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Chapter 1: Introduction 

 

1.1 Applications of Computational Chemistry 

The use of computational chemistry is to solve chemical problems using computer 

simulations.  It can quantify chemical phenomena such as delocalization, aromaticity, and atomic 

partial charge that are conceptually useful, but difficult to measure directly.  It can also 

investigate reaction kinetics, reaction rates, and selectivities via structures and energy transition 

states and reaction paths.  It can quantify substituent and modification effects and use these to 

design hypothetical optimum structures.  Here, we apply computational chemistry to explore the 

many chemical occurrences in experimental observations. 

Some examples illustrating computational chemistry’s value include the following.  It can 

quantify the appearance of σ-holes in halogen bonding.1-2  This feature is explained with 

electrostatics and polarization with dispersion, where σ-holes are the reason for the electron 

accepting property in halogens.  It can also assign atomic partial charges for a wide variety of 

chemicals.  One of these methods is the Hirshfeld population analysis, which involves a clear 

partitioning of electron density.3  Computation can also be applied in drug development.  

 

1.2 Computational Chemistry in Drug Development 

One of the many advantages in using computational chemistry is to develop novel drugs 

by minimizing the number of ligands that need to be screened in experimental assays.  Computer-
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aided drug discovery not only ensures the best possible lead compounds, but it lowers the cost 

and time it takes for a drug to reach the market.4  This tool can identify lead drug molecules for 

testing and the bioavailability of the possible drug molecules.  An example that used computer-

aided drug discovery was on the development of an inhibitor for proteasome.  The discovery was 

that the addition of a triphenylphosphine group into the base molecule pyridazinone causes an 

inhibitory effects.5  Many pharmaceutical drugs have been discovered using computer-aided drug 

discovery, and have reached the consumer market today.6-8  

Another example is when Hirayama and co-workers developed a CENP-E inhibitor9-10 

using a combination of high-throughput screening, structure-activity relationship measurements, 

and homology model docking lead to their lead compound 6a (Figure 1.1).  CENP-E is a mitotic 

spindle motor protein and a promising target for cancer therapies.  The authors produced a 

computed electrostatic potential map by performing a structure activity relationship analysis.  

They discovered that the in vitro activity was correlated with a neutral electrostatic potential on 

the aromatic ring moiety, this feature is highlighted in the region with black boxes in Figure 1.1.   

Compound 1e was later synthesized and found to have a higher in vivo activity than compound 

6a.  Further improvement on compound 1e through structure activity relationship analysis 

produced species 1j and 1h, which lead to the production of a potent 5-methoxyimidazo[1,2-

a]pyridine derivative. 

Unfortunately, electrostatic potentials alone provide an incomplete picture of 

chemistry.11 To add to this, an analysis of Lewis acid and base properties can help with 

understanding the effects of the sulfur, bromine and nitrogen groups in these CENP-E inhibitor.  

Lewis acids and bases depend on both charge and chemical softness: strong acids tend to be 
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hard, strong bases tend to be soft, and acids & bases of comparable strength prefer hard-hard 

and soft-soft interactions over hard-soft interactions (HSAB principle12-13).  The missing piece of 

information not contained in electrostatic potentials can be quantified from many different 

perspectives like kinetic energies,14 polarizability,15 Fukui functions,16-17 the QTAIM,18 steric 

energies19 and the electron localization function20-21 etc. All these effects are connected to orbital 

overlap. While quantum chemistry calculations can capture orbital overlap effects, CADD 

methods focusing on charges and MESP discard this important information.  

 

Figure 1.1: (top) Structure, in vitro CENP-E IC50 values (in nM), and in vivo HeLa cell proliferation 

values (in nM) [p-HH3 EC50 (nM)] of CENP-E inhibitors 6a, 1e, 1j, and 1h from refs 9 and 

10(numbering follows the experimental references).  R1 = p-fluorobenzene; R2 = m-methoxy-p-

fluorobenzene; R3 = C(=O)N(C2H4NMe2)PhCl2.  (bottom) Predicted electrostatic potentials of the 

fused-ring regions where the neutral fused-ring electrostatic potential (black boxes) was 

previously shown to be correlated with the in vitro activity.9 
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1.3 Orbital Overlap Distance 

The orbital overlap distance function 𝐷(𝑟) 11, 22 provides a novel way to extract 

information about orbital overlap from quantum chemistry calculations.  Distance 𝐷(𝑟) 

measures the characteristic size of the orbital lobes that contribute to a computed wavefunction 

at point r.22  The orbital overlap distance 𝐷(𝑟) is based on the electron delocalization range 

function, 𝐸𝐷𝑅(𝑟, 𝑑),23 where the EDR quantifies the extent to which the molecular orbitals 

around point r overlap with a the “test orbital” of width d centered at r. Chemically hard and 

tightly bound regions on the system tend to have 𝐷(𝑟)  smaller than softer, loosely bound 

regions.  𝐷(𝑟) combined with computed electrostatic potentials has been shown to provide a 

more complete description of aromaticity, nucleophilicity, allotrope stability, substituent effects, 

and the reactivity of diverse systems. 11   

All the properties of an N-electron system can be expressed using the wavefunction 

𝜓(𝑟, 𝑟2 … 𝑟𝑁), where it defines all the occupied orbitals while spin dependence is suppressed to 

keep the wavefunction succinct. 

𝛾(𝑟, 𝑟′) = 𝑁 ∫ 𝑑3𝑟2 … ∫ 𝑑3𝑟𝑁𝜓(𝑟, 𝑟2 … 𝑟𝑁)𝜓∗(𝑟′, 𝑟2 … 𝑟𝑁) 

𝛾(𝑟, 𝑟′) = ∑ 𝑛𝑖𝜙𝑖(𝑟)𝜙𝑖(𝑟′)

𝑖

 

Equation 1.1 
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𝛾(𝑟, 𝑟′) and 𝜌(𝑟) has units of length-3 and normalization ∫ 𝑑3𝑟′| 𝛾(𝑟, 𝑟′)|2 = 𝜌(𝑟). The 

one-particle density matrix in Equation 1.1 describes the probability of an electron delocalizing 

between points 𝑟 and 𝑟′, where N is the number of electrons in the system. Off-diagonal elements 

of the matrix quantify electron delocalization. When 𝑟 and 𝑟′ are on different atoms, γ > 0 tend 

to correspond to a bonding interaction while γ < 0 expresses an antibonding interaction. Diagonal 

elements lim
𝑟′⃗⃗⃗⃗⃗→𝑟

𝛾(𝑟, 𝑟′) = 𝜌(𝑟) give the probability density for finding the electron at point r. 

Unlike molecular orbitals, the one-particle density matrix is uniquely defined in many electron 

systems.24 

We define the electron delocalization range 𝐸𝐷𝑅(𝑟, 𝑑) to quantify the extent an electron 

at point 𝑟 delocalizes over length scale d. We obtain the 𝐸𝐷𝑅(𝑟, 𝑑) by contracting the density 

matrix with a test function of the distance of delocalization |𝑟 − 𝑟′|: 

𝐸𝐷𝑅(𝑟; 𝑑) = ∫ 𝑑3𝑟′𝑔(𝑟, 𝑟′)𝛾(𝑟, 𝑟′) 

Equation 1.2 

𝑔(𝑟, 𝑟′) = (
2

𝜋𝑑2
)

3
4⁄

𝜌−1
2⁄ (𝑟)exp (−

|𝑟 − 𝑟′|2

𝑑2
) 

Equation 1.3 

𝑔(𝑟, 𝑟′) is unitless and 𝛾(𝑟, 𝑟′) has units of in length-3(inverse volume).  Integrating the 

product of 𝛾(𝑟, 𝑟′) and 𝑔(𝑟, 𝑟′) in all space gives the unitless overlap, 𝐸𝐷𝑅(𝑟, 𝑑), between all 

the occupied molecular orbitals and the test function 𝑔(𝑟, 𝑟′).  Global descriptors of the EDR 

can be expressed by evaluating the density weighted average: 
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〈𝐸𝐷𝑅(𝑑)〉 = ∫ 𝑑3𝑟′ 𝜌(𝑟)𝐸𝐷𝑅(𝑟, 𝑑) 

Equation 1.4 

𝐷𝑚𝑎𝑥 = 𝑎𝑟𝑔𝑚𝑎𝑥𝑑〈𝐸𝐷𝑅(𝑑; 𝑁 + 1)〉 − 〈𝐸𝐷𝑅(𝑑; 𝑁)〉 

Equation 1.5 

𝐷𝑚𝑎𝑥  shows the characteristic orbital size of an N+1 electron system’s most weakly bound 

electron. This value is obtained by finding the largest change in density weighed average for the 

odd electron between the charged and neutral species.  

𝐷(𝑟) = 𝑎𝑟𝑔𝑚𝑎𝑥𝑑𝐸𝐷𝑅(𝑟; 𝑑) 

Equation 1.6 

𝐷(𝑟) is the distance d which maximizes 𝐸𝐷𝑅(𝑟; 𝑑) at point r.  It quantifies the best 

overlap size of the test function orbital with that of the occupied molecular orbital in the system.  

An example of the application of orbital overlap 𝐷(𝑟) is shown in Figure 1.2.  Here, the atomic 

orbitals of hydrogen, helium, and oxygen atoms are shown with green and red surfaces and the 

EDR test functions centered at points r are shown with blue surfaces.  The atomic orbital 

“surfaces” were taken to be at 0.001 e/bohr3 density isosurface,25 where this cutoff encompasses 

96% of the electronic charge26 and is considered standard in calculations of electrostatic 

potential.27 Orbital overlap distance 𝐷(𝑟) provides a characteristic length, where it is the value 

of the test function width d that maximizes the test function’s overlap with the atomic orbitals.  

The test function’s overlap with a compact helium atom is maximized at relatively small  𝐷(𝑟)=3.1 

bohr.  The test function’s overlap with the more diffuse lithium 2s orbital is maximized at large 
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𝐷(𝑟)=6.5 bohr. The overlap between oxygen atom 2s and 2p orbitals and the EDR test function 

is the largest due to the test function overlapping with one of the lobes on the oxygen p orbital, 

where a large distance is a large puffy orbital and a short distance is a compact orbital.   

 

Figure 1.2: Calculation of the orbital overlap distance at a point r on the surface of helium (left), 

lithium (middle), and oxygen (right) atoms. The atomic orbitals (He 1s, Li 2s, O 2s and 2p) are 

shown in red and green. The EDR test function centered at yellow point r is shown in blue. The 

test function’s width d is chosen to maximize its overlap with the occupied orbitals. Orbital 

overlap values are He, 𝐷(𝑟) = 3.1 bohr; Li, 𝐷(𝑟) = 6.5 bohr; and O, 𝐷(𝑟) = 2.6 bohr. 

 

𝐷𝐴 = ∫ 𝑑3𝑟𝜌(𝑟)𝐷(𝑟)𝑤𝐴(𝑟) 

Equation 1.7 

We can also compute the atomic overlap distance, DA, which gives the average size of 

the molecular orbital lobes around atom A.  This is computed using the Hirshfeld partitioning3 

contracted to the orbital overlap. 𝑤𝐴(𝑟) is the Hirshfeld weight, i.e., the extent to which piont r 

is assigned to atom A in a molecule. 
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-0.01 

  To demonstrate the different values we can obtain using the 𝐸𝐷𝑅(𝑟; 𝑑), we have 

analyzed the molecule thioacetate anion, to give the following images and quantities in Figure 

1.3.  EDR(r;Dmax) shows that the most weakly bound electron is localized on the sulfur atom and 

Dmax provides the orbital size of that electron being 2.54 bohr. The electrostatic potential map 

gives the charge distribution of the molecule in space, where there is a clear indication that the 

thioacetate’s oxygen has the most negatively charged region.  The orbital overlap distance map 

indicates the smaller, more compact orbital region is on the oxygen atom and the largest orbital 

size is on the sulfur.  Ds and Do are the atomic overlap distances of the sulfur and oxygen atoms, 

respectively.   Qs and Qo are the corresponding Hirschfeld charges of the sulfur and oxygen atoms, 

respectively.  These values indicate that the oxygen’s orbital is more compact and negative than 

sulfur. 

 

      EDR(r;Dmax)              Electrostatic Potential                  Overlap Distance 𝐷(𝑟) 

Dmax VDE Ds/Qs Do/Qo 

2.54 bohr 2.10 eV 1.90 bohr/-0.51 e 1.38 bohr/-0.58 e 

Figure 1.3:  EDR(r;Dmax), Electrostatic potential, and 𝐷(𝑟) maps; Dmax between the N-1 and N 

molecues; VDE of the electron; and atomic overlap distance (DA) and Hirschfeld charge (QA) of 

the sulfur and oxygen atoms in the molecule.  
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Orbital overlap distance and EDR have been shown to give quantitively relevant 

predictions.  EDR has been used to quantify the delocalization of the electron in a variety of 

molecules23 to give relevant information on the hard and soft regions of molecule surfaces,22 

stretched polar covalent bonds,28 and solvated electrons’ delocalization.29-30 Atom-averaged 

orbital overlap distances rationalized why PhS− is a better nucleophile than PhO− in SN2 reactions 

with MeI, even though the partial charge of oxygen on PhO− is more negative.31 Based on all of 

these examples, orbital overlap distance has shown to be a great addition to study a molecule’s 

electronic behavior.   

This work aims to apply the orbital overlap tools on various systems.  The many 

applications of the orbital overlap can be used for studying electron localization of color centers 

and biological systems.  It can also potentially help design an alternative drug based on the 

computational results found. 

 

1.4 Electron Delocalization in Anionic Defects 

Chapter 2 deals with anionic defects.  F-centers in alkali halides and alkaline-earth oxides 

have been studied extensively for many decades.32-40  F(Fabre) centers are defects in ionic crystals 

where an anion is replaced by one or more trapped electrons.  These trapped electrons contain 

distinctive optical, electric, and magnetic properties41 where it can be used in optoelectronic 

devices.42-46  F-centers at surfaces and other anionic defects are also relevant in catalysis.47-53 The 

localization of electrons in F centers54-55 motivates the application of theoretical tools for 

quantifying this electron’s orbital size. 
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Here, we significantly extend a previous study23 and apply computational chemistry to 

quantify the localization of a trapped electron in surface and bulk F-centers.54-55  Electronic 

structure calculations simulating surface and bulk F-centers have a long history,38, 56 where 

modern simulations often use either a single F-center surrounded by a finite cluster of a few 

surrounding atoms,49-51, 57-60 or periodic supercell models of infinite defect arrays.53, 61-62  Many 

of these studies are motivated to produce energetic properties such as ionization or excitation 

energies, properties which can be quite sensitive to simulation details.62  Fewer studies consider 

our focus, the size of the trapped electrons.  Previous studies of trapped electrons’ localization 

consider either the frontier orbital containing the trapped electron63-65 or the spin polarization of 

the electron density.54  Both approaches have limitations: single orbitals are not appropriate for 

strong coupling where MO theory breaks down,24, 66 and spin density analysis is not applicable to 

closed-shell systems.  Bader and Platts went beyond these limitations, using the QTAIM67 to 

characterize the structure of bulk F-centers in LiF.60  They produced electron density maps of the 

three systems: Li14F13, Li14F12
+, Li14F12

+2 to confirm that the trapped electron yields a NNA.  NNAs 

were also found in sodium electrosodalite68 and defect magnesium oxide69 F-centers.  Studies of 

the electron localization function21 also provides insight into localization of F-centers electrons.61  

However, none of these methods directly measures the orbital size of the trapped electron. 

