogenetic tree of the PIM protein Kinase family.

GenBank IDs and species names serve as primary keys of the sequences identification.
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Appendix E. The ICso values for PIM variants

Tables showing ICso values (uM) for hits with type 2 scaffold and the positive control
staurosporine determined by Caliper microfluidic mobility shift assay. Values in the top table are
means of three independent experiments. Standard deviations are presented in the bottom
table.

SGCID PIM1 |S46K/551T| E124L S46K V126A S51T H68V |I56H/P63Q| PIM2 PIM3A
K01742a 0.052 0.090 0.142 0.079 0.093 0.070 0.038 0163  5.847 0.132
K01844a 0.022 0.038 0.056 0.030 0.037 0.029 0.017 0.064 1.485 0.047
K01779a 3.481 5.567 >10 4549 | 7.894 7.079 4859 ' 6.154 >10 4.983

K00135 0.265 0.408 0.547 0.370 0.374 0.342 0.253 0.700 6.235 0.400

K00487 0.208 0.300 0.405 0.236 1.009 0.216 0.128 0.296 ' 0.447 0.421

K00512 0.506 0.717 1.252 0.709 1.859 0.817 0.364 1.188 2.429 4.170

K00997a 0.006 0.010 0.020 0.009 0.019 0.008 0.004 0.020 0.339 0.024
K00780a 0.600 0.343 2.269 0.397 0.491 0.820 0.699 1.345 0.964 0.197
K00906a 0.176 0.190 0.402 0.217 0.160 0.233 0.183 0.331 0.342 0.053
K02698a 0.051 0.029 0.129 0.076 0.148 0.029 0.043 0.154 0.247 0.205

K00072 1.204 1.106 3.199 1.050 1.123 1.215 0.871 1.693 0.977 0.830
K00746a 0.044 0.043 0.106 0.061 0.046 0.041 0.039 0.111 2.652 0.057
K02723a 0.603 0.888  1.032 0.642 1.186 0.878 0.339 1.768 >10 0.424
K00070a 0.166 0.189 0.583 0.233 0.550 0.202 0.301 0.489 4.131 0.808
K03137a 0.072 0.117 0.185 0.101 0.152 0.090 0.070 0.207 >10 0.190
K03128a 0.065 0.138 0.272 0.124 0.511 0.094 0.055 0.293 >10 0.571
K03129a 0.026 0.046 0.096 0.043 0.175 0.037 0.016 0.117 6.260 0.201
K03140a 0.009 0.017 0.042 0.017 0.075 0.015 0.010 0.048 >10 0.097

K02978a 1.118 1.663 2.724 1.869 3.483 2.005 1.421 1.919 0.320 0.376
K02908a 0.676 0.568 0.982 0.663 1.089 0.786 0.453 0.744 0.454 0.299
K00486 0.686 1.325 1.217 1.147 1.995 0.949 0.527 1.926 9.527 2.202
K03527a 0.051 0.088 0.128 0.077 0.105 0.072 0.019 0.135 0.426 0.181
Staurosporine [ 0.160 0.205 0.232 0.181 0.049 0.183 0.123 0.256 0.223 0.038

SGC ID piM1  [saek/ssat| E12aL | saek | vizeAa | ssat | Hesv [iseH/pe3al Pm2 | pim3a
K01742a | 0004 0009 0024 0005 0007 0005 0007  0.037 1547 0021
K01844a 0.002 0005 0006  0.004 0005 0003 0003 0006 0356  0.006
Ko1779a | 0879  2.267 2878 3171 3295  4.002  0.486 2.214

K00135 0.037 0017 0078  0.016 0045  0.024 0091 0124  3.976  0.048

K00487 0.012 0051 0055  0.030 0920  0.006 0008 0021 0012  0.016

K00512 0056 0191 0761 0141 1091 0105 0079 0452 0811 4175

K00997a 0.000 0.001 0.005 0.000 0.001 0.000 0.002 0.003 0.089 0.001
K00780a 0.033 0.029 0.224 0.036 0.052 0.090 0.012 0.079 0.198 0.022
K00906a 0.021 0.042 0.069 0.064 0.037 0.092 0.054 0.089 0.079 0.018
K02698a 0.003 0.003 0.017 0.004 0.020 0.001 0.007 0.024 0.041 0.038

K00072 0.120 0.194 2.546 0.196 0.273 0.316 0.128 0.821 0.215 0.191
K00746a 0.003 0.006 0.018 0.003 0.017 0.005 0.011 0.013 1.636 0.035
K02723a 0.099 0.094 0.548 0.048 0.288 0.128 0.069 0.807 0.058
K00070a 0.006 0.018 0.088 0.006 0.034 0.010 0.315 0.054 1.630 0.094
K03137a 0.008 0.005 0.021 0.004 0.014 0.006 0.008 0.017 0.011
K03128a 0.003 0.018 0.057 0.005 0.074 0.010 0.021 0.059 0.113
K03129a 0.002 0.007 0.025 0.004 0.034 0.003 0.014 0.030 3.006 0.030
K03140a 0.000 0.006 0.020 0.003 0.015 0.002 0.003 0.009 0.016

