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ABSTRACT
The complete topological parameters associated with (3, -1) bond critical points in the chemical bonds of the molecule in both gas phase and protein environments were derived using Bader’s quantum theory of atoms in molecules(QTAIM). Exploration of complementary sites of both the ligand and residues were made by molecular electrostatic potential. Ab-initio density functional theory (DFT) was employed to evaluate its molecular geometry. The HOMO-LUMO gap helps to distinguish chemical responsiveness and molecular kinetic stability. Efficient explanation of intra and intermolecular interactions with an appropriate basis for chargers' transmission systems can be given in the context of natural bond orbital analysis. Thus HOMO-LUMO analysis can be done using the quantum chemistry to improve thermodynamics. With the help of Gauss view 5.0 and Chem craft packages, the obtained outputs are analysed.
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 INTRODUCTION 

Trimethoprim (TMP), the widely used antimicrobial drug which inhibits the various isomorphs of cytochromes P450 (CYP) enzymes in human liver microsomes and affects the metabolic rate of common drugs and thus greatly increases the plasma concentration and prolong its glucose-lowering effect. It has been estimated that 90% of human drug oxidation can be attributed to two main CYP enzymes (CYP2C8 and CYP3A4). TMP is classified as a potent inhibitor (Figure 1) to CYP2C8 and unclassified towards CYP3A4. The present study reveals the inhibition efficiency of TMP over CYP3A4 with respect to CYP2C8. Also, the conformation, intermolecular interaction and the charge density distribution of TMP inhibitor molecule in the active site of both CYP2C8 and CYP3A4 enzymes were analysed and compared the same with that of gas phase. To understand the conformational flexibility and charge density redistribution of TMP, the results are needed to compare with the corresponding gas phase structure (free form). This comparative study insight the conformational flexibility and the interaction ability of inhibitor in the active site of CYP2C8 and CYP3A4 enzymes. 
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Figure 1. Chemical structure of Trimethoprim (TMP) molecule

COMPUTATIONAL DETAILS

Molecular docking and Quantum chemical calculations: 
The TMP-CYP[2C8/3A4] complexes have been formed from the docking of TMP with CYP2C8 and CYP3A4 enzymes obtained from the Brookhaven Protein Data Bank (PDB Codes: 2NNJ and 4D6Z). Prior docking, the structure of TMP molecule was optimized at B3LYP/6-311G** level (gas phase calculation), such energy minimized geometry was used for the molecular docking process. Initially, enzyme was prepared from its complex form using protein preparation wizard. The water molecules (beyond the active site) and ions were removed from the complex form of CYP2C8 and CYP3A4 enzymes; thus prepared enzymes were used for the docking study. The TMP molecule was prepared using Ligprep module, and Induced Fit Docking method is employed for docking TMP into the respective enzymes. The lowest energy complex was considered among the 10 conformations for the further topological analysis. The protein-ligand complex was visualized from Maestro, PyMol and two dimensional and surface of intermolecular interactions were plotted by using Discovery studio visualizer [1]. The docked ligand molecule was lifted from the active site of both TMP-CYP2C8 and TMP-CYP3A4 complexes further, using Gaussian09 software a single point energy DFT calculation was performed at B3LYP/6-311G** level. The electrostatic potential map of TMP in all the phases was plotted in WinXPRO.

RESULTS AND DISCUSSION

		Intermolecular interaction of TMP-CYP complex
The member of large heme enzyme cytochromes P450 family catalyze the oxidative transformation of a wide range of organic substrates. CYPs; CYP2C8 and CYP3A4 plays a key role in the xenobiotic metabolism and steroid transformation in humans. The CYP2C8 enzyme has 463 residues and it consists of a β-sheet composed of 11β-strands and22 α-helices. And CYP3A4 enzyme constitutes 460 residues with 9 β-strands and 23 α-helices [2]. To understand the binding affinity, the TMP molecule is docked with both the enzymes and determined the conformation of TMP in their active sites and the intermolecular interactions. Both the enzymes possess hydrophobic and electrostatic pocket regions. In CYP2C8, the residues THR301, GLU444, PHE428 and PRO427 were involved in H-bond interaction and hydrophobic surface was occupied from ALA297, LEU440 and ALA441 amino acids. The H-bond interactions in TMP-CYP3A4 complex was framed from ILE443, GLY444 and PRO434 residues and the amino acid ALA305 involved in both H-bond and hydrophobic interaction types along with CYS442 and PHE435 amino acids. These residues play a critical role in the inhibition mechanism, and prevents metabolic rate of drugs. The molecular docking of TMP molecule with CYPs has been performed using Schrodinger software. [3] Docking of ligand with enzyme was done using induced fit docking(IFD) method. From the IFD, the first pose/conformer was chosen for further structure and charge density analysis. Further, examined the interactions of TMP molecule with the neighboring amino acids of CYPs active site. This analysis allows to identify the expected interactions between the TMP and CYPs, which relates the activity of TMP. 

