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Abstract

Cells are constantly sensing and adapting to changes in conditions. Protein post-translational
regulation is one of the fastest mechanism used by cells to relay signals from sensors to
effectors during such adaptations. Mass spectrometry allows for the study of posttranslational
modif cations on a very large scale and has been extensively applied to study protein phospho-
rylation. On the order of 75% of human proteins have been estimated to be phosphorylated
and approximately 160,000 human phosphosites are listed in public repositories. This wealth
of knowledge, remains mostly uncharacterized with around 5% of human phosphosites
having an annotated regulatory role or known regulatory kinase. Devising ways to study
the functional importance of phosphosites is therefore a crucial research question. The
recognition of target sites by a kinase is thought to be determined by a short contiguous
sequence motif around the target phosphosite. It has been reported that kinases can, in some
cases, recognize a 3D epitope instead of a linear peptide sequence. However, the extent by
which 3D epitopes are important for kinase recognition is unknown.

To study the usage of 3D kinase recognition motifs, I f rstly examined if known in vitro
and in vivo human kinase targets can be explained by 3D epitopes. For this I devised a
computational pipeline mapping known kinase target phosphosites to structural models.
Using these I identif ed potential cases where the important specif city determinant residues
are not observed in contiguous sequences in the targets but may exist as a 3D epitope, and
performed docking simulations to examine the possible kinase interactions. The 3D epitope
examples were found to be rather exceptions than a rule, and the analysis conf rms the general
rule of linear motif recognition by kinases.

To better predict phosphorylation of high functional relevance I analysed phosphosites
that are highly conserved across species within protein domains families. These regions
of conserved phosphorylation, def ned as phosphorylation hotspots, were determined us-
ing phosphosite data for a total of 40 eukaryotic species. A total of 241 domain regions
were identif ed as hotspots within 162 domain families that were then mapped to proteins
structures. These regions were shown to predict known regulatory sites and overlap with

important structural features (i.e. protein interfaces and residues near or at catalytic sites). To



further study the regulatory regions of protein domains I searched for regions of conserved
ubiquitination and/or a high degree of recurrent mutations found in cancer. Of 68 domains
that had enough data for analysis of all 3 types of hotspots I present the analysis of interesting

cases and domains containing overlapping PTM and/or mutational hotspots.
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Chapter 1

Introduction

1.1 Proteome

The complete sequencing of the human genome, defined as a the full content of all chromo-
some related information, was a hallmark of large-scale biology. Although it took immense
effort and series of related and sometimes unintended innovations, the definition of entire
genome is relatively well established. Human genome project revealed 20,300 protein
coding genes, in contrast to the estimated 100,000 (Pruitt et al. [229]). This unexpected
finding led to the recognition that the protein variation might be mostly responsible for the
complexity of the biological organisms rather than a high number of distinct genes (Schliiter
et al. [247]). A term ’proteoform’ has been introduced to better refer to a product of a
single gene (Smith et al. [266]) that is a protein but also encapsulates changes due to genetic
variations, alternatively spliced RNA transcripts and post-translational modifications. The
proteome, unlike the genome, has a non-linear character with a highly dynamic range and
differences over time and space of proteins. In the case of proteomics, the definition of
a complete, reference proteome presents a new, more complicated challenge. Character-
ization of all the possible isoforms and modification states of all expressed proteins may
be impossible to experimentally discover, because of the astronomical number of possible
combinations (Cox and Mann [51]). The limited view that comprahensive proteome can
be defined as all the proteins identifiable by a state of art mass spectrometric methodology
(Beck et al. [12]) has its practical aspect. Alternatively, the Chromosome-Centric Human
Proteome Project identifies one or more protein representatives from all the protein coding
genes in an organism (Paik et al. [215]). The most pragmatic and easiest, yet still very
laborious definition to achieve, is the identification and quantification of at least one protein

form from every genomic locus that is expressed in a given biological system. Such an
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achievement would provide a very rich source even for the low abundant proteins and all
the isoforms. So far, only partial information about the proteome and phosphoproteome are
available in standardised databases. Efforts from OpenProt (Brunet et al. [31]) and UniProt
(UniProt Consortium [290]) address the needs of the field and provide the most popular and
extensive databases. The first description of a complete model proteome (de Godoy et al.
[59]) along with the identification of proteins in human cell lines (Beck et al. [12], Nagaraj
et al. [202]) took several months, and required immense effort to obtain. Improvements
to mass spectrometers and sample preparation have enhanced the sensitivity and speed of
such experiments, and nowadays, the same research requires only a fraction of the original
time. Easier standard sample preparation and shorter time required for the MS machines,
combined with straightforward bioinformatic analysis, has greatly improved the overall state
of knowledge. However, only some specialised laboratories have well established robust

pipelines.

