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ABSTRACT
	The lactoperoxidase system, defined as lactoperoxidase in the presence of hydrogen peroxide and thiocyanate, is a powerful method of host defense, particularly in mammalian secretory mucosae. The product of this system, hypothiocyanite, functions as an antimicrobial by oxidizing bacterial sulfhydryls, thereby inhibiting bacterial respiration. The lactoperoxidase system and its product, hypothiocyanite, have been the focus of study for over a century. We explore herein the function of selenocyanate as a substrate of the lactoperoxidase system and we reinterpret the mechanism of the lactoperoxidase system with is natural substrate, thiocyanate.
	There is new evidence in the literature that selenocyanate, the selenium derivative of thiocyanate, is present in mammals and concentrated in the secretory mucosae using the same active membrane transport mechanism as thiocyanate. However, the ability of lactoperoxidase to utilize selenocyanate as a substrate for the lactoperoxidase system has never been studied. Furthermore, the selenium derivative of hypothiocyanite, hyposelenocyanite, has not been previously characterized. 
	We successfully synthesized hyposelenocyanite via the oxidation of selenocyanate by hypochlorous acid at alkaline pH and using the lactoperoxidase system. Hyposelenocyanite produced at alkaline pH was characterized spectrophotometrically by comparison with the known spectrum of hypothiocyanite. The rate of oxidation of selenocyanate by hypochlorous acid at alkaline pH is faster than the oxidation of thiocyanate by hypochlorous acid by two orders of magnitude which is expected given the higher reactivity of selenium analogs of sulfur compounds. Similarly, the decomposition of hyposelenocyanite at alkaline pH is several orders of magnitude faster than the hydrolysis of hypothiocyanite under the same conditions. 
	The lactoperoxidase system was also used to synthesize hyposelenocyanite, which was observed spectrophotometrically via the reaction of hyposelenocyanite with 5-thio-2-nitrobenzoic acid. Remarkably, while observing the ability of the lactoperoxidase system to catalyze selenocyanate oxidation, we observed unexpected kinetics that could not be explained by the accepted mechanism of catalysis.  
	The reported literature mechanism of lactoperoxidase catalysis of halide and pseudohalide oxidation by hydrogen peroxide is known as the halogen cycle. The halogen cycle is reported in the literature as an ordered sequential mechanism where lactoperoxidase is oxidized in a two-electron oxidation reaction by hydrogen peroxide to produce compound I. Compound I then reacts with a halide or pseudo-halide to produce native lactoperoxidase and the hypo(pseudo)halous acid. When the reaction of compound I with hydrogen peroxide is rate-limiting, as has been reported for thiocyanate, the kinetics of the halogen cycle reaction are expected to be first-order in hydrogen peroxide and independent of reducing substrate concentration. 
	We performed a series of stopped-flow UV-Vis experiments with varying concentrations of reactants and enzyme and found that at high concentration of reducing substrate (relative to the concentration of hydrogen peroxide) the kinetics observed for the lactoperoxidase-catalyzed oxidation of thiocyanate and selenocyanate reflect what is expected according to the halogen cycle literature mechanism (although we reinterpret the kinetics in terms of a new mechanism). However, at low concentration of reducing substrate (relative to hydrogen peroxide) the reaction becomes biphasic, a first-order reaction followed by a zeroth-order reaction. 
We propose a new mechanism which accounts for the kinetics that are observed under all reaction conditions. The proposed mechanism is an ordered sequential mechanism where the initial reaction is the binding of lactoperoxidase with the reducing substrate. This bound lactoperoxidase species then reacts with hydrogen peroxide to produce native lactoperoxidase and the hypo(pseudo)halite. However, hydrogen peroxide, in addition to acting as the oxidizing substrate, also acts as a tight binding inhibitor of lactoperoxidase to produce a lactoperoxidase-hydrogen peroxide bound species which is inactive or less active in catalysis. Experimental data were fit to the proposed model for the lactoperoxidase-catalyzed oxidation of thiocyanate and selenocyanate to elucidate absolute rate constants for the mechanism. 
The biological significance of the kinetics we observe when the concentration of hydrogen peroxide exceeds the concentration of the thiocyanate substrate, when hydrogen peroxide inhibition of lactoperoxidase is observed, depends on the reaction conditions in vivo. Concentration conditions that promote hydrogen peroxide inhibition of lactoperoxidase are not expected to be prevalent in healthy humans. However, it is conceivable that certain disease conditions promote the higher hydrogen peroxide concentrations and lower thiocyanate concentrations required for lactoperoxidase inhibition by hydrogen peroxide. Using the oral cavity as an example, inflammation of the gingival crevasse promotes phagocytosis that results in the extracellular production of hydrogen peroxide. Inflammation of gingival tissue also promotes the excretion of gingival crevicular fluid, which naturally lowers the concentration of thiocyanate. Since many oral pathogenic bacteria are obligate anaerobes, it may be advantageous to deactivate the defensive peroxidases to raise the local concentration of hydrogen peroxide for the purpose of staving off infection. A better argument for such a defensive mechanism could be made if the other principal defensive peroxidase of the oral cavity, myeloperoxidase, is inhibited by hydrogen peroxide via a similar mechanism. Accordingly, additional mechanistic studies of the other defensive peroxidases are warranted.
[bookmark: _Toc528611372][bookmark: _Toc532558654]– INTRODUCTION
[bookmark: _Toc528611373][bookmark: _Toc532558655]1.1 Lactoperoxidase
Lactoperoxidase is a mammalian heme peroxidase enzyme and a member of a family of defensive peroxidases which includes myeloperoxidase, eosinophil peroxidase, thyroid peroxidase, and the recently discovered vascular peroxidase.1 While myeloperoxidase, lactoperoxidase, and eosinophil peroxidase have similar primary functions in vivo, thyroid peroxidase is distinct compared with the other mammalian heme peroxidases because it is membrane bound at the surface of thyrocytes and primarily serves to catalyze the iodination of tyrosine residues in thyroid hormones.2 Lactoperoxidase has been the focus of study since the early 1900s when it was found that milk possessed intrinsic antibacterial activity.3-5 Eventually, lactoperoxidase was determined to be the source of antimicrobial activity in milk when in the presence of hydrogen peroxide and thiocyanate.6 In addition to its presence in milk, lactoperoxidase has been found to be widespread in secretory mucosa including saliva, tears, and breast milk as well as lung, intestinal, and cervical mucous. The widespread presence of lactoperoxidase in a variety of mucosal excretions has led to the relabeling of lactoperoxidase as milk peroxidase, salivary peroxidase (first discussed in 1951),7-8 uterine peroxidase,9 and airway peroxidase.10 The numerous pseudonyms make researching the early history of lactoperoxidase challenging as it was not apparent to early researchers that they were observing the same enzyme. 
Lactoperoxidase is one of the more heavily studied members of the mammalian peroxidase family due to the comparative ease with which it is isolated compared to myeloperoxidase and eosinophil peroxidase.11 As such, lactoperoxidase is the main focus of a book12 as well as many book chapters13-15 and review articles.11, 16-18  
The lactoperoxidase system, which consists of lactoperoxidase, hydrogen peroxide, and a halide or pseudohalide substrate, usually thiocyanate, acts as a powerful method of host defense in vivo.8 It is also commonly used commercially to inhibit microbial growth in milk and infant formula,19 fruits, vegetables, meat,10, 20 and cosmetics.21 Lactoperoxidase is also used medically to treat oral health conditions such as xerostomia22 and for the treatment of viral and bacterial infections.23-24 This section presents a review of the working knowledge of the structure, function, and mechanisms of lactoperoxidase. 
[bookmark: _Toc528611374][bookmark: _Toc532558656]1.1.1 Lactoperoxidase Structure
Lactoperoxidase is a glycoprotein with a covalently linked iron containing heme, a protoporphyrin IX derivative, at its catalytic center. Two isoforms of lactoperoxidase are known, the enzymatically active heme containing species, and a non-heme or apo form of the enzyme which is enzymatically inactive.25 The molecular weights of the isoforms are apparently the same according to SDS-PAGE analysis.26 However, the non-heme species lacks a Soret band at 412 nm, which is characteristic of the presence of porphyrin π-π* transitions, when examined using ultraviolet-visible absorption spectroscopy.25-26 The biological significance of the non-heme protein is not known, but it has been proposed that it may be a precursor or degradation product since it is expressed ubiquitously in secretions where catalytically active lactoperoxidase is present.26 
The amino acid sequence of bovine lactoperoxidase was determined in 199127 and the protein was first crystallized in 1995.28 The crystal structure was finally determined in 2007 and is remarkably similar to myeloperoxidase with the primary difference being that myeloperoxidase exists as a dimer while lactoperoxidase is a monomer.29 
The prosthetic group that acts as the active site in lactoperoxidase is the iron-containing heme which is a derivative of protoporphyrin IX and is common to the mammalian peroxidase family of enzymes including myeloperoxidase, thyroid peroxidase, and eosinophil peroxidase.15 The lactoperoxidase protoporphyrin IX heme derivative differs from typical protoporphyrin IX, common to plant and fungal peroxidases such as horseradish peroxidase, by the presence of two hydroxy methyl functional groups at the 1 and 5 positions, Figure 1.1.30
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[bookmark: _Toc532558566]Figure 1.1 - The chemical structure of the protoporphyrin hemes, A, protoporphyrin IX and B, the protoporphyrin IX derivative found in mammalian heme peroxidases.


The hydroxyl modifications of the porphyrin structure allow covalent bonds of the heme to the protein backbone. These bonds are ester linkages which form between the hydroxyl groups and Asp225 and Glu375 in lactoperoxidase.31 Analogous bonds are present in the other members of the family of mammalian peroxidases; however, myeloperoxidase also makes a third covalent bond to a vinyl β-carbon through a methionine residue.32 The binding site for thiocyanate in lactoperoxidase differs from that of myeloperoxidase by the conformation of a loop which makes up one of the walls of the binding cavity.33 
[bookmark: _Toc528611375][bookmark: _Toc532558657]1.1.2 Lactoperoxidase Substrate Binding
There is some dissent in the literature when it comes to the binding site and orientation of the primary lactoperoxidase substrate, thiocyanate, based on the method of observation. The primary methods used to observe peroxidase structure and binding are NMR and X-ray crystallography; however, FTIR has also been used to study heme peroxidase enzymes, primarily horseradish peroxidase which utilizes a mechanism involving one-electron oxidations rather than the two-electron oxidations indicative of the primary mechanisms of lactoperoxidase, myeloperoxidase, and eosinophil peroxidase.34-36 
 It has been proposed that the binding site of thiocyanate is determined by an electrostatic interaction to a distal histidine residue. This has been indirectly observed via NMR studies which show pH dependent binding of thiocyanate which decreases rapidly as the pH nears 7.37 This pH dependence correlates with the pKa of histidine at pH 6. A similar pH dependence is also present for iodide which indicates that thiocyanate and iodide bind to the same site.38 
However, the electrostatic interaction of thiocyanate and iodide is not observed in X-ray crystallography studies. Singh et al. show that thiocyanate does not directly interact with any amino acid residues in the protein channel, but rather, is held in place by a conserved chain of hydrogen bonded water molecules in the catalytic pocket, through its nitrogen atom to an asparagine residue.39 This chain of hydrogen bonded water molecules has also been proposed to function as a proton transfer chain.33, 40 However, the aforementioned study crystallized lactoperoxidase in a cocktail of inorganic substrate anions and indicates that each substrate has a unique binding site.39 The unique binding site of each substrate is used to determine if the position of the binding site has an effect on the preference of lactoperoxidase to catalyze oxidation and leads the authors to the conclusion that the order of substrate preference is Br->Cl->SCN->I-.39 It is not clear whether the presence of multiple species of anion substrates influences the binding of the individual substrates to lactoperoxidase in solution. However, this claim on substrate preference is directly disputed by the results of a previous kinetic study of the rates of reaction of lactoperoxidase compound I with various inorganic substrates which indicates that the kinetic substrate preference is SCN->I->Br- and that the oxidation of chloride is not catalyzed by lactoperoxidase.41 Myeloperoxidase has a similar kinetic substrate preference to lactoperoxidase, but is also capable of catalyzing the oxidation of chloride, SCN->I->Br->Cl-.42
Another crystal structure, which shows the binding of thiocyanate only, indicates a much closer binding site for thiocyanate to the lactoperoxidase heme catalytic center.33 While the crystal structure does not show a direct interaction of histidine to thiocyanate as predicted in the NMR studies,37 it does show an interaction of thiocyanate to a water molecule which is conserved and bound to the iron heme.33 This water molecule, which is displaced when the heme is oxidized by hydrogen peroxide, is hydrogen bonded to a distal histidine.33 It seems likely that this is the actual binding site of thiocyanate during catalysis.
The binding orientation of thiocyanate to lactoperoxidase is also not clear depending on whether NMR data or X-ray crystallography data is analyzed. NMR studies have shown that thiocyanate is oriented with the nitrogen toward the heme center.43 However, the crystal structure shows that sulfur is oriented toward the heme center.33 In myeloperoxidase, the orientation of thiocyanate in the distal position has been shown unambiguously to be with nitrogen toward the heme center.44 
[bookmark: _Toc528611376][bookmark: _Toc532558658]1.1.3 Biological Significance of Lactoperoxidase
In addition to similar structure, myeloperoxidase and lactoperoxidase have similar catalytic function. Myeloperoxidase and lactoperoxidase are both active in host defense via the production of hypo(halous)acids. Myeloperoxidase primarily produces hypochlorous acid and lactoperoxidase primarily produces hypothiocyanous acid through the oxidation of chloride and thiocyanate, respectively.42 Curiously, myeloperoxidase does not oxidize chloride more efficiently than thiocyanate. In fact, myeloperoxidase compound I reacts with chloride and thiocyanate with apparent second-order rate constants of 2.5(3)x104 M-1s-1 and 9.6(5)x106 M-1s-1, respectively, indicating a kinetic preference for thiocyanate.42 Lactoperoxidase compound I reacts with thiocyanate with the apparent second-order rate constant 2.0x108 M-1s-1 and lactoperoxidase compound I is incapable of oxidizing chloride.41 
The cause of the differing primary reducing substrate is a result of in vivo reducing substrate concentrations and the level of oxidative stress. In secretory fluids, lactoperoxidase is the primary peroxidase present and thiocyanate is its primary reducing substrate. Concentrations of thiocyanate in these secretory fluids can range from 0.1-3000 µM depending on the source of the fluid and health of the subject.45-46 However, under conditions of oxidative stress, myeloperoxidase can be introduced to the secretory fluids through the exocytosis of neutrophil granulocytes and its primary reducing substrate becomes thiocyanate.47 In plasma, where the average concentration of chloride is approximately 100 mM, chloride is the primary reducing substrate of myeloperoxidase.42, 48 However, hypochlorous acid produced by the myeloperoxidase-catalyzed oxidation of chloride reacts with thiocyanate with a rate constant of 2.34(9)x107 M-1s-1, so it is likely that hypothiocyanite is still the active antibacterial species in vivo.49 
[bookmark: _Toc528611377][bookmark: _Toc532558659]1.2 Previous Understanding of Lactoperoxidase Mechanisms
Lactoperoxidase participates in three separate types of catalytic mechanisms. When hydrogen peroxide is present, but sufficient concentration of reducing substrate is absent, the enzyme acts as a catalase. Lactoperoxidase can also serve to catalyze the oxidation of various one-electron and two-electron reducing substrates through the peroxidase cycle and the halogen cycle. This section will review the literature on the accepted mechanism for each catalytic cycle relevant to lactoperoxidase as well as compare similar catalytic cycles for other heme enzymes. 
[bookmark: _Toc528611378][bookmark: _Toc532558660]1.2.1 Formation of Lactoperoxidase Compound I

The mechanisms of lactoperoxidase catalysis can be complicated, particularly due to the multiple active enzyme intermediates and multiple pathways by which these intermediates can be reached. Lactoperoxidase intermediate species vary in oxidation state of iron, oxidation equivalents, radicalization, and location of radicals, and all intermediates have unique absorption spectra.50 The absorption spectra of the lactoperoxidase intermediates differ in the Soret region, typically ranging between 400 and 500 nm, and also have notable differences in the Q bands, between 500 and 600 nm.50 For example, Figure 1.2 shows the absorption spectra of native lactoperoxidase and two intermediate enzyme species, compound I and compound II. 
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[bookmark: _Toc532558567]Figure 1.2 – Absorption spectra of lactoperoxidase enzyme species.



Regardless of the mechanism of catalysis, lactoperoxidase is always initially activated, by the two-electron oxidation of the native ferric enzyme, which contains an iron heme center with a 3+ oxidation state, by hydrogen peroxide. This forms an intermediate commonly known as compound I, which contains two oxidizing equivalents, Figure 1.3. The iron heme center of compound I has an oxidation state of 4+ accounting for one oxidizing equivalent and an unpaired electron localized to the porphyrin ring accounting for the second oxidizing equivalent. The unpaired electron of compound I is relatively unstable and quickly delocalizes to a nearby amino acid and forms a compound I isomer sometimes designated compound I*, Equation 1.1.51 

	
	
	Equation 1.1



Compound I* has an absorption spectrum similar to that of compound II, an intermediate species resulting from the one-electron reduction of compound I, and still maintains two oxidizing equivalents. However, unlike compound I which can participate in a two-electron oxidation of a halide or pseudohalide, compound I* is relegated to participating in one-electron oxidations.52 Because of the oxidizing limitations, formation of compound I* in the absence of a one-electron donor can effectively inactivate lactoperoxidase.
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[bookmark: _Toc532558568]Figure 1.3 - Structure of lactoperoxidase compound I



[bookmark: _Toc528611379][bookmark: _Toc532558661]1.2.2 The Peroxidase Cycle
[bookmark: _Hlk524513573]The typical substrates of the lactoperoxidase peroxidase cycle are organic aromatic molecules which act as one-electron reductants. The kinetics and mechanism of the peroxidase cycle of lactoperoxidase and horseradish peroxidase were first studied by Chance in 194953 after the discovery of spectral evidence for multiple lactoperoxidase oxidized species was observed by Theorell and Akesson in 1943.54 The peroxidase cycle of lactoperoxidase, which exists as a secondary mechanism in the absence of appropriate halide or pseudohalide substrate, is analogous to the primary catalytic reaction of horseradish peroxidase.55
[bookmark: _Hlk524513015]The peroxidase cycle consists of three stages, Figure 1.4. The first stage is the oxidation of the native enzyme by hydrogen peroxide to produce compound I. In the absence of sufficient concentration of one-electron donating substrate a compound I isomer maintaining two oxidizing equivalents, compound I*, may be produced as discussed in section 1.2.1. Compound I or compound I* is reduced in a one-electron oxidation reaction to compound II which contains one oxidizing equivalent in the iron(IV) catalytic center. Another one-electron reduction of compound II produces native LPO. These reductions produce two equivalents of radicalized substrate, A•, which subsequently react.56
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[bookmark: _Toc532558569]Figure 1.4 - Peroxidase cycle for the lactoperoxidase-catalyzed oxidation of one-electron reducing substrates.



[bookmark: _Toc528611380][bookmark: _Toc532558662]1.2.3 The Halogen Cycle
[bookmark: _Hlk524513477]The halogen cycle is the primary biologically relevant catalytic reaction of lactoperoxidase and is analogous to the halogen cycle catalytic mechanisms of myeloperoxidase and eosinophil peroxidase. It consists of a two-electron oxidation of a small inorganic anion, generally a halide or pseudo-halide, which produces a hypo(pseudo)halous acid which is active in host defense, discussed more in section 1.3 of this work. 
The halogen cycle, like the peroxidase cycle, is initiated by the oxidation of the iron catalytic center by hydrogen peroxide to form compound I, Equation 1.2.1, as discussed in section 1.2.1. Compound I is reduced back to native enzyme in a two-electron redox reaction, generally by a halide or pseudohalide reducing substrate, Equation 1.2.2.41 

	
	
	Equation 1.2.1

	
	
	

	
	
	Equation 1.2.2

	
	
	



The ability of compound I to oxidize a halide or pseudohalide depends on the relative redox potentials of the compound I/native enzyme and halide/hypohalous acid redox couples, Table 1. The compound I/native LPO redox couple has a reduction potential of 1.09 V at pH 7.57 Lactoperoxidase compound I has a sufficient reduction potential to oxidize bromide, iodide, and thiocyanate which have reduction potentials of 0.93 V, 0.57 V, and 0.56, respectively.58-59 However, chloride is unable to be oxidized by lactoperoxidase compound I as its reduction potential is, effectively, too high at 1.08 V.58

Table 1 - Two-electron oxidation potentials for LPO Cpd I, I-, SCN-, Br- and Cl- at pH 7
	Redox Couple (pH 7)
	E° (V)
	Reference

	I- + H2O → HOI + H+ + 2e-
	-0.56
	56

	SCN- + H2O → HOSCN + H+ + 2e-
	-0.57
	57

	Br- + H2O → HOBr + H+ + 2e-
	-0.93
	56

	Cl- + H2O → HOCl + H+ + 2e-
	-1.08
	58

	LPO Cpd I → LPO + 2e-
	-1.09
	57

	MPO Cpd I → MPO + 2e-
	-1.16
	60

	2H2O → O2 + 4H+ + 4e-
	-1.23
	61


[bookmark: _Toc528611381]


[bookmark: _Toc532558663]1.2.4 Catalase Activity
Catalase is a heme enzyme with a discovery predating that of lactoperoxidase by at least a decade, with the first discussion of the named enzyme occurring in 1900.62 The main function of catalase is to catalyze the reduction of potentially cytotoxic hydrogen peroxide to water and molecular oxygen. 
The mechanism of catalase action has been studied enzymatically, kinetically, and via computer model.63-65 The long accepted mechanism is known as the Bonnichsen, Chance, and Theorell (BCT) mechanism which is similar to the mechanism of the halogen cycle of the mammalian peroxidases in that it involves a two-electron oxidation.63 The first step of the mechanism is the oxidation of catalase by hydrogen peroxide to produce catalase compound I, Equation 1.2.3. Then catalase compound I oxidizes a second equivalent of hydrogen peroxide in a two-electron oxidation to produce molecular oxygen, Equation 1.2.4. This puts hydrogen peroxide in the position of being both the oxidizing and reducing substrate of the overall reaction which converts two equivalents of hydrogen peroxide to two water molecules and one molecular oxygen. The variation in the rate of hydrogen peroxide consumption by catalase as compared to other heme enzymes that exhibit catalase-like activity has also been studied, Table 2. 