         Table 1 Docking score values of TMP molecule with CYP2C8 enzyme
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Table 2 Intermolecular interaction of TMP with amino acid residues of CYP2C8 and CYP3A4 enzyme    
       [image: ]
The docked parameters of 10 different conformers of TMP molecule are obtained from the IFD method (Table 1& 2); in which, the conformer with lowest docking score (-6.073 for CYP2C8 and -5.819 for CYP3A4) was chosen for further studies. (Figure 2&3) displays the important interactions of TMP atoms with the amino acid residues of active site of CYPs and the corresponding interaction distances (Table 3). These interactions alter the conformation of TMP and CYPs enzyme. The high electronegative oxygen atoms [O(1), O(2) and O(3)] interact with PHE428 [TMP-CYP2C8] at the distance of 2.72 Å and ILE443, GLY444 in TMP-CYP3A4 complex at the distances of 2.3, 2.6,2.0 Å respectively[4]. Despite these interaction, various other types of interactions prevailed in both the complex. On the whole, the above described interactions shows that the TMP molecule adopts a new conformation in the active site of CYPs, which is different from its corresponding gas phase conformation.
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Figure 2. The TMP-CYP2C8 complex showing the (a) the 2D plot of TMP and nearby amino acids present in the active site of CYP2C8 enzyme and (b) surface view of the active site.
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Figure 3. The TMP-CYP3A4 complex showing the (a) the 2D plot of TMP and nearby amino acids present in the active site of CYP3A4 enzyme and (b) surface view of the active site.


Table 3. Intermolecular interaction of TMP with amino acid residues of CYP2C8 and CYP3A4 enzyme
	TMP∙∙∙CYP2C8amino
	TMP∙∙∙CYP3A4 amino acid 

	residue and atom identifier
	Distance(Å)
	residue and atom identifier
	Distance (Å)

	Hydrogen Bond
	 
	Hydrogen Bond
	 

	H6...THR302:OG1
	2.13335
	O1...ILE443:H
	2.30716

	H7...GLU444:OE2
	1.71349
	O3...GLY444:H
	2.04728

	O3...PHE428:HA
	2.71865
	H6...ALA305:O
	2.3447

	H14...PRO427:O
	2.4164
	H18...PRO434:O
	1.97178

	Hydrophobic-Pi-Alkyl
	 
	O2...GLY444:HA3
	2.59214

	TMP...ALA297
	5.20472
	Hydrophobic-Pi-Alkyl
	 

	TMP...LEU440
	5.24833
	TMP...ALA305
	3.92963

	TMP...ALA441
	4.75579
	Other-Pi-Sulfur
	 

	Other-Pi-Sulfur
	 
	TMP...CYS442:SG
	3.38319

	TMP...CYS435:SG
	3.83236
	Hydrophobic-Pi-Pi Stacked
	 

	 
	 
	TMP...PHE435
	5.18381



Molecular structure
Figure 4 shows molecular structure of the TMP in gas phase and in the active site environment. The TMP molecule consist of trimethoxy benzene and pyrazinamide rings [5]. The bond distances of TMP in gas phase are highly comparable with that of experimentally reported structure. Also there is no significant difference is noted in the bond lengths of TMP prevails in gas and active phases. However, there is a notable variation in the bond angles of TMP were calculated in the active site surroundings [6]. The maximum difference is found around the oxygen atoms [O1, O2 and O3] which primarily involved in the h-bond interactions with the amino acids of CYP2C8 and CYP3A4 enzymes. From the (Figure 4), it is clear that the trimethoxybenzene and pyrazinamide rings of TMP is not coplanar in all the phases of TMP molecule. This is being evident from the variations in dihedral angles C9-C8-C10-C16, C9-C8-C10-C17, C11-C9-C8-C10, and C12-C9-C8-C10 (Table 4). This affects the co-planarity between trimethoxybenzene and pyrazinamide rings of TMP and the values are 70.1˚[gas], 42˚[with CYP2C8] and 59.9˚ [with CYP3A4] (Figure 5).
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Figure 4. Molecular structure of TMP in (a) gas phase (b) active site of CYP2C8 (c) active site of CYP3A4 enzymes
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    Figure 5. Bond angle differences of TMP molecule between the three phases


Table 4 Selected torsion angles of TMP structures obtained from the gas and active site phases
	Bonds
	Gas
	CYP2C8
	CYP3A4

