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ABSTRACT 
 
 

Environmental and health problems associated with uranium extend well beyond 
its radioactive properties. Hexavelent uranium is a common environmental contaminant 
that reacts with water to form the dioxo-uranium cation, UO2

2+. Environmental uranium 
contamination is the result of a number of activities including uranium mining, 
production and use of depleted uranium for military purposes, storage and disposal of 
nuclear weaponry, and fuel for nuclear power plants. Despite the potential importance of 
the interaction of UO2

2+ with biologically relevant molecules, only limited molecular 
insight is available. In a recent publication, the presence of UO2

2+ in submicromolar 
concentrations was shown to affect ethanol metabolism in Pseudomonas spp. by 
displacing the Ca2+ of the pyrroloquinoline quinone (PQQ) cofactor. Accordingly, the 
interaction of UO2

2+with PQQ is used here as a starting point to carry out both an in vitro 
and in silico analysis of UO2

2+ and its interactions with biologically relevant cofactors 
and metabolites. This work represents a proposed molecular mechanism of uranium 
toxicity in bacteria, and has relevance for uranium toxicity in many living systems. The 
structural insights from modeling allow us to expand the scope of potential uranium 
toxicity to other systems by considering the favorable coordination mode to pyridine 
nitrogen adjacent to carboxylic and/or carbonyl groups. Consequently, the recent 
discovery of uranium toxicity at submicromolar levels in bacteria provides relevance to 
serious environmental and public health issues in the light of current EPA regulation of 
0.13 μM uranium limit in drinking water.  
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CHAPTER ONE 
 
 

INTRODUCTION 
 
 

As one of the actinide elements, uranium (U, atomic number of 92) is of great 

interest because of its application to nuclear power and military weapons.1  It is a toxic 

metal found naturally in the earth’s crust, and consequently, at a number of contaminated 

sites across the globe. U contamination sites are an emotive environmental problem, for 

these sites may pose significant human health and environmental threats.1,2  As a result, 

current research has directed the importance of investigating the fate and mobility of 

anthropogenic U contamination in the environment.3   

Identifying possible interactions of uranium with small biologically relevant 

molecules can provide insight into the effect that U contamination has on environmental 

systems at a molecular level. Computational modeling using density functional theory is 

a powerful tool that can be used to examine atomic scale interactions that are difficult to 

observe experimentally. Mechanistic pathways, intermediates, and structural details of 

possible interactions between uranium and biologically relevant molecules can therefore 

be examined. In the work presented here, the interaction of uranium with a bacterial 

dehydrogenase enzyme was evaluated with density functional theory-based modeling, 

coupled with in vitro experiments, to show a molecular basis for uranium toxicity. 
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Uranium  

 
Naturally occurring uranium makes up approximately 2-4 mg/kg of the earth's 

crust and is composed of 99.27% of the U238 isotope.4 Uranium is more plentiful than 

silver or tin, with an abundance equal to that of molybdenum or arsenic.4 Although in 

nature there are more than 100 different uranium ores, uranium typically occurs as the 

mixed oxide U3O8, in amorphous (pitchblende) or crystalline form (uraninite).4 Areas 

with the highest known concentrations of uranium reside in Kazakstan, Canada, and 

Australia, which account for 63% of the world uranium production.5  

Uranium is found most abundantly in the 4+ and 6+ oxidation states.  U6+ 

compounds present the greatest concern for environmental contamination due their 

solubility in water. U4+ is insoluble in water. In aqueous environments, U6+ reacts with 

water to form the uranyl cation (UO2
2+), 1 which presents the mostly likely form for 

environmental U contamination of drinking water and will be the main focus of this 

work.  

 
Environmental Contamination 

The wide use of uranium for industrial and military applications has increased the 

risk for U distribution in the environment and inevitably, the risk of exposure at toxic 

levels for living organisms.6,7  The three primary industrial processes that cause this 

redistribution are operations associated with the nuclear fuel cycle including the mining, 

milling, and processing of uranium ores or uranium end products; the production of 
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phosphate fertilizers for which the phosphorus is extracted from phosphate rocks 

containing uranium; and release of depleted uranium munitions from military weaponry.4 

On average, approximately 90 µg of uranium exists in the human body from 

intake of water, food and air.8 Normally, human intake of uranium from the environment 

is relatively low.  In air, human exposure is negligible, except for exposure to uranium 

oxide dust from areas of depleted uranium munition deployment for military use.8 Intake 

through drinking-water is also normally low, but not in areas near uranium mining and 

enrichment facilities.4 In circumstances in which uranium has been introduced into the 

environment, the majority of intake for the surrounding population will likely be through 

UO2
2+ mobility in groundwater.1  

Increased distribution of uranium into the environment, more specifically through 

groundwater, should be of concern considering there is known chemical toxicity 

associated with ingestion of uranium in the form of the UO2
2+ cation.6,7  However, 

toxicity mechanisms existing in the literature have yet to present a complete mechanism 

of UO2
2+ presence in living organisms on a molecular basis.  Published data concerning 

the mechanism of uranium interaction with proteins and metabolites at a molecular level 

are limited10-17 and few quantitative studies have investigated the binding properties of 

UO2
2+ with small biologically relevant molecules.16,18-25  

 
Coordination Chemistry 

Exploring uranium chemistry has given new insight into the coordination 

behavior and bonding interactions of actinide elements, allowing for the investigation of 

ionic and covalent metal–ligand interactions.26-34 The most extensively studied molecular 
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unit in uranium chemistry is UO2
2+.  UO2

2+ has received considerable interest due to its 

importance for environmental chemistry, as previously discussed, and its role as a 

benchmark system for larger actinides.27 UO2
2+ complexes can be thought of as 

derivatives of the cation, such as cationic [UO2(OH2)5]2+ ions, neutral [UO2(OPPh3)2Cl2] 

complexes, or anionic [UO2Cl4]2- ions.  Interestingly, all structures feature a trans-UO2 

grouping with the characteristically short U–O bonds (1.7–1.9 A° ).28 The bonding in this 

linear UO2
2+ unit is quite distinctive and is made up of a combination of d–p and f –p π 

interactions.26   

UO2
2+ is stable to moisture and oxygen and has distinct infrared spectroscopic 

features.28 A band appears from 920 to 980 cm–1 for the asymmetric O–U–O stretch and a 

band for the symmetric stretch can be viewed by Raman spectroscopy and appears at 860 

cm–1. This measure is important, as the frequency of the symmetric (v1) and asymmetric 

(v3) UO2 stretch is inversely proportional to the donor strength of the equatorial ligands 

which lie orthogonal to the UO2
2+ cation.35 Electronic absorption spectroscopy in the UV-

visible region additionally shows an absorption around 450 nm for the O=U=O unit and 

is identified by a vibrational fine structure typically associated with it.36 

UO2
2+ is only found coordinated in the plane equatorial to the axial oxygen atoms 

and coordination occurs by four, five or six coordinating ligands.37 If the ligands are 

monodentate donors, there are usually 4 of them, unless they are small, like F- or NCS-, 

when five can be accommodated. When bidentate ligands with small steric demands like 

NO3
-, CH3COO-, and CO3

2-, six donor atoms can surround the UO2
2+ group.38 In proteins, 

these ligands may be provided by oxygen atoms from carboxylate, carbonyl, phenolate, 
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and phosporyl groups as well as by nitrogen atoms from pyrrol, purine, and pyrimidine 

groups.  This information will aid in the identification of possible UO2
2+ binding sites of 

biologically relevant molecules in the work presented here. 

 
Toxicity Mechanisms 

The detrimental health interactions of uranium toxicity arise form biochemical 

reactions in vivo more often than from radiological effects.3  Yet, the existing toxicity 

mechanisms do not provide a complete scope of uranium presence in living organisms on 

a molecular basis. However, there is diverse insight on the toxicity mechanism of 

uranium in the literature with reports describing everything from human studies to 

peptide binding interactions.10, 18,39-47   

In humans, chronic uranium exposure has been shown to inhibit the synthesis of 

vitamin D, which is linked to bone metabolic disorder, and induce renal damage.39.  A 

mechanism has been presented that relates to the disruption of the first step of glycolysis 

in the renal system by UO2
2+ displacement of magnesium in the enzyme, hexokinase.45 

Once at the kidney, other molecular actions of UO2
2+ have been characterized as the 

disruption of the papr-aminohippurate transporter system and damage to the peritubular 

cell membrane.46,47 Additionally, UO2
2+  has been shown to alter acetylcholine and 

serotonin activities, as well as brain norepinepherine and epinephrine levels.40 UO2
2+  

complexes are also capable of inducing DNA strand breaks, oxidative stress, and 

genomic instability.41  

UO2
2+ coordination to blood plasma protein and cells has been studied in uranium 

miners in Hungary.48,49  The report indicated a fairly strong interaction for UO2
2+ -
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albumin complexes, and for UO2
2+  association with erythrocytes (red blood cells). The 

researchers also reported UO2
2+ -amino acid association constants and formation 

constants for UO2
2+ -DNA or UO2

2+ -RNA complexation.  Montavon et al. has 

consequently also quantified the interaction of UO2
2+with transferrin and albumin for 

speciation of high valent uranium in blood serum conditions using spectroscopic 

methods.17  

A pertinent investigation for the work presented here reported Ca2+ displacement 

by UO2
2+ on C-reactive protein (CRP), after a computational screen was used to identify 

UO2
2+ binding sites within a set of non-redundant protein structures.42 The search was 

motived by Le Clainche and Vita’s use of the calcium binding Site 1 of the protein 

calmodulin as a template to design a peptide that will bind to UO2
2+.43 CRP was chosen 

to be the source of the experimental investigation because its structure involves critical 

calcium ions in the binding of phosphorylcholine. Surface plasmon resonance assays 

confirmed that UO2
2+ binding to CRP prevents the calcium-mediated binding of 

phosphorylcholine, and the apparent affinity of UO2
2+ for native CRP was almost 100-

fold higher than that of Ca2+.42  

Other binding studies found in the literature include the report by Chinni et al 

stating that UO2
2+ might slow Mn(II) oxidation by inhibiting the Mn(II)-oxidizing 

enzyme in Bacillus sp. Strain SG-1.17 Competitive binding on the enzyme was believed 

to cause the decrease in Mn(II) oxidation. The presence of as little as 4 μM UO2
2+ was 

enough to cause an inhibition of oxidation.44 Pardoux et al studied UO2
2+ binding affinity 

in engineered calmodulin EF-Hand peptides as a way to improve our understanding of 
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the basis of uranium toxicity by characterizing the effect of phosphorylation.18 

Additionally, Anayev et al  confirmed a remarkable affinity and selectivity for UO2
2+ 

binding to the manganese site of the apo-water oxidation complex of photosystem II.10  

 
UO2

2+ Interaction with Pyrroloquinoline Quinone 

As stated, this work aims to evaluate the interaction of uranium with a bacterial 

dehydrogenase enzyme.  Accordingly, the foundation of this dissertation originates from 

the work by VanEngelen et al where the interaction of the pyrroloquinoline quinone 

(PQQ) cofactor of bacterial dehydrogenase with UO2
2+ was evaluated, providing a 

convincing indication for a toxicity mechanism in bacteria.50 A combination of in vivo, in 

vitro and in silico studies were presented demonstrating that UO2
2+ inhibited microbial 

activity at very low concentrations by strongly binding to PQQ, a non-covalently bound 

ortho-quinone cofactor required for a number of bacterial dehydrogenases.51 In 

VanEngelen’s work, two bacteria that express periplasmic PQQ-dependent ethanol and 

methanol dehydrogenases during aerobic growth, Pseudomonas aeruginosa (PAO1) and 

Methylobacterium extorquens (AM1), were studied in the presence of UO2
2+.  Growth on 

ethanol and methanol, respectively, corresponded with significant UO2
2+ inhibition, even 

at submicromolar uranium concentrations.  

When grown on ethanol, PAO1 was significantly inhibited by 0.5 μM UO2
2+, a 

concentration less than four times the US EPA drinking water standard.4 This 

concentration extended the lag phase by 8 hours, and 1 μM UO2 2+ extended the lag phase 

by 17 hrs. With dextrose as the sole carbon source for a control for non PQQ-dependent 
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growth conditions, PAO1 tolerated UO2
2+ concentrations of 25 μM without experiencing 

significant inhibition, representing a more than 50-fold increase in UO2
2+ tolerance.   

With AM1, a similar relationship between PQQ-growth conditions and acute 

UO2
2+ toxicity was observed.  When grown on methanol, AM1 was significantly 

inhibited by 2.0 μM UO2
2+. Growth on methylamine as a control led to a significant 

increase in UO2
2+ tolerance, as only moderate inhibition was observed at UO2

2+ 

concentrations of 50 μM. During growth on methylamine, AM1 expressed a periplasmic, 

quinoprotein with tryptophan tryptophylquinone (TTQ) as the cofactor. Unlike PQQ, 

TTQ is covalently bound to the haloenzyme, does not require a Ca2+ ion to function, and 

accordingly does not appear to correspond to acute UO2
2+ toxicity.50 

 
Biotic Ligand Model. The mechanism of UO2

2+ toxicity from the PQQ-dependent 

growth conditions, in the work presented by VanEngelen et al,50 can be understood using 

the biotic ligand model (BLM) of acute metal toxicity.76, 77 The basic assumption of the 

BLM is that acute metal toxicity results from the complexation of the metal (uranium) 

with physiologically active binding sites, to the exclusion of the native ions (calcium). 

The toxicity of a given metal is therefore a function of the stability of the metal ligand 

complex relative to complexes formed by the native ions, the concentration of the metal, 

and the abundance of competing ligands. These factors were maximized for UO2 2+ 

toxicity on PQQ in the previous in vivo studies.50 Specifically, changing the physiological 

target by growing cells on PQQ-independent conditions resulted in significant mitigation 

of UO2 2+ toxicity. 
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 In the work presented by VanEngelen et al,50 electrospray ionization mass 

spectroscopy, UV-vis optical spectroscopy, competitive Ca2+/ UO2
2+ binding studies, 

relevant crystal structures, and molecular modeling clearly indicated that UO2
2+ 

selectively binds at the carboxyl oxygen, pyridine nitrogen, and quinone oxygen in the 

C7, N6, C5 positions of the PQQ cofactor (Figure 1.1). This site was known to be 

occupied by a Ca2+ ion, which serves both a catalytic and a structural role by anchoring 

the PQQ within the haloenzyme.51 This was the starting point of the work presented in 

this dissertation. 

 

 
Figure 1.1. Pyrroloquinoline Quinone (PQQ), prosthetic group of bacterial quinoprotein 
dehydrogenases.  Bond lengths and angles are given from the X-ray structure of methanol 
dehydrogenase (W2AI).6 

 

PQQ Dependent Bacterial Dehydrogenase Enzymes.  The class of dehydrogenase 

enzymes that includes PQQ, along with other enzymes that convert alcohols and amines 

to the corresponding aldehydes and lactones, is known as quinoprotiens. The catalytic 

mechanism of these enzymes involves quinone containing prosthetic groups.52. The 
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cofactors in this class include pyrroloquinoline quinone (PQQ, Figure 1.1), tryptophan 

tryptophyl quinone (TTQ)53, 54 (derived from two tryptophan residues), topa-quinone 

(TPQ),55, 56 and lysyl tyrosylquinone (LTQ).57  The PQQ-containing enzymes subclass, of 

which the methanol dehydrogenase (MDH)58-60 and the glucose dehydrogenase (GDH) 61 

are the main representatives,  is the best characterized. However, many aspects, including 

the mechanistic pathway for converting alcohols to aldehydes, still remain unsolved.62 

The methanol dehydrogenase (MDH) enzyme is the main focus of the work 

presented here due to the abundance of experimental data found in the literature that can 

be used for the necessary benchmark studies involved in the calibration of a 

computational model.58-60, 62-69 Methanol dehydrogenase (EC number: 1.1.99.8) is found 

in the periplasm of methylotrophic and autotrophic bacteria63–67 and plays a crucial role in 

methanol metabolism. It catalyzes the oxidation of methanol to formaldehyde, as well as 

other primary alcohols to their corresponding aldehydes, with the release of two protons 

and two electrons.68, 69 In addition to the cofactor, MDH requires a divalent calcium 

cation coordinated to PQQ for its catalytic activity.63, 70,71 

The X-ray structure of methanol dehydrogenase from the Methylophilus 

methylotrophus (M. W3A1) was solved at 2.4 Ǻ resolution (Figure 1.2).67 The enzyme is 

a H2L2 heterotetramer in which molecular masses of the two subunits H and L are 62 and 

8 kDa, respectively. Each heavy subunit contains a Ca2+ cation and a PQQ cofactor not 

covalently bound to the protein. The cofactor is located in a cavity near to the end of an A 

strand, and it is sandwiched between the indole ring of the residue Trp237 and the SS 
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bridge of the couple Cys103-Cys104. In this crystal structure, the Ca2+ cation is 

coordinated to the PQQ cofactor at C7, N6, C5 binding site. 

 

 
Figure 1.2. PQQ active site from the X-ray structure of methanol dehydrogenase from the 
Methylophilus methylotrophus W3A1 (M. W3A1) organism, solved at 2.4 Ǻ resolution.67 

 
 

Two mechanisms by which MDH oxidizes methanol to formaldehyde have been 

proposed in the literature: the addition-elimination mechanism and the hydride transfer 

mechanism (Figure 1.3).59 The proposed addition-elimination mechanism involves the 

nucleophilic addition of the methanol oxygen atom to the PQQ carbonyl located on C5.  

The addition is followed by the protonation of the Asp297 residue resulting in a 

subsequent protonation of the PQQ oxygen of the C5 carbonyl.  Proton abstraction from 

the methanol substrate CH3 by the PQQ oxygen atom of the C4 carbonyl leads to the 

formation of the product.   The final step is the concomitant formation of a C4-C5 double 

bond on the PQQ, now reduced to PQQH2. In the proposed hydride transfer mechanism, 
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the transfer of a hydride from the methanol substrate to the C5 atom of the PQQ cofactor 

results in the direct formation of the product.  The reduction of the cofactor to PQQH2 is 

then achieved through an internal enolization step.  For both mechanisms, acid-base 

catalysis takes place through the amino acid Asp297 residue.  The involvement of the 

Asp297 residue is likely due to its location and chemical properties that allow it to 

function as a base by abstracting the proton from the substrate hydroxyl and as an acid by 

donating the same proton to the cofactor. 

 

 

Figure 1.3. Proposed addition elimination (top) and hydride transfer (bottom) for the 
oxidation of methanol formation to formaldehyde by MDH59 

 
 

The role of Ca2+ in alcohol dehydrogenase enzymes is not well understood.65 

Research has suggested that apart from structurally supporting the PQQ cofactor in the 

active site, the cation might have an important role in the alcohol electro-oxidation 

reaction mechanism by methanol dehydrogenase. The Ca2+ cation is hypothesized to act 
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as a Lewis acid contributing to the alcohol dehydrogenase mechanism by its coordination 

with the oxygen in the C5 position of PQQ. With this proposed mechanism, the Asp297 

residue would act as the Lewis base. However, the exact mechanism is still under 

debate.61-75  

Several experimental studies were devoted to the elucidation of the reaction 

mechanism. Oubrie et al obtained the crystal structure of soluble GDH as a complex 

between the reduced PQQH2 and glucose at 1.9 Å resolution in which the position of the 

C1 atom in glucose was used to argue for a hydride-ion-transfer mechanism.72 

Additionally, Xia et al reported several crystal structures of MDH, postulating the 

hydride-transfer mechanism to be the preferred one as well.61, 73, 74  Through electron 

paramagnetic resonance (EPR) studies on substrate binding to PQQ-Ca2+ in ethanol 

dehydrogenase, Kay et al indicated a strong coordination of the substrate to Ca2+, which 

should be broken during the addition–elimination process.75 For this reason, their work 

predicted that the addition-elimination mechanism is unlikely. However, the experimental 

information is not sufficient to clearly identify the catalytic mechanism followed by PQQ 

containing MDH enzymes.   

Leopoldini et al investigated this catalysis at the density functional B3LYP level 

(defined in the next section) by employing a reliable cluster of up to 108 atoms as a 

model system for the active site.62 The study resulted in a modified addition-elimination 

process (Figure 1.4), in which the sequence of steps involves a cleavage of the C-H bond 

in the substrate before the cofactor protonation by the Asp297 amino acid residue.   
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Figure 1.4. Modified addition-elimination mechanism presented by Leopoldini et al.62 

 
Although the role of PQQ in non-bacterial organisms is under debate, 78 the 

available experimental data for uranium toxicity though a PQQ interaction make for an 

ideal benchmark system. The molecular understanding of the interaction between PQQ 

and UO2
2+ has implications for understanding uranium toxicity for analogous binding 

sites found in other organisms, including humans.79  

 
Density Functional Theory 

 
Density functional theory (DFT) calculations are a powerful tool for defining 

atomic scale interactions and will be utilized in the work presented here.81 The 

application of DFT builds on the premise of the Hohenberg-Kohn theorem82 and Kohn-

Sham equations83 by providing a connection for a chemical system between its electron 

density distribution and its unique total energy with respect to combinations of nuclear 

and electron interactions. However, the accuracy of DFT relies on the model, as well as 

the functional and basis set, and unfortunately, there is not a universal method that 

provides accurate results for all systems. 
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In practical application of DFT, the electrons are described by a three-dimensional 

integration grid of the topologically complex electron density. Excluding the numerical 

nature of handling electron density, the Coulomb interactions are conceptually identical 

to those considered in wave function based molecular-orbital (MO) methods that are 

often called ab initio MO methods. However, the dividing difference between DFT and 

ab initio MO methods comes from the treatment of the quantum phenomena of electron-

electron correlation and exchange interactions. Ab initio wavefunction-based methods use 

the Hartree-Fock (HF) approximation and configuration interaction methods, whereas 

DFT must approximate these terms.  

For both DFT and ab initio MO methods, the exact total energy Hamiltonian of a 

system can be expressed by considering all the kinetic and potential energy 

contributions:83 

𝐻 = 𝑇𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + 𝑇𝑛𝑢𝑐𝑙𝑒𝑎𝑟 + 𝑉𝑛𝑢𝑐/𝑛𝑢𝑐 + 𝑉𝑒𝑙𝑒𝑐/𝑒𝑙𝑒𝑐    (1.1) 

where T is the kinetic energy term and V is the potential energy term. Using the Born-

Oppenheimer approximation, the nuclear and the electronic Hamiltonian described in Eq. 

1.1 can be separated.  The electronic portion of Eq. 1.1 becomes independent of the 

nuclear Hamiltonian (VHF), which is known as the HF approximation, and is used in ab 

initio based methods:84 

 𝐻 =
ℎ2

4𝜋𝑚𝑒
∑ ∇𝑖

2𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑖 −

𝑒2

4𝜋𝜀0
∑ ∑

𝑍𝐴

𝑟𝑖𝐴

𝑛𝑢𝑐𝑙𝑒𝑖
𝐴

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑖 + 𝑉𝐻𝐹   (1.2) 

Using this approximation, the VHF term accounts for the exchange and repulsion 

interactions between pairs of electrons, as expressed by two-electron integrals:84 

𝑉𝐻𝐹 = 2𝐽µ𝑣 − 𝐾µ𝑣             (1.3) 
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where J is the Coulomb contribution, K is the exchange integral between the electrons, 

and μ and ν are basis functions. J and K terms are expressed by a density matrix, which 

involves the product of two molecular orbital coefficients summed over all occupied 

molecular orbitals. However, the electron-electron correlation interaction is not taken into 

consideration. 83 

Post-HF methods, which include configuration interaction (CI) methods, take into 

account the correlation energy of the system and can therefore be contributed to the final 

output of the calculation. A full CI treatment with an infinite basis set would correspond 

to the exact solution of the Schrödinger equation. However, this is impractical and 

computationally prohibitive for chemical models that are greater than a few atoms. For 

this reason, higher level ab initio methods are only accessible for smaller models and not 

always applicable to coordination complexes.93 

Thus, for larger systems that include electron-rich actinide atoms, DFT is utilized. 

The current DFT methods separate the electronic energy as a function of electron density 

(E(ρ)) into several terms,84 

𝐸(𝜌) = 𝐸𝑇(𝜌) + 𝐸𝑉(𝜌) + 𝐸𝐽(𝜌) + 𝐸𝑋𝐶(𝜌) 

where ET(ρ) is the kinetic energy term (which originates from motion of the electrons), 

EV(ρ) is the term of the electron-nuclear potential energy, EJ(ρ) is the electron-electron 

repulsion term and EXC(ρ) is the exchange-correlation term.  The EXC(ρ) is broken into its 

counterparts, exchange and correlation functionals. However, DFT cannot provide an 

exact description and therefore approximates the exchange and correlation energy for the 

system. 84  
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Exchange Functionals 

In ab initio MO methods, the exchange term is known exactly in the framework 

of orbitals and implemented by the Hartree-Fock approximation (Hartree-Fock exchange, 

HFX, as described previously), while in DFT this is approximated by mathematical 

expressions that are functions of spatially dependent electron density, termed exchange 

functionals (density functional exchange, DFX). Improvement in DFX has been achieved 

by leading theoretical groups in going from early Xα 85 and Slater-exchange 86 based local 

DFX functionals, through the modern Kohn-Sham first derivative-corrected semilocal 

DFX functionals termed generalized gradient approximations (GGA),87 and second 

derivative-corrected functionals (meta-GGA),87 to the nonlocal hyper-GGA or random 

phase approximation (RPA)87, 88 with exact exchange functionals.  

An alternative scheme introduced by Becke89, 90 to correct density functionals uses 

hybrid exchange functionals to mix exact nonlocal HFX and pure GGA or meta-GGA 

DFX functionals. For this work, the mixing is a useful tool for empirically tuning metal-

ligand bonding in computational models. For example, GGA functionals, such as BP86,91 

often lead to overly covalent descriptions of ground state electronic structure,92 and 

empirically derived hybrid functionals, such as B3LYP,90 can improve accuracy. 

However, no single functional is known to date that works for all systems. 

 
Correlation Functionals 

Due to the complex nature of the correlation interaction, there is no quick fix or 

exact analytical formula in either ab initio MO or DFT methods. However, as stated, ab 

initio MO methods use post HF-methodologies. The advantage of using ab initio MO 
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methods is the availability of a theoretically converging series of post-HF methodologies 

that can systematically take into account more complete treatments of dynamic and static 

correlation effects by approaching the complete configuration interaction limit (full CI). 

93 The significant drawback is that post-HF methods come with very high computational 

costs, especially considering the large electronic system presented by the actinide 

compounds that will be investigated. Even considering multi-core computer servers 

equipped with graphical processing units and recent developments in linear scaling 

methods, 94 the practical applicability of higher correlation methods is limited to a few 

transition metal ions coordinated with highly truncated ligand models.  

Consequently, DFT methods are currently the most practical approach for 

theoretical calculations involving computationally expensive bioinorganic systems.95,96  It 

is important to mention that there are exciting recent developments97-99 in DFT with long-

range and dispersion correction functions that are applicable for the description of weak 

interactions, such as π-π stacking, hydrogen bonding, van der Waals and dispersion 

interactions. Though these interactions are at least an order of magnitude weaker than 

those governing the coordination chemistry of UO2
2+ with biomolecules, incorporation 

can correspond to a significant improvement of the accuracy of DFT in comparison to 

experimental data. 

 
Basis Sets 

DFT based methods utilize a basis set formalism for describing the electron 

density.  A basis set is a set of functions (called basis functions) which are combined in 

linear combinations (generally as part of a quantum chemical calculation) to create 
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molecular orbitals.84 With the increasing size of the basis set, electronic structural 

properties converge to a basis set saturation limit. In general, the basis set must be large 

enough to approach the saturation limit regarding the electronic structure and can be 

chosen by determining the smallest basis set for which the results are saturated. Smaller 

basis sets than those at the saturation limit can often be used for only a minimal cost in 

accuracy, which can be checked by comparing calculated results with experimental data.  

The size and quality of the basis set is an important input parameter for DFT 

calculations. The possible basis sets that can be utilized by DFT are Gaussian- (GTO) and 

Slater-type orbital (STO), numerical or plane wave. With respect to the quality of a given 

size basis set, there are some considerable variations, especially when it comes to the 

description of catalytically important frontier molecular orbitals (FMO). For example, in 

the case of uranyl coordinated systems, the triple-ζ quality Ahldrich’s basis set100,101 with 

valence polarization functions provided a more chemically reasonable description of 

unoccupied FMOs than the Pople’s 6-311G 102,103 with both polarization and diffuse 

functions.  

In order to rigorously evaluate the basis set quality and how well the basis set 

saturation limit is approached, ab initio MO theory is of great practical help.104 Using a 

small computational model relevant to a given complex bioinorganic problem up to 20 

atoms, this can be readily evaluated using a series of theoretically converging series of ab 

initio MO methods with increasing size of basis set to determine the smallest large basis 

that reasonably reproduces the available experimental observables. Using any larger basis 
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set would only increase the computational cost without significantly improving the 

electronic structure description. 

 

Development of Computational Models 

In addition to the level of theory that includes the mathematical formalism for 

interactions and the basis set considerations, the size and adequacy of the computational 

model is a key component of electronic structure calculations and theoretical chemical 

modeling. Truncation, effective core potentials, and explicit or implicit solvent 

interactions greatly affect computational cost and accuracy. Assuming the chosen 

functional and basis set is adequate for describing the chemistry of UO2
2+ interactions 

with biomolecules, the results can still be inaccurate if the computational model is too 

small or has incorrect composition.  

Specifically for UO2
2+, many recent advances in actinide computational chemistry 

have enabled more accurate modeling of f-block elements.105,106 Studies involving the use 

of hybrid functionals,107-110 relativistic effects, 111-115 and solvation models116-119 have 

shown great promise in the calculation of geometries and electronic structures of actinide 

complexes. Very relevant to our study is the work that Schreckenbach and Shamov have 

done testing explicit and implicit solvation models and the effect of using an effective 

core potential (small vs. large) as a means for looking at the geometry and redox 

potentials of UO2
2+. Their work has determined the importance of applying a first explicit 

solvation shell and a polarizable continuum model for accurate modeling.118 De Jonget et 

al has also tested solvation models and concluded that a second explicit solvation shell is 

necessary when looking at the water exchange reaction and free energy of solvation.112 
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Additionally, the effect of a using polarizable continuum model has shown promise when 

calculating hydrolysis of the UO2
2+ penta-aqua complex.119  

Consequently, careful attention to the all of the literature involving UO2
2+ cation 

modeling has been paid as a means for creating a computational model that can provide 

the most accurate results with limited computational cost. An SDD effective core 

potential for the uranium atom will be implemented due to its large number of electrons. 

The objective of the effective core potential method is to construct potentials which are 

solely dependent upon the coordinates of the valence electrons, but take into account the 

influence of the core electrons. Both implicit and explicit solvation models will be used 

to represent a water solvent environment. A fully explicit model of solvation shells using 

quantum mechanics can be computationally costly. Implicit solvation models allow for 

self-consistent, reaction field calculations of electrostatic solvent effects on gas-phase 

electronic structures that can cut computational cost. The model we will use is the 

polarizable continuum model (PCM). The PCM method uses a grid shell positioned at 

roughly 120% of the Van der Waals radius and models this surface as a series of 

interacting finite dielectrics.120  
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Research Directions 

 
Computational and experimental methods are synergistic in studies of metal-

enzyme interactions since density functional theory (DFT) can be used to examine 

mechanistic pathways, intermediates, and structural details that are difficult to observe 

experimentally. However, the employed level of theory, method of population analysis, 

and computational model must accurately describe the chemistry of UO2
2+ and PQQ, and 

be able to reproduce the available experimental data. One of the goals of the research 

presented here was to define the most appropriate computational methods for use in the 

study of UO2
2+ and PQQ interactions. This was done in Chapter 2, where a variety of 

DFT functionals, basis sets, and methods of population analysis commonly used in the 

literature were applied to the most physiologically relevant forms of UO2
2+ and PQQ.  

With an established computational model, uncertainties in the preferential binding of 

UO2
2+ to PQQ over Ca2+ at the active site of the bacterial dehydrogenase enzyme, in 

correspondence to the BLM of uranium toxicity, were answered. 

  In Chapter 3, methods derived from Chapter 2 were applied to understand the 

effect of Ca2+ displacement by UO2
2+ on the biological function of the PQQ cofactor.  

Using the developed computational model form Chapter 2, as well as the documented 

crystal structure of PQQ dependent Methanol Dehydrogenase, Chapter 3 describes a 

mechanistic computational study for the conversion of methanol to formadehyde.  The 

affect that displacing Ca2+ by UO2
2+ has on the biological function of the enzyme was 

subsequently addressed. 
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Experimentally, in Chapter 4, the electronic properties that make the PQQ binding 

motif a distinctive site for UO2
2+ coordination were investigated. Utilizing a small 

molecule analogue to define the PQQ coordination site, UV/Vis spectroscopic analysis as 

well as ESI-Mass Spectrometry were used to determine UO2
2+ displacement of Ca2+ and 

other biologically relevant cations, Fe3+, Zn2+, Ni2+, and Cu2+, in the defined binding 

motif of the PQQ cofactor.  

This work represents a proposed molecular mechanism of uranium toxicity in 

bacteria, and has relevance for potential uranium toxicity in many living systems. The 

structural insights from modeling allowed us to expand the possibily of uranium toxicity 

to other systems by considering the favorable coordination mode to pyridine nitrogen 

adjacent to carboxylic and/or carbonyl groups. Consequently, the recent observation of 

uranium toxicity at submicromolar levels in bacteria provided a clear relevance to serious 

environmental and public health in the light of current EPA regulation of 0.13 μM 

uranium limit in drinking water.8 The use of experimental methods and theoretical 

models proposed in this work create a foundation for the study of uranium presence on 

small molecules relevant to biological organisms, including those pertinent to human 

health. 
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Abstract 

 
Developing a computational model that can describe the interaction of uranium 

(VI), as the UO2
2+ cation, with small biologically relevant molecules can provide a link 

between quantum modeling and the diverse experimental data found in the literature.  In 

the work presented here, the level of theory to be used for density functional theory-based 

modeling of UO2
2+ interactions with the pyrroloquinoline quinone (PQQ) cofactor was 

evaluated. A recent study by Van Engelen et al (2011) proposed a key interaction 

between UO2
2+ and PQQ that corresponds to a toxicity mechanism in bacteria, through 

UO2
2+ displacement of the native complexing ion, Ca2+. Ca2+ is thought to serve both 

structural and catalytic roles in bacterial dehydrogenase by anchoring PQQ within the 

haloenzyme. Through a rigorous evaluation of modern density functionals, basis sets, and 

solvation environments, a computational model that provided realistic accuracy and 

computational cost was developed. The interactions between UO2
2+ and PQQ were then 

investigated and the results confirmed the preferential binding of UO2
2+ to PQQ over 

Ca2+, which corresponds to a biotic ligand model of acute uranium toxicity in some 

bacteria. 
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Introduction 

 
A depleted form of uranium(VI) is a common environmental contaminant that 

forms the highly mobile, dioxouranium(VI) cation, UO2
2+ or uranyl, in aqueous 

environments.1 Increased distribution of uranium into the environment, more specifically 

through groundwater, should be of concern considering there is known chemical toxicity 

associated with ingestion of uranium(VI) in the form of the UO2
2+ cation.2-5  However, 

toxicity mechanisms existing in the literature have yet to present a complete mechanism 

of UO2
2+  presence in living organisms on a molecular basis.  Published data concerning 

the mechanism of uranium interaction with proteins and metabolites at a molecular level 

are limited6-13 and few quantitative studies have investigated the binding properties of 

UO2
2+ with small biologically relevant molecules.12, 14-22 

As a result, a combination of in vivo, in vitro and in silico studies presented by 

VanEngelen et al demonstrated that UO2
2+ inhibited microbial activity by strongly 

binding to pyrroloquinoline quinone,22 a non-covalently bound ortho-quinone cofactor 

required for a number of bacterial dehydrogenases.23  The measurements showed that the 

presence of UO2
2+ nearly completely inhibited bacterial growth at ~0.5 µM 

concentrations. Additional mass spectrometry and computational modeling determined 

that the inhibition was due to a UO2
2+ interaction with the {ONO} active site on the PQQ 

cofactor, resulting in the displacement of Ca2+.22 The mechanism of UO2
2+ toxicity 

inferred from this work was explained using the biotic ligand model of acute metal 

toxicity. The assumption of the biotic ligand model is that acute metal toxicity results 

from the complexation of a metal cation (UO2
2+) with physiologically active binding sites 
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({ONO} site), to the exclusion of competing ions (Ca2+).24,25 This competitive UO2
2+ 

binding relative to Ca2+ on active sites has been reported elsewhere in recent publications 

investigating albumin,13 C-reactive protein,19 and calmodulin.14 

The specific binding motif for the PQQ and UO2
2+ interaction presented by 

VanEngelen et al was identified using density functional theory-based modeling.22 While 

the previously employed level of theory was modest, the large structural and energetic 

differences among the various coordination sites eliminated the concern for introducing 

error associated with the computational model. However, in the work presented here, a 

computational model to be used for future in silico studies of this type of interaction was 

developed by conducting a rigorous evaluation of modern density functionals, basis sets, 

and solvation methods.   

Specifically for UO2
2+, many recent advances in actinide computational chemistry 

have enabled more accurate modeling of f-block elements.26.27 Studies involving the use 

of hybrid functionals,28-31 relativistic effects, 32-36 and solvation models37-40 have shown 

great promise in the calculation of geometries and electronic structures of actinide 

complexes. Very relevant to this study is the work that Schreckenbach and Shamov have 

done testing explicit and implicit solvation models and the effect of using an effective 

core potential (small vs. large) as a means for looking at geometry and redox potentials of 

UO2
2+.39 Their work has determined the importance of applying a first explicit solvation 

shell and a polarizable continuum model for accurate modeling. De Jong et al has also 

tested solvation models and concluded that a second explicit solvation shell is necessary 

when looking at the water exchange reaction and free energy of solvation.33 Additionally, 
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the effect of a using polarizable continuum model has shown promise when calculating 

hydrolysis of the UO2
2+ penta-aqua complex.40  

Experimental values were used as a basis for the accuracy of the computational 

model developed in this work.  The values were acquired from the most relevant data for 

UO2
2+ cation coordination chemistry and the PQQ cofactor found in the literature.41-51 

Addressing the accuracy of geometric structure optimizations, bond lengths and angles of 

possible binding sites on the PQQ structure and the penta-hydrate UO2
2+ complex were 

compared to available crystal structures obtained from the Cambridge Crystallographic 

Database (CCDB). 41-43 The accuracy of the thermochemistry output was evaluated 

against experimental results for pKa values and the redox potential of the ionizable 

functional groups.44-47 Electronic absorption was essential in the in vitro identification of 

the PQQ/UO2
2+ interaction.50 Therefore, a time-dependent DFT approach was used to 

reproduce UV-Vis spectra as a means to test the completeness of the computational 

model’s electronic structure. 

At physiological conditions, the most dominant species of PQQ will have 

deprotonated carboxyl groups giving the cofactor a -3 charge, which was considered as 

the reference state.44 Likewise, the UO2
2+ penta-hydrate complex has been shown to be 

the most dominant species in aqueous solution.46 These structures were used to evaluate 

how variation in the level of theory and completeness of the computational model affect 

geometries, dissociation constants, redox potentials, and electronic structures when 

compared to reference values from the literature. With a developed computational model, 



30 
 

 
 

interactions between UO2
2+ and PQQ were further investigated, confirming the binding of 

UO2
2+ to PQQ through the displacement of Ca2+.  

 

Computational Details 

 
All calculations were carried out using the Gaussian 09 suite of programs.48 The 

functionals employed in this study were BP86,49,50 B3LYP,51-53 and TPSS.54  These 

functionals represent three different generations from the pure or gradient corrected 

functionals, through hybrid functionals, to the advanced meta-gradient corrected 

functionals, respectively.55 The functionals were used with Gaussian-type basis sets and 

effective core potentials of increasing quality (LANL2DZ,56,57 SDD,58,59 and TZVP60). 

All calculations involving the uranium atom incorporated the small core (60 electrons), 

Wood-Boring quasi-relativistic effective core potential.61   

For an implicit solvation environment, the polarizable continuum model 

(PCM)62,63 was employed in addition to a limited inquiry into the performance of the 

COSMO model.64, 65 The explicit aqueous solvation shell was first created using the 

SOAK program of the Tinker Molecular Modeling Package66 and optimized using the 

PM3 semi-empirical method. For all molecules, a periodic boundary box with 500 water 

molecules and a box diagonal of 34.87 Å was considered.  The first and second solvation 

shells from the PM3 optimized “water box” were then treated explicitly in the DFT 

calculations. For explicit crystal packing modeling, a 333 unit cell of the relevant 

crystal structures was generated using the Mercury software package.67  The molecules in 
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the unit cell directly interacting with the complex were then treated explicitly in the DFT 

structural optimizations. 

To compare the differences between the calculated and experimental bond lengths 

and angles at the common ground state, the root mean square deviations in Ångstrøms 

and degrees were converted to energy in kJ mol-1 using the classical molecular 

mechanical potential energy function, Equation 2.1. 

 

E(RMS) = ½ kstretching  (distance RMS)2 + ½ kbending (angle RMS)2   (2.1) 

 

In Equation 2.1, the stretching and bending force constants for C-based bonds and angles 

were chosen to be 40 kJ mol-1 Å-2 and 0.4 kJ mol-1 deg-2 as representative values from the 

MM2 parameter set in Tinker153. The analogous stretching and bending parameters for 

U=O, U-O bonds were chosen to be 60 and 25 kJ mol-1 Å-2. The O-U=O, O-U-O angles 

were chosen to be 0.1 kJ mol-1 deg-2. 

The Gibbs free energy values were obtained from the thermochemical 

calculations as implemented in Gaussian09.48 The molar enthalpy contribution was 

calculated from the electronic or SCF energy corrected with the zero point and thermal 

corrections, and the RT term from ideal gas law. The molar entropy was calculated from 

the contributions of vibrational, rotational, and translational terms. The solvated Gibbs 

free energy was calculated from the electronic free energy and both the electrostatic 

solvent/solute and non-electrostatic solvent/solvent terms.  
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The pKa values were calculated from the adjusted solvated Gibbs free energy  

(-19.9 kJ mol-1) due to the fixed concentration of H2O in dilute solutions using Equation 

2.2.  

ΔGadj= -RTln(Ka)     (2.2) 

  

The redox potential was calculated by converting the experimental value of 

electron reduction relative to the standard calomel electrode (kJ mol-1) for direct 

comparison to the calculated Gibb’s free energy change of the electron reduction on the 

molecule. Ground state electronic structures were calculated using natural population 

analysis as implemented in the Gaussian09 suite of programs.48 The one electron 

reduction to the lowest unoccupied molecular orbitals of the UO2
2+ was implemented 

using the program Atoms in Molecules (AIM).49   

 
Results and Discussion 

 
Modeling the PQQ Cofactor 

A variety of functionals, basis sets, and solvation environments used for dentistry 

functional theory-based modeling of PQQ were tested. The most likely geometric 

structure, the deprotonation constant, the redox potential, and electronic absorbtion 

spectrum were calculated and compared to reference values from the literature. The 

purpose of these calculations was to identify the necessary size of a computational model 

and the level of theory required to accurately model the PQQ complexes with a realistic 

computational cost.  
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Geometric Structure. It is quite common to use geometric information from small 

molecule crystallography as a first query into the accuracy of a computational method.  

