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Abstract

The main goal of this chapter is to reveal the importance of molecular structure analy-
sis with specific computational tools using quantum chemistry methods based on den-
sity functional theory (DFT) with focus on pharmaceutical compounds. A wide series
of molecular properties and descriptors related with chemical reactivity is discussed
and compared for small organic molecules (e.g., quinolones, oxazolidinones). Structural
and physicochemical information, important for quantitative structure-property rela-
tionships (QSPR) and quantitative structure-activity relationships (QSAR) modeling
analysis, obtained using Spartan 14 software Wavefunction, are reported. Thus, by a com-
putational procedure including energy minimization and predictive calculations, values
of quantum chemical parameters and molecular properties related with electronic charge
distribution are reported and discussed. Frontier molecular orbitals energy diagram and
their bandgap provide indications about chemical reactivity and kinetic stability of the
molecules. Derived parameters (ionization potential (I), electron affinity (A), electronega-
tivity (x), global hardness (1)), softness (o), chemical potential (1) and global electrophi-
licity index (w)) are given. Also, graphic quantities are reported: electrostatic potential
maps, local ionization potential maps and LUMO maps, as visual representation of the
chemically active sites and comparative reactivity of different constitutive atoms.

Keywords: quantum chemical parameters, linezolid, cadazolid, ciprofloxacin, molecular
docking

1. Introduction

In recent years, prediction of chemical properties by computed tools becomes a useful and
suitable way to analyze and compare wide libraries of compounds aiming to design and
develop new molecules with higher biological activity and/or better and controlled chemical
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behavior. Molecular design and prediction of molecular parameters using ab initio methods
and mathematical modeling of physical and chemical properties are imperative steps in new
scientific approaches for developing new drugs or advanced materials.

Due to the evolution of computing data storage and processor performance, molecular mod-
eling rapidly integrates into the study of therapeutic molecules, due to the opportunities,
it offers to solve relevant issues in a considerably short time without doing rebate from the
accuracy of the predicted data.

The prediction of chemical properties and the assessment of chemical behavior in pseudo-
physiological media by computational methods has become a necessary and fast tool to ana-
lyze and compare wide libraries of compounds in order to design and develop new molecules
with important biological activity or to potentiate them or conduct their chemical behavior.
Computed structural analysis and chemical parameters prediction using ab initio methods
and mathematical modeling of physicochemical properties are imperative steps in these new
approaches in developing drugs or advanced new materials.

Mathematical models are used to predict the strength of intermolecular interactions between
drug candidates and their biological protein/enzyme target, allowing to identify the most
probable binding mode and affinity and, finally, to explore the molecular mechanism or bio-
chemical pathways.

Recent studies have been focused on the development of noncleavable dual-action molecules
with antimicrobial activity. One of the noncleavable antibiotic hybrids is cadazolid, composed
of a fluoroquinolone and an oxazolidinone core via a stable linker [1]. Regarding the mode of
action, it was reported that cadazolid is acting as an oxazolidinone molecule but fails to dem-
onstrate a substantial contribution from the fluoroquinolone function. Cadazolid behaves like
a potent linezolid with a low systemic exposure and a high local concentration in the gastroin-
testinal tract [1]. Our theoretical studies focus on the characteristics, molecular properties and
molecular docking simulations to identify and visualize the most likely interactions between
ligands such as cadazolid, linezolid, quinolone and the receptor protein (Staphylococcus
aureus ribosomal subunit, PDB ID: 4WFA).

2. Materials and methods

2.1. Prediction properties computation procedure

The properties calculations were carried out using Spartan 14 software Wavefunction, Inc. Irvine,
CA, USA [2] on a PC with Intel(R) Core i5 at 3.2 GHz CPU. First, the 3D CPK models of the stud-
ied compounds were generated. Then, a systematic conformational search and analysis were
performed to establish the more stable conformers of the three pharmacological compounds,
presenting the energy minima. The lowest energy conformer was obtained using MMFF molec-
ular mechanics model by refining the geometry for each studied molecule. On these structures,
a series of calculations of molecular properties and topological descriptors were performed
using density functional method [3], software algorithm hybrid B3LYP model (Becke’s three
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Figure 1. The optimized geometry of the pharmaceutical compounds: linezolid (a), ciprofloxacin (b) and cadazolid (c),
ball and spoke representation.

parameter hybrid exchange functional with the Lee-Yang-Parr correlation functional) [3-5] and
polarization basis set 6-31G* [2, 6] in vacuum, for equilibrium geometry at ground state.

