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Abstract: Aurora kinase A (AURKA), which is a member of serine/threonine kinase family, plays a
critical role in regulating mitosis. AURKA has drawn much attention as its dysregulation is critically
associated with various cancers, leading to the development of AURKA inhibitors, a new class of
anticancer drugs. As the spatiotemporal activity of AURKA critically depends on diverse intra- and
inter-molecular factors, including its interaction with various protein cofactors and post-translational
modifications, each of these pathways should be exploited for the development of a novel class of
AURKA inhibitors other than ATP-competitive inhibitors. Several lines of evidence have recently
shown that redox-active molecules can modify the cysteine residues located on the kinase domain
of AURKA, thereby regulating its activity. In this review, we present the current understanding of
how oxidative modifications of cysteine residues of AURKA, induced by redox-active molecules,
structurally and functionally regulate AURKA and discuss their implications in the discovery of
novel AURKA inhibitors.
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1. Introduction

Aurora kinase A (AURKA), a serine/threonine kinase family member, plays a funda-
mental role in various aspects of cellular processes [1,2], such as regulating centrosome
maturation and spindle formation during mitosis, entry into the mitotic phase, and mitotic
division [2]. Recently, several non-mitotic roles of AURKA have been reported, further
implicating the role of AURKA in several important cellular processes [3-5]. Since its
discovery in the mid-1990s, AURKA has drawn much attention; AUKRA protein over-
expression, gene amplification, and its mutations were reported to be associated with
carcinogenesis, leading to poor prognosis. Therefore, AURKA is considered as an appeal-
ing target for the therapeutic interventions [2,6-12]. Several strategies of targeted and
specific inhibition of AURKA led to the development of a new class of drugs known as
AURKA inhibitors [13,14]. To date, several AURKA inhibitors have successfully reached to
the clinical trials for the treatment of diverse cancers including leukemia, triple-negative
breast cancer, and prostate cancer [15,16]; Most of the clinically effective AURKA inhibitors
were ATP-competitive inhibitors, with ICsq values lying typically in the sub-nanomolar
range [15,16]. Despite their high-potent inhibition against the enzymatic activity of AU-
RKA, AURKA inhibitors typically have severe on-target as well as off-target toxicities,
such as bone marrow and epithelial cells, leading to severe adverse effects such as neu-
tropenia, mucositis, and somnolence, severely limiting the therapeutic window of the
AURKA [17-20] inhibitors.

To overcome these issues and develop more selective AURKA inhibitors, many
researchers focused on developing a new class of AURKA inhibitors targeting diverse
regulatory factors that affect AURKA function. Through decades of intensive research,
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other factors, including co-factors interacting with AURKA, AURKA-substrates, and post-
translational modifications such as cysteine oxidation, have been identified to be crucial for
the activity and specific localization of AURKA [21-32]. These findings provided a ratio-
nale for developing new therapeutic strategies involving the control of AURKA activation
pathways, to completely block the enzymatic and non-enzymatic function of AURKA and
overcome on-target/off-target toxicities.

For instance, several small molecules that modulate the interaction between AURKA
and its major cofactor, targeting protein for Xklp2 (TPX2), have been developed [33-36].
TPX2 uses its N-terminal 43 residues to form a tight complex with AURKA at the spindle mi-
crotubule, where it activates the AURKA by (i) inducing the structural alteration of AURKA
into catalytically competent structure and (ii) inhibiting the dephosphorylation by phos-
phatases [21,34,37-40]. Several small-molecule inhibitors demonstrated their inhibitory
effect against enzymatic activity of AURKA, by specifically blocking the TPX2-AURKA
interactions rather than ATP binding sites [33-36].

Interaction of AURKA with N-MYC oncoprotein, another example of a cytosolic
AURKA-binding protein [41], can be exploited to develop therapeutic interventions. MYC
functions as a transcription factor that orchestrates the downstream oncogenic signaling
networks, which are frequently activated in multiple human cancers, such as breast cancer,
liver cancer, colorectal carcinoma, and prostatic neoplasia [42,43]. Hence, the MYC protein
can be considered as an ideal target for the cancer treatment. However, lack of a preferred
binding pocket for traditional drug modalities poses a demand for alternative strategies to
indirectly inhibit MYC function, one of which involves exploiting the interaction between
MYC and AURKA [41,44,45]. N-MYC protein is stabilized through the complex formation
with AURKA that protects N-MYC from proteasomal degradation [45]. Several small-
molecule inhibitors have successfully disrupted the interaction between N-MYC and
AURKA, leading to the destabilization and degradation of N-MYC and subsequently
tumor regression in MYCN amplified cancers [46—48].