For the PQQ cofactor, an experimental crystal structure of its dianionic form with 

deprotonated carboxylates in positions C7 and C9 was obtained from the literature.41 

Figure 2.1a highlights the set of bond lengths and angles, and their experimental values, 

that were used in evaluation of the performance of the selected density functionals and 

basis sets. 

 

 

 

 

 
 

 
 
 
 
 
Figure 2.1. Crystal structure of the Na2PQQ salt (a) Selected bond lengths (Å) and bond 
angles (deg) for the PQQ2- molecule; (b) 5 Å crystal packing environment of the PQQH2- 
molecule with hydrogen bonded crystal waters (green lines) and Na+ counter ions (pink 
spheres). The distances of the closest Na+ ion to PQQ are given in Ångstrøms. 
 
 

Both an isolated and an embedded PQQH2- anion in its crystal environment, 

shown in Figure 2.1, were used.  In order to attenuate the polarization effect of the 

ionized carboxylate groups, both models were inserted into an aqueous polarizable 

continuum. The embedded PQQH2- anion was used to separate computational errors from 

the lack of the anisotropic environment from the polarizable continuum model. The 
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positions of the peripheral PQQH2- fragments, the crystal water molecules, and Na+ 

counter ions were kept frozen during the optimization. It is important to note the location 

of the closest Na+ counter ion to the PQQH2- anion since it indicates that the carboxyl 

oxygen, pyridine nitrogen, and quinone oxygen, known as the {ONO} site, form the 

preferred nucleophilic binding pocket for cations. 

Root mean square (RMS) deviations of calculated bond lengths and angles 

compared to their corresponding experimental values from the PQQH2- crystal structure 

are given in Table 2.1. The total RMS values correspond to the associated error for the 

geometric optimizations resulting from different combinations of functionals, basis sets, 

and solvation methods.  

Corresponding to the total RMS values in Table 2.1, the dominant trend for the 

associated error from each functional and basis set combination was expected, due to the 

differences in the employed density functional theory. In going from pure GGA BP86, to 

hybrid B3LYP, and then a meta-GGA TPSS functional, the differences in bond lengths 

reduced, with the latter two giving similar results. However, a difference was 

distinguished between the hybrid and the meta-GGA functional by the RMS values for 

bond angle deviations. The meta-GGA produced approximately twice the RMS values of 

the hybrid. Thus, a clear preference for the hybrid B3LYP functional in respect to the 

accuracy of geometric optimizations for the PQQH2- anion was observed  
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Table 2.1. Root mean square differences (RMS) between experimental and calculated 
geometries of PQQH2- ion. The functional and basis set combinations are listed in order 
of increasing level of theory. a C2-O2, C2-O2', C2-N1, C4-O4, C5-O5, C7-N6, N6-O7', 
N1-H, C7-O7, C7-O7', C9-O9, C9-O9', O9-H, O4-O5, O5-N6; b O2-C2-O2', N1-C2-C3, 
O7-C7-O7', O9-C9-O9', N6-C7-C8. 
 

Functional/basis set RMS for 15 bondsa  RMS for 5 anglesb  total RMS 

 Å kJ mol-1  degrees kJ mol-1  kJ mol-1 

Isolated PQQH2- (Figure 2.1a) 
BP86/LANL2DZ 0.132 5.2  3.8 14.4  19.7 
B3LYP/LANL2DZ 0.110 3.6  2.5 6.3  9.9 
TPSS/LANL2DZ 0.119 4.3  4.8 23.0  27.3 
BP86/SDD 0.132 5.2  4.7 22.1  27.3 
B3LYP/SDD 0.108 3.5  2.5 6.3  9.8 
TPSS/SDD 0.119 4.3  4.8 23.0  27.3 
BP86/TZVP 0.104 3.2  5.7 32.5  35.7 
B3LYP/TZVP 0.065 1.3  2.1 4.4  5.7 
TPSS/TZVP 0.083 2.1  5.8 33.6  35.7 
        
Embedded PQQH2- (Figure 2.1b) 
BP86/LANL2DZ 0.075 2.1  7.3 30.0  39.4 
B3LYP/LANL2DZ 0.068 1.4  5.3 28.1  29.5 
TPSS/LANL2DZ 0.071 1.7  6.2 29.6  37.5 
BP86/SDD 0.072 2.1  6.1 19.9  27.1 
B3LYP/SDD 0.054 1.1  2.5 4.5  7.8 
TPSS/SDD 0.071 1.7  6.2 19.6  27.5 
BP86/TZVP 0.064 1.2  2.1 4.4  5.6 
B3LYP/TZVP 0.042 0.5  1.7 2.9  3.4 
TPSS/TZVP 0.056 0.9  2.1 4.4  5.6 
 

The high RMS values for the isolated PQQH2- anion, given in Table 2.1, were 

unsurprising, since the method compares the isolated PQQH2- anion structure in an 

aqueous polarizable continuum environment to that in a crystalline environment. 

However, the B3LYP/TZVP functional and basis set combination gave the lowest total 

RMS value of 5.7 kJ mol-1.  The increase in RMS values associated with the increase in 

level of theory was unexpected, but indicates that error cancelation with the smaller basis 
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sets occurred. As a result, an explicit crystal packing environment was proven to be 

necessary for modeling crystal structure geometries. 

When the structural optimizations were repeated in an explicitly modeled crystal 

environment, using the embedded PQQH2- anion structure in Figure 2.1, the RMS values 

were significantly reduced when the largest basis set was used.  In addition, an increased 

RMS deviation (29 kJ mol-1) of the crystal environment embedded model using the 

B3LYP/LANL2DZ combinaiton was observed.  The combination was second lowest for 

the isolated PQQH2- anion (10 kJ mol-1).  The increase indicated that the unexpectedly 

low RMS value seen for the isolated anion was due to error cancellation between the 

overly covalent BP86 functional and the small basis set.  

For the TZVP basis set combinations with the embedded PQQH2- anion structure, 

given in Table 2.1, the RMS values were universally reduced.   Therefore, this basis set 

was considered saturated.  Due to the clear preference for the B3LYP functional and the 

B3LYP/TZVP combination showing the least deviation relative to the experimental 

structure, this combination attested to be the most suitable choice for accurately 

optimizing geometric structures of PQQ complexes. 

 
Protonation Constant (pKa). To evaluate the energetic calculations produced by a 

computational method, the Gibb’s free energy of deprotonation for the PQQH2- anion 

was evaluated. This particular thermodynamic parameter is important in considering 

metal ion coordination as the measure of Lewis acid/base reactivity. Analysis was 

successfully carried out due to the availability of a thorough evaluation of all possible 

protonation states of PQQ in the literature.44 In addition to the implicit solvation 
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environment from a polarizable continuum, explicit solvent water molecules were 

incorporated into the model, since they can have an important modulating effect on the 

energetics from strong hydrogen bonding interactions.   

Before the evaluation of the deprotonation constant for PQQH2-, the absolute 

accuracy of our solvation method approach was evaluated. As a well-defined test case, 

the auto-ionization constant of water was estimated using a gradually more sophisticated 

computational model at the B3LYP/TZVP level. The results are given in Table 2.2. 

 
Table 2.2. Gibb’s free energy of dissociation and pKw calculated for the auto-ionization 
constant of water at B3LYP/TZVP level with different solvation methods. PCM stands 
for the incorporation of the implicit polarizable continuum model. 

Solvation Method ΔG 

kJ mol-1 
*pK

w
 

Gas phase 383.9 170.1 

Explicit (1 shell) 165.4 75.2 

PCM 114.9 53.3 

Explicit (1 shell) in PCM 30.6 16.7 

Explicit (2 shells) in PCM 22.5 13.2 

* 298 K, 1 atm  
 

 
 
As given in Table 2.2, the use of four explicit solvent molecules (water) to the gas 

phase method gave a pKw value of 75, which was a considerable improvement to a gas 

phase calculation of 170. However, it was unacceptably high relative to the experimental 

value of 14. The addition of an implicit solvation environment to a single water molecule 

slightly reduced the calculated pKw value to 53, but the greatest real improvement was 

realized when both the implicit and explicit solvation methods were used to give a pKw 
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value of 17. When the two explicit solvation shells were considered and embedded into a 

polarizable continuum model (PCM), the water auto-ionization constant was reproduced 

within one order of magnitude at 13.  This result was remarkable since an order of 

magnitude difference in the pKa value corresponds to less than 5 kJ mol-1 energy 

difference. 

Accordingly, the same methodology for the auto-ionization constant of water was 

followed for the deprotonation equilibrium of the physiologically relevant dianionic form 

of PQQ. The results are given in Table 2.3.  

 
Table 2.3. Gibb’s free energy of dissociation and pKa calculated for the deprotonation of 
PQQH2- at B3LYP/LANL2DZ level with different solvation methods. PCM stands for the 
incorporation of the implicit polarizable continuum model. 

Solvation Method ΔG 

kJ mol-1 
*pK

a
 

Gas phase 1111.1 195 

Explicit 692.9 122 

PCM 145.1 25 

Explicit in PCM -21.0 3.0 

Experiment 
 
* 298 K,1 atm 

-25.2 3.3 

 
 
In Table 2.3, the experimental pKa value for the PQQH2-/PQQ3- acid/base pair is 

3.3.44 In accordance with the auto-ionization of water, the pKa value (194) was grossly 

overestimated by the gas phase calculation and using explicit solvent molecules hydrogen 

bonded to the ionizable groups gave a high pKa value as well at 122. The PCM method 

brought the calculated value to 25, but as expected, only the joint application of explicit 
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and implicit solvation methods approximated the experimental value reasonably well by 

giving a pKa value of 3.0.  

The corresponding B3LYP/TZVP optimized structures that provided the most 

reasonable molecular models for the PQQH2-/PQQ3- pair, explicit in PCM method, are 

shown in Figure 2.2. In these structures, the deprotonation of the carboxyl group at the 

C7 position was ideal with respect of metal ion coordination, since, as discussed above, 

the preferred location for binding is the [ONO]-site formed by functional groups at C5, 

N6, and C7 positions.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Optimized structures of the PQQH2- (a) and PQQ3- (b) ions at B3LYP/TZVP 
level with their first explicit water solvation shell (distances in Å are shown for the 
hydrogen bonding interactions). 
 
 

Due to the extended delocalization of the π-electrons in PQQ, the optimized 

structures of the PQQH2-/PQQ3- pair, shown in Figure 2.2, were expectedly planar. The 

first solvation shell also showed only a modest deviation from planarity. The hydrogen 

bond distances between the solvent molecules and the ionized carboxylate groups were 

short and thus strong. The removal of the proton from the carboxyl group at the C7 
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positions only slightly altered the first solvation shell, with considerable solute/solvent 

distance differences localized to the site of deprotonation. This, along with the superior 

accuracy of the calculated pKa value, indicated the necessity of considering explicit 

solvent molecules that modify the solute PQQ electronic structure due to covalent orbital 

interactions. Such interactions cannot be captured by using only an electrostatic 

interaction-based, polarizable continuum model.  

 
Redox Potential. Furthermore, the accuracy of calculating the reduction potential 

of PQQ3-/PQQ5- redox pair was determined. Learning from previous calculations, both 

explicit and implicit solvation methods were used with the B3LYP/TZVP combination. 

The LANL2DZ basis set with the B3LYP functional was also used as an assessment of 

the necessary size for accurately computing energetic calculations.  The TPSS functional 

was additionally tested with the TZVP basis set for verification that B3LYP was the 

superior functional for modeling PQQ complexes.  The results are given in Table 2.4. 

 
Table 2.4. Redox potentials calculated for the two electron reduction of PQQ3- relative to 
the standard calomel electrode. 

Functional Basis Set Redox Potential 

  
kJ mol-1 eV 

B3LYP LANL2DZ -134 -0.83 
B3LYP TZVP -73 -0.38 
TPSS TZVP -69 -0.36 

experiment -35 -0.18 
 

Given in Table 2.4, the experimental value for the two electron reduction of 

PQQ3- relative to a standard calomel electrode is -0.175 eV.45 Considering both the 

reduction potential value of the standard calomel electron (0.24 eV) relative to the normal 
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hydrogen electrode and the energetic cost of an electron in solution (4.43 eV), the 

calculated reduction potential for the PQQ3-/PQQ5- redox pair using the B3LYP/TZVP 

combination was -0.71 eV.  The large negative value for the energy change indicated that 

the additional two electrons were readily accommodated in the π-system of the PQQ3- 

anion. Decreasing the size of the basis set with the use of LANL2DZ gave a reduction 

potential of -1.66 eV, which is further from the experimental value and indicated that 

basis set TZVP was necessary.  Replacing the hybrid B3LYP functional with the 

metaGGA TPSS functional gave a value of -0.76 eV, thus confirming the superiority of 

the hybrid functional.   

 
Electronic Structure. UV/VIS spectroscopy was essential in identifying the key 

PQQ/UO2
2+ interaction in the in vitro model of uranium toxicity in bacteria presented by 

VanEngelen et al 22 Therefore, a time-dependent DFT (TD-DFT) approach at the 

B3LYP/TZVP level with both implicit and explicit solvation methods was used to 

simulate the absorption spectrum as a representative feature of the electronic structure of 

the aqueous PQQ3- anion.  

Figure 2.4a shows the dominant experimental peak positions for a PQQ3- UV/VIS 

spectrum are centered at 250, 275, 330, and 480 nm. The TD-DFT simulations for the 

ultraviolet/visible range, which is experimentally the most relevant to our study, 

reproduced some excitation band positions reasonably well. Figure 2.4b shows the 

resulting spectrum with peaks centered at 260, 296, and 330nm, describing the C4 and C5 

adducts. However, the broad peak centered at 480 nm, describing the quinonoid n-π* 

transition, was considerably red shifted (approximately 100nm).129   
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Figure 2.4. a) experimental UV/Vis Spectrum of PQQ3-.  40 µM PQQ solution in a 20 
µM phosphate buffer solution at pH=7.0 b) simulated UV/Vis Spectrum of fully solvated 
PQQ3- , c) simulated UV/Vis Spectrum of gas phase PQQ3-. 
 
 

As shown in Figure 2.4c, a gas phase spectrum was produced as a means to 

evaluate the effect of incorporating both explicit and implicit solvation methods on the 

accuracy of the TD-DFT calculation.  Adding the explicit and implicit solvation methods 

shifted the location of the peaks corresponding to the C4 and C5 adducts and 

consequently put them closer to the positions obtained experimentally.  This result 

indicates that the weak interactions from the solvation models decreases the energy of 
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excitation by stabilizing the negatively charged molecule and are necessary for 

reproducing experimental values attained in aqueous media. 

The shift of the 480 nm peak produced by the fully solvated method, Figure 2.4b, 

was investigated by adding a hydronium molecule apically coordinated above the C3 and 

C4 atoms of the PQQ molecule. The purpose of the hydronium was to add a positive 

charge that tests the effect of pulling electron density away from the orbitals involved in 

the quinonoid n-π* transition.   In doing so, the peak centered at 580 nm was shifted to 

520 nm, which is still sizably red shifted, by 40 nm, from the experimental value of 480 

nm.  However, the peak moved in the right direction indicating that adding more positive 

charge to this region will likely result in a peak centered closer to the experimental value. 

The likelihood of a positively charged ion coordinated to the C4 and C5 atoms of PQQ in 

solution is considerable due to the high negative charge of the cofactor at neutral pH, and 

therefore, explained the difference between the calculated and experimental location of 

this peak.   

 
Modeling the UO2

2+ Cation 

To evaluate the reciprocity of the preferred B3LYP/TZVP level of theory and 

necessity of both implicit and explicit solvation methods for accurate density functional 

theory-based modeling of UO2
2+,  a similar set of calculations was performed for the 

most dominant species in aqueous solution, [UO2(H2O)5]2+.46 The most likely geometric 

structure, the deprotonation constant, the redox potential, and electronic absorbtion 

spectrum for this complex were therefore calculated and compared to reference values 

from the literature. The purpose of these calculations was to identify the necessary size of 
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a computational model and the level of theory required to accurately model not only PQQ 

but UO2
2+ complexes as well, providing a reliable computational model that will allow 

for the investigation of PQQ/UO2
2+ interactions.  

 
Geometric Structure. For the [UO2(H2O)5]2+ complex, an experimental crystal 

structure of its di-cationic form with non-coordinating benzene triacetate counter ions 

was obtained from the literature.43 Figure 2.5a highlights the set of bond lengths and 

angles, and their experimental values, that were used in performance evaluation of the 

selected density functional and basis sets with respect of metric parameters given by a 

[UO2(H2O)5]2+ crystal structure. 

 
 

 

 

 
 
 
 
 
 
 
Figure 2.5. Experimental structure of the [UO2(H2O)5]2+ cation 38 (a) Isolated complex 
with crystallographic and EXAFS (in parentheses) bond lengths (Å) and bond angles 
(deg); (b) ~5 Å crystal packing environment of the complex. 
 
 

Root mean square deviations of calculated bond lengths and angles from different 

combinations of fuctionals and basis sets were compared to the corresponding values 

from the UO2
2+ crystal structure.  Both an isolated and an embedded UO2

2+ molecule into 

its crystal environment, shown in Figure 2.5, were evaluated. In addition, the solution 
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structure from Extended X-ray Absorption Fine Structure (EXAFS) analysis was 

considered.48 The parameters are shown in parentheses in Figure 2.5a.  The results for the 

RMS values corresponding to the geometric optimizations are given in Table 2.5, on the 

next page. 

Due to the considerable difference between the two types of U-O interaction, the 

internal coordinates for the oxo and water ligands are listed separately. The trends among 

the different functionals and/or the basis sets were similar to those discussed for the 

PQQH2- anion. For the isolated [UO2(H2O)5]2+ complex, the B3LYP/TZVP level of 

theory produced the smallest RMS values. However, the accuracy further improved when 

the explicit crystal structure was considered.   

Using the TZVP basis set with an explicit crystalline environment, the total RMS 

values were universally smaller than the other methods.   Again, this basis set was 

considered saturated for [UO2(H2O)5]2+ complexes.  Due to the clear preference for the 

B3LYP functional and the B3LYP/TZVP combination showing the least deviation 

relative to the experimental structure, this combination proved to be the most suitable 

choice for accurately producing optimized geometric structures of [UO2(H2O)5]2+.
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Table 2.5. Root mean square deviations (RMS) between experimental and calculated 
geometries of the [UO2(H2O)5]2+ ion. For the isolated [UO2(H2O)5]2+ complex, the 
B3LYP/TZVP level of theory produced the smallest total RMS values.  The accuracy 
further improves when the explicit crystal structure was considered. 

 

Protonation Constant. As a means to evaluate the energetic calculations produced 

by a computational method that describes the [UO2(H2O)5]2+ complex, the Gibb’s free 

energy of deprotonation of a water molecule coordinated to UO2
2+ was evaluated with 

different solvation methods. The proton dissociation constant for a water molecule 

coordinated to UO2
2+, producing the [UO2(OH)(H2O)4]+ complex, was experimentally 

determined to be 5.7, which corresponds to a Gibbs free energy value of 32.5 kJ mol-1.46  

This positive free
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energy value indicates that in aqueous solution the most dominant species is [UO2(H2O) 

5]2+.  Accordingly, the same methodology as the proton dissociation equilibrium of the 

physiologically relevant dianionic form of PQQ was used. The results are given in Table 

2.6. Other deprotonation states were calculated for the PQQ anion as well.  The results 

are given in Appendix A. 

 
Table 2.6. Gibb’s free energy of dissociation and pKa calculated for the deprotonation of 
[UO2(H2O) 5]2+ at B3LYP/LANL2DZ level with different solvation models. 

Solvation Method G 

kJ mol-1 
*pK

a
 

Gas phase -380.7 -66 

Explicit -182.2 -32 

PCM -7.0 -1.2 

Explicit in PCM 24.0 4.2 

Experiment 
 
* 298 K,1 atm. 

32.5 5.7 

  

As given in Table 2.6, neither the gas phase (-67), explicit (-32), nor implicit 

solvation model (-1.2) reproduced the experimental value for this deprotonation constant 

with accuracy. However, embedding the [UO2(H2O)5]2+ and [UO2(OH)(H2O)4] + 

complexes with their first explicit water solvation shell into an aqueous polarizable 

continuum, brought the coordinated water pKa value to 4.2, which is within 

approximately an order of magnitude of the experimental value of 5.7. 

The corresponding B3LYP/TZVP optimized structures that provided the most 

reasonable molecular models for the UO2(H2O)5]2+/[UO2(OH)(H2O)4]+ pair, explicit in 
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PCM method, are shown in Figure 2.6.  In these structures, the deprotonation of the water 

molecule coordinated to the uranium atom resulted in the formation of an additional 

hydrogen bond with the negatively charged oxygen atom.  This bond indicates the 

importance of using an explicit solvation shell around the [UO2(H2O)5]2+ and 

[UO2(OH)(H2O)4] + complexes and that such interactions cannot be captured by using 

only an electrostatic interaction-based, polarizable continuum model. The direct 

interactions from the water molecules treated in an explicit manner help stabilize the 

complex and were therefore imperative in providing a pKa value that was within an order 

of magnitude of the value obtained experimentally. 

 

 

 

 

 

 

 
 
Figure 2.6. Optimized structures of the embedded [UO2(H2O)5]2+ (a) and 
[UO2(OH)(H2O)4]+ (b) complexes and their first explicit water solvation shells.  The 
central waters are larger to distinguish them as part of the [UO2(H2O)5]2+ complex and 
not the solvation shell.   
 
 

Redox Potential. Due to the noble gas electron configuration of the U(VI) ion 

with empty 7s, 6d, and 5f manifolds, the UO2
2+ cation is a mild oxidizing agent with a 

one electron reduction potential of -0.60 eV relative to a normal hydrogen electrode (-
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4.43 eV).47 Using both explicit and implicit solvation methods with the B3LYP/TZVP 

combination, the calculated free energy change for the [UO2(H2O)5]2+/[UO2(H2O)5]+ 

redox couple was calculated. The B3LYP/LANL2DZ level was used for additional 

confirmation that the TZVP basis set was the necessary size.  The TPSS functional was 

also tested with the TZVP basis set for further verification that B3LYP was the superior 

functional for modeling [UO2(H2O)5]2+complexes.  The results are given in Table 2.7. 

 
Table 2.7. Redox potentials calculated for the one electron reduction of [UO2(H2O)5]2+ 

relative to a normal hydrogen electrode. 

Functional Basis Set Redox Potential 

  
kJ mol-1 eV 

B3LYP LANL2DZ -71 -0.69 
B3LYP TZVP -61 -0.63 
TPSS TZVP -67 -0.68 

Experiment -58 -0.60 
 

As given in Table 2.7, the experimental value for the one electron reduction of 

[UO2(H2O)5]2+ is -0.60 eV relative to a normal hydrogen electrode.47 The calculated 

reduction potential for the [UO2(H2O)5]2+/[UO2(H2O)5]+ redox pair using the 

B3LYP/TZVP combination was -0.63 eV.  Decreasing the size of the basis set with the 

use of LANL2DZ gave a reduction potential of -0.69 eV, which is further from the 

experimental value and indicated that TZVP was the necessary size basis set.  Replacing 

the hybrid B3LYP functional with the metaGGA TPSS functional gave a value of -0.68 

eV, which confirmed the superiority of the hybrid functional.  Energetically, using both 

the explicit and implicit models at the B3LYP/TZVP level gave the most accuracy for 

both the PQQH2-/PQQ3- and the [UO2(H2O)5]2+/[UO2(H2O)5]+ redox pair, determining 
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that this is likely the most appropriate method for describing the energetics of PQQ3-

/UO2
2+ interaction. 

 
Electronic Structure. As previously stated, UV/VIS spectroscopy was essential in 

identifying the key PQQ3-/UO2
2+ interaction in the in vitro model of uranium toxicity in 

bacteria presented by VanEngelen et al.22  Therefore, a time-dependent DFT (TD-DFT) 

approach, with the B3LYP/TZVP combination and incorporating both implicit and 

explicit solvation methods, was used to simulate the absorption spectrum as a 

representative feature of the electronic structure of the aqueous UO2
2+ ion. The results are 

shown in Figure 2.7. 

Figure 2.7a shows that the dominant experimental peak positions are located in 

the 200-350 nm range as well as a peak centered at 425nm. Figure 2.7b shows that 

simulations for the ultraviolet/visible range for the fully solvated [UO2(H2O)5]2+ 

reproduced some excitation band positions reasonably well.  However, the peak at 425 

nm was not reproduced.  Due to the strong Lewis acid nature of UO2
2+, a singly 

deprotonated complex was investigated by replacing one coordinated water with a 

hydroxyl.  Figure 2.5c shows that resulting spectrum reproduced the peak at 425 nm, 

indicating that the presence of hydroxyl groups in aqueous solution contribute to this 

peak, and therefore, explained the difference between the calculated and experimental 

location of this peak.  With this insight, the computational model was determined to be 

appropriate for accurately evaluating UO2
2+ and PQQ3- interactions, which were 

consequently investigated. 
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Figure 2.7. a) Experimental UV/Vis spectrum of 100 mM UO2(NO3)2 in NaOH buffer 
solution. Black (pH=5.0), grey (pH=7.0), b) simulated UV/Vis spectrum of fully solvated 
UO2(H2O)5

2+. c) Simulated UV/Vis Spectrum of fully solvated UO2
 (H2O)4(OH)+. 

 

Modeling PQQ3-/UO2
2+ Interactions 

As mentioned, an in silico study addressing the interaction of pyrroloquinoline 

quinone (PQQ) with UO2
2+ has already been performed at a modest level of theory, 

BP86/LANL2DZ.22 Using the B3LYP/TZVP combination of functional and basis set, as 

well as both explicit and implicit solvation methods, the calculations preformed for 

PQQ3-/UO2
2+ interactions were revisited. Additionally, calculations analyzing the binding 

mechanism of UO2
2+ coordination, by evaluating the ground state electronic structure of 

this interaction, were executed. 
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Energetics. Shown in Figure 2.8, there are two possible binding sites for UO2
2+ 

coordination determined by VanEngelen et al, the {ONO} and {OO} site. Density 

functional theory-based modeling was thus used to determine the most energetically 

favorable site for UO2
2+ coordination at a model level of theory, BP86/LANL2DZ.22  In 

the work presented here, the calculations were revisited with our developed 

computational model. The results for binding energies and entropies are given in Table 

2.8. Incidentally, binding energies and entropies were calculated that agreed with the 

previous calculation by VanEngelen et al,22 since the results described energetic 

favorability of UO2
2+ coordination to the [ONO] site on PQQ.   

Given in Table 2.8, the calculated change in Gibb’s free energy for for UO2
2+ 

binding of the two sites confirmed that the favorable binding site for UO2
2+ coordination 

was the {ONO} motif.  However, the key difference reported here compared to the 

previous work done was the negative Gibb’s free energy for UO2
2+ coordination to both 

sites.  Previously, the binding to the {OO} motif was reported to have a positive change 

in Gibb’s free energy upon UO2
2+ coordination.22 

Due to the available π* orbitals centered on the oxygen atoms of the {OO} 

models presented here, UO2
2+ coordination at this site is likely energetically favorable. 

Though the change in Gibb’s free energies were both negative in the new computational 

model, the {ONO} coordination showed a significant preference, as the magnitude of the 

negative change in Gibb’s free energy (-54 kJ/mol) was almost twice as large as the [OO] 

coordination (-32 kJ/mol).   
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Figure 2.8. UO2

2+ interactions with PQQ, including a) [UO2(CO3)(PQQ)(H2O)]3- with 
[OO] binding configuration. b) [UO2(CO3)(PQQ)(H2O)]3- with [ONO] binding 
configuration. 
 
 
Table 2.8. PQQ Binding Energies (ΔE0, ΔH, ΔG, kJ mol-1) and Entropies (ΔS J mol-1 K-1) 
for the [ONO] and [OO] binding motifs for acquired for the following reaction: 
 

[UO2(CO3)(H2O)18]+[PQQ(H2O)11]3-→[UO2(CO3)(PQQ)(H2O)21]3-+H2O(H2O)7. 
 

Binding Configuration ΔE0 ΔH ΔS ΔG 
 kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 
[ONO] -34 -28 90 -54 
[OO] -22 -21 35 -32 

 

The newly calculated binding energies and entropies for UO2
2+ coordination to 

both sites were also universally smaller in magnitude than the previous calculations.22 

The larger model incorporating solvent interactions likely lowered the change in Gibb’s 

free energy by stabilizing the complexes involved in the reaction.  As established by the 

computational model development in this work, the binding energies presented by this 

model provide a more accurate assessment of the preferential binding of UO2
2+ to the 

{ONO} site of PQQ. 
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The change in Gibb’s free energy for the coordination of a Ca2+ cation to the 

{ONO} site of PQQ was additionally calculated for its relevance to the toxicity 

mechanism presented by VanEngelen et al.22 As predicted by the BLM toxicity 

mechanism describing the displacement of Ca2+ by UO2
2+ on the [ONO] site, the change 

in Gibb’s free energy for Ca2+ coordination to the {ONO} site was significantly smaller 

than for UO2
2+. The results for binding energies and entropies are given in Table 2.9. 

 
Table 2.9. PQQ Binding Energies (ΔE0, ΔH, ΔG, kJ mol-1) and Entropies (ΔS J mol-1 K-1) 
for Ca2+ and UO2

2+ coordination in the following reaction: 
 

[M(CO3)(H2O)18]+[PQQ(H2O)11]3-→[M(CO3)(PQQ)(H2O)21]3-+H2O(H2O)7 
Binding Cation (M) ΔE0 ΔH ΔS ΔG 
 kJ mol-1 kJ mol-1 J mol-1 K-1 kJ mol-1 
Ca2+ -5 -4 18 -7 
UO2

2+ -22 -21 35 -32 
     

 

 Table 2.9 shows the change in Gibb’s free energy for UO2
2+ coordination to the 

{ONO} site of PQQ had a greater negative value (-54 kJ/mol) than Ca2+ coordination to 

the {ONO} site (-7 kJ/mol).  The difference between the two energies showed that UO2
2+ 

had a binding affinity for the {ONO} site that was closer to eight times greater than for 

Ca2+ coordination, indicating the displacement of Ca2+ by UO2
2+ proposed in the 

VanEngelen et al uranium toxicity mechanism is likely to occur.22 

 

Electronic Structure. Evaluating the electronic structure of the isolated PQQ 

cofactor was essential to understanding the properties that make the {ONO} binding 

motif favorable for UO2
2+ coordination. Therefore, a natural population analysis 

rendering the molecular orbitals for the PQQ cofactor was calculated, specifically looking 
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at the LUMOs associated with the {ONO} binding motif.  The lowest unoccupied 

molecular orbitals (LUMOs) are the ones available for bonding with UO2
2+. Evaluating 

these specific orbitals can provide insight into the type of binding achieved by UO2
2+ 

coordination to this site. Figure 2.9 shows the first 3 LUMOs which describe available π* 

bonding centered on the nitrogen and oxygen atoms. This available π* on the {ONO} site 

are therefore the most likely orbitals involved in UO2
2+ coordination with the LUMOs 

centered on the uranium atom. 

Accordingly, a molecular orbital analysis was also performed on the isolated 

UO2
2+ complex incorporating both explicit and implicit solvation methods. AIM68 was 

used to evaluate a one electron reduction of the complex to the first seven LUMOs.  The 

results determined an electronic structure of UO2
2+ and a model of ligand field splitting of 

a seven coordinate actinide complex. Given in Table 2.10 below is the percent of atomic 

character for both the uranium atom and the seven coordinated oxygen atoms in the first 

7 LUMOs resulting from the AIM68 calculation. 
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Figure 2.9. Rendered molecular orbitals for the HOMO and first three LUMOs of PQQ3-  
calculated by a natural population analysis. 
 
 
Table 2.10. Natural population analysis with normalized atomic orbital contributions per 
electron hole taken from a one electron reduction for the 7 LUMOS for [UO2(H2O)19]2+. 

 

Natural Population 

Analysis LUMO +1 +2 +3 +4 +5 +6 
U 7S 0% 0% 0% 0% 0% 0% 0% 
U 5f 92% 92% 97% 96% 66% 65% 56% 
U 6d 0% 0% 0% 0% 0% 0% 0% 
U 7p 0% 0% 0% 0% 1% 1% 0% 
O 2s 0% 0% 1% 2% 2% 3% 7% 
O 2p 8% 7% 1% 1% 21% 21% 5% 
outside [UO

7
] 1% 1% 1% 1% 10% 10% 32% 
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Experimentally, the UO2
2+ U M5 edge given from X-ray absorption near edge 

spectroscopy (XANES) has an intense white line (~3555eV) due to the 3d to 5f transition 

shows intense, separate broad pre-edge features, indicating that the 5f orbitals are the 

lowest lying unoccupied orbitals.  The U LIII XANES edge for UO2
2+ confirms that the 

5f orbitals are the lowest lying since the spectrum as no pre-edge features.48 The one 

electron reduction and a natural population analysis showed the first 7 LUMOs to be 

predominately of U 5f character, agreeing with the U M5 edge XAS experimental data, as 

well as giving insight into which uranium orbitals are used for bonding to PQQ. 

Molecular orbital renderings of each LUMO are shown in Figure 2.10. 

 

 
 
Figure 2.10. Rendered molecular orbitals for the first seven LUMOs of [UO2(H2O)19]2+ 
complex calculated with natural population analysis. 
 
 

After identifying the orbitals available for bonding on each isolated complex, a 

natural population analysis was performed on the whole complex with UO2
2+ 
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coordinating at the {ONO} binding motif.  Charges for the oxygen and nitrogen atoms of 

the {ONO} binding motif showed electron density donation to the uranium atom of 

UO2
2+.  The C5 quinone oxygen atom of PQQ had an increased positive charge ( -0.44 

eV)  compared to the neighboring quinone oxygen (C4) with a charge of -0.59 eV.  The 

uranium atom with a formal charge of +6 had a charge of 1.55 eV, again indicating 

electron donation from the {ONO} motif into the empty 5f orbitals. Additionally, Figure 

2.11 shows the rendered highest occupied molecular orbital from the natural population 

analysis, which shows overlap between the U 5fz3 orbital and the {ONO} π* orbitals.] 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11. Rendered molecular orbital picture of the PQQ3-/UO2

2+ interaction in the 
HOMO orbital calculated using natural population analysis. 
 
 

Rather than focusing on the LUMOs, this population analysis focused on the 

highest occupied molecular orbitals for UO2
2+ coordination to PQQ.  The purpose of this 

analysis was to investigate whether the previous population analyses provided an 

accurate electronic structure that could model the bonding interactions between PQQ3- 

and UO2
2 +.  Overlap between PQQ O/N π*  and U 5f orbitals, predicted by the individual 
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PQQ3- and UO2
2 + population analyses, were described by the population analysis.  

Accordingly, the results from these analyses provide strong evidence this binding model 

is the likely source for strong coordination of UO2
2+ to the [ONO] site of the cofactor.   

 
Conclusions 

 
 

Computational and experimental methods were synergistic in the study of UO2
2+ 

with the PQQ cofactor. Since DFT can be used to examine mechanistic pathways, 

intermediates, and structural details that are difficult to observe experimentally, a 

computational model that describes PQQ3- and UO2
2+ interactions was developed. The 

level of theory to be used and method of population analysis were determined by a 

rigorous evaluation of modern density functionals, basis sets, and solvation 

environments. Accordingly, a computational model that can most accurately describe the 

chemistry of the UO2
2+ cation and PQQ cofactor at a reasonable computational cost was 

created. The model developed in this work will therefore provide a foundation for further 

analysis of the interaction of UO2
2+ with the PQQ enzyme, allowing for insight into the 

toxicity mechanism at a molecular level. 

Overall, the B3LYP/TZVP level of theory was the superior combination of 

functional and basis set for modeling PQQ3- and UO2
2+ interactions.  The 

B3LYP/LANL2DZ combination gave reasonable results for geometries, but not for 

energetic calculations, and was likely the result of error cancellation.  The performance 

different solvation methods were investigated by evaluating pKa values and redox 

potentials for the ionizable functional groups of the two ions.  Incorporating both an 
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explicit and solvation environment greatly improved the accuracy of the calculations.  

The pKa values and redox potentials with this method were reproduced within an 

accuracy of one order of magnitude from their experimental counterpart. 

When revisiting the previous in silico modeling done by VanEngelen et al,22 the 

preferential binding of UO2
2+ to the [ONO] site over the [OO] site of PQQ was confirmed 

to be accurate.  However, the key difference reported by the model used here was the 

negative change in Gibb’s free energy calculated for coordination to both motifs.  

Previously, UO2
2+ coordination to the [OO] motif was reported to have a positive change 

in Gibb’s free energy. Due to the available π* orbitals centered on the oxygen atoms of 

the [OO] site observed in the rendered LUMOs of PQQ3-, coordination by UO2
2+ is likely 

energetically favorable. Though the binding energies were both negative for UO2
2+ 

coordination to PQQ3-, the [ONO] coordination showed a significant preference as the 

magnitude of the negative Gibb’s free energy (-54 kJ/mol) was almost twice as large as 

the [OO] coordination (-32 kJ/mol).   

The computational model was the used to compare the binding energies for Ca2+ 

and UO2
2+ coordination to the [ONO] site.  The change in Gibb’s free energy for UO2

2+ 

coordination to the [ONO] site of PQQ had a greater negative value (-54 kJ/mol) than for 

Ca2+ coordination (-7 kJ/mol).  The difference between the two energies showed that 

UO2
2+ had a binding affinity for the [ONO] site that was close to eight times greater than 

for Ca2+ coordination, indicating that the displacement of Ca2+ by UO2
2+ proposed in the 

above described BLM uranium toxicity mechanism22 was likely to occur. 
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Abstract 
 

To evaluate the observed inhibition of the catalytic oxidation of methanol to form 

formaldehyde in the presence of uranium, the binding of methanol to a bacterial 

dehydrogenase cofactor, pyrroloquinoline quinone (PQQ), was investigated with density 

functional theory (DFT).  The resulting computations have indicated that mechanistic 

results found in the literature for PQQ-dependent methanol dehydrogenase can be 

reproduced with a developed in silico model a higher level of theory, rather than the 

addition of computationally costly explicit protein environments.  Mechanistic 

calculations for the observed inhibition of methanol dehydrogenase in the work presented 

here additionally showed the high electronegativity of the uranium atom in the catalytic 

center prevented the methanol substrate from binding to the C5 position of the PQQ 

cofactor. 

 
Introduction 

 
Using the calibrated computational model described in Chapter 2, a detailed 

theoretical investigation was performed on methanol oxidation by a methanol 

dehydrogenase (MDH) active site cluster and the observed catalytic inhibition caused by 

the displacement of Ca2+ by UO2
2+, by VanEngelen et al.1 The model system, including a 

methanol dehydrogenase cofactor (pyrroloquinoline quinoe, PQQ), Ca2+, and both an 

explicit and implicit solvation shell, allowed for an extended analysis of these processes 

at a high level of theory with reasonable computational cost.  This is necessary because 



69 
 

 
 

the computational cost becomes a limiting factor when the Ca2+ cation is replaced by the 

electron rich UO2
2+ cation.  

The methanol dehydrogenase (MDH) enzyme is the focus of the work presented 

here due to the abundance of experimental data found in the literature that can be used for 

the necessary benchmark studies involved in density functional theory-based modeling.2-

4, 6-13 Methanol dehydrogenase (EC number: 1.1.99.8) is found in the periplasm of 

methylotrophic and autotrophic bacteria7–11 and plays a crucial role in methanol 

metabolism. It catalyzes the oxidation of methanol to formaldehyde, as well as other 

primary alcohols to their corresponding aldehydes, with the release of two protons and 

two electrons.12, 13 In addition to the cofactor, MDH requires a divalent calcium cation 

coordinated to PQQ for its catalytic activity.5, 14,15 

The X-ray structure of methanol dehydrogenase from the Methylophilus 

methylotrophus (M. W3A1) was solved at 2.4 Ǻ resolution (Figure 3.1).11 The enzyme is 

a H2L2 heterotetramer in which molecular masses of the two subunits H and L are 62 and 

8 kDa, respectively. Each heavy subunit contains a Ca2+ cation and a PQQ cofactor not 

covalently bound to the protein. The cofactor is located in a cavity near to the end of an A 

strand, and it is sandwiched between the indole ring of the residue Trp237 and the SS 

bridge of the couple Cys103-Cys104. In this crystal structure, the Ca2+ cation is 

coordinated to the PQQ cofactor at C7, N6, C5 binding site. 
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Figure 3.1. PQQ active site from the X-ray structure of methanol dehydrogenase from the 
Methylophilus methylotrophus W3A1 (M. W3A1) organism, solved at 2.4 Ǻ resolution.11 

 

 

Two mechanisms by which MDH oxidizes methanol to formaldehyde have been 

proposed in the literature: the addition-elimination mechanism and the hydride transfer 

mechanism (Figure 3.2).2 The proposed addition-elimination mechanism involves the 

nucleophilic addition of the methanol oxygen atom to the PQQ carbonyl located on C5.  

The addition is followed by the protonation of the Asp297 residue resulting in a 

subsequent protonation of the PQQ oxygen of the C5 carbonyl.  Proton abstraction from 

the methanol substrate CH3 by the PQQ oxygen atom of the C4 carbonyl leads to the 

formation of the product.   The final step is the concomitant formation of a C4-C5 double 

bond on the PQQ, now reduced to PQQH2. In the proposed hydride transfer mechanism, 

a direct transfer of a hydride from the methanol substrate to the C5 atom of the PQQ 

cofactor results in the direct formation of the product.  The reduction of the cofactor to 
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PQQH2 is achieved through an internal enolization step.  For both mechanisms, acid-base 

catalysis takes place through the amino acid Asp297 residue.  The involvement of the 

Asp297 residue is likely due to its location and chemical properties that allow it to 

function as a base by abstracting the proton from the substrate hydroxyl and as an acid by 

donating the same proton to the cofactor. 

 

 

Figure 3.2. Proposed addition elimination (top) and hydride transfer (bottom) for the 
oxidation of methanol formation to formaldehyde by MDH.2 

 

 

However, the role of Ca2+ in alcohol dehydrogenase enzymes is not well 

understood.9 Research has suggested that apart from structurally supporting the PQQ 

cofactor in the active site, the cation might have an important role in the alcohol electro-

oxidation reaction mechanism by methanol dehydrogenase. The Ca2+ cation is 

hypothesized to act as a Lewis acid contributing to the alcohol dehydrogenase mechanism 

by its coordination with the oxygen in the C5 position of PQQ. With this proposed 
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mechanism, the Asp297 residue would act as the Lewis base, but the exact mechanism is 

still under debate.  

Additionally, several experimental studies were devoted to the elucidation of the 

reaction mechanism. Oubrie et al obtained the crystal structure of soluble GDH as a 

complex between the reduced PQQH2 and glucose at 1.9 Å resolution in which the 

position of the C1 atom in glucose was used to argue for a hydride-ion-transfer 

mechanism.16 Additionally, Xia et al reported several crystal structures of MDH, 

postulating the hydride-transfer mechanism to be the preferred one as well.17, 18  Through 

electron paramagnetic resonance (EPR) studies on substrate binding to PQQ-Ca2+ in 

ethanol dehydrogenase, Kay et al indicated a strong coordination of the substrate to Ca2+, 

which should be broken during the addition–elimination process.19 For this reason, their 

work predicted that the addition-elimination mechanism is unlikely. However, the 

experimental information is not sufficient to clearly identify the catalytic mechanism 

followed by PQQ containing MDH enzymes.   

