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CHAPTER 1: INTRODUCTION
POST-TRANSLATIONAL MODIFICATION OF PROTEINS BY KINASE-
CATALYZED PHOSPHORYLATION

The size of the human proteome is more than two fold larger than the size of the coding
genome. One of the main reasons accounting for a larger proteome than genome is the post-
translational modifications (PTM) of proteins. PTMs occur through two main mechanisms. One
is by the cleavage of a translated pre-protein by proteases or acids to produce the truncated active
form of a protein. The other mechanism is the transfer of a chemical group to proteins through
enzymatic reactions, such as phosphorylation, ribosylation and palmiotylation.* The addition of
different chemical groups to proteins, changes the structure and the function of proteins,
allowing PTMs to diversify cellular proteome and coordinate the same proteins in numerous
signaling pathways. Out of several PTMs, phosphorylation plays an essential role in physiology
by dynamically influencing numerous aspects of cellular functions, such as metabolism, cell
division, and apoptosis.’> Phosphorylation is the focus of this thesis work and is discussed in
detail in the following sections.
1.1 Phosphorylation

Phosphorylation is catalyzed by kinases, which transfer phosphoryl groups to proteins,
sugars or lipid molecules® The backward reaction of reversible phosphorylation is catalyzed by
equivalent phosphatases, which removes the added phosphate groups (Figure 1.1). From all
kinases, protein kinases represent a very large and unique group, consisting of more than 500

members.
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Figure 1.1: Protein phosphorylation. Ser/Thr and Tyr kinases catalyze the transfer of a
phosphoryl onto serine, threonine, or tyrosine residues of a protein, respectively, while Ser/Thr
and Tyr phosphatases remove the respective phosphate group.

1.2 Kinases

Protein kinases represent a very large gene family, contributing 2% of the human
genome.” Based on amino acid preferences for the substrate protein or sequence similarities in
kinase active sites, the ~500 protein kinases can be classified in two ways.® In the first
classification, protein kinases are divided into two groups, serine/threonine protein kinases
(SPK) and tyrosine protein kinases (TPK), based on the preferred amino acid residue of the

substrate being phosphorylated.2® About 80% of protein kinases are serine/threonine protein



kinases (SPK), while majority of the rest (~19%) are tyrosine protein kinases (TPK).° The
remaining small percentage represents serine/threonine kinases that do not adhere to the
specificity rule and are capable of phosphorylating both serine/threonine and tyrosine amino
acids on proteins.*

The structural analysis of the catalytic clefts in the catalytic domains of SPKs and TPKs
displayed a huge similarity. However, a significant difference can be observed when analyzing
the depth of the catalytic cleft.'® The catalytic cleft of TPKs is relatively longer and deeper than
the catalytic cleft of SPKs. Thus the long and bulky tyrosine group can reach into the catalytic
cleft to position the side chain for catalysis,** while the relatively short serine and threonine
groups cannot reach the catalytic site of TPKs.'® * Similar structural features are responsible for
the specificity of tyrosine phosphatases and serine/threonine phosphatases to the respective
phosphorylated site on the protein.™

TPKs can further be subdivided and classified into two more subgroups: receptor tyrosine
kinases (RTK) and non-receptor tyrosine kinases. RTKs are mostly transmembrane proteins and
contribute initiating signaling pathways (section 1.5) by binding to extra cellular lignads,** while
non-RTKs mostly constitute the inner membrane, cytoplasm, or nucleus and contribute to signal
transmission.*® Since tyrosine phosphorylation plays a pivotal role in regulation of signaling, it is

tightly regulated to be present at lower levels compared to serine/threonine phosphorylation.*®

The second classification of kinases is based on the sequence similarity and differences in
the catalytic domains of kinase active site.’” All members of serine/threonine and tyrosine
kinases are categorized into seven families; TK, TKL, STE, CK1, CAMK, CMGC and AGC

based on the similarities and differences in the active site of protein kinases (Figure 1.2)." Even



though protein kinases are classified into various groups for clarity in organization and for

effective communication, all kinases have more or less a similar structure and mechanism.®1°