1.2 PTMs and Phosphorylation

Posttranslational modifications and their structural and functional annotations present an
analysis problem on their own, with arduous data gathering processes and individual func-
tion assignment. Over 300 different types of PTMs are known, ranging from single atom
modifications (oxide) to small protein modifiers (ubiquitin) (Walsh et al. [296]). Protein
phosphorylation is likely to be the most extensive and most well characterized PTM. On
the order of 75% of the human proteome has been suggested to be phosphorylated and
over 100,000 phosphosites have been discovered for these proteins (Sharma et al. [256]).
Phosphorylation is catalysed by kinases and constitutes the transfer of the terminal phosphate
group from ATP to the hydroxyl group of amino-acids. The transfer to serine (S), threonine
(T), tyrosine (Y), histidine (H) and aspartic acid (D) residues is possible, however due to
their prevalence in eukaryotic species and technical limitations, most studies have focused
on S, T,Y phosphorylation (Mann et al. [179], Thomason and Kay [280]). The reverse mech-
anism (dephosphorylation) is catalyzed by phosphatases (Figure 1.1), the cooperation of
both processes control actions such as molecular association, protein degradation, enzymatic

activation, intracellular localization, etc (Hunter [116]).
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Fig. 1.1 There are 518 protein kinases in human genome, that are capable of phosphorylating

substrate on Serine/Threonine/Tyrosine residues. Around 120 human phosphatases are
responsible for phosphorylation removal.

1.3 Protein kinases and Kinase specificity

1.3.1 Protein kinases classification

Eukaryotic protein kinases are structurally distinct from many other kinases found in prokary-
otes. In prokaryotes, phosphorylation can be maintained by different molecular systems. In
bacteria the two-component system is responsible for phosphate-based signal transduction, in
which the sensor kinase first autophosphorylates on a Histidine residue and then transfers a
phosphate to an Aspartate residue of a response regulator (Robinson et al. [239]). Prokaryotes
also control the phosphorylation networks by proteins that are both kinases and phosphatases
(e.g. isocitrate dehydrogenase kinase/phosphatase enzyme (Laporte et al. [160])) or function
in distinct phosphotransferase systems (Kotrba et al. [152]). Eukaryotic-Like Kinases (ELKs)
are evolutionary related to Eukaryotic Protein Kinases and phosphorylate small metabolites
(Oruganty et al. [214]). ELKSs also widely exist in eukaryotes, sharing the common kinase
fold with eukaryotic protein kinases, and small sequence similarity (Figure 2). Eukaryotic
protein kinases (ePKs) are the main type of kinases phosphorylating substrates in eukaryotic
organisms. Integrative sequential and structural analysis of the ePKs and ELKs suggests that
the ePKs diverged from the ELKSs early during evolution (Oruganty et al. 2016). Eukaryotic
kinases phosphorylating Histidines or other residues, do not share a common fold with those
phosphorylating S/T/Y (ePKs).

The standard eukaryotic protein kinase classification scheme considers their evolutionary
history, function, and structure (Manning et al. [181]). This scheme classifies kinases into 9
groups, 134 families and 196 subfamilies and covers human, yeast, worm and the fly kinome.

The classification has been based on the previous research that included only 5 kinase groups
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Fig. 1.2 Structural comparison of three different, human kinases. A. Serine/Threonine specific
Aurora kinase (pdb: 1mqg4), B. Tyrosine specific Kinase Hck (pdb: 2hck), C. Small molecule
kinase - Choline Kinase alpha 2 (pdb: 2cko). Despite different specificities, all three kinases
share the same kinase fold.

(Hanks and Hunter [96]). Most eukaryotic kinases from each group share a common catalytic
domain, however sequence analysis shows major variations between the groups, with distinct
and ancient functions. To map all groups of kinases across large evolutionary distances, each
group can contain multiple families, which can contain multiple subfamilies. The process of
classifying eukaryotic protein kinases includes clustering by: sequence similarity within the
kinase domain, additional information from other domains within the kinase, evolutionary
conservation, and known function. Besides the TK group which phosphorylates Tyrosine,
all other groups phosphorylate S/T residues. This very practical, hybrid classification is still
under development (especially the subfamilies) while new kinomes are being sequenced. In
the list below all 9 groups of protein kinases are briefly described along with the Atypical
and Other groups.

* AGC group is named after the Protein Kinase A, G and C families (PKA, PKG and
PKC). Kinases within this group are mostly core intracellular signaling enzymes,

modulated by cyclic nucleotides, phospholipids and calcium.

* CMGC group includes families CDK, MAPK, GSK3 and CLK, hence the name.
The diversity of functions within the group includes cycle control, MAPK signalling,

splicing and other.
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* CAMK group includes Calmodulin/Calcium regulated kinases, split into CAMKI1 and
CAMK? families. There are several families of non-calcium regulated kinases within

this group.

* CK1 is a small, ancient family with the name originating from Cell kinase 1. Members

of this group are conserved from yeast to human.

* STE group contains 3 families that include homologs of the yeast STE7, STE11 and
STE20. These kinases sequentially activate each other in a MAPK cascade in order to
activate MAPK family.

* TK group stands for Tyrosine Kinase, which almost exclusively phosphorylates tyro-
sine residues. The evolutionary analysis indicates TK as the youngest group with the

biggest number of distinct families.

* TKL are Tyrosine Kinase-Like kinases, that are mostly similar to TKs, but they are
phosphorylating S/T substrates instead. More than half of plant kinomes include
TKL kinases, such as receptor kinases and possible tyrosine-specific kinases in other

lineages.

* RGC is a small group containing Receptor Guanylate Cyclases with an active guanylate

cyclase domain and a catalytically inactive kinase domain.