Leopoldini et al investigated the catalysis at the density functional B3LYP level 

(defined in the next section) by employing a reliable cluster of up to 108 atoms as a 

model system for the active site.6 The study resulted in a modified addition-elimination 

process (Figure 3.3), in which the sequence of steps involves a cleavage of the C-H bond 

in the substrate before the cofactor protonation by the Asp297 amino acid residue.   
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Figure 3.3. Modified addition-elimination mechanism presented by Leopoldini et al.6 

 

With the purpose of reproducing the proposed reaction mechanism described by 

Leopoldini et al,6 the work presented here aimed to carry out a detailed theoretical 

investigation on methanol oxidation by a MDH active site cluster. The model system, 

including the PQQ cofactor, Ca2+, and both an explicit and implicit solvation shell 

allowed for an extended analysis of these processes at a high level of theory with 

reasonable computational cost.  Replacing the Ca2+ cation with UO2
2+, thus, allowed for 

chemical insight into the change in electronic structure responsible for the inhibition of 

formaldehyde formation from MDH active site. 

 
Computational Details 

 
All calculations were carried out using the Gaussian 09 suite of programs.20 The 

functional employed in this study was B3LYP21-23, which was used with Gaussian-type 

basis set, TZVP24. All calculations involving the uranium atom incorporated the small 

core (60 electrons), Wood-Boring quasi-relativistic effective core potential.25    
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For the implicit solvation model, the polarizable continuum model (PCM) 26,27 

was employed modeling the dielectric of a protein environment. For the explicit solvation 

shell around the Ca2+ and UO2
2+ cations, the positions of the amino acid residues 

coordinated to the divalent calcium cation were considered.  The active-site model cluster 

used in this work was constructed by starting from the X-ray structure of the protein from 

the microorganism Methylophilus methylotrophus W3A1 (PDB code=1G72).28 The 

calcium cation first-shell coordination sphere consists of the PQQ molecule, three water 

molecules to model the electron donation from the Glu171 and Asn255 residues, and a 

bicarbonate ion to represent the mechanistic contribution of the Asp297 residue. 

A potential energy surface scan was mapped for each transition state by manually 

driving the reaction coordinate.  Once the peak of this transition was identified, a 

transition state optimization, as implemented by Gaussian09, was performed to find the 

lowest lying conformation.20  The predicted energy associated with each optimized 

stationary point of the mechanism was compared relative to the combined energy of the 

enzyme and substrate. 

 
Results and Analysis 

 
By first investigating the proposed mechanisms described in the literature, it was 

determined that our highly calibrated model delivered mechanistic results comparable to 

the calculations done by Leopoldi et al with a large and reliable protein cluster.6  The 

results provided correlation to work done with a large cluster protein in regards to the 

preferred mechanistic pathway.  As a result, the change in electronic structure responsible 
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for the inhibition of formaldehyde production from the MDH active site through the 

displacement of Ca2+ by UO2
2+ was evaluated. 

 
The Addition-Elimination Mechanism 

The result for the potential energy surface (PES) for the addition elimination 

reaction mechanism is reported in Figure 3.4.  The corresponding equilibrium geometries 

of points belonging to this path are depicted in Figure 3.5.  

The starting point for this mechanistic pathway was represented by the formation 

of an exothermic (-19 kJ/mol) Michaelis-Menten complex (ES) between the substrate and 

the catalytic center.  The methanol substrate interacted with the enzyme hydroxyl oxygen 

atom calcium cation establishing a coordination bond of 2.55 Å.  The proton on the 

substrate hydroxyl oxygen atom was involved in a hydrogen bond with the bicarbonate 

ion as a model for the Asp297 residue (1.65 Å).  

 

 

Figure 3.4. Potential energy surface for the addition-elimination reaction mechanism. 
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Figure 3.5. Density functional theory (B3LYP/TZVP) optimized stationary points 
belonging to the addition-elimination path. 
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Following the proposed mechanism for the addition-elimination pathway, a saddle 

point was found (TS1a, Figure 3.5) at 23 kJ/mol above the reference point E+S for the 

nucleophilic addition of the substrate oxygen atom on the PQQ C5 carbon atom.  In this 

first transition state, the formation of a C-O bond with the hydroxyl oxygen atom of 

methanol to the C5 atom of PQQ, at a distance of 1.80 Å, occured with the simultaneous 

transfer of a proton from the methanol hydroxyl to the O1 atom of the bicarbonate ion 

(representing Asp297).  AS a result, the transition state optimization had a normal 

vibration mode that corresponded to the coupled stretchings of the incoming hydroxyl 

oxygen atom to C5 atom and hydrogen atom to O1 atom bonds.  However, the imaginary 

frequency of 148 cm-1 for the transition state indicated that the first transition state was 

mainly characterized by the motion of heavy atoms in the model and the potential energy 

surface for the transfer of the hydrogen atom mediated by the Asp297 bicarbonate was 

very flat.  The predicted activation energy with respect to the ES complex was 42 kJ/mol.   

Accordingly, the addition of the substrate to PQQ led to the tetrahedral 

intermediate (INT1a), where a σ bond of the oxygen atom of methanol to the C5 atom of 

PQQ was completely formed with a distance of 1.49 Å.  The equilibrium structure energy 

of this intermediate was 6 kJ/mol above the reactants.  

The next step in the proposed mechanism was a proton transfer from the H-O1 

hydroxyl of the bicarbonate ion to the PQQ C5-O carbonyl oxygen atom, which occurred 

through the second transition state (TS2a). In this state, a proton was shared between the 

oxygen atoms of the PQQ (1.27 Å) and the bicarbonate ion (1.13 Å).  The imaginary 

frequency for this state, at 1360 cm-1, referred to the stretching vibrational modes of the 
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bicarbonate O1-H and of PQQ H-O bonds.  The energy required to create this transition 

state resulting in a second intermediate was 41 kJ/mol, as computed with respected to 

INT1a. 

 The second transition state led to the second intermediate in this proposed 

mechanism (INT2a), lying -27 kJ/mol below the reactants.  In this state, the bicarbonate 

O1 oxygen atom had acquired a proton.  Once in the second intermediate state, the CH3 

group from the substrate moved closer to the oxygen atom of the C4 carbonyl group of 

PQQ so that it was in a favorable position for the H-CH2 bond breaking of the third 

transition state (TS3a).  

 Thus, the third transition state (TS3a) led to the PQQH2 reduced species by means 

of a proton transfer from the CH3 group of the substrate to the oxygen atom of the C4 

carbonyl group.  The equilibrium species for the state was found with a bond length value 

of 1.32 Å for both the substrate C-H bond and H-O atom of the C4 carbonyl bonds.  The 

bond between the substrate oxygen atom and the C5 atom of the PQQ cofactor 

lengthened to 2.14 Å indicating that the bond was on the path to break and release the 

formaldehyde product.  The imaginary frequency for this transition state was 1421 cm-1 

and corresponded to the movement of the proton between the carbon and oxygen atoms 

involved.  The amount of energy required to overcome this transition state was 100 

kJ/mol, making this step the rate determining step. Consequently, this step led to the 

reaction products, the reduced PQQH2 species and formaldehyde, which were -21 kJ/mol 

below the reference. 
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The Modified Addition-Elimination Mechanism 

100 kJ/mol, for the reaction barrier of TS3a, indicated that this step was 

kinetically slow and unlikely to occur.  This result was in agreement with the previous 

work by Leopoldini et al6 who proposed a revised mechanism where the proton shift 

from the bicarbonate ion (modeling the Asp297 residue) to the oxygen atom of the C5 

quinone group occurred after the substrate C-H bond cleavage. The result for the 

potential energy surface (PES) for the modified addition elimination reaction mechanism 

is reported in Figure 3.6.  The corresponding equilibrium geometries of points belonging 

to this path are depicted in Figure 3.7.  

Starting from INT1a, the second transition state (TS2a’), describing the C-H 

bonding breaking by the oxygen atom linked to the C4 atom of PQQ, had an imaginary 

frequency of 1378 cm-1 describing the movement of the proton between the substrate 

carbon atom and the oxygen on the cofactor.  This transition state required 50 kJ/mol.  

The barrier height for this modified path was now compatible with an enzymatic catalysis 

and agreeable with previous results using a large protein cluster model. 

 From the TS2a’, the intermediate INT2a’ wa formed at -27 kJ/mol below the 

reactants. In this state, the C5 oxygen atom was negatively charged and the C4 oxygen 

atom is protonated on the PQQ cofactor.  Finally, through the last transition state (TS3a’), 

responsible for the protonation of the PQQ C5 oxygen atom, the reaction path was 

complete.  This state required 34 kJ/mol.  As seen with Leopoldini et al,6 this reaction 

path describes a more kinetically reasonable path for the enzymatic catalysis. 
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Figure 3.6. Potential energy surface for the addition-elimination reaction mechanism 
(solid) and the modified addition-elimination reaciton mechanism (dashed). 
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Figure 3.7. Density functional theory (B3LYP/TZVP) optimized stationary points 
belonging to the modified addition-elimination path. 
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The Hydride Transfer Mechanism 

For additional evidence of kinetic favorability of the modified addition-

elimination mechanism as seen by computations in a larger protein environment, the 

hydride transfer mechanism was investigated.  The result for the potential energy surface 

(PES) for the addition elimination reaction mechanism is reported in Figure 3.8.  The 

corresponding equilibrium geometries of points belonging to this path are depicted in 

Figure 3.8.  

 

  

Figure 3.8. Potential energy surface for the hydride transfer reaction mechanism.  
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Figure 3.9. Density functional theory (B3LYP/TZVP) optimized stationary points 
belonging to the hydride transfer mechanism. 
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 In this second proposed mechanism, the formation of the Michaelis Menten 

complex ES was followed by the direct transfer of the hydride ion from the methanol 

CH3 group to the C5 atom of the PQQ cofactor.  The hydride transfer should be concerted 

with the proton abstraction by the O1 atom of the bicarbonate ion, resulting in an 

immediate formation of formaldehyde.  

The first transition described in the hydride transfer mechanism (TS1b) had an 

imaginary frequency of 1475 cm-1, corresponding to the stretching of the bond between 

the substrate methanol hydrogen atom to the C5 atom of the PQQ coupled with the 

methanol hydroxyl deprotonation by the bicarbonate ion.  TS1b required an activation 

energy of 114 kJ/mol in reference to the ES complex.   The cleavage of the covalent C-H 

bond of the methanol was very energetically expensive, and the height of the activation 

barrier was beyond the limit of a likely enzymatic process.  

In this path, TS1b evolved into the INT1b intermediate lying at 31 kJ/mol above 

the reactants. In this state, the formaldehyde product had already formed was leaving the 

active site. The next step along the reaction profile was the H+ transfer from the 

bicarbonate ion to the oxygen attached to C5, which occured through the transition state 

TS2b and required 13 kJ/mol. The normal vibration mode for this state at 1413 cm-1 

corresponded to the shift of the proton from the bicarbonate oxygen to the PQQ C5 

oxygen atom.  The INT2b intermediate was thus formed after the proton transfer and is 

characterized by a tetrahedral C5 carbon atom and by a network of hydrogen bonds that 

involve the PQQ oxygen atoms.  
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The enolization process leading to the final reduced PQQH2 cofactor occurred by 

transferring the hydrogen bound to the C5 atom to the C4 carbonyl oxygen. Accordingly, 

transition state TS3b for the direct hydrogen transfer on the C4 oxygen atom was reached 

when the CH-O and C-HO critical distances assume the values of 1.33 and 1.47 Å, 

respectively. An imaginary frequency at 2260 cm-1 corresponded to the stretching of 

these bonds. TS3b was a highly stressed species, so that its formation, requiring 160 kJ 

/mol, was energetically prohibitive.  

 
The Modified Addition Elimination  
Reaction with UO2

2+ Present 

Good correlation between our results with a highly calibrated computational 

model and results found using a larger protein environment for the favorability of the 

modified addition-elimination reaction pathway were achieved. Therefore, this work 

extended its investigation to the effect of the Ca2+ displacement by UO2
2+. Van Engelen 

et al have recently described the interaction of pyrroloquinoline quinone (PQQ) with the 

most biologically relevant form of depleted uranium  (uranyl, UO2
2+) as a displacement 

of the divalent calcium cation by UO2
2+. A combination of in vivo, in vitro and in silico 

studies have been presented, demonstrating that uranyl nearly completely inhibited 

microbial activity at very low concentrations by strongly binding to PQQ in place of the 

Ca2+ cation. Electrospray ionization mass spectroscopy, UV-vis optical spectroscopy, 

competitive Ca2+/uranyl binding studies, relevant crystal structures, and molecular 

modeling undeniably indicate that uranyl selectively binds at the carboxyl oxygen, 

pyridine nitrogen, and quinone oxygen in the C7, N6, C5 positions of the PQQ cofactor, 
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the site known to be occupied by Ca2+.The result for the potential energy surface (PES) 

for the modified addition elimination reaction mechanism with UO2
2+ is reported in 

Figure 3.10.  The corresponding equilibrium geometries of points belonging to this path 

are depicted in Figure 3.11.  

 

 
Figure 3.10. Potential energy surface for the modified addition-elimination mechanism 
with UO2

2+ replacing Ca2+ at the catalytic center. 
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Figure 3.11. Density functional theory (B3LYP/TZVP) optimized stationary points 
belonging to the modified addition-elimination mechanism with UO2

2+ replacing Ca2+ at 
the catalytic center 
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As with the previous calculations, the starting point of the modified addition –

elimination pathway was represented by the formation of a Michaelis-Menten complex 

(ESu) between the substrate and the catalytic center, which was -30 kJ/mol.  The 

substrate interacted by its hydroxyl oxygen atom with uranium, establishing a 

coordination bond of 2.49 Å.  The substrate proton on the hydroxyl oxygen atom was 

involved in a hydrogen bond with the bicarbonate ion as a model for the Asp297 residue 

(1.52 Å).   

Following the proposed mechanism for the addition-elimination, a saddle point 

for the nucleophilic addition of the substrate oxygen atom on the PQQ C5 carbon atom 

was found (TS1u, Figure 3.11).   In this first transition state, the formation of the 

hydroxyl atom of methanol to C5 atom of PQQ bond, at a distance of 1.72 Å, occurred in 

a concerted way with the transfer of a proton from the methanol hydroxyl oxygen atom to 

the O1 atom of the bicarbonate ion.  This transition state required an activation energy of 

276 kJ/mol, which makes this transition energetically prohibitive.  Without constraints, 

the lowest lying energy state for this complex showed the methanol hydroxyl oxygen 

atom to be coordinated to the C5 atom of the PQQ bond at 2.47 Å, indicating that the 

highly electronegative uranium atom was prohibiting the methanol substrate from 

coordinating to the C5 atom of PQQ.  

Returning to the proposed pathway from TS1u, the addition of the substrate to 

PQQ leads to the tetrahedral intermediate (INT1u), where the oxygen atom of methanol 

to the C5 atom of PQQ σ bond is completely formed with a distance of 1.43 Å.  The 

equilibrium structure of this intermediate was 95 kJ/mol above the reactants, indicating 
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that this structure is far less stable than the reactants. From INT1u, the second transition 

state of the modified addition-elimination pathway (TS2u’), describing the C-H bonding 

breaking by the oxygen atom linked to the C4 atom of PQQ was formed. TS2u’ had an 

imaginary frequency of 1248 cm-1, describing the movement of the proton between the 

substrate carbon atom and the oxygen on the cofactor.  This transition state required 37 

kJ/mol.  The barrier height for this transition state was actually smaller than for the 

modified addition-elimination mechanism in its native state (with the Ca2+ cation). This 

result was likely from the de-stabilization of the structure INT1u which could weaken the 

C-H bond of the substrate. 

 From the transition state TS2u’, the intermediate INT2u’ was formed at -37 

kJ/mol below the reactants.  Once the substrate has left the reaction, the PQQ/ UO2
2+ 

complex became significantly more stable.  In this state, the C5 oxygen atom was 

negatively charged and the C4 oxygen atom on the PQQ cofactor was protonated.  

Through the last transition state (TS3u’), responsible for the protonation of the PQQ C5 

oxygen atom, the reaction path was complete.  This state required 121 kJ/mol.  This 

barrier was high likely due to the increased electron donation from the bicarbonate 

oxygen in uranium-bicarbonate bond, strengthening the ion’s attraction to the proton.  

From this transition state, the reaction path was complete and the products were formed -

29 kJ/mol below the reference complex. 
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Discussion 

 
The catalysis of the PQQ-containing methanol dehydrogenase enzyme was 

investigated at the density functional B3LYP/TZVP level of theory. Two mechanisms 

proposed in the literature for this enzymatic reactions; 1.) the addition–elimination, which 

requires the nucleophilic addition of the methanol oxyanion on the PQQ cofactor 

followed by an intramolecular retro-ene reaction, and 2.) the hydride transfer, which 

involves the direct transfer of a hydrogen followed by an internal enolization process. 

Both mechanisms were analyzed in detail and compared to previous computational work 

found in the literature.6  

Both mechanisms in their native state were determined to be outside the energetic 

requirements typically associated with enzymatic processes. More specifically, high 

energy barriers (100 kJ/mol for addition– elimination, and 152 kJ/mol for the hydride-

transfer mechanism), were found, each corresponding to the rate-determining step.  

Consequently, in both cases, the rate-determining step involved the cleavage of the 

covalent C-H bond in the substrate. A third mechanism has been proposed, as a modified 

addition– elimination mechanism, in which the reaction sequence of the steps involves 

the cleavage of the C-H bond in the substrate before the cofactor protonation by the 

bicarbonate ion (as a truncated amino acid residue).  This mechanism was found in the 

work presented here to be more energetically favorable since the activation energy in the 

rate-determining step was 41 kJ/mol, making it the preferred reaction path followed by 

the PQQ-containing methanol dehydrogenase enzyme. 
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In the modified addition-elimination mechanism, the role played by the Ca2+ 

cation assisted in correctly orienting the cofactor and the substrate, and polarizing the 

PQQ C5=O carbonyl bond. Examining the potential inhibitory effects of UO2
2+ on PQQ 

catalyzed reactions, when the native Ca2+ was displaced by UO2
2+, the mechanism 

became energetically prohibitive.  Though the PQQ C5=O carbonyl bond was polarized 

by UO2
2+, the methanol substrate appeared to be more stable when coordinated to the 

uranium atom of UO2
2+ rather than to the C5 atom of the PQQ cofactor. The rate 

determining step for the proposed modified addition-elimination reaction path was TS1u, 

the initial binding of the substrate oxygen atom to the C5 atom of the PQQ cofactor.  

With a reaction barrier of 287 kJ/mol, this step was very unlikely to occur, thus providing 

additional evidence for the proposed mechanism of the observed inhibition of methanol 

dehydrogenase in the presence of UO2
2+. 

Examining the lowest occupied molecular orbital (LUMO) via natural population 

analysis of both the starting enzyme complex in its native state (with the Ca2+ cation) and 

with a UO2
2+ cation in the catalytic center explained the favorability of the substrate 

binding in with Ca2+ (Figure 3.11).   The LUMO of the enzyme complex in its native 

state consisted predominately of 𝜋* from the carbon and oxygen atoms of the PQQ 

cofactor.  Specifically, the π* orbital centered on the C5 carbon atom of PQQ depicted 

the available orbitals for binding the oxygen of the methanol substrate.  Consequently, 

the LUMO of the enzyme with UO2
2+ in its catalytic center consisted not only of π* 

orbitals from the carbon and oxygen atoms of the PQQ cofactor but also of empty f-

orbitals centered on the uranium atom.  Thus, when the methanol substrate entered the 
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catalytic center, there was competition for coordination of the substrate to the uranium 

atom and the C5 carbon atom of PQQ.  From the activation energy calculated for the 

binding of methanol to the C5 carbon atom with UO2
2+ in the catalytic center, it was 

evident that the methanol experienced preferential binding to the highly electronegative 

uranium atom over the C5 carbon atom, which would subsequently begin the oxidation 

process. 

 

 
Figure 3.12. Rendered molecular orbitals from a natural population analysis of the 
LUMO for the enzyme complex in its native state (a) and with UO2

2+ in its catalytic 
center (b). 
 
 

In summary, identifying the electronic changes to the PQQ cofactor of the 

methanol dehydrogenase enzyme in the presence of UO2
2+ has provided a molecular basis 

for understanding the observed inhibition of this catalysis seen by VanEngelen et al.1  

Although the role of PQQ in non-bacterial organisms is under debate, the molecular 

understanding of the interaction between PQQ and UO2
2+ cation has implications for 

understanding the potential effects of uranium on analogous binding sites found in other 
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organisms, including humans.  Research in this direction is of great importance for 

gaining insight into the effect of uranium on specific enzymatic pathways. The results 

shown here provide a molecular basis for future work on uranium toxicity, U 

remediation, and the potential long term health risks associated with U contamination of 

the environment. 
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Abstract 

 
A combination of in vivo, in vitro, and in silico methods recently proposed a key 

interaction between the pyrroloquinoline quinone (PQQ) bacterial dehydrogenase 

cofactor and the uranyl (UO2
2+) cation that corresponds to a uranium toxicity mechanism 

in bacteria.  The observed toxicity was determined to be a result of the displacement of a 

Ca2+ cation bound to the {ONO} site on PQQ and was observed even at submicromolar 

concentrations of UO2
2+. For this study, a small molecule PQQ analogue, dipicolinic acid 

(DPA), was used as a model for the {ONO} binding motif of PQQ. Complexation of 

UO2
2+ with DPA through the displacement of Ca2+ (along with other metal cations of 

biological importance Zn2+, Cu2+, Ni2+, and Fe3+) was examined with UV/Vis 

spectroscopy, ESI-mass spectrometry, and computational modeling.  Data from these 

experiments show that UO2
2+ has a distinctly higher binding affinity (logβ=10.2±0.1) for 

the {ONO} site on DPA compared to that of Ca2+ (logβ=4.6±0.1).  By investigating the 

electronic and structural properties that make the {ONO} site a distinctive site for UO2
2+ 

binding, specific molecular mechanisms of uranium toxicity may be identified. 

 

Introduction 

 
Uranium is an environmental contaminant that produces the highly mobile, 

dioxouranium(VI) cation, UO2
2+ or uranyl, in aqueous environments.  UO2

2+ can 

potentially deliver both radiological and chemical toxicity to living organisms.1,2 Though 

naturally present in varying concentrations throughout environmental ecosystems, the 

wide use of uranium for industrial and military applications has increased the risk for 
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distribution through mining activities, uranium processing, and leaching of radioactive 

waste.3-6   

Uranium presence in ground water is monitored and allowed by the United States 

Environmental Protection Agency at concentrations less than 13 µM (30 µg/L).7  

Nevertheless, increased distribution of uranium into the environment, more specifically 

through groundwater, should be of concern considering there is known chemical toxicity 

associated with ingestion.1,2 However, toxicity mechanisms existing in the literature have 

yet to present a molecular basis for UO2
2+ presence in living organisms.  Published data 

concerning the mechanism of uranium interaction with proteins and metabolites at a 

molecular level is limited8-15 and few quantitative studies have investigated the binding 

properties of UO2
2+ with small, biologically relevant molecules.14,17-23  

Consequently, a recent combined in vivo, in vitro, and in silico study by Van 

Engelen et al (2011) proposed a key interaction of pyrroloquinoline quinone (PQQ) with 

UO2
2+ that was responsible for a specific toxicity mechanism in bacteria.24 The 

measurements showed that the presence of UO2
2+ nearly completely inhibited bacterial 

growth at ~0.5 µM concentrations.1 Additional mass spectrometry and computational 

modeling determined that the inhibition was due to a UO2
2+ interaction with the {ONO} 

site on the PQQ cofactor (Fig. 4.1), a non-covalently bound ortho-quinone cofactor used 

by a number of bacterial dehydrogenases.25 A crystal structure of the quinone-dependent 

methanol dehydrogenase (QMDH)26 shows this site to be coordinated to a Ca2+ that 

serves both catalytic27 and structural28 roles by anchoring PQQ within the haloenzyme.  
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The mechanism of UO2
2+ toxicity inferred from the PQQ-dependent growth 

conditions24 was explained using the biotic ligand model (BLM) of acute metal toxicity. 

The basic assumption of the BLM is that acute metal toxicity results from the 

complexation of a metal (uranium) with physiologically active binding sites ({ONO} 

site), to the exclusion of competing ions (calcium).29,30 This competitive UO2
2+ binding 

relative to Ca2+ on active sites has consequently been reported elsewhere in recent 

publications investigating albumin,15 C-reactive protein,21 and calmodulin.16 

While the role of PQQ in non-bacterial organisms is under debate,31,32 the 

molecular basis of the interaction between the {ONO} active site of PQQ and UO2
2+ has 

implications for understanding uranium toxicity in other organisms, including humans. 

By examining the structural and electronic properties of the {ONO} site, additional active 

sites with the potential for uranium coordination to the exclusion of competing ions can 

be identified.  As a supporting example to this hypothesis, the {ONO}-site of PQQ shows 

structural similarity to the tricyclic alloxazine catalytic center of flavoprotein monoamine 

oxidase (Fig. 4.1) that may allow UO2
2+ coordination and an earlier study has indicated 

that UO2
2+ inhibits flavoprotein monoamine oxidase function in rat kidney.33 
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Figure 4.1. {ONO} binding site on PQQ, DPA, and a Tricyclic Alloxazine Group of 
Flavoprotien. [M] indicates the complexing metal cation and can be UO2

2+, Ca2+, Zn2+, 
Cu2+, Ni2+ and Fe3+. 
 
 

In the work presented here, UV/Vis spectroscopic analysis provided an 

experimental probe to follow the competitive UO2
2+ binding with Ca2+ for the {ONO} 

site through changes in absorbance spectra, representing the electronic structure of the 

metal-ligand complexes formed by each cation. With the addition of electrospray 

ionization mass spectrometry (ESI-MS) and computational modeling, structural 

uncertainties of these metal-ligand complexes were resolved. Since UO2
2+ is a di-cation, 

it can compete electrostatically with Ca2+ for binding sites. Thus, UO2
2+ binding to the 

{ONO} site was compared with other biologically relevant divalent cations including 

Zn2+, Ni2+, and Cu2+. By considering the high valence of the uranium central ion with 

empty 5d and 4f shells, the coordination properties of UO2
2+ can also be considered 

electronically similar to Fe3+ ions.  This comparison was also investigated given the 

importance of Fe3+ in biological systems. 
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Competitive binding between the above mentioned metal cations and UO2
2+ for 

the {ONO} binding motif was thus investigated. In doing so, possible interactions of 

uranium with similar sites found in biological organisms were identified from the insight 

gained by the evaluation of a specific binding motif ({ONO} site) that is known to have 

inhibitive effects from uranium at submicromolar concentrations. Characterizing UO2
2+ 

interactions at a molecular mechanism level was of great interest and will aid in our 

understanding of the electronic and structural factors governing UO2
2+ binding to small 

molecules relevant to human health.  Research in this area of study may additionally 

assist in developing new molecules that could be used for uranium biodetection and 

bioremediation purposes.34-39 

 
Experimental and Theoretical Methods 

 
Chemicals 

All chemicals were purchased from Sigma Aldrich except for PQQ (Ark 

Pharmaceuticals). Calcium, zinc(II), copper(II), nickel(II), and iron(III) were all used as 

hydrated perchlorate salts.  UO2
2+ was added as a pentahydrate di-nitrate salt. Milli-Q 

water (18 mΩ) was used in preparation of all the solutions. All experiments were 

conducted at (23±2)° C.  The concentration of U(VI) in the stock solution was 

determined by absorption spectrophotometry.  Dipicolinic acid (pyridine-2,6-dicarboxylic 

acid, DPA, 98%) solutions were prepared as a pH=7.0 solution by neutralizing weighed 

amounts of DPA with a standard NaOH solution (0.10M) and diluted to appropriate 

concentrations with Milli-Q water (18 mΩ).  
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Spectrophotometry 

Competitive spectrophotometric titrations were measured on a Cary 6000i 

spectrophotometer (Varian, Inc.) to determine the extent of formation of [UO2DPA] 

complexes with the competing cations. Absorption spectra were collected in the 

wavelength region of 200-400 nm (0.1 nm interval), where the species of DPA and its 

complexes with UO2
2+ and Ca2+ showed unique spectral features at a pH of 7.0. For a 

typical titration, 2.00 mL of  metal cation:DPA complex or DPA solution was placed in a 

quartz cuvette (1.0 cm optical path)  into which appropriate aliquots of UO2
2+ or 

Ca2+solutions were added and mixed thoroughly for 1−2 minutes before the spectra were 

collected. Preliminary kinetic experiments showed that the complexation reaction was 

fast and the absorbance became stable within 30 seconds of mixing. For a typical sample, 

10-25 additions were made, generating a set of 11-26 spectra in each titration. Multiple 

titrations with different concentrations of [CaDPA] and UO2
2+ were performed.  

 
Stability Constants 

The stability constants (K) for [CaPQQ] and [CaDPA] complexes were calculated 

by the modified Rose-Drago expression,40 where for example, in the case of the [CaDPA] 

complex, the expression for the stability constant is as follows:  

]][[
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CaDPA
KCaDPA     (4.1) 

The corresponding modified Rose-Drago expression was: 
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ΔA represents the change absorbance between the complex formed and the absorbance of 

the initial DPA2- solution, at a specified wavenlength.  Δε represents the change in the 

corresponding extinction coefficients for the complex formed and of the intial DPA2- 

solution. According to this expression, a plot of ([DPA2-]
 

*[Ca2+]/A) + A/versus 

[DPA2-] + [Ca2+] gave a straight line with an intercept of 1/ (Kfrom which the stability 

constant was calculated.   

Using the initial concentrations of DPA2- and Ca2+, the stability constant allowed 

for the concentration of the resulting [CaDPA] complex to be calculated.  Fitting the 

known concentration of [CaDPA] complex to the corresponding UV-Vis spectrum 

provided a quantitative correlation between the decrease in concentration of the [CaDPA] 

complex and the increase in concentration of [UO2DPA] complex formed during the 

titration.  The stability constant for [UO2DPA] was therefore generated using Beer-

Lambert’s law in combination with Eq. 4.3 and Eq. 4.4: 
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Mass Spectrometry 

Mass spectra were collected using an electrospray-ionization mass spectrometer 

(Bruker microTOF with Agilent 1100 HPLC). All compounds and mixtures were infused 

at a concentration of 10 μM in nanopure (18 MΩ) water as solvent at a flow rate of 180 

µL/min. Ultrapure nitrogen served as a nebulizing and drying gas at a flow rate of 264.0 

mL/min and 80 psi. All spectra were obtained in positive ion mode and were analyzed 

using Agilent MassHunter Qualitative Analysis software.  

 

Computational Details 

Structural optimizations and molecular orbital analyses were carried out using the 

Gaussian 09 suite of programs.41 The functional employed in this study was B3LYP,42-44 

which was used with the Gaussian-type basis set, TZVP.46 All calculations involving the 

uranium atom incorporated the small core (60 electrons), Wood-Boring quasi-relativistic 

effective core potential.46  The one electron reduction of the solvated UO2
2+ cation was 

performed using the population analysis program Atom in Molecules (AIM).47 An 

implicit solvation model was used to account for solvent interactions associated with an 

aqueous environment using the dominantly the polarizable continuum model (PCM).48, 49 

 

Results and Discussion 
 
 

UV/Vis spectroscopic analysis was successfully used to follow changes in 

absorbance spectra representing the electronic structure of the metal-DPA complexes 

formed by UO2
2+ and each competing metal cation (Ca2+, Zn2+, Cu2+, Ni2+, and Fe3+). 

With the addition of electrospray ionization mass spectrometry (ESI-MS) and 
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computational modeling, structural uncertainties of these metal-DPA complexes were 

analyzed and the degree of competitive binding experienced between UO2
2+ and each 

metal cation was assessed.  

 
UO2

2+ Displacement of Ca2+ on PQQ and DPA 

First, an initial titration of Ca2+ into PQQ2- and DPA2- was studied directly using 

UV-Vis spectroscopy with the intention of calculating the stability constant (K=logβ) for 

the [CaPQQ] and [CaDPA] complexes.  The binding affinity of UO2
2+ for both PQQ2- 

and DPA2- through the displacement Ca2+ was then studied using the same methodology.  

The purpose of these measurements was to confirm DPA as a suitable small molecule 

analogue for the {ONO} site of PQQ. Figs. 2a and 2b show the spectra resulting from the 

systematic titration of Ca2+ into an aqueous solution containing PQQ2- or  DPA2- .  Figs. 

2c and 2d show the systematic titrations of UO2
2+ into an aqueous solution containing 

equimolar PQQ2- or DPA2- and Ca2+.  The concentrations of PQQ2- or DPA2- and Ca2+  

were kept constant at 20 µM in each sample allowing for the quantification of UO2
2+ 

binding to PQQ2- or DPA2-  in the presence of Ca2+ without varying the concentrations of 

the [CaPQQ/DPA] complex.   
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Figure 4.2. UV/Vis spectra of 20µM Ca2+ added to20µM PQQ2- (a) and 20µM DPA2-  
(b) solutions. UV/Vis spectra of 20µM UO2

2+ added to 20µM [CaPQQ] (c) and 20µM 
[CaDPA] (d) solutions.  Dashed black line represents [UO2DPA] complex spectrum.  
 
 

For the initial titration of Ca2+ into PQQ2- and DPA2-, the stability constants, 

K=logβ, for the resulting [CaPQQ] and [CaDPA] complexes were calculated using 

equation 2, the modified Rose-Drago equation.40 The calculated stability constant was 

4.6±0.1 for the [CaDPA] complex,which is in agreement with previous studies by Tang et 

al, logβ=4.39±0.0150 and 5.3±0.1 for the [CaPQQ] complex which was in agreement with 

studies done by Itoh et al, logβ=5.32.51  The stability constants for the two complexes are 

large enough to indicate similar energetic favorability for the Ca2+ complex formation.  

One should note that the binding of Ca2+ to the {ONO} site of the small molecule 
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analogue, DPA, was slightly less favorable than the {ONO} site found on PQQ, likely 

due to the larger conjugation network of the PQQ molecule. 

For the titration of UO2
2+ into a solution of PQQ2- or DPA2- already complexed to 

Ca 2+, the initial spectrum of [CaPQQ] displayed three broad peaks centered at 250, 276, 

and 337 nm. With the addition of UO2
2+ at 0.10 molar equivalence, the 250 nm peak 

gained 25 percent intensity and was red shifted by an average of 2 nm.  The peak at 337 

nm lost approximately 10 percent of its intensity and was red shifted 40 nm.  The peak at 

276 nm disappeared. When equimolar UO2
2+ was added to the [CaPQQ] complex 

solution, the spectrum was very similar to that of [UO2PQQ], indicating that Ca2+ had 

been displaced by UO2
2+.  The spectral changes observed were consistent with changes 

previously reported by the displacement of Ca2+ by UO2
2+ on the PQQ cofactor, 

providing strong evidence that the {ONO} binding site is has a greater binding affinity to 

UO2
2+ over Ca2+.1 

Likewise, the spectrum of [CaDPA] displayed two sharp peaks centered at 271 

and 276 nm.  With the addition of 0.1 molar equivalence of UO2
2+, the peaks at 271 and 

276 nm were red shifted by 5 nm and lost approximately 30 percent of their intensity. 

After 0.7 molar equivalence of UO2
2+ was added, a peak centered at 221 nm began to 

appear. When equimolar UO2
2+ was added to the [CaDPA] complex solution, the 

spectrum was nearly identical to that of [UO2DPA], showing complete displacement of 

Ca2+ by UO2
2+.  Consequently, the 1:1 [CaDPA] complex showed similar spectral 

changes to [CaPQQ] at each point in the spectrophotometric titration indicating that the 

{ONO} motif on DPA was a suitable analogue for the {ONO} active site of PQQ. 
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UO2
2+ Displacement of Ca2+ on DPA 

The spectral changes associated with UO2
2+ binding to DPA2- indicated that the 

majority of Ca2+ displacement happened at concentrations of less than 0.2 molar 

equivalence (Fig. 4.2d).  Therefore, a titration using 0.01 UO2
2+ molar equivalence 

increments in this range was performed using UV-Vis spectroscopy.  Fig. 4.3 shows the 

systematic titration of UO2
2+ into a solution containing equimolar DPA2- and Ca2+ using 

20µM solutions of UO2
2+, DPA2-, and  Ca2+.  Concentrations of DPA2- and Ca2+ were 

kept constant throughout the titration allowing for the quantification of UO2
2+ binding to 

DPA2- in the presence of Ca2+ without varying the concentrations of the [CaDPA] 

complex solution.  

As described above, variations in the spectra clearly showed the competition of 

UO2
2+ with Ca2+ for complexation with DPA2- with more than 30% displacement of Ca2+ 

at a molar equivalence of less than 0.1.   With the stability constant of the [CaDPA] 

complex determined, the best fit was achieved by assuming that the [CaDPA] complex 

was dominant in the beginning of the titration, but gradually decreased due to the 

formation of [UO2DPA] complexes.  On the basis of the structural features of DPA and 

thermodynamic data found in the literature for DPA with U(VI) and other cations (43, 44, 

45), it was reasonable to assume that DPA can form two complexes with UO2
2+ in 

aqueous solution ([UO2DPA] and [UO2DPA2]2-).  However, by the end of the titration, 

the formation of a [UO2DPA] complex was assumed due the presence of a competing 

Ca2+ cation at equimolar concentration to UO2
2+ and DPA2-.  ESI-Mass Spectrometry 

described below confirmed these assignments. 
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Figure 4.3. Normalized UV/Vis Spectra of 20 µM UO2
2+ added as a UO2(NO3)2 salt to 

nanopure (18 MΩ) water  to 20 µM [CaDPA] solution in nanopure water(18 MΩ).  

Dashed black line represents [UO2DPA] complex spectrum. 
 
 

To calculate the stability constant for the [UO2DPA] complex, the spectra were 

first normalized to the identified isobestic point at 260 nm. Extinction coefficients for 

[CaDPA] were found at 271 nm (1326 cm-1M-1) and 276 nm (1250 cm-1M-1).  For 

[UO2DPA], an extinction coefficient at 243 nm (3662 cm-1M-1) was found.   Beer-

Lamberts law was then used to find the concentration of both complexes.  Using these 

data, Fig. 4.4 shows a percent binding of each cation in a solution with a constant Ca2+ 

concentration and increasing UO2
2+ concentration. The stability constant for the 

[UO2DPA] complex was calculated to be logβ=10.2±0.1, which is in good agreement 
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with  a stability constant found by Xu et al using Sc3+ as the competing cation, 

logβ=10.7±0.1.52   

 

 

Figure 4.4. Percent binding of Ca2+ (●) and UO2
2+ (♦) to DPA2- at each point of the 

systematic titration of UO2
2+ into a solution containing equimolar DPA2- and Ca2+.  The 

structures shown represent the most likely dominant species (optimized with density 
function theory) at each point of the titration when the percent binding was compared to 
the molar equivalence of UO2

2+ in solution. 
 
 

The results for UO2
2+ binding via the displacement of Ca2+ showed that the 

majority of displacement happened below 0.2 molar equivalence of UO2
2+, indicating that 

multiple [UO2(DPA)x]y  complexes were likely formed.  At 0.5 molar equivalence of 

UO2
2+, the spectral features showed nearly all Ca2+ had been displaced from DPA2-.   A 

reasonable explanation for this two-fold displacement would be to assume that a 
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[UO2(DPA)2]2- complex at low UO2
2+ concentrations was formed.  Since the stability 

constant for [UO2DPA], logβ=10.2±0.1, is almost 106 times greater than the [CaDPA] 

stability constant, logβ=4.6±0.1, the formation of UO2
2+ complexes with more than one 

DPA2-  ligand was a plausible explanation for the rapid displacement of Ca2+ at low molar 

equivalences. 

 
UO2

2+ Displacement of Other Metals on DPA 

The affinity for UO2
2+ to bind to DPA2- inidicated that UO2

2+ might displace other 

metal cations of biological relevance, including Zn2+, Ni2+, Cu2+, and Fe3+.  Therefore, 

these metals were additionally studied directly using UV-Vis spectroscopy.  Fig. 4.5 

shows the systematic titrations of UO2
2+, at 0.1 molar equivalence increments, into a 

solution containing equimolar DPA2- and Mn+ (Zn2+, Cu2+, Ni2+, Fe3+). The 

concentrations of DPA2- and Mn+ were kept constant at 20 µM throughout the titration 

allowing for the quantification of UO2
2+ binding to DPA in the presence of the competing 

cation without varying the concentrations of the [MDPA](n-2)+ complex.   

As shown in Fig. 4.5a for the initial [Zn(II)DPA] spectrum, three distinct peaks 

centered at 260, 268, and 276 nm and a shoulder at 220 nm were identified.  With the 

addition of equimolar UO2
2+, the three peaks were red shifted to match those of the 

[UO2DPA] spectrum. However, the spectrum did not completely match the [UO2DPA] 

spectrum in relative intensities of the three peaks and the location of the 221 nm feature, 

which is distinct for the [UO2DPA] complex.  The result of this titration indicated that 

Zn2+ experienced competitive binding with UO2
2+ for DPA2- but not to the same 

sensitivity as seen with Ca2+.  The endpoint of this titration resulted in a spectrum that 
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had spectroscopic features corresponding to excitations of both the [Zn(II)DPA] and 

[UO2DPA] complexes, whereas the endpoint of the titration with Ca2+ complexed to DPA 

only showed excitations from the [UO2DPA] complex. 

 

 

Figure 4.5. UV/Vis spectra of  20µM[UO2]2+ added to 20µM [Zn(II)DPA] (a) , 20µM 
[Cu(II)DPA] (b), 20µM [Ni(II)DPA] (c), 20µM [Fe(III)DPA]+ (d) solutions. Dashed 
black line represents [UO2DPA] complex spectrum. 
 
 

Similarly, for the initial [Cu(II)DPA] spectrum in Fig. 4.5b, three distinct peaks 

were observed centered at 260, 268, and 277 nm.  With the addition of equimolar UO2
2+, 

the three peaks were red shifted to match those of the [UO2DPA] spectrum. However, the 
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spectrum did not overlay with the [UO2DPA] spectrum completely, for the absorbance 

corresponding to the excitations taking place in the 200-220 nm should have shown 

greater intensity if full displacement of UO2
2+ was achieved. As with the [Zn(II)DPA] 

complex, the results of the titration indicated that there was competitive binding between 

Cu2+ and UO2
2+ for DPA2- but Cu2+ was not fully displaced by UO2

2+. 

For the [Ni(II)DPA] complex, the initial spectrum in Fig. 4.5c displayed three 

distinct peaks centered at 259, 267, and 277 nm and a shoulder at 223 nm.  With the 

addition of equimolar UO2
2+, the three peaks were red shifted to overlay with those of the 

UO2DPA spectrum.  The shoulder was smoothed out through a red shift of transitions in 

the 200-220 nm range.  Since the spectrum showed a combination of features from the 

[Ni(II)DPA] complex and the [UO2DPA] complex, competitive binding for DPA by both 

cations could be inferred.  However, the full displacement seen in the titration using Ca2+ 

as the competing cation was not observed for the [Ni(II)DPA] complex either. 