In addition to the aforementioned intermolecular protein-protein interactions regu-
lating AURKA activity, several evidences have demonstrated that the activity of AURKA
depends on the redox modifications of the cysteine residues in its kinase domain. Although
therapeutic significance of the redox modifications of AUKRA is rarely reported [49], a
greater understanding of redox-based AURKA regulation may open new therapeutic av-
enues for developing effective AURKA inhibitors with novel mechanisms of action. Here,
we discuss our current understanding of the multifaceted effects of redox-active molecules
on the activity of AURKA.

2. Redox-Based Cell Cycle Regulation

Diverse cellular metabolic activities in various organelles such as mitochondria, per-
oxisomes, and phagosomes, result in the production of reactive oxygen species (ROS),
a collective term for all highly reactive oxygen derivatives produced by the partial re-
duction of molecular oxygen [50-52]. Although ROS have long been considered as toxic
byproducts affecting normal cell function by inducing unwanted oxidative stress, it is
accepted that ROS at physiological levels plays a critical role in signaling and are essential
for maintaining overall cellular homeostasis [53-55]. In particular, the redox state of cells
at each divisional state is critical for the normal cell proliferation. During the cell cycle of
proliferating eukaryotic cells, the intracellular pH and balance between redox pairs such
as NADH/NAD+ and NADPH/NADP+ continuously oscillate; hence, proper cellular
machinery is required to sense and respond to these alterations [56]. A body of evidences
indicates that ROS regulates and controls the cell cycle (e.g., G2/M transition) by specifi-
cally modulating the redox-sensitive protein associated with cell cycle regulation [57,58].
For instance, ROS can directly regulate the phosphatase cell division cycle 25 (CDC25),
which is essential for controlling cell-cycle progression [59], including the G2/M transition
through dephosphorylation of the inhibitory phosphorylation sites of cyclin-dependent
kinase (CDK)/cyclin complexes [60]. This event activates the CDK/cyclin complex, facili-
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tating the progression through cell division [61]. ROS, such as H,O,, induces the formation
of intracellular disulfide bonds between the highly reactive cysteine residues Cys330 and
Cys377 of CDC25, leading to the inactivation of the CDC25, by which the activation of the
CDK/cyclin complex is induced [62].

ROS-mediated regulation of protein phosphatase 2A (PP2A) is also involved in redox-
mediated cell cycle regulation. It belongs to the phosphoprotein phosphatases (PPP)
family, which has been detected to control a myriad of protein dephosphorylation events in
cells [63], controlling key cellular processes such as signal transduction, protein translation,
immune regulation and most importantly, mitosis [64]. PP2A functions antagonistically
to mitotic kinases, such as AURKA and CDK1, by counteracting mitotic kinase-induced
phosphorylations in most eukaryotes [65,66]. Furthermore, PP2A negatively regulates
CDC25 [66]. By dephosphorylating Thr130 residue in CDC25, PP2A promotes the for-
mation of the 14-3-3 and CDC25 complex, and subsequent cytosolic sequestration of
CDC25 [67]. The regulatory dephosphorylation activity of CDC25 critically depends on its
interaction with various ROS species, such as HyO,, nitric oxide, and peroxynitrite, which
pose specific functional impacts on PP2A [68-72]. In solution, PP2A exists primarily as a
heterotrimer consisting of a catalytic subunit (PP2Ac) complexed with a scaffold and regu-
latory subunits [73]. Each subunit has multiple isoforms; therefore, variable combinations
of the three subunits forming the holoenzyme can influence the subcellular localization and
substrate specificity. The catalytic subunit PP2Ac contains 10 cysteine residues, including
a canonical CXXC motif at position 266-269, that can undergo reversible intra- and inter-
molecular disulfide bonds formation [71,72]. The formation of disulfide bonds induces
the structural alterations leading to the inhibition of PP2Ac activity, allowing PP2A to
sense oxidative stress and subsequently regulate the cell cycle by modulating downstream
signaling pathways [71,72].