2.2. Molecular docking simulations

The docking studies have been carried out using CLC Drug Discovery Workbench Software in
order to predict the most possible type of interactions, the binding affinities and the orientation
of the docked ligand (cadazolid, linezolid or quinolone) at the active site of Staphylococcus
aureus ribosomal subunit [7]. The protein-ligand complex has been realized based on the
X-ray structure of crystal structure of the large ribosomal subunit of Staphylococcus aureus in
complex with linezolid, which was downloaded from the Protein Data Bank (PDB ID: 4WFA)
[7]. Co-crystallized ligand linezolid (ZLD) was extracted and redocked into 4WFA fragment
to validate the docking protocol. The docked ligands and their optimized geometry are illus-
trated in Figure 1, as ball and spoke representation.

3. Results and discussion

3.1. Molecular properties

Structural and physicochemical information, important for quantitative structure-property
relationships (QSPR) and quantitative structure-activity relationships (QSAR) modeling analysis,
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obtained using Spartan 14 software Wavefunction, are reported in Table 1. Thus, by a com-
putational procedure, including energy minimization to obtain the most stable conformer for
each studied structure and predictive calculations, values of quantum chemical parameters
and molecular properties related with electronic charge distribution are obtained. Using the
Calculate Molecular Properties Tool of Spartan 14 software, relevant properties of small mol-
ecules have been calculated, related with Lipinski’s rule of five [8]. To be efficient drug candi-
dates, the compounds must respect the following conditions: maximum five hydrogen bond
donors (as total number of nitrogen-hydrogen and oxygen-hydrogen bonds); maximum 10
hydrogen bond acceptors (as total number of nitrogen and oxygen atoms); maximum molecu-
lar weight of 500 Da; the octanol-water partition coefficient (log P) value less than 5. In our
study, the prediction log P coefficient is based on the XLOGP3-AA method [9]. These proper-
ties are important when several drug candidate compounds need to be analyzed, before their
chemical synthesis, in order to evaluate their drug-likeness. In Table 1 are listed the calcu-
lated molecular properties from CPK and from Wavefunction models for the three studied

Linezolid Ciprofloxacin Cadazolid
Molecular properties
Formula C, H,FN,O, C,H,FN.O, C,H,F,N,O
Weight (amu) 337.351 331.347 585.560
Energy (au) -1186.74569 -1148.36687 -2088.23350
Energy (aq) (au) -1186.76351 -1148.36687 -2088.26194
Solvation E (kJ/mol) —46.79 -57.23 —74.66
Dipole moment (Debye) 7.28 6.42 8.39
E HOMO (eV) -5.28 -5.72 -5.88
E LUMO (eV) -0.19 -1.33 -1.52
QSAR properties from CPK model
Area (A?) 346.66 330.26 557.72
Volume (A% 324.83 318.18 541.53
PSA (A?) 55.071 62.218 114.809
Ovality 1.52 1.47 1.74

QSAR properties from computed wavefunction

Log P 0.58 1.32 2.37
HBD count 1 1 2
HBA count 6 5 9
Polarizability (107 m?) 66.52 66.15 84.27

Table 1. Predicted molecular properties for linezolid, ciprofloxacin and cadazolid, using DFT method, B3LYP model,
6-31G* basis set, in vacuum, for equilibrium geometry at ground state.
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molecules obtained for the most stable conformer of each after geometry minimization: dipole
moment, ovality, polarizability, the octanol-water partition coefficient (log P), the number of
hydrogen bond donors (HBDs) and acceptors (HBAs) and acceptor sites (HBAs), area, vol-
ume, polar surface area (PSA) and energies of frontier molecular orbitals (FMOs).