We apply the EDR as an interpretive tool to quantify the size of the trapped electrons on 

surface and bulk F-centers .  We studied three different systems of isolated F centers: LiF, NaCl, 

and KBr, where these systems are studied using two different models. Model 1 is a box of length 

L, where L is two times the lattice constant and model 2 is a cube of ions surrounding the defect 

site.  The purpose of this study is to confirm the defect site scales to the size of the box, and that 
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the ions surrounding the box minimize the delocalization length of the trapped electron.  We also 

found that bulk F-centers’ characteristic delocalization length Dmax scales with defect size. This 

study is followed by magnesium oxide edge vacancy, surface vacancy, and reverse corner 

stabilized with a hydrogen atom.  The reverse corner site stabilizes the extra electron by adding 

a hydrogen atom, where adsorbing an N2 molecule onto this site transfers the extra electron onto 

the molecule’s LUMO. 

 

1.5 Orbital Overlap in Proteins 

Chapter three examines the EDR to quantify orbital overlap on protein molecules.  Typical 

analysis of protein molecules involves electrostatic and hydrophobic interaction maps,9-10, 70-71  

but the addition of the orbital overlap distance would be a useful tool to rationalize noncovalent 

interactions in protein active sites.  In this study, we consider how a combination of orbital 

overlap distance function 𝐷(𝑟) and molecular electrostatic potential can rationalize noncovalent 

interactions in a protein’s active site. We consider a biologically relevant molecule, cysteine, 

along with four diverse examples of Lewis acid-base chemistry in active sites: Avidin, GolB, TBG, 

and FGE. 

The study of cystine considered three atoms of interest: oxygen, nitrogen, and sulfur.  We 

found that the orbital overlap distance for the sulfur atom was large while nitrogen had a small 

and compact orbital.  This result is consistent with HSAB theory, where sulfur is a softer Lewis 

base and nitrogen is a harder Lewis base. A highlighted feature studied here is the metal binding 

protein, FGE,  which has binding pockets for one Cu+ and two Ca2+ ions.  The crystal structure 

used in this study was crystallized using Ag+ instead of Cu+.  The studies found that the Ag+ binding 
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site has a less negative electrostatic potential compared to the two Ca2+ ions.  The orbital overlap 

distance studies found that Ag+ has a larger overlap distance than Ca2+, which is consistent with 

HSAB principle. These findings can potentially be used to develop new ligands that may bind to 

these proteins and motivate the use of the orbital overlap distance for protein binding site 

analysis. 

 

1.6 Receptor Design for Trimethylamine N-oxide 

Chapter four deals with a preliminary computational design 

project.  Choline, betaine, and L-carnitine, which are found in meats and 

eggs, have been shown to catabolize into TMAO by bacteria in the 

digestive tract.  TMAO has been linked to whole-body cholesterol 

metabolism, chronic kidney disease, vascular inflammation, and 

atherosclerosis.72  Our goal is to design a receptor for TMAO, where we 

can track its pathway in the body.  The receptor built is designed from 

the crystal structure of the interaction between TMAO and binding 

protein TorT. 

 TMAO has an unusual three hydrogen bond acceptor property at the oxygen terminus 

(Figure 1.4).  We use this to build a receptor off a triazine with three linker arms to participate in 

hydrogen bonding to the oxygen atom.  We tested the hydrogen bonding distances for TMAO, 

dimethyl ether, acetone, and acetaldehyde.  The hydrogen bonding test involved, one, two, and 

three methanol molecules binding to the molecules studied.  TMAO was found to not only 

Figure 1.4: 

Isolated TMAO 

molecule. 
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support three hydrogen bonds on its’ oxygen terminus (while the other molecules could only 

support two), but TMAO had also a stronger and shorter hydrogen bond distance to the alcohol 

than the other molecules studied. 

 

1.7 Mechanistic Studies in Lignin Model Compounds 

Chapter five details an early project on lignin.  In the pulping and biorefinery processes, 

lignin is disposed as a waste stream after lignocellulose’s other components (hemicellulose and 

cellulose) are extracted.73-74  The most efficient method to extract lignin is with phosphoric acid 

and acetone, but once lignin is separated, depolymerization is difficult due to a variety of linkages 

in the structure.75-76   

This chapter is on the mechanistic study of hydrolysis of lignin model compounds.  We 

studied substituent effects of β-o-4 linkages on lignin models along two reaction pathways: SN2 

and E1.  We found that the model with R1=m-MeOPh, R2=MeOH, and R3=o-MeOPh matches the 

real lignin compound in structure and it underwent a smaller reaction barrier through an SN2 

pathway.   

The difference between the two pathways involves the production of a cationic 

intermediate on different atoms.  The stability of the intermediate depends on its neighboring 

substituent.  For example, intermediate A produces a carbocation which shares a bond with 

substituent R1.  This would mean that the stability of intermediate A depends on the electronic 

effects of R1.  Intermediate E, which is the first intermediate for the SN2 reaction, produces a 
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cation on an oxygen atom attached to R3.  This intermediate’s stability depends on the 

substituent R3 electronic effects. 

 

1.8 The Study of Approved Drugs for Vitamin K Epoxide Reductase 

Chapter six combines two ideas using orbital overlap distance and other tools to design 

new drugs.  hVKOR structure has not been identified due to difficulty in crystallization of a 

membrane bound protein.  This study predicts hVKOR structure and the docking site for warfarin, 

a known drug used as an anticoagulant.  We docked warfarin into many cavities found using 

FINDSITECOMB program.  We aim to use these findings to understand the mechanism of the type 

of inhibition warfarin has on VKOR.  Both the electrostatic potential and orbital overlap are used 

together to analyze the strength of the binding warfarin has on the predicted binding pocket.  

These results can later help design a new drug type molecule that can better bind to VKOR. 
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Chapter 2: F centers in Anionic Defects 

 

F (Farbe) centers, also named color centers, are defects in ionic crystals where a trapped 

electron replaces an anion. These defects often absorb visible light (Figure 2.1), giving a color that 

is a function of the size of the defect. Anionic defects in alkali halides are of particular interest 

due to their optical, electric, and magnetic properties.41, 77 Alkaline earth oxides are popular as 

catalyst support materials78 and their anionic defects can help control catalyst properties.52 

 

Figure 2.1: NaCl, KCl, and KBr after irradiation with a Tesla coil79, showing presence of color 

centers. 

 

2.1 F-Center Analyses 

Most analyses of trapped electrons are based on the HOMO from a HF or DFT 

wavefunction.64-65 HOMOs are not uniquely defined in many-electron wavefunctions.24 HF 
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HOMOs do not include correlation effects80 and DFT HOMOs correspond to a single Slater 

determinant describing noninteracting electrons.81 Single Slater determinant wavefunctions 

provide an incomplete picture of strongly correlated systems, such as the dissociation of a 

covalent bond.82 To overcome these issues of the non-uniqueness of HOMOs, the electron 

delocalization range 𝐸𝐷𝑅(𝑟, 𝑑) is developed to quantify delocalization by contracting the one-

particle density matrix with a Gaussian test function (details are in Chapter 1.3). 

We use the electron delocalization range 𝐸𝐷𝑅(𝑟, 𝑑) to visualize and quantify the 

characteristic distance d over which an electron at point r delocalizes. In solvated electrons, the 

𝐷𝑚𝑎𝑥  (Equation 1.5) characterizes the “size” of the solvated electron in anionic water cluster 

(H2O)N
-.  Previous work showed that 𝐷𝑚𝑎𝑥  in these systems is correlated with the radius of 

gyration of the singly occupied molecular orbital.64 We find that in alkali halide F-centers, the 

trapped electrons’ delocalization scales with the effective size of the cavity. Calculations on edge 

and surface defects in MgO confirm the large delocalization of electrons at surface defects. 

Application to N2 activation by electrons at MgO surface illustrates how the trapped electron 

localizes into the absorbed molecule’s LUMO. 

 

2.2 Particle in a Box and F-Centers in Alkali Halides Comparative Studies 

We begin by considering the EDR of isolated F-center defects in alkali halides. Three 

different systems of isolated F centers are studied: LiF, NaCl, and KBr. These systems are 

investigated using two different models. Model 1 is a box of length L, where L is two times the 

lattice constant (visualized in Figure 2.2, left). Model 2 is a cube of ions surrounding the defect 
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site (visualized in Figure 2.2, right). Model 2 of the LiF cluster has been used previously by Bader 

and Platts.60 We obtained the same VDE as Bader and Platts, confirming that the model is 

identical (shown in Table 2.1). 

 

 

 

Figure 2.2: A simple model for an F-center defect (left) and 𝐸𝐷𝑅(𝑟; 𝐷𝑚𝑎𝑥) of NaCl cluster 

(right). 

 

 LiF NaCl KBr 

VDE (eV) 4.88 4.65 3.92 

Table 2.1: VDE for LiF, NaCl, KBr F center defect clusters. 

 

Table 2.2 provides the box length L for the three systems, absorption wavelength λ,83 

model 1 λ computed as the HOMO-LUMO gap of the isolated electron, and models 1 and 2 

maximum delocalization of a trapped electron 𝐷𝑚𝑎𝑥. L increases as LiF<NaCl<KBr, consistent with 
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the atomic radii. Model 1 gave larger 𝐷𝑚𝑎𝑥, which then results in smaller absorption wavelengths 

than in the real system. In model 2, the effective cavity size is reduced because the surrounding 

atoms protrude into the cavity. Figure 2.2 (right) shows isosurface 𝐸𝐷𝑅(𝑟; 𝐷𝑚𝑎𝑥) = 0.8 of the 

NaCl cluster. 

 

 LiF NaCl KBr 

L (bohr) 7.5 10.6 12.4 

Absorption λ (nm) 243 448 601 

Model 1 λ (nm) 179 350 479 

Model 1 Dmax (bohr) 6.4 9.0 10.4 

Model 2 Dmax (bohr) 5.6 8.4 9.2 

Table 2.2: Box length L, experimental and theoretical λ, and delocalization lengths 𝐷𝑚𝑎𝑥  for 

models 1 and 2. 

 

EDR studies complement existing studies of correlation effects in solvated electrons.84 

Table 2.3 gives the values of 𝐷𝑚𝑎𝑥  with the use of different electronic structure approximations 

with the same basis set for NaCl. In the HF method, electron correlation effects are approximated 

by taking the average repulsive potential felt by one electron from the other electrons in the 

system. The calculations using both ROHF and UHF gave the same 𝐷𝑚𝑎𝑥, where the delocalization 

of the trapped electron remains the same even when the methods treat paired electrons 

differently. Electron correlation with the use of MP2 gave a larger 𝐷𝑚𝑎𝑥  than that of the HF 
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method. A DFT calculation using the LSDA exchange-correlation functional gives a relatively large 

𝐷𝑚𝑎𝑥.  This is consistent with the LSDA’s known tendency to over-delocalize charge and spin. The 

PBE uses GGA, where the electron density gradient is an ingredient in the exchange-correlation 

approximation. PBE is generally less delocalizing than LSDA, where our results are consistent to 

this known fact.  B3LYP uses hybrid exchange functional where the odd electron is localized more 

than PBE and LSDA methods. 

 

Method NaCl 

UHF 8.4 

ROHF 8.4 

MP2 8.6 

LSDA 9.4 

PBE 9.0 

B3LYP 9.0 

Table 2.3: Value of 𝐷𝑚𝑎𝑥  for NaCl cluster with the use of different methods and basis set of 6-

31G(d). 

 

Bulk F-centers experience the effects of all surrounding ions and not just the first shell of 

ions. We model this interaction by replacing ions outside of the defect with PCs. PCs are 

embedded around NaCl defected cluster to quantify the effect of VDE and 𝐷𝑚𝑎𝑥  as we increase 

the number of PC shells as shown in Table 2.4. PC shells represent the number of layered point 
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chargers surrounding the cluster. As we increase the number of point chargers around the 

cluster, we notice a decrease in VDE, which is due to the stabilization of the trapped electron in 

the cavity. The 𝐷𝑚𝑎𝑥  changes very little with the addition of point charges, which supports that 

the use of cluster model systems is enough to represent bulk F-centers. 

 

Ns Dmax (bohr) VDE (eV) 

0 4.2 5.32 

2 4.2 5.17 

4 4.2 4.87 

8 4.2 4.64 

16 4.2 4.50 

22 4.2 4.46 

Table 2.4: Dmax and VDE for an F-center in NaCl as functions of (Ns) PC shells about the NaCl 

quantum-mechanical region. 

 

2.3 Changing Defect Size 

We have also studied the expansion and contraction of the two model clusters as shown 

in Figure 2.3. The motivation behind this study is that we expect the delocalization to be a 

function of the cavity size and of the chemistry of the cavity walls. Figure 2.3 plots 𝐷𝑚𝑎𝑥  vs. cluster 

size L, for rigid expansion of the cluster. The line represents the results from Model 1. The vertical 

lines on the graph matching the cluster color give the experimental crystal structure cation-cation 
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distance for each of these alkali halide clusters. As expected, the 𝐷𝑚𝑎𝑥  decreased as we 

contracted the clusters and increased as we expanded the clusters. In the limit of large L, the 

𝐷𝑚𝑎𝑥  for each of the clusters studied converges to the same value. In Model 2, we model the 

orbital containing the trapped electron using linear combinations of the atomic orbitals (”basis 

functions”) of the removed anion and basis functions on the other atoms. The basis functions of 

F, Cl, and Br are different, so the trapped electron is different when the other atoms are far away. 

At Larger L, Model 1 gave a lower 𝐷𝑚𝑎𝑥  than the clusters in Model 2. This is due to the trapped 

electron in model 2 delocalizing onto its neighboring atoms.  

 

Figure 2.3: Delocalization as a function of cavity size for geometry-frozen, stretched and 

squeezed LiF, NaCl, KBr cavities and Model 1 using Hartree-Fock/6-31+G(d,p). 
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2.4 Anionic Defects in MgO 

Chemistry happens on the surface of metal oxides when highly reactive sites are 

present.85 Highly reactive sites include atomic vacancies (as in bulk F centers), as well as atomic 

steps and kinks on the surface. We have considered trapped electrons in vacancies and an atomic 

step on the surface of MgO clusters. Three different systems are studied for a trapped electron: 

edge vacancy, surface vacancy, and a reverse corner site stabilized by a hydrogen atom. These 

systems are studied by using Model 2, where ions surround the defect site. 

 

 

 

 

 

 

 

Figure 2.4: 𝐷𝑚𝑎𝑥  (brown isosurface) and spin density (blue isosurface) for anionic oxygen 

vacancy in surface defect (two left) and reverse corner (two right). 
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Table 2.5 provides 𝐷𝑚𝑎𝑥  and VDE values of these three types of clusters considered. The 

𝐷𝑚𝑎𝑥  is smallest for the reverse corner defect, as the extra electron is stabilized by the adjacent 

H(+). 𝐷𝑚𝑎𝑥  is largest for the edge defect, as there are few ions around the trapped electron. 

Figures 2.4 provide the 𝐸𝐷𝑅(𝑟; 𝐷𝑚𝑎𝑥) and spin density of the surface vacancy, edge vacancy, and 

the hydrogenated reverse corner site. The spin density is the total electron density of alpha spin 

electrons subtracted by the beta spin electrons.  In other words, spin density gives the location 

of the alpha spin odd electron.  The isosurface images are transparent for the reverse corner sites 

to better see the positions of the other atoms in the clusters. Yellow spheres: Mg and red spheres: 

O. 

 

 Edge Vacancy Surface Vacancy Reverse Corner 

Dmax (bohr) 6.0 5.8 5.2 

VDE (eV) 11.66 11.54 7.50 

Table 2.5: 𝐷𝑚𝑎𝑥  and VDE for MgO cluster defects. 