? S
@ (=

Figure 1.2: Classification of protein kinases into main groups. All human protein
kinases are mainly categorized into seven main groups, including; TK: Tyrosine kinase,
TKL: Tyrosine kinase-like; STE: Homologs of yeast strerile kinases; CK1: Casein
kinase; CAMK: Calcium/calmodulin-dependent protein kinase; CMGC: Containing

CDK, MAPK, GSK3, CLK families; AGC: Containing PKA, PKG, PKC families; other:
rest of other protein kinases

e

1.3 Protein kinase structure and mechanism

A typical kinase is comprised of two main domains made from a carboxy-terminal (C-
terminal) a-helical region and a (amine-terminal) N-terminal -sheet region connected together
through a linker region (Figure 1.3a)."*?° Adenosine 5’-triphosphate (ATP) usually binds to the

linker region, while protein substrate binds to the active site a-helical domain.* ** Binding of



ATP to the linker region brings both a-helical and B-sheet regions together®® to create a close
proximity between the protein substrate and bound ATP. The hydroxyl of the substrate will
attack ATP and transfer the gamma-phosphoryl group from ATP to serine, threonine, or tyrosine
residues of a protein substrate (Figure 1.3b).%%

To understand the catalytic mechanism of kinases, CAMP-dependent protein kinase A
(PKA) was selected as a model kinase. In the PKA active site, there are nine conserved
residues®® to facilitate the catalytic mechanism (G52, K72, Q91, D166, N171, D184, G186,
Q208, and R280).%” From these nine, six residues are involved in triphosphate binding (Figure
1.3b), while the other three bind with the adenine ring of ATP. During phosphoryl transfer, ATP
is further stabilized by chelation through metal ions, Mg?*or Mn?* (Figure 1.3b).?’ In the active
site, a nucleophilic attack will take place on the gamma-phosphate of ATP by the hydroxyl group
of the protein substrate, leading to bond formation between oxygen on the protein and the
phosphoryl of ATP (Figure 1.3b) and allowing the transfer of a charged phosphoryl to the protein
substrate.® The charged phosphoryl group added to the protein can change the activity and the

function of the protein inside a cell. Thus, kinase-catalyzed phosphorylation is specific, selective

and tightly regulated to avoid aberrant activities of substrate proteins.™*
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Figure 1.3: The crystal Structure and the active site residues of PKA. a: Crystal
structure of PKA (cartoon) with a bound ATP (ball and stick structure). The solvent

exposed ATP is pointed by the arrow (GenBank ID 6755076, PDB 1ATP). b: Active
site residues of PKA with a bound ATP and Mg?" ions.



1.4 Kinase consensus sites

In cells, a particular protein kinase must specifically recognize the phosphosite of its
substrate out of a pool of ~700,000 potential phosphosites.'® Kinases use several mechanisms to
perform this task selectively and efficiently. The primary mechanism of phosphorylation is the
use of specific interactions between the amino acid residues of protein kinase active site and the
protein substrate phosphorylation site.?® In addition, structural features of the kinase active site,
such as the depth and the length of the active site cleft (Chapter 1, section 1.2) and the presence
or the absence of regulatory subunits and scaffolding proteins, play an important role in
selectively.?®

