
THIOL DIOXYGENASES: AN INVESTIGATION INTO THE MECHANISMS OF 

CYSTEINE DIOXYGENASE AND 3-MERCAPTOPROPIONIC 

 ACID DIOXYGENASE 

 

by 

 

JOSHUA CROWELL 

 

Presented to the Faculty of the Graduate School of 

The University of Texas at Arlington in Partial Fulfillment 

of the Requirements 

for the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

THE UNIVERSITY OF TEXAS AT ARLINGTON 

December 2015 

 

 



ii 

Copyright © by Joshua Crowell 2015 

All Rights Reserved 

 



iii 

Acknowledgements 

I would like to thank Dr. Brad S. Pierce for your guidance over the past five 

years. Your patience and professionalism is deserving of my upmost respect and I will 

forever appreciate this as an example of how to treat the people I work with. 

I would like to thank my committee members Dr. Heo and Dr. Jonhson-Winters 

for their direction and advice. 

I also would like to thank all my lab mates, Wei, Bishnu, Andra, Priyanka, 

Eleanor, Sinjinee, Phil, and Mike. It has been a pleasure working with all of you. 

I would like to thank the Department of Chemistry and Biochemistry for the help 

with my academic and career. 

Lastly, I would like to thank my family. Mom and Dad, thank you for the 

encouragement you have shown my whole life. To my wife, Laura, thank you for your 

patience and support. Sawyer, Canaan, and Emmett, thank you for making me forget 

about work every day when I get home. I love you and most certainly couldn’t have done 

this without any of you. Most importantly, I want to thank God for this amazing 

opportunity. 

October 13, 2015 



iv 

Abstract 

THIOL DIOXYGENASES: AN INVESTIGATION INTO THE MECHANISMS OF 

CYSTEINE DIOXYGENASE AND 3-MERCAPTOPROPIONIC 

 ACID DIOXYGENASE 

 

Joshua Crowell, PhD 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Brad Pierce 

Thiol dioxygenase (TDO) enzymes catalyze the molecular oxygen-dependent 

oxidation of sulfur containing amino acid derivatives. The loss of the ability to regulate 

thiols has been linked to a number of neurological diseases. Two TDO enzymes, a 

mammalian cysteine dioxygenase (CDO) and a bacterial 3-mercaptopropionic acid 

dioxygenase, are examined by probing the various effects on the steady-state kinetic 

parameters kcat and kcat/KM.  Both of these enzymes show a similar deviation from the 

iconic 2-His-1-carboxylate facial triad active site motif that dominates the mononuclear 

non-heme iron oxidase/oxygenase class of enzymes. However, CDO shows an unusual 

covalently cross-linked Cys-Tyr pair within 3.3 Å of the active site that is not present in 3-

mercaptopropionic acid dioxygenase (MDO).  In this work, second-sphere interactions of 

CDO are probed by observing perturbations to steady-state parameters in the presence 

of selected active site variants. In addition, the relative timing of chemical and non-

chemical steps in both CDO and MDO are investigated by a series of solvent kinetic 

isotope effects and viscosity studies. These experiments reveal a proton dependent 

intermediate gates coupling efficiency in CDO. Substrate-enzyme interactions for MDO 

with three substrates (cysteine (cys), cysteamine (cyst), and 3-mercaptopropionic acid 
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(3mpa)) are investigated by observing steady-state kinetic parameters as a function of 

pH. Complementary X-band EPR studies were performed using nitric oxide as a 

surrogate for O2-binding.  As with most non-heme mononuclear iron enzymes, obligate-

ordered addition of substrate prior to NO is observed. Two distinct substrate-bound 

conformations were observed in enzyme-substrate-NO samples prepared with either 

cysteine or cysteamine, suggesting heterogeneous binding of these substrates within the 

active site.  Kinetic and EPR results are consistent with 3mpa being the preferred 

substrate for this enzyme. 

 



vi 

Table of Contents 

Acknowledgements ............................................................................................................. iii 

Abstract .............................................................................................................................. iv 

List of Illustrations ............................................................................................................... x 

List of Tables ...................................................................................................................... xii 

List of Schemes ................................................................................................................. xiii 

Chapter 1 Introduction to Mononuclear Non-Heme Iron Enzymes ..................................... 1 

Enzymes Containing the 2-His 1-Carboxylate Facial Triad ............................................ 2 

α-Ketogluterate-Dependent Enzymes ........................................................................ 4 

Rieske Dioxygenases ................................................................................................. 6 

Catechol Cleaving Dioxygenases ............................................................................... 8 

Extradiol dioxygenases .......................................................................................... 9 

Intradiol dioxygenase ........................................................................................... 11 

Pterin-Dependent Hydroxylases ............................................................................... 12 

Other Enzymes ......................................................................................................... 15 

ACCO ................................................................................................................... 15 

Isopenicillin N synthase ....................................................................................... 16 

The 3-His Facial Triad .................................................................................................. 18 

Cysteine Dioxygenase .............................................................................................. 19 

3-Mercaptopropionic Acid Dioxygenase ................................................................... 27 

Chapter 2 Second-sphere interactions between the C93-Y157 cross-link and 

the substrate-bound Fe-site influence O2-coupling efficiency in mouse 

cysteine dioxygenase ........................................................................................................ 28 

Introduction ................................................................................................................... 28 

Materials and Methods ................................................................................................. 34 



vii 

Purification ................................................................................................................ 34 

Conversion of as-isolated CDO (AI-CDO) to fully modified CDO (-

CDO)......................................................................................................................... 35 

HPLC CDO Activity Assay ........................................................................................ 35 

Oxygen Electrode ..................................................................................................... 36 

pH profile results ....................................................................................................... 37 

Analysis of kinetic data ............................................................................................. 37 

Spectroscopy ............................................................................................................ 37 

Computational Methods............................................................................................ 39 

Results .......................................................................................................................... 41 

Purification of CDO enzyme forms and selected variants ........................................ 41 

Influence of the C93-Y157 pair and substrate-interactions on enzymatic 

coupling .................................................................................................................... 43 

Cyanide binding and EPR spectroscopy of substrate-bound AI- , -, and 

C93A FeIII-CDO ........................................................................................................ 50 

QM/MM computational models of the (CN/Cys)-bound FeIII-CDO active 

site ............................................................................................................................ 62 

Discussion .................................................................................................................... 69 

Chapter 3 Oxidative uncoupling in cysteine dioxygenase is gated by a 

proton-sensitive intermediate ............................................................................................ 73 

Introduction ................................................................................................................... 73 

Materials and Methods ................................................................................................. 76 

Purification ................................................................................................................ 76 

Enzyme assays ........................................................................................................ 77 

Solvent Isotope Effects ............................................................................................. 78 



viii 

Viscosity studies ....................................................................................................... 78 

Data Analysis ............................................................................................................ 79 

Results .......................................................................................................................... 80 

Solvent kinetic isotope effects .................................................................................. 80 

Proton Inventories .................................................................................................... 83 

Influence of solvent isotope effects on enzymatic coupling ..................................... 85 

Viscosity effects ........................................................................................................ 86 

Discussion .................................................................................................................... 88 

Chapter 4 The ‘Gln-type’ thiol dioxygenase from Azobacter vinelandii is a 3-

mercaptopropionic acid dioxygenase: steady-state kinetics and EPR 

spectroscopy of the substrate-bound iron-nitroxyl active site. .......................................... 94 

Introduction ................................................................................................................... 94 

Materials and Methods ................................................................................................. 97 

Expression of Av MDO ............................................................................................. 97 

Enzyme purification .................................................................................................. 98 

Enzyme assays ........................................................................................................ 99 

Synthesis of 3-sulfinopropionic acid ....................................................................... 101 

Data Analysis .......................................................................................................... 101 

Anaerobic work ....................................................................................................... 102 

Physical Methods ................................................................................................... 102 

Nitric oxide additions .............................................................................................. 103 

Results ........................................................................................................................ 104 

Purification of Av MDO ........................................................................................... 104 

Steady-state kinetics of Av MDO catalyzed reactions ............................................ 105 

pH effects ............................................................................................................... 109 



ix 

EPR spectroscopy of substrate-bound Av MDO iron-nitrosyl active site 

(Av ES-NO). ............................................................................................................ 112 

Discussion .................................................................................................................. 117 

Chapter 5 Solvent kinetic isotope effects on 3-mercaptopropionic acid 

dioxygenase (MDO) from Azobacter vinelandii reveals ionization events 

associated with substrate binding are rate limiting ......................................................... 126 

Introduction ................................................................................................................. 126 

Materials and Methods ............................................................................................... 127 

Purification and Expression of Av MDO ................................................................. 127 

Enzyme assays ...................................................................................................... 129 

Solvent Kinetic Isotope Effects and Proton Inventory ............................................ 130 

Viscosity studies ..................................................................................................... 131 

Data Analysis .......................................................................................................... 131 

Results ........................................................................................................................ 133 

Solvent kinetic isotope effects ................................................................................ 133 

Proton Inventories .................................................................................................. 137 

Viscosity ................................................................................................................. 138 

References ...................................................................................................................... 140 

Biographical Information ................................................................................................. 161 

   



x 

List of Illustrations 

Figure 1-1 The 2-His-1-carboxylate motif. .......................................................................... 3 

Figure 1-2 Structure of an α-ketogluterate cofactor ............................................................ 4 

Figure 1-3 Rieske cluster .................................................................................................... 6 

Figure 1-4 Structure of the pterin cofactor tetrahydrobiopterin ......................................... 13 

Figure 1-5 Reduced form of glutathione ........................................................................... 22 

Figure 1-6 Oxidized form of glutathione, GSSH ............................................................... 22 

Figure 1-7 1.6Å resolution crystal structure for the substrate bound mammalian CDO 

active site (PDB code 4IEV) .............................................................................................. 26 

Figure 1-8 Crystal structure of a ‘Gln-type” CDO sequence isolated from Ralstonia 

eutropha (PDB code 4QMA) ............................................................................................. 27 

Figure 2-1Crystal structure of resting CDO and substrate bound CDO. .......................... 30 

Figure 2-2 SDS-PAGE of wild-type CDO and mutants. .................................................... 42 

Figure 2-3.Steady-state analysis of WT CDO and C93A. ................................................. 45 

Figure 2-4 pH profile of WT CDO. ..................................................................................... 46 

Figure 2-5 (A) Steady-state analysis of C93A and oxygen coupling. ............................... 49 

Figure 2-6 X-Band EPR spectra of α-FeIII–ES after the addition of a KCN. ..................... 53 

Figure 2-7 X-Band EPR spectra of the CN/Cys-bound FeIII–CDO complex ..................... 56 

Figure 2-8 X-Band EPR spectra of l-Cys, d-Cys, and l-Sec CN/substrate-bound FeIII–

CDO complexes ................................................................................................................ 61 

Figure 2-9 Comparison of the spin down SUMOs of the β (left) and α isoforms (right) of 

the CN/Cys-bound FeIII–CDO adducts .............................................................................. 65 

Figure 2-10 Partial molecular orbital diagram for the α isoform of the CN/Cys-bound FeIII–

CDO adduct ...................................................................................................................... 66 

Figure 2-11 QM/MM-optimized structures of CN bound CDO .......................................... 68 



xi 

Figure 3-1  1.6 Å resolution crystal structures for the resting [A] (PDB code 4IEZ) and 

substrate-bound [B] (PDB code 4IEV) mammalian CDO active site at pH 8.0. ............... 74 

Figure 3-2 pL-dependence of steady-state kinetic parameters of cysteine dioxygenase 

with L-cysteine as a substrate ........................................................................................... 82 

Figure 3-3 Proton inventory of CDO catalyzed formation at pL 8.5 .................................. 84 

Figure 3-4 Proton inventory for CDO enzymatic coupling (CSA produced per O2 

consumed) at pL 8.5 ......................................................................................................... 86 

Figure 3-5 Effect of solvent viscosity on the maximal rate (v0/[E]) of CDO catalyzed CSA 

formation at pH 8.5 ............................................................................................................ 87 

Figure 4-1 Crystal structure of the substrate-bound Rattus norvegicus CDO active site (A, 

pdb code 4IEV) as compared to the annotated ‘Gln-type’ MDO isolated from Ralstonia 

eutropha (B, pdb code 4QMA) .......................................................................................... 95 

Figure 4-2 Steady state kinetics of Av MDO catalyzed 3spa (A, square) and csa (B, 

circle) formation ............................................................................................................... 108 

Figure 4-3 The pH-dependence of kcat and kcat/KM for Av MDO catalyzed reactions with 

3mpa (A and B), cys (C and D), and ca (E and F) at 25 °C. ......................................... 111 

Figure 4-4 X-band EPR spectra of Av-ES-NO {FeNO}7 (S = 3/2) species ..................... 116 

Figure 4-5 Proposed coordination of substrate-bound iron nitrosyl active site for 

Azotobacter vinelandii MDO. .......................................................................................... 124 

Figure 5-1 pL-dependence of steady-state kinetic parameters of MDO using 3-

mercaptopropionic acid (A and B) and L-cysteine (C and D) as substrates ................... 135 

Figure 5-2 Proton inventory of MDO catalyzed formation at pL 6.0 (black triangle) and 8.2 

(white triangle) ................................................................................................................. 137 

Figure 5-3   Effect of solvent viscosity on the maximal rate (v0/[E]) of MDO catalyzed 3spa 

and csa formation at pH 8.5 ............................................................................................ 139 



xii 

List of Tables 

Table 1-1 Family classes of mononuclear non-heme iron enzymes .................................. 3 

Table 2-1 Steady-State Kinetic Parameters Determined for CSA Formation and O2 

Consumption (CSA/O2) for Selected CDO Forms and Variants. ..................................... 47 

Table 2-2 Simulation Parameters for the l-Cys-Bound, d-Cys-Bound, and l-Sec 

(CN/substrate)-Bound (S = 1/2) FeIII–CDO Samples. ...................................................... 57 

Table 2-3 EPR and Calculated Ligand Field Parameters Observed for Low-Spin Non-

Heme Ferric Iron Centers.................................................................................................. 59 

Table 2-4 Experimentally Determined and Computationally Predicted g-values for the 

Species Discussed in This Work. ...................................................................................... 64 

Table 2-5 Relevant Bond Lengths (in angstroms) and Angles (in degrees) of the QM/MM-

Optimized Active Sites. ..................................................................................................... 68 

Table 4-1 Comparison of steady-state kinetic parameters determined for the thiol 

dioxygenases, Av MDO and Mm CDO. .......................................................................... 109 

Table 4-2 EPR simulation parameters for the Av MDO and Mm CDO (ES-NO) signals 117 

Table 5-1 Summary of pL-dependent steady-state kinetic parameters determined for 

MDO in reactions utilizing 3-mercaptopropionic acid and L-cysteine. ............................ 136 

 

 
  



xiii 

List of Schemes 

Scheme 1-1 Proposed mechanism of an α-ketogluterate dependent enzyme. .................. 5 

Scheme 1-2 Proposed mechanism of a Rieske dioxygenase ............................................ 8 

Scheme 1-3 Reactions catalyzed by extradiol and intradiol cleavage. ............................... 9 

Scheme 1-4 Proposed mechanism for extradiol cleavage. .............................................. 10 

Scheme 1-5 Proposed mechanism for intradiol cleavage. ............................................... 12 

Scheme 1-6 Proposed mechanism for phenylalanine hydroxylase .................................. 14 

Scheme 1-8 Reactions catalyzed by A) ACCO and B) IPNS ........................................... 15 

Scheme 1-9 Proposed mechanism of ACCO ................................................................... 16 

Scheme 1-10 Proposed mechanism of IPNS ................................................................... 18 

Scheme 1-11 Cysteine is a key focal point intertwining many essential biological 

pathways. .......................................................................................................................... 20 

Scheme 1-12 Biosynthetic pathway of cysteine from methionine..................................... 21 

Scheme 1-13 Biosynthetic pathway of glutathione ........................................................... 22 

Scheme 1-14 Reaction catalyzed by CDO ....................................................................... 23 

Scheme 1-15 Proposed reaction mechanism for CDO ..................................................... 24 

Scheme 1-16 Cysteine catabolic pathway ........................................................................ 25 

Scheme 2-1 Reaction Catalyzed by CDO. ........................................................................ 29 

Scheme 3-1  Proposed kinetic model for CDO catalyzed reaction. .................................. 91 

Scheme 4-1 Reaction catalyzed by cysteine dioxygenase (CDO). .................................. 94 

 

 
 



 

1 

Chapter 1  

Introduction to Mononuclear Non-Heme Iron Enzymes  

 
Mononuclear non-heme iron (II) enzymes catalyze a vast array of crucial 

chemical reactions by activating molecular oxygen to carry out diverse oxidative 

transformations. Using an essentially conserved first coordination sphere, members of 

this class of enzyme catalyze heterocyclic ring formations, oxidative aromatic ring 

cleavage, various hydroxylations, and the epoxidation of C-C double bonds. These 

reactions play a particularly important role in the metabolism of amino, nucleic, and fatty 

acids, the biodegradation of aromatic compounds, and the biosynthesis of antibiotics.  

While parallels can be made regarding the substrate/oxygen reactivity observed among 

heme and non-heme iron oxidase/oxygenase enzymes, key mechanistic features 

differentiate these enzyme families.  Some of these distinctions are presented below.[1, 

2]. 

The active site of a typical heme oxygenase/oxidase is composed of an iron-

bound porphyrin macrocycle coordinated via a protein derived ligand. The remaining 

coordination site is available for molecular oxygen binding. This leaves requirements for 

an external electron source, sometimes NADH, to supply the two electrons needed for a 

reaction and some mediator to facilitate electron transfer into the heme active site. 

Alternatively, mononuclear non-heme iron enzymes are coordinated to at least three 

protein derived residues. This leaves the remaining coordination sites available to bind 

various substrates or cofactors able to utilize various other methods to reduce O2 [3-6]. 

The binding of extra ligands and cofactors directly to the active site gives this class of 

enzyme the ability to tune the reactivity of the iron active site [1, 2]. Although many of 

these enzymes reduce molecular oxygen to some peroxide or superoxide, the enzyme 
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isopenicillin-N-synthase reduces molecular oxygen to water to catalyze the ring closing 

reaction of isopenicillin-N [7].  

Although mononuclear non-heme iron enzymes catalyze a variety of reactions, 

they do share many mechanist features [1, 2, 4, 5, 8]. They typically follow an obligate 

order of addition in which the resting active site is essentially unreactive towards 

molecular oxygen. It isn’t until binding of another substrate or cofactor to result in an 

unsaturated metal center, that the active site is able to bind and activate molecular 

oxygen [8]. This obligate order mechanism protects the enzyme from self-oxidation, self-

inactivation, and organism damage from releasing reactive oxygen species into the 

environment simply by ensuring that the ideal target for oxidation is in place before the 

oxidizing agent is formed. Once oxygen is bound to the iron center, these enzymes may 

follow a substrate activating or oxygen activating pathway [5]. Typically, the O-O bond is 

broken and a resulting high valent iron(IV)-oxo species is responsible for the oxidation of 

substrate. Direct evidence of this is seen in taurine/α-ketogluterate dioxygenase [9, 10], 

prolyl-4-hydroxylase [11], and halogenase CytC3 [12]. In the substrate activating 

mechanism there is no high valent iron-oxo species formed. As in isopenicillin N 

synthase, an iron(III)-superoxide species is formed and stabilized by the thiolate-bound 

substrate, thus inhibiting the ability to form a high valent iron-oxo species [13, 14]. 

 
Enzymes Containing the 2-His 1-Carboxylate Facial Triad 

 
Crystal structures collected from mononuclear non-heme iron dioxygenase 

enzymes over the past few decades have established a common structural motif that 

bind three amino acid residues to one of the triangular faces of the active site metal. This 

has been termed the 2-His-1-carboxylate facial triad (Figure 1-1) in which one face is 
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occupied by two neutral histidine ligands and one anionic carboxylate ligand, a glutamate 

or aspartate [1, 2, 15]. 

 

Figure 1-1 The 2-His-1-carboxylate motif 

 
This active site motif serves as a versatile platform to the various assortment of 

oxidative reactions described previously while using a wide range of enzymes within the 

class of mononuclear non-heme iron (II) enzymes [2, 3]. These have been traditionally 

classified into the five families shown in Table 1-1. To provide adequate context to the 

work described in the following chapters, a brief summary of each of these classes is 

provided in this chapter. 

 

Table 1-1 Family classes of mononuclear non-heme iron enzymes 

Enzyme Family Enzymes Function 

α-Ketogluterate-
Dependent Enzymes 

TauD, ANS, DAOCS, 
HPPD 

C-H bond activation and 
oxidation 

Rieske Dioxygenases NDO 
Cis-dehydroxylation of 
arenes 

Catechol Cleaving 
Dioxygenases 

HPCD, BphC, 4,5-PCD C-C bond cleavage 

Pterin-Dependent 
Hydroxylases 

PheOH, TryOH, TyrOH 
Biosynthesis of amino 
acids 

Other Enzymes ACCO, IPNS Biosynthesis of antibiotics 
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α-Ketogluterate-Dependent Enzymes 

This enzyme family utilizes an external electron source from the decarboxylation of an α-

ketogluterate cofactor (Figure 1-2) during catalysis. Utilizing a cofactor, this versatile 

family can produce substrate hydroxylations, oxygen-atom transfer, heterocyclic ring 

formations, or desaturation reactions and are involved in a variety of biological functions 

including DNA/RNA repair, transcription regulation, biosynthesis of antibiotics, and 

oxygen sensing [4, 9-12]. From the wide variety of substrate transformations, it is no 

surprise that this is the largest family of mononuclear non-heme iron enzymes and that 

these have been studied thoroughly. 

Figure 1-2 Structure of an α-ketoglutaric acid cofactor 

 
In a typical α-ketogluterate dependent enzyme, the resting state of the active site 

consists of a ferrous iron coordinated by two histidine and one carboxylate amino acid. 

This remaining coordination sites available for the α-ketogluterate co-factor to bind 

bidentate and molecular oxygen binding. In this family of enzyme, the substrate does not 

bind directly to the metal active site. Alternatively, it binds to a site that places it close to 

the metal active site. Upon substrate binding, oxygen is allowed to bind to the active site 

and is active by rapid charge transfer to form a ferric-superoxo species. The α-keto 

position of the α-ketogluterate and the terminal oxygen atom of the ferric-superoxo 

intermediate form a bicyclic ring-structure. This primes the O-O bond for cleavage by 

weakening its bond strength. Upon cleavage, the active site is left with a high valent 

iron(IV)-oxo species that performs a hydrogen atom abstraction/rapid rebound 

mechanism. The hydrogen atom abstraction gives rise to an iron(III)-hydroxo species and 
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radical character on the substrate. Rapid rebound between the hydroxyl group and the 

substrate radical produces the final hydroxylated product to be released from the metal 

center to complete the catalytic cycle (Scheme 1-1) [16]. 

 

Scheme 1-1 Proposed mechanism of an α-ketogluterate dependent enzyme 

 
To date, Taurine/α-Ketoglutarate Dioxygenase (TauD) is the one of the most 

extensively studied mononuclear non-heme iron enzymes. This enzyme is expressed 

under conditions of sulphate starvation and catalyzes the oxidation of taurine to release 

inorganic sulfite, aminoacetaldehyde, and succinate. Direct evidence for a high-valent 

iron intermediate has trapped and characterized by Mössbauer, resonance Raman, and 
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extended X-ray absorption fine structure techniques [2, 16]. Isotopic substation of the 

target C-H bond with deuterium revealed a strong kinetic isotope effect that suggests that 

this high valent iron-oxo species is, indeed, the oxidant in many of the diverse reactions 

carried out in the α-ketogluterate dependent family of enzymes [17]. 

 

Rieske Dioxygenases 

Aromatic hydrocarbons are among the major contaminants in both soil and 

groundwater. Significant thermodynamic barriers in the aromatic ring cleavage process 

yields in difficulties in removing and degrading these contaminants and results in a high 

environmental persistence. However, Rieske dioxygenases, among other enzymes, are 

found in soul bacteria and are able to catalyze this ring cleavage providing an efficient 

pathway for bioremediation of these aromatic contaminants [4, 18]. 

Rieske dioxygenases are typically comprised of multiple protein subunits. They 

may contain an oxygenase component, a reductase component, and sometimes a 

ferredoxin component. The oxygenase component not only houses the iconic 2-His-1-

carboxylate active site, it also utilizes a Riekse iron-sulfur cluster [2Fe-2S] (Figure 1-3) as 

a cosubstrate that it is not bound directly to the active site metal.  

