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3. ABSTRACT

Hematopoiesis requires the controlled coordination of cell proliferation and
differentiation through the action of soluble cytokines. The JAK/STAT signaling
pathway, which is activated by cytokines, is required for hematopoietic cell
development. Cytokines are involved in the growth, survival, development and
differentiation of immune cells. The binding of cytokines to transmembrane cell
surface receptors results in receptor oligomerization and activation of JAKs.
Activated JAKs phosphorylate specific tyrosine residues on the receptor and create
docking sites for STATs. STATs bind to these receptors and are phosphorylated
by JAKs. Phosphorylated STATs dissociate from the receptor, dimerize and
translocate to the nucleus to induce the transcription of their target genes. Thus
JAKS, together with STATs, provide a rapid signaling pathway for cytokines. JAKs
have a characteristic domain architecture consisting of a C-terminal catalytically
active kinase domain, JH1, followed by a pseudokinase domain, JH2, whose
function was, until now, unknown. The N-terminal half of the JAK protein
contains the domains JH3-JH7 (collectively known as the FERM domain), which
mediate the receptor-JAK interaction.

JAK2 is a critical molecule that has a significant and profound impact on
mammalian development and diseases. JAK2 activity is stringently regulated at
different levels in the pathway. The first level of regulation involves the interaction
with SOCS (suppressors of cytokine signaling) and PTPs (protein tyrosine
phosphatases). The second level of regulation includes post-translational
modifications such as ubiquitination, sumoylation and phosphorylation. Thirdly,
JH2 acts as a central regulator in cytokine mediated JAK2 signaling. The fourth and
final level includes regulation through the involvement of the FERM domain.

The aim of this thesis study was to characterize the regulation of JAK2 at the
second and third level. Phosphorylation of the activation loop is required for the
catalytic activity of JAK2. This is achieved by the auto/transphosphorylation of
tyrosine residues on two JAK kinases. The JH2 domain exhibits a strong sequence
similarity with the neighboring JH1 kinase domain. However, certain amino acids
in the JH2 domain that seem to be critical for its catalytic activity are either missing
or altered. Importantly, JH2 has been found to be a hotspot for pathogenic
mutations, including the VO!7F mutation, which is seen in 95% of polycythemia
vera patients. The functional characterization of the JH2 domain has led to an
unexpected discovery: in spite of lacking the conserved canonical residues, the JH2
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domain is catalytically active and can phosphorylate two negative regulatory sites,
S523 and Y>70. Thus, the JH2 domain can function as a kinase.

This thesis examined the ATP binding properties of both domains, JH1 and
JH2. In spite of several studies on ATP binding, little was known about the affinity
of the JAK2 domains towards ATP. Nucleotide binding was investigated with N-
methylanthraniloyl (MANT) nucleotide analogs using fluorescence resonance
energy transfer (FRET). We detected very tight binding between JH1 and the
nucleotide analogs. And with further analyses with higher nucleotide
concentrations we were able to determine the Ky for the binding. We describe a
method for analyzing the binding parameters of any kinase-ATP combination.

The mechanism of action of JH2 domain mutants in disease pathogenesis is
unknown. In order to understand the regulation of JAKZ2 activation, an in-depth
biochemical characterization of the JAK2 kinase domains was done. Initial
phosphorylation rates and the peptide substrate preferences for JH1 and JH1JH2
of JAK2 were determined using the novel platform of PamChip® peptide
microarrays. We characterized the reaction mechanism of phosphorylation
catalyzed by these domains using an inhibitor profiling approach. The presence of
JH2 decreased JH1JH2’s affinity for ATP up to ten fold. We report that the SH2-
JH2 linker region participates in JAK2 inhibition by reducing its affinity for ATP.
The VO7F mutation increases the [max possibly by affecting the activation loop
conformation.

The results described in this thesis will help in understanding the mechanisms
of regulating JAK2 activity at the molecular level and provide a functional and
biochemical basis for designing strategies and methodologies for the screening and
development of therapeutic compounds targeted to the ATP binding site in the
JH2 domain.
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4. INTRODUCTION

Signal transduction occurs when extracellular signaling molecules, such as
hormones, neurotransmitters, antigens and growth factors, bind to extracellular
receptors. Many of these molecules are soluble protein factors necessary for
initiating signaling cascades, and are called cytokines. The signaling process
transmits a signal from the cell surface receptors to specific gene promoters in the
nucleus, through a series of sequential biochemical events, which further determine
the physiological response. Such intracellular communication from the cell surface
to the nucleus is mediated by several signaling pathways that involve protein
kinases, regulatory signaling proteins and activators of transcription.

One well-defined ligand-specific cell signaling pathway is the JAK/STAT
pathway. It involves various combinations of four different types of cytoplasmic
tyrosine kinases called Janus Kinases (JAKs) and seven transcription factors of the
Signal Transducer and Activator of Transcription (STAT) family to initiate
responses in the nucleus. The binding of cytokines to their receptors is the first
step in the JAK/STAT pathway. Cytokine binding leads to the oligometization of
the receptor molecule, which further sequesters JAK molecules to the cytoplasmic
tail of the receptor or remains associated with the receptors followed by the
transphosphorylation of JAKs. Activated JAKs then phosphorylate specific sites
on the receptor, which creates docking sites for STATs, which in turn get
phosphorylated, dimerize, dissociate and translocate to the nucleus to initiate the
transcription of target genes. Thus JAKSs, together with STATSs, initiate signal
transduction and induce gene expression.

Molecules in the JAK/STAT pathway ate critical for the development and
function of the hematopoietic system, and disturbances in this pathway lead to
diseases such as autoimmune disorders, immune deficiencies, myeloproliferative
disorders and cancer. In addition, gain-of-function and loss-of-function mutations
are found in all of the characteristic seven JAK homology (JH) regions that each
have a specific functional role. These result in the dysregulation of cytokine
signaling, which can lead to oncogenesis (as seen for example in the constitutively
active JAK2 bearing the VO7F mutation) and primary immunodeficiencies (for
example in JAK3 bearing V722I, which leads to Severe combined immunodeficiency
disorder).

The crystal structures of the kinase domains of all of the JAKSs have been solved
to date. Pseudokinases, which were thought to be ‘dead’ protein kinases, have
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drawn considerable attention recently due to their roles in regulation. Some have
even been shown to possess a catalytic activity despite the lack of one or more
catalytic residues. However, the roles and mechanisms of action of the
pseudokinase domains in JAKs remain a mystery. This thesis aimed to functionally
characterize the kinase and pseudokinase domains of JAK2. Also, the study
explored the ATP binding properties of the kinase and pseudokinase domains of
JAK2, with special emphasis on their enzymatic characterization using a peptide
microarray and FRET measurements.
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5. REVIEW OF LITERATURE

5.1 Cytokines and the cytokine receptor family

Cytokines are a group of more than 50 soluble and secreted glycoproteins.
Different cell types that mediate various cellular functions such as growth, cell
proliferation and differentiation are regulated by soluble cytokines (1). The
biological effects of cytokines are predominantly seen in the immune and
hematopoietic systems. Immune functions such as the generation of inflammatory
responses are regulated by cytokines, which provide immune responses against
practically all viral and bacterial infections. In addition, homeostasis during
hematopoiesis requires cytokines for the formation and differentiation of
hematopoietic stem cells. Cytokines are signaling molecules which orchestrate cell-
to-cell communication and function through specific transmembrane cell
receptors. Cellular responses triggered upon the binding of a cytokine to its
matching cell receptor are varied and diverse (2), (3). Binding of a cytokine to its
cognate receptor initiates a series of intracellular signaling events that leads to
modulated gene expression. This way, all the essential cellular mechanisms of
hematopoiesis, embryogenesis, apoptosis, growth and differentiation are regulated
by cytokines (4).

Cytokine nomenclature has been changed, improved and updated ever since
interferons were described as the founding members of the cytokine family (5).
After 50 years, significant studies have enhanced our understanding of cytokines
and their complex functions in the cell. Initially, cytokines were classified based on
their ‘cell of secretion” or ‘target of action’ (examples include lymphokines and
chemokines). However, most stringent classifications are based on either structural
or functional features. Based on structural homology studies, a subfamily of
cytokines are grouped as proteins (molecules) with four alpha-helix bundles.
However, cytokine classification has been reviewed over several years, and
advances in structurally characterizing cytokine receptors have facilitated the
establishment of a seemingly well accepted classification based on three-
dimensional structures.

The type I cytokine receptor family, also known as the hematopoietic growth
factor family, the type II cytokine receptor family, the tumor necrosis factor (type
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III) family, the IL-1 or immunoglobulin (Ig) -like receptor family and the seven
transmembrane helix family are the five groups of cytokine receptors.

Members of the hematopoietic growth factor family or Type I receptor family,
sometimes exemplified as interleukin receptors, possess an extracellular
immunoglobulin (Ig)-like domain, a conserved extracellular region comprising of
the cytokine receptor homology domain (CHD) and a fibronectin type IlI-like
domain, a transmembrane domain and an intracellular homology domain. This
family of receptors takes part exclusively in hematopoietic signaling, and the
majority of these receptors aid the activation of the JAK/STAT pathway. Members
of the type I family are composed of two pairs of positionally conserved cysteines,
linked via disulfide bonds in the amino (N)-terminal region, and a carboxy (C)-
terminal WSXWS motif within the CHD. This family is subdivided into four
groups based on the receptor chains’ involvement and the binding cytokine (Figure
1). Single-chain receptors form a small subgroup within Type-I receptors.
Cytokines that utilize single-chain receptors include growth hormone,
erythropoietin, thrombopoietin and prolactin (GH, EPO, TPO, PRL) (Yoshimura
and Misawa, 1998). The second subgroup includes receptors, whose common
feature is the Bc receptor subunit as their signaling chain and which bind the
cytokines ILL-3, IL-5 and colony stimulating factor for granulocyte-macrophages
(GM-CSF) (6, 7), Receptors of the third subgroup share a common y-chain, yc and
bind IL-2, IL-4, IL-7, IL-9, I1.-13%, IL-15, I1.-21 and thymic stromal lymphopoietin
(TSLP) (8-10). Even though IL.2-R consists of a Bc specific to IL-2, both IL-2 and
IL-15 transmit signals via a third chain, and high affinity ligand binding is mediated
through this a-chain.

*11.-13 does not signal through y., but through IL-4Ra and IL-13R
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motif, @ . pair of cysteine residues, ¥ - WSXWS motif.

The type II receptor family is referred to as the interferon receptor family. Type 11
receptors have two extracellular domains with conserved cysteines but no WSXWS
motif. Their ligands bind to only one polypeptide chain, but the signal is
transduced through both chains (11). The type II family is divided into four
subgroups based on the receptors’ biological functions and usage: IFN type I
receptors bind IFN-a, IFN-{3, IFN-w, IFN-x and IFN-e. All these ligands signal
through IFNAR-1 and IFNAR-2, and exhibit their potent anti-viral activity as part
of the innate and adaptive immunity. IFN-y binds receptors of the second
subgroup. It specifically utilizes IFENGR-1 and IFNGR-2 subunits and has a
prominent role in protecting against mycobacterial infections in parallel with
antiviral defense. The third subgroup, the IL.-10 family receptors, includes II.-10
and I1.-10 related receptors (IL-19, IL-20, IL.-22, I1.-24 and I1.-26). The fourth
subgroup is the IFN-A or I1.-28/29 family, which mediates signals from I1.-28 A,
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IL-28 B and IL.-29, also known as IFN-A2, A3 and A1, respectively. These cytokines
transmit signals through a heterodimeric IFN-A receptor complex composed of

IFN-AR1 and the IL-10 R2 chain of the third subgroup (11-14).

The type III family is the TNF superfamily, which is the largest known family
of cytokine receptors. Its cytokines include TNF-a, TNF-8, lymphotoxin (LT),
nerve growth factor (NGF), B-cell activating factor (BAFF), CD 40 ligand
(CD40L), OX 40 ligand (OX40L), FAS ligand (FASL), TNF-related apoptosis-
inducing ligand (TRAIL), a proliferation inducing ligand (APRIL) and
glucocorticoid induced TNFR-related protein(GITR). All type II receptor proteins
have 1-6 cysteine-rich domains and type III receptor proteins may contain a death
domain. The binding of a ligand to its receptor initiates intracellular signaling and
triggers specific cellular events (cell death, NFKB activation, necroptosis)
depending on the adaptor proteins involved (TRAF, TRADD) (15, 16).

The immunoglobulin (Ig) —like receptor family binds II.-1 and IL.-18 cytokines,
which are responsible for the activation of intracellular signaling pathways. There
are more than the 10 molecules in the IL.-1 family alone, which signal through
IL1R1 and IL-1 receptor accessory protein (IL-1RAcP) (17). These cytokines act
mainly in host defense and inflammation. IL-18 is an immune stimulatory cytokine
and has a role in anti-tumor activity. Even though cytokines are many and varied,
they are still able to work in a harmony, by using different signaling pathways to
regulate different types of immune and hematopoietic cells. The detailed interplay
between the different types of JAKs and STATs and their specific sets of cytokines
is discussed in section 5.4.4 (Table 3).

The last group of the cytokine receptor family is the seven-transmembrane helix
family. This family forms the most diverse group of proteins that are involved in
neuronal transmission and other processes transmitted by hormones and

chemokines.

5.2 Protein kinases

5.2.1 Classification

Eukaryotic protein kinases are a group of diverse enzymes, which are key
regulators of cellular functions. Protein kinases play a critical role in cell signaling
by catalyzing the transfer of the y-phosphoryl group of the ATP (or GTP)
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molecule to specific hydroxyl groups in serine, threonine or tyrosine containing
protein substrates. This process of adding a phosphate group is called
phosphorylation, and constitutes one of the major post-translational modification
events involved in cell regulation. Phosphorylation affects cell stability and
biological activity, and forms the basis for processes like cell differentiation,
proliferation and migration. The addition of phosphate groups is balanced by
group of proteins called phosphatases, which remove phosphate groups from
proteins. Thus, kinases and phosphatases maintain cell function and regulation
through the reversible processes of phosphorylation and dephosphorylation (18,
19).

Approximately 2% of the human genes encode the 518 known kinases, out of
which 430 are predicted to be catalytically active and 48 have been classified as
pseudokinases (20-22). Protein kinases are classified into two major groups based
on their mechanism of substrate recognition. The serine/threonine kinases catalyze
the transfer of a y-phosphoryl group to a serine or threonine hydroxyl group on
their substrate. The best examples of serine/threonine protein kinases ate protein
kinase A (PKA), mitogen-activated protein kinase (MAPK), protein kinase B (or
Akt) and proviral integration of Moloney virus kinase (PIM).

Protein tyrosine kinases (PTKs) transfer the phosphate group only to a tyrosine
hydroxyl group. The known tyrosine kinases (91 proteins) are subdivided into 59
receptor tyrosine kinases (RTKSs) and 32 non-receptor tyrosine kinases (NRTKs)
(23). RTKs and NRTKSs both possess an intrinsic kinase (catalytic) activity. The
extracellular ligand binding domain and cytoplasmic domain are connected by a
single transmembrane helix. The cytoplasmic domain has a PTK core that is
involved in phosphorylation events. The major RTKs are epidermal growth factor
(EGPF), fibroblast growth factor (FGFR), insulin receptor kinase (IRK), vascular
endothelial growth factor (VEGFR), ephrin receptor (Eph), platelet-derived
growth factor (PDGFR) and c-kit receptor. NRTKs exhibit structural variability
compatred with RTKSs as they possess modular SH2/SH3 domains (Stc homology
domains) that facilitate the subcellular localization, or a pleckstrin homology (PH)
domain that is involved in protein-lipid interactions (24, 25). In addition, they also
lack transmembrane receptor-like domains and are predominantly found in the
cytoplasm (26). In some cases, NRTKSs are associated with the membrane through
a membrane targeted amino terminal post-translational modification like
palmitoylation or myristoylation. The best known examples of NRTKs are the Src
family kinases (such as Yes, Fyn, Hck, Lck, Frk), Abl, Fes, ZAP-70 and JAKs (27-

29). Protein kinases in Arabidopsis thaliana, Saccharomyces cerevisiae, Caenorbabditis
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elegans, and Dictyostelinm have also been extensively studied (20). Additionally,
studies on PTKs in bacteria have provided a different understanding of their
requirement in exopolysaccharide production and stress responses, contrary to the
initial belief that PTKSs were not present in prokaryotes (30).

5.2.2 Structural features of protein kinases

The overall structure of most protein kinases is conserved, and the first solved
crystal structure of a kinase was that of the cyclic AMP-dependent kinase (cAPK or
PKA) (31). All kinases maintain a balance between their active and inactive
conformations, and a self-inhibitory role is known to play a crucial role in kinase
activation. The Protein Data Bank (PDB) includes kinases solved in both
conformations, and the structures differ from each other significantly.
Nevertheless, the key structural elements that play a crucial role in activation
(phosphorylation) are more or less similar.

The typical kinase fold is composed of two lobes, the amino and carboxy
terminal lobes (an example of cAPK kinase lobes is shown in Figure 2), and is
often referred to as the bi-lobed structure. The kinase domain has three distinct
and separate roles. The first step towards phosphorylation is the binding and
orientation of ATP (or GTP) along with a divalent cation (Mg?t or Mn?2").
Secondly, the kinase binds and orientates an external protein substrate or residues
within itself, and lastly transfers the phosphate group of ATP to the hydroxyl
groups of the substrates. The catalytic or kinase domain is further sub-divided into
twelve subdomains and, depending on the kinase family, can consist of up to 300
amino acids (22). The N-terminal lobe includes subdomains I — IV, and is
composed of five B-strands, and one a-helix called the «C helix. The «C helix is
primarily involved in anchoring and orienting ATP. The larger C-terminal lobe
(subdomains VIa - XI) is responsible for substrate binding and phosphotransfer
and is composed of a-helices. Flexibility between these two lobes is facilitated by a
single polypeptide strand (the linker region) in response to substrate binding.
Substrate binding leads to the transition from the open (inactive) to the closed
(active) conformation (32). The deep region between these domains is the active

site and this cleft is responsible for the catalysis.
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N Terminal lobe

—> VAIK motif

Catalytic loop,

Activation loop

C Terminal lobe

Figure 2. Structural features of a kinase are shown with an example of cAPK (or PKA) (PDB
2cpk). The kinase fold includes the N-terminal and C-terminal lobes. Conserved
motifs in both lobes are depicted in the cartoon: the VAIK motif (and K72 in PKA) (in
cyan), the aC helix (E®') (in green), the glycine-rich loop between 1-2 strands (in
yellow), the catalytic loop harboring invariant the asparagine (N'7') that facilitates
orientation of the aspartate in the HRD motif (D186) (in orange), the activation loop
(T197) with aspartate D84, the main chelator of Mg2*, (in red). The other helices in the
C-lobe are not shown in this cartoon.

The twelve subdomains are depicted in Figure 3 and the conserved loops/motifs in
Figure 2, and their characteristic functions are explained below.
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N-lobe

Glycine-rich loop (Nucleotide-binding loop) — The phosphate binding loop, or
P loop, is situated between the 81 and B2 strands of subdomain I and it has a
consensus sequence motif of six amino acids: GXGX¢G, where G is glycine, X is
any amino acid and ¢ is phenylalanine or tyrosine. The glycine-rich loop is involved
in stabilizing the transition state during a phosphotransfer reaction (33, 34).

VAI(V)K motif — Valine, alanine, isoleucine (valine) and lysine constitute this
motif, which is found in the 83 strand (subdomain II) of the N-terminal lobe. The
role of the lysine residue is to create an interaction between «- and B-phosphates of
an ATP molecule by orienting ATP favorably. The interaction with ATP is seen
only when the glutamate (E) in subdomain III («C helix) forms a salt bridge with
the lysine. The correct orienting of the aC helix is crucial for this interaction, as an
inactive kinase does not project its «C helix in an angle that favors the formation of
the Glu-Lys ion pair. In this way, the «C helix plays the role of mediator in all the
conformational variations that take place in a kinase in its ‘ON’ and ‘OFF’ states
((35-37)).

C-lobe

The C-lobe forms the larger region of the two lobes in a kinase.

Catalytic loop — Subdomain IV and V are less important, but help in retaining
the bi-lobed structure of a kinase. The catalytic loop is 10 — 12 residues long and is
present in subdomain VIb, where it joins § strands 6 and 7. Although the specific
role of subdomain VIa is not known, it is thought to mainly act as a support
structure that is necessary for catalysis. Aspartic acid (D) residue in the conserved
HRDLRXXN motif (for protein serine/threonine kinases) at the very base of the
active site helps as a proton acceptor for hydroxyl groups of the substrates allowing
the phosphoryl transfer to take place. The name catalytic loop comes from the
obvious reason that the glutamate residue acts as a catalytic base. In some
traditional kinases such as cyclin dependent kinase (CDK) 2, the second arginine
(R) is substituted by a lysine (K) (HRDLKPQN) that neutralizes the negative
charge of the y-phosphate during transfer. This motif also has an invariant
asparagine (N) at the end of the loop that forms a hydrogen bond with the
carbonyl group of aspartate (D), and is where chelation of a secondary metal ion
takes place (38, 39). The first known mutation in the HRD motif was found is in
the Drosophila melanogaster stc64 gene, where all the three amino acids in the HRD
trio peptide sequence were mutated. The importance of the residues was evidenced
by reduced fertility, and when the aspartate was mutated to asparagine (N)

cytoskeletal processes were eliminated (40).
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Activation loop — The most essential motif of the ‘catalytic core’ is the
activation loop that resides in subdomain VII between the  strands 8 and 9. The
loop has 20 — 30 residues and on one side a DFG (aspartate, phenylalanine and
glycine), and on the other side a APE (alanine, phenylalanine and glutamate) motif,
where APE is in subdomain VIII. The kinase is said to be active when one or more
tyrosine or serine/threonine residues in this loop are phosphorylated. The most
crucial step of phosphorylation is when the aspartate from the DFG motif aids in
binding two divalent cations (Mg?* in JAKSs) and the ATP y-phosphate is aligned
for phosphotransfer. This further coordinates the - and a-phosphates of ATP in
the nucleotide binding cleft. Transformational changes occur during the transition
between the active and inactive state (39, 41). Phosphorylation sites vary within
kinases: in JAK2, the tyrosines at 1007 and 1008 get phosphorylated, after which
JAK2 adopts a conformation favorable for binding and catalysis of its substrate.
Usually the arginine in the HRD motif coordinates the y-phosphate. The DFG
motif swings away in an unphosphorylated kinase preventing the formation of the
cation-ATP complex. It is believed that oligomerization or homodimerization of a
kinase takes place upon the phosphorylation of critical residues in the activation
loop. For example, in the mitogen-activated protein (MAP) kinase ERK2, dual
phosphorylation of threonine and tyrosine residues induces conformational
changes and exposes a hydrophobic surface, which favors homodimerization (42).

Other subdomains that are part of the C lobe are IX, X and XI (see Figure 3).
Subdomain IX contains a DXWXXG consensus motif, and here an aspartate
stabilizes the catalytic loop. Subdomains X and XI are less conserved and form the
C-terminal end of the kinase domain. The glutamate in the APE motif forms an
ion pair with arginine (R) in subdomain XI and stabilizes the C-lobe.

Nucleotide (ATP)-binding lobe Substrate-binding lobe
v ' {.’\a Vib Vil Vil X X Xl

r
Subdomains |
R

\
1] n v

Conserved motifs VAI E HRD DFG APE__ DXWXXG —

1 —~ —.E‘— — - af Tap—LE8, > af ST T e

— [E— R —
G-richloop aC - B4 loop Catalytic loop Activation segment

Figure 3. Twelve subdomains and catalytic residues are depicted as a linear diagram. Block
arrows represent 3-sheets (81-5, 37 and f8) and diamonds represent the a-helices
(aC and aE-l). 6, B9 and aD are very short and not depicted in this diagram. The
image is modified from (43).
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5.2.3 Common regulatory mechanisms in tyrosine kinases

Regulatory mechanisms govern the catalytic activity of a kinase. An example of an
RTK and an NRTK are discussed below.

Cis/ Trans Phosphortylation and dimerization

As discussed above, coupling of the «C helix with the activation loop provides
the best conformational regulation of the catalytic activity in kinases. This is
achieved through the phosphorylation steps that take place in the activation loop.
The driving forces for activation are the conformational change that allow
phosphorylation within the receptor and is called «s phosphorylation of the
receptor. The other form of receptor phosphorylation is called frans
phosphorylation, which takes place when two receptors are already aligned as a
dimer (in close proximity). Ligand binding initiates this process and tyrosine
residues are cross phosphorylated on both receptor chains. The best known
example of a RTK is the insulin receptor kinase (IRK). However, since the IRK
does not exist as monomers, left panel of Fig. 4a is of a regular RTK and tyrosines
residues depicted in the right panel of Fig.4a is of IRK (see Fig.4 legend for more
details). Three tyrosine residues (Y1158, Y1162 and Y1163) in the activation loop are
phosphorylated in #rans (Fig. 4a, right panel), and Y192 connects with an aspartate
in HRD and blocks the substrate. The DFG motif in turn blocks ATP binding.
The result of this is an autoinhibited, inactive form of IRK, although not as
monomers (Fig. 4a, left panel). The activation loop harboring Y1162 is situated in
the active site and switches between active and inactive states. When Y1162 is
engaged in the active site both the substrate- and the ATP-binding sites are
inaccessible and Mg?" cannot bind. Inhibition in s and activation
(phosphorylation) in #rans will bring about a classic auto-inhibitory mechanism of
an unphosphorylated (inactive) kinase (44).
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Inactive receptor Trans- Inactive conformation Active conformation
monomers leads to autophosphorylation (“closed”) (“open”)
inhibition in cis leads to activated dimer Ligand
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containing
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Phosphorylation
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Figure 4. Regulatory mechanism of RTK and NRTK (Src) kinases: A) The left panel of the
cartoon shows the cis inhibition by A-loop of RTKs. IRK is a preformed, disulfide-
bridged dimer and monomers do not exist. In the picture, one of the numerous A-
loop conformations in RTKs is shown. The activation loop changes its conformation
and blocks binding of ATP. The right panel shows how the binding of the ligand
leads to the activation of the receptor through dimerization, and leads to
transphosphorylation of the tyrosine residues in the activation loop (tyrosine
residues shown are with respect to the IRK). B) Regulation by the adjacent domains
leads to the ‘closed’ and ‘open’ conformation of the Src kinase. In the closed
conformation, the SH2 and SH3 domains interact with the kinase domain (KD) to
stabilize the inactive ‘closed’ conformation (left panel). Dephosphorylation of an SH2
tyrosine may be an intermediate step between inactive forms. This accounts for
phosphorylation of only available tyrosines in the activation loop. The C-helix is
repositioned, and this leads to a formation of a hydrogen bond between glutamate-
310 and lysine-295, which is required for ATP binding [modified from (41)].

In NRTKSs, adjacent domains, such as SH2 and SH3, play a crucial role in
phosphotylation/dephosphorylation and the kinases are subject to both
intermolecular and intramolecular regulation. One such example is the Src family
of tyrosine kinases. In c-Src, a polyproline sequence segment (PXXP) mediates a
strong interaction between the SH2-kinase linker and the SH3 domain (Fig. 4b).
The SH2 domain comes in close contact with Y527 in the C terminal domain, which
further prompts the SH3 domain to form polyproline type II helices, by interacting
with the SH2 domain, which is in contact with the C-terminal domain (45-47). This
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interaction suppresses the kinase activity, because the aC helix (E31) is not able to
couple with the lysine in the VAIK motif (K2%). Since there is no room for
flexibility between the lobes, the C-helix is displaced far from its active position,
and ATP binding is restricted. This demonstrates that c-Src is a dynamic molecule
subject to complex regulatory mechanisms. A similar interaction between adjacent
domains in the phosphorylation of the kinase activation loop is seen in JAKs. This
is discussed further in sections 5.4.2 and 5.4.3.

Non-requirement of phosphorylation of activation loop tyrosines

Not all tyrosine kinases follow the conventional
phosphorylation/dephosphorylation followed by dimetization mechanism of
regulation. Src regulatory protein kinases, such as Csk, display a different kind of
regulatory behavior. The SH3-SH2 linker and the SH2-kinase linker form a hinge-
like structure and make contact with the N-lobe. The aC helix orients itself in a
way that it can interact with the linkers and stabilizes the activation loop. The
phosphorylation step is left out, since the critical tyrosine residue is missing from
the Csk activation loop (48).

9.3 Family of pseudokinases

5.3.1 History, evolution and properties of pseudokinases

The term ‘pseudokinase’ is loosely defined. Pseudokinases are supposed to be
catalytically inactive kinases and lack at least one of the key residues required for
catalysis. The whole catalytic motif or part of the motif essential for nucleotide
binding and/or phosphoryl transfer activity is missing or altered. Pseudokinases
were seen as the lost cousins of active protein kinases and were thought to have no
signaling or regulatory function. The other commonly known term for
pseudokinase is kinase-like domain, which was previously mentioned in the
description of JAKSs (49).

When the human kinome was systematically catalogued, a total of 50 listed
kinases were found to lack catalytic residues and were assumed to have no kinase
activity. This alleged lack of phosphoryl transfer activity was linked to the absence
of Lys residue (in VAIK), Asp residue (in HRD) or Asp residue (in DFG) (20).
Thus, this classification of 50 kinase-like proteins sums up to a surprising 10% of
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518 (478 eukaryotic + 40 atypical) protein kinases (20). Pseudokinases are also
conserved through metazoans, and 28 of the known pseudokinases have homologs
in mouse, nematodes, worms, yeast and flies (all lack the catalytic residues).

Within the evolutionary timescale, the exact number of pseudokinases has
changed, and currently 48 pseudokinases stand true. Apparently, apart from a few
reports on atypical protein kinases and Manning’s human kinome phylogeny, not
many studies have explored these ‘dead kinases’ , until a comprehensive review on
these 48 pseudokinases including one from an atypical protein kinase family, was
published (50). In all known kinases, ATP binding has a regulatory role, and
pseudokinases have probably arisen multiple times in evolution from nucleotide-
binding proteins or corresponding active kinases. The pseudokinases of the human
kinome are quite diverse and scattered throughout the evolutionary tree. They are
present in almost all single and multi-domain protein kinase families. The
phylogenetic tree of all 48 pseudokinases is shown in Figure 5. Since the sequences
and structural folds of pseudokinases appear to be similar to those of classic
kinases, they might have been “dead” proteins to start with or they may have once
been active kinases and over successive evolution lost their activity. Based on a
recent classification, all of the 48 pseudokinases, whose catalytic residues are
missing or altered, can be divided mainly into 7 groups (Table 1) (50).

The properties of pseudokinases have not been distinctively reported. The
classification of pseudokinases cannot be subjugated to just the absence of catalytic
motifs. Each pseudokinase possesses special biochemical properties, which are
worth mentioning. Several recent studies have shown that pseudokinases exhibit
low levels of catalytic activity and have diverse roles in regulating signaling
cascades. However, the significance and biological role of this low level activity
remains a mystery. Detailed studies on structure and nucleotide binding properties
revealed that in a handful of kinases, which were initially thought to be
pseudokinases, missing motifs or residues were compensated for by neighboring
residues. Some examples of such mis-categorised pseudokinases are the With No
Lysine (WNK) family of kinases, the Haploid germ cell-specific nuclear protein
kinase (Haspin) and the Human cardiac Titin kinase (more in detail in 5.3.3).

The list of kinases, which were previously thought to be pseudokinases,
continues to grow with several other proteins such as the Wnt receptor tyrosine
kinase (Ryk) (51) and the p53-related protein kinase (PRPK) (52). They also lack
some of the critical residues required for catalysis, but these are compensated for
or possess altered regulatory properties. Hence, classifying 10% of the kinome into
‘pseudokinases’ could be an over-statement. All the examples discussed above
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deviate from the general requirements for a pseudokinase and add to the

complexity of the biochemical properties that define an actual pseudokinase.

5.3.2 Structural insights into pseudokinases

In view of the accumulating evidence that supports the growing number of
pseudokinases that possess a catalytic activity, some of the proteins in Table 1 can
no longer be called pseudokinases. Some examples of pseudokinases which are
catalytically active and whose crystal structure has been solved are discussed below.

Ca?*/calmodulin-activated serine/threonine kinase (CASK) — CASK belongs to
the membrane-associated guanylate kinases (MAGUK) superfamily of proteins,
which are characterized by the presence of PDZt, SH3 and GUK (or GK)*
domains. In addition to these domains, CASK has a kinase domain called
Ca?*/calmodulin-dependent kinase (CaMK). Since CASK did not fulfill all the
requirements for an active kinase, it was thought to be a catalytically inactive
protein. For example as seen in Table 1, CASK comes under the group A, which
possesses an altered DFG motif. There is a glycine residue in place of the aspartate
(DFG to GFG). There is no change in just HRD motif, but when the full eight-
residue motif (HRDLAXXN) is considered, CASK displays a modified version
(HRDVKPHC), where the asparagine is replaced with a cysteine at the end of the
motif. All other essential motifs such as the glycine-rich loop and the APE motif

are intact and show no alterations.

T PDZ - Post synaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlgl), and

zonula occludens-1 protein (zo-1)

# GUK - Guanylate kinase
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Group A B C D E F G

Missing  DFG HRD DFQG, VAIK DFG, HRD, DFG,
motifs HRD VAIK VAIK HRD,
VAIK
Pseudo CASK ANPa ILK KSR1 ULK4 GCN2 EphA10
kinases
CCK4 ANPf IRAK2 KSR2  RSKL1 EPhB6
SgK223 CYGD MLKL RSKL2 NRBP1
SgK269 CYGF SgK307 NRBP2
SgK495 HER3 STRADB SCYL1
SuRTK HSER SCYL2
106
Trb1l JAK1 SCYL3
Trb2 JAK2 SgK196
Trb3 JAK3 SgK424
PSKH2 Slob
SgK071 STRADa
SgK396 TRCK
TYK2 TRRAP
VACAM VRK3
KL

Table 1. Grouping of pseudokinases based on the motifs they lack [modified from (50)].

