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SUMMARY 

 

 

The currently published Aurora A/N-Myc complex structure (PDB-ID: 5G1X) states 

that the complex formation enhances the stability of N-Myc in cancer types where it 

is highly expressed. As N-Myc overexpression is frequently found in particularly 

neuroblastoma, targeting to inhibit this complex may be a valid strategy to decrease 

N-Myc levels. Although AurA has many inhibitors, which currently have already been 

used in cancer treatment, these inhibitors have a limited effect on tumors characterized 

by N-Myc amplification. The main reason for that N-Myc binds to AurA between the 

activation segment and the C-terminal lobe, while all AurA inhibitors are targeted to 

the ATP binding pocket. Therefore, AurA activity is not essential for interaction with 

N-Myc. 5G1X complex consists of two MYC boxes (MB) motifs. Although the 

structure is contained two motifs in the crystallization experiment, only the coordinates 

of the MBI structure were obtained. Besides, MB0 was reported as unmodeled in the 

PDB. Therefore, to prevent this characteristic interaction, designing molecules that 

directly target the AurA/N-Myc binding surface is a unique and original strategy to 

trigger N-Myc degradation. We aim to investigate the effects of structural alterations 

of AurA with currently known small chemical inhibitors on N-Myc binding. 

Therefore, MD simulations of all studied complexes were generated through 500ns. In 

this study, we also conclude that the interaction with TPX2 protein, a known partner 

of AurA, as well as directly analyzing the 5G1X complex with molecular dynamics 

simulations to evaluate the stability of the complex with a crystallized MB motif. 

 

Keywords: Crystallization, Free Energy Calculation, Molecular Dynamics 

Simulation, N-Myc, Oncogene, Protein-Protein Interaction. 
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ÖZET 

 

 

Bağlanma Olayında N-Myc’in Myc Box 0 ve Aurora A'nın N-Terminal Lobunun 

Açıklanmasına Yönelik Aurora A / N-Myc Kompleksi Üzerinde Moleküler 

Dinamik Simülasyonları ve Bağlanma Serbest Enerji Hesaplamaları 

 

Kısa süre önce elde edilen Aurora A/N-Myc kompleks yapısı (PDB No: 5G1X). kanser 

hücrelerinde yüksek ifade edilen N-Myc kararlılığını artıran bir kompleks olarak önce 

çıkmıştır. Bu kompleks partnerlerinden AurA'yı hedefleyen çok sayıda inhibitör 

mevcut olmasına rağmen, bu inhibitörlerin N-Myc amplifikasyonu ile karakterize 

edilen tümörler üzerinde sınırlı etkiye sahip oldukları görülmektedir. Bu durumun 

sebepleri arasında, AurA/N-Myc bağlanma yüzeyinin katalitik bölgeden farklı bir 

bölgede olması ve AurA aktivitesinin N-Myc ile etkileşmesinde herhangi bir rol 

üstlenmemesi sayılabilir. Bu nedenle, AurA/N-Myc bağlanma yüzeyini doğrudan 

hedefleyecek moleküllerin tasarlanması, tümör oluşumuna artıran N-Myc'nin yıkımını 

tetiklemek için orijinal bir stratejidir. 5G1X kompleksi, iki MYC kutu (MYC boxes 

(MB)) motifinden oluşmaktadır. Kristalizasyon deneyindeki yapı her iki motifi de 

içerse de, sadece MBI yapısına ait koordinatlar elde edilirken MB0, yapıda 

modellenmemiş olarak raporlanmıştır. Bu sebeple, AurA’nın bilinen ve hali hazırda 

kullanılan ligandlarla olan yapısal değişimlerin N-Myc bağlanmasına etkisini 

araştırdık. Bu çalışmada, 5G1X kompleksini, kristalize bir MB motifi ile kompleksin 

stabilitesini değerlendirmek için moleküler dinamik simülasyonları ile doğrudan 

analiz etmenin yanı sıra AurA’nın bilinen bir partneri olan TPX2 proteini ile olan 

interaksiyonunu da bu çalışmaya dahil ettik. 

 

Anahtar Sözcükler: Kristalizayon, Moleküler Dinamik Simülasyonu, N-Myc, 

Onkogen, Protein-Protein Etkileşimi, Serbest Bağlanma Enerjisi Hesaplaması 
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1. BACKGROUND AND AIM OF THE STUDY 

 

 

Kinases are essential enzymes that play crucial roles in many biological processes 

ranging from signal transduction to metabolism (1). More than 518 different kinases 

have been identified in the human genome (2). These enzymes phosphorylate to their 

targeted protein at the side chain of some specific amino acid consisting of Tyrosine, 

Serine, Threonine. (3). In the case of the dysfunctionality of the unique biological 

amplifier causes various pathological conditions such as cancer and inflammation 

(3,8). Therefore, there is still a hot-topic to target such kinases to regulate their protein 

level in cells via therapeutic strategies (9).  

 

 

AurA is such kinase that belongs to the Serine/Threonine kinase protein family 

(10). Similar to many other kinases, AurA is found to be amplified level in many 

cancers such as neuroblastoma (11), ovarian (12), prostate cancer (13). Under normal 

circumstances, AurA is dephosphorylated by PP1 so that it is transformed into an 

inactive state; however, in some conditions, AurA might be protected from its 

degradation with the aid of its protein stabilizer. TPX2 is a known partner of AurA 

responsible for the activation and stabilization of AurA (14). Recently studies 

suggested that AurA has another stabilizing partner is N-Myc (11). In contrast to 

TPX2, AurA/N-Myc interactions have not been associated with any pathways yet. The 

main reason for their interaction is still unclear; however, it has been identified that 

AurA blocks the ubiquitination of N-Myc, preventing its binding to the E3 ubiquitin 

ligase SCFFbxW7 and thereby stabilizing N-Myc (11,15). N-Myc and TPX2 compete 

for AurA interaction, suggesting that they interact through an overlapping surface(11). 
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With this perspective here, I aimed to investigate their structural mechanism 

behind AurA / N-Myc complex interactions by using computational methods. For this 

purpose, intermolecular interactions in the 5G1X structure containing the AurA / N-

Myc complex dissolved in November 2016 have been extensively studied in the 

structural mechanism behind this affinity. (11). Despite being such an influential 

structure, 5G1X has a missing N-Myc portion, namely MB0. Thus, the missing part 

was constructed by a comparative modeling algorithm. Then, to test two various AurA 

complexes with another protein partner binds to the same AurA surface with the MB0 

motif is TPX2 (16). Lastly, a chimeric form of TPX2 and MBI is computationally 

modeled. In this way, the MBI fluctuations would be compared with TPX2, MB0, and 

crystal form. Consequently, the stability and dynamics of distinct AurA/N-Myc 

complexes with varying MB motifs were delineated, attempting to unravel the most 

critical interactions. 
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2. INTRODUCTION 

 

 

2.1 Cancer 

 

 

All living organisms, from microorganisms to primates, perform countless 

metabolic activities during the course of their lifespan (17,18). One of the fundamental 

activities commonly encountered in all organisms is cellular division, which under 

normal conditions serves to expand their masses from embryonic to cell development 

and bacterial invasion. Under such circumstances, in which division cannot be 

controlled via cell cycle progressions, result in cancer. (19,20).  

 

 

According to the American Cancer Society (ACS) definition, cancer is defined as 

uncontrolled growth resulting in an enormous proliferation of cells (18,19). This 

situation might occur due to various abnormalities, particularly in the regulatory 

processes. For example, mutation-based changes in the expression levels of oncogenes 

and/or chromosomal instabilities would result in such outcomes (21–23). These 

malformations generally reveal apoptosis and tumor suppression inhibition or growth 

and differentiation against self-defense mechanisms (24,25). Depending on the 

position of the mutation, oncogenes could be divided into two categories. If the 

mutation is in the protomer region, it may result in upregulation of oncoproteins, while 

if it is in the exonic regions, the gene product may lose its function, which indirectly 

causes a self-defense mechanism. The normal function of tumor-suppressing proteins 

is to prevent the growth of cancerous cells through different pathways. However, 

having negative impact mutations on the proteins responsible for the restraining 

tumorigenesis fails to prevent these abnormal divisions. Henceforth, disturbed tumor 

suppression mechanism having cells effortlessly pass through checkpoints in the cell 

cycle. In the further stages of carcinogenesis, healthy cells undergo cellular devastation 
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and intracellular stress in the aftermath. This rapid holocaust may indirectly result in 

revealing defense against cancerous cells due to the homeostatic balance disruption. 

On the other hand, the upregulation scenario refers to proto-oncogenes so, its 

overexpression induces cancer. Growth factors and mitotic division inducer proteins 

are mainly involved in this category. With the domino effect, this abnormal increase 

is likely to eventually lead to the defect in cellular division control (26), underscoring 

the significance of inhibiting such over-expressed/over-active enzymes for therapeutic 

purposes.  

 

 

2.1.1 MYCN 

 

 

The MYCN (Neuroblastoma-Myelocytomatosis viral gene) is one of the three 

members of the Myc family found in the short arm of chromosome 2 (2p24.3), which 

encodes the N-Myc protein (27). This gene was first identified in 1983 when genomic 

amplification of a gene construct with high sequence similarity to MYC was reported 

in a group of human neuroblastoma cell lines (27). However, different types of cancer 

are reported to have MYCN or N-Myc amplification, particularly 20% of 

neuroblastoma cases known to have MYCN gene amplification (28–30). Unlike other 

family members, which are cellular MYC (which encodes C-Myc protein) and MYCL 

(which encodes L-Myc protein), MYCN is a gene involved in the development of 

neural crest in the embryonic cells within the nervous system (31,32). Typically, the 

expression of MYCN is markedly reduced in the mature tissue during embryogenesis 

(33). Unsurprisingly, as with the other family members, the expression level of the 

MYCN gene is strictly controlled. However, due to genomic amplification, 

chromosomal translocation, and/or mutagenesis in signaling pathways, N-Myc protein 

levels would increase to cause tumors with poor prognosis (34,35). Because MYC 

family proteins are directly implicated in the tumorigenesis processes of many 

different human cancers, these proteins are recognized as valid targets for cancer drug 
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discovery studies. Notwithstanding this recognition, a number of compounds directly 

targeting N-Myc is quite limited, indeed clinically zero. Like other Myc family 

members, N-Myc was also described as undruggable, mainly because of transcription 

factors (31). Even though transcription factors were accepted to be undruggable, they 

consist of 20% of all oncogenes (36,37). The main observations leading to this 

paradigm are connected with the structural characteristics and cellular locations of 

transcription factors. Except for those that are inducible by ligands, they do not have 

any enzymatic functions that can be facilitated to pharmacologically targetable 

strategy, so they lack this specific pocket region that cannot be detected directly. 

Therefore, they are not likely to be targeted by antibody-based treatment approaches 

that are difficult to access into the cell. 