* PKL contains several diverse families, sharing a Protein Kinase-Like fold and catalytic

mechanism with other ePKs, like, lipid, sugar and other small-molecule kinases.

* aPK — the Atypical protein kinases in this group are shown experimentally to have

protein kinase activity, but do not have structural similarity to ePKs.

* Other group includes several families, of which kinases clearly contain kinase domain,
but do not fit into the remaining groups. The group includes e.g. Aurora Family, CAM
kinase kinase (which activates CAMK1), PLK family and several more.

1.3.2 Phosphatases

While the main focus of the thesis is on kinase recognition and phosphosite function it
is relevant to note the importance of phosphatases in phosphorylation signaling. Protein
Phosphatases (PPs) are capable of dephosphorylating amino acids that has been previously

phosphorylated by a kinase. Phosphatase uses water molecules to cleave a phosphoric acid
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monoester into a phosphate ion and an alcohol. Hence they are classified as a subcategory of
hydrolases because of their capability of hydrolysing their substrate. Protein phosphatases
can be grouped into three main classes based on sequence, structure and catalytic function.

Subdivision of phosphatases based upon their substrate specificity can be distinguished as:
* Tyrosine-specific phosphatases
* Serine-/threonine- specific phosphatases
* Dual specificity phosphatases (serine/threonine or tyrosine)
* Histidine phosphatase

The human genome encodes around 200 PPs, with ~40 Ser/Thr specific, ~100 Tyrosine
specific and ~50 of dual specificity (Moorhead et al. [198]). Specificity of phosphatases
appears to manifest mostly through the association of phosphatase catalytic domains with
particular regulatory subunits (Ubersax and Ferrell [289]). The specificity of the phosphatases
and the so called “phosphatase code” are still important research tasks that are not yet fully
understood. Despite the impression of recognizing multiple substrates in vitro, in in vivo

experiments protein phosphatases remained extremely specific (Sacco et al. [243]).

1.3.3 Protein kinase domain

The catalytic unit of a S/T kinase is a structurally conserved protein domain, classified in
Pfam as PFO0069. Similarly Tyrosine specific kinases are depicted in Pfam as PF007714,
however the structural differences between these catalytic domains are mostly related to
the substrate binding pocket. The domain is constructed from ca. 300 amino acids, with a
catalytic pocket of 10 residues (Hanks and Hunter [96], Manning et al. [181], Kannan and
Neuwald [134]). Other structural domains that a kinase can contain are usually identified
as regulatory or targeting modules (Scott and Pawson [250]) and are often the origin of the
kinase name (e.g. Polo kinase contains a Polo domain along with the ePK domain). There
are 9546 architectures of kinase domain containing genes reported in Pfam. Such variety
of architectures means that the kinase domain may have a lot of other domains (SH2, SH3,
WD40, PH, Death etc) in close proximity, connected by linkers, that all together create a
functioning protein. In Figure 1.3 a structural representation of a kinase domain is shown
with a highlighted N-lobe (consisting mostly of beta sheets) and a larger, helical C-lobe.
ATP binds in the cleft between the lobes, where the adenine group of ATP intercalates with
hydrophobic residues of the pocket (Figure 1.3) (Hu et al. [108], Nolen et al. [208]).
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Fig. 1.3 Structural representation of the kinase. A. Catalytic pocket is located in the cavity
between catalytic loop, P-loop and A-loop. Peptide binding inside the pocket can easily
access the ATP for phosphoryl transfer. The structure used for presentation is that of CyclinB
(pdb: 1gmz). B. The rainbow coloring allows to see the numbering of the helices in the
C-lobe.
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Shown in Figure 1.3 the N-lobe is constructed of five 8 sheets (B1-5) with a Gly-rich
loop (called P-loop) between 1 and 32 sheets. This flexible P-loop contains an important
hydrophobic residue that contributes to the coordination and positioning of the phosphates
of ATP, folding over the nucleotide (Cowan-Jacob [48]). A single helix within the N-lobe
is called the C-helix (¢C). The C-helix plays an important role facilitating the catalysis
— rotating the N-terminus into C-helix-out position (suboptimal for catalysis) results in
inactivation of the kinase, and provides contacts for other motifs (Cowan-Jacob [48], Kannan
et al. [135], Fabbro et al. [74]). The helical C-lobe includes helices D, E, EF, F, G, H, I and J,
and from two to four 3 sheets (f6-9). These B sheets transform into loops quite easily —
some of the crystalised structures (like the CyclinB presented in Figure 1.2) contain only some
of the 3 sheets, eg. $6 and B7. Strand 39 is usually contained within the activation loop, and
the catalytic loop includes 6 and 7. The DFG-motif (Aspartate-Glycine-Phenylalanine) is
located between B8 and 39, and its Aspartate recognizes one of the Mg?* ions. Also in the
DFG-motif the Phe makes hydrophobic contacts with the C-helix facilitating the Lys-Glu
salt bridge.