A high resolution crystal structure of CASK with a 5>AMPPNP (and displaced
with 3’-AMP) in the nucleotide-binding pocket was solved in 2008. CASK adopts a
typical kinase fold, which contains five 3-stranded sheets and a single a-helix, when
it is in its active state. The C-terminus of the lobe demonstrates a fully ordered
activation loop and a Mg?" binding loop. However, the 3- and y-phosphates of
ATP were found to be severly distorted, and the binding pocket cannot
accommodate a Mg?" ion.

This structural study was further supported by nucleotide-binding experiments,
where it was shown that CASK is able to catalyze phosphotransfer without the
presence of a Mg2* ion. The study further elucidated that presence of Mg2*+ hinders
the catalytic activity. Another important observation is that the CASK kinase is not
regulated by the auto-inhibitory helix («R1), unlike other CaM kinases. The helix
does not block the ATP-binding cleft. CASK is regulated only by the
phosphorylation of its substrate protein neurexin-1 (53).
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The Ste20-related adaptor (STRAD) proteins — STRADa and STRAD are two
isoforms that belong to the serine/threonine protein kinase STE20 subfamily.
They are activators of the LKB1 heterotrimeric tumour suppressor complex (54).
STRADs were previously recognized as catalytically active proteins (55). Further
characterization has placed STRADa and STRAD@ into group G and C
respectively in Table 1, since crucial motifs are altered. The Lys in the VAIK motif
is missing, the third glycine in the Gly-rich loop is replaced by methionine, the
HRD motif is distorted as the catalytic aspartate is replaced and the DFG is
entirely missing (56). Despite lacking these residues, STRADa binds ATP and
activates LKB1 without the requirement of the activation loop (57). It activates
LKB1 through an adaptor protein called MO25 (58).

Interestingly, STRADa acquires a typical kinase fold while adopting the
conformations that may be required for phosphotransfer. A remarkable feature is
that STRADa utilizes the absence of the DFG motif to its benefit by employing
Gly-Leu-Arg instead to coordinate the B-phosphate of ATP so that Mg?* is
positioned properly. Also, the aC helix rotates itself to bridge the gap between the
N-terminus and C-terminus of the helix. Studies show that on its own STRAD« is
inactive. It demonstrates no detectable autophosphorylation or phosphorylation of
other substrates, but folds into an ATP-bound, closed conformation when the
STRADa/MO250 heterodimer is formed. Since STRADu is incapable of being
active; nature has made room for this allosteric ‘pseudosubstrate’ regulation that

drives STRADua to bind ATP and activate LKB1 (56, 59).
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Figure 5. Phylogenetic tree of human pseudokinases generated by www.kinase.com and
www.phylogeny.fr. The grouping was created using pseudokinase or kinase domain
(FASTA format) sequences which were analyzed automatically using the MUSCLE
software for alignment, PhyML for creating the phylogeny and TreeDyn for tree
rendering as described on the web page.

Vaccinia-related kinase (VRK) 3 — VRK3 is a member of the Vaccinia-related
kinase (VRK) family of serine/threonine protein kinases. The structures of both
VRKS3 and its close sibling VRK2 were solved recently (60). The only difference
between them is that the former is a pseudokinase and the latter a bona fide kinase.
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VRK3, similar to other pseudokinases discussed so far, lacks important residues
and is placed into group G in Table 1. The second glycine in the glycine-rich loop
is modified to an aspartate and the loop is severely altered TRD'>NQ!7’G, the
HRD motif is compromised as HGN and DFG motif is replaced by GFG. These
alterations render the protein unable to bind ATP (60, 61). Q177 and D7 in the G-
loop are negatively charged and mimic the ATP phosphate in the ATP binding site
(otherwise seen in an ATP bound state). This gives the ATP binding pocket a
double negative charge making ATP binding unfavorable. The key interactions that
take place in an active site, such as hydroxyl group orientation of the substrate by
the aspartate in HRD and steric clashes between ATP and the Q'77 in G-loop,
make VRK3 an ‘inactive’ pseudokinase. However, a fascinating feature of this
protein is the formation of an intact ionic bond between «C and (3. This
interaction is highly conserved and favors the formation of the kinase-like fold. It
could thus act as a support base for activating the vaccinia-related H1 phosphatase
(VHR) (62). Thus, VRK3 need not be an active kinase, but might play a regulatory
role.

Integrin-linked kinase (ILK) — Since integrins lack an intrinsic catalytic activity,
a serine/threonine protein adaptor kinase called ILK catries out the signaling
reaction. Similar to other pseudokinases, ILK features structural variations in
critical motifs and placed in group C. The crystal structure of ILK bound to «-
parvin uncovers the reasons why ILK does not phosphorylate its substrates (63).
However, there are discrepancies in this report, which states that despite the lack
of a catalytic base (a lysine residue in the catalytic loop) and a cation binding
residue (asparagine), ILK is capable of phosphorylating its substrates (integrin {31
CT, myosin light chain kinase LC20, B-parvin, cell survival kinase AKT/PKB,
glycogen synthase kinase-383) and is catalytically active (64-72). However, a recent
study by the same group contradicts the previous report by stating that ILK is not
active (73). The ATP molecule is lodged into the nucleotide binding pocket helped
by substitutions from the glycine in the DFG motif, and the y-phosphate of ATP is
correctly oriented by the lysine residue. This pseudokinase also demonstrates
‘pseudosubstrate’ regulation similar to STRADa, as binding of a-parvin to ILK will
not activate it.

32



5.3.3 Structural variation in non-pseudokinases

Below are some examples of kinases that were previously thought to be
pseudokinases because of obvious missing or altered critical residues required for
phosphotransfer activity. However, these proteins demonstrate distinctive
structural variations, and this discovery has resulted in their removal from the
pseudokinase family after re-classification.

With No Lysine (WNK) family of kinases — WNK kinases were first classified
as pseudokinases since they lack the invariant catalytic lysine (K) residue in
subdomain II (VAIK motif). However, it was shown that that a lysine in the
subdomain I (K233) compensated for this loss and phosphorylated WNKs
exogenous substrate, myelin basic protein (74).

Haploid germ cell-specific nuclear protein kinase (Haspin) — Haspin also falls
under the mis-categorized group of pseudokinases, once called ePKs due to their
structural diversity uncommon to most conventional kinases (75). The crucial
HRDLR/KXXN motif is altered and the conserved lysine is displaced by a
histidine in subdomain VIb. Additionally, subdomains IV- XI have no consensus
sequence. For example, the conserved DFG and APE motifs are missing. In spite
of this lack of conservation in residues, Haspin still assumes a catalytic bi-lobed
fold. Several studies have demonstrated that Haspin possess an 7z vitro catalytic
activity and gets autophosphorylated through an intrinsic serine/threonine kinase
activity (706).

Human cardiac titin kinase — Titin proteins are striated muscle sarcomeres that
display a remarkable ‘always open’ conformation, as opposed to the conventional
balance between ‘open’ and ‘closed” conformations, which are controlled by the
phosphortylation of conserved tyrosine/setine tesidues. The Y70 at the P + 1
position (not in the activation loop) is phosphorylated and aids in Ca?*/calmodulin
binding. The HRDLK motif is replaced by HFDIR and the DFG by the EFG
motif. Once the catalytic base D in HRD forms a hydrogen bond with R (two
residues downstream), the Q150 and Y70 active sites are blocked and no catalysis is
seen. This auto-inhibited conformation maintained by titin facilitates the
phosphorylation of the muscle protein telethonin, and promotes its activation in
differentiating myocytes (77).
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5.3.4 Determining the ATP binding characteristics and roles of pseudokinases

ATP binding and ATP catalysis are two distinct steps required to generate a
catalytically active protein kinase. ATP binding is the process, where an ATP
molecule is bound to the ATP binding pocket in a kinase. Catalysis, in turn, is
defined by the transfer of the y-phosphate group of the bound ATP to pre-
designated tyrosine/setine-threonine residues. A pseudokinase can be a protein,
which is incapable of performing either one of the above described steps.

The characteristics of ATP binding (together with catalysis) vary among the
pseudokinases listed in Table 1. Quoting Zeqiraj et al., they could be ‘inactive
pseudokinases or simply unusual active kinases’ (78). There are several ways of
investigating ATP binding characteristics. Though this helps in understanding the
diversity in pseudokinase function, regulation and modulatory effects, uncovering
the significance of the physiological role of these proteins is challenging. Yet,
several studies have aimed at unraveling the mystery of pseudokinases. Differences
in ATP binding can be investigated by employing some of the currently available
methods. Radiolabelled [y-3?P] ATP is used in kinase assays for measuring
autophosphorylation (53, 56, 57, 63, 73, 79-81). An increase in activity is measured
by autoradiography with or without substrates. This is a straightforward method.
However, the downside of the technique is that a contaminating kinase in the pool
of recombinant protein can influence the assay and thereby compromise the
interpretation of the results. An alternative approach is to 7z vitro translate the
domain or construct of interest and demonstrate its phosphorylation (79). But this
also involves autoradiography, and demonstrating the phosphorylation of different
substrates can be time-consuming,.

Recently, a method based on fluorescence spectroscopy was described. It uses
labeled nucleotide analogs such as TNP [2°, 3 —O-(2, 4, 6-trinitrophenyl)] and
MANT [2’ (3%)-O-(IN-methylanthraniloyl)] to mimic ATP (53, 56, 57, 78, 79). The
affinity of the nucleotide to a protein (Kg) is measured by exciting the sample at
certain wavelengths and collecting the emission spectrum in a range of
wavelengths. However, the Ky values for the modified analogs differ greatly from
those of ATP. The modified nucleotides have been reported to bind tighter to
proteins than does ATP. So although the approach can give an idea of the level of
a ATP binding, it cannot be used to say how tight the binding actually is.
Additionally, the method does not provide information about phosphotransfer

activity to other substrates.
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Kinase-affinity chromatography using immobilized ATP-mimetics, fluorescence
polarization (82), isothermal titration calorimetry (ITC) (73), nuclear magnetic
resonance (NMR) spectroscopy and X-ray crystallography are some of the other
methods that can be used to study ATP binding. The experiments can be,
however, complicated and may require large amounts of recombinant purified
protein. Currently, thermodynamic methods such as the thermal shift assay (TSA),
which is based on fluorescence, are being developed (60, 83, 84). In TSA the test
protein, together with a nucleotide and a fluorescent dye, is subjected to thermal
denaturation. The dye binds to the exposed hydrophobic residues and ligand
binding to the protein enhances the melting temperature of the protein (Twm). This
is seen as an increase in the thermal stability of the protein. This method is
insensitive to impurities, independent of protein function, highly reproducible and
provides information on protein stability. It is better to take a safe approach of
characterizing proteins from a multidisciplinary angle, employing two or more
methods. A recent thorough study, which covered three layers of ligand binding -
a) binding of nucleotides b) binding of cations and ¢) binding of both nucleotides
and cations revealed remarkable properties of pseudokinases (85). This study led
to an altogether different classification of pseudokinases into proteins such as
those (i) devoid of nucleotide/cation binding (i) devoid of cation binding only (iii)
devoid of nucleotide binding and (iv) devoid of both nucleotide and cation
binding. To conclude, there is no established way of classifying pseudokinases yet,
but as further studies keep revealing more about the function and features of these
proteins, we will eventually be able to agree on a common classification.

The pseudokinase family has received much interest lately, and ways for
classifying pseudokinases based on their ATP binding and catalysis characteristics
have been introduced. Table 2 is a comprehensive list of pseudokinases, whose
structures have been solved, and whose proposed function is supported by data
from in vitro studies.
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Conserved Glycine B3- HRD DFG Finding
motifs rich VAIK
loop motif
Subdomains I I1 VI VII
DEAD PSEUDOKINASES
VRK3 TRDNQG FSLK HGN GYG No nucleotide binding,
severely degraded G-loop
ROP2 GQEDPY FEVH HTY GFE No nucleotide binding
BubR1 CEDYKLF TVIK HGD DFS No catalytic activity
LOW ACTIVITY KINASES

JAK2 JH2 GQGTFT VLLK HGN DPG Binds MANT-ATP-Mg?,
shows catalytic activity

HER3 GSGVFG VCIK HRN DFG Binds MANT-ATP-Mg?+,
shows catalytic activity

CASK GKGPFS FACK HRD GFG Shows catalytic activity,
binds TNP-ATP

IRAK2 SQGTFA FVFK HSN HPM

NOT ANYMORE PSEUDOKINASES

WNK1 GRGSFK VAWC HRD DLG Catalytically active

Titin GRGEFG YMAK HFD EFG Catalytically active

Haspin GVFGEV ~ VAIK HRD DYT Catalytically active

SELECTIVE PSEUDOKINASES

STRAD«x GKGFEM VTVR HRS GLR Binds ATP- Mg?+, binds

TNP-ATP, shows no
phosphorylation and no
hydrolysis of ATP

ILK NENHSG IVVK RHA DVK Binds ATP (?), does not
regulate PINCH-ILK-parvin
complex.

Table 2. Possible classification of pseudokinases based on their physiological role. Details on
variations in key motifs in the respective pseudokinases are listed. The structures of
all the pseudokinases in the table have been solved [modified from (60, 78, 84, 86,
87)].

Besides ATP binding and catalytic phosphotransfer, pseudokinases can perform

other functions, which have caught the attention of researchers. Some
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pseudokinases are known to regulate complexes (STRADa-MO25-LKB1 and
PINCH-ILK-Parvin). Others have a specific role in scaffolding (KSR; Trb3). The
Kinase suppressor of Ras 1 (KSR) proteins (KSR 1 and KSR 2) are mediators of
the ERFR-Ras-Raf1-ERK/MAPK signaling pathway. Both KSR and Rafl proteins
have conserved kinase domains. But KSR proteins have a putative kinase domain
that binds both MEK and Raf, whereas Raf has a functional kinase domain that
binds only MEK. Some studies have reported a kinase activity in KSR, and this
activity apparently promotes anti-apoptotic protective behavior in the intestinal
epithelium in inflaimmatory bowel disease. Studies also show that KSR
transphosphorylates and transactivates Rafl on T209 (88-93). All these reports are
based on iz vitro data only, and since no iz vive validation was done, the role of KSR
as an actual active kinase was questioned. A major breakthrough was made when
both KSRs were found to act as scaffolds in the MAP pathway (94-96). Many
kinases are regulated by allosteric activation, and KSR was also shown to exhibit
dimerization driven regulation through the formation of heterodimers with Raf or
via Raf/Raf homodimerization (97). However, the crystal structure of KSR
revealed a new form of regulation. The structure shows that KSR2 does indeed get
phosphorylated and acquires a catalytic activity towards MEK1 as shown by 7 vitro
ATP binding assays. However, KSR still acts as a scaffold to pair up with BRAF to
promote MEK phosphorylation. KSR switches between two conformations with
Raf and promotes phosphorylation both in s and in #rans (98).

5.3.5 Regulation of catalytically active pseudokinases — intra/inter domain
regulation

HERS3 is involved in the regulation of the active HER2 kinase and provides the
best example of inter domain regulation. HER3/ErbB3 is one of the four
members (HER1, HER2 and HER4) of the human epidermal growth factor family
of tyrosine kinase receptors. All members, except HER3, are kinases. HER3 lacks
important residues including the HRD and DFG motifs (Table 2). HER3 was
regarded as a pseudokinase until it was recently found to possess low kinase
activity. HER3 was able to bind ATP at a 1.1 uM affinity; however, according to
another report HER3 does not phosphorylate peptide substrates and retains an
inactive kinase conformation (99, 100). Neuregulin is a growth factor that initiates
the heterodimerization of HER2/HER3, where the HER3 pseudokinase domain
activates the HER2 kinase domain. This further allows the autophosphorylation of
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HER?2 and initiates the recruitment of the SH2 and PTB domains to the receptor
complex-induced PI3K and ERK pathways. During this process, HER3 is also
phosphorylated by HER2 (101, 102). Additionally, in the absence of neuregulin,
HER?2 is maintained in an auto-inhibited monomeric state and can get activated
only when HER3 forms a heterodimer with it (103). This is an excellent example
of allosteric regulation between an active HER2 and an inactive HER3 domain.
The mechanism keeps the activity of HER2 at check, and makes HER2 an
attractive anti-cancer target.

Erythropoietin producing hepatocyte (Eph) kinases are receptor tyrosine
kinases that lack the DFG, HRD and VAIK motifs. For example, EphB6 lacks
tyrosine kinase activity. Nevertheless, it still activates ZAP-70 once ephrin is
bound. EphB6 might also form heterodimers with Eph receptors; however the
exact mechanism of the activation is not known (104).

General control non-derepressible (GCN) 2 also regulates its counterpart kinase
domain. GCN2 has a pseudokinase domain adjacent to its kinase domain within
the same molecule like JAK2 (and other JAKs). The pseudokinase domain is
thought to balance the hyperactive kinase domain through an inter domain
interaction in frans (105). An inter domain interaction in JAK2 performs a similar

regulatory mechanism, which is discussed in section 5.5.2.

9.4 JAK tyrosine kinases

5.4.1 General overview of JAK kinases

The discovery of interferons began to unravel the events of cytokine mediated
signal transduction via the JAK (Janus Kinase) / STAT (Signal Transducer and
Activators of Transcription) pathway. JAKs are evolutionarily conserved from
non-vertebrate chordates such as Ciona intestinalis (sea squirt), and insects to
humans. The JAK family is one of the ten major families of non-receptor protein
tyrosine kinases. It comprises four mammalian members: JAK1, JAK2, JAK3 and
TYK2. The first member to be discovered was TYK2 (1006), and this was followed
by JAK2, JAK1 (107-109) and finally JAK3 (110). JAKs are distinguished from
other protein kinases by the presence of a unique protein sequence that features
two tandem kinase domains (where the second kinase domain is called the

pseudokinase domain) adjacent to each other. However, on careful inspection the
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two were found to resemble to each other, but one of them was inactive. Hence
the protein was coined ‘Janus’ because of its resemblance to the two-faced Roman
god. All JAKSs, except JAK3, are ubiquitously expressed. JAK3 is restricted more to
cells of hematopoietic origin (111-114). JAK homologs have also been identified in
zebrafish (115) and Drosophila melanogaster (116). Two kinases were also cloned from
Dictyostelinm (slime mold) (117), however, they shared little homology with JAKSs,

and thus the presence of JAKs in molds was ruled out.

5.4.2 Domain organization of JAKs

Like most kinases, JAKSs are relatively large proteins of over 1100 amino acids, with
molecular masses of about 120 — 140 kDa. The recombinant purification of these
large kinases is challenging and as of now, the crystal structure of a full length JAK
is not available. The JAK domain structures are conserved between mammals,
insects, flies and fish. The most intriguing feature of the JAK domain architecture,
which distinguishes it from other kinases, is the presence of two domains (with
extensive homology to each other): The C-terminal catalytically active kinase
domain [referred to as JAK homology (JH) 1] and the pseudokinase (JH2) domain.
The N-terminal half of JAKSs contains an SH2-like domain (encompassing the JH3-
JH4 regions) and the FERM domain - band 4.1, ezrin, radixin, moeisin
(encompassing the JH5-JH7 regions). Lately, these regions have been spuriously
referred as the seven JH domains instead of the four major domains (Figure 6).

. FERM domain _ SH2 Pseudokinase Kinase domain
N ] m | C
138 380401 482545 809 849 1124 1132

Figure 6. Schematic domain architecture of JAK kinases. The amino acid numbering displayed
in the figure corresponds to JAK2.

Tyrosine kinase domain — The tyrosine kinase domain in JAKSs has all the features
of a conventional kinase domain and is approximately 300 amino acids long. The
first glimpse demonstrating catalytic activity came when a mutation in the lysine
residue in subdomain II led to abrogation of the kinetic activity (118), and later to a
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kinase dead JAK2 mouse model (119). Additionally, the presence of two tyrosine
residues needed for the activation of all JAKs was declared a hallmark of this
family. The phosphorylation level and status of these residues vary between JAKSs.
The phosphorylation of the tyrosine residues could indicate - a) that they are
required for optimal activity, b) catalytic activity or ¢) maximal kinase activity. It
was shown that Y197 was the critical residue for phosphorylation during
phosphotransfer and is required for the regulation and function of JAK2. Unlike
changes to Y1007 mutagenesis studies on Y1098 showed no difference in catalytic
activity (120). This holds true also with JAK1 and TYK2 proteins in which the
tyrosine kinase activity is dependent on the first tyrosine (121, 122). However,
between the two tyrosines in JAK3 (Y280, Y?81) a mutation to Y?8! led to a dramatic
increase in catalytic activity (123).

The first structure of a kinase domain in the JAK family was solved in 2005
when the JAK3 JH1 domain was crystallized with a staurosporine analog (124).
This was soon followed by the kinase domain structure of JAK2 (explained in
section 5.4.3). By now, the structures of the kinase domains of all JAKSs have been
solved (125, 126). They all have the characteristic five 3-strands and a single a-helix
in the N-lobe. In addition to this, there is a striking additional helix in the C-lobe of
all the JAKSs. This kinase insertion loop was called the FG helix’ in the JAK3
structure.

Pseudokinase domain — Like the kinase domain, the pseudokinase domain is
also conserved in all four members of the JAK family. Clearly, a lack of activation
loop tyrosines and other canonical motifs required for catalytic activity
distinguishes this domain from the adjacent kinase domain. Few initial studies on
the deletion of the JH2 domain in JAK2 and TYK2 mediated IFN-a and GH
signaling resolved several unanswered questions in JAK biology (127, 128). Apart
from a study by Wilks ¢ a/, which described alterations in residues in the JH2
domain, and one other modeling study, where the JH2 and JH1 kinase domains
showed a bi-lobal conformation in JAK3 (118, 129), no significant findings were
reported in the JAK pseudokinase field. A major breakthrough was made when
three studies from our laboratory discovered the importance of an intact
pseudokinase domain in JAK2 (130-132) (see 5.4.3). Later, it was also shown by
another group that the intact pseudokinase domain in TYKZ2 was responsible for
the intrinsic catalytic activity of TYK2, and four specific mutants in TYK2 could
not restore the binding of IFN-« to the IFNR (133). Recent studies have made
huge progress in solving the three-dimensional structure of the pseudokinase
domain of JAKSs. The crystal structures of the pseudokinase domains of all JAKs
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except JAK3 have been solved and they suggests approximately 30% identity to
classic kinase domains (134, 135) and to the pseudokinase structure of TYK2
(PDB code 3Z0ON)
(http://www.rcsb.org/pdb/explore/explore.do?structureld=3ZON). All the JAK
pseudokinase domains also have a similar bi-lobed fold. The role of the

pseudokinase domain in JAK2 function, and the phosphorylation sites in JAK2,
are described in section 5.4.3.

SH2-like domain (JH3-JH4) — The Src homology domain 2 was originally
discovered in v-Src. It is a non-catalytic motif of about 70-100 amino acids known
to specifically bind phosphotyrosines. The initial two studies on JAKs reported no
resemblance of the JH3-JH4 region to any known SH2 domains (106, 108). The
first report on a weak resemblance came through a TYK2 study, which showed the
existence of a SH2-like putative regulatory domain (136). Multiple sequence
alighments and homology modeling studies revealed that the SH2-like domain is
present with an invariant arginine residue in the core sequence of all JAKSs.
However, it was later shown that the arginine in the 8B5 position is substituted by
a histidine (137). The SH2-like domain of chicken JAK3 was shown to bind
phosphorylated proteins in an zz vitro binding assay (138). A modeling study
revealed a centrally located four-stranded [-sheet flanked by two o-helices on
either side, and concluded that the SH2-like domain in JAK2 may not be fully
functional (139). The precise function of this domain is not known for all JAKs. A
study from 2005 sheds some light on the role of this domain in JAKI. Despite
mutating arginine to lysine (R*°K), no change was seen in the subcellular
distribution of JAKI1, nor did this inactivating mutation has any effect on IL-6 or
IFN-y/IFN-o signaling. However, the SH2-domain was shown to play a structural
role in the interaction with and the binding to the receptor subunits of gp130 (140).
Despite the lack of knowledge on the regulatory functions of the SH2 -like
domains in JAKSs, mouse knockout studies show that the JAK1 SH2-/- mouse is
perinatally lethal, the JAK2 SH2-/- mouse is embryonically lethal and the JAK3
SH2 -/- mouse is immunodeficient and suffers from lymphopenia (141).

FERM domain (JH5-JH7) — JAKSs and focal adhesion kinases (FAKs) are the
only two families in NRTKSs that possess a FERM domain. The FERM domain,
which was discovered in JAKSs, spans from the middle of the JH4 to end of the
JH7 region (142). This domain forms a clover shaped structure consisting of
subdomains A, B and C (143). The structure has two poorly conserved additional
loops found only in JAKs. The N-terminal end of the FERM domain (JH6-JH7
regions) is involved in binding to cytokine receptors (144-146). The boundaries
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required for binding to receptors vary between JAKs. JAK2 and JAK3 require the
JHT7-JHG regions to bind to EPOR and y., respectively (147-149). Together with
the JH7-JHOG region, specific regions within JH3-JH5 also aid in the formation of a
protein-receptor complex in TYK2 (150). JAK1 binds to gp130 through
subdomain A of the JH7 region in the FERM domain (151, 152). Initially, it was
thought that the role of the FERM domain was restricted only to receptor-protein
interactions. But then FERM was found to be involved in enhancing the cell
surface expression of IFNaRI. An intact FERM-SH2 is necessary for stabilizing
IFNaRI at the cell surface (153). Recently, studies on a mutant JAK2 (Y!E)
showed that the tyrosine is needed to regulate JAKZ2 activity and to initiate the
dissociation of JAK2 from the receptor complex especially with EPOR, TPOR and
GH (154). Phosphorylation of Y?2! has also been shown to be involved in JAK2
regulation (155, 156). A mutation in the JAKI kinase domain led to impaired
binding to the IFNaRI. One can speculate that in addition to FERM (as seen from
studies on mutations which impair FERM-receptor binding) (157), other domains
are also required for a tight receptor-protein interaction and overall JAK regulation

(158).

5.4.3 Wild type JAK2 - emphasis on the kinase and pseudokinase domains

Kinase domain of JAK2 — In addition to the activation loop tyrosines, 15 other
tyrosine residues (159, 160) have been identified in the JH1 domain of JAK2.
Mutating them to either phenylalanine or glutamic acid had no significant effect on
downstream signaling, when JAK2 was activated by Epo or IFNy. The only
exception was the phosphorylation of Y813 and Y96, While Y813 recruits SH2-B3
and enhances the kinase activity of JAK2 (161) and in turn increases the
phosphorylation of STAT5, Y96 recruits p70 and has no known function (162).
Y808 and Y92 were the other phosphorylated tyrosines detected by mass
spectrometry when JAK2 was activated by the erythropoietin-bound chimeric
erythropoietin/leptin receptor (163). These tyrosine residues ate required for
maximal kinase activity, and mutations in them result in reduced JAK2 activity.
However, co-expression of Src homology (SH) 2B18 restores the activity and
might stabilize the mutant JAK in its active conformation (164). While
phosphorylation of the activation loop tyrosines aids in the recruitment of
regulatory proteins such as SOCS-1, JAB (165), post-phosphorylation events on
other tyrosines becomes equally important. In addition, Y372 was also shown to be
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critical for kinase activation (166). Another negative regulatory residue is Y13,
which is an autophosphorylation site in JAK2 (167).

The crystal structure of the JAK2 kinase domain (168) was solved with a bound
pan-Janus kinase inhibitor (Figure 7). Deletion of the additional helix in the C-lobe
or the JAK specific insertion loop (JSI)” as termed by Haan e a/, was shown to
abrogate autophosphorylation in JAK2 (169). The role of this additional helix in
other JAKs is unclear. However, one could speculate that it functions in
intramolecular regulation. The DFG-in conformation is usually considered an
active open conformation, where residues 994-996 in JAK2 are repositioned
towards the active site, which shifts the aC helix. The activation loop (aa 994-1023)
in JAK2 is expelled out of the active site and stabilized by two § sheets (36/89 and
$10/B11) and two atginine residues (R%7! and R975) that interact with the base and
tip of the A loop. Other lysine residues also stabilize the phosphorylated Y007, This
facilitates the binding of inhibitors, the discovery of which led to the development
of type I inhibitors that mimic the ATP binding site. The crystal structure of the
JAK3 kinase domain is similar to the JAK2 domain, except for a more open
conformation due the docking of a larger staurosporine in the ATP binding site

(124, 168).
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Activation loop

JSl loop

Figure 7. Structure of JAK2 kinase domain depicting its important features (PDB 2B7A).
Structural elements are shown in different colors and the two tyrosines in the
activation loop are shown as blue sticks. The main beta sheets, f6/89 and 310/811
are also shown in this cartoon.

Pseudokinase domain of JAK2 —Biochemical evidence gathered from three studies
demonstrated the regulatory function of JAK2 kinase by its pseudokinase domain.
The interaction between the two domains provided a model for the regulation of
JAK activation in cytokine signaling (130). This was soon followed by the
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discovery that the pseudokinase domain is needed to suppress the basal activity of
the JAK2 and JAKS3 kinases. JH2 was shown to negatively regulate JH1 activation
and cytokine mediated JAK2 and JAK3 signaling. This study also pin-pointed
specific inhibitory regions (IR1-3) in JH2, which are directly responsible for the
inhibition of JH1 activity. Also modeling studies on JH2 showed that IR3 could
form an a-helical fold and inhibit JH1 activity in JAK2 (131, 132).

A detailed study on transphosphorylation sites demonstrated that more than 40
tyrosine residues in JAKZ2 are conserved in mammals. The phosphorylation sites
are depicted in Figure 8.

JH7 JH6 JH5 JH4 JH3 JH2 JH1
N vy vk vy Voly v- v e Y YYYYY Y vy C
| T
\ 523 570 590 613 637 766,790 bla 1007,1008
138 380401 482545 809 849 1124 1132

Figure 8. Schematic view of the phosphorylation sites in the JAK2 molecule. The tyrosines (Y)
in white represent residues conserved throughout the JAK family, others are
restricted to JAK2. Important phosphorylated sites in the JH1 and JH2 regions are
mentioned in numbers [modified from (159)].

Y570 and Y%7 were shown to be the target transphosphorylation sites in the JH2
domain (159). This study ruled out all possible serine/threonine phosphorylation.
Further, Y570 was shown to inhibit JAK2 mediated signaling when phosphorylated
(155, 156). However, other studies showed that phosphorylation of serine residues
was involved in the regulation of JAK2 activity. In particular, serine 523 was
shown to be a negative regulator of JAK2 activity in a manner that is dependent on
GH and epidermal growth factor (170). In parallel, 523 was shown to inhibit leptin
receptor signaling dependent JAK2 activity (171). However, this study revealed that
the effect of S$523 was independent of Y570 phosphorylation. This demonstrates that
Y570 and $523 are negative regulators of JAK2 activity. The JAK2 JH2 structure is
discussed in section 5.5.2.2.

5.4.4 JAK/ISTAT pathway — canonical and non-canonical functions

As mentioned earlier, JAKs combined with STATSs provide a sequence of events

that is known to induce the expression of specific genes. A schematic
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representation of the JAK/STAT pathway, which is activated upon cytokine
binding, is shown in Figure 9. A wide range of cytokines initiates the signaling
cascade and induces receptor oligomerization. This result in the activation of JAKSs
that are non-covalently bound to the receptor chains. Further, this leads to the
phosphorylation of specific tyrosine residues on the cytoplasmic tails of the
receptors and creates docking sites for STATs. STATs get phosphorylated by JAKSs
upon binding to the receptors and eventually dissociate, dimerize and translocate to
the nucleus to induce gene transcription (172-174). Thus, JAKSs together with
STATSs provide a rapid signaling pathway for cytokines.

Specificity in the JAK/STAT pathway is achieved largely through different
combinations of JAKs and STATs (STAT1, STAT2, STAT3, STAT4, STAT5A,
STAT5B and STATOG) together with the ligands and their receptor chains. The
specific sets of cytokines, JAKs and STATSs are shown in Table 3. JAKs come into
play mostly when receptors, which do not possess an intrinsic kinase activity,
require a set of proteins that are bound to their cytoplasmic tails to initiate the
signaling inside the cell. In its simplicity, the cascade requires only JAKs and
STATs. However, the involvement of different adaptor proteins, negative
regulators and other protein kinases make this pathway non-autonomous and
increase the plasticity of its regulation. Single chain receptor families such as
EPOR, GH and TPOR facilitate the binding of only one type of JAK ie. JAK2
and feature homodimerization. Others, for example the IFN family and the IL
family have two receptor subunits that bind two different JAKs which form
heterodimers.
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Cytokine
receptor Cytokine

X" I8V 1w
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Cytokine

teptor I

Cytoklne

Figure 9. Canonical and non-canonical JAK/STAT pathways (A) The canonical signaling
cascade starts with ligand binding to the extracellular domain of the receptor. This
leads to the dimerization of two proximal monomeric receptors, which activates
them. (B) In the non-canonical signaling cascade the receptor dimers are preformed
or ligand binding induces an activating conformational change in the receptor. Both
signaling cascades feature the formation of a distinct STAT dimer although cartoons
of non-phosphorylated STATSs translocating to the nucleus and other non-canonical
functions of JAKs are not depicted here. This cartoon features the JAK2 molecule
[adapted from (175)].
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Cytokines JAKs involved STATs activated

Type I cytokines

Cytokines with single

chain receptors

EPO, TPO JAK2 STAT5A, STAT5B

PRL JAK2 STATG5A, STAT5B

GH JAK2 STAT5A, STATB, STAT3
Cytokines whose

receptors share 3.

