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Abstract
AarF domain containing kinases 3 and 4 (ADCK3 and ADCK4, respectively) are
paralogous human mitochondrial proteins, co-orthologs of the yeast protein Coq8 and bacterial
protein UbiB. These proteins are required in the biosynthesis of coenzyme Q, a lipid-soluble
electron carrier well known for its role in energy metabolism, more specifically in the electron
transport chain. Patients with mutations in ADCK3 experience an onset of neurological disorders
from childhood, including cerebellar ataxia and exercise intolerance. Mutations in ADCK4 cause
steroid-resistant nephrotic syndrome, and are also associated with coenzyme Q deficiency. Aside
from this minimal characterization at the biochemical level, the precise biological functions of
both ADCK3 and ADCK4 remain poorly understood. After extensive screening for soluble
recombinant protein expression, N-terminal fusions with maltose-binding protein were found to
facilitate the overexpression of human ADCK3 and ADCK4 truncations in Escherichia coli as
soluble and biologically active entities. For the first time, our work revealed Mg2+-dependent
ATPase activity of ADCK3, providing strong support for the theoretical prediction of these
proteins being functional atypical kinases. Subsequent experimentation confirmed protein kinase
activity for both ADCK3 and ADCK4. This observed kinase activity was inhibited by the
presence of an atypical N-terminal extension – containing an invariant KxGQ motif – found
within the kinase domains of these proteins, suggesting an autoinhibitory role for this motif.
Additionally, ADCK3 was shown, through radiometric kinase assays, to phosphorylate a peptide
corresponding to a potential phosphorylation site in ATP synthase F0 subunit 8, providing insight
into a potential role of this atypical kinase family.
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Chapter 1
Introduction
1.1 Protein Kinases

1.1.1 Overview
Protein kinases are fundamental regulators of cellular signalling pathways,
comprising one of the largest and functionally diverse gene families (Kannan et al., 2007;
Manning et al., 2002). The eukaryotic protein kinase (ePK) domain is the most abundant
domain within eukaryotic genomes, and is responsible for mediating the function of
protein kinases by way of adenosine triphosphate (ATP)-dependent phosphorylation of
cellular protein substrates. Phosphorylation of substrates by protein kinases is an essential
mechanism of signal transduction by which virtually all processes that define phenotypic
behaviour – including cellular proliferation, gene expression, metabolism, motility,
membrane transport, differentiation, and apoptosis – are regulated (Brabek and Hanks,
2004; Kannan et al., 2007). Although members of the protein kinase-like (PKL)
superfamily all share a conserved active site, variation in sequence and accessory
domains has given rise to the expansive range of substrate binding and biological
function (Kannan et al., 2007; Scheeff and Bourne, 2005; Stefely et al., 2015).
Given the diversity of regulatory roles, and resulting myriad of protein substrates
for this protein family, it is not surprising that roughly 2% of the entire human genome
1

encodes protein kinases. Upon misregulation, these molecular switches are no longer
capable of properly controlling cellular signalling pathways. For this reason,
dysfunctional kinases have implicated roles in a multitude of diseases, including
neurological disorders and the development of cancer (Fedorov et al., 2010; Yang et al.,
2011).
Approximately 90% of protein kinases have been identified as ePKs (Hanks and
Hunter, 1995; Manning et al., 2002). Hanks and Hunter identified twelve conserved
subdomains, which together form the archetypal bilobal kinase domain (Hanks and
Hunter, 1995; Taylor and Kornev, 2011). This catalytic domain confers protein kinase
activity through its ability to bind the phosphate donor molecule ATP along with protein
substrate. Through the assistance of divalent cation coordination – most often Mg2+ or
Mn2+ – the kinase domain orients both the bound ATP molecule and protein substrate,
facilitating transfer of the γ-phosphate from ATP onto the protein substrate. Depending
on the type of protein kinase, target phosphorylation will result in the covalent
modification of a serine, threonine, or tyrosine residue found within the protein substrate
(Figure 1.1) (Hanks and Hunter, 1995; Scheeff and Bourne, 2005). This phosphorylation
event is the mechanism by which protein kinases exert control over their protein targets,
resulting in either the activation or inhibition of specific downstream signalling cascades
(Scheeff and Bourne, 2005).

2

Figure 1.1 Schematic diagram of protein kinase catalytic mechanism.
This reaction proceeds from the enzyme/substrate complex through the transition state to
the enzyme/product complex. Residue numbering shown is from cAMP-dependent
protein kinase (PKA). 1. The substrate hydroxyl group is aligned so that the lone pair of
electrons on the oxygen are directed in-line with the oxygen atom bridging the β- and λphosphates of ATP. 2. The transition state requires a metaphosphate intermediate. The
electron-electron repulsion between the λ-phosphate and substrate hydroxyl group is
compensated by the Mg2+ ions and a neighbouring lysine residue. 3. As the acidity of the
substrate hydroxyl group increases, its pKa becomes lower than the pKa of the catalytic
aspartate residue. This results in transfer of a proton from the hydroxyl group to the
aspartate. Following transfer of the phosphate group to the substrate, the proton on the
aspartate residue is likely transferred to the phosphate in order to restore the catalytic
base back to its carboxylate form.
(Endicott et al., 2012)
3

1.1.2 Defining Characteristics
In an era of science preceding bioinformatic analysis, Hanks and Hunter
discovered conserved sequence motifs within the ePK domain, which were classified into
12 subdomains (Hanks and Hunter, 1995). In order to understand how these conserved
motifs contributed to both the structure and function of protein kinases, a molecular
model of this domain had to be obtained. The first protein kinase domain to be
crystallized was the catalytic subunit of cAMP-dependent protein kinase (PKA) with an
inhibitor peptide bound (Knighton et al., 1991a; Knighton et al., 1991b). This crystal
structure indicated the geometry of these conserved motifs within the ePK domain, which
revealed their importance in both substrate recognition, as well as facilitating the
phosphotransfer reaction.
Eukaryotic protein kinase domains consist of two distinct lobes – termed the Nlobe and C-lobe – which together form a cleft in which ATP is bound (Figure 1.2 a). The
N-lobe is comprised of a five-stranded β-sheet, with a small helical subdomain. The first
motif, a GxGxxGxV motif, referred to as the glycine-rich loop, is the flexible portion of
the N-lobe that interacts with ATP, helping properly orient the γ-phosphate of ATP for
catalysis (Figure 1.2 b) (Madhusudan et al., 2002; Taylor and Kornev, 2011). An
important AxK motif located on the third β strand is also involved with coupling the
phosphate groups of ATP to a glutamate residue on the C-helix, which must be properly
positioned for catalysis (Figure 1.2 b) (Narayana et al., 1997). The salt bridge formed

4

between the lysine in the AxK motif and the glutamate in the C-helix is often considered
as the characteristic feature of activated protein kinases (Taylor and Kornev, 2011).
The C-lobe is larger relative to the N-lobe, and is mostly α-helical with one βsheet. This helical subdomain provides the surface for which protein kinases interact with
protein substrates. Loop regions within the C-lobe are very important for catalyzing the
phosphotransfer reaction. The catalytic loop contains most of the catalytic machinery,
and a downstream DFG motif contains an essential aspartate residue, responsible for
recognizing one of the ATP-bound Mg2+ ions (Figure 1.2 b). Flanking this DFG motif is
the activation segment, one of the most variable regions in an ePK domain (Figure 1.2 c)
(Taylor and Kornev, 2011). This region is responsible for determining the activation
state, and also mediates interaction with the protein substrate. The mechanism by which
this regulation is achieved is unique for each protein kinase. An active conformation of
the activation segment is usually mediated by cis or trans autophosphorylation, or
through phosphorylation by another kinase. In some instances this phosphorylation event
rigidifies an otherwise disordered activation segment, and in other cases phosphorylation
causes a large conformational change of the activation segment (Taylor and Kornev,
2011). A glutamate found conserved as an APE motif and a conserved arginine residue
form a salt bridge to stabilize the activation segment through anchoring to the substrate
binding helices (Figure 1.2 c).

5

Figure 1.2 Conserved kinase motifs within cAMP-depending protein kinase (PKA;
PDB: 1CDK).
A. The catalytic subunit of PKA displays the bilobal architecture found conserved among
members of the protein kinase superfamily. In between the N- and C-lobes is a cleft in
which both ATP and the protein/peptide substrate can bind. B. The glycine-rich loop
positions the γ-phosphate of ATP for catalysis. K72 of the AxK motif forms a salt bridge
with D91 of the C-helix, a key requirement for kinase activation. D184 of the DFG motif
and N171 in the catalytic loop coordinate Mn2+ ions bound to AMP-PNP, a nonhydrolysable analogue of ATP. The catalytic base, D166, is oriented properly to hold the
serine hydroxyl group in place for catalysis. C. The activation segment is responsible for
both the state of kinase activation as well as interaction with the protein/peptide substrate.
This region is stabilized in its active conformation through a salt bridge formed between
E208 in the APE motif and R280.
6

1.1.3 Atypical Kinases
In the human genome, more than 500 proteins have been identified as protein
kinase-like (PKL) proteins (Manning et al., 2002; Taylor and Kornev, 2011). Despite
having observed extensive sequence divergence between kinase families, most PKL
proteins feature the well-conserved bilobal architecture representative of the protein
kinase domain (Manning et al., 2002; Scheeff and Bourne, 2005). However, some
atypical kinases have also been identified. These smaller families of proteins are
phosphotransferases, some of which show clear structural homology with the
quintessential catalytic core, but that do not conserve all of the expected kinase motifs or
lack critical residues deemed essential for kinase activity. It has been proposed that these
particular families of atypical kinases diverged early in evolution to form their own
distinct phyletic groups (Scheeff and Bourne, 2005). These proteins can still function as
catalysts yet do so using non-standard mechanisms. For this reason, atypical kinases
challenge the initial notions of invariant protein kinase motifs and particular fold
characteristics having “essential roles in enzyme function”, as defined by Hanks and
Hunter (Hanks and Hunter, 1995; Scheeff and Bourne, 2005).
The Human Genome Project was completed well over a decade ago. However,
more than 75% of our research efforts continue to focus on the 10% of proteins that were
discovered prior to obtaining this immense amount of information (Edwards et al., 2011).
As a result, several proteins with known implications with respect to neurological
disorders, cancer development, and other diseases are currently being overlooked. For
7

example, despite having over 500 known kinases, approximately 65% of the 20 thousand
kinase papers published in 2009 were focused on the 50 kinases that were the most
frequent publications in the 1990s (Edwards et al., 2011). Due to this biased approach,
while 13 families of atypical kinases have currently been identified, they remain
underrepresented in kinase literature.