 

Figure 1-3 Rieske cluster 
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In fact, the cluster is located far enough away (~45 Å) from the mononuclear 

active site that direct electron transfer is not feasible. Instead, electrons from an external 

source are shuttled to the active site metal from the Rieske cluster via the carboxylate 

ligand of the facial triad. Site-directed mutagenesis of this active site aspartate reside 

results in the loss of catalytic activity [19]. Furthermore, the substrate also does not bind 

to the active site metal, but is housed nearby. Oxygen binding is gated by both substrate 

binding (away from the active site) and converting the active to a 5 coordinate system, 

and the redox state of the neighboring Rieske cofactor inducing a conformational change 

that opens up a channel for oxygen to move to the active site and bind [20-22]. 

Napthalene dioxygenase is the most studied enzyme in this family and is 

comprised of an oxygenase component containing the mononuclear non-heme iron 

active site and two Rieske clusters, a NADH-dependent reductase component, and a 

ferredoxin component [2]. The only crystal structure available for an O2 complex in this 

family of enzyme shows that oxygen binding deviates from the traditional end on 

configuration of the rest of this class of enzyme. Instead oxygen binds to the active side 

on, yielding an unusual ɳ2 configuration. It is proposed (Scheme 1-2) that molecular 

oxygen binding to the active site is immediately followed by electron transfer from the 

neighboring Rieske cluster to generate an iron(III)-ɳ2-O2 species. Multiple mechanisms 

have been proposed for how catalysis proceeds. Computational modeling has suggested 

a direct attack of the of the iron(III)-ɳ2-O2 on substrate yields an arene radical that is 

followed by transfer of the second oxygen to the substrate [23]. Alternatively, recent 

studies have indicated that O-O bond cleavage could lead to the formation of two 
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possible high valent iron-oxo intermediates that could directly oxidize substrates [24]. 

 

Scheme 1-2 Proposed mechanism of a Rieske dioxygenase 

 

Catechol Cleaving Dioxygenases 

Catechol cleaving dioxygenase enzymes incorporate both atoms of molecular 

oxygen to cleave a C-C bond in a catechol ring structure. Extradiol cleavage is 

accomplished by cleaving the C-C bond adjacent the hydroxyl groups while intradiol 

cleavage is achieved by cleaving the C-C bond between the two hydroxyl groups 

(Scheme 1-3) [18, 25]. Though the two catalyze similar reactions, the mechanisms differ 

primarily because of varying oxidation states at the metal active site [26]. In extradiol 

reactions, enzymes utilize a ferrous iron center while intradiol dioxygenases use a ferric 

iron active site [1-3].  
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Scheme 1-3 Reactions catalyzed by extradiol and intradiol cleavage. 

 
Extradiol dioxygenases bind substrate to the active site bidentate (Scheme 1-4). 

This leaves one open coordination site for molecular oxygen to bind and start the 

enzymatic reaction. Experiments indicate, that unlike most non-heme mononuclear iron 

enzymes, extradiol dioxygenases forgo the high valent iron-oxo intermediate and utilize 

the substrate activating mechanism. It is proposed that an iron(III)-superoxide 

intermediate is formed to activate a semiquinone radical on the substrate [27]. Evidence 

for this has been obtained using alternate substrates. Superoxide is able to attack this 

newly activated substrate and give a hydroperoxide intermediate. This intermediate has 

been observed in the crystal structure in experiments utilizing 4-nitrocatechol as 

substrate with homoprotocatechuate 2,3-dioxygenase [18]. The hydroperoxide then 

undergoes Criegee rearrangement and generates an α-keto-lactone intermediate. The 

resulting seven membered ring is then hydrolyzed to yield the final product. 
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Scheme 1-4 Proposed mechanism for extradiol cleavage. 
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Intradiol dioxygenase enzymes, like their extradiol counterparts, bind substrate 

directly to the active site bidentate. However, the active site is perturbed in the 

carboxylate group with two tyrosine ligands to yield an unusual 2-His-2-Tyr motif and the 

iron active site is resting in the ferric state (Scheme 1-5) [28]. As substrate binds the axial 

tyrosine is displaced and the substrate complex forms a 2-His-1-Tyr motif. Intradiol 

dioxygenases also differ in that they do not bind oxygen to the active site at all. 

Alternatively, electron transfer via LMCT gives rise to a short lived iron(II) species with 

radical character on the oxygen [29, 30]. This allows for direct attack of molecular oxygen 

of the semiquinone bound substrate to form a hydroperoxide intermediate. This 

intermediate was believed to undergo a Criegee rearrangement to yield the final product 

[31], but recent studies have provided speculation that this intermediate could undergo a 

mechanism involving O-O bond hemolysis instead [32]. 
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Scheme 1-5 Proposed mechanism for intradiol cleavage 

 

Pterin-Dependent Hydroxylases 

Pterin-dependent hydroxylases are a family of enzymes that are involved in the 

biosynthesis of aromatic amino acids. This class of enzymes utilizes the cofactor 

tetrahydrobiopterin (BH4) (Figure 1-4) as an electron source to hydroxylate rings of 

various amino acid residues[33]. These enzymes are responsible for tyrosine, 3,4-

dihydroxylphenylalanine, and 5-hydroxytrptophan which are the rate-limiting steps in the 

formation of neuronal signaling agents serotonin and the catecholamines . This family of 
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enzymes have received a considerable amount of attention because they are implicated 

in various neurological disorders [4, 33]. 

 

Figure 1-4 Structure of the pterin cofactor tetrahydrobiopterin 

 

Crystal structures for this family of enzyme show that they all share a similar 

active site structure containing the iconic 2-His-1-carboxylate facial triad containing an 

iron(II) active site metal. Like the Rieske dioxygenases mentioned previously, neither the 

substrate, nor the cofactor bind directly to the iron active site [34]. For example, in 

phenylalanine hydroxylase (Scheme 1-6), the carboxylate in the facial triad is a glutamate 

that is bound monodentate. However, when substrate and the pterin cofactor bind, large 

conformational changes facilitate molecular oxygen binding. This large conformational 

change is highlighted by the fact that the glutamate changes coordination and binds 

bidentate to the iron active site [35]. In the proposed mechanism, this conformation 

change brings the pterin close enough to the iron center to form the iron-O2-pterin 

intermediate. The O-O bond breaks and gives rise to a highly reactive iron(IV)-oxo 

intermediate. This oxidizes the substrate to produce an intermediate that forms the final 

product through tautomerization [36].  
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Scheme 1-6 Proposed mechanism for phenylalanine hydroxylase 
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Other Enzymes 

Two well studied mononuclear non-heme iron enzymes that do not fall into any of 

the previously mentioned families are 1-aminocyclopropane-1-1carboxylic acid oxidase 

(ACCO) and isopenicillin N synthase (IPNS). They each exhibit a 2-His-1-Asp facial triad 

coordinated to an iron(II) active site. Both show high sequence homology with the family 

of α-ketogluterate dependent enzymes, but neither utilizes the α-ketogluterate cofactor 

and neither work as an oxygenase (Scheme 1-7) [37].  

 

Scheme 1-8 Reactions catalyzed by A) ACCO and B) IPNS 

 

ACCO catalyzes the final step of the biosynthesis of ethylene in plants in which 

the amino acid derivative 1-aminocyclopropane-1-1carboxylic acid is converted into 

carbon dioxide, hydrogen cyanide, and ethylene and molecular oxygen is reduced to two 

water molecules [38]. The mechanism for ACCO is not completely understood. As the 

results of a single-turnover study, the following mechanism is proposed (Scheme 1-8). 

Substrate binds bidentate to the active site metal via the amine and carboxyl groups. 

Ascorbate is thought to bind at a remote site to facilitate oxygen binding. Upon oxygen 

binding an iron(III) superoxide intermediate is formed [39]. Electron transfer from 

acorbate leads to the formation of a hydroperoxide intermediate that is able to abstract a 
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hydrogen from the iron bound amine. Rapid radical rearrangement results in ring 

cleavage and product formation [39]. 

 

Scheme 1-9 Proposed mechanism of ACCO 

 

Isopenicillin N synthase catalyzes the formation of the antibiotic precursor 

isopenicillin N and two waters from δ-(L-α-aminoadipoyl)-L-cysteinyl-D-valine (LLD-ACV) 

[40]. As is common in spectroscopic techniques, nitric oxide is often used as a non-
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reactive replacement for oxygen to probe structural details. Based on experiments and 

crystal structures from these NO surrogate experiments, the following mechanism is 

proposed (Scheme 1-9) [7]. In the resting state IPNS is coordinated by a 2-His-1-Asp 

face that is conserved. It is coordinated by another amino acid (Gln) and two waters that 

are displaced upon substrate binding. ACV binds via the deprotonated thiol of the 

cysteine group. It is thought that binding of substrate causes a change in the redox 

potential at the metal active site, allowing molecular oxygen to bind and activate. The 

resulting ferric-superoxide intermediate transforms to an iron(IV)-peroxide and abstracts 

a hydrogen from the carbon bound to the thiolate, forming an ferrous-hydroperoxide. This 

abstracts a hudrogen from the nitrogen, forms the first ring closure, and leaves an active 

site iron(IV) oxo intermediate. This high-valent intermediate abstracts a hydrogen from 

the terminal carbon, leaving a radical character than will subsequently produce the 

closure of the thiazolidine ring [41].  
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Scheme 1-10 Proposed mechanism of IPNS 

 

The 3-His Facial Triad  

Although crystal structures among this class of enzyme have been dominated by 

the versatile 2-His-1-carboxylate facial triad [2, 3], a few enzymes have shown to break 



 

19 

this structural motif and by replacing the carboxylate group with another neutral histidine 

residue. Only three crystallographically characterized mononuclear non-heme iron 

enzymes exhibit this 3-His coordination to the iron active site [gentisate 1,2-dioxygenase 

(GDO); diketone dioxygenase (Dke1); Cysteine Dioxygenase (CDO)] [15, 42, 43]. After 

examining the role the 2-His-1-carboxylate facial triad plays in tuning the reactivity of this 

diverse class of enzymes, it seems that a modification of this magnitude at the active site 

may cause significant perturbations to the O2-activating mechanism. 

 

Cysteine Dioxygenase  

Sulfur, one of the primordial elements, plays a crucial role in the existence of all 

living organisms. It is especially important to humans, as it comprises part of two amino 

acids, methionine and cysteine. This element is utilized by many different organisms to 

accomplish a wide array of cellular needs. Not only is it a key components of many 

proteins, it is essential for plant growth, it can be used as an electron acceptor in many 

bacteria, and can serve as a food source for some chemoautotrophs [44].  

Thiol dioxygenase (TDO) enzymes catalyze the molecular oxygen-dependent 

oxidation of sulfur containing amino acid derivatives. Of the two known TDO enzymes 

identified in mammals, CDO and cysteamine dioxygenase (ADO), CDO is the most 

characterized. The loss of the ability to regulate thiols, including cysteine, has been linked 

to a number of diseases. Not only does free cysteine for the insoluble dimer, cystine, it 

has also been proposed that unregulated cysteine contributes to the formation of reactive 

oxygen species in cells [45]. Unregulated levels of cysteine have been associated with 

nay neurological diseases such as Parkinson’s disease, Alzheimer’s disease, and motor 

neuron disease [46-48]. Accumulation of cysteine and cystine has been observed in 

patients suffering from Hallervorde-Spats disease [49]. Lastly, as a critical step in the 
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synthesis of taurine, loss of regulation of cysteine can lead to taurine deficiency, leading 

to major cardiac problems [50]. 

 

 

Scheme 1-11 Cysteine is a key focal point intertwining many essential biological 

pathways. 

 

Cysteine lies in an equilibrium between glutathione and methionine (Scheme 1-

10) [51]. Cys is synthesized (Scheme 1-11) from methionine by converting to S-

adenosylmethionine (SAM) in the presence of methionine adenosyltransferase. A 

methyltransferase removes a methyl group from SAM, resulting in S-

adenosylhomocysteine (SAH). Adenosylhomocysteinase then catalyzes the reaction that 

converts SAH to homocysteine. This then follows the transsulfuration pathway that, in 

humans and some other organisms, will work reversibly converting between 

homocysteine and cysteine [51].  
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Scheme 1-12 Biosynthetic pathway of cysteine from methionine 

 

Cysteine also represents the limiting reagent in the biosynthetic pathway of 

glutathione (Scheme 1-12) [51]. Glutathione plays many key roles in organisms (Figure 1-

5). It is involved in transportation of amino acids across cellular membranes, conjugates 

with drugs to make them soluble, and works as a cofactor in many enzymatic reactions. 

Most importantly, it serves as the most abundant antioxidant found in the human body, 

allowing its sulfhydryl group to react with reactive oxygen species to counteract oxidative 

damage. In this pathway, glutamate, cysteine and ATP are catalyzed by glutamate-

cysteine ligase into γ-glutamyl cysteine. Glutathione synthase then catalyzes the 

condensation of γ-glutamyl cysteine and glycine to form glutathione. When oxidized, two 

glutathione molecules for the disulfide GSSH (Figure 1-6), this is reduced back to two 

glutathione molecules by the enzyme glutathione reductase and an external electron 

source [51]. 



 

22 

 

Scheme 1-13 Biosynthetic pathway of glutathione 

 

Figure 1-5 Reduced form of glutathione 

 

Figure 1-6 Oxidized form of glutathione, GSSH 
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While the biological pathways described above are in some sort of reversible 

equilibrium, CDO catalyzes the first committed step in the catabolic dissimilation of L-

cysteine (Cys) to produce cysteine sulfinic acid (CSA) (Scheme 1-13). At this point, the 

pathway branches to either use the α-ketogluterate dependent aspartate transaminase to 

eventually lead to pyruvate and inorganic sulfate, or sulfinoalanine decarboxylase to 

ultimately produce taurine (Scheme 1-14) [51]. 

 

Scheme 1-14 Reaction catalyzed by CDO 

 

Several mechanisms have been proposed detailing how oxygen is activated in 

CDO [52-56]. In the mechanism proposed in Scheme 1-15, substrate and oxygen binds 

to the active site and forms an Fe (III)-superoxo intermediate.  Distal oxygen atom attacks 

sulfur and forms a cyclic 4-membered Fe-O-O-S persulfenate ring.  At this point the 

mechanism could diverge. Homolytic cleavage of the O-O bond results in a sulfoxy cation 

and an activated oxygen atom.  The activated oxygen atom then attacks the sulfur to 

form the sulfinate group. Alternatively, a nucleophilic attack of the proximal O atom on the 

S atom results in formation of a Cys-thiadioxirane ring. Heterolytic cleavage of the O−O 

bond leads to the formation of the CSA product and enzyme returns to the resting state. 
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Scheme 1-15 Proposed reaction mechanism for CDO 
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Scheme 1-16 Cysteine catabolic pathway 
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Crystal structures of CDO show that it belongs to the cupin superfamily, a group 

having a characteristic β-barrel structure and coordinates to a mononuclear metal ion. 

Since the first crystal structure of CDO was published in 2006, crystallographic data from 

various recombinant CDOs have been made available (Figure 1-7). This data has shown 

some interesting features among various CDOs. Not only does this enzyme exhibit a 

significant deviation from the 2-His-1-carboxylate motif by replacing the carboxylate 

ligand and with a third histidine, a traditional glutamate residue is replaced by a cysteine 

residue (Cys93) that is not only conserved in all mammalian CDOs, but is involved in a 

rare post translational modification. Crystal structures reveal a covalent bond forms 

between Cys93 and Tyr157 near the active site. Although only mammalian CDOs are 

able to form this cross-link due to Cys93 being conserved only among mammalian CDOs, 

Tyr157, along with the three his facial triad, is conserved in all CDOs. To date, only three 

other enzymes have shown to exhibit this unusual post-translation modification. 

 

Figure 1-7 1.6Å resolution crystal structure for the substrate bound 
mammalian CDO active site (PDB code 4IEV) 
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3-Mercaptopropionic Acid Dioxygenase 

Putative bacterial CDO enzymes have been subdivided as either ‘Gln-type’ or 

Arg-type’, depending on what residue is thought to be involved in stabilizing the substrate 

[57]. ‘Arg-type’ bacterial CDO enzymes are most analogous to mammalian CDOs. For 

example, Figure 1-8 shows the crustal structure of the ‘Gln-type’ CDO isolated from 

Ralstonia eutropha (pdb code 4QMA). Although the inner sphere histidine residues are 

conserved, the outer sphere stabilizing Arg residue that is present in the mammalian 

CDO represented in Figure 1-9 is replaced by a Gln residue. However, a recent study on 

the new TDO enzyme, 3-mercaptopropionate dioxygenase (MDO) from the soil bacteria 

Variovorax paradoxus shows that it shares high sequence homology with the ‘Gln-type’ 

subclass of bacterial CDO enzymes [58]. Recently, it has been proposed that this ‘Gln-

type’ subset of bacterial CDO enzymes are, in fact, actually MDO enzymes. To date, 

these ‘Gln-type” CDO/MDO enzymes remain largely uncharacterized. 

 

Figure 1-8 Crystal structure of a ‘Gln-type” CDO sequence isolated from 
Ralstonia eutropha (PDB code 4QMA) 
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Chapter 2  

Second-sphere interactions between the C93-Y157 cross-link and the substrate-bound 

Fe-site influence O2-coupling efficiency in mouse cysteine dioxygenase 

 
Introduction 

Enzymes involved in sulfur-oxidation and transfer are increasingly being 

recognized as potential drug targets for development of antimicrobials and therapies for 

both cancer and inflammatory disease [59-62].  Ironically, while sulfur is considered one 

of the six primordial elements required during the early stages of biological evolution, 

mechanistic characterization of enzymes involved in sulfur metabolism is far from 

complete.  The study of enzymes involved in mammalian sulfur metabolism has been of 

considerable medical interest recently due to the observation that patients suffering from 

neurological disorders, such as autism and Down syndrome, have significantly lower 

plasma concentration of transsulfuration pathway and methionine cycle products 

[cysteine (Cys), homocysteine (HCY), glutathione (GSH), and S-adenosylmethionine 

(SAM)] [63, 64].  Imbalances in Cys metabolism have also been observed in a variety of 

other neurological disorders such as motor neuron disease, Parkinson’s, and Alzheimer’s 

[55, 65, 66].  These observations suggest a potential correlation between impaired sulfur 

metabolism, oxidative stress, and neurodegenerative disease [63].  Cysteine 

dioxygenase (CDO) and cysteamine (2-aminoethanethiol) dioxygenase (ADO) are the 

only known mammalian thiol dioxygenase (TDO) enzymes.  TDO enzymes use a single 

Fe(II) ion within their active site to catalyze the O2-dependent oxidation of sulfur-

containing amino acid derivatives without the need for an external electron source.  Of 

the TDO enzymes, CDO is the best characterized.  Scheme 2-1 illustrates the reaction 

catalyzed by CDO.  Until recently, the catabolic dissimilation of Cys to produce inorganic 
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sulfate, pyruvate, hypotaurine, and taurine was believed to be unique within the domain 

of eukaryotes [67, 68].  However, a number of bacterial TDO enzymes have now been 

identified, suggesting that the ability to oxidize excess thiols is advantageous for survival.   

 

Scheme 2-1 Reaction Catalyzed by CDO. 

 
While multiple high resolution crystal structures of mammalian CDO have been 

determined (pdb codes 2ATF, 2B5H, and 2IC1) [55, 69, 70], mechanistic details are 

limited for this emerging class of enzymes.  As illustrated in Figure 2-1, the active site of 

CDO contains a ferrous iron ligated by the N-atoms of His86, His88, and His140, 

representing a new 3-His variant on the classic 2-His-1-carboxylate facial triad observed 

in mononuclear non-heme iron enzymes [15, 53, 55, 71].  Within the non-heme 

mononuclear iron family, only a handful of enzymes with a 3-His active site motif have 

been crystallographically characterized [CDO; diketone dioxygenase, Dke1 [72]; and 

gentisate 1,2 dioxygenase, GDO [42]].  However, on the basis of sequence homology, it 

has been proposed that ADO also contains a 3-His non-heme iron active site [73].   
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Figure 2-1Crystal structure of resting CDO and substrate bound CDO. 
(A) Crystal structure (1.75 Å resolution) of resting CDO (PDB 
entry2ATF). Active site solvent ligands are designated W1–W3. (B) Crystal 
structure (2.7 Å resolution) of the substrate-bound CDO active site (PDB 
entry2IC1). Selected distances indicated by 1–4 are 2.70, 2.75, 2.88, and 2.27 
Å, respectively. 
 
 

 The study of non-heme iron enzymes has historically attracted 

considerable interest in the realm of bioinorganic chemistry.  This intense focus of 

research efforts can largely be explained by the vast number of functionally (and 

structurally) diverse non-heme iron enzymes identified throughout the biological kingdom, 

and the incredible versatility exhibited in chemical oxidations they initiate (mono- and 

dioxygenations, aliphatic desaturation, halogenations, and oxidative ring cyclizations) [6, 

74-78].  Remarkably, all of these divergent oxidations are facilitated by minor 

perturbations to what is essentially a conserved first-coordination sphere to a 

mononuclear Fe(II) active site.  With the notable exceptions mentioned above and the 

aliphatic halogenase enzyme (SyrB2), the typical Fe(II)-coordination sphere observed for 

this class of enzymes is comprised of two protein-derived neutral His residues and one 

monoanionic carboxylate ligand provided by either an Asp or Glu residue.  Since all 

protein-derived ligands occupy one face of an octahedron, the substrate/cofactor and O2-

binding occurs at the opposite octahedral face of the 2-His-1-carboxylate facial triad.  

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2ATF
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2IC1
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Alternatively, within the active site of SyrB2, a single chloride anion (Cl-) replaces the 

protein-derived carboxylate ligand.  This unusual Fe-coordination is responsible for the 

‘chloride rebound’ mechanism resulting in chlorination of the terminal methyl group of 

amino acids covalently attached to peptidyl-carrier proteins (PCPs) [79, 80]. As with other 

members of this enzymatic family, the Fe-site within SyrB2 is also coordinated by a 

monoanionic ligand set.  In contrast to this monoanionic facial triad motif, the active site 

of CDO (and potentially ADO) contains a neutral all-His (3-His) facial triad.   

In addition to the 3-His active site coordination, crystal structures of recombinant 

CDO reveal a covalently cross-linked cysteine-tyrosine pair (C93–Y157) within 3.3 Å of 

the iron center.  To date, relatively few enzymes have been identified with an analogous 

post-translational modification [81-84].  A number of theories have been proposed for the 

function of the C93-Y157 pair; however, self-oxidation of endogenous residues adjacent 

to oxidase and oxygenase non-heme iron centers is commonly observed.  For example, 

the irreversible self-hydroxylation of Tyr73 within TauD during the O2-/-ketogluterate-

dependent oxidation of taurine is responsible for oxidative-inactivation of this enzyme 

over multiple catalytic turnovers [85, 86].  Similar self-oxidation behavior has been 

observed for the 2-His-1-carboxylate non-heme iron enzymes prolyl-4-hydroxylase and 

lysyl hydroxylase [87-89].  By analogy to the self-hydroxylation pathway of TauD, it is 

possible that formation of the C93-Y157 pair in CDO is simply the result of uncoupled 

turnover and is not relevant to native catalysis.  In apparent support of this hypothesis, it 

has been reported that C93-Y157 cross-link formation occurs over hundreds of catalytic 

turnovers in the presence of excess Fe, Cys, and O2 [90].  Contrary to this hypothesis, 

the C93A variant of CDO, which is unable to produce the C93-Y157 cross-link, is 

catalytically active, albeit at decreased activity [71].  Moreover, it has been previously 

demonstrated that the specific activity of wild-type CDO increases concomitant with C93-
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Y157 cross-link formation [90, 91].  In the face of these observations, it is clear that 

further investigation into the relevance of this enigmatic post-translational modification to 

native catalysis is necessary.   

 Among mononuclear dioxygenase enzymes, second-sphere residues are 

frequently employed to modulate the reactivity of transient Fe-oxo intermediates during 

catalysis.  For example, within the active site of 2,3-dioxygenase, a second-sphere 

histidine residue (H200) has been identified to have a profound influence on the 

enzymatic steps following O2-activation [92].  Indeed, selected H200 variants (H200F, 

H200N) exhibit increased stability of transient intermediates [92, 93] and divergent 

substrate oxidation mechanisms (intradiol versus extradiol) relative to the wild-type 

enzyme [94].  By extension, it is reasonable to assume that second-sphere interactions 

also play a crucial role in regulating thiol-oxidation by non-heme iron enzymes.  Unlike 

C93, both Y157 and H155 are universally conserved among CDO enzymes [67].  

Therefore, these residues make an attractive starting point for the exploration of key 

second-sphere interactions relevant to native CDO catalysis.   