For the initial [Fe(III)DPA]+ spectrum in Fig. 4.5d, three broad peaks centered at 

255, 273, and 280 nm and a shoulder at 217 nm were seen.  The [Fe(III)DPA]+  complex 

was formed by keeping solution concentrations at 20 µM to prevent Fe(OH)3 

precipitation (Fe(OH)3 solubility in water is .00015gL-1 at pH=7.0).  However, strong 

Fe(OH)3 complexes were likely present in solution. [Fe(III)DPA]+ complex formation 

was confirmed via ESI-Mass Spectrometry, described later.  With the addition of 

equimolar UO2
2+, the three peaks lost intensity, became more defined and were red 

shifted to match those of the [UO2DPA] spectrum, but at a higher intensity. The intensity 

of the shoulder was increased, but lost resolution because of a red shift of transitions in 
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the 200-220 nm range.  In comparison with the [UO2DPA] complex spectrum, the 

addition of equimolar UO2
2+ displayed a combination of excitations for both the 

[Fe(III)DPA]+ complex and the [UO2DPA] complex. The greater differences in the 

resulting spectra indicated that there was competitive binding between Fe3+ and UO2
2+ for 

DPA2-, but to a lesser extent than the other cations analyzed.   

Though each metal cation clearly showed UO2
2+competive binding to DPA , the 

spectral changes observed here were less sensitive to UO2
2+ at molar equivalences below 

0.5 compared to the [CaDPA] titration.  The observation was in agreement with 

previously reported stability constants from the literature given in Table 4.1 for the 

[MDPA](n-2)+ complexes of interest. The reported constants indicated that Ca2+ was the 

most weakly bound metal cation to DPA and therefore should have displayed the most 

susceptibility to UO2
2+ displacement. Therefore, the spectroscopic titrations observed 

here indicate that structurally similar binding motifs to the {ONO} site on PQQ that have 

other bound metal cations (Zn2+, Cu2+, or Ni2+)  besides Ca2+ could be prone to the biotic 

ligand model of acute metal toxicity seen with PQQ.  However, biological systems with 

competing cations other than Ca2+ might not be as sensitive to uranium toxicity at the 

submicromolar concentrations observed by VanEngelen et al with PQQ.1  Additional 

competitive binding studies can be found in Appendix C. 
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Table 4.1. Stability constants of relevant metal ion-complexes with DPA. 

Metal Ion logβ Reference 

Ca2+ 4.6 This work 
 4.39 [50] 
 4.05 [55] 
Zn2+ 7 [56] 
 6.35 [55] 
Ni2+ 8 [56] 
 6.95 [57] 
Cu2+ 9.14 [57] 
 9.14 [58] 
 8.9 [59] 
 8.88 [60] 
Fe3+ 10.91 [61] 
UO2

2+ 10.2 This work 
 10.7 [52] 

 

ESI-Mass Spectrometry Investigation  
of UO2

2+ Displacement of Ca2+ on DPA 

The [UO2DPA] complex formation through the displacement of Ca2+ was 

investigated further by Electrospray Ionization Mass Spectrometry (ESI-MS) in positive 

ion detection mode.  UO2
2+ was added to a [CaDPA]+ complex solution in molar ratios of 

0:1, 0.5:1 and 1:1 UO2
2+/Ca2+.  The spectra were analyzed for the presence of [CaDPA] 

and [UO2DPAx]n- complexes.  Fig. 4.6 shows the dominant peaks observed in ESI-MS 

spectrum for each solution were 205.98 m/z representing the [CaDPA]+ complex; 270.04 

m/z representing the UO2
2+ cation, 436.07 m/z representing the [UO2DPA]+ complex; 

600.10 m/z representing the [UO2DPA2]2+; and 871.12 m/z representing a 

[(UO2)2(DPA)2]+ dimer. 
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Figure 4.6. ESI-mass spectra of solutions of [UO2]2+ added to [CaDPA] in molar ratios of 
0:1, 0.5:1 and 1:0 [UO2]2+/[Ca]2+ (a-c respectively). All compounds and mixtures were 
infused at a concentration of ~10μM in nanopure (17.5 MΩ) water as solvent at a flow 

rate of 180 µL/min.   
 
 

Fig. 4.6a shows a peak centered at 205.98 m/z representing the [CaDPA] complex 

that appeared for the solution containing only the Ca2+ and DPA, confirming the 

predicted formation of this complex.  With the addition of 0.5 molar equivalence of 

[UO2]2+ to the [CaDPA] solution, Fig. 4.6b shows the observed dominant peak 

representing the [UO2DPA2]2+ complex at 600.10 m/z and the peak at 205.98 m/z 

representing the [CaDPA] complex, which decreased dramatically. Fig. 4.6c which 

displays the resulting spectrum from the 1:1 [UO2]2+/[Ca]2+ solution shows the dominant 

peak representing [UO2DPA] complex and that 205.98 m/z peak decreased to an 

undetectable level.  

The resulting mass spectra from this investigation were in agreement with the 

spectroscopic titrations discussed above.  In the spectrophotometric titrations, nearly all 
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of Ca2+ was displaced from DPA when 0.5 molar equivalence UO2
2+ was added to the 

[CaDPA] solution.  The formation of a [UO2DPA2] complex, predicted to be the result of 

the Ca2+ displacement at this point in the spectrophotometric titration, was confirmed by 

the ESI-MS results.  At equimolar concentration of Ca2+ and UO2
2+, the most dominant 

species was predicted to be the [UO2DPA] complex and a full displacement of Ca2+ was 

confirmed by this work.  The structural data achieved by this mass spectrometry 

investigation coupled with the electronic data from the spectrophotometric titrations 

confirmed that Ca2+ was in competition with UO2
2+ for the formation of not only a 

[UO2DPA] species but a [UO2(DPA)2] species as well. 

 
ESI-Mass Spectrometry Investigation of UO2

2+  
Displacement of Other Metals on DPA 

The [UO2DPA] complex formation through the displacement of other Mn+ cations 

was additionally investigated by electrospray ionization mass spectrometry (ESI-MS) in 

positive ion detection mode.  Solutions of UO2
2+ were added to [MDPA](n-2)+ solutions in 

a 1:1 molar ratio of UO2
2+/Mn+ as a means to analyze the relative presence of [MDPA](n-

2)+ and [UO2DPA] complexes.   
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Figure 4.7. ESI-Mass Spectrometry spectra of solutions of [UO2]2+ added to [Zn(II)DPA] 
(a), [Cu(II)DPA] (b), [Ni(II)DPA] (c), and [Fe(III)DPA]+ (d). All compounds and 
mixtures were infused at a concentration of ~10μM in nanopure (17.5 MΩ) water as 

solvent at a flow rate of 180 µL/min. All spectra were obtained in positive ion mode.  
 

The relative intensities of the peaks for each of the competing metal complexes 

were significantly less intense than those of [UO2DPA] (436.07 m/z), and in an order 

corresponding to the strength of the metal:DPA complexes predicted by  previously 

reported stability constants (Table 1). The [Zn(II)DPA] complex was the most prone to 

displacement by uranyl with a twenty-five fold decrease in relative peak intensity 

compared to the [UO2DPA] complex, followed by the [Cu(II)DPA] and [Ni(II)DPA] 

complexes (around fifteen-fold decrease in relative peak intensity).  The [Fe(III)DPA]+ 
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complex was the least displaced by UO2
2+ with a fivefold decrease in relative peak 

intensity as compared to the [UO2DPA] complex.  

 
Computational Modeling of the UO2

2+  
Coordination to DPA Mechanism 

Evaluating the electronic structure of UO2
2+ was vital to understanding the 

interaction of the cation with the [ONO] binding motif of DPA in aqueous solution.  

Therefore, a  molecular orbital analysis was performed on an explicitly water solvated 

UO2
2+ complex in an effort to identify  the lowest unoccupied molecular orbitals that 

would be available for bonding to the [ONO] site of DPA. Natural Population and 

Mulliken Population Analysis were used to evaluate a one electron reduction of the 

complex to the lowest unoccupied molecular orbitals of the UO2
2+ complex.  As given in 

the literature, the U M5 edge XANES spectrum for UO2
2+ has an intense white line 

(~3555eV) due to the 3d to 5f transition.  Therefore, the 5f orbitals were experimentally 

predicted to be the lowest unoccupied orbitals.  The U LIII edge spectrum confirmed that 

the 5f orbitals were the lowest unoccupied since the spectrum had no pre-edge features.  

Whereas, the U M5 edge XANES spectrum showed intense and separate broad pre-edge 

features.62  

The results shown in Table 4.2 provided an electronic structure and a model of 

ligand field splitting of a seven coordinate actinide water complex. A Natural Population 

Analysis performed for the seven lowest unoccupied molecular orbitals (LUMOs) of 

aqueous UO2
2+ showed a predominately U 5f character, agreeing with the U M5 and LIII 
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edge XANES experimental data. Mulliken methods agreed with the Natural Population 

Analysis results, showing the lowest seven LUMOs to be centered on the uranium atom.  

Table 4.2. Natural Population Analysis with normalized atomic orbital contributions per 
electron hole and Mulliken population analysis with atomic spin densities taken from a 
one electron reduction for the seven lowest unoccupied molecular orbitals for 
[UO2(H2O)5]2+. 
 
Natural Population Analysis LUMO +1 +2 +3 +4 +5 +6 

U 7S 0% 0% 0% 0% 0% 0% 0% 

U 5f 92% 92% 97% 96% 66% 65% 56% 

U 6d 0% 0% 0% 0% 0% 0% 0% 

U 7p 0% 0% 0% 0% 1% 1% 0% 

O 2s 0% 0% 1% 2% 2% 3% 7% 

O 2p 8% 7% 1% 1% 21% 21% 5% 

Bonding orbital contribution U  
5f 

U  
5f 

U-OH2 

 * 
U-OH2  
* 

U=O  
1* 

U=O  
2* 

U-O 
 σ* 

Mulliken Population Analysis LUMO +1 +2 +3 +4 +5 +6 

U 99% 99% 95% 95% 76% 77% 57% 

O 0% 1% 5% 5% 21% 23% 13% 
 

 
Finding DPA to be an appropriate small molecule analogue to  the {ONO} site 

and evaluating the preferential binding of UO2
2+ over other metal cations enabled our 

understanding of the properties that make the {ONO} site susceptible to the BLM of 

acute metal toxicity by UO2
2+.29,30  To complement the experimental data acquired, a 

natural population analysis rendering the highest occupied molecular orbitals of the 

[UO2DPAx]y ( x=1, 2 and y=0, -2 respectively) complexes that were observed using ESI-
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Mass Spectrometry were evaluated. The results provided a plausible mechanism for 

strong binding between the [ONO] site and the UO2
2+ cation seen at small molar 

equivalences for the displacement of Ca2+ by UO2
2+. Fig. 4.8 shows the rendering of the 

highest occupied molecular orbitals for the three complexes. The empty f-orbitals in the 

x-plane of the hexavalent uranium atom gave UO2
2+ a high affinity for binding to the 

electron rich carboxylate oxygen atoms and the nitrogen atom of the pyrimidine on the 

{ONO} site that are assembled in a linear plane. 

 

 

Figure 4.8. Rendered highest occupied molecular orbitals for the optimized [UO2DPAx]y 
complexes calculated with Natural Population Analysis. (x=1, 2 and y=0, -2,). 
 
 

The results reported here are consistent with literature reports that show UO2
2+ 

preferentially forms complexes with coordination to five or six hard acid donor ligand in 

the equatorial plane.10 For DPA, this coordination was achieved by a tridentate binding of 

the carboxylate oxygen atoms and the pyridine nitrogen atom.  In a search for similar 

sites, binding may also be provided by the π* orbitals of oxygen atoms from groups such 
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as carboxylates, carbonyls, phenolates, and phosporyls groups as well as nitrogen atoms 

from groups such as pyrrols, purines, and pyrimidines as long as these oxygen and 

nitrogen atoms are positioned to bind to UO2
2+ in its equatorial plane. 

 
Conclusions 

 
The results and analysis presented here show a molecular level mechanism of a 

uranium toxicity observed for pyrroloquinoline quinone (PQQ) dependent bacterial 

dehydrogenase.24 Dipicolinic acid (DPA) was used as a small molecule analogue for the 

{ONO} site of PQQ. Crystal structures have shown that this site on PQQ has a bound 

calcium cation25 and has been characterized as sensitive to UO2
2+ presence in 

submicromolar concentrations.24  Isolating the {ONO} site using a small molecule 

analogue therefore extended the molecular analysis of this specific uranium toxicity 

mechanism by understanding the electronic and structural properties that make an 

{ONO} site on a variety of biological molecules favorable for UO2
2+ binding.  

For the biologically relevant metal cations tested in this study, strong evidence of 

competitive UO2
2+ binding was seen. After Ca2+, Zn2+ showed the most susceptibility for 

UO2
2+ displacement on the {ONO} site followed by Cu2+ and Ni2+ while  Fe3+ showed the 

least displacement.  The trend agrees with stability constants for the [metal:DPA] 

complexes  measured and calculated by previous work (Table1). 50,52,55-61  The distinctly 

higher affinity of UO2
2+ for the {ONO} site relative to Ca2+ was anticipated.  The 

calculated stability constant for the [UO2DPA] complex (logβ=10.2) was nealry 106 times 

greater than the stability constant calculated for the [CaDPA] complex (logβ=4.6). As 
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seen in Table 4.1, the other metal complexes have smaller stability constants (or similar 

as with the case of Fe3+) to that of the [UO2DPA] complex and therefore exhibited 

competitive binding with UO2
2+ to a lesser degree. 

There is diverse insight on uranium toxicity mechanisms in the literature with 

reports describing everything from human studies to peptide binding interactions. When 

incorporated into the body, the highest concentrations of uranium are found in the 

kidneys as well as the liver tissue and skeletal structure.7 In the kidney, a mechanism has 

been proposed that disruption of the first step of glycolysis is due to UO2
2+ displacing 

magnesium in the enyme, hexokinase.62 Once in the kidney, adverse interactions of 

UO2
2+  have been investigated including the disruption of the papr-aminohippurate 

transporter system and damage to the peritubular cell membrane.63.64   Chronic exposure 

to uranium has also been shown to inhibit the synthesis of vitamin D, which is linked to a 

bone metabolic disorder.65 On average, approximately 90 µg of uranium exists in the 

human body from intake of water, food and air.7   Though the ingestion exposure 

pathway currently has a number of established risk levels and standards for chemical 

toxicity, it is important to gain a more complete understanding of uranium effect on the 

human body on a molecular basis for future detection and  research regarding long term 

health risks of uranium exposure. In fact, Zhou et al has recently (2014) engineered a 

protein to bind UO2
2+ using functional groups with a high affinity for uranium 

coordination.66   

The insight achieved by this work consequently expanded the understanding of 

molecular mechanism of uranium interactions with important biological molecules. This 
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work therefore enabled the identification of sites similar to the {ONO} binding motif that 

are critical to the function of biological systems and may be a target for preferential 

UO2
2+ binding. With information on the electronic structure of the {ONO} site and the 

degree of competitive binding for each metal, a search for similar {ONO} sites that are 

pertinent to human health was conducted. Over 200 metabolites were obtained from the 

Human Metabolome Database67 that have a similar binding motif to the {ONO} site of 

PQQ, indicating that the competitive binding of UO2
2+  shown here likely reaches far 

beyond the interaction observed by VanEngelen et al.24 

In conclusion, complexation of UO2
2+ with DPA through a displacement of Ca2+ 

(along with other metal cations of biological importance) was examined using UV/Vis 

Spectroscopy and ESI-Mass Spectrometry.  Experiments determined that UO2
2+ has a 

uniquely higher binding affinity, logβ=10.2 ±0.1, for the {ONO} site compared to that of 

Ca2+, logβ=4.6±0.1. Identifying and analyzing other sites and molecules that could have 

strong affinity for UO2
2+ binding is an important future direction of this work.  

Additionally, using these integrated experimental and fundamental atomic based models 

opens a path to identify a library of mechanisms for uranium interactions with critical 

biological molecules. 
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CHAPTER FIVE 

 
CONCLUSION AND FUTURE DIRECTIONS 

 
Density functional theory (DFT) calculations are a powerful tool to probe 

structural and mechanistic details of UO2
2+ interactions with molecules that cannot or 

have not yet been experimentally described. However, this must be done within the 

boundaries of a systematically and critically compiled experimental background. With 

the extensive development of a reliable DFT model, this work represents a proposed 

molecular mechanism UO2
2+ displacement of Ca2+ on the active site of the PQQ cofactor, 

responsible for the inhibition of bacterial methanol and ethanol dehydrogenase. 

The approach was to first develop a theoretical method that accurately described 

experimentally, well-defined parameters for both UO2
2+ and the PQQ cofactor 

individually, at a reasonable computational cost. In Chapter 2, geometric and energetic 

calculations were compared to established crystal structures, dissociation constants, and 

redox potentials. The method analysis was extended to account for the electronic 

structure of UO2
2+ and PQQ, as well as solvent interactions. The B3LYP hybrid 

functional combined with a triple-ζ basis set with polarization functions was confirmed as 

a reliable method for modeling both UO2
2+ and PQQ when embedded in an explicit and 

implicit solvation shell.  With this level of theory, modeling confirmed the preferential 

binding of UO2
2+ to the [ONO] site of PQQ cofactor though a displacement of Ca2+.1 

In Chapter 3, a mechanistic computational study was carried out addressing the 

effect of UO2
2+ displacement of Ca2+ on the biological function of the PQQ cofactor.  
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With the computational model developed in Chapter 2, a potential energy surface scan of 

the proposed methanol dehydrogenase mechanisms2 determined that our highly calibrated 

model provided mechanistic results that were comparable to previous calculations done 

with a large and reliable protein cluster.3 Such a large model was too computationally 

costly for calculations involving UO2
2+ , and thus prohibitive for studying  the effect of 

Ca2+ displacement by UO2
2+ on the mechanistic function of the PQQ cofactor.  

Consequently, the investigation concluded with confidence that the high electronegativity 

of the uranium atom coordinates to the methanol substrate prohibiting its binding to the 

PQQ cofactor where it would subsequently be converted to formaldehyde.  

Experimentally, the electronic and structural properties that make the [ONO] site 

favorable for UO2
2+ binding over the competing metal cation, Ca2+, were addressed in 

Chapter 4. Complexation of UO2
2+ with a small molecule analog for the [ONO] site 

(DPA) through a displacement of Ca2+ (along with other metal cations of biological 

importance) was examined with UV/Vis Spectroscopy and ESI-Mass Spectrometry.  

Experiments showed that the UO2
2+ had a uniquely higher binding affinity (logβ=10.2 

±0.1) for the [ONO] site compared to that of Ca2+ (logβ=4.6±0.1).  

With the favorability of UO2
2+ to the [ONO] site over metal cations of biological 

importance addressed, this work has created a foundation for identifying other 

interactions of UO2
2+, more specifically with molecules that are pertinent to human 

health.  The strong overlap between the π* orbitals of the adjacent oxygen and nitrogen 

atoms forming the [ONO] site and the valence 5f orbitals of the uranium atom of UO2
2+ 
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characterized by this work has provided the insight to be able to identify other sites that 

would also experience this favorable binding.   

Thus, identifying and analyzing other sites that could have strong affinity for 

UO2
2+ binding is a future direction of this work.  With the information about stability 

constants and the degree of competitive binding for each metal studied in Chapter 4, a 

search for similar {ONO} sites pertinent to human health was conducted. Over 200 

metabolites that have a similar binding motif to the {ONO} site of PQQ were discovered 

in the Human Metabolome Database (HMDB).4 Mining the HMDB has the potential to 

identify possible metabolites with the right structural motif and can be used to target 

metabolic pathways that can be perturbed by the presence of UO2
2+. The importance of 

this work is that it has led to the identification human health relevant systems that may be 

affected by the presence of high-valent uranium ions. The full archive is given in 

Appendix D. 

    With increasing accessibility to larger computational resources and more accurate 

levels of theory for metal-ligand interactions, the already indispensable DFT techniques 

will soon have even greater ability to complement experiment and increase our 

understanding of these possible UO2
2+ interactions.  The developed computational model 

created in this work can reliably describe the interactions of UO2
2+ with the binding sites 

assessed in this search.  It is the mission of computational bioinorganic chemists to 

perform the highest quality simulations feasible to facilitate scientific advancement in 

modelling the interaction with high valent uranium(VI) atoms with molecules pertinent to 
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human health.  In doing so, the scientific community can better understand potential 

consequences of environmental uranium contamination has on human health. 
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Coordinates For Structures Discussed in Chapter 2 
 

Table A.1: A list of Cartesian coordinates for the optimized stationary point of UO2
2+ 

bound to PQQ at the ONO site with both an implicit and explicit aqueous solvation shell 
at B3LYP/TZVP level of theory calculated using the optimization algorithm implemented 
by the Gaussian 09 suite of programs. 
 
 
Atom               X                        Y                              Z          
N        4.435705000     -2.026083000     -0.590091000 
H        5.393997000     -1.748093000     -0.817334000 
C        3.954409000     -3.324099000     -0.505589000 
C        4.891774000     -4.486336000     -0.642072000 
O        4.378446000     -5.640674000     -0.581748000 
O        6.105371000     -4.226224000     -0.804971000 
C        2.600649000     -3.259553000     -0.292907000 
H        1.932879000     -4.097788000     -0.183570000 
C        2.254455000     -1.876159000     -0.253850000 
C        1.015915000     -1.215960000     -0.136500000 
O       -0.114206000     -1.699770000      0.044240000 
C        1.061553000      0.303759000     -0.296270000 
O       -0.015508000      0.884842000     -0.290333000 
C        2.339595000      1.026570000     -0.404387000 
N        2.220653000      2.347276000     -0.381191000 
C        3.320641000      3.087337000     -0.354159000 
C        3.124492000      4.601333000     -0.285717000 
O        1.946722000      5.004675000     -0.053028000 
O        4.143185000      5.304681000     -0.452788000 
C        4.585988000      2.497201000     -0.330537000 
H        5.459993000      3.128814000     -0.266461000 
C        4.733293000      1.110552000     -0.362732000 
C        6.155424000      0.556296000     -0.290949000 
O        6.469327000     -0.337512000     -1.119175000 
O        6.899842000      1.055338000      0.583732000 
C        3.563581000      0.323549000     -0.423863000 
C        3.451802000     -1.133466000     -0.441137000 
H        4.209810000      7.046585000     -0.509886000 
H        7.065973000     -7.233315000     -1.027592000 
H        6.492447000      2.111182000      2.008581000 
H        2.726188000     -6.278418000     -0.432169000 
H        7.801701000     -1.623829000     -0.964083000 
H        8.287016000     -0.095047000      1.248555000 
O        6.223186000     -7.677420000     -0.885995000 
H        5.579373000     -6.940327000     -0.775884000 
O        4.214716000      8.034816000     -0.513495000 
O        6.348215000      2.678525000      2.793382000 
H        5.464791000      2.452472000      3.103177000 
O        1.830899000     -6.670776000     -0.333082000 
H        1.439505000     -6.624075000     -1.211906000 
O        8.285049000     -2.432308000     -0.703063000 
H        7.585398000     -3.112890000     -0.678039000 
O        1.479744000      7.789245000      0.263607000 
H        1.571585000      6.819352000      0.182008000 
H        2.363347000      8.102849000     -0.000832000 
O        8.904892000     -0.784237000      1.554545000 
H        8.785101000     -1.496704000      0.899832000 
H        4.400917000      8.288779000     -1.424089000 
 
 
 
 
 
 

Atom          X                              Y                              Z  
U       -2.219902000     -0.223864000      0.459054000 
O       -1.758126000     -0.471762000      2.169738000 
O       -2.565899000     -0.045708000     -1.288650000 
O       -2.962670000     -2.484475000      0.251762000 
O       -4.300328000      0.154458000      0.938106000 
O       -2.084256000      2.159238000      1.014819000 
O       -3.914145000     -1.039873000     -3.595058000 
H       -3.346320000     -1.264101000     -4.342985000 
O       -3.293962000     -0.454648000      4.639602000 
H       -2.835295000     -0.861113000      5.384150000 
H       -3.332018000     -0.628423000     -2.929946000 
H       -2.649346000     -0.439739000      3.912737000 
O       -5.855411000      1.026574000     -4.020423000 
H       -5.207975000      0.299175000     -3.972366000 
H       -5.507529000      1.706580000     -3.411406000 
O        0.086642000      3.689913000      1.805019000 
H        0.591601000      3.515932000      2.607290000 
H       -2.449048000      2.833540000      0.364597000 
H       -1.258194000      2.575742000      1.358756000 
H       -3.434448000     -2.990656000      0.978054000 
H       -3.431896000     -2.752610000     -0.591975000 
O       -7.918978000      0.289116000     -2.167741000 
H       -7.307342000      0.486144000     -2.902361000 
O       -5.479078000     -1.880490000      3.545445000 
H       -4.764293000     -1.362491000      3.965630000 
O       -4.501223000     -3.847808000      1.934750000 
H       -4.807002000     -3.214471000      2.631565000 
O       -4.424382000     -3.214651000     -1.840088000 
H       -4.422726000     -2.528376000     -2.534236000 
H       -7.390061000      0.507479000     -1.376316000 
H       -5.763861000     -1.368323000      2.753242000 
H       -5.260885000     -3.898942000      1.324760000 
H       -5.295818000     -3.187503000     -1.393750000 
H        0.741245000      3.988746000      1.141124000 
C       -5.606369000      0.146928000      0.623880000 
O       -6.322252000     -0.743306000      1.172216000 
O       -6.039079000      1.018849000     -0.175772000 
O       -2.814477000      3.962142000     -0.748832000 
H       -1.965830000      4.009246000     -1.237838000 
H       -3.509747000      3.595336000     -1.332823000 
O       -0.170987000      3.853694000     -1.625922000 
H        0.489322000      4.425013000     -1.188309000 
H        0.094476000      2.976664000     -1.308691000 
O       -5.076461000      2.806869000     -1.912481000 
H       -5.743583000      3.504410000     -1.900535000 
H       -5.353929000      2.163145000     -1.204136000 
O       -6.516906000     -3.169687000     -0.003890000 
H       -6.564240000     -2.260020000      0.384263000 
H       -7.425203000     -3.463683000     -0.137489000
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Table A.2: A list of Cartesian coordinates for the optimized stationary point of UO2
2+ 

bound to PQQ at the OO site with both an implicit and explicit aqueous solvation shell at 
B3LYP/TZVP level of theory calculated using the optimization algorithm implemented 
by the Gaussian 09 suite of programs.  
 
 
Atom              X                              Y                          Z  
O       -4.579452000     -0.722036000     -0.335266000 
C       -5.735632000     -0.476834000      0.305573000 
O       -5.868269000     -0.906740000      1.490375000 
O       -6.620295000      0.166763000     -0.321026000 
N        4.693475000      0.685562000     -0.522587000 
H        4.894912000      1.624519000     -0.873564000 
C        5.601010000     -0.328895000     -0.300989000 
C        7.077848000     -0.129216000     -0.417568000 
O        7.791090000     -1.162001000     -0.343379000 
O        7.494825000      1.050830000     -0.581233000 
C        4.894649000     -1.464013000      0.021036000 
H        5.309897000     -2.422310000      0.272302000 
C        3.519667000     -1.125247000     -0.019586000 
C        2.370325000     -1.956412000      0.126269000 
O        2.372269000     -3.172157000      0.307627000 
C        1.025054000     -1.218676000     -0.033144000 
O       -0.031010000     -1.819138000      0.088489000 
C        1.017531000      0.217751000     -0.406894000 
N       -0.203618000      0.706085000     -0.616752000 
C       -0.345683000      1.994527000     -0.926097000 
C       -1.756307000      2.435207000     -1.231647000 
O       -2.624279000      1.475989000     -1.198391000 
O       -1.987463000      3.609885000     -1.501883000 
C        0.745568000      2.854155000     -0.948774000 
H        0.578810000      3.906657000     -1.126664000 
C        2.032914000      2.371778000     -0.735225000 
C        3.167259000      3.397572000     -0.706499000 
O        4.173350000      3.174002000     -1.427409000 
O        2.978618000      4.383785000      0.037875000 
C        2.195157000      0.984159000     -0.520384000 
C        3.432727000      0.239880000     -0.361420000 
H       -3.546654000      4.341864000     -2.404910000 
H        9.289743000      1.038019000     -0.753577000 
H        1.097805000     -4.551600000      0.233581000 
H        1.599239000      4.689871000      1.303659000 
H        7.404219000     -3.013711000     -0.492657000 
H        3.966949000     -4.334167000      0.332856000 
H        9.054762000     -1.976560000      0.938877000 
H        5.923513000      3.740673000     -1.109873000 
H        4.567018000      5.113004000      0.856895000 
O       10.267729000      1.014024000     -0.851255000 
H       10.472043000      0.072548000     -0.847566000 
O        0.594176000     -5.385349000      0.178427000 
H        1.161006000     -5.997647000     -0.304481000 
O       -4.309563000      4.487840000     -2.989391000 
O        0.901768000      4.945680000      1.933284000 
H        0.810032000      4.199551000      2.553378000 
O        7.452171000     -3.982852000     -0.374765000 
H        6.548824000     -4.277491000     -0.160710000 
 
 
 
 
 
 
 

 
Atom              X                              Y                          Z  
O        4.775367000     -4.877526000      0.340115000 
H        4.766630000     -5.333255000      1.189971000 
O        9.399684000     -2.760576000      1.398181000 
H        8.849295000     -3.463996000      1.015269000 
O        6.820163000      3.805935000     -0.727417000 
H        7.089382000      2.875029000     -0.605750000 
O        5.429334000      5.336651000      1.251440000 
H        6.060897000      4.829832000      0.708402000 
H       -4.495778000      3.582855000     -3.307528000 
U       -2.400711000     -0.694204000     -0.267051000 
O       -2.241021000     -1.420079000     -1.897280000 
O       -2.417666000      0.031039000      1.388434000 
O       -2.663497000     -2.851789000      0.685693000 
O       -4.394255000      1.722265000     -3.551263000 
O       -3.954104000      2.278449000      2.702154000 
H       -3.340756000      2.663832000      3.338659000 
O       -2.144613000     -4.022488000     -3.177773000 
H       -2.897441000     -4.214200000     -3.749200000 
H       -3.448706000      1.589534000      2.242681000 
H       -2.229818000     -3.085292000     -2.935179000 
O       -0.649392000      0.360506000      3.614527000 
H       -1.042730000      0.008518000      4.422895000 
O       -6.720183000      0.366169000     -2.986188000 
H       -6.662992000      0.259258000     -1.999207000 
H       -6.809708000     -0.524387000     -3.342842000 
H       -1.314154000      0.233700000      2.912791000 
H       -3.851064000      1.551780000     -2.763531000 
H       -5.226093000      1.218609000     -3.402763000 
H       -2.451592000     -3.719504000      0.218405000 
H       -3.333782000     -2.996894000      1.415062000 
O        1.684461000     -0.837699000      2.602082000 
H        0.888817000     -0.445808000      3.014129000 
O       -2.024016000     -5.042356000     -0.586161000 
H       -2.061609000     -4.816740000     -1.539303000 
O       -4.574606000     -2.993610000      2.474797000 
H       -5.074691000     -2.192902000      2.147725000 
O       -6.464763000      1.083818000      3.338756000 
H       -5.635844000      1.588386000      3.239128000 
O        0.561243000      2.916854000      3.895450000 
H        0.111891000      2.056678000      3.786804000 
H        1.338140000      2.735114000      4.436003000 
H        2.411330000     -0.253283000      2.846932000 
H       -1.079167000     -5.215108000     -0.375740000 
H       -4.347635000     -2.819563000      3.395269000 
H       -6.320611000      0.303309000      2.762488000 
O       -8.351010000      1.735647000      1.277318000 
H       -7.841257000      1.175824000      0.658337000 
H       -7.813574000      1.688396000      2.0891870
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Table A.3: A list of Cartesian coordinates for the optimized stationary point of PQQ2- 
with both an implicit solvation shell and a crystal packing environment at B3LYP/TZVP 
level of theory. 
 
 
Atom               X                              Y                          Z  
Na      -5.687699000     -3.057620000      2.691270000 
Na       0.709657000     -3.366329000     -2.766712000 
Na      -8.192112000      1.322384000     -1.149422000 
Na      -2.286237000     -6.200217000      2.397160000 
Na       2.817326000      5.557897000      1.720461000 
Na      -1.565086000     -5.071403000     -0.959234000 
Na      -5.917357000      3.027498000     -2.956971000 
N        0.801207000     -0.225571000      3.626534000 
C        1.882950000     -1.056985000      3.845991000 
C        1.459929000     -2.352226000      3.759388000 
C       -0.854403000     -3.387788000      3.234873000 
O       -0.599978000     -4.562157000      3.147925000 
C       -2.315897000     -2.935433000      3.089080000 
O       -3.172388000     -3.782233000      3.050096000 
N       -3.918278000     -1.249067000      2.757103000 
C       -4.322311000      0.021766000      2.662664000 
C       -3.456374000      1.077845000      2.832689000 
C       -2.090062000      0.863385000      3.107737000 
C       -0.302577000     -0.962285000      3.417157000 
C        0.085254000     -2.306199000      3.493575000 
C       -2.633244000     -1.470579000      2.988394000 
C       -1.657295000     -0.468066000      3.164325000 
C        3.236268000     -0.535027000      4.037424000 
O        3.312027000      0.773136000      3.988995000 
O        4.187330000     -1.275128000      4.207398000 
C       -5.809103000      0.234663000      2.429595000 
O       -6.225292000      1.378117000      2.257256000 
O       -6.512201000     -0.812487000      2.483278000 
C       -1.295035000      2.130797000      3.397417000 
O       -0.086935000      2.189922000      3.021861000 
O       -1.920908000      3.040699000      3.943793000 
H        0.835713000      0.747534000      3.626864000 
H        2.066337000     -3.236377000      3.875263000 
H       -3.839627000      2.096048000      2.748526000 
H        4.276234000      0.962848000      4.056757000 
N        7.198564000     -0.534281000     -1.831431000 
C        8.280314000     -1.365790000     -1.612010000 
C        7.857377000     -2.660913000     -1.698608000 
C        5.543045000     -3.696476000     -2.223122000 
O        5.797377000     -4.870865000     -2.310040000 
C        4.081561000     -3.244214000     -2.368951000 
O        3.225023000     -4.090890000     -2.407987000 
N        2.479171000     -1.557759000     -2.700894000 
C        2.075099000     -0.286893000     -2.795421000 
C        2.941082000      0.769064000     -2.625342000 
C        4.307385000      0.554697000     -2.350258000 
C        6.094879000     -1.271067000     -2.040875000 
C        6.482664000     -2.614856000     -1.964509000 
C        3.764202000     -1.779268000     -2.469600000 
C        4.740152000     -0.776754000     -2.293670000 
C        0.588344000     -0.074023000     -3.028401000 
O        0.172127000      1.069365000     -3.200862000 
O       -0.114742000     -1.121270000     -2.974753000 
C        5.102381000      1.822137000     -2.060670000 
O        6.310509000      1.881234000     -2.436134000 
O        4.476502000      2.732043000     -1.514289000 
 

 
Atom               X                              Y                          Z  
H        8.463655000     -3.545056000     -1.582790000 
H        2.557784000      1.787391000     -2.709557000 
O        7.520686000      0.683980000      1.181162000 
H        6.556480000      0.494120000      1.113285000 
N       -2.350462000      0.143890000     -0.340919000 
C       -3.362267000      1.056055000     -0.582546000 
C       -2.832038000      2.328659000     -0.506632000 
C       -0.446216000      3.171483000     -0.047140000 
O       -0.578282000      4.378040000     -0.217205000 
C        0.933640000      2.624388000      0.373893000 
O        1.828802000      3.397838000      0.643287000 
N        2.407214000      0.809623000      0.653226000 
C        2.747808000     -0.474612000      0.682090000 
C        1.813110000     -1.473406000      0.449831000 
C        0.478042000     -1.165170000      0.191047000 
C       -1.197404000      0.789900000     -0.113296000 
C       -1.464943000      2.177493000     -0.206485000 
C        1.151599000      1.140445000      0.397976000 
C        0.111791000      0.204149000      0.167410000 
C       -4.718052000      0.690102000     -0.926767000 
O       -4.940714000     -0.643514000     -0.956415000 
O       -5.603255000      1.481058000     -1.211835000 
C        4.218109000     -0.760318000      0.951892000 
O        4.600798000     -1.957476000      0.978272000 
O        4.939481000      0.249020000      1.121463000 
C       -0.432394000     -2.378987000     -0.041581000 
O       -1.656858000     -2.299760000      0.207963000 
O        0.139500000     -3.425301000     -0.450616000 
H       -2.398343000     -0.885323000     -0.232604000 
H       -3.376081000      3.246721000     -0.646067000 
H        2.121845000     -2.506060000      0.457400000 
H       -5.830472000     -0.774178000     -1.324065000 
N       -5.173012000     -2.205108000     -3.597271000 
C       -4.188696000     -3.109252000     -3.301932000 
C       -4.720817000     -4.369122000     -3.304899000 
C       -6.332134000     -2.854540000     -3.794212000 
C       -6.093660000     -4.218279000     -3.633678000 
C       -2.782218000     -2.721566000     -3.079430000 
O       -2.547335000     -1.450169000     -3.267828000 
O       -1.927592000     -3.536498000     -2.769632000 
H       -5.051380000     -1.243709000     -3.661688000 
H       -1.583059000     -1.318711000     -3.157237000 
O       -5.137253000     -3.263787000      0.383373000 
H       -6.033128000     -3.204674000     -0.004167000 
H       -5.070849000     -2.361260000      0.031620000 
O       -8.742556000      1.528552000      1.158475000 
H       -7.846687000      1.469529000      1.546053000 
H       -8.809051000      0.626003000      1.510259000 
O       -2.345110000      1.219862000     -4.299520000 
H       -1.449238000      1.160842000     -3.911941000 
H       -2.411604000      0.317313000     -3.947736000 
O       -0.593074000     -6.725392000      0.689323000 
H       -0.606892000     -7.533269000      0.149678000 
H        0.269502000     -6.281601000      0.616257000 
O        4.510503000      5.032838000      0.012684000 
H        4.496736000      4.224961000     -0.526946000 
H        5.373096000      5.476543000     -0.060442000 
O        3.865091000      3.760155000      2.991548000 
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Table A.3 continued: A list of Cartesian coordinates for the optimized stationary point of  
PQQ2- with both an implicit solvation shell and a crystal packing environment created 
from the crystal structure coordinates at B3LYP/TZVP level of theory calculated using 
the optimization algorithm implemented by the Gaussian 09 suite of programs.  
 
 
Atom               X                              Y                          Z  
H        2.956679000      4.081922000      3.080573000 
O        6.967658000     -2.303168000      2.178571000 
H        6.132624000     -2.193145000      1.696765000 
H        7.876077000     -2.624845000      2.089588000 
O       -3.426949000     -5.419266000      0.427486000 
H       -4.151300000     -6.081457000      0.411194000 
H       -4.043962000     -4.651774000      0.408626000 
O        1.676511000      6.338971000     -0.249210000 
H        0.952292000      5.676777000     -0.265444000 
H        1.059551000      7.106343000     -0.268012000 
O       -4.055412000      3.375340000     -4.343632000 
H       -3.331158000      4.037511000     -4.327313000 
H       -3.438446000      2.607971000     -4.324821000 
O        0.278878000     -5.665557000     -2.621653000 
H        0.976645000     -6.217293000     -2.247026000 
H       -0.572881000     -6.119769000     -2.460429000 
O       -1.014968000      6.401363000      2.159711000 
H       -0.317208000      5.849624000      2.534334000 
H       -1.866737000      5.947156000      2.320930000 
O        5.382442000      6.092705000     -3.298374000 
H        6.080240000      5.540934000     -2.923661000 
H        4.530710000      5.638467000     -3.137066000 
O       -7.761334000      3.621604000     -1.294458000 
H       -8.459100000      4.173349000     -1.669090000 
H       -6.909609000      4.075857000     -1.455774000 
O        1.854584000     -5.460881000      0.501576000 
H        1.272109000     -4.758585000      0.172198000 
H        2.568145000     -5.063904000      1.025163000 
O        1.092138000      4.751573000      3.255086000 
H        0.686585000      3.866928000      3.188660000 

Atom               X                              Y                          Z  
H        0.909477000      5.388765000      3.958711000 
O        7.489588000      4.442883000     -2.202905000 
H        7.083899000      3.558249000     -2.269396000 
H        7.306890000      5.080105000     -1.499372000 
O        3.844998000     -4.373910000      1.958515000 
H        4.111552000     -3.535069000      1.578432000 
H        4.656040000     -4.817351000      2.224590000 
O       -3.602938000      5.042871000      2.590551000 
H       -3.044163000      4.367220000      3.057779000 
H       -4.409278000      4.674623000      2.193283000 
O        2.794484000      4.734121000     -2.867570000 
H        3.353201000      4.058417000     -2.400223000 
H        1.988134000      4.365966000     -3.264800000 
O       -5.173372000      4.980185000     -1.725264000 
H       -5.732092000      5.655801000     -2.192640000 
H       -4.367021000      5.348359000     -1.328051000 
O       -2.882974000      5.988146000     -0.625927000 
H       -2.114521000      5.455733000     -0.496170000 
H       -2.789040000      6.922286000     -0.860190000 
O       -5.893336000      4.034951000      1.491215000 
H       -6.661684000      4.567201000      1.361374000 
H       -5.987275000      3.100694000      1.725439000 
O        0.504121000      3.726170000     -3.966817000 
H       -0.264365000      4.258521000     -4.096680000 
H        0.410136000      2.792036000     -3.732644000 
H        7.916447000      1.555856000      1.112137000 
H        9.290842000     -1.044868000     -1.406488000 
H       -7.281828000     -2.399936000     -4.034657000 
H       -6.818105000     -5.012228000     -3.739628000 
H       -4.201098000     -5.293095000     -3.098589000 
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Table A.4: A list of Cartesian coordinates for the optimized stationary point of PQQ2- 
with both an implicit and explicit aqueous solvation shell at B3LYP/TZVP level of 
theory calculated using the optimization algorithm implemented by the Gaussian 09 suite 
of programs. 
 