1.2 ADCK Proteins

1.2.1 ADCK Proteins
The ABC1/ADCK/UbiB family is comprised of integral membrane proteins,
members of which are found in archaea, bacteria, and eukaryotes (Leonard et al., 1998).
The human genome contains five genes from this family, referred to as aarF domain
containing kinase (ADCK) 1-5, all of which remain largely uncharacterized.
ADCK3 and ADCK4 are paralogous mitochondrial proteins, co-orthologs of the
yeast protein Coq8 and bacterial protein UbiB. These proteins are required in the
biosynthesis of coenzyme Q, a lipid-soluble electron carrier well known for its role in
energy metabolism, more specifically in the electron transport chain (Lagier-Tourenne et
al., 2008; Xie et al., 2011). Patients with mutations in ADCK3 display an onset of
progressive neurological disorders from childhood – including cerebellar ataxia and
atrophy, as well as, exercise intolerance – resulting from coenzyme Q deficiency
(Horvath et al., 2012; Lagier-Tourenne et al., 2008; Xie et al., 2011). Recombinant
expression of human ADCK3 in yeast systems lacking functional Coq8 restores
8

coenzyme Q biosynthesis, indicated by rescuing growth in the presence of
nonfermentable carbon sources (Xie et al., 2011). Mutations in ADCK4 cause steroidresistant nephrotic syndrome, and are also associated with coenzyme Q deficiency
(Ashraf et al., 2013). Aside from this minimal characterization at the biochemical level,
the structure and function of both ADCK3 and ADCK4 remain poorly understood. It is
also unclear if the other ADCK proteins are involved in coenzyme Q biosynthesis.
On the basis of bioinformatic analyses and its lack of classical C-terminal kinase
motifs, ADCK3 and ADCK4 have been proposed to belong to the family of atypical
kinases (Manning et al., 2002; Xie et al., 2011) although confirmation of kinase activity
is yet undetermined. It has been suggested that ADCK3 is an atypical kinase that has a
regulatory role in coenzyme Q biosynthesis, possibly through participating in a feedback
loop that serves to regulate ATP production (Lagier-Tourenne et al., 2008).

1.2.2 Classification of ADCK proteins as atypical kinases
The similarity of the ABC1/ADCK/UbiB family to protein kinases was first noted
by Leonard et al. in 1998 (Leonard et al., 1998). Bioinformatic analyses defined the
ADCK proteins as atypical kinases (Manning et al., 2002). A more in-depth analysis
indicated that ADCK3 retains several motifs that are conserved in canonical protein
kinases (Figure 1.3 a) (Lagier-Tourenne et al., 2008; Xie et al., 2011). ADCK4 is
paralogous to ADCK3 and, as a result, retains the same motifs (Figure 1.3 b).
These protein-kinase motifs present in ADCK3 and ADCK4 correspond to
regions involved in ATP binding and the phosphotransfer reaction. A highly conserved
9

lysine, part of the classical AxK motif – required for coupling ATP to the C-helix in the
active site – is conserved (Lagier-Tourenne et al., 2008). Mutation of this residue has
been shown to disrupt coenzyme Q biosynthesis (Xie et al., 2011). Asparagine and
aspartate residues required for binding the ATP-bound Mg2+ ions are also conserved,
with the aspartate residue being conserved as part of the essential DFG motif (LagierTourenne et al., 2008). Through the assistance of divalent cation coordination, a kinase
domain is capable of orienting both the bound ATP molecule and protein substrate,
facilitating transfer of the γ-phosphate from ATP onto the protein substrate (Hanks and
Hunter, 1995). The phenylalanine in this DFG motif is part of a regulatory spine
responsible for properly orienting the N- and C-lobes of a kinase domain for catalysis
(Taylor and Kornev, 2011). The DLxxxN motif in the catalytic loop is also retained,
albeit with a proline in place of leucine. Despite having several essential components of a
functional eukaryotic protein kinase domain, some of the expected kinase motifs are not
conserved in ADCK3 or ADCK4. These proteins do not contain the classical glycine-rich
loop that helps properly orient ATP for catalysis (Stefely et al., 2015), nor do they
contain C-terminal motifs such as the APE motif, thought to be involved in stabilization
of the activation segment (Lagier-Tourenne et al., 2008). The absence of critical motifs in
addition to a lack of experimental evidence showing that ADCK3 or ADCK4 possess
catalytic activity, have prevented the confirmation of these proteins as atypical kinases.
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Figure 1.3 Visual representation of conserved motif organization in ADCK3 and
ADCK4.
A. Motifs conserved within the kinase domain of ADCK proteins (shown here using
residue numbering of ADCK3) include the AxK motif, critical asparagine and catalytic
aspartate residues in the catalytic loop, and the essential DFG motif. C-terminal motifs
required for substrate interaction and stabilization of the activation segment are not
conserved in these proteins. The archetypal glycine-rich loop, thought to be essential for
ATP binding, has been replaced with a highly conserved alanine-rich loop. Additionally,
an N-terminal extension within the kinase domain of these proteins was noted to contain
a KxGQ motif. The functional requirement for this invariant motif was unknown. B. A
domain alignment of ADCK3 and ADCK4 show that following processing and
translocation to the matrix (predicted targeting sequences and cleavage sites shown in
brown) these paralogous proteins retain almost identical positioning of the conserved
sequence features.
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1.2.3 Structure of ADCK3
Earlier in 2015, a crystal structure of inactive ADCK3 (258-644) was solved
(Figure 1.4 a) (Stefely et al., 2015), which revealed that ADCK3 does have bilobal
architecture similar to that of canonical ePK domains. However, unlike typical kinases,
ADCK3 possesses an N-terminal extension within the kinase domain. This extension
contains an invariant KxGQ motif, conserved in all members of the ABC1/ADCK/UbiB
family. In this inactive conformation, the KxGQ domain completely occludes the
substrate-binding cleft through a salt bridge formed with E405 (Figure 1.4 b). This is
unlike most PKL families, in which the N-terminal extensions are located away from the
active site. Additionally, these proteins have a conserved alanine-rich motif – in what is
referred to as the alanine-rich loop – as opposed to the canonical glycine-rich loop. The
interaction between K276 of the KxGQ motif and E405 takes place directly in the active
site, adjacent to the alanine-rich loop. This also blocks conserved kinase motifs such as
the DFG motif, required for ATP orientation and stabilization of the kinase core. In the
absence of the N-terminal extension, this kinase core would have plenty of room to
accept substrate(s) (Figure 1.4 c).
For these reasons, it was suggested that the KxGQ domain might function to
inhibit protein kinase activity. Another feature suggesting this is an inactive conformation
of ADCK3 is the salt bridge formed between the proposed catalytic base (D488) and
R611 (Figure 1.4 d). This salt bridge orients D488 away from the active site.
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Despite having several properties resulting in a lack of activity, features of an
active kinase are still retained in this structural conformation. The salt bridge between
K358 of the conserved AxK motif and E411 is one of the hallmark features of an active
kinase (Figure 1.4 d) (Taylor and Kornev, 2011). D507 of the DFG motif and N493 are
positioned correctly for cation interaction, suggesting the ability of binding Mg2+-ATP.
Additionally, the regulatory and catalytic spines – indicative of a protein kinase in the
proper orientation for catalysis (Kornev et al., 2006) – are retained in ADCK3.
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Figure 1.4 Structure of ADCK3 and conserved kinase motifs (PDB: 4PED).
A. ADCK3 retains the canonical bilobal architecture observed in typical ePK domains. In
this inactive conformation, however, an N-terminal extension (coloured in purple) is
observed interacting with the substrate-binding cleft. B. This N-terminal extension is
shown to occlude the substrate-binding cleft through a salt bridge formed between K276
and E405. This lysine residue is part of an invariant KxGQ motif in the N-terminal
extension, found in all members of the ABC1/ADCK/UbiB family. C. In the absence of a
bound N-terminal extension, the substrate-binding cleft and conserved kinase motifs
would be readily accessible for protein/peptide substrates. D. In this inactive
conformation, the potential catalytic base D488 forms a salt bridge with R611, orienting
the base away from the active site. Essential motifs required for kinase activity are
present. These include the salt bridge formed between K358 of the AxK motif and E411,
as well as the correct positioning of both D507 and N493 for binding Mg2+-ATP.
14

1.2.4 Activity of ADCK3 mutants
Typical kinases, such as PKA, have an equal binding affinity for ATP and ADP
with an approximate Kd of 10 µM. Through differential scanning fluorimetry, ADCK3
was shown to have a weaker binding affinity than typical kinases, with selectivity for
Mg2+-ADP (~35 µM) over Mg2+-ATP (~60 µM). An A339G mutation – inserting a
glycine in alanine-rich loop at the 339 position – resulted in enhanced binding, with
selectivity for Mg2+-ATP (~15 µM) over Mg2+-ADP (~45 µM). This was conceivably
through addition of flexibility to the alanine-rich loop, allowing the backbone amide to
hydrogen bond with the γ-phosphate in a similar manner to PKL proteins with a glycinerich loop (Stefely et al., 2015).
Not only did a mutation in the alanine-rich loop allow for Mg2+-ATP selectivity,
this mutant construct was able to phosphorylate S245 of a 245-647 truncation. This
autophosphorylation event was enhanced using a double mutation of the A-rich loop
(A339G) and KxGQ domain (K276E). These results would suggest that the alanine-rich
loop functions to inhibit enzymatic activity of the ABC1/ADCK/UbiB family. However,
yeast growth assays showed that mutation of the homologous residue to ADCK3 A339 in
the alanine-rich loop caused a significant decrease in coenzyme Q biosynthesis. Mutating
the KxGQ domain eliminated respiratory growth and coenzyme Q production entirely
(Stefely et al., 2015). These recent findings demonstrate a functional relevance for both
this unfamiliar alanine-rich loop and the KxGQ domain in this family of proteins.
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1.3 Project overview
The objective of this study was to obtain structural and functional information
about ADCK3 and ADCK4, both of which had never been isolated for biochemical
characterization prior to this study. It is of predominant interest to uncover whether
proteins predicted to be atypical kinases possess detectable activity or not. To obtain
functional information, our goal was to purify ADCK3 and ADCK4 for functional assays
in order to ascertain whether or not these proteins exhibit enzymatic activity. Functional
assays to be completed included colorimetric ATPase assays, as well as radiometric
kinase assays using various protein and peptide substrates. We also sought to obtain
structural information through extensive crystallization screening experiments using both
ADCK3 and ADCK4.
In this work, recombinant human ADCK3 kinase domain was successfully
expressed in Escherichia coli (E. coli) culture as a fusion with maltose-binding protein
(MBP). In addition to being a folded and soluble entity, ADCK3 250-523 was shown to
be biologically active. This functional study revealed, for the first time, that the kinase
domain of ADCK3 has Mg2+-dependent ATPase activity, thereby giving evidence to
support its prediction as a functional kinase (Wheeler and Jia, 2015). This fusion
construct was purified to a level of homogeneity sufficient for crystallization. However
during crystallization screening the crystal structure of the inactive ADCK3 258-644
construct was released (Stefely et al., 2015).
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Using ADCK3 258-644, we showed that incorporation of a glycine residue into
the alanine-rich loop increased ATPase activity of ADCK3 3-fold; however this construct
did not have any kinase activity. Additionally, a D488N mutation abolished ATPase
activity entirely, supporting the bioinformatic/structural identification of this aspartate
residue as the catalytic base. Removal of an N-terminal extension containing the KxGQ
motif allowed wild-type ADCK3 to have protein kinase activity.
This work describes the first time in which ADCK4 was successfully
overexpressed and purified as a biologically active entity. Constructs containing the
KxGQ motif showed no kinase activity; however further truncation of this construct
revealed ADCK4 protein kinase activity. Extensive crystallization screening using the
137-524 construct, homologous to ADCK3 258-644, has not yet yielded any protein
crystals.
Peptide substitution analysis was performed for ADCK3 in an attempt to identify
the potential substrate(s). Following three phases of substitution analysis, a protein
BLAST search of a six-residue optimized peptide sequence revealed ATP synthase F0
subunit 8 as a top hit. Through radiometric kinase assays, ADCK3 was shown to
phosphorylate a peptide corresponding to the potential phosphorylation site in ATP
synthase F0 subunit 8.
The work in this thesis provides the first evidence of wild-type ADCK3 or
ADCK4 possessing enzymatic activity. This work has also shown that both ADCK3 and
ADCK4 have active protein kinase domains that appear to be autoinhibited by the KxGQ
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domain in the N-terminal extension. Lastly, this work also provides evidence that might
lead us to confirming a protein substrate of these active atypical kinases.
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Chapter 2
Methods
2.1 Construction of ADCK3 and ADCK4 expression vectors
ADCK3 constructs were amplified from the full-length human cDNA clone
(Open Biosystems accession no. BC005171). ADCK4 constructs were amplified from a
custom-made vector, and optimized for protein expression in E. coli (GeneArt construct
no. 15AAUYLP).
PCR amplification of regions under 1000 bp was carried out using DreamTaq
Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA). Regions over 1000
bp were amplified using Q5 High-Fidelity Polymerase (New England Biolabs, Ipswich,
MA). Following successful amplification, PCR products were purified using the
GeneJET Gel Extraction Kit (Thermo Fisher Scientific). All PCR products were
amplified with BamHI and XhoI sites engineered at the 5’ and 3’ ends, respectively,
which were utilized for subsequently cloning into the expression vector.
The vector used for protein expression was modified from pET-16b (Novagen,
Madison, WI), in which the coding sequence for both MBP and a TEV cleavage site was
inserted 3’ of the N-terminal 6x histidine tag (Figure 2.1). The PCR product and
expression vector were digested for 90 min together with both BamHI and XhoI, and
subsequently purified using the GeneJET Gel Extraction Kit. Ligation was carried out
overnight at 16 °C, using T4 DNA ligase (New England Biolabs, Ipswich, MA).
Following overnight incubation, the ligation mixture was used for transformation into
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Mach1 T1R chemically competent E. coli cells (Thermo Fisher Scientific). Following
transformation, a single colony was used to inoculate 5 mL LB containing 100 µg/mL
ampicillin. Plasmid DNA was purified from the 5 mL culture using the GeneJET Plasmid
Miniprep Kit (Thermo Fisher Scientific). Successful ligation was confirmed by digestion
of the ligated vector with BamHI and XhoI for 90 min at 37 °C, followed by
electrophoresis of the digested product using a 1% agarose gel. DNA fragments were
visualized under UV light following staining with 6X Gel Loading Dye (New England
Biolabs).