IL-3, IL-5, GM-CSF JAK2 STAT5A, STAT5B
Cytokines whose

receptors share y,

IL-2, IL-7, IL-9, IL-15, JAK1,]JAK3 With different

IL-21 combinations of STATS5A,

IL-13

IL-4

Cytokines whose
receptors share gp130
IL-6, OSM, LIF, CNTF,
BSF-3

IL-12

IL-11

Leptin

Type II cytokines

IFN-a, IFN-3, IFN-y
IFN-®

IL-10

IL-19, IL-20, IL-24
IL-22

Receptor tyrosine
Kinase involving

growth factors
EGF, PDGF, CSF-1

Insulin

G-protein coupled

receptors
Angiotensin (AT) 1

JAK1, JAK2, TYK2

JAK1, JAK3

JAK1, JAK2

TYK2, JAK2
JAK1
JAK1

JAK1, TYK2
JAK1, TYK2
JAK1, TYK2
?

JAK1, TYK2

JAK1, JAK2
JAK2

JAK2, TYK2

STAT5B, STAT3 and STAT1
STAT3, STAT6
STAT®6, STATS

STAT3, STAT1

STAT4
STAT3, STAT1
STAT3

STAT1, STAT2
STAT3-6

STAT1, STAT3
STAT1, STAT3
STAT1, STAT3, STATS

STAT1, STAT3, STAT5-6
STAT1, STATSB

STAT1, STAT?2

Table 3. Hematopoietins activate different combinations of JAKs and STATs [modified from

(184-187)).
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The whole signaling cascade from ligand binding at the receptors to gene
expression in the nucleus is a mystery in itself. There are several questions in this
process that remain unanswered despite several studies. Is the signaling pathway so
straightforward? How are the choices between the receptor chains and the
JAK/STAT molecules made? Does ligand binding initiate the JAK/STAT
combination process or do the pre-determined homo/heterodimers sitting on the
receptor tails choose the ligand? JAKSs are outnumbered compared with receptors.
This might be one reason for conservational evolvement of JAK/receptor pait.

Some studies have addressed these issues, and an intriguing discovery was made
when EPOR dimers were crystallized in the absence of ligand. EPOR was found to
exist as preformed homodimers in the membrane (176). This was supported by a
structure of EPOR in the presence of EPO, which differed substantially from the
previous structure of the unbound receptor (177). This opened up new aspects of
non-canonical signaling, along with the generally accepted view of receptor
activation in a canonical signaling pathway (Figure 9). Some studies on gp130
receptors revealed that the proper orientation of and conformational changes in
juxta positioned domains facilitates the activation of cytokine receptors (178, 179).

Some other non-canonical functions of this set-up include the observation that
a monomeric mutant EPO was unable to activate JAK2, but homodimerization of
the same mutant restored its activity and induced proliferation (180). JAK2 has a
previously unknown function in the nucleus where it phosphorylates Y4 on
histone H3 in hematopoietic cells (181). When engineered chimeric GH receptors
were intermixed with their intracellular and extracellular domains, and activated by
extracellular ligands, we had a whole new understanding to the dynamics and
diversity of signaling (182, 183).

5.5 Pathophysiology of JAK2

5.5.1 Mutational studies in JAK2, the discovery of the V6'7F pathogenic allele

The normal function of JAK2 is emphasized in its role in regulating the
differentiation and proliferation of hematopoietic cells. Thus, it is no surprise that
the constitutive and aberrant activation of JAK2 leads to pathological conditions
and, in particular, hematopoietic malignancies. Chromosomal translocations and

activating mutations are the primary cause for such malignancies, especially
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myeloproliferative neoplasms (MPN) or myeloproliferative disorders (MPD).
Myeloproliferative disorders are a heterogeneous group of diseases characterized
by the excessive production of blood cells by hematopoietic precursors. Typically,
myeloproliferative ~ disorders encompass four related entities -- chronic
myelogenous leukemia (CML), polycythemia vera (PV), essential thrombocythemia
(ET), and idiopathic myelofibrosis (IM). These four groups were first classified as
MPDs by Dr. William Dameshek in 1951 (188). Chromosomal translocations lead
to the recombination of the JAK2 gene with parts of other genes like TEL or
Breakpoint cluster region (BCR). JAK2 is hyperactivated in the resulting oncogenic
fusion genes. The Tel-JAK2 fusion protein is the combination of the kinase
domain of JAK2 and the N-terminal region of Tel, which results in constitutive
signaling and eventually the uncontrolled production of blood cells independent of
cytokines. As a consequence, this fusion protein is able to induce CML or acute
lymphocytic leukemia (ALL) (189-191). The second cause for these pathological
conditions is the presence of acquired somatic mutations in the JAK2 gene.
Although it was known that such mutations could be responsible for MPDs, it
took 40 years from the the first description a MPD to actually prove this.

Mutations in the JH2 domain — The indication of the existence of a JH2 domain
mutation in JAK2 came from two simultaneous observations in Hopscotch, the
JAK homologue in Drosophila melanogaster. Hopscotch tumour lethal (Hoptum-1), a
prominent gain-of-function allele was found to be responsible for the
hyperphosphorylation of Hop and resulted in melanotic tumors in flies due to its
over-expression. This was because of a single amino acid substitution from glycine
to glutamic acid (G3*E) (192, 193). Following this, the hallmark discovery of a
point mutation from valine to phenylalanine at position 617 in the mammalian
JAK2 by five independent groups marked the beginning of establishing a
relationship between MPD and gain-of-function mutations (194-198). The JAK2
VOI7F mutation was found in patients with PV (incidence 97%), ET (incidence
50%) and primary myelofibrosis (PMF) (incidence 50%) all of which are
characterized as BCR-ABL negative diseases (199). A striking observation made by
one of the five groups was that erythroid colony formation in PV -hematopoietic
stem cells (HSCs) was inhibited by the JAK kinase inhibitor AG490. This indicated
that JAK2 is required for erythropoiesis (198).

The discovery of the VO7F mutation was soon followed by several
investigations, which led to the identification of other mutations in the
pseudokinase domain. Recent clinical findings have established the JH2 domain as
a mutational hotspot with a total of 32 different patient mutations shown to be
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linked with haematological diseases (reviewed in (200, 201)). VO17F- negative PV
patients have other mutations, which lead to the constitutive activation of JAK2.
K59 is present in the SH2 domain (202). A study shows that there are 16 different
insertions, deletions, mutations and substitutions that render JAK2 active (202).
Other prominent mutations include D2E (203) and C616Y (204) in PV patients,
E®7E (203) in non-PV patients, a five amino acid deletion IREED in Down’s
syndrome (205), R83G, R3S, R83K in ALL patients associated with Down’s
syndrome (2006), Lo!1S in childhood ALL patients (207) and KN in acute myeloid
leukemia (208) (Table 4). The point mutation E65K and its homologous mutation
ESK in Drosophila melanogaster also result in a constitutively activated JAK/STAT
pathway (209). These observations and other studies (210) clearly state that
mutations that activate JAK2 are present not only in exon 12 (del 537-543 and
K5%L), but also in exons 13 (R>L, L3>F, S¥1L, H%'N), 14 (14-Del, H606Q), VO],
Co18R and VOI7F), 15 (L%24P) and 16 (R%3X). In addition to these, a functional
screen of gain-of-function mutations in the pseudokinase domain and the SH2-

pseudokinase linker yielded 13 mutations that induced the constitutive activation of
JAK2 (211).

Mutations in the JH1 domain — Unlike in the other JAKSs, disease causing
mutations are only found in the pseudokinase and kinase domains of JAK2. The
mutations that have been studied so far lie in the loop region between the $1 and
B2 strands and are present in patients suffering from ch-B-ALL. The first mutation
that was found was T87°N, which was characterized in an AMKL cell line, where it
facilitated the constitutive activation of its downstream regulator STAT5 (212).
Later on, three other mutations (R867QQ, D873N and P?3R) with similar effects were
identified and characterized in pediatric ALL (213). Only one mutation in the
FERM domain (exon 8) R30Q) is seen in MPN patients (214). In addition, a
random mutagenesis screen found several STATS5 activating and activity enhancing
TEL-JAK2 mutants, which, could abolish the effects of a tyrosine kinase inhibitor
(215).

EXON DOMAIN MUTATION DISEASE
12 SH2-JH2 T514M CMN
Linker
H531 (silent) CMN
N533Y CMN
M535] ch-AMKL
dupl/V536-F547 CMN, PV
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dupl/V536-]546 PV, IE

F537] 1%

del /H538-K539 PV, IE, CMN
ins/L

del /F537-K539 PV, IE
ins/L and ins/K

H538D + K539L + 5463 PV

del/N543-D544 PV, IE, CMN

del /R541-E543 PV, IE
ins/K

del/N>42-D544 CMN
insiN
K539L+L545V CMN
P MmN
13 JH2 Y556 (silent CMN
Y570 (silent CMN
RS64, R564Q), V5674, CMN

G571S, GS71R, L579F,
H587N, S591L (all
missense

-y
S

He06Q CMN

He08Y CMN

L616Y+V617F PV

4% >90

PMF =50
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CMML <5

JMML <20

RARS,RA, -
RCMD,

RAEB, CNL,

IE, RARS-T,
MDS/MPN-

U, MPN-U,

SM

V617F+C618R PV

D620E PV, leukocytosis

E627E MPN
Aexonl15+ AN622-D710 MDS/MPN-U
16

[682AQG DS-B-ALL

R683S DS-B-ALL, B-ALL

del/1682-D686 DS-B-ALL
AIREED

Lo81+ DS-B-ALL
del/1682_ins/TPYEGMPG

|:

D873N ch-B-ALL

21 P933R ch-B-ALL
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Table 4. Mutations in the JH2 and JH1 domain of JAK2 implicated in different forms of MPD
diseases. Mutations in bold letters have been validated either by the monitoring of
activated signaling with respect to the increased activity compared with the wild type
JAK2 kinase or by monitoring the proliferation of hematopoietic cells. # This mutation
leads to a frameshift and inserts ten residues, which leads to premature termination
at 567t amino acid. * Arise from JAK2 associated with any other form of MPN, the
de novo AML case frequency is 1. Abbreviations: CMN: Chronic myeloproliferative
neoplasia, ALL: acute lymphoblastic leukemia, AMKL: acute megakaryoblastic
leukemia, AML: acute myeloid leukemia, B-ALL: B cell precussor ALL, ch: childhood,
CML: chronic myelogenous leukemia, CMML: chronic myelomonocytic leukemia,
CNL: chronic neutrophilic leukemia, IE: idiopathic erythrocytosis, PV: polycythemia
vera, MDS/MPN-U: non classified MPN, DS: Down syndrome, RARS: refractory
anaemia and ringed sideroblasts, RA: refractory anaemia, RAEB: refractory anaemia
with excess of blasts, JMML: juvenile myelomonocytic leukemia, HES:
hypereosinophilic syndrome [modified from (200, 210, 216, 217)].

5.5.2 Regulation of JAK2

5.5.2.1 Mechanisms of JAK2 V8'7F activation

We know, at the moment, that the Y'07 residue in the activation loop is
phosphorylated, and that this phosphorylation activates JAK2, when it takes place
in #rans between different JAK/JAK2 proteins. Phosphotylation on Y108 did not
affect the catalytic activity, as seen from mutation studies. Along with the discovery
of the pathogenic VO!"F mutation, studies on an 7 vitro platform gave convincing
proof for the constitutive activity of the JAK2 VO7F molecule. It was shown that
when JAK2 was overexpressed with EPOR in Hela cells, the mutant JAK2
exhibited enhanced phosphorylation and this consequently resulted in the
hyperactivation of downstream signaling components such as STAT5, Akt and
ERK1/2 in the absence of EPO (196). Another study in JAK2 deficient human
fibrosarcoma cells (y2A) showed constitutive signaling by STAT5 and STAT3 with
respect to IFN-alpha and IFN-gamma receptors (218). Studies in human
erythroleukemia (HEL) and COS7 cell lines showed that hyperphosphorylation of
JAK2 VOI7F was more pronounced at the Y007 residue in the activation loop (219).
Additional studies confirmed this hyperactivation in murine IL.-3 dependent pro-B
(BaF3) stably transfected cells, where the overexpressed mutant was able to
enhance the basal kinase activity of a GST-fusion substrate containing the Y007
residue (198, 220). It was initially proposed that the constitutive activity of the
JAK2 VOUF mutant requires a monomeric EPOR domain (since activation is
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cytokine independent) (221). A later study by the same group showed that the
cytokine-independent activation involved a second endogenous receptor. Thus, the
authors concluded that a dimeric cytokine receptor may be needed to activate JAK
VOUTE (222).

Experiments with a mutant (Y''#A) FERM domain of JAK2 showed that an
intact FERM domain is required for JAK2 VO!7F to signal constitutively (160, 223).
Biochemical studies have backed up the notion that the FERM domain regulates
VO activity (224).

5.5.2.2 Role of pseudokinase domain in JAK2 regulation

Saharinen ¢z 4/, (130-132) have described the functional role of the JH2 domain.
The JH2 domain was found to negatively regulate JH1 activity (see section 5.4.3).
After the discovery of VOI7F, it was shown that the intrinsic inhibitory effect of
JH2 on JH1 was cancelled out by the mere presence of the mutation. When the
mechanism of activation was examined at the structural level, two significant
studies revealed that the % residue aids in the activation of JAK2 VOI7F.
Molecular dynamics simulations and 7 vitro experiments showed that a pi-stacking
mechanism between F>5 and F617 is critical for the constitutive activation of the
mutant JAK2. Inhibition and activation of the constitutively active VOI7F were seen
when 5% was mutated to aliphatic and aromatic residues, respectively (225, 2206).
Additionally, mutating V%7 to bulky non-polar residues (isoleucine, leucine,
methionine and tryptophan) resulted in constitutive activity of the kinase. The
VOITW mutant displayed an activity that was comparable with VO17F. This indicated
that VOI7W along with VO7F could activate both the inactive and active
conformations of the cytokine receptor dimer (227). A biochemical basis for the
interaction of these two domains could be fathomed by investigating the
biochemical parameters of the domains. One such study sheds light on the
modulating role of the JH2 domain. JH2 decreased the activity of JH1 by
decreasing its affinity for ATP (228). A major breakthrough came recently, when
the pseudokinase domain of JAK2 (both wild type and VO7F mutant) was
crystallized. Although the exact mechanism for VO7F activation and the inhibitory
role of the pseudokinase domain are not known, the structure gave some directions
towards solving the mystery. An aromatic environment is created in the VOI7F
structure through interactions between Fol7, 59 and 5% making the a-helix even
more rigid than it is in the wild type protein. The structure indicates that the a-helix
plays a crucial role in the aberrant activation of VO7F (134).

55



5.5.2.3 Modeling studies on JH1JH2 regulation

Some of the questions on the regulation of JH2 in wild type and the VO!7F mutant
JAK2 remain unanswered. The biological characterization of the JH2 domain has
helped in understanding its functional role. However, investigating the structural
aspects of JH2’s negative regulation has been the focus of several aspiring
laboratories. Everything began with the first hypothetical model, where two
interaction interfaces between JH1 and JH2 were described based on the FGF
receptor dimer. In addition, two residues from the catalytic loop, R%7! and Y972,
were shown to interact with $5 and S9 in the a-helix of JH2. These interacting
residues are present in the N-terminus of JH2 and are the most important feature
of the domain. However, both of the modelled domains were in the inactive state
(229).

When the crystal structure of two interacting domains is not available, structural
models provide a basis for predicting possible regulatory mechanisms. One
modeling study has specifically addressed the interaction of F>% and S with the
activation loop, and F¢!7 is predicted to inhibit this interaction, by making the loop
move away from the JH2 domain and forcing it back into the activated form. In
the wild type protein, the JH1 activation loop moves towards the JH2 domain and
forms three interfaces, thus stabilizing the inactivated form of JH1 (230). This
study provided the first glimpse of the interaction surface and a possible
mechanism for JAK2 auto-inhibition and explanation for the constitutive activity
of VOITF,

Later models, which were based on experimental evidence, provided further
insights: In one model the regulation of JH2 is based on intra-molecular
interactions similar to those found in asymmetric dimers. When the dimer is
inactive, the authors describe JH2 as the ‘receiver’ and JH1 as the ‘activator’ in this
JH1-JH2 interaction and when the dimer (JH1-JH2 or JH1-JH1) is active, JH2 as
the ‘activator’ and JH1 as the ‘receiver’. The model is fitted according to the
inactive state based on the EGFR dimer. A specific interaction resulting in the
orientation of the domains has been described, where the N- and C-lobes of JH1
make contact with the C- and N-lobes of JH2, respectively. Replacing valine with a
bulky hydrophobic residue like phenylalanine disrupts this interaction, which
possibly leads to the initiation of constitutive signaling in VOU'F, featuring this
disruption in inhibitory interaction as the first step in the process of activation
(231). Another recent JH1-JH2 complex model offers two possibilities- one in the
basal state and one in the activated state. A study, where V706 and L707 in the so

called JH2 activation loop, were mutated, supports the model where JH2 in its
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active state interacts with an inactive JH1, and when this interaction (inhibition) is
released, the above mentioned residues stabilize the inactive JH1 (232). However,
one should keep in mind that an interaction between these two domains and the
FERM domain is required for the full catalytic activity of JH1.

Two other possibilities for intra-domain interactions would be when 1) JH2 in
one monomer inhibits JH1 in another monomer followed by the re-arrangement of
two JAK2 molecules in such a way that the JH1 domains in both monomers reside
next to each other and facilitate transphosphorylation (233) and 2) when activation
is through the formation of a hydrophobic regulatory spine (R-spine) as seen in
PKA (234). When such a spine comprised of four hydrophobic residues is formed
in JH1 by F617 in JH2, it promotes the complete activation of the molecule (235).

5.5.3 JAK2 deficient mouse models

Long before the discovery of the VOI7IF mutation, 7z vivo studies were carried out
with JAK2-deficient mice. Although JAK2-deficient mouse embryos have
primitive erythrocytes, the absence of enucleated erythrocytes at embryonic day
12.5 marks the complete absence of definitive erythropoiesis. The phenotype of
JAK2 -/- compared with that of EPOR -/- mice was mote severe and did not
respond to IFNy (236). JAK2 acts through multiple cytokine factors, and
accordingly, it was shown that fetal liver myeloid progenitors failed to respond to
EPO, TPO and IL-3. Reconstitution experiments were carried out using JAK2
expressing retroviral vectors, which were infected into fetal liver cells. This study
led to the conclusion that the colony forming ability of hematopoietic progenitors
could be rescued, and that JAK2 was not essential for the survival of lymphoid
progenitors (237).

An in-depth study carried out by two groups on the expression of JAK2 VOI7F
in murine bone marrow provided details on its zz vivo effects. The pathological
features in JAK2 VOIF transduced mice were polycythemia vera-related including a
striking elevation in the levels of hemoglobin, leukocytosis and reticulin fibrosis in
the bone marrow. However, strain specific phenotypic differences were also seen
when both Balb/c and C57BI/6 mice were used (238, 239). Later on, it was
reported that the development of a particular phenotype is based on the gene
dosage. Mice expressing the hematopoiesis specific Vav promoter, a transgene with
an interferon-inducible MxCre and the retroviral transduced VO7F gene gave lower,
equal and higher levels of VOI'F JAK2, respectively compared with the endogenous
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wild type JAK2. Concomitantly, the mice developed an essential thrombocythemia
(ET) -resembling phenotype (higher platelet counts), a polycythemia vera (PV)
phenotype (increased hemoglobin, thrombocytosis, neutrophilia) and a PV-
phenotype with the absence of thrombocytosis in low, equal and high expressing
JAK2 VO7F mice, respectively. This study underlined the importance of the ratio
of VO7F to wild type JAK2 (240).

5.5.4 JAK2 and cancer

In addition to the JAK2 mutations that are involved in B-ALL, ch-ALL, AML and
AMKI, the oncogenic potential of JAK2 is seen in several solid tumors. Since
persistent activation of JAK2 leads to constitutive signaling through STAT
partners, it will not be surprising if JAKZ2 is found to be involved in an aberrant IL-
6/gp-130 pathway that leads to human lung adenocatrcinoma. Constitutive STAT-3
activation and phosphorylation are directly related and dependent on this pathway.
In addition, mutations in the EGFR kinase domain have been suggested to activate
this pathway leading to lung cancer (241). Reduced expression of Suppressors of
cytokine signaling (SOCS)-1, one of the negative regulators of the JAK/STAT
pathway, led to over-expression of JAK2 in human hepatocarcinoma cells (242). A
similar IL.-6 mediated constitutive activation of STAT3 has been reported in both
human and rat derived prostate cells, indicating the involvement of STAT3 in
prostate cancers (243). BRCA 1 over-expression led to the constitutive activation
of STAT3 in human prostate cancer cells (244). An analysis of head and neck
cancer and breast cancer specimens revealed the constitutive activation of STAT3
by Src and JAK2 cooperatively. The kinase activity of EGFR is not required for
this constitutive activation. However, stimulation by EGF increases the binding
capacity of STAT3 to DNA (245). ErbB2 is involved in a variety of cancers.
Autocrine secretion of prolactin leads to the activation of JAK2, which
constitutively phosphorylates ErbB2 in human breast cancers (246). Another study
showed cellular invasion in head and neck squamous cell carcinoma through EPO
mediated activation of the JAK2/STATS5 pathway (247).
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5.6 Biochemical properties of JAK2

5.6.1 Kinetic parameters

Enzyme kinetic assays, which determine the catalytic activity of the enzyme and the
affinity of its substrates and inhibitors, have become important for functionally
characterizing the biochemical properties of a kinase. These assays are time
dependent and provide a measure of kinetic constants, which aid in elucidating the
mechanisms of catalysis and regulation. In general, kinetic assays help in
understanding the binding processes. An enzyme reaction starts with the binding
of a substrate to an enzyme and ends with conversion into product. Binding is the
first step to be examined when investigating the nature of the enzyme. This is
followed by investigating the role of inhibitors and second substrates. The simplest
kinetic reaction can be formulated as:

k k
E+S %kl E*S —> E+P
-1
Substrate Catalytic

binding step

The first step in the reaction is described as substrate binding and is determined
by two rate constants. 41 is the second-order rate constant and £ is the first-order
rate constant for the formation of ES. The second step of the reaction is described
as the catalytic step and 42 forms the rate constant. Sometimes, it is also referred to
as Acat (catalytic constant).

For kinases, the kinetic parameters are derived by measuring the initial rates of
phosphorylation (when there is less than 10% product formation). This mainly
depends on the amount of the catalytic enzyme [E] << [S] and usually requires
high enzyme activity, with no impurities. The relationship between the substrate
concentration and the reaction rate can be quantitatively expressed and is given by
the Michaelis-Menten (MM) equation:

_ Vmax [S]
O Km+[S]
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where K is the Michaelis constant, the substrate concentration when the reaction
velocity is Y2 max, Vmax is the reaction velocity at the maximum substrate
concentration and 15 is the initial reaction rate. While ["max is used as an indicator
of an enzymes’ catalytic efficiency, K defines the rate limiting step that is useful
for evaluating the effects mutations might have on a protein’s function in some
diseases. The two most common representations of the MM equation are the
Michaelis-Menten representation and a linear graphical representation called the

Lineweaver-Burk plot shown in Figure 10.

Vmax l/vg
VU
Slope=K../ V.
1/ VI“QX
Ko [S], um 1/K,, 1/[8]
A. Michaelis Menten Plot B. Lineweaver-Burk plot

Figure 10. Representation of Michaelis-Menten plot (A) and linear Lineweaver-Burk plot (B).

The purification of the JAK2 protein has been a challenge ever since its discovery
in 1992. Soluble forms of JAK2 are a prerequisite for detailed enzymatic
characterization studies. At the beginning of the studies described here, the kinetic
properties of JAK2 had been measured, but the influence of the JH2 domain on
the kinetics was unclear. During the completion of this thesis, a couple of reports
on the kinetics and the role of each domain in the regulation of JAK2 activity were
published. These studies are reviewed in the Discussion.

The relative measure of the affinity of a compound/substrate for its enzyme is
given by how strongly a compound binds to the enzyme. It is the equilibrium
constant for the bound versus unbound ligand and is defined as the dissociation
binding constant (Ky).

_[E]*[s]
" [ES]

60



The most commonly used methods for measuring affinity are radioligand
labeling and fluorescence resonance energy transfer (FRET) using fluorescent
analogs of the ATP. Both techniques have pitfalls and problems in measuring the
amount of radioactivity that is removed can lead to an inaccurate Ky determination.

5.6.2 JAKZ inhibitors and their IC50 specificity

The concept of targeted therapies against diseases started with the discovery of
inhibitors. Since protein phosphorylation is a key feature of cellular processes, the
discovery of small molecule inhibitors against kinases has sparked interest in testing
and approving several novel drugs. The selectivity and specificity of inhibitors is a
challenge in drug design, not to mention the strong side effects. However, over the
years efforts have been made to improve the inhibitors of JAKSs, particularly of
JAK2 and JAK3. JAK2 inhibitors show a specificity of < 200 nM and <500 nM in
in vitro kinase assays and cell-based assays, respectively, when using cell lines that
harbor the VOI7FF mutation and hematopoietic progenitor cells from MPN patients.
Similar effects are also seen in 7z vivo studies in murine models.

Several JAK2 inhibitors that are currently in different phases of clinical studies
have specificities (in terms of IC50) ranging from 0.4 — 55 nM. Other non-selective
JAK2 inhibitors have IC50 values of over 10 uM. One of these is WP.1066, which
has not been used in clinical trials, even though it was the first JAK2 inhibitor to be
identified in a high-throughput screen in 1995 (248). Subsequent research led to
the discovery of more specific JAK2 inhibitors and these are grouped into two
types. Type I inhibitors are competitors of ATP and bind to the active
conformation of the kinase. Type II inhibitors bind and stabilize the inactive JAK2
kinase. There is also a third type of inhibitors called Type 1 /2 whose selectivity is
based on the active conformation of the kinase, and the back pocket of ATP offers
additional options for modulating selectivity (249, 250), since these can be targeting
for both active and inactive kinases. Currently all of the JAK2 inhibitors in clinical
studies are of type I, and improved efficacy within the other classes may be
achieved in the future.
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Name IC50 (nM) Company Clinical References
trial stage
Ruxolitinib 0.036 - 4.5 Novartis Approved, (2-5)
in market
TG101209 6 TargeGen (6,7)
TG101348 3 TargeGen Phase II (8-10)
INCB16562 2 (11)
Baricitinib 5.7 Pfizer Phase (12)
(INCB028050) I1/111
Pyridone 1 2.1 (13)
Pyridone 6 1 (14)
AZD1480 0.4 AstraZeneca Phasell (15)
XL019 2 Exelexis Phase | (16-18)
AT9283 1.2 (19, 20)
Lestauritinib (CEP- 1 Cephalon Phase Il (21, 22)
701)
CEP33779 1.8 (23,24)
A7960 3 AstraZeneca (25)
R723 2 (26)
CYT387 18 ™ Phase Il (27,28)
Biosciences
BMS-911543 1.1 BMS Phase I/Il  (29)
NVP-BSK805 0.5 (30)
SGI1252 2-19 (31,32)
Pacritinib 19-22 Onyx Phase /Il (33, 34)
LY2784544* 55 Eli Lilly & Co  Phasel (35)
AC430 >1 uM Ambit Phase | reviewed in
BioSciences (36)
AEG41174 >1 uM AEgera Phase reviewed in
(36)
WP-1066 2.3 uM (37)
AG490/Tyrphostin 10 uM (38)
B42
Tofacitinib/CP6905 Pfizer Approved, (39)
50# in market
for RA

Table 5. Detailed list of JAK2-targeting inhibitors that are currently under development
[modified from (216, 250, 286, 289-292)]. *JAK2/Bcr-Abl, #Primarily for JAK3 with
IC50 1nM, but 20-100-fold less potent versus JAK2/JAK1; RA: rheumatoid Arthritis
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Some common Type I inhibitors of JAK2 are ruxolitinib, AZD1480, CYT387,
pacritinib, CEP-701, L.Y2784544 and BMS-911543. To date, there is only one
Type 1I inhibitor for JAK2 that is known to bind an inactive JAK2. NVP-BBT594
was shown to inhibit JAKZ2 activity (by abolishing the phosphorylation of the JAK2
activation-loop) and display an anti-proliferative effect in JAK2 VOI7F cells (251). A
detailed list of the JAKZ2 inhibitors with their IC50 specificities is shown in Table 5.

Two random studies on phase III clinical trials made ruxolitinib the first small-
molecule inhibitor of JAK2 to be approved by the FDA. It is currently
administered for treating myelofibrosis, cancer and inflammatory diseases, and it
was put on market in the USA in November 2011, followed by Europe in 2012.
Another JAK (JAK3) inhibitor on the market is tofacitinib, which is currently the
only available drug against rhematoid arthritis.
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6. OBJECTIVES OF THE (PRESENT) STUDY

The discovery of the JAK/STAT pathway dates back twenty years, to when the
first JAKs were cloned in 1990s. During the years that followed, scientists have
succeeded in understanding the essential role of the JAK/STAT pathway in
cytokine signaling, hematopoiesis, and its critical involvement in cell growth,
survival and development, and in the differentiation of immune cells (293-295).
JAK kinases form a very attractive target for therapeutic interventions in many
disease states such as cancer, inflaimmation, autoimmune disorders and
myeloproliferative disorders. Efforts have been made to address questions on the
regulation of JAK and its relation to several diseases as a result of constitutive
activation, uncontrolled growth and tumourigenesis. When I started my PhD
project in 2008, the crystal structure of the JAK2 tyrosine kinase domain had been
solved and questions regarding the intramolecular regulation between the kinase
and pseudokinase domains were unanswered largely due to the difficulties in
purifying these proteins. We have made major efforts towards developing methods
to produce and purify recombinant JAK2 domains.

The role and mechanism of the JAK domains was a mystery, and our focus was
on understanding the role of the JH2 and JH1 domains in regulating JAK2
activation.

The specific aims of this study were:

1) To analyze the function of the JH2 domain of JAK2 with special emphasis
on its role in the regulation of JAK2 activity.

2) To characterize the kinetic properties of the JAK2 JH1 domain and its
interaction with ATP and to understand this affinity using a FRET application and
an 7 vitro filter binding assay.

3) To characterize the effects of the different domains of JAK2 on its kinetic
parameters and to understand the role of the VO'7F mutation on the regulation of

JAK2 activity using a peptide microarray analysis.
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7. MATERIALS AND METHODS

7.1 DNA constructs and cloning

A schematic representation of the JAK2 protein and the positions of the point

mutations that were incorporated are shown in Fig. 11.

K539L K581A N678A
$523A [vsa‘or V617F|R6835 k882D
\ |
N C
FERM domain SH2 Pseudokinase || Kinase domain
138 380401 482545 oo 809849 1124 1132

Figure 11. Diagram of the JAK2 domains with amino acid positions shown in the bottom. The
point mutations described in Article | are shown above.

Human JAK2 (GenBank accession no. NM_004972.3) constructs with either a
GST (glutathione S-transferase) or poly 6X Histidine tag containing a cleavable
thrombin site comprising of different boundaries were cloned into the
pBASTBACI vector (Invitrogen) for expression and recombinant purification in
5P cells using baculovirus mediated transfection. The Bac-to-Bac® Baculovirus
expression system (Invitrogen, version D, 2004) was used for this purpose. The
plasmids were transformed into DH10BacTM E.co/i competent cells. Post-
transformation, the cells were plated on LB plates containing 50 pg/ml kanamycin,
7 ug/ml gentamycin, 10 pg/ml tetracyclin, 100 ug/ml X-Gal and 40 pg/ml IPTG
and incubated for 48 h at +37°C. The white colonies picked from a blue/white
screening were restreaked onto LB plates. The plasmids were purified from the
restreaked bacteria inoculated in LB media containing selective antibiotics. The
plasmids are shown in Table 6. All of the mutant constructs made in this study

were cloned in a similar manner (see section 7.2).

65



Baculovirus

PLASMID BOUNDARIES MUTATIONS USED IN
JH2-GST 513-827 WT I
JH1-GST 836-1132 WT I
JH2-GST 513-827 K581A I
JH2-HIS 513-827 S523A I
JH2-HIS 513/536-827  Y>570F I
JH2-HIS 513/536-827 WT I, 111
JH1-HIS 836-1132 WT I1
JH1JH2-HIS 513-1123 WT II1
JH1JH2-HIS 513-1123 V617F 1
JH1JH2-HIS 536-1123 V617F 111
JH1-HIS 836-1132 WT I11

Table 6. Expression plasmids used for recombinant protein purification.

Mammalian
The DNA constructs for mammalian expression cloned into the pCl-neo

(Promega) vector are shown in Table 7.

PLASMID BOUNDARIES MUTATION USED IN
Full length-HA 1-1132 WT [
Full length-HA 1-1132 YS70F [
Full length-HA 1-1132 S523A [
Full length-HA 1-1132 K581A [
Full length-HA 1-1132 K88zD I
Full length-HA 1-1132 V617F I
Full length-HA 1-1132 K539L, I
Full length-HA 1-1132 R683S I
Full length-HA 1-1132 .del JH1, WT [
Full length-HA 1-1132 K581R [
Full length-HA 1-1132 N678A [
JH2-HA 513/536-827 WT I
JH2-HA 513/536-827 K581A I
JH2-HA 513/536-827 V617F I
STATS Full length  1-794 WT I
STAT1 Full length  1-750 WT I

Table 7. Expression plasmids used for mammalian cell culture.
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Other general expression plasmids used in the study are presented in Table 8.