 
Atom               X                              Y                          Z  
N       -1.855990000     -0.717305000     -0.328972000 
H       -1.688802000     -1.686504000     -0.604272000 
C       -3.082100000     -0.086108000     -0.219572000 
C       -4.380544000     -0.806018000     -0.372857000 
O       -5.416224000     -0.092534000     -0.420988000 
O       -4.348379000     -2.066685000     -0.445311000 
C       -2.848853000      1.243304000      0.029747000 
H       -3.592126000      2.002445000      0.187012000 
C       -1.441714000      1.422584000      0.053907000 
C       -0.672721000      2.617537000      0.131232000 
O       -1.115196000      3.759707000      0.241053000 
C        0.867281000      2.427384000      0.017751000 
O        1.578068000      3.407124000      0.087833000 
C        1.430195000      1.043765000     -0.166635000 
N        2.756398000      0.984218000     -0.242409000 
C        3.342086000     -0.206084000     -0.348929000 
C        4.864510000     -0.262705000     -0.487815000 
O        5.512775000      0.789776000     -0.254645000 
O        5.338050000     -1.375083000     -0.829385000 
C        2.601124000     -1.386368000     -0.311796000 
H        3.121208000     -2.332221000     -0.338722000 
C        1.213713000     -1.354269000     -0.234740000 
C        0.496840000     -2.700444000     -0.159176000 
O       -0.432903000     -2.917669000     -0.980212000 
O        0.914401000     -3.498086000      0.713210000 
C        0.583358000     -0.092597000     -0.208300000 
C       -0.850166000      0.164820000     -0.170322000 
H        6.996922000     -1.751430000     -1.088026000 
H       -6.011711000     -2.701578000     -0.690449000 
H        5.152102000      2.189352000      0.812336000 

Atom               X                              Y                          Z  
H        0.997262000      5.251629000      0.318351000 
H        2.073390000     -3.204190000      2.074747000 
H       -5.664113000      1.761158000     -0.737898000 
H       -2.962008000      4.259926000      0.094922000 
H       -7.002683000      0.319331000      0.660839000 
H       -1.890169000     -4.034299000     -0.739639000 
H       -0.355112000     -4.746223000      1.408251000 
O       -6.927214000     -3.032653000     -0.831949000 
H       -7.444279000     -2.226595000     -0.936850000 
O        5.167407000      2.945045000      1.439360000 
H        6.008809000      2.859032000      1.899769000 
O        0.804292000      6.198728000      0.425039000 
H       -0.158446000      6.221756000      0.454402000 
O        7.959841000     -1.947558000     -1.219599000 
O        2.687361000     -3.131236000      2.835025000 
H        2.720428000     -2.190394000      3.037693000 
O       -6.048965000      2.660004000     -0.730169000 
H       -5.321911000      3.267811000     -0.503752000 
O       -3.906978000      4.490621000      0.005209000 
H       -4.120810000      4.999459000      0.795759000 
O       -7.644638000      0.961138000      1.009146000 
H       -7.329905000      1.785826000      0.603208000 
O       -2.743739000     -4.402650000     -0.436019000 
H       -3.325344000     -3.620090000     -0.375016000 
O        8.316585000      0.795998000     -0.515544000 
H        7.344079000      0.859643000     -0.415997000 
H        8.433241000     -0.131976000     -0.787703000 
O       -1.100969000     -5.284927000      1.731938000 
H       -1.820010000     -5.059164000      1.113342000 
H        8.050514000     -2.182390000     -2.149566000 
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Table A.5: A list of Cartesian coordinates for the optimized stationary point of PQQ5- 
with both an implicit and explicit aqueous solvation shell at B3LYP/TZVP level of 
theory calculated using the optimization algorithm implemented by the Gaussian 09 suite 
of programs. 
 
 
Atom               X                              Y                          Z  
N       -2.083678000     -0.865449000     -0.233842000 
H       -1.996143000     -1.862615000     -0.384537000 
C       -3.249231000     -0.134901000     -0.218280000 
C       -4.598029000     -0.760676000     -0.230035000 
O       -5.596699000      0.006587000     -0.132685000 
O       -4.654231000     -2.023636000     -0.337609000 
H       -6.185801000     -2.771681000     -0.475625000 
C       -2.925072000      1.204639000     -0.190134000 
H       -3.624588000      2.017134000     -0.176432000 
C       -1.506115000      1.312999000     -0.193688000 
C       -0.688993000      2.485677000     -0.153075000 
O       -1.237705000      3.674920000     -0.031532000 
C        0.716128000      2.302716000     -0.307706000 
O        1.530017000      3.329288000     -0.386981000 
C        1.237802000      0.948774000     -0.311734000 
N        2.592845000      0.829756000     -0.388081000 
C        3.174364000     -0.354181000     -0.362170000 
C        4.694258000     -0.417034000     -0.452985000 
O        5.369638000      0.644275000     -0.366988000 
O        5.203278000     -1.567797000     -0.612555000 
C        2.441902000     -1.549237000     -0.219360000 
H        2.965151000     -2.490272000     -0.155529000 
C        1.059651000     -1.509521000     -0.160906000 
C        0.369526000     -2.850327000      0.031621000 
O       -0.632065000     -3.138314000     -0.689667000 
O        0.858849000     -3.631908000      0.889830000 
C        0.393316000     -0.259056000     -0.251911000 
C       -0.994740000     -0.008175000     -0.226984000 
H       -1.040923000     -4.765156000     -0.282717000 
H        6.876959000     -1.465235000     -0.674704000 
O        5.138121000      2.972255000      0.988683000 
O       -1.240183000     -5.701740000     -0.024379000 
O       -7.040624000     -3.277292000     -0.550747000 
H        5.100743000      2.120928000      0.484708000 
H       -0.624985000     -5.850876000      0.706718000 
H       -6.978005000     -3.964540000      0.122060000 
H        6.062935000      3.069064000      1.239851000 
H        1.045480000      4.833966000     -0.353442000 
O        0.911664000      5.841703000     -0.296692000 
H        0.067738000      5.919317000      0.167661000 
O        7.872227000     -1.410747000     -0.725309000 
H        8.045484000     -0.466165000     -0.628218000 
O        2.689325000     -3.045027000      2.787835000 
H        2.035605000     -3.193625000      2.061349000 
H        3.515234000     -2.839280000      2.333088000 
H       -5.693404000      1.774909000      0.323326000 
H       -2.642717000      3.928708000      0.584554000 
O       -5.947601000      2.695710000      0.557023000 
H       -5.114922000      3.213113000      0.617483000 
O       -3.554998000      4.198518000      0.981942000 
H       -3.478734000      4.037621000      1.926602000 
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Table A.6: A list of Cartesian coordinates for the optimized stationary point of UO2
2+ 

with both an implicit aqueous solvation shell and an explicit crystal packing environment 
at B3LYP/TZVP level of theory calculated using the optimization algorithm implemented 
by the Gaussian 09 suite of programs. 
 
 
 
Atom               X                              Y                          Z  
O        3.301317000     -3.748432000     -3.152545000 
O        2.338839000     -2.897556000     -1.387766000 
C        4.218946000     -1.684575000     -2.279072000 
H        3.743676000     -0.862137000     -2.087091000 
C        3.238608000     -2.834692000     -2.274307000 
O        2.194638000      5.285517000      1.886871000 
O        1.272715000      4.105194000      0.298840000 
C        3.579410000      3.624246000      0.797521000 
H        4.009078000      3.949956000     -0.008841000 
H        3.382178000      2.684227000      0.668630000 
C        2.285548000      4.376673000      1.006067000 
O        0.667358000     -2.126091000      4.158279000 
C        1.758182000     -3.887481000      2.972725000 
H        1.172878000     -4.580403000      3.313470000 
H        1.395607000     -3.587637000      2.124209000 
C        1.752896000     -2.724813000      3.941015000 
O       -5.570944000      3.650900000      0.901647000 
O       -4.248038000     -4.791422000     -0.730529000 
O       -4.548031000      1.988170000     -0.088442000 
O       -3.683255000     -2.851153000      0.110712000 
C       -3.464868000      2.928118000      1.831244000 
H       -2.633459000      2.670921000      1.404056000 
H       -3.367420000      3.841388000      2.146525000 
C       -4.571853000      2.873891000      0.822569000 
C       -2.712480000     -3.431999000     -2.001686000 
H       -1.953489000     -2.896718000     -1.723780000 
H       -2.372096000     -4.268666000     -2.358136000 
C       -3.571758000     -3.721462000     -0.808489000 
U       -0.360473000      0.235459000     -0.346003000 
O       -0.387934000      1.148583000      1.165169000 
O       -2.761273000     -0.190873000     -0.110146000 
H       -3.487300000      0.498114000     -0.135961000 
O       -0.739436000     -1.871951000      0.862830000 
 
 

Atom               X                              Y                          Z  
H       -0.507416000     -2.739281000      0.532433000 
H       -1.243770000     -1.966422000      1.717088000 
O        1.767424000     -0.807606000      0.050013000 
H        2.014281000     -1.655249000     -0.499483000 
H        2.595245000     -0.401563000      0.415091000 
O       -0.349313000     -0.677389000     -1.859731000 
H       -3.188127000     -1.089667000      0.017404000 
O       -1.662338000      2.055062000     -1.388541000 
H       -1.692256000      2.956574000     -1.069715000 
H       -2.308358000      1.943395000     -2.132880000 
O        1.180085000      1.924592000     -1.084256000 
H        1.227187000      2.824179000     -0.561145000 
H        2.010987000      1.807370000     -1.612406000 
O        5.392182000      1.230849000     -0.880918000 
H        5.817091000      2.041855000     -0.896519000 
H        6.060569000      0.610994000     -0.967883000 
O       -2.094536000     -1.696963000      3.202253000 
H       -2.898338000     -1.361118000      3.022521000 
H       -1.638984000     -1.199550000      3.633042000 
O       -3.249466000      1.338831000     -3.450949000 
H       -3.846980000      0.758078000     -3.139717000 
H       -2.738870000      1.010369000     -3.972256000 
O        3.976846000      0.078479000      1.306430000 
H        4.642144000      0.436888000      0.803207000 
H        4.333599000     -0.352731000      2.066428000 
O        3.301540000      1.770207000     -2.739304000 
H        4.127839000      1.672633000     -2.376066000 
H        3.348921000      2.272214000     -3.537195000 
O        2.956287000     -2.314764000      4.595695000 
H       -3.692843000      2.263718000      2.651625000 
H        4.219866000      3.765808000      1.655518000 
H        2.765025000     -4.259291000      2.852607000 
H       -3.294901000     -2.909330000     -2.746016000 
H        4.945185000     -1.836610000     -1.494282000 
H        4.703605000     -1.629399000     -3.242630000 
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Table A.7: A list of Cartesian coordinates for the optimized stationary point of UO2
2+ 

with both an implicit and explicit aqueous solvation shells at B3LYP/TZVP level of 
theory calculated using the optimization algorithm implemented by the Gaussian 09 suite 
of programs. 
 
 
 
Atom               X                              Y                          Z  
U       -0.033017000      0.003291000      0.040741000 
O        1.104390000     -1.252154000      0.599925000 
O       -1.125066000      1.293554000     -0.538342000 
O       -0.409578000      0.562830000      2.352360000 
O        1.316707000      0.371062000     -1.916243000 
O       -0.700566000     -1.637119000     -1.606379000 
O        1.597595000      1.659955000      0.647338000 
O       -2.031627000     -1.152948000      0.747574000 
O       -4.003410000      0.958271000     -1.360792000 
H       -4.554145000      1.590100000     -1.841281000 
O        4.075088000     -1.546870000      0.524529000 
H        4.716581000     -2.215537000      0.800111000 
H       -3.131313000      1.373602000     -1.270857000 
H        3.203967000     -1.893685000      0.770573000 
O       -0.551182000      3.997021000     -1.699437000 
H       -1.202502000      4.650039000     -1.985892000 
O        0.521060000     -4.160263000      1.391728000 
H        0.856699000     -4.419241000      2.258499000 
H        0.850748000     -3.262173000      1.240825000 
H       -1.051360000      3.253041000     -1.328687000 
O        1.260012000     -2.889177000     -2.952471000 
H        2.115642000     -2.473888000     -2.725057000 
O       -3.168994000     -1.442257000     -2.650186000 
H       -3.574293000     -0.630339000     -2.286210000 
H       -2.886514000     -0.740331000      1.011069000 
H       -1.583904000     -1.612063000     -2.058992000 
H       -2.115102000     -2.147131000      0.825677000 
H       -0.032401000     -2.121376000     -2.157975000 
H        1.509617000      2.650844000      0.563000000 
 

Atom               X                              Y                          Z 
H        2.443978000      1.445848000      1.107717000 
H        0.332872000      0.615594000      3.009420000 
H       -1.241199000      0.966296000      2.718921000 
O        1.275373000      4.279029000      0.380401000 
H        0.662410000      4.392034000     -0.374400000 
O        3.776732000      0.800206000      2.009407000 
H        4.081344000     -0.002926000      1.534961000 
O        1.738117000      0.525792000      3.963290000 
H        2.543302000      0.612452000      3.415738000 
O       -2.753930000      1.538479000      3.177701000 
H       -3.427294000      1.207157000      2.549076000 
O       -2.167016000     -3.774671000      1.051807000 
H       -1.232457000     -4.051898000      1.189765000 
O       -4.328338000      0.223573000      1.283555000 
H       -4.458321000      0.558033000      0.369901000 
O        3.455914000     -1.283265000     -2.195057000 
H        3.852068000     -1.398819000     -1.304820000 
O        1.138721000      2.562960000     -3.402982000 
H        0.573079000      3.201086000     -2.922098000 
H        2.154272000     -0.122949000     -2.080046000 
H        1.295612000      1.190451000     -2.485984000 
H        4.180046000     -1.099418000     -2.805992000 
H        1.958497000      3.028205000     -3.607487000 
H        2.063273000      4.794510000      0.171086000 
H        4.550596000      1.361275000      2.142792000 
H        1.828383000      1.167888000      4.677064000 
H       -2.871027000      2.494478000      3.224082000 
H       -2.494810000     -4.285713000      0.302566000 
H       -5.138669000     -0.235093000      1.537507000 
H       -3.265856000     -1.381944000     -3.607877000 
H        1.365690000     -3.833271000     -2.786714000 
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Table A.8: A list of Cartesian coordinates for the optimized stationary point of  
UO2(OH)+ with both an implicit and explicit aqueous solvation shells at B3LYP/TZVP 
level of theory calculated using the optimization algorithm implemented by the Gaussian 
09 suite of programs. 
 
 
Atom               X                              Y                          Z  
U        0.017478000      0.017734000     -0.037337000 
O        1.102518000     -1.291059000      0.597772000 
O       -1.094066000      1.326390000     -0.626273000 
O       -0.594765000      0.353281000      2.326128000 
O        1.384073000      0.409476000     -1.644221000 
O       -0.626109000     -1.584472000     -1.758972000 
O        1.437560000      1.729325000      0.941140000 
O       -2.095866000     -1.148274000      0.484897000 
O       -3.775322000      1.019306000     -1.475387000 
H       -4.175432000      1.736288000     -1.982198000 
O        3.884387000     -1.456351000      0.758463000 
H        4.317196000     -2.231984000      1.134829000 
H       -2.858762000      1.294148000     -1.280125000 
H        2.923117000     -1.608885000      0.834993000 
O       -0.513930000      3.912813000     -1.751375000 
H       -1.245454000      4.452331000     -2.070356000 
O        0.635121000     -4.113269000      1.059035000 
H        1.142805000     -4.426075000      1.815516000 
H        0.900212000     -3.187586000      0.924716000 
H       -0.900700000      3.072675000     -1.447604000 
O        1.469990000     -2.550149000     -3.142680000 
H        2.329863000     -2.204959000     -2.821116000 
O       -3.128347000     -1.421983000     -2.699463000 
H       -3.467829000     -0.569465000     -2.359185000 
H       -2.948392000     -0.743366000      0.757638000 
H       -1.521578000     -1.586738000     -2.183995000 
H       -2.109256000     -2.105492000      0.757930000 
H        0.071893000     -1.915838000     -2.371716000 
H        1.344121000      2.708175000      0.799808000 
H        2.278458000      1.536991000      1.411572000 
 

Atom               X                              Y                          Z  
H        0.097591000      0.530288000      3.008428000 
H       -1.479735000      0.631589000      2.669583000 
O        0.998949000      4.315322000      0.491887000 
H        0.488823000      4.364243000     -0.344415000 
O        3.587534000      0.782347000      2.331957000 
H        3.884237000     -0.010168000      1.832187000 
O        1.426387000      0.573281000      4.096041000 
H        2.272109000      0.652757000      3.611188000 
O       -3.051997000      1.032498000      3.165803000 
H       -3.697419000      0.868484000      2.447135000 
O       -2.023213000     -3.685010000      1.267607000 
H       -1.090982000     -4.000875000      1.197524000 
O       -4.463610000      0.167645000      1.005955000 
H       -4.446120000      0.581297000      0.115194000 
O        3.646352000     -1.261310000     -2.001227000 
H        3.919736000     -1.384699000     -1.068714000 
O        1.620261000      2.671182000     -3.249085000 
H        0.911680000      3.222979000     -2.886734000 
H        2.193699000     -0.114175000     -1.798150000 
H        1.570264000      1.851967000     -2.712849000 
H        4.422819000     -0.953338000     -2.482847000 
H        1.734108000      4.931242000      0.406241000 
H        4.376422000      1.285991000      2.561426000 
H        1.467908000      1.206120000      4.821564000 
H       -3.278133000      1.879164000      3.562969000 
H       -2.586879000     -4.369398000      0.893678000 
H       -5.286843000     -0.328681000      1.074486000 
H       -3.330560000     -1.435571000     -3.640515000 
H        1.561779000     -3.508862000     -3.177094000 
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Table A.9: A list of Cartesian coordinates for the optimized stationary point bound to 
UO2

+ with both an implicit and explicit aqueous solvation shells at B3LYP/TZVP level 
of theory calculated using the optimization algorithm implemented by the Gaussian 09 
suite of programs. 
 
 
Atom               X                              Y                          Z  
U        0.022848000     -0.096508000     -0.036213000 
O        0.811844000      1.221664000     -1.113791000 
O       -0.814036000     -1.351942000      1.081736000 
O       -0.196338000     -1.530398000     -2.031712000 
O        1.486170000      0.627979000      1.809160000 
O       -1.067134000      1.769708000      1.158974000 
O        2.039637000     -1.497133000     -0.210518000 
O       -2.208735000      0.299775000     -1.082557000 
O       -3.520220000     -1.108413000      1.537152000 
H       -3.825277000     -1.588645000      2.315434000 
O        3.352988000      1.965962000     -1.377245000 
H        3.513977000      2.632537000     -2.055175000 
H       -2.545348000     -1.258521000      1.474549000 
H        2.380263000      1.761918000     -1.397261000 
O        0.300890000     -2.948905000      2.952484000 
H       -0.295018000     -3.556921000      3.402893000 
O       -0.512804000      3.665402000     -1.423760000 
H       -0.311629000      4.144720000     -2.234909000 
H       -0.025386000      2.813096000     -1.471676000 
H       -0.232070000     -2.443780000      2.289187000 
O        0.394739000      4.013973000      1.179024000 
H        1.328753000      3.730306000      1.207357000 
O       -3.757975000      1.687772000      1.483967000 
H       -3.819296000      0.707958000      1.528159000 
H       -2.909877000     -0.369995000     -1.208135000 
H       -2.010065000      1.860731000      1.411221000 
H       -2.617165000      1.197847000     -1.187254000 
H       -0.581121000      2.622867000      1.297782000 
H        2.257447000     -2.286708000      0.346545000 
H        2.800626000     -1.285257000     -0.791548000 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Atom               X                              Y                          Z  
H        0.536679000     -1.611081000     -2.687109000 
H       -0.934241000     -2.142639000     -2.265913000 
O        2.424533000     -3.629207000      1.363392000 
H        1.709712000     -3.521907000      2.028064000 
O        3.904093000     -0.626837000     -2.015829000 
H        3.891247000      0.344310000     -1.848055000 
O        1.901627000     -1.489372000     -3.730989000 
H        2.696802000     -1.210419000     -3.231479000 
O       -2.330643000     -3.079305000     -2.571414000 
H       -3.055188000     -2.736801000     -2.007442000 
O       -3.184852000      2.781822000     -1.114471000 
H       -2.328777000      3.253623000     -1.107386000 
O       -4.128984000     -1.718603000     -1.028309000 
H       -4.091951000     -1.642021000     -0.047211000 
O        2.979903000      2.846733000      1.207115000 
H        3.309374000      2.634783000      0.305172000 
O        1.685695000     -0.846164000      4.037692000 
H        1.210292000     -1.670305000      3.796629000 
H        2.090249000      1.397793000      1.739872000 
H        1.635654000      0.147200000      2.661238000 
H        3.730193000      3.172928000      1.715692000 
H        2.546510000     -1.117722000      4.372356000 
H        3.249542000     -3.664524000      1.858574000 
H        4.826500000     -0.897188000     -2.079104000 
H        2.163695000     -2.257423000     -4.248376000 
H       -2.291064000     -4.029017000     -2.421237000 
H       -3.487416000      2.704135000     -0.193901000 
H       -5.045117000     -1.585586000     -1.294504000 
H       -4.246884000      2.027549000      2.241251000 
H        0.190165000      4.164843000      0.236523
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Supporting Thermodynamic Calculations  
for the Computational Method Development 

 
Table A.12: Thermodynamic parameters taken from the output file of the frequency 
calculations preformed on the optimized PQQ and water structures used for the pKa 
calculation of PQQ at B3LYP/TZVP level of theory. 
 
 
Components E Ezero H S G 

 
(a.u.) (a.u.) (a.u.) (cal/mol*K) (a.u.) 

gas phase 
     PQQH2 -1247.75 -1247.6 -1247.6 147.0 -1247.6 

PQQH -1247.04 -1246.9 -1246.9 145.1 -1246.9 
H2O -76.46 -76.4 -76.4 45.1 -76.5 
H3O -76.73 -76.7 -76.7 44.6 -76.7 
Explicit solvation shell 

     PQQH2 -2089.18 -2088.8 -1859.2 276.5 -1859.3 
PQQH -2088.74 -2088.3 -1858.5 255.3 -1858.7 
H2O(H2O)4 -994.15 -993.8 -993.8 213.7 -993.9 
H3O(H2O)4 -994.54 -994.2 -994.2 219.6 -994.3 
Implicit solvation shell (PCM) 

     PQQH2 -1247.97 -1247.8 -1247.8 143.6 -1247.9 
PQQH -1247.36 -1247.5 -1247.4 143.6 -1247.4 
H2O -76.47 -76.5 -76.5 45.2 -76.5 
H3O -76.84 -76.8 -76.8 44.7 -76.9 
explict+PCM 

   PQQH2 -2089.26 -2088.8 -2088.8 329.8 -2088.9 
PQQH -2088.81 -2088.3 -2088.3 320.1 -2088.5 
H2O(H2O)4 -994.13 -993.8 -993.8 201.1 -993.9 
H3O(H2O)4 -994.57 -994.2 -994.2 212.0 -994.3 
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Table A.13: Analysis of the thermodynamic parameters shown in Table A.12 for PQQ 
pKa calculations.  The resulting energy differences are attained by subtracting the total 
energy of the products from the reactants for the deprotonation of PQQ resulting in the 
formation of a H3O+  ion. 
 
 
Components  Ezero  S G pK 

 
kJ/mol kJ/mol kJ/mol (cal/mol*K) (kJ/mol) 

 gas phase 
      PQQH2 
      PQQH 
      H2O 
      H3O 1129.23 1128.43 1128.06 -2.37 1111.12 194.8 

explicit 
      PQQH2 
      PQQH 
      H2O(H2O)4 
      H3O(H2O)4 143.78 135.16 693.83 -15.26 692.94 121.5 

PCM 
      PQQH2 
      PQQH 
      H2O 
      H3O 655.15 -240.73 -14.58 -0.48 145.09 25.4 

Explicit +PCM 
      PQQH2 
      PQQH 
      H2O(H2O)4 
      H3O(H2O)4 19.53 5.27 -1.42 4.90 -21.00 3.0 
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Table A.14: Thermodynamic parameters taken from the output file of the frequency 
calculations preformed for the PQQ redox potential.  The Gibb’s free energy difference 

was obtained using the thermodynamic result from the optimized structures of PQQ3- and 
PQQ5- . 
 
 
Components E Ezero H S G G

 
(a.u.) (a.u.) (a.u.) 

(cal/ 
mol*K) (a.u.) (kJ/mol) 

b3lyp/tzvp 
      PQQ3- -2088.740983 -2088.32 -2088.33 324.43 -2088.48 

 PQQ5- -2089.054493 -2088.64 -2088.59 300.849 -2088.73 -652.451 

       tpss/tzvp 
      PQQ3- -2088.938554 -2088.52 -2088.47 286.753 -2088.61 

 PQQ5- -2089.198126 -2088.78 -2088.74 269.544 -2088.86 -670.403 

       b3lyp/lanl2dz 
      PQQ3- -2087.71896 -2087.29 -2087.25 256.59 -2087.37 

 PQQ5- -2087.967827 -2087.54 -2087.5 271.562 -2087.63 -673.43 
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Table A.15: Thermodynamic parameters taken from the output file of the frequency 
calculations preformed on optimized UO2

2+, UO2(OH)+,  and water structures used for the 
pKa calculation of UO2

2+at B3LYP/TZVP level of theory.  
 
 
Components E Ezero H S G 

 
(a.u.) (a.u.) (a.u.) 

(cal/ 
mol*K
) (a.u.) 

gas phase 
     uranyl+5H2O -2645800.12 -1009.39 -2645412.15 135.52 -2645580.91 

H2O -1002130.40 -382.243 -1001771.49 104.94 -1001902.16 
uranyl+4H2O+O
H -2645176.69 -1009.16 -2644822.93 136.12 -2644992.44 
H3O -1003088.269 -382.602 -1002710.60 112.29 -1002850.43 
explict 

     uranyl+19H2O -2080.36 -2079.88 -2079.83 297.17 -2079.97 
H2O(H2O)4 -994.15 -993.83 -993.80 213.73 -993.90 
uranyl18H2O+OH -2080.03 -2079.56 -2079.51 289.97 -2079.64 
H3O(H2O)4 -994.54 -994.21 -994.18 219.58 -994.28 
PCM 

     uranyl+5H2O -1009.77 -1009.64 -1009.61 126.57 -1009.69 
H2O -382.37 -382.25 -382.54 100.42 -382.28 
uranyl+4H2O+O
H -1009.34 -1009.23 -1009.33 127.72 -1009.27 
H3O -382.79 -382.65 -382.23 112.01 -382.69 
explicit+PCM 

     uranyl+19H2O -2080.51 -2080.02 -2079.97 265.46 -2080.09 
H2O(H2O)4 -994.13 -993.82 -993.80 201.13 -993.90 
uranyl18H2O+OH -2080.05 -2079.57 -2079.52 277.35 -2079.66 
H3O(H2O)4 -994.57 -994.25 -994.22 211.99 -994.32 
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Table A.16: Analysis of the thermodynamic parameters shown in Table A.15 for UO2
2+ 

pKa calculations.  The resulting energy differences are attained by subtracting the total 
energy of the products from the reactants for the deprotonation of a water molecule 
directly coordinated to the uranium atom resulting in the formation of a H3O+  ion and the 
UO2(OH)+ complex. 
 
 
Components  Ezero  S G pK 

 
kJ/mol kJ/mol kJ/mol 

(cal/ 
mol*K) kJ/mol 

 gas phase 
      uranyl+5H2O 
      H2O 
      uranyl+4H2O+OH 
      H3O -334.43 -349.14 -349.88 33.25 -379.68 -66.6 

explict 
      uranyl+19H2O 
      H2O(H2O)12 
      uranyl+18H2O+OH 
      H3O(H2O)12 -144.57 -162.79 -163.96 -1.36 -182.16 -31.9 

PCM 
      uranyl+5H2O 
      H2O 
      uranyl+4H2O+OH 
      H3O 30.89 23.77 28.69 12.74 -7.03 -1.2 

explicit+PCM 
    

    
 uranyl+19H2O 

      H2O(H2O)12 
      uranyl+18H2O+OH 
      H3O(H2O)12 52.79 19.33 72.25 22.75 23.99 4.2 
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Table A.17: Thermodynamic parameters taken from the output file of the frequency 
calculations preformed for the PQQ redox potential.  The Gibb’s free energy difference 

was obtained using the thermodynamic result from the optimized structures of UO2
2+ and 

UO2
+. 

 
 
Components E Ezero H S G G

b3lyp/tzvp (a.u.) (a.u.) (a.u.) 
(cal/ 
mol*K) (a.u.) kJ/mol 

UO2(H2O)5  -2080.51 -2080.02 -2079.97 265.463 -2080.09 
 UO2(H2O) -2080.6905 -2080.201 -2080.15 268.978 -2080.28 -490.164 

       UO2(H2O)4OH -2080.05 -2079.57 -2079.52 277.35 -2079.66 
 UO2(H2O)4OH -2080.2111 -2079.74 -2079.69 278.502 -2079.82 -435.047 

       tpss/tzvp 
      UO2(H2O)5  -2080.3565 -2079.876 -2079.83 257.98 -2079.95 

 UO2(H2O)5 -2080.5232 -2080.044 -2080 267.238 -2080.12 -450.459 

       b3lyp/lanl2dz 
      UO2(H2O)5 -2079.8539 -2079.363 -2079.32 243.541 -2079.44 

 UO2(H2O)5 -2080.0298 -2079.541 -2079.5 245.242 -2079.61 -467.971 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



179 
 

 
 

Below are tables describing additional calculations preformed using the model described 
in Chapter 2 that are not mentioned directly. 
 
 
Table A.18: All dissociation reactions analyzed for PQQ calculated at B3LYP/TZVP 
level of theory with full solvation model. 
 
 
Dissociation Reaction 



Gobs Ka PKa 

   
kJ*mol-1 

  PQQH2- + H2O → PQQ3- + H3O+ -16.00 4*103 3.00 

      
      PQQH2

- + H2O → PQQH2- + H3O+ -8.00 25.00 1.50 

      
      PQQH3

 + H2O → PQQH2
- + H3O+ 11.00 1*10-1 -1.70 

      
      PQQH4

+ + H2O → PQQH3 + H3O+ 35.00 7*10-7 -6.20 
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Table A.19: UO2
2+ binding energies for the [OO] and [ONO] site as compared to the 

previous in silico modeling by VanEnglelen et al.50 

 

 
New Model  H S G

 
kJ*mol-
1 

kJ*mol-1 
J*mol-
1 K-1 

kJ*mol-
1 

     
[UO2(H2O)19]2++[CO3(H2O)12]2- → 

[UO2(H2O)18(CO3)] + [H2O(H2O)12]     

 
-304 -286 -35 -276 

     
[UO2(CO3)(H2O)18]+[PQQ(H2O)11]3-

→[UO2(CO3)(PQQ)(H2O)30]3-     

[ONO] -71.67 -73.26 -251 2 
[OO] -50 -53 -249 22 

     
Previous Model  H S G

 
kJ*mol-
1 

kJ*mol-1 
J*mol-
1K-1 

kJ*mol-
1 

     
[UO2(H2O)6]2++CO3

2- → 

[UO2(H2O)3(CO3)] + 2H2O     

 
-203 -187 297 -255 

     
[UO2(CO3)(H2O)3]+PQQ3-

→[UO2(CO3)(PQQ)(H2O)]3-+2H2O     

[ONO] -39 -35 59 -53 
[OO] 8 11 -122 41 
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Table A.20: Thermodynamic parameters produced from frequency calculations of the 
optimized structures of UO2

2+ reactions with water and bicarbonate at low pH in aqueous 
solution.  The first two components in each set are the reactants and the second two are 
products.  The difference in specific energies given was calculated by subtracting the 
products from reactants. 
 
 

 
Ezero H S G S H G

  
(a.u.) 

(cal/ 
mol*K) (a.u.) 

(cal/ 
mol*K) kJ/mol kJ/mol 

uranyl at 
low pH 

       uranyl 4 
water 

 
-933.16 118.81 -933.22 

   5H2O -382.25 -382.24 131.34 -382.30 
   4H2O 

 
-305.80 92.75 -305.84 

   uranyl 5 
water -1009.64 -1009.63 126.57 -1009.69 -30.83 -66.73 -28.31 

        uranyl 5 
water -1009.64 -1009.63 126.57 -1009.69 

   5H2O -382.25 -382.24 131.34 -382.30 
   4H2O 

 
-305.80 92.75 -305.84 

   uranyl 6 
water -1086.09 -1086.07 134.77 -1086.13 -30.38 2.44 40.31 

        uranyl 4 
water 

 
-933.16 118.81 -933.22 

   bicarb5H2O -646.88 -646.86 131.15 -646.92 
   5H2O -382.25 -382.24 131.34 -382.30 
   uranyl 4 

water bicarb -1197.87 -1197.85 127.97 -1197.91 9.35 -185.26 -196.91 

        uranyl 5 
water -1009.64 -1009.63 126.57 -1009.69 

   bicarb5H2O -646.88 -646.86 131.15 -646.92 
   5H2O -382.25 -382.24 131.34 -382.30 
   uranyl 5 

water bicarb -1274.31 -1274.29 150.29 -1274.36 23.91 -103.65 -133.45 

        uranyl 4 
water bicarb -1197.87 -1197.85 127.97 -1197.91 

   bicarb5H2O -646.88 -646.86 131.15 -646.92 
   5H2O -382.25 -382.24 131.34 -382.30 
   uranyl 4 

water 2 
bicarb -1462.54 -1462.59 153.08 -1462.59 25.31 -303.17 -143.93 
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Table A.21: Thermodynamic parameters produced from frequency calculations of the 
optimized structures of UO2

2+ reactions with water and bicarbonate at high pH in aqueous 
solution.  The first two components in each set are the reactants and the second two are 
products.  The difference in specific energies given was calculated by subtracting the 
products from reactants. 
 
 
 Ezero H S G S H G

  
(a.u.) 

(cal/ 
mol*K) (a.u.) 

(cal/ 
mol*K) kJ/mol kJ/mol 

uranyl at 
high pH 

       2 uranyl 5 
water -2019.29 -2019.25 253.13 -2019.37 

   uranyl 2OH 
bridge -1865.63 -1865.59 193.03 -1865.69 

   2 H3O -153.7 -153.7 89.3 -153.7 29.24 -46.79 -83.23 

        2 uranyl OH 
4 water -2018.50 -2018.47 258.19 -2018.59 

   uranyl 2 OH 
bridge -1865.63 -1865.59 193.03 -1865.69 

   2 water -152.9 -152.9 90.3 -152.9 25.15 -89.65 -121.00 

        uranyl 2OH 
3 water -1008.82 -1008.80 127.89 -1008.86 

   uranyl OH 4 
water -1009.25 -1009.23 129.10 -1009.30 

   uranyl 2OH 
bridge OH -1865.20 -1865.17 189.74 -1865.26 

   2 water -152.9 -152.9 90.3 -152.9 23.08 -105.04 -133.80 

        2 uranyl 
2OH 3 water -2017.64 -2017.60 255.77 -2017.72 

   uranyl 2OH 
bridge 2OH -1864.76 -1864.73 183.44 -1864.82 

   2 water -152.9 -152.9 90.3 -152.9 17.98 -104.11 -126.53 
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Below is a guide to calculating thermodynamic parameters using Amsterdam density 
functional theory (ADF) as a way to nanually calculate thermodynamic parameters for 
comparison to calculating thermodynamic parameters using the algorithms described in 
the Gaussian09 suite of programs.  The calculations for a single water molecule in the gas 
phase are broken down followed by the analysis of a UO2(H2O)5

2+ and a 
UO2(H2O)4(OH)+ complex 
 
Calculation of Thermodynamic Parameters Using DFT 
 
The nuclear internal energy (output as internal energy) = zero point energy* + 3 kT + 
small correction term =kcal/mol 
 
The electronic internal energy (output as total bonding energy)  
In ADF the electronic internal energy is normally calculated with respect to (artificial) 
spherical averaged neutral atoms. 
 
The electronic + nuclear internal energy=U 
Enthalpy H = U + pV 
**Gas phase pV/n = RT = 8.314472 * 298.15 / 4184 = 0.592 kcal/mol 
Gibbs free energy G = H - TS  
 
*The nuclear internal energy contains zero point energy, not the total bonding energy.  
This could account for the fact the G09 ESCF is much different than the total bonding 
energy in ADF. 
 
** This was the correction that I had applied to H, (2.47 kJ/mol) 
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ADF Thermochemistry 
Calculated for the optimized structure in gas phase of a  single water 
total bonding energy: -1638.87 kJ/mol 
zero point energy: 0.020866 au (54 kJ/mol) 
         Transl     Rotat    Vibrat     Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mol-K):34.606  10.255  0.020   44.881 
Internal(Kcal/mol):  0.888   0.888  13.099  14.875 
           
E = 0.0 kJ/mol (-1638.87 kJ/mol) 
U = E+internal=62.17 kJ/mol 
H =  U+pV=64.64 kJ/mol 
S = 0.188 kJ/mol 
G = H-TS= 8.62 kJ/mol 
 
 
 
Solvation e=80 
total bonding energy: -1666.95 kJ/mol 
zero point energy: 0.020664 au (54 kJ/mol) 
 
         Transl     Rotat    Vibrat     Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mole-K):34.606  10.255   0.027  44.888 
Internal(Kcal/mole): 0.888   0.888  12.974  14.750 
 
E = 0.0 kJ/mol (-1666.95 kJ/mol) 
U = E+internal=61.66 kJ/mol 
H =  U+pV=64.13 kJ/mol 
S = 0.188kJ/mol 
G = H-TS= 8.11 kJ/mol 
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G09 Thermochemistry 
Calculated for the optimized structure in gas phase of a  single water 
SCF Done: -76.4559321914 au (-200380 kJ/mol) 
zero point correction: 0.020800 au (54 kJ/mol) 
         Transl     Rotat     Vibrat   Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mol-K): 34.608  10.256   0.020  44.884 
E(thermal)(Kcal/mol):0.889   0.889  13.058  14.835 
 
E = 0.0 kJ/mol (-200380 kJ/mol) 
U = E+internal=62.01 kJ/mol 
H = thermal correction to enthalpy=64.43 kJ/mol 
S = 0.188 kJ/mol 
G = thermal correction to Gibbs Free Energy =8.54 kJ/mol 
 H-TS=8.40 kJ/mol (rounding error?) 
*total H/G= SCF Done + thermal correction  
 
PCM 
SCF Done: -76.4634133140 au 
zero point correction: 0.020785au (55kJ/mol) 
 
         Transl     Rotat     Vibrat   Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mole-K):34.608  10.256   0.020  44.885 
E(thermal)(Kcal/mol):0.889   0.889  13.048  14.825 
 
E = 0.0 kJ/mol (-200345 kJ/mol) 
U = E+internal=61.97 kJ/mol 
H = thermal correction to enthalpy=64.40 kJ/mol 
S = 0.188 kJ/mol 
G = thermal correction to Gibbs Free Energy =8.50kJ/mol 
 H-TS=8.38 kJ/mol (rounding error?) 
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ADF thermochemistry 
in gas phase uranyl with 5 waters optimized in ADF 
total bonding energy: -11087.54 kJ/mol 
zero point energy: 0.126624 au (332 kJ/mol) 
         Transl     Rotat    Vibrat     Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mol-K): 43.535 29.783  49.872  123.190 
Internal(Kcal/mol):  0.888   0.888  87.175  50.977 
           
E = 0.0 kJ/mol (-11087 kJ/mol) 
U = E+internal=371.82 kJ/mol 
H =  U+pV=372.79 kJ/mol 
S = 0.514 kJ/mol 
G = H-TS= 220.62 kJ/mol 
 
 
G09 thermochemistry 
in gas phase uranyl with 5 waters optimized in G09 
SCF Done: - -1009.51600496 au (2645784 kJ/mol) 
zero point correction: 0.129118 au (338 kJ/mol) 
         Transl     Rotat     Vibrat   Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mol-K): 43.531  29.847  62.138  135.52 
E(thermal)(Kcal/mol):0.889   0.889  90.520  92.927 
 
E = 0.0 kJ/mol (-2645784 kJ/mol) 
U = E+internal=385.80 kJ/mol 
H = thermal correction to enthalpy=387.96 kJ/mol 
S = 0.567 kJ/mol 
G = thermal correction to Gibbs Free Energy =219.20 kJ/mol 
 H-TS=218.99  kJ/mol (rounding error?) 
*total H/G= SCF Done + thermal correction  
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ADF thermochemistry 
in gas phase uranylOH with 4 waters optimized in ADF 
total bonding energy: -11131.94 kJ/mol 
zero point energy: 0.115328 au (302 kJ/mol) 
         Transl     Rotat    Vibrat     Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mol-K): 43.526 29.754  43.331  119.611 
Internal(Kcal/mol):  0.888  0.888  79.852  81.628 
           
E = 0.0 kJ/mol (-11132 kJ/mol) 
U = E+internal=341.21 kJ/mol 
H =  U+pV=343.68 kJ/mol 
S = 0.500 kJ/mol 
G = H-TS= 194.68 kJ/mol 
 
 
 
G09 thermochemistry 
in gas phase uranylOH  with 4 waters optimized in G09 
SCF Done: - -1009.27813230 au (2645177 kJ/mol) 
zero point correction: 0.116445 au (305 kJ/mol) 
         Transl     Rotat     Vibrat   Total                                                                   
   ------     -----    ------     ----- 
Entropy(cal/mol-K): 43.529  29.804  62.792  136.12 
E(thermal)(Kcal/mol):0.889   0.889  82.108  84.108 
 
E = 0.0 kJ/mol (-2645177 kJ/mol) 
U = E+internal=351.57 kJ/mol 
H = thermal correction to enthalpy=353.76 kJ/mol 
S = 0.568 kJ/mol 
G = thermal correction to Gibbs Free Energy =184.25 kJ/mol 
 H-TS=184.50  kJ/mol (rounding error?) 
*total H/G= SCF Done + thermal correction  
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APPENDIX B 
 

 
SUPPORTING INFORMATION FOR CHAPTER 3 
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A Guide to Using Potential Energy Surface  
(PES) Scans as a Means to Find Reaction Paths 

 
The fundamental connection between structure and potential energy can be very 

informative, for knowledge of a molecule’s potential energy surface can not only lead to 

a better understanding of molecular structure and conformation, but also lead to a better 

understanding of the molecule’s thermodynamic properties and reactivity. This 

connection is difficult to realize from experiment, and as a result, computational methods, 

like the electronic structure methods described in Chapter 3, have been pushed to higher 

levels in the quest for greater chemical insight. To that end, to appreciate the power and 

capabilities of electronic structure calculations, it is important to have an understanding 

of potential energy and potential energy surfaces (PESs) as they pertain to chemical 

structure and how they link structure to the various properties of interest. 

As described in Chapter 3, the relationship between energy and nuclear position 

were analyzed and plotted against one another for the manual drive of a reaction nuclear 

coordinate as a starting point for a potential energy surface scan.  Figure B.1 is plot of 

Transition State 1a from Chapter 3 where the oxygen atom of the methanol substrate to 

the C5 position of PQQ was analyzed using this approach. The result of this plot is the 

formation of a 2D potential energy surface, which records how the energy varies with 

respect to the nuclear coordinates. 
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Figure B.1. Screen capture of a potential energy surface scan result showing the plot of 
the nuclear coordinates of the methanol substrate oxygen atom being driven toward the 
C5 atom of the PQQ cofactor, describing transition state 1a. 
 

However, the potential energy changes with respect to the variety of 

configurations that are plausible for a particular molecule, creating a third dimension. 

When looking at a PES, it should be recognized that regions of high potential energy 

indicate high-energy nuclear arrangements, that is, molecular conformations that have 

unfavorable electronic or steric interactions. Conversely, regions of low potential energy 

indicate nuclear arrangements that are in low energy molecular conformations.   