 

 

Myc family is a protein family of helix-loop-helix-zipper class, consisting of 3 

different transcription factors with a length of between 364-464 aa. This family carries 

the transactivation domain (TAD) at the amino terminus and the domain responsible 

for DNA binding and dimerization (DBD) at the carboxyl terminus. Only 83 aa length 

of the DBD region has a stable 3-dimensional shape; all the other parts of Myc proteins 

are determined as intrinsically disordered using circular dichroism and NMR 

spectroscopy (38–40). Thus, the general instability of the Myc family structure also 

precludes it harder to detect directly in cells. Although they do not have a specific 3D 

structure, there is a bHLHZ motif in this family, but it cannot be explicitly targeted 

from these regions because they are highly sterically hindered (41). Even if direct 

targeting is quite problematic, it is feasible to indirectly target N-Myc (31,42). The 

prevention of the interaction between N-Myc and other proteins, which mostly play a 

critical role in the invasion of cancer, might be one of the strategies to inhibit N-Myc. 

Protein-protein interactions of the Myc family are formed by a particular part of their 

TAD domain (40,43,44), which is a highly conserved region and called Myc boxes 

(MB). There are 5 MBs, namely, MB 0-I-II-III-IV. Interestingly, these MBs are 

characterized not to have any ordered secondary/tertiary structure, i.e., disordered. 

However, in line with other intrinsically disordered proteins, these motifs can 
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temporarily adopt an ordered secondary structure while interacting with another 

protein (38–40). The MBs are not only responsible for protein-protein interaction but 

also, depending on this interaction, regulate the overall stability of Myc proteins. 

(45,46).  

 

 

MYC family proteins form a heterodimer with another bHLHZ class Myc-

Associated factor X (MAX) to bind double-stranded DNA (41). This Myc / MAX 

heterodimer is basically responsible for gene transcription by RNA polymerase II 

through binding to the E-box palindrome with the canonical sequence of CANNTG 

(47,48). Although the Myc-MAX dimerization site was targeted in some studies, the 

resulting compounds did not show any promise in vivo (31,42). In addition to this, in 

studies conducted in the last five years, a protein named OmoMyc with a length of 118 

aa (~ 15 kDa) has been reported to target both MAX dimerization and DNA binding 

(49,50). Since OmoMyc is a challenging molecule for intracellular delivery (42), cell-

penetrating peptides that mimic OmoMyc activity have also been produced (51). Apart 

from a few and yet clinically untested direct Myc inhibitors, no other compound has 

been identified to inhibit N-Myc levels in cells.  

 

 

Under normal circumstances, the N-Myc levels are controlled by SCFFbxW7 is 

one of the E3 ubiquitin ligases, which triggers proteasomal degradation by 

ubiquitinated N-Myc at K48 position (52,53). Even though the ubiquitination, Aurora 

A kinase (AurA) blocks the SCFFbxW7/N-Myc interaction. Based on that, N-Myc 

stability is elevated. There is currently not any known pathway to clarify this unravel 

interaction between AurA/N-Myc. However, a recent crystallization study resolved 

the complex of AurA and N- Myc (PDB-ID: 5G1X). Otherwise, like other 

transcription factors, N-Myc is classified as undruggable. Thus, the approaches 

directly targeting transcription factors, including N-Myc, are inconclusive (54). 
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Here in this thesis, one of the crucial complexes of N-Myc, AurA/N-Myc, has 

been extensively studied in molecular dynamics studies to understand complex 

interactions. This complex is significant as it represents the only complex to be used 

as an indirect but viable target for reducing elevated N-Myc levels, particularly in 

neuroblastoma cells. 

 

 

2.1.2 AURA 

 

 

Aurora is one of the Serine/Threonine kinase families responsible for regulating 

the cell cycle progression (55). Three members of that family are Aurora A (AURA), 

Aurora B (AURB), and Aurora C (AURC), respectively that mainly expressed in the 

G2/M control-point (55,56). Following that, Aurora A (AURA) is associated (control) 

with centrosome maturation, chromosomal discrimination and, microtubule 

persistency (57–59). Amplification of AurA is mainly observed in neuroblastoma, 

lymphoma, breast, prostate, and colorectal cancer (60–63). Mainly, the accumulation 

of AurA originates from TPX2 (Targeting Protein Xklp2). Both are responsible for the 

progression of microtubules during mitosis (64). 

 

 

TPX2 is primarily responsible for microtubule assembly and cellular growth 

(65,66). The first 43 residues of the N-terminal lobe of TPX2 binds to AurA, and 

Nuclear Localization Signal (NLS) motifs (66), which locate in between amino and 

carboxyl-terminal, enable the transportation in the cell via interacting with Importin-

alpha (67). Lastly, TPX2 (Kinesin 5) domain is found in at C-terminal, which is 

specialized by interacting with Xklp2. Both are associated with the regulation in the 

M phase (14). 
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AurA stabilization and one of the activation mechanisms of AurA are triggered 

by TPX2 during mitotic division. Under normal conditions, both AurA and TPX2 

degrade via the ubiquitination process by APC/C (anaphase-promoting 

complex/cyclostomes)(68). The binding of AurA is protected from the 

hydrogeneration of the phosphoryl group of 288T, which is essential for its catalytic 

activity by protein phosphatase 1 (PP1) (14). Therefore, AurA would remain at an 

amplified level in the cell to provoke microtubule activation (66). Implicitly, it 

contributes to boosting mitotic cascades. Their stabilization mechanism still is a hot-

topic for drug-discovering studies targeting AurA inhibition (16). Accordingly, the 

crystal structure of TPX2 exists only a partial peptide, which is a bound form of AurA 

and Importin-alpha. The relation of TPX2 to this study is to the binding site of AurA, 

which MB0 motif of N-Myc binds to AurA at the same surface. 

 

 

To understand protein-protein interactions of AurA firstly must be comprehended 

conformational forms. There are two autoactivation mechanisms defined in the 

literature: phosphorylated to THR288 residue in its activation loop or effectuates a 

dimer with TPX2 (69). As an alternative mechanism, intermolecular interactions with 

two AurA, having a phosphate group and other is not, constitute “swapped dimer 

form.” (70). Thr288 residue is mainly phosphorylated to generate protein activation, 

also rarely Thr287 and Thr288 double phosphorylated (71). Examine protein structure 

is a key to identifying each difference and similarities between the active and inactive 

conformation of AURA (unique rearrangements) (5,16,72).  

 

 

The AurA consists of two main domains: the regulatory domain located in N-

terminus and the C-terminus catalytic domain. The regulatory domain is highly 

conserved compared to other kinase families; however, the catalytic domain is not 

conserved in evolutionary progress (73). In between two domains, a flexible ATP 

binding cleft is placed. Activation loop (segment) starts from the beginning of DFG 
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motif (274-276) to APE (297-299) motif (in AURA is mutated evolutionary A297P) 

(3,74). The rest of these motifs, the HRD (254 to 256) domain, is responsible for 

performing catalytic activation. In an active state, it generates critical interactions with 

the DFG-motif in the state (75) Additionally, at the connection between amino and 

carboxyl-terminal, aligning up the side chains of four hydrophobic amino acids 

(185,196,254, and 275) also play a vital role in stabilizing the core of the protein (76). 

Consequently, the main strategies of small molecule inhibitors of AurA aim to hinder 

those specific interactions (77). 

 

 

Depending on the targeting region of these inhibitors might be classified into two 

subgroups. The ones that bind the active form of kinases are mostly a phosphorylated 

version called type-I inhibitors. This type of inhibitor mainly targets ATP binding 

pockets. In their presence, the DFG motif has already been defined as an “in” state. 

However, type II inhibitors distinctly shift the DFG conformation from “in” to “out” 

(76). These generally enhance the inactive form of kinases such as dephosphorylated 

or unbound TPX2. Apart from all, another unstable conformation between DFG-in and 

out existed, which is called DFG-up. Some type-I inhibitors convert active kinases 

from DFG-in to this intermediate form(78). 

 

 

Nonetheless, these inhibitors cannot prevent N-Myc amplification because they 

are not directly bound to the binding surface of the AurA/N-Myc complex. Likewise, 

currently, research states that the catalytic activity of AurA is directly ineffective in 

the destruction or stability of N-Myc (11). Accordingly, it was found that AurA and 

SCFFbxW7 compete for binding of N-Myc (11,15). Besides, inhibition of the surface 

of AurA at the N-Myc binding side might be a promising strategy to lead up 

proteasomal degradation. Naturally, there is not known any proven stabilization 

features of interaction with N-Myc that affect AURA structure are not known yet. In 

light of this unique interaction, designing small molecule inhibitors that prevent their 
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binding region might be a promising approach to degrade protein in neuroblastoma 

cells. 

 

 

2.2 Computational Biology 

 

 

In general terms, proteins are macromolecules that are consisting of amino acids 

(79). Besides, they orchestrate numerous metabolic events, and catalytic cascades like 

cellular transport and translation are only some of the few functions of proteins. 

Examining the structures of these macromolecules, which have such an essential role 

in biological regulation to find solutions for many diseases (79). Computational 

biology mainly focused on sequence-based and structural behaviors and mathematical 

simulations of proteins via computational techniques (81)(82). Before analyzing the 

dynamics of the biomolecules in their nature, the solvated system would be relaxed 

via both energy minimization and equilibration steps. After the relaxation steps are the 

representation of the movements of the protein in the specified physicochemical 

environment in the desired time interval. Thus, it has an important place, especially in 

protein studies, as an alternative approach to costly wet-lab studies (84). In addition to 

its mobility only within a certain time duration, it includes many different 

methodologies such as protein-protein interaction, small molecule inhibitor 

interaction, or examining the effect of known mutations, estimation of structures 

whose three-dimensional structure is unknown (85). In this study, model predictions 

of the regions with unknown three-dimensional structures reported as loss in 

crystallization studies were calculated. Besides, the N-Myc mimetic peptide design, 

which is our plan, will be used as a very effective method in terms of both cost and 

time savings for the peptide library to be created. 
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2.2.1 Molecular modelling and dynamics 

 

 

The natural interactions of all atoms would be described by either molecular 

mechanics (MM) or quantum mechanics (QM) methods. From protein perspectives, 

those interactions could be either intermolecular or intramolecular. For both 

interactions, types are assumed as a term of energy. Quantum mechanics mainly obeys 

the ab-initio and semi-empirical approach, and it explains the total energy of the 

particles using the Schrödinger equation (86). However, molecular mechanics utilize 

classical physics, and it defines total energy as a summation of potential energies 

comprising all interatomic interactions (87). Therefore, in the MM approach, the 

potential energy is classified as covalent and non-covalent. Thus, covalent bond 

interaction consists of a bond, torsion, and angle energy modeled by Hooke’s potential 

energy. 

 

 

On the other hand, non-covalent is referred to as secondary interactions divided 

into two distinct categories depending on effective ranges. Coulomb potential (r-1) is 

small range interaction, and it refers to charge-charge interactions. Besides, Lenoard-

Jones potential (r-6) is a long-range interaction, so that represents van der Waals 

interactions. For molecular dynamics, the computation of long-range interactions of 

large systems does not cost-efficient, especially in biomolecules. This problem was 

solved by Particle mesh Ewald (PME) method (88). With PME, long-ranged 

interactions are perceived as the contribution of the overall system via the same trend. 