Conveniently, CDO can be prepared with variable amounts of the C93-Y157 

cross-link present.  For example, the as-isolated CDO (termed AI-CDO) typically contains 

~50% (±10%) C93-Y157 as determined by SDS PAGE densitometry.  However, if 

allowed to turn over with excess L-Cys, nearly quantitative yield of the C93-Y157 pair is 

generated within purified CDO.  For clarity, the fully-modified enzyme prepared by this 

method is designated -CDO.  Therefore, the influence of the C93-Y157 pair can be 

investigated within the wild-type enzyme by comparison of the AI-CDO with the -CDO.  

Selected CDO variants (C93A, Y157F, and H155A) were also prepared for comparison to 

the wild-type enzyme isoforms.   
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The efficiency at which an oxygenase enzyme incorporates one mol of O2 into 

the product is commonly referred to as ‘coupling’.  In the steps following O2-activation, 

unregulated access of solvent molecules to transient Fe-oxo intermediates generated 

prior to substrate oxidation often results in unproductive or uncoupled catalysis.  The 

outcome of enzymatic uncoupling can result in oxidation of amino acid residues adjacent 

to the non-heme iron center, formation of reactive oxygen species (ROS), and ultimately 

enzymatic inactivation [88].  As a general rule, in order to limit enzymatic uncoupling, 

oxygenase enzymes utilize second-sphere interactions to tightly regulate solvent access 

within the active site.  As illustrated in Figure 2-1, the distance separating the second-

sphere C93-Y157 hydroxyl group from the carboxyl group of the Fe-bound substrate (L-

Cys) is 2.75 Å.  However, as stated previously, the relevance of this second-sphere 

interaction to native catalysis is poorly understood.  In this work, the steady-state rate of 

CSA formation and O2-consumption were simultaneously monitored to explore the effect 

of the C93-Y157 post-translational modification on native catalysis and (O2/CSA)-

coupling efficiency for CDO.  

In practice, (O2/CSA)-coupling experiments are useful for the identification of key 

enzyme-substrate interactions relevant to native catalysis.  However, once identified, 

more sophisticated methods are needed to develop a ‘molecular-level’ understanding of 

these substrate-enzyme interactions.  Therefore, complementary EPR experiments were 

performed utilizing the catalytically inactive FeIII-CDO in which cyanide was used as a 

spectroscopic probe to monitor the effect of the C93-Y157 pair on the electronic structure 

of the substrate-bound active site.  Here, the strong -accepting character of cyanide is 

exploited to produce a low-spin (cyano/substrate)-bound FeIII-CDO complex.  To aid in 

the interpretation of these EPR spectra, as well as to gain further insight into the 

electronic structure of the active site in the absence or presence of the C93-Y157 cross-
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link, whole-protein QM/MM computational models and DFT calculations were performed. 

Together, the kinetic, spectroscopic, and computational results all lend support to the 

hypothesis that the cross-link plays a vital role in CDO-mediated catalysis. 

 

Materials and Methods 

Purification 

 Recombinant mouse CDO [E.C 1.13.11.20] was expressed in Escherichia coli 

BL21(DE3) pLysS competent cells (Novagen) and purified as previously described [52, 

54].  Tobacco etch virus protease (TEV) was used to cleave CDO from the maltose 

binding protein (MBP) fusion protein (4 hours ambient temperature) in 50 mM HEPES, 

100 mM NaCl, 0.3 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP), pH 7.5.  

Subtractive Ni-IMAC (GE Healthcare, 5-mL HiTrap IMAC FF) was used to separate MBP 

from CDO.  The concentration of CDO protein was determined using the published 

extinction coefficient at 280 nm (28,300 M-1cm-1) [91].  Since Fe-incorporation within AI-

CDO is variable batch-to-batch (60-80%), each preparation was assayed for both ferrous 

and ferric iron spectrophotometrically as described elsewhere [54, 95].  In a typical 

preparation of CDO, 90-95% of the iron is observed as ferrous.  For clarity, the 

concentrations reported in enzymatic assays reflect the concentration of ferrous iron 

within samples of CDO (FeII-CDO).  The fraction of CDO containing the C93-Y157 

thioether linkage was determined by SDS PAGE densitometry using the freely available 

software ImageJ (http://rsbweb.nih.gov/ij/index.html).  As-isolated CDO prepared by 10 L 

fermentation typically contained 50% (±10%) C93-Y157 as observed by SDS PAGE.  

Broad range protein molecular weight markers utilized in SDS PAGE experiments were 

purchased from Promega (Madison, WI) Cat. No. V8491.  
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All CDO variants (C93A, Y157F, and H155A) were prepared using the 

QuikChange Lightning Site-Directed Mutagenesis kit (Agilent Technologies).  Mutagenic 

primers were purchased from Integrated DNA Technologies (https://www.idtdna.com) 

and sequence verification of single amino acid mutation was performed by Sequetech 

(Mountain View, CA, http://sequetech.com/). 

 

Conversion of as-isolated CDO (AI-CDO) to fully modified CDO (-CDO)  

Typically, ~ 100-200 M AI-CDO was added to a buffered solution (25 mM 

HEPES, 50 mM NaCl, pH 7.5) containing excess Cys (25 mM).  This solution was 

allowed to react for ~ 30 min at 37 °C, prior to buffer exchange by Sephadex G-25 

desalting column or by overnight dialysis at 4 °C.  Following buffer exchange, the protein 

was concentrated using an Amicon N2 stirred cell equipped with an YM-10 ultrafiltration 

membrane (Millipore).  Ferrous and ferric iron content and complete C93-Y157 cross-link 

formation was confirmed spectrophotometrically and by SDS-PAGE, respectively, as 

described above.  The specific activity of all CDO preparations was verified as described 

below. 

 

HPLC CDO Activity Assay 

 Cysteine sulfinic acid (CSA) was assayed using a modified version of the HPLC 

method described previously [54].  The mobile phase (20 mM sodium acetate, 0.6% 

methanol, 1% heptofluorobutyric acid, pH 2.0) was altered to compensate for a change in 

the reverse-phase column (Phenomenex Kinetex C18, 100 Å column 100 x 4.6 mm, 2.6 

m).  Sample injections (50 μL) were eluted isocratically at a flow rate of 1.0 mL/min and 

detected at 218 nm.  This modification to the HPLC method resulted in greater column 

retention of CSA, allowing for separation of CSA from the void volume.  In a typical 
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assay, 1 μM CDO enzyme was added to a solution of L-Cys (0.1-25 mM) under aerobic 

conditions at 37 °C.  Aliquots were taken from each reaction at selected time points and 

quenched by spin-filtration (0.22 m cellulose acetate membrane; Corning, Spin-X) prior 

to analysis on HPLC.  This HPLC method was also used to monitor hypotaurine 

formation in CDO assays utilizing cysteamine (CSH) as a substrate.  The concentration 

of CSA and hypotaurine was determined by comparison to standard calibration curves 

(0.1-20 mM).  

 

Oxygen Electrode. 

Dioxygen concentration was determined polarographically using a standard Clark 

electrode (Hansatech Instruments, Norfolk, England) within a jacketed 2.5-mL cell at 37  

2 C.  The electrode was bathed in a saturated solution of KCl and separated from the 

buffer using a gas-permeable membrane.  The electrode was calibrated by measuring 

the deflection in the voltage upon adding ~ 500 units of catalase (Sigma-Aldrich, St. 

Louis) to a buffer with a known concentration of H2O2 (250 = 16.7 M-1 cm-1).  Once the 

reaction reached completion, the amplitude for the change in voltage was used to 

determine a response factor for the electrode.  As an additional control, the stability of the 

electrode response factor was verified for each pH used in steady-state assays (5 < pH < 

11) by addition of sodium dithionite to aerobic buffer.  Enzymatic reactions were made by 

adding 1 mL of reaction buffer (25 mM Good’s buffer, 50 mM NaCl) containing Cys (0.1 – 

25 mM) to the electrode cell under continuous aerobic mixing.  The reaction was initiated 

by injection of CDO resulting in final enzyme concentration of 1 M.   
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pH profile results 

 For steady-state analysis, 1 μM CDO enzyme was allowed to react with different 

concentrations of Cys in 25 mM HEPES 50 mM NaCl pH 7.5 buffer at 37 °C.  For 

experiments carried out over a broad pH range, the CDO solution was exchanged into an 

appropriate Good’s buffer selected on the basis of its pKa [MES, pKa 6.1; HEPES, pKa 

7.5; and CHES, pKa 9.3.].  Each buffer was prepared at 25 mM and titrated to the desired 

pH using 1 N NaOH.  As with steady-state reactions, 1 μM CDO enzyme was allowed to 

react with 20 mM Cys in 25 mM HEPES, 50 mM NaCl at 37 °C.  Amounts of CSA 

produced and O2-consumed were quantified by HPLC and oxygen electrode assays, 

respectively.   

 

Analysis of kinetic data 

Steady-state kinetics of wild-type and variant CDO were analyzed by SigmaPlot 

ver.11 (Systat Software Inc, Chicago, IL.).  In the absence of substrate inhibition, initial 

rate data for CSA formation and O2-consumption were fit to the Michaelis-Menten 

equation to obtain kcat and KM.  In all assays, initial rates are normalized for Fe-containing 

CDO (v0/[E]).  Under conditions of substrate-inhibition, initial rate data was fit to equation 

1 to determine the dissociation equilibrium or inhibition constant (KI). 

Equation 2-1.  𝑣0 =
𝑘𝑐𝑎𝑡[𝑆]

𝐾𝑀+[𝑆]+
[𝑆]2

𝐾𝐼
⁄

 

Spectroscopy 

All UV-visible measurements were performed on an Agilent 8453 photo diode 

array spectrometer (Santa Clara, CA).  Sample temperature was held constant by a 13 L 

circulating water bath and a thermostable cell holder (89054A) with magnetic stirrer.  All 

measurements were made in ES Quartz cuvettes (NSG Precision Cells, Farmingdale, 
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NY).  X-band (9 GHz) EPR spectra were recorded on a Bruker (Billerica, MA) EMX Plus 

spectrometer equipped with a bimodal resonator (Bruker model 4116DM).  Low-

temperature measurements were made using an Oxford ESR900 cryostat and an Oxford 

ITC 503 temperature controller.  A modulation frequency of 100 kHz was used for all EPR 

spectra.  All experimental data used for spin-quantitation were collected under non-

saturating conditions.   

 Analysis of the EPR spectra utilized the general spin Hamiltonian,  

 

Equation 2-2  �̂� = 𝐷 (�̂�𝑍
2 −

𝑆(𝑆+1)

3
) + 𝐸(�̂�𝑋

2 + �̂�𝑌
2) + 𝛽B ∙ 𝑔 ∙ 𝑆 

 

where D and E are the axial and rhombic zero-field splitting (zfs) parameters and 

g is the g-tensor [96].  In case of low-spin ferric iron (S = 1/2), the above spin Hamiltonian 

simplifies to the following:  

 

Equation 2-3  �̂� = 𝛽B ∙ 𝑔 ∙ 𝑆 

 

EPR spectra were simulated and quantified using Spin Count (ver. 3.1.2), written 

by Professor M. P. Hendrich at Carnegie Mellon University.  The simulations were 

generated with consideration of all intensity factors, both theoretical and experimental, to 

allow for determination of species concentration.  The only unknown factor relating the 

spin concentration to signal intensity was an instrumental factor that is specific to the 

microwave detection system. However, this was determined by a spin standard, 

Cu(EDTA), prepared from a copper atomic absorption standard solution purchased from 

Sigma-Aldrich. 
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 The half-power microwave saturation P1/2 for these signals was 

determined using the SpinCount software package according to equation 4.   

 

Equation 2-4.  𝑆
√𝑃

⁄ =
𝐴

(1+𝑃
𝑃1

2⁄
⁄ )

𝑏
2⁄
 

 

The software performs least-squares fitting of the normalized derivative signal 

intensity (S) as a function of microwave power (P).  The A-term represents the 

normalized maximum signal amplitude.  The variable b is a spectroscopic inhomogeneity 

factor which is characteristic of the spin packet of the observed resonance.  Generally, 

the signal packet derived from frozen solutions and powders exhibit inhomogeneous line 

broadening behavior (b = 1).   

 

Computational Methods 

A quantum mechanics/molecular mechanics (QM/MM) approach as implemented 

in Gaussian09 [97] was utilized in the optimization of full-protein models of mouse CDO.  

For the QM region, density functional theory (DFT) was employed in conjunction with 

Becke’s three-parameter hybrid exchange functional with the Lee-Yang-Parr correlation 

functional (B3LYP),[98, 99] as well as the 6-31G basis set [100] on all atoms except iron, 

its immediately ligated atoms, and the CN- ligand (for which TZVP [101] was used 

instead).  For the MM portion of the calculation, the Amber95 force field [102] was 

utilized.  The QM/MM boundary was placed between the beta and alpha carbons of the 

appropriate residues, using hydrogens as the link atoms.  The alpha carbons of the QM 

residues were held fixed during the optimization process.  
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 The starting coordinates for the models investigated were derived from 

two X-ray crystal structures, namely PDB 2IC1 [71] for the QM region and PDB 3ELN 

[103] for the MM region residues.  The cyanide ligand was manually added to the iron(III) 

center trans to H86, at an Fe-C distance of ~2 Å. Hydrogen atoms for the entire protein 

were added using the Reduce 3.14 program [104].  Based on inspection of potential 

hydrogen bonding interactions, histidine residues at positions 86, 88, 140, and 155 were 

singly protonated at Nδ, whereas all other histidines were singly protonated at Nε. 

Residues R60, H86, H88, C93, H140, H155, and Y157, as well as Fe(III), L-Cys, CN-, 

and six crystallographically defined water molecules within 10 Å of the iron center were 

included in the QM region.  In the case of the model not containing the Cys-Tyr cross-

link, the starting coordinates for the C93 side-chain were adjusted to eliminate the bond 

between the residues and hydrogen atoms were added to both C93 and Y157 to restore 

them to a pre-cross-linked protonation state.   

In the generation of small active site models, residues H86, H88, H140, as well 

as Fe(III), the substrate, and cyanide were excised from the optimized protein 

coordinates.  Amino acid residues were capped as methyl groups at their beta carbon, 

with C-H bond lengths of ~1.1 Å.  Spin unrestricted single-point DFT calculations were 

conducted using the Orca 2.9 package developed by Dr. F. Neese [105], and used the 

same functional and basis sets as the QM/MM portion of the calculation. PyMOL version 

1.5.0.4 [106] was utilized to generate isosurface plots of relevant MOs using an 

isodensity value of 0.05 au.  EPR parameters for these models were also computed with 

Orca 2.9, using the PBE0 functional [107] (or B3LYP in a separate calculation for 

comparative purposes) in conjunction with the TZVP basis set on all atoms except sulfur, 

selenium, and iron (for which IGLOO(III) [108], CP(PPP) [109, 110], and CP(PPP), 

respectively were used).  These calculations included all orbitals within ±100 hartrees of 
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the HOMO-LUMO gap, and the origin of the g-tensor was taken to be the center of the 

electronic charge.  A high resolution radial grid with an integration accuracy of 7 was 

used for the Fe, S, and Se atoms.  

Results 

Purification of CDO enzyme forms and selected variants. 

Expression and isolation of the MBP-CDO fusion protein Figure 2-2 (lanes 2 and 

3, respectively) was performed as previously described [52].  Shown in lane 4 are the two 

distinct CDO fractions ( and ) obtained from treating the as-isolated MBP-CDO fusion 

protein with tobacco etch virus (TEV) protease.  For clarity, the expanded region shown 

in Figure 2-2B illustrates the two CDO isoforms ( and ) within the as-isolated enzyme 

(AI-CDO).  Previous experiments have confirmed that band  is the fraction of CDO 

enzyme with the covalent C93-Y157 pair, whereas the fraction within band  lacks this 

covalent modification [71, 90].  As demonstrated in Figure 2-2, by comparing lane 4 to 5 it 

can be observed that nearly 100% -CDO can be produced from -CDO within 30-

minutes by addition of excess L-Cys (25 mM) to isolated batches of AI-CDO (100-200 

M) at pH 7.5.  This is consistent with previous reports that the C93-Y157 pair is 

produced over multiple turnovers with substrate [90, 91].  Unless otherwise stated, only 

fully-modified CDO (Figure 2-2, lane 6) (-CDO) will be used for determination of steady-

state kinetic parameters for the wild-type enzyme. 
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Figure 2-2 SDS-PAGE of wild-type CDO and mutants. 
(A) SDS–PAGE (12%) of sequential α-CDO purification steps: lane 1, 
markers; lane 2, cell free extract; lane 3, purified MBP–CDO fusion protein; 
lane 4, MBP–CDO fusion protein following TEV protease cleavage (equivalent 
to lane 7 in panel B); lane 5, α-CDO produced following a 30 min treatment 
with excess l-Cys; lane 6, purified α-CDO following a subtractive Ni-IMAC 
column.  (B) Lane 7 shows an expanded SDS–PAGE gel illustrating the two 
CDO isoforms (α and β) present in AI-CDO.  The bands designated by c and d 
represent the cleaved maltose binding protein and the uncleaved fusion 
protein, respectively.  (C) Migration of active site variants (C93A, H155A, and 
Y157F) relative to AI-CDO and α-CDO.  The dashed line separates bands run 
on separate gels. 

 

 Since formation of the C93-Y157 pair may influence the steady-state 

kinetic parameters observed for CSA formation or (CSA/O2)-coupling efficiency, active 

site variants incapable of C93-Y157 formation (namely, C93A and Y157F) were prepared 

to evaluate the role of the C93-Y157 pair on catalysis.  Active site variants (C93A, 
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H155A, and Y157F) were prepared using the Agilent QuikChange site directed 

mutagenesis kit as described in Materials and Methods.  All variants were expressed, 

purified, and assayed for Fe-content as described above for the wild-type enzyme.  

Figure 2-2C illustrates the migration of CDO active site variants (C93A, Y157F, and 

H155A) relative to the as-isolated and fully-modified isoforms of wild-type CDO.  

  

Influence of the C93-Y157 pair and substrate-interactions on enzymatic coupling 

Since two forms of enzyme are present (and ) within the as-isolated enzyme, 

the steady-state Michaelis-Menten kinetic parameters (kcat and KM) determined for AI-

CDO are not strictly valid.  Therefore, coupling efficiencies were determined for -CDO 

by comparing the steady-state kinetics of O2-consumption to CSA formation.  As 

described in Materials and Methods, O2-consumption and CSA formation were measured 

using a calibrated Clarke-type O2-electrode and reverse-phase HPLC, respectively.  

Unless otherwise noted, all initial rates are normalized for Fe-containing enzyme 

concentration (v0/[E]), such that the values for kcat and KM are easily obtained from fitting 

the results to the Michaelis-Menten equation.  The steady-state kinetics for wild-type 

CDO with L-Cys is shown in Figure 2-3 (panel A).  The dashed line represents a best-fit 

to the initial rate of O2-consumption (●).  From this analysis, the values of kcat and KM 

were determined to be 10.6 (± 0.4) s-1 and 0.7 (± 0.1) mM for the steady-state rate of O2-

consumption, respectively.  In terms of O2-consumption, the catalytic efficiency (V/K) of 

the -CDO is ~15,100 M-1s-1.  By comparison, from the steady-state kinetics for CSA 

formation (∆, solid line), kcat and KM were determined to be 8.6 (± 0.5) s-1 and 3.1 (± 0.6) 

mM, respectively (V/K ~ 2,900 M-1s-1).  As kcat represents the zero-order limit of an 

enzymatic reaction, the coupling efficiency can be obtained from the ratio of the kcat for 

CSA formation divided by the kcat for O2-consumption.  Therefore the coupling efficiency 
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for wild-type CDO with L-Cys is ~81% (± 5%).  A summary of kinetic parameters and 

(CSA/O2)-coupling observed for wild-type CDO and selected active site variants are 

provided in Table 2-1.  As previously stated, the steady-state kinetic parameters (kcat and 

KM) for AI-CDO are not strictly valid; however, by comparison to -CDO, it is readily 

apparent that the specific activity of CDO is proportional to the extent of C93-Y157 pair 

present.  This observation is consistent with previous reports [90, 91].  While the value 

obtained for KM (with respect to CSA formation) is consistent with those typically reported 

for recombinant CDO, the kcat for the -CDO reported here is significantly higher than 

reported elsewhere [54, 69, 71].  The pH dependence of CDO coupling was obtained by 

measuring the rate of CSA formation at saturating Cys concentration (20 mM).  As 

indicated by Figure 2-4 the optimal pH for O2-consumption (●, pH ~ 8.2) and CSA 

formation (∆, pH 8.6) do not fully overlap.  Both data sets were fit to a 3-parameter 

normal log peak equation.  For clarity, the data were normalized to the maximum kcat 

observed for CSA formation at pH 8.6.  Interestingly, the coupling efficiency is nearly fully 

coupled above pH 8.5; however, under more acidic conditions (pH ≤ 7), CDO appears to 

be significantly uncoupled, with ~25 ± 10 % more O2 consumed than CSA produced.   
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Figure 2-3.Steady-state analysis of WT CDO and C93A. 
Steady-state kinetics of wild-type CDO-catalyzed O2 consumption (−–−) 
compared to those of product formation (—) for l-cysteine (A) and d-cysteine 
(B).  For the sake of clarity, the steady-state curve for CSA formation as a 
function of initial d-Cys concentration is expanded in the inset of panel B. 
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Figure 2-4 pH profile of WT CDO. 
pH dependence of CSA/O2 coupling efficiency for wild-type CDO with L-
cysteine.  For the sake of clarity, the initial rates observed for O2 consumption 
(●) and CSA formation (△) were normalized to the maximal rate of CSA 
produced at pH 8.6. 
 

Such coupling experiments can frequently provide greater mechanistic insight 

relating to substrate-enzyme interactions.  For example, the carboxylate group of L-

cysteine can potentially make two stabilizing interactions with second-sphere residues 

within the CDO active site (Figure 2-1).  First, the R60 guanidinium group is at a 

favorable distance (2.27 - 2.88 Å) to stabilize the substrate-carboxylate charge.  

Additionally, it has been proposed that the L-Cys carboxylate group may also form 

hydrogen bonding interactions with the nearby hydroxyl group of the C93-Y157 pair (2.75 

Å).  By altering the stereochemistry of the substrate from L- to D-Cys, both H-bonding 
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and electrostatic interactions would potentially be disrupted.  As demonstrated in Figure 

2-3 (panel B), in steady-state assays utilizing D-Cys, the maximum rate of O2 

consumption (■, dashed line) increases by nearly two-fold [kcat = 18.3 (± 0.9) s-1] relative 

to the native L-Cys substrate.  Additionally, the KM for D-Cys increases to 9.1 (± 1) mM.  

Therefore, in terms of O2-consumption, the catalytic efficiency observed for -CDO with 

D-Cys (V/K ~ 2,000 M-1s-1) decreases by over 7-fold relative to L-Cys.   

Table 2-1 Steady-State Kinetic Parameters Determined for CSA Formation 
and O2 Consumption (CSA/O2) for Selected CDO Forms and Variants. 

Enzyme kcat (s–1) (CSA/O2) KM (mM) (CSA/O2) KI (mM) (CSA) 

fully modified    

l-cysteine 8.6/10.6 (81%) 3.1/0.7 – 

d-cysteine 2/18.3 (4%) 8/9.1 12 

as-isolated (AI-CDO) 1.0–2.0 (CSA only) 4.0 (CSA only) – 

C93A 0.4/0.4 (45%) 4/4 14 

H155A <0.1 (CSA only) not saturated at 25 mM – 

Y157 – inactive – 

 

By contrast to what is observed for the steady-state formation of CSA from L-

Cys, under identical assay conditions, -CDO exhibits significant substrate inhibition with 

D-Cys (Figure 2-3B, ◊).  This decay is not observed in the rate of O2-consumption, thus 

suggesting the formation of reactive oxygen species or self-hydroxylation during steady-

state turnover.  For steady-state assays exhibiting substrate inhibition, initial rates were fit 

to equation 1 (solid line) as described in Materials and Methods to obtain the kinetic 

parameters: kcat (2 s-1) KM, (8 mM) and the substrate-inhibition constant (KI = 12 mM).  

Given that the formation of CSA from D-Cys follows a more complicated substrate-

inhibition kinetic model, comparison of the kcat observed for CSA formation relative to O2-

consumption is no longer valid.  For simplicity, the coupling efficiency for -CDO with D-

Cys was taken as the ratio of the initial rate observed for CSA formation over O2-

consumption at fixed and saturating substrate concentration (20 mM).  By this definition, 
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the (CSA/O2)-coupling efficiency for -CDO with D-Cys is ~4%, essentially a 20-fold 

decrease relative to the native L-Cys substrate.  A similar effect on oxidative uncoupling 

can also be observed in assays utilizing cysteamine (2-aminoethanethiol, CSH) as a 

substrate for -CDO.  Given the lack of a carboxylate group in CSH, the specific activity 

of -CDO at 20 mM CSH is vastly reduced relative to the native substrate (v0 ~ 0.02 s-1 

and 0.2 s-1 for hypotaurine formation and O2-consumption, respectively).  Moreover, the 

coupling efficiency (~6%) is close to that observed with D-Cys.  Although coupling 

efficiencies have not been previously reported for this enzyme, the decreased specific 

activity observed for CDO with respect to D-Cys and CSH are consistent with literature 

[111-114]. 

