Cysteine Modification in Aurora Kinase A
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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.
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| 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 phosphorylation 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 IZIEBIAIEIGI7IEICNL - Although the phosphorylation of Thr288 and TPX2 binding synergistically
activate AURKA in vitro [BIL two distinct pathways seem to work independently in an intracellular environment [£2[231114]
151 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.

| 2. H,0, Induced Oxidative Modification of Cysteine

Hydrogen peroxide (H,0,) is a major ROS member that can act as a signaling molecule in many biological systems 28],
Endogenously, H,O, can be produced as a result of 12 metabolic reactions such as respiration, and is implicated in many
redox signaling pathways 819 Fyrthermore, 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 292122231 Considering the
variable intracellular H,O, level in multiple stages of the cell cycle 24231 cells can be considered to have critical ways of
sensing intracellular H,O, levels and responding to them. For example, high levels of H,O, have been shown to induce
the cell cycle arrest, and relatively low levels of H,O, are required for mitotic entry LZ124126]

So far, several lines of evidence have shown that H,O,-induced regulation of the AURKA 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,O, results in the mitotic delay and abnormal mitotic spindle formation 4. As the spindle
formation is the process that is mainly governed by the kinase activity of AURKA, these observations led to the hypothesis
that H,0, regulates the activity of AURKA [27[28] |ndeed, the phosphorylation level of Thr288 of AURKA was significantly
elevated when the mammalian cells were treated with H,O,, suggesting that the hyperphosphorylation of AURKA induces
mitotic delay and abnormal spindle formation [,

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 remained almost unchanged 29. The mutational analysis further confirmed that the
Cys290 was the main site for H,O,-induced oxidative modifications, and the inhibitory effect of H,O, 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 2. 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) B9, These observations
suggest the presence of indirect or cell cycle-specific signaling pathways that lead to elevated Thr288 phosphorylation
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.

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 [21.
It particularly plays a central role and functions as an obligate cofactor in energy and fatty acid metabolic pathways 2. 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 B, 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 BHE3N34] nterestingly, 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 B8] 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 B4, Kinome-wide screening of CoA against various protein kinases revealed that CoA specifically
inhibits the catalytic 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 B4, The crystal structure of CoAlated Cys290 AURKA
elucidated the structural basis of the inhibitory effect of Cys290 CoAlation (Figure 1). 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 1b). 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.
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Figure 1. 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.

The structural prerequisite for sufficient activation of AURKA is the presence of several structural elements such as “DFG-
in", “a-Helix in”, and the salt bridge between catalytically important Lys162 and Glu181 [&; 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 1b) B8589 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 49, Interestingly, the
binding of TPX2, a major cofactor of the AURKA, almost completely blocks the inhibitory effect of CoA B4, This indicates
that, in the presence of TPX2 (i.e., spindle pool of AURKA), the inhibitory 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.



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 implication of CoAlation for the AURKA activation (Figure 2) B9, A study by Lim et al. reported a CoA-bound
structure displaying an activation segment-swapped homodimer, a more catalytically competent conformation (Figure 2).
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 2b). 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.

a ChainA ChainB ChainB Chaind
Necbe N-obe n r
. 'y Fa P . 2
- e 2 St v \J.
AT o i et Cpan A
2 ( Ty o o
Con ¥ {.{: i 180 L 1
ity A 2 =~ LTy q
Y* £ e g PR
» & i o 'P\{\ —
S ST e
oy & lg‘f g A
; | PR Vg
g ot - 2heats -
oo 5 s Sl
9 ChainA
— COAenn
P A" : — S Disordered
' 3 T Cys290
-
\ N &/ activation
segmentcnans
= = s
b,
ChainB

o)

Figure 2. 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.

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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