PLASMID SOURCE/REFERENCE MUTATION USED IN
STATS5 Full length Dr. Bernd Groner (40) - I

STAT1 Full length David E. Levy, NYU - I

Gas Luciferase Dr. Richard Pine (41) - I

Spi Luciferase Dr. Timothy Wood (42) - I

pCi- Neo vector Promega, Madison, WI - I
pFASTBacl Invitrogen, CA - I, II, 111
hJAK2 Dr. Stefan Constantinescu - I, 11, III

Table 8. Original expression plasmids and their source/references.

7.2 Sequencing and sequence analysis

All the DNA clones were sequenced using Perkin Elmer’s ABI 310 automatic
DNA sequencers and the chromatograms were analyzed using an ABI sequence
scanner. A multiple sequence alignment was created using the DNA STAR seq
Man software. All the JAK2 mutants (shown in Fig.11) used in this study were
generated using the QuikChange® Site-Directed Mutagenesis method (Stratagene)
and verified by sequencing.

7.3 Cell culture

JAK2 deficient y2A cells

HT-1080, a human fibrosarcoma cell line, ATCC CCL-121 detived from a
JAK2 negative cell line which is resistant to the antibiotic geneticin (299) was
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma/Lonza, Basel,
Switzerland) supplemented with 10% (vol/vol) FBS (Gibco), 2 mM L-glutamine
(Sigma-Aldrich St. Louis, Mo, USA), 100U/ml penicillin and 100 npg/ml
streptomycin (Lonza, Basel, Switzerland) at +37°C in a humidified incubator
containing 5% COx.
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579 insect cells

The Spodoptera frugiperda (S9) insect cells were cultured using the Hyclone SFX
insect cell medium (Thermo Scientific) with no other supplements in a shaking

incubator maintained at +27°C without any COz. The insect cells were derived as
described elsewhere (300, 301). The cell density was always maintained at 2.0X106
cells/ml to obtain healthy viable cells. Cells that were at least 95% viable wete used

for further transfections.

7.4 Antibodies and cytokines

NAME

DETAILS

SOURCE/REFERENCE

USED
IN

Anti-HA (anti-
influenza
virus
hemagglutin
epitope)
Anti-phospho
tyrosine

Anti-phospho
tyrosine
Anti-phospho
tyrosine
Anti-phospho
JAK2 (1007,
1008)

Anti-phospho
Serine (523)
of hJAK2

Anti-phospho
tyrosine (570)
of hJAK2
Anti-phospho
STAT1 (Y701)
Anti-phospho
STATS5 (Y694)

clone 16B12,
mouse monoclonal

PY-20, mouse
monoclonal, FITC
conjugated

PY-99, mouse
monoclonal

4G10, mouse
monoclonal

Rabbit monoclonal

Rabbit polyclonal

Rabbit polyclonal

Covance, Princeton, NY, USA

Exalpha Biologicals Inc, MA,
USA

Santa Cruz Biotechnology,
Santa Cruz, CA, USA

Millipore

Cell Signaling Technology,

(43)

(44)

Cell Signaling Technology

Cell Signaling Technology

[, 111

I11

[11
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Anti-JAK2 Clone 1067, rabbit  Silvennoinen et al., 1993 I

polyclonal (Made in Memphis, St. Jude
Hospital, USA)
Anti-STAT5 Monoclonal, ST5a-  Zymed Laboratories I
2H2
Anti-GST Rabbit monoclonal  Sigma Aldrich, Saint Louis, I

Missouri, USA

Biotinylated anti-mouse/anti- Dako A/S, Glostrup, Denmark [, III
IgG rabbit polyclonal

Horseradish Streptavidin GE Healthcare, Little Chalfont, [, III

peroxidase biotinylated UK

IFN-y Human R&D Systems I
recombinant [FN-y

Erythropoietin Human Janssen-Cilag Oy, Finland |

(Epo) recombinant Epo

Table 9. Antibodies and cytokines used in this study

7.5 Cell line transfections

y2A cells

JAK2-deficient y2A cells were plated in 6- or 12-well plates at a total amount of
2.0x105 cells/well in 1 ml of DMEM medium with 10% FBS together with
antibiotics and glutamine before the day of transfection. Next day, the cells were
transfected using the FuGeneTMO6 transfection reagent (Roche Diagnostics,
Indianapolis, IN) according to manufacturer’s instructions. JAK2 wild type (1 pg),
mutants (1 ug), STAT1 (0.2 ug) or STAT5 (0.2 pg) and human EpoR (0.5 ng)
constructs were transfected at a 6: 1 FuGENE to DNA ratio. After 8 h, the cells
were either harvested by cell lysis or were starved for 12 h in serum-free media
followed by either treatment with either 100 U/ml of hIFN-y or 50 U/ml of hEpo.

579 cells

All of the S/ cell transfections were done using the Cellfectin® reagent
(Invitrogen) according to the manufacturer’s instructions. 1xX106 cells/ml plated on
6-well plates were allowed to attach for 1 h at +27°C and transfected with
Cellfectin and 1 ug of Bacmid DNA mixture for 30 min, which was later replaced
with 2 ml of Hyclone SFX cell media, after which the cells were for 6 h. Fresh
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media was then added and the infected cells were incubated for 72 h. The P1 virus
collected after 3 days transfection was used as initial inoculum for further stages of

amplification.

7.6 Cell lysis, Immunoprecipitation and Immunoblotting

7.6.1 Cell lysis

v2A cells were lysed for western blotting and immunoprecipitation. Cells on 6- or
12- well plates were washed with 1X ice cold PBS (pH 7.4) and harvested by
scraping followed by lysis in Triton-X lysis buffer (50 mM Tris-HCI (pH 8.0), 150
mM NaCl, 100 mM NaF, 10% (v/v) glycerol, 1% (v/v) Triton-X and a protease
inhibitor cocktail) for 30 minutes followed by centrifugation at 16000g for 20
minutes at 4°C.

7.6.2 Immunoprecipitation

For the detection of protein phosphorylation, cells were transiently transfected as
described in section 7.5. The cell lysates containing HA tagged JAK2 proteins were
incubated with an anti-HA or an anti-JAK2 antibody for 2 h and then mixed and
rotated gently with protein G sepharose beads (Sigma Aldrich) for an additional 1
h. All the immunoprecipitation steps were carried out at 4 °C. The beads were
washed twice with lysis buffer and the proteins were eluted with 2X or 4X SDS
sample buffer by boiling for 5 min, and then centrifuged at 13000 g for 1 minute at
room temperature.

7.6.3 Immunoblotting and analysis of protein phosphorylation

Analysis of JAK2 signaling in mammalian cells was done by subjecting the boiled
and centrifuged lysates to western blotting. Equal amounts of lysates were run on
6% or 10% SDS-PAGE gels. The SDS-PAGE gels were transferred to a
nitrocellulose membrane (WhatmanTM Protran BAS85, 0.4 um, GE Healthcare,
Germany) and blocked with 5% non-fat dried milk in TBS 0.1% Tween 20 or in
5% BSA with 0.05% Tween 20. The membranes were incubated with specific
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primary antibodies (anti-HA for STAT1, JAK2 proteins, anti-JAK2 antibody for
JAK2 protein and anti-GST antibody for GST-tagged proteins or anti-
phosphotyrosine and anti-phosphoserine antibodies) followed by incubation with
secondary biotinylated antibodies and then incubating with a streptavidin-biotin
horseradish peroxidase complex (see Table 9). Immunodetection was performed
with an enhanced chemiluminescence (ECL) method (GE Healthcare, Little
Chalfont, UK). When necessary, the membranes were stripped with stripping
buffer (100 mM B-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI, pH 6.8) for 45
minutes at 56°C shaking water bath. Stripped membranes were washed with TBS
buffer 0.05%, 0.1% and 0.5% Tween 20 followed by blocking with 5% non-fat
dried milk or 5% BSA.

7.7 Autophosphorylation studies and in vitro kinetic assay

For 7n vitro kinase assays, 1 ug of purified JAK2 per reaction was resuspended in
kinase assay buffer together with 20 mM MnCl, or 20 mM MgCl, or both and 10
mM of unlabelled ATP or 10 uCi [ y 32P]- ATP (Perkin Elmer). The reactions were
incubated from 10 to 240 minutes at room temperature and stopped by adding
EDTA to a final concentration of 100 mM or by adding 2X SDS loading buffer
and separated on 7% or 10% SDS PAGE gel. Gels were dried for 45 minutes in a
gel dryer (BioRad), exposed onto an X-ray film in an autoradiography cassette
(BioRad) at -80°C for 12—24 h and visualized by autoradiography. Alternatively, the
phosphorylation states of JH2 from two different peaks post anion-exchange
chromatography were run on a native PAGE (PhastGel System, GE Healthcare)

and western blotted.

7.8 In vitro translation

A JH2 insert cloned into a T7 promoter containing pCI-neo vector was used as a
template for an 7z vitro translation reaction using the TNT-reticulocyte lysate kit
(Promega). The translation procedure was performed using a radioactive [3°S]
methionine system. The standard reactions with and without insert were set up
according to the manufacturer’s instructions. The zz witro translated JH2 was
subjected to an iz vitro kinase reaction using 5 mM ATP and 10 mM MnCl; and the
autophosphorylation of JH2 was analyzed by western blotting as described in
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sections 7.7 and 7.6.3. Alternatively, an HA tagged wild type JH2 and a K581A JH2
cloned into pT7CEF1-CHis vector were used for protein purification and 7z vitro
translation (Pierce 7z vitro translation kit). All the procedures were carried out
according to the manufacturer’s instructions. Iz witro translated proteins were
purified by making use of the His tag and further used in an z vitro kinase assay
with labeled y- 32P- [ATP] for 30 minutes and run on SDS PAGE gels. JH2
phosphorylation was subsequently analyzed by autoradiography.

7.9 MANT-ATP direct binding studies

The fluorescent ATP analogs with a modified ribose hydroxyl group such as 2’/3’-
O-(IN-methylanthraniloyl) adenosine-5-triphosphate (MANT-ATP) were used in
this enzyme-ligand binding study in Article II. 0-88 uM of MANT-AXP (where X
is adenosine-5’-triphosphate, adenosine-5’-diphosphate, adenosine-5’-
monophosphate or adenosine-5’-thio-triphosphate) was incubated for 1 minute at
21°C in a quartz cuvette (Perkin Elmer) with a buffer containing 10 mM MnCly, 20
mM Tris-HCI, pH 8.0, 200 mM NaCl, 10% glycerol, 1 mM TCEP and 1X PK
buffer with or without 0.5 uM of the purified JH1. All of the measurements were
collected at 300-500 nm after exciting at 280 nm or collected at 350-550 nm on
exciting at 340 nm using a QuantaMaster spectrofluometer (Photon Technology
International) equipped with PowerArc xenon lamp as an excitation source.
Excitation and emission slit widths resulting in a band pass of 2 nm were chosen.
The entire spectrum that was collected was corrected for the dilution of the added
MANT nucleotides.

7.10 Protein expression and recombinant purification

The P1 virus (generated as described in section 7.5) was amplified by infecting
insect cells at 1x106 /ml 1% (v/v) of the virus and grown at +27°C in bottles in a
shaking rotator spinning at 100 rpm. After 72 h the supernatant was collected and
the procedure was repeated for the P2, P3 and P4 virus stages. Either the P3 or the
P4 stage virus stock was used for protein expression. For the final recombinant
purification, 3X106 /ml insect cells in bottles were infected with 10% (v/v) of the
P4 virus stock and incubated for 48 h at +27°C with continuous shaking. After the
desired incubation time, the cells were collected by centrifugation at 2000g for 5
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minutes at +4°C and the cell pellets were either lysed or stored at -20°C (short
term) storage or at -80°C (long term).

His- and GST-tagged JAK2 constructs were purified using Ni-NTA agarose
(Qiagen) and Glutathione SepharoseTM 4B (GE Healthcare), respectively. Cell
pellets were resuspended in lysis buffer (20 mM Tris-HCIL, pH 8.5, 500 mM NaCl,
15% (v/v) glycerol, 0.5 mM TCEP). For His-tagged proteins 20 mM imidazole was
added to the buffer. The resuspended cells were further supplemented with
protease inhibitors (Roche) and incubated in ice or gently rotated at 4°C for 30
min. The cells were lysed using a cell sonicator (SONICS or Avestin). The
sonicated cell lysates were cleared by centrifugation for 1 h at 45000g or 14000g.
The supernatant was incubated with the respective beads for 2 h at 4°C with
constant rotation. Post incubation, the beads were washed with wash buffer three
times. The protein was eluted with 250 mM imidazole or with 10 mM glutathione,
depending on the beads that were used for binding. The fractions were pooled and
dialyzed in dialysis buffer (20 mM Tris-HCI, pH 8.5, 250 mM NaCl, 15% (v/v)
glycerol and 0.5 mM TCEP) for 2 h at 4°C using Slide-A-Lyser® dialysis cassettes
(Thermo Scientific), in order to remove the imidazole or glutathione. When
necessary, the buffer was changed at 1 h intervals. For the JH2-His, JH1-His,
JH1JH2WT-His, JH1JH2V617F 510-His and JH1JH2V617F 536-His fusion
protein, the samples were incubated with 10 U/ml of thrombin (Enzyme Research
Laboratory) overnight after dialysis. When necessary, the samples were
concentrated using an Amicon Ultra-4 centrifugal filter devise (Millipore) Ultracell-
10k or a Micon Microcon® centrifugal filter devise (Millipore) Ultracell -YM-10
and centrifuge for for 5 minutes at 5000 g at 4°C several times until a concentration
of 0.5 mg/ml or 1 mg/ml was reached. Protein concentrations were measured
using the Quick StartTM, Bradford Dye Reagent (BioRad Laboratories, Hecules,
Ca, USA) based on the manufacturer’s instructions.

To further purify the proteins, the pooled-concentrated protein fractions were
subjected to anion exchange chromatography. A low salt buffer (20 mM Tris-HCI,
pH 8.5, 25 mM NaCl, 15% (v/v) glycerol and 0.5 mM TCEP) was used to
equilibrate the MonoQ 5/50 GL column (GE Healthcare) using an automated
AKTA purifier system (GE Healthcare). Proteins were loaded onto the pre-
equilibrated column and were eluted with a linear gradient of 1-200 mM NaClL
Differently phosphorylated forms of JH2 proteins were also eluted in a similar
fashion, but using 1M NaCl. Fractions were pooled and the protein concentration
was measured using the Bradford method. Fractions containing GST-JH2 were
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also analyzed by Coomassie staining. For GST-JH1, the protein was purified as
described (168).

7.11 PamChip® peptide microarrays

All the incubations and kinetic read outs from the PamChip® peptide microarrays,
described in Article III, were performed on a PamStation 96 instrument®
(PamGene International BV). PamChip arrays are based on porous three-
dimensional layer of oxidized aluminium (ALO3) called anapore. The branched
Al2Oj used for these reactions has a solid, brittle large internal surface and up to
400 different peptides are covalently immobilized on each array by condensation
process. The surface gets translucent when in contact with water which facilitates
pumping up and down of sample (20-40 ul/array) actively through the pores
allowing real-time detection of fluorescent signals. The continuous pumping of the
sample through this 3D surface enables the test to be completed in less than an
hour. Diffusion of the samples is not a rate-limiting factor in these reactions and
incubation is homogenous. An additional benefit of this method is that a real-time
kinetic readout is possible in relation to time and different peptide concentrations.
This technology was utilized to perform the high-throughput kinetic analysis of
different domains of JAK2 with different variables such as ATP (Sigma Aldrich),
peptide and inhibitors as described elsewhere (302, 303). Depending on the
experimental set up, the incubations were performed at 30°C. Peptide microarrays
were blocked with 2% (w/v) BSA (NEB) in water for 30 cycles and washed three
times with a protein kinase (PK) buffer from NEB (50 mM Tris-HCI, pH 7.5, 10
mM MgCl,, 0.1 mM EDTA, 2 mM DTT and 0.01% Brij-35). All the kinase
reactions for JAK were 25 ul and included 1X PK buffer, 1X BSA, 12.5 ug/ml
fluorescein-labeled PY20 antibody and varying concentrations of ATP. The
reactions were incubated for 60 cycles of pumping up and down through the pores
of the microarrays at a rate of 2 cycles per minute. Images of each array were taken
after every second cycle by an integrated 12-bit charge couple device (CCD) -based
optical system. The readout through PY20 antibody works as follows: excitation
light required for detecting fluorescein dye is provided by light-emitting diode
(LED). The excitation light is guided to a position above one array of the
PamChip® through an angled mirror. The light of each LED is guided through
appropriate FITC filter and this allow imaging in different wavelength ranges
(excitation light at 460-490 nm and emission wavelength at 515-550 nm) suitable
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for FITC fluorescence. The LED can detect fluorescein dye. A schematic
representation of the PamChip array workflow is shown in Figure 12.
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Figure 12. Schematic workflow of the PamChip® array experiment set-up. A. Arrays are
positioned in the shape of a 96-well plate, with a 3-dimensional porous Aluminium
oxide surface in each well. B. The fully integrated and automated PamStation® 96
enables the incubation of samples and also pumps the incubation mixture (JAK2
kinase, ATP and kinase buffer) up and down through the microarray. This microarray
consists of up to 256 peptides, representing kinase substrates. C. Mixing and live
monitoring of the assay takes place in real time and corresponds to the kinase
reaction kinetics, in which the kinetic readout is peptide’s phosphorylation.
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Data generated from the PamChip peptide microarrays were analyzed with the
Bionavigator® software. The signal intensity from each spot together with its
background was quantified and signal minus background was calculated. The
values were fitted against the time series representing different peptide
concentrations using an equation for exponential association y = yo + Vmax (1 - €9
where y is the signal intensity at each cycle of measurement, k is the reaction rate
constant, and c is the cycle number when the image was recorded. The initial
velocity of peptide phosphorylation (1) was determined using the equation Vi =
ymax ¥ k * eke. Subsequently, the /i values were exported either to Microsoft excel
or directly to the Sigma Plot® software for further data analysis to characterize the
reaction mechanism that was followed by the different JAK2 proteins.
Additionally, different phosphorylation patterns of peptides were monitored and
changes in this phosphorylation were monitored together in the presence of ATP-
competitive inhibitors such as AMP-PNP (Roche) and ADP-3-S to describe the
inhibitory profile of the JAK2 protein.

7.12 Luciferase reporter gene assay

A luciferase assay was done using the y2A cells. y2A cells were transfected with
either STAT1 or STAT5 together with other plasmids as described in section 7.5,
and with B-galactosidase and other JAK2 constructs of interest. After transfection,
starvation and stimulation for a given time (see section 7.5), the cells were lysed in
1X reporter lysis buffer (RLB) (Promega, Madison, WI, USA). The transcriptional
activities of STAT1 and STAT5 with wild type and KA JAK2 were measured
using the GAS-luc STATT1 reporter or the SPI-luc2 STAT5A reporter according to
the manufacturer’s instructions. The luciferase activity was measured using
Luciferase Assay Reagent (Promega, Madison, WI, USA) and normalized with the
B-galactosidase activity of the lysates, determined using ONPG (O-nitrophenyl-3-
D-galactopyranoside) as a substrate. The absorbance was measured at 420 nm using

a Luminoscan Ascent 96-well plate luminometer (ThermoElectron Corporation,
Finland).
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8. RESULTS

8.1 Catalytic activity of the JAK2 pseudokinase domain (Article )

8.1.1 Serine 523 and Tyrosine 570 are putative phosphorylation sites in
JAK2JH2.

JH2 was previously shown to negatively regulate JAK2 signaling (130, 132). In
addition, deletion of the JH2 domain was shown to increase the basal activity of
JAK2 (131). Since JH2 negatively regulates JAK2 activity, we addressed the role of
JH2 in JAK2 regulation in more detail. In order to find out precisely how JH2
regulates JAK2 activity, JH2 had to be purified by recombinant methods. The
functional characterization of JAK2 has been compromised by difficulties in
purification of JAK2 recombinant protein. Here, we have overcome these
challenges and have successfully purified JAK2JH2 with both histidine and GST
tags in insect cells (5/9). Purified JAK2 JH2 proteins were used to further
investigate the role of JH2.

In an 7n witro kinase assay, wild type (WT) JH2 preferred Mn2* and was
phosphorylated in a time dependent manner unlike its kinase dead mutated JH2
(K381A) (1, fig. 1a,b and fig. S3c). However, the activity of JH2 was very low
compared with the active JH1 domain. To rule out contaminating kinases, 7 vitro
translated JH2 WT and JH2 K3>!A were subjected to immuno blotting. This
showed that the WT JH2 was phosphorylated on a tyrosine residue. Surprisingly,
when purified by anion exchange chromatography JAK2 JH2 appeared as two
peaks in the chromatogram. Further, an 7z vitro kinase assay run on fractions from
the two peaks showed faster migration of peak 2 on a native gel (I, fig 2b, ¢). In
order to further investigate possible differences in phosphorylation states, we
subjected the Coomassie stained JH2 post kinase reactions to MS-MS
spectrometry. This revealed two phosphorylation sites (8523, Y570) that were
previously reported to negatively regulate JAK2 activity (155, 170). The difference
in the phosphorylation states is attributed to S523, which was phosphorylated from
time zero (higher activity as shown by peak 2) compared with Y570 which was
phosphorylated (low activity as shown by peak 1) over the time in the kinase
reaction. Additionally, when $°23 was mutated to alanine, phosphorylation at Y570
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was abolished (I, Fig. 3b), but the opposite did not hold true, indicating that $523 is
the default phosphorylation site in JH2 and regulates the subsequent
phosphorylation and activity of JH2.

In order to further characterize the binding affinity of JH2 to ATP, i vitro direct
binding studies with MANT-ATP [2’/3’-O-(IN-methylanthraniloyl) adenosine
triphosphate] were done. The Ky of the binding was 1 uM. Put together, the
findings suggest that the JH2 of JAK2 is catalytically active and is phosphorylated
on two residues, Y0 and S°23. Thus, JH2 is not a tyrosine kinase but a dual-
specificity kinase. This also suggest that JH2 can bind ATP with low affinity.

8.1.2 Phosphorylation of JH2 in JAK2 deficient y2A fibrosarcoma cells

Phosphorylation is a post-translational modification that defines the catalytic
activity of kinases. To confirm the results obtained in the 7 vitro set up, we carried
out a series of experiments in JAK2-deficient y2A cells using several constructs.
The wild type JH2, the kinase-inactivating point mutation (K5!A), and mutations
at phosphorylation sites Y>'F and S523A in the JH2 domain all in the context of
the full length JAK2 protein were overexpressed in fibrosarcoma cells. JAK2
phosphorylation was then analyzed by western blotting. All of the JAK2 constructs
were immunoprecipitated from total cell lysates using an anti-hemagglutinin (HA)
antibody and immunoblotted with anti-phospho (Y!007.1008) “anti-phospho (Y>7Y) or
anti-phospho (S5%3)antibodies. As expected, the mutations to S23 and Y570 resulted
in increased JAK2 tyrosine phosphorylation compared with wild type as could be
seen by the phosphorylation of the activation loop at Y1007, 1008 (I Fig.4a). The
K381A JAK2 mutant was phosphorylated at a higher level than the wild type JAK2,
but phosphorylation was completely abolished at the S$523 and Y370 sites. This
further validated our 7z witro results and suggested that S$523 phosphorylation
regulates Y>70 phosphorylation. However, the JH1 inactivating mutation K882D
abolished JH1 activity, but showed phosphorylation on $2 and Y>70 (I, Fig. 4c).
These results suggest that phosphorylation of S523 is the first step in the activation
of JH2, and that it further regulates the phosphorylation of Y>7 over time.

8.1.3 Impact of JH2 activity on cytokine receptor-mediated signaling

In order to analyze the effects of JH2 activity on the transcriptional activity of
STATs, luciferase reporter assay experiments were carried out in y2A cells. Two
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luciferase reporters, GAS-luc STAT1 and SPI-luc2 STAT5 were independently
used to detect the activity of the JAK/STAT pathway in response to stimulation
with hIFN-y or hEpo. The K!A mutation bearing JAK2 displayed a significant
increase in basal activity driven by both the STAT1 and STAT5 promoters, but this
activity did not increase further upon cytokine-induction (I, Fig. 4f). Consistent
with this, we also noticed increased basal phosphorylation of both STAT1 and
STATS5 (I, Fig. 4d, ¢). These data suggest that the catalytic activity of JH2 plays a
role in maintaining a low basal activity of JAK2, which implies the possible
inhibition of JH1 by JH2 through a direct interaction.

8.1.4 Role of MPN-causing mutations on the catalytic activity of JH2

All the three tested MPN-causing mutations (VOI7F, K>%L and R%3S) showed
increased phosphorylation at Y1007 1008 compared with wild type. However, $523
phosphorylation was markedly decreased indicating that these mutations abolished
the catalytic activity of JH2 (I, Fig. 5a). The VOF mutation alone completely
abolished phosphophorylation of $523 and Y>7 in y2A cells, similar to K381A (I, Fig.
5b). Taken together, these results show i) JH2 is catalytically active and
autophosphorylates on S523 and Y370, ii) JH2 activity is required for maintaining a
basal activity of JAK2 and iii) the V!"F mutation annuls the activity of JH2, which
leads to an increase in the basal activity of JAK2.

8.2 Determination of the binding affinity of ATP to the JAK2 kinase
domain (Article 1)

8.2.1 Common factors that affect the intensity of fluorescence resonance
energy transfer (FRET)

The most common method used for direct binding studies is fluorescence
spectroscopy. In kinase-ATP interaction studies, N-methlyanthraniloyl (MANT)
analogs of ATP are used to determine the equilibrium binding constant (Kg).
However, common processes/factors that affect the determination of Kq cannot be
ignored. Some of these factors are : a) absorbance of the donor fluorophore
(MANT-ATP) both at the excitation (the primary inner filter effect) and emission
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wavelength (the secondary inner filter effect), b) fluorescence contribution of an
unbound fluorophore to the total fluorescence signal, c) quenching of tyrosines or
tryptophans by the fluorophores, d) non-specific excitation of fluorophores at
wavelengths that excite tryptophans/tyrosines in proteins e) fluorescence generated
by a bound ligand-protein complex. All these complicate the Ky determination. If
the absorbance of fluorescence starts to interfere by decreasing the actual
fluorescence intensity, or if the actual final fluorescence signal is increased due to
secondary fluorescence intensities, then its correction becomes absolutely
necessary. These factors have been previously overlooked. In this study, we
systematically analyze the interfering factors and provide correction procedures for
nucleotide-kinase binding measurements using the JAK2 kinase domain as a
model.

In general, when a solution containing the JAK2 protein and MANT-ATP is
excited at 280 nm, the tryptophans in the protein absorb light and emit at 340 nm.
However, the process is not always this simple. Rather, it is accompanied by
residual fluorescence from tryptophans at 440 nm. In addition, the process of
FRET also leads to energy transfer between the protein and bound MANT-ATP
and increases the signal at 440 nm, by reducing the fluorescence at 340 nm. In
addition, unbound MANT-ATP also gets excited at 280 nm, and emits at 440 nm.
There is an additional process, which is often ignored, that adds secondary
fluorescence factors. This is the generation of fluoresence when the MANT
nucleotides in solution quench the tryptophans in a protein, which results in a
decrease in the fluorescence at 340 nm. Thus, the seemingly simple excitation and
emission process of the JAK2-ATP interaction has in fact additional fluorescent
species that contribute to false fluorescence intensity (II, Fig. 1).

8.2.2 Determination of the instrument parameters I, and I, facilitates the
correction of the primary and secondary inner filter effect

When a solution in the fluorescence cuvette is irradiated with a light intensity o,
then the fluorophores in the solution (in this case MANT-ATP) get excited. On
returning to the ground state the fluorophores emit fluorescence. The fluorescence
that is generated in the cuvette is captured over a certain width of the cuvette after
travelling a distance. 4 is the mean distance of the observed fluorescing sub-
volume from the entry wall and 4 is the mean distance of the observed fluorescing
sub-volume from the exit wall (II, Fig S2). Although a practical method for
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correcting the primary inner filter effect has been developed, no correction
protocol has been described for the correction of the secondary inner filter effect.
b/l (whete / is the length of the excitation path in solution) was determined
essentially from a plot of log(A280/F440) versus the absorbance of MANT-ATP
at 280 nm and was found to be 0.39. log(A280/F440), when plotted against the
absorbance of MANT-ATP at 340 nm yielded 0.46. The fluorescence generated in
solution travels, on average, a distance of 4 to the wall of the cuvette and then to
the detector (emission path length) and this is assumed to be linear for a short light
path of 1 mm (which is otherwise 10 mm in excitation path length). Hence, a value
of 0.046 is used for 4//to correct for the secondary inner filter effect.

8.2.3 Use of high concentrations of MANT-ATP is possible only when the
primary inner filter effect is corrected

According to Beer-Lambert law, the relationship between MANT-ATP and the
fluorescence intensity is normally expected to be linear. This, however, applies only
at low MANT-ATP concentrations. The fluorescence emission at an observed
wavelength shows a linear relation to the MANT-ATP concentration. However, at
very high concentrations, the absorbance of incident light is non-linear and a
decrease in fluorescence intensity is seen (II, Fig. S3). As a result the primary inner
filter effect needs to be corrected for when using high concentrations of MANT-
ATP.

8.2.4 Effect of protein fluorescence emission on MANT-ATP and vice versa

Two excitation wavelengths (ex 280 and ex 340) are used to study the effect of
tyrosine/tryptophan fluorescence emission on MANT-ATP. All our fluorescence
measurements showed that tyrosine does not contribute to the fluorescence at 440
nm when the sample is excited at 280 nm and neither tyrosine nor tryptophan
affected the MANT-ATP fluorescence at 440 nm. However, when 50 uM MANT-
ATP was titrated along with tyrosine, there was a clear shift in the fluorescence
intensity. But, after the inner filter effect correction, the fluorescence intensity
remained constant during titration with an increasing concentration of tyrosine (II,
Fig. 2A). In contrast, when tryptophan was excited at 280 nm, a linear relation

between the concentration and fluorescence at 440 nm was observed. When
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tryptophan was further titrated with 50 pM MANT-ATP, the fluorescence signal
increased, but was no longer linear at increasing tryptophan concentrations (11, Fig.
2B). However, when the fluorescence intensity was corrected for the primary inner
filter effect, we could see a linear relation once again, but with increased
fluorescence intensity. This suggests that MANT-ATP absorbs the fluorescence
emitted by a protein at 340 nm. These results show that the primary inner filter
effect correction is necessary, because MANT-ATP can absorb up to 5% of
tryptophan’s fluorescence.

Similarly, when increasing concentrations of MANT-ATP were used in
measuring the fluorescence of tyrosine/tryptophan (ex 280 nm), a clear decrease in
the signal was seen, due to increased absorbance at 280 nm. A decrease in the
fluorescence was still evident even after the fluorescence intensity was corrected
for the primary inner filter effect. This problem was overcome by introducing a
correction for the secondary inner filter effect that starts to contribute at
concentrations higher than 50 uM (I, Fig. 3).

8.2.5 Fluorescence measurement of nucleotide binding to the JAK2 kinase
domain

Although it was known that JH1 binds ATP with a very tight affinity, the
equilibrium constant had not been previously determined. A fixed amount of JAK2
JH1 was titrated with increasing concentrations of MANT-ATP, MANT-ADP and
MANT-AMP. The fluorescence intensities were corrected for the inner filter
effect, and the contribution of each species to F440 (as described in 8.2.1) was
calculated for each concentration of MANT-nucleotide, and the Ky was calculated.
These data showed that JH1 has a Ky of 15-25 nM and a Ky of 50-80 nM for
MANT-ATP and MANT-ADP, respectively (II, Fig. 4). They also showed that
MANT-AMP does not bind to JH1 and that JH1 has no additional binding sites.

This method was further extended to determine the binding of competitive
inhibitors such as AMP-PNP. The result showed that MANT-ATP was chased
from its binding site with increasing concentrations of AMP-PNP. This suggested
that AMP-PNP displaced the MANT-ATP from the enzyme complex, as was seen
by the decreased fluorescence intensity at 440 nm (II, Fig. 5).