During phosphorylation, kinases search for amino acids that resides immediately
upstream (N-terminal) and downstream (C-terminal) to the phosphosite (p-site) of the protein
substrate to achieve selectivity.” The particular sequence of amino acids surrounding the P-site
is known as the kinase consensus site.***! Different kinases require different amino acids near
the p-site, such as acidic, basic or stericaly bulky residues to achieve efficient interactions at the
kinase active site. Thus, consensus sites can be grouped into categories based on the type of
required amino acids near the p-site. Some of the known consensus sites and motif categories of
kinases are listed in Table 1.1. Even though the specific consensus sites are important to give rise
to selective substrate profiles, all kinases exhibit a small flexibility towards the amino acids in
the consensus site. For an example, PKA consensus site is R-R-X-S/T-Z.3 However, PKA can
phosphorylate sites such as R/L-R/L-X-S/T-Z, R/L-X-X-S/T-Z or X-R/L-X-S/T-Z, (X: any
amino acid, Z: hydrophobic amino acid) due to the presence of basic amino acids®, and still

achieve substrate selectivity, which is important for cell signaling.>*



Table 1.1: The consensus sites and motif groups of selected protein kinases.

Kinase Consensus site/Motif Motif group
PKA R-R-X-S/T Basic
CDK SIT-P-X-K/R Proline, Basic
ERK2 P-X-S/T-P Proline
CK1 Ps-X-X-SIT Basic
CK2 S/T-D/E-X-DI/E Acidic

CAMK?2 I/VIL-Y -X-X-P/F Hydrophobic
ABL I/V/L-Y-X-X-P/F Hydrophobic
EGFR E-E-E-Y-F Acidic

Src E-E-1-Y-E/G-X-F Acidic
Aurora R/K/N-R-X-S/T-B Basic
PKB/AKT R-X-R-X-X-S/T Basic

X: any amino acid residue, Ps: phosphorylated serine residue, Red/bold amino acids represents
the sites of phosphorylation. B: any hydrophobic residue except Proline.

1.5 Kinase-mediated cell signaling

Addition of a charged phosphate to proteins by kinases can change the structure and the
function of a protein.* Thus, protein phosphorylation regulates a myriad of cellular activities,
such as proliferation, adhesion and differentiation, through phosphoprotein-dependent signaling
cascades.®® Out of many signaling cascades, cCAMP-dependent protein kinase (PKA) and EGFR
signaling is the most widely explored cell signaling pathways in humans, possibly due to the
widespread involvement of PKA and EGFR signaling in cellular events and the association of

kinase dependent diseases.*’** Here, PKA pathway will be discussed given the emphasis in




Chapter 3 on PKA (section 1.5.1). The EGFR pathway will be introduced in Chapter 4 (section
4.1).
1.5.1 PKA signaling

PKA is one of the simplest members of the human kinome with well-characterized
kinetic properties and a well-defined crystal structure.*? % pK A phosphorylates hundreds of
substrates and is responsible for a plethora of cellular activities, such as metabolism, ion channel

transport and gene expression (Figure 1.4). Generally, PKA signaling begins through the
GPCRs
' ‘\

cAMP ATP

/

R R

C &
PKA complex

lon channel/ // \\ Gene

transport

expression

metabolism exocytosis
cytoskeleton y

Figure 1.4: PKA influences diverse signaling events in cells. PKA signaling initiates through
GPCRs (G-protein coupled receptors) on the surface of cells to activate adenylate cyclase (AC)
to produce cAMP. More details on the mechanism can be found in text. R: regulatory subunits
of PKA, C; Catalytic subunits of PKA.
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activated G-protein coupled receptor-mediated adenylase cyclase (AC) enzyme (Figure 1.4).
Upon activation, AC will produce the secondary messengers, 3',5’-cyclic adenosine
monophosphates (CAMPs). PKA-dependent specific phosphorylation events are primarily
regulated by the concentration of CAMP in cells. These intracellular cAMP ligands bind to the
regulatory subunits of PKA (R) to release catalytic subunit (C) for specific protein
phosphorylation (Figure 1.4).* One specific example of PKA signaling is the phosphorylation of
cAMP responsive element binding (CREB) protein serine 133 site by the catalytic subunit of
PKA. Phosphorylated CREB acts as a transcription factor and binds to CREB binding sequences
in DNA to regulate gene expression, especially in neuronal cells.*’