 

2.5 N2 Activation by MgO Anionic Defect 

Chemically, any catalyst that can activate small molecules such as N2, O2, and CO2 is useful 

for practical chemistry. Pacchioni and coworkers57, 86 suggested that an adsorbed hydrogen on 

an MgO reverse corner site can further interact with an N2 molecule, forming the N2
- species 

stabilized at the site. The odd electron localized by the hydrogen atom is stabilized at the π* 

orbital. This electron then localizes into the adsorbed molecule’s LUMO. We analyzed the two 
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orientations of N2 adsorption and calculated their 𝐷𝑚𝑎𝑥.86 Table 2.6 provides the values of N2 

bond length, 𝐷𝑚𝑎𝑥, and N2 charge before and after their adsorption to the reverse corner site. 

We found that not only does the N2 bond length stretch with interaction with the MgO site, but 

also their 𝐷𝑚𝑎𝑥  increases due to some of the electron density dispersing onto the MgO cluster. 

This is proven further by analyzing the Mulliken population of these species where the adsorbed 

N2 experiences about half of the charge that an N2
- would have. Figure 2.5 shows the 

𝐸𝐷𝑅(𝑟; 𝐷𝑚𝑎𝑥) and spin density of the two orientations of N2 interacting with the MgO reverse 

site. Yellow spheres: Mg and red spheres: O. 

 

 N-N Bond (bohr) Dmax (bohr) N2 Charge 

Isolated N2 2.2 -- 0 

Isolated N2
- 2.4 1.0 -1.0 

MgO(H+)(e-)-N2 (a) 2.3 1.6 -0.59 

MgO(H+)(e-)-N2 (b) 2.3 1.6 -0.52 

Table 2.6: Bond length, 𝐷𝑚𝑎𝑥, and Mulliken charge of N2 on reverse corner site. 
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Figure 2.5: 𝐸𝐷𝑅(𝑟; 𝐷𝑚𝑎𝑥) (brown isosurface) and spin density (blue isosurface) for two 

orientations of N2 interacting with reverse corner site. 

 

2.6 Future Directions 

Since the EDR of MgO has been studied, an alternative crystals (CaO) may also be explored 

as a comparative study. These results may lead to answers regarding the difference in reactivity 

as catalyst support materials.87 EDR studies on doped alkaline-earth oxides with a transition 
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metal can also be studied, since these types of molecules can lead to charge transfer from the 

transition metal to the species adsorbed on the oxide surface.88 We may also explore the EDR of 

reactions on surfaces, such as the adsorption and dissociation of ammonia on silicon.89 

 

2.7 Computational Details 

All of the computational work done uses the development version of the Gaussian suite 

of programs. 90 

The EDR is evaluated using HF, second order MP2, and 16 generalized Kohn-Sham DFT. 

DFT calculations use various approximate XC functionals which include LSDA,91 PBE,92 and 

B3LYP.93-95 Molecular calculations on open-shell systems are performed spin-unrestricted unless 

noted otherwise. EDR is evaluated using molecular calculations described previously.23, 96 

〈𝐸𝐷𝑅(𝑑)〉 is evaluated by numerical integrations of equation 4 using standard DFT numerical 

integration grid.97 

Other details on individual calculations are as follows. The calculation on bulk alkali halide 

clusters were initially geometry optimized with an open shell defect following Bader and Platts60 

using unrestricted HF with basis set 6-31+G(d). PC embedding on an NaCl cluster models the long-

range Coulombic interactions and ensures that the Madelung potential is contained within the 

center of the cluster. PC= ±1 are placed around the cluster. PC shells represent the number of 

layered point charges surrounding the cluster. We only studied the even number of PC shells 

since the odd number of shells gave a total cluster charge of -2 while the even numbers gave a 
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cluster charge of 0. The expansion/contraction study of these clusters uses a geometry frozen 

cluster at different values of L. A “Ghost” atom is added to the cluster center. 

The calculations on surface and edge defects on MgO clusters used unrestricted HF/6- 31+G(d). 

Surface and edge defects, with cluster sizes Mg14O + 13 and Mg21O + 20 respectively, are 

embedded in an array of PC= ±2 with dimensions of 13 x 13 x 4.54 MgO reverse corner studies use 

B3LYP and an Mg14O14 cluster with dimensions of 2 x 4 x 5. This cluster has a 2 x 2 site removed 

from the corner and replaced with a hydrogen atom. The 17 hydrogen atom is attached to the 

oxygen at the center of the removed site at 45◦ . An array of PC= ±2 with dimensions 6 x 11 x 11 

surrounds this cluster. The interface between the cluster and PC replaces the PC= +2 with semi-

local ECF98 to contain the oxygen’s electron density within the cluster region, which is denoted 

as Mg∗ . The final cluster size (excluding the PC added) is Mg14O14Mg∗ 14(H+) with a charge of 

72 and multiplicity of 2. The adsorption of N2 onto the surface of the cluster occurs in two 

orientations,86 and the cluster including the PC and N2 is further geometry optimized using 

B3LYP/genECP. Atomic charges are obtained from Mulliken population analysis. 

Images of calculated molecular geometries use a “ball-and-stick” model of chemical bonds as a 

mere guide to the eye. VDE is the energy needed to eject an electron from the cluster species 

without changing the geometry. The VDE is the difference in energy between the open and closed 

shell systems and 𝐷𝑚𝑎𝑥  is obtained using equation 5. 
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Chapter 3: Orbital Overlap Distance - an Added Tool to Electrostatic 

Potential Studies in Docking 

 

3.1 The Approach to Drug Screening Methods 

Today, almost all drug screening techniques rely on molecular dynamics or Monte Carlo 

simulations.99 CADD have been used to develop important therapeutic molecules, 100-103 

inhibitors for DNA gyrase,102, 104 HIV-1 protease,103, 105 dopamine D3 receptor agonist,106 anti-

glaucoma agent,107 antibiotics,108 and development of anti-cancer drugs like Erlotinib,109-111 

Sorafenib,112-113 Lapatinib,114-115 Abiraterone.116-118  Today, most CADD studies rely on "ball-and-

spring" MM simulations,119  which poorly describe 120-121 the fundamentally quantum-mechanical 

interactions.  Although the convergence rate of these techniques is high,122-123 accuracy of 

specific binding interactions is not completely defined.  A quantum mechanical approach such as 

DFT can capture the effects124 of nonstandard bonding motifs,125 proton transfer,126 metal 

coordination,126 and noncovalent interactions,124-125, 127-129 including aromatic interactions,124 but 

this method is too computationally expensive when it comes to drug, target, and solvent system 

simulations. 

 

3.2 Combining the Orbital Overlap Distance and Electrostatic Potential 

The terms that are not addressed in drug discovery are HSAB.  A Lewis acid is an electron 

acceptor while a Lewis base is an electron donor.  Hard “species” are small and weakly polarizable 

atoms while soft “species” are big and strongly polarizable atoms.  Our previously introduced 
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tool22 (Orbital Overlap Distance) can address these new terms where it can be used alongside 

electrostatic potential studies.  Orbital overlap distance measures the characteristic size of the 

molecular orbitals and determines the hard regions (electrons are more diffuse) and soft regions 

(electrons are more compact) in different regions of the protein, which aligns with the hard/soft 

regions of the drug.   

Here, we apply the orbital overlap distance and electrostatic potential to representative 

problems in biological and medicinal chemistry.  In this study, we also show how the combination 

of orbital overlap distance function 𝐷(𝑟) and molecular electrostatic potential can rationalize 

noncovalent interactions in protein active sites. We consider four diverse examples of Lewis acid-

base chemistry in active sites, including metalloregulatory proteins and the streptavidin-biotin 

interaction. These results motivate use of the overlap distance in future applications of quantum 

chemistry to CADD.    

 

3.3 Orbital Overlap and Electrostatic Potential Studies of Cysteine 

We begin by applying the orbital overlap distance and electrostatic potential of molecular 

surfaces to a novel and biologically relevant molecule. 22  Figure 3.1 is of a cysteine molecule that 

has been proven to chelate in many different coordination sites130 which involve the distinct 

Lewis bases oxygen, nitrogen, and sulfur.  This figure provides the computed electronic structure, 

electrostatic potential map, and orbital overlap distance map of a deprotonated cysteine in 

continuum water solvent.  In the electrostatic potential map, oxygen, nitrogen, and sulfur are 

clearly distinguished by their charge, but there isn’t much of a difference between the charges of 
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nitrogen and sulfur.  In the orbital overlap distance map, there is a clear distinction between the 

large orbital lobe of sulfur from the smaller, more compact lobe, of nitrogen.  This is due to sulfur 

being a softer Lewis base while nitrogen is a harder Lewis base.  The table accompanied to Figure 

3.1 provides the values of the electrostatic potential and overlap distance at the points labeled 

with arrows. 

 

 

Figure 3.1: (top, left to right) Structure, molecular electrostatic potential map, and overlap 

distance 𝐷(𝑟)  map of deprotonated cysteine. The electrostatic potential map displays the 

three Lewis basic sites (black arrows) in the amino acid. The overlap distance differentiates the 

diffuse and chemically soft sulfur base (blue arrow) from the compact and chemically hard 

oxygen base (red arrow) and nitrogen base (green arrow). (bottom) Electrostatic potential and 

overlap distance values at the three points labeled with arrows. 
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3.4 Avidin-Biotin Complex 

The first species studied is the Avidin-biotin complex.  Avidin proteins have been used for 

many decades as an essential biotechnological tool for analysis 131 and drug development 132 due 

to their extraordinarily high affinity133-134 for biotin through noncovalent interactions and 

ultrahigh stability of avidin-biotin complex. 134-135  The crystal structure reveals hydrophobic 

interactions of biotin with Trp70, Phe72, Phe79, and Trp97 from one avidin monomer and Trp-

110 from an adjacent avidin monomer.  The hydrophilic interactions involve a carbonyl behaving 

as a hydrogen bond acceptor with Asn12, Ser16, and Tyr33; nitrogen hydrogen bond donation 

with Thr35 and Asn118; sulfur interacting with Thr77; a carboxylate oxygen hydrogen bonding 

with N-H of Ala39 and Thr40; and a side chain of Thr38 and the other carboxylate oxygen 

behaving as a hydrogen bond acceptor with Ser73 and Ser75.134  This complex was chosen 

because biotin has a chemically soft region (sulfur) and a chemically hard region (amines).  The 

combination of MESP and 𝐷(𝑟) elaborates the selectivity of binding pocket for biotin.         

   

Figure 3.2: Biotin in the strepavidin biding pocket. (Left) atomic structure. (Middle) 

Electrostatic potential from -0.15 au (red) to 0.02 au (blue). (Right) overlap distance 𝐷(𝑟) 

from 2.8 bohr (red) to 3.6 bohr (blue). 
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The biotin molecule contains both hydrogen bond donors and acceptors which interact 

with the avidin binding pocket.  Figure 3.2 provides the structure, MESP, and overlap distance of 

bound biotin. The MESP distinguishes the negative (red) valeryl carboxylate and ureido ring from 

the positive (blue) ureido NH and less charged (green-yellow) hydrophobic regions. The overlap 

distance shows that both negative and positive regions are small and compact (red-green), while 

the hydrophobic regions and sulfur are more diffuse (green-blue).  This shows that the overlap 

distance distinguishes the diffuse, soft Lewis base site of the from the compact, hard Lewis base 

site of the nitrogen portion of the ureido ring. 

Figure 3.3 shows the MESP and overlap distance of the streptavidin binding pocket. 

Regions A and B show the Lewis-acidic OH groups Ser73, Ser75 and Ser16, Tyr33 respectively. 

Regions C and E show the Lewis-basic oxygens of Tyr33, Asn118 and Thr35 respectively. Region 

D shows the Thr77 hydroxyl group. The active site's Lewis-acidic (A and B) and Lewis-basic (C and 

E) sites are aligned with biotin's hydrogen bond donors and acceptors. The overlap distance 𝐷(𝑟) 

plot in Figure 3.2 shows that the localized, chemically "hard" Lewis acids and bases interacting 

with the ureido ring are clearly distinguished from the chemically "soft" Lewis acids interacting 

with the tetrahydrothiophene sulfur and the hydrophobic backbone. The relative comparison of 

𝐷(𝑟) molecular surface plots in Figures 3.1 and 3.2 clearly highlights the interactions between 

chemically hard and soft Lewis acids and bases of biotin with corresponding regions of avidin 

which are responsible for selective biotin complexation. 
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Figure 3.3: Pocket atoms of avidin at high-level layer: (left) electrostatic potential from -0.05 

au (red) to 0.05 au (blue); (right) overlap distance 𝐷(𝑟) from 2.8 bohr (red) to 3.6 bohr (blue) 

blue. The biotin molecule in the pocket (low-level layer) is shown using ball-and-stick model. 

This orientation of the complex is selected as it highlights the chemically most interesting 

regions. 

 

3.5 Gold-Binding Protein GolB 

We next studied the gold-specific protein GolB and gold ion interaction.  Bacteria such as 

Salmonella typhimurium, Salmonella enterica and Cupriavidus Metallidurans use gold selective 

MerR-type transcriptional regulators and metallochaperones to detect the presence of toxic gold 

ions.136-139  These metalloregulatory proteins are able to distinguish Au+ from Cu+ or Ag+.137-138 

This high selectivity for Au+ ions disables them to effect the functioning of other 
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metalloregulatory proteins especially the Cu+ trafficking proteins.136 The putative gold-

chaperone, GolB from Salmonella typhimurium is a typical example which selectively binds soft 

Lewis acid Au+ with much higher affinity than even the moderately soft Lewis acid Cu+. 140  Many 

have studied the gold-thiol interaction141-144 to understand the strength and structural details, 

but Zhao et al.136 were able to crystallize this type of interaction in the molecular level between 

the GolB protein and an Au+.  GolB uses a conserved binding site involving the thiolates of Cys10 

and Cys13.  Though the rupture forces for Cu-S bond in GolB binding pocket, estimated using 

AFM-based SMFS methods, are comparable with those of Au-S bond, there is a significant 

difference in the binding affinities of Au+ and Cu+.136  The Au-S interaction is a useful extension to 

our study since gold is known to be a very soft atom. 

Figure 3.4 shows how combining the MESP and surface overlap distance 𝐷(𝑟) highlight 

the chemistry of the gold-binding pocket.  The MESP on the Cys10 and Cys13 thiolates (Figure 

3.4, left) is relatively negative (red), consistent with binding to a Lewis acid. More importantly, 

the overlap distance (Figure 3.4, right) is particularly large on the thiolates, consistent with 

selective coordination to soft Lewis acids. The combination of surface MESP and 𝐷(𝑟) clearly 

shows the binding pocket's soft-base character. The overlap distance and MESP also quantify the 

different character of Cu+ (MESP = 0.304 au, 𝐷(𝑟) = 1.789 bohr) and Au+ (MESP = 0.270 au, 𝐷(𝑟) 

= 2.030 bohr) ligands. The overlap distance clearly shows that the binding site's selectivity to Au+ 

is consistent with its softer, weaker Lewis acid character.  

Wei et al. have shown experimentally that this conserved binding site of GolB has a much 

higher affinity for Au+ than Cu+.140 Gas phase calculations of both ions at ωB97X-D/ cc-pVDZ level 

of theory using effective core potential compliment these findings. Though Cu+ (MESP = 0.304 au, 
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𝐷(𝑟) = 1.789 bohr) is more positive compared to Au+ (MESP = 0.270 au, 𝐷(𝑟) = 2.030 bohr) but 

small overlap distance makes it a hard Lewis acid compared to Au+, which is a preferred candidate 

for this binding site due to its large overlap distance i.e. soft Lewis acid.         

 

Figure 3.4: Au+ binding site of GolB: (left) electrostatic potential from -0.3 au (red) to -

0.06 au (blue); (right) overlap distance 𝐷(𝑟) from 2.8 bohr (red) to 3.6 bohr (blue). Bound Au+ is 

shown as a sphere. The binding site electron density is simulated with QM/MM embedding, 

and the full protein structure is shown as a ribbon diagram. 