Most reactions involve multiple major changes (i.e. changes in dihedral angle) 

that greatly influence the potential energy, as well as numerous minor changes (i.e. bond 

angles modified as more electronegative elements draw near) that also influence the 
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potential energy. That means that the three-dimensional reaction PES can start to look 

like a mountain range with numerous peaks and valleys. As a result of this complexity, it 

is more common to see the pertinent potential energy information displayed as a reaction 

coordinate diagram, which shows how the reaction’s potential energy varies with the 

progressive nuclear reorganization that transforms reactants into products described in 

Figure B.1.  

 

 

 

 
 
Figure B.2. Hypothetical plot of a transition state. The reactants and products are found in 
potential energy wells and the reaction pathway (red line) follows a minimum energy 
route. The transition state occupies a saddle point on the reaction pathway which means 
that the activated complex has only two paths in which it can obtain lower potential 
energy, by returning to the reactant formation or continuing on to form products. 
 

On inspection of the 3D PES (Figure B.2), it can be seen that the transition state 

has a characteristic geometry called a saddle point (similar to a mountain pass), or more 
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specifically, a first-order saddle point. In energetic terms, this means that the transition 

state is not found at a potential energy peak, where all changes in molecular geometry 

result in a lower potential energy, nor a valley, where all changes result in a higher 

energy. Instead, the saddle point indicates that certain modifications in the nuclear 

arrangement lead to lower potential energy while all others lead to higher energy. In 

relation to a chemical reaction, it should seem reasonable that the structural changes that 

lead to lower energy are those changes that lead to toward the reactant and product 

potential energy wells.  

Therefore, with further examination of the 3D PES, additional understanding of 

the reaction pathway can be gained. Looking at the reaction coordinate diagram (Figure 

B.2), it can be seen that there is one point on the pathway that has a higher energy than 

the rest. This critical point is called the transition state and is linked to a structure called 

the activated complex (or transition state structure). Since the activated complex is at the 

apex of this potential energy path and both the reformation of reactants and the formation 

of products are energetically downhill, the 2D plot might give the impression that the 

transition state is found at a maximum on the PES, but that is not true. Therefore, once a 

plot of the energy and nuclear position has been achieved, a second calculation needs to 

be done.  This calculation is called a transition state optimization (keyword=OPT(TS)), 

where the structure at the height of the reaction barrier is optimized without constraints to 

find the lowest energy conformation. 

In summary, for each transition state described in Chapter 3, the reaction 

coordinate was manually driven and the energy was plotted against the nuclear 
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coordinates.  Once a peak was found (Figure B.1), a second calculation was done to find 

the correct conformation of the transition state.  At the end of each transition state, the 

intermediate was then optimized and the next transition was manually driven.  
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Cartesian Coordinates for All Optimized  
Stationary Points Found Using PES Methods 

 
Table B.1. A list of Cartesian coordinates for the optimized structure of the Enzyme. 
 
 
Atom               X                              Y                          Z  
C       -3.978260000     -3.624450000     -0.100600000 
O       -4.849747862     -4.538610381     -0.642444754 
O       -4.060188000     -2.471584000     -0.585816000 
O       -5.225586000      0.689399000     -1.365506000 
N        3.785687182      0.817006627      0.059429864 
C        4.662470182     -0.244868373     -0.041956136 
C        6.140630182     -0.041362373      0.140682864 
O        6.521099182      1.122333627      0.399617864 
O        6.858273182     -1.074812373      0.015893864 
C        3.926249182     -1.378521373     -0.296193136 
C        2.558813182     -0.985893373     -0.340336136 
C        2.517299182      0.408702627     -0.112729136 
C        1.376595182     -1.767229373     -0.489000136 
O        1.307451182     -2.979346373     -0.678646136 
C        0.052578182     -0.970732373     -0.363277136 
O       -1.011034818     -1.554920373     -0.450087136 
C        0.095890182      0.507770627     -0.144611136 
N       -1.105426818      1.071529627     -0.067050136 
C       -1.196518818      2.395945627      0.041774864 
C       -2.605178818      2.971988627      0.098973864 
O       -3.544764818      2.122344627      0.049832864 
O       -2.722585818      4.209496627      0.179457864 
C       -0.058115818      3.194273627      0.041908864 
C        1.217561182      2.636291627     -0.014692136 
C        2.390670182      3.637252627     -0.044211136 
O        2.198910182      4.654487627     -0.733916136 
O        3.412005182      3.364675627      0.645006864 
C        1.311714182      1.225981627     -0.080993136 
Ca      -3.168976288     -0.334293335     -0.058349660 
O       -4.961422000     -0.224439000      1.738318000 
H       -6.170984000      0.549130000     -1.242121000 
H       -5.000062000      1.544095000     -0.952936000 
O       -3.209925486     -4.027239338      0.804316583 
O       -2.918160000     -0.204367000     -2.524002000 
H       -3.829500000      0.037776000     -2.752359000 
H       -2.698290000     -0.979356000     -3.054202000 
H        4.007089182      1.792657627      0.314502864 
H        8.643520000     -0.889887000      0.253568000 
O        9.622335000     -0.809932000      0.393749000 
H        9.757361000      0.116436000      0.618808000 
H       -4.237468000      4.907429000      0.177869000 
O       -5.107562000      5.366884000      0.189418000 
H       -5.436318000      5.293259000     -0.712701000 
H       -0.166814818      4.267950627      0.069924864 
H        4.317762182     -2.372692373     -0.429077136 
H        2.749578000     -4.344987000     -0.754562000 
O        3.421487000     -5.051206000     -0.780833000 
H        3.733633000     -5.127097000      0.127490000 
H       -4.697518593     -5.381904201     -0.193321064 
H       -4.484157000     -0.865292000      2.295282000 
H       -5.872284000     -0.532658000      1.671032000 
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Table B.2. A list of Cartesian coordinates for the optimized structure of the Enzyme 
Substrate. 
 
 
Atom               X                              Y                          Z  
C       -3.978260000     -3.624450000     -0.100600000 
O       -4.534719000     -4.614105000     -0.875011000 
O       -4.060188000     -2.471584000     -0.585816000 
O       -5.225586000      0.689399000     -1.365506000 
N        3.885806000      0.760375000      0.041255000 
C        4.762589000     -0.301500000     -0.060131000 
C        6.240749000     -0.097994000      0.122508000 
O        6.621218000      1.065702000      0.381443000 
O        6.958392000     -1.131444000     -0.002281000 
C        4.026368000     -1.435153000     -0.314368000 
C        2.658932000     -1.042525000     -0.358511000 
C        2.617418000      0.352071000     -0.130904000 
C        1.476714000     -1.823861000     -0.507175000 
O        1.407570000     -3.035978000     -0.696821000 
C        0.152697000     -1.027364000     -0.381452000 
O       -0.910916000     -1.611552000     -0.468262000 
C        0.196009000      0.451139000     -0.162786000 
N       -1.005308000      1.014898000     -0.085225000 
C       -1.096400000      2.339314000      0.023600000 
C       -2.505060000      2.915357000      0.080799000 
O       -3.444646000      2.065713000      0.031658000 
O       -2.622467000      4.152865000      0.161283000 
C        0.042003000      3.137642000      0.023734000 
C        1.317680000      2.579660000     -0.032867000 
C        2.490789000      3.580621000     -0.062386000 
O        2.299029000      4.597856000     -0.752091000 
O        3.512124000      3.308044000      0.626832000 
C        1.411833000      1.169350000     -0.099168000 
Ca      -3.196780000     -0.351628000     -0.058002000 
O       -4.961422000     -0.224439000      1.738318000 
H       -6.170984000      0.549130000     -1.242121000 
H       -5.000062000      1.544095000     -0.952936000 
O       -3.459770000     -3.967740000      0.987872000 
O       -2.918160000     -0.204367000     -2.524002000 
H       -3.829500000      0.037776000     -2.752359000 
H       -2.698290000     -0.979356000     -3.054202000 
O       -2.729622000     -1.680934000      2.063989000 
H        4.107208000      1.736026000      0.296328000 
H        8.643520000     -0.889887000      0.253568000 
O        9.622335000     -0.809932000      0.393749000 
H        9.757361000      0.116436000      0.618808000 
H       -4.237468000      4.907429000      0.177869000 
O       -5.107562000      5.366884000      0.189418000 
H       -5.436318000      5.293259000     -0.712701000 
H       -0.066696000      4.211319000      0.051750000 
H        4.417881000     -2.429324000     -0.447252000 
C       -1.681327000     -1.685766000      3.037576000 
H       -1.975314000     -2.256239000      3.921880000 
H       -0.763024000     -2.112631000      2.626840000 
H       -1.491618000     -0.654611000      3.331229000 
H        2.749578000     -4.344987000     -0.754562000 
O        3.421487000     -5.051206000     -0.780833000 
H        3.733633000     -5.127097000      0.127490000 
H       -4.414369000     -5.450069000     -0.403089000 
H       -4.484157000     -0.865292000      2.295282000 
H       -5.872284000     -0.532658000      1.671032000 
H       -2.930169000     -2.612375000      1.756270000 
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Table B.3. A list of Cartesian coordinates for the optimized structure of Transition State 
1a.  
 
 
 Atom             X                              Y                          Z 
C       -3.094989000      3.521122000     -0.621712000 
O       -3.719343000      4.713185000     -0.558843000 
O       -3.699058000      2.527900000     -0.226809000 
O       -5.763445328      0.186098967      0.733603714 
N        3.572154672     -0.950270033     -0.015043286 
C        4.444731672      0.096590967      0.209876714 
C        5.929116672     -0.103223033      0.106999714 
O        6.326366672     -1.251029033     -0.198338286 
O        6.642243672      0.916074967      0.339718714 
C        3.696941672      1.216101967      0.491611714 
C        2.327565672      0.833882967      0.424389714 
C        2.295070672     -0.542073033      0.106317714 
C        1.144435672      1.629568967      0.546397714 
O        1.123851672      2.832701967      0.810641714 
C       -0.202868328      0.901561967      0.284182714 
O       -1.178689328      1.243478967      1.051756714 
C       -0.115970328     -0.614765033      0.050136714 
N       -1.311760328     -1.180736033      0.010752714 
C       -1.423488328     -2.507965033     -0.081072286 
C       -2.842628328     -3.059416033     -0.042795286 
O       -3.746049328     -2.194976033      0.244339714 
O       -3.024910328     -4.261356033     -0.267077286 
C       -0.297143328     -3.314630033     -0.128628286 
C        0.981240672     -2.756917033     -0.089610286 
C        2.156238672     -3.751937033     -0.096067286 
O        1.991003672     -4.785100033      0.580031714 
O        3.162023672     -3.460252033     -0.801997286 
C        1.086516672     -1.346670033     -0.009735286 
Ca      -3.375701000      0.205030000      0.452160000 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528328      0.870348967      0.472877714 
H       -6.203059328     -0.691838033      0.613367714 
O       -1.898426000      3.579125000     -1.115835000 
O       -2.800917328      0.296858967      2.946302714 
H       -3.165338328      0.871547967      3.628843714 
H       -1.965693328      0.725871967      2.671947714 
O       -0.669749672      1.522081033     -1.339694714 
H        3.808299672     -1.904177033     -0.316896286 
H        8.337174672      0.700839967      0.178257714 
O        9.324687672      0.637776967      0.098302714 
H        9.490431672     -0.287815033     -0.108500286 
H       -5.419886328     -2.532602033      0.285534714 
O       -6.402921328     -2.393653033      0.324024714 
H       -6.725818328     -2.935812033      1.052469714 
H       -0.409208328     -4.387866033     -0.160635286 
H        4.084621672      2.195575967      0.713868714 
C        0.265001328      1.523423033     -2.431564714 
H       -0.259470672      1.893902033     -3.312817714 
H        1.118506328      2.172482033     -2.226808714 
H        0.613448328      0.508912033     -2.629659714 
H        2.447448672      4.072949967      1.110919714 
O        3.102632672      4.778081967      1.281768714 
H        3.528563672      4.930755967      0.431386714 
H       -3.126663000      5.399497000     -0.899888000 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.331557000      2.615444000     -1.140982000 
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Table B.4. A list of Cartesian coordinates for the optimized structure of Intermediate 1a. 
 
 
Atom               X                              Y                          Z 
C       -3.090332435      3.486844278     -0.611841232 
O       -3.799436508      4.602733414     -0.870196556 
O       -3.694401435      2.493622278     -0.216938232 
O       -5.763445328      0.186098967      0.733603714 
N        3.572156665     -0.950271371     -0.015043712 
C        4.444733665      0.096589629      0.209876288 
C        5.929118665     -0.103224371      0.106999288 
O        6.326368665     -1.251030371     -0.198338712 
O        6.642245665      0.916073629      0.339718288 
C        3.696943665      1.216100629      0.491611288 
C        2.327567665      0.833881629      0.424389288 
C        2.295072665     -0.542074371      0.106317288 
C        1.144437665      1.629567629      0.546397288 
O        1.123853665      2.832700629      0.810641288 
C       -0.202866335      0.901560629      0.284182288 
O       -1.178687335      1.243477629      1.051756288 
C       -0.115968335     -0.614766371      0.050136288 
N       -1.311758335     -1.180737371      0.010752288 
C       -1.423486335     -2.507966371     -0.081072712 
C       -2.842626335     -3.059417371     -0.042795712 
O       -3.746047335     -2.194977371      0.244339288 
O       -3.024908335     -4.261357371     -0.267077712 
C       -0.297141335     -3.314631371     -0.128628712 
C        0.981242665     -2.756918371     -0.089610712 
C        2.156240665     -3.751938371     -0.096067712 
O        1.991005665     -4.785101371      0.580031288 
O        3.162025665     -3.460253371     -0.801997712 
C        1.086518665     -1.346671371     -0.009735712 
Ca      -3.379850338      0.178158152      0.449832712 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528328      0.870348967      0.472877714 
H       -6.203059328     -0.691838033      0.613367714 
O       -1.818691578      3.609235652     -0.829176882 
O       -2.800917328      0.296858967      2.946302714 
H       -3.165338328      0.871547967      3.628843714 
H       -1.965693328      0.725871967      2.671947714 
O       -0.589341859      1.415213461     -1.060026564 
H        3.808301665     -1.904178371     -0.316896712 
H        8.337174672      0.700839967      0.178257714 
O        9.324687672      0.637776967      0.098302714 
H        9.490431672     -0.287815033     -0.108500286 
H       -5.419886328     -2.532602033      0.285534714 
O       -6.402921328     -2.393653033      0.324024714 
H       -6.725818328     -2.935812033      1.052469714 
H       -0.409206335     -4.387867371     -0.160635712 
H        4.084623665      2.195574629      0.713868288 
C        0.345409141      1.416555461     -2.151896564 
H       -0.179062859      1.787034461     -3.033149564 
H        1.198914141      2.065614461     -1.947140564 
H        0.693856141      0.402044461     -2.349991564 
H        2.447448672      4.072949967      1.110919714 
O        3.102632672      4.778081967      1.281768714 
H        3.528563672      4.930755967      0.431386714 
H       -3.196117245      5.299141364     -1.169574696 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.263309999      2.819513679     -0.610109523 
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Table B.5. A list of Cartesian coordinates for the optimized structure of Transition Sate 
2a. 
 
 
Atom               X                              Y                          Z 
C       -2.904778800      3.324667929     -0.467769933 
O       -3.271291005      4.563590312     -0.849247006 
O       -3.787224279      2.520918141     -0.180343540 
O       -5.763445328      0.186098967      0.733603714 
N        3.572156665     -0.950271371     -0.015043712 
C        4.444733665      0.096589629      0.209876288 
C        5.929118665     -0.103224371      0.106999288 
O        6.326368665     -1.251030371     -0.198338712 
O        6.642245665      0.916073629      0.339718288 
C        3.696943665      1.216100629      0.491611288 
C        2.327567665      0.833881629      0.424389288 
C        2.295072665     -0.542074371      0.106317288 
C        1.144437665      1.629567629      0.546397288 
O        1.123853665      2.832700629      0.810641288 
C       -0.202866335      0.901560629      0.284182288 
O       -1.178687335      1.243477629      1.051756288 
C       -0.115968335     -0.614766371      0.050136288 
N       -1.311758335     -1.180737371      0.010752288 
C       -1.423486335     -2.507966371     -0.081072712 
C       -2.842626335     -3.059417371     -0.042795712 
O       -3.746047335     -2.194977371      0.244339288 
O       -3.024908335     -4.261357371     -0.267077712 
C       -0.297141335     -3.314631371     -0.128628712 
C        0.981242665     -2.756918371     -0.089610712 
C        2.156240665     -3.751938371     -0.096067712 
O        1.991005665     -4.785101371      0.580031288 
O        3.162025665     -3.460253371     -0.801997712 
C        1.086518665     -1.346671371     -0.009735712 
Ca      -3.379850338      0.178158152      0.449832712 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528328      0.870348967      0.472877714 
H       -6.203059328     -0.691838033      0.613367714 
O       -1.623095387      3.133536425     -0.461344982 
O       -2.800917328      0.296858967      2.946302714 
H       -3.165338328      0.871547967      3.628843714 
H       -1.965693328      0.725871967      2.671947714 
O       -0.589341859      1.415213461     -1.060026564 
H        3.808301665     -1.904178371     -0.316896712 
H        8.337174672      0.700839967      0.178257714 
O        9.324687672      0.637776967      0.098302714 
H        9.490431672     -0.287815033     -0.108500286 
H       -4.601058917     -4.898274997     -0.257843005 
O       -5.241484822     -5.639312045     -0.424770742 
H       -5.048996307     -6.318082943      0.231772640 
H       -0.409206335     -4.387867371     -0.160635712 
H        4.084623665      2.195574629      0.713868288 
C        0.345409141      1.416555461     -2.151896564 
H       -0.179062859      1.787034461     -3.033149564 
H        1.198914141      2.065614461     -1.947140564 
H        0.693856141      0.402044461     -2.349991564 
H        2.447448672      4.072949967      1.110919714 
O        3.102632672      4.778081967      1.281768714 
H        3.528563672      4.930755967      0.431386714 
H       -2.476904635      5.083703656     -1.041699180 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.223363370      2.075536539      0.174384063 
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Table B.6. A list of Cartesian coordinates for the optimized structure of Intermediate 2a. 
 
 
Atom               X                              Y                          Z 
C       -2.885902737      3.216113897     -0.438570112 
O       -3.252414943      4.455036280     -0.820047184 
O       -3.768348216      2.412364108     -0.151143718 
O       -5.763445328      0.186098967      0.733603714 
N        3.572156665     -0.950271371     -0.015043712 
C        4.444733665      0.096589629      0.209876288 
C        5.929118665     -0.103224371      0.106999288 
O        6.326368665     -1.251030371     -0.198338712 
O        6.642245665      0.916073629      0.339718288 
C        3.696943665      1.216100629      0.491611288 
C        2.327567665      0.833881629      0.424389288 
C        2.295072665     -0.542074371      0.106317288 
C        1.144437665      1.629567629      0.546397288 
O        1.123853665      2.832700629      0.810641288 
C       -0.202866335      0.901560629      0.284182288 
O       -1.178687335      1.243477629      1.051756288 
C       -0.115968335     -0.614766371      0.050136288 
N       -1.311758335     -1.180737371      0.010752288 
C       -1.423486335     -2.507966371     -0.081072712 
C       -2.842626335     -3.059417371     -0.042795712 
O       -3.746047335     -2.194977371      0.244339288 
O       -3.024908335     -4.261357371     -0.267077712 
C       -0.297141335     -3.314631371     -0.128628712 
C        0.981242665     -2.756918371     -0.089610712 
C        2.156240665     -3.751938371     -0.096067712 
O        1.991005665     -4.785101371      0.580031288 
O        3.162025665     -3.460253371     -0.801997712 
C        1.086518665     -1.346671371     -0.009735712 
Ca      -3.379850338      0.178158152      0.449832712 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528328      0.870348967      0.472877714 
H       -6.203059328     -0.691838033      0.613367714 
O       -1.604219325      3.024982393     -0.432145160 
O       -2.800917328      0.296858967      2.946302714 
H       -3.165338328      0.871547967      3.628843714 
H       -1.965693328      0.725871967      2.671947714 
O       -0.589341859      1.415213461     -1.060026564 
H        3.808301665     -1.904178371     -0.316896712 
H        8.337174672      0.700839967      0.178257714 
O        9.324687672      0.637776967      0.098302714 
H        9.490431672     -0.287815033     -0.108500286 
H       -4.601058917     -4.898274997     -0.257843005 
O       -5.241484822     -5.639312045     -0.424770742 
H       -5.048996307     -6.318082943      0.231772640 
H       -0.409206335     -4.387867371     -0.160635712 
H        4.084623665      2.195574629      0.713868288 
C        0.345409141      1.416555461     -2.151896564 
H       -0.179062859      1.787034461     -3.033149564 
H        1.198914141      2.065614461     -1.947140564 
H        0.693856141      0.402044461     -2.349991564 
H        2.447448672      4.072949967      1.110919714 
O        3.102632672      4.778081967      1.281768714 
H        3.528563672      4.930755967      0.431386714 
H       -2.458028572      4.975149624     -1.012499359 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.217825018      1.972388741      0.283149215 
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Table B.7. A list of Cartesian coordinates for the optimized structure of Transition State 
3a. 
 
 
Atom               X                              Y                          Z 
C       -3.446279952      3.498241003      0.512438710 
O       -4.303246276      4.522920524      0.338010436 
O       -3.909803594      2.367514257      0.630508755 
O       -5.763445237      0.186098354      0.733604443 
N        3.512002466     -1.026376301     -0.142521642 
C        4.384579348      0.020484708      0.082398775 
C        5.868964352     -0.179328958     -0.020478818 
O        6.266214463     -1.327134686     -0.325817696 
O        6.582091242      0.839969017      0.212240630 
C        3.636789235      1.139995389      0.364134743 
C        2.267413283      0.757776187      0.296912917 
C        2.234918431     -0.618179610     -0.021159977 
C        1.084283178      1.553461895      0.418921807 
O        1.063699044      2.756594717      0.683166604 
C       -0.263020773      0.825454825      0.156706747 
O       -1.238841596      1.167371146      0.924281275 
C       -0.176122574     -0.690872005     -0.077340276 
N       -1.371912485     -1.256843194     -0.116724277 
C       -1.483640275     -2.584072153     -0.208550114 
C       -2.902780164     -3.135523433     -0.170273036 
O       -3.806201230     -2.271083784      0.116862813 
O       -3.085062018     -4.337463318     -0.394555769 
C       -0.357295145     -3.390736920     -0.256106994 
C        0.921088767     -2.833023717     -0.217089025 
C        2.096086943     -3.828043502     -0.223547044 
O        1.930852339     -4.861206975      0.452551329 
O        3.101871672     -3.536357857     -0.929477165 
C        1.026364539     -1.422776750     -0.137213131 
Ca      -3.397013791      0.082444943      0.435560430 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528441      0.870348413      0.472879087 
H       -6.203059117     -0.691838646      0.613368003 
O       -2.199482405      3.851247447      0.525370367 
O       -2.800916570      0.296857431      2.946302596 
H       -3.165337461      0.871545917      3.628844087 
H       -1.965692732      0.725870761      2.671947618 
O       -0.649494790      1.339106372     -1.187503029 
H        3.748147543     -1.980283060     -0.444375343 
H        8.337174498      0.700842248      0.178254402 
O        9.324687484      0.637779477      0.098299053 
H        9.490431586     -0.287812357     -0.108504606 
H       -4.601060215     -4.898273413     -0.257845544 
O       -5.241486018     -5.639310483     -0.424773576 
H       -5.048997161     -6.318081776      0.231769295 
H       -0.469359963     -4.463972919     -0.288114665 
H        4.024469128      2.119469312      0.586392266 
C       -0.094829601      2.626052382     -1.304107639 
H       -0.883188752      3.311163865     -1.617228260 
H        0.367789372      3.324548960     -0.284065377 
H        0.704590007      2.646331687     -2.046001533 
H        2.447448183      4.072950578      1.110920447 
O        3.102632110      4.778082584      1.281769707 
H        3.528562818      4.930757219      0.431387675 
H       -3.799968802      5.347272793      0.262112108 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.371460730      2.144929328      0.841262197 
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Table B.8. A list of Cartesian coordinates for the optimized structure of the Enzyme+ H2. 
 
 
Atom               X                              Y                          Z 
C       -3.539710883      3.608478585      0.577845649 
O       -4.011921233      4.855683151      0.387365257 
O       -4.346698503      2.685213160      0.638587843 
O       -5.763445237      0.186098354      0.733604443 
N        3.572154734     -0.950268480     -0.015046203 
C        4.444731616      0.096592529      0.209874214 
C        5.929116620     -0.103221137      0.106996621 
O        6.326366731     -1.251026865     -0.198342257 
O        6.642243510      0.916076838      0.339716069 
C        3.696941503      1.216103210      0.491610182 
C        2.327565551      0.833884008      0.424388356 
C        2.295070699     -0.542071789      0.106315462 
C        1.144435446      1.629569716      0.546397246 
O        1.123851312      2.832702538      0.810642043 
C       -0.202868505      0.901562646      0.284182186 
O       -1.178689328      1.243478967      1.051756714 
C       -0.115970306     -0.614764184      0.050135163 
N       -1.311760217     -1.180735373      0.010751162 
C       -1.423488007     -2.507964332     -0.081074675 
C       -2.842627896     -3.059415612     -0.042797597 
O       -3.746048962     -2.194975963      0.244338252 
O       -3.024909750     -4.261355497     -0.267080330 
C       -0.297142877     -3.314629099     -0.128631555 
C        0.981241035     -2.756915896     -0.089613586 
C        2.156239211     -3.751935681     -0.096071605 
O        1.991004607     -4.785099154      0.580026768 
O        3.162023940     -3.460250036     -0.802001726 
C        1.086516807     -1.346668929     -0.009737692 
Ca      -3.375701000      0.205030000      0.452160000 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528441      0.870348413      0.472879087 
H       -6.203059117     -0.691838646      0.613368003 
O       -2.248619642      3.542507181      0.667378230 
O       -2.800916570      0.296857431      2.946302596 
H       -3.165337461      0.871545917      3.628844087 
H       -1.965692732      0.725870761      2.671947618 
H        3.808299811     -1.904175239     -0.316899904 
H        8.337174498      0.700842248      0.178254402 
O        9.324687484      0.637779477      0.098299053 
H        9.490431586     -0.287812357     -0.108504606 
H       -4.601060215     -4.898273413     -0.257845544 
O       -5.241486018     -5.639310483     -0.424773576 
H       -5.048997161     -6.318081776      0.231769295 
H       -0.409207695     -4.387865098     -0.160639226 
H        4.084621396      2.195577133      0.713867705 
H        0.499457153      3.468337776      0.937526951 
H        2.447448183      4.072950578      1.110920447 
O        3.102632110      4.778082584      1.281769707 
H        3.528562818      4.930757219      0.431387675 
H       -3.267846409      5.475616967      0.362063957 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.273966095      2.127392085      0.911685524 
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Table B.9. A list of Cartesian coordinates for the optimized structure of Transition State 
2a’. 
 
 
Atom              X                              Y                          Z 
C       -3.519067196      3.804076443      0.538008076 
O       -4.376033520      4.828755964      0.363579802 
O       -3.982590838      2.673349697      0.656078121 
O       -5.763445237      0.186098354      0.733604443 
N        3.572154734     -0.950268480     -0.015046203 
C        4.444731616      0.096592529      0.209874214 
C        5.929116620     -0.103221137      0.106996621 
O        6.326366731     -1.251026865     -0.198342257 
O        6.642243510      0.916076838      0.339716069 
C        3.696941503      1.216103210      0.491610182 
C        2.327565551      0.833884008      0.424388356 
C        2.295070699     -0.542071789      0.106315462 
C        1.144435446      1.629569716      0.546397246 
O        1.123851312      2.832702538      0.810642043 
C       -0.202868505      0.901562646      0.284182186 
O       -1.178689328      1.243478967      1.051756714 
C       -0.115970306     -0.614764184      0.050135163 
N       -1.311760217     -1.180735373      0.010751162 
C       -1.423488007     -2.507964332     -0.081074675 
C       -2.842627896     -3.059415612     -0.042797597 
O       -3.746048962     -2.194975963      0.244338252 
O       -3.024909750     -4.261355497     -0.267080330 
C       -0.297142877     -3.314629099     -0.128631555 
C        0.981241035     -2.756915896     -0.089613586 
C        2.156239211     -3.751935681     -0.096071605 
O        1.991004607     -4.785099154      0.580026768 
O        3.162023940     -3.460250036     -0.802001726 
C        1.086516807     -1.346668929     -0.009737692 
Ca      -3.375701000      0.205030000      0.452160000 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528441      0.870348413      0.472879087 
H       -6.203059117     -0.691838646      0.613368003 
O       -2.272269649      4.157082887      0.550939733 
O       -2.800916570      0.296857431      2.946302596 
H       -3.165337461      0.871545917      3.628844087 
H       -1.965692732      0.725870761      2.671947618 
O       -0.589342522      1.415214193     -1.060027590 
H        3.808299811     -1.904175239     -0.316899904 
H        8.337174498      0.700842248      0.178254402 
O        9.324687484      0.637779477      0.098299053 
H        9.490431586     -0.287812357     -0.108504606 
H       -5.419885889     -2.532602290      0.285533550 
O       -6.402920902     -2.393653492      0.324023947 
H       -6.725817578     -2.935813028      1.052468691 
H       -0.409207695     -4.387865098     -0.160639226 
H        4.084621396      2.195577133      0.713867705 
C       -0.015598855      2.730966310     -1.134565499 
H       -0.803958006      3.416077793     -1.447686120 
H        0.478579072      3.244563261     -0.126424913 
H        0.783820753      2.751245615     -1.876459393 
H        2.447448183      4.072950578      1.110920447 
O        3.102632110      4.778082584      1.281769707 
H        3.528562818      4.930757219      0.431387675 
H       -3.872756046      5.653108233      0.287681474 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.533463301      3.339077814      0.739849198 
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Table B.10. A list of Cartesian coordinates for the optimized structure of Intermediate 
2a’. 
 
 
Atom               X                              Y                          Z 
C       -3.519067196      3.804076443      0.538008076 
O       -4.376033520      4.828755964      0.363579802 
O       -3.982590838      2.673349697      0.656078121 
O       -5.763445237      0.186098354      0.733604443 
N        3.572154734     -0.950268480     -0.015046203 
C        4.444731616      0.096592529      0.209874214 
C        5.929116620     -0.103221137      0.106996621 
O        6.326366731     -1.251026865     -0.198342257 
O        6.642243510      0.916076838      0.339716069 
C        3.696941503      1.216103210      0.491610182 
C        2.327565551      0.833884008      0.424388356 
C        2.295070699     -0.542071789      0.106315462 
C        1.144435446      1.629569716      0.546397246 
O        1.123851312      2.832702538      0.810642043 
C       -0.202868505      0.901562646      0.284182186 
O       -1.178689328      1.243478967      1.051756714 
C       -0.115970306     -0.614764184      0.050135163 
N       -1.311760217     -1.180735373      0.010751162 
C       -1.423488007     -2.507964332     -0.081074675 
C       -2.842627896     -3.059415612     -0.042797597 
O       -3.746048962     -2.194975963      0.244338252 
O       -3.024909750     -4.261355497     -0.267080330 
C       -0.297142877     -3.314629099     -0.128631555 
C        0.981241035     -2.756915896     -0.089613586 
C        2.156239211     -3.751935681     -0.096071605 
O        1.991004607     -4.785099154      0.580026768 
O        3.162023940     -3.460250036     -0.802001726 
C        1.086516807     -1.346668929     -0.009737692 
Ca      -3.375701000      0.205030000      0.452160000 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528441      0.870348413      0.472879087 
H       -6.203059117     -0.691838646      0.613368003 
O       -2.272269649      4.157082887      0.550939733 
O       -2.800916570      0.296857431      2.946302596 
H       -3.165337461      0.871545917      3.628844087 
H       -1.965692732      0.725870761      2.671947618 
H        3.808299811     -1.904175239     -0.316899904 
H        8.337174498      0.700842248      0.178254402 
O        9.324687484      0.637779477      0.098299053 
H        9.490431586     -0.287812357     -0.108504606 
H       -5.419885889     -2.532602290      0.285533550 
O       -6.402920902     -2.393653492      0.324023947 
H       -6.725817578     -2.935813028      1.052468691 
H       -0.409207695     -4.387865098     -0.160639226 
H        4.084621396      2.195577133      0.713867705 
H        0.499457153      3.468337776      0.937526951 
H        2.447448183      4.072950578      1.110920447 
O        3.102632110      4.778082584      1.281769707 
H        3.528562818      4.930757219      0.431387675 
H       -3.872756046      5.653108233      0.287681474 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.533463301      3.339077814      0.739849198 
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Table B.11. A list of Cartesian coordinates for the optimized structure of Transition State 
3a’. 
 
 
Atom               X                              Y                          Z 
C       -3.191337567      3.513429861      0.485875123 
O       -3.722792081      4.735177016      0.286690254 
O       -3.956400504      2.566875854      0.647281108 
O       -5.763445237      0.186098354      0.733604443 
N        3.572160181     -0.950279135     -0.015048803 
C        4.444738833      0.096580491      0.209871185 
C        5.929123479     -0.103235595      0.106993140 
O        6.326371632     -1.251042009     -0.198345706 
O        6.642252097      0.916061257      0.339712214 
C        3.696950625      1.216092423      0.491607238 
C        2.327574032      0.833875431      0.424385909 
C        2.295076847     -0.542080358      0.106313218 
C        1.144445256      1.629563074      0.546395070 
O        1.123863157      2.832695966      0.810639705 
C       -0.202859960      0.901558150      0.284180548 
O       -1.178679980      1.243476160      1.051755344 
C       -0.115964294     -0.614768854      0.050133710 
N       -1.311755135     -1.180738110      0.010750175 
C       -1.423485105     -2.507966901     -0.081075439 
C       -2.842625876     -3.059415876     -0.042797825 
O       -3.746045448     -2.194974723      0.244338195 
O       -3.024909750     -4.261355497     -0.267080330 
C       -0.297141298     -3.314633500     -0.128632571 
C        0.981243530     -2.756922363     -0.089615094 
C        2.156240092     -3.751944053     -0.096073353 
O        1.991004032     -4.785107164      0.580025218 
O        3.162025065     -3.460260137     -0.802003841 
C        1.086521614     -1.346675556     -0.009739432 
Ca      -3.375701000      0.205030000      0.452160000 
O       -3.200426000      0.174104000     -2.058733000 
H       -6.388528441      0.870348413      0.472879087 
H       -6.203059117     -0.691838646      0.613368003 
O       -1.895668770      3.494584105      0.472756173 
O       -2.800908143      0.296857519      2.946301884 
H       -3.165327882      0.871546691      3.628843412 
H       -1.965683699      0.725869457      2.671946575 
H        3.808303615     -1.904186319     -0.316902446 
H        8.337174498      0.700842248      0.178254402 
O        9.324687484      0.637779477      0.098299053 
H        9.490431586     -0.287812357     -0.108504606 
H       -4.601061244     -4.898270858     -0.257844944 
O       -5.241488302     -5.639306913     -0.424772665 
H       -5.049000332     -6.318078426      0.231770239 
H       -0.409207866     -4.387869322     -0.160640055 
H        4.084632177      2.195565749      0.713864498 
H        0.499470069      3.468332234      0.937524726 
H        2.447448183      4.072950578      1.110920447 
O        3.102632110      4.778082584      1.281769707 
H        3.528562818      4.930757219      0.431387675 
H       -3.006414393      5.378174752      0.177317705 
H       -2.284927000      0.487221000     -2.144773000 
H       -3.736420000      0.795081000     -2.567006000 
H       -1.336127659      2.335430858      0.716431154 
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Table B.12. A list of Cartesian coordinates for the optimized structure of Transition State 
1b. 
 
 
Atom               X                              Y                          Z 
C       -2.722290000     -3.502106000      0.618653000 
O       -3.264213000     -4.749161000      0.421060000 
O       -3.545791000     -2.596972000      0.834620000 
O       -5.843470000     -0.577833000     -0.628872000 
N        3.421889000      1.108812000      0.069387000 
C        4.360075000      0.111878000     -0.094359000 
C        5.826794000      0.414560000      0.022021000 
O        6.139855000      1.598602000      0.283518000 
O        6.610754000     -0.562266000     -0.156249000 
C        3.688556000     -1.066247000     -0.335858000 
C        2.298998000     -0.769743000     -0.296595000 
C        2.173431000      0.614846000     -0.048102000 
C        1.162567000     -1.631190000     -0.448961000 
O        1.188053000     -2.808584000     -0.795585000 
C       -0.198629000     -0.992975000     -0.033162000 
O       -1.278919000     -1.587968000     -0.394000000 
C       -0.241009000      0.539234000     -0.023944000 
N       -1.470502000      1.028158000     -0.025992000 
C       -1.661365000      2.351786000     -0.029172000 
C       -3.111725000      2.813464000     -0.055826000 
O       -3.975122000      1.866265000     -0.137954000 
O       -3.357399000      4.022670000     -0.004638000 
C       -0.586777000      3.226524000     -0.048367000 
C        0.724209000      2.748028000     -0.042230000 
C        1.839144000      3.806625000     -0.106667000 
O        1.637697000      4.752019000     -0.892222000 
O        2.834502000      3.645870000      0.652835000 
C        0.917259000      1.346708000     -0.008252000 
Ca      -3.453785000     -0.477872000     -0.244894000 
O       -3.446416000      0.574121000      1.903160000 
H       -6.469754000     -1.294679000     -0.484786000 
H       -6.334530000      0.277082000     -0.549139000 
O       -1.462791000     -3.438083000      0.553789000 
O       -3.264802000     -2.063171000     -2.115499000 
H       -3.798731000     -2.810238000     -2.407639000 
H       -2.381813000     -2.402083000     -1.893303000 
O        0.637630000     -2.841021000      1.384130000 
H        3.595852000      2.091711000      0.312241000 
H        8.274622000     -0.169722000      0.001185000 
O        9.246469000      0.015114000      0.082954000 
H        9.291583000      0.959581000      0.264854000 
H       -5.030106000      3.687842000     -0.123135000 
O       -5.978725000      3.977975000     -0.156064000 
H       -6.047459000      4.600972000     -0.888232000 
H       -0.765994000      4.290330000     -0.092667000 
H        4.137744000     -2.029989000     -0.506236000 
C        0.920312000     -1.595718000      1.658633000 
H        1.034030000     -1.147522000      2.648252000 
H        1.886971000     -1.934483000      1.290015000 
H       -0.009609000     -1.164171000      1.135561000 
H        2.611140000     -3.971246000     -1.087910000 
O        3.324724000     -4.621306000     -1.233387000 
H        3.648297000     -4.832366000     -0.350849000 
H       -2.531557000     -5.363852000      0.274554000 
H       -3.934171000      1.384654000      2.087849000 
H       -3.381295000      0.074875000      2.766999000 
H       -0.332828000     -2.992260000      1.016851000 
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Table B.13. A list of Cartesian coordinates for the optimized structure of Intermediate 1b. 
 
 
Atom               X                              Y                          Z 
C       -2.727315534     -3.617855083      0.677618011 
O       -3.269238534     -4.864910083      0.480025011 
O       -3.550816534     -2.712721083      0.893585011 
O       -5.843470000     -0.577833000     -0.628872000 
N        3.421889000      1.108812000      0.069387000 
C        4.360075000      0.111878000     -0.094359000 
C        5.826794000      0.414560000      0.022021000 
O        6.139855000      1.598602000      0.283518000 
O        6.610754000     -0.562266000     -0.156249000 
C        3.688556000     -1.066247000     -0.335858000 
C        2.298998000     -0.769743000     -0.296595000 
C        2.173431000      0.614846000     -0.048102000 
C        1.162567000     -1.631190000     -0.448961000 
O        1.188053000     -2.808584000     -0.795585000 
C       -0.198629000     -0.992975000     -0.033162000 
O       -1.278919000     -1.587968000     -0.394000000 
C       -0.241009000      0.539234000     -0.023944000 
N       -1.470502000      1.028158000     -0.025992000 
C       -1.661365000      2.351786000     -0.029172000 
C       -3.111725000      2.813464000     -0.055826000 
O       -3.975122000      1.866265000     -0.137954000 
O       -3.357399000      4.022670000     -0.004638000 
C       -0.586777000      3.226524000     -0.048367000 
C        0.724209000      2.748028000     -0.042230000 
C        1.839144000      3.806625000     -0.106667000 
O        1.637697000      4.752019000     -0.892222000 
O        2.834502000      3.645870000      0.652835000 
C        0.917259000      1.346708000     -0.008252000 
Ca      -3.453785000     -0.477872000     -0.244894000 
O       -3.446416000      0.574121000      1.903160000 
H       -6.469754000     -1.294679000     -0.484786000 
H       -6.334530000      0.277082000     -0.549139000 
O       -1.467816534     -3.553832083      0.612754011 
O       -3.264802000     -2.063171000     -2.115499000 
H       -3.798731000     -2.810238000     -2.407639000 
H       -2.381813000     -2.402083000     -1.893303000 
H        3.595852000      2.091711000      0.312241000 
H        8.274622000     -0.169722000      0.001185000 
O        9.246469000      0.015114000      0.082954000 
H        9.291583000      0.959581000      0.264854000 
H       -5.030106000      3.687842000     -0.123135000 
O       -5.978725000      3.977975000     -0.156064000 
H       -6.047459000      4.600972000     -0.888232000 
H       -0.765994000      4.290330000     -0.092667000 
H        4.137744000     -2.029989000     -0.506236000 
H       -0.009609000     -1.164171000      1.135561000 
H        2.611140000     -3.971246000     -1.087910000 
O        3.324724000     -4.621306000     -1.233387000 
H        3.648297000     -4.832366000     -0.350849000 
H       -2.536582534     -5.479601083      0.333519011 
H       -3.934171000      1.384654000      2.087849000 
H       -3.381295000      0.074875000      2.766999000 
H       -1.037809502     -2.711226066      0.449324969 
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Table B.14. A list of Cartesian coordinates for the optimized structure of Transition State 
2b. 
 