To compare the FRET-MANT affinity measurements to another method, we
measured the affinity of JH1 for ATP using a non-hydrolysable radioactive [3>S]
ATP-y-S. To do this, we used [3*S] ATP-y-S in a filter binding assay at a starting
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concentration of 5 uM, and diluted it serially to a lowest concentration of 100 pM.
The final volume of the reaction mixture was 5 ul. 1 pl of the reaction mixture was
spotted on to a 25 mm filter membrane (Nitrocellulose Whatman filter membrane,
0.45 um pore size from GE Healthcare). A vacuum was briefly applied (< 5 s)
followed by two washes with ice cold 1X PBS buffer (pH 7.4) and a vacuum was
briefly applied to remove the liquid and air dry the membrane. The filter
membrane was directly placed in 2 ml of of scintillation liquid (Perkin Elmer) ina 6
ml Pony Vial™ (Perkin Elmer) and counted in a Tti Carb 2910 TR counter (Perkin
Elmer) as counts per minute (CPM). Figure 13 shows the average of four
independent experiments with a K¢ = 0.97 £ 0.33 uM. These results are in line
with several earlier studies that have compared the affinities of unmodified ATP
and MANT analogs, and found that the MANT analogs bind protein kinases with
a higher affinity compared with unmodified nucleotides (304-310).
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Figure 13. Ka determination using the non-hydrolysable [35S] ATP-y-S

Taken together, the results show that: a) a correction method for the primary and
secondary inner filter effect has to be incorporated into the measurement of Ky, b)
the correction method allows the use of high concentrations of MANT-ATP
without compromising the method and the Ky determination, c) since MANT-ATP
can absorb a fair amount of the tryptophan fluorescence, this has to be corrected
for, d) JAK2 JH1 binds MANT-ATP at a Ky value of 15-25 nM depicting a very
tight affinity and e) the improved FRET method is expected to help in determining
the Ky for any protein-nucleotide complex more accurately.
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8.3 Effect of JH2 and the SH2-JH2 linker on JAK2 activity (Article
11

8.3.1 JAK2 JH1 and the tandem JH1JH2 domains follow a random Bi-Bi
mechanism

As previously described, the inability to produce JAK2 recombinant proteins has
stalled its biochemical characterization. The effects of JH2 and the SH2-JH2 linker
were studied using recombinant proteins containing JAK2 JH1 and the tandem
JH1JH2 domain. The role of the JH2 domain in JAK2 activation and substrate
specificity has been addressed previously (228). In the current study, we exploited
PamChip® peptide microarrays to produce full kinetic analyses of the reaction
mechanisms of the different JAK2 domains. The tyrosine kinase domain (JH1) and
the tandem domains tyrosine kinase JH1 and the pseudokinase domain (JH2) in the
wild type and VOI7F background were subjected to varying concentrations of dead-
end inhibitors.

The protein concentration in the microarray was maintained at a range where
the kinase activity was linear to the protein concentration. The phosphorylation
kinetics of 144 peptide microarrays were monitored simultaneously using the
binding of a fluorescent anti-phosphotyrosine antibody. The initial reaction rates
for JAK2 catalyzed peptide phosphorylation as a function of varying ATP and
peptide concentrations resulted in plots that showed a sequential reaction
mechanism. The plot representations gave a series of lines intersecting above the
X-axis, confirming a sequential mechanism. The lines intersecting above the X-axis
demonstrate that binding of ATP increases the interaction with the peptides. Data
for other peptides on the arrays confirmed this observation.

ADP-8-S, a competitive inhibitor of ATP, was used to further understand the
kinetics of the JAK2 phosphorylation reaction. The effect of increasing the
concentrations of ADP-8-S on JAK2 kinetics was investigated, while varying either
the ATP or peptide concentration, with the fixed substrate present at saturating
concentrations. Reciprocal plots of 1/V and 1/[peptide] show a non-competitive
inhibition pattern for ADP-8-S with the JAK1_1015-1027 and JAK2_563-577
peptides and a competitive pattern with respect to ATP (III, Fig. 1C&D and Fig.
2C&D). Taken together, our results reveal that JAK2 follows a sequential random
Bi-Bi mechanism through the formation of a ternary complex.
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8.3.2 Kinetic properties of the JAK2 JH2 domain

Since the JH2 domain is able to phosphorylate two regulatory residues in JAK2,
the catalytic activity of the JH2 domain alone was investigated on a peptide
microarray comprising 256 different tyrosine containing peptides. Incubations were
performed in a Mn?* containing buffer, with an increasing ATP concentration (0 —
1000 uM). The peptide phosphorylation was monitored in real time by taking
images with an integrated CCD-based optical system. Images were taken 1 minute
after the start of the incubation with a JH2 protein assay mix on the PamChip®
peptide microarray and every 2.5 minutes after the start of the incubation. The
incubation lasted a total of 31 minutes. Images of these arrays with and without
ATP are shown (Fig. 15). These arrays show the phosphorylation of several
peptides, the most prominent signals are seen for the PHKAG_485-499 (pleckstrin
homology domain-containing family A member 6, UniProt ID Q9Y2H5) and
DCBD2_743-757 (Discoidin, CUB and LCCL domain-containing protein 2,
UniProt ID Q96PD2) peptides (Fig. 14).

No ATP 1000 pM ATP

Figure 14. Arrays comprising 256 tyrosine containing peptides, one prephosphorylated peptide
and 8 fluorescent gridding spots were incubated with JH2 at no ATP and 1000 uM
ATP concentrations. The marked boxes are as follows: square-PKHAG, oval- left
JAKT; right JAK2, triangle-DDR2, diamond-DCBD2_743-757, rhombus-
MATR3_212-226 (Matrin-3, UniProt ID P43243).

To verify this finding, 5 ul of JH2 (at a concentration of 0.03 pmoles/pl) was
incubated with increasing concentrations of ATP (0, 200, 400 and 1000 uM). The
PKHAG_485-499 peptide showed neat kinetics with JAK2 JH2 for three ATP
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concentrations (Fig. 15). However, Iin did not increase with an increasing ATP
concentration. There were many other peptides that showed binding type kinetics
i.e the signal that is already relatively high at the start of the reaction and increased
slowly in time or remained at a constant level. The peptide JAK2_563-577
(VRREVGDYGQLHETE ) shows a comparably high signal at the start of the
incubation that increases in time. This signal is absent in the absence of ATP. An
example for the binding type kinetics is shown for the peptide ART_003_EAI (pY)
AAPFAKKKXC, which is artifical sequence and not derived from any protein.
This peptide contains a phosphotyrosine, so the antibody binds immediately. This
acts as a positive control for the antibody presence and functionality, as the signal
is high already at the first time point.

Although the results of incubations with the JH2 domain and with increasing
concentrations of ATP imply that PKHAG is a probable substrate, the kinetics
shows a constant [/ at all three ATP concentrations used. Additionally, the
dependency of JH2 activity on the ATP concentration is very erratic: with
increasing ATP concentrations the activity of some peptides increases [(for
example DDR2_733-745 (Discoidin domain-containing receptor 2, UniProt ID
Q16832]), while the activity of others decreases or remains constant (for example
JAK2_563-577). Thus, it can be concluded that the signal did not meet the criteria
for a bona fide kinase activity, i.e. a time-dependent increase in the signal and an
increase in the initial reaction rate with an increasing concentration of ATP (Fig.
15). Additionally, the kinetic curves point more at binding than phosphorylation,
except for the PKHAG peptide.
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Barcode 103100108
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Figure 15. Representation of peptide phosphorylation and/or binding kinetics shown for pre
phosphorylated peptide (ART_003) used as positive control, DDR2_733-745,
JAK1_1015-1027, PKHAG_845-499 and JAK2_563-577. Peptides are denoted by
the peptide ID, its abbreviated name, description and UniProt ID. The cycles
representative of incubation time is shown on the X-axis, the signal intensity on the
Y-axis.

Taken together, the results show that the catalytic activity of the isolated JH2
domain is low, which is consistent with regulatory phosphorylation of residues
rather than phosphorylation of substrate proteins. However, further studies are
required to identify potential substrates for JH2.

8.3.3 Effect of JH2 on JH1JH2 kinetics

Although JH2 did not have an effect on the JH1JH2 reaction mechanism, the
determination of the kinetic parameters with and without the JH2 domain revealed
significant differences between the different protein variants (III, Table 1 and
Table S1). We used two different JH1JH2V617F recombinant proteins [JH1JH2VF
513-1132 (including the SH2-JH2 linker) and JH1JH2VF536-1132 (without the
linker)] to analyze the effect of the JH2 domain in mutant form.

Kn : The effect of the JH2 domain on the affinity for ATP has not been
reported before.

The K. (Km ATP) increased two-fold for JH1JH2V617F_5306, four-fold for
JH1JH2WT and six-fold for JH1JH2V617F_513 as compared with the affinity of
JH1 for the best peptides. For the STAT5A peptide and other substrates with a
lower catalytic efficiency (228), the increase was stronger. The presence of VOI'F
decreased JAK2’s affinity for ATP, but the mutant’s catalytic activity increased
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significantly compared with wildtype. This also demonstrated that the SH2-JH2
linker is involved in reducing JAK2’s affinity for ATP.

The K;, (Km peptide) is affected in a peptide dependent fashion by the construct
used. Substrates with high catalytic efficiency such as EGFR_1190-1202,
JH1JH2WT and JH1JH2V617F_536 showed similar K, values, but the K
increased by two-fold for JH1JH2VG617F_513 as compared with JH1. However,
the Ky, of other peptides such as STAT5_687-699 showed no significant difference
between the constructs containing the JH2 domain.

Vmaxt The JH2 domain imparts the inhibitory effect on the JH1 domain. A 15—
20-fold reduction in Vmax was seen with JH1JH2WT, as compared with JH1 alone.
However, the presence of the VO!"F mutation (513_VF construct) cancelled out
this inhibitory effect and 1”max was reduced when compared with JH1. Removal of
the amino acid sequence 513-536 from the VO7F construct resulted in a six to ten-
fold reduction in imax.

Collectively, these results confirm that the JH2 domain restrains the activity of
the JH1 domain, reduces JAK2s affinity for ATP and does not significantly affect
its affinity for peptide substrates. This study also demonstrated the participation of
the linker domain in the regulation of JAK2 activity.

8.3.4 Effect of inhibitors on JAK2 activity

ADP-B-S —inhibition constants for the three best peptides, JAK1_1015-1027,
JAK2_563-577 and EGFR_1190-1202, were determined at a fixed peptide
concentration of 2000 pM or at a fixed ATP concentration of 100 uM for JH1, and
400 uM for JH2 containing constructs. The presence of the JH2 domain reduced
JAK2s affinity for ATP, which was reflected by the affinity constants for
competitive inhibitors of ATP (III, Table 2). JH2 containing constructs had a K
that was four to ten-fold higher than the Ki of JH1 alone. A significant difference
was seen with the VOI7F construct where the SH2-JH2 linker was absent. These
differences in Ki for ADP-3-S demonstrate the altered affinity for ATP and ADP-
8-S in the presence of JH2 and the SH2-JH2 linker, confirming the inhibitory
function of the linker in JAK2.
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The inhibition studies were extended to other competitive inhibitors of ATP. In
Figure 16, the increase in activity is represented by dark red squares and the
maximum activity and low activity by blue and light blue squares, respectively.
When using AMP-PNP, JH1 activity was unaffected upto high micromolar
concentrations and was inhibited at concentrations above 100 pM. Surprisingly, the
activity of the JH1JH2 constructs increased, until inhibition occurred at mM
concentrations of AMP-PNP (seen as red squares even at 1 mM, and later as blue
squares). This increase in activity was very obvious in the JH1JH2WT construct
(Figure 16) and could be reproduced in independent experiments. To investigate
whether this activation is a general effect of competitive ATP inhibitors, imatinib
and erlotinib were also tested. While imatinib did not affect the activity at all, the
presence of erlotinib resulted in a concentration dependent activation for
JH1JH2WT, though not for JH1 (data not shown). Since the activation of JAK2
wild type is ATP dependent and linked to its kinase activity, these results point
towards the binding of some inhibitors to ATP binding sites other than the JH1
site. These findings are preliminary and further studies to analyze the effects of
different inhibitors on different JAK2 constructs should be undertaken to
understand JAK2 regulation.

This observation may have clinical implications for patients treated with, for

example, erlotinib, since this drug could activate JAK2 and thus cause unwanted
side effects.
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Figure 16. Each spot in the panel describes 6 different concentrations of the respective peptide
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substrate as seen in the second column (300, 400, 600, 750, 1000 and 2000 pM).
Concentrations of inhibitors are represented as log [M] values as seen in fourth row
from the top. Vini at six different concentrations of three different peptides is shown
at 100 uM ATP. Note that these are raw values and not expressed per pmol of
enzyme. AMP-PNP mediated activation of JAK2 JH1JH2WT, but not JH1. This effect
is absent in panels incubated with ADP-(-S. Bright red squares represent high
activity and blue squares represent low activity.



9. DISCUSSION

The JAK/STAT pathway is important for maintaining cytokine-induced gene
expression, which regulates cell proliferation, differentiation and survival. JAKSs,
together with STATS, are part of a complex pathway, whose canonical and non-
canonical regulation has been studied. Advances have been made in describing the
regulatory processes, which maintain the proper function of the pathway and
coordinated expression of its target genes. Reversible protein phosphorylation
plays a crucial role in regulating and monitoring JAK2 activity. JAK2 activation is
tightly regulated and stimulated by cytokines that induce phosphorylation of JAK2
on Y1007, 1008 in the activation loop. However, in addition to activation loop
tyrosines, more than 20 other different tyrosine residues are known to be
phosphorylated during JAK2 activation. While phosphorylation on some tyrosine
residues such as Y037, Y813 Y868 Y966 and Y972 is known to positively regulate JAK2
activity, phosphorylation on others like Y119, Y221/ Y317 Y570 and the serine residue,
S523 negatively regulates JAK2 activity. The discovery of JAK2’s critical role in
cytokine dependent signaling based on its phosphorylation status is a key feature of
the JAK/STAT pathway.

9.1 Phosphorylation of the JH2 domain in the negative regulation of
cytokine signaling

A central finding in the field of cell signaling was the discovery that the
pseudokinase, or JH2 domain in JAK2 negatively regulates JAK2 activity. The JH2
domain apparently keeps the activity of the JH1 domain suppressed by an auto-
inhibitory action through an unknown mechanism. It was shown that the JH2
domain maintains the basal activity of JAK2 and is required for cytokine
dependent activation of JAK2. However, understanding the exact mechanism of
the JH2 mediated inhibitory function warrants further studies. Several key residues
have been identified through their involvement in myeloproliferative disorders,
where mutations to these amino acids compromise the inhibitory role of the JH2
domain. One hallmark mutation is VO7F, which is found in polycythemia vera
patients and is situated between the 34-35 loop in the N-terminal lobe of the JH2
domain. This mutation has been predicted to suppress the inhibitory interaction
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between JH1 and JH2 leading to a hyperactive JAK2 and the constitutive activation
of the JAK-STAT pathway.

Lately, studies have shed light on the regulatory properties of several
pseudokinases. The functional properties of pseudokinases are being actively
investigated and the current classification, which is based on the presence/absence
of catalytic motifs (required for catalytic transfer) continues to evolve. Some
pseudokinases such as WNK and Haspin have been removed from the list of
‘pseudokinases’ and others, such as CASK, have to be renamed based on new
insight into their functions.

Two of the Articles (I & III) in this thesis attempt to address some open
questions on the regulation of JAK2 activation based on the functional and
enzymatic characterization of full length and tandem domains (JH1JH2) both i
vitro and in cells.

The functional characterization of JAK2 domains was stalled by the inability to
produce recombinant protein. In Article I, we show, for the first time, the
purification of GST- and His-tagged JH2. When analysed by ion exchange
chromatography, JH2 separated into two distinct peaks (peak 1 and peak 2)
demonstrating differences in its phosphorylation status. Further, the differential
migration of the two peaks in a native PAGE and the results of 7z vitro kinase
assays showed that JH2 autophosphorylates two previously known residues Y>70
and $°2. The activity of JH2 and its proposed role in the regulation of JAK2
activation were further studied in cells using Epo and IFN-y stimulation.
Surprisingly, $523 was phosphorylated in the absence of cytokine induction and this
led to the phosphorylation of Y0 upon cytokine induction over time. This
revealed a whole new regulatory feature of JH2: phosphorylation of $523 is the first
event that takes place in the advent of JH2 phosphorylation. In this study we
speculated that the phosphorylation of §°23 and of Y70 takes place in s and in
trans, respectively. Further evidence was gathered upon solving the structure of JH2
to confirm the ¢s and #rans phosphorylation of these residues (134).

The discovery of MPN mutations, along with VO7F, raised several questions
pertaining to the mechanism of JAK2 activation. Although it was shown that the
F395-F617 interaction is essential for the constitutive activation of JAK2 VO7F, the
precise mechanism of VOI7F activation remains elusive. This study marks the
beginning of the characterization of the functional role of JH2. We described three
hyperactivating mutations (VO7F, K>%L and R3S) involved in the abrogation of
JH2 activity. The JHI1-JH2 inhibitory regulation, which relies on the
phosphorylation of 8523 and Y570, is completely abolished in MPN patient samples.

92



This study unravels the previously unknown regulatory mechanism of JH2 in

JAK2.

9.2 Role of the low JH2 activity in phosphorylating external
substrates

In light of the discovery presented in Article I, we continued to further investigate,
whether JH2 activity is needed only to control the basal activity of JAK2 and JAK2
signaling. In the research related to Article III, we explored the possibility that a
low JH2 activity could phosphorylate external substrates. Surprisingly, out of the
PamChip array comprising 256 tyrosine containing peptides, only one peptide,
named PKHAG_485-499, showed a signal that was above the standard deviation of
the background and increased with time. However, the iy of this reaction did not
increase with an increasing ATP concentration. Experiments carried out with
increasing ATP amounts showed no robust activity. These results suggest that
though some peptides may display binding kinetics indicative of increased ATP
binding, this is not necessarily accompanied by an increase in peptide
phosphorylation. The only peptide which met the criteria for a probable JAK2 JH2
substrate was PKHAG peptide.

These results could mean that the low JH2 activity only plays a regulatory role
in intramolecular phosphorylation events. The peptide substrate containing the
Y570 residue showed a low level of phosphorylation but a very different ATP
dependency compared to other peptides tested. Further peptide phosphorylation
studies containing S23 could provide insights into the substrates of JH2. Since S%23
is the default site of phosphorylation, the idea of its phosphorylation in an
unstimulated situation makes more sense than the phosphorylation of an external

or downstream substrate.

9.3 Role of the V®!"F mutation and the SH2-JH2 linker region in
regulating JAK2 activity

Understanding the role of the JH2 domain at the molecular level requires its
thorough enzymatic characterization. In order to understand the role of the V67F
mutation in regulating JAK2, tandem domains of JH1JH2 with and without the
pathogenic mutation were recombinantly purified for full kinetic analyses.

93



PamChip® 96 array plates, containing 21 different peptides at six different
concentrations each, were used to incubate the kinases with ATP. This facilitated
the simultaneous recording of kinetic readings from the arrays. All the JAK2
kinases incubated followed a random Bi-Bi reaction mechanism, where both
substrates bound to the enzyme randomly. This is a completely novel finding, and
did not differ between the different JAK2 constructs. Additionally, the presence of
the VO7F mutation both in its short (536-1132) and long (513-1132) forms,
displayed no difference in the type of reaction mechanism they followed. However,
when the kinetic parameters were determined, remarkable differences between the
JH1 and JH1JH2 domains became apparent. Determining these kinetic parameters
by extrapolation to an infinite concentration of substrates allows the accurate
determination of K, since Kn, is not a fixed value, but varies with concentration of
the second substrate. Hence, by varying the amount of both the substrates, we can
obtain near to accurate values. Previously, it was shown that when the JH1JH2
domains are together, the activity (I”max) was lower than when only JH1 was
incubated with varying JAK2 activation loop peptide concentrations. The K for
the peptide, however, remained unchanged (132). Two later studies also showed
that JH2 lowered the 1"max for JHIJH2WT drastically, but also decreased the K
for peptide substrates for VOU'F (224, 228). In addition it was shown that JH2
increased the K for ATP. These differences suggest that, in addition to relieving
the JH2 inhibitory interaction, VO!7F might also be involved in the activation of
JAK2 through another, unknown mechanism.

In this study we resolve this issue, and show that both V6I7F and the SH2-JH2
linker affect the kinetic parameters of JAK2. Surprisingly, the increase in the [/max
of VOI7F constructs could indicate that a conformational change takes place in the
activation loop, especially since it is known that the interaction of F>%5 and ! in
JH2 with the activation loop results in an auto-inhibited conformation in
JAK2WT. The central finding of Article III is the difference in the kinetics
between the short and long forms of VOI7F. The affinity of the V617F_536 form to
ATP is stronger than that of of V617F_513 form as can be interpreted from the
differences in the K; values of the two VOUF constructs tested (III, Table 1).
However Vmax is reduced. A previous molecular dynamics study demonstarted the
role of the SH2-JH2 linker in maintaining the 7m-m interaction in VO7F in a
hyperactive conformation (232). Since other parts of JAK2, such as the FERM
domain, are involved in regulating JAK2 activity (224), it is not hard to imagine
that the SH2-JH2 linker can reduce the activity of JH1JH2W'T.
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Differences in these Kn values will have an impact on inhibitor design. In
addition to affecting ATP binding, the SH2-JH2 linker also has a major role in
binding to competitive ATP inhibitors. This was seen as differences between the
inhibitory constant (Kj) values among the tested constructs. As expected, the
presence of the JH2 domain resulted in higher values, but, surprisingly, the absence
of the linker region in the VOI7F construct also led to increased K; values. In
conclusion, these results have identified an inhibitory role for the SH2-JH2 linker
in regulating JAK2.

9.4 ATP and inhibitor binding properties of JAK2

Reports on JAK2 activity controlled both by inhibitors and activators have
widened our knowledge of different levels of tight regulation in JAK/STAT
signaling. In spite of this tight regulation, JAK2 signaling is altered in hematopoetic
malignancies. The determination of the precise Ky and Ki values for ATP becomes
a crucial factor when aiming at understanding the preferential binding of these
molecules. In light of this, we made an effort to improve the JAK-FRET enzyme
assay, which allows direct binding studies of ATP/ADP/AMP to the JAK2
tyrosine kinase domain. Incorporation of the correct excitation wavelength and
correction for the inner filter effects minimized the error in the Ky determination
of ligand binding to kinases. The binding of fluorescent analogs of ATP to the JH1
domain revealed a high affinity ranging from 15 to 25 nM. This was confirmed by a
non-hydrolysable ATP analog MANT-ATP-y-S. A difference in the K4 values for
ATP and ATP analogs was observed. Often, the ATP analogs of ATP display an
affinity that is three orders of magnitude higher than the actual binding of ATP.
Of note, MANT nucleotides only mimic the binding characteristics of ATP, but
not its affinity. Hence, comparing the FRET-MANT affinity measurements to
another method might not point out the correct affinity. However, it should be
noted that when employing FRET-MANT measurements, the corrections reported
in Article II are necessary and will make the Ky analysis more accurate and help to

extend titrations to higher ligand concentrations.
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9.5 Physiological role of pseudokinases

Pseudokinases are the evolutionary cousins of kinases and it would not be a
surprise to find them associated with a range of various diseases such as cancer,
diabetes, bowel disease, cardiovascular disease and disorders of the extracellular
matrix and in smooth muscle contraction.

Role in cancer — Almost all of the listed pseudokinases in Table 2 are involved
in cancer when their activity is altered (hyperactivation). Studies from KSR1-/-
knockout mice show defects in T-cell proliferation and disoriented hair follicles.
Also, in a KSR -/- breast cancer model, the forming of a Raf/ERK/MEK
complex is compromised. However, reports also suggest that the knockout mice
are not susceptible to tumors, as KSR2 compensates for the loss of KSR1 (94, 311,
312). CASK studies related to cancer are sparse; however, squamous cell carcinoma
and small cell lung cancer tissues show elevated levels of CASK gene expression.
Similarly ILK levels are also increased in almost all forms of cancer (small lung,
ovarian, colon, gastric thyroid, pancreatic). Peutz-Jeghers syndrome is a rare
autosomal dominant disorder, which eventually progresses to colon, breast and
pancreatic cancers. A single amino acid substitution in LKB1 prevents STRAD«
from forming a complex with LKB1, eventually curbing the G1 cell cycle arrest.
Dysregulation of the cell cycle also contributes to different forms of cancer,
because of the aberrant activity of LKB1 (312).

Role in cardiovascular diseases — JAK2 plays an important role in molecular
processes that have been implicated in a variety of heart diseases. The earliest
observation came from a study, where increased tyrosine phosphorylation of
JAKI1, 2 and TYK2 was seen in mechanically stretched cardiomyocytes (313). Since
cardiotropin 1 is an activator of JAK2, links were drawn directly from JAK2 to
cardiac hypertrophy, especially since the gp130 signaling pathway plays a pivotal
role in this disease (314). Although the pseudokinase domains in the JAK family
are not related to cardiovascular diseases, other proteins, which were previously
thought to be pseudokinases, such as Tribbles and WNKI1, have been linked with
hypertension, Mendelian disease and high blood pressure. Trb-1 has been linked to
elevated levels of low density lipoprotein and an increased risk of coronary heart
disease in an Asian Malay population (315) and to ischemic heart disease and
myocardial infarction (316). WNKI1 gene polymorphisms are associated with
variations in blood pressure in European families, since mutations in WNKI1 and
WNK4 cause monogenic hypertensive syndrome (317). Mutations and intronic
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deletions cause increased WNKI1 expression and are attractive targets for
antihypertensive drugs (318).

Role in diabetes — Iz vivo studies in mouse B cells expressing a missense
polymorphism in Trb3 (referred to as Trb3 Q84R) linked Trb3 with reduced insulin
exocytosis and a high risk of type 2 diabetes. This has been confirmed using the
murine § cell line MING and human islet cells (319). Diabetic nephropathy occurs
due to angiopathy of the capillaries in the kidney glomeruli. Differences in the
expression of ILK, as observed in normal and diabetic kidneys, link ILK to the
pathogenesis of this progressive disease (320).

Why the kinetic profiling of JAK2 has clinical significance?

The JAK2 JH2 domain is a hotspot for mutations involved in
myeloproliferative diseases. Currently all of the drugs in clinical trials target the JH1
domain, since its structure is available. The non-specific targeting of drugs to the
JH1 domain leads to secondary unwanted clinical effects (in myelopoeisis and IFN
responses). Persistent efforts to understand resistence to the inhibitor have been
made. One of the most common forms of resistance due to long term exposure to
a JAK2 inhibitor is seen in the presence of mutations in JH1 kinase domain (321).
Other mutagenesis studies also showed the JAK2 gatekeeper mutation (M?%1) to
be another cause for insensitivity. Studies in cells with JAK2 VO17F and R3G
mutations, showed additional three mutations, which were capable of inducing
resistance to JAK2 inhibitors (322).

The preliminary result, which shows an increase in JAK2 activity caused by
competitive ATP inhibitors (Figure 15), demonstrates the complexity of JAK2
autoregulation, which can further complicate and change therapeutic approaches.
A similar compound mediated activation mechanism was shown recently for the
Rapidly Accelerated Fibrosarcoma (RAF) kinase: RAF-inhibitors activated the
MAPK pathway by relieving an inhibitory autophosphorylation mechanism on
RAF (323). Another study showed that when cells are exposed to ruxolitinib, JAK2
pairs up with JAK1 and TYK2 and gets activated. The inhibitor stabilizes JAK2,
but activates downstream signaling (324). This underpins the importance to
understand the mechanism of action of inhibitors. Hence, the design of specific
compounds that target the JH2 domain directly, or a JAK2 mutant with less side-
effects, are a current priority. Now that the JH2 crystal structure has been solved
and its enzymatic properties have been characterized, it would be interesting to
screen and develop specific inhibitors for JH2.
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10. CONCLUSIONS AND PERSPECTIVES

When I joined the host laboratory, the role of the pseudokinase domain and the
involvement of the three regions within the domain that mediate the inhibitory
function in JAK2, had been identified. With the advent of the discovery of the
pathogenic mutation VOI7F in JH2 domain, further studies on how a single amino
acid substitution can trigger the aberrant activation of JAK2 were carried out. In
no time, JAK2 became the primary target for pharmacological intervention, and
several inhibitors targeting JAK2 were developed.

Understanding the role of the kinase and pseudokinase domains in JAK2
regulation is of high importance, especially since the majority of activating
mutations that are linked with myeloproliferative diseases, are located in this
region. The present study functionally characterizes the kinase and pseudokinase
domains in JAK2. Results from the current thesis work suggest that : (i) the
pseudokinase domain of JAK2 is catalytically active and hyperactivating mutations
in JH2 are involved in abolishing JH2 activity, (ii) JH2 phosphorylates two negative
regulatory sites, S°23 and Y579, and the critical activity of JH2 plays a major role in
maintaining a low basal activity of JAK2 (I), (iii) the tandem domains in JAK2
follow a random Bi-Bi reaction mechanism, and the addition of the JH2 domain
does not necessarily have to change the type of reaction mechanism that JAK2
follows, (iv) the kinetic parameters of the VO7F mutation vary significantly with
and without the presence of the SH2-JH2 linker and this adds a new dimension to
the already known role of the SH2-JH2 linker in wild type JAK2, (v) JH2
containing constructs show a 10-15-fold decrease in their affinity for ATP,
compared with JH1 constructs which also indicates, that the SH2-JH2 linker
participates in JAK2 inhibition by reducing its affinity for ATP (III), (vi) the kinase
domain (JH1) binds ATP strongly and the accurate determination of dissociation
constants with fluorescent analogs of ATP/ADP/AMP confirmed the preferential
binding of these nucleotides. Moreover, this thesis describes an improved FRET
binding method applicable to the study of any kinase-nucleotide pair. After the
careful consideration of crucial factors that might affect the FRET measurements,
such as inner filter effects, higher concentrations of nucleotides that lead to the
absorption of fluorescence, we were able to conclude that the affinity of ATP for
the JH1 domain is in the range of 15-25 nM, which is indicative of a very tight
binding and rules out additional binding sites in the JH1 domain (II).
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The current study also shed light to the probable role of peptide binding
mediated regulation of JAK2 activity. The very strong affinity demonstrated by
JH1JH2VF (the short form without the linker region) compared with other
constructs, was specific for certain peptides only. This might be an indication of
the modifying role of the peptides in the regulation of the activity in the presence
of JH2 VO7F. This could mean that the FERM domain affects JAK2 JH1 kinetics
in a way that is different from the effect of the JH2 domain. This might correlate
with the fact that conformational changes together with the change in the
phosphorylation status, might lead to differences in the K values between the
proteins.

All these open ends could be satisfactorily answered with a three-dimensional
structure of the JHI1-JH2 tandem domains. The structure would definitively
establish the interplay between the two domains. Further, with the increasing
evidence that also other domains regulate JAK2 activity, solving the structure of
the full length JAK2 can be expected to answer many of the burning questions on
JAK2 activation and regulation.
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The pseudokinase domain of JAK?2 is a dual-specificity
protein kinase that negatively regulates cytokine signaling

Daniela Ungureanu!, Jinhua Wu?9, Tuija Pekkala!, Yashavanthi Niranjan!, Clifford Young>?®, Ole N Jensen?,

3

Chong-Feng Xu2% Thomas A Neubert?, Radek C Skoda?, Stevan R Hubbard? & Olli Silvennoinen!»®

Human JAK2 tyrosine kinase mediates signaling through numerous cytokine receptors. The JAK2 JH2 domain functions as a
negative regulator and is presumed to be a catalytically inactive pseudokinase, but the mechanism(s) for its inhibition of JAK2
remains unknown. Mutations in JH2 lead to increased JAK2 activity, contributing to myeloproliferative neoplasms (MPNs). Here
we show that JH2 is a dual-specificity protein kinase that phosphorylates two negative regulatory sites in JAK2: Ser523 and
Tyr570. Inactivation of JH2 catalytic activity increased JAK2 basal activity and downstream signaling. Notably, different MPN
mutations abrogated JH2 activity in cells, and in MPN (V617F) patient cells phosphorylation of Tyr570 was reduced, suggesting
that loss of JH2 activity contributes to the pathogenesis of MPNs. These results identify the catalytic activity of JH2 as a previously
unrecognized mechanism to control basal activity and signaling of JAK2.

JAK2 belongs to the Janus family of cytoplasmic tyrosine kinases
(JAK1-JAK3, TYK2) and functions as a crucial mediator of signal-
ing for hematopoietic cytokines and hormones such as erythro-
poietin (Epo), thrombopoietin (Tpo), interferon-y (IFN-y), several
interleukins, growth hormone, prolactin, leptin and granulocyte-
macrophage colony-stimulating factor (GM-CSF)!2. JAK2 serves as
a triggering kinase for cytokine receptors, and phosphorylation and
activation of downstream signaling proteins and the progression
of signal transduction are dependent on its activity. JAK2 associ-
ates with the cytoplasmic domains of cytokine or hormone recep-
tors, and ligand-induced receptor rearrangement facilitates JAK2
trans-phosphorylation of activation-loop Tyr1007 and Tyr1008
in JH1 (the tyrosine kinase domain), leading to its activation.
Subsequent phosphorylation by JAK2 of tyrosine residues in the
receptors creates docking sites for SH2-containing signaling pro-
teins such as the signal transducer and activator of transcription
(STAT) proteins>*.

Phosphorylation is important in the regulation of JAK2, both posi-
tively and negatively. In the absence of cytokine stimulation, JAK2 is
constitutively phosphorylated on Ser523 (ref. 5); however, upon acti-
vation, JAK2 becomes phosphorylated on as many as 20 tyrosine resi-
dues. In addition to Tyr1007 and Tyr1008, phosphorylation of Tyr637,
Tyr813, Tyr868, Tyr966 and Tyr972 potentiate JAK2 activity, whereas
phosphorylation of Ser523, Tyr119, Tyr221, Tyr317, Tyr570 and Tyr913
negatively regulate JAK2 (refs. 6-11). Because JAK2 mediates crucial
physiological functions such as cell proliferation, the kinase activity of
JAK2 is tightly regulated through various means, including trans-acting

proteins (tyrosine phosphatases, SOCS (suppressor of cytokine signal-
ing) proteins) and JH2 (pseudokinase domain)!2~15,

Both biochemical and clinical evidence have demonstrated an
important regulatory function for JH2 in JAKs. At present, 32 differ-
ent mutations in JH2 of JAK2 have been shown to cause, or are linked
to, hematological diseases!®. The most frequent somatic mutation,
V617F, results in constitutively active JAK2 and is responsible for
>95% of cases of polycythemia vera and ~50% of cases of essential
thrombocythemia and primary myelofibrosis!’~1°. The mechanism(s)
by which JH2 negatively regulates the tyrosine kinase activity of JH1
is currently unknown, but it is likely to involve an intramolecular
interaction between JH2 and JHI (ref. 13). In JAK2 and JAKS3, dele-
tion of JH2 increases basal JAK activity, and the JH2 domain has been
shown to co-immunoprecipitate with the JH1 domain (in trans)'+2°,
Currently, crystal structures are available for only JH1 of JAKs?1:22,
JH2 is predicted to adopt a canonical protein kinase fold but to be
catalytically inactive owing to amino acid substitutions of key catalytic
residues that are conserved in active protein kinases—in particular, an
aspartate residue in the catalytic loop (HRD motif). Therefore, JH2
in JAKs has been classified as a pseudokinase. Pseudokinases make
up ~10% of the kinome and have been implicated in the regulation of
various cellular functions, including tumorigenesis?3.