Figure 2.1 Expression vector used for protein expression.
The coding sequence for MBP and a TEV protease recognition sequence were inserted 3’
of the 6x His-tag of the pET-16b vector. The exact location of TEV-mediated cleavage is
indicated with an arrow. The multiple cloning site of pET-16b has also been modified,
and the key restriction enzyme sites have been labeled.

2.2 Site-directed mutagenesis
Primers for mutagenesis were designed such that lengths were kept between 2545 bases in length, Tm ≥ 78 °C, GC content was at least 40%, and primers terminated in C
or G bases. Working stocks of primers were 125 ng/µL, resuspended in TE buffer. Site20

directed mutagenesis was performed in 25 µL reactions, using Pfu DNA polymerase
(Thermo Fisher Scientific). Following mutagenic PCR, the methylated template DNA in
the reaction mixture was digested by addition of 1 µL of Dpn1 (New England Biolabs)
followed by a 1 h incubation at 37 °C. The digested reaction mixture was then
transformed into Mach1 T1R chemically competent E. coli cells (Thermo Fisher
Scientific).

2.3 Protein Expression
Two microlitres of purified recombinant plasmid DNA was transformed into a
chemically competent cell line for expression. All ADCK3 and ADCK4 truncations were
expressed using BL21(DE3) E. coli cells (Novagen), with the exception of ADCK3 (258644), in which Rosetta 2(DE3)pLysS E. coli cells (Novagen) were used. One transformed
colony was inoculated into LB (10 mL) containing antibiotic – 100 µg/mL ampicillin for
BL21(DE3) cells, and 100 µg/mL ampicillin + 34 µg/mL chloramphenicol for Rosetta 2
cells – and grown overnight at 37 °C. Subsequently, this overnight culture was used to
inoculate 1 L of lysogeny broth containing the appropriate antibiotic. Cells were grown
by shaking at 37 °C until the culture reached an OD600 of 0.8. Protein expression was
induced with 0.5 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG), and the culture
incubated further at 20 °C overnight. Cells were harvested via centrifugation at 4,550 x g
for 40 min at 4 °C, resuspended with lysis buffer, and lysed by sonication. Lysis buffer
was comprised of 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 2 mM DTT, 10% glycerol,
0.1% Triton X-100, 1 mg/mL lysozyme, 1 unit/mL DNase, 1 mM MgCl2, 2.5 µM E64
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protease inhibitor (Bioshop, Burlington, ON), and one complete protease inhibitor tablet
per 50 mL of buffer (Sigma-Aldrich, St. Louis, MO). Following sonication, the lysate
was clarified by centrifugation at 30,900 x g for 30 min, and the supernatant was retained
for affinity chromatography.

2.4 Protein Purification
Incorporation of the N-terminal 6x His-tag allowed the MBP fusions to be
initially purified via immobilized metal affinity chromatography (IMAC). The MBP
fusion proteins were purified by gravity over 6 mL of nickel-nitrilotriacetic acid (Ni2+NTA) resin (Qiagen, Valencia, CA). This column was preequilibrated with 50 mL of
buffer A (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 2 mM DTT and 10% glycerol). After
applying the supernatant to the column and collecting the flow-through, the resin was
washed using 50 mL of wash buffer (buffer A and 10 mM imidazole). Specifically-bound
protein was then eluted in 10 mL fractions using buffer A, with incrementally increasing
concentrations of imidazole in each fraction (40, 80, 100, 200, 300, and 400 mM
imidazole in elution fractions 1 through 6, respectively). The fractions were then assessed
using SDS-PAGE. Fractions containing the fusion protein were combined and purified
further via size exclusion chromatography using a HiLoad 16/60 Superdex 200 prepgrade (GE Healthcare, Uppsala, Sweden) via fast protein liquid chromatography (FPLC).
Samples containing purified His(6)-MBP fusion protein were combined and concentrated
via centrifugal ultrafiltration, using a 50K Amicon Ultra centrifugal filter (EMD
Millipore, Billerica, MA). Protein concentration was determined spectrophotometrically
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using the Bradford protein assay.
In cases for which the MBP fusion was cleaved from the recombinant protein,
following IMAC and SDS-PAGE analysis the fractions containing fusion protein were
collected and dialyzed overnight in cleavage buffer (50 mM Tris-HCl pH 8.0, 150 mM
NaCl, 2 mM DTT, and 10% glycerol) using 3.5 kDa MWCO regenerated cellulose
dialysis tubing (Thermo Fisher Scientific). To cleave His(6)-MBP, TEV protease (1:50
TEV/fusion protein, mass/mass) was added to the sample. After confirming successful
cleavage via SDS-PAGE, a second IMAC using Ni2+-NTA resin was performed to
remove His(6)-MBP. The cleaved protein – collected in the flowthrough fraction – was
further purified via size exclusion chromatography using a HiLoad 16/60 Superdex 200
prep-grade and FPLC. Following SDS-PAGE analysis, fractions containing purified
cleaved protein were combined and concentrated via centrifugal ultrafiltration, using a
30K

Amicon

Ultra

centrifugal

filter.

Protein

concentration

was
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spectrophotometrically using the Bradford protein assay.

2.5 Analyzing protein folding of ADCK3 via circular dichroism
The MBP-ADCK3 (250-523) fusion protein was analyzed using a Chirascan CD
spectrometer with a xenon arc lamp light source (Applied Photophysics, Leatherhead,
UK). A 500 µg/mL sample of MBP-ADCK3 (250-523) was analyzed using a 0.1 mm
pathlength cuvette. Protein concentration was verified spectrophotometrically by
measuring A280. Six scans were performed, each scan measuring the absorbance in 1 nm
increments between 185 and 260 nm. The average of the six scans was used for the
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absorbance spectrum obtained. In order to decrease the lower limit of the spectrum,
buffer A was replaced with 50 mM Tris-HCl pH 8.0 (i.e. no salt or glycerol). This helped
increase the transparency of the sample, thereby decreasing the lower limit of the
spectrum from ~200 nm to 185 nm. The experiment was also performed using a 500
µg/mL sample of MBP for comparison purposes. Deconvolution was performed using
OLIS SpectralWorks™ and the CONTINLL algorithm (On-Line Instrument Systems,
Bogart, GA).

2.6 Crystallization Screening
Crystallization screening was performed using 96-well sitting drop vapour
diffusion plates and the Phoenix Liquid Handling System (Arts Robbins Instruments,
Sunnyvale, CA). MBP-ADCK3 (250-523) was screened using a 1:1 ratio of 1 µL protein
(10 mg/mL, in buffer A) to 1 µL mother liquor. Potential protein crystal hits for MBPADCK3 250-523 were obtained using the PEGs suite (Qiagen). Optimization screening
was performed using 24-well hanging drop vapour diffusion plates (Hampton Research,
Aliso Viejo, CA). Plates were set using a 1:1 ratio of 2 µL protein (13 mg/mL MBPADCK3 in buffer A) to 2 µL mother liquor. The expansion test covered a PEG 400 range
of 15 % (v/v) to 40% (v/v), and a pH range of 7.5 to 9.0.

2.7 Assaying ATPase activity
The PiColorLock™ Gold Phosphate Detection System (Innova Biosciences,
Cambridge, UK) was used to detect MBP-ADCK3 250-523 ATPase activity. This
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colorimetric assay exploits the change in absorbance of malachite green dye that occurs
when the liberation of phosphate – in this case, resulting from ATP hydrolysis – allows
formation of phosphomolybdate-malachite green complexes (Figure 2.1) (Chan et al.,
1986; Chen et al., 2010). The reactions were carried out in 20 mM Tris-HCl pH 8.0. A
negative control – containing 250 µM ATP, and 10 mM MgCl2 in 20 mM Tris-HCl pH
8.0 – was used to measure the background level of ATP hydrolysis in the absence of
MBP-ADCK3 250-523. The experimental condition contained 1.5 µM MBP-ADCK3
250-523, 250 µM ATP, and 10 mM MgCl2 in 20 mM Tris-HCl pH 8.0. To evaluate the
requirement of Mg2+ for activity, the experiment was repeated in the absence of MgCl2.
All reactions were performed in duplicate at 25 °C. To perform a time course, 100 µL
samples from each condition were flash-frozen in liquid nitrogen at 0 h, 1 h, 2 h, and 3 h
time points. After thawing out samples on ice, 25 µL of Gold mix was added to each to
terminate ATP hydrolysis. After 5 min, 10 µL of stabilizer reagent was added to each
sample. Absorbance data was then collected at 635 nm using a microplate
spectrophotometer (Bio-Tek, Winooski, VT). Each value obtained was converted into the
amount of Pi released (in µM) using a Pi standard curve. The slope of each experimental
condition represents the amount of Pi (in µM) released per hour in the presence of 1.5 µM
MBP-ADCK3 250-523.
A second ATPase assay was used to evaluate the effects of mutations on ADCK3
258-644. The reactions were carried out in 20 mM Tris-HCl pH 8.0, and 10 mM MgCl2.
To measure background hydrolysis in the absence of ADCK3, negative controls
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contained 250 µM ATP, and 1.5 µM MBP + 250 µM ATP. Experimental conditions
contained 1.5 µM ADCK3 258-644 (wild-type or mutant), 250 µM ATP, and 10 mM
MgCl2 in 20 mM Tris-HCl pH 8.0. All reactions were performed in triplicate at 25 °C.
The assay was carried out using the same protocol implemented for ADCK3 250-523.