In addition, specific PKA dependent phosphorylation events are also regulated by another
protein family known as A kinase anchoring proteins (AKAPS).*® AKAPS acts as scaffolding
proteins by binding to regulatory subunits of PKA to bring the catalytic PKA close to substrates
to achieve substrate selectivity during cell signaling (Figure 1.5).** A few methods using
fluorescent probes are available to monitor cAMP and AKAP-regulated PKA signaling dynamics
in normal and disease states.*® These studies provide valuable imaging information about how
AKAPs facilitate compartmentalization of the catalytic subunit of PKA during
phosphorylation.® However, to the best of my knowledge, no methods are available to identify
PKA substrates in live cells during dynamic cell signaling. Thus, despite the concern with the
loss of cellular compartmentalization, identifying kinase substrates in cellular lysates under
normal and pathological conditions is proven to be the gold standard for kinase substrate
detection. Deregulation of PKA activity by mutations is implicated in diseases such as sporadic
tumors especially in adrenal and thyroid glands48 highlighting the importance of exploiting

signaling cascades to aid therapeutic efforts.
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1.6 Kinase-mediated pathological conditions

Involvement of kinase-mediated signaling events in pathological conditions such as
cancer, inflammation, and diabetes, highlights the importance of protein kinases as therapeutic
targets. The most common reason for the pathological involvement of protein kinases is the
frequent hyperactivity of kinases due to mutations, over expressions, gene amplifications or
chromosomal rearrangements.>* One example of a kinase-mediated pathological condition is the
altered cAMP/PKA signaling leading to tumor formation. PKA signaling in cells is tightly
regulated by the concentration of cCAMP level in cells, as discussed in section 1.5.1. Since
regulatory subunits of PKA binds to cAMP, the expression level of regulatory subunits similarly
play a huge role in PKA mediated pathological conditions. Over expression of regulatory
subunits RI of PKA in thyroid and adrenal tumors have been reported.”® In addition, the
expression of inactive RI subunits has proven to be the main reason for over-active PKA-
mediated nodular adrenocortical disease, neoplasia syndrome, and other sporadic tumors in
endocrine.”® Further studies have shown that pharmacological inhibition of PKA activity using
CAMP analogs or PKA regulatory subunit expression by antisense oligonucleotides have reduced
tumor proliferation.>* A second example of a kinase-mediated pathological condition is Abelson
(Abl)-kinase mediated chronic myeloid leukemia (CML). The disease is caused by a hyper-
active break-point cluster (BCR)-Abl kinase created due to a fusion-mediated chromosomal
rearrangement between the Abl gene in chromosome 9 and BCR gene in chromosome 22.%
Since the BCR-ADbI mutant kinase is constitutively active, it phosphorylates various downstream
signaling proteins, regardless of cellular requirements or homeostasis. Thus, abnormal BCR-ADbI

signaling leads to alterations in apoptosis, cell adhesion and migration of myeloid cells to give
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rise CML in patients. Patients with CML are currently being treated with the FDA approved,
BCR-AbI kinase inhibitor Gleevec.>®
1.7 Kinase inhibitors for therapeutics

Over the past decade more than a hundred of protein kinase inhibitors have been tested in
clinical trials as potential drugs to treat diseases. Many inhibitors have entered commercial
markets.>* There are three main approaches taken for therapeutic intervention of kinase activity
by an inhibitor.?
1.7.1 Monoclonal antibodies and vaccines as kinase inhibitors

The first approach for kinase inhibition is use of monoclonal antibodies and vaccines.’
Both vaccines and antibodies have been successfully developed to inhibit aberrant receptor
tyrosine kinase-mediated signaling cascades.® During inhibition, typically monoclonal
antibodies either bind to the growth factor or the receptor to prevent receptor kinase activation
and downstream signaling.™ One example is the monoclonal antibody Erbitux from ImClone,
which binds to the EGF receptor and blocks EGF binding and activation. A second example is
the antibody Avastin from Genentech/ Roche, which binds to VEGF growth factor and prevents
signal initiation.>® Further, there are ongoing research and clinical trials on immunological
vaccines to inhibit RTK signaling. One such example is the peptide-derived HER2 vaccine for
breast cancer treatment.”® In addition to the above mentioned examples, there are numerous other
antibodies and vaccines that have been developed to inhibit aberrant receptor tyrosine kinase

activity to prevent angiogenesis and tumor generation.
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1.7.2 Small molecule kinase inhibitors