	
	
	Equation 1.2.3

	
	
	

	
	
	Equation 1.2.4




Table 2 - Maximum velocities of catalase activity for various catalase species and catalase-like activity for non-catalase heme enzymes.
	Enzyme
	V (M-1s-1)
	pH
	References

	Erythrocyte Catalase
	3x107
	7
	66

	Bacterial Catalase
	6x107
	7
	66

	Micrococcus lysodeikticus catalase
	1x107
	7
	67

	Horse Blood Catalase
	4x107
	7
	68

	Myeloperoxidase
	2x106
	7.4
	69

	Chloroperoxidase
	2x105
	4.5
	70

	Horseradish Peroxidase
	5x102
	8
	71

	Bovine Cytochrome Oxidase
	2x102
	7
	72




The second reaction, Reaction 1.2.4, is the rate-limiting reaction for catalysis and has been assumed to be a two-electron oxidation as discussed above, but there is still some debate over the intimate mechanism of this step. The second step is generally assumed to occur as a two-electron oxidation. However, there is evidence that two one-electron oxidations steps occur for the reduction of H2O2 by catalase. An isotopic labeling study indicates that the O-O hydrogen peroxide bond is not broken, but that a histidine residue nearby the catalytic center is involved in the oxidation67 and a molecular modeling study indicates that a histidine mediated acid-base reaction mechanism, Figure 1.5, or a radical mechanism, Figure 1.6, may more accurately describe the mechanism.65 



[image: ]
[bookmark: _Toc532558570]Figure 1.5 - Acid-base mediated reduction of hydrogen peroxide by catalase.
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[bookmark: _Toc532558571]Figure 1.6 - Radical mechanism of the reduction of hydrogen peroxide by catalase.

The literature concerning the mechanism of the catalase-like action of heme peroxidases has been thoroughly reviewed by Obinger et al.73 Most heme peroxidases are not capable of true catalase activity as described in Equations 1.2.3 and 1.2.4 with the exception of myeloperoxidase which has been shown to exhibit true catalase activity in addition to catalase-like activity unique to the other peroxidases.69 This explains why myeloperoxidase has the highest rate of catalase activity as compared to other heme peroxidases, Table 2, although it is not as efficient as catalase enzymes.
Lactoperoxidase has been shown to exhibit pseudo-catalase activity via two different pathways, Figure 1.7.50, 74 Lactoperoxidase pseudo-catalase activity can occur in the absence of typical reducing substrate and excess hydrogen peroxide with respect to enzyme concentration. Hydrogen peroxide acts, first, as a two-electron oxidant to oxidize native lactoperoxidase to produce compound I. Compound I is then reduced to compound II by a one-electron reduction by hydrogen peroxide producing superoxide. Compound II is then reduced back to native lactoperoxidase by superoxide completing the catalytic cycle.74  
It should be noted at this point that there has been some contention in the literature about the species involved in the one-electron reduction of compound I to compound II during pseudo-catalase activity. Hydrogen peroxide may act as a one-electron reductant as discussed above; however, compound I is also capable of spontaneously undergoing one-electron reduction in the absence of excess hydrogen peroxide indicating that oxidizable groups such as nearby amino acid residues may also be active in compound I reduction.50, 75 
When a large excess of hydrogen peroxide is introduced, compound I is produced by the reaction of native enzyme with hydrogen peroxide. Compound I is then reduced to compound II either by hydrogen peroxide or by a nearby amino acid as discussed above. Compound II is oxidized to compound III by hydrogen peroxide in a two-electron oxidation. The fate of compound III depends on the reaction conditions. Compound III can release superoxide or molecular oxygen to form native enzyme or ferrous enzyme, respectively. If ferrous enzyme is formed, it can undergo two-electron oxidation by hydrogen peroxide to form compound II.75 There is also evidence that compound III undergoes slow irreversible inactivation by the loss of heme iron in the presence of large excess of hydrogen peroxide.76 
  Lactoperoxidase catalase activity can also occur in the presence of iodide via the reaction of hydrogen peroxide with hypoiodite to produce two water molecules and molecular oxygen. In the first step, hypoiodite is produced through the lactoperoxidase halogen cycle which also produces water, section 1.2.3. Hypoiodite then oxidizes H2O2 to produce molecular oxygen and water.77

[image: ]
[bookmark: _Toc532558572]Figure 1.7 - Mechanism of pseudo-catalase action of lactoperoxidase.
[bookmark: _Toc528611382][bookmark: _Toc532558664]1.2.5 Inhibition of Lactoperoxidase Activity

A variety of molecules have been studied as inhibitors of lactoperoxidase or its products. These methods of inhibition can be separated into two categories, which will be referred to here as enzyme inhibitors and product inhibitors. Enzyme inhibitors directly affect the ability of the enzyme to produce the desired product. Product inhibitors effect the ability of the product, usually hypothiocyanite, to act as desired.
One type of enzyme inhibitor which includes cyanide and fluoride react with the iron catalytic center. This blocks hydrogen peroxide from oxidizing the iron heme center preventing catalysis.78-80 Hypothiocyanite is also known to indirectly cause enzyme inhibition by this mechanism through the production of cyanide and cyanate via the comproportionation of hypothiocyanite and thiocyanate at neutral pH.81-82
There are multiple methods by which lactoperoxidase can be irreversibly inactivated leading to enzyme inhibition. Hydrogen peroxide, which acts as the oxidizing substrate for lactoperoxidase, can act as an enzyme inhibitor by diverting the enzyme to another catalytic cycle which does not produce HOX, see section 1.2.4, or inactivating the enzyme by overoxidation resulting in cleavage of the heme and release of iron.74 Amitrole (3-amine-1,2,4-traizole) and 1-methylbenzymidazolidine-2-thione were also shown to cause suicide inhibition of lactoperoxidase by irreversible covalent binding of an intermediate to an important amino acid residue.83-84
There are also studies that indicate that some organic aromatic molecules can act as reversible enzyme inhibitors.83-86 The mechanism of inhibition has not been thoroughly studied for all of the inhibitory molecules, but structural analysis of lactoperoxidase binding with organic aromatics which act as one-electron reducing substrates compared with organic aromatic molecules which act as inhibitors was reviewed by Sharma et al.18 They noted that organic aromatic compounds which act as reducing substrates for lactoperoxidase bind to the binding pocket, but do not disturb the water molecule coordinated to the iron center which is displaced when hydrogen peroxide oxidizes the catalytic metal center discussed in section 1.1.2. However, the organic aromatic compounds which act as inhibitors displace the iron coordinated water and peroxide is unable to bind.18
Product inhibitors act by reacting with hypothiocyanite which inhibits its ability to interfere in microbial activity. There are few cases presented in the literature of product inhibition given the rapid rate of reaction of hypothiocyanous acid with bacterial thiols. Furthermore, kinetic experiments under conditions relevant to in vivo conditions are difficult to perform. However, cyanide, in addition to enzyme inhibition, may react competitively in vivo at neutral pH with hypothiocyanite leading to inhibition.87 Hypothiocyanite will also react rapidly with biological thiols such as reduced glutathione which may have an inhibitory effect on the antimicrobial action of hypothiocyanite.88
[bookmark: _Toc528611383][bookmark: _Toc532558665]1.3 Hypothiocyanite
[bookmark: _Toc528611384][bookmark: _Toc532558666]1.3.1 Biological Importance of Thiocyanate and Hypothiocyanite
Thiocyanate (SCN-) is a pseudo-halide precursor compound for hypothiocyanite. Pseudo-halides are defined as polyatomic univalent anions which are chemically similar to halogens.89 Thiocyanate was first found to be biologically active nearly a century before hypothiocyanite was proposed to be the possible product of the lactoperoxidase enzyme in milk and the source of the antibacterial properties of milk.90 Common in physiological fluids, particularly in the secretory mucosae where lactoperoxidase is almost ubiquitously present, thiocyanate is supplemented into mammals by a plant based diet.91-92 Thiocyanate is also produced as the product of the detoxification of cyanide.93
The function, properties, and reactions of hypothiocyanite were reviewed in 2012.94 Hypothiocyanite/hypothiocyanous acid is a weak acid with a pKa of 5.3.95 It has never been isolated, primarily as a consequence of its highly reactive nature, particularly near its pKa.82 Hypothiocyanous acid is similar in structure and function to the hypohalous acids hypochlorous acid and hypobromous acid, the products of which are the mammalian heme peroxidases myeloperoxidase and eosinophil peroxidase, respectively. Like these hypohalous acids, hypothiocyanite displays potent antimicrobial, antifungal, and antiviral activity.96-97 
Hypothiocyanite may be produced in vivo through two known methods. The method by which a majority of endogenous hypothiocyanite is produced is the lactoperoxidase-catalyzed oxidation of thiocyanate by hydrogen peroxide as discussed in section 1.2.3. Hypothiocyanite may also be produced by the oxidation of thiocyanate by hypobromous acid and hypochlorous acid effectively neutralizing the more toxic hypohalous acids.98 
The antimicrobial action of hypothiocyanite arises from the oxidation of bacterial sulfhydryls resulting in the production of sulfenyl thiocyanate and sulfenic acid derivatives. The oxidation causes bacterial crosslinking of sulfur residues inhibiting bacterial respiration.99-100 Unlike hypochlorous acid and hypobromous acid, hypothiocyanite is unique in its ability to selectively oxidize bacterial sulfhydryls while leaving mammalian cells undamaged.88, 101
Hypothiocyanite also undergoes a decomposition at neutral pH via a cascade of comproportionation, disproportionation, and hydrolysis reactions which ultimately results in the decomposition products SO32-, SO42-, SCN-, CN-, and OCN-, Equations  1.3.1-1.3.10.82 
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[bookmark: _Toc528611385]1.4 Sulfur and Selenium
Sulfur and selenium belong to group 16 of the periodic table. They are, along with oxygen, tellurium, and polonium, members of the oxygen family also known as chalcogens. Sulfur and selenium are more similar in physical and chemical properties than any other two main-group elements. However, while they are both essential for life, only selenium is considered to be toxic. 
This section discusses the similarities and differences between sulfur and selenium as well as the biological significance of selenium.  This topic has been discussed thoroughly in Biological Chemistry of Hydrogen Selenide, a review article published in Antioxidants by myself and Dr. Michael T. Ashby.102
[bookmark: _Toc528611386][bookmark: _Toc532558667]1.4.1 Physical and Chemical Properties of Sulfur and Selenium  
Though sulfur is approximately 10,000 times more naturally abundant than selenium, and sulfur and selenium are more similar than any other main-group elements, selenium is an essential trace element selected for specific biological purposes. This must occur based on selenium’s unique properties, the most significant being its high reactivity and low ionization energies as compared to sulfur, Table 3. The unique characteristics of selenium causes selenium congeners of sulfur molecules to react with faster rates103 and maintain higher oxidation states than their sulfur counterparts.104-105 These properties allow for the selection of selenium for specific biological purposes over the much more abundant sulfur discussed in section 1.4.2.


Table 3 - Chemical Properties of Sulfur and Selenium
	Property
	
	Sulfur
	Selenium
	Reference

	Average atomic mass (amu)
	
	32.06
	78.96
	–

	Covalent radius (pm)
	
	100
	115
	106

	Bond Length
	
	134 (S-H)
180 (S-C)
205 (S-S)
	146 (Se-H)
196 (Se-C)
232 (Se-Se)
	107

	Bond Energy (kJ•mol-1)
	HX-H
CH3X-CH3
CH3X-XCH3
	381.6 (S-H)
307.9 (S-C)
273.6 (S-S)
	334.9 (Se-H)
234 (Se-C)
197.6 (Se-Se)
	108-111

	Ionization Energies (kJ•mol-1)
	1st
2nd
3rd
	999.6
2251
3361
	940.9
2045
2974
	112

	Electron affinity
	
	200
	195
	113

	Electronegativity
	
	2.58
	2.55
	114

	pKa1,(H2X)
	
	6.88
	3.89
	115-116

	pKa2,(HX-)
	
	14.15
	15.1
	99,117


[bookmark: _Toc528611387]


[bookmark: _Toc532558668]1.4.2 Physiological Significance of Selenium
The field of selenium chemistry began growing rapidly in 1957 when it was discovered to be a necessary trace element in mammalian physiology.118 However, selenium is also a toxin, with a relatively narrow physiological concentration range earning it pseudonyms such as ‘the essential poison’ and ‘the double edged sword.’119-120 The physiological concentration of selenium in blood serum is normally between 70-150 ng/mL for humans over 1 year of age.121 The U.S. Department of Health and Human Services sets a Recommended Daily Allowance of 55 ug/day and a Tolerable Upper Intake Level (UL) of 400 ug/day.122-123 Exceeding the UL can lead to selenosis which can be acute or chronic and cause garlic odor of breath, vomiting, diarrhea, hair loss, brittleness of fingernails, and death.124 
Selenium is considered a necessary trace element primarily due to its presence in the amino acid selenocysteine and is also presence in selenomethionine.125-126 Selenocysteine is specifically selected for inclusion into the active sites of selenoproteins and selenomethionine is randomly incorporated into protein methionine sites.127 As expected, given the status of selenium as a necessary trace element, a diet chronically lacking in selenium also leads to health issues. Selenium deficiency is associated with Kaschin-Beck Disease (Big Bone Disease)128 and white muscle disease.129 
Selenium is supplemented in mammals through diet in the form of the organic and inorganic selenium molecules: selenomethionine, selenocysteine, selenite, and selenate. Inorganic forms of selenium tend to be more toxic than organic forms although the reason is unknown.130 However, increased toxicity of inorganic selenium species may be due to the interference of selenium compounds in sulfur redox equilibria.131-132 Selenocyanate has also been discovered to be present in human fluids as a detoxification product of selenite133 and has also been shown to concentrate in the secretory mucosae using the same transport mechanisms as thiocyanate.134 The possible biological functions of selenocyanate, however, have not been studied until now. 
[bookmark: _Toc528611388][bookmark: _Toc532558669]1.5 Summary
Human peroxidases, by means of the formation of hypohalous acids, are extremely powerful in mammalian innate host defense. Hypothiocyanite is unique among the other hypohalous acid species in its ability to selectively inhibit bacteria without damaging host tissue.88 The biological significance of hypothiocyanite in addition to the ease with which lactoperoxidase is isolated compared to myeloperoxidase and eosinophil peroxidase explains why it is one of the more well studied members of the peroxidase family.11 However, even given the similarities between sulfur and selenium, the role of selenocyanate in the lactoperoxidase system has not been studied. Furthermore, the selenium analog of hypothiocyanite, hyposelenocyanite, has never previously been observed. 
The initial purpose of this research was to observe and characterize the novel species hyposelenocyanite by the study of its mechanisms of production using various synthetic methods and its stability as compared to analogous studies for the sulfur analog. The ability of lactoperoxidase to catalyze the oxidation of selenocyanate to produce hyposelenocyanite was of special interest as this would raise questions about the possible relevance of hyposelenocyanite in vivo or its possible therapeutic uses. However, our investigation of hyposelenocyanite as a substrate for lactoperoxidase resulted in data that challenged the literature mechanism for the lactoperoxidase halogen cycle. The research presented in this work compares hyposelenocyanite and its chemical properties to hypothiocyanite, but the main focus of this dissertation is our reexamination of the literature mechanism of the lactoperoxidase-catalyzed oxidation of halides and pseudo-halides.

[bookmark: _Toc528611389][bookmark: _Toc532558670]– PRODUCTION AND STUDY OF HYPOSELENOCYANITE
[bookmark: _Toc528611390][bookmark: _Toc532558671]2.1 Introduction

The independent synthesis of the selenium derivative of hypothiocyanite (OSCN‑), hyposelenocyanite (OSeCN-), using various synthetic methods, was used to determine if this molecule can be produced and to observe its physical and chemical properties. Chapter 2 will discuss the synthesis of OSeCN- using two methods: the oxidation of SeCN- by hypochlorous acid (HOCl) under alkaline conditions, and the LPO‑catalyzed oxidation of SeCN- by H2O2. These synthesis methods were chosen due to their previous success being used to synthesize OSCN-. Analysis of redox potentials was also performed to predict the ability of the methods to produce OSeCN-. Using methods to synthesize OSeCN- by which OSCN- has been previously synthesized (and mechanisms and rate constants determined), allowed for the direct comparison of the production and decomposition rates of OSeCN- as compared to OSCN-. 
2.2 Production of Hyposelenocyanite by the Oxidation of Selenocyanate by Hypochlorous Acid Under Alkaline Conditions
OSCN- has been independently synthesized by the oxidation of SCN- by hypohalous acids of higher oxidation potential at alkaline pH.135-136 This independent synthesis has facilitated the study of OSCN- and its properties, reaction mechanisms and kinetics, and its likely action in vivo as discussed in section 1.3. Synthesis of OSCN- has also allowed for the independent characterization of hypothiocyanite via NMR,137 UV-Vis,137-138 and mass spectroscopy.139 
	The ability of SCN- to be oxidized to OSCN- by a hypohalous acid or hydrogen peroxide is dependent upon the relative redox potentials of the species, Table 4. Hydrogen peroxide is known to oxidize SCN- in an exceedingly slow pH-dependent reaction with a rate constant of 3.1(3)x10-2 M-1·min-1 at pH 7 and 6.9x10-3 M-1·min-1 at pH 13.140 HOBr and HOCl oxidize SCN- much faster with rate constants of 2.3x109 M-1·s-1 and 2.34(9)x107 M-1·s-1, respectively.49, 98 The effective rate constants for the oxidation of SCN- by HOBr and HOCl are pH dependent because the acids (HOX) have higher reactivities compared to the conjugate bases (OX-) of the species.49, 98
The relative redox potentials of selenocyanate and hypochlorous acid indicate that the oxidation of SeCN- by HOI, HOBr, and HOCl should be possible, Table 4.141 The oxidation of SeCN- by HOCl was observed via stopped-flow UV-Vis spectroscopic analysis to determine if OSeCN- is produced, the rate of its production and decomposition, and to observe its spectral features for characterization.

Table 4 – Standard two-electron oxidation potentials of halides, pseudohalides, and hydrogen peroxide.94, 141
	Redox Couple
	E° (V)

	2 SeCN- → (SeCN)2 + 2e-
	-0.42

	2 I- → I2 + 2e-
	-0.536

	2 SCN- → (SCN)2 + 2e-
	-0.77

	2 Br- → Br2 + 2e-
	-1.065

	2 Cl- → Cl2 + 2e-
	-1.360



	Redox Couple (pH 0)
	E° (V)

	SeCN- + H2O → HOSeCN + H+ + 2e-
	Unknown

	I- + H2O → HOI +H+ + 2e-
	-0.987

	SCN- + H2O → HOSCN + H+ + 2e-
	-0.82

	Br- + H2O → HOBr +H+ + 2e-
	-1.331

	Cl- + H2O → HOCl +H+ + 2e-
	-1.484

	2 H2O → H2O2 + 2H+ + 2e-
	-1.77



	Redox Couple (pH 14)
	E° (V)

	SeCN- + 2OH- → OSeCN- + 2e- + H2O
	Unknown

	I- + 2OH- → OI- + 2e- + H2O
	-0.485

	SCN- + 2OH-  → OSCN- + 2e- + H2O
	-0.44

	Br- + 2OH- → OBr- + 2e- + H2O
	-0.761

	Cl- + 2OH-  → OCl- + 2e- + H2O
	-0.841

	3OH- → HO2- + H2O + 2e-
	-0.87




[bookmark: _Toc528611391][bookmark: _Toc532558672]2.2.1 Kinetics of the Production of Hyposelenocyanite by the Oxidation of Selenocyanate by Hypochlorous Acid under Alkaline Conditions 
OSeCN- was produced by the oxidation of SeCN- by HOCl at alkaline pH. OSeCN- was found to have a UV-Vis absorption peak with a λmax at 378 nm, Figure 2.1. The λmax observed for OSeCN- is only slightly shifted compared to the UV-Vis absorption peak for OSCN-, λmax = 376 nm.94 
The reaction of HOCl with SeCN- at alkaline pH was observed spectrophotometrically at 292 nm to observe the change in absorbance of OCl-, λmax = 292 nm and ε292nm = 350 M-1cm-1.142 Pseudo-first-order concentration conditions with respect to [SeCN-] were used to observe the reaction of HOCl with SeCN-. Pseudo-first-order conditions with respect to reductant were used to avoid overoxidation.94 The traces collected for the change in [OCl-] were fit to a first-order integrated rate equation to determine the effect of varying [SeCN-] on the observed rate constants, Figure 2.2. The rate of the reaction of HOCl with SeCN- at pH 12.6 exhibited a pseudo-first-order dependency on [SeCN-], Figure 2.3.
Since HOCl is the reactive species compared to the conjugate base OCl-, varying the pH such that OCl- becomes the dominant species in solution slows the reaction so that it can be observed more easily. The reaction of HOCl with SCN- is dependent on the pH dependent equilibrium of HOCl and OCl- according to equations 2.2.1 and 2.2.2. The steady-state approximation can be used to derive the rate law as shown by Ashby et al.49 in equations 2.2.1-2.2.10:
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When the reaction is under pseudo-first-order conditions (k1>>k2[SCN]):
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The rate constant of the reaction of HOCl with SCN- is reported to be 2.34(9)x107 M-1s-1.49 The observed second-order rate constant uncorrected for pH can be determined using equation 2.2.9 for the reaction of HOCl with SCN- at pH 12.6 and was calculated to be 2.8(1)x102 M-1s-1.49 The observed rate constant of the reaction of HOCl with SeCN- at  pH 12.6, 7.0(1)x103 M-1s-1, is one order of magnitude higher than that of HOCl with SCN- at pH 12.6, Figure 2.3. The rate constant k2 for the reaction of HOCl with SeCN- can be calculated using equation 2.2.10 to be 1.2(2)x109 M-1s-1, which is two orders of magnitude higher than that reported for the reaction of HOCl with SCN-. 
[image: ]
[bookmark: _Toc532558573]Figure 2.1 - Spectra of Hyposelenocyanite at pH 13 as produced by the oxidation of SeCN- by HOCl at pH 13. The post-mixing reactant concentrations were [HOCl] = 5 mM and [SeCN-] = 5 mM in 0.1 M NaOH.
[image: ][image: ]
[bookmark: _Toc532558574]Figure 2.2 – Fitted trace of OCl- at 292 nm upon mixing of [SeCN-] = 5 mM with [OCl‑] = 5 mM at pH 13 in 0.1 M NaOH (after mixing concentrations). Traces from eight mixing cycles were averaged to obtain the final trace (solid line) and fit to the first-order integrated rate equation (dotted line).
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[bookmark: _Toc532558575]Figure 2.3 – [SeCN-] dependency on the observed rate constant for the oxidation of SeCN‑ by HOCl at pH 12.6 in NaOH under pseudo-first-order conditions with respect to SeCN-. Post-mixing concentration of [OCl-] was held constant at 100 uM. The reaction was monitored at 292 nm to observe the decrease in [OCl-]. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces. The slope of the line gives the second-order rate constant 7.0(1)x103 M-1·s-1 at pH 12.6.