Area, volume and polar surface area have the same variation as the molecular weight, increas-
ing in the following order: ciprofloxacin < linezolid < cadazolid.

The ovality index represents the deviation from the spherical form, considering its value 1 for
spherical shape. From our calculations, we found the following variation of this parameter:
1.47 (ciprofloxacin) < 1.52 (linezolid) < 1.74 (cadazolid). Ovality index is related with molecu-
lar surface area and van der Waals volume, and it increases with the increase of structural
linearity. The polarizability provides information about induction (polarization) interactions
resulting from an ion or a dipole inducing a temporary dipole in an adjacent molecule. The
same variation is observed for both polarizability and for the dipole moment.

The octanol-water partition coefficient (log P) is related with the lipophilicity of compounds
and is useful to predict the absorption of drugs across the intestinal epithelium.

Log P values are calculated according to Ghose, Pritchett and Crippen method [10]. The crite-
ria of Lipinski’s rule of five [11], log P must be smaller than 5 for a good drug candidate, are
based on the observation that the most orally absorbed compounds have log P <5. Log P can
be correlated with PSA when the potential drugs are evaluated according to Hughes et al. [12]
who proposed the criteria as log P < 4 and PSA > 75 Az,

Molecular orbitals energy diagrams and gap (AE) are obtained from the energetic level values
(eV) of frontier molecular energy orbitals (FMNOs): HOMO— the highest occupied molecular
orbital and LUMO —the lowest unoccupied molecular orbital.

The molecular frontier orbitals are important descriptors related to the reactivity of molecules.
Thus the higher value refers to chemically stable molecules. The HOMO energy is linked to
the tendency of a molecule to donate electrons to empty molecular orbitals with low energy
of convenient molecules. The LUMO energy indicates the ability to accept electrons. The fron-
tier molecular orbital density distribution of the studied therapeutic compounds is shown in
Figure 2 (for linezolid (a), ciprofloxacin (b) and cadazolid (c): HOMO (top) and LUMO (bot-
tom). Black and dark gray regions correspond to positive and negative values of the orbital.

The frontier orbital gap helps to characterize chemical reactivity and kinetic stability [13, 14] of
the molecules. HOMO and LUMO determine the way in which it interacts with other species.

The obtained energy gap increases in the order: cadazolid < ciprofloxacin < linezolid (4.36
< 4.39 < 5.09). Consequently, among the three analyzed therapeutical compounds, linezolid
presents the lowest reactivity (the most chemically stable) followed by ciprofloxacin and
cadazolid (the most reactive).

Other derived quantum chemical parameters for the most stable conformers of linezolid, cip-
rofloxacin and cadazolid, such as ionization potential (I), electron affinity (A), electronegativity
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Figure 2. HOMO-LUMO plots (ground state) and energy diagram. HOMO-LUMO plots of (a) linezolid, (b) ciprofloxacin
and (c) cadazolid.

(x), global hardness (1), softness (0), chemical potential (1) and global electrophilicity index
(w), are obtained and listed in Table 2. Their values were derived from HOMO and LUMO
energy diagram [15, 16], according to Koopmans’ theorem [17, 18]. The ionization potential is
defined as I =-E and the electron affinity as A =-E

HOMO LUMO®
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Quantum parameters Linezolid Ciprofloxacin Cadazolid
Epono (€V) -5.2763 -5.7170 ~5.8839
E,pno (€V) -0.1856 -1.3262 ~1.5517
AE (E,u0-Erono) (€V) 5.0907 43908 4.3670
[=-E, o0 (V) 5.2763 5.7170 5.8839
A=-E o (€V) 0.1856 1.3262 1.5517
x=(I+A)2 (V) 2.7309 3.5216 3.7178
n=(I-A)2 (V) 2.5453 2.1954 2.1661
o=1/n 2.0829 2.6041 2.7163
1= (Epono * Erouo)2 27309 -3.5216 -3.7178
w = y?/2n -1.4650 2.4362 3.1905

Table 2. Calculated quantum chemical parameters of the studied compounds.

3.1.1. Graphical quantities: electrostatic potential, local ionization potential and | LUMO |
maps

These graphical quantities provide a visual representation of the chemically active sites and
comparative local reactivity of analyzed structures.