Thus, small-range contributions calculate at real-space while long-range contributions 

compute at Fourier Transform.  
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After assessing the overall potential energy of the systems based on a suitable 

model, acting forces on each particle would be calculated as the derivative of potential 

energy. Several estimations of forces based on the potential energies cover all possible 

bonded and non-bonded parameters, bond types that define unique molecular 

geometry (83,89). Then, the acceleration of each atom would be predicted concerning 

Newton’s Second Law. As a result, the potential energy of the system was computed 

via a unified force field. Afterward, via appropriate force field, the interpretation of 

the position and velocity of interacting atoms was precisely monitored with the 

incrementation of time in the case of initial coordinates, and the velocity of atoms was 

foreseeable. In this section, general basics of molecular modeling methods and 

fundamentals principles behind molecular dynamics simulations. Molecular dynamics 

simulations are performed as our backbone for understanding mechanistic approaches 

of all AurA interactions in this thesis. 
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3. MATERIALS AND METHODS 

 

 

3.1 PDB Structures 

 

 

There are 1524 different AurA structure entry are found in PDB. To analyze 

various conformations of AurA, the pool was created by selecting the number of AurA 

proteins in the PDB. Firstly, selection criteria are determined as typing to avoid 

uncertainty caused by Aurora B and C, other protein members of the Aurora family. 

Only X-ray structures of AurAs were also selected by typing the gene name "AURKA" 

in query. Therefore, a total of 173 various AurA crystals were elected. The detailed 

information about the characteristics of all AurA proteins is located in Appendix A. 

After gathering the AurA library, a principal component analysis (PCA) was assessed 

by the Bio3D package in R studio (90).  

 

 

3.2 Structure Preparation and Modelling 

 

 

All studied AurA crystals are extracted from PDB, whose identical numbers are 

2WTV, 2WTW, 3E5A, 4J8M, 4JBQ, and 5G1X, respectively. Molecular dynamics 

simulation has been utilized to study the AurA complex interactions. These were 

placed in a cubic water box center and neutralized by adding K+/Cl- ions. Meanwhile, 

in 5G1X complex ADP, the phosphor-threonine (TPO) and crystal water molecules of 

AurA in the 288th position were preserved as well as all ligands bound forms of AurA. 

The crystal structure with double phosphorylated residues (PBD-ID:2WTV at 287 and 

288th) is transformed into an unphosphorylated version by two-point mutation to 

understand the effect of phosphorylation on the activation segment. Some parts of 
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proteins, which could not be determined in crystallization studies, are computationally 

predicted by MODELLER. These are an interconnecting region of TPX2, MB0 motif 

of 5G1X, and activation loop of 2WTW. Additionally, there is one new model 

generated via merging with TPX2 and MBI via Discovery Studio software. 

 

 

Furthermore, the resulting system has dimensions varied from 512 Å3 to 1712 Å3 

(x, y, z) and consists of ~ 70,000 atoms in total. This system has been subjected to 

energy minimization in 10,000 steps with the conjugate gradient approach without any 

restrictions. Then, all systems were simulated using the GROMACS molecular 

dynamics algorithm with the CHARMM36 force field (Huang & MacKerell, 2013) 

with periodic boundary conditions at 310 Kelvin constant temperature and 1 atm 

constant pressure using NPT thermodynamic framework for 500 ns (Phillips et al., 

2005). "Particle Mesh Ewald" (PME) total method was used for electrostatic energy 

calculation (Harvey and De Fabritiis, 2009). Inside the systems, water molecules are 

modeled with TIP3P (Price and Brooks, 2004). The trajectories obtained as a result of 

these simulations were evaluated by the root mean square displacement (RMSD) and 

vibrations (RMSF), intermolecular bonds contact map. After that, the all-complex 

trajectory analysis was stated that N-Myc in 5G1X has drastically fluctuated. To 

confirm this instability, the MD simulation of 5G1X crystal was replicated with stable 

protocols and a different MD algorithm called NAMD. 

 

 

3.3 Trajectory Analysis  

 

 

Root Mean Square Fluctuation (RMSF) is implemented in the TCL console of 

VMD. However, pairwise RMSD is visualized by the “MD-analysis” tool in python. 

Principal Component Analysis (PCA) included in PC loadings, and residue 

contributions were calculated via Bio3D package in R. With this package, the distance 
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between the carbon alpha atoms of AurA-AurA and AurA - their partner (MB0, MBI, 

TPX2, TPX2/MBI, MB0-I) were computed both the first and the last frame of their 

simulations. Therefore, differentiation between the first and last frames shows the 

intramolecular and intermolecular displacement of the complexes. 

 

 

3.4 Binding Free Energy Predictions 

 

 

The AMBER score uses the MM-GB / SA method with the traditional polyatomic 

AMBER force field for protein atoms and the general AMBER force field for ligand 

molecules. The interaction between ligand and protein is represented in the terms 

electrostatic and van der Waals energy. Their solvation energies of the complexes were 

assessed based on the Generalized Born (GB) solvation model. During the AMBER 

score calculation, the input coordinates and parameters of the complex, ligand, and 

receptor are defined to the system via a configuration file. Next, minimization is 

performed using the conjugate gradient method to remove wrong contacts. Then, MD 

simulation (Langevin dynamics at a constant temperature, NPT ensemble) and a brief 

minimization to obtain the final energy of the system. The AMBER score also allows 

flexibility of a portion of the receptor during MD simulations to reproduce "induced 

fit" and allow the ligand and the entire complex movement. An optimization protocol 

was prepared to determine the most appropriate combination of all the parameters. 

Total twenty-three different protocols were attempted then, constant temperature 300 

K, dual GB model (as a solvation method), pre-MD energy minimization 2000 steps, 

post-MD energy minimization 1000 steps, MD step 5100, and all receptor and ligand 

set as movable. The final coordinate files (.pdb extension) of the already calculated 

trajectory complexes were given as input. In the final stage of the energy calculation, 

a surface area term is added to the system. This term is derived using a fast LCPO 

(Linear Combinations of Pairwise Overlaps) algorithm (Weiser et al., J. Comp Chem 

1999). Finally, the AMBER score is calculated by this algorithm through the free 

binding energies of the ligand, receptor, and complex, respectively.  
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4. RESULTS 

 

 

4.1 AurA Structures Found in PDB 

 

 

We investigated the entire PDB to analyze the structural variation among AurA 

3D structures. Totally 173 different PDB structures are extracted, and these structures, 

along with their important structural and sequential features, are listed in Appendix A. 

Since we comprehensively examined the dynamical characteristics of the protein 

segmentally, only proteins obtained by the X-ray crystallography method are selected 

from PDB. Overall, 173 structures are identified whose source organism is reported as 

homo sapiens (95.4%) and Mus musculus (4.6%) sequence similarity. The sequence 

length of the complexes ranges from 263 to 306 amino acids in length. Both C and N 

terminal portions are conserved; however, the activation loop, which is placed between 

270th to 290th of amino acids, is varied. However, 157 different ligands have been 

found in this library; 47 of them are involved in adenosine molecule modifications 

(AMP, ADP, etc.). Similarly, some materials used in crystallization processes, such as 

glycerol, ethanediol, and neutralization ions, are included in this number. Besides, in 

small chemical inhibitors, (1~{R})-1-(4-ethoxyphenyl) ethanamine has the lowest 

molecular weight reported as 165.23 g/mol, while coenzyme A is determined as the 

largest molecules found as 767.534 g/mol. In conclusion, we aim to reveal the 

dominant dynamism in the inner domains of the AurA with all these aurora complexes 

via generating various types of AurA complexes.  
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4.2 Building Experimental Structure Ensembles for AurA in PDB 

 

 

PCA explains all information in a multivariate numerical data set by reducing the 

dimensionality of variables with minimal loss (91). In this way, more processable data 

are obtained to understand significant differences in complex systems. In this term, we 

utilized this statistical method for revealing the total atomic mobility of AurA crystals 

with significant and collective variances. We examined all AurA conformations that 

are available in the PDB database. According to activation loop conformation, these 

conformations are divided into inactive, active, and missing. The AurA structures are 

reported in the PDB are only involved in the kinesin domain spanned 133rd to 389th 

residues. The activation segment is placed between N and C terminus and starts from 

the DFG-motif to the APE motif (A mutates to P with evolutionary progress.)(3). 

Rather than both N and C terminals, the region located between those motifs is highly 

variable. All crystals are extracted in the PDB database depending on their loop 

conformation. Totally 173 crystals are found then, the activation loop of 101 (58%) of 

them are reported as “missing” 59 (34%) of them are eligible to bind N-Myc; lastly, 

13 (8%) of them have inactive loop conformation. Although they are present in the 

crystallized molecule, which is missing in such protein structures, the missing regions 

that cannot be verified in X-ray diffraction contain high flexibility and structural 

irregularities (92). Thus, the ring is a flexible region, and the allosteric changes may 

not be rigid, with or without the AurA inhibitors. In addition to these, the allosteric 

mobilities of the proteins are not specific to only ligand binding. The nature of the 

protein dynamics contains such different conformations without the ligands (93). As a 

result, this allosteric variety is not able to completely prevent N-Myc binding. 
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To analyze the effect of the allosteric change in AurA on N-Myc binding, six 

different AurA structures are selected. A pool involved in currently reported all AurA 

crystals is generated to perform a principal component analysis of all 173 AurA 

crystals to detect significantly movable protein regions. Concerning the conformer 

plots of the structures are visualized by PC1 (74.35%), PC2 (7.75%), and PC3 (7.26%), 

which define all conformational differences dominantly (Figure 1A). Each point 

represents each AurA PDB-ID. The significant mobility is detected by PC1, whose 

scanning range is varied in -20 to +30 for most of the AurA crystals (Figure 1A). Thus, 

the AurA proteins that are investigated currently known all conformations are selected 

in that majority. Additionally, a significantly different movable region in the carbon 

Figure 1. The first three PC results of PCA of constructed AurA proteins in PDB.  
 

2D-PC loading plots of AurA crystals represented by gray points and the studied AurA crystals are 

indicated dark blue (1A). The residual contribution of each PCs is monitored by VMD via time scale 

coloring method (1B). From red to blue refers to movement direction. 
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alpha atoms of AurA is generated depending on the first three PCs (Figure 1B). As 

shown in figure 1B, the activation loop region is dominated by all three PCs. 

Therefore, in this thesis, we examined all determined conformation of activation loops 

to accurately examine the effects on the N-Myc interaction. 

 

 

4.3 Selected AurA structure for MD simulations 

 

 

For activation of the region of AurA, there would be categorized in two distinct 

positions, and the ones one is a mirror image of the other with respect to its origin. 

Although all studied inhibitors in the thesis are targeted to the same region of AurA, 

which is ATP binding cleft, AurA tends to shift its activation segment via a 

catalytically inactive state depending on the specific ligand-protein interaction. Thus, 

in the alisertib-like ligand (PDB ID: 2WTV) and CD532 (PDB ID: 4J8M) bound to 

AurA activation loop rotate to the ATP binding cleft, which is called an inactive state. 