The understanding of JAK kinase function, regulation and struc-
ture has been hampered by the difficulty of producing and purify-
ing recombinant, soluble JAKs and their domains. This holds true
also for JH2, and production and purification of JH2 has not been
previously reported. We have now produced recombinant JAK2 JH2
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Figure 1 Identification of JAK2 JH2 catalytic activity in vitro. (a) In vitro
kinase assay with purified JAK2 GST-JH2 with [32P-y]ATP in the absence
or presence of divalent cations. (b) Time-course kinase assay with
purified JAK2 GST-JH2 in the presence of [y-32P]ATP or unlabeled ATP.
(c) Autoradiography of kinase assay (30 min) using purified JAK2 JH2
and JH1 domain and [y-32P]ATP, in the absence or presence of cations.
Coomassie staining shows the protein levels of JH1 and JH2.

domain using a baculovirus expression system, allowing us to address
questions about the function of the JAK2 pseudokinase domain. We
show that, contrary to the generally accepted belief, JH2 is an active
protein kinase that phosphorylates two sites in JAK2—Ser523 and
Tyr570—in a process that serves to maintain a low basal level of JAK2
activity. Moreover, JAK2 mutations that cause MPNs were found to
abrogate JH2 activity. These results identify a previously unrecognized
mechanism in the regulation of normal and pathogenic JAK2 and
cytokine signaling.

RESULTS

Phosphorylation of purified JAK2 JH2 in vitro

We used insect cells (Sf9) to express JH2 as a glutathione S-transferase
(GST) fusion protein (Supplementary Figs. 1 and 2). We used the
purified GST-JH2 in an in vitro kinase assay, which showed a time-
dependent phosphorylation of JH2 with a strong preference for Mn?*
as divalent cation (Fig. 1a,b). A comparison of the autophosphor-
ylation activity of purified JH1 versus JH2 of JAK2 indicated that
JH2’s activity is ~10% of that of JH1 (Fig. 1c), which could explain
why JH2 activity has previously gone unnoticed. To verify the auto-
phosphorylation activity of JH2, we introduced a kinase-inactivating
mutation, K581A, into JH2. This lysine (in B-strand 3 of the JH2
N-lobe) serves to coordinate the o- and B-phosphates of ATP in
active protein kinases>*. We produced and purified GST-JH2 (wild

d

JH2-peak2, pS523, Mascot score = 85
A

type) and the GST-K581A mutant side by side from insect cells. An
in vitro kinase assay (Supplementary Fig. 3a) showed that the kinase-
inactive JH2 mutant is devoid of autophosphorylation activity.

To further confirm that the observed kinase activity was due to JH2
autophosphorylation and not to phosphorylation by a contaminating
protein kinase, we analyzed in vitro—translated JH2 (Supplementary
Methods) using a kinase assay. Western blotting showed that
in vitro—translated JH2 of JAK2 is autophosphorylated on tyrosine
(Supplementary Fig. 3b). Next, we carried out in vitro translation
of wild-type JH2 and JH2 K581A, followed by His-tag purification,
and subjected the proteins to an in vitro kinase assay in the pres-
ence of [y-32P]ATP. We detected autophosphorylation in the JH2
domain but not in the JH2 K581A mutant (Supplementary Fig. 3c).
Taken together, these results demonstrate that JH2 has auto-
phosphorylation activity.

JAK2 JH2 is autophosphorylated on Ser523 and Tyr570
To study the kinase activity of the JAK2 pseudokinase domain in
more detail, we expressed His-tagged JH2 in insect cells and purified
it using Ni-NTA affinity and anion-exchange chromatography. JH2
eluted in two closely spaced peaks on an anion-exchange column
(Fig. 2a and Supplementary Fig. 4). During native PAGE, JH2 in
peak 2 (JH2-peak2) migrated faster than JH2-peakl (Fig. 2b). The
chromatography and electrophoresis data are suggestive of a higher
phosphorylation state for JH2-peak2 than for JH2-peakl. We ana-
lyzed the autophosphorylation activities of the two JH2 samples
in an in vitro kinase assay. Native PAGE showed the appearance
of a faster-migrating band for both samples at later time points of
the reaction, consistent with an increase in phosphorylation state
(Fig. 2c). We used LC-ESI-MS and LTQ-Orbitrap MS to identify the
phosphorylated residues in JH2. JH2-peakl was unphosphorylated
at time zero and underwent autophosphorylation on Ser523 during
the kinase reaction (data not shown). In contrast, JH2-peak2 was
robustly (stoichiometrically) phosphorylated on Ser523 at time zero
(thus explaining the migration difference between the proteins in
the two peaks) and became phosphorylated additionally on Tyr570
during the kinase reaction (Fig. 2d).

Further analysis of the JH2 autophosphorylation activity in kinase
assays showed that JH2-peak2 has substantially higher tyrosine

JH2-peak2, pY570, Mascot score = 46
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Figure 2 Identification of phosphorylated residues in JAK2 JH2. (a) Chromatogram of JAK2 JH2 purification showing the peaks from anion-exchange
chromatography. (b) Coomassie staining of a native gel of JH2-peakl and JH2-peak?2 proteins. (¢) Coomassie staining of a native gel of purified JH2-
peakl and JH2-peak?2 after a kinase reaction. (d) MS-MS spectra of the phosphorylated residues in a JAK2 JH2-peak?2 4-h kinase assay. Left, JH2-peak2
is stoichiometrically phosphorylated at Ser523. Right, JH2-peak2 is partially phosphorylated at Tyr570.
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A JH2 + ATP + MnCl, phosphorylation on Ser523 (Supplementary

: ﬂii’:}:&lz Fig. 5), demonstrating that Ser523 is the de
A ATP facto autophosphorylation site of JH2. These

results, together with the results presented in
Figure 2c¢, suggest that phosphorylation of
Ser523 regulates the tyrosine kinase activity
of JH2.

To address this possibility, we mutated
Ser523 to alanine. Consistent with the
hypothesis, S523A did not undergo tyro-
sine phosphorylation during an in vitro
kinase assay (Fig. 3b). Mutation of Tyr570
to phenylalanine did not affect Ser523
phosphorylation, but abolished tyrosine
phosphorylation. These phosphospecific
antibody data also confirm the MS identi-
fication of the two autophosphorylated resi-
dues in JH2: Ser523 and Tyr570. Notably,

e

Wavelength (nm)

Ky=0.94+0.01 uM

Figure 3 Analysis of JAK2 JH2 autophosphorylation and ATP-binding activity.

assay of purified JH2-peakl and JH2-peak?2. (b) Time-course kinase assay of purified JH2 S523A
and Y570F mutants compared to JH2-peak2. (c) Fluorescence measurement of an ATP-binding
assay of JAK2 JH2-peak2. (d) Ky measurement of mant-ATP binding to JH2-peak2. Graph shows

mean * s.d. of three independent experiments.

these two residues have previously been
identified as negative regulatory sites in
JAK2 (refs. 5,7,9,10).

If the pseudokinase domain of JAK2 is
an active protein kinase, using ATP as a
phosphate donor, it should bind ATP with
a physiological K4 value. We evaluated the

JH2 (uM)

(a) Time-course kinase

kinase activity than does JH2-peakl (Fig. 3a). To investigate the
basis for this difference, we monitored the phosphorylation state of
Ser523 by western blotting using an anti-pSer523 specific antibody®.
Consistent with the MS results, Ser523 phosphorylation increased in
JH2-peakl during the kinase reaction, whereas JH2-peak2 was fully
phosphorylated already at time zero, and the phosphorylation level
of Ser523 remained constant during the reaction (Fig. 3a). Moreover,
the GST-JH2 K581A mutant purified from insect cells showed no

binding of ATP to JH2 of JAK2 using the flu-

orescent ATP analog 2’-(3")-O-(N-methylan-
thraniloyl)-ATP (mant-ATP). The fluorescence emission scan showed
a peak at ~440 nm only when MnCl, and JH2 were present along with
mant-ATP (Fig. 3¢). Mant-ATP bound to JH2 with a K4 of ~1 uM
(Fig. 3d), which is ~10% of the reported K for JH1 of JAK2 (ref. 25).
Taken together, the in vitro data demonstrate that the pseudokinase
domain of JAK2 is a dual-specificity serine and tyrosine kinase.
Autophosphorylation of Ser523 is the primary event in JH2 activation,
which enhances subsequent autophosphorylation of Tyr570.
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Figure 4 Analysis of JAK2 signaling in mammalian cells. e JAK2 f g e
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Figure 5 Phosphorylation of different JAK2 MPN mutants. (a) Phosphorylation
of wild-type JAK2 (WT) and MPN mutants in JAK2-deficient y2A cells.
(b) Phosphorylation of JAK2 JH2 in y2A cells.

Analysis of JAK2 JH2 in mammalian cells

To analyze the function of the catalytic activity of JH2 in a cellular
context, we introduced the kinase-inactivating point mutation in JH2,
K581A, into JAK2. We carried out expression of various JAK2 con-
structs in JAK2-deficient y2A cells and analyzed JAK2 phosphoryla-
tion by western blotting. Wild-type JAK2 was tyrosine phosphorylated
at a low level and, consistent with previous studies>”>10, mutation
of either Ser523 or Tyr570 increased JAK2 tyrosine phosphorylation
of the JH1 activation loop (Tyr1007-Tyr1008), an indicator of JAK2
activation. Similar to the data for JAK2 S523A and JAK2 Y570F, JAK2
K581A showed a higher level of tyrosine phosphorylation than did
wild-type JAK2 and, notably, Ser523 and Tyr570 sites were not phos-
phorylated in K581A (Fig. 4a). In addition, these results corroborate
the in vitro results (Fig. 3b) and show that, in cells, phosphorylation
of Tyr570 is dependent on Ser523 phosphorylation of JH2.

To confirm the role of JH2 catalytic activity in phosphorylation
of Ser523 and Tyr570, we expressed JH2 alone, wild-type JAK2 or
the K581 A mutant in y2A cells. For wild-type JH2, both Ser523 and
Tyr570 were phosphorylated, and the K581A mutation abolished
their phosphorylation (Fig. 4b). Moreover, in the context of full-
length JAK2 bearing a point mutation that abrogates JH1 activity
(K882D), phosphorylation of Ser523 occurred to the same extent as
in wild-type JAK2, and the K882D mutation did not markedly affect
phosphorylation of Tyr570 (Fig. 4c). Finally, in JAK2 constructs
lacking the entire JH1 domain (JAK2del.JH1), phosphorylation of
Ser523 and Tyr570 occurred to the same level as in wild-type JAK2
(Supplementary Fig. 6).

Last, we wanted to verify that the effects of the K581A mutation
were due to abrogation of JH2 catalytic activity and minimize the
possibility that they were caused by secondary conformational altera-
tions in JH2. To this end, we introduced a more conservative muta-
tion, K581R, and, separately, a distinct inactivating mutation, N678A
(catalytic loop), into the full-length protein. The K581R mutant
showed clear decreases in Ser523 and Tyr570 phosphorylation and
an increase in JAK2 Tyr1007-Tyr1008 phosphorylation. We observed
similar effects, albeit less pronounced, with the N678A mutant
(Supplementary Fig. 7). These in-cell data substantiate the conclu-
sion that JH2 is a dual-specificity protein kinase that autophosphor-
ylates Ser523 and Tyr570.

JH2 catalytic activity maintains low JAK2 basal activity

We investigated JH2 activity in cytokine receptor-mediated signal-
ing by analyzing STAT activation in Y2A cells in response to cytokine
stimulation. Compared to wild-type JAK2, the JAK2 mutants
S523A, Y570F and K581A showed increased basal phosphorylation
of STATI, but the mutations did not influence the IFN-y-induced
STAT1 phosphorylation (Fig. 4d). There was some variation in the

level of STAT1 phosphorylation between the experiments (Fig. 4d
and Supplementary Fig. 8), but we consistently saw increased basal
phosphorylation of STAT1, which was also observed with the K581A
mutant in erythropoietin receptor (EpoR)-induced STAT5 phosphor-
ylation (Fig. 4e). We investigated the JH2 activity in the cytokine-
induced transcriptional response by using reporter-gene analysis.
Introduction of the K581 A mutation into JAK2 increased the basal
STAT1- and STAT5-dependent reporter-gene activation, but did not
affect the IFN-y or Epo-induced responses (Fig. 4f,g). Taken together,
these results indicate that JH2 catalytic activity is required to maintain
a low basal level of JAK2 (JH1) activity.

JAK2 MPN-causing mutations affect JH2 catalytic activity

Our results showing that the catalytic activity of JH2 regulates the
basal activity of JAK2 raises the question of the possible connection
of this activity to human JAK2 mutants and disease pathogenesis.
We were interested in understanding whether the catalytic activity
of JH2 was involved in the pathogenesis of JAK2 MPN mutants. For
this analysis, we chose three distinct MPN-causing JH2 mutants:
V617F (exon 14, the predominant MPN-causing mutation), K539L
(exon 12)26 and R683S (exon 16)%7.

Consistent with previous studies, the analyzed mutants showed
high levels of tyrosine phosphorylation and activation of JAK2 in y2A
cells when compared to wild-type JAK2 (Fig. 5a). Notably, all three
mutants showed substantially decreased Ser523 phosphorylation.
These results suggest that the JH2 mutations that cause MPN reduce
or abrogate JH2 catalytic activity. To test this hypothesis directly, we
analyzed JH2 alone and its V617F counterpart in y2A cells. The results
show that V617F, similar to K581A, abrogates Ser523 and Tyr570
phosphorylation (Fig. 5b).

To determine whether altered JH2 function is also observed in
clinical samples from MPN patients, and thus could be a causative
mechanism for the disease, we isolated platelets from three MPN
patients carrying the V617F mutation and from a healthy control
and subjected them to Tpo stimulation (Supplementary Methods).
As a readout for JH2 activity, we analyzed the phosphorylation of
JAK2 Tyr570. Tpo stimulation readily induced Tyr570 phosphoryla-
tion in control cells, but in patient samples Tyr570 phosphorylation
was substantially reduced, and this reduction correlated with the
V617F allelic burden of the patient cells (Supplementary Fig. 9).
Taken together, these results show that MPN-causing mutations
disturb the catalytic activity of JH2 and abrogate phosphorylation of
negative regulatory residues that lead to increased basal activation
of JAK2.

DISCUSSION

Protein kinases have been classified as pseudokinases if they lack con-
served residues that are thought to be required for phosphoryl transfer,
and if catalytic activity has not been detected?>?8. Recent studies have
provided important new information and insights into the functions of
this protein family. An example is provided by the structural characteri-
zation of VRK3, which is unable to bind ATP and obtains a pseudoactive
conformation by filling the ATP-binding pocket by hydrophobic resi-
dues, thus retaining the pseudokinase status?®. However, for several
other proteins the functional status has been overturned, and proteins
including CASK, haspin, WNK1, HER3(ErbB3) and STRADa. have
ATP-binding and (or) catalytic activity that can be achieved through
noncanonical mechanisms3°-34, Each of these pseudokinases uses a
distinct mechanism to carry out its cellular functions. For example,
WNKI1 compensates for the missing ATP-binding lysine in 3-strand 3
by instead using a lysine residue in the nucleotide-binding loop32.
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The calcium- and calmodulin-activated serine-threonine kinase
CASK displays atypical catalytic activity in that Mg?* inhibits its activ-
ity30. HERS3 lacks the catalytic base aspartate, and the crystal structure
revealed that it assumes an atypical conformation for active kinases,
particularly in the oC helix and activation segment3>3>. However,
HER3 was found to retain low-level kinase activity and phosphor-
ylate its intracellular region in vitro, but the physiological role of this
activity remains to be determined?3. These results argue that each
alleged pseudokinase needs to be functionally analyzed and scru-
tinized for possible catalytic activity. In this study, we have shown
that, both in vitro and in cells, the pseudokinase domain of JAK2
is an active dual-specificity protein kinase that phosphorylates two
previously identified negative regulatory sites in JAK2: Ser523 and
Tyr570. Phosphorylation of these sites is required to maintain low
basal activity of JAK2.

Our results on the catalytic activity of JH2 provide new insights into
the regulation of JAK activation in signaling by various cytokines such
as Epo, Tpo, IFN-y, growth hormone, prolactin, interleukin-3 (IL-3),
IL-5 and GM-CSE. In unstimulated cells, Ser523 is the only constitu-
tively phosphorylated residue in JAK2 (ref. 5), and phosphorylation
of other sites, including Tyr570, occurs only upon cytokine stimu-
lation and activation of JAK2 (refs. 9,10). The kinases responsible
for phosphorylation of Ser523 and Tyr570 have not been identified,
but the activity of JH1 was not required for these phosphorylation
events>” %1% We show here that JH2 phosphorylates Ser523 and
Tyr570, that autophosphorylation of Ser523 is the primary event in
JH2 activation, and that it is observed in unstimulated conditions
(Fig. 4d). Cytokine-induced receptor dimerization and juxtaposition
of the JAKs lead to other regulatory trans-phosphorylation events,
including phosphorylation of Tyr570. Ser523 resides in the linker
region between the SH2-like domain of JAK2 and JH2 (Supplementary
Fig. 10), and steric considerations indicate that it could be phosphor-
ylated in cis. Tyr570, predicted to be in the $2-3 loop of JH2, is distal
to the JH2 active site and is presumed to be phosphorylated in trans
by JH2 in another JAK2 molecule. A crystal structure of JH1-JH2 will
be required to understand the mechanisms by which JH2 sterically
inhibits JH1 and by which JH2-mediated phosphorylation of Ser523
and Tyr570 suppresses JH1 activity. Our results are consistent with a
model whereby phosphorylation of Ser523 and Tyr570 strengthens
the JH1-JH2 autoinhibitory interaction. The relatively low catalytic
activity of JH2 is in accordance with autophosphorylation of regu-
latory residues as a physiological function for JH2, whereas JHI is
mainly responsible for phosphorylation of substrate proteins. The low
catalytic activity, together with the crucial regulatory role of Ser523
and the atypical requirement for Mn?* for catalysis, has probably
hampered the detection of JH2 activity.

The discovery of somatic mutations in JH2 of JAK2 in most
Philadelphia chromosome-negative MPNs and other hematologi-
cal malignancies have focused attention on the functional role of
JH2 and implicated JAKs as important therapeutic targets. However,
the underlying mechanisms for JAK2 hyperactivation in MPNs
have remained obscure. Currently, several inhibitors targeting
the JAK2 tyrosine kinase domain are in clinical trials for MPNs°.
The JAK2 inhibitors show beneficial clinical effects and alleviate
symptoms, but they do not substantially reduce the JAK2 mutant
tumor load, and the inhibitors do not discriminate between normal
and mutated JAK2. We show that MPN-causing JAK2 mutations
disturb JH2 catalytic activity and remove the negative regulatory
effects of Ser523 and Tyr570 phosphorylation in cell lines and in
primary cells from MPN patients. These results identify a molecular
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pathogenic mechanism in MPNs and suggest that loss of JH2
function is involved in the hyperactive JAK2 MPN phenotype.

In conclusion, these studies have identified an unexpected regu-
latory mechanism for JH2 in JAK2. JH2 is an active protein kinase
that autophosphorylates two negative regulatory residues, which
is required to maintain low-level activity of JAK2 in the absence of
cytokine stimulation. The discovery of JH2 catalytic activity and its
connection to MPNs may also afford new approaches for the develop-
ment of targeted therapies to combat JAK-mediated diseases.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/nsmb/.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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ONLINE METHODS

Protein expression and purification. JH2 from JAK2 was amplified and cloned
into the pFASTBACI vector (Invitrogen) with a thrombin-cleavable N-terminal
GST tag or a C-terminus Hisg tag and expressed as a fusion protein in insect cells
(5/9). For protein expression, cells were infected with 10% (v/v) virus super-
natant, grown for 48 h and collected by centrifugation. Cell pellets containing
GST-JH2 or JH2-His fusion protein were resuspended in lysis buffer containing
20 mM Tris-HCI (pH 8.5), 500 mM NaCl, 15% (v/v) glycerol, 0.5 mM TCEP
and 20 mM imidazole (for JH2-His protein only), supplemented with protease
inhibitors cocktail (Roche), lysed using a cell disruptor (Avestin) and clarified
by centrifugation for 1 h at 45,000g. The supernatant was incubated for 2 h with
prewashed GST beads (GE Healthcare) or Ni-NTA beads (Qiagen) with gentle
rotation at 4 °C. The beads were extensively washed, and the fusion protein was
eluted with 10 mM glutathione (Sigma-Aldrich) for GST-JH2, or 250 mM imi-
dazole (Fluka) for the JH2-His protein. Fractions containing the fusion protein
were pooled and dialyzed for 2 h at 4 °C in buffer (20 mM Tris-HCI (pH 8.5),
250 mM NaCl, 15% (v/v) glycerol and 0.5 mM TCEP). For the JH2-His fusion
protein, after dialysis samples were incubated with 10 U ml~! thrombin (Enzyme
Research Laboratory) overnight. Proteins were loaded onto a MonoQ column
(GE Healthcare) equilibrated with 20 mM Tris-HCI (pH 8.5), 25 mM NaCl, 15%
(v/v) glycerol and 0.5 mM TCEP and eluted with a linear gradient of 1-200 mM
NaCl. Fractions containing purified GST-JH2 or JH2 were analyzed by Coomassie
staining and pooled and concentrated to 1 mg ml! for further use. The JAK2 JH1
kinase domain (residues 836-1132) was cloned by PCR amplification into the
pFASTBACI plasmid with an N-terminal GST tag and purified as described?!.

Autophosphorylation reaction. The autophosphorylation reactions were carried
out using 1 pg ul-! of JH2, 10 mM ATP (Sigma-Aldrich) or 10 uCi [y-32 PJATP
(PerkinElmer), 20 mM MnCl,, 300 mM NaCl, 10% (v/v) glycerol, 0.5 mM TCEP
and 20 mM Tris-HCI (pH 8.0) at room temperature (25 °C). The reactions were
stopped by adding EDTA to a final concentration of 100 mM. The phosphoryla-
tion states of JH2 were monitored by autoradiography as well as native PAGE
(PhastGel System, GE Healthcare) and western blotting.

Mass spectrometry. JAK2 gel bands were processed for in-gel digestion as
described®”. Phosphopeptide enrichment was performed with titanium dioxide
microcolumns, with eluates desalted with Poros R3 microcolumns as described3s.
LC-MS-MS was conducted on an EASY-nLC system (Thermo Fisher Scientific)
coupled to an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific)
as reported>’, except that chromatography was conducted with a 30-min gradi-
ent. Raw data files were submitted for Mascot searches (Matrix Science) using
Proteome Discoverer 1.1 software (Thermo Fisher Scientific). Databases con-
taining the human JAK2 protein sequence were searched with the following
parameters: ESI-TRAP was selected as the instrument setting, with specified
mass tolerances of 10 p.p.m. (precursor) and 0.6 Da (fragment). Serine, threo-
nine and tyrosine phosphorylation, along with methionine oxidation, were set as

variable modifications. Cysteine carbamidomethylation was included as a fixed
modification and Trypsin-P specified with a maximum of two missed cleavages.
Only MS-MS spectra from JAK2 phosphopeptides possessing Mascot ion scores
above 20 were manually validated for the sites of phosphorylation.

Mant-ATP binding assay. The fluorescence intensity of mant-ATP (Invitrogen)
complex with JH2 was measured using a FluoroMax-2 spectrofluorometer. Mant-
ATP (1 uM) was added to a buffer solution (20mM Tris-HCI (pH 8.0), 200 mM
NaCl, 10% (v/v) glycerol and 0.5 mM TCEP) along with 5 mM MnCl, and 1 pM
JH2 (from the peak 2 fraction). The excitation and emission wavelengths were
280 nm and 440 nm, respectively, and emission was scanned from 400 nm to
500 nm. For Ky measurements, increased concentration of purified JH2 (0.25 uM
to 6 UM) was added to buffer solution with 5 mM MnCl, and 1 pM mant-ATP.

Transfection, western blotting and luciferase assay. Wild-type human JAK2,
JAK2 JH2 domain and human EpoR were obtained by PCR amplification and
cloned with a C-terminal HA-tag into the pCI-neo mammalian expression plas-
mid (Promega). JAK2 mutations were done using the QuikChange Site-Directed
Mutagenesis method (Stratagene) and verified by sequencing. STAT1 and STAT5
plasmids were as described!*. JAK2-deficient Y2A cells (fibrosarcoma cells) were
transfected with different JAK2 mutants using Fugene (Roche) according to man-
ufacturer’s instructions. After 8 h, cells were lysed in lysis buffer (50 mM Tris-HCl
(pH 8.0), 150 mM NaCl, 100 mM NaF, 10% (v/v) glycerol, 1% (v/v) Triton-X and
protease inhibitors cocktail), and protein phosphorylation was analyzed by immu-
noprecipitation and western blotting with anti-phosphotyrosine (4G10) antibody
(Millipore), anti-pJAK2 1007-1008 (Cell Signaling Technology), anti-pSer523
(ref. 5), anti-pTyr570 (ref. 9) and anti-HA (Covance) antibody. Phosphorylation
of STAT1 and STAT5 was analyzed in Y2A cells transfected with different JAK2
constructs together with STAT1 or STATS5 as indicated, and after 8 h cells were
starved for 12 h in serum-free media, followed by stimulation with hIFN-y
(100 U mlI~%; R&D Systems) or hEpo (50 U ml™!; Janssen-Cilag). After cell lysis,
STAT1 phosphorylation was analyzed by western blotting with anti-pSTAT1 anti-
body or anti-pSTAT5 antibody (Cell Signaling Technology). STAT1 and STAT5
transcriptional activities of wild-type JAK2 and the K581A mutant were measured
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Forster resonance energy transfer (FRET) between the fluorescent ATP analogue 2'/3'-(N-methyl-anthra-
niloyl)-adenosine-5'-triphosphate (MANT-ATP) and enzymes is widely used to determine affinities for
ATP-protein binding. However, in analysis of FRET fluorescence data, several important parameters are
often ignored, resulting in poor accuracy of the calculated dissociation constant (Ky). In this study, we sys-
tematically analyze factors that interfere with Ky determination and describe methods for correction of
primary and secondary inner filter effects that extend the use of the FRET method to higher MANT nucle-

f\(/le‘:lvTorgls;cleoti de otide concentrations. The interactions of the fluorescent nucleotide analogues MANT-ATP, MANT-ADP
FRET [2'/3'-O-(N-methylanthraniloyl) adenosine diphosphate], and MANT-AMP [2'/3'-O-(N-methylanthrani-

JAK2 loyl) adenosine monophosphate] with the JAK2 tyrosine kinase domain are characterized. Taking all
interfering factors into consideration, we found that JAK2 binds MANT-ATP tightly with a K4 of 15 to
25 nM and excluded the presence of a second binding site. The affinity for MANT-ADP is also tight with
a Kq of 50 to 80 nM, whereas MANT-AMP does not bind. Titrations of JAK2 JH1 with nonhydrolyzable ATP
analogue MANT-ATP-vy-S [2'/3'-O-(N-methylanthraniloyl) adenosine-5’-(thio)- triphosphate] yielded a K4
of 30 to 50 nM. The methods demonstrated here are applicable to other enzyme-fluorophore combina-
tions and are expected to help improve the analysis of steady-state FRET data in MANT nucleotide bind-
ing studies and to obtain more accurate results for the affinities of nucleotide binding proteins.

© 2013 Elsevier Inc. All rights reserved.

Primary inner filter effect
Secondary inner filter effect
Ligand binding

Fluorescence spectroscopy is a widely used technique to ana-
lyze protein-ligand interactions. One method is the use of Forster
resonance energy transfer (FRET),' which results in the appearance
of acceptor fluorescence on excitation of the donor fluorophore(s) of
the protein [1] and has become the method of choice for binding
studies. In such studies, N-methylanthraniloyl (MANT) ligands are
often used as fluorescent analogues. Over the past years, several

* Corresponding author. Fax: +31 73 615 8081.

E-mail address: rhilhorst@pamgene.com (R. Hilhorst).

1 Abbreviations used: FRET, Férster resonance energy transfer; MANT, N-methy-
lanthraniloyl; TNP-ATP, 2',3'-0-(2, 4, 6-trinitrocyclohexadienylidene) adenosine 5'-
triphosphate; MANT-TP, N-methyl-anthraniloyl-amide-ethyl triphosphate; MANT-
ATP, 2'/3'-(N-methyl-anthraniloyl)-adenosine-5'-triphosphate; JH, JAK homology;
MANT-ATP-v-S, 2'/3’-O-(N-methylanthraniloyl) adenosine-5'-(thio)- triphosphate;
MANT-ADP, 2'/3'-O-(N-methylanthraniloyl) adenosine diphosphate; MANT-AMP,
2'/3'-0-(N-methylanthraniloyl) adenosine monophosphate; MANT-AXP, MANT-ATP,
-ATP-y-S, -ADP, or -AMP; AMP-PNP, adenylyl-imidodiphosphate; TCEP,
tris(2-carboxyethyl)phosphine; SD, standard deviation; PKA, protein kinase A.

0003-2697/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ab.2013.07.020

fluorescent nucleotide analogues with modifications in the phos-
phate or ribose groups have been developed. Metal substitutes
with Co(Ill) or Cr(Ill) have been developed to stabilize ATP [2].
Fluorescent ATP analogues with modified ribose hydroxyl groups
such as 2,3'-0-(2, 4, 6-trinitrocyclohexadienylidene) adenosine
5'-triphosphate (TNP-ATP), N-methyl-anthraniloyl-amide-ethyl tri-
phosphate (MANT-TP), and 2’/3’-(N-methyl-anthraniloyl)-adeno-
sine-5'-triphosphate (MANT-ATP) have often been used to study
ATP binding to proteins [3-5], to determine the role of lysine and
threonine residues in ATP binding in protein kinases [6], and to
determine the binding of MANT derivatives to kinases [7]. In addi-
tion, nonhydrolyzable forms of ATP have been used successfully [8].

The use of fluorescence spectroscopy in binding studies with
ATP analogues has become common because of the sensitivity
and ease of this technique. However, a number of experimental
pitfalls challenge precise determination of equilibrium binding
constants. Parameters that complicate the analysis include the
absorbance of MANT-ATP (and other MANT forms) at both
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excitation and emission wavelengths and the fluorescence contri-
bution of free MANT-ATP to the total fluorescence signal at
440 nm (which is the FRET detection window). Furthermore, the
assumption that the concentration of free MANT-ATP is equal to
the total MANT-ATP concentration (i.e., assuming that the fraction
of bound MANT-ATP is negligible) is not always valid. Most studies
using MANT-ATP in FRET measurements have not taken these fac-
tors into account in the analysis of FRET data, leading to erroneous
results.

JAK2 belongs to the Janus kinase family of tyrosine kinases
(JAK1-3 and Tyk2), which are critical mediators in cytokine-depen-
dent signal transduction [9,10]. JAKs are characterized by the pres-
ence of seven JAK homology (JH) domains. The N terminal of JAK2
(JH domains 7-3) consists of a FERM domain that mediates the
receptor-JAK interaction [11]. The C terminus harbors the tyrosine
kinase domain, JH1, which is connected through a short hinge re-
gion to the JH2 (or pseudokinase) domain. The JH2 domain shows
a strong structural similarity to the neighboring JH1 domain and
for a long time was considered to be catalytically inactive [12].
Although it lacks the highly conserved residues required for phos-
pho transfer reaction, it was recently shown to possess dual spe-
cific catalytic activity [13]. Binding of cytokines to members of
the hematopoietin family of transmembrane cell surface receptors
leads to receptor oligomerization and transphosphorylation of spe-
cific tyrosine residues in the activation loop of the JH1 domain of
JAK2. Activated JAK2 catalyzes ATP-dependent phosphorylation
of tyrosine residues in substrates and also undergoes autophos-
phorylation [ 14]. Deregulation of JAK kinases severely distorts nor-
mal cellular processes such as hematopoietic cell development,
blood cell formation, and cell signaling. Compelling evidence has
linked deregulated cytokine signaling with cellular transformation
and human cancer, and aberrantly activated JAK2 has been shown
to cause myeloproliferative neoplasms and different types of leu-
kemia. These findings have made JAK2 an actively pursued target
for drug development and have turned significant interest toward
the kinetic characteristics of the JH1 domain.

