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INTRODUCTION

The interactions between metal ions and proteins are now being studied mostly because they play a leading role in drug designing and many biological processes. The heavy metal arsenic, with high exposure, is considered as a health disaster. It is also being used as a promising cancer chemotherapeutic drug. Hence, it is crucial to study the arsenic binding proteins as well as the role of arsenic in the chemotherapeutic process. Previous studies done on arsenic suggest that arsenic reacts with closer cysteine residues of proteins with high amounts of cysteine residues and sulfhydryl (SH) groups (X. Zhang et al., 2007). Some research work shows that the arsenic binds and affects the activity of pyruvate kinase M2 (PKM2) isozyme of the pyruvate kinase (PK) enzyme (T. Zhang, Lu, Li, Hu, & Chen, 2015), while some show that there is no effect of arsenic on the activity of the enzyme (X. Zhang et al., 2007). This work mainly focuses on identifying whether arsenic gets bound with PKM2 enzyme and to identify the most favorable binding site of the enzyme for As (III).

METHODOLOGY
The study was carried out mainly with QM/MM calculations to obtain binding energy of As(III) ion with PKM2 enzyme. First, the cavities of the enzyme were identified using the CavityPlus webserver (Xu et al., 2018) by uploading the PDB coordinates of the enzyme to the server. The enzyme was placed inside a cubical shaped simulation box with a distance of 1.2 nm between the enzyme and the edge of the box. The simulation box was then solvated with 39492 number of SPC/E water molecules, and a Na+ ion was added to maintain the electro-neutrality of the system. The system was then subjected to MD simulation for 100 ps to equilibrate the system. Then As (III) ions were placed randomly in the identified cavities of the enzyme in the equilibrated system. The average binding energy of the system with As(III) in five random positions in a cavity was calculated using Our own N-layered Integrated molecular Orbital and  Molecular Mechanics  (ONIOM) two-layer calculation method (Vreven & Morokuma, 2006). DFT method with a 6-31G(d) basis set was used for high layer atoms while the molecular mechanics method was used for low layer atoms. Separately, 100 ns long MD simulation was carried out with the Kirkwood Buff force field for the enzyme while placing As(III)  in the active site of the enzyme. Then, the final structure of the simulation was used to calculate the binding energy of the metal ion with the enzyme through t h e ONIOM method. Then, the calculated energies were analyzed to identify the possibility of As (III) ion to bind with the enzyme. Among the cavities that show a tendency of As (III) binding with the enzyme PKM2, the best cavity was identified. And, the binding energies of the cavities were compared with the binding energy of the simulated system. The cavities having the active site residues were identified. For the justification of the best binding site of the enzyme, a secondary structure analysis was done using the STRIDE server (Heinig & Frishman, 2004).

RESULTS AND DISCUSSION

The CavityPlus server predicted twenty possible cavities for the enzyme PKM2 and a list of residues in each cavity, and Figure 1 shows the detected cavities of the enzyme PKM2.
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Figure 1: Cavities of the PKM2 enzyme obtained from the CavityPlus web server are shown in solid surface with different colors, and the rest of the protein is represented by cartoon molecular representation.
When considering the residues of the active site of the enzyme, they can be noted from the cavity 2. Hence, the active site of the enzyme is in cavity 2 of PKM2. Table 1 below gives the residues that are in the active site of the enzyme.

Table 1: Residues found in the active site of PKM2 enzyme (Dombrauckas & Santarsiero, B.D; Mesecar, 2005)
	Amino acid
	Residue number
	
	Amino acid
	Residue number

	ASN
	75
	
	LYS
	270

	HIS
	78
	
	GLU
	272

	ASP
	113
	
	ASP
	296

	THR
	114
	
	THR
	328

	ARG
	120
	
	SER
	362


The calculated binding energies of the metal ion with the enzyme for each cavity through the ONIOM two-layer method are given in Table 2.
Table 2: Calculated binding energy for each cavity in kJ/mol using the ONIOM two-layer method.
	Cavity number
	Binding energy
(kJ/mol)
	
	Cavity number
	Binding energy
(kJ/mol)

	1
	-5350.19
	
	11
	35622.78

	2
	-6821.04
	
	12
	1231338.49

	3
	354027.67
	
	13
	93268.26

	4
	13253.52
	
	14
	120489.44

	5
	96277.08
	
	15
	13845.11

	6
	8816.43
	
	16
	47469.03

	7
	46938.59
	
	17
	20090.32

	8
	75467.37
	
	18
	15122.87

	9
	6243.44
	
	19
	101685.61

	10
	17186.52
	
	20
	24112.59



The binding energy for the 100 ns simulated system was -6826.3 kJ/mol.  Out of the twenty cavities of the enzyme, only two cavities show negative binding energy implying those two cavities as potential binding cavities for the metal ion. The large positive values for the binding energy of the other cavities indicate that As(III)  hardly gets bound in those cavities. Since cavity 1, cavity 2, and the 100 ns simulated system give negative binding energies, they can be considered as favorable binding sites of As (III) with the enzyme. From the two cavities, cavity 1 and cavity 2, the cavity 2 shows a higher negative value than cavity 1. Therefore, residues of the cavity 2 can have more affinity towards As (III) than the residues in cavity 1. Since the simulated system also possesses negative binding energy of -6826.3 kJ/mol, the active site of the enzyme can be considered as a suitable binding site for As(III). Among the three negative binding energies, the most negative value is given with the simulated system where the As(III) ion was placed in the active site. Hence, the active site has more tendency towards the metal ion and can be justified with the binding energy of cavity 2, since cavity 2 shows the next highest negative binding energy, and it contains all the residues of the active site of the enzyme. Comparison of the secondary structure of the residues in cavity1, cavity2, and the simulated system, gives that no residues form an alpha helix or beta strands in cavity 1, only four residues for beta strands in cavity 2, while three residues in the active site form beta-strand and one residue for alpha helix. This result shows that the As (III) binding in the active site gives a more stable structural arrangement compared with the structural arrangements obtained when As(III) binds in cavity 1 and cavity 2. Figure 2 below shows the secondary structure results for cavity 1, cavity 2, and the residues in the active site of the simulated system obtained from the STRIDE server (Figure 2).
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Figure 2: Secondary structure interpretation of (a) The residues of cavity 1. (b) The residues of cavity 2. (c) The active site residues of the simulated system. (Yellow: turn and coil, green: beta-strand, red: alpha-helix and blue: 3-10 helix.)
CONCLUSIONS

Therefore, with the binding energy results based on the ONIOM two-layer calculation method, it can be concluded that there is a possibility for As(III) to be bound with the PKM2 enzyme. Hence, the PKM2 enzyme can be considered as an arsenic binding protein. Among all the twenty cavities that PKM2 enzyme can have, the cavity 2, which contains the active site of the enzyme, can be considered as the most favorable binding site for As (III) ion. The comparison of the binding energies and the secondary structure of the cavity1 and cavity2 with the binding energy and secondary structure of the simulated system conclude that the accumulation of the As(III) is more likely to take place in the active site of the enzyme.
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