The impact (if any) of the C93-Y157 post-translational modification was also 

interrogated by comparing the enzymatic activity and coupling efficiency of selected 

variants (C93A and Y157F) with wild-type enzyme.  As illustrated in Figure 2-2 (panel C), 

these variants are unable to produce the cross-linked pair.  Interestingly, while C93 is not 

conserved among putative bacterial CDO enzymes, both Y157 and H155 are universally 

conserved [67].  Therefore, the H155A variant of CDO was also evaluated for comparison 

to the wild-type -CDO.   
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Figure 2-5 (A) Steady-state analysis of C93A and oxygen coupling. 
Steady-state kinetics of C93A CDO-catalyzed O2 consumption (●, −–−) 

compared to those of product formation (△, —) for l-cysteine.  (B) Bar graph 
representing the CSA/O2 coupling efficiency for wild-type CDO with l- and d-
cysteine and cysteamine (CSH) as compared to C93A CDO with l-cysteine. 

 

Figure 2-5 shows that the C93A variant is catalytically active, albeit at a 

significantly decreased level relative to the wild-type enzyme.  This observation is 

consistent with results obtained for a similar variant (C93S and C93A) in human and rat 

CDO [71, 90].  As with the wild-type enzyme, the rates of O2-consumption and CSA 

formation are designated by a dashed-line (●) and solid line (∆), respectively.  

Additionally, like wild-type CDO utilizing D-Cys as the substrate, the C93A variant 

exhibits behavior consistent with substrate-inhibition, resulting in rapid decay in the rate 

of CSA formation at saturating L-Cys concentrations.  As observed previously, the decay 
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in the initial rate with increasing substrate concentration is not observed for O2-

consumption, suggesting self-oxidation and/or production of reactive oxygen species.  

Steady-state assays on the C93A variant demonstrate a significantly lower maximum rate 

of O2 consumption (kcat = 0.4 s-1) and Michaelis-Menten constant (KM  = 4.4 mM) relative 

to the wild type enzyme.  Alternatively, the kinetic parameters obtained for the C93A 

variant in terms of CSA formation were 0.4 s-1 (kcat), 4.0 mM (KM), and 13.5 mM (KI).  

Based on this analysis, the (CSA/O2)-coupling efficiency for the C93A variant is 43% (± 

4).  Unlike experiments utilizing D-Cys or CSH, the carboxylate group of L-Cys is still 

present and available for interaction with R60.  Therefore, decreased coupling observed 

for the C93A variant can be attributed to disruption of second-sphere interactions with the 

C93-Y157 pair only. Figure 2-5 (panel B) illustrates the coupling efficiency (%) and 

observed v0/[E] for O2-consumption and CSA formation for the C93A variant as compared 

to the wild-type enzyme.   

Although comparable to the wild-type enzyme in terms of iron-incorporation, the 

specific activity of the H155A variant is nearly 2-orders of magnitude lower than the wild-

type enzyme (~0.1 s-1).  Given its drastically reduced activity, the rate of product 

accumulation could only reliably be measured at saturating conditions of L-Cys (25 mM).  

Isolated batches of the Y157F variant exhibited no detectible specific activity despite 

having appreciable ferrous iron incorporation and no visible signs of protein precipitation 

or denaturation. 

   

Cyanide binding and EPR spectroscopy of substrate-bound AI- , -, and C93A FeIII-CDO 

 In an effort to better understand the role second-sphere residues play in 

coupling and catalysis, the electronic structure at the active sites of catalytically relevant 

species of both isoforms of CDO were probed through the use of EPR spectroscopy. The 
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parallel mode X-band EPR spectra of the substrate-bound FeII-CDO is characteristic of 

high spin ferrous iron (S = 2) and is easily differentiated from free hexaquaFeII in solution. 

However, in cases of systems with large spin-orbit coupling (such as CDO), the zero-field 

splitting (k) for the non-Kramers doublet (k) can exceed the incident microwave radiation 

(k ≥ h) of the spectrometer.  Therefore, at X-band frequencies (h ~ 0.3 cm-1), the 

majority of the resonance observed for substrate-bound FeII-CDO is not observed even in 

the absence of an applied field (B0 = 0) [115].  In such situations, higher microwave 

frequencies are necessary to observe the full paramagnetic spectra.  Thus, the 

spectroscopic intractability of the FeII-CDO signal and the high oxygen sensitivity of the 

substrate-bound FeII-CDO complex, make EPR characterization of the catalytically active 

enzyme challenging.  However, it has been previously demonstrated that FeII-CDO can 

be stoichiometrically converted to FeIII-CDO by treatment with potassium 

hexachloroiridate [K2IrCl6] [52].  While catalytically inactive, the ferric enzyme is more 

amenable to EPR spectroscopic characterization.  In these experiments, cyanide (CN-) 

was used as a spectroscopic probe to model O2-binding to the substrate-bound FeIII-CDO 

active site.  The strong -accepting character of cyanide was exploited to produce a low-

spin (S = 1/2) (cyano/substrate)-bound FeIII-CDO species.  In principle, the resulting 

ternary complex would have a similar formal charge and size to the proposed FeIII-

superoxide intermediate in the CDO catalytic cycle [52].  Thus, the Fe-bound cyano-

ligand could serve as a spectroscopic probe to observe hydrogen-bonding interactions or 

geometric perturbations arising from interactions with second-sphere active site residues 

such as the Y157 hydroxyl group of the C93-Y157 pair or the H155 imidazole ring [71, 

103].  Unlike -donors such as superoxide or nitric oxide which favor a bent Fe-

coordination geometry, bound cyano ligands typically exhibit a strong preference for 

linear coordination.  While this linear geometry is less desirable as a structural model for 
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a putative FeIII-superoxide intermediate, the use of cyanide as opposed to nitric oxide is 

spectroscopically cleaner as it avoids the production of dinitrosyl iron complexes (DNIC) 

[gobs 2.03, 2.02, and 2.01] and free nitric oxide [g ~ 1.98], both of which are observed at 

comparable g-values as the substrate-bound {FeNO}7 (S = 1/2) CDO site [gobs 2.07, 2.02, 

1.98] [54].  Moreover, substrate bound (CN/Cys)-bound FeIII-CDO exhibits greater g-

spread (g) relative to the substrate-bound {FeNO}7 CDO, thus offering greater sensitivity 

to second-sphere perturbations.  As with the steady-state coupling experiments, the fully-

modified (-CDO), as-isolated (AI), and (C93A, Y157F, and H155A) variants of the 

enzyme were characterized for comparison.   

Prior to addition of KCN, EPR spectra for both the substrate-bound - and AI 

FeIII-CDO enzyme exhibit a sharp signal with observed g-values of 4.47, 4.36, and 4.27.  

A weaker set of resonances can also be observed at g ~ 9.7 (Figure 2-6A).  This signal is 

consistent with the high-spin (S = 5/2) substrate-bound FeIII-CDO species (termed FeIII-

ES) previously reported [52].  Indeed, within experimental error, both the half-saturation 

microwave power at 10 K  (P1/2 ~ 90 ± 15 mW) and magnitude of the axial zero field 

splitting term (│D│~ 2.7 ± 0.3 cm-1) are equivalent for the FeIII-ES prepared from  and 

AI forms of CDO.   
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Figure 2-6 X-Band EPR spectra of α-FeIII–ES after the addition of a KCN. 

 
However, Figure 2-6B shows that addition of a 10-fold molar excess KCN relative 

to the -FeIII-ES enzyme (0.15 mM) results in nearly a complete loss of the high-spin 

EPR signal with concomitant formation of a new rhombic S = 1/2 signal.  

Substoichiometric additions of cyanide relative to the FeIII-ES complex (0.5 mol 

equivalents) resulted in only minor formation of the S =1/2 signal (22% of total iron) 

(Figure 2-6A), thus indicating that the -FeIII-ES enzyme has a relatively poor binding 

affinity for the cyanide anion.  As indicated by Table 2-2, the g-values for this S = 1/2 

signal (2.38, 2.23, and 1.93) and half-power microwave saturation at 10 K (P1/2 = 140 ± 

24 W; b = 1.0) are consistent with those observed for a variety of low-spin non-heme 
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ferric iron enzymes.  A quantitative simulation (S1, dashed line) for the -FeIII(CN)-ES is 

overlaid on spectrum ( in Figure 2-7.  The spectral line width is dominated by g-strain 

and thus simulations use distributions in the g-values along each principle axis (g1,2,3) to 

give the correct line width.  On the basis of this simulation, the concentration of -

(CN/Cys)-bound FeIII-CDO was determined, which accounts for 91% of the initial high-

spin S = 5/2 FeIII-ES signal (150 M).  Thus nearly all of the initial high-spin -FeIII-ES is 

converted to the corresponding low-spin -FeIII(CN)-ES adduct upon addition of a 10-fold 

molar excess of KCN.   

Remarkably, in the absence of substrate (L-Cys), no cyanide binding could be 

observed by EPR spectroscopy even following addition of a 100x molar excess of 

cyanide relative to enzyme.  This apparent obligate ordered addition of substrate prior to 

cyanide has also been observed in experiments where nitric oxide was used as a 

surrogate for O2-binding.  However, to our knowledge, the obligate-ordered addition of 

substrate prior to cyanide has not been previously observed for other non-heme 

mononuclear iron enzymes.  

As with the steady-state experiments, the AI-CDO used in these experiments 

have approximately 50% C93-Y157 () as indicated by SDS PAGE densitometry.  As 

shown in Figure 2-7, two spectroscopically distinct S = 1/2 species can be observed in AI 

FeIII(CN)-ES samples.  As indicated by Figure 2-7, one of the S = 1/2 species has 

identical g-values to those observed in samples of the -(CN/Cys)-bound FeIII-CDO 

complex (S1).  However, an additional S = 1/2 signal (S2) can be observed with g-values 

of 2.34, 2.21, and 1.95.  The individual contribution of each species in the observed 

spectra was determined by quantitative simulation (S1 [60%] and S2 [40%], dashed line) 

and least squares fitting.  Since S2 is only observed when prepared from AI-CDO, it is 
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likely that this signal originates from the -fraction of AI FeIII-CDO lacking the covalently 

cross-linked C93-Y157 pair (-CDO).  While the fraction of S1 and S2 analytically 

determined by quantitative simulation slightly differs from the expected values obtained 

by SDS PAGE, the values obtained are well within the error associated with gel 

densitometry.  As additional confirmation of this assignment, samples of (CN/Cys)-bound 

FeIII-CDO were prepared from the C93A variant.  As indicated in Figure 2-7, only one 

low-spin ferric signal is observed with nearly identical g-values (2.35, 2.22, and 1.94) as 

those observed for S2.  Additionally, the half-power microwave saturation at 10 K for the 

C93A (CN/Cys)-bound FeIII-CDO is essentially equivalent to that observed for the -CDO 

(P1/2 = 160 W; b = 1.0). 
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Figure 2-7 X-Band EPR spectra of the CN/Cys-bound FeIII–CDO complex  
X-Band EPR spectra of the CN/Cys-bound FeIII–CDO complex prepared from 
as-isolated (AI), fully modified (α-CDO), and C93A CDO enzymes. EPR 
spectroscopic simulations (−–−) of S1 and S2 are overlaid on the spectra (—) 
for comparison. The component simulation to AI spectra is produced by two 
spectroscopically distinct low-spin ferric (S = 1/2) sites. Instrumental 
parameters: microwave frequency, 9.64 GHz; modulation frequency, 100 kHz; 
modulation amplitude, 0.9 mT; temperature, 10 K; microwave power, 6 μW (45 
dB). Simulation parameters are listed in Table 2-2. 
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Table 2-2 Simulation Parameters for the l-Cys-Bound, d-Cys-Bound, and l-Sec 
(CN/substrate)-Bound (S = 1/2) FeIII–CDO Samples. 

species g1 g2 g3 σg1 σg2 σg3 

S1 (α) 1.937 2.234 2.379 0.001 0.007 0.01 

S2 (β) 1.951 2.208 2.343 0.023 0.01 0.01 

α-FeIII(CN/l-Cys) 1.937 2.234 2.379 0.001 0.007 0.01 

α-FeIII(CN/d-Cys) 1.932 2.243 2.384 0.015 0.015 0.023 

α-FeIII(CN/l-Sec) 1.959 2.262 2.446 0.012 0.004 0.019 

 

Interestingly, the CDO variants Y157F and H155A, which exhibit no or vastly 

diminished catalytic activity, were also unable to bind cyanide in the substrate-bound 

FeIII-oxidation state.  Indeed, even at excess cyanide concentrations (100x molar 

equivalents, 15 mM) no low-spin ferric signals could be detected.  Thus, on the basis of 

these experiments, the catalytic activity of CDO can be correlated to the ability of the 

substrate-bound enzyme to bind cyanide.   

While originally developed for the study of heme metalloproteins and complexes, 

it is frequently useful to use the model initially developed by Griffith [116] to analyze the 

EPR spectra of low-spin ferric complexes.  This model assumes that the ligand field 

splitting separating the t2g from eg orbitals is significantly large as to prevent orbital 

mixing.  By neglecting the influence of the unoccupied eg orbitals, a simplified model can 

be envisioned in which the tetragonal (/) and rhombic (V/) component of the t2g orbital 

splitting can be determined from the experimentally observed g-values [117].  [Note: In 

this context,  refers to the tetragonal ligand field strength and not the zero-field splitting 

of a non-Kramers doublet].  Equations 5 and 6 show the relationships developed by 

Taylor for determination of V, , on the basis of the observed g-values (g1,2,3) and the 

one-electron spin-orbit coupling constant (Fe) [117-119].   

 

Equation 2-5  𝑉
𝜆𝐹𝑒

⁄ =  
𝑔𝑥

𝑔𝑥+𝑔𝑦
+

𝑔𝑦

𝑔𝑧−𝑔𝑥
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Equation 2-6  Δ
𝜆𝐹𝑒

⁄ =  
𝑔𝑥

𝑔𝑧+𝑔𝑦
+

𝑔𝑧

𝑔𝑦−𝑔𝑥
− 𝑉

2𝜆𝐹𝑒
⁄  

 

For low-spin ferric complexes, Fe is typically ~ 400 cm-1 [118-120].  An additional 

term (k), referred to as the ‘orbital reduction factor’, can be determined from the observed 

g-values to account for covalency.  For low-spin heme centers, the value of k is typically 

< 1.0 [121].  However, in instances in which k ≥ 1, for example some non-heme iron 

centers, the assumption that the excited eg orbitals do not interact with the ground t2g set 

is not fully justified [116, 118, 120].   

On the basis of the g-values obtained from S2, a tetragonal splitting (/ = 6.53) 

is obtained for the ternary complex in the absence of the C93-Y157 pair.  Alternatively, in 

samples prepared from -CDO (S1), a decrease in the tetragonal splitting (/ = 5.65) is 

observed.  However, both S1 and S2 exhibit very similar rhombic distortion (V/ = 0.98 

and 0.93, respectively).  These findings indicate that the C93-Y157 pair decreases the 

magnitude of the low-spin ferric iron tetragonal field () without significantly altering the 

rhombicitiy (V/) of the (CN/Cys)-bound FeIII-site.  As expected, the tetragonal splitting 

and rhombic distortion for the C93A (CN/Cys)-bound FeIII-CDO is comparable to the 

values obtained for S2 (C93A; / = 6.14; V/ = 0.98).  This observation suggests that 

the decreased tetragonal distortion in the presence of the C93-Y157 pair can mainly be 

attributed to a decrease in the cyano-ligand -backbonding.   

Alternatively, in samples of FeIII-CDO bound by L-Selenocysteine (L-Sec), the 

presence of the C93-Y157 pair has only a modest impact on the tetragonal splitting (/) 

of the ternary complex (5.89 and 5.56 for - and -CDO, respectively).  However, a more 

significant difference can be observed in the rhombic distortion [V/ 0.87() and 1.00 
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()].  These observations suggest that for the L-Sec-bound ternary complexes, the 

presence of the C93-Y157 pair alters both cyano-backbonding and substrate coordination 

geometry.  For comparison, the observed g-, /-, and V/-values for a selected low-spin 

non-heme iron centers are shown in Table 2-3.   

 

Table 2-3 EPR and Calculated Ligand Field Parameters Observed for 
Low-Spin Non-Heme Ferric Iron Centers. 

protein g1 g2 g3 Δ/λ V/Δ k ref 

FeIII(CN/Cys) (α-CDO) 1.94 2.23 2.38 5.65 0.98 1.15 this work 

FeIII(CN/Cys) (β-CDO) 1.95 2.21 2.34 6.53 0.93 1.17 this work 

FeIII(CN/Sec) (α-CDO) 1.96 2.26 2.45 5.89 0.87 1.26 this work 

FeIII(CN/Sec) (β-CDO) 1.94 2.24 2.38 5.56 1 1.2 this work 

FeIII(CN/Cys) C93A 1.94 2.22 2.35 6.14 0.98 1.19 this work 

FeIII(CN)–SOR 1.97 2.13 2.27 10.8 0.7 1 68 

FeIII–NH 1.92 2.18 2.45 7.55 0.61 1.14 69 

FeIII(CN)–AK 1.89 2.21 2.43 5.72 0.8 1.11 77 

FeIII(CN)2–PCD 1.9 2.18 2.41 6.65 0.71 1 78 

FeIII–BLM 1.94 2.17 2.26 6.64 1.09 0.92 79 

activated BLM 1.94 2.23 2.38 5.65 0.98 0.82 79 

 

 

The alignment of the g-tensor trace (g1,2,3) relative to the molecular axes can be 

qualitatively interrogated to develop greater insight into the role of these second-sphere 

interactions within the enzymatic active site.  As illustrated in Figure 2-8, samples of the 

(CN/Cys)-bound -FeIII-CDO were prepared utilizing L-Cys (top) and D-Cys (middle).  Not 

surprisingly, the g-values observed for each ternary complex are essentially identical as 

determined by quantitative simulation (shown in Table 2-2).  This suggests that 

substitution of D-Cys for L-Cys does not significantly alter the electronic structure of the 

(CN/Cys)-bound FeIII-site.  However, the line width observed for samples prepared from 

D-Cys is significantly broader than those prepared from L-Cys.  As stated previously, the 
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spectral line width for these signals is dominated by distributions in the observed g-values 

(g-strain).  As shown in Table 2-2, samples of (CN/Cys)-bound FeIII-CDO prepared from 

D-Cys exhibits significantly greater g-stain (g1,2,3 = 0.015, 0.015, 0.023) relative to 

samples prepared from L-Cys (g1,2,3 = 0.001, 0.007, 0.010).  Analogous to the Debye-

Waller factors (B-factors) reported in crystallography, the increased g-strain observed for 

D-Cys binding to the FeIII-site indicates greater coordination lability within the active site 

relative to L-Cys.  Interestingly, this increase in g-strain is significantly more pronounced 

(15-fold) along the g1-axis (1.93) relative to the g2- and g3-axes (2.1 and 2.3-fold, 

respectively).  By inspection of the enzyme substrate complex (Figure 2-1), it is 

reasonable to conclude that altering the stereochemistry of the substrate-Cys from L- to 

D- would disrupt any stabilizing interactions with the hydroxyl group of the C93-Y157 pair.  

As the Cys-amine group is directly adjacent to the substrate-carboxylate group, altering 

the substrate chiral center is expected to have the greatest influence on the stability of 

the Fe-amine coordination.  This observation implies that the g1-axis of the (CN/Cys)-

bound Fe-site is closely associated with the Fe-N(Cys) bond.   
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Figure 2-8 X-Band EPR spectra of l-Cys, d-Cys, and l-Sec CN/substrate-
bound FeIII–CDO complexes.EPR spectroscopic simulations (−–−) are 
overlaid on the spectra (—) for comparison. Instrumental parameters: 
microwave frequency, 9.64 GHz; modulation frequency, 100 kHz; 
modulation amplitude, 0.9 mT; temperature, 10 K; microwave power, 6 
μW (45 dB). Simulations parameters for S = 1/2 species are listed in 
Table 2-3. 

 

While CDO cannot utilize L-Sec as a substrate, for the purposes of providing an 

additional reference point in relating the observed g-values to a molecular coordinate 

system, it is instructive to prepare samples of (CN/Sec)-bound -FeIII-CDO for 

comparison.  As indicated in Figure 2-8 (simulation parameters provided in Table 2-2), 

samples prepared by substituting L-Sec for L-Cys also exhibit a rhombic S = 1/2 EPR 

spectrum.  Not surprisingly, the g-values observed for L-Sec (2.44, 2.26, and 1.96) are 
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shifted slightly relative to L-Cys, however this is most pronounced along the g3-axis (g ~ 

0.08) relative to the g2- or g1-axes (g ~ 0.03 and 0.02, respectively).  This observation 

suggests that the g3-axis is correlated to the Fe-S(Cys) bond.  Indeed, the increased 

polarizability of the sulfur atom within the Fe-S(Cys) bond should exhibit significantly 

greater spin-orbit coupling as compared to the other Fe-coordinating atoms.  Therefore, it 

is expected that this bond also give rise to the largest deviation between the observed g-

value and the electron g-factor (ge ~ 2.0023).  Finally as the g1, g2, and g3-axes must be 

mutually orthogonal, if g1 and g3 are assigned correctly, it is reasonable to conclude that 

the g2-axis roughly corresponds to the Fe-CN bond.  It should be noted that, although the 

proposed g-axes assignments are consistent with spectroscopic observables provided 

above, this simplistic interpretation implies that the g-tensor is essentially co-linear with 

the pseudo-octrahedral symmetry of the (CN/Cys)-bound FeIII-site ligand coordination.  

However, additional DFT calculations (discussed below) are necessary to analytically 

verify the orientation of the g-tensor with respect to the FeIII-site molecular axis system, 

as well as provide additional insight into the effect of the C93-Y157 cross-link on the 

electronic structure of the ternary complex. 

 

QM/MM computational models of the (CN/Cys)-bound FeIII-CDO active site 

The EPR spectra of the two isoforms of CDO complexed with both L-Cys and 

cyanide were used to validate the QM/MM-optimized geometries of these species.  Both 

the predicted and experimentally observed g-values for these species are shown in Table 

2-4. Although our computational results only partially reproduce the large g-spread 

observed experimentally, they properly predict a rhombic EPR spectrum with both 

functionals tested.  This apparent discrepancy may be at least partially accounted for by 

the nature of the approximations inherent in the CP-SCF calculation used to calculate 
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EPR parameters, which has a known bias to underestimate g-shifts for complexes 

containing a first-row transition metal [122].  Although the magnitude of error in our 

calculated versus experimentally observed g-values is larger than what has been 

previously seen with a set of small test molecules, an increase in rhombicity for the -

CDO species as compared to the non cross-linked version is both computationally 

predicted and experimentally observed.  Additional validation of computational models 

may be derived by inspection of the calculated g-tensor orientation relative to the 

molecular coordinate system.  Although the g-tensor axes obtained from calculations are 

not strictly co-linear with the molecular axes, there is a close correspondence between 

the two coordinate systems.  As indicated by Figure 2-10, for both isoforms of CDO (- 

and -CDO).  DFT calculations predict that the g1, g2, and g3 axes are approximately 

aligned along the Fe-NCys, Fe-CCN, and Fe-SCys bond axes, respectively.  Thus, the 

computationally derived orientation of the g-tensor agrees well with the qualitatively 

inferred g-orientation obtained by comparison of the (L-Cys, D-Cys, and L-Sec) 

(CN/Substrate)-FeIII-CDO EPR signals shown in Figure 2-8.  As the QM/MM-derived 

models for the (CN/Cys)-bound FeIII-CDO accurately reflect the change in observed g-

anisotropy upon C93-Y157 formation, as well as predict the orientation of the g-tensor, 

the molecular orbital descriptions and geometric parameters derived from these models 

clearly warrant further inspection.   
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Table 2-4 Experimentally Determined and Computationally Predicted g-values 
for the Species Discussed in This Work. 

 non-cross-linked (β) cross-linked (α) 

species g1 g2 g3 g1 g2 g3 

FeIII(CN/Cys), observed 1.951 2.207 2.344 1.937 2.235 2.379 

FeIII(CN/Cys), PBE0 2.016 2.155 2.165 2.011 2.167 2.183 

FeIII(CN/Cys), B3LYP 2.025 2.135 2.146 2.024 2.145 2.163 

FeIII(CN/Sec), observed 1.947 2.236 2.377 1.936 2.254 2.445 

FeIII(CN/Sec), PBE0 2.059 2.174 2.182 2.042 2.178 2.198 

FeIII(CN/Sec), B3LYP 2.085 2.161 2.181 2.088 2.157 2.183 

 

The (CN/Cys)-adducts of both - and - FeIII-CDO possess a very similar set of 

molecular orbitals (MOs), and thus also have the same low-spin Fe(III) ground state as 

shown in Figure 2-9.  The MOs arising from an Fe-SCys bonding interaction as well as the 

lone pair on the cysteinyl-sulfur are also shown, whereas the Fe-CN and C-N bonding 

interactions are sufficiently stabilized in energy such that they have been omitted from 

this figure for clarity. As expected for a low-spin d5 ion with approximately octahedral 

symmetry, the Fe 3dxz- and 3dyz-based molecular orbitals (MOs) are doubly occupied, 

while the 3dxy-based MO is formally occupied by a single spin up electron.  