[bookmark: _Toc528611392][bookmark: _Toc532558673]2.2.2 Kinetics of the Decomposition of Hyposelenocyanite under Alkaline Conditions 
Decomposition of OSCN- at alkaline pH occurs through the hydrolysis of OSCN- by OH- to produce a thiocarbamate-S-oxide intermediate and finally NH4+, HCO3-, and elemental sulfur.143 OSCN- hydrolysis at alkaline pH is a second-order reaction, first-order in both [OH-] and [OSCN-] and independent of [SCN-] with a second-order rate constant of 4.24(5)x10-3 M-1s-1.143 
The rate of decomposition of OSeCN- at alkaline pH was established to determine its lifetime and assess the type of analysis which can be done to characterize and test the properties of OSeCN-. The decomposition rate of OSeCN- was measured at 378 nm to directly observe the decomposition of OSeCN- which has a λmax at 378 nm and a molar absorption coefficient of approximately 28.5 M-1cm-1, Figure 2.4.
OSeCN- was synthesized by the oxidation of SeCN- by HOCl at pH 12.68 and the decomposition of OSeCN- was observed as a function of [OCl-] and [SeCN-] under pseudo-first-order conditions with respect to [SeCN-]. The observed rate constant of decomposition of OSeCN- at pH 12.68 is 91.5(8) s-1 and is independent [SeCN-] and [OCl-] indicating the reaction is first-order in OSeCN- and independent of [SeCN-], Tables 5 and 6. The observed rate constant of hydrolysis of OSCN- at pH 12.68 is 2.03(5)x10-4 s-1, five orders of magnitude slower than OSeCN- decomposition at the same pH.143 The independence of the rate of decomposition of OSeCN- on [SeCN-] and first-order dependence on [OCl-], are consistent with what is observed for the hydrolysis of OSCN- by [OH-] at alkaline pH.143 However, pH dependent studies as well as characterization of the products of the decomposition should be done in the future to determine if the mechanism of decomposition is the same for OSCN- and OSeCN-.


[image: ]
[bookmark: _Toc532558576]Figure 2.4 - Decomposition of OSeCN- produced by the oxidation of SeCN- by HOCl at alkaline pH.


Table 5 - Rate of decomposition of OSeCN- at pH 12.68 as [OCl-] is varied.
	[OCl-](mM)
	k (s-1)

	3.4
	93.9(2)

	6.8
	92.22(9)

	13.6
	90.07(9)

	Average
	92(2)


aThe post-mixing concentration of [SeCN-] was 200 mM (constant) and [OCl-] was varied from 3.4-13.6 mM in NaOH.



Table 6 - Rate of decomposition of OSeCN- at pH 12.68 as [SeCN-] is varied.
	[SeCN-](mM)
	k (s-1)

	50
	88.4(2)

	100
	90.6(1)

	200
	93.9(2)

	Average
	91(3)


aThe post- mixing concentration of [OCl-] was 3.4 mM (constant) and [SeCN-] was varied from 50-200 mM in NaOH.


[bookmark: _Toc528611393][bookmark: _Toc532558674]2.3 Synthesis of Hyposelenocyanite by the Lactoperoxidase-Catalyzed Oxidation of Selenocyanate by Hydrogen Peroxide at Neutral pH
The lactoperoxidase-catalyzed oxidation of thiocyanate by hydrogen peroxide is a commonly used method to produce and study hypothiocyanite in a laboratory setting. The currently accepted mechanism of lactoperoxidase catalysis for thiocyanate oxidation is called the halogen cycle and is reviewed in section 1.2.3. However, the ability of lactoperoxidase to facilitate the oxidation of selenocyanate to produce hyposelenocyanite has never been determined. Time-resolved stopped-flow UV-Vis studies were conducted to determine the ability of lactoperoxidase to use selenocyanate as a reducing substrate to reduce hydrogen peroxide as well as to characterize the product of the reaction. 
[bookmark: _Toc528611394][bookmark: _Toc532558675]2.3.1 Characterization of Hyposelenocyanite Produced by the Lactoperoxidase-Catalyzed Oxidation of Selenocyanate by Hydrogen Peroxide at Neutral pH
LPO primarily catalyzes the oxidation of SCN- by H2O2 via the halogen cycle using a two-electron redox reaction to produce OSCN- in vivo, section 1.2.3. However, LPO is also capable of utilizing halides such as I- and Br- as reducing substrates for the same two-electron oxidation. Here we explore the ability of LPO to utilize selenocyanate as a reducing substrate for the lactoperoxidase halogen cycle. As a dual functioning technique, a TNB (5-thio-2-nitrobenzoic acid) assay (which has been previously used to observe the kinetics of OSCN-) has been used to simultaneously characterize OSeCN- and observe the kinetics of its production spectrophotometrically by the LPO system at neutral pH.88, 144-145 Figure 2.5 shows the typical spectral change of the TNB spectra as the production of HOX is monitored by TNB assay.
[bookmark: _Hlk527900928]TNB reacts rapidly with 2:1 stoichiometry with HOX to produce 5,5’-dithiobis-(2-nitrobenzoic acid), DTNB and X-.88 The reaction of OSCN- with TNB is very fast with an effective second-order rate constant of 4.37(3)x105 M-1s-1 at pH 7.4.88 TNB and DTNB have strong visible absorption peaks at 412 nm and 324 nm, respectively. TNB has a large molar extinction coefficient of λmax = 14,150 M-1cm-1.146 As such, the HOX reaction kinetics are typically monitored at 412 nm to observe the decrease in [TNB] when the TNB assay is used, but may also be monitored at 324 nm to observe the production of DTNB.
The ability of TNB to react with the product of the LPO-catalyzed oxidation of SeCN- by H2O2 as well as the 2:1 stoichiometry of said reaction can be used to confirm that OSeCN- is the likely product of this reaction, Table 7. Furthermore, the first-order dependence of the observed rate constant of the LPO-catalyzed oxidation of SeCN- by H2O2 on [LPO] is a good indicator that the production of OSeCN- is observed by the TNB assay, Figure 2.6. The reaction of TNB with OSeCN- is not catalyzed by LPO so the reaction observed by the TNB assay must be the LPO-catalyzed oxidation of SeCN-.
[image: ]
[bookmark: _Toc532558577]Figure 2.5 - Spectral change of TNB assay during the LPO-catalyzed oxidation of SeCN- by H2O2. The peak at 412 nm represents the decrease in [TNB] and the increase at 324 nm represents the increase in [DTNB]. 
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[bookmark: _Toc532558578]Figure 2.6 – Rate of the LPO-catalyzed oxidation of SeCN- by H2O2 as a function of [LPO]. Post-mixing concentrations were [SeCN-] = 50 mM, [H2O2] = 40 uM, [TNB] = 274 uM, and [LPO] = 0.5-4 uM. The reaction was monitored at 324 nm to observe the rate of production of DTNB. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 10 so that the error bars would be visible on the plot.



Table 7 - Ratio of [H2O2] to change in [TNB] during the LPO-catalyzed oxidation of SeCN- by H2O2 as a function of [H2O2]
	[H2O2] (uM)
	Change Absorbance at 412 nm
	Change in [TNB] (uM)
	[TNB]/[H2O2]

	7.5 
	0.21
	14.8
	2.0

	15
	0.41
	29
	1.9

	30
	0.76
	54
	1.8


aThe post-mixing concentrations were [LPO] = 1 uM, [SeCN-] = 1 mM, [TNB] = 70 uM, and [H2O2] = 7.5-30 uM.


[bookmark: _Toc528611395][bookmark: _Toc532558676]2.3.2 Stability of Hyposelenocyanite Near Neutral pH
Determination of the stability of hyposelenocyanite was necessary to assess what types of analysis could be performed to characterize the compound. Stopped-flow UV-Vis analysis and the TNB assay was used to determine the rate of decomposition of OSeCN- produced by the LPO-catalyzed oxidation of SeCN-. A double-mixing experiment was used to react LPO, SeCN-, and H2O2 to produce OSeCN- in the first mixing cycle. The age time following the first mixing cycle, τ, was varied to allow decomposition of OSeCN- before TNB was introduced in the second mixing cycle. The change in [TNB] was used to determine how much OSeCN- was present after each age time assuming that the biproducts would not react with TNB, though this may not be the case. Because the LPO system was used to produce OSeCN-, the decomposition could not be measured until the production of OSeCN- was complete. Under the conditions used for these experiments, [SeCN-] = 1.3 mM, [H2O2] = 40 uM, and [LPO] = 1 uM, the half-life of OSeCN- production was 57.98(2) ms. The minimum initial age time that could practically be used to determine decomposition rate was approximately four times the half-life, 4 x t1/2 = 0.23 s. At an age time of 0.2 seconds, it appears 24 uM of OSeCN- remains of what should be an initial 40 uM. However, as the age time is varied the rate of further decomposition is slower than expected given the initial concentration change, Figure 2.6. The large initial decomposition, at τ = 0.2 seconds, and the slow decomposition that follows indicates that OSeCN- decomposes rapidly to a more stable decomposition product which also reacts quickly with TNB. The initial ratio of this decomposition product is approximately 1:2 with H2O2 indicating that the decomposition product might be the overoxidation product O2SeCN- which may also react with two equivalents of TNB to produce DTNB. OSeCN- can be determined to undergo rapid decomposition at pH 7, but the actual rate of decomposition cannot be determined due to the relatively slow method of production.


[image: ]
[bookmark: _Toc532558579][bookmark: _Toc527899731]Figure 2.7 - Rate of decomposition of the hyposelenocyanite decomposition product at pH 7.4. Post-mixing concentration conditions of [SeCN-] = 1.3 mM, [LPO] = 1 uM, [H2O2] = 40 uM, and [TNB] = 100 uM. A double mixing experiment was used where OSeCN- was produced in the first mixing cycle by the reaction of a mixture of SeCN- and LPO with H2O2. The product was then reacted with TNB in the second mixing cycle after varying age times and the absorbance at 412 nm was converted to product concentration using εTNB(412nm) = 14,150 M-1cm-1 at a 2:1 stoichiometric ratio of TNB to product. 
[bookmark: _Toc528611396][bookmark: _Toc532558677]2.4 Conclusion
We have successfully synthesized OSeCN- using two different methods which have previously been used to produce OSCN-. The oxidation of SeCN- by HOCl at alkaline pH produced OSeCN- at a significantly faster rate than OSCN- is produced using the analogous method. The rate of decomposition of OSeCN- at alkaline pH is also much faster than the hydrolysis of OSCN- under analogous pH conditions. The rapid decomposition of OSeCN- at alkaline pH, with a half-life of approximately 8 ms near pH 13, limits the types of characterization analysis which can be performed. The increased rate of production and decomposition of OSeCN- was not unexpected due to the reactive nature of selenium derivatives as compared to their sulfur analogs;147-149 however, it is unfortunate because there are many characterization techniques which cannot be utilized for a species as short-lived as OSeCN- such as gas chromatography, mass spectrometry, ion chromatography, and NMR. However, the rapid decomposition of OSeCN- makes stopped-flow UV-Vis an ideal technique for analysis due to its ability to detect extremely short-lived species. This is especially true, given that not only is OSeCN- active in the UV-Vis range, but can also be analyzed via TNB assay. 
[bookmark: _Toc528611398][bookmark: _Toc532558678]2.5 Future Work
Since OSeCN- is a short-lived molecule the future studies which may be undertaken for its study are somewhat limited. However, a pH dependent stopped-flow study of the decomposition of OSeCN- can be used to determine the pH corrected rate constant of decomposition. Also, a double-mixing pH jump study which produces OSeCN- by the oxidation of SeCN- by HOCl at alkaline pH in the first mixing cycle and then decreases the pH in the second mixing cycle should be done to determine the rate of decomposition near neutral pH. The rate of decomposition of OSeCN- at neutral pH should be determined to assess the likelihood of OSeCN- to have therapeutic significance. Determination of the final decomposition products of OSeCN- at alkaline and neutral pH may also shed light on its mechanism of decomposition, particularly at alkaline pH to determine if the selenium species analogous to thiocarbamate-S-oxide exists.143 Studies at acidic pH would prove difficult due to the tendency of SeCN- to rapidly decompose into elemental selenium and hydrogen cyanide at low pH.150 

[bookmark: _Hlk527378672][bookmark: _Toc528611399][bookmark: _Toc532558679][bookmark: _Hlk525312149][bookmark: _Hlk527724575]– LACTOPEROXIDASE MECHANISTIC STUDIES
[bookmark: _Toc528611400][bookmark: _Toc532558680]3.1 Introduction
The rates of lactoperoxidase-catalyzed oxidation of various anionic reducing substrates by hydrogen peroxide have been studied alongside the other members of the oxidoreductase family of enzymes. This literature is reviewed in section 1.2. The biological reactions of the primary product of the lactoperoxidase system, hypothiocyanite, is reviewed in section 1.3.1. However, results reported here are inconsistent with mechanisms that have been reported in the literature, particularly under conditions of low concentration of reducing substrate where our results show the reaction becomes biphasic. These low concentration conditions may be physiologically relevant considering the concentration of thiocyanate in physiological fluids where lactoperoxidase is present can be as low as 0.1 uM.46 The reason biphasic kinetics may not have been observed in previous studies of lactoperoxidase may be the consequence of the experimental methods employed. Enzyme kinetics are generally observed and analyzed differently than non-enzymic reaction kinetics. For instance, in many cases initial rates and Michaelis-Menten kinetics are used for analysis of enzymes. While these techniques offer valuable information about the maximum velocity of the catalysis, turnover numbers, and the concentration of substrate at which the enzyme becomes saturated under steady-state conditions, it is unsurprising that biphasic pre-steady-state kinetics may have gone unobserved in the majority of lactoperoxidase mechanistic studies. This is not to say that similar biphasic kinetics have not been observed previously in the literature, but they have not been fully explored or explained.144 Biphasic kinetics are more often observed in myeloperoxidase research, but it is clear that the results discussed in this chapter are not analogous to the observations in the myeloperoxidase studies which are often attributed to a change in the primary catalytic mechanism.69, 145, 151 
	In this chapter we will describe and mathematically model the expected kinetics of the accepted method for the lactoperoxidase-catalyzed halogen cycle, which describes the oxidation of halide and pseudohalide reducing substrates, X-, by hydrogen peroxide, section 1.2.3. These models will be compared to experimental data under pseudo-first-order concentrations of X- with respect to H2O2 as well as stoichiometric concentrations of H2O2 and X-. The limitations of the accepted mechanism will be discussed and a new mechanism, which uses an ordered sequential mechanism where hydrogen peroxide acts as a tight binding inhibitor, will be proposed for the LPO-catalyzed oxidation of X- by H2O2.
[bookmark: _Toc528611401][bookmark: _Toc532558681]3.1.1 Literature Mechanism of Lactoperoxidase Halogen Cycle Catalysis – Ordered Sequential Mechanism
The accepted mechanism for the halogen cycle of lactoperoxidase catalysis, discussed in section 1.2.3, reflects a variation of an Ordered Sequential Mechanism, which is defined by the sequential binding of multiple enzyme substrates and has the general form shown in Equations 3.2.1-3.2.4.152 Generally, in enzyme catalysis the rate- or turnover-limiting step is represented by equation 3.2.3 or 3.2.4. Sometimes these two steps are written as a single irreversible step representing the release of the final product.
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	Equation 3.2.4



In the accepted halogen cycle mechanism of lactoperoxidase, H2O2 oxidizes the iron(III) of the native LPO, which is the resting state of the enzyme, to iron(IV), Equation 3.2.5. This is a two-electron oxidation with the metal center and porphyrin ring both oxidized by a single electron so the oxidized form of the enzyme, compound I, carries two oxidizing equivalents. Compound I is easily observed spectrophotometrically and has unique spectral features, with the Soret band shifted to a λmax at 431 nm as compared to native lactoperoxidase which has a λmax at 412 nm.41 Compound I is then reduced by a halide or pseudohalide of sufficient reduction potential, in a two-electron reduction, to produce LPO, Equation 3.2.6.

	
	

	Equation 3.2.5

	
	

	Equation 3.2.6


The reaction is written as two consecutive irreversible reactions. The first reaction is generally considered to be irreversible due to inadequate redox potentials for compound I to oxidize water to hydrogen peroxide, Table 1. However, the production of compound I can also be written as irreversible when it is rate-limiting so even if it were an equilibrium reaction, an equilibrium would not be relevant as compound I reacts as quickly as it is produced and a significant steady-state concentration of compound I cannot be reached. Reaction 3.2.5, the release of product, is often considered an irreversible step in enzyme mechanisms and is considered irreversible in this case.
Rate constants k1 and k2 in Equations 3.3.5 and 3.3.6 have been determined independently by Furtmüller et al. The rate constant for the production of compound I, k1, is 1.1(1)x107 M-1s-1. The rate constant for the reaction of X- with compound I, k2 in Equation 3.2.6, was determined for bromide, iodide, and thiocyanate to be 4.1(1)x104, 1.20(4)x108, and 2.0x108 M-1s-1, respectively.41 We have modeled these reactions for thiocyanate and bromide using Mathematica to see the expected behavior when Equations 3.2.5 and 3.2.6 were rate-limiting. 
It is important to note that all models presented here consider [X-] to be constant, to reflect experimental pseudo-first-order reaction conditions. Experimentally, a TNB assay, as discussed in section 2.3.1, was used to observe the production of OSeCN- by the LPO-catalyzed oxidation of SeCN-. The TNB assay produces X- keeping the [X-] approximately constant during the LPO catalysis reaction, so the models were built to reflect the constant [X-] experimental conditions. 
[bookmark: _Toc528611402][bookmark: _Toc532558682]3.2 Literature Model of the Lactoperoxidase Halogen Cycle – Thiocyanate Reducing Substrate
The lactoperoxidase halogen cycle, shown in Equations 3.2.5 and 3.2.6, was modeled with the SCN- k2 rate constant using Mathematica. The active form of the enzyme and the concentration dependencies of the reaction rates on LPO, H2O2, and SCN- were modeled to predict the behavior which should be expected in laboratory experiments.
The rate constants used in the model, k1 = 1.1(1)x107 M-1s-1 and k2 = 2.0x108 M-1s-1, were calculated independently by Furtmüller et al.41 As k2>k1, Equation 3.2.5, the production of compound I, is rate-limiting in this model. Under these conditions, the model presented in this section predicts a reaction with first-order kinetics overall and an observed rate constant with first-order dependence on [LPO]. The rate of the reaction observed was independent of X- concentration and first-order with respect to H2O2. This model also predicts that the reaction should be independent of the second rate constant, k2, as long as k2>k1. The effects of the second reaction, Equation 3.2.6, becoming rate-limiting, k1>k2, will be discussed in section 3.3.
[bookmark: _Toc528611403][bookmark: _Toc532558683]3.2.1 Literature Model of the Lactoperoxidase Halogen Cycle– Thiocyanate Reducing Substrate – Enzyme Species
It is beneficial in catalytic mechanisms to observe the behavior of the enzyme during the reaction, particularly as equilibrium is reached and steady-state enzyme concentrations become relevant to the mechanism, to understand why the model reacts in any given way to varying reactant concentrations. In the case of thiocyanate as a reducing substrate for the lactoperoxidase system, the first reaction, Equation 3.2.5, is rate-limiting, so native LPO is the resting state of the enzyme during steady-state kinetics. A low steady-state concentration of compound I, is achieved quickly indicating that it is reacting almost as quickly as it is produced. Figure 3.1 shows the approach to equilibrium and the steady-state concentrations under the given conditions which were chosen to reflect conditions used in laboratory experiments.
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[bookmark: _Toc526262219][bookmark: _Toc532558580]Figure 3.1 – Simulated concentrations of enzyme species during the lactoperoxidase-catalyzed oxidation of SCN- by H2O2. Initial concentrations were [LPO] = 0.125 uM, [H2O2] = 50 uM, [SCN-] = 100 uM (approximately constant). 


[bookmark: _Toc528611404][bookmark: _Toc532558684]3.2.2 Literature Model of the Lactoperoxidase Halogen Cycle – Thiocyanate Reducing Substrate – Effect of Lactoperoxidase Concentration
The effect of enzyme concentration on the observed rate constant of catalytic reactions is generally straight-forward with a first-order dependence on enzyme concentrations. Indeed, first-order dependence on [LPO] is observed in the LPO halogen cycle literature mechanism model for 0.125  [LPO]  2 uM. These [LPO] conditions were chosen to reflect conditions used in laboratory experiments where the lactoperoxidase halogen cycle was observed. The overall reaction rate is first-order and the kinetic traces can be seen in Figure 3.2. The linearity of the kinetic traces in the log plot make it clear that the reaction is first-order, Figure 3.3. Increasing slope of the log plot traces indicates an increasing observed rate constant as [LPO] is increased, Figure 3.3. 
The kinetic traces were fit using the first-order integrated rate equation to calculate the simulated observed first-order rate constants, kobs-sim. The linearity exhibited in Figure 3.4 of the relationship between kobs-sim and [LPO] indicates that the reaction is indeed first-order with respect to lactoperoxidase as expected. 


[image: ][image: ]
[bookmark: _Toc526262220][bookmark: _Toc532558581]Figure 3.2 – Simulated kinetic traces of production of OSCN- by the LPO-catalyzed oxidation of SCN- by H2O2 as LPO concentration is varied. Initial concentrations were [SCN-] = 100 uM (approximately constant), [H2O2] = 50 uM, and [LPO] = 0.125-2 uM.
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[bookmark: _Toc526262221][bookmark: _Toc532558582]Figure 3.3 - Log plot of the simulated kinetic traces in Figure 3.2. Initial data is shown because the model became unstable when the individual reactions reached completion.

[image: ]
[bookmark: _Toc526262222][bookmark: _Toc532558583]Figure 3.4 - Plot of the observed rate constants for the simulated LPO-catalyzed oxidation of SCN- by H2O2 as a function of [LPO]. 


[bookmark: _Toc528611405][bookmark: _Toc532558685]3.2.3 Literature Model of the Lactoperoxidase Halogen Cycle – Thiocyanate Reducing Substrate – Effect of Hydrogen Peroxide Concentration
During the LPO halogen cycle hydrogen peroxide acts as an oxidizing substrate for the iron catalytic center of lactoperoxidase to produce compound I, Equation 3.2.5. This reaction is rate-limiting when thiocyanate acts as a reducing substrate as the reaction of compound I with SCN-, Equation 3.2.6, is faster than the production of compound I. In fact, as long as [H2O2] does not greatly exceed [SCN-] the first reaction will be rate-limiting when SCN- is the reducing substrate. As such, [H2O2] was kept as the limiting reagent for this model. As [H2O2] is the limiting reagent, the final concentration of OSCN- increases as the initial concentration of H2O2 is increased.
Given the pseudo-first-order conditions with respect to hydrogen peroxide when compared to lactoperoxidase it might be expected that the reaction should have a pseudo-first-order dependence on H2O2 if the stoichiometric reaction is considered outside of the context of a catalysis mechanism. However, the constant steady-state concentration of LPO, which exists due to its status as a catalyst, and the rate of LPO turnover controls the rate of this reaction. Individual traces can be observed in Figure 3.5 and the observed rate constant does not change but the total change in [OSCN-] as a function of time increases with first-order dependence on [H2O2] indicating a first-order dependence with respect to H2O2. The constant slopes observed in the log plot of the individual kinetic traces in Figure 3.6 exhibit the independence of the observed rate constant on [H2O2]. This is further evidenced in Table 8 which shows the observed rate constants as calculated by fitting the first-order traces in Figure 3.5 to the first-order integrated rate equation.
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[bookmark: _Toc526262223][bookmark: _Toc532558584]Figure 3.5 – Simulated kinetic traces for the production of OSCN- by the LPO-catalyzed oxidation of SCN- by H2O2 as a function of [H2O2] according to the model of the literature mechanism. Initial concentrations were [LPO] = 0.5 uM, [SCN-] = 100 uM (approximately constant), and [H2O2] = 5-40 uM.
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[bookmark: _Toc526262224][bookmark: _Toc532558585]Figure 3.6 - Log plot of the simulated kinetic traces in Figure 3.5.