 

3.6 Thyroxine Binding Globulin Complex 

Our next study is of thyroxine hormone binding to TBG.  Thyroxine hormone regulates 

cellular oxygen consumption and the metabolism of body and brain.145-146 The concentrations of 

thyroxine in the tissues and its controlled release are fundamental because its higher 
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concentration leads to hyperactivity and its deficiency develops dormancy.145, 147 In the blood, 

thyroxine is carried by TBG, which binds it with a very high affinity.148 Thyroxine combines 

chemically hard Lewis acids and bases with soft iodine-substituted phenyl groups.  

Figure 3.5 shows the structure, MESP, and overlap distance of bound thyroxine. The MESP 

is dominated by the charged peptide region at left. The iodo-substituted phenyl is relatively un-

charged. The overlap distance is very large on the iodo substituents and smaller on the chemically 

hard peptide region. It is interesting to note that aminopropionate group (MESP = -0.047 au, 𝐷(𝑟) 

= 3.00 bohr) and carboxylic oxygen (MESP = -0.047 au, 𝐷(𝑟) = 2.76 bohr) have equal charge but 

different overlap distance which shows that former is a soft Lewis-basic sites compared to latter. 

The oxygen atom (MESP = -0.025 au, 𝐷(𝑟) = 2.89 bohr) bridging the tyrosine and phenolic groups 

is less negative compared to phenolic oxygen (MESP = -0.042 au, 𝐷(𝑟) = 2.79 bohr) but its large 

overlap distance shows that it is more diffuse and soft Lewis-basic sites. 

 

   

Figure 3.5: Graphic depictions of thyroxine high-level layer: (left) electrostatic potential from 

-0.05 au (red) to 0.05 au (blue); (right) overlap distance 𝐷(𝑟) from 2.8 bohr (red) to 3.6 bohr 

(blue). The low-level layer is not shown for clarity. 
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Figure 3.6: Pocket atoms of TBG at high-level layer: (left) electrostatic potential from -0.05 au 

(red) to 0.05 au (blue); (right) overlap distance 𝐷(𝑟) from 2.8 bohr (red) to 3.6 bohr (blue). 

The biotin molecule in the pocket (low-level layer) is shown using ball-and-stick model. 

 

Fig. 3.6 shows the structure and MESP of the TBG binding site. The Lewis-acidic and Lewis-

basic regions adjacent to thyroxine's peptide region (A) and phenol OH (B) are relatively 

chemically hard, with small overlap distance. In contrast, the hydrophobic pocket containing the 

iodo-substituted phenyl (C-D) is relatively chemically soft. 

 

3.7 Metal Binding: Formylglycine-Generating Enzyme  

Our next example shows how the overlap distance and MESP can distinguish the 

selectivities of two binding sites on a single protein.  FGE, recognized as a powerful tool in protein 

engineering149-154, is a unique copper protein which catalyzes the oxygen dependent conversion 
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of specific cysteine residues of arylsulfatases and alkaline phosphatases on client proteins to 

formylglycine 151, 155. Insufficient FGE in human cells causes multiple sulfatase deficiency, a rare 

and fatal disease 156-157. FGE has one high-affinity151  binding site for  Cu+ 158 and two binding sites 

for Ca2+ 151 (Ca1 and Ca2 in Fig. 3-4). Copper has been reported to increase the in vitro activity of 

FGE up to 20 fold 155. The crystal structure used in the present studies, reported by Meury et 

al.151, was crystallized using Ag+ instead of Cu+ to avoid oxidation related problems. Ag+ binding 

pocket constitutes the sulfhydryl groups of the catalytic active site in two cysteines Cys269 and 

Cys274 151. This binding site can also hold Cd2+ with some specific conformational changes at the 

active site 151. The binding site of Ca1 consists of carboxylate group of Asp202 and hydroxyl 

groups of Ile189, Asn188 and Tyr204 in addition to a coordinated water molecule whereas the 

hydroxyl groups of Asn222, Val223, Gly225 and Val227 constitute the binding site of Ca2. Surface 

MESP and 𝐷(𝑟) captures the hard-soft acid-base selectivity of binding pockets for relatively hard 

Lewis acid Ag+, Cu+ and Cd2+and relatively soft Lewis acid Ca2+.   

The top of Figure 3.7 shows MESP surfaces of FGE Ag+ and Ca2+ binding pockets. The 

binding pocket of Ag+ is less negative i.e. weak Lewis basic site due to the involvement of less 

electronegative sulfur atoms as compared to the binding pockets of Ca2+ which contain all 

electronegative oxygen atoms. The most negative MESP values in the binding pockets are -0.009 

au for Ag+ and -0.41 au for Ca2+.  
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Figure 3.7: (top) Electrostatic potential and (bottom) overlap distance of (left) Ag+ and (right) 

Ca2+ binding sites of FGE.  (Left) Front view showing Ag+ pocket, MESP from -0.06 (red) to +0.04 

(blue). (Right) Back view showing Ca2+ binding pockets, MESP from -0.30 (red) to -0.10 (blue) 

and -0.20 (red) to 0.00 (blue) for Ca1 and Ca2 respectively. 𝐷(𝑟) from 2.8 (red) to 3.6 (blue). 

 

The bottom of Figure 3.7 shows the corresponding overlap distances. The binding pocket 

of Ag+ has an overlap distance much larger than that of Ca2+. The largest 𝐷(𝑟) values in the 
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binding pockets are 3.5 bohr for Ag+ and 2.9 bohr for Ca+, consistent with different hardness & 

softness. Again, the overlap distance and MESP also quantify the different character of the 

ligands. Cu+ (MESP = 0.304 au, 𝐷(𝑟) = 1.789 bohr) and Ag+ (MESP = 0.283 au, 𝐷(𝑟) = 1.893 bohr) 

are very similar, consistent with their competition for the soft binding site on FGE. This is 

consistent with experimental findings that Ag+ is an excellent mimic of Cu+ in copper transporting 

ATPases,159-160 copper sensing transcription factors,161-163 and copper chaperones164-165. The 

bivalent Cd2+ (MESP = 0.625 au, 𝐷(𝑟) = 1.778 bohr is clearly a harder and stronger Lewis acid, 

consistent with its binding to the other FGE binding site.  

 

3.8 Computational Details 

The calculations in Figures 3.1 used the ωB97X-D XC functional166 and the aug-ccpVTZ- PP 

basis set.The X-ray based crystal structures of systems, Avidin-Biotin complex (PDB ID 2AVI) 134, 

TBG (PDB ID 2CEO)148, gold-specific binding protein GolB (PDB ID 4Y2I) 136 and FGE (PDB ID 5NXL) 

167 were obtained  from the Protein Databank and employed as the starting points for the present 

study. Prior to quantum mechanical modeling, all these initial structures underwent a similar 

preparatory sequence consisting of: adding hydrogen atoms, setting MM parameters for ligands 

and metal sites, adding counter ions, solvating the systems with a octahedron water box, 

optimizing the initial coordinates and equilibrating the system to room temperature using MD 

simulations under NPT conditions. All these steps were carried out using AmberTools.168 For each 

system, the final frame of the equilibrated MD trajectories was assumed as a model 

configurations of the proteins and was used to isolate the protein-ligand/metal coordinates for 

further quantum mechanical calculations.  
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All the two-layer ONIOM169 calculations use Gaussian 09 90 suite of programs. These 

involves a combination of high-level QM and low-level MM calculations. Long-range corrected 

hybrid density functional ωB97X-D170 which includes empirical dispersion was employed to 

describe the higher QM layer in combination with the 6-311G(d,p) basis set involving ECP for 

Iodine atom, whereas the AMBER171 molecular mechanics were used to treat the low-level layer 

of the protein molecules. The missing atom type parameters for molecular mechanics were 

incorporated using amber=hardfirst keyword in Gaussian ONIOM calculations. For avidin-biotin 

and thyroxine-binding globulin complexes the calculations were carried out in two steps. In first 

step the high-level layer only included the ligand atoms and the rest of protein residues were 

treated as low-level layer, whereas in the second step, the binding pocket of the protein was 

treated as high-level layer and the remainder constitutes the low-level layer. For GolB and 

formylglycine-generating enzyme only the second step involving the binding pocket at high-level 

layer was performed for which, initially, all the atoms from the residues within a 6Å sphere of the 

metal or the ligand were included in high-level layer and then the residues beyond 6Å were 

truncated at chemically reasonable positions. The Gaussian formatted checkpoint files were used 

to obtain electron density, MESP and orbital overlap distance 𝐷(𝑟) Gaussian cube files using 

Multiwfn program172. For the calculations of orbital overlap distance, an even-tempered grid of 

50 exponents was used starting from 2.50 bohr-2 and with an increment of 1.50 bohr-2. For the 

studied systems, the calculated MESP and orbital overlap distance 𝐷(𝑟) cube files were projected 

over 0.001 (e/bohr3) molecular electron density surface. This particular isosurface of molecular 

electron density encompasses approximately 96% of the electronic charge of a molecule173 and 

is considered as standard in calculations of electrostatic potential174. In the plots of molecular 
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surfaces, the color scale changes in the direction of red → orange → yellow → green → blue. For 

MESP density isosurface, red and blue colors shows most negative and most positive values 

respectively whereas the overlap distance 𝐷(𝑟) increases in the direction of red to blue. In the 

molecular geometry and density isosurface plots of all systems, the low-level layer of protein is 

depicted as ribbon diagram colored by residue ID using VMD 175 version 1.9.3. 
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Chapter 4: Towards Computational Design of Molecules for 

Noncovalent Interactions: Artificial TMAO Receptors 

 

4.1 TMAO in marine species 

TMAO is known to accumulate in marine organisms’ tissues at high concentrations to 

protect against protein-destabilizing effects of urea.  One example is the marine elasmobranch 

which includes sharks, rays, skates, and sawfish.  This class of species uses TMAO to protect it 

from fluctuating temperatures, salinity, high urea and hydrostatic pressure.  The effects of urea 

buildup inhibit cellular functions and destabilize many macromolecular structures, which are 

counteracted by TMAO.176  For organisms that use urea as an osmolyte and buoyancy factor, 

TMAO has been shown to restore enzyme function of proteins and restore them to their native 

state.177-178  For deep sea creatures, TMAO and betaine counteract hydrostatic pressure on 

proteins.179  TMAO is metabolized to mono-, di-, and trimethylamine, which is also a precursor 

to marine aerosols and nitrous oxide.176   

Although the effects of TMAO have been known to marine biologists, the positive 

correlation between TMAO and increased risk of cardiovascular diseases for humans only 

recently emerged.180 
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4.2 TMAO in the Body 

TMAO is a small molecule present in the blood that participates in changes in whole-body 

cholesterol metabolism, chronic kidney disease, vascular inflammation, and atherosclerosis.72 

Bacteria in the digestive tract turn choline (a byproduct of lecithin phospholipids found in meat 

and eggs), betaine, and L-carnitine (mostly found in red meat) into TMA.  The bloodstream then 

absorbs TMA and the liver metabolizes it to produce TMAO using flavin monooxygenases (FMO1 

and FMO3).181-182  TMAO is then used by the body as an osmolyte or cleared by the kidney.72, 180, 

183-185  Studies have shown that the production of TMA/TMAO is through intestinal microbiota,72 

where several families of bacteria are involved.180, 186-187  Increasing levels of TMAO in the body 

is still an ongoing debate, where in a crossover feeding trial showed consumption of eggs, beef, 

and fish increased the blood and urine levels of TMAO.188  Contradictory to this study, a trial 

involving 271 people consuming meat, eggs, or fish showed that their diet does not correlate 

with their levels of TMAO, choline, or betaine.189 

  Our goal is to build a receptor that will bind TMAO and track its pathway in the body. Our 

proposed receptor design is inspired by the interaction of TMAO with TMAO binding protein TorT 

(Figure 4.1, right). The oxygen on TMAO hydrogen binds to Trp45, Tyr71, and an Asp42-

coordinated water molecule. The aromatic amino acids Tyr44, Trp140, and Tyr252 surround the 

quaternary amine on TMAO. Unlike most molecules, TMAO can accept up to three hydrogen 

bonds at its oxygen terminus, which provides a “handle” for selective detection. 
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Figure 4.1: (left) Isolated TMAO molecule and (right) crystallographic binding site of TMAO 

binding protein TorT.190 

4.3 Computational Study 

 

   

 

 

 

 

Figure 4.2: TMAO receptor model (left) and optimized geometry of receptor and TMAO 

complex (right). Red spheres: O and blue spheres: N. 
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We chose to build on the Simanek group’s experience with triazine dendrimers, proposing 

the receptor in Figure 4.2 (left). We first considered TMAO binding to our proposed receptor’s 

components: melamine, benzene, ethanol, and other similar molecules.  Tables 4.1-4 show our 

most important results, confirming that TMAO, unlike most molecules, accepts three hydrogen 

bonds to one oxygen atom (see Figures 4.3-5). These tables also compare the binding energy of 

methanol to three molecules that can have hydrogen bonding interactions.  The TMAO molecule 

not only has a stronger and shorter hydrogen bond distance to the methanol molecules, but it 

can also form three hydrogen bonding interactions.  No other molecule in the test set three 

hydrogen bonds to a single atom.  Based on these results, a receptor containing three hydrogen 

bonding donors would be more selective towards TMAO.  

Geometry optimization of an isolated melamine (triazine with three primary amine 

linkers) and TMAO resulted in melamine arranging off-center to TMAO. The results show that the 

nitrogen on TMAO and the three nitrogen atoms on the branched amine groups on melamine 

gave three different N-N distances (labeled in purple in Figure 4.2, left). This tells us that each 

linker on melamine will potentially have various lengths to favorably hydrogen bind with the 

oxygen on TMAO. To test this hypothesis, we adjusted the three linker lengths by changing the 

number of methyl groups (n and m labeled in green in Figure 4.2, left) from one to three. While 

freezing triazine and TMAO to its optimized geometry and varying n and m, we tested each 

hydrogen on the amine (labeled left/right) to give binding energies. The best linker lengths that 

gave the most favorable binding energies for each amine are (right) n=3, m=1; (left) n=2, m=2; 

and (left) n=1, m=2. Figure 4.2(right) shows the geometry optimized receptor with the best linker 

lengths interacting with TMAO with a binding energy of -31.1 kcal/mole. A comparative study of 
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a receptor with (right) n=2, m=2; (left) n=2, m=2; and (left) n=2, m=2 gave a binding energy of -

21.5 kcal/mole. This test confirms that the receptor shown in Figure 4.2 (right) potentially yields 

the lowest binding energy. 

 

MeOH TMAO  

Vacuum 

MeOMe 

Vacuum 

MeCOMe 

Vacuum 

MeCOH 

Vacuum 

1 -13.6 -6.4 -9.2 -7.2 

2 -12.3 -5.2 -6.6 -6.2 

3 -10.8 -- -- -- 

Table 4.1: Binding energies (in kcal/mole) of 1, 2, and 3 methanol(s) hydrogen bonding to 

various hydrogen bond acceptors in vacuum. 

 

MeOH TMAO  

Water 

MeOMe  

Water 

MeCOMe  

Water 

MeCOH 

Water 

1 -7.6 -7.1 -7.1 -5.4 

2 -7.6 -5.6 -5.6 -3.8 

3 -6.0 -6.0 -- -6.5 

Table 4.2: Binding energies (in kcal/mole) of 1, 2, and 3 methanol(s) hydrogen bonding to 

various hydrogen bond acceptors in water. 
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MeOH TMAO MeOMe MeCOMe MeCOH 

1 1.71 1.92 1.91 1.94 

2 1.75 1.95 1.94 1.95 

 1.75 1.96 1.95 1.97 

3 1.77 1.90 1.86 1.88 

 1.78 1.91 1.93 1.95 

 1.79 3.12 3.00 3.56 

Table 4.3: Bond distances (in Angstroms) between 1, 2, and 3 methanol(s) and various 

hydrogen bond acceptors in vacuum. 