The DFG-motif extends into the A-loop, which ends at the beginning of the F-helix. The
A-loop is a very flexible region, which regulates the on and off state of the kinase by changing
its conformation and access to the pocket. The activation loop (A-loop) occurs in an open
(activated) or various closed conformations (inactivated) (Nolen et al. [208]). The platform
for the substrate binding is made by the activated A-loop together with the helices of the
C-lobe (Ubersax and Ferrell [289]). The GHI domain includes three helices (oG, ocH and )
on the bottom of the C-lobe and is unique to ePKs. Many substrate and regulatory proteins
bind to the GHI domain. The activation of a protein kinase results in the re-orientation of
the A-loop and the C-helix. The Glu from the C-helix comes into proximity of the active
site Lys (from the AXK-motif) and the A-loop. In many kinases, the Phe from the DFG
motif also changes position upon activation - from the DFG-out (inactive) to DFG-in (active
conformation). The A-loop can be stabilized in the active conformation by phosphorylation
or other interactions with the additional regulatory proteins. The catalytic loop (B6/87)
contains the Y/HRD-motif. Residues in the Y/HRD motif are conserved throughout all ePKs
and ELKSs. Tyr/His from this motif serves as a central scaffold for binding of the Asp and
making a contact with the Phe from the DFG motif. Asp of the Y/HRD is responsible for the
correct orientation of the phosphosite hydroxyl acceptor group in the peptide substrate. The
catalytic loop does not change the conformation during the activation of the kinase.

The residue controlling the access into the deep pocket is called a gatekeeper and is

located within the Hinge (Figure 1.3). Mutation of the gatekeeper amino acid can cause
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resistance to the inhibitors (Cowan-Jacob [48], Taylor and Kornev [279], Moebitz and Fabbro
[196]). The resistance due to the gatekeeper mutation is usually causing a steric clash with
the inhibitor, or significant increase of the affinity towards ATP. The optimal structure of the
active kinase includes also the formation of the Regulatory spine (R-spine) and the Catalytic
spine (C-spine). The R-spine is built by four residues- one from the 34 sheet, one from the
C-helix, the Phe from the DFG motif in the N-lobe and the Y/H from the catalytic loop.
Hydrophobic interaction of these four residues supports the scaffold between the N- and
C-lobes that supports the optimal kinase activity. The assembly of the R-spine is a hallmark
of an active kinase. The C-spine contains the Val from the 32 sheet and the Ala from the 3
(from the AXK-motif) which are connected with adenine ring of ATP.

Although the sequences of many kinases vary, three sequence motifs within the kinase are
necessary for the catalysis. Firstly, placed in the 83 sheet, is the AXK-motif. The AXK-motif
contains the active site Lys that forms a salt bridge with the Glu from the C-helix. This
motif interacts with the phosphates of ATP to anchor and orient the ATP inside the pocket.
Secondly, the Y/HRD-motif inside the catalytic loop (86/87), in which the Asp functions as
the acceptor for the proton transfer. Lastly, the DFG-motif within the A-loop contains the
Asp that binds the Mg?* ions. The Mg?* ions coordinate the phosphates of ATP in the cleft
to position the ATP for the phosphate transfer.

1.3.4 Kinase-substrate recognition

Eukaryotic protein kinases are generally subdivided into S/T kinases, Y kinases, and dual-
specificity kinases, based on their favoured substrates. Kinase preferences are mostly deter-
mined by conserved features of the kinase catalytic pocket, which is unique to each class
of kinases. However, kinases target specific substrates through several types of physical
interactions, not only within the catalytic pocket (Manning et al. [181], Ubersax and Ferrell
[289]).

Efficient phosphorylation of a substrate requires a binding of a discrete peptide sequence
inside the catalytic pocket of the kinase. In crystal structures the substrate generally binds
inside the cleft in an extended conformation, however it might be due to the crystallization
techniques. Crystallized peptide makes f3-sheet-like interactions with a part of the kinase
activation loop. As a consequence, residues flanking the phosphorylation site are recognised
within the cleft, however this interaction alone is insufficient to mediate selection of protein
substrates (Bose et al. [29], Goldsmith et al. [90]). Substrate specificity is usually enhanced by

docking interactions (examples presented in Figure 1.4). Distal to the phosphorylation, parts
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Substrate

Kinase substrate
interactions

Catalytic site interactions

Docking interactions

Adaptor

Domain interactions
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Fig. 1.4 Substrates interact with kinases through a combination of catalytic domain inter-
actions, and proximal or distal interactions to the active sites. Interactions involve short
linear sequence motifs recognition by protein modules, and indirect interactions mediated by
adaptor/scaffold proteins.

of the substrate bind to other pockets in the kinase surface and/or to its surrounding proteins
in order to improve substrate affinity and specificity. Similarly to phosphosite interactions,
docking interactions can involve short linear sequence motifs that can be recognised by
scaffold proteins interacting with the kinase. Adaptor and scaffold proteins can promote
phosphorylation through induced proximity, controlling kinase subcellular localisation,

changing the conformation of substrates and serving as hubs for substrate recruitment.



1.3 Protein kinases and kinase specificity 11

-1 0 +1 42 43 +4 45

PKA 000
ck1 (X lpS j;:l &M ) (Y
4000080 ,0 @_

Fig. 1.5 Three example sequential motifs for kinases. PKA, Protein kinase A requires two
arginies on positions -3 and -2, and a hydrophobic residue (X) on the position +1. CKI,
Casein kinase-1 requires already a phosphorylated Serine at position -3. CDK, Cyclin-
dependent kinase preferes peptides with Proline on +1 position and Arginine or Lysine on
the 43 position.