The second approach to inhibit kinase activity is the use of small molecule inhibitors.?
Small molecule inhibitors are generally designed based on the structures of a few natural product
compounds. Most natural product inhibitors are not selective to a particular kinase, but rather
offer broad inhibition. One such example is the natural product staurosporine, which is a potent
general inhibitor of many kinases.>” Staurosporine-derived kinase inhibitor, N-benzoyl-
staurosporine by Novartis, is a synthesized small molecule inhibitor currently under clinical trials
for cancer treatment.”®
1.7.3 Structure based drug design

Elucidation of the crystal structure of protein kinases has tremendously aided the third
approach to inhibitor development which is structure based drug design.*> *° One reason for the
relative ease in the structural development of kinase inhibitors is the presence of flexible ATP-
binding and substrate binding sites on protein kinases.'> However, there is a drawback; kinase
inhibitors designed to target the ATP-binding site offer less selectivity due to the conserved
nature of ATP-binding site between kinases. Nevertheless, there are many of FDA approved
kinase inhibitors on the market that target the ATP-binding site yet still offer selectivity towards
a particular kinase (Figure 1.5). These inhibitors include Gleevec, which inhibits Abl kinase, and
Iressa, which inhibits EGFR, which are shown in Figure 1.5. Many drugs in clinical trials have
also been developed using the structural and conformational information of the kinase active site
with bound ATP analog and a peptide.>® Structural features and different binding interactions
specific to each kinase are used to develop and modify the structure of inhibitors to achieve

selectivity towards a particular kinase.>



14

Small molecule kinase inhibitors can further be subdivided into two major categories;
reversible and irreversible. Irreversible inhibitors react with a catalytic lysine or a cysteine
residue close to the ATP binding region of protein kinases to sterically block the active site. The
loss of the free catalytic lysine will prevent phosphoryl transfer to substrates. In contrast,

irreversible inhibitors bind non-covalently to the ATP binding site, the allosteric site, or both
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Figure 1.5: Some of the FDA-approved kinase inhibitors currently in the market. Redrawn.?

sites simultaneously to lead to inhibition.

Even though the above methods offer multiple approaches for kinase inhibition, the
presence of a vast number of cellular kinases and the similarities of their active sites have
challenged the development of selective kinase inhibitors. When attempting to find a new

therapeutic target for kinase inhibitor development, it is important to gain a thorough knowledge
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of kinase biology, substrate profile, and cell signaling outcomes. Once a target kinase or a kinase
group is narrowed down, an exceptional knowledge of the structural features of the targeted
kinase is required. Finally, a thorough understanding of the biological background is important to
rationalize and identify possible targets and off targets of the inhibitor. Thus, kinase substrate
profiling and mapping signaling pathways are extremely important for kinase inhibitor design.

1.8 Kinase substrate profiling and mapping signaling pathway

Not only to aid future drug discovery, but also to have an elaborate understanding of
kinase biology, it is important to identify kinase substrates and map signaling pathways.
Currently, there are many methods available to identify kinase substrates. Some of the most
widely used methods are highlighted in Chapter 3, section 3.1. However, each method offers
advantages and disadvantages. As an alternative, a convenient and selective approach to detect
kinase substrates is to label substrates with a tag using a kinase-catalyzed mechanism, as
described in the following sections. The finding of kinase cosubstrate promiscuity has opened a
new path to perform kinase-assisted labeling of substrates efficiently and selectively.