 

MeOH TMAO MeOMe MeCOMe MeCOH 

1 1.67 1.83 1.83 1.85 

2 1.70 1.84 1.86 1.87 

 1.71 1.85 1.93 1.88 

3 1.72 1.93 1.86 1.89 

 1.73 1.95 1.90 1.90 

 1.73 2.04 3.03 2.22 

Table 4.4: Bond distances (in Angstroms) between 1, 2, and 3 methanol(s) and various 

hydrogen bond acceptors in water. 
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Figure 4.3: TMAO hydrogen bonding with one methanol molecule.  Geometry optimization in 

vacuum (center) and in water (right). 

 

  

 

 

Figure 4.4: TMAO hydrogen bonding with two methanol molecules.  Geometry optimization in 

vacuum (center) and in water (right). 
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Figure 4.5: TMAO hydrogen bonding with three methanol molecules.  Geometry optimization in 

vacuum (center) and in water (right). 

 

4.4 Computational Details 

All the computational work done uses the development version of the Gaussian suite of 

programs. 90 TMAO receptor studies use DFT WB97XD/6-311++G(2d,2p). This method and basis 

set are used because of its capability of measuring dispersion and non-covalent interactions. 

BSSE191 is used in this study due to basis function overlap between atoms. Binding energies are 

calculated by taking the difference between the energy of the complex and the sum of energies 

of the separately geometry optimized TMAO and receptor. A negative binding energy means that 

the interaction is favorable.  
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Chapter 5: Computational Study of Acid Catalyzed Hydrolysis on Lignin 

Models with β-o-4 Linkages 

 

5.1 Lignin Background 

 

 

 

Figure 5.1: Representative structure of lignin (top), where the boxed regions are β-o-4 linkages. 

β-o-4 linkage model compound, where R1, R2, and R3 are varied (bottom). 

Lignocellulose is the fourth largest source of energy in the world (in the form of heat and 

power) and is produced at about 170 billion metric tons annually.192-193 It consists of three main 

components: hemicellulose, cellulose, and lignin.  Hemicellulose and cellulose are currently being 

used as biofuels and important chemicals, but lignin is a waste stream in biorefinery and pulping 

processes.73-74  However, lignin is used in some production to make phenolic resins, polyurethane 

foams and emulsifying agents,194 automotive brakes and tires, wood panel products,195 but the 
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high-value products from lignin are 

unknown due to the difficulty on separating 

its heterogeneous molecular structure and 

lack of efficient depolymerization 

methods.75-76  The most efficient method to 

separate lignin from cellulose is with 

phosphoric acid and acetone mixture,196-199 

but this technique typically leads to the 

decomposition of its aromatic compounds. 

Lignin is also a renewable source and is 

composed of high-volume aromatic 

compounds for chemical industry that 

would not compete with food production, 

which then do not cause social and 

ecological consequences.200 

Lignin is primarily a complex cross-

linked macromolecule that adds strength 

and rigidity to cell walls and its composition 

and its content in biomass differ between 

the types of plants.201-203  Lignin polymer 

has mainly aromatic molecules192 

primarily composed of the tree units: 

Figure 5.2: E1 and dehydration (right 

scheme) vs protonation and nucleophilic 

substitution (left scheme) of β-o-4 linkages. 
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sinapyl (3,5-dimethyoxy 4-hydroxycinnamyl), coniferyl (3-methoxy 4-hydroxycinnamyl), and p-

coumaryl(4-hydroxycinnamyl) alcohols, The composition of lignin varies with even the same plant 

species due to factors such as growing environment, area, and analysis methods.204   

The β-o-4 is the most abundant ether linkage in lignin205 consists of 48-57% of inter-

subunit linkages in soft wood lignin and 43-65% in hardwood lignin.192, 206  A β-o-4 linkage is a 

bond formed between the beta carbon of the aliphatic side chain and the oxygen atom attached 

to the C4 position of the aromatic moiety as shown in figure 5.1, bottom.  R1, R2, and R3 represent 

type of substituents and are labeled in order in Table 5.1.  For example, p-phenol-MeOH-Ph is 

where R1=para-phenol, R2=methanol, and R3=phenol.  Typically, the process to separate 

lignocellulose into cellulose, hemicellulose, and lignin is through the use of organic solvents and 

acids.207 In these processes, lignin β-o-4 linkages are broken due to the liability of alkyl aryl ethers 

in acidic conditions.208   

There have been many mechanistic studies of model compounds bearing β-o-4 linkages, 

where the use of model compounds would help elucidate the mechanism in breaking down lignin 

without decomposing the aromatic compounds.209  Model compounds 2-phenoxy-1-

phenylethanol,210-212 1-phenyl-2-phenoxy-1,3-propanediol212 and 1-(4-hydroxyphenyl)-2-

phenoxy-1,3-propanediol212  match our studies here of Ph-H-Ph, Ph-MeOH-Ph and p-Ph-MeOH-

Ph, respectively.  Typically, experimental studies of β-o-4 linkages use much more complex 

molecules involving muti-substituted phenyl rings209, 212-218  to focus on keeping the aromatic 

moiety intact. 
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A previous computational study proposes an E2 dehydration (rather than E1) followed by 

an SN2 with the use of ionic liquids.219 The E1 pathway is limited by the formation of a free 

carbocation, rather than a complexed carbocation through the E2 pathway.  Experimentalists 

have shown that some ILs are a promising solvent that can dissolve  both cellulose220-221 and 

lignocellulose composites.222  An ionic liquid is defined as an organic salt that is liquid below 100 

C°.223  Previously, it was shown that the extended  pi-systems of benzimidazolium ionic liquids 

give a stronger interaction with lignin,224 which supports the reason for dissolution of lignin in 

ILs. 

We aim to study the substituent effect of model compounds with β-o-4 linkages to give a 

better understanding of how lignin undergoes hydrolysis.  We use a continuum solvent of 

dichloroethane,225 which has a dielectric constant that is comparable to many ILs.  Previous 

studies have confirmed that using continuum solvent models can provide a chemically 

reasonable picture of reactions in complex solvents such as ionic liquids.225-227 A previous 

mechanistic study of the role of substituents in the cleavage of β-o-4 has been done previously,228 

but here we look at smaller molecules as well as the larger structures.  Our approach here is more 

simplistic: which oxygen containing group in the β-o-4 linkage would protonate and initiate the 

dehydration mechanism. This gave us the following pathways which were previously 

suggested:219 an E1 followed by a dehydration and a protonation and nucleophilic substitution 

(SN2) shown in Figure 5.2.   
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5.2 Overall Results 

We begin by considering the E1 and SN2 pathways for lignin hydrolysis. Both pathways 

involve producing a cationic intermediate, but on different atoms.  The E1 pathway produces a 

cation on the carbon attached to R1, where the stability would depend on the substituent R1.  This 

is formed due to the alcohol group being protonated and then eliminated by dehydration.  

Intermediate B is a hydride shift from the previous intermediate, stabilizing the carbocation and 

forming an oxygen cation.  The proton is then pulled off by a water molecule, followed by 

electrons shifting to the neighboring bond and stabilizing the oxygen cation in intermediate C.  

Intermediate D is formed when the oxygen is protonated and a water molecule undergoes a 

nucleophilic substitution on the carbon attached to R2, pushing off the protonated oxygen along 

with R3.  Then, the final product is a simple hydrolysis across the double bond.  The SN2 pathway 

is a protonation on the other oxygen atom, forming a cation, which is similar to intermediate C 

to D, but without a double bond. 
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 A* B* C* D* E* Product* Path** 

H-H-H N/A 5.2 4.5 4.5 9.1 0 N/A 
MeOH-H-H N/A 2.4 4.7 4.7 11.3 0 N/A 

Ph-H-H 15.1 7.7 2.5 2.5 9.3 0 SN2 
H-H-Ph N/A 6.7 6.8 10.0 15.7 3.8 N/A 
Ph-H-Ph 15.4 8.9 3.7 7.0 11.7 3.0 SN2 

Ph-MeOH-Ph 13.7 5.1 2.9 2.0 10.3 0.9 SN2 
m-MeOPh-H-Ph 15.0 9.1 3.9 7.1 17.2 3.0 E1 
Ph-H-o-MeOPh 15.7 7.3 2.9 2.1 12.3 -4.0 SN2 

m-MeOPh-MeOH-o-MeOPh 15.2 6.5 5.7 4.7 11.8 -2.5 SN2 
p-phenol-MeOH-Ph 7.8 6.4 3.9 2.9 11.4 1.7 E1 
p-MeOPh-MeOH-Ph 6.4 5.2 3.0 2.5 12.5 1.7 E1 
m-phenol-MeOH-Ph 16.4 6.4 3.3 2.4 11.9 1.4 SN2 
m-MeOPh-MeOH-Ph 15.4 7.3 4.5 6.0 12.9 1.5 SN2 

p-phenol-H-Ph 6.7 6.5 2.1 5.1 11.6 1.6 E1 
p-MeOPh-H-Ph 6.0 7.6 3.9 7.4 16.7 3.0 E1 
m-phenol-H-Ph 16.1 9.4 3.4 6.2 13.9 3.0 E1 

* All relative energies are reported in kcal/mol 
**Predicted lowest energy pathway 

Table 5.1: Relative energies of all the intermediates and the products in kcal/mol. Substituents 

R1, R2, and R3 are labeled in the order it is written in the table.  Note that all species with 

hydrogen on R3 give relative energies of 0 to produce the product, since the reactant and 

product are the same.  Species with N/A relative energies for intermediate A converged directly 

to intermediate B. 
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Figure 5.3: Reaction coordinate of some E1 reactions from reactant to product for 

representative species studied. 

 

 

Figure 5.4: Reaction coordinate of some SN2 reaction from reactant to product for 

representative species studied. 
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Figure 5.5: Model compound m-MeOPh-H-MeOPh E1 relative energy pathway.  The figure 

includes the computed structures of the reactant, product, and intermediates A, B, C, and D.  

Substituents R1, R2, and R3 are labeled in the drawn figures. 
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5.3 Production of Intermediate A  

H-H-Ph, H-H-H, and MeOH-H-H did not produce an intermediate A, but the calculation 

converged directly to intermediate B, which is the hydride shift. p-MeOPh-H-Ph, p-MeOPh-

MeOH-Ph, p-phenol-H-Ph, and p-phenol-MeOH-Ph are the most stable species as intermediate 

A at about 7 Kcal/mol in reference to its reactant.  Out of these four molecules, p-

methoxybenzanol containing substrates are the most stable intermediate due to an extended 

conjugation between the phenyl ring and the methoxy group as seen in figure 5.6, left.   p-

methoxybenzanol is also a more electron-donating group than p-phenol, giving more stability to 

the carbocation.  

The next most stable specie is the Ph-MeOH-Ph at about 14 Kcal/mol. This molecule 

produces comparable stability to the unsubstituted phenyl ring, which does not stabilize nor 

destabilize the carbocation. The molecules that have a substituent on the meta position, m-

MeOPh-H-Ph, m-MeOPh-MeOH-o-MeOPh, m-phenol-MeOH-Ph, m-MeOPH-MeOH-Ph, m-

phenol-H-Ph, are less stable due to substituents being orto-para directing, not meta.  

5.4 Production of Intermediate B 

The shift from intermediate A to B is energetically favorable for all the molecules studied 

except from p-MeOPh-H-Ph. In intermediate A, this molecule participates in extended 

conjugation from its methoxy group to the carbocation, causing stability. Intermediate B’s 

conjugation is only isolated in the ring and becomes energetically unfavorable due to the oxygen 

atom with a formal charge +1. This is seen in figure 5.6. 
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MeOH-H-H has the most stable intermediate at 2.4 Kcal/mol due to intramolecular 

hydrogen bonding as seen in figure 5.7. The rest has generally about the same reaction energy, 

while m-phenol-H-Ph, m-MeOPh-H-ph, and Ph-H-Ph are the most unstable species due to R2 

being H and not MeOH. 

 

 

 

Relative Energy (kcal/mol) 

Intermediate A Intermediate B Intermediate E 

6.0 7.6 16.7 

Figure 5.6: p-MeOPh-H-Ph intermediates A (left) and B (middle), and E (right) where 

intermediate A is more stable than B due to extended conjugation with methoxy group and R1 

stabilizes the carbocation over R3, giving a favorable path through E1. 
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Figure 5.7: MeOH-H-H intramolecular hydrogen bonding as intermediate B. 

 

5.5 Production of Intermediate C 

In general, intermediate C is more stable than B since it does not have any charges 

associated with it. MeOH-H-H rose in reaction energy since the intramolecular hydrogen bonding 

distance went from 2.109A to 2.574A, causing a less stable intermediate C.  

 

5.6 Production of Intermediate D 

Ph-H-o-MeOPh has the lowest reaction energy (-0.46 kcal/mol) due to o-

methoxybenzanol intramolecular hydrogen bonding.  H-H-Ph is the most unstable molecule since 

it does not provide an extended conjugation, while the other species studied does.  The species 

that decreased in relative energy are Ph-MeOH-Ph, Ph-H-o-MeOPh, m-MeOPh-EtOH-o-MeOPh, 

p-phenol-MeOH-Ph, p-MeOPh-MeOH-Ph, and m-phenol-MeOH-Ph.  These molecules have 

intramolecular hydrogen bonding between R2 = methanol and when R3 is replaced with a 

hydrogen, which gives stability when forming this intermediate. 
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5.7 Overall Reaction Thermodynamics 

The product and reactant are identical for species with R3= hydrogen, giving a relative 

energy for the formation of product to be 0.  For most of the species, the final product is 

energetically uphill except for the specie with -o-MeOPh attached on R3.  These molecules have 

the lowest reaction energy due to o-methoxybenzanol intramolecular hydrogen bonding as seen 

in figure 5.8.  This is followed by species with R2 being MeOH, since this substituent provides an 

intramolecular hydrogen bonding which ultimately stabilizes the product as seen in figure 5.9. 

 

Figure 5.8: Intramolecular hydrogen bonding of R3 being o-methoxybenzanol. 

 

 

Figure 5.9: Example of intramolecular hydrogen bonding of Ph-MeOH-Ph product with R2 being 

MeOH. 
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5.8 Production of Intermediate E 

m-phenol-H-Ph is the most unstable species, which is followed by other species with R2 

and R3 being H and Ph, respectively.  The difference between m-phenol-H-Ph and Ph-MeOH-Ph 

is the intramolecular hydrogen bonding of 1.74 A and 1.66A, respectively. Since Ph-MeOH-Ph has 

a stronger intramolecular hydrogen bond, it is thus more stable.  Ph-H-H and H-H-H are the most 

stable intermediate. 

5.9 Conclusion 

We studied substituent effects on hydrolysis of a β-o-4 linkage and found that the 

molecules with R3 = o-methoxybenzanol are the most energetically favorable to produce the 

product, where both m-MeOPh-MeOH-o-MeOPh and Ph-H-o-MeOPh undergo a smaller reaction 

barrier through the SN2 pathway.  Out of all the molecules we studied here, m-MeOPh-MeOH-o-

MeOPh best matches a real lignin model compound.   

Although we have arrived at these conclusions about the pathway a β-o-4 linkage on 

lignin, we still have not uncovered everything.  Lignin β-o-4 linkages have more substituents than 

what was studied here, and most have multiple substituents on each phenyl ring.  This can alter 

the results quite drastically depending on the substituents added and to which position.  A way 

to include this is by changing the model compound studied, adding more substituents.  Another 

study that can also be explored is the treatment of the extra proton in intermediate D and 

product.  It could be tested whether the proton would be more stable complexed with two water 

molecules or on the ligand complexed with one water molecule.   
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5.10 Computational Details 

All of the computational work done uses the development version of the Gaussian suite 

of programs. 90 

Calculations were carried out using Becke’s three-parameter global hybrid incorporating 

B3LYP93-95 with 6-31+G(d,p) basis set.  Energy minima were fully optimized with a continuum 

solvent in dichloroethane.  Frequency calculations were done to ensure that the molecules tested 

were in fact intermediates, not transition states. The water molecules are treated as shown on 

the scheme, where a hydronium or ligand with water complex is used to stabilize the proton 

through hydrogen bonding. 