1.3.5 Kinase recognition Linear Motifs

The primary sequence of the substrate plays an essential role in kinase recognition. A
sequence motif usually consisting of up to five residues surrounding the phosphosite are
critical for efficient phosphorylation. Some examples of such kinase target motifs are shown
in Figure 1.5. Related kinases may have identical phosphorylation site motifs, emphasizing
the role of other ways of determining specificity such as cellular localization. The relevance
of individual determinants can greatly vary, both on the kinase and on the motif side. Some
of the residues within the motif can be more important than the others — an important
determinant at the canonical position can be replaced by the same residue in a nearby position.
Sequential motifs are usually described as “preferable”, while negative determinants can
also greatly influence correct phosphorylation. Negative determinants prohibit a kinase from
phosphorylating an otherwise preferential peptide. Often in case of a deleterious mutation,
a residue from the motif mutates into a negative determinant and hence compromises the
ability of the catalytic binding.

Preferences of S/T kinases can be roughly divided into three categories. The first one
contains basophilic kinases, using as determinants basic residues (Arg and Lys) and often
hydrophobic residues (Ala, Gly and more). The second category contains proline-directed ki-
nases, preferring Proline and basic residues. The last category contains acidophilic/phosphate-
directed kinases, with carboxylic and previously phosphorylated residues (Pinna and Ruzzene
[224]). Although it has been widely recognized that the specific motifs can be a useful pre-
dictor of kinase preference (Kemp and Pearson [140], Miller et al. [194]), they do not have
enough resolving power alone to assign the substrates to a single kinase with high confi-
dence. Motifs often share many common phosphosites even between kinases from different
families — Needham and colleagues has shown that fewer than 18% of sites match a single

motif (Needham et al. [205]). In addition, kinases with well-defined motifs can also phos-
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phorylate atypical sites in certain circumstances. New structural mechanisms of achieving
kinase-substrate fidelity are still being discovered. In the study of Duarte and colleagues a
noncontiguous motif for the PKC kinase has been presented - PKC prefers a linear motif of a
basic amino acid at either P-3 or P-2 (on position -3/-2 from the P-site) (Duarte et al. [69]).
The study showed that a basic amino acid from a distal part of the protein is able to form a
structural noncontiguous motif recognized by the kinase. Although this has been shown for
one example, it is not yet known how often kinases can recognize targets via non-contiguous

motifs.

1.3.6 Methods of identifying kinase substrates

Measuring kinase activity and identifying its substrates is essential in discovering phos-
phorylation pathways. Regardless of the approach, defining substrates can be described as
showing that a particular target kinase phosphorylates the substrate more efficiently than any
other generic protein. Important proof of in-vivo relevance that should be supplied along
with the interaction information, is that of the presence of the kinase and substrate in the
same cellular compartment. Finally, it should also be demonstrated that the phosphorylated
residue is the same in-vivo as in in-vitro, and also what is the biological process regulated
by this phosphorylation. Amongst many available methods of establishing kinase-substrate
relationships, I am describing the most popular ones with their advantages and downsides.
These methods do not include a range of Mass Spectrometry based approaches that are

described in the Paragraph 1.4.

Genetic screening

Historically genetic screening has been often applied to identify protein substrates of kinases.
This approach has been often applied in model organisms such as yeast, worms or flies,
however, until recently, it has been difficult to use in mammalian species due to the bottleneck
of high throughput mutagenesis. The outcomes however can still be useful for human studies
by using homology and predictions of kinase substrates. Genetic screening methods include
the establishment of the phenotype for a mutated target kinase, to then screen the genes
that can either suppress the phenotype in mutants or mimic the kinase mutant phenotype in
wild-type. The high throughput genetic manipulation (recently including also siRNA and
CRISPR technology) can be performed on a genome-wide scale. Products of selected genes
are later tested as substrates of the kinase by various biochemical approaches (Leberer et al.
[163], Paradis and Ruvkun [217], Clark et al. [43], Sha et al. [253]). This method identifies
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relevant proteins directly, however the actual relationship between identified genes and the

kinase might be very diverse.

In vitro kinase assay

The most popular biochemical method to determine kinase activity towards the substrates is
the in vitro kinase assay. During the experiment the selected, purified kinase is incubated
with possible substrates and ATP. After the incubation period the phosphorylation of the
substrate can be assessed with a variety of methods, such as calorimetric, radioactive, chemi-
luminescence or fluorometric detection (Johnson and Hunter [131]). The main limitation of
this method is that the phosphorylation in vitro may be different to the phosphorylation that
takes place in the living cell. Often kinases may require additional scaffolding and binding
proteins, and not all of the substrates may be present in the same subcellular compartment as
the kinase. Due to these facts, elimination of false positives has to be performed in in vivo
studies (Delom and Chevet [61]). This combination of methods provides trustworthy results,
but is very laborious and low throughput. There are number of approaches that attempt to
screen potential kinase substrates in a high throughput manner like microarrays and phage

display.