The aforementioned redox-sensitive proteins contain highly reactive cysteine residues,
which allows them to translate oxidative changes into structural rearrangements and
functional consequences of the proteins. Similarly, AURKA contains several reactive
cysteine residues that can undergo redox modifications, as discussed in detail below,
enabling AURKA to sense and respond to the oscillating cytoplasmic redox states during
the cell cycle.

3. Cysteine Residues in AURKA

The sulfur-containing cysteine residue is capable of undergoing diverse oxidative
modifications in response to a wide variety of oxidative stresses. This feature of cysteine
supports a wide range of organisms to cope with environmental stresses [74]. Among
methionine and cysteine, the two sulfur-containing amino acids present in the proteins,
the thiol functional group of cysteine can undergo a wide variety of modifications, such as
oxidation to sulfenic (R-SOH), sulfinic (R-SO,H), and sulfonic (R-SO3H) acids, as well as
the formation of disulfide bonds (R-S-S-H), which allow cysteine-containing proteins to
regulate a wide variety of biological processes in a very exquisite way [75]. However, only
certain cysteine residues in the protein can undergo such modifications; this fact emphasizes
the significance of the microenvironment surrounding the cysteine residue, which affects
the reactivity [76]. The susceptibility of cysteine to these redox modifications is largely
dependent on the reactivity of each specific sulthydryl group, strongly influenced by solvent
accessibility, the polarity of surrounding residues, and the pH [77,78]. The ionization
constants (pKa) for the equilibrium between free cysteine thiol (-SH) and thiolate (-S-) is
approximately 8.5, similar to the cytoplasmic pH [78-81]. However, the pKa of cysteine
residues of a protein or the peptide can vary drastically. For example, the electrostatic field
associated with an x-helix pointing with its N-terminus towards the cysteine residue has
been shown to lower the thiol pKa value by up to ~5 in several proteins [82]. Therefore,
taking into account structural information is imperative when predicting the structural and
regulatory functions of cysteine residues against oxidative stress [83,84].
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AURKA consists of a non-conserved, flexible auxiliary N-terminal domain and a C-
terminal conserved kinase domain (Figure 1). AURKA contains three cysteine residues (at
amino acids positions 8, 33, and 49) in the N-terminal auxiliary domain and four cysteine
residues (at amino acids positions 247, 290, 319, and 393) in the C-terminal kinase domain
(Figure 1a). Unlike the kinase domain, the N-terminal domain of AURKA still needs to be
further studied to clarify its function. However, several studies have explored the functional
and structural role of the N-terminal domain, including a docking site for AURKA cofactors,
or implications for autoinhibitory interactions [85,86]. As the function of cysteine residues
in the N-terminal domain has not been systemically tested, we focused on the role of cys-
teine residues in the kinase domain of AURKA. Similar to other kinases, AURKA displays
a canonical bilobal fold consisting of N-, and C-lobes and an ATP-binding cleft between
the lobes (Figure 1b) [87]. All four cysteine residues in the kinase domain of AURKA are
located in the C-terminal lobe of the kinase, and only Cys290 and Cys393 are exposed to
the solvent surface [87]. Previous reports detected that mutation of these solvent exposed
residues improves the stability of the protein and forces the protein to exist as a monomer
in solution, suggesting that those solvent-exposed cysteine residues are involved in the for-
mation of inter-molecular disulfide bonds leading to the formation of homodimer in higher
multimers [88]. Nevertheless, further investigation is needed to confirm the physiological
roles of the formation of inter-molecular disulfides. Of the two surface-exposed residues,
Cys290 seems to play a critical role, as it lies at the center of the activation segment of the
kinase domain, while Cys393 is located at the C-terminal flexible tail (Figure 1c). The kinase
activity of the AURKA depends on and is regulated by the phosphorylation state of the strictly
conserved residue, Thr288, located within the activation segment, a conserved structural
element in most eukaryotic kinase families. It is now well established that the conformation of
the activation segment consisting of Asp-Phe-Gly (DFG) motif, activation loop which contains
the site of regulatory phosphorylation (Thr288 in AURKA), and APE (Ala-Pro-Glu) motif,
controls kinase activity [89] The phosphorylation of Thr288 leads to the global structural
reorganization required for the activation of AURKA, involving remodeling and releasing
the autoinhibited “DFG-in” state and conformational change of the activation segment that
enables the binding of substrate [89]. As the conformation of the activation segment critically
determines the kinase activity, the redox modification of Cys290, which is located in the
vicinity of Thr288, is expected to significantly affect the overall activity of the kinase.
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Figure 1. Domain organization and overall structure of human AURKA. (a) Domain organization of
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N-terminal auxiliary domain (residues 1-122) and kinase domain (residues 123-403) comprising
the human AURKA. Cysteine residues and activation segments (residues 274-299) are also marked.
(b) Crystal structure (shown as ribbon representation) of AURKA bound to ATP (PDB ID: 10L5).
Cysteine residues located in the c-lobe are shown as yellow sticks, while the cys393 located at the
disordered c-terminal residue of AURKA could not be shown. (c¢) Close-up view of the active site
(ATP binding pocket) of AURKA. The phosphorylated threonine residues (Thr287 and Thr288) are
shown as sticks, and the activation segment is colored as pink.