Figure 2.2 Schematic of the PiColorLock™ Gold Phosphate Detection System.
The PiColorLock™ Gold assay was developed for measuring the activity of any Pigenerating enzymes. In the case of ATPases, the enzyme will convert the ATP substrate
into ADP and Pi. The Pi will then react with molybdic acid to produce phosphomolybdic
acid. Phosphomolybdic acid forms a complex with malachite green dye that results in a
colour change that is quantified by measuring the absorbance at 635 nm. Using a standard
curve, the amount of Pi produced can now be calculated.

2.8 Assaying protein kinase activity
Phosphotransferase activity of ADCK3 and ADCK4 was assessed using 25 µM
myelin basic protein (Sigma-Aldrich, St. Louis, MO), and using various protein and
peptide substrates at 25 and 500 µM, respectively. The assays were performed using 5
µM ADCK protein, 250 µM cold ATP, and 200 CMP/pM [γ-32P]-radiolabeled ATP
(PerkinElmer, Waltham, MA) in kinase buffer (20 mM Tris-HCl pH 8.0, 1 mM DTT, 10
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mM MgCl2). Autophosphorylation was also assayed, using 25 µM of ADCK protein, 250
µM cold ATP, and 200 CMP/pM [γ-32P]-radiolabeled ATP (PerkinElmer) in kinase
buffer.
The reactions were carried out in duplicate at 25 °C, with 40 µL aliquots
removed and placed on P81 ion exchange cellulose chromatography paper (Whatman
International Ltd., Maidstone, UK), at 5 min, 30 min, and 60 min time points. However,
when performing assays with the peptide/protein library, a single 60-minute time point
was used due to limited quantity. The P81 paper was washed with 1.4% o-phosphoric
acid twice for 15 min. After allowing the P81 papers to dry overnight, they were
immersed in 5 mL of ScintiVerse Universal LS Mixture (Thermo Fisher Scientific), and
the radioactivity associated with each sample was measured using a Beckman LS 9000
scintillation counter (Beckman Coulter, Brea, CA). The peptide/protein library was
obtained from Kinexus Bioinformatics Corporation (Vancouver, BC) and individual
peptides were purchased from Biomatik (Cambridge, ON).

2.9 Peptide substitution analysis
Substrate peptide substitution analysis for ADCK3 was performed by Kinexus
Bioinformatics Corporation. Peptides were synthesized on a cellulose membrane, and
their sequences verified via mass spectrometry. Peptide phosphorylation was assayed
using 5 µL of active kinase, 10 µL of peptide solution, 5 µL of assay buffer (25 mM
MOPS pH 7.2, 25 mM MgCl2, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT), and 5 µL of
[γ-33P]-ATP (250 µM stock solution, 0.8 µCi) (PerkinElmer). Single reactions were
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initiated by the addition of [γ-33P] ATP to the reaction mixture. After a 40 min incubation
period at 25 °C, the assays were terminated by addition of 10 µL of the reaction mixture
to a multiscreen phosphocellulose P81 plate. The plate was washed with a 1% phosphoric
acid solution for 15 min in triplicate. The radioactivity associated with each mixture was
counted in the presence of scintillation fluid in a TriLux scintillation counter
(PerkinElmer).
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Chapter 3
Results
3.1 Expression and purification of ADCK3 250-523
Despite having multiple vehicles – both prokaryotic and eukaryotic – available for
recombinant protein expression, using a prokaryotic system helps facilitate the
production of higher protein yields that are sufficient for both functional and structural
studies (Schumann and Ferreira, 2004; Sorensen and Mortensen, 2005). After screening
several truncations in a shotgun approach, recombinant ADCK3 250-523 was
successfully overexpressed in E. coli BL21(DE3) cells as a fusion with MBP. This fusion
protein was extracted as part of the soluble supernatant following lysis, and subsequently
purified. Testing for solubility proved unsuccessful when attempting to use N-terminal 6x
His, C-terminal 6x His, N-terminal GST, thioredoxin, and SUMO protease fusions for
ADCK3 250-523 expression. Despite MBP functioning both as a solubility enhancer and
an affinity tag, amylose affinity chromatography has been shown to have a low binding
capacity with several contaminants remaining in the eluted protein sample (Lichty et al.,
2005). Using a vector that contains both MBP and an N-terminal 6x His-tag allowed for
the soluble 74.5 kDa fusion protein – 31.5 kDa kinase domain fused to 43 kDa His(6)MBP – to be purified initially using IMAC, while retaining the enhanced solubility that
MBP provided (Figure 3.1) (Pryor and Leiting, 1997; Routzahn and Waugh, 2002). Both
MBP-ADCK3 250-523 and His(6)-MBP were capable of binding the chelated nickel,
remaining bound to the solid phase as other contaminants were washed away (Figure 3.1)
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(Wheeler and Jia, 2015).

Figure 3.1 A representative profile of MBP-ADCK3 250-523 purification using
histidine-mediated immobilized metal affinity chromatography.
6x His-tagged MBP-ADCK3 250-523 was extracted from lysed BL21 supernatant using a
Ni2+-NTA column. Following purification, 5 µL of flowthrough (F), wash (W), and each
elution fraction (E1 through E6) was analyzed via SDS-PAGE using a 12.5%
polyacrylamide gel and Coomassie Blue staining. Fractions E2 through E6 were collected
an used for further purification.
Size exclusion chromatography removed His(6)-MBP and other remaining
contaminants (Figure 3.2) (Wheeler and Jia, 2015). Fractions containing MBP-ADCK3
250-523 were collected and concentrated via centrifugal ultrafiltration to ~88 mg/mL
(~1.2 mM), with yields of ~22 mg of fusion protein per litre of culture.
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Figure 3.2 Analysis
chromatography.
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Fractions (10 mL) eluted from Ni2+-NTA purification were collected and purified further
via size exclusion chromatography. A. Size exclusion chromatogram of MBP-ADCK3
250-523 purified over a HiLoad 16/60 Superdex 200 prep-grade column using FPLC. B.
Following size exclusion chromatography, 5 µL samples of the 2 mL fractions indicated
were analyzed via SDS-PAGE using a 12.5% polyacrylamide gel and visualized by
Coomassie Blue staining. Fractions 22 through 28 were retained for functional studies.
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3.2 Analyzing secondary structure of ADCK3 250-523
Despite being soluble as an MBP fusion protein, ADCK3 250-523 precipitates out
of solution following TEV protease-mediated cleavage. It is known that fusion proteins
often encounter problems upon cleavage such as very low yields, precipitation of the
protein of interest and, as a result, failure to recover biologically active protein (Smyth et
al., 2003). Before any functional studies were performed, the secondary structure of
MBP-ADCK3 250-523 was evaluated using circular dichroism (CD) (Figure 3.3)
(Wheeler and Jia, 2015). With ADCK3 250-523 comprising over 40% of the fusion
protein, the absence of structure would be easily detected upon spectrophotometric
analysis. The CD spectrum of this fusion protein indicates that MBP-ADCK3 250-523 is
well-folded, and largely α-helical as expected. Aside from a five-stranded β-sheet in the
N-lobe and a two-stranded β-sheet in the large C-lobe, eukaryotic protein kinase domains
are mostly comprised of α-helices and loops (Taylor and Kornev, 2011). Deconvolution
of the CD spectra allowed for determination of secondary structural composition of both
MBP-ADCK3 250-523 and MBP (Table 3.1) (Wheeler and Jia, 2015). From this data, the
approximate percentage of secondary structural elements was calculated for ADCK3 250523, and found to be consistent with that of typical kinase domains.
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Figure 3.3 CD spectrum for MBP-ADCK3 250-523.
In order to evaluate the secondary structure of MBP-ADCK3 250-523, its circular
dichroism spectrum was obtained. A 500 µg/mL sample of MBP-ADCK3 250-523 was
placed in a 0.1 mm path length cuvette, and 6 scans were performed at 25 °C. Each scan
recorded an absorbance value for every nanometer increment between 185 and 260 nm.
The average of the six values obtained was used to generate the spectrum used for
secondary structure analysis. The experiment was also performed using a 500 µg/mL of
MBP for comparison purposes and deconvolution calculations.
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Table 3.1 Deconvolution results of CD spectra and calculated secondary structure of
ADCK3 250-523.
MBP-ADCK3

MBP

ADCK3 250-523

250-523 (measured)

(measured)

(calculated)

% α-helix

46

51

40

% β-sheet

10

7

14

% turn

15

14

16

% random coil
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28
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Structural motif

3.3 ATPase activity assays
It is well established that many kinases exhibit some degree of substrate
specificity and, as a result, detection of kinase activity can pose a challenge when the
substrate is unknown. In the case of predicted atypical kinases, activity identification is
even more challenging in light of the complication that some may indeed lack kinase
activity. However, most active kinases possess ATPase activity independent of substrate.
Therefore we first sought to determine whether human ADCK3 had ATPase activity.
Prior to assaying ATPase activity, we tested the ability of ADCK3 to bind ATP
using isothermal titration calorimetry (ITC). When titrating ATP into a cell containing
recombinant ADCK3 250-523, no binding curve could be obtained. The temperature of
the cell was unable to return to baseline temperature, causing a staircase pattern
characteristic of hydrolysis reactions. It was possible that hydrolysis of ATP was
preventing accurate measurement of ATP-binding affinity using ITC.
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The ATPase activity of recombinant ADCK3 250-523 was evaluated
spectrophotometrically using the PiColorLock™ Gold assay (Figure 3.4) (Wheeler and
Jia, 2015). There was no background ATP hydrolysis occurring in the absence of enzyme
in either of the control conditions, as evidenced by the lack of increasing absorbance at
635 nm. In the presence of ATP, ADCK3 250-523 was shown to have ATPase activity,
resulting in the concentration of Pi released steadily increasing over time. In the absence
of additional Mg2+, there was very little activity. The ATPase activity of ADCK3 was
determined to be Mg2+-dependent, with the rate of ATP hydrolysis increasing 7-fold in
the presence of additional Mg2+. Thus, these results are the first ever observations that
ADCK3 possesses ATPase activity.
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Figure 3.4 Measuring the ATPase activity of ADCK3 250-523.
All reactions were carried out in 20 mM Tris-HCl pH 8.0 over a 3-hour duration.
Reactions containing 250 µM ATP with or without 10 mM MgCl2 served as controls, in
order to detect any background levels of ATP hydrolysis in the absence of ADCK3. Both
experimental conditions contained 1.5 µM MBP-ADCK3 250-523 and 250 µM ATP. To
evaluate the requirement of Mg2+ for ATP coordination in the active site, one
experimental condition contained 10 mM MgCl2, while the other condition was carried
out in the absence of magnesium. All reactions were carried out in duplicate (averages
shown ± standard deviation). In the presence of 10 mM MgCl2, ADCK3 250-523
hydrolyzed ATP at a calculated rate of 0.084 min-1. In the absence of additional MgCl2,
ADCK3 250-523 hydrolyzed ATP at a calculated rate of 0.012 min-1.