Table 8 - Observed rate constants for the literature model of the simulated LPO-catalyzed oxidation of SCN- by H2O2 as a function of [H2O2]
	[H2O2](uM)
	kobs (s-1)

	5
	5.49

	10
	5.48

	20
	5.46

	40
	5.43






[bookmark: _Toc528611406][bookmark: _Toc532558686]3.2.4 Literature Model of the Lactoperoxidase Halogen Cycle – Thiocyanate Reducing Substrate – Effect of Thiocyanate Concentration 
Since the reaction of H2O2 with LPO to produce compound I, Equation 3.2.5, is rate-limiting when thiocyanate is the reducing substrate it would be expected that the rate of the reaction would be independent of thiocyanate concentration. This is true in the model of the halogen cycle mechanism for SCN- acting as the reducing substrate, reported in Equations 3.2.5 and 3.2.6, as evidenced in Figure 3.7. In Figure 3.7 only a single trace is visible because the traces overlay completely. Table 9 shows that the calculated observed rate constants do not change as [SCN-] is varied.
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[bookmark: _Toc532558586]Figure 3.7 – Simulated kinetic traces of the LPO-catalyzed oxidation of SCN- by H2O2 as a function of [SCN-] according to the model of the literature mechanism. Only one trace is visible because the rate of the reaction is independent of [SCN-]. Initial concentrations were [LPO] = 1 uM, [H2O2] = 50 uM, and [SCN-] = 50-400 uM.


Table 9 - Observed rate constants for the Literature Model simulation of the LPO-catalyzed oxidation of SCN- by H2O2 as a function of [SCN-]
	[SCN-](uM)
	kobs(s-1)

	50
	10.67

	100
	10.83

	200
	10.92

	400
	10.96






[bookmark: _Toc528611407][bookmark: _Toc532558687]3.3 Model of the Lactoperoxidase Halogen Cycle Literature Mechanism – Bromide Reducing Substrate
To highlight the significance of the rate-limiting step of the halogen cycle literature mechanism, we have developed a model of the lactoperoxidase-catalyzed oxidation of bromide. The reaction of Br- with compound I has a reported rate constant, k2, of 4.1(1)x104 M-1s-1 which makes Equation 3.2.6 rate-limiting.41 It should be noted that Br- concentration conditions used in this model are low such that the second reaction, Equation 3.2.6, is rate-limiting. When [Br-] is sufficiently high with respect to [H2O2], the first reaction, Equation 3.2.5, becomes rate-limiting and the kinetics reflect what is seen when thiocyanate is the reducing substrate in section 3.2. 
[bookmark: _Toc528611408][bookmark: _Toc532558688]3.3.1 Model of the Lactoperoxidase Halogen Cycle Literature Mechanism – Bromide Reducing Substrate – Enzyme Species
It is often useful to observe the primary enzyme species when steady-state catalysis reactions are observed. In the case of the LPO-catalyzed oxidation of Br- by H2O2, since the second reaction, Equation 3.2.6, is rate-limiting there is a buildup of compound I (referred to as Cpd I in the model) until it is the primary enzyme species, Figure 3.8. Compound I remains the primary enzyme species until H2O2 is depleted and the reaction is complete.
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[bookmark: _Toc532558587]Figure 3.8 - Approach to steady-state concentrations of enzyme species during the simulated lactoperoxidase-catalyzed oxidation of Br- by H2O2. Initial concentrations of reactants were [LPO] = 1 uM, [H2O2] = 50 uM, and [Br-] = 100 uM (approximately constant).

[bookmark: _Toc528611409][bookmark: _Toc532558689]3.3.2 Literature Model of the Lactoperoxidase Halogen Cycle – Bromide Reducing Substrate – Effect of Bromide Concentration
The rate of production of hypobromous acid is zeroth-order under the chosen conditions of relatively low [Br-] as shown by the linear kinetic traces in Figure 3.9. The zeroth-order conditions are due to the unchanging concentration of Br- which is experimentally relevant because of the TNB assay discussed in section 3.1.1. The zeroth-order reaction exhibits an observed rate constant with a first-order dependence on [Br-], Figure 3.10, due to the presence of Br- in the rate-limiting step, Equation 3.2.6.
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[bookmark: _Toc526262227][bookmark: _Toc532558588]Figure 3.9 – Simulated kinetic traces of the lactoperoxidase-catalyzed oxidation of Br- by H2O2 as [Br-] is varied. The initial concentrations of reactant were [LPO] = 1 uM, [H2O2] = 50 uM, and [Br-] = 50-400 uM.
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[bookmark: _Toc526262228][bookmark: _Toc532558589]Figure 3.10 - Observed rate dependence on [Br-] for the simulated lactoperoxidase-catalyzed oxidation of Br- by H2O2 as [Br-] is varied.


[bookmark: _Toc528611410][bookmark: _Toc532558690]3.3.3 Literature Model of the Lactoperoxidase Halogen Cycle – Bromide Reducing Substrate – Effect of Lactoperoxidase Concentration
The effect of varying [LPO] on the rate of the LPO-catalyzed oxidation of Br- by H2O2 was modeled according to Equations 3.2.5 and 3.2.6. The model responds to [LPO] variation as expected for an enzyme-catalyzed mechanism, with a first-order dependence of the observed rate constant on [LPO] exhibited in the linearity of Figure 3.12. The model maintains its zeroth-order kinetics as [LPO] is varied, Figure 3.11.
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[bookmark: _Toc526262229][bookmark: _Toc532558590]Figure 3.11 – Simulated kinetic traces of the lactoperoxidase-catalyzed oxidation of Br- by H2O2 as LPO is varied. The initial concentrations of reactants were [Br-] = 100 uM, [H2O2] = 50 uM, and [LPO] = 0.125-2 uM.
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[bookmark: _Toc526262230][bookmark: _Toc532558591]Figure 3.12 - Observed rate constant dependence on [LPO] for the simulated lactoperoxidase-catalyzed oxidation of Br- by H2O2. 


[bookmark: _Toc528611411][bookmark: _Toc532558691]3.3.4 Literature Model of the Lactoperoxidase Halogen Cycle – Bromide Reducing Substrate – Effect of Hydrogen Peroxide Concentration
The effect of varying [H2O2] on the rate of the LPO-catalyzed oxidation of Br- by H2O2 was modeled according to the halogen cycle literature mechanism, Equations 3.2.5 and 3.2.6. The modeled reaction is zeroth-order and the rate is independent of [H2O2], Figure 3.13 and Table 10. This is expected given the rate-limiting step does not involve H2O2 and that the production of compound I is considered irreversible. 
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[bookmark: _Toc526262231][bookmark: _Toc532558592]Figure 3.13 – Simulated kinetic traces of the lactoperoxidase-catalyzed oxidation of Br- by H2O2 as [H2O2] is varied. The initial concentrations of the reactants were [LPO] = 0.5 uM, [Br-] = 100 uM (approximately constant), and [H2O2] = 5-40 uM.

Table 10 - Observed zeroth-order rate constants for the simulated LPO-catalyzed oxidation of Br- by H2O2 as a function of [H2O2]
	[H2O2](uM)
	kobs(M•s-1)

	5
	1.82x10-6

	10
	1.94x10-6

	20
	1.99x10-6

	40
	2.02x10-6


[bookmark: _Toc528611412]aThe variation in kobs is due to the slight deviation from linearity as H2O2 is depleted. 



[bookmark: _Toc532558692]3.4 Experimental Kinetics of the Lactoperoxidase-Catalyzed Oxidation of Thiocyanate and Selenocyanate Under Conditions of High Pseudohalide Concentration
Laboratory experiments to observe the lactoperoxidase-catalyzed oxidation of thiocyanate and selenocyanate by H2O2 were conducted to determine the effect of varying reactant concentrations on the mechanism. These studies have been grouped into two sets of reaction conditions simplified by the relative concentrations of pseudohalide reducing substrate, PsX- (PsX- = SCN- and SeCN-). The term “high concentration studies” refers, in general, to experiments we conducted where [PsX-] ≥ 1 mM, [LPO] ≥ 1 uM, and pseudo-first-order conditions of [PsX-] with respect to [H2O2] were used. These conditions were optimized to observe the effects of varying reactant and enzyme concentrations where first-order reaction trace kinetics were observed. 
Under conditions of high concentration of PsX- the experimental data reflects the order dependencies predicted by the lactoperoxidase halogen cycle literature model in section 3.2 when Equation 3.2.5 is rate-limiting. First-order kinetics are observed with no rate dependence on [PsX-], a first-order dependence [H2O2], and first-order dependence of the observed rate constant on [LPO] as shown for SCN- in Tables 11 and 12 and Figure 3.14 and for SeCN- in Tables 13 and 14 and Figure 3.15. However, slight systematic dependence of the observed rate constant on [PsX-] is observed for SCN-, Table 11, which does not follow a strict order dependency.  

Table 11 - Observed rate of the lactoperoxidase-catalyzed oxidation of SCN- by H2O2 as a function of [H2O2]
	[H2O2](uM)
	kobs (s-1)
	Model Predicted kobs-sim (s-1)

	7.5
	6.56(4)
	11.00

	15
	5.65(3)
	11.00

	30
	7.02(8)
	11.00

	Average
	6.4(7)
	11.00


aA single mixing experiment with constant post-mixing concentrations of [LPO] = 1 uM, [SCN-] = 4 mM, [TNB] = 70 uM, and [H2O2] = 7.5-30 uM.
bThe estimated error, given by the parenthetical digits, for the individual rate constants is for a least-squares fit of an average of five kinetic traces. 
cThe average error was determined by the standard deviation of the individual fits.
Table 12 - Observed rate of the lactoperoxidase-catalyzed oxidation of SCN- by H2O2 as a function of [SCN-]
	[bookmark: _Hlk526328271][SCN-](mM)
	kobs (s-1)
	Model Predicted kobs-sim (s-1)

	1.2
	6.29(3)
	11.00

	2.1
	7.96(2)
	11.00

	4.3
	8.839(8)
	11.00

	8.6
	8.93(1)
	11.00

	Average
	–
	11.00


aSingle mixing experiment with constant post-mixing concentrations of [LPO] = 1 uM, [H2O2] = 40 uM, and [TNB] = 100 uM. 
bThe estimated error, given by the parenthetical digits, for the individual rate constants is for a least-squares fit of an average of five kinetic traces. 
cThe average error of the model predicted rate constants was determined by the standard deviation of the individual fits. 
d –, The average of the experimentally observed rate constants was not calculated due to systematic error. 
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[bookmark: _Toc532558593]Figure 3.14 – [LPO] dependence on the rate of the LPO-catalyzed oxidation of SCN- by H2O2. Post-mixing concentrations were [SCN-] = 4 mM, [H2O2] = 40 uM, [TNB] = 100 uM, and [LPO] = 1.09-4.35 uM. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 20 so that the error bars would be visible on the plot.


Table 13 - Observed rate of the LPO-catalyzed oxidation of SeCN- by H2O2 as a function of [H2O2]
	[H2O2](uM)
	kobs (s-1)

	7.5
	23.7(2)

	15
	24.23(8)

	30
	24.2(1)

	Average
	24.1(3)


aSingle mixing experiment with post-mixing concentrations of [LPO] = 2.2 uM, [SeCN-] = 4 mM, [TNB] = 70 uM, and [H2O2] = 7.5-30 uM. 
bThe estimated error, given by the parenthetical digits, for the individual rate constants is for a least-squares fit of an average of five kinetic traces. 
cThe average error of the model predicted rate constants was determined by the standard deviation of the individual fits. 




Table 14 - Observed rate of the lactoperoxidase-catalyzed oxidation of SeCN- by H2O2 as a function of [SeCN-]
	[SeCN-](mM)
	kobs (s-1)

	1.0
	8.73(1)

	2.0
	9.11(2)

	4.0
	8.45(1)

	8.1
	7.17(1)

	Average
	8.3(8)


a A single mixing experiment with post-mixing concentrations of [LPO] = 1 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [SeCN-] = 1.0-8.1 mM. 
bThe estimated error, given by the parenthetical digits, for the individual rate constants is for a least-squares fit of an average of five kinetic traces. 
cThe average error of the model predicted rate constants was determined by the standard deviation of the individual fits. 
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[bookmark: _Toc532558594]Figure 3.15 - Effect of varying [LPO] on the LPO-catalyzed oxidation of SeCN- by H2O2 under high [SeCN-] conditions. Post-mixing concentrations of reactants were [SeCN-] = 1 mM, [H2O2] = 15 uM, [TNB] = 70 uM, and [LPO] = 0.11-3.36 uM. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 10 so that the error bars would be visible on the plot.




Again, in the case of both SCN- and SeCN- acting as the reducing species, no dependence on the rate was observed when [H2O2] was varied. However, a slight dependence on [SCN-] was observed, which is not explained by the model. When the halogen cycle literature mechanism was used to predict the results of the experiments in Tables 11 and 12 an observed rate constant of 11.0 s-1 was calculated whereas an average rate constant of 6.4(7) s-1 was observed experimentally as [H2O2] was varied. A rate constant could not be calculated when [SCN-] was varied because of the systematic change in the data. The difference in the observed rate constant and predicted rate constant alone does not necessarily invalidate the model as differing sources or treatment of lactoperoxidase can cause changes in enzyme efficiency.
When SeCN- acts as the reducing substrate for the LPO system under identical conditions to SCN- similar kinetics and dependencies are observed, that is a first-order reaction with a first-order dependency on [H2O2] and independent [SeCN-] and a pseudo-first-order dependency on [LPO] was observed. The average observed rate of this reaction is 8.36(9) s-1. This is slightly more than what is observed for SCN-, but within the range of experimental error given the reactions slight dependence on [PsX-] observed under these conditions.
In the halogen cycle literature mechanism, the rate of compound I production by the oxidation of native LPO by H2O2 is rate-limiting, Equation 3.2.6. This causes the rate of the reaction to be independent of PsX- concentration as it is not involved in the rate-limiting step. In turn, this would also cause the overall rate of catalysis to be independent of the rate constant of the reaction of PsX- with compound I. That is, unless, as shown with the lactoperoxidase-catalyzed oxidation of Br- by H2O2 in section 3.3, the rate constant is small such that the reaction of X- with compound I becomes rate-limiting. 
An attempt was made to calculate the rate constant of the reaction of SeCN- with compound I, as was done for SCN- by Furtmüller et al. but the reaction was too fast to be measured.41 Under conditions of high [PsX-] the overall reaction reflects what is observed in the literature model of the mechanism for the LPO-catalyzed oxidation of X- by H2O2 presented in section 3.2.1, although there is a slight dependence on [PsX-], especially observed for SCN- which is not explained by the model.
[bookmark: _Toc528611413][bookmark: _Toc532558693]3.5 Experimental Kinetics of the Lactoperoxidase-Catalyzed Oxidation of Pseudohalides by Hydrogen Peroxide Under Conditions of Low Pseudohalide Concentration
The lactoperoxidase halogen cycle literature mechanism given in Equations 3.2.5 and 3.2.6 does not predict any change in the kinetics under conditions of low [X-] concentration, when k2>k1, unless [H2O2] greatly exceeds [PsX-]. However, our studies show that under conditions of low concentrations of PsX-, the LPO-catalyzed oxidation of PsX- by H2O2 becomes biphasic with a first-order reaction followed by a zeroth-order reaction. 
These traces appear, under initial inspection, to take on the aspects of burst phase enzyme kinetics which are also characterized by a first-order reaction followed by a zeroth-order reaction. Burst phase kinetics are observed as a result of a first-order pre-equilibrium reaction where the substrate reacts stoichiometrically with enzyme to produce the product at a faster rate than the rate of steady-state enzyme turnover.152 The first-order burst phase reaction is followed by a zeroth-order steady-state reaction similar to what is observed in our experiments. However, true burst phase kinetics only occur over a single catalytic turnover. In the experimental data presented here, multiple catalytic turnovers occur in the first step of the reaction indicating that simple burst phase kinetics cannot explain the observed kinetics. Moreover, the number of enzyme turnovers that occur during the first reaction increases with increasing [LPO] as well as increasing [PsX‑].
The results presented here probe the effect of varying reactant and enzyme concentrations on each step of the biphasic reaction observed under conditions of low [PsX-]. The term “low concentration of [PsX-]” is used here as a general term to refer to experiments conducted under conditions of [PsX-] ≤ 1 mM, stoichiometric or near stoichiometric conditions of [PsX-] with respect to [H2O2], and [LPO] ≤ 1 uM. These conditions were optimized to observe the effects of varying reactant and enzyme concentrations where biphasic and/or zeroth-order reaction trace kinetics were observed. 
The observed rate constants were calculated to determine the effects of varying the concentrations of each reaction component on each step of the biphasic reaction observed at low [PsX-]. This was done by fitting the kinetic traces to a simple first-order followed by zeroth-order biphasic kinetic model or fitting the rate constants of the reactions to first-order or zeroth-order models individually. Individual reaction fitting was achieved by truncation of the data to isolate a single reaction or selectively fixing the rate constants for the known reaction step according to expected values calculated from other data sets. Fixing known rate constants allowed the reaction in question to be fit when data truncation could not be used because the pre-steady-state and steady-state reactions were not well resolved. 
Data was collected for both SCN- and SeCN- with similar outcomes with respect to order dependencies and kinetic trace data. Therefore, representative data for SCN- is presented here for discussion. The effect of differing PsX- identity on rates and kinetic constants is discussed in section 3.6. 
[bookmark: _Toc528611414][bookmark: _Toc532558694]3.5.1 Effect of Varying Pseudohalide Concentration on the Lactoperoxidase-Catalyzed Oxidation of Pseudohalides by Hydrogen Peroxide at Low Concentrations of Pseudohalide
The lactoperoxidase-catalyzed oxidation of PsX- by H2O2 was observed as a function of [PsX-] under conditions of low [PsX-] to determine the effects on the reaction rates. When the concentration of PsX- was low, the overall reaction was biphasic with a first-order reaction followed by a zeroth-order reaction, Figure 3.16. However, as [PsX‑] was increased, the number of enzyme turnovers that occurred in the first phase of the reaction increased, Figure 3.17. When the [PsX-] became sufficiently high, the reaction became strictly first-order and the reaction rate became largely independent of [PsX-] as seen in experiments conducted under conditions of high [PsX-] discussed in section 3.4. 
When the pre-steady-state reaction was fit to a first-order model the observed rate constant decreased with increasing [PsX-], Figure 3.18. The [PsX-] versus kobs relationship, however, is not linear and eventually, at sufficiently high [PsX-], the rate of the reaction becomes independent of [PsX-]. It was first hypothesized that the PsX- acts as an enzyme inhibitor; however, examination of initial reaction rates indicates that the reaction is independent of [PsX-]. Instead, it appears that this initial reaction is a result of a pre-steady-state reaction, which is separate from the PsX- oxidation catalysis and is inhibited by PsX-. 
In contrast to the pre-steady-state reaction, the number of enzyme turnovers which occur during the zeroth-order reaction decrease as [PsX-] is increased. The reason for the decrease in the number of enzyme turnovers that occur during the steady-state reaction is two-fold. First, as H2O2 is the limiting reagent, the ratio of H2O2 reacted in the pre-steady-state versus the steady-state reaction increases until the steady-state reaction is no longer observed. Second, the rate of the steady-state reaction exhibits first-order dependency on [PsX-], Figure 3.19. This causes the two reactions to become less resolved and more difficult to distinguish, particularly at higher [PsX-] as seen in traces B and C in Figure 3.16. 
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[bookmark: _Toc532558595]Figure 3.16 - Effect of varying [SCN-] on the lactoperoxidase-catalyzed oxidation of SCN- by H2O2 under conditions of low [PsX-]. Post-mixing concentrations were [LPO] = 1.2 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [SCN] = 52, 106, 213, and 425 uM for A, B, C, and D, respectively.
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[bookmark: _Toc532558596]Figure 3.17 – Isolated view of the pre-steady-state reaction observed in Figure 3.16 for the lactoperoxidase-catalyzed oxidation of [SCN-] by H2O2 under low [PsX-] conditions. Post-mixing concentrations were [LPO] = 1.2 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [SCN-] = 52, 106, 213, and 425 uM. Notably, the initial reaction rates do not vary and the number of enzyme turnovers that occur during the pre-steady-state reaction increase with increasing [PsX-].		
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[bookmark: _Toc532558597]Figure 3.18 - Observed first-order rate constants for the pre-steady-state reaction in the lactoperoxidase-catalyzed oxidation of SCN- by H2O2. Post-mixing concentrations were [LPO] = 1.2 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [SCN-] = 52, 106, 213, and 425 uM. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 10 so that the error bars would be visible on the plot.
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[bookmark: _Toc532558598]Figure 3.19 - Effect of varying [SCN-] on the rate of the steady-state reaction during the lactoperoxidase-catalyzed oxidation of SCN- by H2O2. Post-mixing concentrations were [LPO] = 0.1 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [SCN-] = 50, 100, 200, and 400 uM. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 10 so that the error bars would be visible on the plot.
[bookmark: _Toc528611415][bookmark: _Toc532558695]3.5.2 Effect of Varying Hydrogen Peroxide Concentrations on the Lactoperoxidase-Catalyzed Oxidation of Pseudohalide by Hydrogen Peroxide Under Conditions of Low Pseudohalide Concentration
	The lactoperoxidase-catalyzed oxidation of PsX- by H2O2 under conditions of low [PsX-] was observed as a function of [H2O2] to determine the effects on the reaction rates. Figure 3.20 shows the kinetic traces of the reactions at varying concentrations of [H2O2]. It should be noted that H2O2 is the limiting reagent in these experiments, so the production of OSCN- is proportional to [H2O2].
The first step of the biphasic reaction, which represents the pre-steady-state reaction, exhibits a first-order dependency on [H2O2] under the H2O2 concentration conditions which could be observed experimentally. Experimentally, the concentration of H2O2 was limited to approximately 5-50 uM due to the concentration changes that could be accurately observed spectrophotometrically using the TNB assay. The first-order dependency of the pre-steady-state reaction on [H2O2] is shown by the linearity of the observed first-order rate constants as a function of [H2O2] in Figure 3.22.
The number of enzyme turnovers occurring during the pre-steady-state reaction increases only slightly with increasing [H2O2] and eventually, at sufficiently high [H2O2], the number of enzyme turnovers that occur during the pre-steady-state reaction remain constant, Figure 3.21. The dependence of the rate of the pre-steady-state reaction on [H2O2] indicates H2O2 is involved directly in the pre-steady-state reaction but does not affect the rate of the turnover limiting step that produces the hypo(pseudo)halite. 
The rate of the steady-state reaction is largely independent of [H2O2], Table 15. The slight variation in the observed rate constants for the steady-state reaction at low [H2O2] is due to the decrease in the linear portion of the reaction as can be observed by comparing traces B and C in Figure 3.20. This decreased accuracy in fitting the steady-state reaction is reflected in the increased error of the individual fits as [H2O2] is decreased, Table 15. The independence of the rate of the steady-state reaction on [H2O2] indicates, either, that H2O2 is not directly involved in the reaction represented by the steady-state kinetics or that the rate of enzyme turnover governs the rate of this reaction and steady-state active enzyme concentration is independent of [H2O2].
In addition to concentration-dependence studies, the effect that order of mixing of LPO, PsX-, and H2O2 has on the reaction kinetics was also observed. For most experiments conducted to observe the LPO-catalyzed oxidation of PsX- by H2O2, LPO and PsX- were mixed by hand, then this solution was mixed with H2O2 in a single mixing stopped-flow experiment. The reactions observed when this mixing order was used were biphasic as seen in Figure 3.23. This mixing order was used to protect the enzyme from permanent inactivation by H2O2.76 However, to test the hypothesis that the reaction of LPO with H2O2 reversibly produces an inactive form of the enzyme, H2O2 was reacted with LPO to produce this inactive species in the first mixing step of a double mixing stopped-flow experiment. After an age time of one second PsX- was mixed with the oxidized LPO species to determine if the pre-steady-state reaction could still be observed. When LPO was reacted with H2O2 prior to mixing with PsX- the pre-equilibrium could no longer be observed indicating that an inactive enzyme species was reversibly produced by the reaction of LPO with H2O2 in the first mixing cycle, Figure 3.24.
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[bookmark: _Toc532558599]Figure 3.20 - Kinetic traces of the LPO-catalyzed oxidation of SCN- by H2O2 as [H2O2] was varied. Post-mixing concentrations were [LPO] = 0.5 uM, [SCN-] = 100 uM, [TNB] = 100 uM, and [H2O2] = 6.25, 12.5, 25, and 50 uM for A, B, C, and D, respectively. The change in scale of the y-axis due to varying [H2O2] should be noted.
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[bookmark: _Toc532558600]Figure 3.21 - Kinetic traces of the pre-steady-state reaction observed during the LPO-catalyzed oxidation of SCN- by H2O2 as [H2O2] was varied. Post-mixing concentrations were [SCN-] = 100 uM, [LPO] =  0.5 uM, [TNB] = 100 uM, and [H2O2] = 6.25, 25, 12.5, and 6.25 uM.
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[bookmark: _Toc532558601]Figure 3.22 - Effect of [H2O2] on k1obs for the LPO-catalyzed oxidation of SCN- by H2O2 under conditions of low concentration of [SCN-]. Post-mixing concentrations were [LPO] = 0.5 uM, [SCN-] = 100 uM, [TNB] = 100 uM, and [H2O2] = 6.25, 12.5, 25, and 50 uM. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 10 so that the error bars would be visible on the plot.