 
Atom               X                              Y                          Z 
C       -2.805946023     -3.700662830      0.778684069 
O       -3.451767175     -4.905772231      0.642683796 
O       -3.550816534     -2.712721083      0.893585011 
O       -5.843470000     -0.577833000     -0.628872000 
N        3.421889000      1.108812000      0.069387000 
C        4.360075000      0.111878000     -0.094359000 
C        5.826794000      0.414560000      0.022021000 
O        6.139855000      1.598602000      0.283518000 
O        6.610754000     -0.562266000     -0.156249000 
C        3.688556000     -1.066247000     -0.335858000 
C        2.298998000     -0.769743000     -0.296595000 
C        2.173431000      0.614846000     -0.048102000 
C        1.162567000     -1.631190000     -0.448961000 
O        1.188053000     -2.808584000     -0.795585000 
C       -0.198629000     -0.992975000     -0.033162000 
O       -1.278919000     -1.587968000     -0.394000000 
C       -0.241009000      0.539234000     -0.023944000 
N       -1.470502000      1.028158000     -0.025992000 
C       -1.661365000      2.351786000     -0.029172000 
C       -3.111725000      2.813464000     -0.055826000 
O       -3.975122000      1.866265000     -0.137954000 
O       -3.357399000      4.022670000     -0.004638000 
C       -0.586777000      3.226524000     -0.048367000 
C        0.724209000      2.748028000     -0.042230000 
C        1.839144000      3.806625000     -0.106667000 
O        1.637697000      4.752019000     -0.892222000 
O        2.834502000      3.645870000      0.652835000 
C        0.917259000      1.346708000     -0.008252000 
Ca      -3.453785000     -0.477872000     -0.244894000 
O       -3.446416000      0.574121000      1.903160000 
H       -6.469754000     -1.294679000     -0.484786000 
H       -6.334530000      0.277082000     -0.549139000 
O       -1.544309200     -3.753541422      0.767711654 
O       -3.264802000     -2.063171000     -2.115499000 
H       -3.798731000     -2.810238000     -2.407639000 
H       -2.381813000     -2.402083000     -1.893303000 
H        3.595852000      2.091711000      0.312241000 
H        8.274622000     -0.169722000      0.001185000 
O        9.246469000      0.015114000      0.082954000 
H        9.291583000      0.959581000      0.264854000 
H       -5.030106000      3.687842000     -0.123135000 
O       -5.978725000      3.977975000     -0.156064000 
H       -6.047459000      4.600972000     -0.888232000 
H       -0.765994000      4.290330000     -0.092667000 
H        4.137744000     -2.029989000     -0.506236000 
H       -0.020826674     -1.592543152      0.986570536 
H        2.611140000     -3.971246000     -1.087910000 
O        3.324724000     -4.621306000     -1.233387000 
H        3.648297000     -4.832366000     -0.350849000 
H       -2.773385954     -5.592074104      0.572808862 
H       -3.934171000      1.384654000      2.087849000 
H       -3.381295000      0.074875000      2.766999000 
H       -1.560069599     -2.667858224      0.073858359 
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Table B.15. A list of Cartesian coordinates for the optimized structure of Intermediate 2b. 
 
 
Atom               X                              Y                          Z 
C       -2.805946023     -3.700662830      0.778684069 
O       -3.451767175     -4.905772231      0.642683796 
O       -3.550816534     -2.712721083      0.893585011 
O       -5.843470000     -0.577833000     -0.628872000 
N        3.421889000      1.108812000      0.069387000 
C        4.360075000      0.111878000     -0.094359000 
C        5.826794000      0.414560000      0.022021000 
O        6.139855000      1.598602000      0.283518000 
O        6.610754000     -0.562266000     -0.156249000 
C        3.688556000     -1.066247000     -0.335858000 
C        2.298998000     -0.769743000     -0.296595000 
C        2.173431000      0.614846000     -0.048102000 
C        1.162567000     -1.631190000     -0.448961000 
O        1.188053000     -2.808584000     -0.795585000 
C       -0.198629000     -0.992975000     -0.033162000 
O       -1.278919000     -1.587968000     -0.394000000 
C       -0.241009000      0.539234000     -0.023944000 
N       -1.470502000      1.028158000     -0.025992000 
C       -1.661365000      2.351786000     -0.029172000 
C       -3.111725000      2.813464000     -0.055826000 
O       -3.975122000      1.866265000     -0.137954000 
O       -3.357399000      4.022670000     -0.004638000 
C       -0.586777000      3.226524000     -0.048367000 
C        0.724209000      2.748028000     -0.042230000 
C        1.839144000      3.806625000     -0.106667000 
O        1.637697000      4.752019000     -0.892222000 
O        2.834502000      3.645870000      0.652835000 
C        0.917259000      1.346708000     -0.008252000 
Ca      -3.453785000     -0.477872000     -0.244894000 
O       -3.446416000      0.574121000      1.903160000 
H       -6.469754000     -1.294679000     -0.484786000 
H       -6.334530000      0.277082000     -0.549139000 
O       -1.544309200     -3.753541422      0.767711654 
O       -3.264802000     -2.063171000     -2.115499000 
H       -3.798731000     -2.810238000     -2.407639000 
H       -2.381813000     -2.402083000     -1.893303000 
H        3.595852000      2.091711000      0.312241000 
H        8.274622000     -0.169722000      0.001185000 
O        9.246469000      0.015114000      0.082954000 
H        9.291583000      0.959581000      0.264854000 
H       -5.030106000      3.687842000     -0.123135000 
O       -5.978725000      3.977975000     -0.156064000 
H       -6.047459000      4.600972000     -0.888232000 
H       -0.765994000      4.290330000     -0.092667000 
H        4.137744000     -2.029989000     -0.506236000 
H       -0.020826674     -1.592543152      0.986570536 
H        2.611140000     -3.971246000     -1.087910000 
O        3.324724000     -4.621306000     -1.233387000 
H        3.648297000     -4.832366000     -0.350849000 
H       -2.773385954     -5.592074104      0.572808862 
H       -3.934171000      1.384654000      2.087849000 
H       -3.381295000      0.074875000      2.766999000 
H       -1.501980632     -2.444740409     -0.022806591 
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Table B.16. A list of Cartesian coordinates for the optimized structure of Transition State 
3b. 
 
 
Atom               X                              Y                          Z 
C       -2.805946023     -3.700662830      0.778684069 
O       -3.451767175     -4.905772231      0.642683796 
O       -3.550816534     -2.712721083      0.893585011 
O       -5.843470000     -0.577833000     -0.628872000 
N        3.421889000      1.108812000      0.069387000 
C        4.360075000      0.111878000     -0.094359000 
C        5.826794000      0.414560000      0.022021000 
O        6.139855000      1.598602000      0.283518000 
O        6.610754000     -0.562266000     -0.156249000 
C        3.688556000     -1.066247000     -0.335858000 
C        2.298998000     -0.769743000     -0.296595000 
C        2.173431000      0.614846000     -0.048102000 
C        1.162567000     -1.631190000     -0.448961000 
O        0.996863010     -2.806440314     -0.762622045 
C       -0.198629000     -0.992975000     -0.033162000 
O       -1.278919000     -1.587968000     -0.394000000 
C       -0.241009000      0.539234000     -0.023944000 
N       -1.470502000      1.028158000     -0.025992000 
C       -1.661365000      2.351786000     -0.029172000 
C       -3.111725000      2.813464000     -0.055826000 
O       -3.975122000      1.866265000     -0.137954000 
O       -3.357399000      4.022670000     -0.004638000 
C       -0.586777000      3.226524000     -0.048367000 
C        0.724209000      2.748028000     -0.042230000 
C        1.839144000      3.806625000     -0.106667000 
O        1.637697000      4.752019000     -0.892222000 
O        2.834502000      3.645870000      0.652835000 
C        0.917259000      1.346708000     -0.008252000 
Ca      -3.453785000     -0.477872000     -0.244894000 
O       -3.446416000      0.574121000      1.903160000 
H       -6.469754000     -1.294679000     -0.484786000 
H       -6.334530000      0.277082000     -0.549139000 
O       -1.544309200     -3.753541422      0.767711654 
O       -3.264802000     -2.063171000     -2.115499000 
H       -3.798731000     -2.810238000     -2.407639000 
H       -2.381813000     -2.402083000     -1.893303000 
H        3.595852000      2.091711000      0.312241000 
H        8.274622000     -0.169722000      0.001185000 
O        9.246469000      0.015114000      0.082954000 
H        9.291583000      0.959581000      0.264854000 
H       -5.030106000      3.687842000     -0.123135000 
O       -5.978725000      3.977975000     -0.156064000 
H       -6.047459000      4.600972000     -0.888232000 
H       -0.765994000      4.290330000     -0.092667000 
H        4.137744000     -2.029989000     -0.506236000 
H        0.513168758     -2.037285394      0.392947330 
H        2.611140000     -3.971246000     -1.087910000 
O        3.324724000     -4.621306000     -1.233387000 
H        3.648297000     -4.832366000     -0.350849000 
H       -2.773385954     -5.592074104      0.572808862 
H       -3.934171000      1.384654000      2.087849000 
H       -3.381295000      0.074875000      2.766999000 
H       -1.508951308     -2.471514547     -0.011206797 
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Table B.17. A list of Cartesian coordinates for the optimized structure of Enzyme with 
UO2

2+. 
 
 
 Atom              X                              Y                          Z 
O       -2.942503000      4.558200000      0.520957000 
C       -3.026772000      3.496564000     -0.122277000 
H       -4.571129000      1.611461000     -0.164418000 
C       -1.746026000     -1.824466000      0.596976000 
C       -2.991612000      0.292142000      0.147265000 
O        2.654954863     -0.073645735     -1.550593587 
N        0.586083000      1.127087000      0.178731000 
O        2.184652000      4.257700000      0.112259000 
H        2.075201863     -1.047208735      5.158495413 
O        2.945083000      2.166396000      0.310591000 
C       -1.796670000      2.572588000     -0.026193000 
C       -0.547264000      3.199398000     -0.008363000 
H        5.844523000      0.686876000     -0.587949000 
O       -1.614822000     -3.006469000      0.887961000 
H       -0.497407000      4.278137000     -0.041393000 
H        1.047407863      0.695670265     -4.441575587 
C       -6.603808000     -0.298702000      0.121134000 
O       -7.043214000      0.848080000     -0.118372000 
C       -1.824815000      1.163371000      0.072189000 
O        1.852731863      0.168183265     -4.408782587 
U        2.806809863     -0.203894735      0.213530413 
H        5.018846000      1.838507000      0.066524000 
O        2.478781392     -3.902422007     -0.924035618 
H       -3.844425000     -5.322727000      0.405621000 
H        1.222155000      5.826903000     -0.053054000 
C       -4.313734000     -1.545613000      0.433478000 
O        2.947592863     -0.329905735      1.984246413 
H        2.943988863     -0.893179735      3.907742413 
O        0.638328000     -1.426660000      0.717645000 
H       -2.893829000     -4.356591000      1.129291000 
O        3.631647526     -2.419675740      0.328081427 
O        5.207108000      0.888699000      0.109073000 
N       -4.286543000      0.649714000      0.054190000 
C       -5.109805000     -0.443419000      0.205794000 
O        4.272952586     -4.554727733      0.199947312 
H        0.327364000      6.841563000      0.675736000 
C       -0.479913000     -0.954195000      0.423709000 
O        0.729793000      6.659134000     -0.180417000 
H      -10.074505000     -0.032869000      0.067701000 
O       -3.967397000      3.119608000     -0.870078000 
C       -2.965950000     -1.096592000      0.423636000 
O        2.969627863     -1.190478735      4.829473413 
C        0.619384000      2.458257000      0.085588000 
O       -3.533374000     -5.076237000      1.283489000 
H        2.021821863      0.036249265     -3.464055587 
C        1.998563000      3.045464000      0.168019000 
H       -4.660016000     -2.549993000      0.607373000 
C       -0.584914000      0.507014000      0.178385000 
O       -7.273542000     -1.346472000      0.349606000 
H       -8.979782000     -1.093498000      0.286724000 
H        4.926825406     -4.151653368      0.787947375 
C        3.393420749     -3.579482623     -0.174761968 
O       -9.963002000     -0.968914000      0.264455000 
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Table B.18. A list of Cartesian coordinates for the optimized structure of Transition State 
1u. 
 
 
Atom               X                              Y                          Z 
O       -2.718854000      4.650207000      0.674700000 
H        0.500465818     -2.290149033     -1.616213263 
C       -2.878744000      3.619446000     -0.002234000 
O       -0.360548690     -1.389935492     -1.512436600 
H       -4.485562000      1.712765000     -0.344572000 
C       -1.736416000     -1.756375000      0.515317000 
C       -2.942975000      0.384413000      0.066311000 
O        2.597597000     -0.177334000     -1.576796000 
N        0.643524000      1.111455000      0.116643000 
O        2.373565000      4.185478000      0.102924000 
H        1.950566000     -0.713770000      5.072481000 
O        3.029168000      2.051963000      0.245171000 
C       -1.682962000      2.644271000     -0.006790000 
H       -0.970328690     -1.881163492     -3.421055600 
H       -2.000749690     -2.549395492     -2.125728600 
C       -0.413953000      3.227795000      0.020283000 
H        5.633855909      0.275899741     -0.712425936 
O       -1.645179000     -2.934652000      0.845799000 
H       -0.331192000      4.304749000      0.025694000 
H        1.530435000      1.172893000     -4.259661000 
C       -6.563879000     -0.150996000      0.046268000 
O       -6.988083000      0.990787000     -0.238198000 
C       -1.759962000      1.230983000      0.002789000 
O        1.825435000      0.264661000     -4.369460000 
U        2.774341000     -0.301785000      0.186228000 
H        4.863970909      1.525026741     -0.170942936 
O        1.421592689     -3.203739440     -1.699146107 
H       -3.974825000     -5.192841000      0.876794000 
H        1.472301000      5.785611000     -0.011490000 
C       -1.423376690     -1.683765492     -2.449679600 
C       -4.297372000     -1.414549000      0.436113000 
O        2.905521000     -0.337648000      1.962420000 
H        2.930238000     -0.752683000      3.900098000 
O        0.660145000     -1.406567000      0.595303000 
H       -2.061674690     -0.806495492     -2.516966600 
H       -2.940300000     -4.181389000      1.391838000 
O        2.988282689     -2.550567440     -0.206477107 
O        5.018076909      0.577994741     -0.032944936 
N       -4.228427000      0.756576000     -0.062436000 
C       -5.072151000     -0.312914000      0.150310000 
O        2.940350689     -4.636148440     -0.987144107 
H        0.671067000      6.830040000      0.783530000 
C       -0.446885000     -0.978312000      0.155350000 
O        1.010154000      6.640847000     -0.098011000 
H      -10.235401000     -0.373530000     -0.299493000 
O       -3.881606000      3.307854000     -0.699978000 
C       -2.940120000     -0.999093000      0.365145000 
O        2.859167000     -0.943241000      4.847509000 
C        0.727085000      2.447374000      0.081515000 
O       -3.582068000     -4.852877000      1.688184000 
H        2.102492000     -0.012621000     -3.485264000 
C        2.136094000      2.979071000      0.151615000 
H       -4.660065000     -2.403711000      0.656558000 
C       -0.543705000      0.526340000      0.059551000 
O       -7.243419000     -1.192777000      0.272416000 
H       -8.945128000     -1.131706000      0.118840000 
H        3.700725689     -4.649496440     -0.387018107 
C        2.396858689     -3.395469440     -0.963596107 
O       -9.931377000     -1.217954000      0.046887000 
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Table B.19. A list of Cartesian coordinates for the optimized structure of Intermediate 1u. 
 
 
Atom               X                              Y                          Z 
O       -2.718854000      4.650207000      0.674700000 
H        0.720119149     -2.508005207     -1.635989557 
C       -2.878744000      3.619446000     -0.002234000 
O       -0.375105393     -1.320533857     -1.231240022 
H       -4.485562000      1.712765000     -0.344572000 
C       -1.736416000     -1.756375000      0.515317000 
C       -2.942975000      0.384413000      0.066311000 
O        2.614831257     -0.168328166     -1.580130650 
N        0.643524000      1.111455000      0.116643000 
O        2.373565000      4.185478000      0.102924000 
H        1.967800257     -0.704764166      5.069146350 
O        3.029168000      2.051963000      0.245171000 
C       -1.682962000      2.644271000     -0.006790000 
H       -0.984885393     -1.811761857     -3.139859022 
H       -2.015306393     -2.479993857     -1.844532022 
C       -0.413953000      3.227795000      0.020283000 
H        5.633855909      0.275899741     -0.712425936 
O       -1.645179000     -2.934652000      0.845799000 
H       -0.331192000      4.304749000      0.025694000 
H        1.547669257      1.181898834     -4.262995650 
C       -6.563879000     -0.150996000      0.046268000 
O       -6.988083000      0.990787000     -0.238198000 
C       -1.759962000      1.230983000      0.002789000 
O        1.842669257      0.273666834     -4.372794650 
U        2.791575257     -0.292779166      0.182893350 
H        4.863970909      1.525026741     -0.170942936 
O        1.421592689     -3.203739440     -1.699146107 
H       -3.974825000     -5.192841000      0.876794000 
H        1.472301000      5.785611000     -0.011490000 
C       -1.437933393     -1.614363857     -2.168483022 
C       -4.297372000     -1.414549000      0.436113000 
O        2.922755257     -0.328642166      1.959085350 
H        2.947472257     -0.743677166      3.896763350 
O        0.660145000     -1.406567000      0.595303000 
H       -2.076231393     -0.737093857     -2.235770022 
H       -2.940300000     -4.181389000      1.391838000 
O        2.988282689     -2.550567440     -0.206477107 
O        5.018076909      0.577994741     -0.032944936 
N       -4.228427000      0.756576000     -0.062436000 
C       -5.072151000     -0.312914000      0.150310000 
O        2.940350689     -4.636148440     -0.987144107 
H        0.671067000      6.830040000      0.783530000 
C       -0.446885000     -0.978312000      0.155350000 
O        1.010154000      6.640847000     -0.098011000 
H      -10.235401000     -0.373530000     -0.299493000 
O       -3.881606000      3.307854000     -0.699978000 
C       -2.940120000     -0.999093000      0.365145000 
O        2.876401257     -0.934235166      4.844174350 
C        0.727085000      2.447374000      0.081515000 
O       -3.582068000     -4.852877000      1.688184000 
H        2.119726257     -0.003615166     -3.488598650 
C        2.136094000      2.979071000      0.151615000 
H       -4.660065000     -2.403711000      0.656558000 
C       -0.543705000      0.526340000      0.059551000 
O       -7.243419000     -1.192777000      0.272416000 
H       -8.945128000     -1.131706000      0.118840000 
H        3.700725689     -4.649496440     -0.387018107 
C        2.396858689     -3.395469440     -0.963596107 
O       -9.931377000     -1.217954000      0.046887000 
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Table B.20. A list of Cartesian coordinates for the optimized structure of Transition State 
2u. 
 
 
Atom               X                              Y                          Z 
O       -2.718854000      4.650207000      0.674700000 
H        0.720119149     -2.508005207     -1.635989557 
C       -2.878744000      3.619446000     -0.002234000 
O       -0.347771748     -1.804463010     -1.092708922 
H       -4.485562000      1.712765000     -0.344572000 
C       -1.736416000     -1.756375000      0.515317000 
C       -2.942975000      0.384413000      0.066311000 
O        2.588625148     -0.182022279     -1.575060040 
N        0.643524000      1.111455000      0.116643000 
O        2.373565000      4.185478000      0.102924000 
H        1.941594148     -0.718458279      5.074216960 
O        3.029168000      2.051963000      0.245171000 
C       -1.682962000      2.644271000     -0.006790000 
H       -1.113796520     -3.073243789     -2.379195004 
H       -1.941018256     -3.095897374     -0.399423496 
C       -0.413953000      3.227795000      0.020283000 
H        5.633855909      0.275899741     -0.712425936 
O       -1.645179000     -2.934652000      0.845799000 
H       -0.331192000      4.304749000      0.025694000 
H        1.521463148      1.168204721     -4.257925040 
C       -6.563879000     -0.150996000      0.046268000 
O       -6.988083000      0.990787000     -0.238198000 
C       -1.759962000      1.230983000      0.002789000 
O        1.816463148      0.259972721     -4.367724040 
U        2.765369148     -0.306473279      0.187963960 
H        4.863970909      1.525026741     -0.170942936 
O        1.421592689     -3.203739440     -1.699146107 
H       -3.974825000     -5.192841000      0.876794000 
H        1.472301000      5.785611000     -0.011490000 
C       -1.549002042     -2.540657697     -1.533773214 
C       -4.297372000     -1.414549000      0.436113000 
O        2.896549148     -0.342336279      1.964155960 
H        2.921266148     -0.757371279      3.901833960 
O        0.660145000     -1.406567000      0.595303000 
H       -2.166455250     -1.723141846     -1.897055332 
H       -2.940300000     -4.181389000      1.391838000 
O        2.988282689     -2.550567440     -0.206477107 
O        5.018076909      0.577994741     -0.032944936 
N       -4.228427000      0.756576000     -0.062436000 
C       -5.072151000     -0.312914000      0.150310000 
O        2.940350689     -4.636148440     -0.987144107 
H        0.671067000      6.830040000      0.783530000 
C       -0.446885000     -0.978312000      0.155350000 
O        1.010154000      6.640847000     -0.098011000 
H      -10.235401000     -0.373530000     -0.299493000 
O       -3.881606000      3.307854000     -0.699978000 
C       -2.940120000     -0.999093000      0.365145000 
O        2.850195148     -0.947929279      4.849244960 
C        0.727085000      2.447374000      0.081515000 
O       -3.582068000     -4.852877000      1.688184000 
H        2.093520148     -0.017309279     -3.483528040 
C        2.136094000      2.979071000      0.151615000 
H       -4.660065000     -2.403711000      0.656558000 
C       -0.543705000      0.526340000      0.059551000 
O       -7.243419000     -1.192777000      0.272416000 
H       -8.945128000     -1.131706000      0.118840000 
H        3.700725689     -4.649496440     -0.387018107 
C        2.396858689     -3.395469440     -0.963596107 
O       -9.931377000     -1.217954000      0.046887000 
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Table B.21. A list of Cartesian coordinates for the optimized structure of Intermediate 2u. 
  
 
Atom              X                              Y                          Z 
O       -2.942503000      4.558200000      0.520957000 
C       -3.026772000      3.496564000     -0.122277000 
H       -4.571129000      1.611461000     -0.164418000 
C       -1.746026000     -1.824466000      0.596976000 
C       -2.991612000      0.292142000      0.147265000 
O        2.629342872     -0.088087844     -1.544639478 
N        0.586083000      1.127087000      0.178731000 
O        2.184652000      4.257700000      0.112259000 
H        2.049589872     -1.061650844      5.164449522 
O        2.945083000      2.166396000      0.310591000 
C       -1.796670000      2.572588000     -0.026193000 
C       -0.547264000      3.199398000     -0.008363000 
H        5.844523000      0.686876000     -0.587949000 
O       -1.614822000     -3.006469000      0.887961000 
H       -0.497407000      4.278137000     -0.041393000 
H        1.021795872      0.681228156     -4.435621478 
C       -6.603808000     -0.298702000      0.121134000 
O       -7.043214000      0.848080000     -0.118372000 
C       -1.824815000      1.163371000      0.072189000 
O        1.827119872      0.153741156     -4.402828478 
U        2.781197872     -0.218336844      0.219484522 
H        5.018846000      1.838507000      0.066524000 
O        2.478781392     -3.902422007     -0.924035618 
H       -3.844425000     -5.322727000      0.405621000 
H        1.222155000      5.826903000     -0.053054000 
C       -4.313734000     -1.545613000      0.433478000 
O        2.921980872     -0.344347844      1.990200522 
H        2.918376872     -0.907621844      3.913696522 
O        0.638328000     -1.426660000      0.717645000 
H       -2.893829000     -4.356591000      1.129291000 
O        3.631647526     -2.419675740      0.328081427 
O        5.207108000      0.888699000      0.109073000 
N       -4.286543000      0.649714000      0.054190000 
C       -5.109805000     -0.443419000      0.205794000 
O        4.272952586     -4.554727733      0.199947312 
H        0.327364000      6.841563000      0.675736000 
C       -0.479913000     -0.954195000      0.423709000 
O        0.729793000      6.659134000     -0.180417000 
H      -10.074505000     -0.032869000      0.067701000 
O       -3.967397000      3.119608000     -0.870078000 
C       -2.965950000     -1.096592000      0.423636000 
O        2.944015872     -1.204920844      4.835427522 
C        0.619384000      2.458257000      0.085588000 
O       -3.533374000     -5.076237000      1.283489000 
H        1.996209872      0.021807156     -3.458101478 
C        1.998563000      3.045464000      0.168019000 
H       -4.660016000     -2.549993000      0.607373000 
C       -0.584914000      0.507014000      0.178385000 
O       -7.273542000     -1.346472000      0.349606000 
H       -8.979782000     -1.093498000      0.286724000 
H        4.926825406     -4.151653368      0.787947375 
C        3.393420749     -3.579482623     -0.174761968 
O       -9.963002000     -0.968914000      0.264455000 
H        2.321362694     -3.406499980     -1.730807393 
H       -0.706015024     -3.289168998      1.013462360 
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Table B.22. A list of Cartesian coordinates for the optimized structure of Transition State 
3u. 
 
 
Atom               X                              Y                          Z 
O       -2.942503000      4.558200000      0.520957000 
C       -3.026772000      3.496564000     -0.122277000 
H       -4.571129000      1.611461000     -0.164418000 
C       -1.746026000     -1.824466000      0.596976000 
C       -2.991612000      0.292142000      0.147265000 
O        2.629342872     -0.088087844     -1.544639478 
N        0.586083000      1.127087000      0.178731000 
O        2.184652000      4.257700000      0.112259000 
H        2.049589872     -1.061650844      5.164449522 
O        2.945083000      2.166396000      0.310591000 
C       -1.796670000      2.572588000     -0.026193000 
C       -0.547264000      3.199398000     -0.008363000 
H        5.844523000      0.686876000     -0.587949000 
O       -1.614822000     -3.006469000      0.887961000 
H       -0.497407000      4.278137000     -0.041393000 
H        1.021795872      0.681228156     -4.435621478 
C       -6.603808000     -0.298702000      0.121134000 
O       -7.043214000      0.848080000     -0.118372000 
C       -1.824815000      1.163371000      0.072189000 
O        1.827119872      0.153741156     -4.402828478 
U        2.781197872     -0.218336844      0.219484522 
H        5.018846000      1.838507000      0.066524000 
O        1.803280721     -3.206820179     -0.736302136 
H       -3.844425000     -5.322727000      0.405621000 
H        1.222155000      5.826903000     -0.053054000 
C       -4.313734000     -1.545613000      0.433478000 
O        2.921980872     -0.344347844      1.990200522 
H        2.918376872     -0.907621844      3.913696522 
O        0.638328000     -1.426660000      0.717645000 
H       -2.893829000     -4.356591000      1.129291000 
O        3.631647526     -2.419675740      0.328081427 
O        5.207108000      0.888699000      0.109073000 
N       -4.286543000      0.649714000      0.054190000 
C       -5.109805000     -0.443419000      0.205794000 
O        3.729680958     -4.290374334     -0.887243123 
H        0.327364000      6.841563000      0.675736000 
C       -0.479913000     -0.954195000      0.423709000 
O        0.729793000      6.659134000     -0.180417000 
H      -10.074505000     -0.032869000      0.067701000 
O       -3.967397000      3.119608000     -0.870078000 
C       -2.965950000     -1.096592000      0.423636000 
O        2.944015872     -1.204920844      4.835427522 
C        0.619384000      2.458257000      0.085588000 
O       -3.533374000     -5.076237000      1.283489000 
H        1.996209872      0.021807156     -3.458101478 
C        1.998563000      3.045464000      0.168019000 
H       -4.660016000     -2.549993000      0.607373000 
C       -0.584914000      0.507014000      0.178385000 
O       -7.273542000     -1.346472000      0.349606000 
H       -8.979782000     -1.093498000      0.286724000 
H        4.630646803     -4.185399026     -0.551083321 
C        2.986301694     -3.245206206     -0.418097968 
O       -9.963002000     -0.968914000      0.264455000 
H        0.994795125     -2.439255753     -0.015554174 
H       -0.706015024     -3.289168998      1.013462360 
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Table B.23. A list of Cartesian coordinates for the optimized structure of the Enzyme + 
H2 with UO2

2+. 
 
 
Atom               X                              Y                          Z 
O       -2.942503000      4.558200000      0.520957000 
C       -3.026772000      3.496564000     -0.122277000 
H       -4.571129000      1.611461000     -0.164418000 
C       -1.746026000     -1.824466000      0.596976000 
C       -2.991612000      0.292142000      0.147265000 
O        2.646417533     -0.078459772     -1.548608884 
N        0.586083000      1.127087000      0.178731000 
O        2.184652000      4.257700000      0.112259000 
H        2.066664533     -1.052022772      5.160480116 
O        2.945083000      2.166396000      0.310591000 
C       -1.796670000      2.572588000     -0.026193000 
C       -0.547264000      3.199398000     -0.008363000 
H        5.844523000      0.686876000     -0.587949000 
O       -1.614822000     -3.006469000      0.887961000 
H       -0.497407000      4.278137000     -0.041393000 
H        1.038870533      0.690856228     -4.439590884 
C       -6.603808000     -0.298702000      0.121134000 
O       -7.043214000      0.848080000     -0.118372000 
C       -1.824815000      1.163371000      0.072189000 
O        1.844194533      0.163369228     -4.406797884 
U        2.798272533     -0.208708772      0.215515116 
H        5.018846000      1.838507000      0.066524000 
O        1.803280721     -3.206820179     -0.736302136 
H       -3.844425000     -5.322727000      0.405621000 
H        1.222155000      5.826903000     -0.053054000 
C       -4.313734000     -1.545613000      0.433478000 
O        2.939055533     -0.334719772      1.986231116 
H        2.935451533     -0.897993772      3.909727116 
O        0.638328000     -1.426660000      0.717645000 
H       -2.893829000     -4.356591000      1.129291000 
O        3.631647526     -2.419675740      0.328081427 
O        5.207108000      0.888699000      0.109073000 
N       -4.286543000      0.649714000      0.054190000 
C       -5.109805000     -0.443419000      0.205794000 
O        3.729680958     -4.290374334     -0.887243123 
H        0.327364000      6.841563000      0.675736000 
C       -0.479913000     -0.954195000      0.423709000 
O        0.729793000      6.659134000     -0.180417000 
H      -10.074505000     -0.032869000      0.067701000 
O       -3.967397000      3.119608000     -0.870078000 
C       -2.965950000     -1.096592000      0.423636000 
O        2.961090533     -1.195292772      4.831458116 
C        0.619384000      2.458257000      0.085588000 
O       -3.533374000     -5.076237000      1.283489000 
H        2.013284533      0.031435228     -3.462070884 
C        1.998563000      3.045464000      0.168019000 
H       -4.660016000     -2.549993000      0.607373000 
C       -0.584914000      0.507014000      0.178385000 
O       -7.273542000     -1.346472000      0.349606000 
H       -8.979782000     -1.093498000      0.286724000 
H        4.630646803     -4.185399026     -0.551083321 
C        2.986301694     -3.245206206     -0.418097968 
O       -9.963002000     -0.968914000      0.264455000 
H        0.901565261     -2.174423018      0.176205610 
H       -0.706015024     -3.289168998      1.013462360 
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SUPPORTING INFORMATION FOR CHAPTER 4 
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UO2
2+ Binding Affinity to {ONO}: 

Fe(III) and Zn(II) Displacement of Ca2+ on PQQ 

 
Methods 

Absorption spectra were collected in the wavelength region of 200-400 nm (0.1 

nm interval), where the species of DPA and its complexes with UO2
2+ and Ca2+ have 

unique spectral features. For a typical titration , 2.00 mL of  Mn+:DPA or DPA solution 

was placed in a quartz cuvette with 1.0 cm optical path, into which appropriate aliquots 

of UO2
2+ or Ca2+solutions were added and mixed thoroughly (for 1−2 min) before the 

spectra were collected. 

 
Results 

The affinity for Ca2+ to be displaced from PQQ by other metals, Zn2+ and Fe3+, 

was studied using UV-Vis spectroscopy for comparison to the observed UO2
2+ 

displacement. Spectra are shown in Figure C.1.  Using 20µM solutions of Ca2+, PQQ2-, 

and Mn+, a systematic titration of Mn+  into a solution containing equimolar [PQQ]2- and 

[Ca]2+ was performed.  The concentrations of PQQ2- and Ca2+   were kept constant in 

each sample allowing for the quantification of binding to PQQ without varying the 

concentrations of the 1:1 [CaPQQ] complex.  The analysis aimed to show how 

competitive binding of UO2
2+ with Ca2+ compares to other metal cations that share 

similar electrostatic (Zn2+) and electronic (Fe3+) properties to UO2
2+. 
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Figure C.1. UV/Vis Spectra of 20 µM Zn2+ added as a ZnClO4 salt to nanopure (18 mΩ) 

water  to 20 µM [CaPQQ] solution in nanopure (18 mΩ) water, at increasing molar 

equivalences.  Dashed black line represents [ZnPQQ] complex solution. 
 

Figure C.1 shows that the spectrum of CaPQQ displays three broad peaks 

centered at 250, 276, and 337 nm.  With the addition of Zn2+ competing ion at less than 

0.10 molar equivalence to the 1:1 CaPQQ complex, the peaks increase in intensity and 

are red shifted by approximately 2 nm (peak 250 and peak 276) and 5nm (peak 337). The 

peaks continue to increase in intensity and are red shifted until equimolar Zn2+ is added to 

the 1:1 [CaPQQ] complex solution.  With equimolar concentrations of the two cations, 

the spectrum has peaks that are less intense and slightly blue shifted from the ZnDPA 
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spectrum.  Thus, Zn2+ shows competitive with Ca2+ for DPA binding but not a full 

displacement at equimolar concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure C.2. UV/Vis Spectra of 20 µM Fe3+ added as a Fe2(ClO4)3 salt to nanopure (18 
mΩ) water  to 20 µM [CaPQQ] solution in nanopure (18 mΩ) water, at increasing molar 

equivalences.  Dashed black line represents [FePQQ]+ complex solution. 
 

Figure C.2 shows that with the addition of 0.1 molar equivalence Fe3+ to the 1:1 

CaDPA complex, the 250 and 276 peaks are broadened to one peak centered at 253 nm 

and the peak at 337 is significantly broadened as well.  The peaks continue to broaden 

with the addition of Fe3+ until equimolar Fe3+ and Ca2+ concentrations are reached.  As 

with the Zn2+ competition, there is evidence of competitive binding between Ca2+ and 

Fe3+ but not to the same degree that is seen between Ca2+ and UO2
2+. 
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APPENDIX D 

 
 

METABOLITE SEARCH FOR SITES SIMILAR TO THE [ONO] 
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A search of the Human Metabolite Database (www.hmdb.ca) was conducted, looking for 
possible UO2

2+ interactions. Below is a list of metabolites that contain a binding motif 
that was deemed “similar” to the [ONO] site of PQQ.  The parameters that define a 
similar binding site were three adjacent oxygen, nitrogen, and oxygen atoms found a 
single plan, making an nucleophilic pocket that was ideal of UO2

2+ binding in its 
equatorial plane.  The metabolites were cross-referenced with the Protein DataBank 
(www.pdb.org) in search nearby cations that could additionally be susceptible to 
displacement. 
 

 

 
Structure Function Bindi

ng 

Motif 

Biological 

Location 
Enzyme 

Interactions 

Tetrahydrodipicol
inate 
HMDB12289 

 

Important intermediate in 
two types of lysine 
biosynthesis pathways, 
diaminopimelate and a-
aminoadipate  

[ONO
] 
Ca2+  

n/a Dihydropicol
inate 
synthase 
DOI:10.221
0/pdb1o5k/p
db  
 
 

2-pyrroloyglycine 
HMDB59778 

 

belongs to the family of 
Acyl Glycines. These are 
organic compounds 
containing a glycine 
residue with the N-atom 
attached to another 
moiety through an N-
ester bond 

[ONO
] 

n/a n/a 

Picolinoyglycine 
HMDB59766 

 

belongs to the family of 
Acyl Glycines. These are 
organic compounds 
containing a glycine 
residue with the N-atom 
attached to another 
moiety through an N-
ester bond 

[ONO
] 

Biofluid 
(urine) 

n/a 

6-Hydroxy flavin 
adenine 
dinucleotide 
HMDB11612 

 

a cofactor that 
accumulates only 
adventitiously and at low 
abundance in other 
flavoprotein enzymes, 
which binds to the AMID 
(apoptosis-inducing 
factor-homologous 
mitochondrion - 
associated inducer of 
death) to form a 
stoichiometric cofactor 
protein complex.  

[ONO
] 

n/a Cellobiose 
dehydrogena
se 
DOI:10.221
0/pdb1kdg/p
db  
 

FAD 
HMDB1248 

 

is a condensation product 
of riboflavin and 
adenosine diphosphate. 
The coenzyme of various 
aerobic dehydrogenases 

[ONO
] 

Cellular 
locations 
(cytoplasm, 
mitochondri
a, 
endoplasmi
c reticulum, 
peroxisome

acyl-CoA 
dehyrodgena
se 
DOI:10.221
0/pdb1egc/pd
b  
ectonucleotid
e 

http://www.hmdb.ca/
http://www.pdb.org/
http://dx.doi.org/10.2210/pdb1o5k/pdb
http://dx.doi.org/10.2210/pdb1o5k/pdb
http://dx.doi.org/10.2210/pdb1o5k/pdb
http://dx.doi.org/10.2210/pdb1kdg/pdb
http://dx.doi.org/10.2210/pdb1kdg/pdb
http://dx.doi.org/10.2210/pdb1kdg/pdb
http://dx.doi.org/10.2210/pdb1egc/pdb
http://dx.doi.org/10.2210/pdb1egc/pdb
http://dx.doi.org/10.2210/pdb1egc/pdb


223 
 

 
 

), Biofluids 
(blood), 
Tissue 
(muscle, 
erthrocyte, 
liver), 
pathways 
(citric acid 
cycle, 
glycerol 
phosphate 
shuttle, 
riboflavin 
metabolism
) 

pyrophosphat
ase 
succinate 
dehydrogena
se 
peroxisomal 
sarcosine 
oxidase 
NADH-
cytochrome 
b5 reductase 
DOI:10.221
0/pdb1umk/p
db  

P1,P4-Bis(5'-
xanthosyl) 
tetraphosphate 
HMDB03834 

 

a metabolite in purine 
metabolism. It is the 
terminal product of 
xanthosine triphosphate 
(XTP) conversion by the 
enzyme bis(5'-
nucleosidyl)-
tetraphosphatase. 

[ONO
] 
Mg2+ 

n/a Bis(5-
nucleosyl)-
tetraphosphat
ase 
DOI:10.221
0/pdb3vvh/p
db  
  

Xanthylic acid 
HMDB01554 

 

an important metabolic 
intermediate in the Purine 
Metabolism. Used for 
energy currency, 
DNA/RNA synthesis,  
enzyme cofactors, and 
signallng 

[ONO
] 
Mg2+ 

Cellular 
(cytoplasm)
, pathways 
(purine 
metabolism
) 

Inosine 
triphosphate 
dehydrogena
se 
DOI:10.221
0/pdb2j4e/pd
b  
GMP 
Synthase 
DOI:10.221
0/pdb2vxo/p
db  
 

Flavin 
Mononucleotide 
HMDB01520 

 

a biomolecule produced 
from riboflavin (vitamin 
B2) by the enzyme 
riboflavin kinase and 
functions as prosthetic 
group of various 
oxidoreductases 
including NADH 
dehydrogenase as well as 
cofactor in biological 
blue-light photo receptors 

[ONO
] 
Fe2+ 
Zn2+ 
Ca2+ 

Cellular 
(cytoplasm)
, Biofluid 
(blood), 
Tissue 
(muscle, 
erythrocyte, 
platelet, eye 
lens), 
Pathways 
(riboflavin 
metabolsim
) 

Tartrate-
resistant acid 
phosphatase 
DOI:10.221
0/pdb2bq8/p
db  
prostatic acid 
phosphatase 
DOI:10.221
0/pdb2hpa/p
db  
 NADPH-
cytochrome 
P450 
reductase 
DOI:10.221
0/pdb3qfc/pd
b  

http://dx.doi.org/10.2210/pdb1umk/pdb
http://dx.doi.org/10.2210/pdb1umk/pdb
http://dx.doi.org/10.2210/pdb1umk/pdb
http://dx.doi.org/10.2210/pdb3vvh/pdb
http://dx.doi.org/10.2210/pdb3vvh/pdb
http://dx.doi.org/10.2210/pdb3vvh/pdb
http://dx.doi.org/10.2210/pdb2j4e/pdb
http://dx.doi.org/10.2210/pdb2j4e/pdb
http://dx.doi.org/10.2210/pdb2j4e/pdb
http://dx.doi.org/10.2210/pdb2vxo/pdb
http://dx.doi.org/10.2210/pdb2vxo/pdb
http://dx.doi.org/10.2210/pdb2vxo/pdb
http://dx.doi.org/10.2210/pdb2bq8/pdb
http://dx.doi.org/10.2210/pdb2bq8/pdb
http://dx.doi.org/10.2210/pdb2bq8/pdb
http://dx.doi.org/10.2210/pdb2hpa/pdb
http://dx.doi.org/10.2210/pdb2hpa/pdb
http://dx.doi.org/10.2210/pdb2hpa/pdb
http://dx.doi.org/10.2210/pdb3qfc/pdb
http://dx.doi.org/10.2210/pdb3qfc/pdb
http://dx.doi.org/10.2210/pdb3qfc/pdb
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Xanthosine 5-
triphosphate 
HMDB00293 

 

competitively inhibits the 
binding of GTP to the 
guanine nucleotide-
binding site of retinal G-
protein, transducin (TD). 
These suggests that GTP, 
ITP, and XTP are 
differential signal sorters 
and signal amplifiers at 
the G-protein level. G-
proteins mediate signal 
transfer from receptors to 
effector systems. 

[ONO
] 
Mg2+ 

Cellular 
(cytoplasm)
, Tissue 
(prostate) 

Inosine 
triphosphate 
pyrophosphat
ase 
DOI:10.221
0/pdb2j4e/pd
b  
 bis (5-
nucleosyl)-
tetraphosphat
ase 
DOI:10.221
0/pdb3u53/p
db  
 

beta-D-3-
Ribofuranosyluri
c acid 
HMDB29920 

 

beta-D-3-
Ribofuranosyluric acid is 
found in animal foods. 
beta-D-3-
Ribofuranosyluric acid is 
isolated from beef blood 
beta-D-3-
Ribofuranosyluric acid 
belongs to the family of 
Pyrimidine Nucleosides 
and Analogues. These are 
compounds comprising a 
pyrimidine base attached 
to a sugar. 