The nucleotide binding properties of JH1 of JAK2 have previ-
ously been studied using y-ATP binding and kinase activity assays
[15-17]. The kinetic parameters (K, and k¢,:) were determined by
Hall and coworkers using a caliper-based microfluidics assay and
high-performance liquid chromatography (HPLC) for different
phosphorylation states of the JH1 domain using fluorescein isothi-
ocyanate (FITC)-conjugated peptides [18]. Sanz and coworkers
used peptide microarrays to analyze the catalytic activity of JAK2
and found that the K, for ATP of the JAK2 tyrosine kinase domain
increased 2-fold to approximately 100 uM in the presence of the
pseudokinase domain [15]. The ATP binding affinity of the JAK2 ki-
nase domain has not been determined. Fluorescent analogues of
ATP such as TNP-ATP [19-21] and MANT-ATP [4,7,13,22,23] have
been used extensively to determine the nucleotide binding proper-
ties and stoichiometric determinants of various kinase domains
and pseudokinases, but not for determining the affinity of kinase
domains of JAKs for ATP. In the current work, steady-state FRET
was employed to determine the affinity of nucleotides for the ac-
tive site of recombinant tyrosine kinase domain (JH1) of JAK2 using
MANT nucleotides with concentrations up to and above the K, val-
ues [15] so as to establish a highly accurate assay for MANT-ATP
binding to JH1.

The analysis methods and correction procedures used to inter-
pret FRET data vary a lot between publications, illustrating that
commonly used methods are vulnerable to pitfalls. In this study,
we have systemically analyzed the contribution of different vari-
ables to the FRET signal and determined the relevant corrections
needed to obtain reliable values for Ky, thereby providing a concise
method of analyses that shows considerably less variation com-
pared with previously described methods.

Theory
Primary inner filter effect

Fluorescence intensity is a function of the following parame-
ters: the intensity of the excitation light (Iy), the concentration of
the fluorophore (C), the molar extinction coefficient (&) at the
excitation wavelength, the length of the excitation light path
through the solution (I), the quantum yield (¢), and the instrument
parameters (ki,), which include the optical configuration of the
instrument and the bandwidth of the monochromators. This rela-
tionship can be written as:

Femobs = Io % C % €ex * I % 0 x kip. (1)

This equation shows that fluorescence is linear with the concentra-
tion of the fluorophore and with the absorbance at the excitation
wavelength A.x because Aex =C*e™* L

This relation is valid only at low concentrations of fluorophores.
At high concentrations, deviation from linearity occurs due to non-
homogeneous excitation throughout the cuvette. This effect is
called the primary inner filter effect. If the absorbance of the solu-
tion (Aex) surpasses an optical density of approximately 0.06, the
inner filter effect starts to noticeably contribute to the decrease
in fluorescence [24]. At this optical density, 7% of the incident light
is absorbed at a distance of 0.5 cm from the entry of the excitation
light into the cuvette, that is, the distance where fluorescence gen-
erally is measured. If more than one component in the solution ab-
sorbs the excitation light, the components’ contributions to the
absorbance are additive.

In a recent review, several pitfalls in the analysis of fluorescence
measurements were described, including inner filter effects [25].
Several correction procedures for inner filter effects have been
published [24,26-29], some more sophisticated than others (see
Refs. 7-11 in Ref. [24]). Kubista and coworkers provided a practical
correction method for the primary inner filter effect for fluorome-
ters with right angle detection geometry [24] and derived the
formula:

5 10 exo/l) (2)
where Fenops i the observed fluorescence intensity, Femcorr iS the
fluorescence corrected for the primary inner filter effect, Aex is the
absorbance of the solution at the excitation wavelength, I is the
length of the excitation light path in solution, and [, is the mean dis-
tance of the observed fluorescing subvolume from the entry wall. It
has been shown that using the fluorescence intensity at the mean
distance instead of the average integrated intensity is accurate with
errors of less than 0.6% even in extreme conditions [26]. I, can be
determined experimentally [24].

Fem,corr = Fem, obs

Secondary inner filter effect

Absorption of fluorescence occurs when the optical density of a
solution at the emission wavelength is high. This effect is called the
secondary inner filter effect. It can be caused by self-absorption by
the fluorophore or by the presence of other absorbing compounds
in the solution. Because the path length of fluorescence leaving the
solution is usually shorter than the path length of the excitation
light, the contribution of this effect is small but cannot always be
neglected. No practical approach to correct for this effect has been
described in the literature. Applying the same analysis as for the
primary inner filter effect to the secondary inner filter effect, the
correction can be described by Eq. (3):

Aemly /1
Femcorr = Fem,obs * 10' y/)r (3)

where Fepops i the observed fluorescence intensity, Femcorr iS the
fluorescence corrected for the secondary inner filter effect, Aen, is
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the absorbance of the solution at the emission wavelength, [ is the
length of the excitation light path in solution, and I, is the mean dis-
tance of the observed fluorescing subvolume from the exit wall. I,
cannot easily be determined experimentally, but it can be estimated
from the experimentally determined value for I, at the excitation
wavelength and from geometric considerations. In most experimen-
tal configurations, the path length that the fluorescence traverses
before leaving the sample solution is 1 to 2 mm. In analogy to the
analysis for the primary inner filter effect, the secondary inner filter
effect is expected to start contributing when approximately 7% of
the light has been absorbed, that is, when the absorbance surpasses
a value of approximately 0.3 for a light path of 1 mm.

Corrections for primary and secondary inner filter effects can be
treated independently [24], resulting in a function where the pri-
mary and secondary inner filter corrections are multiplied, as
shown in Eq. (4):

ex*lp /1 em*ly /1
Fem.corr = Fem.obs * ]O(A P/l ]O(A v/ )- (4)

Processes affecting FRET fluorescence intensity

In methods using FRET as readout in binding studies, one usu-
ally measures the fluorescence intensity of an acceptor fluoro-
phore. This acceptor emission is the result of energy transfer
from excited tryptophan and/or tyrosine residues of a protein to
the bound fluorophore. FRET intensity depends not only on factors
that affect the primary fluorescence (Eq. (1)) but also on the effi-
ciency of energy transfer (governed mainly by the distance be-
tween tryptophans and the bound fluorophore, the orientation of
the donor-acceptor pair [«?], and their spectral overlap) and the
contribution of absorbance of emitted light by the components in
the solution (secondary inner filter effect). Fig. 1 gives an overview
of the processes that can take place in an experimental setup with
excitation at 280 or 340 nm, using the FRET between the JAK2 JH1
domain and MANT nucleotides as an example. The fluorescence
intensity for each process can be described by Eq. (1). Determina-
tion of fluorescence intensity with a given concentration of a solute
under identical experimental conditions results in fluorescence
intensity per concentration (defined as f) that is dependent on
the molar extinction coefficient (&ex) at the excitation wavelength
and the quantum yield (¢).

Excitation at 280 nm, mainly tryptophan but also tyrosine resi-
dues in the protein (JAK2 JH1), absorb the light, resulting in fluo-
rescence emission with a maximum at around 340 nm (F340)
(process 1). Some residual tryptophan fluorescence is observed at
440 nm (F440) (process 2). Because the protein emission spectrum
and the MANT-AXP (MANT-ATP, MANT-ATP-y-S [2'/3'-O~(N-
methylanthraniloyl) adenosine-5'-(thio)- triphosphate], MANT-
ADP [2'/3'-O-(N-methylanthraniloyl) adenosine diphosphate], or
MANT-AMP [2'/3’-O-(N-methylanthraniloyl) adenosine mono-
phosphate] absorption spectrum have a large overlap, energy
transfer between protein and bound MANT nucleotides can take
place, resulting in a FRET signal at 440 nm (process 3). The f factor
for this process, frrer, N0t only depends on the ¢.x and ¢ for MANT-
AXP but also depends on f, and the efficiency of energy transfer.
The free (unbound) MANT nucleotides in solution can absorb exci-
tation light, contributing to the primary inner filter effect, or can
lead to absorption of the protein fluorescence (secondary inner fil-
ter effect), resulting in reduction of fluorescence at 340 nm and an
increase of fluorescence at 440 nm (process 4). In addition, direct
quenching of tyrosines or tryptophans by MANT nucleotides (lead-
ing to nonradiative decay of the excited state) can decrease fluores-
cence at 340 nm. MANT nucleotides that are directly excited at
280 nm (process 5) fluoresce at 440 nm. The fluorescence due to
the direct excitation of bound protein (with factor fp.) and bound
MANT-AXP (with factor fi.) are not depicted separately in Fig. 1.

The fluorescence detected at 440 nm on excitation at 280 nm is
the sum of the contributions of all species present, each having its
own f factor that relates fluorescence intensity to the concentration
of the species. The fluorescence measured at 440 nm can be de-
scribed by Eq. (5):

F440.4 530nm = L * fi + PL * fic + PL * frrer + PL * fpc + P * fp + Fec.
(3)

The concentration of free MANT-AXP is represented by L, protein-
MANT-AXP complex is represented by PL, and free protein is repre-
sented by P. fi. is the factor of MANT-AXP emission of bound
MANT-AXP, frrer is the factor of FRET emission of bound MANT-
AXP, and fp. is the factor of protein emission of bound protein.
The term Fe. represents the contribution of process (4), that is, pro-
tein fluorescence at 340 nm that is absorbed by free MANT-AXP
resulting in fluorescence at 440 nm. The secondary emission Fie. de-
pends on the concentrations of both protein and ligand.

On excitation at 340 nm, both free MANT nucleotides (process
6) and bound MANT nucleotides (process 7) absorb excitation light
and fluoresce at 440 nm. The protein does not absorb at 340 nm
and so does not contribute to F440.

The fluorescence emission at 440 nm on excitation at 340 nm is
described as follows:

FA440ex 340nm =L *f]_340 +PL *fLCMO. (6)

This implies that the fluorescence at 440 nm depends on the fluo-
rescence of all MANT-AXP species in solution. When fis% and f| s
are (near) identical, F440ex 340nm is linearly related to the total
MANT-AXP concentration and bound and free MANT-AXP cannot
be distinguished from each other.

Calculation of concentration of protein-ligand complex

The dissociation constant is defined as the concentration of free
ligand at which half of the number of binding sites on a protein
(assuming a single binding site for JAK2 JH1) is occupied and is gi-
ven by Eq. (7):

[P] + [L]
=" @

where [P] represents the concentration of free protein, [L] repre-
sents the concentration of free ligand, and [PL] represents the con-
centration of complex.
Using the mass balance equations, K4 can be expressed in terms
of concentrations of total ligand and protein:
([Leotar] — [PL]) * ([Protal] — [PL])

Ka= P : )

The concentration of bound ligand can be calculated from the solu-
tion of a quadratic equation of the type ax?+ bx + ¢ = 0, resulting in
the following equation:

[Ptotal] + [Ltotal] + Kd) - \/([Ptotal] + [Ltotal] + Kd)z — 4« [Ptotal][Ltotal]
2
9)

Combining Egs. (5) and (9), and using L = Lyota) — PL and P = Pyoya) -
PL, Eq. (5) can be rewritten as:
FA440ex 280nm = PL * (fic + ferer + foc — fu = fp) + Liotat * fi
+ Protal *fp + Fec. (10)
The f factors that relate the fluorescence to the concentration of

free or bound MANT-AXP or protein were determined
experimentally.

pry =
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Fig.1. Overview of mechanisms that contribute to fluorescence. A schematic representation of processes yielding fluorescence that take place in a solution containing protein
and MANT-AXP (AXP can be ATP, ATP-y-S, ADP, or AMP) on excitation at 280 or 340 nm is shown.

Materials and methods
Plasmid constructs and reagents

The human JAK2 (GenBank accession no. NM_004972.3) JH1
construct was cloned into the pFASTBac1 vector, allowing for re-
combinant protein expression and purification using the C-termi-
nal polyhistidine tag and thrombin cleavage site. The part of the
gene coding for the JH1 domain (aa 810-1113) was cloned into
the vector.

MANT-ATP, MANT-ATP-y-S, MANT-ADP, and MANT-AMP
were obtained from Jena Biosciences. PK buffer (10x) was obtained
from New England Biolabs, ATP was obtained from Fermentas,
adenylyl-imidodiphosphate (AMP-PNP) was obtained from Roche
Applied Science, and tris(2-carboxyethyl)phosphine (TCEP) was
purchased from Calbiochem.

Protein expression and purification

Spodoptera fugiperda (Sf9) insect cells (1 x 10° cells/ml) were
transfected with the recombinant JH1 JAK2 pFASTBac1-6xHis con-
struct, and virus amplification was carried out until the P3 stage at
the same cell count. For protein production, 3 x 10° cells/ml were
infected with 10% P3 virus and incubated for 48 h at 27 °C in a
shaking incubator. After 48 h, the cells were harvested and lysed
in buffer containing 20 mM Tris-HCl (pH 8.0) (Sigma Life Science),

500 mM NaCl (Sigma-Aldrich), 20% (v/v) glycerol (Sigma Life Sci-
ence), 20 mM imidazole (Fluka), and protease inhibitor cocktail
(Roche Diagnostics) for 30 min on ice, followed by sonication and
centrifugation for 1 h at 4°C and 14,000g. The supernatant was
mixed with previously washed and equilibrated with Ni-NTA
(nickel-nitrilotriacetic acid) beads (Macherey-Nagel) and incu-
bated at 4 °C for 2 h with gentle rotation. The protein was eluted
with 250 mM imidazole. Fractions containing JAK2 JH1 were
pooled and dialyzed for 2 h in 20 mM Tris-HCl (pH 8.0), 500 mM
NacCl, and 20% glycerol with a buffer change after 1 h. The protein
was concentrated with Amicon Ultra centrifugal units from Milli-
pore and injected onto a Superdex 75 gel filtration column previ-
ously equilibrated with the same buffer. The monomeric protein
fractions obtained were used for direct binding studies. A detailed
purification protocol is described in Ref. [13].

MANT nucleotide binding assay

Purified JAK2 JH1 (0.5 pM) was incubated for 1 min at 21 °Cin a
quartz cuvette with light path of 10 x 2 mm (product no.
B0631124, PerkinElmer) filled with a buffer containing 10 mM
MnCl, (Sigma-Aldrich), 20 mM Tris-HCl (pH 8.0), 200 mM Nacl,
10% glycerol, 1 mM TCEP, and 1x PK buffer (New England Biolabs),
with or without the addition of MANT-AXP, at concentrations
ranging from O to 88 WM. As control, the fluorescence of a concen-
tration series of MANT-AXP without protein was measured. All
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concentrations were corrected for dilution brought about by the
addition of ligand. A QuantaMaster spectrofluorometer (Photon
Technology International) equipped with a PowerArc xenon arc
lamp as an excitation source and excitation and emission channel
monochromators was used to measure the steady-state fluores-
cence of MANT-labeled nucleotides. MANT nucleotides were ex-
cited at 280 or 340 nm, and emission spectra were collected from
300 to 500 nm or from 350 to 500 nm, with both excitation and
emission slit widths resulting in a bandpass of 2 nm.

Determination of extinction coefficients

The extinction coefficient for the JAK2 JH1 domain was calcu-
lated with the method given by Shi and coworkers [23] and was
verified experimentally. Extinction coefficients for AMP-PNP and
MANT-AXP at 280, 340, and 440 nm were determined from a con-
centration series of AMP-PNP or MANT-AXP. For MANT-AXP, the
published values for €3sspm and €3s¢nm Were used to determine
the exact concentration. For tyrosine and tryptophan, absorbances
of a concentration series were used to verify the reported extinc-
tion coefficients.

Determination of instrument factors

The instrument parameter I, was determined as described by
Kubista and coworkers [24]. Whereas in their study a single solu-
tion was scanned to vary the optical density, assuming a wave-
length independent quantum yield, we measured the increase in
absorption (A) and in fluorescent signal (F) at fixed wavelengths
with different MANT-ATP concentrations. I, was calculated from
a plot of log(Azs0/F440) as a function of Aygg, with MANT-ATP rang-
ing from O to 500 uM. Concentration series of MANT-ADP and
MANT-AMP and tyrosine and tryptophan were used to verify the
value of [,. To determine I, for excitation at 340 nm and emission
at 440 nm, log(As40/Fs40) was plotted as function of Asyg for
MANT-ATP concentrations ranging from 0 to 500 pM.

Validation of correction for inner filter effects and study of interactions
between free tyrosine and tryptophan and MANT-ATP

Solutions of tyrosine (0.275 and 0.55 mM) or tryptophan (61,
122, and 244 pM) in buffer containing 20 mM Tris-HCl (pH 8.0),
200 mM NacCl, 10% glycerol, and 1 mM TCEP were titrated with
increasing concentrations of MANT-ATP (0-150 uM), and steady-
state fluorescence spectra were recorded. Fluorescence intensities
at 340 nm (F340) and 440 nm (F440) were corrected for the pri-
mary inner filter effect with Eq. (2). Eq. (4) was applied to correct
F440 for both primary and secondary inner filter effects.

Calculation of Ky

The average value of fluorescence intensity between 430 and
440 nm (F430_440,0ps) Was used for calculations. This approach im-
proves the signal-to-noise ratio of the measurements. F430_440,0bs
was corrected for primary inner filter effects with Eq. (2). The val-
ues for fi; were determined individually for each experiment. Dilu-
tion of the protein due to the addition of ligand stocks was taken
into account, and the F430_4400bs data were fitted with GraphPad
Prism software (http://www.graphpad.com) using the quadratic
Eq. (9) for tight binding interactions with ligand depletion with
free parameters Ky by minimization of the weighted sum of
squares. 1/F440 was used as a weighting factor based on analysis
of residuals. The experiments were repeated five times, from which
average values of K4 were calculated. The Ky (without correction
for the inner filter effect incorporated) was calculated by nonlinear
regression analysis in GraphPad Prism using the equation for one-

site specific binding y = Bmax * X/(Kq + ), where y is the measured
fluorescence, B,.x is the maximum fluorescence, x is the concen-
tration of the ligand, and Ky is obtained in the same units as x.
The experiments were repeated at least five times and represented
with standard deviation (SD) values.

Results
Determination of extinction coefficients for MANT-ATP and protein

To correct for inner filter effects on fluorescence intensities, the
molar extinction coefficients for the JAK2 JH1 protein, AMP-PNP,
and MANT-ATP at 280 and 340 nm were determined. At 280 nm,
values of 38,850, 3800, and 3003 M~!cm™, respectively, were
obtained. At 340 and 440 nm, the absorbance of JAK2 JH1 was
negligible. For MANT-AXP, a molar extinction coefficient of
5160 M~' cm™' was obtained at 340 nm, whereas the value was
less than 50 M~! cm™! at 440 nm. The different MANT nucleotides
had identical extinction coefficients. Literature values of the molar
extinction coefficients for tyrosine and tryptophan (1490 and
5500 M~! cm™! at 280 nm, negligible at 340 nm) were confirmed
experimentally.

Determination of instrument parameters I, and I,

The values for I, were determined essentially as described in
Ref. [24]. The I, value for excitation at 280 nm (A,go) and fluores-
cence emission detection at 440 nm (F449) was determined from
a plot of log(Azso/Fasa0) Versus the absorbance of MANT-ATP at
280 nm, with [MANT-ATP] ranging from 0 to 500 ptM. A value for
Ip/l of 0.39 was calculated (see Supplementary Fig. 1A in supple-
mentary material). Using the same MANT-ATP solutions, applying
excitation at 340 nm and emission at 440 nm yielded an I,/! of 0.46
(Supplementary Fig. 1B). Performing the same analysis with a con-
centration series of tryptophan or tyrosine (excitation at 280 nm
and emission at 340 nm) yielded an I/l value of 0.4 for both com-
pounds. The excitation wavelength used for K4 determination was
280 nm; thus, a value for I/l of 0.4 was used to correct for the pri-
mary inner filter effect.

A practical method for correction for secondary inner filter ef-
fects caused by absorption of fluorescence at 340 nm by compo-
nents in solution has not been described in the literature.
Fluorescence is generated over the full length of the light path of
the cuvette and usually is detected in a limited window. Absorp-
tion of emitted light takes place along the path from the origin of
fluorescence to the wall of the cuvette (ly). For the fluorescence
cuvettes used here, the distance between the source of fluores-
cence and the cuvette wall is relatively small, on average 1 mm.
Assuming that the secondary inner filter effect is independent of
the primary inner filter effect, the same processes take place as
for the primary inner filter effect. Therefore, the factor [, obtained
with excitation at 340 nm (As4onm) and fluorescence emission
detection at 440 nm (F440) that was determined from a plot of
log(A340/F440) vVersus As4onm, was used as the starting point. Assum-
ing linear behavior of absorption over short distances, the value for
I, was corrected for the short light path of 1 mm (instead of 10 mm
for the excitation path length), resulting in a value of 0.046 for I /I
(see Supplementary Fig. 2 in supplementary material).

Correction of MANT-ATP fluorescence for inner filter effect

At low concentrations of MANT-ATP, Femobs (€Xcitation at
280 nm, detection at 440 nm) shows a linear relation with concen-
tration, but at higher concentrations the absorbance of the incident
light results in deviation from linearity (see Supplementary Fig. 3
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in supplementary material) and at high concentrations even results
in a decrease in fluorescence. Correction for the primary inner filter
effect using Eq. (2) results in a linear relation between fluorescence
values and MANT-ATP concentration up to an optical density of
2.5. The slope of this curve is factor f; (process 5 in Fig. 1). Applica-
tion of this correction allows the use of high concentrations of
MANT-ATP in the titrations.

Performing the same experiment with excitation at 340 nm
yields a higher fluorescence intensity because f30 = 17 « f; due to
a higher excitation intensity at 340 nm (data not shown).

Effect of tyrosine or tryptophan on fluorescence of MANT-ATP at
440 nm (I, =280 nm)

Tryptophan and tyrosine fluorescence emission from proteins at
340 nm can be absorbed by MANT-AXP in solution (process 4 in
Fig. 1). The contribution of this process to the MANT nucleotide
fluorescence intensity at 440 nm was investigated by titration of
a solution containing 50 tM MANT-ATP with tyrosine or trypto-
phan. These molecules have similar fluorescence characteristics
as tyrosine and tryptophan in a protein but do not bind MANT-
ATP.

Fluorescence spectra were recorded with excitation at 280 nm
and fluorescence emission detected from 400 to 500 nm. The aver-
age fluorescence intensity values between 430 and 440 nm were
corrected for the primary inner filter effect. Fig. 2A shows that
tyrosine does not contribute to the fluorescence at 440 nm. After
correction for the primary inner filter effect, the MANT-ATP fluo-
rescence at 440 nm remains constant on titration with tyrosine.
This indicates that the emission of tyrosine is low at 340 nm.

Fig. 2B shows a titration of MANT-ATP with tryptophan. A solu-
tion containing only tryptophan shows a linear relation between
concentration and fluorescence at 440 nm. In the presence of
50 uM MANT-ATP, the fluorescence signal increases slightly more
than in a solution containing tryptophan only. The ratio of the
slopes is 1.5. The fluorescence intensity is composed of contribu-
tions of tryptophan, MANT-ATP, and absorbance of tryptophan
fluorescence by MANT-ATP. MANT-ATP (50 uM) has absorption
at 340 nm of 0.26 and so absorbs 5% of the tryptophan fluorescence
over a path length of 1 mm. This implies that MANT-AXP in solu-
tion can reabsorb fluorescence emitted by the protein (process 4 in
Fig. 1).

Effect of tyrosine or tryptophan on fluorescence of MANT-ATP at
440 nm (I, = 340 nm)

Excitation at 340 nm of a solution of MANT-ATP with or with-
out tryptophan (range of 0-2.44 mM) in solution did not affect
MANT-ATP fluorescence at 440 nm (data not shown). Tryptophan
and tyrosine do not absorb light at 340 nm and so do not contrib-
ute to an inner filter effect. These results confirm that excitation at
340 nm can be used to measure both bound and free MANT-ATP in
solution and are in agreement with previous findings [4].

Effect of MANT-ATP on tyrosine or tryptophan fluorescence at 340 nm
(lex =280 nm)

The fluorescence at 340 nm of tyrosine or tryptophan (excita-
tion at 280 nm) was measured in the presence of increasing con-
centrations of MANT-ATP. As expected, the signal intensity
decreased with increasing absorbance at 280 nm. When values
were corrected for the primary inner filter effect, a slight decrease
in fluorescence was still observed (Fig. 3). Correction for the absor-
bance of fluorescence by MANT-ATP was necessary because the
A340 of MANT-ATP ranged from 0 to 0.77. Fig. 3 shows that the sec-
ondary inner filter effect starts to contribute if the Asyo of the
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Fig.2. Effect of tyrosine or tryptophan on fluorescence of MANT-ATP at 440 nm
(Zex =280 nm). (A) Effect of increasing concentrations of tyrosine on MANT-ATP
fluorescence at 430 to 440 nm. The excitation wavelength used was 280 nm. a,
tyrosine; ¢, 50 uM MANT-ATP + tyrosine; M, 50 pM MANT-ATP + tyrosine cor-
rected for primary inner filter effect. The lines are the results of fitting the data to a
linear model. (B) Effect of increasing concentrations of tryptophan on MANT-ATP
fluorescence at 430 to 440 nm. The excitation wavelength used was 280 nm. a,
tryptophan corrected for primary inner filter effect; ¢, 50 uM MANT-ATP + tryp-
tophan; B, 50 uM MANT-ATP + tryptophan corrected for primary inner filter effect.
The lines are the results of fitting the data to a linear model.

MANT-ATP solution surpasses the value 0.3 (~50 uM MANT-
ATP). After correction for the secondary inner filter effect, the fluo-
rescence signal at 340 nm is not affected by the concentration of
MANT-ATP. This indicates that MANT-ATP does not quench the
fluorescence of tyrosine and tryptophan other than by absorbing
a fraction of the emitted light.

The increase in MANT-ATP fluorescence by absorption of tryp-
tophan emission (Fse.) was determined by measuring the F440 of a
concentration series of MANT-ATP in the presence of different con-
centrations of tryptophan. f; increased to (1+0.005 * [Trp]) * fi,
with tryptophan concentration expressed in micromolar (uM).

Determination of f factors

To apply Eq. (10) for the calculation of Ky, the concentration of
the components must be calculated with Eq. (9) and the values of
the f factors must be assessed. For each species, the f factor units
used here are uM~ .

fi was determined from a concentration series of MANT-AXP.
Expression of other f factors in terms of f; eliminates variation in
instrument parameters such as lamp intensities. fp was calculated
from the ratio of F440/F340 for incubations with protein only. This
ratio of 0.026 was used to calculate the contribution of protein
fluorescence at 440 nm in the titrations of protein with MANT-
AXP. ferer Was expressed in relation to f; and used as a variable
in the fit. The fluorescence factors of bound protein (fp.) and bound
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Fig.3. Effect of MANT-ATP on tyrosine or tryptophan fluorescence at 340 nm
(Zex=280nm). (A) Effect of increasing concentrations of MANT-ATP on the
fluorescence of 551 uM tyrosine (excitation of 280 nm, emission of 340 nm). ¢,
uncorrected; A, corrected for primary inner filter effect; B, corrected for primary
and secondary inner filter effects. The lines are the results of fitting the data to a
linear model. (B) Effect of increasing concentrations of MANT-ATP on the
fluorescence of 122 pM tryptophan (excitation at 280 nm, emission at 340 nm). 4,
uncorrected; A, corrected for primary inner filter effect; B, corrected for primary
and secondary inner filter effects. The lines are the results of fitting the data to a
linear model.

MANT-AXP (fi.) cannot be measured experimentally but are as-
sumed to be similar to the f factors of free protein or MANT nucle-
otides. Eq. (10) also contains the contribution of emitted protein
fluorescence absorbed by MANT-AXP, which results in 0.5% addi-
tional fluorescence signal per tryptophan in the protein at
440 nm (Fsec). Because JAK2 JH1 contains three tryptophans, this
would result in an effective increase of f; of only 1.5%. Assuming
that fic=fi and fpc=fp and that Fs.c can be neglected below
50 uM MANT-AXP, Eq. (10) simplifies to:

F440cx 280nm = PL * ferer + Leotal * fi + Protal * fo- (11)

The factors fi30 and f; s« that describe the fluorescence on excitation
at 340 nm were determined for free MANT-AXP and for MANT-AXP
in complex with protein (0.2 uM MANT nucleotide with 0.5 uM pro-
tein). No clear blue shift due to binding was seen in the spectrum.
Binding to protein resulted in 6% higher fluorescence for bound
MANT-ATP and 10% higher fluorescence for bound MANT-ATP-7y-
S, indicating that the quantum yield of MANT nucleotide fluores-
cence hardly changes on binding.

Determination of Ky for JAK2 JH1

The Ky of JAK2 JH1 for MANT-ATP can be determined either by
titration of a fixed amount of MANT-ATP with protein or by
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Fig.4. Titration of MANT nucleotides with JAK2 JH1. Determination of Ky of JAK2
JH1 with MANT-AXP is shown, with 0.5 uM JAK2 JH1 being titrated with increasing
concentrations of MANT-AXP up to 88 M. Average F430 to F440 values for MANT-
ATP (@), MANT-ADP (M), and MANT-AMP () are represented by points. The line is
the result of fitting the data points to Eq. (11) as described in the text.

titration of a fixed amount of protein with MANT-ATP. Although
the result obtained from titrating a fixed concentration of
MANT-ATP with protein is easier to interpret, this method requires
large amounts of protein. Therefore, a fixed amount of protein was
titrated with MANT-AXP. First, the average fluorescence intensity
from 430 to 440 nm was corrected for the primary inner filter ef-
fect. The concentration of the protein-MANT-AXP complex was
calculated with Eq. (9). The contribution for each of the species
to F440 was calculated for each concentration of MANT-AXP, and
K4 and frrer were determined from fitting the data to the model de-
scribed by Eq. (11).

The analysis shows that JH1 has a K4 of 15 to 25 nM for MANT-
ATP and a Ky of 50 to 80 nM for MANT-ADP (Fig. 4). frrer for
MANT-ATP was found to be 8 * f; and 5 * f; for MANT-ADP. The re-
sults for MANT-AMP titrations reveal that MANT-AMP does not
appreciably bind to JH1 (Fig. 4). On the addition of increasing con-
centrations of MANT-AMP, there was a slight increase in total fluo-
rescence that might be due to absorption of protein fluorescence
by MANT-AMP(Fec).

Plots of the increase of fluorescence as a function of MANT-AMP
concentrations up to 88 uM revealed that no additional binding
sites are present in JH1 (data not shown). To investigate the impact
of the corrections on the determination of the Ky values of JH1 for
the MANT nucleotides, the Ky value for MANT-ATP was calculated
using another method. If the observed MANT-ATP fluorescence at
430 to 440 nm in the presence of protein is corrected for the con-
tribution of total MANT-ATP fluorescence and analyzed without
taking ligand depletion into account, a K4 of 145 +30nM is ob-
tained (see Supplementary Fig. 4 in supplementary material),
which is 10-fold higher than the 15nM found after taking all
appropriate corrections into account.

Determination of binding of nonfluorescent compounds by chasing
MANT-ATP

As control for binding of MANT-ATP, the ligand was chased
from the binding site by the addition of an excess of the nonfluo-
rescent ATP analogue AMP-PNP, where an amine replaces the
B-phosphate (Fig. 5). The fluorescence at each wavelength was
corrected for the primary inner filter effect. Fig. 5 shows that the
fluorescence of MANT-ATP increases dramatically after binding
to the protein and is reduced on the addition of 10 uM
AMP-PNP, indicating displacement of MANT-ATP by the inhibitor.
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Fig.5. Chasing of MANT-ATP from JAK2 JH1 by AMP-PNP. The effect of the addition
of an excess concentration of the nonfluorescent ATP competitive inhibitor on
fluorescence spectra along with control incubations is shown. Here, 0.5 uM JAK2
JH1 alone, 1 uM MANT-ATP alone, JH1 with 1 uM MANT-ATP, JH1 with 1 uM
MANT-ATP and 10 pM AMP-PNP, and JH1 with 10 uM AMP-PNP were excited at
280 nm. Fluorescence intensities have been corrected for the primary inner filter
effect.

The binding affinity of inhibitors can be assessed using this setup.
This also illustrates the advantage of using FRET over quenching of
the protein fluorescence at 340 nm. FRET clearly shows the binding
and release of MANT-ATP, whereas the fluorescence at 340 nm is
still quenched when MANT-ATP has been chased by AMP-PNP.

Confirmation of K, values for MANT-ATP

Although MANT-ATP is stable in solution under the conditions
used in this assay, it might by hydrolyzed by kinases. Titrations of
JAK2 JH1 with the nonhydrolyzable ATP analogue MANT-ATP-y-S
yielded a K4 value of 30 to 50 nM (see Supplementary Fig. 5 in sup-
plementary material). ferer for MANT-ATP-y-S was found to be
4.0 * fi. The different geometry around the y-phosphate might be
responsible for the differences in Ky and frrer as compared with
MANT-ATP.

Discussion
Choice of excitation wavelength

The most commonly used approach to determine the dissocia-
tion constant for ATP is by titration of a protein of interest in
appropriate buffer with increasing concentrations of MANT nucle-
otides. In such experiments, the fluorescence excitation wave-
length varies between 280 to 295 nm. The excitation wavelength
can be chosen close to the absorption maximum of tryptophan to
increase the FRET fluorescence, but another wavelength might be
preferred depending on the spectral properties of the species in
solution. If the fluorophore itself absorbs, its contribution should
be minimized. For MANT nucleotides, changing the excitation
wavelength from 280 to 295 nm reduces the absorbance by a factor
of approximately 5 and so reduces the inner filter effect. On the
other hand, this also reduces the absorbance of protein, and thus
the FRET intensity, so a balance must be found between low
MANT-AXP absorption and high protein absorption. The presence
of more absorbing or fluorescing species in solution complicates

the choice of the optimal excitation wavelength. Understanding
the factors that interfere with fluorescence helps to apply appro-
priate correction factors.