Table 15 - Effect of varying [H2O2] on the rate of the steady-state reaction of the LPO-catalyzed oxidation of SCN- by H2O2
	[H2O2](uM)
	k2obs (M·s-1)

	5
	0.0212(1)

	10
	0.0284(1)

	20
	0.03210(6)

	40
	0.03290(6)

	Average
	0.028(5)


aThe post-mixing concentrations were [LPO] = 0.1 uM, [SCN-] = 100 uM, [TNB] = 100 uM, and [H2O2] = 5, 10, 20, and 40 uM. 
bThe estimated error, given by the parenthetical digits, for the individual rate constants is for a least-squares fit of an average of five kinetic traces. 
cThe average error of the model predicted rate constants was determined by the standard deviation of the individual fits.
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[bookmark: _Toc532558602]Figure 3.23 - Kinetic trace of the LPO-catalyzed oxidation of SCN- by H2O2 under conditions of low concentration of [SCN-] with LPO/SCN- pre-equilibrium prior to mixing with H2O2. Post-mixing concentrations were [LPO] = 1 uM, [SCN-] = 100 uM, [H2O2] = 40 uM, and [TNB] = 100 uM.
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[bookmark: _Toc532558603]Figure 3.24 - Kinetic trace of the LPO-catalyzed oxidation of SCN- by H2O2 under conditions of low concentration of [SCN-] without LPO/SCN- pre-equilibrium. H2O2 was reacted with LPO in the first step of a double mixing experiment. SCN- was introduced in the second mixing cycle. Post-mixing concentrations were [LPO] = 1 uM, [SCN-] = 100 uM, [H2O2] = 40 uM, and [TNB] = 100 uM. The age time was one second.


[bookmark: _Toc528611416][bookmark: _Toc532558696]3.5.3 Effect of Varying Lactoperoxidase Concentration on the Lactoperoxidase-Catalyzed Oxidation of Pseudohalide by Hydrogen Peroxide Under Conditions of Low Pseudohalide Concentration
The lactoperoxidase-catalyzed oxidation of PsX- by H2O2 under conditions of low [PsX-] was observed as a function of [LPO] to determine the effects on the reaction rates. Figure 3.25 shows the kinetic traces of the reaction at varying concentrations of [LPO]. The kinetics of the steady-state reaction act predictably as [LPO] is varied for a catalysis reaction with a first-order dependence on [LPO] for the observed rate constant, Figure 3.27. However, when the data is fit to a simple biphasic kinetic model the observed rate constant of the pre-steady-state reaction is independent of [LPO], Table 16.
Additionally, the number of turnovers that occur during the pre-steady-state reaction increases with increasing [LPO], Figure 3.26. This indicates that increasing [LPO] increases the rate of turnover but has no effect on the observed rate constant of the inhibitory reaction which results in the pre-steady-state reaction, Figure 3.26. This would occur if the inhibitory reaction were not catalytic in nature, but rather pseudo-first-order in SCN- or H2O2 with respect to LPO. 
Given the first-order rate dependency of the observed rate constant for the pre-steady-state reaction on [H2O2] as discussed in section 3.5.2, it can be concluded that H2O2 reacts with LPO to inhibit the rate of LPO turnover. It may achieve this by producing an unproductive, or less productive, form of the enzyme in a reversible reaction.
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[bookmark: _Toc532558604]Figure 3.25 - Kinetic traces of the LPO-catalyzed oxidation of SCN- by H2O2 as [LPO] is varied. Post-mixing concentrations were [SCN-] = 200 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [LPO] = 0.125, 0.25, 0.5, 1, and 2 uM for A, B, C, D, and E, respectively.
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[bookmark: _Toc532558605]Figure 3.26 - Kinetic traces of pre-steady-state reaction of the LPO-catalyzed oxidation of SCN- by H2O2 as [LPO] is varied. Post-mixing concentrations were [SCN-] = 200 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [LPO] = 0.125-2 uM.

Table 16 - Effect of varying [LPO] on the rate of the pre-steady-state reaction for the LPO-catalyzed oxidation of SCN- by H2O2.
	[LPO](uM)
	k1obs(s-1)

	0.25
	23.5(1)

	0.5
	23.07(9)

	1
	20.7(1)

	Average
	22(2)


aPost-mixing concentrations were [SCN-] = 200 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [LPO] = 0.25, 0.5, and 1 uM. 
bThe estimated error, given by the parenthetical digits, for the individual rate constants is for a least-squares fit of an average of five kinetic traces. 
cThe average error was calculated by the standard deviation of the individual fits.
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[bookmark: _Toc532558606]Figure 3.27 - Steady-state reaction rate dependence on [LPO] for the LPO-catalyzed oxidation of SCN- by H2O2. Post-mixing concentrations were [SCN-] = 200 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [LPO] = 0.125, 0.25, and 0.5 uM. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 10 so that the error bars would be visible on the plot.

[bookmark: _Toc528611417][bookmark: _Toc532558697]3.6 Proposed Mechanism and Fitted Data of the Lactoperoxidase-Catalyzed Oxidation of Halides and Pseduohalides - Ordered Sequential Mechanism and Hydrogen Peroxide Tight Binding Inhibition
A new mechanism is proposed here which explains the kinetics observed for the LPO-catalyzed oxidation of X- by H2O2 at low concentration of X-, Figure 3.28. This model depicts an ordered sequential mechanism with tight binding inhibition by hydrogen peroxide. The first productive step of the reaction is the reversible binding of LPO and X- to produce LPOX. This bound species then reacts irreversibly in the turnover-limiting step with H2O2 to produce native LPO and the hypo(pseudo)halous acid or hypo(pseudo)halite, HOX/OX-, referred to hereafter as OX-. H2O2 acts as a tight binding inhibitor by reacting reversibly with native LPO to produce an oxidized species referred to in this model as LPO-H2O2. It is important to note that this LPO-H2O2 bound species is not equivalent to LPO compound I as the production of compound I is not considered to be reversible. This model differs from the literature model given in Equations 3.2.5 and 3.2.6 by the order in which the oxidizing and reducing substrates bind or react with LPO in the ordered sequential mechanism as well as the action of the H2O2 as a tight binding inhibitor. 
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[bookmark: _Toc532558607]Figure 3.28 - Proposed mechanism for the LPO-catalyzed oxidation of X- by H2O2.



[bookmark: _Toc528611418][bookmark: _Toc532558698]3.6.1 Model of the Proposed Mechanism of the Lactoperoxidase-Catalyzed Oxidation of Halides - Ordered Sequential Mechanism and Hydrogen Peroxide Tight Binding Inhibition
A Mathematica model was made of the proposed mechanism given in Figure 3.28 for the lactoperoxidase-catalyzed oxidation of X- by H2O2. For this model to reflect the biphasic kinetics observed experimentally the following conditions must be met: (1) the binding equilibrium for LPO and X- must not be rate-limiting and lie toward the bound species, (k1>k3) and (k1>>k-1); (2) the reaction of LPO with H2O2 to form the unproductive LPO-H2O2 species must be competitive with the reaction of LPOX with H2O2 (k2≈k3); and (3) the equilibrium which produces the unproductive LPO-H2O2 species must lie toward the oxidized species (k2>>k-2). Under these three conditions, the proposed mechanism explains what is observed experimentally and presented in section 3.5.
It is, again, important to note that the model was built to maintain a constant [X-] under conditions of both high and low [X-] due to the use of the TNB assay which produces X- as discussed in section 2.3.1. The Mathematica code used to model the proposed reaction mechanism in given in section 5.3.5. In fact, so long as [X-] is kept under pseudo-first-order reaction conditions with respect to LPO, the [X-] can be considered constant. 
The concentration of the various enzyme species during the pre-steady-state and steady-state phases of the reaction under low and high concentrations of X- is critical in understanding the cause of the pre-steady-state reaction and effect of this reaction on the kinetic traces. Under conditions of high [X-], LPOX is produced rapidly and remains the primary enzyme species throughout the reaction, Figure 3.29. As a result, the reaction observed under conditions of high [X-] is first-order with the turnover-limiting step being the reaction of LPOX with H2O2, Figure 3.30.
When [X-] is low the rapid equilibrium of binding of native LPO and X- causes the fast production of the active LPOX species. The competitive rate of k2 and k3 as well as the tight binding of H2O2 to native LPO causes a relatively slow conversion from LPOX as the primary enzyme species to the unproductive species LPO-H2O2, Figure 3.31. As LPOX is the productive enzyme species in the turnover limiting step, the enzyme becoming tied up as the unproductive species LPO-H2O2 causes a decrease in the rate of OX- production, Figure 3.32. After steady-state concentrations have been reached, the reaction becomes zeroth-order, Figure 3.34. During the steady-state reaction the concentration of the unproductive enzyme species, LPO-H2O2, slowly decreases and is replaced by the X- bound species, LPOX, until H2O2 has been depleted, the reaction is complete, and LPOX becomes the primary enzyme species, Figure 3.33. 
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[bookmark: _Toc532558608]Figure 3.29 – Simulated enzyme species concentrations during the LPO-catalyzed oxidation of X- by H2O2 for the proposed mechanism under high [X-] conditions.
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[bookmark: _Toc532558609]Figure 3.30 – Simulated trace of [OX-] for the proposed mechanism for the LPO-catalyzed oxidation of X- by H2O2 under conditions of high [X-].
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[bookmark: _Toc532558610]Figure 3.31 – Simulated enzyme species concentrations during the pre-steady-state reaction for the proposed mechanism for the LPO-catalyzed oxidation of X- by H2O2 under conditions of low [X-].
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[bookmark: _Toc532558611]Figure 3.32 – Simulated trace of [OX-] during the pre-steady-state reaction for the proposed mechanism for the LPO-catalyzed oxidation of X- by H2O2 under conditions of low [X-].
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[bookmark: _Toc532558612]Figure 3.33 - Simulated enzyme concentrations during the reaction for the proposed mechanism for the LPO-catalyzed oxidation of X- by H2O2 under conditions of low [X-].
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[bookmark: _Toc532558613]Figure 3.34 – Simulated trace of [OX-] during the reaction for the proposed mechanism for the LPO-catalyzed oxidation of X- by H2O2 under conditions of low [X-].



A Mathematica model of the proposed mechanism of the lactoperoxidase-catalyzed oxidation of X- by H2O2, Figure 3.28, was used to fit experimental data and to calculate the rate constants. The data for which the pre-steady-state reactions were well resolved from the steady-state reactions, as in traces A and B in Figure 3.35, were easily fit by the model and all the rate constants were fit simultaneously.
However, the rate constants for the data in which the pre-steady-state and steady-state reactions were not well resolved, as in trace C in Figure 3.35, could not be fit simultaneously. In these cases, rate constants which were not primary to the observed kinetics were fixed so that the rate constants related to the reactions which were able to be clearly observed could be calculated, Tables 19-22. Kinetic fits can be seen in Figures 3.35-3.38.
Tables 17 and 18 show the average calculated rate constants for the model proposed in Figure 3.28 for SCN- and SeCN-, respectively. The predictions made concerning the relative magnitudes of the rate constants appear to be correct, i.e. (k1>k3), (k1>>k-1), (k2≈k3), and (k2>>k-2). The rate constant k1 is diffusion-controlled for both substrates. Furthermore, the rate constant k-1 was smaller for SeCN- than for SCN-. This indicates that SeCN- binds more tightly to LPO than SCN-. Rate constants k2, k-2, and k3 are similar for SCN- and SeCN-, which is expected given that X- is not involved in these steps.


Table 17 - Average rate constants for the proposed model of the LPO-catalyzed oxidation of [SCN-] by H2O2
	Rate Constant
	Calculated Constants

	k1
	1.4(2)x109 M-1s-1

	k-1
	3.94(5)x103 s-1

	k2
	3(1)x107 M-1s-1

	k-2
	1.9(4) s-1

	k3
	1.0(3)x107 M-1s-1


aCalculated from Tables 19-21 for the proposed model of the LPO-catalyzed oxidation of [SCN-] by H2O2. 
bThe average error given by the parenthetical digits were calculated by the standard deviation of the individual fits.

Table 18 - Average rate constants for the proposed model of the LPO-catalyzed oxidation of [SeCN-] by H2O2
	Rate Constant
	Calculated Constants

	k1
	1.250(7)x109 M-1s-1

	k-1
	1.0(1) x103 s-1

	k2
	2.7(1) x107 M-1s-1

	k-2
	1.5(1) s-1

	k3
	1.2(2) x107 M-1s-1


aAverage rate constants calculated from Table 22 for the proposed model of the LPO-catalyzed oxidation of [SeCN-] by H2O2. 
bThe average error given by the parenthetical digits were calculated by the standard deviation of the individual fits from Table 22.
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[bookmark: _Toc532558614]Figure 3.35 - Fitted kinetic traces for the lactoperoxidase-catalyzed oxidation of SCN- by H2O2 as [SCN-] is varied. The post-mixing concentrations were [LPO] = 1.2 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [SCN-] = 53, 106, 213, and 6.25 uM for A, B, C, and, D, respectively. Rate constants produced by these fits are given in Table 19.
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[bookmark: _Toc532558615]Figure 3.36 - Fitted kinetic traces for the lactoperoxidase-catalyzed oxidation of SCN- by H2O2 as [LPO] was varied. Post-mixing concentrations were [SCN-] = 200 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [LPO] = 0.125, 0.25, 0.5, 1, and 2 uM for A, B, C, D, and E, respectively. Rate constants produced by these fits are given in Table 20.
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[bookmark: _Toc532558616]Figure 3.37 - Fitted kinetic traces for the lactoperoxidase-catalyzed oxidation of SCN- by H2O2 as [H2O2] was varied. Post-mixing concentrations were [LPO] = 0.5 uM, [SCN-] = 100 uM, [TNB] = 100 uM, and [H2O2] = 6.25, 12.5, 25, and 50 uM for A, B, C, and D, respectively. Rate constants produced by these fits are given in Table 21.
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[bookmark: _Toc532558617]Figure 3.38 - Fitted kinetic traces for the lactoperoxidase-catalyzed oxidation of SeCN- by H2O2 as [SeCN-] was varied. The post-mixing concentrations were [LPO] = 0.24 uM, [H2O2] = 30 uM, [TNB] = 100 uM, and [SeCN-] = 42.5, 85, 170, and 340 uM for traces A, B, C, and D, respectively. Rate constants produced by these fits are given in Table 22.

Table 19 - Fitted rate constants for the proposed mechanism of the LPO-catalyzed oxidation of SCN- by H2O2 as [SCN-] was varied
	[SCN-](uM)
	k1 (M-1·s-1)
	k-1 (s-1)
	k2 (M-1·s-1)
	k-2 (s-1)
	k3 (M-1·s-1)

	53
	1.31(7)x109
	4.6(3)x103
	2.23(3)x107
	1.556(4)
	8.62(3)x106

	106
	1.33(3)x109
	3.9(3)x103
	3.04(1) x107
	1.760(3)
	9.24(3)x106

	213
	1.30 x109(fixed)
	3.93x103(fixed)
	2.81(2) x107
	1.68(1)
	9.27(4)x106

	425
	1.30x109(fixed)
	3.93x103(fixed)
	2.65(3) x107
	1.72(fixed)
	9.44(4) x106

	Average
	1.32(1)x109
	4.3(5)x103
	2.7(3)x107
	1.7(1)
	9.1(4)x106


aThe post-mixing concentrations were [LPO] = 1.2 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [SCN-] = 53, 106, 213, and 425 uM.*


Table 20 - Fitted rate constants for the proposed mechanism of the LPO-catalyzed oxidation of SCN- by H2O2 as [LPO] was varied
	[LPO](uM)
	k1 (M-1·s-1)
	k-1 (s-1)
	k2 (M-1·s-1)
	k-2 (s-1)
	k3 (M-1·s-1)

	0.125
	1.20x109(fixed)
	4.20x103
	2.42x107(fixed)
	1.98(1)
	7.39(2)x106

	0.25
	1.2(2)x109
	4.2(4)x103
	2.5(2)x107
	2.17(1)
	7.30(3)x106

	0.5
	1.17(2)x109
	4.2(7)x103
	2.5(4)x107
	2.35(1)
	7.32(5)x106

	1
	1.20x109(fixed)
	4.20x103(fixed)
	2.27(1)x107
	2.39(1)
	7.56(2)x106

	2
	1.20x109(fixed)
	4.20x103(fixed)
	1.79(1)x107
	2.30(fixed)
	7.19(2)x106

	Average
	1.20(4)x109
	4.18(3)x103
	2.3(3)x107
	2.2(2)
	7.4(1)x106


aThe post-mixing concentrations were [SCN-] = 200 uM, [H2O2] = 40 uM, [TNB] = 100 uM, and [LPO] = 0.125, 0.25, 0.5, 1, and 2 uM.*




Table 21 - Fitted rate constants for the proposed mechanism of the LPO-catalyzed oxidation of SCN- by H2O2 as [H2O2] was varied
	[H2O2](uM)
	k1 (M-1·s-1)
	k-1 (s-1)
	k2 (M-1·s-1)
	k-2 (s-1)
	k3 (M-1·s-1)

	50
	1.58(2)x109
	3.5(3)x103
	5.91(3x10-3)x107
	2.58(2)
	1.84(4)x107

	25
	1.8(4)x109
	3.2(7)x103
	4.8(4)x107
	2.14(2)
	1.110(7)x107

	12.5
	1.65x109(fixed)
	3.30x103(fixed)
	6.4(1)x107
	2.30(fixed)
	1.44(2)x107

	6.25
	1.65x109(fixed)
	3.30x103(fixed)
	4.9(2)x107
	2.30(fixed)
	1.330(5)x107

	Average
	1.7(1)x109
	3.3(2)x103
	5.5(8)x107
	2.4(3)
	1.4(3)x107


aThe post-mixing concentrations were [SCN-] = 100 uM, [LPO] = 0.5 uM, [TNB] = 100 uM, and [H2O2] = 6.25, 12.5, 25, and 50 uM.*


Table 22 - Fitted rate constants for the proposed mechanism of the LPO-catalyzed oxidation of [SeCN-] by H2O2 with [SeCN-] varied
	[SeCN-](uM)
	k1 (M-1·s-1)
	k-1 (s-1)
	k2 (M-1·s-1)
	k-2 (s-1)
	k3 (M-1·s-1)

	42.5
	1.25(5)x109
	9.16(3)x102
	2.71(8)x107
	1.44(1)
	8.48(1)x106

	85
	1.24(3)x109
	9.70(1)x102
	2.87(3)x107
	1.33(4)
	1.23(2)x107

	170
	1.25x109(fixed)
	1.190(7)x103
	2.79x107(fixed)
	1.58(2)
	1.289(9)x107

	340
	1.25x109(fixed)
	1.03x103(fixed)
	2.79x107(fixed)
	1.45(fixed)
	1.47(2)x107

	Average
	1.250(7)x109
	1.0(1)x103
	2.8(1)x107
	1.5(1)
	1.2(3)x106


aThe post-mixing concentrations were [LPO] = 0.24 uM, [H2O2] = 30 uM, [TNB] = 70 uM, [SeCN-] = 42.5, 85, 170, and 340 uM.*