However, another inhibitor is VX6 (PDB-ID:4JBQ), and the different pose of alisertib-

like ligand complex (PDB-ID 2WTW) are the opposite conformation which 

complexes are eligible to bind to AurA after reconstruction of all missing residues via 

computational tools. Therefore, the abundance of two distinct loop conformation in 

the same AurA inhibitor is shown that switching of the activation region could not be 

conserved due to thermodynamically non-spontaneous conformation. As a result, we 

have two distinct conformations of AurA with the same ligand, which are 2WTV and 

2WTW.  

 

 

In addition to these parameters, we removed PTM residues, which are primarily 

associated with protein activation, in a 2WTV crystal to emphasize the activation loop 

characteristics of the AurA protein. Consequently, with the combination of all these 
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inhibitors bound AurA crystals, we expected to analyze both types of currently known 

small molecule inhibitors that trigger to change catalytically active kinase 

conformation and the effects on phosphorylation of specific threonine residues (T287, 

T288) on the stabilization mechanism of AurA. Consequently, we mainly focused on 

the dynamic stability of that portion of AurA proteins because the MB1 portion of the 

N-Myc spanned throughout the activation segment of the AurA surface.  

 

 

 

 

 

Afterward, the 5G1X complex consists of two MYC box motifs though only MBI 

is validated, MB0 is unmodelled. Therefore, the missing portion of N-Myc is 

constructed so, the complete form of the 5G1X complex is obtained. Rather than this 

complete form, only the MB0/AurA complex is generated to analogize each MB 

region separately. In TPX2/AurA complex (PDB-ID:3E5A), we observed not only 

compare the binding affinity of the MB0 portion of N-Myc to the AurA but also 

showed the effects on the VX6 to AurA with or without TPX2.  

 

Table 1. Structural details about all studied AurA complexes.  

Average numbers are represented by asterisk (*). 
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Lastly, a chimeric form of TPX2 and MBI is constructed. The reason for the 

evaluation of the chimeric model is to reveal that is the addition of the TPX2, any 

effects on changing MBI mobility rather than the elongated form of N-Myc. In this 

way, we compare the mobility of MB1 combined with TPX2, MB0, and solely MBI. 

 

 

4.4 Structural Features for Probing AurA Activation and Stabilization  

 

 

This section mainly focused on the fundamental interactions for kinase activation. 

All analyses are assessed both inhibitor and protein partner forms of the complexes 

separately to determine their enzymatic characteristics. Depending on the inactive 

features, the effects of AurA on the region associated with the protein interaction are 

Figure 2. Structural characteristics of all studied AurA complexes.  
 

Domain architecture of complex unit (2A). Protein partner and inhibitor bound complexes are 

demonstrated respectively. The activation segment also colored by light green, also 

phosphorylated residues are shown as magenta on this loop (2B,2C). All partners are colored with 

respect to Figure2A. Small molecule inhibitors are indicated by red (2C). 
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intensively studied, consisting of DFG and HRD motifs, hydrophobic spine and, 

specific salt bridge (E181-K162), respectively. 

 

 

4.4.1. CHI angle displacement of aspartic acid and phenylalanine of DFG motifs 

 

 

Kinase inhibitors are divided into different groups according to the target area. In 

the literature, among the small molecule inhibitors targeted to AurA, there are only 

type1 inhibitors whose crystal structure is currently available. Type1 inhibitors mainly 

target the ATP binding pocket. These ligands, developed to disrupt the AurA activity, 

have a desirable affinity for AurA, as well as disrupt the interactions that play a vital 

role in the self-stabilization of AurA. In this study, we investigated the effects of these 

critical interactions on the protein partner interactions of AurA in the ligand/AurA 

complexes, which have already targeted AurA and are undergoing phase studies. 

 

 

 

 

 



25 

 

 

 

 

 

Additionally, the type I inhibitors also are divided into characters according to the 

conformational changes that occur in the DFG motif. AurA activity is categorized as 

DFG-in, up, and out. In the active form, the DFG motif is in conformation placed in 

D, and F's side chains look towards the ATP binding pocket. However, this 

characteristic position is deflected in DFG-up and out states by designed inhibitors. 

Accordingly, the movements of the CHI1 angles of both Asp and Phe residues, which 

are the side chain in the DFG motif, are analyzed along the simulation time. As shown 

in Figure 3, the angles of these amino acids are around 150 degrees between 200-400 

ns at 4JBQ and, throughout the simulation, at 4J8M. While there are similar jumps in 

phosphorylated in 2WTV, there is no significant mobility seen in non-phosphorylated 

2WTV compared to AurA inhibitor-bound structures. 2WTW also has a similar 

characteristic of the active forms of the AurA’s, bound to the protein-partners are 

attached. Although both the constructed (5G1X/MB0, 5G1X/MB0-I, 

5G1X/TPX2/MBI) and the crystal complexes (3E5A and 5G1X) which are interacted 

with protein, whose angles of Asp and Phe amino acids remained between 50-100 

degrees during the simulation period, extreme rotations are observed in the first 

iteration of 5G1X and 5G1X/MB0-I structures. However, the mobility of these two 

Figure 3. CHI angle displacement of D274 and F275 residues. 
 

All 13 different AurA complexes are examined into 3 main plot that are consisting of inhibitior 

bound crystals, 5G1X replications and protein partner complexes respectively.  
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complexes concerning the CHI angles relatively fluctuates in the DFG motif; this 

fluctuation did not play a role in the interaction with the HRD motif, whose interaction 

is accepted as vital for the undergoing regulatory mechanism of the AurA. In addition 

to that, both the distance matrix and essential dynamical analysis show that the first 

replication of the 5G1X crystal has a fashionable place among other repetitions while 

the extended structure has increased its complex stability. These results show that the 

mobility of Asp and Phe amino acids in CHI aspects does not significantly impact the 

protein-protein interaction of AurA. Also, there is no sharp difference found between 

the inhibitor-bound AurA and protein-partners structures. Besides the side-chain 

rotations of Asp and Phe amino acids, we also included the interaction with the HRD 

motif, which is the motif responsible for catalytic activity, to examine the effect of 

inhibitors from a different perspective. 

 

 

4.4.2. Distance distribution between the residues in DFG motif 

 

 

In protein partner-bound AurA structures, the side chain of the His254 and Phe275 

are faced to each other rather than inhibitor-bound complexes (Figure 4). To confirm 

this difference, we assessed the distance between their first carbon atoms of the side 

chains (Cγ) for thirteen complexes during their simulation time. As shown in Figure 

4, the total displacement between these motifs is determined around 12 Å in both ZZL 

bound-AurA complexes regardless of their phosphorylation states. However, in the 

active loop of the same ligand, 2WTW performs similar behavior to the protein-partner 

bound complexes. Only the VX6 bound form of AurA (4JBQ) shows similar results 

for the CHI angle analysis, while in 4J8M did not affect the interaction between DFG 

and HRD motifs extreme CHI angle fluctuations DFG motif. Consequently, neither 

the interaction between those motifs nor DFG angle displacement did not give enough 

evidence that reveals the kinase activity. 
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4.4.3. Hydrophobic spine stabilization of all AurA complexes 

 

 

Another essential interaction created by the dynamism of the DFG and HRD 

motifs is the desirable hydrophobic arrangement formed by the side chains of the 

accompanying residues. Phe275 in the DFG motif, His254 in the HRD motif, Lys196 

in the β4 strand in the N-terminal lobe and, Gln185 in the αC helix domain, are 

generated this spin via hydrophobic stabilization. The protection of this spin is quite 

crucial for the self-stabilization of AurA. Therefore, the hydrophobic spine 

stabilization is analyzed to evaluate the effects on the conformational kinase 

Figure 4. Distance analysis between E181 – K162 for all AurA complexes. 
 

Conformational changes of DFG and HRD motifs are demonstrated during the simulation. The same 

coloring methods are used for all structural figures, however DFG and HRD motifs are represented 

licorice and colored purple and blue, respectively. (4A).  

The distance between Cγ atoms between F275 and H254 are measured for each complex (4B). 
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differentiations by taking a snapshot during their simulation time. Moreover, RMSF 

analysis is performed for all atoms of these spine residues to make a complete residue-

specific analysis of the spin destabilization. As expected, side chains are relatively 

more hydrophobic and occupy a large region; the mobility in the side atoms of His254 

and Phe275 is greater than the side chains of Leu196 and Gln185 residues. All mobility 

in Leu196 is almost the same in almost all structures. In Gln185, 4JBQ and 2WTV 

(T287pT, T288pT) showed the highest fluctuations in all atoms. On the other hand, 

4J8M and 5G1X/MBI(n=4) also show the same mobility at OE1 and C atoms. Besides 

4JBQ, the mobility of His254 residues is observed, in the protein partner-linked 

structures of AurA, especially in their side-chain atoms. Unlike the other three 

residues, the most extreme jump is seen in 2WTV (T287pT, T288pT). Still, leaping in 

the complexes where AurA performs other protein-protein interactions independent of 

MBI is observed in His254. In other aspects, the minimum mobility of 4J8M is also 

seen in His254. In Phe275, similar to the results of CHI1 angle displacement, the 

mobility of 4JBQ and 4J8M dominated the movements of all the remaining structures. 

 

 

Aside from the RMSF results, the snapshots of the initial and the final step of the 

simulation, spine inhibition occurred in both phosphorylated and non-phosphorylated 

2WTV complexes preserved throughout the simulation. In both 2WTW and 4JBQ 

structures, the first 200 ns of the simulation remain stationary, while the spine form is 

broken in the rest of their trajectories. Only 4J8M behaves like protein-partner AurA 

complexes, maintaining this hydrophobic backbone stably throughout the entire 

simulation. As a result, inhibitor-bound AurA structures are compared against each 

other, stabilization in the spin occurred regardless of either the loop position or the 

phosphorylation state. Despite some of the atoms with extreme jumps in RMSFs, this 

cluster is still preserved.  



29 

 

 

 

 

 

 

Furthermore, spin immobility is preserved in all AurA/partner complexes. Again, 

His254 and Phe275, which participated in the hydrophobic spine stabilization, and 

have the highest hydrophobicity in DFG and HRD motifs, did not observe possible to 

directly affect the distance N-Myc of MB0 part, which is the most critical portion in 

N-Myc. Because Leu196 is found in the β-strand of the N-lobe, and Gln185 is in the 

Cα motif, none of which are located on the binding site. The mobility in those regions 

may affect intermolecular binding. The drastic effect on the solely interacted form of 

VX6 (4JBQ) completely disappeared in the presence of TPX2 form (3E5A). A similar 

situation might also occur with N-Myc MB0-I binding in the presence of an inhibitor. 

Figure 5. RMSF results of all atoms of hydrophobic spine residues. 
 

Each bar graph is represented each residue are located in Gln185 (on the upper-left), Leu196 

(bottom-left), His254 (upper-right), and Phe275 (bottom-right). Each nomenclature of atoms is 

shown each bar graph. 
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Figure 6. Hydrophobic spine rearrangements of all complexes at beginning, 

intermediate and final steps of simulations. 
 