Although Cys247 and Cys319 are buried within the interior of the protein compared
to the location of Cys393 and Cys290, a crystallographic study has shown that the Cys247
can also be covalently modified [30]. When AURKA was crystallized in the presence of
sodium cacodylate, an organic arsenic compound commonly used as a buffering agent
during crystallization process, Cys247 was found to be covalently modified with dimethyl
arsenic adducts [30]. A further study of the physiological functions of Cys247 modification
would suggest the possible role of Cys247 modification in regulating AURKA activity.

4. Functional and Structural Consequences of Cysteine Modification in AURKA
4.1. Two Distinct Pathways of AURKA Activation

Spatiotemporal regulation of AURKA’s activity is multifactorial. A growing body of
evidences suggests the following two main pathways that active AURKA: (i) the phospho-
rylation of conserved Thr288 residing on the activation segment or the (ii) interaction with
co-factor proteins (e.g., TPX2) that induces the structural rearrangement competent for the
phosphotransfer activity [37-39,88,90-95]. Although the phosphorylation of Thr288 and
TPX2 binding synergistically activate AURKA in vitro [91,96], two distinct pathways seem
to work independently in an intracellular environment [23,97-99]. As discussed in detail
below, biochemical, biophysical, structural, and cellular evidences have shown that the
redox modification of the cysteine residues of AURKA affects both the phosphorylation
state of Thr288 and the conformation state of structural elements critical for the kinase
activity, leading to the regulation of AURKA activity.

4.2. H,O; Induced Oxidative Modification of Cysteine

Hydrogen peroxide (HO7) is a major ROS member that can act as a signaling molecule
in many biological systems [100]. Endogenously, H,O, can be produced as a result of [32]
metabolic reactions such as respiration, and is implicated in many redox signaling path-
ways [101,102]. Furthermore, H,O; levels have also been implicated in the regulation of
mitosis by directly oxidizing various kinases and phosphatases involved in the cell cycle
regulation [103-106]. Considering the variable intracellular H,O, level in multiple stages of
the cell cycle [107,108], cells can be considered to have critical ways of sensing intracellular
H,O; levels and responding to them. For example, high levels of HO; have been shown
to induce the cell cycle arrest, and relatively low levels of HyO, are required for mitotic
entry [32,107,109].

So far, several lines of evidence have shown that HyO,-induced regulation of the AU-
RKA activity, possibly through direct oxidation of Cys290 present in the activation segment
of the kinase domain. In mammalian cells, the oxidative stress induced by the additional
H,0; results in the mitotic delay and abnormal mitotic spindle formation [32]. As the spin-
dle formation is the process that is mainly governed by the kinase activity of AURKA, these
observations led to the hypothesis that H,O, regulates the activity of AURKA [110,111].
Indeed, the phosphorylation level of Thr288 of AURKA was significantly elevated when
the mammalian cells were treated with HyO,, suggesting that the hyperphosphorylation of
AURKA induces mitotic delay and abnormal spindle formation [32].