Confirming ATPase activity of ADCK3 served to support the theoretical
prediction of this protein family being atypical kinases. In light of these results, kinase
activity of ADCK3 250-523 was evaluated using radiolabeled ATP. Kinase assays were
implemented to evaluate both autophosphorylation and phosphorylation of myelin basic
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protein. However, no phosphotransferase activity was detected for ADCK3 250-523
using either of these assays.

3.4 Crystallization of MBP-ADCK3 250-523
Obtaining structural information for ADCK3 would assist in our understanding of
why we might not be detecting any protein kinase activity for ADCK3. Using MBPADCK3 250-523, a properly folded and biologically active fusion construct,
crystallization screening was performed. Not only does MBP aid in protein folding and
increasing the yield of active protein but, on its own, it is a crystallizable unit that can
facilitate crystal lattice formation (Moon et al., 2010). Using the PEGs Suite, needle
clusters of the fusion protein were obtained from drops composed of 1 µL protein (10
mg/mL MBP-ADCK3 250-523 in 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 2 mM DTT
and 10% glycerol) and 1 µL mother liquor (0.1 M Tris-HCl pH 8.5, 30% v/v PEG 400).
The conditions were then optimized by varying pH as well as concentration of PEG 4000
in a 24-well plate using hanging drop vapour diffusion in a 1:1 ratio of 2 µL protein to 2
µL mother liquor. The best crystals were obtained using Tris-HCl pH 9.0, 40% (v/v) PEG
400 (Figure 3.5). Crystallization conditions used previously for MBP fusion proteins
show that polyethylene glycols have been used several times as successful precipitants
(Smyth et al., 2003). In this condition, the clusters increased in size, and small plates
were observed to be growing out of them. However, during this process of optimizing
crystal quality, the structure for ADCK3 258-644 was deposited into the PDB by another
research group (Stefely et al., 2015).
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Figure 3.5 Crystallization of MBP-ADCK3 250-523.
Microcrystals were grown using the hanging drop vapour diffusion method. The drop
was comprised of 2 µL protein (13 mg/mL MBP-ADCK3 250-523 in 50 mM Tris-HCl
pH 8.0, 300 mM NaCl, 2 mM DTT and 10% glycerol) and 2 µL of mother liquor (Tris
pH 9.0, 40% v/v PEG 400). Several clusters are present in this condition, out of which
small plates can be observed growing.

3.5 Expression and purification of ADCK3 258-644 and ADCK4 137-524
Following the deposition of the ADCK3 crystal structure into the Protein Data
Bank (PDB, ID: 4PED), efforts were made to clone, express, and purify a similar
construct for functional studies. Despite obtaining soluble protein following TEV
protease-mediated cleavage, it was prone to slight degradation (Figure 3.6). This slight
degradation was evident despite the use of a protease inhibitor cocktail and E64 cysteine
protease inhibitor. Yields using this truncation were ~5 mg of soluble cleaved protein per
litre of culture.
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Figure 3.6 Purified ADCK3 258-644 with and without TEV protease-mediated
cleavage.
ADCK3 258-644 was purified over a HiLoad 16/60 Superdex 200 prep-grade column
using FPLC. For comparison purposes, ADCK3 258-644 was purified as both as an
His(6)-MBP fusion and as a cleaved construct. Cleavage of IMAC purified His(6)-MBPADCK3 was performed using TEV protease (1:50 TEV/fusion protein, mass/mass).
Following size exclusion chromatography, 5 µL samples of the pooled fractions were
analyzed via SDS-PAGE using a 12.5% polyacrylamide gel and Coomassie Blue
staining.
Once ADCK3 could be purified as a soluble protein in the absence of a solubility
enhancer, attempts were made to express a similar construct for ADCK4. ADCK4 137524 was cloned into the same expression vector used for ADCK3 expression (Figure 2.1).
However, expression screening using BL21(DE3), Rosetta (DE3), and Rosetta
2(DE3)pLysS chemically competent E. coli cells resulted in no observable expression of
recombinant His(6)-MBP-ADCK4. In light of this, the cDNA sequence for ADCK4 was
optimized for expression in E. coli. This changed 25% of the nucleotides, increasing the
number of optimal codons for protein expression from <50% to 95%. After ligating the
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optimized cDNA into the expression vector, recombinant His(6)-MBP-ADCK4 was
found to overexpress in BL21(DE3)pLysS E. coli cells, however it was insoluble.
Alignment of the amino acid sequences of ADCK3 258-644 and ADCK4 137-524
showed that these proteins share 61% identity. Notably, the sequence alignment revealed
that ADCK4 137-524 contains 11 cysteine residues, three of which are not found in
ADCK3 258-644. Two of these cysteine residues – C415 and C479 – are completely
surface exposed, potentially contributing to the insolubility of this construct (Figure 3.7).
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Figure 3.7 Construct used for overexpression of ADCK4.
A. When aligning ADCK3 and ADCK4, it was noted that the 258-644 region of ADCK3
corresponds to residues 137-524 in ADCK4. For this reason this construct was chosen for
overexpression and purification of ADCK4. B. After making a model of ADCK4 137524 based off of the ADCK3 crystal structure, it was noted that two cysteines, C415 and
C479, were exposed and potentially contributing to insolubility.
Using site-directed mutagenesis, these two cysteine residues were mutated to
serine. Using the same protocol, ADCK4 137-524 (C415S/C479S) could now be
overexpressed and purified as a soluble entity, with yields of ~3 mg of cleaved protein
per litre of culture (Figure 3.8). Based on the methodology used to achieve
overexpression of ADCK4 137-524, it appears as though C415 and C479 resulted in the
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overexpressed ADCK4 forming inclusion bodies from which ADCK4 could not be
solubilized, even in the presence of reducing agent. Despite extensive crystallization
screening at various concentrations and temperatures with the mutant derivative, no
crystal hits have yet been obtained.

Figure 3.8 ADCK4
chromatography.

137-524
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size
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Following cleavage using TEV protease (1:50 TEV/fusion protein, mass/mass), ADCK4
137-524 was again purified using IMAC, in which the (6)His-MBP remained bound to
the Ni2+-NTA resin. The resulting flowthrough was collected and purified over a HiLoad
16/60 Superdex 200 prep-grade column using FPLC. Following size exclusion
chromatography, 5 µL samples of the 3mL fractions indicated were analyzed via SDSPAGE using a 12.5% polyacrylamide gel and Coomassie Blue staining. Fractions 25
through 28 were retained.
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3.6 Comparing ATPase activity of ADCK3 258-644 wild-type and mutants
Site-directed mutagenesis was used to produce two mutant constructs, one to
introduce a glycine residue into the alanine-rich loop (A339G), and another which
mutated the catalytic base – required for substrate hydroxyl group deprotonation – to an
asparagine (D488N). The PiColorLock™ Gold assay was used to evaluate the effects that
these mutations had on ADCK3 258-644 (Figure 3.9). Insertion of a glycine residue into
the alanine-rich loop increased ATPase activity 3-fold, while replacing D488 removed
ATPase activity entirely. No phosphotransferase activity was detected when assaying
ADCK3 258-644 and ADCK4 137-524 for autophosphorylation and phosphorylation of
myelin basic protein.
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Figure 3.9 Measuring the effect of mutations on the ATPase activity of ADCK3 258644.
All reactions were carried out in 20 mM Tris-HCl pH 8.0 and 10 mM MgCl2 over a 3hour duration. Reactions containing 250 µM ATP only and 1.5 µM MBP + 250 µM ATP
served as controls, in order to detect any background levels of ATP hydrolysis in the
absence of ADCK3. Experimental conditions contained 1.5 µM ADCK3 and 250 µM
ATP. All reactions were carried out in triplicate (averages shown ± standard deviation).
Wild-type ADCK3 258-644 hydrolyzed ATP at a calculated rate of 0.027 min-1. Insertion
of a glycine residue into the alanine-rich loop allowed ADCK3 258-644 to hydrolyze
ATP at a calculated rate of 0.078 min-1. Removal of the proposed catalytic base abolished
ATPase activity.

3.7 Assaying kinase activity using a protein/peptide library
A new MBP fusion construct for ADCK3 was made, in which the N-terminal
regulatory motif – containing the conserved KxGQ motif – was removed. This construct,
including residues 329-616, was used for kinase assays using a protein/peptide library
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(Appendix A). This library contained 60 protein and peptide substrates for known active
protein kinases. Using the radiometric assay method, the new ADCK3 construct was
evaluated for its ability to transfer the radiolabeled γ-phosphate from ATP to all 60
substrates. After one hour, the counts per minute (CPM) – a measurement of the beta
radiation emitted from 32P – ranged from 249 to 5780 CPM. Sixty percent of substrates
were under 500 CPM, and 78% were under 819 CPM. From the peptide substrates that
showed activity, it appeared as though basic residues were preferred at the -3 position,
and hydrophobic residues were preferred at the +1 position relative to the serine
phosphorylation site. Acidic residues were noted to be negative determinants of kinase
activity for ADCK3. The highest level of phosphorylation – 5780 CPM after a one-hour
duration – was obtained when using a peptide containing several potential
phosphorylation sites as the substrate. This peptide, known commercially as
“CATCHtide”, is a known substrate for human protein kinases OSR1 and STK39.
Despite effectively demonstrating kinase activity for ADCK3, the fact that this peptide
has several potential phosphorylation sites prevented any information about sequence
specificity being obtained. The second highest level of phosphorylation was achieved
using a peptide substrate for the SGK family of kinases, known commercially as
“SGKtide”. This peptide sequence, CKKRNRRLSVA, contains a single serine
phosphorylation site and resulted in a measurement of 5546 CPM after one hour. This
marks the first time the wild-type version of any member of the ABC1/ADCK/UbiB
family was shown to have protein kinase activity.
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3.8 Initial substitution analysis using ADCK3 329-616
Having now confirmed that ADCK3 is capable of phosphorylating a peptide
substrate, it was of predominant interest to determine the recognition sequence that is
optimal for ADCK3-catalyzed phosphorylation. Kinexus Bioinformatics Corporation
provides various types of substrate profiling services, one of which evaluates the effect of
each position within the recognition sequence on phosphorylation. Sixteen L-amino acids
– all 20 common amino acids, excluding cysteine, serine, threonine and tyrosine – are
used in each round of substitution analysis. A peptide based on the SGKtide sequence,
KKRNRRLSVRRR, was used as the starting template upon which substitution analysis
was performed (Appendix B). After phase 1, it was noted that tryptophan was preferred at
the -1 position, and leucine at the +1 position. These results are noteworthy, considering
that bioinformatic analysis from Kinexus indicated that tryptophan is not known to be a
positive determinant for any other protein kinase. This result may indicate a very
different substrate preference for this atypical kinase.
In the second phase of substitution analysis, an error occurred during the synthesis
of peptides in which amino acid substitutions were made only at the -2 position but not at
the +2 position. Radiometric assays were still performed with the peptides that
incorporated substitutions at the -2 position. Protein kinase assays indicated that an
isoleucine residue was optimal for protein phosphorylation.
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3.9 Radiometric kinase assays using ADCK3 329-616 and ADCK4 192-423
During substitution analysis for ADCK3, a (6)His-MBP fusion construct of
ADCK4 was overexpressed and purified. This construct, a truncation comprised of
residues 192 to 423, also lacked the N-terminal extension containing the invariant KxGQ
motif. The optimized peptide following the second phase of substitution analysis,
RNRIWSLRR, was used for radiometric kinase assays. Both ADCK3 329-616 and
ADCK4 192-423 were able to transfer the radiolabeled γ-phosphate from ATP to the
peptide substrate in a linear rate over a one-hour duration (Figure 3.10). This marked the
first time ADCK4 was ever shown to have protein kinase activity.