*The estimated error, given by the parenthetical digits, for the individual rate constants is for a least-squares fit of an average of 5 kinetic traces. The average error was calculated by the standard deviation of the individual fits.
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[bookmark: _Toc528611419][bookmark: _Toc532558699]3.7 Conclusion
We present data that challenges the lactoperoxidase literature model for the mechanism of the lactoperoxidase-catalyzed oxidation of X- by H2O2, presented in Equations 3.2.5 and 3.2.6. In particular, the biphasic nature of the reaction under conditions of low [X-] is inconsistent with the kinetics expected given the literature mechanism. To address the inconsistencies, a new mechanism is proposed consisting of an ordered sequential mechanism with tight binding inhibition by H2O2, shown in Figure 3.25. This mechanism is novel because it utilizes the bound LPOX species as the primary productive enzyme species rather than compound I, as discussed in section 1.2. Furthermore, the hydrogen peroxide bound enzyme species, LPO-H2O2, is considered unproductive. The primary evidence for the validity of this mechanism is the dependence of the observed rate constant of the pre-steady-state reaction on [H2O2] and the increasing number of enzyme turnovers during the pre-steady-state reaction with increasing [X-] and [LPO].
The proposed mechanism, Figure 3.26, explains the observed kinetics at high and low [PsX-]. Under conditions of high [PsX-], where the reaction has simple first-order kinetics, the reaction rate is primarily dependent on the turnover-limiting reaction of LPOX and H2O2, rate constant k3. The rate of this reaction is independent of [X-] and first order in [H2O2] as seen experimentally in section 3.4. This is because there is no appreciable production of the LPO-H2O2 species, so the pre-steady-state reaction indicative of H2O2 inhibition is not observed.
Under conditions of low [PsX-] there is competition for LPO binding of X- by H2O2. The reaction of LPO with H2O2 produces the less reactive LPO-H2O2 species in a reaction which is pseudo-first-order with respect to [H2O2]. The production of LPO-H2O2 inhibits the rate of [X-] oxidation until an equilibrium has been reached and the reaction becomes zeroth-order. The rate of the zeroth-order reaction is independent of [H2O2] and has a first-order dependence on [X-]. The first-order dependence on [X-] of the steady-state reaction is due to increased competition with H2O2 for LPO binding which results in an increased steady-state concentration of LPOX and an increased rate of enzyme turnover. This increase in rate of enzyme turnover with increased [X-] also causes the increased number of turnovers during the pre-steady-state reaction effectively stopping the reaction of LPO with H2O2 at sufficiently high [X‑].  
Our proposed mechanism is the simplest explanation for the observed kinetic behavior of the reaction. As such, it should be noted that the actual catalysis mechanism may be more complicated than the mechanism proposed in Figure 3.26. For example, the reaction of LPO with H2O2 to produce the LPO-H2O2 bound species is considered in this mechanism to be reversible. This means that the LPO-H2O2 bound species cannot be compound I as this would require compound I to be able to oxidize water (within the environment of the enzyme active site) to produce H2O2. The redox potentials of LPO compound I and H2O2 at pH 7, shown in Table 1 in section 1.2.3, indicate that this oxidation should not be possible (unless the redox potential of water is markedly different in the enzyme binding pocket). 
Overall our mechanism is novel compared to the other lactoperoxidase mechanisms reported in literature as well as the mechanisms of catalysis for other heme enzymes, reviewed in section 1.2, in that it depends on the initial binding of X- for halogen cycle catalysis. This hypothesis rejects the commonly held belief that compound I is the active form of the enzyme and considers the LPO-H2O2 bound species to be an inactive species which inhibits the oxidation of X-. Furthermore, as the reaction of LPO with X- is very fast, the LPO-H2O2 bound species is not produced in significant concentrations at high concentrations of X-.
The biological relevance of the biphasic reaction kinetics depends upon the concentrations of LPO, SCN-, and H2O2 in vivo. Due to the similarities in the k2 and k3 rate constants, the inhibition of LPO by H2O2 is observed under reaction conditions where near equimolar concentrations of H2O2 and SCN- are present or when the concentration of H2O2 exceeds the concentration of SCN-. We suggest that the kinetics of LPO catalysis observed experimentally under conditions of high SCN- concentration and comparatively low H2O2 concentration reflect the kinetics observed for healthy biological systems. However, under certain disease conditions, H2O2 is produced at a higher rate and SCN- concentration is low due to substrate depletion or restricted transport. Under such disease conditions, inhibition of LPO by H2O2 may become relevant in vivo.153 
We suggest three representative physiological situations that may exhibit conditions that lead to LPO inhibition by H2O2. First, in the airway of a person afflicted with cystic fibrosis (CF). Due to damaged lung tissue, the transport of SCN- to the airway mucous is inhibited and the concentration of SCN- can be as low as 0.1 uM.46 Furthermore, the prevalence of infection among CF patients causes the lungs to be in a state of oxidative stress and H2O2 concentration is high. Second, in the gingival crevasse there is a SCN- concentration gradient which causes a low concentration of SCN- in the gingival crevicular fluid (GCF). Again, under conditions of health, concentration of H2O2 is expected to be low in the GCF; however, under conditions of disease, neutrophilic polymorphonuclear leukocytes are introduced which promote higher concentrations of H2O2.154 Lastly, the LPO inhibition by H2O2 may occur in the oral biofilms responsible for dental caries (tooth decay). The commensal bacteria present in these biofilms produce H2O2 and the structure of the biofilm may decrease accessibility of SCN- which could result in conditions for LPO inhibition by H2O2.8 
The narrow range of conditions in which H2O2 inhibition by LPO is observed brings up further questions regarding the biological purpose of the inhibition. We propose that the inhibition of LPO by H2O2 results in two physiological consequences: decrease in the rate of production of OSCN- and the increase in local concentrations of H2O2. Since many pathogenic bacteria are obligate anaerobes (only grow in the absence of oxygen), inhibition of LPO by H2O2 to raise the concentration of H2O2 may help fight infection.8 Further evidence for this hypothesis may be gathered by studying the other defensive peroxidases for inhibition by H2O2. Thus, future mechanistic studies on these peroxidases is warranted. 
[bookmark: _Toc528611421][bookmark: _Toc532558700]3.8 Future Work
The primary enzyme species present during the LPO catalysis at low concentration of reducing substrate should be determined. This may be done by observing the LPO-catalyzed oxidation of PsX- under low concentration conditions using a thiol that does not absorb in the UV-Vis spectrum such as 2-mercaptoethanol as the OX- scavenger in place of TNB. A higher concentration of LPO and H2O2 must be used so that LPO can be directly observed spectrophotometrically and H2O2 is competitive with X-. The spectral signature of LPO during the catalysis may identify the dominant LPO species. The halogen cycle mechanisms of myeloperoxidase and eosinophil peroxidase should be also studied at low concentration of reducing substrate to determine if they share an analogous mechanism with lactoperoxidase. 



[bookmark: _Toc528611422][bookmark: _Toc532558701]– LACTOPEROXIDASE BINDING AND COMPETITION STUDIES
[bookmark: _Toc528611423][bookmark: _Toc532558702]4.1 Introduction
	The binding constants of lactoperoxidase with its inorganic anion substrates (SCN-, I-, Br-, Cl-, etc.) have been determined spectrophotometrically155 and by NMR spectroscopy.37, 43, 156 These studies have given a wide range of values for the binding constant of SCN-, the primary lactoperoxidase substrate, citing varied spectroscopic techniques and experimental conditions for the variation in reported constants.155 However, the most likely reason for the varied binding constants is pH variation. It has been shown that SCN-/lactoperoxidase binding constants are highly pH dependent ranging from approximately 0.5-100 mM from pH 3.8-6.8.43,37,155, 157 
	NMR and X-ray crystallography studies of lactoperoxidase have also been undertaken to determine the binding site of the various reducing substrates, discussed in section 1.1.2. It has been proposed using crystallography data that each substrate has a discreet binding site in the binding pocket and that the proximity of the binding sites to the heme center determines the enzymatic preference of substrate.18 However, kinetic studies41 disagree with the proposed crystallographic substrate preference and structural NMR studies37, 43 disagree with the proposed binding site of thiocyanate when compared to the crystal structure data. Certainly, it is possible that the binding sites for the reducing substrate observed in the crystallography data are different than the actual catalytic binding sites for the enzyme in solution observed by NMR spectroscopy.
This chapter will present equilibrium binding studies, equilibrium competition studies, kinetic binding studies, and competition kinetic binding studies of various reducing substrates with LPO. Equilibrium binding studies are used here to determine the binding constant of SeCN- as compared to SCN- to LPO. Equilibrium competition studies are used to determine if SCN-, SeCN-, and F- (fluoride) bind competitively to lactoperoxidase. Kinetic studies of the rates of binding of SeCN- as compared to SCN- with LPO are also presented to determine if a difference in binding rate or mechanism can be determined. Competition kinetic binding studies are present to determine the effect of competing ions on the kinetics of binding. 
[bookmark: _Toc528611424][bookmark: _Toc532558703]4.2 Lactoperoxidase Halide and Pseudohalide Binding

Spectral titrations of lactoperoxidase were conducted with SCN- and SeCN-, PsX-, to determine binding constants and stoichiometry of binding. Spectra were collected for LPO at varying concentrations of PsX-. Some of the data collected exhibited a very small spectral change even at saturating substrate concentrations, i.e. SCN- binding with LPO, Figure 4.1. Because of the difficulty in analyzing these very small changes, difference spectra were produced to determine the wavelengths at which the binding of PsX- with LPO exhibited the largest spectral change. The differences in absorbance at the maxima and minima of these difference spectra at varying [PsX-] were used to create Hill plots and Scatchard plots. 
Hill plots were produced by plotting the difference in absorbance at the maximum and minimum of the difference spectra at various [PsX-] against the [PsX-]. Hill plots were used to determine binding constants according to the method by Ferrari et al. using the modified Hill equation given in Equation 4.1.1.155 In the modified Hill equation  is the difference in the absorbances of the difference spectra at the maximum and minimum. The  is the maximum change in absorbance of the difference spectra at the maximum and minimum achieved when LPO is completely bound to substrate. [PsX-] is the concentration of unbound PsX-. However, [PsX-] is considered constant because [PsX-]>>[LPO] so the ratio of PsX- bound to LPO compared to free PsX- is negligible. When  is plotted against [PsX-], the resulting plot is fit to the modified Hill equation, Equation 4.1.1, to determine the dissociation constant, KD. 

	
	
	Equation 4.1.1



 
The Scatchard plots were used to determine the number of binding equivalents of substrate with respect to LPO using the modified Scatchard equation, Equation 4.1.2. When  is plotted against  the slope of the resulting line is . We can also determine from this plot the number of binding equivalents of PsX- with respect to LPO. A linear plot indicates there is a single class of binding site of substrate to enzyme. However, a Scatchard plot which curves is indicative of multiple classes of binding sites. In the case of single substrate binding, a curve in the Scatchard plot could indicate multiple binding sites. The Scatchard plot has been previously used to determine KD and, indeed, the modified Scatchard equation shows us that KD can be calculated from the negative reciprocal of the slope. However, this is not best practice presently due to increased error associated with the Scatchard equation.158 The modified Hill equation given in Equation 4.1.1 can be fit more accurately to a nonlinear model to calculate KD.

	
	
	Equation 4.1.2



[bookmark: _Toc528611425][bookmark: _Toc532558704]4.2.1 Lactoperoxidase –Thiocyanate Binding Constant
As discussed in section 4.1, the lactoperoxidase binding constant has been determined repeatedly at varying pH and using various spectroscopic methods. As such, the binding constant for thiocyanate with lactoperoxidase has been independently determined and reported here for direct comparison to the binding constant for selenocyanate with lactoperoxidase, section 4.2.2. 
LPO has a strong Soret band absorption with a λmax at 412 nm that shifts to 414 nm when SCN- is bound, Figure 4.1. There is also an increase in intensities of the Q-band absorption at approximately 490 and 630 nm associated with the porphyrin spectra, when SCN- is bound to LPO, Figure 4.2 inset. Because the spectral change was difficult to analyze, even when the concentration of [SCN-] was high enough that LPO was saturated, the difference spectra was used to calculate the dissociation constant, Figure 4.2. The largest changes in absorbance were determined by the difference spectra and the difference in the absorption at the maxima and minima, at 426 and 406 nm, respectively, were used to produce a Hill plot and a Scatchard plot.
The Hill plot was used to determine the LPO-SCN dissociation constant, Figure 4.3. The dissociation constant was calculated to be 15.6(6) mM. The linearity of the Scatchard plot, Figure 4.4, indicates that there was a single class of binding site and only one binding equivalent of SCN- to LPO. 
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[bookmark: _Toc532558618]Figure 4.1 - Lactoperoxidase - Thiocyanate spectral titration. 
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[bookmark: _Toc532558619]Figure 4.2 - Lactoperoxidase - Thiocyanate spectral titration difference spectra. The inset shows the Q-bands in more detail.
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[bookmark: _Toc532558620]Figure 4.3 - Lactoperoxidase-Thiocyanate Hill plot. KD = 15.6(6) mM. The estimated error, given by the parenthetical digit, is for a least-squares fit of the plot.
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[bookmark: _Toc532558621]Figure 4.4 - Lactoperoxidase-Thiocyanate Scatchard Plot.
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[bookmark: _Toc532558705]4.2.2 Lactoperoxidase – Selenocyanate Binding Constant

The binding constant of lactoperoxidase with selenocyanate was determined for comparison to thiocyanate using a spectral titration. The spectral changes for SeCN- binding to LPO were much more significant than those observed for SCN- shown in Figure 4.1, section 4.2.1. There was a large shift in the Soret band from 412 nm for native LPO to 432 nm upon SeCN- binding, Figure 4.5. There was also an increase in absorbance of the Q-bands at 550 and 630 nm. When SeCN- binds to LPO, the Q-band peak at 630 nm is like the peak observed when SCN- is bound to LPO, Figures 4.7 and 4.2, respectively, as both peaks decreased in intensity with increasing [PsX-]. When SeCN- is bound to lactoperoxidase, the Q-band peak at 550 nm differs from the similar Q-band peak observed for SCN- at 490 nm displayed in Figure 4.2. In addition to the wavelength shift, the Q-band peak at 490 nm for SCN- binding is a negative peak in the difference spectra indicating a reduced peak intensity with increased [SCN-]. However, the peak at 550 nm for SeCN- binding to LPO is a positive peak in the difference spectra indicating an increased peak intensity as [SeCN-] increases. 
The difference spectra in Figure 4.6 was used to determine the wavelengths of maximum change in the binding spectrum. The difference in the maximum and minimum peaks, at 432 and 407 nm at each [SeCN-] were used to produce a Hill plot and a Scatchard plot. The Hill plot determined the dissociation constant for LPO and SeCN- to be 9.5(1) mM, Figure 4.7, which is less than the KD of 15.6(6) mM calculated for SCN- binding with LPO. The smaller KD value indicates that SeCN- binds more tightly to LPO than SCN-. The linearity of the Scatchard plot, Figure 4.8, indicates that, as with SCN-, there is 1:1 binding stoichiometry with respect to LPO and SeCN-.
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[bookmark: _Toc521419556][bookmark: _Toc532558622]Figure 4.5 - Lactoperoxidase – selenocyanate spectral titration. A shift from the native LPO peak at 412 nm to the bound LPO-SeCN spectra at 432 nm is observed. 
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[bookmark: _Toc532558623]Figure 4.6 - Lactoperoxidase - selenocyanate spectral titration difference spectra. The inset shows the Q-bands in more detail.
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[bookmark: _Toc532558624]Figure 4.7 – Hill plot of selenocyanate binding to lactoperoxidase. KD = 9.5(1) mM. The estimated error, given by the parenthetical digit, is for a least-squares fit of the data.
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[bookmark: _Toc532558625]Figure 4.8 - Lactoperoxidase-Selenocyanate Scatchard Plot.
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[bookmark: _Toc532558706]4.3 Lactoperoxidase Competition Binding Studies
Spectral titrations were also used in competition studies to determine if there was competitive binding between multiple LPO substrates. Thiocyanate competition with selenocyanate and fluoride competition with selenocyanate were tested. In these studies, the concentrations of a single substrate, SCN- and F- in these cases, were held constant and allowed to come to equilibrium binding with LPO. The concentration of the second substrate, SeCN-, was varied to determine the effect on the pre-established equilibrium. These changes were used to determine the binding cooperativity between the two LPO substrates using Hill plots and logarithmic Hill plots.
Difference spectra were produced to determine the wavelengths that exhibited the largest spectral change for the equilibrium binding spectra. The differences in absorbance at the maxima and minima of these difference spectra at varying [PsX-] were used to create Hill plots and logarithmic Hill plots. The Hill plots were used to calculate the competition binding constant to compare to the binding constant in the absence of other substrates. The Hill plots were produced according to Equation 4.1.1 as discussed in section 4.2. 
Logarithmic Hill plots were used to determine the Hill coefficients according to Equation 4.1.3. The Hill coefficient, n, indicates cooperativity such that when n > 1 there is positively cooperative binding, when n < 1 there is negatively cooperative binding, and when n = 1 there is non-cooperative binding. The fraction of bound LPO is referred to in Equation 4.1.3 as θ. When  is plotted against  the slope of the resulting line is the Hill coefficient n. 

	
	
	Equation 4.1.3



[bookmark: _Toc528611428][bookmark: _Toc532558707]4.3.1 Thiocyanate and Selenocyanate Competition Studies
A competition study of the binding of thiocyanate and selenocyanate with lactoperoxidase was performed to determine if they bind competitively. In this study [SCN-] was held constant at a concentration of more than double the binding constant for SCN- with LPO. The initial spectra visible in the spectral titration, Figure 4.9, is that of LPO bound with SCN- with a λmax at 414 nm. As SeCN- is added, the lactoperoxidase Soret band peak shifts to 430 nm for the SeCN- bound to LPO.
The KD calculated for the Hill plot of SeCN- binding with LPO in the presence of SCN- was 14.3(5) mM, Figure 4.11. When compared to what was calculated for binding of SeCN- with LPO, 9.5(1) mM reported in section 4.2.3, the ratio is 1:1.5, indicating there is competitive binding between SCN- and SeCN- for LPO binding. In addition to the ratio of observed binding constants which indicates competition between SCN- and SeCN- for LPO binding sites, the logarithmic Hill plot, Figure 4.12, indicates that the Hill coefficient n is equal to 0.84(2). A Hill coefficient of n < 1 indicates negatively cooperative binding meaning that binding of SCN- to LPO negatively effects the ability of SeCN- to bind to LPO. Negatively cooperative binding does not necessarily mean that SCN- and SeCN- share a binding site, though that is one possible explanation; it means that the enzyme cannot efficiently bind both substrates.  
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[bookmark: _Toc532558626]Figure 4.9 - Thiocyanate - Selenocyanate competition for lactoperoxidase binding spectral titration.
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[bookmark: _Toc532558627]Figure 4.10 - Thiocyanate - Selenocyanate competition differences spectra.
[image: ]
[bookmark: _Toc532558628]Figure 4.11 - Thiocyanate - Selenocyanate Hill plot for the competition of lactoperoxidase binding. KD = 14.3(5) mM. The estimated error, given by the parenthetical digit, is for a least-squares fit.
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[bookmark: _Toc532558629]Figure 4.12 - Thiocyanate - Selenocyanate logarithmic Hill plot for the competition of binding with lactoperoxidase. The Hill coefficient calculated from the slope is n = 0.84(2). The estimated error, given by the parenthetical digit, is for a least-squares fit.

[bookmark: _Toc528611429]

[bookmark: _Toc532558708]4.3.2 Selenocyanate and Fluoride Competition Studies
Fluoride binds reversibly to lactoperoxidase at the catalytic center of the heme.159 This occurrence has been attributed to the hard nature of fluoride and its ability to interact directly with the iron heme center.159 This interaction occurs relatively slowly, on a time scale which can be observed via time resolved UV-Vis spectroscopy. This reaction is pH-dependent due to the competition of fluoride with a hydroxyl ion at the catalytic site and has a pseudo-first-order rate constant of 9.7(4)x102 M-1s-1.79, 159 There is some disagreement in the literature reporting the spectral change upon F- binding with LPO. Segal and Dunford report F- binding to LPO to cause a shift in the Soret band from 412 nm for native LPO to 410 nm for the LPO-F complex.79 However, Ferrari et al. report “a deep modification in the optical difference spectra pattern” although no specific shift or spectral data were given.155 F- has also exhibited a pH dependent inhibition of lactoperoxidase activity and production of hypothiocyanite in buffer and saliva.78, 80 
The binding of SeCN- with LPO also occurs relatively slowly. Discussion of the kinetics of SeCN- binding to LPO is given in section 4.4. Slow binding of SeCN- to LPO, the large shift in the Soret band with SeCN- binding, and the apparent inhibition of lactoperoxidase by SeCN- in the kinetic studies led to the hypothesis that SeCN- may also bind to the LPO iron catalytic heme center. A spectral titration competition study was used to determine if SeCN- binds competitively with F- at the iron center of the heme. 
The spectral change observed upon LPO binding with F- more closely resembled the change reported by Segal and Dunford with a very small shift in the Soret band from 412 nm for native LPO to 410 nm for the bound LPO-F species, Figure 4.13. The logarithmic Hill plot, Figure 4.15, indicates a Hill coefficient of 1.06(1). A Hill coefficient of n = 1 indicates non-cooperative binding and suggests that SeCN- does not compete with F- for binding to the LPO iron heme center. 
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[bookmark: _Toc532558630]Figure 4.13 - Fluoride - Selenocyanate competition binding spectra.
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[bookmark: _Toc532558631]Figure 4.14 - Lactoperoxidase Binding Competition Study of Selenocyanate and Fluoride. 
[image: ]
[bookmark: _Toc532558632]Figure 4.15 - Selenocyanate - Fluoride competition logarithmic Hill plot. n = 1.06(1). The estimated error, given by the parenthetical digit, is for a least-squares fit. 