In contrast, when the purified recombinant AURKA was treated with H,O,, its overall
kinase activity of AURKA (as measured in terms of the phosphorylation level of fluorescent-
tagged substrate peptide) was decreased, while the phosphorylation level of Thr288 re-
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mained almost unchanged [29]. The mutational analysis further confirmed that the Cys290
was the main site for HyO,-induced oxidative modifications, and the inhibitory effect of
H,0O; on AUKRA activity was reversed by almost equimolar concentrations of the reducing
agent dithiothreitol (DTT), suggesting a reversible inhibitory effect of H,O, on AURKA
activity [29]. Interestingly, adding relatively higher amounts of DTT (~100 mM) to the
Xenopus laevis (X. laevis) egg extract system, a powerful tool for studying the cell cycle
at the molecular level, inhibited the phosphorylation of Thr295 in the X. laevis AURKA
(equivalent to Thr288 of human AURKA) [30]. These observations suggest the presence of
indirect or cell cycle-specific signaling pathways that lead to elevated Thr288 phosphoryla-
tion levels and AURKA activation. As the phosphorylation state of Thr288 alone does not
fully reflect the enzymatic activity of the kinase, direct measurements of kinase activity of
AURKA in addition to Thr288 phosphorylation level at the specific intracellular localization
and timing in cells would aid confirming the interplay of diverse AURKA cofactors that
regulates the activity.

4.3. Structural Transitions Induced upon Covalent Modification of Cysteine in AURKA with
Coenzyme A

Coenzyme A (CoA) is a fundamental metabolic cofactor that participates in numerous
biological metabolic processes [112]. It particularly plays a central role and functions as
an obligate cofactor in energy and fatty acid metabolic pathways [113]. As CoA contains a
thiol group, it can interact with other cellular thiols to form a disulfide bond and can also
covalently modify protein thiols in cysteine or methionine amino acids [112]. Covalent
modification with CoA (CoAlation) of cysteine residues plays a role in post-translational
modification, which can lead to altered enzyme activity, protein-protein interactions, and
localization [112,114,115]. Interestingly, it has been reported that CoA and its derivatives
regulate the activity of several protein kinases, such as PKC (protein kinase C), CaMKII,
and AURKA through direct activation or inhibition [116,117]. Several CoAlated structures
of AURKA have enabled a deeper understanding of CoA-mediated regulation of AURKA
activity at the structural and molecular levels.

The previous study reported by Tsuchiya et al. revealed the detailed biophysical and
structural basis of the CoA-mediated AURKA inhibition [31]. Kinome-wide screening
of CoA against various protein kinases revealed that CoA specifically inhibits the cat-
alytic activity of AURKA. Mass spectrometric and mutational analyses confirmed that the
CoA molecule covalently modified the Cys290, and the modification of Cys290 decreased
AURKA phosphotransferase activity towards myelin basic protein substrate in a dose
dependent manner [31]. The crystal structure of CoAlated Cys290 AURKA elucidated
the structural basis of the inhibitory effect of Cys290 CoAlation (Figure 2). In the crystal
structure, the 3'-phospho-ADP moiety of CoA was bound to the ATP-binding pocket of the
kinase domain of AURKA, suggesting that the CoA can occupy the ATP-binding pocket
and thus compete with cellular ATP (Figure 2b). The pantetheine moiety of CoA stretches
toward the catalytic activation segment of AURKA, allowing the sulfhydryl group to form
a disulfide bond with the Cys290 located in the vicinity of Thr288.