Figure 3.10 Radiometric kinase assay using ADCK3 329-616 and ADCK4 192-423
against peptide substrate.
A. ADCK-mediated phosphorylation of peptide, expressed as the CPM incorporated into
product. B. ADCK-mediated phosphorylation of peptide, expressed as pmol of Pi into
product. All reactions were carried out using 5 µM ADCK protein, 500 µM peptide
(RNRIWSLRR), 250 µM cold ATP, and 200 CMP/pM 32P radiolabeled ATP in kinase
buffer (20 mM Tris-HCl pH 8.0, 1 mM DTT, 10 mM MgCl2). All reactions were carried
out in duplicate (averages shown ± standard deviation). ADCK3 329-616 was shown to
phosphorylate the peptide substrate at a rate of 0.0037 min-1. ADCK4 192-423 was
shown to phosphorylate the peptide substrate at a rate of 0.0069 min-1.
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3.10 Continued substitution analysis using ADCK3 329-616
A third round of substitution analysis was performed using ADCK3 329-616
(Appendix B). In this round, the -3 and +2 positions – relative to the serine
phosphorylation site – were evaluated for their effect on ADCK3-dependent peptide
phosphorylation. This series of experiments indicated that a lysine residue at the -3
position, and a histidine residue at the +2 position relative to the phosphorylation site
would be ideal for substrate specificity. At this point, a six-residue optimized substrate
sequence was established (Table 3.2).

Table 3.2 Summary of the substitution analysis performed using ADCK3 329-616.
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3.11 Radiometric kinase assay using ATP synthase F0 subunit 8 peptide
Performing a search using the Basic Local Alignment Search Tool (BLAST)
indicated as a single top hit that this sequence is found in ATP synthase F0 subunit 8 of
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Homo sapiens. However, it was noted the presence of a tryptophan at the -1 position is
actually a single nucleotide polymorphism found among certain haplogroups (Herrnstadt
et al., 2002). The predominant variant of ATP synthase F0 subunit 8 contains a cysteine
residue at this position, which was one of the amino acids excluded from substitution
analysis. A peptide containing the -5 to +5 recognition sequence for this potential
phosphorylation site – WTKICSLHSLPRR – was used for radiometric kinase assays to
evaluate if ADCK3 329-616 could phosphorylate this peptide. ADCK3 329-616 was
capable of phosphorylating this peptide at a linear rate over a one-hour duration, giving
strong support for ATP synthase F0 subunit 8 being a potential substrate of ADCK3
(Figure 3.11).

Figure 3.11 Radiometric kinase assay using ADCK3 329-616 and peptide
corresponding to the ATP synthase F0 subunit 8 recognition sequence.
A. ADCK3-mediated phosphorylation of peptide, expressed as the CPM incorporated
into product. B. ADCK3-mediated phosphorylation of peptide, expressed as pmol of Pi
incorporated into product. The reaction was carried out using 5 µM ADCK3 329-616,
500 µM peptide (WTKICSLHSLPRR), 250 µM cold ATP, and 200 CMP/pM 32P
radiolabeled ATP in kinase buffer (20 mM Tris-HCl pH 8.0, 1 mM DTT, 10 mM MgCl2).
This reaction was performed in duplicate (averages shown ± standard deviation). ADCK3
329-616 was shown to phosphorylate the peptide substrate at a rate of 0.0033 min-1.
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Chapter 4
Discussion
4.1 Discovering biological activity of the ABC1/ADCK/UbiB protein family

4.1.1 Confirmation of ADCK3 ATPase activity
The ABC1/ADCK/UbiB protein family was first noted as sharing similarities with
protein kinases nearly two decades ago (Leonard et al., 1998). However the
demonstration of kinase activity, or biological activity of any kind, has remained elusive
ever since. Despite the absence of functional characterization, this protein family was still
defined as atypical kinases (Manning et al., 2002). Confirming the biological function of
these proteins is imperative if we wish to make advances in treating the several known
diseases that arise as a result of aberrant ADCK function.
This work outlined the first functional characterization of ADCK3 and ADCK4.
The first member of the ABC1/ADCK/UbiB protein family shown to have catalytic
activity was ADCK3, in the form of ATPase activity (Wheeler and Jia, 2015). Most
kinases have intrinsic ATPase activity, in which the reaction is completed using water in
place of a substrate hydroxyl group (Kashem et al., 2007; Ward and O'Brian, 1992).
Measuring ATPase activity can even be used as a method of assaying the inhibition of
kinase catalytic activity (Kashem et al., 2007). We were able to demonstrate intrinsic
Mg2+-dependent ATPase activity for ADCK3 250-523, which could be measured in the
absence of protein or peptide substrate. Despite having binding selectivity for Mg2+-ADP
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over Mg2+-ATP (Stefely et al., 2015), no hydrolysis of ADP was detected. However,
ATPase activity of ADCK3 was easily detected. The ability of ADCK3 to hydrolyze ATP
not only demonstrated that our recombinant ADCK3 is folded correctly and biologically
active, it also provided strong support for the prediction that members of this protein
family are active protein kinases.
When testing for kinase activity, radiometric kinase assays were implemented,
measuring both autophosphorylation and phosphorylation of myelin basic protein. Myelin
basic protein is often used to test for kinase activity when no substrate information is
known as it is intrinsically unstructured, with several serine/threonine phosphorylation
sites corresponding well with disordered regions (Harauz et al., 2004). Despite using this
nonspecific substrate, we were unable to detect phosphotransferase activity. At this point,
no structural information had been obtained, and our efforts were directed towards
obtaining a crystal structure. However, during optimization of a microcrystal hit, it was
noted that a different group solved the inactive structure of ADCK3 258-644 (Stefely et
al., 2015). Following deposition of the ADCK3 258-644 crystal structure solved by
Stefely and associates into the PDB, we noted that our 250-523 truncation was missing a
substantial portion of the C-lobe, required for facilitating the interaction between the
kinase domain and the protein/peptide substrate (Figure 4.1). Additionally, exposure of
the hydrophobic kinase core might result in oligomerization, which would be supported
by the early elution observed during size exclusion chromatography (Figure 3.2). This
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oligomerization could result in occlusion of the active site, preventing access for larger
protein substrates while still accommodating smaller molecules such as ATP.

Figure 4.1 Model of ADCK3 258-523.
Using the structure of ADCK3 258-644 (PDB: 4PED), a model was made to analyze why
ADCK3 250-523 might not possess protein kinase activity. It was immediately noted that
this construct is missing a large portion of the C-lobe, required for interacting with
protein and peptide substrates.

4.1.2 Confirmation of critical motifs
In typical protein kinases, the glycine-rich loop binds ATP through hydrogen
bonding of the peptide backbone with the phosphoryl moieties of ATP. Due to its
involvement in nucleotide binding, catalysis and regulation, it is considered one of the
most critical structures within protein kinases (Bossemeyer, 1994). The first, second, and
third glycines in the GxGxxGxV motif are conserved in 95, 100, and 85% of typical
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protein kinases, respectively (Hanks and Hunter, 1995). The short side-chains of the
conserved glycine residues were thought to be required for formation of the loop
structure, having torsion angles that would be incompatible with residues with larger side
chains. These glycine residues not only impart flexibility within the loop itself, they
remove steric hindrance, helping facilitate the hydrogen bonding interactions between
ATP and the peptide backbone (Grant et al., 1998).
The alanine-rich loop is present in all members of the ABC1/ADCK/UbiB family,
and has been shown to bind ADP with a higher affinity than ATP (Stefely et al., 2015).
Despite not retaining the first and second glycine residues within the canonical ATPbinding loop, some members of this family – including ADCK3 and ADCK4 – retain the
third conserved glycine residue, responsible for hydrogen bonding with the axial oxygen
of the β-phosphate of ATP (Grant et al., 1998). Members of the ABC1/ADCK/UbiB
family share the consensus sequence AxASx(A/G)QV in place of the glycine-rich motif,
however this sequence retains serine and valine residues that are also conserved in the
majority of typical protein kinase ATP-binding loops. Using the archetypal kinase
domain PKA as an example, the backbone of this serine residue has been shown to
interact with the γ-phosphate of ATP. The sidechain of this serine residue is close enough
to hydrogen bond to the backbone carbonyl group of the phosphorylation site residue
within the protein substrate (Grant et al., 1998; Hemmer et al., 1997). Additionally, the
valine residue found to be conserved forms hydrophobic contacts with the adenine moiety
of ATP (Grant et al., 1998).
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Using ADCK3 258-644, we found that addition of a glycine residue into the
alanine-rich loop increased ATPase activity 3-fold. This A339G mutation inserts a
glycine residue adjacent to S340, the conserved serine that interacts with the γ-phosphate.
Although this glycine residue, corresponding to the second glycine in the GxGxxGxV
motif, conserved in all typical protein kinases, does not form direct contact with ATP, it
may help provide backbone flexibility and facilitate correct positioning of the serine
residue. However, it was noted that insertion of a glycine residue at this position in the
yeast homologue, Coq8, effectively inhibits coenzyme Q biosynthesis in Saccharomyces
cerevisiae (Stefely et al., 2015). Alanine is conserved as a substitute for the second
glycine in all members of the ABC1/ADCK/UbiB family, suggesting a functional
relevance for this atypical loop motif.
Comparison of the ADCK3 crystal structure with the kinase domain of PKA
resulted in the identification of D488 as the catalytic base (Stefely et al., 2015). In the
structure obtained, this residue was oriented away from the active site, forming a salt
bridge with an arginine residue (Figure 1.3). Mutation of this residue resulted in the loss
of ATP hydrolysis in our experiments, suggesting this residue is required for the
deprotonation of the substrate hydroxyl group during catalysis. When D488 was mutated
to an asparagine residue, ADCK3 was unable to transfer the γ-phosphate from ATP to
water. This confirms the requirement of D488 phosphotransfer reaction.
ATPase assays using constructs in which additional sequence motifs present in
the kinase domain – including those involved in Mg2+ coordination and the AxK motif –
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are mutated would help to evaluate their requirement in kinase catalytic activity for
ADCK3. Disease conferring mutations in ADCK3 have been shown to be located near
the DFG motif, presumably affecting Mg2+ coordination. One mutation is also located in
what is now known to be the N-terminal extension domain, showing a functional
relevance for this domain (Stefely et al., 2015). Other mutations appear to either decrease
protein stability and/or alter helix formation. Additionally, the same assays can be
performed on the analogous residues within the kinase domain of ADCK4. For known
disease conferring mutations in ADCK4, model analysis would suggest they result in a
loss of polar interactions (Ashraf et al., 2013).