[bookmark: _Toc528611430]

[bookmark: _Toc532558709]4.4 Kinetics of Pseudohalide Binding to Lactoperoxidase
The relatively slow binding of SeCN- to LPO enables the study of the mechanism of this binding via UV-Vis stopped-flow spectroscopy. The binding of SCN-, however, was too fast to observe. This section discusses the mechanism of SeCN- binding to LPO. The effect of SCN- as a competitive ligand on the rate of binding of LPO with SeCN- was also observed to further probe the binding mechanism. 
[bookmark: _Toc528611431][bookmark: _Toc532558710]4.4.1 Kinetics of Selenocyanate Binding to Lactoperoxidase
The kinetics of selenocyanate binding to lactoperoxidase were observed as a function of [SeCN-], Figure 4.16. A reaction, which is slow enough to be observed using stopped-flow UV-Vis methods, occurs upon the mixing of SeCN- with LPO. When the kinetics of SeCN- binding to LPO were observed, the initial spectrum collected at t = 0 was not the spectrum of native LPO as expected. The change in spectra at t = 0 can be seen in the initial difference spectra in Figure 4.18. It appears that there is an equilibrium between LPO and SeCN- which is very fast, occurring in the mixing time, followed by a slower reaction which is observed. 
A comparison was made between the initial spectra collected at t = 0 and the final spectra at the completion of the reaction, referred to here as t = ∞, for the reaction of SeCN- binding to LPO. The difference in the initial spectrum from the spectrum for native LPO and the slower reaction which follows indicate there are two phases of SeCN- binding to LPO. We propose that SeCN- binds to LPO at two separate binding sites or with two unique orientations, but is likely not bound at both sites simultaneously, given the linearity of the Scatchard plot, Figure 4.8, as discussed in section 4.2.2. Here we will consider these binding sites to be the kinetic and thermodynamic binding sites with the first, fast reaction of LPO with SeCN- producing the LPO species with SeCN- bound to the kinetic binding site referred to as LPOSeCN. The second, slow reaction produces the LPO species with SeCN- bound to the thermodynamic binding site referred to as LPOSeCN*. The change in the difference spectra at t = 0, Figure 4.18, is very small compared to the total change in absorbance at t = ∞, Figure 4.20. There is also a shift in wavelengths of the maxima and minima of the difference spectra from 430 and 405 nm for the initial difference spectra to 432 and 407 nm for the final difference spectra. 
In addition to the change in absorbance intensity and wavelength of maxima and minima in the difference spectra at t = 0 and t = ∞, there may also be a difference in binding constants between the initial and final binding of SeCN- to LPO. The dissociation constants of the initial and final binding of SeCN- to LPO, which were determined using the same methods presented in section 4.2 by fitting difference spectra absorbance data to the Hill equation, were calculated to be 29.2(3) mM and 9.6(5) mM, respectively, Figures 4.19 and 4.21. It should be noted that the initial dissociation constant is unreliable as true equilibrium has not been reached, but the initial dissociation constant is included here to illustrate the difference between the initial and final difference spectra. 
The first phase of LPO binding to SeCN- is very fast and accounts for a very small change in the spectra. The change in spectra at t = 0 is similar to what is seen for complete binding of SCN- to LPO which causes a very slight change in LPO spectra, Figures 4.1 and 4.2 in section 4.2.1. The binding of SCN- with LPO occurs very quickly at the relatively high experimental concentrations of SCN- used here. High concentrations of substrate must be used to produce a large enough change in the spectra to be accurately observed. 
The binding kinetics of the second phase of LPO binding to SeCN- offer further evidence of the two-phase binding mechanism. The rate dependence of the second phase of the reaction on [SeCN-] were not first-order as simple binding kinetics, under pseudo-first-order concentrations of SeCN- with respect to LPO, would predict. Instead, the binding of SeCN- with LPO exhibits a rate dependence on SeCN- that is nonlinear with the observed rate constants becoming constant at higher concentrations of SeCN-, Figure 4.17. The dependence of the observed rate constant on [SeCN-] can be explained by two consecutive equilibria as seen in the mechanism given in Figure 4.16. The first equilibrium, which is very fast, produces the LPO species with SeCN- bound to the kinetic binding site, LPOSeCN. The second equilibrium is the first-order conversion of the LPOSeCN species to the LPO species with the SeCN- bound to the thermodynamic binding site, LPOSeCN*. 
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[bookmark: _Toc532558633]Figure 4.16 - Mechanism of binding of SeCN- to Lactoperoxidase.





The conversion of LPOSeCN to LPOSeCN* exhibits a dependence on [SeCN-] because increased [SeCN-] pushes the equilibria toward the bound species. The derived rate equation given in Equation 4.4.6 shows the rate dependence on [SeCN-] and the first equilibrium, K1. At high [SeCN-] the first equilibrium is effectively pushed completely to the bound species and the rate of the second equilibrium becomes independent of [SeCN-]. The rate law to produce LPOSeCN* is derived using the steady-state approximation in equations 4.4.1-4.4.6:
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	Assuming k1[LPO][SeCN-] >> k-1[LPOSeCN] and pseudo-first-order conditions with respect to SeCN-:
	

	
	
	Equation 4.4.6





The rate constants k1 and k-1 could not be determined as that reaction was too fast to be observed. However, the data was fit to the proposed model given in Figure 4.16 using SpecFit160 and the equilibrium constant was varied manually to obtain an unvaried rate constant, k2, Table 23. Using this method, an approximate association equilibrium constant K1 of 200 M-1 was used to calculate the rate constant k2 to be 51.4(9) s-1. The exact rate constants k1, k-1, or k-2, or the exact equilibrium constants K1 and K2, could not be calculated from this data. 
Given the proposed mechanism it should also be noted that the effective dissociation constant for the binding of SeCN- with LPO, KDeff = 9.6(5) mM for the final equilibrium, is best represented by Equation 4.4.7. Using the equation for KDeff and the approximate K1 equilibrium constant, the approximate equilibrium constant K2 can be estimated to be 0.5. 

	
	
	Equation 4.4.7
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[bookmark: _Toc532558634]Figure 4.17 - Observed rate constants for the binding of SeCN- with LPO. Post-mixing concentrations were [LPO] = 8 uM and [SeCN-] = 0.56-75 mM. The estimated error shown by the error bars for the individual rate constants is for a least-squares fit of an average of five kinetic traces and has been multiplied by a factor of 10 so that the error bars would be visible on the plot.
[image: ]
[bookmark: _Toc532558635]Figure 4.18 - Initial difference spectra at t = 0 for SeCN- binding to LPO.
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[bookmark: _Toc532558636]Figure 4.19 – Hill Plot for the initial binding of SeCN- with LPO. The dissociation constant was calculated to be KD = 29.2(3) mM. The estimated error, given by the parenthetical digit, is for a least-squares fit.
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[bookmark: _Toc532558637]Figure 4.20 - Final difference spectra for SeCN- binding to LPO.
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[bookmark: _Toc532558638]Figure 4.21 – Hill Plot for the final binding of SeCN- with LPO. The dissociation constant was calculated to be KD = 9.6(5) mM. The estimated error, given by the parenthetical digit, is for a least-squares fit.


Table 23 - Calculated rate constant for the conversion of LPOSeCN to LPOSeCN* during the binding of LPO with SeCN-
	[SeCN-](mM)
	k(s-1)

	9.4
	52.0(4)

	18.75
	50.1(3)

	37.5
	51.4(3)

	75
	51.9(3)

	Average
	51.4(9)


aThe estimated error given by the parenthetical digit is for a least-squares fit of the global spectral analysis. 
bThe average error represents the standard deviation of the individual fits.



[bookmark: _Toc528611432][bookmark: _Toc532558711]4.4.2 Kinetics of Pseudohalide Competition Binding 
The effect of competing substrates on the observed rate of SeCN- binding to LPO was observed to further explore the proposed binding mechanism given in Figure 4.16. These competition binding experiments were done by allowing LPO to come to pre-equilibrium with either SCN- or SeCN- prior to the addition of the other substrate. The concentrations of SCN- and SeCN- were independently varied to determine the effect on the rate of the observed reaction. Since LPOSeCN* is the predominantly observed species and the equilibrium represented by K2 is the rate-limiting reaction, the kinetics of the production of LPOSeCN* were observed when SeCN- was added to an equilibrium solution of LPOSCN. The kinetics of the loss of LPOSeCN* was observed when SCN- was added to an equilibrium solution containing LPOSeCN*. We know from our equilibrium competitive binding experiments, results presented in section 4.3.1, that SCN- and SeCN- bind to LPO competitively so the effect of varying the concentrations of SCN- and SeCN- on the observed rate constants identifies which binding sites are occupied by SCN- and SeCN-. 
Figure 4.22 shows the proposed mechanism of the observed reaction during the SCN- and SeCN- competition studies. This mechanism incorporates the proposed mechanism of SeCN- binding to LPO, Figure 4.16 in section 4.4.1, and adds the competing equilibrium of SCN- with LPO.
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[bookmark: _Toc532558639]Figure 4.22 - Mechanism of lactoperoxidase binding kinetics for the competition of SCN- and SeCN- binding to LPO.





LPO was allowed to come to equilibrium with SeCN- to produce LPOSeCN* prior to the addition of SCN- making SeCN- the competing ligand. When SeCN- acts as the competing ligand increasing [SeCN-] increased the observed rate constant, Figure 4.24. Increasing [SCN-] decreased the observed rate constant, Figure 4.25. The rate of this reaction is dependent on k-2, Figure 4.22, as the conversion of LPOSeCN* to LPOSeCN is rate-limiting which is independent of SCN- and SeCN-. When LPO was allowed to come to equilibrium with SCN- to produce LPOSCN prior to the addition of SeCN- increasing [SeCN-] increased observed rate constant and increasing [SCN-] decreased the observed rate constant, Figures 4.26 and 4.27, respectively. When SCN- acts as the competing substrate the reaction of LPOSeCN going to LPOSeCN* becomes rate-limiting. 
The mechanism in Figure 4.22 can be simplified to a competition equilibrium mechanism to better understand the rate dependencies. Since the rate constants k2 and k-2 are considered rate-limiting in the model for LPO binding with SeCN-, as seen in Figure 4.16, and LPO binding to SCN- is known to be fast, the intermediate LPOSeCN was excluded to simplify the resulting model in Figure 4.23. While the entire mechanism given in Figure 4.22 should be used in further studies to fit all rate constants as the first SeCN- binding equilibrium with LPO does affect the binding kinetics, the rate equation for the simplified mechanism, Figure 4.23, can be derived to understand the dependencies. The derived rate equation, Equation 4.4.11, shows the reason for the dependence on [SeCN-] and inverse dependence on [SCN-] regardless of mixing order as [SeCN-] is found in the numerator and [SCN-] in the denominator of the equation.
[image: ]
[bookmark: _Toc532558640]Figure 4.23 - Simplified competition mechanism for the competition of SCN- and SeCN- binding to lactoperoxidase.
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The rate equation for the model in figure 4.23 can be derived using the steady-state approximation:
	
	
	Equation 4.4.8

	
	
	Equation 4.4.9

	
	
	Equation 4.4.10


Assuming k2[SeCN-]<<k3[SCN-], 
	
	
	Equation 4.4.11
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[bookmark: _Toc532558641]Figure 4.24 - Kinetics of the approach to equilibrium of LPO bound to SeCN- upon the addition of SCN- as a function of [SeCN-]. Final concentrations were [LPO] = 4.9, [SCN-] = 320 mM, and [SeCN‑] = 40-160 mM. The estimated error shown by the error bars is for a least-squares fit of the global spectral analysis.
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[bookmark: _Toc532558642]Figure 4.25 - Kinetics of the approach to equilibrium of LPO bound to SeCN- upon the addition of SCN- as a function of [SCN-]. Final concentrations were [LPO] = 4.9, [SeCN-] = 40 mM, and [SCN-] = 80-320 mM. The estimated error shown by the error bars is for a least-squares fit of the global spectral analysis.
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[bookmark: _Toc532558643]Figure 4.26 - Kinetics of the approach to equilibrium of LPO bound to SCN- upon the addition of SeCN- as a function of [SeCN-]. Final concentrations were [LPO] = 5.1 uM, [SCN-] = 40 mM, and [SeCN-] = 80-320 mM. The estimated error shown by the error bars is for a least-squares fit of the global spectral analysis.
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[bookmark: _Toc532558644]Figure 4.27 - Kinetics of the approach to equilibrium of LPO bound to SCN- upon the addition of SeCN- as a function of [SeCN-]. Final concentrations were [LPO] = 5.1 uM, [SeCN-] = 320 mM, and [SCN-] = 40-160 mM. The estimated error shown by the error bars is for a least-squares fit of the global spectral analysis.
[bookmark: _Toc528611433]

[bookmark: _Toc532558712]4.5 Conclusion
The binding constant of SeCN- with LPO was determined using a spectral titration of KD = 9.5(1) mM which is smaller than the dissociation constant calculated for the SCN- binding constant of KD = 15.6(6) mM. The difference in binding constants indicates a tighter binding for SeCN- relative to SCN- to LPO. 
The tighter binding of SeCN- than SCN- to LPO may be due to the differences in the mechanism and available binding sites. We have presented evidence that SeCN- binds to LPO in a two-phase reaction and can occupy two separate binding sites within LPO. The first reaction is the binding of SeCN- to the kinetic binding site of LPO and is very fast as is the binding of SCN- to LPO. In the second equilibrium, the bound SeCN- shifts to the thermodynamic binding site. However, SCN- binding kinetics show no spectral evidence that SCN- moves to a second binding site. The thermodynamic binding site for SeCN- is likely closer to the heme than the kinetic binding site or has a different orientation with respect to the heme which would cause the increased Soret band shift as well as increased absorption change of the Q-bands. However, given the lack of competition between SeCN- and F-, it is unlikely that SeCN- binds directly to the iron of the heme, section 4.3.2.
Also notable is the lack of evidence of the difference in binding of SeCN- to LPO as compared to SCN- in the catalytic mechanism for the LPO-catalyzed oxidation of PsX‑ discussed in section 3.4. The shift in binding site/orientation of SeCN- has a first-order rate constant of 51.4 s-1. The calculated first-order rate constant for the reaction of LPOSeCN with H2O2, k3 in the proposed LPO catalysis mechanism given in Figure 3.28, was 60 s-1 at the lowest concentration of H2O2 of 5 uM. The larger first-order rate constant for the reaction of the LPOSeCN species with H2O2 than that of the shift from the kinetically bound LPOSeCN species to the thermodynamically bound LPOSeCN* species indicated that the production of the LPOSeCN* was not kinetically competent and should not be expected to affect the LPO catalysis kinetics. The competitive rates of binding of LPO with SeCN- and SCN- given in section 3.6.1 in addition to the likelihood that SCN- would be much more prevalent in physiological fluids as compared to SeCN- indicate that it is unlikely that SeCN- would be competitive with SCN- for LPO binding in vivo. Lack of competition of SeCN- for LPO binding also makes it unlikely that OSeCN- is a naturally occurring species.  
[bookmark: _Toc528611435][bookmark: _Toc532558713]4.6 Future Work
Additional SeCN- binding studies should be done to determine the exact values of the individual rate constants and for the proposed mechanism of SeCN- binding to LPO, Figure 4.16, to determine how these relate to the binding observed in the catalytic mechanism. Also, more detailed SCN-/SeCN- competition binding studies may be the key to determining the backward rate constant for the conversion of LPOSeCN* to LPOSeCN.

[bookmark: _Toc528611436][bookmark: _Toc532558714]– EXPERIMENTAL METHODS
[bookmark: _Toc528611437][bookmark: _Toc532558715]5.1 Synthesis and Study of Hyposelenocyanite at Alkaline pH
[bookmark: _Toc528611438][bookmark: _Toc532558716]5.1.1 Materials
	Potassium selenocyanate, KSeCN, was obtained from Milipore Sigma. Chlorine gas, Cl2, was obtained from Sigma Aldrich. Sodium hydroxide, NaOH, was obtained from Fisher Scientific. Water was doubly distilled in glass. Sodium hypochlorite, NaOCl, was prepared by sparging Cl2 gas into 0.3 M sodium hydroxide until the solutions reached concentration of approximately 0.1 M. NaOCl solution was standardized spectrophotometrically, ε(OCl-)292 nm = 350 M-1cm-1.142
Kinetic data was collected using a Hi-Tech SF-61 DX2 stopped-flow instrument with a xenon arc lamp at 25 °C. Polychromatic data was collected using a photodiode array detector and single wavelength data was collected using a photomultiplier tube detector. Absorbance spectra were collected using a HP8452 A Diode array spectrophotometer. The pH of the final solutions were determined using an Orion Research Expandable ionAnalyzer EA 920 with a VWR symphony combination pH probe.
Polychromatic kinetic data was analyzed using SPECFIT Version 3.0.40. Least-squares analysis of the single wavelength kinetic data were fit using Kinetic Studio Version 1.0.12.19577.161 Least-squares analysis to determine the relationship of observed rate constants was done using KaleidaGraph Version 3.5.162
[bookmark: _Toc528611439][bookmark: _Toc532558717]5.1.2 Synthesis of Hyposelenocyanite by the Oxidation of Selenocyanate by Hypochlorous Acid at Alkaline pH
Solutions of KSeCN and NaOCl were prepared in 0.1 M sodium hydroxide. The concentration of KSeCN was varied to determine rate dependencies for the production of OSeCN-. The concentrations of KSeCN were maintained at 100 times the concentration of NaOCl to minimize overoxidation of OSeCN-. 
NaOCl and KSeCN were reacted in a single mixing stopped-flow experiment, Figure 5.1. The rate of the reaction of NaOCl was observed at 292 nm. An average of five kinetic traces were fit to a first-order integrated rate equation for each concentration condition. 


[image: ]
[bookmark: _Toc532558645]Figure 5.1 - Reaction mixing scheme for the single mixing stopped-flow experiment for the synthesis of OSeCN- at alkaline pH as [SeCN-] was varied. This mixing scheme was used to produce the data in Figure 2.3 in section 2.2.1. 

[bookmark: _Toc528611440][bookmark: _Toc532558718]5.1.3 Determination of the Rate of Decomposition of Hyposelenocyanite at Alkaline pH
NaOCl and KSeCN solutions were made in 0.1 M NaOH. The concentrations of NaOCl were at least 3 mM so OSeCN- could be observed spectrophotometrically. Pseudo-first-order conditions with respect to SeCN- were used to minimize overoxidation. 
NaOCl and KSeCN were reacted in a single mixing stopped-flow experiment with monochromatic data collection at 378 nm to directly observe the decomposition of OSeCN-. The concentrations of NaOCl and KSeCN were independently varied to determine the effect on the reaction rate, Figure 5.2. 


[image: ]
[bookmark: _Toc532558646]Figure 5.2 - Reaction mixing scheme for the single mixing stopped-flow experiment for the decomposition of OSeCN- at alkaline pH as [SeCN-] and [OCl-] was varied. This mixing scheme was used to produce the data in Tables 3 and 4 in section 2.2.1.


[bookmark: _Toc528611441][bookmark: _Toc532558719]5.2 Observation of Hyposelenocyanite at Neutral pH Produced by the Lactoperoxidase-Catalyzed Oxidation of Selenocyanate by Hydrogen Peroxide
[bookmark: _Toc528611442][bookmark: _Toc532558720]5.2.1 Materials
KSeCN was obtained from Milipore Sigma. Sodium hydroxide, NaOH, was obtained from Fisher Scientific. Water was doubly distilled in glass. Phosphate buffer was made using anhydrous monosodium phosphate, NaH2PO4, obtained from Fisher Scientific and disodium phosphate, Na2HPO4, obtained from Mallinckrodt Chemicals. The pH of the phosphate buffer was adjusted using NaOH and measured using an Orion Research Expandable ionAnalyzer EA 920 with a VWR symphony combination pH probe. Hydrogen peroxide 30%, H2O2, was obtained from Fisher Scientific.
Lactoperoxidase was dissolved in 100 mM pH 7 phosphate buffer and standardized spectrophotometrically, ε(LPO)412 nm = 112,000 M-1cm-1.12 H2O2 was diluted from 30% with water and standardized spectrophotometrically, ε(H2O2)240 nm = 36.4 M-1cm-1.163 TNB was dissolved in 100 mM pH 7 phosphate buffer and standardized spectrophotometrically, ε(TNB)412 nm = 14,150 M-1cm-1.146
Absorption spectra were collected using a HP 8452 A Diode array spectrophotometer. Time-resolved stopped-flow measurements were collected using a Hi-Tech SF-61 DX2 stopped-flow instrument with a xenon arc lamp at 25 °C. Polychromatic data was collected using a photodiode array detector and single wavelength data was collected using a photomultiplier tube detector. This instrument is equipped with a xenon arc lamp and a 1.00 cm path length quartz sample cell.
[bookmark: _Toc528611443][bookmark: _Toc532558721]5.2.2 Rate of Production and Stoichiometry of Hyposelenocyanite Produced by the Lactoperoxidase-Catalyzed Oxidation of Selenocyanate by Hydrogen Peroxide
	A single mixing experiment was performed with data collection at 324 nm to observe the production of DTNB and determine the rate at which OSeCN- is produced by the LPO-catalyzed oxidation of SeCN- by H2O2 as a function of [LPO]. A mixture of KSeCN, LPO, and TNB was reacted with H2O2 according to the scheme in Figure 5.3. An average of five kinetic traces for each concentration condition was fit to a first-order integrated rate equation to determine the observed rate constants. 
	The LPO-catalyzed oxidation of SeCN- by H2O2 was also studied as a function of [H2O2] to determine the stoichiometry of OSeCN- production and H2O2. A single mixing stopped flow experiment according to the mixing scheme in Figure 5.3 was used with final reactant concentrations of [LPO] = 1 uM, [SeCN-] = 1 mM, [TNB] = 70 uM, and [H2O2] = 7.5-30 uM.
[image: ]
[bookmark: _Toc532558647]Figure 5.3 - Reaction mixing scheme for the single mixing stopped-flow experiment to observe rate of production of OSeCN- at neutral pH by the LPO-catalyzed oxidation of SeCN- by H2O2. This mixing scheme was used to produce the data in Figure 2.6 in section 2.3.1. The experiment in Table 5 used this scheme as well with varied concentrations.


[bookmark: _Toc528611444][bookmark: _Toc532558722]5.2.3 Determination of the Rate of Decomposition of Hyposelenocyanite at Alkaline pH
Double mixing experiments were performed with data collection at 412 nm to observe the lifetime of OSeCN- at pH 7. OSeCN- was produced in the first mixing cycle by the LPO-catalyzed oxidation of KSeCN by H2O2. This was achieved by reacting a mixture of LPO and KSeCN, buffered at pH 7 in 100 mM phosphate buffer, with H2O2. This reaction was performed under pseudo-first-order conditions with respect to KSeCN to minimize overoxidation. LPO was kept at catalytic concentrations of less than 10% [H2O2]. This reaction was observed in a single mixing experiment to determine the minimum age time necessary to complete the OSeCN- in the first mixing cycle. The minimum age time for the double mixing experiment was set to four half-lives of this reaction.
The age time after the first mixing cycle was varied from 0.2-1.6 seconds before the addition of TNB in the second mixing cycle. The change in TNB concentration from a blank with no [H2O2] added was used to determine the concentration of the remaining product. Data was collected monochromatically at 412 nm to observe the change in [TNB] as [OSeCN-] was produced. 

[image: ]
[bookmark: _Toc532558648]Figure 5.4 - Reaction mixing scheme for the double mixing stopped-flow experiment to observe the rate of decomposition of OSeCN- at neutral pH. This mixing scheme was used to produce the data in Figure 2.7 in section 2.3.2.