Protein and peptide microarrays

A peptide microarray (also called peptide chip or peptide epitope microarray) is a surface-
based collection of peptides, usually displayed on a glass or plastic chip. They are used to
study binding properties and kinetics of protein-protein interactions. Microarrays can be
used to profile an enzyme (a selected kinase) to find key residues for protein binding. When a
chip containing the human proteome has been created the high throughput analysis of kinase
target has become widely available (Jeong et al. [128]). The array technique usually requires
small amounts of the purified kinase and other reagents, while providing a sensitive and
rapid assay. Since a typical peptide microarray consists of hundreds of peptides derived from
a specific organism, kinase primary sequence preferences can be easily established. The
phosphorylated peptides, obtained after incubating the chip with the kinase can be analysed
with autoradiography, fluorescence, or immunoblotting (Buss et al. [32], Lesaicherre et al.
[167]). Although the microarrays do not highlight actual kinase-substrate relationship, they
provide valuable information of kinase sequence preferences. General concerns of microarray
efficiency has been mentioned in cases where a third adaptor protein is necessary or a peptide

happens to be in the incorrect conformation (Huang et al. [113]).
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Phage display

Phage display is a popular approach for studying protein-peptide and protein-ligand interac-
tion (Fukunaga and Hunter [87]). In the case of identifying kinase targets, a custom cDNA
library is cloned into phage expression vectors. Proteins coded by individual cDNA clones are
massively expressed after adding phage plaque on lawns of Escherichia coli. The expressed
proteins are subsequently immobilized on the solid phase and then phosphorylated by the
kinase of interest in the presence of ATP. The phosphorylated substrates can be enriched by
panning over phospho-selective antibodies and identified by sequencing the phage plaques
(Dente et al. [62]). To improve the sensitivity, multiple cycles of selection can enrich the
positive phages with phosphorylation signals. After the selection, distinct substrate sequences
can be defined by phage cloning. This approach identifies the candidate substrate by isolating
the clone from the phosphorylation-positive plaque, however potential problems may arise
from the incorrect folding of cDNA-encoded proteins in bacteria expression system (Pillay
[223]).

Protein interaction based screening

Discovering protein-protein interaction is a common path to screen potential kinase substrates.
The idea of coidentifying kinase-substrate pairs interacting is very tempting (Staudinger et al.
[271], Tien et al. [281], Amano et al. [6]), however phosphorylation is commonly considered
a transient protein-protein interaction. A single kinase is able to phosphorylate multiple
substrates in a very short time, thus such interactions are difficult to be trapped or identified.
Kinase-substrate complexes are hardly captured in affinity purification experiments and the
interaction does not trigger the reporter gene transcription in the yeast-two-hybrid system.
Because of these difficulties, few studies have identified kinase substrates by two—hybrid
(Yang et al. [311], Vadlamudi et al. [292]) or affinity purification (Daub et al. [57], Belozerov
et al. [14]). The biggest problem of such approaches is the number of false positives, because
a potential large number of other proteins, not only the substrates, interacts with the target
kinases physically (like adaptor or scaffold proteins). Confirmation of candidate substrates

by a secondary method is therefore necessary.

Bioinformatics predictions

The central hypothesis of kinase substrate prediction is that the substrate consensus motif
plays a determining role in kinase recognition. Through the use of peptide library screening

and other advanced technologies, many kinases have been examined for their sequence
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preferences (Songyang et al. [269]). Once the quantitative kinase preference is established, it
can be used to examine any known phosphorylated protein sequence to predict which kinase
may account for the phosphorylation event. Although the prediction of the specificity or
the substrate itself is not a complete proof of phosphorylation, such predictions can supply
quick screening to narrow down the options for further biological testing. One of the first
developed bioinformatic tools that offers predictions of kinase motifs is Scansite (Obenauer
et al. [210]), where each sequence motif is represented as a position-specific scoring matrix
(PSSM). Scansite and other bioinformatic tools take great advantage of the massive biological
information that is still being developed to generate better predictions. Other matrix based
methods include PHOSITE and PhoScan, that assign weights to all 20 amino acids, rather
than representing only the most popular ones like Scansite (Koenig and Grabe [146], Li et al.
[168]). NetPhorest is a popular tool using artificial neural networks (Miller et al. [194]), to
model inter-positional dependencies for some of the kinases. KinomeXplorer (Horn et al.
[103]) is a platform integrating NetPhorest and NetworKIN (Linding et al. [169]) which
are computational approaches that combine consensus sequence motifs and protein—protein
interaction networks to supply better predictions. Like NetPhorest, the iGPS (Song et al.
[267]) approach also predicts kinase specific interactions using neural networks.

Predictors capable of including the structural information of the kinase use machine
learning methods (neural networks and support vector machines) (Trost and Kusalik [288]).
Incorporating many different features of the kinase and substrate into one method has been
achieved in NetPhos (Blom et al. [26]), Phos3D (Durek et al. [70]), and PhosK3D (Su and
Lee [277]). In Phos3D and PhosK3D kinase specificity is analysed as a radial pattern of
amino acids biases in the vicinity of the phosphosite rather than a sequence motif. Although
the structural information does not significantly improve the overall score of the predictions,
it is thought that larger numbers of kinase—substrate structural models will greatly improve
the existing methods (Durek et al. [70], Plewczynski et al. [226]).