4.2 Kinase activity of ADCK3 and ADCK4

4.2.1 Overcoming barriers in detecting protein kinase activity
An N-terminal extension within the kinase domain is conserved among all
members of the ABC1/ADCK/UbiB family. This extension has been shown to occlude
the substrate-binding cleft of the kinase core, through a salt bridge formed between a
glutamate residue and an invariant KxGQ motif (Stefely et al., 2015). All constructs
initially used for assaying kinase activity contained the atypical N-terminal extension
domain, which includes the KxGQ motif.
The first construct shown to have ATPase activity – ADCK3 250-523 – is missing
a large portion of the C-lobe (Figure 4.1). This helical subdomain provides a docking site
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for protein/peptide substrates (Taylor and Kornev, 2011). Even in the absence of the
KxGQ motif interaction, establishing kinase activity using this small construct would
have proven difficult. We then made constructs for both ADCK3 and ADCK4 that were
soluble after TEV protease cleavage, and included the helical subdomain of the C-lobe to
help facilitate substrate interaction. Despite having this helical subdomain present in
ADCK3 258-644 and ADCK4 137-524, no detectable phosphotransferase activity was
observed using myelin basic protein as a substrate. We decided to remove the KxGQ
motif, which in vivo may be repositioned in a yet unknown mechanism to allow substrate
access. ADCK3 329-616 is a construct that does not have the KxGQ motif. This leaves
the substrate-binding cleft exposed, and capable of accommodating a protein or peptide
substrate (Figure 4.2). Using this construct, ADCK3 was shown to have detectable
phosphotransferase activity for the first time.
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Figure 4.2 Removal of the KxGQ motif through new construct formation.
A. Crystal structure of ADCK3 258-644. Labeled in purple is the N-terminal extension,
which contains the KxGQ motif. B. ADCK3 329-616 no longer contains the N-terminal
extension, leaving the substrate-binding cleft exposed. This construct has been shown to
have protein kinase activity.

4.2.2 Evaluating determinants of ADCK3 substrate recognition
Initial kinase activity of ADCK3 was detected using radiometric kinase assays,
using a library containing 60 known protein and peptide substrates for active protein
kinases. Due to the nature of these single point assays, it could not yet be confirmed if
radiolabeled phosphate was being transferred at a linear rate using these substrates.
The peptide that showed the largest amount of phosphorylation, CATCHtide,
CRRHYYYDTHTNTYYLRTFGHNTRR, contains several threonine and tyrosine
phosphorylation sites. Due to the bioinformatic classification of this family as
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serine/threonine kinases, it is expected that one or more of the threonine residues within
this peptide were phosphorylated. However, in the presence of multiple threonine
residues, information regarding substrate specificity could not be easily obtained. The
peptide with the second highest level of phosphorylation, SGKtide, CKKRNRRLSVA,
has a single serine residue available for phosphorylation. A peptide based on this
SGKtide was chosen as the most suitable substrate from which substrate specificity
would be evaluated.
Analysis of the best peptide substrates indicated that serine was most likely the
phosphorylation site of an ADCK3 substrate. Alignment of these peptides with the
highest phosphorylation indicated that having a basic residue in the -3 position and a
hydrophobic residue at the +1 position relative to the phosphorylation site were both
positive determinants of substrate recognition (Table 4.1).

Table 4.1 Alignment of preferred peptide substrates of ADCK3, following
radiometric kinase assays using a substrate library.
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The peptides with the lowest levels of phosphorylation contained acidic residues,
suggesting that the presence of acidic residues is a negative determinant of substrate
recognition. Interestingly, using human myelin basic protein as a substrate resulted in a
relatively weaker yet notable level of phosphorylation – 2674 CPM after one hour – using
ADCK3 329-616, lacking the N-terminal extension domain. Failing to detect this
phosphotransfer ability in previous assays using constructs that have the N-terminal
extension suggests that the KxGQ motif was participating in a regulatory role in previous
kinase assays, through inhibition of ADCK3 kinase activity.

4.2.3 Initial peptide substitution analysis and ADCK4 kinase activity
Substrate peptide substitution analysis was performed using ADCK3 329-616
(Appendix B). A peptide based on the SGKtide sequence, KKRNRRLSVRRR, was used
as the template upon which substitution analysis was performed. Due to the high
throughput nature of the assay methodology, each round of experimental analysis was
performed using a different concentration of ADCK3 329-616. This was a result of
different kinase preparations being sent to the Kinexus Bioinformatics facility for each
phase, and them using a standard 5 µL per assay without taking concentration into
consideration. For this reason, the relative CPM for each individual phase was more
important than comparing the results between different phases.
After the first phase of kinase assays, it was noted that a tryptophan was preferred
at the +1 position, and a leucine at the -1 position relative to the phosphorylation site.
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This finding supports the conclusion drawn from the protein/peptide library analysis, in
which hydrophobic residues were noted to be positive determinants of substrate
recognition. In the second phase, only the -2 site was evaluated due to an error that
occurred during synthesis of peptides intended for substitution analysis at the +2 position.
During this phase an isoleucine at the -2 position relative to the phosphorylation site was
determined to be optimal for substrate recognition.
A peptide based on the second phase of substitution analysis, RNRIWSLRR, was
ordered and used for radiometric kinase assays. Using this peptide, ADCK3 329-616 was
shown to be able to effectively phosphorylate this peptide at a linear rate (Figure 3.10). A
new construct of ADCK4, residues 192-423, which does not contain the N-terminal
domain, was also shown to phosphorylate this peptide at a linear rate (Figure 3.10). This
was the first time that protein kinase activity was ever shown for ADCK4. Since ADCK4
192-423 does not have the KxGQ motif, our results further substantiate the notion that
the N-terminal extension domain serves an autoinhibitory function.
Despite being catalytically active, ADCK4 192-423 also lacks much of the C-lobe
required for interaction with protein substrate. For this reason, ADCK4 was not used for
peptide substitution analysis. ADCK3 and ADCK4 share over 60% primary sequence
identity, and it would therefore not be unexpected to see these two proteins share similar
substrate recognition. Given that improper functioning of these proteins affects different
tissue types and unicellular organisms such as yeast and bacteria require only one
homolog, it is likely that ADCK3 and ADCK4 have differential tissue expression and
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function on the same protein substrate(s). ADCK3 expression has been shown to far
exceed that of ADCK4 in most tissues (Ashraf et al., 2013). ADCK4 is enriched in
podocytes, cells in the Bowman’s capsule that wrap around the capillaries of the
glomerulus. Since there is no expression of ADCK3, perhaps this is why mutations in
ADCK4 cause steroid-resistant nephrotic syndrome without affecting other tissue types.
ADCK3 expression is much greater in areas such as the adrenal gland, heart, stomach,
and muscle (Ashraf et al., 2013). Mutations resulting in cerebellar ataxia do not result in a
complete block of coenzyme Q biosynthesis, rather a very significant decrease (LagierTourenne et al., 2008). Perhaps ADCK4 still functions in these tissues, but is not present
in quantities large enough for sufficient coenzyme Q production.

4.2.4 Peptide substitution analysis: ATP synthase F0 subunit 8
From the third phase of substitution analysis using ADCK3 329-616, it was noted
that a lysine residue was preferred at the -3 position, and a histidine residue was preferred
at the +2 position relative to the phosphorylation site. This corroborates the results
obtained from initial radiometric assays performed using the protein/peptide substrate
library, in which basic residues were favoured at the -3 position. Using the results
obtained from substitution analysis, a BLAST search indicated ATP synthase F0 subunit
8 (F0S8) as the top hit containing the amino acid sequence KIWSLH. The second best hit
was a predicted S-adenosylmethionine mitochondrial carrier protein from Apis dorsata,
while other hits were hypothetical proteins from various organisms.
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Despite being the top hit, alignment of the optimized sequence KIWSLH with
F0S8 gave an Expect value of 937. Short alignments, however, always have a high
Expect value, due to their higher probability of alignment purely by chance. Additionally,
the mitochondrial association between ATP synthase and ADCK3/ADCK4 and their
shared connections with the electron transport chain served as further justification for
carrying out functional assays to determine the potential of F0S8 being a protein substrate
of ADCK3. Research into F0S8 indicated that the presence of a tryptophan at the -1
position is actually a single nucleotide polymorphism found among certain haplogroups
(Herrnstadt et al., 2002). The predominant variant of F0S8 contains a cysteine residue in
this position, which was one of the amino acids excluded from substitution analysis and
hence was not evaluated. Through our work with Kinexus Bioinformatics, it was
established that ADCK3 is capable of phosphorylating peptides with a tryptophan at the 1 position. However, if F0S8 were to be a true substrate of ADCK3, this kinase must be
capable of phosphorylating the cysteine-containing variant as well.