Consequently, it is the electron in this orbital that gives rise to the experimentally 

observed S = 1/2 EPR spectrum.  Although it is unoccupied, the spin down Fe 3dxy-based 

orbital (the SUMO) provides an excellent representation of the EPR-active orbital, as the 

composition of the SOMO becomes highly mixed due to spin polarization-induced orbital 

mixing of the SOMO with the other spin up orbitals [123].  For both the - and -CDO 

adducts, the SUMO contains a significant * interaction between the Fe 3dxy orbital 

(~65% of the electron density for this MO) and the sulfur 3py orbital (~15%), but lacks any 

sizeable contributions from the cyano ligand (<5%).  Although the formally singly-

occupied molecular orbital has little electron density on the cyano group, it is important to 
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note that spin-orbit coupling-induced orbital mixing provides a route by which the nature 

of the Fe-CN bond can be probed.  The orbitals comprising the eg set in the parent 

octahedral symmetry (i.e., the Fe 3dx2-y2 and 3dz2 orbitals) are unoccupied and are much 

higher in energy than the t2g set of Fe-based orbitals.  

 

Figure 2-9 Comparison of the spin down SUMOs of the β (left) and α 
isoforms (right) of the CN/Cys-bound FeIII–CDO adducts. Comparison of 
the spin down SUMOs of the β (left) and α isoforms (right) of the 
CN/Cys-bound FeIII–CDO adducts. The approximate orientation of the g-
tensor, as derived from the computational models, with respect to the 
molecular axes is also shown. 
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Figure 2-10 Partial molecular orbital diagram for the α isoform of the 
CN/Cys-bound FeIII–CDO adduct. For the sake of clarity, hydrogen 
atoms have been omitted and only the spin down orbitals are shown. 
Doubly occupied, singly occupied, and unoccupied MOs are colored 
blue, yellow, and red, respectively. 
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Judging by the QM/MM-optimized geometries of - and -forms of CDO 

complexed with L-Cys and cyanide, the 3-His facial triad motif is not perturbed upon the 

formation of C93-Y157, with bond lengths and angles that are very similar between the 

two species (see Table 2-5). Similarly, the Fe-C and cyanide C-N bond distances are 

invariant between the two forms of CDO.  However, as illustrated in Figure 2-11, the 

orientation of the cyanide ligand and the carboxylic acid group on the bound L-Cys are 

very sensitive to the second-sphere cross-link, with the Fe-C-N unit being considerably 

more linear when the cross-link is absent.  This arrangement moves the nitrogen of the 

cyano group near the H of the highly conserved H155 residue, such that these atoms 

come to lie within the sum of their van der Waals radii.  Additionally, a network of 

hydrogen bonds exists such that both the guanidyl group of R60 and the phenol of Y157 

interact with one of the carboxylic acid oxygens on the bound L-Cys.  Conversely, the 

formation of the covalent C93-Y157 bond moves the Y157 phenol group away from the 

side chain of R60, in turn pulling the carboxylic acid group of the substrate into a position 

that allows both of its oxygens to interact with an amide hydrogen on R60’s guanidyl 

group (see Figure 2-11). Together, these computational results suggest that both the 

phenol group on Y157 and the guanidyl group of R60 play a major role in the recognition 

of the Cys substrate, while H155 may play a role in O2 recognition.   
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Figure 2-11 QM/MM-optimized structures of CN bound CDO. QM/MM-
optimized structures of non-cross-linked (A) and cross-linked (B) 
CN/Cys-bound FeIII–CDO adducts. An overlay of both structures is 
shown in panel C. Selected distances indicated by the dashed lines are 
given in angstroms. Arrows in panel C represent major structural 
changes within the CN/Cys-bound FeIII–CDO site upon formation of the 
C93–Y157 cross-link. 

 

Table 2-5 Relevant Bond Lengths (in angstroms) and Angles (in 
degrees) of the QM/MM-Optimized Active Sites. 

species Fe–S(Cys)/Se(Sec) Fe–N(Cys/Sec) Fe–C(CN)–N(CN) His86–Fe–C(CN) 

FeIII(CN/Cys)-α 2.28 2.09 169.2 168.6 

FeIII(CN/Cys)-β 2.26 2.11 176.3 172.6 

FeIII(CN/Sec)-α 2.43 2.1 170.5 167.7 

FeIII(CN/Sec)-β 2.41 2.12 176.5 171.9 
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Discussion 

The ability of substrate-bound CDO to bind exogenous ligands in both the FeII 

and FeIII-oxidation states supports an inner-sphere model for O2-activation.  Historically, 

azido, carbonyl, and cyano-ligands have been employed as a means to spectroscopically 

characterize non-covalent interactions (distal effects) between the coordinated ligand and 

the solvent or protein environment in heme oxygenase enzymes [124].  However, while 

key second-sphere residues have been identified in non-heme mononuclear iron 

enzymes, fewer spectroscopic studies are available for comparison [93]. 

Consistent with previous reports, the vast difference observed in the rate of -

CDO product formation relative to the AI-CDO and C93A variant clearly demonstrates 

that formation of the C93-Y157 thioether cross-link is an important ‘activating’ event in the 

maturation of CDO [90, 91].  In light of the EPR spectroscopy and QM/MM models 

generated, the stark difference observed in the steady-state (CSA/O2)-coupling efficiency 

between L-Cys (81%), D-Cys (4%), and CSH (6%) indicates that the C93-Y157 pair is 

critical for substrate recognition, stabilization of the ES-complex, and may also help gate 

access of solvent molecules to the active site following O2-activation.  As the C93A 

variant exhibits significantly higher coupling efficiency (45%) relative to the wild-type 

enzyme utilizing D-Cys, it is clear that the hydroxyl group of Y157 represents a key 

enzyme-substrate interaction point.  This is clearly evident when comparing the EPR 

spectra of the L- versus D-Cys (CN/Cys)-bound FeIII-CDO site.  As both species exhibit 

equivalent g-values, the geometry of the first-coordination sphere is essentially 

unperturbed.  However, the increased g-strain observed upon disrupting the interaction 

between C93-Y157 and the Cys-carboxylate group indicates a significant increase in the 

lability of the enzyme-substrate complex.  As this effect is most pronounced along the Fe-

NCys bond (g1-axis), it can be concluded that one function of the C93-Y157 pair is to 
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position the substrate within the active site by securing the Fe-amine coordination.  This 

may also explain the lack of enzymatic activity (and lack of cyanide binding) observed for 

the Y157F variant despite the ability of the enzyme to stabilize ferrous iron.  The cross-

link formed between C93 and Y157 also provides structural rigidity to the cross-linked 

pair forcing a single conformation of the Y157 residue relative to the substrate-bound 

active site.  The van der Waals radius of the C93-Y157 pair S-atom may also add steric 

bulk to O2-binding pocket, thereby shielding the Fe-active site from solvent access and 

resulting in an the increased enzymatic coupling efficiency.  This would also explain the 

apparent substrate-inhibition behavior exhibited by the C93A variant and when utilizing 

D-Cys as the substrate in wild-type CDO assays.  Moreover, the added bulk of the S-

atom also forces the Fe-C-N angle (169°) away from its nearly linear (176°) geometry 

observed in the absence of the C93-Y157 pair.  This bend in the Fe-cyano coordination 

forces the cyano-ligand 0.16 Å closer to the substrate thiol S-atom.  This effect would 

potentially be more pronounced for -donating ligands (O2 and NO), which favor a bent 

coordination geometry.  

The use of cyanide as a spectroscopic probe over nitric oxide offers significant 

advantages with respect to g-spread, sensitivity to Fe-coordination angle, and the lack of 

‘EPR-active’ contaminating species.  Prior to addition of cyanide, the substrate-bound AI- 

and -FeIII-CDO (FeIII-ES) are indistinguishable by EPR spectroscopy.  Therefore, no 

conclusions can be made regarding interactions between bound solvent molecules and 

the C93-Y157 pair.  However, upon addition of cyanide to samples of AI-FeIII-ES two S = 

1/2 signals (S1 and S2) are observed.  Alternatively, addition of cyanide to substrate-

bound -FeIII-CDO exhibits only one signal (S1).  As the Fe-C-N angle strongly influences 

the strength of *-backbonding, cyanide is an ideal probe to monitor perturbations to the 

coordination geometry.  The decreased tetragonal ligand field strength (/) observed for 
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S1 indicates weaker *-backbonding of the FeIII-bound cyanide ligand relative to the non 

cross-linked enzyme (S2).  This correlates well with our QM/MM-optimized geometries, 

where the C93-Y157 pair induces a more bent Fe-C-N geometry, resulting in decreased 

orbital overlap between the Fe 3d- and cyanide *-based orbitals.  Assuming a 

reasonable estimate for Fe (~ 400 cm-1) [118-120], the tetragonal field splitting of CDO in 

the presence of the C93-Y157 thioether cross-link (-CDO) is ~2,260 cm-1.  Alternatively, 

in the absence of the C93-Y157 pair (S2; -CDO), the axial field strength increases ~ 

2,610 cm-1 [ ~ 2500 cm-1 for the C93A variant].  Thus the deviation in axial field strength 

(350 cm-1) exhibited by - relative to -CDO corresponds to ~ 4.2 kJ·mol-1; approximately 

equivalent to the strength of a weak hydrogen bond.   

As the H155A and Y157F variants are completely unable to bind cyanide, the 

role of second-sphere interactions with the substrate-bound active site cannot be 

confirmed by EPR spectroscopy.  However, the vastly decreased or complete inactivity of 

these CDO variants suggests that these residues represent another key second-sphere 

interaction relevant to catalysis.  The QM/MM models provided here suggest that this 

residue could serve as a stabilizing hydrogen-bonding interaction with bound Fe-oxo 

intermediates during native catalysis, similar to H200 of 2, 3-dioxygenase [92].  However, 

further experiments are necessary to verify this hypothesis. 

In summary, the results provided here suggest that the C93-Y157 post-

translational modification is critical for efficient enzymatic coupling.  Coupling assays with 

substrate analogues (D-Cys and CSH) suggest that the hydroxyl group of Y157 

represents a key point enzyme-substrate interaction necessary for efficient oxidative 

coupling.  Additionally, the computational models presented here provide a reasonable 

explanation for the differences observed in both enzymatic activity and spectroscopic 

observables between the cross-linked and non cross-linked enzyme.  While both 



 

72 

spectroscopic measurements and computational models were performed on the 

catalytically inactive (CN/Cys)-bound FeIII-CDO state, the pronounced decrease in kcat 

and (O2/CSA)-coupling observed by altering the interactions between the Y157-hydroxyl 

and R60-guanidyl groups with the substrate Cys-carboxyl group clearly demonstrates the 

relevance of these interactions in native catalysis.  The obligate-ordered addition of 

substrate prior to cyanide observed in samples of FeIII-CDO is consistent with 

experiments utilizing nitric oxide as a spectroscopic probe for O2-binding [54].  However, 

to our knowledge, this has not previously been observed for other non-heme iron oxidase 

or oxygenase enzymes in experiments utilizing cyanide.  This result is particularly 

intriguing in light of the prevailing theories proposed to explain the substrate-gated O2 

regulation exhibited by non-heme mononuclear iron enzymes; (1) thermodynamic gating 

of the FeII/FeIII redox couple upon substrate binding and (2) Fe-site conformational 

changes which facilitate direct O2-coordination [6, 125, 126].  As compared to nitric oxide, 

the binding of cyanide should be less influenced by the reduction potential of the active 

site suggesting that thermodynamic gating cannot solely be responsible for regulating O2-

activation in CDO. 
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Chapter 3  

Oxidative uncoupling in cysteine dioxygenase is gated by a proton-sensitive intermediate 

 
Introduction 

Thiol dioxygenase (TDO) enzymes utilize a mononuclear ferrous iron active site 

to catalyze the O2-dependent oxidation of sulfur-containing amino acid derivatives without 

need for an external electron source.  The only known TDO enzymes identified in 

mammals are cysteine dioxygenase (CDO) and cysteamine (2-aminoethanethiol) 

dioxygenase (ADO) [73].  Among these enzymes, CDO is the most extensively 

characterized.  This enzyme catalyzes the first irreversible step in the catabolic pathway 

of L-cysteine (Cys) to produce cysteine sulfinic acid (CSA).[127]  CDO has been of 

considerable interest recently as enzymes involved in sulfur-oxidation and transfer are 

increasingly being recognized as potential drug targets for development of antimicrobials, 

therapies for cancer, and inFflammatory disease [59-62]. 

CDO belongs to the mononuclear non-heme iron family of enzymes.  Non-heme 

mononuclear iron enzymes exhibit remarkable versatility in the chemical oxidations they 

catalyze.  As with most oxidase and oxygenase enzymes, O2-reactivity in CDO is gated 

by substrate-binding [4].  This obligate-ordered addition of Cys-substrate prior to O2 

facilitates high catalytic efficiency and limits self-oxidation.  Currently, the exact 

mechanism by which oxidase and oxygenase enzymes couple substrate-binding to 

trigger reactivity with molecular oxygen is not well understood.   

As shown in Figure 3-1A, the mononuclear ferrous iron site within resting CDO is 

coordinated by the N-atoms of His86, His88, and His140 [53, 128, 129].  This active site 

coordination represents a significant departure from the canonical 2-His-1-carboxylate 

facial triad observed in nearly all other members of this enzyme family [15].  Indeed, only 
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two other crystallographically characterized non-heme mononuclear iron enzymes exhibit 

a similar 3-His Fe-site coordination [gentisate 1,2 –dioxygenase (GDO); diketone 

dioxygenase (Dke1)] [42, 72].   

 

 

Figure 3-1  1.6 Å resolution crystal structures for the resting [A] (PDB 
code 4IEZ) and substrate-bound [B] (PDB code 4IEV) mammalian CDO 
active site at pH 8.0. 

 

Another unusual feature within the active site of eukaryotic CDO enzymes is a 

covalently cross-linked cysteine-tyrosine (C93-Y157) pair.  This post-translational 

modification is located 3.3 Å from the mononuclear iron site [53].  Interestingly, among 

CDO enzymes identified across phylogenic domains, only the Y157 residue is conserved.  

Thus the C93-Y157 pair is unique to eukaryotic enzymes.  In principle this post-

translational modification could simply be the result of self-oxidation due to enzymatic 

uncoupling.  For instance, analogous self-hydroxylation events have been reported for 
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the non-heme mononuclear iron enzymes taurine dioxygense, prolyl-4-hydroxylase, and 

lysyl hydroxylase [85-89].  However, unlike these enzymes, which are inactivated over 

multiple catalytic turnovers, several reports have demonstrated that formation of the C93-

Y157 cross-link in CDO actually increases catalytic activity, specificity, and (O2/CSA)-

coupling efficiency [90, 91, 130].  Therefore, while the exact role of this modification is not 

yet fully understood, it does appear to have a positive impact on in vitro catalysis. 

To date CDO has been extensively studied crystallographically [53, 128, 129], 

spectroscopically (EPR, Mössbauer, CD/MCD) [95, 131-133], and mechanistically [52, 

134, 135].  Despite these studies, no information is currently available regarding the 

relative timing of chemical and non-chemical steps during CDO catalyzed reactions.  The 

development of a kinetic mechanism for CDO is invaluable for evaluating the validity of 

chemical steps proposed within the enzymatic catalytic cycle.  For this purpose, the 

influence of pH, solvent isotope, and viscosity effects were monitored for CDO steady-

state kinetic parameters (kcat and kcat/KM).  Proton-inventory experiments were performed 

to monitor the number of exchangeable protons in flight during chemical steps.  The 

timing of non-chemical steps was investigated by measuring the influence of solvent 

viscosity on enzyme kinetics.  One key finding demonstrated by these studies is 

(O2/CSA)-coupling of CDO exhibits a normal solvent isotope effect of 1.45 ± 0.05.  This 

observation suggests that a proton-sensitive transition state immediately precedes Cys-

oxidation in CDO catalyzed reactions.  This behavior has been observed for other non-

heme mononuclear iron enzymes and thus provides insight into the nature of transient 

intermediates generated during CDO catalysis [136-138]. 
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Materials and Methods 

Purification 

Recombinant Mus musculus CDO [EC 1.13.11.20] was expressed and purified 

as described previously [52, 130].  Conversion of CDO to the fully-modified enzyme 

containing stoichiometric C93–Y157 cross-link was performed using a modified version of 

the published method [130].  Briefly, following cleavage from maltose binding protein 

(MBP) by tobacco etch virus protease (TEV), the isolated enzyme (typically ~ 35 µmol) 

was added to a solution 400 mL of 10 mM HEPES, 100 mM NaCl, 20 mM L-cysteine and 

allowed to gently mix by magnetic stir bar for 45 minutes at 37 oC.  The resulting enzyme 

was concentrated using an Amicon N2 stirred cell equipped with an YM-10 ultrafiltration 

membrane (Millapore) to a final volume of ~10 mL.  Enzyme solutions were exchanged 

into the storage buffer (10 mM HEPES, 300 mM NaCl, pH 7.5) by overnight dialysis 

(Spectra/Por).  Remaining MBP and trace TEV protease were removed by subtractive 

IMAC (GE Healthcare, IMAC Sepharose) as described elsewhere.  The concentration of 

CDO protein was determined using the published extinction coefficient at 280 nm (28,300 

M-1cm-1).  The ferrous and ferric iron content within CDO was assayed 

spectrophotometrically for all batches of enzyme used in these experiments as described 

previously [133]. For clarity, the concentrations reported in enzymatic assays reflect the 

concentration of ferrous iron within samples of CDO (FeII-CDO).  Verification of 

stoichiometric C93-Y157 cross-link formation in CDO was confirmed by SDS PAGE and 

densitometry.  The specific activity and Fe-content of CDO utilized in these experiments 

was comparable to those observed previously.  
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Enzyme assays 

Cysteine sulfinic acid (CSA) was assayed using the HPLC method described 

previously [131, 139].  In a typical 1 mL reaction mixture, a stock solution of freshly 

prepared Cys was added to a buffered solution (10 mM HEPES, 50 mM NaCl, pH 8.5) to 

obtain a final concentration of 0.1 - 20 mM Cys.  Each reaction vial was held at constant 

temperature (20 ± 2 °C) and the reaction was initiated by addition of CDO (typically 0.5 - 

1.0 M).  Sample aliquots (250 µL) were removed from the reaction vial at selected time 

points (1, 2, and 3 minutes) and quenched by addition of 10 µL 1 N HCl (final pH 2.0) 

followed by spin-filtration (0.22 μm cellulose acetate membrane; Corning, Spin-X) prior to 

HPLC analysis.  The concentration of CSA produced was determined by comparison to 

calibration curves ranging from (0.1 - 5 mM CSA).  The rate of dioxygen consumption in 

CDO activity assays was determined using a standard Clark electrode (Hansatech 

Instruments, Norfolk, England) in a jacketed 2.5 mL cell.  As with HPLC assays, reaction 

temperatures were maintained at 20 ± 2 °C by circulating water bath (ThermoFlex 900, 

Thermo Scientific).   

All reaction mixtures used in steady-state experiments where O2 content was 

varied were prepared anaerobically on a Schlenk line prior to transferring into the 

anaerobic chamber (Coy Laboratory Products Inc., Grass City, MI).  The Schlenk line is 

equipped with analytical grade argon gas passed through a copper catalyst (Kontes, 

Vineland, N.J.) to remove trace O2 impurities.  Desired oxygen concentrations were 

prepared by mixing anaerobic reaction mixtures with an O2-saturated buffer prepared by 

sparging O2 gas into the reaction buffer for 20-minutes under constant stirring (20 ± 2 

°C).  Reaction mixtures (2 mL) were prepared with final O2-concentrations ranging from 

50 M - 300 M and a fixed Cys concentration of 20 mM. 
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Solvent Isotope Effects 

For pL-profiles and solvent isotope studies, the buffer components were 

prepared directly in D2O and adjusted by direct addition of NaOD or DCl.  pD values were 

obtained from the pH-electrode reading using the relationship [pD = pH + 0.4] [140-142]. 

The composition of reaction buffers for all pH/D-profile experiments consisted of 10 mM 

Good’s buffer and 50 mM NaCl.  2-(N-morpholino)ethanesulfonic acid (MES) was used to 

buffer reactions over the pH/D range of 6.0 - 6.9 and 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) was used to buffer reactions over the pH/D range of 7.0 - 

8.5.  2-(Cyclohexylamino)ethanesulfonic acid (CHES) was used to buffer reactions over 

the pH/D range of 8.5 – 10.  Although activity measurements were made above pH/D 9.0, 

the results were highly variable and obvious signs of protein aggregation could be 

observed.  For this reason, only results obtained between pH/D values of 6 to 9 are 

presented.  For proton inventory experiments, the mole fraction of D2O (n) was calculated 

on the basis of combining appropriate ratios of buffer prepared in D2O and H2O.  Steady-

state kinetic parameters (kcat and kcat/KM) were obtained by measuring both O2-

consumption and CSA formation at varying mole fractions of D2O (pL 8.5).  

 

Viscosity studies 

For solvent viscosity studies, the steady-state kinetic parameters (kcat and kcat/KM) 

were determined for CDO catalysis using both oxygen electrode and HPLC at pH 8.5 (20 

°C) as described above.  Sucrose and glycerol were utilized as viscosigens to increase 

the buffer viscosity within CDO reaction mixtures.  The viscosity (η) of buffers containing 

sucrose and glycerol were measured using an Ostwald viscometer relative to 10 mM 

HEPES, pH 8.5 (20 °C).  The values obtained represent the average of triplicate 

measurements.  In these experiments, addition of glycerol up to 33% (w/w) was used to 
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increase the relative viscosity of the buffer (ηrel) up to 3-times that of the control buffer.  

Addition of up to 35% sucrose (w/v) was used to accomplish a similar increase in the 

relative viscosity of reaction buffers.  

 

Data Analysis 

Steady-state kinetic parameters for CDO were determined by fitting data to the 

Michaelis-Menten equation using the program SigmaPlot ver. 11.0 (Systat Software Inc., 

Chicago, IL).  The pH/D-dependences of steady state kinetic parameters (kcat or kcat/KM) 

for CDO approaches limiting values (YL and YH) at low and high pH, and thus data were 

fit to equation (1).[143, 144]  Here, [H] and K1 represent the hydrogen ion (or deuterium 

ion) concentration and dissociation constant for ionizable groups involved in catalysis, 

respectively.   

 

Equation 3-1  log 𝑌 = 𝑙𝑜𝑔 (
𝑌𝐿+𝑌𝐻∙

𝐾1
[𝐻]

1+
𝐾1
[𝐻]

) 

 

Equation (2) was used to fit kcat and kcat/KM proton inventory data for CDO [145].  

In this equation, n is the mol fraction of D2O present in reaction buffer, E0 and En are the 

kcat or kcat/KM values in H2O and at the specific mol fraction of D2O, respectively [141, 

142].  The measured solvent kinetic isotope effect is designated by KIE.  The integer 

value (y) described the number of protons (y = 1, 2 …) with equivalent fractionation 

factors which contribute to the isotope effect.   

 

Equation 3-2  
𝐸𝑛

𝐸0
= (1 − 𝑛 + (

𝑛

𝐾𝐼𝐸
))

𝑦
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Proton inventory of enzymatic coupling results were fit to Equation 3-3 as 

described previously [146]. Here, the microscopic rate constants for productive and 

unproductive catalysis are designated by kP and ku.  The coupling efficiency (C) is defined 

by the mol of CSA produced per mol of O2 consumed.  At each mol fraction D2O (n), 

coupling values (nC) were normalized by the value observed in H2O reactions (HC).  The 

solvent kinetic isotope effect on enzymatic coupling is designated by KIE 

( 𝑘 =
𝑘𝑜𝑏𝑠

𝐻2𝑂

𝑘𝑜𝑏𝑠
𝐷2𝑂⁄𝐷2𝑂 ).    