1.9 Kinase cosubstrate promiscuity with gamma-phosphate modified ATP analogs

Many enzymes catalyzing PTMs exhibit promiscuity towards their cosubstrates.®®®® Prior
studies from Pflum lab and other researchers have discovered that kinases promiscuously accept
gamma-phosphate modified ATP analogs as cosubstrates.”®"? Specifically, when the gamma
phosphate of ATP is modified with a tag, such as a thiol, biotin or azide, that tag can be
transferred to the phosphosite of the substrate due to kinase activity (Figure 1.7).”*"® The
rationale behind cosubstrate promiscuity is the presence of a solvent exposed region at the

gamma phosphate when ATP is bound to kinase active site (Figure 1.4a).** ?** Our hypothesis
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was that the solvent exposed region of the kinase would accommodate modifications at gamma
phosphate position of ATP without significantly affecting the binding or catalytic activity of the
kinase. Evidence for the efficiency and utility of kinase-catalyzed labeling is discussed in the
followings sections.
1.9.1 ATP-yS

Adenosine 5’-[y-thio]-triphosphate (ATP-yS), is the first modified ATP analog reported
as a cosubstrate of protein kinases.”*"® In ATP-yS, the oxygen at the gamma-phosphate position
is replaced with sulfur. Therefore, a thiophoshoryl group will be transferred to protein substrates
during kinase-catalyzed phosphorylation (Figure 1.6).
The ability to transfer a thiophosphoryl group onto proteins has been exploited to develop tools
to purify and identify kinase substrates. When the kinetic efficiencies of thiophosphorylation was
compared to ATP-dependent phosphorylation, a much lower catalytic efficiency was detected
with  ATP-yS.”® Moreover, studies have shown the phosphatase insensitivity of
thiophosphorylation, relative to phosphorylation.” Thus, regardless of the reduced kinetic
efficiencies, ATP-yS is commonly used in the field of proteomics due to the possibility of

detecting low abundance phosphoproteins.”’



17

Kinase

Figure 1.6: Kinase-catalyzed thio-phosphorylation with ATP- yS. Protein kinases use ATP- yS as
a cosubstrate and label serine/threonine or tyrosine residues on protein substrates.

1.9.2 ATP-dansyl

ATP-dansyl is another gamma-modified ATP analog that has been tested by previous
Pflum lab members for kinase cosubstrate promiscuity. The special feature of ATP-dansyl
compared to other gamma-modified ATP analogs is the presence of fluorescent group at the
gamma phosphate that will get transferred to substrates (Figure 1.7).”® Thus, kinase substrates

will be labeled with a fluorescent tag, which allows monitoring phosphorylation though
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Figure 1.7: Kinase-catalyzed dansylation with ATP-dansyl. Protein kinases use ATP-dansyl
as a cosubstrate to label serine/threnonine or tyrosine residues on protein substrates.
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absorbance. Previously, quantitative MS and kinetic analysis was performed on ATP-dansyl
using PKA, CK2 and Abl kinases to compare phosphorylation with ATP. When Km values for
ATP-dansyl were compared to that of ATP, a similar value was observed, suggesting ATP-
dansyl binds to the active site of the kinase in a similar manner as ATP. However, the kcat
displayed approximate 9-fold reduction compare to ATP, suggesting a slow rate of phosphoryl
transfer with ATP-dansyl compared to ATP.”® These results confirmed that, in addition to ATP-
vS, other gamma-modified ATP analogs also act as cosubstrates( Figure 1.9).
1.9.3 ATP-aryl azide

To broaden the applications of modified ATP analogs as cosubstrates of kinases, another
gamma-modified ATP analog, ATP-aryl azide, was synthesized for cross-linking applications
(Figure 1.8).”® Here, the gamma phosphate of ATP is attached to a photocrosslinking (azide)
group, which crosslink with the kinase and protein substrate during phosphorylation in the
presence of UV light (Figure 1.8). This crosslinking strategy allows the identification of an
unknown kinase that phosphorylate a known protein substrate.
1.9.4 ATP-BODIPY and ATP-ferrocene