Molecular electrostatic potential (MEP) is used to investigate the chemical reactivity of a
molecule. The MEP is especially important for the identification of the reactive sites of nucleo-
philic or electrophilic attack in hydrogen bonding interactions and for the understanding of
the process of biological recognition. The electrostatic potential map for all three compounds
shows hydrophilic regions (negative and positive potentials) and hydrophobic regions (neu-
tral). Their variations and local values are illustrated in Figure 3. For linezolid (Figure 3a),
the negative potentials are localized over oxygen atoms, presenting values: —154, =156 and
-160 kJ/mol. The positive electrostatic potential presents a maximum value of 234 kJ/mol. For
ciprofloxacin (Figure 3b), the negative values vary between —209 and —166 kJ/mol, while posi-
tive values are lower than those found for linezolid (194 kJ/mol). For cadazolid (Figure 3c),
the negative regions present values between —219 and —159 kJ/mol, and positive regions vary
between 190 and 214 kJ/mol.

Local ionization potential map (LIPM) is represented in Figure 4 for linezolid (a), ciprofloxa-
cin (b) and cadazolid (c). The ionization potential represents an overlay of the energy of elec-
tron removal (ionization) on the electron density, being particularly useful to assess chemical
reactivity and selectivity, in terms of electrophilic reactions.

|LUMO| map is an indicator of nucleophilic addition and it is provided by an overlay of the
absolute value of the lowest unoccupied molecular orbital (LUMO) on the electron density.

Figure 5 illustrates the graphical representation for |LUMO| maps for linezolid (a), cipro-
floxacin (b) and cadazolid (c).
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¥

Figure 3. Electrostatic potential map (EPM) of linezolid (a), ciprofloxacin (b) and cadazolid (c), ball and spoke
representation.

a b)

i

Figure 4. Local ionization potential map (LIPM) of (a) linezolid, (b) ciprofloxacin and (c) cadazolid.
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Figure 5. ILUMO! map (a) linezolid, (b) ciprofloxacin and (c) cadazolid.

The values of energetic intermediary levels of HOMO and LUMO orbitals for the studied
compounds, predicted with B3LYP, 6-31G* algorithm are listed in Table 3.

Contribution of other occupied (HOMO{-1}-HOMO({-9}) and unoccupied molecular orbitals
(LUMO({+1}) at UV VIS allowed transitions are presented in Table 4 for linezolid, Table 5 for
ciprofloxacin and Table 6 for cadazolid.

3.2. Molecular docking simulations

The docking score is a measure of the antimicrobial activity of the studied molecules. The
4WFA fragment, imported from PDB, was chosen for docking study because of the presence
in its crystallographic structure of co-crystallized linezolid (ZLD). The crystal structure vali-
dated by X-ray diffraction contains a large ribosomal subunit of Staphylococcus aureus in com-
plex with linezolid (ZLD). The polymeric chains also include 36 unique types of molecules:
RNA chain 235 rRNA; RNA chain 55 rRNA, 50S ribosomal proteins L2-L6, 50S ribosomal pro-
teins L13-L36, molecule N-{[(55)-3-(3-fluoro-4-morpholin-4-ylphenyl)-2-oxo-1,3-oxazolidin-
5-yllmethyl}acetamide (ZLD-linezolid), molecule (45)-2-methyl-2,4-pentanediol (MPD),
magnesium ion, manganese(ii) ion, sodium ion, molecule 4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid (EPE), spermidine (SPD) and ethanol, as deposited in PDB on 2014-09-14,
with the ID 4WFA [19].
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Orbital Linezolid Ciprofloxacin Cadazolid
HOMO -5.3 -5.7 -5.9
HOMO({-1} -6.5 -6.0 -6.2
HOMO({-2} -6.6 -6.3 -6.4
HOMO({-3} 7.0 -6.4 -6.5
HOMO({-4} 7.3 7.2 -7.0
HOMO({-5} 7.4 7.3 7.3
HOMO({-6} 7.7 7.8 7.4
HOMO({-7} -8.1 -8.3 7.4
HOMO({-8} -8.2 -8.8 -7.4
HOMO({-9} -8.4 -9.0 -7.5
LUMO -0.2 -1.3 -1.5
LUMO({+1} 0.1 -1.0 -1.3

HOMO and LUMO orbitals and their values are in bold characters to highlight that they are the frontier molecular
orbitals, and their values occur in the calculus of the energy gap (AE) and other quantum molecular parameters related
with the global chemical reactivity of molecules.