 

Equation 3-3  𝐶𝐷 =
1−𝑛+(𝑛

𝐾𝐼𝐸⁄ )+
𝑘𝑝

𝑘𝑢
⁄

1+
𝑘𝑝

𝑘𝑢
⁄

 

 

The influence of solvent viscosity on steady-state parameters (kcat and kcat/KM) 

were fit to equation (3-4).  In these experiments, Y0 is the kcat or kcat/KM determined in the 

absence of any viscosigen, Y is the values observed at each specific viscosity, rel is the 

viscosity relative to (10 mM HEPES, pH 8.5 at 20 °C), and m is the slope of the line which 

indicates the extent of diffusion limitation.  The relative viscosities of buffered solutions 

were determined as described above. 

 

Equation 3-4  
𝑌0

𝑌𝜂
= 1 + 𝑚 ∙ 𝜂𝑟𝑒𝑙 

 

Results 

Solvent kinetic isotope effects 

Solvent kinetic isotope effects (SKIE) were used to investigate the rate-limiting 

chemical steps in CDO catalysis.  CDO uses both Cys and O2 as co-substrates and thus 
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it is critical to first confirm that the atmospheric concentration of oxygen utilized in these 

the 

initial rate of O2-consumption was measured at selected concentrations of Cys and 

oxygen at pH 8.5 and 37 °C.  No difference is observed in the apparent steady-state 

kinetic parameters (kcat and KM) determined at oxygen concentrations fixed between 50 - 

230 M.  Since the steady-state curves obtained overlap within this range, CDO must be 

fully saturated in oxygen even at the lowest concentration utilized (50 M).  This implies 

that the apparent 𝐾𝑀
𝑂2 must be significantly lower (~10x) than the lowest value of oxygen 

used.  Thus, despite not being able to directly measure the apparent 𝐾𝑀
𝑂2 for CDO, this 

confirms that enzyme is fully saturated at atmospheric oxygen concentrations [147]. 

The effect of D2O was measured on the pH dependence of kcat and kcat/KM for 

CDO over the accessible pH range of the enzyme (6 < pL < 9).  Shown in Figure 3-2 is 

the effect of D2O on the kcat (A, circles) and kcat/KM (B, squares) pH/D-profile obtained 

from the initial rate of CSA formation.  For all pL-profiles shown in Figure 3-2, the log(kcat) 

and log(kcat/KM) data begin at a limiting minimum value and then increase to a maximum 

limiting value at elevated pH/D.   
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Figure 3-2 pL-dependence of steady-state kinetic parameters of cysteine 
dioxygenase with L-cysteine as a substrate.  Both log(V) and log(V/K) 
pL-profiles were fit to equation 1.  The pKa values determined from 
log(V) fits were (7.42 ± 0.12 (H2O, ○) and 7.63 ± 0.11 (D2O, ●).  The pKa 
values obtained from log(V/K) fits were 7.96 ± 0.17 (H2O, □) and 7.82 ± 
0.14 (D2O, ■).  The observed solvent isotope effect for CDO at pH 8.5/pD 
8.9 for V and V/K is 1.45 ± 0.05 and 2.0 ± 0.1, respectively. 

 

All data were fit to equation (1) (solid lines) by method of least squares to obtain 

the observed pKa for ionizable groups involved in catalysis.  From this analysis, a pKa-

value (7.4 ± 0.1) was obtained from the kcat-pH profile in H2O reactions at 20 °C (○).  The 

limiting values YH and YL for CDO kcat over this profile were 0.60 ± 0.04 and 0.17 ± 0.01 s-

1, respectively.  Relative to H2O reactions, the observed kcat decreases slightly for CDO 

assays carried out in D2O (●).  The kcat-values obtained in D2O reactions varied between 

limits YH (0.39 ± 0.02 s-1) and YL (0.13 ± 0.01 s-1).  Additionally, the pKa-value determined 

from the kcat-pD profile increases to 7.6 ± 0.1 (pKa ~ 0.2).  The upward shift in the pKa 

observed in D2O as compared to H2O is consistent with what is typically observed for 

ionizable groups involved in catalysis [148, 149].  By contrast, the pKa values obtained 

from kcat/KM-pL data fits in H2O (7.9 ± 0.2) show no significant deviation from data 

obtained in D2O (7.8 ± 0.1).  The absence of any detectible shift in the observed pKa in 
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H2O compared to D2O is consistent with what has been described for reactions involving 

metal-bound waters [145, 148, 149].  The limiting values obtained from analysis of 

kcat/KM-pH data were YL (67 ± 7 M-1 s-1) and YH (230 ± 18 M-1s-1).  By comparison, kcat/KM 

values decrease to YL (28 ± 3 M-1 s-1) and YH (113 ± 10 M-1s-1) in D2O reactions. 

The observed solvent isotope effect (SKIE) for each kinetic parameter (kcat and 

kcat/KM) can be determined from the pH-independent regions of each curve.  Within the 

basic plateau of the kcat-pL-profile (Figure 3-2A), a SKIE of 1.45 ± 0.05 is obtained for 

CDO catalysis.  This value is not significantly deviant from the relative viscosity difference 

between a D2O solution and water.  Additional viscosity experiments are presented below 

to specifically address if attenuation of kcat and kcat/KM is due to increased viscosity.  By 

comparison, the solvent isotope effect on the kcat/KM-pH profile is significantly more 

pronounced within the basic branch of the curve (SKIE of is 2.0 ± 0.1).   

 

Proton Inventories 

Proton inventory experiments were performed to provide greater insight into the 

observed solvent isotope effects for CDO catalyzed CSA formation.  In these 

experiments, the kinetic parameters are determined in various mixtures of H2O and D2O 

within the pH-independent regime of each pL-profile.  As demonstrated in Figure 3-2, 

both kcat and kcat/KM values are pH-independent at pH 8.5 and pD 8.9 and thus proton 

inventory experiments were performed at this pL (8.5).  Figure 3-3 illustrates the relative 

change in kcat (kn/k0, A) and kcat/KM ([V/K]n/[V/K]0, B) as a function of D2O mole fraction 

(n).  For each data set, the SKIE determined experimentally from kcat-pL and kcat/KM-pL 

profiles (1.45 ± 0.05 and 2.0 ± 0.1, respectively) were used in equation 2 to fit results.  At 

first glance, the kcat-proton inventory data appear fairly linear suggesting single proton in 

flight.  However, the data obtained could not be fit using the solvent isotope effect 
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determined from kcat-pL experiments with a single proton model (solid line; equation 2, y 

= 1).  Significantly better agreement was obtained by fitting to a multiple proton model 

(dashed line; equation 2, y =2, R2 = 0.984).  This suggests that more than one proton-

sensitive transition state exists following O2-activation by the enzyme-substrate complex.   

 

 

 

Figure 3-3 Proton inventory of CDO catalyzed formation at pL 8.5.  Plot 
of normalized V (kn/k0; top) and V/K ([V/K]n/[V/K]0; bottom) versus mole 
fraction D2O.  Experimentally determined SKIE values for kcat and kcat/KM 
were used to fit data to equation 2.  For both kn/k0 and [V/K]i/[V/K]0 proton 
inventory fits assuming a single proton in flight (solid line, y = 1) did not 
converge.  Significantly better statistics are obtained for kn/k0 and 
[V/K]i/[V/K]0 data assuming multiple protons in flight (dashed lines; y = 2).  
Fitting results: A. D2Okcat = 1.5 ± 0.1, y = 2, R2 = 0.984; B. D2OV/K = 2.0 ± 
0.1, y = 2, R2 = 0.986).   

 

By contrast, the concave up curvature of the kcat/KM-proton inventory is more 

readily apparent than for kcat-proton inventory.  This indicates that more than one proton-

sensitive transition state exists leading up to O2-activation.  Reasonable fits were 

obtained assuming a multiple proton model (dashed line, equation 2, y =2, R2 = 0.986) 
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and a solvent inventory effect on kcat/KM of 2.0 ± 0.1.  For comparison, the single proton fit 

is illustrated by the solid line.   

 

Influence of solvent isotope effects on enzymatic coupling 

Proton inventory experiments were also performed to evaluate the effect on 

productive catalysis at pL 8.5.  In these experiments, the coupling values obtained at 

each mol fraction D2O (nC) were normalized for the coupling observed in H2O reactions 

(HC).  In the absence of D2O, the initial rate of CSA formation over O2-consumption is HC 

= 0.76 ± 0.04.  This value agrees fairly well with what have been previously reported for 

the wild-type enzyme [130].  Remarkably, as shown in Figure 3-4, the normalized 

coupling of CDO (nC/HC) decreases linearly with increasing mole fraction D2O.  Coupling 

data were fit to equation 3 yielding a straight line with a solvent isotope effect in 100% 

D2O reactions of 1.45 ± 0.02 on productive catalysis.  The linear dependence is 

consistent with a single proton in flight in the transition state following formation of the 

(substrate/oxygen)-bound enzyme complex.   
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Figure 3-4 Proton inventory for CDO enzymatic coupling (CSA produced 
per O2 consumed) at pL 8.5.  Data were fit to equation (3) with a normal 
solvent isotope effect in D2O of 1.45 ± 0.02.  

   

Viscosity effects 

The effect of solvent viscosity on kcat and kcat/KM was measured to evaluate the 

degree to which diffusion into and out of the active site influences the rate of steady state 

catalysis.  As with proton inventory experiments, these measurements were made within 

the pH-independent region at pH 8.5.  Shown in Figure 3-5 is the observed kcat value 

obtained in the absence of viscosigen (k0) normalized for the value obtained at selected 

relative viscosities (kn).  Experiments were performed using two separate viscosigens, 

glycerol (○) and sucrose (●), and the results were fit to equation 4.  The dashed lines in 

Figure 3-5 represent the theoretical limits of this experiment.  A positive slope of 1.0 is 

expected if catalysis is entirely diffusion-limited by non-chemical steps in catalysis.  

Alternatively, the horizontal dashed line represents the expected result assuming no 

diffusional limitation whatsoever [141].  In practice the impact of solvent viscosity on kcat 

should be independent of viscogen; therefore the increased viscosity effect observed for 
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reactions carried out in glycerol (m = 0.38 ± 0.03) as compared to sucrose (m = 0.17 ± 

0.02) suggests an interaction between CDO and glycerol.  This could potentially be 

attributed to promiscuous binding of glycerol within the active site or a perturbation to the 

enzymatic tertiary structure.  Regardless, glycerol clearly has a negative influence on 

enzymatic activity beyond the simple increase in solvent viscosity.  The influence of 

solvent viscosity on kcat/KM was also monitored for comparison.  In these experiments 

only sucrose was used to adjust viscosity.  As illustrated in Figure 3-5, solvent viscosity 

effects on kcat and kcat/KM is significantly below what is predicted for diffusion-limited non-

chemical steps.  Thus CDO catalysis is only partially limited by product release and/or 

substrate-binding.   

 

 

Figure 3-5 Effect of solvent viscosity on the maximal rate (v0/[E]) of CDO 
catalyzed CSA formation at pH 8.5.  Solvent viscosity was adjusted by 
increasing concentration of sucrose (●) and glycerol (○).  The effect of 
solvent viscosity on kcat (k0/kn) and kcat/KM (V/K]0/[V/K]n) is designated by 
circles (black and white) and squares (gray), respectively.  The dashed 
lines represent the theoretical limits for diffusion-limited product release. 
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Discussion 

To date, cysteine dioxygenase has been the focus of numerous spectroscopic 

and crystallographic studies.  Despite its extensive characterization, almost nothing is 

known regarding the timing of catalytic events within the kinetic mechanism of this 

enzyme.  The experiments presented here establish that multiple solvent-exchangeable 

protons are involved in the CDO catalyzed formation of CSA.  Over the experimental pH 

range (6 - 9), the kcat-pH profiles exhibited a single pKa 7.4 ± 0.1.  As expected for the 

ionization of a weak acid, the observed pKa within D2O reactions increases to 7.6 ± 

0.1.[150]  The pKa of ~ 0.2 units are quite similar to what has been reported previously 

for cysteine sulfhydryl groups [145, 148].  Nonetheless, the identity of this ionizable group 

cannot be unambiguously identified on the basis of the pKa-value alone.  The kcat-pL 

profile is primarily a reflection of the irreversible processes following formation of the 

(O2/Cys)-bound enzyme complex.  Therefore, the solvent isotope effect observed on kcat 

(1.45 ± 0.05) could suggest a rate-limiting chemical step or product release.  This 

conclusion is supported by proton inventory results for kcat shown in Figure 3-3 

suggesting more than one proton-sensitive transition state is present following O2-

activation by the enzyme-substrate complex.   

Complementary proton-inventory (O2/CSA)-coupling experiments were 

performed to better understand the nature of the proton sensitive step(s) observed for kcat 

data.  General treatments for isotope-effects on the partitioning parallel reaction 

pathways among O2-dependent monooxygenases (P450, tyrosine hydroxylase) have 

been described at length elsewhere [146, 151]. A significant advantage of these 

experiments is that the solvent isotope effect on coupling CSA formation and O2-

consumption is solely a function of the partitioning between the productive and 

unproductive catalytic branches and therefore the data is independent of substrate-
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binding and/or product release [146]. Further discussion of this kinetic model and the 

derivation of kinetic expressions can be found in Supporting Information.  Figure 3-4 

illustrates the influence of D2O on the ratio of O2-consumed per mol of CSA produced.  In 

the absence of D2O, typical coupling (HC) for CDO is ~ 76 ± 4%, where as in pure D2O 

this value (DC) decreases to 53 ± 4%.  The linear proton inventory of the normalized 

coupling is well fit to equation 3 yielding a straight line and a solvent isotope effect in 

100% D2O reactions of 1.45 ± 0.02.  This solvent isotope effect is consistent with the 

values obtained from both kcat-pL profile and kcat proton inventory experiments.  Since the 

coupling proton inventories only reflect the partitioning between productive and 

unproductive steps, the linear dependence of this data indicates a single proton-sensitive 

transition state within the productive catalytic branch.  Since proton inventory on kcat-data 

(Figure 3-3A) indicates multiple protons in flight, at least one additional rate-limiting 

protonation event must occur beyond the Cys-oxidation step.  Presumably, this could 

occur during product release.  As noted in Supporting Information, equation 3 is used to 

describe the expected proton-inventory for an isotope-sensitive transition state within the 

productive reaction path.  Alternative expressions can be derived for systems with a 

proton-sensitive transition state in the unproductive reaction pathway (equation S7).  No 

reasonable fits could be obtained by fitting proton-inventory to this alternative kinetic 

model.   

Within the same pH range, the kcat/KM-pH profile also exhibits a single pKa (7.9 ± 

0.1), although this value is slightly higher than observed in kcat-pH profile.  Furthermore, 

no significant shift in the pKa is observed in D2O reactions within the kcat/KM-pD profile.  

This is consistent with the involvement of a metal-bound solvent molecule(s) in the 

reaction mechanism leading up to the first irreversible step [145, 148].  Furthermore, 

proton inventory experiments on kcat/KM indicate that more than one proton-sensitive 
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transition state exists leading up to O2-activation.  The increased magnitude of solvent 

isotope effects observed for kcat/KM data (relative to kcat) would seem to suggests that 

solvent plays a greater role in the initial reversible steps up to O2-binding.  This could 

potentially reflect initial displacement of Fe-bound solvent molecules during substrate-

binding.  This would also explain the absence of a pKa observed in kcat/KM-pL data.   

For diffusion-controlled reactions in which product release is rate-limiting, kcat 

would be attenuated by increased solvent viscosity.  Addition of D2O to reaction buffers 

increases the relative viscosity of reaction mixtures giving rise to an apparent solvent 

isotope effect.  Thus, the small isotope effect observed in kcat-pL profiles (1.45 ± 0.05) 

may simply be due to increased viscosity.  However, the viscosity experiments performed 

clearly demonstrate that this is not the case.  The relative viscosity of D2O (rel ~ 1.24) is 

closely matched by experiments performed in 9% (w/w) glycerol.[142, 152]  From the 

viscosity experiments performed, the expected attenuation of kcat at this viscosity would 

be 6 - 12% within sucrose and glycerol, respectively (1.12 ± 0.04).  Therefore, viscosity 

effects do not significantly contribute to the solvent isotope effect observed in the kcat-pL 

profile.  As solvent viscosity imparts no significant perturbation to kcat/KM-results, the 

same argument can be made for solvent isotope effects observed within the kcat/KM-pL 

profile.  Taken together, the viscosity studies presented here indicate that the non-

chemical steps in CDO catalysis (product release and/or substrate-binding) are only 

partially limited by diffusion and do not significantly contribute to observed isotope effects 

on kcat or kcat/KM.   

On the basis of the collected experiments presented here, a kinetic mechanism 

for CDO catalyzed Cys-oxidation is shown in Scheme 3-1.  
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Scheme 3-1  Proposed kinetic model for CDO catalyzed reaction. 

 
 The high resolution crystal structure for resting CDO [E] (pdb code 4IEZ) at pH 8 

identifies 2 Fe-bound solvent molecules (OH or H2O) in the absence of substrate [129].  If 

the positive charged R60 guanidinium group is taken into consideration, coordination of 

the active site ferrous iron by 3 neutral His residues leaves three positive charges within 

the CDO active site unaccounted for.  Hydrogen-bonding between E104 and H140 can 

compensate for one of these positive charges and inclusion of two hydroxide anions as 

the bound solvent molecules would provide overall charge neutrality to the active site 

(Figure 3-1A).  Substrate-binding of Cys to the Fe-site requires deprotonation of 

substrate-thiol and amine functional groups.  On the basis of mass balance, substrate 

binding should release 2 protons from the active site.  Protonation of the Fe-bound 

hydroxides by incoming Cys-substrate would yield more labile H2O ligands and maintain 

the overall charge neutrality within the active site (Figure 3-1B).  Furthermore, the 

involvement of 2 metal bound solvent molecules in the initial steps up to O2-bindng 

agrees well with conclusions made on the basis of kcat/KM-pL and kcat/KM-proton inventory 

data.   

It could also be argued that the pKa-values observed in kcat- and kcat/KM-results 

could be attributed to the ionization of key active site residues within the CDO active site.  
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For instance, both Y157 and H155 are conserved in CDO enzymes across phylogenic 

domains.  As activity increases with pH, a general base mechanism could be considered 

utilizing either residue.  However, the absence of shift in the kcat/KM-pKa value obtained in 

D2O relative to H2O is inconsistent with the well established ionization behavior typical of 

general acid/base chemistry [150].  This behavior is more consistent with what has been 

reported for metal-bound ionizable groups [148, 153].  Thus, while we cannot 

unambiguously state that the rate limiting ionization steps are solely due to substrate-

binding, this model represents the simplest explanation for all experimental behavior.   

In the context of reactions performed at atmospheric oxygen concentration, the 

independence of steady-state kinetic parameters kcat and KM observed for reactions at 

fixed oxygen concentrations ranging 50 - 230 M suggests that the apparent 𝐾𝑀
𝑂2 must be 

substantially lower (~10x) than the lowest value of oxygen used [147].  Therefore, the 

binding of O2 to the substrate-bound enzyme complex [ES] to produce the substrate-

oxidizing ternary complex [E’S] can be treated as an irreversible process.  At this point in 

the kinetic mechanism, the reaction can partition to either the productive (k3) or 

unproductive (ku) reaction pathways.  Proton inventory experiments suggest two proton-

sensitive steps following irreversible O2-binding.  Most importantly, a solvent isotope 

effect on (O2/CSA)-coupling suggests a single proton-sensitive transition state within the 

productive catalytic pathway.  This observation may indicate that protonation of a 

transient iron-oxo intermediate (FeIII-superoxide or FeIV-peroxo) precedes formation of 

the substrate-oxidizing species.  Indeed, similar behavior has been reported in 

biologically inspired non-heme iron catalysts [154].  As unproductive catalysis is expected 

to produce reactive oxygen species (O2
●- or O2

2-) it is not clear from initial rate 

experiments if the enzyme release from this uncoupled pathway retains activity.  The 

release of oxidized catalytically inactive FeIII-CDO seems very likely.  Since Cys is also a 
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reductant, excess substrate may be able to rescue enzymatic activity providing no 

degradation of the enzyme itself.   
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Chapter 4  

The ‘Gln-type’ thiol dioxygenase from Azobacter vinelandii is a 3-mercaptopropionic acid 

dioxygenase: steady-state kinetics and EPR spectroscopy of the substrate-bound iron-

nitroxyl active site. 

 
Introduction 

Cysteine dioxygenase (CDO) is a non-heme mononuclear iron enzyme that 

catalyzes the O2-dependent oxidation of L-cysteine (cys) to produce cysteine sulfinic acid 

(csa) as shown in Scheme 4-1 [67, 69].  CDO and cysteamine (2-aminoethanethiol) 

dioxygenase (ADO) are the only known mammalian thiol dioxygenase enzymes.  Among 

these, mammalian CDO is the best characterized [111-114].  This enzyme catalyzes the 

first committed step in cys catabolism, and thus is central to sulfur metabolism and redox 

homeostasis.  Enzymes involved in sulfur-oxidation and transfer are increasingly being 

recognized as potential drug targets for development of antimicrobials, therapies for 

cancer and inflammatory disease [59-62].  Imbalances in cys metabolism have also been 

identified in a variety of neurological disorders (motor neuron disease, Parkinsons, and 

Alzheimers) [65-67].  These observations suggest a potential correlation between 

impaired sulfur metabolism, oxidative stress, and neurodegenerative disease [63, 64].  

 

Scheme 4-1 Reaction catalyzed by cysteine dioxygenase (CDO). 
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Figure 4-1 Crystal structure of the substrate-bound Rattus norvegicus 
CDO active site (A, pdb code 4IEV) as compared to the annotated ‘Gln-
type’ MDO isolated from Ralstonia eutropha (B, pdb code 4QMA).[57]   
The annotated ‘Gln-type’ CDO sequence from R. eutropha shares 46% 
identity with Av MDO.  Solvent waters and a putative bound-oxygen are 
designated W1, W2, and O2, respectively. 

Multiple high-resolution crystal structures of the resting and substrate-bound 

CDO have been solved, which highlight the atypical mononuclear iron coordination for 

the mammalian CDO active site [53, 71, 103, 155, 156].  As illustrated in Figure 4-1A, the 

active site coordination of the Rattus norvegicus CDO (pdb code 4IEV) is comprised of 

iron ligated by the N-atoms of H86, H88, and H140, representing a 3-His variant on the 

classic 2-His-1-carboxylate facial triad observed in mononuclear non-heme iron enzymes 

[15].  Within the non-heme mononuclear iron family, only a handful of enzymes with a 3-

His active site motif have been crystallographically characterized [CDO; diketone 

dioxygenase, Dke1 [43]; and gentisate 1,2 dioxygenase, GDO [157]].  On the basis of 

sequence homology, it has been proposed that the active site of mammalian ADO also 

contains a 3-His facial triad [73].  Another unusual feature within the mature eukaryotic 

CDO active site is a post-translational modification 3.3 Å from the Fe-center in which 

spatially adjacent Cys93 and Tyr157 residues are covalently cross-linked to produce a 
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C93-Y157 pair.  Among CDO enzymes identified, Y157 is conserved across phylogenic 

domains, whereas the C93-Y157 pair is unique to eukaryotes.  It has been proposed that 

the C93-Y157 pair facilitates appropriate substrate orientation and stereoselectivity.  The 

bidentate substrate coordination provides two points of simultaneous interaction.  A third 

point of interaction is produced by hydrogen bonding between the cys-carboxylate group 

and the C93-Y157 pair (2.94 Å).  This third interaction is also stabilized electrostatically 

by interaction with R60 (separated by 2.91 - 3.16 Å).  Collectively, these interactions 

satisfy the “three point interaction rule” for chiral selection [158, 159].  The exact 

mechanism of C93-Y157 formation remains unresolved. 

By contrast, all known bacterial CDO enzymes lack the Cys-Tyr post-translational 

modification.  Sequence homology of annotated bacterial cdo genes suggests a subclass 

of enzymes, which lack the conserved R60 residue utilized for substrate-stabilization.  To 

illustrate, the crystal structure for the putative ‘Gln-type’ CDO isolated from Ralstonia 

eutropha (pdb code 4QMA) is shown in Figure 4-1B.  Of note, the 3-His facial triad motif 

is conserved; however, the outer-sphere Arg-residue involved in electrostatic stabilization 

of the substrate is replaced by Gln (Q67).  The spatial orientations of all other conserved 

residues (Figure 4-1A; H155, Y157, Y58) within the active site remain invariant.  For this 

reason, putative bacterial CDO enzymes have been subdivided as either ‘Arg-‘ or ‘Gln-

type’ depending on which residue is involved in substrate stabilization [57].  In this 

context, the ‘Arg-type’ bacterial CDO enzymes are most analogous to the mammalian 

enzymes.   