In addition to y-phosphate modified ATP analogs developed in Pflum lab, a couple of
other analogs were also reported. Two examples include, ATP-BODIPY developed by Carlson
lab®! and ATP-ferrocene by Kratz lab (Figure 1.9)%. ATP-BODIPY is a modified ATP analog
with a fluorescent BODIPY group attached at the gamma position of ATP, primarily used as a
probe to measure histidine kinase activity.®* ATP-ferrocene developed by Kratz lab is also a y-
phosphate modified ATP analog. Kinase-catalyzed phosphorylation with ATP-ferrocene will
transfer ferrocene-phosphoryl groups on to protein substrates, which can be monitored using

antibodies against ferrocene groups.®
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Figure 1.8: Kinase-catalyzed cross-linking with ATP-aryl azide. Protein substrates will be
cross-linked to protein kinase during phosphorylation in the presence of UV.
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1.9.5 ATP-biotin

ATP-biotin is the most characterized gamma-modified ATP analog in Pflum lab, to date.
Here, the gamma phosphate of ATP is attached to a biotin group, which allows the transfer of a
phosphobiotinyl group to protein substrates during kinase-catalyzed phosphorylation (Figure
1.10).”#" 8 The ability of ATP-biotin to biotinylate kinase substrates was initially tested with
PKA, CK2 and Abl kinases by quantitative MS analysis.?® Each protein kinase was separately
incubated with ATP-biotin and peptide substrates containing the corresponding phosphosite.
Peptides were also incubated with each kinase and ATP as control reactions. After kinase
reaction, isotopically labeled peptide products for each ATP-biotin and ATP reaction was
analyzed by matrix-assisted laser desorption-ionization-time-of-flight mass spectrometry
(MALDI-TOF MS) to calculate the efficiency in conversion to phosphopeptides with ATP-biotin
compared to ATP (Table 1.2). These experiments gave the first evidence for efficient kinase-

catalyzed biotinylation. Next, full length casein protein was incubated with ATP-biotin and CK2
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Figure 1.10: Kinase-catalyzed phosphorylation with ATP-biotin. Kinase-catalyzed
phosphorylation of protein substrates using ATP or ATP-biotin as cosubstrates.
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kinase to observe biotinylation of the substrate. After kinase reaction, protein products were
analyzed by gel methods and biotin containing proteins were visualized by streptavidin-
horseradish peroxidase (SA-HRP) conjugate. Results confirmed the ability of CK2 to use ATP-
biotin as a cosubstrate and label full length proteins with a biotin tag. The robust biotin-
streptavidin interaction can be used for pull-down and purification of biotin-labeled protein
substrates,®® and the highly sensitive LC-MS/MS can be used for substrate identification from
cellular lysates. With these future goals in mind, previous members in Pflum lab, further

characterized kinase-catalyzed biotinylation reaction.

Table 1.2 Percent conversion data for kinase reaction with ATP-biotin and PKA, CK2 and
Abl, compared to ATP reaction.

Kinase Peptide Conversion
PKA LRRASLG 79%
CK2 RRREEETEEE 56%
Abl EAIYAAPFAKKK 80%

Initial experiments performed with ATP-biotin and cellular lysates confirmed the
compatibly of kinase-catalyzed biotinylation in cellular lysates. To understand how phosphatase
activity would impact kinase-catalyzed labeling, a previous member of Pflum lab characterized
phosphoryl biotin degradation by phosphatases.?* When biotinylated products was compared
before and after phosphatase treatment, it was revealed that 70-80% of the modification
remained intact, indicating that the phosphobiotin modification is less sensitive to

phosphatases.®* With these results it was hypothesized that kinase-catalyzed biotinylation can be
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used as a robust labeling technique to detect, enrich, and identify low abundance and dynamic
kinase substrates from a complex cellular mixture of proteins following highly sensitive LC-
MS/MS. Based on previous findings, kinase-catalyzed biotinylation was further explored in this
thesis as described in Chapter 2, and to expand the use of ATP-biotin as a kinase-substrate

labeling probe as described in Chapter 3 and 4.