The structural prerequisite for sufficient activation of AURKA is the presence of
several structural elements such as “DFG-in”, “«-Helix in”, and the salt bridge between
catalytically important Lys162 and Glul81 [90]; interestingly, the CoA-bound AURKA
harbors these hallmarks of the active conformation. However, covalent modification of
the Cys290 resides in the “P + 1 loop”, a portion of the activation segment that constitutes
a binding site for substrate peptide, would sterically constrain the P + 1 loop, leading
to impaired geometry unsuited for substrate binding (Figure 2b) [89,118]. Furthermore,
the covalent binding of CoA resulted in the loss of hydrogen bonding between Arg255
(the central residue of the catalytic HRD motif) and phosphorylated Thr288, which would
further impair the ideal geometry for the catalysis [119]. Interestingly, the binding of TPX2,
a major cofactor of the AURKA, almost completely blocks the inhibitory effect of CoA [31].
This indicates that, in the presence of TPX2 (i.e., spindle pool of AURKA), the inhibitory
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effects of CoA are expected to be significantly limited. Whether the other major cofactors
(e.g., CEP192 or Bora) also block the inhibitory effect of CoAlation of cysteine should be
further determined.
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Figure 2. Structure of monomeric CoAlated AURKA structure (a) Crystal structure (shown as ribbon
representation) of AURKA bound to CoA (PDB ID: 612U) displaying monomeric structure (See main
text for details). (b) Close-up view of the active site (ATP binding pocket) of CoAlated AURKA.
Cys290 forming covalent bonds with CoA is shown as yellow stick and activation segment is colored
in pink.

Although the study by Tsuchiya et al. detailed the structural and biophysical basis
for CoA- mediated AURKA inhibition, the effect of CoAlation on AURKA does not seem
straightforward, as other Cys290 CoAlated structures have shown the structural implica-
tion of CoAlation for the AURKA activation (Figure 3) [30]. A study by Lim et al. reported
a CoA-bound structure displaying an activation segment-swapped homodimer, a more cat-
alytically competent conformation (Figure 3). Contrary to the monomer structure reported
by Tsuchiya et al. this structure contained a homodimer and CoA molecules covalently
bounded to the Cys290 residues of neighboring monomers, suggesting that the formation
of the Cys290-CoA covalent bond may facilitate stabilization of the activation segment
swapped dimeric structure, which would consequently promote the autophosphorylation
of Thr288 (Figure 3b). Whether the CoAlation leads to the formation of dimeric structure in
solution needs further investigation. As the authors used a TPX2-fused chimeric protein,
with the N-terminal AURKA residues (at positions 1-115) replaced with TPX2 (at positions
7-20), the structure might reflect that of the distinct CoA-bound AURKA in the presence
of TPX2.

Due to the flexible nature of the kinase activation segment, several distinct structural
populations can exist in solution, and relatively minor conformations that are prone to
crystallize can be captured in crystal structure. Therefore, concluding solely from the
crystal structure could often be misleading. Other biophysical and cellular experimental
approaches reflecting more physiological conditions would complement the information
obtained from the crystal structure analyses and aid the comprehensive understanding of
CoA-mediated regulation of AURKA.
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Figure 3. Structure of dimeric CoAlated AURKA structure (a) Crystal structure (shown as ribbon
representation) of AURKA bound to CoA (PDB ID: 6XKA) displaying dimeric structure. (b) Close-up
view of the active site (ATP binding pocket) of CoAlated AURKA. As the structure contains only one
molecule in the asymmetric unit, Chain B denotes the AURKA molecule present in the neighboring
asymmetric unit, not in the same unit. Also, the portion of the activation segment containing Cys290
is disordered and therefore not modeled in the structure.

5. Conclusions

Given its critical role in cell division and cancer, there has been great interest in de-
veloping inhibitors targeting AURKA over the last two decades [13,16]. Although several
potent ATP- competitive AURKA inhibitors have been successfully progressed into clin-
ical trials, the identification of the regulatory mechanisms affecting the localization and
activity of AURKA is crucial to overcome side effects and to block the non-catalytic role
of AURKA [3,5,13,15,16,44,45,48]. Here, we reviewed several examples of redox-based
mechanisms for AURKA regulation. Despite our limited understanding of the impact of
redox-active molecules on the catalytic function of AURKA, redox-active molecules can di-
rectly influence the function and structure of AURKA. The structure of CoA-bound AURKA
is particularly interesting; CoA molecules can block the ATP-binding site and compete with
ATP; also, it structurally alters the activation segment by covalently modifying the Cys290
residing in the segment [30,31]. As the diverse covalent kinase inhibitors targeting cysteine
in the vicinity of ATP-binding pocket have exhibited superior efficacy and selectivity [120],
supporting its approval by the FDA, Cys290 of AURKA is suggested to be a new target for
developing AURKA inhibitors.
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