Previouly, a thiol-dioxygenase [3-mercaptopropionate dioxygenase (MDO)] was 

isolated from the soil bacteria Variovorax paradoxus and characterized.  Since 3-

mercaptopropionic acid (3mpa) is widespread in coastal sediments, it has been proposed 

that this enzyme provides an advantage for soil bacteria to utilize this additional 
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sulfur/carbon source in both assimilatory and catabolic metabolism [58, 160].  This 

enzyme shares high sequence identity [46-55%] with the ‘Gln-type’ subset of annotated 

CDO enzymes and thus calls into question the validity of this nomenclature [58].  Indeed, 

it has recently been proposed that this subclass of putative bacterial CDOs actually 

function as MDOs [57].  However, to date, the ‘Gln-type’ enzymes remain largely 

uncharacterized.  Therefore, this subset of enzymes offer a unique point of comparison to 

better understand the significance of the first- and outer-sphere coordination environment 

surrounding the Fe-site and their impact on thiol dioxygense chemistry.   

In this work, the initial characterization of a putative ‘Gln-type’ thiol dioxygenase 

enzyme cloned from the gram-negative soil bacteria Azotobacter vinelandii is presented.  

For reasons that will be presented later, this enzyme will be referred to as Av MDO 

henceforth.  In addition to pH-and temperature dependent steady-state assays, 

complementary X-band EPR experiments using nitric oxide as a surrogate for O2-binding 

are provided to investigate substrate-interactions within the active site.  Collectively, 

these results suggest significant deviations in substrate-specificity, substrate-

coordination, and electronic structure of the substrate-bound iron-nitrosyl produced in Mm 

CDO and ‘Gln-type’ thiol dioxygenase enzymes. 

 

Materials and Methods 

Expression of Av MDO 

The isopropyl -D-1-thiogalactopyranoside (IPTG) inducible T7 vector 

(designated pRP42) was a generous gift from Professor Tim Larson (Virginia Tech, 

Department of Biochemistry).  This vector expresses Av MDO with a C-terminal (His)6-

affinity tag and a recognition sequence for thrombin protease such that the affinity tag 

can be removed following purification.  Sequence verification of Av MDO was performed 
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by Sequetech (Mountain View, CA, http://sequetech.com/).  The pRP42 vector was 

transformed into competent BL21(DE3) E. coli cells (Novagen cat. no. 70236-4) by heat 

shock and plated for overnight growth at 37 °C on an LB-agar plate containing 100 mg/L 

ampicillin (Amp).  The following day, a single colony was selected for growth in liquid LB 

(Amp) media for training on antibiotic prior to inoculation of a 10-L BF-110 fermentor 

(New Brunswick Scientific) at 37 °C.  Cell growth was followed by optical density at 600 

nm (OD600).  Cells were induced by addition of 1.0 mM IPTG, 20 g casamino acids, and 

40 M ferrous sulfate at an OD600 ~4.  At the time of induction the temperature of the 

bioreactor was decreased from 37 °C to 25 °C and agitation was set to maintain an O2 

concentration of 20% relative to air-saturated media.  After 4 hours the cells were 

harvested by centrifugation (Beckman-Coulter Avanti J-E, JA 10.5 rotor) at 18,600 × g for 

15 min, and the paste was stored at -80 °C.  Confirmation of Av MDO expression was 

performed by SDS-PAGE of lysed cells before and after induction.   

 

Enzyme purification 

In a typical preparaton, 20 g of frozen cell paste was thawed slowly on ice by 

addition of 30 mL of HEPES buffer (20 mM HEPES, 50 mM NaCl, pH 8.0).  To this 

suspension, lysozyme, deoxyribonuclease, and ribonucease I was added to a final 

concentration of 10 g/mL each and allowed to react for 30 min.  Following enzymatic 

digestion, the suspension was sonicated for 15 sec on/off pulse cycle for a total time of 

10 min.  Insoluble cell debris was removed by centrifugation for 1 hour at 4 °C (48,000 x 

g).  The cell free extract was loaded onto a DEAE fast flow anion exchange column pre-

equilibrated in 20 mM HEPES, 50 mM NaCl, pH 8.0.  The column was washed with three 

column volumes of the HEPES buffer prior to elution by NaCl gradient (50-350 mM) at pH 

8.0.  Fractions (10 mL) were collected overnight and pooled on the basis of enzymatic 

http://sequetech.com/
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activity with 3mpa and/or cys as described elsewhere [54].  SDS PAGE was also used to 

verify the presence of the recombinant protein (~23 kDa) within each fraction.  Broad 

range protein molecular weight markers utilized in SDS PAGE experiments were 

purchased from Promega (Madison, WI) Cat. No. V8491. The pooled fractions were 

concentrated to approximately 5-10 mL using an Amicon stir cell equipped with an YM-10 

ultrafiltration membrane.  Thrombin protease (Biopharma Laboratories) was added to 

cleave the C-terminal His-tag from Av MDO.  In a typical reaction, ~0.3 molar equivalents 

of thrombin per Av MDO (based on UV-visible absorbance at 280 nm) was added to 

batches of purified protein for overnight cleavage at 4 °C in HEPES buffer.  Remaining 

thrombin and free (His)6-tag was removed from Av MDO by size exclusion 

chromatography using a sephacryl S100 column.  The ferrous and ferric iron content 

within Av MDO was assayed spectrophotometrically for all batches of enzyme used in 

these experiments as described previously [54] [161].  For clarity, the concentrations 

reported in enzymatic assays reflect the concentration of ferrous iron within samples of 

Av MDO (FeII-MDO).  Protein content was determined by Bio-Rad protein assay.   

 

Enzyme assays 

3-sulfinopropionic acid (3spa), cysteine sulfinic acid (csa), and hypotaurine (ht) 

assayed using the HPLC method described previously [43, 159].  Instrumental conditions: 

Column, Phenomenex C18 (100 mm x 4.6 mm); Mobile phase, 20 mM sodium acetate, 

0.6 % methanol, 1 % heptaflurobutyric acid, pH 2.0.  Analytes were detected 

spectrophotometrically at 218 nm.  Reactions (1 mL) were prepared in a buffered solution 

at the desired pH to obtain a final concentration from 0.1 to 10 mM 3mpa (0.1 - 60 mM 

cys and ca).  The composition of reaction buffers for all pH-profile experiments consisted 

of 20 mM Good’s buffer and 50 mM NaCl.  2-(N-morpholino)ethanesulfonic acid (MES) 
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was used to buffer reactions over the pH range of 5.5 - 6.7 and 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) was used to buffer reactions 

over the pH range of 6.8 - 8.4.  2-(Cyclohexylamino)ethanesulfonic acid (CHES) was 

used to buffer reactions over the pH range of 8.5 – 10.  Each reaction was initiated by 

addition of 0.5 M Av MDO at 25 ± 2 °C.  Sample aliquots (250 µL) were removed from 

the reaction vial at selected time points (1, 2, and 3 minutes) and quenched by addition of 

10 µL 1 N HCl (final pH 2.0) followed by spin-filtration (0.22 μm cellulose acetate 

membrane; Corning, Spin-X (0.22 M)) prior to HPLC analysis.  Product concentration 

was determined by comparison to calibration curves as described elsewhere [43, 159].  

The rate of dioxygen consumption in activity assays was determined polarographically 

using a standard Clark electrode (Hansatech Instruments, Norfolk, England) in a jacketed 

2.5 mL cell.  Calibration of O2-electrode is described in detail elsewhere [130, 162].  As 

with HPLC assays, all reactions were initiated by addition of 1.0 M Av MDO under 

identical buffer conditions as described for HPLC assays.  Reaction temperatures were 

maintained at 25 ± 2 °C by circulating water bath (ThermoFlex 900, Thermo Scientific). 

All reaction mixtures used in steady-state experiments where O2 content was 

varied were prepared anaerobically on a Schlenk line prior to transferring into the 

anaerobic chamber (Coy Laboratory Products Inc., Grass City, MI).  Desired oxygen 

concentrations were prepared by mixing anaerobic reaction mixtures with an O2-

saturated buffer prepared by sparging O2 gas into the reaction buffer for 20-minutes 

under constant stirring at 25 °C.  Reaction mixtures (2 mL) were prepared with final O2-

concentrations ranging from 50 M - 400 M and a fixed and saturating substrate 

concentration. 
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Synthesis of 3-sulfinopropionic acid 

3-sulfinopropionic acid (3spa) was prepared by acid saponification of the 

commercially available methyl ester [sodium 1-methyl 3-sulfinopropanoate; Sigma Aldrich 

778168].  Briefly, the compound was dissolved in a solution of 12 % acetic acid (v/v) in 1 

N HCl and refluxed overnight at 120 °C.  The resulting 3spa was dried on a rotovap and 

rinsed with cold water to remove acid and/or salt.  Mass spectrometry analysis of 3mpa 

product was carried out at the Shimadzu Center for Advanced Analytical Chemistry, The 

University of Texas at Arlington.  

 

Data Analysis 

Steady-state kinetic parameters were determined by fitting data to the Michaelis-

Menten equation using the program SigmaPlot ver. 11.0 (Systat Software Inc., Chicago, 

IL).  From this analysis, both the kinetic parameters (kcat and KM) and error associated 

with each value were obtained by non-linear regression.  For reactions where the pH-

dependences of steady state kinetic parameters (kcat or kcat/KM) is ‘bell shaped’ in that 

they decrease at both low and high pH values, data were fit to equation (4-1) [163-165].  

In this expression, Y is defined either by kcat or kcat/KM.  The variables [H], K1, and K2 

represent the hydrogen ion concentration and the two observable dissociation constants 

for ionizable groups involved in catalysis, respectively.  This expression is scaled by a 

constant scalar quantity (C) which represent the maximum kinetic rate (kcat or kcat/KM).   

 

Equation 4-1  log 𝑌 = 𝑙𝑜𝑔 (
𝐶

(1+
[𝐻]

𝐾1
)(1+

𝐾2
[𝐻]

)
) 

 



 

102 

Alternatively, kcat- or kcat/KM-pH profiles approaches limiting values (YL and YH) at 

low and high pH were fit to equation (4-2).   

 

Equation 4-2  log 𝑌 = 𝑙𝑜𝑔 (
𝑌𝐿+𝑌𝐻∙

𝐾1
[𝐻]

1+
𝐾1
[𝐻]

) 

 

Finally, for results in which kcat- or kcat/KM-pH profiles decreased only at low pH, 

the data were fit to equations (4-3) [162-164].  Similar to Equation 1, this expression is 

scaled by a constant scalar quantity (C) which represents the maximum kinetic rate (kcat 

or kcat/KM).  The error associated with each parameter (kcat, kcat/KM, pKa1, pKa2) 

determined from fits to equations (4-3) is reported in Table 4-1.   

 

Equation 4-3  log 𝑌 = log (
𝐶

1+
[𝐻]

𝐾1

) 

 

Anaerobic work 

All anaerobic samples were prepared in a glove box (Coy Laboratory Products 

Inc., Grass City, MI) with the O2 concentration maintained below 1 ppm.  Solutions were 

degassed on a Schlenk line prior to transferring into the anaerobic chamber.  Analytical 

grade argon was passed through a copper catalyst (Kontes, Vineland, N.J.) to remove 

trace O2 impurities and then sparged through distilled water to hydrate the gas.   

 

Physical Methods 

All UV-visible measurements were made on an Agilent 8453 photo diode array 

spectrometer (Santa Clara, CA).  Sample temperature was held constant by a 13 L 

circulating water bath and a thermostable cell holder (89054A) with magnetic stirrer.  
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Measurements were made in ES Quartz cuvettes (NSG Precision Cells, Farmingdale, 

NY).  X-band (9 GHz) EPR spectra were recorded on a Bruker (Billerica, MA) EMX Plus 

spectrometer equipped with a bimodal resonator (Bruker model 4116DM).  Low-

temperature measurements were made using an Oxford ESR900 cryostat and an Oxford 

ITC 503 temperature controller.  A modulation frequency of 100 kHz was used for all EPR 

spectra.  All experimental data used for spin-quantitation were collected under non-

saturating conditions.   

Analysis of the EPR spectra utilized the general spin Hamiltonian,  

 

Equation 4-4  �̂� = 𝐷 (�̂�𝑍
2 −

𝑆(𝑆+1)

3
) + 𝐸(�̂�𝑋

2 + �̂�𝑌
2) + 𝛽B ∙ 𝑔 ∙ 𝑆 

 

where D and E are the axial and rhombic zero-field splitting (zfs) parameters and g is the 

g-tensor.[96]  EPR spectra were simulated and quantified using Spin Count (ver. 

5.4.5414.16762), written by Professor M. P. Hendrich at Carnegie Mellon University.  The 

simulations were generated with consideration of all intensity factors, both theoretical and 

experimental, to allow for determination of species concentration.  The only unknown 

factor relating the spin concentration to signal intensity was an instrumental factor that is 

specific to the microwave detection system. However, this was determined by a spin 

standard, Cu(EDTA), prepared from a copper atomic absorption standard solution 

purchased from Sigma-Aldrich. 

 

Nitric oxide additions 

 All samples of Av MDO used for EPR experiments were prepared at ~550 M in 

ferrous iron.  Multiple EPR samples were prepared by varying the ratio of substrate 

(3mpa, cys, and ca) to ferrous iron from 0.5 to 25-molar equivalents.  However, in all 
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instances the intensity of {FeNO}7 signals observed by EPR was adversely effected at 

substrate concentrations exceeding 5 molar equivalents.  Therefore, all EPR samples 

presented utilize stoichiometric substrate per ferrous iron.  Following addition of 

substrate, samples were allowed to equilbrate anaerobically in a glove box for 10 min 

prior to freezing for analysis.  Stoichiometric additions of nitric oxide were made by 

addition of a NO saturated buffer as previously described [54].  The reversibility of NO-

binding to the substrate-bound Av MDO was demonstrated by anaerobically thawing EPR 

samples under an argon atmosphere on a Schlenk line.  Once thawed, the samples were 

exposed to a tungsten white light source collimated through a 250 mL round bottom flask 

containing water for 10 min before gently exchanging the sample head space with fresh 

argon.  This process was repeated three times prior to refreezing the sample for EPR 

analysis.   

 

Results 

Purification of Av MDO 

The putative ‘Gln-type’ enzyme from Azotobacter vinelandii (Av MDO) was 

purified and assayed for Fe-content as described in Materials and Methods.  As indicated 

by the SDS PAGE,  the IPTG-inducible [lanes 2(-) and 3(+)] Av MDO protein exhibits an 

apparent molecular weight of ~23 kDa.  This is consistent with the value expected from 

the amino acid sequence (22,696.51 Da).  Fractions of Av MDO were pooled on the basis 

of enymatic activity as determined by thin layer chromatography [166], and SDS PAGE.  

Pooled fractions were treated with thrombin overnight at 4 °C to remove C-terminal 

(His)6-tag (Fig. S1, lane 5).  In most instances, SDS PAGE was able to resolve a subtle 

decrease in the observed molecular weight of the (His)6-tagged Av MDO and the 

thrombin cleaved enzyme.  Unlike its mammalian counterpart, Av MDO lacks the C93-
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Y157 post-transcriptional modification and thus a single band is observed for the isolated 

enzyme.  The stoichiometry of iron per Av MDO protein was determined by TPTZ, 

Bradford assay, and UV-visible spectroscopy as described previously [54].  In multiple 

enzyme preparations, the average iron content is 0.8 ± 0.1 mol iron per Av MDO.  Similar 

to what has been reported for the Mus musculus cysteine dioxygenase (Mm CDO) [54], 

nearly all 83 ± 16 % of the iron observed is in the catalytically relevant Fe(II) state when 

assayed immediately following purification.  However, the Fe(II)-site within Av MDO 

appears to be more susceptible to auto-oxidation relative to Mm CDO.  The fraction of 

Fe(III) increases significantly with handling, thus all assays described below were carried 

out immediately following purification.   

 

Steady-state kinetics of Av MDO catalyzed reactions 

Since the native substrate for the putative ‘Gln-type’ subclass of CDO enzymes is 

in question, the steady-state kinetics for Av MDO was measured using three likely 

substrates (3-mercaptopropioic acid, 3mpa; L-cysteine, cys; and cysteamine, ca).  For all 

steady-state assays, the observed initial rate was normalized by the concentration of 

ferrous iron in purified Av MDO (v0/[E]).  The results obtained for the two best substrates 

(3mpa and cys) are illustrated in Figure 4-2.  Both the rates of O2-consumption and 

product (3spa and csa) formation were measured using a calibrated Clarke-type O2-

electrode and reverse-phase HPLC, as described previously [130, 162].  For each 

substrate, kcat, KM, and the errors associated with each value were obtained by fitting the 

data to the standard Michaelis-Menten equation at 25 ± 2 °C and pH 8.0. 

As illustrated in Figure 4-2 (panel A), in assays using 3mpa as a substrate, from 

the initial rate of O2-consumption (white squares), kcat and KM were determined to be 0.94 

± 0.04 s-1 and 13 ± 5 M, respectively.  In terms of O2-consumption, the catalytic 
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efficiency (kcat/KM) of this enzyme is 72,000 ± 9,200 M-1s-1.  Diode array detection of the 

3-sulfinopropionic acid (3spa) is less sensitive than the Clarke electrode.  Therefore, 

HPLC detection of 3spa is challenging in assays where the substrate concentration is 

near or below the KM-value of Av MDO.  Nevertheless, at saturating substrate 

concentration, the maximum velocity observed for 3spa formation (kcat = 0.96 ± 0.06 s-1) 

is essentially stoichiometric with that observed for O2-consumption (Fig.2A, black 

squares).  As kcat represents the zero-order limit of an enzymatic reaction, the coupling 

efficiency can be obtained from the ratio of the kcat for product formation divided by the 

kcat for O2-consumption.  Therefore, in reactions using 3mpa, Av MDO is essentially fully-

coupled (102 ± 8%).   

Alternatively, in reactions utilizing cys as a substrate (Fig 2. panel B), kcat- and 

KM-values obtained from O2-consumption  initial rate data (white circles) were determined 

to be 1.25 ± 0.04 s-1 and 8.6 ± 0.8 mM, respectively.  In terms of O2-consumption, the 

catalytic efficiency (kcat/KM) of this enzyme is 150 ± 14 M-1s-1.  By comparison, the initial 

rate for csa formation (black circles), kcat and KM were determined to be 1.21 ± 0.1 s-1 and 

11.4 ± 0.9 mM, respectively (kcat/KM  = 110 ± 20 M-1s-1).  Thus, reactions performed at 

saturating cys concentrations exhibit essentially stoichiometric (97 ± 6%) coupling 

efficiency.   

Additional steady-state assays were performed on Av MDO using cysteamine (2-

aminoethanethiol, ca) and mercaptosuccinic acid.  As shown in Table 4-1, steady-state 

assays using ca as a substrate exhibit significantly lower kcat (0.29 ± 0.08 s-1) and kcat/KM 

values (11 ±2 M-1s-1) relative to either 3mpa or cys.  Furthermore, the coupling efficiency 

(40 ± 9 %) of this reaction is significantly decreased relative to 3mpa and cys.  No activity 

was observed with mercaptosuccinic acid.   
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Oxygen is a co-substrate for this enzyme, therefore it important to verify that the 

atmospheric oxygen concentrations utilized in these experiments (~230 M) is sufficient 

to saturate steady-state kinetics for each substrate.  To confirm this, the initial rate of 

enzymatic reactions (as determined by O2-consumption) was measured at fixed, and 

saturating substrate concentrations [3mpa (300 M); cys (60 mM), and ca (60 mM)] while 

varying O2 concentration by serial dilution at pH 8.0 and 25 °C.  No decrease was 

apparent in the initial rate at oxygen concentrations between 50 - 400 M.  Indeed, full 

O2-saturation is observed for all substrates evaluated, even at the lowest O2-

concentration utilized (50 M).  Similar behavior has been previously reported for Mm 

CDO [162].  This indicates that the apparent 𝐾𝑀
𝑂2 must be significantly lower (~10x) than 

the lowest value of oxygen utilized in these experiments.  Thus, despite not being able to 

directly measure the apparent 𝐾𝑀
𝑂2 for this enzyme, these experiments confirm that 

atmospheric O2 concentration is sufficient to fully saturate steady-state kinetics for all 

substrates [147, 162].   

Despite similar values obtained for kcat and coupling efficiency within in vitro 

experiments, the vast differences observed in the catalytic efficiency (kcat/KM) of Av MDO 

reactions using 3mpa as a substrate clearly indicates a preference for this substrate over 

cys and ca.  These results support the conclusion suggested by Driggers et al [57], that 

the ‘Gln-type’ Av MDO is more appropriately designated as a 3-mercaptopropionic acid 

dioxygenase (MDO) rather than a subclass of CDO enzymes.  

Product formation (3spa and csa) was verified using multiple reaction monitoring 

(MRM) as described in Materials and Methods.  In these experiments, the [M+H]+ 

molecular ion [3spa, 138 m/z; csa, 154 m/z] was selected for secondary fragmentation.  

The optimized MRM method was used to verify sulfinic acid product by direct injection of 

enzymatic assays.  The data obtained were then compared to direct injection of a 
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standard to confirm product identity.  In addition to the 138 m/z parent [M+H]+ ion for 

3spa, three additional ions are observed at 28, 65, and 92 m/z for the 3spa standard.  

The fragmentation pattern and relative intensities observed in enzymatic reactions (Fig. 

2, panel A2) exactly match those observed in 3spa standard (panel A1).  Similarly, the 

csa molecular ion [M+H]+ (154 m/z), matching fragmentation pattern, and relative 

intensities observed upon direct injection of enzymatic assays (44, 74, and 108 m/z) 

shown in (Fig. 2, panel B1 and B2) confirm formation of the csa product [158]. 

 

 

Figure 4-2 Steady state kinetics of Av MDO catalyzed 3spa (A, square) 
and csa (B, circle) formation.  In both panels, the maximum velocity (kcat) 
for O2-consumption (white) and product formation (black) were 
determined by best fit to the standard Michaelis-Menten equation to 
obtain the coupling efficiency.  Assay conditions: temperature 25 oC, pH 
8.0.  LC-MS/MS of 3spa (A) and csa (B) MRM transitions for standards 
(1, top) as compared to direct injection of enzymatic reactions, (2, 
bottom).   
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Table 4-1 Comparison of steady-state kinetic parameters determined for 
the thiol dioxygenases, Av MDO and Mm CDO.  

 

 kinetic  Substrate   

Enzyme parameter cys 3mpa ca ref 

Av MDO (25 
°C) 

kcat (s-1) 1.2 ± 0.1 1.0 ± 0.1 0.29 ± 0.08 here 

 KM (mM) 11.4 ± 0.9 0.013 ± 
0.005 

26 ± 5  

 kcat/KM (M-1 s-

1) 
110 ± 20 72,000 ± 

9,200 
11 ± 2  

 Coupling (%) 92 ± 6 102 ± 6 not 
determined 

 

      

 log(kcat)     
 pKa1 5.6 ± 0.1 6.9 ± 0.1 6.6 ± 0.2  
 pKa2 9.9 ± 0.1 9.5 ± 0.1 -  
 log(kcat/KM)     
 pKa1 5.1 ± 0.1 7.6 ± 0.2 6.0 ± 0.1  
 pKa2 9.7 ± 0.1 8.2 ± 0.2 9.9 ± 0.1  

      
Mm CDO (20 
°C) 

kcat (s-1) 0.6 ± 0.1 not detected not 
observed‡ 

[158, 
162] 

 KM (mM) 2.3 ± 0.3 - not 
observed‡ 

 

 kcat/KM (M-1 s-

1) 
260 ± 30 - < 0.01  

 Coupling (%) 76 ± 7 - < 1%  
      
 log(kcat)     

 pKa1 7.42 ± 0.1 - -  
 pKa2 10.30 ± 0.08 - -  
 log(kcat/KM)     
 pKa1 8.0 ± 0.2 - -  
 pKa2 not 

observed 
- -  

‡   Full substrate saturation was not observed for Mm CDO steady-state assays at ca 
concentrations ranging from 25 to 100 mM.  As a result, kcat-and KM-values could not 
be directly obtained.  However, the pseudo-second order rate constant (approximately 
kcat/KM) was obtained from best fit to the linear portion of the saturation curve.  