In this study, we chose the excitation wavelength at 280 nm so
as to allow a good visualization of the effects of the primary
absorption and how the correction procedures affect the outcome.

Corrections for the inner filter effect

The most important pitfalls encountered in the analysis of FRET
data are the contribution of inner filter effects. In the current study,
we extend the corrections for the primary inner filter effect, which
should be applied when the absorbance at the excitation wave-
length is above 0.06, to the secondary inner filter effect. We pro-
vide an experimental method to determine the instrument
correction factor and show that above an optical density of 0.3 at
340 nm the secondary inner filter effect begins to contribute. Fur-
thermore, we quantitate the absorption of protein fluorescence by
the ligand in solution and its contribution to the observed fluores-
cence at 440 nm as well as the contribution of the protein to fluo-
rescence at 440 nm. Absorption of fluorescence by other species in
solution that absorb at 440 nm may also contribute and can be ac-
counted for with the analysis provided here. Understanding of
these factors makes it possible to avoid conditions where they play
arole or to better analyze the data in such a way that these factors
are taken into account.

Determination of binding of ligands using ATP analogues is not
only complicated with several factors that need to be taken into
consideration but also challenging if the binding is very tight, so
the precise Ky values cannot be resolved. The affinity of JAK2 JH1
for MANT-ATP is high, with K4 values ranging from 15 to 25 nM.
The high affinity was confirmed using the nonhydrolyzable ATP
analogue MANT-ATP-v-S. The data show that replacement of oxy-
gen by a larger sulfur atom reduces the affinity slightly. A compa-
rable high affinity for ATP has been found for 6-phosphofructo-2-
kinase [6] and for members of the CDK family. The affinities ranged
from 50 to 90nM for CDK2 +cyclin A, CDK7 +cyclin H, and
CDC2 +cyclin A as determined from direct titration using the
enhancement of the MANT-ATP fluorescence [7]. The affinity of
JAK2 JH1 for MANT-ADP is tighter than for the CDK proteins that
have a Ky for ADP of 1.0 to 3.1 uM.

The difference in FRET efficiency between MANT-ATP and
MANT-ADP could indicate a different orientation of the two nucle-
otides provided that the orientation factor k2 is identical for both
species. Although «? may range from 0 to 4, its most likely value
is 2/3 for most proteins [30]. MANT-AMP shows no FRET at all
but quenches the protein fluorescence in the same way as the
other MANT nucleotides. This illustrates the advantage of FRET
by monitoring acceptor fluorescence compared with fluorescence
quenching experiments.

Because Ky values for dissociation of substrates or cofactors
from enzymes are often in the same range as K, values, the K4 va-
lue for MANT-ATP for JAK2 JH1 was much lower than expected
based on the previously published K, value (10-20 uM) [15,18].
Ni and coworkers [4] and Cheng and Koland [21] also reported
much lower Ky values than the reported K, values for protein ki-
nase A (PKA) and epidermal growth factor receptor (EGFR), respec-
tively. Part of this discrepancy can be explained by the fact that for
many proteins the affinity for ATP was reported to be lower by 3
orders of magnitude than for MANT-ATP [6]. In-depth analysis of
the fluorescence data provided no evidence for the presence of a
second binding site with affinities in this concentration range.

Screening of the literature, where FRET fluorescence between a
protein and MANT-ATP was used to determine affinities, revealed
that in most cases limited or no corrections were applied—even
under conditions where their use is advised based on the analysis
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presented here. As an illustration, two cases are discussed here. In
a recent article, Rivas-Pardo and coworkers [31] used fluorescence
spectroscopy to investigate the metal ion requirements of phos-
phofructokinase-2. The authors titrated a solution of the enzyme
with MANT-ATP (0-250 uM). The excitation wavelength was ad-
justed to minimize the inner filter effects, but at the highest con-
centration the absorbance of MANT-ATP at 295nm was
approximately 0.1. Correction for the inner filter effect becomes
necessary when the absorbance is above 0.06. The quenching of
protein fluorescence at 340 nm was employed for Ky determina-
tion. However, at this wavelength correction for the secondary in-
ner filter effect is necessary because here absorbance of MANT-ATP
increases to a value of 1.2. Absorption at 340 nm leads to quench-
ing of the protein fluorescence at this wavelength (process 4 in
Fig. 1) and cannot be ignored. Omission of the corrections for pri-
mary and secondary inner filter effects leads to an inaccurate Ky
determination and in the worst case leads to incorrect conclusions.
Although in Ref. [31] the discussed points might not invalidate the
conclusions of the study, the application of corrections would
make the analysis more accurate.

In another example of using MANT-ATP for Ky determination,
Ni and coworkers titrated PKA with MANT-ATP up to a concentra-
tion of 140 uM [4]. They reported a linear relation between MANT-
ATP concentration and fluorescence over the concentration range
tested (excitation at 290 nm), whereas our observations suggest
that at the higher concentrations the inner filter effect causes devi-
ations from linearity, necessitating corrections for the primary in-
ner filter effect. The values obtained from this experiment with
MANT-ATP were used to correct titrations of PKA with increasing
MANT-ATP concentrations for the contribution of free MANT-
ATP. The resulting values were used for the calculation of K4. How-
ever, because the absorption of MANT-ATP at high concentrations
at 340 nm is above 0.6, a significant fraction of the tryptophan fluo-
rescence is absorbed by MANT-ATP, resulting in additional fluores-
cence intensity at 440 nm.

For most studies that use MANT nucleotide titrations to deter-
mine the affinity of proteins for ATP or ADP, critical assessments
can be made. Only few authors take precautions to avoid the need
for use of correction factors. The current analysis shows that
understanding of the contributing factors provides a general cor-
rection method for commonly encountered pitfalls and improves
the quality of the data. Using the appropriate corrections, the use
of FRET methods can be extended to much higher concentrations
of fluorophore and can accommodate the use of competing binders,
including fluorescent compounds.

Conclusions

MANT nucleotides mimic the binding characteristics of ATP in
ligand-protein interaction studies and are potential fluorescence
acceptors in FRET experiments. The use of MANT nucleotides has
been extended to study the binding properties of nucleotides to a
variety of mutant proteins. We employed FRET spectroscopy to
identify binding affinities for JH1 of JAK2 for MANT nucleotides
and the lack of binding for MANT-AMP. We presented a detailed
procedure to evaluate the correction parameters, including those
to correct for primary and secondary inner filter effects that need
to be taken into account for determination of correct nucleotide
binding parameters, when the absorbance of the solution surpasses
certain values. These corrections allow extending titrations to
higher ligand concentrations.
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Abstract
JAK2 tyrosine kinase regulates many cellular functions. Its activity is controlled by the

pseudokinase (JH2) domain by still poorly understood mechanisms. The V617F mutation in the
pseudokinase domain activates JAK2 and causes myeloproliferative neoplasms. We conducted a
detailed kinetic analysis of recombinant JAK2 tyrosine kinase domain (JH1) and wild-type and
V617F tandem kinase (JH1JH2) domains using peptide microarrays to define the functions of the
kinase domains. The results show that i) JAK2 follows a random Bi-Bi reaction mechanism ii) JH2
domain restrains the activity of the JH1 domain by reducing the affinity for ATP and ATP
competitive inhibitors iii) V617F decreases affinity for ATP but increases catalytic activity
compared to wild-type iv) the SH2-JH2 linker region participates in controlling activity by reducing
the affinity for ATP.

Keywords: JAK2 recombinant protein, kinetic mechanism, Kmn, Vmax, multiplex Kkinetic assay,

peptide microarray

Highlights:
e Kinetic analysis of recombinant JAK2 proteins revealed a random Bi-Bi mechanism.
e The JH2 domain reduced Vs 5-20 fold in JHLIJH2WT and JH1JH2V617F.
e The JH2 domain increased K, (ATP) 4-10 fold for the 10 substrate peptides tested.
e V617F mutation increased Vmax possibly by changing the activation loop conformation.
e The SH2-JH2 linker increased inhibition by JH2 and reduced the affinity for ATP.
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1. Introduction
JAK?2 belongs to the Janus tyrosine kinase family and functions as a central mediator of cytokine

signaling. Cytokine stimulation induces hetero/homo dimerization of hematopoietic cytokine
receptors and facilitates the activation of JAK2 by auto and/or trans-phosphorylation. JAK2
contains at the N-terminus a FERM (4.1/ezrin/radixin/moesin) domain which together with an SH2
(Src homology 2)-like domain encompasses JAK homology (JH3 - JH7) regions that are followed
by the pseudokinase domain (JH2) and the tyrosine kinase domain (JH1) at the C terminus of the

protein.

The JH2 domain negatively regulates the JH1 activation and JAK2-mediated signaling (1, 2). The
JH2 domain was initially considered to be devoid of catalytic activity but was recently found to
bind ATP and be able to phosphorylate two negative regulatory sites in JAK2 (3). Mutations in the
JH2 domain have been shown to lead to hyperactive JAK2 (4-7), and constitutive activation of
JAK2 is causing myeloproliferative diseases (8). Despite the wide interest towards JAK2 and
mechanisms of its regulation, the precise function of the JH2 domain is still only partially

understood.

In this study we have extended the biochemical and kinetic characterization of JAK2 kinase
domains by analysing JH1, JH1JH2WT 513, JH1JH2V617F 513 and JH1JH2V617F 536 (see
M&M) using peptide microarrays. The presence of JH2 domain decreased Vmax and increased K,
for ATP (referred as K;) which resulted in reduced affinity for ATP competitive inhibitors in the
JH1JH2 constructs. Comparison of kinetic parameters between the constructs showed that the SH2-

JH2 linker regulates JAK2 kinase activity by reducing the affinity for ATP.

2. Material and Methods

2.1 Plasmid constructs, cell lines and reagents - JAK2 (EC-2.7.10.2) C-terminal thrombin
cleavable 6XHis tag proteins JH1JH2WT_513-1132 (wild type), JH1JH2V617F 536-1132,
JH1JH2V617F 513-1132 and JH1 836-1132 were expressed and purified as described previously
(9). PamChip® tyrosine kinase microarrays and BioNavigator software for analysis of peptide
microarrays were from PamGene International BV (‘s-Hertogenbosch, The Netherlands). 10x PK
kinase buffer and 100x BSA were from New England Biolabs, BSA Fraction V from Calbiochem,
ATP, ADP-B-S from Sigma-Aldrich and fluorescein-labeled PY20 anti-phosphotyrosine antibody
from Exalpha Biologicals. Prism 6 and SigmaPlot was obtained from GraphPad and Systat

respectively.
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2.2 PamChip® peptide microarrays - Custom made PamChip® Tyrosine kinase microarrays
containing 21 different JAK2 substrate peptides (13-15 amino-acids long, derived from putative
tyrosine-phosphorylation sites in human proteins), each at 300, 400, 600, 750, 1000 and 2000 uM
spot concentration were used. Peptides were named based on UniProt knowledgebase protein

identities and amino acid position numbers (www.expasy.org/sprot). A pre-tyrosine-phosphorylated

peptide was used as a control for antibody binding. Spotted peptide concentrations were checked by
Sypro Ruby staining. Instrumentation, array properties and quality control of arrays have been

described elsewhere (9, 10). Details on peptide names and sequences are shown in Table S2.

2.3 Kinetic studies - Incubations and kinetic readings of the peptide microarrays were performed at
30°C on a PamStation 96 instrument (PamGene International BV, °‘s-Hertogenbosch, The
Netherlands) that allows simultaneous incubation of 96 arrays. Incubations were performed as
described in Sanz et al (9) and in Fig.S1 with 1.13 pmoles per reaction for JHLJH2WT 513, 0.4
pmoles per reaction for JH1JH2V617F 513 and JH1JH2V617F 536 and 0.04 pmoles per reaction
for JH1 in a final reaction volume of 25 pl. For JAK2JH1, the ATP concentration varied from 0—
100 pM, for the other constructs from 0—400 uM while the concentration of ADP-B-S ranged from
0-1 mM. Assays without inhibitors were performed in duplicate in 2-5 independent experiments.

2.4 Signal quantification and data analysis - Signal intensities on each peptide spot were
quantitated for all time series of images with BioNavigator software. The initial reaction rate (v) for
each spot was determined according to Sanz et al (9) at the fifth cycle via v = Ymax * k * €. Only v
values that had R? > 0.7 in the fit and where yimax was less than 500000 were used for subsequent
data interpretation. To eliminate overall differences in signal intensity between the PamChip® 96
array plates, all v-values were expressed with respect to the mean v-value at 100 uM ATP of 21
peptides present at 1000 pM. Initial velocities (v) were expressed in % relative activity per pmol

protein.

2.5 Kinetic analysis - Initial reaction rates as function of ATP or peptide concentration were fitted
to the equations for ordered Bi-Bi, random Bi-Bi or Ping Pong mechanisms in the Enzyme Kinetics
Module of Sigma Plot. It should be noted however, that it was possible to obtain reliable values for
10 peptides out of 21 in the peptide array where the peptide concentration surpassed the Ky values.
Data presented are the average of a number of experiments (3 for JH1, 4 for JH1JH2WT 513, 5 for
JH1JH2V617F 513 and 2 for JH1JH2V617F 536) performed on different days. Each of these

experiments comprised 2 technical replicates of the conditions without inhibitor.
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For inhibitor studies, data at variable ATP or peptide concentrations and inhibitor concentrations

were fitted to the equations for competitive and non-competitive inhibition in SigmaPlot.

3. Results
Histidine-tagged recombinant JAK2 JH1, JH1JH2WT and JH1JH2V617F proteins comprising

amino acids (aa) 836-1132 and 513-1132 respectively were produced in Sf9 cells (9). Attempts to
produce the aa 536-1132 construct of JH1IJH2WT failed but JH1JH2V617F comprising aa 536—
1132 (JH1JH2V617F _536) could be stably expressed and purified.

Experiments were performed at protein concentrations where the kinase activity was linear in
relation to protein concentration. The reactions took place under initial rate conditions, i.e., 10% or
less of the peptide was phosphorylated in the course of the reaction. Peptide phosphorylation was
monitored in real time by detecting the binding of fluorescent anti-phosphotyrosine antibody. The
rate limiting step in all reaction conditions was the phosphorylation of the peptide. Detection of
phosphorylation by fluorescent antibody binding results in relative reaction rates that depend on e.g.
lamp intensity, degree of labeling of the antibody and affinity of the antibody for the
phosphopeptide. Therefore, the values can not be quantitated in moles of product formed but are
presented as % relative activity per pmol of kinase (see Materials and Methods).

3.1 JAK2 follows a random Bi-Bi reaction mechanism
Initial reaction rates for JH1 catalyzed peptide phosphorylation as a function of ATP concentration

were determined on PamChip® 96 array plates that enable simultaneous real time recording of
phosphorylation kinetics on 96 arrays, each containing 21 different peptides at 6 concentrations
each (Fig. S1). EGFR_1190 1202 peptide showed the highest catalytic activity and data for this
peptide are shown. Lineweaver-Burk plots at either varying peptide concentrations or varying ATP
concentrations (Fig. 1A and 1B) confirm a sequential reaction mechanism, where both substrates
bind before the products are released and demonstrate that binding of ATP increases the interaction
with peptide (11).

The dead end inhibitor ADP-B-S (one of the oxygen atoms of the B phosphate is replaced by a
sulphur atom) was used to discriminate between the random Bi-Bi and ordered Bi-Bi reaction
mechanisms. Such inhibitors, usually structural analogues of a substrate, bind to an active site
without conversion to product. Plots of 1/v vs 1/[S] show a non-competitive or competitive
inhibition pattern for ADP-B-S with respect to peptide and ATP respectively (Fig. 1C and 1D)
which corroborates that JH1 follows a random sequential mechanism.
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Figure 1: Two substrate steady state kinetics and inhibition by ADP-$-S for JH1.

Double reciprocal plots of initial reaction rates of JH1 as function of [ATP] with varying
[EGFR_1190-1202] concentration (A) or as a function of [EGFR_1190-1202] with different ATP
concentrations (B); ATP or peptide concentrations are indicated by ‘A’ or ‘B’ in the legend. Double
reciprocal plots with variation of ATP at [EGFR_1190-1202] = 2000 puM (C) or variable
[EGFR_1190-1202] concentrations at [ATP] = 100 uM (D). The [ADP-B-S] concentrations are
indicated by ‘I’ as pM.

The effect of the JH2 domain on the kinetic parameters was investigated on PamChip® peptide
microarrays using JH1JH2WT 513, JH1JH2V617F 513 and JH1JH2V617F 536 proteins with
increasing concentrations of ATP and peptide substrates. Under the experimental conditions, the
Kinetic activity of the JH2 domain alone was too low to contribute to measured Kinetic rates.
Lineweaver-Burk plots (Fig. 2, 3 and S2 respectively) indicate that the reactions proceed via the
formation of a ternary complex. Studies with the inhibitor ADP-B-S revealed that the JAK2
constructs all follow a random Bi-Bi mechanism like JH1 (Fig. 2C / 2D, 3 and S2C / S2D).
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Figure 2: Two substrate steady state kinetics and inhibition by ADP-B-S for JH1JH2WT 513

Double reciprocal plots for initial reaction rates of JHLJH2WT 513 as function of [ATP] with
varying [EGFR_1190-1202] concentration (A) or as function of [EGFR_1190-1202] with different
indicated by ‘A’ or ‘B’ in the legend.
Plots with ADP-B-S against ATP at fixed [EGFR_1190-1202] = 2000 pM (C) or against
P-B-S] concentrations marked as ‘I’ in

ATP concentrations (B); ATP or peptide concentrations are

[EGFR_1190-1202] and fixed [ATP] = 100 uM, with [AD
the inset of the figure as uM.
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Figure 3: Two substrate steady state kinetics and inhibition by ADP-B-S inhibitor for
JH1JH2V617F 536

Double reciprocal plots for initial reaction rates of JH1JH2V617F 536 as function of [ATP] with
varying [EGFR_1190-1202] concentration (A) or as function of [EGFR_1190-1202] with
difference ATP concentrations (B); ATP or peptide concentrations are indicated by ‘A’ or ‘B’ in the
legend. Plots with ADP-B-S against ATP at fixed [EGFR_1190-1202] = 2000 pM (C) or against
[EGFR_1190-1202] and fixed [ATP] = 100 uM, with [ADP-B-S] concentrations marked as ‘I’ in
the inset of the figure as uM.

3.2 Determination of kinetic parameters
Vmax and K., values at infinite concentrations of both substrates for JH1, JH1JH2WT and both

mutants were obtained from non-linear fits to the equation for a random Bi-Bi mechanism for 10
peptides (Table 1 and S1). For JHLJH2WT _513 the presence of the JH2 domain resulted in a 10-20
fold reduction in Vi compared to JH1. The V617F mutation in JH1JH2V617F 513 alleviates the
inhibitory effect and shows a 4 fold reduction in Vpax. The JH1JH2V617F (536-1132) protein
lacking the SH2-JH2 linker peptide shows an 8 fold reduction in Vma. The K, for the JH2
containing proteins increased 2-6 fold as compared to JH1 in the order JH1JH2V617F_536,
JH1JH2WT 513 and JH1JH2V617F 513. K, for peptide (Kp) is in the same range in
JH1JH2WT 513 and JH1JH2V617F 536, but increases substantially for JAK2JH1JH2V617F 513
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as compared to JH1. The data suggest that in addition to the JH2 domain, the linker domain also

participates in regulation of JAK2 activity.

Table 1: Kinetic parameters extrapolated to infinite concentration of either substrate for four
JAK2 constructs and three peptide substrates.
Ka and Ky are in pM, Vimax In % relative activity per pmol protein

JAK2JH1 JAK2JH1JH2ZWT 513

Peptide Identity K, £+ SD K, =SD Vimax £SD  Alpha value K, +SD K, +SD Vimax £SD  Alpha value
EGFR_1190-1202 17+3 365+ 75 8489+ 566 1.5+0.8 60+ 18 474 + 109 567 + 46 23+14
JAK1 1015-1027 13+4 686+ 130 6977 £559 22+1.2 35+ 18 1541 £262 659 =63 3.16+2.1
JAK2 563-577 24+9 1276 +£323  3988+552 1.6+0.8 78 £20 1200+ 195 200+ 20 0.81+0.3

JAK2JH1JH2V617F_513 JAK2JH1JH2V617F_536
Peptide Identity K,+SD K, =SD Vimax £SD  Alpha value K, +SD K, +SD Vmax £SD  Alpha value
EGFR_1190-1202 101 £33 752 £ 194 1930+227  1.11+0.7 36+5 287 +35 988 + 33 341
JAK1 1015-1027 79+42 2413 £594  2463+401 13«1 14+6 681+ 70 1040 £43 8.6+4.6
JAK2 563-577 103 + 55 2367 +£718 997 + 202 0.7+0.6 62+ 13 966 + 125 597 + 38 1.4+£0.5

3.3 Determination of inhibition constants
Ki values for ADP-B-S were determined for the peptides JAK1_1015-1027, JAK2_563-577 and

EGFR_1190-1202 at either variable ATP concentration and 2000 puM of peptide or varying peptide
concentration at 100 uM ATP for JH1 and 400 uM ATP for the other constructs (Table 2). The
higher ATP concentration was used to reflect the increased K, in JH2 containing constructs. Values
for K; were obtained from fitting the reaction rates to equations for competitive or non-competitive
inhibition. The presence of the JH2 domain resulted in significantly higher K; values compared to
the JH1 kinase domain. K; for JH1JH2WT 513 was 8 times higher than for JHL.
JH1JH2V617F 513 showed 4 fold increased K; compared to JH1 and deletion of the SH2-JH2
linker in JH1JH2V617F_536 increased the K; values to 10 fold higher than for JH1. These data
confirm that both JH2 and the SH2-JH2 linker affect the affinity for ATP and the ATP competitive
inhibitor ADP--S and that the SH2-JH2 linker harbors an inhibitory function in JAK2.

Table 2: Inhibition constants for ADP-B-S for the four JAK2 constructs and three peptide
substrates.

var ATP ([peptide] = 2000 pM) var peptide ([ATP] = 100 (JH1) or 400 uM (JH1JH2)
JAK2JH1JH2 JAK2JH1JH2 JAK2JH1JH2 JAK2JHIJH2 JAK2JH1JH2 JAK2JH1JH2
JAK2JH1 WT 513 V617F_513 V617F_536 JAK2JH1 WT 513 V617F_513 V617F_536
Peptide name K (uM) K;(uM)
EGFR_1190-1202 6.5+ 1 48+6 21+4 49+8 42+4 316+ 34 179 £28 365 £ 56
JAKI1_1015-1027 6+1 49+6 26+4 47+5 39+5 563 + 122 213+£22 352439
JAK2 563-577 6+1 47 + 10 24+4 46+ 8 31+3 295 + 38 186 + 18 257 +42
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4. Discussion

Reaction mechanism followed by JAK2 kinase domains

In this study we performed full kinetic analyses of recombinant JAK2 kinases. Variation in both
ATP and peptide concentrations and of the peptide substrates showed that JAK2JH1 and
JAK2JH1JH2 constructs follow a random Bi-Bi mechanism, like the majority of kinases (12-17).
These results are in line with the findings from Erdmann et al. for JH1 and full length JAK2 (18).

Kinetic parameters for JAK2 JH1
In our Kinetic studies, K, and Ky values for all constructs were determined by extrapolation to

infinite concentration of the other substrate. The K, values of 12-24 uM for JH1 are similar to those
reported previously (19, 20), but higher than the 0.68 uM that was determined at a low ATP range
(0-10 pM) (18) and lower than the values at fixed peptide concentrations (11).

Ky values range from 392 uM for RON peptide to about 1276 uM for JAK2 peptide. The K for
only STAT5A peptide has been previously reported. The K, for STAT5A extrapolated to infinite
ATP concentration (833 + 160 puM) is higher than the Ky,* of 239 + 36 uM at 100 pM ATP (10)
and the Ky of 113 = 7 uM, at 0-10 uM ATP (18). Also the K,*" for the JAK2 activation loop
peptide (205 = 34 uM) is lower than our value (686 + 130 uM) for the JAK1 activation loop peptide
that shares sequence elements (21). In conclusion, the kinetic parameters determined with peptide

microarrays are very similar to those obtained with other methods.

Regulation of JAK2 activity and role of V617F mutation and SH2-JH2 linker region
The JH2 domain, the V617F mutation and the SH2-JH2 linker were all found to affect the Kkinetic

parameters. The presence of the JH2 domain lowered the catalytic activity and the affinity for ATP.
The V617F mutation resulted in a lower affinity for ATP but a higher Vimax. The increased Vmax may
involve a conformational change of the activation loop to the active conformation. Molecular
dynamic simulations have suggested that in JAK2WT full activation of the kinase domain is
prevented by interaction of F595 and S591 in JH2 with the activation loop of JH1 resulting in an
auto-inhibited conformation (22, 23). The V617F mutation might release the inhibitory interaction
formed via a m-m stacking interaction between phenylalanines 617 and 595 (24) that allow a

conformational change of the activation loop (23, 25-27).

Differences in kinetics between the V617F 513 and V617F 536 protein suggest an important role
for the 513-536 SH2-JH2 linker. In the presence of the linker, K, is increased. Removal of the
linker allowed binding of ATP with the same affinity as JH1 but reduced the Vmax. This suggests
that binding and catalysis are distinct processes that involve different parts of JH1. Molecular

dynamics studies suggest that the n-r stacking interaction (that leads to an active conformation of
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the activation loop) was lost in the absence of the linker (27). Apart from regulating the affinity for
ATP and the conformation of the activation loop, the linker is essential for interaction with the EPO
receptor (28). The poor solubility of the JHLJH2WT_536 construct further supports an important
role for the linker region. Activating mutations in this linker have been reported in MPN patients
(28, 29). The crystal structure of JAK1 JH2 domain includes the SH2 linker and provides structural
insights into this regulation. The F575 in the linker region interacts with C helix F636 and with
V658F which is the corresponding site for V617F in the JH2 B4-p5 loop (30). Recently it was also
shown that FERM domain possess a regulatory role in hyperactivation of JAK2V617F (21). Thus,

the regulation of JAK2 activity involves several regions of the JAK2 molecule.

The crystal structures of individual JAK2 JH1 and JH2 domains of the wild type and V617F mutant
have been solved (24, 31). The structure of the tandem kinase domain has not yet been reported
which may reflect the flexibility and the complex allosteric interaction between JH1 and JH2.
Conformational changes ranking from movements of the activation loop to large displacements of
domains have been described for several kinases, such as Abl (32). This is the first study where the
effect of the JH2 domain and the SH2-JH2 linker on kinetic parameters has been reported in a full

Kinetic analysis.

Consequences of changes in the affinity for ATP for inhibitor design
The presence of the JH2 domain reduces the affinity for ATP and for ADP-B-S. Interestingly, K, for

JH1JH2WT 513 is higher than K, for JHLJH2V617F 536, but K; values are exactly the same. This
could point at a different binding mode for these compounds. The reduced affinity for ATP could
indicate that inhibitors designed against the JH1 domain may be less effective in the presence of all
regulatory domains of JAK2. This observation might, in addition to the effect of determining ICs at
very low ATP concentrations, explain the discrepancy between in vitro and in vivo efficacy of JAK
inhibitors (33).

In conclusion, the present study provides detailed enzymatic and Kkinetic analysis of the JAK2
kinase function. JH1, JH1JH2WT 513, JH1JH2V617F 513 and JH1JH2V617F 536 follow a
sequential random Bi-Bi reaction mechanism. Our studies confirm the hypothesized role for the
SH2-JH2 linker in reducing the activity of JHLJH2WT _513 but also indicate that this linker affects
ATP binding. This study also introduces methodologies that can be implemented to screen for

compounds that target JAK2 outside the tyrosine kinase domain.
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Legend to supplementary figures

A. Sample preparation and incubation
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B. Kinetic readout of incubation
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Figure S1: Schematic representation of assay setup

A: Sample preparation and incubation — Prior to incubation with protein kinases, arrays were
blocked with 2% BSA (w/v),) in water for 30 cycles and washed three times with PK assay buffer
(50 mM Tris—HCI (pH-7.5), 10 mM MgCl,, 1 mM EGTA, 2 mM DTT, and 0.01% Brij-35). JAK2
proteins with kinase assay buffer (Protein Kinase buffer, JAK proteins at indicated concentration,
0.01 % w/v BSA, 12.5 pg/ml fluorescein-labelled PY20 antibody, 0.5 % DMSO) with varying
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[ATP] and [Inhibitor] concentrations were pipetted onto the 96 arrays and incubated. B: The kinase
reactions were performed for 60 cycles of pumping up and down through the pores of the
microarrays at a rate of 2 cycles per minute. Arrays were imaged every minute by an integrated
CCD-based optical system. The signal intensity as a function of time was used to calculate the
initial rate of reaction. C. To eliminate differences between 96 array plates, data of each 96 array
plate were normalized to the mean of the peptides at 1000 UM concentration in the absence of
inhibitor. The resulting normalized initial reaction rates were used as input for kinetic analysis.
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Figure S2: Two substrate steady state Kkinetics and inhibition by ADP-B-S for
JH1JH2V617F 513

Double reciprocal plots of initial reaction rates of JH1JH2V617F 513 as function of [ATP] with
varying [EGFR_1190-1202] concentration (A) or as a function of [EGFR_1190-1202] with
different ATP concentrations (B); ATP or peptide concentrations are indicated by ‘A’ or ‘B’ in the
legend. Double reciprocal plots with variation of ATP at [EGFR_1190-1202] = 2000 uM (C) or
variable [EGFR_1190-1202] concentrations at [ATP] = 100 puM (D). The [ADP-B-S]
concentrations are indicated by ‘I’ as pM.
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Table S1

Kinetic parameters extrapolated to infinite concentration of either substrate for four JAK2
constructs and seven peptide substrates. For comparison, all 10 peptides are shown.
Ka and K, are expressed in UM, Vmax in % relative activity per pmol protein

Peptide Identity K, = SD
EGFR_1190-1202 17+3
13+4
2419
IEJH{_III)T\—]IIS 18414
ERBB2_1241-1253 133=3
INSR_992.1004 1446
PGFRB 028 1243
3 1835
15+6
14+5
Table S2

Peptide Identity

EGFR_1103-1115
EGFR_1190-1202
ERBB2_1241-1253
INSR_992-1004
JAK1_1015-1027
JAK2 563-577
PGFRB_1014-1028
RON_1346-1358
RON_1353-1365
STATSA_687-699

JAK2JHT

Ky =SD Alpha value K, =SD
365475 1508 60+ 18
686 + 130 69 22412 35+18
1276 £323 39 1608 TB£20
979 + 421 36+43 156 =125
623 + 105 1.1+£0.5 7517
1118+ 249 1.7+1.1 79+ 36
3794103 14£08 T5£19
392494 1911 5320
901 + 223 24+17 79+ 26
B33 + 160 EXEN 93+33
Sequence
GSVONPVYHNQPL
STAENAEYLRVAP
PTAENPEYLGLDV
YASSNPEYLSASD
AIETDKEYYTVKD
VRREVGIYGQLHETE
PNEGDNDYIIPLPDP
SALLGDHYVQLPA
YVQLPATYMNLGP
LAKAVDGYVKPQI

JAKZJHIJH2WT_513

Ky, +SD
474 = 109
1541 +262
1200 + 195
3830 = 1876
619+ 107
2216+ 539
621 £ 124
1115 £ 201
1407 + 265
2143427

Vinas = SD
567 + 46
639 4+ 63
200 £ 20
100 + 57
491 +35
298 + 47
493142
651 4 60
647 + 69
448 + 38

Tyrosine

[1110]
[1197]
[1248]

[992, 999]
(1022, 1023]
[570]

[1021]
[1353]
[1353, 1360]
[694]

Alphavalue K,+SD K,

2314

3le=21

05706
1.32=0.6
1£0.7
1106
23513
12£07
0.9+0.5

135+ 66

JAKZIHLIH2V617F_513

594921

2461+ 3523
1375 £ 320

1315+248
1706 + 567

JAK2ZJHIJH2V61TF_S36

Viuse £ SD Alpha value K, +SD K.+ SD Viwax £SD - Alpha value
1930 = 227 L1107 36+5 287 £35 988 £ 33 R
2463 = 401 1.3+1 14+6 681+ 70 1040 + 43 8.6+ 4.6
997 £ 202 0.7 0.6 62+ 13 966 + 125 597+ 38 1405
264 £ 65 071+£06 48 + 60 2903 + 1175 203 < 56 232
1908 = 183 1.31+0.7 38+ 406 + 76 993 + 61 3+ l6
1038 = 149 0805 54+20 1927+297 846+ 81 1.7+09
2403 = 1766 0.6+04 2945 304 & 40 98T £ 36 42+ 1.6
1499 = 269 0405 305 504 £ 45 1061 =34 4312
1966 = 206 1.1+06 48+ 9 833482 1129+ 52 2+06
153123121 0.7=0.6 57+13 1202+ 146 892+ 57 1.6+ 0.6

UniProt Accession Description

P00533
P00533
P04626
P06213
P23458
060674
P09619
Q04912
Q04912
P42229

Epidermal growth factor receptor

Epidermal growth factor receptor

Receptor tyrosine-protein kinase erbB-2

Insulin receptor

Tyrosine kinase JAK

Tyrosine kinase JAK2

Beta-type platelet-derived growth factor receptor
Macrophage-stimulating protein receptor RON
Macrophage-stimulating protein receptor RON

Signal transducer and activator of transcription 5A

Peptide details: Peptide names, sequences, Uniprot identities and description for the peptides used
in this study are shown. Peptide names are based on UniProt Knowledgebase (human proteins).
Tyrosine residues involved in phosphorylation reactions are shown in bold.
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