	C(9)-C(8)-C(10)-C(16)
	-90.0
	-153.4
	88.5

	C(9)-C(8)-C(10)-C(17)
	91.2
	31.3
	-95.8

	C(10)-C(8)-C(9)-C(11)
	47.2
	123.1
	-86.3

	C(10)-C(8)-C(9)-C(12)
	-134.1
	-61.6
	97.4



Close shell and Open shell interactions
The (3,-1) covalent bond critical point (BCP) were characterized in TMP molecule in all the three phases using B3LYP/6-311G (d,p) basis set. The complete topological parameters associated with (3,-1) BCP are listed in supplementary (Table 5) The Laplacian of electron density map displays the charge concentration and the charge depletion at the critical point of chemical bonds. The topological properties of strong intermolecular interactions with the amino acids of enzymes were also studied which help to characterize the intermolecular interactions. The corresponding contour plots of Laplacian 2D and relief maps are shown in (Figures 6 and 7). Irrespective of the phases, the covalent characteristic of all the bonds in the TMP molecule was well established from the values of ρbcp(r) and 2ρbcp(r). It is noted that there is no significant difference is calculated among the ρbcp(r) values in gas phase and active site environment [7]. Around 2 eÅ-5 difference in 2ρbcp(r) was predicted for C10-C3, C4-C7 and C1-C3 bonds and ~4 eÅ-5 difference is observed for N3-H7 bond of TMP when interacts with amino acids of CYP2C8 enzyme. Similarly, trend is found for the bonds having oxygen atoms [O1, O2 and O3] and N4-H18, when TMP molecule is docked with CYP2C8 and CYP3A4 enzymes. These difference were attributed from the interaction of TMP molecule with CYP2C8 and CYP3A4 residues [8]. The bond critical point search on these interactions produced a (3, −1) type of critical points between atoms in TMP and the neighboring amino acid of the TMP-CYPs complex and the corresponding topological parameters are listed in (Table 5). The positive value of the Laplacian confirms that these interactions are of closed shell type.
Table 5. The topological properties of intermolecular interactions
	Hydrogen Bond
	ρbcp(r)
	 2ρbcp(r)

	TMP-CYP2C8
	
	

	H6...THR302:OG1
	0.11
	1.5

	H7...GLU444:OE2
	0.26
	3.8

	O3...PHE428:HA
	0.04
	0.4

	H14...PRO427:O
	0.08
	1.1

	TMP-CYP3A4

	O1...ILE443:H
	0.08
	0.97

	O3...GLY444:H
	0.13
	1.84

	H6...ALA305:O
	0.06
	0.87

	H18...PRO434:O
	0.14
	2.09

	O2...GLY444:HA3
	0.05
	0.54
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Figure 6. Laplacian of electron density of intermolecular interaction of TMP ligand with CYP2C8 enzyme
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Figure 7. Laplacian of electron density of intermolecular interaction of TMP ligand with CYP3A4 enzyme


Electrostatic potential
The electrostatic potential (ESP) map of TMP molecule in all the three forms were shown in the (Figure 8). The figure depicts the differences in the charge distribution of the molecule in gas phase and active site of CYPs can be well established. In gas phase, the large negative ESP regions pivoted over the electronegative atoms O1, O2, O3, N1 and N2. The negative surface over the oxygen atom [O3] of TMP molecule in CYP2C8 enzyme was slightly enhanced due to the interaction of O3 atom with PHE428 residue. Unlike, the electronegativity over the nitrogen atoms N1 and N2 was diminished due to the effect of interaction with THR302 and GLU444 residues. Similar trend was observed in TMP-CYP3A4 complex because of the interaction of TMP molecule with ILE443, GLY444, ALA305 and PRO434 residues of CYP3A4 enzyme [9]. The molecular dipole moment (μ) results from the atomic charge distribution of the molecule. The dipole moment of TMP molecule was calculated for all the three forms. The charge distribution of TMP molecule between gas phase and the active site molecule was evident from their net dipole moments and the values are 1.79D[gas], 4.36D[TMP-CYP2C8] and 2.95D[TMP-CYP3A4] respectively, which confirms that the charges are highly distributed for TMP in CYP2C8 enzyme [10]. The superimposed plot of TMP in gas phase and active site forms along with the dipole moment vector was shown (Figure 9) and the values are listed (Table 6).

Table 6  Dipole moment (Debye) of TMP molecule in the gas phase and in the active site of CYPs
	Form
	μx
	Μy
	Μz
	Μtotal

	Gas
	-0.452
	1.2335
	-1.2193
	1.7924

	CPY2C8
	1.0425
	-2.4493
	3.4597
	4.3652

	CPY34A
	0.1484
	1.6842
	2.4219
	2.9536
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Figure 8. Electrostatic potential surface of (a) gas phase and active site forms of TMP molecule with (b) CYP2C8 and (c) CYP3A4 enzyme. Blue: positive potential (+0.7 eÅ-1) and Red: negative potential (-0.06 eÅ-1).
                       [image: ]
Figure 9. Overlay of gas phase (yellow) and the active site forms of TMP molecule with (b) CYP2C8 (blue) and (c) CYP3A4 (green) enzyme showing the orientation of dipole moment vectors.