Two forms of solvent models can be used in computational chemistry: explicit and implicit 

models.  Explicit solvent models can provide a spatial description of the interactions of certain 

solutions with the molecule studied, but oftentimes, these methods can be very computationally 

demanding due to the increase in the size of the system studied.  Implicit solvent models are 

often more time efficient but fail to describe the direct interactions of solvent-solute.  Previously, 

Cramer and coworkers have extended their SMD229 continuum solvent model to ionic liquids.230 

The studies here use the SMD continuum solvent model, which is based on the charge density of 

the solute.  We use a continuum solvent of dichloroethane,225 which has a dielectric constant 

that is comparable to many ILs.   
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Chapter 6: An in silico Approach to Developing Alternative Drugs to 

Warfarin 

 

6.1 Warfarin and VKOR 

Warfarin (brand named Coumadin) is a medication used as an anticoagulant drug to 

prevent blood clots.  It is commonly used to treat deep vein thrombosis, pulmonary embolism, 

and to prevent strokes and heart attacks.  The recommended dosage for each patient varies 

depending on age, gender, weight, and co-medications; and its therapeutic window is very 

narrow, where over-prescribing causes bleeding or purple toe syndrome and under-prescribing 

increases the risk of blood clots.231-232  Often, patients are required to be monitored by a doctor 

when they are prescribed warfarin.232  

 Warfarin binds to VKOR enzyme and inhibits two of the three steps in the  vitamin K cycle 

(Figure 6.1).233-236  It inhibits VKR, resulting in depletion of the reduced form of vitamin K (KH2)233 

and also inhibits VKOR by increasing circulatory KO relative to vitamin K.237   The comparison of 

the structures of KO vs warfarin is shown in Figure 6.2.  VKOR is essential in the vitamin K cycle, 

where it recycles vitamin K to be used for carboxylation of glutamic residues within the vitamin 

K-dependent coagulation factors.238  Once the glutamic acids on the coagulation factors are 

carboxylated to Gla, they participate in blood coagulation by binding to calcium ions, resulting in 

conformational changes in the Gla domain, thus exposing the hydrophobic residue.232  This 
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hydrophobic residue is then inserted into the phospholipid layer of the platelet membrane, 

causing coagulation factor activation.239-240   

 

Figure 6.1: Vitamin K cycle 

 

 

 

Figure 6.2:  Vitamin K 2,3-epoxide (left) and warfarin (right) structures. 
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To this day, hVKOR has not been crystallized, and there have been ongoing disagreements 

on its structure and warfarin’s binding site.  The disagreements stem from whether there are 

three or four transmembrane helices in hVKOR structure. 241-243  More recently, Tie et al.244 

suggested a 3 TM structure of hVKOR based on their immunofluorescence results and performed 

a MD simulation on a suggested structure.  Oldenburg245 however suggested a 4 TM structure, 

where the loop cysteines are arranged at an appropriate location to suggest electron transfer to 

the center of the protein.246-247  Our studies here aim to validate the structure of hVKOR by using 

computational chemistry. 

 

6.2 hVKOR Mutations 

One factor that affects patients’ optimal warfarin dosage is mutation in VKOR248 (patients 

can also have warfarin resistance due to increased metabolic clearance, decrease absorption, or 

abnormal pharmacodynamics).231  There are twenty-eight reported single mutations in hVKOR,249 

where we will study eleven of those mutations here (Figure 6.3).  The effects of these mutations 

vary- Tyr139Phe,250-252 Leu120Glu, Leu128Glu/Ser/Arg,251, 253-254 and Val29Leu have shown to 

decrease the affinity of warfarin to the active site of the enzyme; Arg58Gly, Trp59Arg, and 

Asp36Tyr can disturb the ½-helix as a lid;247, 255 and Arg35Pro, Val45Ala, and Val66Met could 

possibly cause a conformational change to the active site.247, 256   
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6.3 hVKOR Mutation in vitro Studies 

There has only been one in silico study of hVKOR mutant binding with warfarin and KO,257 

but not a study to compare all of the found hVKOR mutations.  We have compiled data of eleven 

in vitro confirmed mutations in hVKOR (Figure 6.4, right), where four of these mutations are 

mapped close to the binding site while the other seven are close to the ½-helix.  The in vitro 

studies gave the relative VKOR activity of the WT and each of the mutants with and without 

warfarin at different concentrations.  The WT relative activity with no warfarin was set to 100%. 

VKOR’s activity depends on the concentration of warfarin added to the enzyme, where 

mutation studies would provide a better understanding of which amino acids are involved when 

binding warfarin.   We have scaled the relative activities of mutant VKOR to WT to find the WIE. 

WIE is the difference between the mutant studied and WT when the mutant’s relative activity 

without warfarin is scaled to WT without warfarin.  These values are reported on Table 6.1 where 

the higher the WIE is, the less effective warfarin is at inhibiting VKOR activity.  The order of WIE 

from most to least effective is Trp59Arg, Arg58Gly, Val45Ala, Arg35Pro, WT, Leu128Arg, 

Val29Leu, Leu128Ser, Leu128Gln, Arg33Pro, Leu120Gln, Tyr139Phe.  Tyr139Phe and Leu120Gln 

lower VKOR activity by 71% and 41%, respectively.  These amino acids are likely bound to 

warfarin, where they are in the center of the protein. 

The impact of the enzymes on VKOR activity in order of most to least active are Tyr139Phe, 

WT, Val29Leu, Leu128GLn, Arg33Pro, Arg35Pro, Val45Ala, Arg58Gly, Leu120Gln, Leu128Ser, 

Trp59Arg, and Leu128Arg.  Tyr139Phe is more likely a favorable mutation for binding to KO, but 

as stated previously, warfarin inhibition lowers with this mutation.   
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Figure 6.3: Literature reported relative activities for wild-type and mutant VKOR, measured at 

four different warfarin concentrations 0 uM, 60uM,21 80uM,20 and 100uM18 or no warfarin.  

 

 Y139F L120G L128G L128S L128R V29L R58G W59R R35P V45A R33P 

WIE 0.25 0.55 0.82 0.82 0.90 0.87 0.98 1 0.88 0.98 0.69 

 

Table 6.1:  WIE on VKOR based on the mutations studied.  The lower the WIE is, the more 

effective warfarin is at inhibiting VKOR activity. 
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6.4 hVKOR Model Studies 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: (left) Overlap between synVKOR (yellow) and hVKOR homologue Model 1(blue). 

(right) Model 1 adopted from Oldenburg2017. 245  The highlighted regions in the structure are 

of the amino acids that will be studied using mutation.  RMSD of the overlap between synVKOR 

(yellow) and hVKOR homologue Model 1(blue) is 0.666 Angstrom. 

 

The homologue of bacterial VKOR, synVKOR, has been found (Figure 6.4, left),247 but the 

structure of hVKOR is still being investigated due to difficulty in crystallization. The challenge 

today is that the mechanism of action and binding regions of warfarin and k vitamers remain 

elusive. 
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The First step to this study is to validate the hVKOR homology model built by Oldenburg 

and coworkers.245  We chose this structure to compare to since this is the most recently studied 

hVKOR model over another model.258  We have determined an alternative homology model using 

DESTINI (Deep Structural Inference for Proteins),259 a deep learning protein structure predictor.   

 

6.5 Warfarin Docking Studies 

 Oldenburg suggested that there are multiple 

binding modes for warfarin to their model, where 

mutations are found within these modes clustering 

between three interfaces.260  They suggest that the most 

preferred binding site is due to Phe55 (Figure 6.5), but in 

the synVKOR sequence, Phe is not conserved.  Rather, a 

Leu takes that position in the bacterial crystal structure, 

which would result in a difference in binding affinities of 

KO to VKORs.   

We used our homology model and searched for potential binding pockets using 

FINDSITEcomb2.0.261  We docked warfarin into these pockets using Autodock Vina,262 compared the 

electrostatic potential and overlap distance of both warfarin and the binding pockets.  We found 

that binding site 1 is the most probable docking site for warfarin since the in vitro data collected 

supports that prediction. 

 

Figure 6.5: Warfarin docked 
onto hVKOR image from 

Oldenburg and coworkers 
result; Ph55 in red.3 
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2.8 

6.6 Chemistry of Warfarin 

 

 

 

 

 

 

 

Figure 6.6: (top) Ground state structure, (left) surface electrostatic potential, and (right) 

surface overlap distance of s-warfarin. 

 

S-Warfarin is 2-5 times more potent than R-isomer in producing an anticoagulant 

response.232, 263-264  Due to warfarin’s Pka being close to 5,265  it is more likely to deprotonated in 

a biological media. We used the deprotonated form of warfarin to analyze its electrostatic 

potential and overlap distance maps as seen in Figure 6.6. The most negative charge is located 

on the carbonyl attached to the ring.  This site appears to draw the electron density away from 

-0.08 

0.05 3.7 
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its neighboring oxygen, causing what is shown a less negative charge in that region.  This carbonyl 

more likely participates in electron donation more so than the other oxygen containing groups 

of the molecule.  The isolated carbonyl group attached to the alkyl chain also experiences a slight 

negative charge, but not as negative as the carbonyl on the ring.  This site may also participate in 

hydrogen bonding.  The overlap distance shows that all the oxygen atoms in the system have the 

largest orbitals, where the electrons are more likely extended enough to participate in electron 

donation.   

 

6.7 hVKOR Competing Homology Modeling 

 

Figure 6.7: Overlap between Oldenburg’s model3 (blue) to DESTINI’s model (yellow) of 

VKOR.  RMSD between the two structures is 0.730 Angstrom. 
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Many have argued that a 3 TM structure is the more likely conformation of this 

enzyme,241-243 but a 4TM structure is more plausible due to the placement of important residues.  

The residues that align well in the 4 TM structure include the CXXC motif, conserved 

serine/threonine in the ½-helix, and 2 cysteines in the 1/2-segment.246-247  This topology of the 

residues allows the transfer of reducing equivalents from the trx-like redox partner, to the loop 

cysteines, to the active site cystines, and finally to the quinone in VKOR.266  Another indication 

for hVKOR having 4 TM helices is that it aligns the structure to that of synVKOR, where the 

warfarin resistant residues map to the same mutations as one another.  Our results confirm 

hVKOR is a 4 TM structure.   

Our hVKOR model compares to Oldenburg’s model3 as seen in Figure 6.7.  We used DESTINI 

to produce our homology model, which produced a similar structure. One key difference is the 

start and end of the protein, where our prediction gives more random coils than helices 

compared to Oldenburg’s model.  Our prediction shows that the C-terminus of the protein comes 

back up again, which compares to the synVKOR’s fifth TM helix.  The alpha helical regions of the 

proteins match almost identically to one another, with a RMSD value of 0.730 Angstrom between 

the two structures.  This RMSD value is fairly small, which may be due to the similarity of 

YASARA267 (use by Oldenburg) and DESTINI protein modeling through a template based 

approach.  The advantage of DESTINI over YASARA is that it includes an extra factor to the 

homology modeling, which is through contact predictions.  DESTINI can later model each of the 

mutant structures to test their binding with KO, warfarin, and other potential drugs 
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6.8 hVKOR Predicted Binding Sites 

 

Figure 6.8: Binding predictions of warfarin to hVKOR homology model.  The highlighted green 

and labeled amino acids are the mutants studied here.  Binding sites are ordered based on the 

FINDSITEcomb predicted ligand binding affinity.  The rank is ordered from highest to lowest 

binding from the color of warfarin: pastel blue on site 1, purple on site 2, green on site 3, 

orange on site 4, and white on site 5. 

 

There have been ongoing disagreements on how warfarin inhibits VKOR, where studies 

have shown that the inhibition is either competitive or non-competitive.  Experimental results 

have determined that warfarin binds non-competitively to VKOR,248, 268-271 but the crystal 

structure of the enzyme247 shows only one site for occupying either KO or warfarin.272  Not only 

that, but the two structures of synVKOR and hVKOR homology model3 are similar, where there is 
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a high chance of them binding to the same region.  Oldenburg and coworkers245 challenge the 

current literature that warfarin binding to VKOR is noncompetitive, even while the mechanism 

of action of VKAs and both K vitamers are unknown.  They suggest that K, KO and warfarin bind 

to the same region in VKOR by in silico studies.   

Our results through FINDSITEcomb found five cavities where potential ligands may bind.  

Figure 6.8 shows the hVKOR homology model docked with warfarin on these five sites using 

Autodock Vina. The highlighted green regions labeled amino acids are the mutations studied 

here.  The binding sites are docked with warfarin and are labeled from most to least favorable 

are pastel blue on site 1, purple on site 2, green on site 3, orange on site 4, and white on site 5.  

The Autodock Vina docking scores are reported in Table 6.2.  The results from the FINDSITEcomb 

and Autodock Vina do not match exactly (trend from most to least favorable site). FINDSITEcomb 

ranks their binding sites according to comparative homology receptor and potential ligand 

screening, which does not directly use warfarin to rank these sites, but multiple drugs including 

warfarin. Based on the in vitro studies analyzed previously, warfarin activity was drastically 

lowered when Tyr139Phe and Leu120Gln mutations have taken place.  Binding site 1 involves 

these amino acids in its proximity, which may mean that binding site 1 is the most probable 

location for warfarin to bind to.  ONIOM calculations were also done to analyze the stability of 

warfarin docking into these five sites, where the results confirm that FINDSITEcomb found 

reasonable “pockets” for warfarin to dock to.  

Our predicted binding site 1 involves hydrogen bonding interactions of Ser117, Glu67, and 

Asn142 to warfarin’s ester carbonyl in the naphthalene ring, carbonyl in the naphthalene ring, 

and ketone on the side chain respectively.  There are also noncovalent interactions involving 
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Leu120, Thr138, and Leu70 to the oxygen containing side of the naphthalene ring, the other side 

of the naphthalene ring, and to the phenyl ring respectively. 

 

Site 1 Site 2 Site 3 Site 4 Site 5 

-8.4 -3.0 -6.5 -5.4 -4.2 

Table 6.2:  Docking scores of every position warfarin is docked in kcal/mol. 

 

 

Figure 6.9: Warfarin docked onto binding site 1 of hVKOR homology model. (left) electrostatic 

potential from -0.15 au (red) to 0.10 au (blue); (right) overlap distance 𝐷(𝑟) from 2.8 bohr (red) 

to 3.4 bohr (blue). The warfarin molecule in the pocket (low-level layer) is shown using ball-and-

stick model. This orientation of the complex is selected as it highlights the chemically most 

interesting regions. 
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The electrostatic potential and overlap distance are shown on Figure 6.9 for binding site 1 

with warfarin bounded to that cavity.  When the electrostatic potential map is analyzed, there 

was no surprise in the results since the regions that correspond with a positive electrostatic 

potential interact with the oxygen atoms on warfarin.  Phe139 has a negative electrostatic charge 

on that site due to the amino acid having an alcohol group, but that interaction is through 

hydrogen bonding with the ester on the ring on warfarin. 

The overlap distance provides an additional picture of how the ligand interacts with the 

protein.  Figure 6.10 shows an in-focus view of the ester’s carbonyl on warfarin’s ring interacting 

with a smaller overlap distance on VKOR homology model.  The other oxygen atoms on warfarin 

interact with a larger overlap distance, which is why we are not focusing on those sites.  The 

smaller overlap distance for this site is due to serine being in this region, which hydrogen bonds 

to the ester on warfarin. 