K02978a 0.117 0.768 2.604 1.207 1.587 1.049 0.942 1.131 0.167 0.165
K02908a 0.133 0.023 0.411 0.134 0.346 0.106 0.169 0.085 0.063 0.032
K00486 0.050 0.117 0.181 0.036 0.160 0.053 0.038 0.288 0.374 0.422
K03527a 0.002 0.003 0.010 0.004 0.013 0.003 0.018 0.009 0.101 0.014
Staurosporine | 0.005 0.006 0.013 0.012 0.001 0.000 0.054 0.019 0.028 0.002
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Appendix F. Analysis of residual interactions in selected PIM1

structures.

Table illustrating the results were obtained using custom made MATLAB scripts
as described in section 4.1.2. A ligand is numbered as a residue 78.

In 3JYA but not in 3JYO In 3JYO0 but not in 3JYA 3JYA (3b)
66 39 63 56 Ki values
52 42 73 68 PIM1 63nM
49 45 73 69 PIM2 160nM
50 45
51 45 3JYO0 (12b)
52 45 Ki values
78 45 PIM1 - 1nM
50 46 PIM2 - 2nM
51 46
67 49
68 49
69 49
78 49
68 50
66 54

in 3JXW but not in 3JY0 in 3JYO but not in 3JXW 3IXW (6e)
52 42 63 56 Ki values
50 45 73 68 PIM1 5nM
51 45 73 69 PIM2 29nM
52 45
50 46 3JYO0 (12b)
51 46 Ki values
73 48 PIM1 1nM
67 49 PIM2 2nM
68 49
69 49
78 49
68 50

in 2C3l but not in 3JYO in 3JYO but not in 2C3| 2C3l
49 45 61 56 (ImidazoPyridazines)
50 45 63 56 IC50 values
51 45 73 68 PIM1 0.12 uM
52 45 73 69 PIM2 1.8 uM
78 45
50 46
51 46
67 49
68 49
69 49
78 49
68 50
69 50

66 54
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In 1XR1 but not in 3JYO
5540
65 44
52 45
78 45
78 47
78 49
7350
78 50
7351
78 73

In 3JYO but not in 1XR1
None.

1XR1 (AMP-PNP)

3JYO0 (Dual)

in 1YXT but not in 3JYO
52 42
50 45
51 45
52 45
78 45
50 46
51 46
78 46
78 47
73 48
78 48
69 49
73 49
75 49
78 49
67 50
68 50
69 50
78 50

in 3JYO but not in 1YXT
73 68
73 69

1YXT (AMP-PNP)

3JY0 (Dual)

in 2BZK but not in 3JY0
78 68

in 3JYO but not in 2BZK
63 56
73 68
73 69

2BZK (AMP-PNP)

no P-loop, residues 52-77
considered
3JYO (Dual)

in 1YXT but not in 1XR1
52 42
50 45
51 45
50 46
51 46
78 46
73 48
78 48
69 49
73 49
75 49
67 50

in 1XR1 but not in 1YXT
55 40
65 44
7350
7351
73 68
73 69
78 73

1XR1 (AMP-PNP)

1YXT (AMP-PNP)
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68 50
69 50

in 3JYO but not in 3SMA3
61 56
73 68
73 69

in 3MA3 but not in 3JYO0
None

3MA3 (Dual) partial P-loop,
only residues 48-77
considered

in 2BZK but not in 1XR1
78 68

in 1XR1 but not in 2BZK
63 56
73 68
73 69
78 73

Only residues 52-77
considered

in 1XQZ but not in 3JYO
50 45
51 45
52 45
50 46
51 46
73 47
7348
67 49
73 49
67 50
68 50
73 50
66 54

in 3JYO but not in 1XQZ
5143
65 52

1XQZ (apo-enzyme)
3JYO (Dual)

in 2C3l but not in 3SMA3
67 49
68 49
69 49
78 49
68 50
69 50
66 54

in 3MA3 but not in 2C3lI
63 56

3MA3 (Dual) partial P-loop,
only residues 48-77
considered

in 3JXW but not in 3MA3
73 48
67 49
68 49
69 49
68 50
61 56

in 3MA3 but not in 3JXW
63 56
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Appendix G. Representative examples of purified recombinant
proteins

Initial purification of CDK2 by affinity chromatography, SDS-PAGE analysis CDK2
kinase is illustrated as an example.
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Size exclusion chromatography of the purified. Top: chromatogram from AKTAxpress
with blue curve representing UV trace and red line representing conductivity. Bottom:
SDS-PAGE analysis of the eluted fractions.
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