Hydrophobic clusters are represented by surface and colored by cyan. 
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4.4.4. Distance distributions of salt bridge between lysine 162 and glutamic acid 

181  

 

 

Last but not least, another key factor that plays a vital role in the kinase activity 

of the Serine/Threonine kinase family is placed in the β-3 strand in the Lysine and Cα 

helix in Glutamate residues in AurA. Since this interaction is found in the N-terminal 

lobe of the AurA, it has a certain significance rather than other interactions examined 

in this study. In ZZL bound having inactive loop conformation, show the highest 

fluctuation regardless of its phosphorylation states. Following that, 4JBQ and 4J8M 

that has a similar destabilized trend. In contrast to inactive loop forms of AurA 

(2WTV, 4J8M) and 4JBQ crystals, 2WTW behave in a particular character than all 

inhibitor-bound AurA structures. Together with the 5G1X and 3E5A crystals, this salt 

bridge remains a steady state in the constructed partner bonded structures. After the 

3000th frame of the simulation of the first and the fourth iteration of 5G1X crystals, 

there have been cases where the distance exceeds 5Å during the simulation period 

compared to the stable structures, emphasizing that the 5G1X structure alone is not 

stable shown in Figure7. In the third iteration of the same complex in which the 

AurA/N-Myc interaction is almost zero at the end of the MD simulation, the salt bridge 

is entirely preserved (Figure10). The MBI/AurA interaction may be caused by the 

irregular movements originating from the MBI in the overall complex. This result 

confirms our hypothesis that, in the presence of AurA N-terminal dominantly 

stabilizing structures such as MB0 and TPX2, AurA activity is the most optimal status.  
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This static interaction located at the N-terminal lobe of the AurA is associated 

with kinase activity is protected in the presence of partners that bind to the same 

surface of the same AurA. Nevertheless, in the presence of VX6 with TPX2 

completely loses its inhibitory effect. Then, in the 2WTW crystal, this interaction 

recovers due to the activation loop rotation compared to the 2WTV, which is the 

different crystal in the same study. If this salt bridge disturbs, the N-terminal region of 

AurA could become unfavorable for N-Myc binding. As a result, the inhibition of this 

salt bridge plays a crucial role in peptide design to prevent N-Myc interaction, 

targeting AurA. 

 

 

Figure 7. Salt bridge analysis between E181- K162. 
 

All 13 different AurA complexes are examined into 3 main plot that are consisting of inhibitior 

bound crystals, 5G1X replications and protein partner complexes, respectively. 
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4.5 Dynamical Fluctuations Analysis of AurA Complexes  

 

 

In this section, structural mobility assessments of the AurA complexes are 

analyzed during the MD simulation, including pairwise RMSD, RMSF, PCA, and 

distance matrix differences, respectively. 

 

. 

4.5.1 Pairwise RMSD analysis 

 

 

After completing the MD simulation, the Root Mean Square Distance (RMSD) of 

all complexes are calculated throughout the simulation time. 4J8M is the least 

fluctuated complex in the inhibitor bound AurA crystals during 500 ns in other 

respects, total distance deviations of 4JBQ reached 4-5 Å, especially during 0-200ns. 

In alisertib bound structures, which have inactive phosphorylated activation loop 

(2WTV), the deviations take during 200-400ns approximately 3-4 A. However, total 

fluctuations in the same complex the unphosphorylated form observed only 0-150ns. 

Interestingly, the active conformation of AurA with the alisertib-like inhibitor 

(2WTW) has a similar pattern of phosphor-mimic inactive form. These RMSD results 

show that the bound of CD-532 preserves overall stability independent of inactive 

conformation and phosphorylation. At least one phosphorylated threonine (either 287 

or 288) residue is vital for conserving the complex mobility as active loop 

conformation for inactive alisertib complexes. Even if 4JBQ has the same 

phosphorylation state and loop conformation as 2WTW, VX6 destabilizes AurA more 

effectively. With the interaction between TPX2 and AurA-VX6 complex (3E5A), 

complex mobility is reduced. None of them has as low RMSD as the 3E5A complex 

in other protein-partner complexes though having AurA inhibitors. Especially, 

AurA/N-Myc crystal (5G1X) has the highest RMSD score in 4 repetitions. However, 
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in the elongated form of this complex, its RMSD is decreased drastically. 

Subsequently, it observed higher stability by replacing MB0 with TPX2. Similar to 

TPX2/MB1 complex, only MB0 of the N-Myc bound AurA structure also shows lower 

complex fluctuation rather than 5G1X crystal. Considering all these pieces of 

evidence, AurA dominantly generates protein-protein interaction in the C-alpha helix 

(residue number from 170 to190) that is the binding site of TPX2 and MB0. Solely, 

MB1 of N-Myc/AurA interaction could not be enough for their stabilization.  

 

 

 

 

4.5.2 RMSF analysis 

 

 

To identify the effectivity of residue-wise contributions on the RMSD result, the 

Root Mean Square Fluctuation (RMSF) of each complex is calculated. Except for the 

activation loop region, the highest fluctuations belong to 4JBQ for all residues of 

Figure 8. All to all RMSD results of all complexes. 
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AurA. The fluctuation in the activation loop dominates the overall difference in 

inhibitor-bound aurora structures. Three various forms of ZZL bound complexes are 

analyzed depending on phosphorylation state and loop conformation. The 2WTV 

complex has an inactive and unphosphorylated state; its deviation reached 

approximately 7 Å at the activation loop. Even if 4J8M is also the same characteristic, 

its loop mobility only increases as half of the same states of 2WTV due to phospho-

mimic mutation that is T288D. Surprisingly, in the double phosphorylated inactive 

form (2WTV), loop mobility shifts nearly ten amino acids throughout the N-terminus. 

It is still the most stable loop after the 4J8M. By comparing active inhibitor-linked 

AurAs, it has shown that VX6 does not only destabilize the activation loop but also 

has a higher RMSF value than across all ZZL bound AurA residues (2WTW).  

 

 

 Figure 9. RMSF results of all AurA and its protein partners. 
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As expected, inhibitors bound AurA complexes to have higher RMSF than bound 

to binding partners. The distinct difference between inhibitor-bound and protein 

partners bound of AurA structures is the fluctuation on the activation loop is lower and 

divaricated. In other aspects, all repetitions of 5G1X have observed extreme 

fluctuations, especially in N and C terminals of AurA rather than whole systems. By 

inserting MB0 to MBI, AurA achieved the most stable loop and N-terminal forms 

against the rest of the systems. However, only MB0 is insufficient to stabilize the AurA 

complex as much as MB1 (5G1X). AurA/MB0 interaction is most prominent in 

reducing the fluctuations in the N-terminal region of AurA. Nevertheless, mobility in 

the loop region and C-terminal is more remarkable than other protein complexes. In 

between 138-148th amino acids (β1 and β2 of AurA) where MB0 and TPX2 interacting 

zone of AurA, it has seen as an extreme deviation only at that portion of AurA in 

contrast to TPX2/AurA (3E5A) and MB0-AurA that show desirable stabilization. 

Except for that, a similar trend is observed in AurA by appending MB1 to the TPX2. 

 

 

Moreover, the mobility of the partners during the simulation time in the complex 

is critical for discussing their binding affinity to AurA. In two out of four repetitions 

of 5G1X, N-Myc partially dissociated from the complex. Likewise, the rest of them 

also are not capable of sustainable interaction. Although with the elongation of MBI 

to the N-terminal (MB0-MBI), waving of N-Myc is drastically decreased, both 

terminal regions are still not contributing to complex stabilization. Solely MB0 could 

eliminate N-terminal fluctuation. Otherwise, the average mobility of MB0 is exceeded 

to 5 Å after the 40th residue. Actually, at the position, all of the AurA partners show 

extreme jumps. 

 

 

Meanwhile, fusion form and 5G1X/MB0-I and 3E5A slightly conserve their 

stabilities at the interconnecting region (between 50-60th residues). MBI portions of 

both 5G1X TPX2/MBI and 5G1X MB0-I complexes show similar characteristics to 
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5G1X MBI complexes. While both forms of MB0 complexes interacted with AurA 

via mainly 29-39th and 49-59th residues of MB0, there is no distinct contribution to the 

complex stabilization, especially from the 19th to 29th residues of MB0. However, at 

the C terminus of the TPX2 is barely interacted with AurA (PDB-ID: 3E5A); those 

parts contribute to complex stabilization after MBI construction to the TPX2. 

Consequently, with the addition of TPX2, the MBI fluctuations are changed in a 

positive manner. Also, MBI contributes parts of TPX2 that do not interact with AurA 

to the complex stability. 

 

 

4.5.3. Trajectory based PCA analysis 

 

 

Principal component analysis (PCA) might be summarized as explaining all 

information in a multivariate numerical data set by reducing the dimensionality of 

variables with minimal loss. In this way, more processable data are obtained for an 

understanding of major differences in complex systems. In terms of our study, we 

utilized this statistical method for revealing the total atomic mobility of AurA and its 

complexes throughout the simulation time with significant and collective variances. 

For all 13 structures, six variances are captured by each PC. From these PCs, the 

conformer plots of the structures are visualized by PC1 and PC2, defining all 

conformational differences dominantly. Each point represents each number of frames. 

Therefore, there is no confined cluster in all iterations of 5G1X except the blue one. 

Otherwise, some portion of the repeats is clustered in PC1 at a common point 

extending to -50. However, such conformers found in neither inhibitor-bound nor 

partner-bound AurA complexes have been observed, especially in green and purple 

repeats. It proves that 5G1X is not stable throughout its trajectories depending on both 

having a primary conformational range and not having a distinct grouping within 

themselves than other structures. A similar amount of co-clustering at 5G1X is 

observed in L-Nmyc, but the rest of the clusters in L-Nmyc are shaped on PC2 
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variability in the range of -50 to +50. The major MB0 structure grouping corresponds 

to the original offset of the green 5G1X model. In the minor part, there is a 50 unit 

shifting in the negative direction from PC1 and in the positive direction from PC2. 

Fusion and TPX2 complexes showed lower displacement than other combinations of 

nmyc. Their pattern is that it does not exceed 50 units in both PC1 and PC2 axes. 
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Figure 10. The representation of PCA loadings by plotting first two components 

of all complexes. 
 

The first plot on the leftside of the panel are indicated replications of 5G1X. Each repetitions are 

colored blue (n=1), red (n=2), green (n=3) and purple (n=4), respectively. However, inhibitor 

bound complexes are colored by purple, protein partner complexes are colored by blue. 
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While the mobility distribution during the simulation in TPX2 resembles the fused 

structure (TPX2/MBI) in the form of the 90 degrees counterclockwise rotation, such 

similarity is not found between 5G1X MB0-I and MB0. Unlike partner-linked AurAs, 

inhibitor-bound AurA forms generate not only total scanning area in PC1-2 axes but 

also have more distinct and small clusters except 4JBQ. There are three tangled 

clusters seen at 2WTV, and its deviation is intensively dependent on PC1. The 

reduction of 2WTV, an unphosphorylated form, results in the regeneration of two 

discrete groupings from these embedded three pseudo-clusters. In 2WTW, it evokes 

the intermediate phase of the former structures with two clusters as unphosphorylated 

form and being PC1 dominated as a phosphorylated version of 2WTV.  