[ONO
] 

Cellular 
(cytoplasm, 
extracellula
r) 

n/a 

8-Oxo-dGMP 
HMDB11670 

 

8-Oxo-dGMP is a 
metabolite of 8-oxo-
dGTP. 8-Oxo-7,8-
dihydro-2'-
deoxyguanosine 5'-
triphosphate (8-oxo-
dGTP) is a potent 
mutagenic substrate for 
DNA synthesis 

[ONO
] 
Mg2+ 

n/a ADP-sugar 
pyrophosphat
ase 
DOI:10.221
0/pdb2dsd/pd
b  
7,8-dihydro-
8-
oxoguanine 
triphosphatas
e 
DOI:10.221
0/pdb3zr0/pd
b  
 

8-Oxo-dGTP 
HMDB11615 

 

considered a potentially 
dangerous intermediate 
which promotes AT-to-
CG transversions in 
nucleoside phosphate 
metabolic pathways 

[ONO
] 

n/a 7,8-dihydro-
8-
oxoguanine 
triphosphatas
e 
DOI:10.221
0/pdb3zr0/pd
b  
 

http://dx.doi.org/10.2210/pdb2j4e/pdb
http://dx.doi.org/10.2210/pdb2j4e/pdb
http://dx.doi.org/10.2210/pdb2j4e/pdb
http://dx.doi.org/10.2210/pdb3u53/pdb
http://dx.doi.org/10.2210/pdb3u53/pdb
http://dx.doi.org/10.2210/pdb3u53/pdb
http://dx.doi.org/10.2210/pdb2dsd/pdb
http://dx.doi.org/10.2210/pdb2dsd/pdb
http://dx.doi.org/10.2210/pdb2dsd/pdb
http://dx.doi.org/10.2210/pdb3zr0/pdb
http://dx.doi.org/10.2210/pdb3zr0/pdb
http://dx.doi.org/10.2210/pdb3zr0/pdb
http://dx.doi.org/10.2210/pdb3zr0/pdb
http://dx.doi.org/10.2210/pdb3zr0/pdb
http://dx.doi.org/10.2210/pdb3zr0/pdb
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Uridine 5'-
monophosphate 
HMDB00288 

 

uracil nucleotide 
containing one phosphate 
group esterified to the 
sugar moiety in the 2', 3' 
or 5' position. Uridine 5'-
monophosphate is a 
nucleotide that is found in 
RNA. It is an ester of 
phosphoric acid with the 
nucleoside uridine 

[ONO
] 
Ca2+ 
Zn2+ 

Cellular 
(cytoplasm, 
extracellula
r, 
mitochondri
a, nucleous, 
lysosome, 
endoplasmi
c reticulum, 
golgi 
apparatus), 
biofluid 
(blood), 
pathways 
(lactose 
synthesis, 
pyrimidine 
metabolism, 
transcriptio
n/translatio
n) 

Ecto-5'-
nucleotidase 
DOI:10.221
0/pdb4h2f/pd
b  
human 
soluble 
calcium-
activated 
nucleotidase 
DOI:10.221
0/pdb2h2n/p
db  
 

Riboflavin 
HMDB00244 

 

or vitamin B2 is an easily 
absorbed, water-soluble 
micronutrient with a key 
role in maintaining 
human health. Like the 
other B vitamins, it 
supports energy 
production by aiding in 
the metabolizing of fats, 
carbohydrates, and 
proteins. Vitamin B2 is 
also required for red 
blood cell formation and 
respiration, antibody 
production, and for 
regulating human growth 
and reproduction. It is 
essential for healthy skin, 
nails, hair growth and 
general good health, 
including regulating 
thyroid activity. 

[ONO
] 
Zn2+ 
Mg2+ 

Cellular 
(extracellul
ar), 
Biofluids 
(blood, 
cerebrospin
al, urine), 
Tissue 
(erythocyte, 
kidney, 
liver, 
prostate, 
heart), 
Pathways 
(riboflavin 
metabolism
) 

Tartrate-
resistant acid 
phosphatase 
type 5 
DOI:10.221
0/pdb2bq8/p
db  
human 
prostatic acid 
phosphatase 
DOI:10.221
0/pdb2hpa/p
db  
Human liver 
glycogen 
phosphorylas
e 
DOI:10.221
0/pdb1l5r/pd
b  
Riboflavin 
kinase 
DOI:10.221
0/pdb1q9s/pd
b  
 

Riboflavin 
reduced 
HMDB01557 

 

an intermediate in the 
metabolism of Porphyrin 
and chlorophyll. It is a 
substrate for Flavin 
reductase. 

[ONO
] 

Cellular 
(cytoplasm) 

Flavin 
reductase 
DOI:10.221
0/pdb1he3/p
db  
 

http://dx.doi.org/10.2210/pdb4h2f/pdb
http://dx.doi.org/10.2210/pdb4h2f/pdb
http://dx.doi.org/10.2210/pdb4h2f/pdb
http://dx.doi.org/10.2210/pdb2h2n/pdb
http://dx.doi.org/10.2210/pdb2h2n/pdb
http://dx.doi.org/10.2210/pdb2h2n/pdb
http://dx.doi.org/10.2210/pdb2bq8/pdb
http://dx.doi.org/10.2210/pdb2bq8/pdb
http://dx.doi.org/10.2210/pdb2bq8/pdb
http://dx.doi.org/10.2210/pdb2hpa/pdb
http://dx.doi.org/10.2210/pdb2hpa/pdb
http://dx.doi.org/10.2210/pdb2hpa/pdb
http://dx.doi.org/10.2210/pdb1l5r/pdb
http://dx.doi.org/10.2210/pdb1l5r/pdb
http://dx.doi.org/10.2210/pdb1l5r/pdb
http://dx.doi.org/10.2210/pdb1q9s/pdb
http://dx.doi.org/10.2210/pdb1q9s/pdb
http://dx.doi.org/10.2210/pdb1q9s/pdb
http://dx.doi.org/10.2210/pdb1he3/pdb
http://dx.doi.org/10.2210/pdb1he3/pdb
http://dx.doi.org/10.2210/pdb1he3/pdb
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riboflavin cyclic-
4',5'-phosphate 
HMDB59614 

 

part of the Glycerolipid 
metabolism, and RIG-I-
like receptor signaling 
pathway pathways. It is a 
substrate for: 
Bifunctional ATP-
dependent 
dihydroxyacetone 
kinase/FAD-AMP lyase 
(cyclizing). 

[ONO
] 

n/a n/a 

Riboflavin 
2',3',4',5'-
tetrabutanoate 
HMDB34433 

 

is widely used food 
additive 

[ONO
] 

Cellular 
(membrane) 

n/a 

6,7-Dimethyl-8-
(1-D-ribityl) 
lumazine 
HMDB03826 

 

is an intermediate in 
riboflavin metabolism. 
6,7-Dimethyl-8-(1-D-
ribityl)lumazine is the 
second to last step in the 
synthesis of ribitol and is 
converted from 4-(1-D-
ribitylamino)-5-amino-
2,6-dihydroxypyrimidine 
via the enzyme riboflavin 
synthase beta chain. It is 
then. converted to 
riboflavin via the enzyme 
riboflavin synthase alpha 
chain  

[ONO
] 
Mg2+ 

Pathways 
(riboflavin 
metabolism
) 

Cyrptochrom
e B 
DOI:10.221
0/pdb3zxs/pd
b  
 

7-Hydroxy-6-
methyl-8-ribityl 
lumazine 
HMDB04256 

 

is an intermediate in 
Riboflavin metabolism. it 
is converted from 6,7-
Dimethyl-8-(1-D-
ribityl)lumazine. 

[ONO
] 

Pathways 
(riboflavin 
metabolism
) 

n/a 

3,9-Dimethyluric 
acid 
HMDB59704 

 

 is involved in purine 
oxidation pathways. 
Reevaluation of products 
derived from 3,9-
dimethyluric acid in a 
chlorination-reductive 
dechlorinaton sequence 
has demonstrated 
unequivocally that they 
are not purines. 

[ONO
] 

n/a n/a 

http://dx.doi.org/10.2210/pdb3zxs/pdb
http://dx.doi.org/10.2210/pdb3zxs/pdb
http://dx.doi.org/10.2210/pdb3zxs/pdb
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1-hydroxy-2-
Oxopropyl 
tetrahydropterin 
HMDB13642 

 

an intermediate formed 
from 6-Pyrovoyl-
Tetrahydropterin in the 
biosynthetic pathway of 
tetrahydrobiopterin and 
of the biosynthesis of 
folates 

[ONO
] 

Pathways 
(pterine 
biosynthesis
) 

Sepiapterine 
reductase 
DOI:10.221
0/pdb1z6z/pd
b  
 

7-Methyluric acid 
HMDB11107 

 

is the minor urinary 
metabolites of caffeine. 
Caffeine is metabolized 
mainly in the liver 
undergoing 
demethylation and 
oxidation 

[ONO
] 
Ca2+ 

Pathways 
(caffeine 
metabolism
) 

Xanthine 
oxioreductas
e 
DOI:10.221
0/pdb2e1q/p
db  
 

Thymidine glycol 
HMDB42036 

 

Thymidine glycol 
belongs to the family of 
Pyrimidine 2'-
deoxyribonucleosides and 
Analogues. These are 
compounds consisting of 
a pyrimidine linked to a 
ribose which lacks an 
hydroxyl group at 
position 2 

[ONO
] 

n/a n/a 

Epoxy-
hexobarbital 
HMDB13941 

 

 only found in individuals 
that have used or taken 
Hexobarbital.Epoxy-
hexobarbital is a 
metabolite of 
Hexobarbital. Epoxy-
hexobarbital belongs to 
the family of Barbituric 
Acid Derivatives. 

[ONO
] 

Cellular 
(extracellul
ar), Biofluid 
(blood, 
urine) 

n/a 

9-Methylxanthine 
HMDB59716 

 

 is a diuretic agent that 
serves as a smooth 
muscle relexant and 
cardiac muscle and CNS 
stimulant. Clinically, it is 
employed as a 
bronchodilator. 9-
Methylxanthine is found 
to be effective in treating 
apnea in preterm infants  

[ONO
] 

n/a n/a 

Aprobarbital 
HMDB15441 

 

 is a barbiturate derivative 
synthesized in the 1920s 
by Ernst Preiswerk. It has 
sedative, hypnotic and 
anticonvulsant properties, 
and was used primarily 
for the treatment of 
insomnia. Aprobarbital 
was never as widely used 
as more common 
barbiturate derivatives 
such as phenobarbital and 

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor 
DOI:10.221
0/pdb1yae/pd
b  
 

http://dx.doi.org/10.2210/pdb1z6z/pdb
http://dx.doi.org/10.2210/pdb1z6z/pdb
http://dx.doi.org/10.2210/pdb1z6z/pdb
http://dx.doi.org/10.2210/pdb2e1q/pdb
http://dx.doi.org/10.2210/pdb2e1q/pdb
http://dx.doi.org/10.2210/pdb2e1q/pdb
http://dx.doi.org/10.2210/pdb1yae/pdb
http://dx.doi.org/10.2210/pdb1yae/pdb
http://dx.doi.org/10.2210/pdb1yae/pdb
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is now rarely prescribed. 

6-
(Hydroxymethyl)
-2,4(1H,3H)-
pteridinedione 
HMDB33245 

 

found in green 
vegetables. 6-
(Hydroxymethyl)-
2,4(1H,3H)-
pteridinedione is isolated 
from leaves of spinach 
Spinacia oleracea. 

[ONO
] 

Cellular 
(cytoplasm, 
extracellula
r) 

n/a 

Hydroxysepiapter
in 
HMDB02109 

 

 is found in high 
concentration in the urine 
of patients with DHBS 
(dihydrobiopterin 
synthase ) deficiency 

[ONO
] 

n/a n/a 

Dihydroneopterin 
phosphate 
HMDB06824 

 

 is involved in the folate 
biosynthesis pathway. 
Dihydroneopterin 
phosphate is produced 
from 2-Amino-4-
hydroxy-6-(erythro-1,2,3-
trihydroxypropyl)dihydro
pteridine. triphosphate 

[ONO
] 

Pathways 
(pterine 
biosynthesis
) 

RuvB-like 2 
DOI:10.221
0/pdb3uk6/p
db  
 

dTDP 

 

an intermediate in the 
Thymidylate kinase 
catalyzes the 
phosphorylation of dTMP 
(to form dTDP) in the 
dTTP synthesis pathway 
for DNA synthesis 

[ONO
] 

Cellular 
(mitochondr
ia, 
nucleous), 
Pathways 
(pyrimidine 
metabolsim
) 

Thymidylate 
kinase, 
soluble-
calcium 
activated 
nucleotidase, 
ectonucleosie 
triphosphate 
diphospohyd
rolase, 
nucleoside 
diphosphate 
kinase 

Butalbital 

 

 is a barbiturate with an 
intermediate duration of 
action. It has the same 
chemical formula as 
talbutal but a different 
structure. Butalbital is 
often combined with 
other medications, such 
as acetaminophen or 
aspirin, and is commonly 

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor 

http://dx.doi.org/10.2210/pdb3uk6/pdb
http://dx.doi.org/10.2210/pdb3uk6/pdb
http://dx.doi.org/10.2210/pdb3uk6/pdb
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prescribed for the 
treatment of pain and 
headache. 

2-Amino-4-oxo-
6-(1',2'-
dioxoprolyl)-7,8-
dihydroxypteridin
e 

 

is a byproduct of 6-
pyruvoyltetrahydropterin 
synthase (EC 4.2.3.12), 
and associated with 6-
Pyruvoyltetrahydropterin 
synthase deficiency (an 
autosomal recessive 
disorder that causes 
malignant 
hyperphenylalaninemia 
due to tetrahydrobiopterin 
deficiency 

[ONO
] 

Cellular 
(cytoplasm) 

6-pyruvoyl 
tetrahydrobio
perin 
synthase 

Oxypurinol 

 

 is a xanthine oxidase 
inhibitor. Oxipurinol is 
potentially used for 
treatment of congestive 
heart failure. 

[ONO
] 

Cellular 
(cytoplasm)
, Biofluid 
(blood, 
urine) 

n/a 

UDP-D-
galacturonate 

 

 the activated form of this 
sugar, is known to be 
formed by the 4-
epimerization of UDP-D-
glucuronate. 

[ONO
] 

n/a n/a 

3'-
Hydroxyhexobar
bital 

 

 is only found in 
individuals that have used 
or taken Hexobarbital.3'-
Hydroxyhexobarbital is a 
metabolite of 
Hexobarbital. 3'-
hydroxyhexobarbital 
belongs to the family of 
Barbituric Acid 
Derivatives. 

[ONO
] 

Cellular 
(extracellul
ar), Biofluid 
(blood, 
urine) 

Cytochrome 
P450, 
glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor 

Pentobarbital 

 

short-acting barbiturate 
that is effective as a 
sedative and hypnotic 
(but not as an anti-
anxiety) agent and is 
usually given orally. It is 
prescribed more 
frequently for sleep 
induction than for 
sedation but, like similar 
agents, may lose its 
effectiveness by the 
second week of continued 
administration. 

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Cytochrome 
P450, 
glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor 
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Enprofylline 

 

 is a derivative of 
theophylline which shares 
bronchodilator properties. 
Enprofylline is used in 
asthma, chronic 
obstructive pulmonary 
disease, and in the 
management of 
cerebrovascular 
insufficiency, sickle cell 
disease, and diabetic 
neuropathy 

[ONO
] 

Cellular 
(membrane, 
cytoplasm), 
Biofluid 
(blood, 
urine) 

cAMP-
specific 3,5-
cyclic 
phosphodiest
erase, 
adenosine 
receptor 

dUDP 

 

is a derivative of nucleic 
acid UTP, in which the -
OH (hydroxyl) group on 
the 2' carbon on the 
nucleotide's pentose has 
been removed (hence the 
deoxy- part of the name). 

[ONO
] 

Cellular 
(cytoplasm, 
mitochonria
, nucleus), 
Biofluids 
(blood), 
Pathways 
(pyrimidine 
metabolism
) 

Thymidylate 
kinase, 
nucleoside 
diphosphate 
kinase, 
ribonucleosid
e-
diphosphate 
reductase 

Methohexital 

 

 is only found in 
individuals that have used 
or taken this drug. It is an 
intravenous anesthetic 
with a short duration of 
action that may be used 
for induction of 
anesthesia. 

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

gamma-
aminobutyric 
acid receptor 

Dyspropterin 

 

an intermediate formed 
from dihydroneopterin 
triphosphate in the 
biosynthetic pathway of 
tetrahydrobiopterin. 

[ONO
] 

Cellular 
(nucleus), 
Tissue 
(fibroblasts, 
placenta) 

6-pyruvoyl 
tetrahydrobio
pterin 
synthase, 
sepiapterin 
reductase 

3-Methylxanthine 

 

 is a caffeine and a 
theophylline metabolite. 

[ONO
] 

Cellular 
(cytoplasm)
, Biofluid 
(urine) 

n/a 

Floxuridine 

 

antineoplastic 
antimetabolite that is 
metabolized to 
fluorouracil when 
administered by rapid 
injection. It has been used 
to treat hepatic 
metastases of 
gastrointestinal 
adenocarcinomas and for 
palliation in malignant 

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Cytochrome 
P450, 
thymidine 
phosphorylas
e, 
thymidylate 
synthase 
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neoplasms of the liver 
and gastrointestinal tract. 

Zidovudine 

 

is a potent inhibitor of 
HIV replication, acting as 
a chain-terminator of 
viral DNA during reverse 
transcription. It improves 
immunologic function, 
partially reverses the 
HIV-induced 
neurological dysfunction, 
and improves certain 
other clinical 
abnormalities associated 
with AIDS. 

[ONO
] 

Cellular 
(extracellul
ar, 
membrane), 
Biofluid 
(blood, 
urine) 

Cytochrome 
P450 

Hexobarbital 

 

is only found in 
individuals that have used 
or taken this drug. It is a 
barbiturate that is 
effective as a hypnotic 
and sedative. 
[PubChem]Hexobarbital 
binds at a distinct binding 
site associated with a Cl- 
ionopore at the GABA-A 
receptor, increasing the 
duration of time for 
which the Cl- ionopore is 
open.  

[ONO
] 

Cellular 
(cytoplasm, 
membrane), 
Biofluid 
(blood, 
urine) 

n/a 

Orotidine 

 

 occurs as its 5'-phosphate 
(orotidylic acid), which is 
an intermediate in 
pyrimidine nucleotide 
biosynthesis (cytidine and 
uridine) that are found in 
nucleic acids. Ornitidine 
itself is not a component 
of nucleic acid. Large 
amounts of ornitidine are 
excreted in the urine of 
cancer patients treated 
with 6-azauridine. 

[ONO
] 

Cellular 
(cytoplasm)
, Biofluid 
(blood, 
urine) 

n/a 

Uridine 
diphosphate 
acetylgalactosami
ne 4-sulfate 

 

abbreviated UDP, is a 
nucleotide. It is an ester 
of pyrophosphoric acid 
with the nucleoside 
uridine. UDP consists of 
the pyrophosphate group, 
the pentose sugar ribose, 
and the nucleobase uracil. 

[ONO
] 

Cellular 
(cytoplasm) 

n/a 
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FMNH2 

 

is the reduced form of 
flavin mononucleotide. It 
is a substrate of the 
enzyme FMN reductase, 
an enzyme that catalyzes 
the chemical reaction 
FMNH2 + NAD(P)+ <=> 
FMN + NAD(P)H + H+ 

[ONO
] 

Cellular 
(cytoplasm) 

n/a 

UDP-L-iduronate 

 

 is converted from UDP-
n-glucuronic acid. n-
Iduronic and n-glucuronic 
acid have been identified 
as the hexuronic acid 
components of dermatan 
sulfate. UDP-Dglucose is 
the metabolic precursor 
of both uranic acids. 

[ONO
] 

n/a n/a 

Stavudine 

 

 is only found in 
individuals that have used 
or taken this drug. It is a 
dideoxynucleoside analog 
that inhibits reverse 
transcriptase and has in 
vitro activity against HIV 

[ONO
] 

Biofluid 
(blood, 
urine) 

Solute carrier 
family 22 
member 6 

Trifluridine 

 

 is only found in 
individuals that have used 
or taken this drug. It is an 
antiviral derivative of 
thymidine used mainly in 
the treatment of primary 
keratoconjunctivitis and 
recurrent epithelial 
keratitis due to herpes 
simplex virus. 

[ONO
] 

Cellular 
(cytoplasm)
, Biofluid 
(blood, 
urine) 

Thymidine 
kinase,  
thymidine 
phosphorylas
e, 
thymidylate 
synthase, 
Solute carrier 
family 22 
member 6 

dTDP-D-
galactose 

 

is an intermediate 
involved in nucleotide 
sugar metabolism. It can 
be generated by dTDP-D-
glucose through the 
action of the enzyme 
UDP-glucose 4-
epimerase. 

[ONO
] 

n/a UDP-glucose 
4-epimerase 
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Secobarbital 

 

is only found in 
individuals that have used 
or taken this drug. It is a 
barbiturate derivative 
drug. It possesses 
anaesthetic, 
anticonvulsant, sedative 
and hypnotic properties. 

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Cytochrome 
P450, 
glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor 

dTDP-4-
acetamido-4,6-
dideoxy-D-
galactose 

 

reacts with undecaprenyl 
N-acetyl-glucosaminyl-
N-acetyl-
mannosaminuronate to 
produce undecaprenyl N-
acetyl-glucosaminyl-N-
acetyl-
mannosaminuronate-4-
acetamido-4,6-dideoxy-
D-galactose 
pyrophosphate and 
dTDP. The reaction is 
catalyzed by certain 
members of the fucosyl 
transferase family of 
enzymes. 

[ONO
] 

n/a n/a 

5-
Hydroxyisourate 

 

a uric acid degradation 
intermediate is found in 
soy beans.  

[ONO
] 

Cellular 
(cytoplasm, 
extracellula
r) 

n/a 

Thymidine 5'-
triphosphate 

 

is one of the four 
nucleoside triphosphates 
that make up DNA. It can 
be used by DNA ligase to 
create overlapping 
"sticky ends" so that 
protruding ends of 
opened microbial 
plasmids maybe closed 
up. 

Involv
ed in 
solubl
e 
calciu
m-
activat
ed 
nucleo
tidase 
[ONO
] 

Cellular 
(mitochondr
ia, nucleus), 
Pathways 
(Pyrimidine 
metabolism
) 

Ectonuccleos
ide 
triphosphate 
diphosphohy
drolase,  
uridine 
cytidine 
kinase, 
nucleoside 
diphosphate 
kinase,  
DNA 
directed 
RNA 
polymerase, 
DNA 
polymerase 
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Uridine 2'-
phosphate 

 

 is a product of the 
decylclization reaction 
carried out by the enzyme 
2',3'-cyclic nucleotide-3'-
phosphodiesterase  

[ONO
] 

n/a 2,3-cyclic-
nucleotide 3-
phosphodiest
erase 

UDP-L-arabinose 

 

synthesized through de 
novo and salvage 
pathways and serve as 
substrates for the 
synthesis of 
polysaccharides, 
glycolipids, and 
glycoproteins in higher 
plants. The enzyme 
catalyzed the formation 
of UDP-Glc, UDP-Gal, 
UDP-glucuronic acid, 
UDP-l-arabinose, and 
UDP-xylose from 
respective 
monosaccharide 1-
phosphates in the 
presence of UTP as a co-
substrate, indicating that 
the enzyme has broad 
substrate specificity 
toward monosaccharide 
1-phosphates. 

[ONO
] 

n/a n/a 

Metharbital 

 

is only found in 
individuals that have used 
or taken this drug. It was 
patented in 1905 by Emil 
Fischer working for 
Merck. It was marketed 
as Gemonil by Abbott 
Laboratories. It is a 
barbiturate 
anticonvulsant, used in 
the treatment of epilepsy.  

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor 

beta-D-3-
Ribofuranosyluri
c acid 

 

is found in animal foods.  [ONO
] 

Cellular 
(cytoplasm, 
extracellula
r) 

n/a 
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UDP-N-acetyl-D-
mannosamine 

 

is involved in teichoic 
acid (poly-glycerol) 
biosynthesis pathway and 
enterobacterial common 
antigen biosynthesis 
pathway. It serves as both 
enzymatic reactants and 
products in those two 
pathways. 

[ONO
] 

n/a n/a 

Butabarbital 

 

is a prescription 
barbiturate sleep aid. 
Butabarbital has a 
particularly fast onset of 
effects and short duration 
of action compared to 
other barbiturates, which 
makes it useful for certain 
applications such as 
treating severe insomnia 
and relieving anxiety 
before surgical 
procedures 

[ONO
] 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor 

Idoxuridine 

 

is only found in 
individuals that have used 
or taken this drug. It is an 
analog of deoxyuridine 
that inhibits viral DNA 
synthesis. The drug is 
used as an antiviral agent. 

[ONO
] 

Cellular 
(cytoplasm)
, Biofluid 
(blood, 
urine) 

n/a 

UDP-N-
acetylmuraminate 

 

 is a nucleoside 
diphosphate sugar which 
is formed from UDP-N-
acetylglucosamine and 
phosphoenolpyruvate. It 
serves as the building 
block upon which 
peptidoglycan is formed. 

[ONO
] 

Biofluid 
(prostate 
tissue), 
Tissue 
(prostate) 

n/a 

UDP-4-dehydro-
6-deoxy-D-
glucose 

 

is synthesized from UDP-
glucose through the 
enzyme UDP-glucose 
4,6-dehydratase. 

[ONO
] 

n/a n/a 
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Uridine 

triphosphate 

 

uracil nucleotide 
containing three 
phosphate groups 
esterified to the sugar 
moiety. Uridine 
triphosphate has the role 
of a source of energy or 
an activator of substrates 
in metabolic reactions, 
like that of adenosine 
triphosphate, but more 
specific. When Uridine 
triphosphate activates a 
substrate, UDP-substrate 
is usually formed and 
inorganic phosphate is 
released.  

Involv
ed in 
calciu
m-
activat
ed 
nucleo
tidase 
[ONO
] 

Cellular 
(mitochondr
ia, 
extracellula
r, 
cytoplasm, 
nucleus) 
Pathways 
(lactose 
synthesis, 
pyrimidine 
metabolism, 
transcriptio
n/translatio
n, DNA 
replication 
fork, amino 
sugar 
metabolism
) 

Ectonucleosi
de 
triphosphate 
diphosphohy
drolase, 
soluble 
calcium-
activated 
nucleotidase, 
uridine-
cytidine 
kinase, 
nucleoside 
diphosphate 
kinase, GTP 
phosphotrans
ferase, CTP 
synthase, 
DNA-
directed 
RNA 
polymerase, 
CAD protein, 
zinc ribbon 
domain, 
POLR1C 
protein 

5,6-

Dihydrouridine 

 

 is a pyrimidine which is 
the result of adding two 
hydrogen atoms to a 
uridine. Dihydrouridine is 
found only in tRNA 
molecules. An inhibitor 
of nucleotide metabolism. 

 Cellular 
(cytoplasm)
, Biofluid 
(blood, 
urine) 

tRNA-
dihydrouridi
ne synthase 

7,9-Dimethyluric 

acid 
HMDB04308 

 

is a methyl derivative of 
uric acid, found 
occasionally in human 
urine. 7,9-Dimethyluracil 
is one of the purine 
component in urinary 
calculi. Methylated 
purines originate from the 
metabolism of 
methylxanthines 
(caffeine, theophylline 
and theobromine).  

[ONO
] 

n/a n/a 

6-

Lactoyltetrahyd

ropterin 

 

is a putative intermediate 
in the de novo synthesis 
of tetrahydrobiopterin 
(BH4) pathway, in a 
reaction involving the 
enzyme sepiapterin 
reductase in human liver. 
In brain, an enzyme 
distinct from sepiapterin 
reductase catalyzes the 
TPNH-dependent 
reduction of 6-pyruvoyl-
tetrahydropterin to 6-
lactoyl-tetrahydropterin. 

 Cellular 
(cytoplasm)
, Pathways 
(Pterine 
biosynthesis
) 

Sepiapterin 
reductase 
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7-

Methylxanthine 

 

is a methyl derivative of 
xanthine, found 
occasionally in human 
urine. 7-Methylxanthine 
is one of the purine 
components in urinary 
calculi. Methylated 
purines originate from the 
metabolism of 
methylxanthines 
(caffeine, theophylline 
and theobromine. Purine 
derivatives in urinary 
calculi could be 
considered markers of 
abnormal purine 
metabolism. 

 Biofluid 
(blood, 
urine), 
Pathways 
(caffeine 
metabolism
) 

Xanthine 
dehydrogena
se/oxidase 

Molybdopterin 

precursor Z 

 

uses molybdenum in the 
form of a pterin-
containing cofactor. In 
some of these enzymes, 
this cofactor consists of 
molybdenum ligated to a 
phosphorylated pterin, 
called molybdopterin 
(MPT). MPT is a tricyclic 
pyranopterin containing a 
cis-dithiolene group. 
Together, the metal and 
the pterin moiety form 
the redox reactive 
molybdenum cofactor 
(MoCo). 

[ONO
] 
 

  

Uric Acid 

 

is a heterocyclic purine 
derivative that is the final 
oxidation product of 
purine metabolism. It is 
produced by the enzyme 
xanthine oxidase, which 
oxidizes oxypurines such 
as xanthine into uric acid. 
In most mammals, except 
humans and higher 
primates, the enzyme 
uricase further oxidizes 
uric acid to allantoin. 

 Cellular 
(extracellul
ar, 
peroxisome
), Biofluid 
(amniotic 
fluid, bile, 
blood, 
cerebrospin
al fluid, 
saliva, 
urine), 
Tissue 
(muscle, 
bladder, 
intestine, 
placenta, 
erythrocyte, 
kidney, 
liver, 
epidermis, 
brain, 
prostate, 
adipose , 
platelet, 
spleen), 
Pathways 
(purine 
metabolism
) 

Xanthine 
dehydrogena
se/oxidase, 
glycogen 
phosphorylas
e 
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2-Amino-4-oxo-

6-(1',2',3'-

trihydroxypropy

l)-diquinoid-7,8-

dihydroxypterin 

 

is a pterin derivative. 
Pterin is a heterocyclic 
compound composed of a 
pyrazine ring and a 
pyrimidine ring with 
Several tautomers; the 
pyrimidine ring has a 
carbonyl oxygen and an 
amino group. As a group, 
pterins are compounds 
that are derivatives of 2-
amino-4-oxopteridine, 
with additional functional 
groups attached to the 
pyrazine ring.  

[ONO
] 

n/a n/a 

7,8-

Dihydroneopteri

n 

 

is produced by human 
monocyte-derived 
macrophages upon 
stimulation with 
Interferon-gamma. 
Increased amounts of 
H(2)Neo in human body 
fluids are found in many 
disorders, including viral 
infections and 
autoimmune diseases.  

[ONO
] 

Pathways 
(pterin 
biosynthesis
) Biofluids 
(blood, 
urine) 

n/a 

8-Hydroxy-

deoxyguanosine 

 

 is a sensitive marker of 
the DNA damage due to 
hydroxyl radical attack at 
the C8 of guanine. This 
damage, if left 
unrepaired, has been 
proposed to contribute to 
mutagenicity and cancer 
promotion. 

[ONO
] 

Cellular 
(cytoplasm, 
nucleus), 
Biofluid 
(blood, 
urine), 
Tissue (all) 

n/a 

Quinidine 

barbiturate 

 

is only found in 
individuals that have used 
or taken this drug.The 
administration of 
quinidine derivatives 
helps to observe various 
skin and mucosal 
reactions. 

[ONO
] 
sodiu
m 
chann
el 
protei
n, 
potass
ium 
chann
el 
subfa
mily 

Cellular 
(membrane)
, Biofluid 
(blood, 
urine) 

Glutamate 
receptor, 
gamma-
aminobutyric 
acid receptor, 
sodium 
channel 
protein, 
potassium 
channel 
subfamily 

dUMP 

 

is formed by the 
reduction of 
ribonucleotides to 
deoxyribonucleotides by 
ribonucleoside 
diphosphate reductase . 
dUMP by the action of by 
thymidylate synthetase 
produces dTMP 

[ONO
] 

Cellular 
(nucleus, 
mitrochondr
ia), 
Pathway 
(pyrimidine 
metabolism
) 

Deoxycytidyl
ate 
deaminase, 
thymidylate 
kinase, 
inosine 
triphosphate 
pyrophosphat
ase, 
thymidine 
kinase 
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3-Methyluric 

acid 
HMDB1970 

 

is a methyl derivative of 
uric acid, found 
occasionally in human 
urine. 3-Methyluracil is 
one of the purine 
components in urinary 
calculi. Methylated 
purines originate from the 
metabolism of 
methylxanthines 
(caffeine, theophylline 
and theobromine). 

[ONO
] 

Biofluid 
(urine), 
Pathway 
(caffeine 
metabolism
) 

n/a 

3,7-Dimethyluric 

acid 
HMDB1982 

 

is a methyl derivative of 
uric acid, found 
occasionally in human 
urine. 3,7-Dimethyluric is 
one of the purine 
components in urinary 
calculi. Methylated 
purines originate from the 
metabolism of 
methylxanthines 
(caffeine, theophylline 
and theobromine).  

[ONO
] 

Biofluid 
(urine), 
Pathway 
(caffeine 
metabolism
) 

Xanthine 
dehydrogena
se/oxidase 

1,9-Dimethyluric 

acid 
HMDB2026 

 

is a methyl derivative of 
uric acid, found 
occasionally in human 
urine. 3-Methyluracil is 
one of the purine 
components in urinary 
calculi. Methylated 
purines originate from the 
metabolism of 
methylxanthines 
(caffeine, theophylline 
and theobromine). 

[ONO
] 

Biofluid 
(urine), 
Pathway 
(caffeine 
metabolism
) 

n/a 

Thymine 

 

is a pyrimidine 
nucleobase. As the name 
implies, thymine may be 
derived by methylation of 
uracil at the 5th carbon. 
Thymine is found in the 
nucleic acid DNA. In 
RNA thymine is replaced 
with uracil in most cases. 
In DNA, thymine binds 
to adenine via two 
hydrogen bonds to assist 
in stabilizing the nucleic 
acid structures. 

[ONO
] 

Cellular 
(extracellul
ar), Biofluid 
(blood, 
cerebrospin
al fluid, 
urine), 
Tissue 
(fibroblasts, 
prostate, 
skin), 
Pathway 
(pyrimidine 
metabolism
) 

Dihydropyri
midine 
dehydrogena
se 

Xanthine 

 

is a purine base found in 
most body tissues and 
fluids, certain plants, and 
some urinary calculi. It is 
an intermediate in the 
degradation of adenosine 
monophosphate to uric 
acid, being formed by 
oxidation of 
hypoxanthine. 

[ONO
] 

Cellular 
(cytoplasm, 
peroxisome
), Biofluid 
(blood, 
cerebrospin
al fluid, 
urine), 
Tissue 
(bone,muscl
e, bladder, 

Xanthine 
dehydrogena
se/oxidase, 
hypoxanthine
-guanine 
phosphoribos
yltransferase, 
guanine 
deaminase 
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intestine,fib
roplasts, 
testes, 
kidney, 
epidermis, 
prostate), 
Pathways 
(purine 
metabolism
) 

Pseudouridine 

 

is the C-glycoside isomer 
of the nucleoside uridine, 
and it is the most 
prevalent of the over one 
hundred different 
modified nucleosides 
found in RNA. 
Pseudouridine is found in 
all species and in all 
classes of RNA except 
mRNA. It is formed by 
enzymes called 
pseudouridine synthases, 
which post-
transcriptionally 
isomerize specific uridine 
residues in RNA 

[ONO
] 

Cellular 
(cytoplasm)
, Biofluid 
(amniotic 
fluid, blood, 
urine) 

tRNA 
psuedouridin
e synthase, 
ribonucleopr
otein 
complex, 
RNA 
pseudouridyl
ate synthase 
protein 

L-

Threoneopterin 

 

is a catabolic product of 
GTP. It is synthesised by 
macrophages upon 
stimulation with 
interferon-gamma. It is 
used as a marker of HIV 
infection. It belongs to 
the chemical group 
known as pterins.A 
pteridine derivative 
present in body fluids; 
elevated levels result 
from immune system 
activation, malignant 
disease, allograft 
rejection, and viral 
infections. (From 
Stedman, 26th ed) 
Neopterin also serves as a 
precursor in the 
biosynthesis of biopterin. 

[ONO
] 

Cellular 
(cytoplasm) 

n/a 

Telbivudine 

 

is only found in 
individuals that have used 
or taken this drug. It is a 
synthetic thymidine 
nucleoside analog with 
specific activity against 
the hepatitis B virus.  

[ONO
] 

Cellular 
(cytoplasm)
. Biofluid 
(blood, 
urine) 

n/a 
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Theobromine 

 

is a contributing factor in 
acid reflux because it 
relaxes the esophageal 
sphincter muscle, 
allowing stomach acid 
access to the esophagus. 

[ONO
] 

Cellular 
(cytoplasm)
, Biofluid 
(blood, 
cerebrospin
al fluid, 
urine) 

Xanthine 
dehydrogena
se/oxidase, 
cytochrome 
p450, 
adenosine 
receptor 

UDP-L-rhamnose 

 

is synthesized from UDP-
D-glucose 

[ONO
] 

n/a n/a 

Dihydrobiopterin 

 

is an oxidation product of 
tetrahydrobiopterin. 
Tetrahydrobiopterin is a 
natural occurring cofactor 
of the aromatic amino 
acid hydroxylase and is 
involved in the synthesis 
of tyrosine and the 
neurotransmitters 
dopamine and serotonin. 
Tetrahydrobiopterin is 
also essential for nitric 
oxide synthase catalyzed 
oxidation of L-arginine to 
L-citrulline and nitric 
oxide. 

 Cellular 
(cytoplasm)
, Biofluid 
(blood, 
cerebrospin
al fluid), 
Pathways 
(pterine 
biosynthesis
, 
catecholami
ne 
biosynthesis
) 

Tyrosinase, 
tyrosine 3-
monoxygena
se, 
sepiapterin 
reductase, 
tryptophan 5-
hydroxylase, 
dihydropterid
ine 
reductase, 
dihydrofolate 
reductase, 
nitric oxide 
synthase 

Sepiapterin 

 

 is an intermediate in the 
salvage pathway of 
tetrahydrobiopterin 
(BH(4)). It is a yellow 
fluorescing pigment. 
Sepiapterin accumulates 
in the brain of patients 
with sepiapterin reductase 
(SR) deficiency. 

 Cellular 
(cytoplasm)
, Biofluid 
(cerebrospi
nal fluid), 
Pathways 
(pterine 
biosynthesis
) 

Sepiapterin 
reductase, 
14-4-4 
protein 

2-Amino-4-
hydroxy-6-
pteridinecarboxyl
ic acid 

 

is found in fishes. 2-
Amino-4-hydroxy-6-
pteridinecarboxylic acid 
is isolated from various 
biol. Sources including 
fish and soybeans. 

 Biofluid 
(urine) 
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Dihydroneopterin 
triphosphate 

 

The biosynthesis of 
tetrahydrobiopterin 
(BH4) from 
dihydroneopterin 
triphosphate (NH2P3) 
was studied in human 
liver extract. The 
phosphate-eliminating 
enzyme (PEE) was 
purified approximately 
750-fold. The conversion 
of NH2P3 to BH4 was 
catalyzed by this enzyme 
in the presence of 
partially purified 
sepiapterin reductase, 
Mg2+ and NADPH.  

Mg2+  Cellular 
(cytoplasm)
, Pathway 
(pterine 
biosynthesis
) 

Alkaline 
phosphatase 
(placental, 
intestinal, 
tissue-
nonspecific), 
GTP 
cycloshydrol
ase, RuvB-
like 2 

Ribothymidine 

 

 is an endogenous 
methylated nucleoside 
found in human fluids; 
methylated purine bases 
are present in higher 
amounts in tumor-bearing 
patients compared to 
healthy controls.DNA 
hypermethylation is a 
common finding in 
malignant cells and has 
been explored as a 
therapeutic target for 
hypomethylating agents. 
When chemical bonds to 
DNA, the DNA becomes 
damaged and proper and 
complete replication 
cannot occur to make the 
normal intended cell. A 
DNA adduct is an 
abnormal piece of DNA 
covalently-bonded to a 
cancer-causing chemical. 

 Cellular 
(cytoplasm)
, Biofluid 
(blood, 
urine) 

tRNA 
methyltransf
erase homolg 

Deoxythymidine 
diphosphate-l-
rhamnose 

 

is the precursor of l-
rhamnose, a saccharide 
required for the virulence 
of some pathogenic 
bacteria. In gram negative 
bacteria such as 
Salmonella enterica, 
Vibrio cholerae or 
Escherichia coli 075:K5, 
l-rhamnose is an 
important residue in the 
O-antigen of 
lipopolysaccharides, 
which are essential for 
resistance to serum 
killing and for 
colonization. In gram 
positive bacteria, such as 
streptococci, the capsule 
is a recognized virulence 
factor, for example, l-
rhamnose is known to be 
present in the capsule of 

 Cellular 
(cytoplasm)
, Pathways 
(Thymidine 
kinase) 
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Streptococcus suis, a 
causative agent of 
meningitis in humans. 

Alloxan 

 

or mesoxalylurea is an 
organic compound based 
on a pyrimidine 
heterocyclic skeleton. 
This compound has a 
high affinity for water 
and therefore exists as the 
monohydrate. 

 Cellular 
(cytoplasm)
, Tissue 
(pancreas, 
epidermis, 
platelet) 

 

Tetrahydrobiopte
rin 

 

or BH4 is a cofactor in 
the synthesis of nitric 
oxide. In fact it is used by 
all three human nitric-
oxide synthases (NOS) 
eNOS, nNOS, and iNOS 
as well as the enzyme 
glyceryl-ether 
monooxygenase. It is also 
essential in the 
conversion of 
phenylalanine to tyrosine 
by the enzyme 
phenylalanine-4-
hydroxylase; the 
conversion of tyrosine to 
L-dopa by the enzyme 
tyrosine hydroxylase; and 
conversion of tryptophan 
to 5-hydroxytryptophan 
via tryptophan 
hydroxylase. Specifically, 
tetrahydrobiopterin is a 
cofactor for tryptophan 5-
hydroxylase 1, tyrosine 3-
monooxygenase, and 
phenylalanine 
hydroxylase all of which 
are essential for the 
formation of the 
neurotransmitters 
dopamine, noradrenaline 
and adrenaline.  

[ONO
]  
Zn2+ 
Fe3+ 
Mg2+ 

Cellular 
(nucleus), 
Biofluid 
(blood, 
cerebrospin
al fluid), 
Tissue (all), 
Pathway 
(pterine 
biosynthesis
) 

Tyrosinase, 
tyrosine 3-
monooxygen
ase, 
phenylalanin
e 4-
hydroxylase, 
6-pyruvoyl 
tetrahydrobio
pterine 
synthase, 
sepiapterin 
synthase,  
tryptophan 5-
hydroxylase, 
dihydropterid
ine 
reductase, 
nitric oxide 
synthase,  
GTP 
cyclohydrola
se, calcium-
calmodulin 
independent 
nitric oxide 
synthase 
iNOS protein 

Orotic acid 

 

is a dietary constituent. 
Indeed, until it was 
realized that it could be 
synthesized by humans, 
orotic acid was known as 
vitamin B-13. Dietary 
sources are cow's milk 
and other dairy products 
as well as root vegetables 
such as carrots and beets. 

 Cellular 
(cytoplasm)
, Biofluid 
(amniotic 
fluid, blood, 
urine), 
Tissue 
(pancreas, 
liver), 
Pathways 

Dihydroorota
te 
dehydrogena
se, uridine 5-
monophosph
ate synthase 
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Dietary intake probably 
contributes to a basal rate 
of orotic acid excretion in 
urine because fasting 
decreases excretion by 
~50%.  

(pyrimidine 
metabolism
) 

Orotidylic acid 

 

 is a pyrimidine 
nucleotide which is the 
last intermediate in the 
biosynthesis of uridine 
monophosphate. 
Decarboxylation by 
Orotidylate 
decarboxylase affords 
Uridine 5'-phosphate 
which is the route to 
Uridine and its 
derivatives de novo and 
consequently one of the 
most important processes 
in nucleic acid synthesis 
(Dictionary of Organic 
Compounds). In humans, 
the enzyme UMP 
synthase converts OMP 
into uridine 5'- 
monophosphate. If UMP 
synthase is defective, 
orotic aciduria can result.  

 Cellular 
(cytoplasm)
, Biofluids 
(prostate 
tissue), 
Tissue 
(prostate), 
Pathway 
(pyrimidine 
metabolism
) 

 

 
 

 

 

 

 

 