Molecular orbitals
The HOMO and LUMO of TMP molecule in gas phase and in the active site of CYP2C8 and CYP3A4 enzymes was shown in the (Figure 10). Irrespective of all the phases, the HOMO is localized in both the trimethoxybenzene and pyrazinamide rings; LUMO is highly occupied only in pyrazinamide ring of TMP molecule. The calculated bandgap of TMP molecule in gas and the corresponding active sites were 5.36eV, 5.21eV and 5. 17eV respectively [11]. The global reactivity descriptor of the molecules, such as, global hardness (η) electrophilicity (ω), electronic chemical potential (μ), electronegativity (χ) have been calculated. The DFT calculation provides the information about the stability and reactivity of TMP using absolute hardness [η= (I-A)/2]; according to Koopmans’s theorem the ionization energy (I) and electron affinity (A) can be expressed as I= -EHOMO and A= -ELUMO [12]. The higher HOMO energy indicates the large reactive nature of the molecule when react with electrophiles, while lower the LUMO energy which is essential for molecular reaction with nucleophiles. electrophilicity (ω= μ2/2η) index is the measure of energy lowering due to maximal electron flow between donor and acceptor. Electronegativity is the measure of tendency to attract electrons by an atom in a chemical bond (Table 7). 



Table 7. Molecular descriptors of TMP molecule
	Descriptors
	TMP_Gas
	TMP_CYP2C8
	TMP_CYP3A4

	Band Gap
	5.36
	5.21
	5.17

	HOMO
	-5.73
	-5.68
	-5.70

	LUMO
	-0.37
	-0.48
	-0.54

	Ionization Potential(I)
	5.73
	5.68
	5.70

	Electron Affinity(A)
	0.37
	0.48
	0.54

	Global Hardness(η)
	2.68
	2.60
	2.58

	Electronic Chemical Potential(μ)
	-3.05
	-3.08
	-3.12

	Electrophilicity(ω)
	1.73
	1.82
	1.89



	Electronegativity(χ)
	2.68
	2.60
	2.58



The optical behavior of the title compound was examined by a UV-VIS absorption spectrophotometer. The UV-VIS absorption spectrum of the header compound was carefully measured at room temperature and presented in (Figure 10). The TD-DFT data provided information on the maximum absorption, oscillating strength, and orbits associated with the excitation [12]. The resulting contribution of the molecular (MO) configuration to the excitation state TD -DFT wave function is generally obtained as 100 x C x C x 2, where C is the coefficient printed by Gaussian for each excitation, lists the main absorption features used to understand the electronic transition, such as absorption wavelength (Nm), oscillator strength (F), key change and assigned charge transfer [13]. A strong absorption bands centered at 270 nm, 260 nm and 240 nm were observed in the UV-VIS spectrum of the header compound (Table 8). The energy values of this absorption band are 4.609 eV, 5.5350 eV and 6.964 eV respectively. Considered absorption peaks are recognized for π → π *change in organic action.

 Table 8 Experimental and calculated absorption wavelength (nm), excitation energies E (eV) and oscillator strengths (f) of Trimethoprim
	Experimental
	TD-DFT/6-311++G (d, p)

	λ(nm)
	(f)
	λ(nm)
	(f)
	E(eV)

	270.00
	4.609
	278.38
	0.1561
	4.4538

	260.00
	5.505
	257.49
	0.0297
	4.8151

	240.00
	6.964
	254.18
	0.0182
	4.8777



The optical HOMO-LUMO gap can be considered as the lowest excitation energy of the HOMO / LUMO transition. The HOMO-LUMO interval is estimated to be 4.45eV in the TDDFT calculation and 4.62 eV in the observed spectrum. This small gap explains the low stability and high reactivity of the TMP molecule. A slight change in wavelength (λ max) is observed due to the solvent effects.
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Figure 10. HOMO-LUMO and the energy gaps of gas and active site forms of TMP molecule with CYP2C8 & CYP3A4 enzyme. The HOMO-LUMO is plotted for the iso surface value of 0.02 a.u

CONCLUSION
The molecular docking and charge density analysis of TMP molecule explores the conformational, bond topological and the electrostatic properties of the molecule in the active site of CYPs. The stability of TMP molecule in the active site can be well understood from the topological properties of the interactions with the amino acids of CYP2C8 and CYP3A4 enzymes. The UV-vis absorption and header composition were theoretically obtained and compared with experimental data.
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