Table 3. Linezolid, ciprofloxacin and cadazolid energetic levels (eV) of intermediary molecular orbitals (MO).

Wavelength (nm) Strength MO component Contribution

211.68 0.1076 HOMO-1 —» LUMO+1 43%
HOMO-1 - LUMO 38%
HOMO-2 — LUMO 13%

223.10 0.0605 HOMO-1 - LUMO 51%
HOMO-1 - LUMO+1 25%

255.34 0.3172 HOMO — LUMO+1 65%
HOMO — LUMO 20%

274.49 0.1237 HOMO — LUMO 70%
HOMO — LUMO+1 18%

g

Ly

2

m

[¥]

UV/Vis Spectrum

Table 4. Linezolid UV/Vis allowed transitions.
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Wavelength (nm) Strength MO component Contribution
277.36 0.3043 HOMO-1 - LUMO+1 33%
HOMO-3 - LUMO 19%
HOMO-1 - LUMO 16%
HOMO - LUMO+1 16%
279.79 0.0653 HOMO-1 — LUMO+1 36%
HOMO — LUMO+1 33%
HOMO-1 - LUMO 14%
292.77 0.0014 HOMO-2 — LUMO+1 92%
300.49 0.0204 HOMO-1 - LUMO 51%
HOMO — LUMO+1 43%
318.08 0.0927 HOMO - LUMO 84%
334.30 0.0023 HOMO-2 — LUMO 88%

Calculated

(PR FR—— p— -

csshan

200 300 00 500 &00 700
UV/Vis Spectrum
Table 5. Ciprofloxacin UV/Vis allowed transitions.
Wavelength (nm) Strength MO component Contribution
286.51 286.51 HOMO-1 - LUMO 82%
| B i
32 \ " \
- ! : ' :
= : ; . :

3
g
b=
'
S
g
g
3

UV/Vis Spectrum

Table 6. Cadazolid UV/Vis allowed transitions.
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Figure 6. Molecular docking results on linezolid, ciprofloxacin and cadazolid with 4WFA receptor. (a) Active binding
site of 4WFA. (b) Docking validation of co-crystallized ZLD. (c) Interacting group and hydrogen bonds between the
residues of the GLN 38 and the co-crystallized ZLD. (d) Interacting group of linezolid and hydrogen bonds between
the residues of the GLN 38 and the linezolid. (e) Interacting group of ciprofloxacin and hydrogen bonds between the
residues of LYS 36 and ciprofloxacin. (f) Interacting group of cadazolid and hydrogen bonds between the residues of LYS
36 and GLN 38 and cadazolid. (g) Docking pose of the four ligands: co-crystallized ZLD (light gray), linezolid (gray),
ciprofloxacin (black) and cadazolid (dark gray) with 4WFA.
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The docking simulations comprise the following steps: ligands preparation and calculate
molecular properties, setup the binding site of the receptor protein, dock ligands, validation
of docking, analyze and measure the interactions of the ligand with the amino acid group,
analyze docking results in terms of docking score and root-mean-square deviation (RMSD).
The docking studies aim to predict the binding modes, the binding affinities and the orienta-
tion of the docked ligands. In Figure 6, the docking results are illustrated; the active binding
site of 4WFA (a), docking validation of co-crystallized ZLD (b), interacting group and hydro-
gen bonds between the residues of GLN 38 and co-crystallized ZLD (c), interacting group of
linezolid and hydrogen bonds between the residues of GLN 38 and linezolid (d), interacting
group of ciprofloxacin and hydrogen bonds between the residues of LYS 36 and ciprofloxacin
(e), the interacting group of cadazolid and hydrogen bonds between the residues of LYS 36
and GLN 38 and cadazolid (f), docking pose of the four ligands: co-crystallized ZLD (gray),
linezolid (brown), ciprofloxacin (red) and cadazolid (blue) with 4WFA (g).