 

 

On the other hand, according to the first two eigenvalues of 4J8M, total 

displacement throughout the simulation has almost always remained constant. 

Although a minor part of it disrupts the unity of that cluster, it might be assumed that 

there is a negligible deviation if all other structures are considered. When the residue-

wise contribution of the first fifth PCA and RMSF results are examined, the activation 

loop and N-C terminals of 4J8M have as fluctuate as other inhibitor bound structures. 

The main reason for this less movable conformer plot of 4J8M might have originated 

from the computed 6 PCA nodes of 4J8M are very close to each other. Thus, while the 

first two PC data can explain more than 80% of all other structures, this value remains 

lower at 4J8M. Finally, in 4JBQ, two broad clusters are mirror images of each other. 

Although it does not exceed 50 in the positive and negative direction in PC1 and PC2, 

conformer mobility is varied on PC2. These two groups are similar to the blue repeat 

of 5G1X in terms of the number of clusters and their positions. 
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We examined the atomic positional fluctuations of all structures captured in PC1 

and PC2 dimensions. It would be more decisive to analyze the sectional differences of 

all the interconformers changes caused by ligands or proteins directly interacting with 

different regions of AurA. Therefore, the contributions of each amino acid to these 

displacements are computed in the scope of the first fifth PCs. The main difference 

between RMSF and reside-wise PCA assessment approach is that in the RMSF, it is 

based on the average of the distances in each frame in RMSD, while in PCA, it is 

utilized for statistically reduced variances. 

Figure 11. The residuewise contribution of PCA results by plotting first sixth 

components for both AurA and its protein partners. 
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The main difference between RMSF and residue-wise PCA computation is 

calculated according to the average distance in RMSD and RMSF, while in PCA, it is 

calculated individually for each statistically reduced variance after superimposing the 

protein concerning carbon alpha.  

 

 

4.6 Distance Matrix Difference Between Initial and Final Step of the Simulations 

 

 

In a distinct manner than PCA and RMSF, total displacements of AurA and its 

partners based on amino acids are examined during the simulation. In this way, we 

individually calculated the position matrices of each carbon alpha atom at the start and 

end of simulations of all systems with each other. The differences between these first 

and last frames of these carbon alphas will give information about the regions where 

the binding partners interact with the aurora. In Figure 9, the differences between the 

protein partners and AurA show depending on their positions at the start and end of 

the simulation. The fact that the Cα’s of the protein binding complex have diverged 

from their initial state is indicated as dark blue, and their convergence is indicated as 

red lastly, the state where their total displacement is zero is indicated as white. In 4 

repetitions of 5G1X, there is no apparent steady portion of N-Myc rather than other its 

elongated and fusion forms, which confirms the extreme mobility in our other 

analyzes. Plausibly, the N-Myc shifts dominantly from N-terminal to C-terminal of 

AurA, especially in third repeat N-Myc strictly interacting with AurA in between 

activation loop and at the end of the protein. The secondary structured part of N-Myc 

binds to AurA almost the same pattern in four systems. However, the most prominent 

intermolecular convergence occurred at the disordered N-terminal of N-Myc. All 

AurA/N-Myc interactions occur with the entire surface of the AurA except for the third 

repeat. The fluctuations in the N-terminus of AurA, which is seen as a result of the 

mobility in the third repeat PCA, might have originated from the extreme shifting of 

N-Myc on the structure. The considerable difference in the MBI/AurA interaction in 
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the elongated form and the 5G1X complex also occurred. In the extended form, there 

is a smooth approach to the entire surface of the AurA in the MB0 region of N-Myc 

and the interconnecting connection region (spanning from 48th to 60), while there is a 

convergence with AurA with only the N-terminal region of the MBI. 

 

 

 

Figure 12. The distance matrix differences between Cα atoms of AurA and its 

protein partners. 
 

On the upper side of each heatmaps, the locations of secondary motifs in protein partners are shown. 
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The C-terminal region of N-Myc moves away from the AurA. Similar to the 

AurA/MBI scenario, when only MB0 is bound to AurA, approximately the last five 

amino acids of MB0 are entirely dissociated from the complex. Otherwise, at the end 

of MB0, a distinct association dominantly towards the N-terminus of AurA, which has 

not ever been seen in the elongated version, is observed. In the 3E5A crystal, the region 

computationally constructed in TPX2 does not participate any interaction with AurA. 

Besides, the rest of them did not disturb the total displacement of TPX2. 

 

 

Figure 13. Structural differentiations of 5G1X repetitions from initial to final 

steps. 
 

For all replications of 5G1X, AurA/-MB1 N-Myc stabilizations are conserved at the end of the 

MD simulations. 
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Furthermore, this is the same portion of TPX2 as a rapid jump in the residue-wise 

contribution of PCA. In the computationally generated TPX2/MBI structure, the 

fluctuations at the same region have decreased, and the total distance difference of 

TPX2 has not changed. The N-Myc mobility in the fusion form is less than in the 

5G1X crystal, even though the observed convergence in the secondary structure is still 

in a similar pattern at 5G1X (closing to the AurA). In the elongated form, MBI mobility 

is lower than both chimeric and solely MBI (5G1X). Especially in the beginning part 

of the helical portion of MBI has almost zero displacements. Consequently, MBI 

fluctuation is solved with the construction of the interacted part with the N-terminal of 

AurA.  

 

 

4.7 Binding Free Energy Predictions of Protein Partners of AurA 

 

 

Apart from these analyses, free binding energy assessment for each AurA protein 

partner complexes to compare binding affinities of each partner via using an amber 

scoring method. Like dynamical analysis results, the amber scores confirmed that only 

MBI could not provide enough for complex stabilization, calculated as -69.29 

kcal/mol. Interestingly, the binding affinity of solely MB0 to AurA almost two times 

higher than 5G1X/MBI crystal which is reported as -135.99 kcal/mol. This result also 

proves that AurA favorably generates protein-protein interaction at the N-terminal 

lobe. However, only MB0 has a lower affinity as compared to TPX2 of the 3E5A 

complex, which is found as -159.71 kcal/mol. Related to distance matrix analysis, we 

showed that the addition of TPX2 to MBI performs joint stabilization in the chimeric 

form of the AurA complex. Besides this evidence, the free binding energy of 

TPX2/MBI form is recorded as -188.60 kcal/mol, which is the highest affinity to AurA 

in all 13 different structures. 
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The opposite trend is observed in MB0-I / AurA and TPX2 / MBI / AurA 

complexes. Even if a decline is seen in the last frame, still the fused complex has the 

highest affinity in both classes. Since there is more binding energy in 5G1X MB0-I 

than MB0, this indicates that with the addition of MB0, MBI is also able to interact 

with AurA much more effectively. Even with this view, it can be interpreted that the 

MBI contribution in the stabilization of the complex in fused form is more than 5G1X 

MB0-I. In conclusion, AurA N-terminal stabilization plays a key role in mimicking N-

Myc for peptide design. 

 

 

 

Figure 14. Binding free energy assessments of all AurA/protein complexes with 

structural models. 
 

Both back and front side snapshots of the protein partners are demonstrated as top and bottom. 

AurAs are represented by surface and colored with silver (N-terminal), dark yellow (C-terminal) 

and light green (activation segment), respectively. 
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5. DISCUSSION AND CONCLUSION 

 

 

To investigate the structural mechanism through protein binding of AurA 

complexes, we analyzed eight different AurA to inhibit the N-Myc protein, which 

prevents its degradation due to stably unrevealed affinity toward AurA. Here, we 

ascertained all the structural similarities and differences of the complexes in binding 

with TPX2 and N-Myc on the surface of AurA via computational perspective. On the 

other hand, it has also been investigated whether AurA targets small molecular 

inhibitors, which are currently undergoing phase studies and have already proven to 

have a negative impact on the catalytical activity of AurA. 

 

 

 For this purpose, both the conformation, which is known as having an active form 

and the changed conformation caused by binding inhibitors are also examined. As a 

result of the examination of 173 of AurA proteins basically, two distinct conformations 

are observed in this protein in the PDB. Therefore, the region that can only prevent the 

binding of the protein partner of AurA has been determined as the activation segment 

in all these structures. Due to the fact that the VX6 bound, TPX2/AurA complex 

(3E5A) remained stable throughout the simulation, and whose AurA protein preserves 

in both the catalytic and active state. Additionally, the same structure has the highest 

affinity after the constructed structures in protein-protein interaction calculations. 

Apart from VX6, in AurA structures that change the active loop, like 4J8M and 2WTV, 

the mobility of these structures comes into prominence instead of other domains in 

both RMSD and RMSF results during 500 ns simulations. 

 

 

Similar to the MD studies, in 2WTW, which is referred another snapshot of the 

same structure, the activation loop is reported as lost due to this mobility. This missing 
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part is re-constructed by the homology modeling method. As a result, this remodeled 

region is similar in the structure due to AurA of VX6 (4JBQ). With the presence of 

this structure, the activation ring of the inhibitor-bound AurA complexes might not be 

found stably in different conformations. Therefore, in this study, it is revealed that 

known AurA inhibitors could not primarily inhibit protein-protein binding. 

 

 

Besides the conformational change in the activation segment, these inhibitors have 

an allosteric effect on the catalytic motives in the core region of AurA. Particularly 

HRD and DFG motifs, which act as an essential role in kinases. Both the interactions 

between them and other brutal motifs of AurA are decreased in comparison to the 

active form (compared to 5G1X variations). On the other hand, the distances between 

these motifs are examined because elevated distance increment between these motifs 

is catalytically incompatible in such kinases (3). While 2WTV lost their interactions 

in both forms and 4JBQ, the inhibitor-bound 4J8M and 2WTW are able to keep this 

distance stably. The interaction between these motifs could not provide any evidence 

either by inhibitor binding or by loop rotation. From this point of view, the region 

where these changes occur in AurA with the binding of inhibitors is not directly related 

to the interaction with binding partners. As shown in the essential dynamics and 

trajectory analysis, AurA prefers the N-terminal domain in protein-protein 

interactions. 

 

 

The hydrophobic spine in the core region of AurA, which also contains some 

amino acids in these motifs, is among the regions frequently targeted by small 

molecule inhibitors targeting AurA. Preservation of this hydrophobic backbone in the 

serine-threonine kinase protein family is also an essential factor for the self-

stabilization of the kinases like AurA. This spin is formed by aligning four amino acids 

which are Gln185, Leu196, His254, and Phe275, respectively. In all structures, RMSF 

results of both His254 and Phe275, which have higher molecular weight, have higher 
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mobility than in the Gln185 and Leu196. Generally, although the fluctuations of 

inhibitor-bound AurA structures are intensively found rather than protein-partners 

complexes, the exception is also seen in 5G1X/MB0, especially in His254. Similarly, 

in the other kinase activity assessment studies, it is not possible to distinguish which 

in the hydrophobic spine dynamics directly affects the AurA inhibitors on the 

activation loop. Because the residual elevation is experienced in both forms of AurA 

crystals. On the other hand, we have also obtained a different finding that although 

4J8M of Phe275 has the highest CHI angle displacement, this situation did not 

significantly affect the hydrophobic spin conformation that proves the rotation in the 

CHI1 angle may not directly affect the hydrophobic spin, even if the activation loop is 

in an inactive form. In the protein-partner bound AurA structures, all spins preserved 

their existence during their simulation. As a result, Leu 196 and Gln185 residues of 

this unique pocket may influence protein binding to AurA due to their location. 