1.10 Thesis Projects

Due to the importance of kinase-catalyzed phosphorylation in cell physiology, additional
methods are needed to discover kinase substrates and explore biology. Since each method will
have advantages and limitations, it is essential to develop alternative techniques to aid kinase
substrate discovery approaches. This thesis comprises methods developed using kinase-catalyzed
biotinylation to discover novel phosphoproteins and to explore cell signaling cascades.

The Chapter 2 focuses on the characterization of the generality of kinase-catalyzed
biotinylation using recombinant protein kinases and substrates, which was performed as a
collaborative project with a previous lab member, Dr. Chamara Senevirathne. In this
collaborative project, we tested the ability of ATP-biotin to biotinylate substrates with a variety
of kinases. Experimental results concluded that all tested protein kinases were capable of
transferring a biotin tag to protein substrates, confirming the generality of kinase-catalyzed
biotinylation.®®

Chapter 3 describes an application of kinase-catalyzed biotinylation to develop a
substrate-discovery method, entitled, K-BILDS (Kinase-catalyzed biotinylation with inactivated
lysates for discovery of substrates) to identify substrates of an interested kinase. Here, kinase

inactivated cell lysates were used as the pool of cellular proteins to identify substrates of one
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particular kinase. As a proof-of-concept, K-BILDS was initially applied to PKA, which resulted
in successful identification of PKA substrates and validation of the method.

Kinase-catalyzed biotinylation was finally applied in Chapter 4 to map a cell signaling
network. Here, a screen entitled, K-BMAPS (kinase-catalyzed biotinylation to map signaling)
was developed by initially applying to EGF-treated cell lysates to map EGFR pathway-related
phosphoproteins. K-BMAPS with EGF-treated lysates successfully discovered many EGFR
pathway-related phosphoproteins, confirming the ability of K-BMAPS to map a cell signaling
network. Thorough analysis established that K-BMAPS detected late and continuous effects of a

signaling network, validating the screen to monitor kinase signaling cascades.
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Figure 2.2: Select kinases used in this study. (a) The human kinome tree with selected kinases
tested in this work shown as red circles. This figure is reprinted from Manning et al. 2002, Sci,
298, 5600. Ilustration reproduced courtesy of Cell Signaling Technology, Inc.
(www.cellsignal.com) using Kinome Render. TK: tyrosine kinase; TKL: tyrosine kinase-like;
STE: homologs of yeast Sterile 7, Sterile 11, Sterile 20 kinases; CK1: casein kinase 1; AGC:
containing PKA, PKG, PKC families; CaMK: calcium/calmodulin-dependent protein kinase;
CMGC: containing CDK, MAPK, GSK3, CLK families; Other: other kinases. (b) The 25 kinases
tested, along with amino acid specificity, group identity, and peptide, polypeptide, or protein
substrate(s) used in kinase reactions. In some cases, different substrates were used in
biotinylation, quantification, and kinetics experiments. °2biotinylation, "HPLC or Pro Q
quantification, °kinetics. MBP-myelin basic protein; Autocamtide-KKALRRQETVDAL-amide;
CHKtide-KKKVSRSGLYRSPSMPENLNRPR; IGF1Rtide-KKKSPGEYVNIEFG; JAKa3tide-
GGEEEEYFELVKKKK; GSK3 peptide-YRRAAVPPSPSLSRHSSPHQ(pS)EDEEE; Axltide-
KKSRGDYMTMQIG; PAKtide-RRRLSFAEPG; kemptide-LRRASLG; p34cdc2 peptide-
KVEKIGEGTYGVVYK-amide. Figure and legend printed with permission.®