The results of molecular docking studies reveal the docking score —49.75 (RMSD: 2.65 A) for
cadazolid and shows the occurrence of two hydrogen bonds with GLN 38 (2.930 A) and LYS 36
(3.020 A). Cadazolid forms a hydrogen bond with the same amino acid as linezolid (the first oxa-
zolidinone introduced into therapeutics) and a hydrogen bond with the same amino acid as cipro-
floxacin (second-generation fluoroquinolone) (Table 7). The obtained docking score resulted from
the contributions of hydrogen bond score, metal interaction score and steric interaction score.

3.2.1. Drug-likeness of the studied therapeutical compounds

As seen from the analysis of docked ligands, from Table 8, cadazolid presents two violations
of the parameters involved in Lipinski’s rule of five: the mass and the number of hydrogen
acceptors (11), although the docking score is better, yet the RMSD has the higher value. These
results can be correlated with cadazolid behavior, acting more likely as an oxazolidinone.
Also, cadazolid presents the higher values of the water-octanol coefficient, from calculations
made not only with CLC Drug Discovery Workbench software but also with Spartan software,

Compound Score/RMSD Interacting group Hydrogen bond Bond length (A)
Linezolid-co- —34.55/1.66 ARG 33(I), GLY 34(I), HIS 35(I), LYS 36(I), N sp*(N14)-Osp? 2917
crystallized (ZLD) GLY 37(I), GLN 38(I), LYS 39(I), ARG from GLN 38(I)
41(I), ALA 40(I), SER 42(I)
Linezolid -37.97/0.22 GLY 34(I), HIS 35(I), LYS 36(I), GLY 37(I), N sp*N14)-Osp? 2.989
GLN 38(I), LYS 39(I), ARG 41(I), ALA from GLN 38(I)
40(I), SER 42(I)
Ciprofloxacin -36.79/0.19 GLY 34(10, GLY 37(I), LYS 36(I), SER 42(I), Osp®(02)-Osp*>  2.996
HIS 35(I), GLY 43(I), PRO 48(I), GLY 49(I)  from LYS 36(I)
Cadazolid —49.75/2.65 LYS 29(I), ARG 33(I), GLY 34(I), HIS 35(I), O sp*(O09) — Nsp? 3.020
LYS 36(I), GLY 37(I), GLN 38(I), ARG from LYS 36(I)

41(1), LYS(39(I), ALA 40(I), SER 42(1).
O sp*08)-Nsp? 2930

from GLN 38(I)

Table 7. The list of intermolecular interactions between the ligands docked with 4WFA using CLC Drug Discovery
Workbench software.
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Compound Atoms Weight Flexible Lipinski Hydrogen Hydrogen Log P
[Dal bonds violations donors acceptors

Linezolid-co- 44 337.35 4 0 1 7 1.29

crystallized (ZLD)

Linezolid 44 337.35 4 0 1 7 1.29

Ciprofloxacin 42 331.34 3 0 2 6 0.84

Cadazolid 71 585.55 8 2 3 11 4.14

Table 8. Ligands properties, computed with CLC Drug Discovery Workbench software.

both using different methods for the calculation of this parameter. Also, the differences in pre-
dicted values of log P can be attributed to the fact that Spartan software considers a rigorous
conformational analysis before calculating the molecular properties. The calculated values
with Spartan software are obtained only for the conformer with the lower energy.

4. Conclusions

Ab initio computation to molecular properties prediction and in silico molecular docking
simulations help to evaluate the biological activity of several compounds and to assess their
therapeutical potential.

Ciprofloxacin and linezolid can be used as reference compounds for their antimicrobial activ-
ity in order to analyze several derivatives of their class as drug candidates. Ciprofloxacin and
linezolid fulfill both Lipinski and Hughes et al. rules about drug likeness, confirmed also by
their use in therapeutics. Spartan 14 and CLC Drug Discovery Workbench Software offer the
possibility of a deep conformational analysis and to obtain accurate predictive property data.
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