Predictors using the sequence of the kinase of interest to predict substrate specificity rely
upon the homology of the query kinase to a set of kinases for which the specificity has been
already experimentally determined. The most popular methods in this category are Predikin
(Saunders et al. [244]) and KINspect (Creixell et al. [5S3]). These sequence based approaches
are very valuable in the analysis of the kinases for which no structure is known and those

with unknown substrates.
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1.4 Mass Spectrometry analysis of the proteome

Advances in mass spectrometry have significantly improved PTMs analysis within the last
years. High speed, high resolution and direct analysis have contributed to the MS dominance
in PTM identification and analysis technology. Compared to other aforementioned tech-
niques, like microarrays or phage display system, MS not only identifies phosphoproteins, but
also directly highlights the phosphosites. Nowadays, thanks to mass-spectrometric advances,
it is possible to perform large-scale analysis of whole proteomes of multiple organisms
at once. Mass-spectrometry has fundamentally improved the methods of analysing single
proteins as well as systematic measurements. Available techniques are able to quantify and
identify almost any expressed protein, localise and identify post translationally modified
amino acids, and provide insights into topology and composition of subunits in complexes.
Extreme sensitivity of the method provides inherent specificity of identification, however
in practice it is challenging to realise and truly use the full potential of existing techniques.
A comprehensive and reliable mass spectrometry based proteome map is a prerequisite for
mechanistic, hypothesis-driven investigations and for large-scale studies. There are two
main approaches to study proteins with mass spectrometry: top-down (Tran et al. [285]) and
bottom-up (Meissner et al. [189]) proteomics. In the top-down experiments proteins can be
studied as intact entities. The advantage of this method is that all modifications that occur
on the same molecule can be measured together, which enables direct identification of the
proteoform. Despite many advantages of the top-down approach, it is the bottom-up pro-
teomics that has proven to be more reliable and is the most widespread proteomic workflow.
In the bottom-up approach proteins are extracted from the source material and enzymatically
digested into peptides. Three main methods used within the bottom-up approach are: shot-
gun (discovery) proteomics, aimed at achieving unbiased coverage of the proteome, using
Data Dependent Acquisition (DDA); targeted proteomics using selected reaction monitoring,
aimed at acquisition of known peptides of interest; multiplexed fragmentation of all peptides,
aimed at generating comprehensive peptide libraries, using data-independent acquisition
(DIA) strategies that rely on information coming from high quality spectral libraries.
Because of such a rich choice of methodologies, there is no consistent protocol in obtain-
ing the data. Multiple attempts are showing different mass spectrometry-based strategies for
the kinase substrates exploration (Huang et al. [112], Amanchy et al. [5], Coba et al. [44]).
Different approaches are complementary and a full set of data can be compiled from multi-
ple sources. This comprehensive characterisation of the proteome could become the most

efficient way of obtaining whole proteome and is predicted to be soon a routine experiment
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Fig. 1.6 The usual protocol for phosphoproteome analysis includes several obligatory steps.
Firstly, peptides are extracted from the provided sample, and prepared for the experiment
by phospho enrichment and/or labeled. Peptides are separated using a variety of techniques
usually involving chromatography and then forwarded into Tandem Mass Spectrometers.
Data analysis with multiple of bioinformatics tools allows for quantitation of spectra.

(Mann et al. [178]). Figure 1.6 is demonstrating the usual necessary steps included in most
of the protocols. Given the importance of MS derived phosphorylation information for this
thesis, I provide here a brief introduction to mass spectrometry and the steps required to

perform a phosphoproteomic experiment.

Mass Spectrometry

A mass spectrometer sorts ions into a spectrum, based on their mass-to-charge ratio. Besides
proteomics, MS techniques can be used in many different fields and can be applied to very
complex mixtures of ions as well as pure samples. The outcome of the experiment is a mass
spectrum, which is a plot of the ion signal as a function of the mass-to-charge ratio. In the
phosphoproteomic experiments the spectra are analysed to identify the peptides and localise
phosphorylations. General steps from MS protocol usually involve digestion of proteins into
peptides, which are separated by liquid chromatography and then ionised. These ions are

then separated typically by the use of electro-magnetic field (Figure 1.7). Ions of different
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Fig. 1.7 Basic components of a mass spectrometer. The ionizer converts the sample into ions.
The ions are then sorted according to their mass-to-charge ratio inside the electromagnetic
field and detected. The detector measures the value of an indicator quantity and provides
data for calculating the abundances of each ion present.

mass-to-charge ratios will undergo different amounts of deflection in the spectrometer. After
the deflection, charged particles can be detected with different tools, commonly with an
electron multiplier. Results are displayed as a function of the mass-to-charge ratio, and can
be analysed with widely accessible software. The peptides or molecules from the sample
can usually be identified by correlating known substrates with a characteristic fragmentation
pattern.