[bookmark: _Toc528611445][bookmark: _Toc532558723]5.3 Lactoperoxidase Mechanistic Studies
[bookmark: _Toc528611446][bookmark: _Toc532558724]5.3.1 Materials
Water was doubly distilled in glass. NaSCN was obtained from Sigma-Aldrich. KSeCN was obtained from Millipore Sigma. H2O2 was obtained from Fisher Scientific and the concentration was determined spectrophotometrically, ε(H2O2)240 nm = 36.4 M-1cm-1.163 LPO concentration was determined spectrophotometrically, ε(LPO)412 nm = 112,000 M-1cm-1.12 TNB was standardized spectrophotometrically, ε(TNB)412 nm = 14,150 M-1cm-1.146
Solutions of NaSCN, KSeCN, and LPO were buffered in 100 mM pH 7 phosphate buffer. Phosphate buffer was made using anhydrous monosodium phosphate, NaH2PO4, obtained from Fisher Scientific and disodium phosphate, Na2HPO4, obtained from Mallinckrodt Chemicals. NaOH was obtained from Fisher Scientific and was used to adjust the buffer pH. The pH was measured using an Orion Research Expandable ionAnalyzer EA 920 with a VWR symphony combination pH probe. Buffers were treated with Chelex-100 to remove divalent metals. 
Absorbance measurements were measured using a HP 8452A diode array spectrophotometer. Stopped-flow measurements were collected using a Hi-Tech SF-661 DX2 instrument equipped with a photomultiplier tube for single wavelength detection and a diode array for collection of polychromatic data. This instrument is equipped with a xenon arc lamp and a 1.00 cm path length quartz sample cell.
Polychromatic kinetic data was analyzed using SPECFIT Version 3.0.40.160 Single wavelength kinetic data was analyzed using Kinetic Studio Version 1.0.12.19577.161 Least-squares analysis to determine the relationship of observed rate constants was done using KaleidaGraph Version 3.5.162 Mathematica was used to model the data and a nonlinear fit was used to determine the rate constants.164
Polychromatic kinetic data was deconvoluted and fit using SPECFIT Version 3.0.40.160 Single wavelength kinetic data was analyzed using Kinetic Studio Version 1.0.12.19577.161 Least-squares analysis to determine order dependency was done using KaleidaGraph Version 3.5.162
[bookmark: _Toc528611447][bookmark: _Toc532558725]5.3.2 Collection of Stopped-Flow Kinetic Data for the Lactoperoxidase-Catalyzed Oxidation of Pseudohalides by Hydrogen Peroxide
Single mixing stopped-flow experiments according to the scheme in Figure 5.3 were used to probe the mechanism of the LPO-catalyzed oxidation of SeCN- and H2O2. Experiments were done under what will be considered “high concentration” and “low concentration” of reducing substrates. High concentration of reducing substrates refers, in general, to experiments we conducted where [PsX-] ≥ 1 mM, [LPO] ≥ 1 uM, and pseudo-first-order conditions of [PsX-] with respect to [H2O2] were used. Low concentration of reducing substrates refers, in general, to experiments conducted under conditions of [PsX-] ≤ 1 mM, stoichiometric or near stoichiometric conditions of [PsX-] with respect to [H2O2], and [LPO] ≤ 1 uM. High and low concentration conditions were optimized to observe the effects of varying reactant and enzyme concentrations where first-order and biphasic reaction trace kinetics were observed, respectively. 
Experimental traces were collected at 412 nm to observe the change in TNB during the LPO catalysis. Five runs were averaged and fit to a Mathematica model given in section 5.3.5. Data from the experiments where the biphasic reaction kinetics were observed was collected for the pre-steady-state reaction independently to obtain more resolved traces. Data was then collected over the entire reaction time and the data sets were merged. 
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[bookmark: _Toc532558649]Figure 5.5 - Reaction mixing scheme for the single mixing stopped-flow experiment to observe the rate of the LPO-catalyzed oxidation of SeCN- by H2O2 at neutral pH. This mixing scheme was used to produce the data in Chapter 3. 



[bookmark: _Toc532558726]5.3.3 Determining the Effect of Mixing order on the Lactoperoxidase-Catalyzed Oxidation of Pseudohalides by Hydrogen Peroxide
The effect of the order of mixing of LPO with PsX- and H2O2 on the reaction kinetics of the LPO-catalyzed oxidation of PsX- under low PsX- concentration conditions. Two double mixing stopped-flow experiments were performed which first allowed LPO and SCN- to come to equilibrium in the first mixing cycle, then added H2O2 in the second mixing cycle to initiate catalysis. A second double mixing experiment reacted LPO with H2O2 in the first mixing cycle, then added SCN- in the second mixing cycle. The age time in both experiments was 0.5 seconds. 
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[bookmark: _Toc532558650]Figure 5.6 - Reaction mixing scheme for the double mixing stopped-flow experiment to observe the effect of mixing LPO and PsX- in the first mixing cycle prior to the addition of H2O2 on the LPO-catalyzed oxidation of PsX- by H2O2 at neutral pH. This mixing scheme was used to produce the data in Figure 3.22.
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[bookmark: _Toc532558651]Figure 5.7 - Reaction mixing scheme for the double mixing stopped-flow experiment to observe the effect of mixing LPO and  H2O2 in the first mixing cycle prior to the addition of PsX- on the LPO-catalyzed oxidation of PsX- by H2O2 at neutral pH. This mixing scheme was used to produce the data in Figure 3.23.

 
[bookmark: _Toc528611451][bookmark: _Toc532558727]5.4 Lactoperoxidase Binding Studies
[bookmark: _Toc528611452][bookmark: _Toc532558728]5.4.1 Materials
	Potassium selenocyanate, KSeCN, was obtained from Millipore Sigma. Sodium thiocyanate was obtained from Sigma-Aldrich. Phosphate buffer was made using anhydrous monosodium phosphate, NaH2PO4, obtained from Fisher Scientific and disodium phosphate, Na2HPO4, obtained from Mallinckrodt Chemicals. The pH was adjusted using concentrated NaOH obtained from Fisher Scientific and measured using an Orion Research Expandable ionAnalyzer EA 920 with a VWR symphony combination pH probe. Water was doubly distilled in glass. Lactoperoxidase was dissolved in 100 mM pH 5.5 phosphate buffer and standardized spectrophotometrically, ε(LPO)412 nm = 112,000 M-1cm-1.12 NaSCN and KSeCN were weighed out and dissolved in 100 mM pH 5.5 phosphate buffer.
Absorption spectra were measured using a HP 8452A diode array spectrophotometer. Stopped-flow measurements were collected using a Hi-Tech SF-661 DX2 instrument equipped with a photomultiplier tube for single wavelength detection and a diode array for collection of polychromatic data. This instrument is equipped with a xenon arc lamp and a 1.00 cm path length quartz sample cell.
Polychromatic kinetic data was analyzed using SPECFIT Version 3.0.40.160 Single wavelength kinetic data was analyzed using Kinetic Studio Version 1.0.12.19577.161 Scatchard Plots, Hill Plots, and least-squares analysis on the datasets were done using Kaleidagraph Version 3.5. 162
[bookmark: _Toc528611453][bookmark: _Toc532558729]5.4.2 Spectral Titrations
Spectral titrations of NaSCN and KSeCN with LPO were conducted to determine the dissociation constants of the substrates with LPO.155 Spectral titrations with LPO were conducted by adding 200 µL of NaSCN or KSeCN of varying concentrations to 2 mL of LPO in a 1 cm quartz cuvette using micropipettes. Stock lactoperoxidase concentrations were approximately 4.4 uM so that the after mixing concentration was 4 uM. Stock NaSCN and KSeCN solutions were varied such that final [NaSCN] and [KSeCN] varied from approximately 1-300 mM. Solutions were mixed well in a 1 cm quartz cuvette and allowed to come to equilibrium for approximately one minute before polychromatic absorption spectra were collected. 
[bookmark: _Toc528611454][bookmark: _Toc532558730]5.4.3 Lactoperoxidase Competition Studies
Spectral titrations of competition of thiocyanate and selenocyanate as well as fluoride and selenocyanate for lactoperoxidase binding were conducted.155 Thiocyanate, selenocyanate, fluoride, and lactoperoxidase solutions were prepared in 100 mM phosphate buffer at pH 5.5. 
Lactoperoxidase (1 mL of 9.2 uM) and sodium fluoride (1 mL of 29.6 mM) were added to a 1x1 cm cuvette using a micropipette and mixed well. 300 uL of potassium selenocyanate of varying concentration form 2-0.077 M was added to the cuvette. The solution was mixed well and allowed to come to equilibrium for one minute. A blank, made by adding 1 mL of 9.2 uM, and 1.3 mL of 100 mM pH 5.5 phosphate buffer to a 1x1 cm cuvette, was used to blank the instrument so difference spectra could be collected. 
[bookmark: _Toc528611455][bookmark: _Toc532558731]5.4.4 Scatchard Analysis
Scatchard analyses were performed to determine the binding constants and number of binding equivalents. The concentration of lactoperoxidase and bound lactoperoxidase could not be calculated directly due to the small shift in absorbance for the bound and unbound protein so the difference spectra were used to analyze the data and the following mathematical analysis was used to fit the data. In the analysis below, E = LPO, X = SCN/SeCN, EX = Bound LPO.


	
	
	Equation 6.4.1

	
	
	Equation 6.4.2

		
	
	Equation 6.4.3


Enzyme spectra were recorded before and after addition of X and the difference spectra of the two spectra was taken. The wavelengths with maximum positive and negative absorbance were determined which are referred to as peak and valley, p and v, respectively. So,
	[bookmark: _Toc528611456]
	
	Equation 6.4.4


When no X has been added,
	
	
	Equation 6.4.5


The change in absorbance can be written as,
	
	
	Equation 6.4.6


Substituting Equation 6.4.3, solved for [E]
	
	
	Equation 6.4.7


Simplify
	
	
	Equation 6.4.8


Separate variables
	
	
	Equation 6.4.9


Given that Equations 6.4.4-6.4.9 also have analogous equation for the valley,
	
	
	Equation 6.4.10


Rearrange
	
	
	Equation 6.4.11


The constant  can be renamed  to give,
	
	
	Equation 6.4.12


Solving Equation 6.4.2 for EX and then substituting into equation 6.4.12 gives
	
	
	Equation 6.4.13


Substitute Equation 6.4.3, solved for E
	
	
	Equation 6.4.14


Rearranging and substituting Equation 6.4.12 in the form of  gives,
	
	
	Equation 6.4.15


Combining terms gives,
	
	
	Equation 6.4.16



Using equation 16 and plotting  vs. , a linear plots result given there is only one binding site. In these plots  and  .
[bookmark: _Toc532558732]5.4.5 Logarithmic Hill Plot
The logarithmic Hill plot was used to calculate the Hill coefficients and determine the cooperativity of binding between LPO reducing substrates. Using equation 6.4.16 given in section 6.4.3 the term  can be calculated using the y-intercept of the Scatchard plots. Given that the logarithmic form of the Hill equation is,

	
	
	Equation 6.5.1


And θ is equal to the fraction of the protein bound to substrate,
	
	
	Equation 6.5.2


And,
	
	
	Equation 6.5.3


[E]T can be substituted into equation 6.5.2 to give,
	
	
	Equation 6.5.4



Equation 6.4.12 from section 6.4 can be solved for [EX] and substituted into Equation 6.5.4 to give, 
	
	
	Equation 6.5.5



 can be calculated from the y-intercept of the Scatchard plots, Equation 6.4.16 for each substrate to calculate θ. 
[bookmark: _Toc528611457]

[bookmark: _Toc532558733]5.4.6 LPO Binding Kinetics
A single mixing stopped-flow experiment was used to observe the kinetics of SeCN- to LPO. Final LPO concentrations were approximately 8 uM so that the absorbance would be suitable for analysis, approximately 0.9 absorbance units. Post-mixing KSeCN concentrations were varied from approximately 1-80 mM. The instrument was blanked by mixing stock LPO with the buffer solution so that difference spectra were observed. 

[image: ]
[bookmark: _Toc532558652]Figure 5.8 - Reaction mixing scheme for the single mixing stopped-flow experiment to observe the rate SeCN- binding to LPO at pH 5.5 in 100 mM phosphate buffer. This mixing scheme was used to produce the data in section 4.4.1.



[bookmark: _Toc528611458][bookmark: _Toc532558734]5.4.7 Lactoperoxidase Competition Binding Kinetics
A double mixing experiment was used to determine the effect of SCN- and SeCN- as competing ions on the rate of binding of each substrate with LPO. LPO and the first binding substrate were mixed in the first mixing cycle via the hand mixer and allowed to come to equilibrium. The second substrate was introduced in the second mixing cycle and was completed using the stopped-flow instrument. In addition to the second substrate, an equimolar concentration of the first substrate after the first mixing cycle was also added in the second mixing cycle so the concentration of the competing substrate would remain constant and the entire spectral change could be attributed to the competing substrate, Figure 5.6. Experiments were done with both SCN- and SeCN- functioning as the competitive ligand as a function of both [SCN-] and [SeCN-].
Final concentration of LPO was maintained at approximately 4-5 uM, 0.4-0.5 absorbance units. The concentration of the initial binding substrate was kept at approximately three times or greater than the dissociation constant calculated in section 4.2. The ligand added in the second mixing cycle was at least double the concentration of the initial ligand.
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[bookmark: _Toc532558653]Figure 5.9 - Reaction mixing scheme for the double mixing experiment to observe the rate effect of a competitive binding ligand on the kinetics of binding of SCN- and SeCN- to LPO at pH 5.5 in 100 mM phosphate buffer. This mixing scheme was used to produce the data in section 4.4.2.
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APPENDICES
[bookmark: _Toc528611448][bookmark: _Toc532558736]Appendix A - Modeling of the Literature Mechanism of the Halogen Cycle of Lactoperoxidase
Mathematica was used to make and probe a mathematical model of the lactoperoxidase halogen cycle as reported by Furmüller and shown in Equations 3.2.5 and 3.2.6.41 An NDSolve of the differential equations was used to model the reaction. In the model EE = LPO, Ox = H2O2, EOx = compound I, S = PsX-.

Clear[EE, ES, EOx, S, Ox, P, Ox0, t, k1, k2];

equations = { 
   EE'[t] == -k1*EE[t]*Ox[t] + k2*EOx[t]*S,
   EOx'[t] == +k1*EE[t]*Ox[t] - k2*EOx[t]*S, 
   Ox'[t] == -k1*EE[t]*Ox[t],
   P'[t] == k2*EOx[t]*S,
   EE[0] == EE0,
   EOx[0] == 0,
   Ox[0] == Ox0,
   P[0] == 0
   };

k1 = 1.1*10^7; 
k2 = 2*10^8;
EE0 = 1*10^-6;
S = 1*10^-4;
Ox0 = 5*10^-5;

timeframe = 5;

answer = NDSolve[equations, P[t] , {t, 0, timeframe};

EE[t_] = EE[t] /. answer; 
EOx[t_] = EOx[t] /. answer;
Ox[t_] = Ox[t] /. answer;
P[t_] = P[t] /. answer;

A parametricNDSolve was used to observe the effect of varying concentrations of reactants on the model.

Clear[EE, EOx, S, Ox, P, S0, Ox0, EEO, t, k1, k2, a];

k1 = 1.1*10^7; 
k2 = 4*10^4;
EE0 = 1*10^-6;
Ox0 = 5*10^-5;
S = 5*10^-5*a;

timeframe = 10000;

pfun = ParametricNDSolveValue[
   {
    EE'[t] == -k1*EE[t]*Ox[t] + k2*EOx[t]*S,
    EOx'[t] == +k1*EE[t]*Ox[t] - k2*EOx[t]*S, 
    Ox'[t] == -k1*EE[t]*Ox[t],
    P'[t] == k2*EOx[t]*S,
    EE[0] == EE0,
    EOx[0] == 0,
    Ox[0] == Ox0,
    P[0] == 0
    }
   , P, {t, 0, 10000}, {a}];

[bookmark: _Toc528611449][bookmark: _Toc532558737]Appendix B - Modeling of the Proposed Mechanism of the Lactoperoxidase-Catalyzed Oxidation of Pseudohalide
Mathematica was used to make and probe a mathematical model of the proposed lactoperoxidase halogen cycle mechanism as discussed in section 3.6.1 of this work.  An NDSolve of the differential equations was used to model the reaction with the rate constants caculated from experimental data. In the model EE = LPO, ES = LPOSCN/LPOSeCN, Ox = H2O2, EOx = LPOH2O2, S = PsX-, and P = OPsX-. The rate constants were approximated from the fitted rate constants in section 3.6.1.

Clear[EE,ES,EOx,S, Ox, P,Ox0, t,k1, km1,k2, km2, k3];

equations = { 
   EE'[t] == -k1*EE[t]*S+km1*ES[t]-k2*EE[t]*Ox[t]+km2*EOx[t]+k3*ES[t]*Ox[t],
   ES'[t] == k1*EE[t]*S-km1*ES[t]-k3*ES[t]*Ox[t],
   EOx'[t] == k2*EE[t]*Ox[t]-km2*EOx[t], 
   Ox'[t] == -k3*ES[t]*Ox[t],
   P'[t] == k3*ES[t]*Ox[t],
   EE[0] == EE0,
   ES[0]== 0,
   EOx[0]== 0,
   Ox[0]== Ox0,
   P[0]== 0};

k1=1.4*10^9; 
km1=3940;
k2=3.48*10^7;
km2=2.07;
k3=1*10^7;
EE0=1*10^-6;
S=1*10^-4;
Ox0=5*10^-5;

timeframe = 6;

answer=NDSolve[equations, {EE[t], ES[t], EOx[t],S[t], Ox[t], P[t]}, {t,0,timeframe}];

EE[t_]=EE[t]/.answer; 
ES[t_]=ES[t]/.answer;
EOx[t_]=EOx[t]/.answer;
S[t_]=S[t]/.answer;
Ox[t_]=Ox[t]/.answer;
P[t_]=P[t]/.answer;

[bookmark: _Toc528611450][bookmark: _Toc532558738]Appendix C - Fitting Experimental Data Using the Proposed Mechanism of the Lactoperoxidase-Catalyzed Oxidation of Pseudohalide
Experimental kinetic traces collected using methods discussed in section 6.3 of this work were fit to the proposed model for the lactoperoxidase-catalyzed oxidation of PsX- at low [PsX-] discussed in section 3.6.2 of this work to determine rate constants k1, k-1, k2, k-2, and k3. 
As the data was collected through the TNB assay, the fitted kinetic trace data was manipulated to match the predictions of the model. The reactions involving the TNB assay were omitted so as not to over complicate the model. The molar extinction coefficeint, ε412(TNB) = 14,150 M-1cm-1, was used to calculate the trace as [OPsX-].146 Multiplication of the entire dataset by an appropriate factor to account for the entire consumption of H2O2 was done to allow for the model to fit the data.
A ParametricNDSolve was used to model the mechanism and a NonlinearRegression was used to calculate fitted rate constants. Initial parameters were determined by allowing all rate constants to vary for a set of data where the pre-equilibrium and steady-state reaction could both be clearly observed, such as trace B in Figure 3.28. The rate constants calculated here were used as initial parameter values to fit the traces which were less well-defined. In some cases, where the pre-equilibrium reaction and steady-state reactions were especially undefined, such as traces C and D in Figure 3.28, appropriate rate constants were fixed to allow the calculation of the rate constants for the dominant reaction which could be clearly observed in the trace. In the model EE = LPO, ES = LPOSCN/LPOSeCN, Ox = H2O2, EOx = LPO-H2O2, S = PsX-, and P = OPsX-.

SetDirectory["C:/Users/Kellye Sutton/Documents/Graduate Research/ExpB188"];
data1=ReadList["ExpB18804-06.Product.v4.txt",{Number,Number}];

Clear[EE,ES,EOx,S,Ox,P,k1,k2,k3,k4,k5];

totaltime=6;

S=5.3*10^-5;

model=ParametricNDSolveValue[
   {
    EE'[t] == -k1*EE[t]*S+k2*ES[t]-k3*EE[t]*Ox[t]+k4*EOx[t]+k5*ES[t]*Ox[t],
    ES'[t] == k1*EE[t]*S-k2*ES[t]-k5*ES[t]*Ox[t],
    EOx'[t] == k3*EE[t]*Ox[t]-k4*EOx[t],
    Ox'[t] == -k5*ES[t]*Ox[t],
    P'[t] == k5*ES[t]*Ox[t],
    EE[0] == 1.20*10^-6,
    ES[0]== 0,
    EOx[0]== 0,
    Ox[0]==4.0*10^-5,
    P[0]== 0},P,{t,0,totaltime},{k1,k2,k3,k4,k5}];

Clear[EE,ES,EOx,S,Ox,P,k1,k2,k3,k4,k5];
Needs["NonlinearRegression`"]
NonlinearRegress[data1,model[k1,k2,k3,k4,k5][t],{{k1,1*10^9},{k2,4000},{k3,3*10^7},{k4,2},{k5,9*10^6}},t]

[bookmark: _Toc528611459][bookmark: _Toc532558739]Appendix D - Model of LPO Competition Binding Kinetics
A model was built of the proposed binding mechanism for SeCN- to LPO given in Figure 4.16. In the model LPO = EE, EX = LPOSeCN, EXp = LPOSeCN*, EY = LPOSCN, X = SCN-, and Y = SeCN-. The ParametricNDSolve is used to give a solve the differential equations and vary [SCN-] and [SeCN-] individually to determine the effect on the model. The rate constants used were estimated based on the calculated constants from section 4.4.2.

(*LPO*SCN Pre-Equilibrium 
SCN Varied*)

Clear[EE, EX, EXp, EY, t, k1, km1, k2, km2, k3, km3, X, Y]

k1 = 1*10^9;
km1 = 5000000;
k2 = 50;
km2 = 1;
k3 = 1*10^9;
km3 = 10000000;
X = 0.32;
Y = 0.04*a;
EE0 = 4.6*10^-6;
pfun = ParametricNDSolveValue[
   {
    EE'[t] == -k1*EE[t]*X + km1*EX[t] - k3*EE[t]*Y + km3*EY[t],
    EX'[t] == k1*EE[t]*X - km1*EX[t] - k2*EX[t] + km2*EXp[t],
    EXp'[t] == k2*EX[t] - km2*EXp[t],
    EY'[t] == k3*EE[t]*Y - km3*EY[t],
    EE[0] == EE0 - (k1*EE0*Y/km1)/(1 + Y*k1/km1),
    EX[0] == 0,
    EXp[0] == 0,
    EY[0] == (k1*EE0*Y/km1)/(1 + Y*k1/km1)
    }
   , EXp, {t, 0, 10000}, {a}];
timeframe = 0.4;
Plot[Evaluate[Table[pfun[a][t], {a, {1, 2, 4, 8, 32}}]], {t, 0, 
  timeframe}, PlotRange -> {0, 4.6*10^-6}]
196
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