However, in the RMSF study, the results of this spin, especially Leu196, maintains its 

stagnation in all cases regardless of inhibitor type and activation conformations. 

 

 

Besides these known motif interactions, another evidence is associated with 

Serine-Threonine kinases activity like AurA, the salt bridge established between 

positions Glu181 - Lys162. This unique interaction depends on the distance results 

similar to the DFG-HRD motif studies that mean the evolutionary specialized 

interaction is preserved in the whole activation segment in an active form, regardless 

of whether the inhibitor is bound, except for the 4JBQ. Because in the 4JBQ complex, 

in the binding of solely VX6 to AurA, Glu181 is blocked by the rotation of the side 

chain. However, it is regained with the interaction of TPX2 (3E5A). In VX6, 

independent of the loop conformation state, this static interaction is still prevented; 

these charged residues are come to appropriate conditions to make a stable interaction 

in the AurA complex by connecting TPX2. This salt bridge is not only dependent on 

protein interactions with the N-terminal lobe of AurA, but stable salt bridge 

interactions have also been seen in all protein partner interactions, at least for more 

than half of the simulations. 
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Effect of kinase activity on protein-protein interaction (HRD and DFG motif, 

hydrophobic spine, salt bridge) none of them distinctly separate their AurA 

conformation. Also, none of the currently available inhibitors can create a 

destabilization in AurA that would directly prevent the binding of its protein partners. 

Because they are not designed to directly block this interaction, enzymatically 

inactivity may prevent neither N-Myc nor TPX2 from binding. Therefore, it is aimed 

to prevent this binding with a peptide design that will mimic N-Myc. 

 

 

In 5G1X, the MB1 highly fluctuates, so different replicas are performed, but in 

any case, there is much activity partially dissociated from the AurA and N and C 

terminals of the AurA (Figure 10). In its extended version, this problem disappeared; 

even the MB0 state showed similar characteristics to the stabilizer partner is TPX2. 

This situation showed that AurA preferably performs protein-protein interaction with 

N-terminal dominantly. Therefore, the interactions at this terminal lobe of AurA play 

a much more vital role in a design that will have a forceful affinity to AurA and prevent 

it from binding by mimicking N-Myc. The extreme fluctuations in MBI decreased to 

minimal by constructing both chimeric form and missing portion, and the mobility in 

N and C terminal of AurA decreased to normal levels. 

 

 

Essential dynamics and trajectory analysis give a piece of information about the 

complex mobility during the simulation. Therefore, to demonstrate all these 

fluctuations, the distance matrix differences between the first and last frames of all 

studied AurA complexes. With this study, heatmaps are created to visualize the 

distances of each residue of AurA's affiliated protein partner to each other. In the case 

of stably binding between protein partners and AurA, it is assumed to be preserved 

from the beginning to the end of the simulation. The mobility in both directions 

(positively or negatively) is examined as undesirable for the overall structure. The 

main reason for the assumption is that we do not consider the distance between the 
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atoms at the beginning and the ending. For example, when a residue with an initial 

distance between some parts of AurA is 40 Å, and it would be calculated as 38 Å at 

the end of the simulation, the total displacement of this atom appears to stabilize the 

overall complex. However, this convergence does not actually play a role in any 

secondary interaction. As a result, in cases where the difference between these frames 

is minimal, it is more accurately concluded that a favorable intermolecular interaction 

should be established. The best-fitted interaction to this trend is TPX2/AurA in all 

complexes. Compared to the derived structures of MBI within the partner proteins, 

which are 5G1X (MBI), 5G1X (MB0-I), and 5G1X (TPX2/MBI), in fusion form of 

MBI has the lowest residual displacement. Likely, the comparison of these partners 

focused solely on MB0 of 5G1X and 3E5A complexes depending on the N-terminal 

lobe stabilization of the AurA, TPX2 has still better results. Remarkably, there are no 

residues whose total displacement to AurA does not change at all in the presence of 

MBI alone. On the other hand, the binding of TPX2 to MBI not only positively affected 

the total mobility in MBI but also brought its displacement closer to zero when 

compared to the form in which is a single form of TPX2 (3E5A). With this chimeric 

structure, a bidirectional improvement has been achieved in protein-partner 

interaction. It has an important role in designing the peptide, which is planned to be 

developed because it reduces both the high mobility in MBI and its contribution to the 

binding of TPX2.   

 

 

To support these findings, free energy binding assessment analysis has been 

performed on both the structures constructed and the crystal structures already present. 

As a result of the analysis, it is seen that the general structure is not sufficient for 

stabilization only in the presence of MBI. With the remodeling of MB0 to the one 

reported as missing in the crystal, the affinity of the N-Myc protein to bind to AurA 

increased pretty high. With the modeling of MB0, extreme mobility in MBI has also 

decreased. In this way, it started to contribute to the complex stabilization in MBI. As 

it is known that all N-Myc regions exist in cancer types in which N-Myc is amplified 

under normal conditions, N-Myc AurA affinity is quite elevated. On the other hand, 
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as the advanced stage of our study, the binding affinity of TPX2, known as the 

stabilizer partner of AurA, binds to the MB0 region of AurA to create a peptide design 

that will compete with N-Myc is also examined. As a result, the highest binding 

affinity in all crystal and constructed structures is obtained with the chimeric TPX2 / 

MBI protein created to see the effect of MBI on AurA interaction, as well as the affinity 

of TPX2 to AurA. In our peptide study planned for N-Myc inhibition targeting AurA, 

examining the critical interactions of TPX2 with AurA and detailed examination of the 

intermolecular interactions between MB0 will provide a very insightful perspective. 

 

 

In this thesis, we investigated the structural mechanism behind protein-protein 

interaction and small molecule interaction with AurA by enhancing inhibiting 

approach for AurA/N-Myc interaction. Besides, N-Myc is prevented from its 

proteasomal degradation in neuroblastoma via interacting with AurA. In the case of 

N-Myc level is amplified due to these interactions arising only from intermolecular 

affinity that is not found in any pathway with AurA. Like other transcription factors, 

N-Myc is classified as undruggable which cannot be targeted directly. In this study, 

we first revealed whether small chemical inhibitors that inhibit AurA cause an 

allosteric change in the binding site of N-Myc using structural biology methods. Thus, 

the key motifs and unique interactions for the catalytic activity of AurA are examined. 

A clear distinction between the phosphorylation state and the variation of rotation in 

the activation and the interactions associated with this catalytically active loop in the 

inhibitor-bound crystals could not be found. Since these already known inhibitors are 

not directly in the binding site of N-Myc in AurA, it is understandable that they cannot 

inhibit this interaction. Although each ligand inhibits different types of interactions, 

this type of destabilization has also been seen in protein-bound complexes in some 

cases. A stable complex stabilization could not be observed as a result of 4 repetitions 

in the 5G1X (MBI) complex, which is only the crystal and backbone of our study. 

Later, with the addition of the missing portion of the MB motif with homology 

modeling, we concluded that the interaction of MB0 on the AurA surface allows the 

MBI to be stably bonded. It also confirms our hypothesis in the other structure 

constructed, 5G1X (TPX2/MBI) and crystallized AurA/TPX2 (3E5A) complex. 
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Consequently, investigating the structural mechanism of AurA, which is predicted via 

comparative modeling algorithms, reveals that the missing portion of the crystal 

structure might have essential for the complex stabilization. Although it is thought to 

have no significant role in overall stabilization, since it is modeled structures reported 

as loss in crystallization studies due to the mobility in the complex, with the re-

modeling of MB0 reported as missing in PDB, provided vital importance on the 

complex against all dynamical analysis. Structural biology studies have enabled such 

problems to be recreated with computational methods. 

 

 

Future study would be quite insightful to examine all protein-protein of the 

interaction of N-terminal lobe of AurA at a residue-specific level to achieve N-Myc 

inhibition, targeting AurA. Thus, with the designing of a novel peptide, we are 

planning to provide the protein partner inhibition of AurA and eliminate the 

stabilization of AurA such as TPX2 and maintain the N-Myc degradation at the same 

time. 
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6. APPENDICES 

 

 

Appendix 1. Table of all AurA complexes in PDB 

 

 

To observe the dynamical similarities of AurA proteins, 173 AurA crystal 

structures are extracted in PDB. The crystals pool is involved in their characteristics 

consisting of ligand name, ligand formula (SMILES code), source organism, sequence, 

the molecular weight of both ligands and proteins, and chain length. 

 

PDB ID Loop 

Conformation 

Chain 

Length 

Source 

Organism 

Molecular 

Weight 

(Entity) 

Ligand ID Ligand 

MW 

(g/mol) 

1MQ4 active 272 Homo sapiens 31.44 MG 24.305 

1MUO missing 297 Homo sapiens 34.432 ADN 267.241 

1OL5 active 282 Homo sapiens 32.849 ADP 427.201 

1OL6 missing 282 Homo sapiens 32.688 ATP 507.181 

1OL7 active 282 Homo sapiens 32.849 ADP 427.201 

2BMC missing 306 Homo sapiens 35.305 MPY 497.591 

2C6D missing 275 Homo sapiens 31.985 GOL 92.094 

2C6E missing 283 Homo sapiens 32.773 HPM 529.59 

2DWB missing 285 Homo sapiens 33.203 SO4 96.063 

2J4Z inactive 306 Homo sapiens 35.277 626 448.541 

2J50 missing 280 Homo sapiens 32.369 627 474.555 

2NP8 missing 272 Homo sapiens 31.44 SO4 96.063 

2W1C active 275 Homo sapiens 32.318 L0C 421.447 

2W1D missing 275 Homo sapiens 32.158 L0D 184.197 

2W1E missing 275 Homo sapiens 32.158 L0E 418.472 

2W1F missing 275 Homo sapiens 32.158 L0F 303.318 
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Appendix 1. Table of all AurA complexes in PDB (cont.) 