A mass spectrometer consists of three main components: an ion source, mass analyzer,
and a detector. The two mainly used methods for ionization of protein samples are elec-
trospray (ESI) and matrix-assisted laser desorption/ionization (MALDI). The oldest and
still used technique is electron bombardment ionization (EI). Electrospray is the most del-
icate technique of ionization, which allows even fragile molecules to remain intact. In
MALDI samples are embedded with a solid matrix, and the ions are created by pulses of

laser light. The chosen method of ionization may influence the experiment, for example,



1.4 Mass Spectrometry analysis of the proteome 19

electrospray produces more multiply-charged ions than MALDI, however they are more
likely affected by contaminants, buffers and additives. Recently, hybrid electron-transfer and
high-energy collision dissociation (EthcD) fragmentation (Frese et al. [85]) and ultraviolet
photodissociation (UVPD) (Fort et al. [82], Robinson et al. [238]) became very popular in
large-scale phosphopeptide identification. Mass analyzers commonly used in proteomics
include time-of-flight (TOF) or Fourier transform ion cyclotron resonance (FT-ICR). These
two methods are usually preferred because of their wide mass range. Detectors record the
charge induced by the deflected ion or the current it has produced. Usually some type of an
electron multiplier is used as a detector, although Faraday cups or ion-to-photon detectors
are also popular. The choice of the detector might be correlated with the choice of the mass
analyzer. In proteomics the multipliers are often necessary because of the small masses of

peptides.

Tandem Spectrometry

Tandem Mass Spectrometry known as MS/MS, also symbolised as MS2, is a spectrometry
method providing high speed and accuracy. In tandem mass spectrometer ions of a particular
mass-to-charge ratio are separated in the first stage of mass spectrometry (MS1). The
precursor ions that are selected from MS1 are fragmented for the second time and then
detected in the second stage of mass spectrometry MS2 (Figure 1.8)

Tandem mass spectrometry experiment can be performed in space or in time. In the
first approach, during the selection of ions for MS2, the separation elements are physically
separated and distinct. This means between MS1 and MS2 ions are going through sectors,
transmission quadrupole, or are divided by the time-of-flight method. In the second in time
approach, separation is accomplished by a quadrupole ion trap or Fourier transform ion
cyclotron resonance (FTICR). The separation is accomplished with ions trapped in the same

place, with multiple steps taking place over time.

Sample preparation

Depending on the sample origins, the preparation for MS experiment can include unique steps.
Lysis protocols for cells and tissues usually include inhibition of endogenous phosphatases
(Lundby et al. [171]). Because of the lability of phosphate groups, pH and temperature
must be highly controlled during the preparation. Due to the low stoichiometric amount
of phosphoproteins in the proteome and low ionization efficiency of negatively charged

phosphate groups, many approaches have been developed to enrich the samples prior to
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Fig. 1.8 Schematic representation of Tandem Mass spectrometry. The ionized sample is
separated at the first stage of mass spectrometry (MS1). Ions of a particular mass-to-charge
ratio (i.e. specific peptides) are further fragmented to be analysed in a second stage of mass
spectrometry (MS2).

MS analysis (Lemeer and Heck [166]). Historically, the enrichment specificity has been a
serious, limiting problem in phosphoproteomic profiling. Nowadays, a variety of enrichment
strategies are available to improve the ease and accuracy of measuring changes in protein
phosphorylation. Methods of enrichment for detecting phosphosites include immobilized
metal ion affinity chromatography (IMAC), metal oxide affinity chromatography (MOAC),
polymer-based metal ion affinity capture (PolyMAC), and tyrosine peptide enrichment.
IMAC (Andersson and Porath [8], Posewitz and Tempst [227], Zhou et al. [321]) captures
phosphorylated peptides using the electrostatic interactions between them and the metal
jons (Fe3*), Ga3*, Ti*t, Zr**, etc.) that are immobilized on the surface of solid supporters.
MOAC (Larsen et al. [162], Wolschin et al. [301], Kweon and Hakansson [155]) uses the
affinity of metal oxide particles (TiO,, ZrO;, FezOy, etc.) to retain the phosphoryl groups on
the solid matrices. Non-phosphopeptides, mostly acidic, have been found to bind both to
IMAC and MOAC matrices. To prevent such nonspecific bindings, many protocols include
additional steps prior to enrichment that eliminate the unwanted peptides. PolyMAC strategy
immobilizes the metal ions not on the solid surface, but on the water-soluble dendrimer
(Iliuk et al. [122]). Identification and enrichment of phosphotyrosine sites is still challenging
because of their significantly lower abundance (comparing to that of pS/pT). A common
method of pY enrichment includes immunoprecipitation (Palma et al. [216], Mijn et al.
[193]), however better tyrosine phosphatase inhibitors are still required.

Approaches that allow for the quantification of changes in the phosphoproteome across
states (e.g. stimulated vs. unperturbed) can be divided into two categories: containing
isotopic labels or label-free (Figure 1.9). In the labeling category, metabolic, chemical
or isobaric labels can be distinguished. Isotope labeling methods have an advantage of
diminishing the sample preparation bias, because the samples can be combined early within

the experiment. Metabolic labels (Figure 1.9.B) usually involve an organism’s own cellular
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Fig. 1.9 Variety of popular quantification methods that can be used to compare phosphoryla-
tions changes across different states in LC-MS/MS.

processes to incorporate isotope labeled amino acids into its proteins through enriched
media/diet by 15N isotope (Conrads et al. [47], McClatchy et al. [187]) or in a stable isotope
labeling by amino a