 

6.9 hVKOR Mutation Predicted Effects on Binding Site Mutations 

 The first type of mutation we examine is the amino acids located at the proposed binding 

site according to Oldenburg and coworkers.3  For Tyr139Phe, an alcohol group is removed from 

the para position of a phenyl group.  This removes any potential hydrogen bonding donation from 

this position.  This mutation causes VKOR to become more active than the WT for both with and 

without warfarin present.  The activity of the enzyme can be explained with two reasons: 

removing the alcohol group opens up space for the enzyme to bind more favorably to KO and it 

also reduces the binding interaction with warfarin since the drug may require hydrogen bonding 
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interactions.273  Mutation of Tyr139Phe/Cys/Ser has been shown to produce a byproduct of 3-

OH-vit K1, where Tyr139 can be involved in the protonation of the hydroxyl group.274 

 

 

Figure 6.10: An in-focused and highlighted region of warfarin bound to site 1 on hVKOR model.  

The red box highlights the carbonyl on warfarin interacting with a region in the protein that has 

a smaller overlap distance 𝐷(𝑟).  This specific site has a small orbital overlap, which is a serine 

that hydrogen bonds to warfarin.  

 

 The next type of mutation in the binding site is Leu120Gln.  This mutation is where an 

isobutyl group is replaced by a propaneamide.  The mutation causes a large decrease in relative 

activity when there is no warfarin,251 but the change in relative activity is much smaller when we 

compare it to the WT with 100uM warfarin.  This mutation introduces a larger chain and 
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hydrogen bonding into the enzyme.  Hydrophobic interactions in this position may be required 

for appropriate VKOR activity and warfarin inhibition.  

The next mutation considered is Leu128/Ser/Arg.  Leu128Gln VKOR activity is reduced to 

50% without the presence of warfarin, but its activity is still higher than Leu120Gln, meaning the 

binding site may not be as crowded as the substitution on 120.  A higher activity can also mean 

that the introduction of hydrogen bonding may have increased the activity.  Leu128Ser has an 

even lower relative VKOR activity compared to a Gln mutation.  Replacing the isobutyl group with 

a methyl alcohol could have removed the hydrophobic interactions and caused a decrease in 

activity.  It was also found that warfarin was less tightly bound and VKOR inhibition was 

reversible.275  Leu128Arg had an even lower relative activity, where the addition of propyl 

guanidine could be too sterically hindered as compared to the other substitutions. This mutation 

caused the lowest VKOR activity without warfarin out of all the mutations studied.  Patient 

studies have also been found to need to increase their VKA requirement to maintain normal 

clotting times.254  

 The last mutation in the binding site is Val29Leu.  This mutation is the replacement of an 

isopropyl group with an isobutyl group.  The activity is slightly lowered with this mutation, both 

with and without warfarin, which may have to do with steric hindrance, but not too significantly 

where it alters the activity. 

 

6.10 hVKOR Mutation Predicted Effects on Conformational Change Mutations 

 The next few mutations we examine have been shown to disturb the ½-helix, where it 

acts as a lid for the active site.247, 255  The following mutations would presumably cause the 
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calculated conformation to vary substantially compared to the WT.  Arg58Gly is where a propyl 

guanidine is replaced by a hydrogen.  The activities both with and without warfarin are 

decreased, where removing guanidine removed possible hydrogen bonding guanidine 

contributed to, which may cause the ½-helix to no longer fold over as a lid.247, 255  Patients have 

been studied with this mutation where their required dosage of warfarin is 220-250mg/week 

versus a normal dosage of 10-60mg/week.253-254 

 Trp59Arg replaces a methyl indole with a propyl guanidium.  Methyl indole is a nonpolar 

aromatic amino acid, while propyl guanidium is polar and has multiple locations for hydrogen 

bond donation.  The relative activities are lowered substantially compared to the WT values, 

which may have to do with changing the polarity of the side chain. 

 The next few mutations studied are located away from the binding site.  The first mutation 

is Arg35Pro, where a propyl guanidine is replaced with a pyrrolidine side chain.  This side chain is 

nonpolar and much shorter than the guanidine side chain, which can be the reason for the 

decrease in activity since guanidine is a polar group.  Patient studies have shown that this 

mutation causes warfarin to bind less tightly and causes the inhibition of VKOR to be 

reversible.276-277 

 Val45Ala is where an isopropyl side chain is replaced by a methyl group.  The relative 

activity here surprisingly is much lower than the WT, considering that the only change is very 

slightly to the side chain.  What may be happening is that the exact size of the isopropyl group is 

needed for a hydrophobic interaction.  Patient studies have shown that an increase of warfarin 

is required to maintain normal clotting times.254 



82 
 

The last mutation studied is Arg33Pro.  This mutation is the replacement of a propyl 

guanidium with a pyrrolidine.  VKOR activity is cut by half when no warfarin is involved while 

introduction of warfarin gives the same relative activity as WT.  This would mean that warfarin 

binding may not be altered, while KO binding is lowered. 

 

6.11 Future Directions  

The next step to this study is to generate structures of mutant hVKOR to compare to WT 

hVKOR model.  We will then run FINDSITEcomb to scan cavities in the mutant hVKOR models and 

compare these cavities to our WT hVKOR model’s binding site 1.  The next step is to dock warfarin 

to these sites and quantify the computed binding affinities for each of the mutant hVKOR docked 

with warfarin.  We will compare these quantities to the in vitro experimental results’ relative 

activities on Table 6.1. 

We can develop new VKAs based on the results acquired from this study to improve the 

efficacy of the drug on mutated hVKOR.  This improvement will help those patients with warfarin 

resistance through hVKOR mutations by lowering the dosage of the new VKA needed to acquire 

the desired results.    

 The other drugs that can be developed through these studies are superwarfarins.  

Superwarfarins have been shown to be very effective as a rodenticide in small doses, with a high 

partition coefficient and a substantially low IC50.278  A drug that is considered a superwarfarin 

may not be an ideal medicine due to exceedingly long biological half-lives being greater than 20 

days while warfarin has a half-life of 15-48 hours.279  IC50 values of published warfarin 
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derivatives280 can be compared to their relative binding with hVKOR.  This study can potentially 

expand the knowledge of how changing the substituents of warfarin changes scoring values, 

leading to a structure that can be more favorable than warfarin as an inhibitor.   

 

6.12 Computational Details  

Electrostatic potentials and the orbital overlap distance were evaluated using the Gaussian 

suite of programs.90  Electrostatic potential of warfarin-s was computed in vacuum.70 warfarin 

and hVKOR homology model “surfaces” were taken to be the 0.001 e/bohr3 density isosurface,281 

which encompasses approximately 96% of the electronic charge.26 Electrostatic potentials and 

overlap distances of the hVKOR homology model is visualized using VMD version 1.9.3.175  

The ground-state structure of deprotonated s-warfarin was determined using B3LYP/6-

311+G(d,p)282 method and basis set using Gaussian09 suite of programs (Figure 6.6).90 hVKOR 

structural prediction was done using DESTINI,259 the binding site pockets predictions were done 

using FINDSITEcomb,3 and warfarin docking orientations were predicted using Autodock Vina262 

(Vina) scoring functions. Autodock Vina uses a rigid receptor and flexible ligand docking algorithm 

to better predict favorable binding interactions between the rigid side chains and the flexible 

ligand. 

ONIOM optimization calculations of warfarin binding stability to the five sites studied 

used HF/3-21G basis set for warfarin and UFF283 on the protein.  These calculations were used to 

confirm that the binding sites predicted by FINDSITEcomb can serve as docking sites for warfarin. 
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The calculations to generate the images on Figure 6.9 are as follows.  We used the DESTINI 

homology structure and bound warfarin to binding site 1 (found by FINDSITEcomb) using Autodock 

Vina. We used the AmberTools284 package to add hydrogen atoms at neutral pH.  The ONIOM 

high level layer for the protein site was selected by first including all atoms 8 Angstrom from 

center of the ligand bound then by terminating at single bond links. The dangling bonds were 

terminated using H atoms.  The calculations were carried out using B3LYP/6-31G(d,p) for High 

level layer and UFF283 for low level layer.   
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Appendix A 

 

Electronic Structure Theory 

The goal for most quantum chemical calculations is to find the solution to the time-

independent Schrodinger equation: 

 

�̂�𝜓(�⃗�1, �⃗�2 … �⃗�𝑁,�⃗⃗�1, �⃗⃗�2 … �⃗⃗�𝑀) = 𝐸𝑖𝜓(�⃗�1, �⃗�2 … �⃗�𝑁 , �⃗⃗�1, �⃗⃗�2 … �⃗⃗�𝑀) 

Equation A.1 
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Equation A.2 

 

Where �̂� is the Hamiltonian operator corresponding to the total energy in the system and 

∇𝐴
2 is the Laplacian operator that is a sum of differential operators. 
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  �⃗�𝑖  and �⃗⃗�𝑖 are the spatial and spin coordinates of the electron and spatial coordinates of 

the nuclei respectively.  𝑟𝑖𝐴, 𝑟𝑖𝑗, 𝑎𝑛𝑑 𝑅𝐴𝐵 are the distances between each of the electron and 

nucleus, two electrons, and two nuclei.  𝑀𝐴 is the mass of the nucleus and 𝑍𝑀 is the charge of 

the nucleus. �̂� is a differential operator for both the kinetic and potential energy between the 

electrons and nuclei in the molecule.  The operator acts on the wave function 𝜓𝑖(𝑟1, 𝑟2 … 𝑟𝑁), 

which in turn solves the total energy and recovers the wave function.  The wave function contains 

all the information of the quantum system studied. 

In order to save on computational cost, the Hamiltonian operator can be simplified using 

the Born-Oppenheimer approximation, which reduces the Hamiltonian to the electronic term.   

 

�̂�𝑒𝑙𝑒𝑐 = −
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∑ ∇𝑖
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− ∑ ∑
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∑ ∑
1

𝑟𝑖𝑗

𝑁

𝑗>𝑖

𝑁

𝑖=1

= �̂� + 𝑣𝑁𝑒 + 𝑣𝑒𝑒 

Equation A.3 

 

In this approximation, the nuclei move much slower in comparison to the electrons.  In 

other words, the nuclei are considered fixed in comparison to the movement of electrons, thus 

giving a total kinetic energy of zero and potential energy to be constant for nucleus-nucleus 

repulsion. 
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Many Electron Wave Function 

 

𝜓(�⃗�1, �⃗�2 … �⃗�𝑁) = 𝜒1(�⃗�1)𝜒2(�⃗�2) … 𝜒𝑁(�⃗�𝑁) 

Equation A.4 

 

Electrons in the wave function are indistinguishable, where exchanging the coordinates of any 

two or more electrons does not change the observable. 

 

𝜓(�⃗�2, �⃗�1 … �⃗�𝑁) = 𝑃𝜒1(�⃗�2)𝜒2(�⃗�1) … 𝜒𝑁(�⃗�𝑁) 

Equation A.5 

 

P is a permutation in the electron coordinates.  There are only two types of particles in 

nature that can describe the wave function as being symmetric (Bosons) or antisymmetric 

(Fermions).  Electrons are Fermions with spin=1/2, so the exchange of the two electrons will 

cause a sign change in the wave function.  This is based on the Pauli exclusion principle, where 

the set of two electrons may not have the same quantum numbers. This gives rise to the Slater 

Determinant: 
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𝜓(�⃗�1, �⃗�2 … �⃗�𝑁) = 𝜙𝑆𝐷 =
1

√𝑁!
|

𝜒1(�⃗�1) 𝜒2(�⃗�1) ⋯ 𝜒𝑁(�⃗�1)

𝜒1(�⃗�2) 𝜒2(�⃗�2) … 𝜒𝑁(�⃗�2)
⋮

𝜒1(�⃗�𝑁)
⋮

𝜒2(�⃗�𝑁)
⋮

… 𝜒𝑁(�⃗�𝑁)

| 

Equation A.6 

 

The slater equation preserves the antisymmetry of electrons, where the exchange of the 

spatial coordinates of two electrons will cause a permutation. 

For example, a system of two electrons in two orbitals  

 

𝜓(�⃗�1, �⃗�2) = 𝜙𝑆𝐷 =
1

√2!
|
𝜒1(�⃗�1) 𝜒2(�⃗�1)

𝜒1(�⃗�2) 𝜒2(�⃗�2)
| =

1

2
(𝜒1(�⃗�1)𝜒2(�⃗�2) − 𝜒1(�⃗�2)𝜒2(�⃗�1)) 

Equation A.7 

 

Hartree-Fock Approximation 

The HF approximation uses the variational principle, which systematically approaches 

the wave function of the ground state.  It does this by minimizing E0 with respect of the wave 

function, resulting in EHF.  

𝐸𝐻𝐹 = min
𝜙𝑆𝐷→𝑁

𝐸[𝜙𝑆𝐷] 

Equation A.8 
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The Fock operator is a one-electron operator, where the first two terms are the kinetic 

and potential energy.  𝑉𝐻𝐹(𝑖) is the Hartree-Fock potential, which is the average repulsion felt by 

the i’th electron from the other N-1 electrons.   

 

𝑓𝑖 = −
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2 − ∑
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Equation A.9 
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Equations A.10 
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The operator (𝑖|ℎ̂|𝑖) defines the contribution of the kinetic and electron-nucleus 

attraction, (𝑖𝑖|𝑗𝑗) is the Coulomb integral, and (𝑖𝑗|𝑗𝑖) is the exchange integral.  The Coulomb 

integral provides the average Coulomb repulsion felt by the first electron from a second electron 

in the second integral.  The exchange integral is an artifact of the antisymmetry of the Slater 

determinant and applies to all fermions.   

 

Restricted and Unrestricted Hartree-Fock 

RHF method treats closed shell systems very well, where two spin orbitals will have the 

same orbital energy.  For open-shelled systems such as radicals, excited state atoms/molecules, 

and the hydrogen atom, RHF needs to be generalized to the restricted open-shell case, where 

the highest energy spatial orbitals are singly occupied and the others are doubly occupied.  

Therefore, ROHF and UHF would apply here.  ROHF follows the RHF method in treating the paired 

electrons as being in the same orbital, but the unpaired electrons are in a different orbital.  UHF 

puts all of the electrons in a different orbitals, creating different orbital energies for each 

electron.  For example, if a lithium atom is evaluated using UHF and ROHF, ROHF will have two 

degenerate 1s orbitals and one 2s orbital while UHF will generate a different orbital for each of 

the three electrons.   

One of the downfalls to HF theory is that electron correlation effects are approximated in 

the potential energy 𝑣𝐻𝐹.  It takes the average repulsive potential experienced by one electron 

due to the other electrons in the system, taking the electron-electron repulsion in an average 

way. 
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Møller-Plesset 

MP is a post-Hartree-Fock method that improves the electron correlation by using 

perturbation theory.  

�̂� = �̂�0 + 𝜆𝑉 

Equation A.11 

Where �̂�0 is the HF Hamiltonian operator and 𝜆 is an ordering parameter multiplied 

with the pertubation 𝑉.  By expanding the exact eigenfunction and eigenvalues in a Taylor 

series in 𝜆, giving the following relations. 