2WQE missing 262 Homo sapiens 30.507 ADP 427.201 

2WTV inactive 285 Homo sapiens 33.229 ZZL 476.862 

2WTW missing 285 Homo sapiens 32.993 ZZL 476.862 

2X6D active 285 Homo sapiens 32.949 SO4 96.063 

2X6E missing 285 Homo sapiens 32.949 YM4 551.481 

2X81 missing 272 Homo sapiens 31.44 ZZL 476.862 

2XNE missing 272 Homo sapiens 31.626 ASH 406.868 

2XNG missing 283 Homo sapiens 32.821 A0H 513.012 

2XRU missing 280 Homo sapiens 32.397 400 502.631 

3COH missing 268 Homo sapiens 31.008 83H 348.441 

3D14 missing 272 Mus musculus 31.549 AK1 464.487 

3D15 missing 272 Mus musculus 31.549 AK2 430.934 

3D2I missing 272 Mus musculus 31.549 AK3 462.451 

3D2K missing 272 Mus musculus 31.549 AK4 472.908 

3DAJ missing 272 Mus musculus 31.563 FXG 423.511 

3DJ5 missing 272 Mus musculus 31.549 AK5 502.384 

3DJ6 missing 272 Mus musculus 31.549 AK6 460.548 

3DJ7 missing 272 Mus musculus 31.549 AK7 502.312 

3E5A active 268 Homo sapiens 31.174 VX6 464.586 

3EFW missing 267 Homo sapiens 31.037 AK8 494.468 

3FDN missing 279 Homo sapiens 32.359 MMH 406.438 

3H0Y missing 268 Homo sapiens 31.048 48B 449.865 

3H0Z missing 268 Homo sapiens 31.048 45B 602.058 

3H10 inactive 268 Homo sapiens 31.048 97B 559.009 

3HA6 active 268 Homo sapiens 31.254 2JZ 511.55 

3K5U missing 279 Homo sapiens 32.359 PFQ 331.368 

3LAU missing 287 Homo sapiens 33.342 OFI 295.336 

3M11 missing 279 Homo sapiens 32.359 AKI 525.6 

3MYG missing 272 Homo sapiens 31.44 PG4 194.226 

3NRM active 283 Homo sapiens 32.558 NRM 297.338 

3O50 missing 267 Homo sapiens 31.037 LJE 450.413 
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Appendix 1. Table of all AurA complexes in PDB (cont.) 

3O51 missing 267 Homo sapiens 31.037 LJF 504.514 

3P9J missing 268 Homo sapiens 31.048 P9J 317.345 

3QBN missing 281 Homo sapiens 32.502 E9Z 334.801 

3R21 missing 271 Homo sapiens 31.347 D36 444.554 

3R22 missing 271 Homo sapiens 31.347 D37 401.486 

3UNZ inactive 279 Homo sapiens 32.359 0BZ 324.309 

3UO4 active 279 Homo sapiens 32.359 0C0 382.415 

3UO5 active 279 Homo sapiens 32.359 0BX 306.319 

3UO6 inactive 279 Homo sapiens 32.359 0BY 340.764 

3UOD active 279 Homo sapiens 32.359 0C3 374.317 

3UOH inactive 279 Homo sapiens 32.359 0C4 385.215 

3UOJ inactive 279 Homo sapiens 32.359 0C5 331.328 

3UOK inactive 279 Homo sapiens 32.359 0C6 358.754 

3UOL inactive 279 Homo sapiens 32.359 0C7 364.792 

3UP2 active 279 Homo sapiens 32.359 0C8 390.316 

3UP7 active 279 Homo sapiens 32.359 0C9 350.328 

3VAP missing 272 Homo sapiens 31.44 0FY 563.673 

3W10 inactive 278 Homo sapiens 32.155 RO9 330.383 

3W16 missing 278 Homo sapiens 32.215 P9J 317.345 

3W18 missing 278 Homo sapiens 32.215 N13 451.455 

3W2C missing 261 Homo sapiens 30.309 N15 427.502 

4B0G missing 283 Homo sapiens 32.821 VEK 457.327 

4BN1 active 285 Homo sapiens 33.141 ADP 427.201 

4BYI missing 285 Homo sapiens 32.949 FH3 387.867 

4BYJ missing 285 Homo sapiens 32.949 FH5 373.84 

4C3P missing 282 Homo sapiens 32.689 ACP 505.208 

4C3R missing 282 Homo sapiens 32.689 ACP 505.208 

4CEG active 285 Homo sapiens 32.965 ADP 427.201 

4DEA active 279 Homo sapiens 32.359 EDO 62.068 

4DEB active 279 Homo sapiens 32.359 NHJ 373.332 

4DED active 279 Homo sapiens 32.359 NHU 348.359 
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Appendix 1. Table of all AurA complexes in PDB (cont.) 

4DEE active 279 Homo sapiens 32.359 MG 24.305 

4DHF missing 271 Homo sapiens 31.347 0K6 450.537 

4J8M inactive 279 Homo sapiens 32.479 CJ5 522.525 

4J8N active 279 Homo sapiens 32.359 
  

4JAI missing 284 Homo sapiens 33.045 XU2 406.436 

4JAJ active 284 Homo sapiens 33.045 XU1 196.205 

4JBO active 279 Homo sapiens 32.359 WPH 536.624 

4JBP missing 279 Homo sapiens 32.359 YPH 592.687 

4JBQ missing 279 Homo sapiens 32.359 VX6 464.586 

4O0S missing 282 Homo sapiens 32.689 ADN 267.241 

4O0U missing 282 Homo sapiens 32.709 ADN 267.241 

4O0W missing 282 Homo sapiens 32.714 ADN 267.241 

4PRJ missing 269 Homo sapiens 31.139 2VU 408.415 

4UYN missing 287 Homo sapiens 33.342 Y3M 474.532 

4UZD missing 287 Homo sapiens 33.328 QMN 468.504 

4UZH missing 287 Homo sapiens 33.342 JVE 284.288 

4ZS0 missing 285 Homo sapiens 32.949 4QV 266.255 

4ZTQ missing 285 Homo sapiens 32.949 4RM 367.465 

4ZTR missing 285 Homo sapiens 32.949 4RJ 459.52 

4ZTS missing 285 Homo sapiens 32.949 4RK 482.56 

5AAD missing 285 Homo sapiens 32.885 5GX 403.868 

5AAE missing 285 Homo sapiens 32.885 7HD 408.844 

5AAF missing 285 Homo sapiens 32.885 NL4 474.945 

5AAG missing 285 Homo sapiens 32.885 6F2 530.024 

5DN3 active 272 Homo sapiens 31.536 MG 24.305 

5DNR active 272 Homo sapiens 31.536 MG 24.305 

5DOS missing 273 Homo sapiens 31.808 MG 24.305 

5DPV missing 273 Homo sapiens 31.808 5DN 346.151 

5DR2 active 273 Homo sapiens 31.808 50 328.16 

5DR6 missing 273 Homo sapiens 31.808 50 328.16 

5DR9 missing 273 Homo sapiens 31.808 SKE 394.356 
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Appendix 1. Table of all AurA complexes in PDB (cont.) 

5DRD missing 273 Homo sapiens 31.808 MG 24.305 

5DT0 missing 273 Homo sapiens 31.808 SKE 394.356 

5DT3 active 273 Homo sapiens 31.918 MG 24.305 

5DT4 active 273 Homo sapiens 31.838 MG 24.305 

5EW9 missing 271 Homo sapiens 31.537 5VC 461.937 

5G15 active 282 Homo sapiens 32.689 ACP 505.208 

5G1X active 285 Homo sapiens 32.965 ADP 427.201 

5L8J missing 285 Homo sapiens 32.965 ADP 427.201 

5L8K active 285 Homo sapiens 32.965 ADP 427.201 

5L8L active 285 Homo sapiens 32.965 ADP 427.201 

5LXM active 283 Homo sapiens 32.837 ADP 427.201 

5OBJ missing 272 Homo sapiens 31.456 MG 24.305 

5OBR missing 272 Homo sapiens 31.456 9QT 301.7 

5ODT missing 283 Homo sapiens 32.756 ADP 427.201 

5ONE missing 285 Homo sapiens 32.949 9YQ 535.596 

5ORL active 265 Homo sapiens 30.798 ADP 427.201 

5ORN active 265 Homo sapiens 30.798 ADP 427.201 

5ORO active 265 Homo sapiens 30.798 ADP 427.201 

5ORP active 265 Homo sapiens 30.798 ADP 427.201 

5ORR active 265 Homo sapiens 30.798 ADP 427.201 

5ORS active 265 Homo sapiens 30.798 ADP 427.201 

5ORT active 265 Homo sapiens 30.798 ADP 427.201 

5ORV active 265 Homo sapiens 30.798 ADP 427.201 

5ORW active 265 Homo sapiens 30.798 ADP 427.201 

5ORX active 265 Homo sapiens 30.798 ADP 427.201 

5ORY active 265 Homo sapiens 30.798 ADP 427.201 

5ORZ active 265 Homo sapiens 30.798 ADP 427.201 

5OS0 active 265 Homo sapiens 30.798 ADP 427.201 

5OS1 active 265 Homo sapiens 30.798 ADP 427.201 

5OS2 missing 265 Homo sapiens 30.718 ADP 427.201 

5OS3 active 265 Homo sapiens 30.798 ADP 427.201 
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Appendix 1. Table of all AurA complexes in PDB (cont.) 

5OS4 active 265 Homo sapiens 30.798 ADP 427.201 

5OS5 active 268 Homo sapiens 31.199 ADP 427.201 

5OS6 active 265 Homo sapiens 30.798 ADP 427.201 

5OSD active 267 Homo sapiens 31.085 ADP 427.201 

5OSE active 265 Homo sapiens 30.798 ADP 427.201 

5OSF active 265 Homo sapiens 30.798 ADP 427.201 

5ZAN missing 281 Homo sapiens 32.56 9A6 425.529 

6C2R missing 272 Homo sapiens 31.44 SO4 96.063 

6C2T missing 272 Homo sapiens 31.44 EGJ 525.037 

6C83 missing 285 Homo sapiens 32.991 ACP 505.208 

6CPE missing 285 Homo sapiens 32.991 P4G 162.227 

6CPF missing 285 Homo sapiens 32.991 ACP 505.208 

6CPG missing 285 Homo sapiens 32.991 35R 381.432 

6GRA missing 285 Homo sapiens 32.949 F8Z 590.667 

6HJJ missing 285 Homo sapiens 32.875 G7T 528.501 

6HJK missing 285 Homo sapiens 32.875 G7W 512.459 

6I2U active 285 Homo sapiens 33.109 COA 767.534 

6R49 missing 285 Homo sapiens 32.965 ADP 427.201 

6R4A active 285 Homo sapiens 32.965 ADP 427.201 

6R4B active 285 Homo sapiens 32.965 ADP 427.201 

6R4C active 285 Homo sapiens 32.965 ADP 427.201 

6R4D active 285 Homo sapiens 32.965 ADP 427.201 

6VPG active 292 Homo sapiens 34.067 ANP 506.196 

6VPH inactive 292 Homo sapiens 34.275 CL 35.453 

6VPI inactive 292 Homo sapiens 33.898 ANP 506.196 

6VPJ missing 292 Homo sapiens 33.899 ANP 506.196 

6VPL missing 292 Homo sapiens 33.987 MG 24.305 

6VPM missing 292 Homo sapiens 33.987 MG 24.305 

6XKA missing 292 Homo sapiens 33.907 COA 767.534 

6Z4Y missing 285 Homo sapiens 32.949 CIT 192.124 

7AYH missing 285 Homo sapiens 32.949 S9H 360.409 
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Appendix 1. Table of all AurA complexes in PDB (cont.) 

7AYI missing 285 Homo sapiens 32.949 S9K 330.383 
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