4.2.5 ATP synthase and the role of F0S8
ATP synthases are multisubunit enzyme complexes, which are essential
components of energy transduction in bacteria, mitochondria, and chloroplasts (Walker,
1998). Under aerobic conditions, ATP synthases make ATP from ADP and Pi using a
proton motive force generated by respiration, or photosynthesis in chloroplasts, as a
source of energy. ATP synthases are comprised of two major functional domains, the F1
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domain and the F0 domain, which are connected via central and peripheral stalks (Figure
4.3). The F1 domain is the catalytic domain, responsible for the formation of ATP from
ADP and Pi. The F0 domain is an integral membrane complex, which contains a motor
subdomain and a subdomain that anchors the peripheral stalk in place. The motor
subdomain rotates using the energy potential derived from the proton motive force. The
rotational energy of the motor is transferred via the central stalk to the catalytic domain to
effectuate ATP synthesis (Kabaleeswaran et al., 2006; Walker, 2013). The peripheral
stalk connects subunit a of the F0 domain to the α3β3 catalytic subdomain of the F1
domain. This stalk allows for formation of the integral stator of ATP synthase, consisting
of the α3β3 catalytic subdomain, the peripheral stalk, and the a-subunit. The main
function of the peripheral stalk is to prevent the catalytic core from following the rotation
of the motor subdomain and central stalk (Dickson et al., 2006; Kabaleeswaran et al.,
2006; Walker and Dickson, 2006). The α3β3 hexamer must remain fixed relative to the asubunit in order for catalysis to occur (Jonckheere et al., 2012).
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Figure 4.3 Organization of the subunits within mitochondrial ATP synthases.
The mitochondrial ATP synthase is comprised of two functional domains, the F1 matrixexposed domain, and the F0 membrane-intrinsic domain. The F1 domain contains an α3β3
catalytic subdomain, inside which an α-helical structure from the γ-subunit of the central
stalk lies along the central axis. The γ, δ and ε subunits of the central stalk come in direct
contact with the F0 membrane, which contains the c-ring and the a-subunit. Together the
central stalk and the c-ring form the rotor of ATP synthase. The protons move through
the F0 domain around the interface formed by the c-ring and a subunit. The peripheral
stalk – located on the right in this figure – consists of subunits OSCP, b, d, and F6. The
N-terminal region of the b-subunit in the peripheral stalk is comprised of transmembrane
helices, which interact with the a-subunit. Six additional subunits are associated with the
a-subunit: subunits e, f, g, F6, and ATP synthase F0 subunit 8 (F0S8).
(Modified from Walker, 2013)
F0S8 is an integral membrane protein encoded by the mitochondrial ATP8 gene
(Anderson et al., 1981; Devenish et al., 2000). Despite once being considered a
supernumerary subunit with no known role in ATP synthesis, F0S8 has been shown in
yeast to be required for assembly of ATP synthase and is essential for oxidative
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phosphorylation (Devenish et al., 2000). Mutations altering the hydrophobic nature of the
transmembrane helix and altering positive residues in the C-terminus of yeast F0S8 have
both been shown not only to decrease ATP synthesis, but also to affect the physical
coupling of F0 and F1 domains (Papakonstantinou et al., 1993; Roucou et al., 1999).
Mutations in F0S8 have been shown to cause neuropathy, ataxia, and hypertrophic
cardiomyopathy, conditions similar to that observed with aberrant ADCK3/ADCK4
function (Jonckheere et al., 2008). These conditions arose from a W55X mutation,
resulting in a truncated F0S8 protein lacking the last 14 residues. This mutation was
shown to reduce ATP production and reduce ATP synthase activity in muscle tissue and
fibroblasts (Jonckheere et al., 2008; Ware et al., 2009). These results suggest a functional
relevance for the C-terminal portion of F0S8 – the potential phosphorylation site of
ADCK3 – in maintaining ATP synthase activity. Site-directed chemical labelling helped
define the membrane topology of yeast F0S8, indicating that the C-terminal domain is
localized in the matrix, the same location as the ADCK3 kinase domain
(Stephens et al., 2000). Cross-linking experiments using yeast F0S8 have shown
that it maintains close interactions with subunit f, as well as subunits b and d of the
peripheral stalk (Stephens et al., 2003). Similar experiments using bovine F0S8 showed
cross-linking between F0S8 and subunit d of the peripheral stalk (Belogrudov et al.,
1995).
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4.2.6 ADCK3 is capable of phosphorylating a peptide corresponding to F0S8
Through radiometric kinase assays, we were able to show that ADCK3 329-616
was capable of phosphorylating a peptide that corresponded to the -5 to +5 recognition
sequence for a potential phosphorylation site in F0S8. This phosphorylation event
occurred at a linear rate over the duration of one hour, with a turnover rate of 0.0033
min-1. This activity is three orders of magnitude less than that observed with other
atypical kinases such as Myosin II heavy chain kinase A (MHCK-A), a member of the
atypical α-kinase family (Yang et al., 2015). However, this protein has been shown to
require a posttranslational modification in the form of autophosphorylation of a
catalytically essential D766 residue. MHCK-A is known as a very active protein kinase,
and is capable of phosphorylating peptides and protein substrates using both ATP and
ADP. Additionally, it is capable of hydrolyzing ATP to adenosine by sequentially
transferring the γ-, β- and α-phosphate groups to the essential D766 (Yang et al., 2015).
Despite having established protein kinase activity for the first time, we have yet to
uncover the mechanism by which ADCK3, ADCK4 and other members of the
ABC1/ADCK/UbiB protein family become activated. Evaluating kinetic parameters and
comparisons with other known active kinases with different catalytic motifs therefore are
not current focuses until we confirm the protein substrate(s) of these atypical kinases.
Once a substrate has been established, structural characterization of the protein-substrate
interaction would help clarify the mechanism by which these protein kinases carry out
their activity in vivo.
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4.3 ADCK3 and ADCK4 in the mitochondria
Having now confirmed protein kinase activity for ADCK3 and ADCK4, research
efforts must be directed towards elucidating the mechanism by which these proteins
function in the mitochondria. Our experiments have shown that in the presence of the Nterminal KxGQ motif, ADCK3 and ADCK4 are capable of hydrolyzing ATP to form
ADP and Pi. However, in order for the phosphate to be transferred to a peptide substrate,
the N-terminus of these kinases had to be truncated in order to remove the putative
autoinhibitory KxGQ motif entirely. In the mitochondria, there must be a currently
unknown mechanism by which this regulatory motif is displaced from the substratebinding cleft of the ADCK proteins. This might happen through interaction with a
regulatory partner, or perhaps through a posttranslational modification.
Typical protein kinase domains have an activation segment that becomes ordered
following a phosphorylation event (Taylor and Kornev, 2011). ADCK3 and ADCK4 lack
this activation loop; however, the N-terminal extension effectively functions in a similar
manner, occluding the substrate binding cleft in the absence of an activation event. This
could also explain why these proteins do not retain the APE and R motifs, as they have
no activation segment to stabilize.
Insertion of a glycine adjacent to the serine residue of the alanine-rich loop was
shown to affect autophosphorylation of S245, adjacent to the N-terminal extension
domain of ADCK3, in vitro (Stefely et al., 2015). Although this mutation resulted in the
inhibition of coenzyme Q biosynthesis in vivo, this might be a result of conferring
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substrate promiscuity to an overactive protein kinase. Should this autophosphorylation
event be physiologically relevant – capable of occurring using wild-type kinase – perhaps
this phosphorylation is required to induce a conformational change in the N-terminal
extension domain.
Full-length ADCK3 and ADCK4 are targeted to the mitochondrial matrix, where
they are both anchored to the inner membrane by a single-pass transmembrane helix
(Stefely et al., 2015). Recent research focusing on the isolated transmembrane domain of
ADCK3 showed that it is capable of dimerization in the form of an extended glycine
zipper motif (Khadria et al., 2014). It is possible that dimerization would then result in a
trans-autophosphorylation of the N-terminal extension domain, activating the protein
kinase domain.
If F0S8 were to be confirmed as a substrate of ADCK3 and ADCK4, conceivably
an appropriate amount of phosphorylation of this single alpha helix protein would be
required for proper interaction with subunits f and d of the peripheral stalk (Figure 4.4).
Improper functioning as a result of an inappropriate amount of F0S8 phosphorylation (too
much or too little) would then result in the α3β3 hexamer being unable to remain
stationary during rotation of the motor and central stalk, preventing efficient production
of ATP via ATP synthase. Due to ATP synthase having no known role in coenzyme Q
production, it would not be surprising that more than one substrate for the
ABC1/ADCK/UbiB protein family exists.
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Although ADCK3 and ADCK4 may have acquired F0S8 as a substrate resulting
from sequence divergence during evolution, bacterial ATP synthases do not have a
known protein homologous to F0S8 in the F0 domain. The existence of bacterial UbiB
further suggests that there is another substrate. The biochemical pathway of coenzyme Q
biosynthesis is complicated, and has not been completely elucidated. However, studies
using S. cerevisiae have shown that a multisubunit Coq polypeptide complex is required
for coenzyme Q biosynthesis (He et al., 2014). The stability of the Coq polypeptides and
resulting complex formation appears to be influenced by phosphorylation of Coq3, Coq5,
and Coq7. These phosphorylation events require the presence of Coq8, the yeast
homologue of ADCK3/ADCK4 (He et al., 2014). Although it is not known if the
phosphorylation is direct or indirect, it is known that the retention of kinase motifs in
Coq8 is required. What we do know for certain is that currently uncharacterized protein
kinase activity is required for the formation of the Coq polypeptide complex. Human
ADCK3 is able to restore coenzyme Q biosynthesis in yeast and restore the
phosphorylated forms of the Coq polypeptides in Coq8 null mutants (Xie et al., 2011).
Homologous Coq proteins are found both in bacterial and mammalian cells, and being
anchored to the matrix face of the inner membrane would place ADCK3 and ADCK4 in
close proximity to these proteins involved in coenzyme Q biosynthesis. Functional
studies using these proteins could potentially reveal one or more additional substrates for
the ABC1/ADCK/UbiB family.
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Figure 4.4 Potential function of ADCK3 (and ADCK4).
In order for ADCK3 to mediate its function on F0S8, it must first be relieved of its
autoinhibition. Through a currently unknown mechanism (phosphorylation event,
interaction with a regulatory partner, etc.) the N-terminal extension domain experiences a
conformational change, resulting in the activation of ADCK3. This active kinase is now
capable of phosphorylating F0S8, allowing proper functioning of ATP synthase. It is
likely that ADCK3 and ADCK4 have at least one additional substrate, and are involved
in a more direct method of regulating coenzyme Q biosynthesis.

4.4 Conclusions and future directions
Seventeen years ago, a published bioinformatic analysis noted the similarity of the
ABC1/ADCK/UbiB family to protein kinases (Leonard et al., 1998). Yet, demonstration
of kinase activity for any member of this family has not occurred since, partly due to
difficulties with respect to purification, and also due to the lack of information regarding
their endogenous substrates. Moreover, these proteins were classified as atypical kinases
due to the absence of C-terminal kinase motifs, the replacement of the canonical glycinerich loop with an alanine-rich loop, and the conservation of an atypical KxGQ motif at
the N-terminus. After purifying ADCK3 as an MBP fusion, we demonstrated that this
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protein is capable of converting ATP into ADP and Pi in a Mg2+-dependent hydrolysis
reaction. This substrate-independent ATPase activity substantiated the notion that
members of this protein family are functional atypical kinases. However, radiometric
kinase assays showed no indication of phosphotransferase activity. The release of the
crystal structure of the ADCK3 kinase domain indicated the conserved KxGQ motif
formed a salt bridge with a residue within the substrate-binding cleft, occluding it and
thereby preventing interaction with protein/peptide substrates.
Using the recently published structural information, a new construct of ADCK3
lacking the N-terminal extension domain was used for additional radiometric kinase
assays. In the absence of any information regarding potential substrates, a protein and
peptide library was used to confirm, for the first time, that ADCK3 is an active atypical
serine/threonine protein kinase. Peptide substitution analysis was performed for ADCK3
in order to obtain information regarding substrate recognition. During peptide
substitution analysis, ADCK4 was purified for the first time, and also shown to
phosphorylate a peptide substrate. The resulting 6-residue peptide identified after three
phases of substitution was determined, through bioinformatic analysis, to be present in
the primary amino acid sequence of ATP synthase F0 subunit 8, a component of the
peripheral stalk of mitochondrial ATP synthase. ADCK3 was shown to phosphorylate a
peptide corresponding to the -5 to +5 recognition sequence of the potential substrate
phosphorylation site.
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Since protein kinase activity has been detected for both ADCK3 and ADCK4,
research will now be directed towards the continuation of substrate identification and
developing insights regarding the mechanism of kinase activation. Crystal structures of
both ADCK3 and/or ADCK4 with cofactor and substrate peptide bound would help
further our understanding on a molecular level of how phosphorylation is possible in this
atypical kinase domain. Confirmation of ATP synthase F0 subunit 8 as a substrate for
ADCK3 and ADCK4 through radiometric kinase assays with the 27-68 matrix-exposed
domain and in cell phosphorylation confirmed via mass spectrometry would help
corroborate our current findings. Additional work must be carried out focusing on the
Coq homolog polypeptides – involved in complex formation required for coenzyme Q
biosynthesis – as potential substrates as well.
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Appendix A
Table A. Assaying protein kinase activity using 60 common protein and peptide
substrates.

To evaluate protein kinase activity of ADCK3, radiometric kinase assays were
implemented using 5 µM ADCK3 329-616 in the presence of individual protein and
peptide substrates, used in 25 and 500 µM concentrations, respectively. Reactions were
carried out at 25 °C for 60 min. Substrates that resulted in counts per minute (CPM)
greater than 1000 compared to background are highlighted in blue.
79

Appendix B
Peptide substitution analysis
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Peptide substitution analysis was performed via radiometric kinase assays, using 5 µL of
active kinase preparation, 10 µL of peptide solution, 5 µL of assay buffer, and 5 µL of [γ33
P]-ATP. Single reactions were initiated by the addition of [γ-33P] ATP to the reaction
mixture, and reactions were carried out at 25 °C for 40 min. A. Substitution analysis at
the -1 position. B. Substitution analysis at the +1 position C. Substitution analysis at the 2 position. D. Substitution analysis at the +2 position. E. Substitution analysis at the -3
position.
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