 

𝐸 = 𝐸(0) + 𝜆𝐸(1) + 𝜆2𝐸(2) + ⋯ 

𝜓 = 𝜓(0) + 𝜆𝜓(1) + 𝜆2𝜓(2) + ⋯ 

Equation A.12 
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By substituting Eq. A.12 into Eq. A11 and equating coefficients of 𝜆𝑛 

 

�̂�0|𝜓(0)⟩ = 𝐸(0)|𝜓(0)⟩, 𝑛 = 0 

�̂�0|𝜓(1) + 𝑉|𝜓(0)⟩ = 𝐸(0)|𝜓(1)⟩ + 𝐸(1)|𝜓(0)⟩, 𝑛 = 1 

�̂�0|𝜓(2) + 𝑉|𝜓(1)⟩ = 𝐸(0)|𝜓(2)⟩ + 𝐸(1)|𝜓(1)⟩ + 𝐸(2)|𝜓(0)⟩, 𝑛 = 2 

�̂�0|𝜓(3) + 𝑉|𝜓(2)⟩ = 𝐸(0)|𝜓(3)⟩ + 𝐸(1)|𝜓(2)⟩ + 𝐸(2)|𝜓(1)⟩ +  𝐸(3)|𝜓(0)⟩, 𝑛 = 3 

⋮ 

Equation A.13 

 

Then multiplying with 𝜓(0) and applying the orthogonality relation 

 

𝐸(0) = ⟨𝜓(0)|�̂�0|𝜓(0)⟩ 

𝐸(1) = ⟨𝜓(0)|𝑉|𝜓(0)⟩ 

𝐸(2) = ⟨𝜓(0)|𝑉|𝜓(1)⟩ 

𝐸(3) = ⟨𝜓(0)|𝑉|𝜓(2)⟩ 

⋮ 

Equation A.14 
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The MP energy is corrected through the perturbation theory, resulting in the following  

 

�̂� = �̂�0 + 𝑉 

𝑉 = ∑ 𝑟𝑖𝑗
−1

𝑖<𝑗

− ∑ 𝑣𝐻𝐹

𝑖

 

Equation A.15 

 

�̂�0 is the HF Hamiltonian operator and 𝑣𝐻𝐹  is the HF potential energy.  When applying the 

first order energy from the perturbation equations, we get the corrected (MP1) energy. 

 

𝐸 = 𝐸(0) + 𝐸(1) = 𝐸(0) + ⟨𝜓(0)|𝑉|𝜓(0)⟩ = 𝐸(0) −
1

2
∑⟨𝑎𝑏||𝑎𝑏⟩

𝑎𝑏

 

Equation A.16 

where 

⟨𝑎𝑏||𝑎𝑏⟩ = ⟨𝑎𝑏|𝑎𝑏⟩ − ⟨𝑎𝑏|𝑏𝑎⟩

= ∫ ∫ 𝜒𝑎
∗ (�⃗�1)𝜒𝑏

∗(�⃗�2)
1

𝑟12
[𝜒𝑎

∗ (�⃗�1)𝜒𝑏
∗(�⃗�2) − 𝜒𝑏

∗(�⃗�1)𝜒𝑎
∗ (�⃗�2)]𝑑�⃗�1𝑑�⃗�2 

 

Following the same procedures, the second order corrected (MP2) energy is 
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𝐸 = 𝐸(0) + 𝐸(1) + 𝐸(2) = 𝐸(0) + ⟨𝜓(0)|𝑉|𝜓(0)⟩ + ⟨𝜓(0)|𝑉|𝜓(1)⟩ 

⟨𝜓(0)|𝑉|𝜓(1)⟩ =
1

4
∑

⟨𝑎𝑏||𝑟𝑠⟩2

𝜀𝑎 + 𝜀𝑏 − 𝜀𝑟 − 𝜀𝑠
𝑎𝑏𝑟𝑠

 

Equation A.17 

 

Where 𝜀𝑎 and 𝜀𝑏 are the occupied spin orbital energy while 𝜀𝑟 and 𝜀𝑠 are the unoccupied 

spin orbitals. 

Density Functional Theory (DFT) 

The wave function is not an observable, meaning it can not be measured experimentally.  

Squaring the wave function gives the probability that the electrons in the system are found 

simultaneously in the desired volume elements. 

 

|𝜓(�⃗�1, �⃗�2 … �⃗�𝑁)|2𝑑�⃗�1𝑑�⃗�2 … 𝑑�⃗�𝑁 

Equation A.18 

 

we get the electron density 

𝜌(𝑟1) = 𝑁 ∫ … ∫|𝜓(�⃗�1, �⃗�2 … �⃗�𝑁)|2𝑑𝑠1𝑑�⃗�2 … 𝑑�⃗�𝑁 

Equation A.19 
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Where integrating the electron density gives the number of electrons in the system 

 

∫ 𝜌(𝑟1) 𝑑𝑟1 = 𝑁 

Equation A.20 

 

The electron density gives the probability of finding any of the electrons within their 

designated volume element with arbitrary spin.  The x coordinates provides the spatial 

coordinates 𝑟𝑖 and the spin coordinate 𝑠𝑖.  Unlike the wave function, the electron density is an 

observable, where it can be measured experimentally such as in X-ray diffraction. 

All modern day DFT is based on  the two theorems from Hohenberg-Kohn.  The first 

theorem states that “the external potential 𝑉𝑒𝑥𝑡(𝑟) is (to within a constant) a unique function 

of 𝜌(𝑟); since, in turn 𝑉𝑒𝑥𝑡(𝑟) fixes �̂� we see that the full many particle ground state is a unique 

functional of 𝜌(𝑟).” This results to the following equation where the ground state energy is a 

functional of the ground state electron density. 

𝐸0[𝜌0] = 𝑇[𝜌0] + 𝐸𝑒𝑒[𝜌0] + 𝐸𝑁𝑒[𝜌0] = ∫ 𝜌0(𝑟)𝑉𝑁𝑒𝑑𝑟 + 𝐹𝐻𝐾[𝜌0] 

𝐹𝐻𝐾[𝜌] = 𝑇[𝜌] + 𝐸𝑒𝑒[𝜌] = ⟨𝜓|�̂� + �̂�𝑒𝑒|𝜓⟩ 

Equation A.21 
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𝐸𝑁𝑒[𝜌0] is the external potential from the nuclei and electron, 𝑇[𝜌] is the functional for 

kinetic energy, and 𝐸𝑒𝑒[𝜌] is the functional for electron-electron interaction. 

The second theorem states that the functional 𝐹𝐻𝐾[𝜌] delivers the ground state energy 

of the system if the density is the true ground state density 𝜌0.  This theorem uses the 

variational principle with trial density to define its own Hamiltonian, then wave function.   

 

⟨�̃�|�̂�|�̃�⟩ = 𝑇[�̃�] + 𝑉𝑒𝑒[�̃�] + ∫ �̃�(𝑟)𝑉𝑒𝑥𝑡𝑑𝑟 + 𝐹𝐻𝐾 = 𝐸[�̃�] ≥ 𝐸0[𝜌0] = ⟨𝜓|�̂�|𝜓⟩ 

Equation A.22 

 

Local Spin Density Approximation 

A class of approximations using DFT method is the LDA, which uses a UEG to model the 

density at each point in space.  The use of UEG model for density is useful for bulk transition 

metals and simple metals such a sodium, but this method can not model the real system of typical 

atoms and molecules.  The benefit in this approach is that the exchange and correlation energies 

are known.    
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𝐸𝑋𝐶
𝐿𝐷𝐴[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜀𝑋𝐶(𝜌(𝑟))𝑑𝑟 

𝐸𝑋
𝐿𝐷𝐴[𝜌(𝑟)] = −

3

4
(

3

𝜋
)

1
3⁄

∫ 𝜌(𝑟)
4

3⁄ 𝑑𝑟 

Equation A.23 

 

𝜀𝑋𝐶(𝜌(𝑟)) is the exchange-correlation energy per particle in the UEG of density 𝜌(𝑟).  It 

is weighed with the probability, 𝜌(𝑟), of an electron being in that space.  𝐸𝑋
𝐿𝐷𝐴 is the exchange-

energy density of the UEG.   

For the unrestricted case of open-shelled systems, the electron density is replaced with 

spin densities.  The following expression is for the LSDA: 

 

𝐸𝑋𝐶
𝐿𝑆𝐷𝐴[𝜌𝛼, 𝜌𝛽] = ∫ 𝜌(𝑟)𝜀𝑋𝐶 (𝜌𝛼(𝑟), 𝜌𝛽(𝑟)) 𝑑𝑟 

Equation A.24 

 

Generalized Gradient Approximation 

LDA is further improved by considering the gradient of the electron density, ∇𝜌, through 

GGA.  Simple GGA functional approximations have proven to give reasonable accuracy for 

electron correlation.  
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𝐸𝑋𝐶
𝐺𝐺𝐴[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜀𝑋𝐶

𝐺𝐺𝐴(𝜌(𝑟), ∇𝜌(𝑟))𝑑𝑟 

Equation A.25 

  

PBE improved the GGA upon the LSD description of molecules.   

 

𝐸𝑋𝐶
𝑃𝐵𝐸[𝜌(𝑟)] = ∫ 𝜌(𝑟)𝜀𝑋(𝜌(𝑟))𝐹𝑋𝐶(𝑟𝑠, 𝜁, 𝑠)𝑑𝑟 

𝐹𝑋(𝑠) = 1 + 𝜅 −
𝜅

1 +
𝜇𝑠2

𝜅

 

𝑠 =
|∇𝜌(𝑟)|

2𝑘𝐹𝜌(𝑟)
 

Equation A.26 

 

Where 𝜇=0.235 and 𝜅=0.804, which are exact constraints and 𝑘𝐹 is a Fermi wave vector 

equaling to (3𝜋2𝜌(𝑟))
1

3⁄ . 

Hybrid Functional 

Hybrid functional incorporate the exact exchange from HF theory.  It uses Kohn-Sham 

orbitals instead of the gradient density.  A popular method is the B3LYP hybrid functional, which 

uses the three parameter exchange correlation functional mixing the exact exchange of HF 
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exchange correlation and Lee, Yang, and Parr correlation functional that recovers the dynamic 

electron correlation. 

 

𝐸𝑋𝐶
𝐵3𝐿𝑌𝑃 = (1 − 𝑎)𝐸𝑋

𝐿𝑆𝐷𝐴 + 𝑎𝐸𝑋𝐶
𝜆=0 + 𝑏𝐸𝑋

𝐵88 + 𝑐𝐸𝐶
𝐿𝑌𝑃 + (1 − 𝑐)𝐸𝐶

𝐿𝑆𝐷𝐴 

Equation A.27 

 

Where a=0.20, b=0.72, and c=0.81, 𝜆 = 0 is an interaction free system. 

 

Basis Sets 

Basis sets are used in quantum chemistry to describe molecular orbitals, where they are 

composed of finite set of functions.  The higher the number of basis functions used on the system 

gives a more accurate result that describes the molecular orbitals.  The downfall to increasing the 

number of basis functions is that the computational cost becomes longer.  Basis functions are 

typically centered on atoms, but they have been placed in bonds and lone pairs.  The first basis 

functions used were STOs, since they resembled the eigenfunctions in the hydrogen atom. 

 

𝑆𝑛𝑙𝑚
𝜁 (𝑟, 𝜗, 𝜑) = 𝑁𝑟𝑛−1𝑒−𝜁𝑟𝑌𝑙

𝑚(𝜗, 𝜑) 

Equation A.28 
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Where N is the normalization factor and 𝑒−𝜁𝑟 is the decay of the wave function.   𝑌𝑙
𝑚(𝜗, 𝜑) 

are the spherical harmonics of the system with n, l, and m being the principal, orbital angular 

momentum, and magnetic quantum numbers respectively.   

STOs are approximated as linear combination of Gaussian type orbitals (GTOs): 

 

𝐺𝑖𝑗𝑘
𝛼,𝑅(𝑟) = 𝑁𝑖𝑗𝑘

𝛼 (𝑥 − 𝑅1)𝑖(𝑦 − 𝑅2)𝑗(𝑧 − 𝑅3)𝑘𝑒−𝛼(𝑟−𝑅)2
 

Equation A.29 

 

With 𝑁𝑖𝑗𝑘
𝛼  being the normalization factor, R is the center, 𝛼 is the exponent, and ijk are 

the cartesian coordinates.  The summation of the exponents, 𝑖 + 𝑗 + 𝑘 = 𝐿, give the orbital type 

being s (L=0), p (L=1), or d (L=2).  GTOs are not orbitals, they are simpler functions which are often 

called gaussian primitives.  It is obtained through quantum calculations and the exponents are 

typically varied until the lowest total energy of the atom is found.  

 

Basis Set Superposition Error 

BSSE is present in all molecular calculation that use finite basis sets, but the effects are 

much larger in weakly bound complexes.  BSSE becomes larger as atoms from two molecules 

approach one another, their basis functions overlap, where the monomer “borrows” functions 
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from their neighboring molecule.  The corrected relative interaction energy with counterpoise 

correction then becomes: 

 

𝐸𝐴𝐵
𝑐𝑐 = 𝐸𝐴𝐵(𝐺, 𝐴𝐵) + 𝑉𝐴𝐵

𝑐𝑐 + 𝑉𝐴𝐵(𝐺) 

𝑉𝐴𝐵
𝑐𝑐(𝐺) = 𝐸𝐴𝐵(𝐺, 𝐴𝐵) − 𝐸𝐴(𝐺, 𝐴𝐵) − 𝐸𝐵(𝐺, 𝐴𝐵) 

𝑉𝐴𝐵(𝐺) = 𝐸𝐴𝐵(𝐺, 𝐴𝐵) − 𝐸𝐴(𝐴) − 𝐸𝐵(𝐵) 

Equation A.30 

 

Where 𝑉𝐴𝐵
𝑐𝑐(𝐺) and 𝑉𝐴𝐵(𝐺) are the interaction energies with and without counterpoise 

correction respectively.  𝐸𝐴/𝐵(𝐺, 𝐴𝐵) are the total energies of the monomers A/B computed with 

the dimer basis set at geometry G and the geometry of the dimer.  This means that when 

calculating one of the monomers, the basis set of the other monomer is present, excluding the 

nuclei of the other monomer.  𝐸𝐴/𝐵(𝐴/𝐵) is the total energy of the monomer A/B with their 

monomer basis set.  
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ABSTRACT 

ORBITAL OVERLAP AS A TOOL IN COMPUTATIONAL DESIGN OF 
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There are two different aspects to this project, design and tool, which are later combined 

and applied to a final project to study protein binding sites.  

The first design aspects focus on building a receptor that will bind to trimethylamine N-

oxide (TMAO) in the body. Studies have shown that higher levels of TMAO increases the risk of 

cardiovascular diseases (CVD) and atherosclerosis. Here, a receptor is computationally built 

based on the binding between TorT and TMAO. 

The second design project is on lignin. In the pulping and biorefinery processes, lignin is 

disposed as a waste stream after lignocellulose’s other components (hemicellulose and cellulose) 

are extracted. Substituent effects of β-o-4 linkages were studied on lignin models along two 

reaction pathways: SN2 and E1.  

The last design project is on warfarin, which is the medicine of choice when it comes to 

treating blood clots since 1955. One of the many reasons for dosage variance is due to the 

makeup of each patient’s vitamin K epoxide reductase (VKOR) enzyme, which has been shown to 



 
 

mutate. To this day, human VKOR (hVKOR) has not been crystallized, and there have been 

ongoing disagreements on its structure and warfarin’s binding site. This study predicts hVKOR 

structure and the docking site for warfarin.  

The tool used here is the orbital overlap distance function 𝐷(𝑟⃗), which quantifies the size 

of molecular orbitals of system being studied. Chemically hard species with tightly bound 

electrons tend to have a smaller 𝐷(𝑟⃗) than a soft species with loosely bound electrons. Here, the 

orbital overlap distance is tested on F centers, which are singly occupied electron systems.  

Orbital overlap distance function is also applied onto protein binding sites and ligands. 

Typical analysis of protein molecules involves electrostatic and hydrophobic interaction maps, 

but the addition of the orbital overlap distance would be a useful tool to rationalize noncovalent 

interactions in a protein’s active site. In this study, a combination of 𝐷(𝑟⃗) and molecular 

electrostatic potential are used to rationalize noncovalent interactions in a protein’s active site. 

These studies can then be applied to designing an alternative drug to warfarin; where 𝐷(𝑟⃗) can 

justify whether warfarin and vitamin K 2,3-epoxide would bind to the predicted binding site. 

 

 

 