 

pH effects 

Additional mechanistic insight into ionizable groups involved in catalysis can be 

obtained from the pH-dependence on both kcat and kcat/KM.  The influence of pH on Av 
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MDO catalysis was measured for all substrates over the accessible pH range of the 

enzyme (5 < pH < 10).  Figure 4-3 illustrates the log(kcat)-pH (A) and log(kcat/KM )-pH 

profiles (B) obtained from the initial rate data of Av MDO reactions using 3mpa as a 

substrate.  Each point within these data sets (Fig 3, A and B) was obtained by fitting the 

steady-state kinetic results observed at a fixed pH-value to the standard Michaelis-

Menten equation.  The error in the kinetic values obtained (kcat, KM) from these fits is 

indicated in Figure 4-3 graphically.  As with the steady-state curve shown in Figure 4-2, 

full coupling was observed over the entire pH range assayed. 

In reactions using 3mpa, both pH-profiles [(kcat) and (kcat/KM)] exhibit a skewed 

‘bell shaped’ curve with two apparent pKa values.  Within the acidic branch of this profile 

[5 < pH < 8], both kcat and kcat/KM follow sigmoidal behavior with limiting values at high 

and low pH.  This behavior is fairly reminiscent of what has been reported for Mm CDO 

[162].  While the data within the acidic branch of this pH-profile can be fit to equation 2 

(dashed line), the pKa1 value obtained are shifted more basic due to the presence of a 

second ionizable group (pKa2).  Beyond pH 8.25, both kcat and kcat/KM data decrease.  

Given that pKa1 and pKa2 are fairly close together, data within the inverted bell curve 

region [7 < pH < 10] were fit using equation 1 by method of least squares to obtain the 

apparent pKa values (and error) for each ionizable group relevant to catalysis.[165]  

Kinetic data obtained from pH 5 to 6.5 were omitted from these fits.  From this analysis, 

two apparent pKa-values were obtained (6.91 ± 0.10 and 9.52 ± 0.06) from the kcat-pH 

profile in 3mpa reactions at 25 °C.  The maximal kcat value obtained from fitting was 0.98 

± 0.06 s-1 at pH 8.25.  Using the same fitting procedure, two pKa values were obtained 

from the kcat/KM-pH data (7.6 ± 0.2 and 8.2 ± 0.2).  Here, the maximal value of kcat/KM 

(72,000 ± 9,200 M-1s-1) was observed at pH 7.9.   
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Figure 4-3 The pH-dependence of kcat and kcat/KM for Av MDO catalyzed 
reactions with 3mpa (A and B), cys (C and D), and ca (E and F) at 25 
°C.  The error indicated graphically is obtained by fitting kinetic results 
obtined at each pH value to the standard Michaelis–Menten equation.  
The pKa values obtained from kcat-pH and kcat/KM-pH profiles were 
determined by best fit of pH-dependent kinetic results to equations 1-3.  
A summary of steady-state kinetic parameters determined for Av MDO 
and Mm CDO is provided in Table 4-1. 
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The pH-profiles for Av MDO in reactions using cys as a substrate were also 

determined for comparison to Mm CDO.  As illustrated in Figure 4-3 (panel C and D), 

both kcat-pH and kcat/KM-pH data obtained with cys exhibit a ‘bell shaped’ curve with two 

resolved pKa values.  Both data sets were well fit using equation (1) (solid lines).  Two 

pKa-values (5.64 ± 0.06 and 9.86 ± 0.06) were obtained from fitting the kcat-pH result for 

reactions with cys at 25 °C.  Similarly, two apparent pKa values were obtained from fitting 

the kcat/KM-pH data (5.11 ± 0.07 and 9.74 ± 0.07).   

Steady-state enzymatic reactions utilizing ca as a substrate exhibit significantly 

decreased kcat and kcat/KM values as compared reactions carried out with 3mpa.  

Regardless, both kcat-pH and kcat/KM-pH profiles were collected and analyzed as 

described above (Fig. 3, panel E and F). Unlike the results obtained in 3mpa and cys 

reactions, only one ionizable group (pKa = 6.6 ± 0.2) was observed in the kcat-pH data set 

using ca as a substrate.  As the rate of catalysis decreases only at low pH, these results 

were fit to equations 3 (solid line).  Alternatively, the kcat/KM-pH data exhibited a ‘bell 

shaped’ curve similar to cys, and thus the results were fit to equation 1.  A summary of 

the all pH-dependent kinetic results is provided in Table 4-1.  The influence of 

temperature on the maximal rate of Av MDO was also measured for comparison to Mm 

CDO. 

 

EPR spectroscopy of substrate-bound Av MDO iron-nitrosyl active site (Av ES-NO).   

Among non-heme mononuclear iron enzymes, a general mechanism for catalysis 

has emerged based on extensive mechanistic, spectroscopic, and crystallographic 

characterization [118, 167, 168].  Typically, the monoanionic iron site contains a six-

coordinate ferrous iron with solvent molecules serving as the non-protein ligands.  In 
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most instances, the reduced active site is mostly unreactive toward O2 until substrate 

and/or cofactor are bound [168].  Thus, activation of O2 only occurs following the ordered 

binding of substrate and/or cofactor.  Historically, experiments using nitric oxide (NO) as 

a spectroscopic probe for O2-binding have been employed to verify this obligate-ordered 

reactivity.  The assumption inherent in these experiments is that NO and O2 bind similarly 

to the mononuclear Fe-site. 

Addition of nitric oxide (NO) to a substrate-bound mononuclear non-heme iron 

center typically results in the formation of a {FeNO}7 (S = 3/2) species characterized by 

an axial EPR spectrum (gx,y,z ~ 4, 4, 2).  According to the Feltham–Enemark notation, the 

ground state S = 3/2 spin-manifold can be described by an antiferromagnetic coupling 

between a high-spin FeIII (S = 5/2) and a bound NO– anion (S = 1) [169-171].   

Samples of the free enzyme and substrate-bound Av MDO (Av ES) were treated 

anaerobically with nitric oxide to determine if the bacterial enzyme also exhibits an 

obligate ordered addition of substrate (3mpa) prior to NO.  In the absence of 3mpa, no 

appreciable {FeNO}7 (S = 3/2) signals were observed by EPR upon stoichiometric 

addition of NO.  Thus, similar to the mammalian enzyme and other members of the non-

heme iron family, the ferrous iron active site of Av MDO appears to have poor NO-binding 

affinity in the absence of substrate.  However, addition of stoichiometric NO to samples 

containing an equal molar mixture of Av MDO and 3mpa produces the EPR spectrum (1) 

shown in Figure 4-4 (panel A).  The near axial S = 3/2 EPR signal for the substrate-

bound {FeNO}7 Av MDO (Av ES-NO) can be observed with g-values of 4.06, 3.96, and 

2.0.  This signal is not produced upon addition of NO to samples of enzyme in the 

absence of substrate.  The temperature-normalized signal intensity for 1a decreases with 

increasing temperature, thus indicating that the ms = ±1/2 doublet is the ground state 

within the S = 3/2 spin system.  The magnitude of the zero-field splitting parameter (D = 
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10 ± 2 cm-1) was determined by plotting the EPR signal intensity for this species versus 

1/T and fitting the data to a Boltzmann population distribution for a 2-level system.  This 

value is in good agreement with those reported for other {FeNO}7 (S = 3/2) species 

reported elsewhere [172, 173].  The EPR simulation (dashed lines) for 1a shown in 

Figure 4-4 was calculated using this D-value.  For quantitation purposes, all data was 

recorded below the microwave power necessary for half-saturation of the {FeNO}7 S = 

3/2 signal at 10 K (P1/2 = 300  ± 50 mW).  Spin quantitation of this signal accounts for 

~380 M (69% of the total ferrous iron within the sample).   

Analogous Av ES-NO samples were prepared using cys and ca as a means to 

explore the substrate-binding specificity for this enzyme.  As with 3mpa, pre-equilibration 

of Av MDO with either substrate could induce NO-binding to the enzymatic Fe-site.   As 

shown in Fig. 4B (spectrum 2), addition of NO to the cys-bound Av MDO produces two 

spectroscopically distinct {FeNO}7 (S = 3/2) species as indicated by the two sets of 

observable g-values at [(2a); 4.06, 3.96, and 2.0] and [2b, 4.31, 3.75, and 2.0].  These 

species differ in their rhombicity (E/D-values) of 0.01 and 0.05, respectively.  For clarity, 

the g ~ 2 region was omitted from Fig. 4B.  As with 1a, the temperature-normalized signal 

intensity for both 2a and 2b decreases with increasing temperature, thus indicating that 

the ms = ±1/2 doublet is the ground state for both observable species.  Spectra at 

elevated temperatures exhibit increased electronic relaxation rates resulting in broader 

EPR spectra.  This effect can distort the baseline and decrease the accuracy of D-values 

determined by Boltzman fits.  Therefore, additional corroboration of the zero-field splitting 

term was obtained by simultaneous simulation of EPR (n = 6) spectra collected at 

temperatures ranging from 4-40 K.  Across this temperature range, all simulations 

accurately reproduce the relative intensity of 2a and 2b using D = 10 ± 2 cm-1.  Thus, 

within experimental error, both {FeNO}7 species 2a and 2b appear to have equivalent 
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zero-field splittings.  With the magnitude of the D-value validated, quantitative simulations 

of each species (Fig. 4B, dashed lines) were calculated to determine the relative 

distribution of each species [60% (2a) to 40% (2b)], respectively.  The relative distribution 

of each species is conserved across multiple enzyme preparations.  Collectively, the sum 

of these individual simulations account for ~36% of the total ferrous iron within the 

sample.  Therefore, under identical experimental conditions (stoichiometic NO, cys, and 

enzyme), binding of NO is nearly two-fold more favored for the 3mpa-bound enzyme as 

compared to samples prepared with cys.   

EPR spectra 1a and 2a exhibit identical g-values, temperature dependence, and 

power saturation behavior (P1/2), therefore it is likely that the coordination geometry within 

the first coordination sphere for both {FeNO}7 species is equivalent.  By contrast, the 

microwave power necessary for half-saturation of the 2b signal (P1/2 = 650  ± 50 mW at 

10 K) is significantly higher that observed for 1a or 2a.  The increased relaxation (P1/2) 

and rhombicity (E/D) observed suggests that the geometry of the 2b first coordination 

sphere is significantly perturbed relative to 1a and 2a.  Potentially, the 1a and 2a signals 

reflects the catalytically relevant binding mode for this enzyme where as the distorted 2b 

signal is attributed to an alternative (perhaps non-catalytic) substrate-bound 

configuration.   

Equivalent EPR NO-addition samples prepared using stoichiometric ca as a 

substrate exhibit identical S = 3/2 signals as observed for the cys-bound Av ES-NO (data 

not shown), albeit at decreased signal intensity (~5-fold).  Relative to 3mpa, the 

decreased formation of Av ES-NO species in experiments utilizing cys and ca suggest a 

lower affinity for these substrates within the enzymatic active site.  This decreased affinity 

may explain the heterogeneity of EPR signals and higher KM-values obtained for cys and 

ca in steady-state assays.  A summary of the EPR parameters used to simulate the 
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{FeNO}7 (S = 3/2) Av MDO signal is provided in Table 4-2. Simulation parameters for the 

Mm CDO {FeNO}7 (S = 1/2) species is included for comparison [54, 174].   

 

Figure 4-4 X-band EPR spectra of Av-ES-NO {FeNO}7 (S = 3/2) species.  
A. Trace 1 illustrates the full S = 3/2 spectrum produced upon addition of 
NO to enzyme pre-complexed with 3mpa. A quantitative simulation (1a, 
dashed line) for this species is provided for comparison.  The sharp gave 
~ 2.03 signal designated by (●) is attributed to minor dinitrosyl iron 
species; a common contaminant produced by addition of NO to Fe-
containing enzymes.[175-178]  An expansion of the g ~ 4 region (panel 
B) illustrates the perturbation to the obtained spectra when substituting 
an equal concentration of 3mpa (1) for cys (2).  The intensity of the Av-
ES-NO sample prepared with cys is multiplied by 3-fold for clarity.  A 
two-component simulation for 2a and 2b is overlaid on spectra 2.  
Spectroscopic parameters determined for by Boltzmann temperature 
dependent fits and spectroscopic simulations are provided in Table 2-2.  
Instrumental parameters: microwave frequency, 9.643 GHz; microwave 

power, 20 W; modulation frequency, 0.9 mT; temperature, 10 K.   

 
Given the role of NO in biological signaling and host immune response, it is 

reasonable to explore if NO is capable of irreversibly inactivating the substrate-bound Av 

MDO.  Furthermore, the photoliability of the Fe-bound NO-ligand provides a qualitative 

measure of the Fe-NO bond strength as well as an addition point of comparison to Mm 

CDO.  It can also be demonstrated that NO-binding is reversible for the 3mpa-bound (Av 
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ES) enzyme by application of a white light source and vacuum cycling as described in 

Materials and Methods.  Here samples of Av ES-NO were thawed anaerobically on a 

Schlenk line and then a vacuum was applied to the aqueous solution on ice for 5 minutes 

prior to exchanging the headspace with fresh argon.  This process was repeated for three 

cycles (15-minutes total) prior to refreezing the sample and analysis by EPR.  Within 15 

minutes of repeated vacuum/argon cycling, the EPR signal intensity observed for species 

1a decreased by nearly 7-fold (15%).  The absence of any observable ferric signals (g ~ 

4.3) suggests that the active site iron returns to its resting ferrous oxidation state upon 

release of NO gas.  This conclusion is verified by the fact that the 1a signal is recovered 

by re-addition of stoichiometric NO.  Similar behavior can be demonstrated for samples of 

cys-bound enzyme treated with NO.  By contrast, the {FeNO}7 (S = 1/2) species observed 

in samples of Mm CDO is completely insensitive to vacuum/argon cycling, and thus NO-

binding to the mammalian enzyme appears irreversible [54]. 

 

Table 4-2 EPR simulation parameters for the Av MDO and Mm CDO (ES-

NO) signals  

 

Enzyme 

 

Sim 

 

Spin 

P1/2 (mW)  

at 10 K 

 

D (cm-1) 

 

E/D 

g1 

(g1) 

g2 

(g2) 

g3 

(g3) 

B 

(mT) 

 

ref 

Av MDO 
3mpa 
(1a) 

3/2 
300 ± 50 

10 ± 2 0.01 2.00 2.00 2.00 0.5 here 

 
L-cys 
(2a) 

3/2 
280 ± 50 

10 ± 2 0.01 2.00 2.00 2.00 0.5  

 
L-cys 
(2b) 

3/2 
650 ± 70 

10 ± 2 0.05 2.00 2.00 2.00 0.5  

           

Mm CDO L-cys 1/2 1.3 (20 K) - - 
2.07 

(0.006) 
2.02 

(0.009) 
1.98 

(>0.001) 
0.4 [54] 

 
Discussion 

Among the annotated ‘Arg-‘ and ‘Gln-type’ bacterial CDO enzymes, the overall 3-

His first coordination sphere is conserved.  However, significant deviations within the Fe-

site outer coordination sphere among annotated bacterial ‘Gln-type’ CDO enzymes have 



 

118 

led to speculation that this subclass of enzymes represent a unique class of thiol 

dioxygenase enzymes [57].  This hypothesis is strengthened by the observation that ‘Gln-

type’ enzymes exhibit higher sequence identity with the thiol dioxygenase enzyme, 3-

mercaptopropionate dioxygenase (MDO), as compared to ‘Arg-type’ CDOs.  The work 

presented here provides experimental confirmation of this hypothesis, as well as an initial 

comparison of the reactivity and substrate-specificity for the annotated ‘Gln-type’ Av 

MDO.  By all metrics explored (substrate-specificity, pH-dependent steady-state kinetics, 

and EPR spectroscopic experiments with nitric oxide) the Av MDO exhibits distinct 

deviations in its behavior relative to Mm CDO.   

One of the most remarkable features of the ‘Gln-type’ Av MDO enzyme is its 

relaxed substrate specificity.  While it has been reported that Mm CDO is capable of 

catalyzing O2-dependent dioxygenations utilizing multiple thiol-bearing substrates (L-Cys, 

D-Cys, L-homocysteine, and L-penicillamine), no activity was observed in reactions using 

3mpa or mercaptosuccinate [158].  Furthermore, catalytic (kcat/KM) and coupling 

efficiencies for all Mm CDO reactions utilizing non-native substrates are exceedingly 

poor.  For instance, in assays utilizing ca as a substrate the (kcat/KM) is ~4-orders of 

magnitude lower than observed for cys reactions. Furthermore, only ~1% of the O2-

consumbed is converted into the hypotaurine product [158].   Presumably, these vastly 

uncoupled reactions result in the release of reactive oxygen species such as H2O2, O2
●-, 

and ●OH.  By contrast, Av MDO reactions with 3mpa and cys are nearly fully coupled.  

Only in ca reactions is the coupling efficiency of Av MDO decreased significantly (40 ± 

9%).  For perspective, despite the decreased coupling efficiency of Av MDO in ca 

reactions reported here, the kcat/KM values obtained are still 1000-fold higher than those 

observed in equivalent Mm CDO reactions.   
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For all substrates utilized in Av MDO steady-state assays, the reaction rate at 

saturating substrate concentrations is independent of oxygen concentration within the 

range of 50-400 M.  This indicates that the apparent 𝐾𝑀
𝑂2 (for all substrates) must be 

[147]  

Therefore, the differential activity exhibited by Av MDO in reactions using 3mpa, cys, and 

ca cannot be attributed to incomplete O2-saturation.   

Despite comparable kcat values (ranging from 0.6 - 1.2 s-1) in reactions utilizing 

cys as a substrate, Av MDO exhibits a ~5-fold increase in its KM-value for this substrate 

as compared to the mammalian enzyme.  As a result, only a modest (2-fold) difference is 

observed in the catalytic efficiency of Av MDO for cys as compared to Mm CDO (kcat/KM = 

110 ± 20 M-1s-1 and 260 ± 30 M-1s-1, respectively).  Even with the high KM-value observed 

for cys, one could argue that the annotated ‘Gln-type’ enzyme may function 

physiologically as a CDO based on comparable kcat- and kcat/KM-values.  This speculation 

is strengthened by the absence of any other putative CDO enzyme identified by NCBI 

BLAST search within the Azotobacter vinelandii (taxid 354) genome.  However, the vastly 

lower KM-value obtained for in vitro 3mpa assays (13 ± 5 M) results in ~1000-fold 

increased catalytic efficiency (kcat/KM) relative to reactions with cys.  Therefore, it is likely 

that this enzyme can only catalyze O2-dependent csa formation in the absence of 3mpa.  

By the same logic, it is not expected that Av MDO would contribute any significant ADO 

functionality in the presence appreciable 3mpa or cys concentrations.   

Another intriguing deviation from Mm CDO is illustrated by comparing the 

substrate specificity of Av MDO in reactions using 3mpa, cys, and ca.  As compared to 

reactions using either 3mpa or cys as a substrate, the ~3-fold decrease in kcat (0.29 ± 

0.08 s-1) obtained in ca reactions suggests that the substrate-carbolxylate group (absent 

in ca) represents an important (but not required) point of interaction within the Av MDO 
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active site.  By contrast, the bidentate coordination of cys within the Mm CDO active site 

necessitates that all potential substrates must contain both a thiol- and an amine 

functional group.  Indeed, several thiol-bearing substrates have been evaluated; 

however, Mm CDO appears to exhibit no reactivity toward thiol-substrates lacking an 

amino functional group [mercatosuccinate, 3-mercaptoproionic acid, and 1-

mercaptopropane] [158].  This suggests that substrate-binding at the Fe-site solely by 

thiolate coordination rather than bidentate as is the case for Mm CDO. 

Coupling efficiency is significantly greater for Av MDO (3mpa, 102 ± 6 %; cys 92 

± 6 %) as compared to the mammalian enzyme (76 ± 7%) [158, 162].  Unlike Mm CDO 

[130], the bacterial Av MDO enzyme is fully coupled across the entire accessible pH 

range of the enzyme.  It has been demonstrated that formation of the C93-Y157 pair 

increases enzymatic specific activity and efficiency [90, 91, 130].  Paradoxically, 

formation of the C93-Y157 cross-link also appears to be initiated by promiscuous 

(uncoupled) side reactions within the Mm CDO active site during turnover with cysteine 

[158, 162].  Uncoupled catalysis in non-heme enzymes can result in the oxidation of 

amino acid resides adjacent to the active site, formation of reactive oxygen species 

(ROS), and enzymatic inactivation [88].  For example, the irreversible self-hydroxylation 

of Tyr73 within TauD during the O2-/-ketoglutarate-dependent oxidation of taurine is 

responsible for oxidative-inactivation of this enzyme over multiple catalytic turnovers [85, 

86]3 

In light of the multiple substrates utilized in pH-dependent kcat and kcat/KM profiles, 

some useful mechanistic insight can be inferred for Av MDO.  For example, the basic 

pKa-values obtained in kcat-pH profiles generated using 3mpa [9.5 ± 0.1] and cys [9.9 ± 

0.1] are quite similar.  In fact, as shown in Table 4-1, Mm CDO also exhibits a 

comparable pKa-value in reactions with cys [10.30 ± 0.08] [162].  It could be argued that 
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the decreased activity observed in both kcat-pH profiles is simply attributed to 

contributions from denatured enzyme.  However, several observations suggest 

otherwise.  First, for each substrate the slope of tangent lines drawn within the increasing 

and decreasing arms of the inverted bell curve approach unity.  This behavior is 

consistent with a single protonation event associated with an ionizable group.  Second, 

the basic pKa value is absent in the kcat-pH profile obtained for Av MDO reactions with 

ca.  This observation suggests that the basic ionizable group observed in reactions with 

3mpa and cys are catalytically relevant.  Moreover, the absence of this feature in 

reactions using ca suggests that the basic ionizable group participates in hydrogen 

bonding with the substrate carboxylate group.  For instance, it has been previously 

demonstrated in steady-state assays with active site variants and spectroscopically 

validated computational studies that the hydroxyl-group of Y157 within the Mm CDO 

active site interacts with the carboxylate group of the Fe-bound substrate (L-cys) [130].  

The basic pKa value observed in the kcat-pH profile for 3mpa and cys reactions are close 

to values typically expected for tyrosine residues (pKa ~ 10).  It is therefore tempting to 

speculate that this ionizable group is associated with the conserved tyrosine residue 

(Y164) directly adjacent (4.15 Å) [57] to Av MDO Fe-site. However, without making 

addition studies on enzyme variants it is not possible to unambiguously assign a specific 

residue to this ionizable group.   

The second, more acidic ionizable group can be observed near neutral pH (5.6 < 

pKa < 6.9) or all substrate kcat-pH profiles.  As illustrated in Table 4-1, the observed pKa-

values obtained for this ionizable group is not significantly perturbed regardless of the 

substrate utilized.  While slightly more basic, a similar pKa was observed in the Mm CDO 

kcat-pH profile (pKa = 7.42) for reactions with cys.  Based on pH-dependent solvent 

isotope and viscosity studies it was proposed that this ionizable group is attributed to a 
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Fe-bound water molecule [145, 148, 149, 162].  Given the lack of perturbation from the 

substrate, this conclusion seems reasonable here as well.  Additional pH-dependent 

solvent isotope and viscosity studies are in progress to corroborate this conclusion.  

Beyond the differences noted in steady-state pH-profile of Av MDO, EPR 

spectroscopic characterization of the substrate-bound enzyme (ES) treated with nitric 

oxide (NO) reveals substantial differences in the ground state electronic structure of the 

iron-nitrosyl complex produced in each enzyme.  Addition of nitric oxide (NO) to a 

substrate-bound mononuclear non-heme iron center typically results in the formation of a 

{FeNO}7 (S = 3/2) species characterized by an axial EPR spectrum (gx,y,z ~ 4, 4, 2).  

Contrary to this, we have previously demonstrated that addition of NO to the Mm ES 

complex produces an anisotropic S = 1/2 EPR signal with observed g-values of 2.07, 

2.03, and 1.96 [54].  Spin quantitation of this signal accounts for 70-80% of the total 

ferrous iron present in Mm CDO samples.  Therefore, this species cannot be attributed to 

promiscuous reactions with NO or trace impurities.  Furthermore, the Mm ES-NO signal 

is only produced with the native L-cys substrate and to a lesser extent with D-cys [54]; 

although a recent report indicates that a similar signal can also be produced by addition 

of NO to enzyme pre-complexed with L-selenocysteine [174].  Similar to typical Fe-bound 

nitrosyl species, NO-binding to Mm ES is non-reversible; neither application of a vacuum 

for 1 hour nor intense light had any impact on the Mm-ES-NO signal [169, 170, 173, 179].   

As with the mammalian enzyme, Av MDO also exhibits an obligate-ordered 

addition of substrate prior to NO.  This behavior is a common mechanistic feature 

conserved among most members of the non-heme mononuclear iron enzyme class [54].  

However, unlike Mm CDO, anaerobic addition of NO the 3mpa-bound Av MDO produces 

a {FeNO}7 (S = 3/2) ground state electronic configuration, which can be reversibly 

removed by application of a vacuum.  Regardless of enzymatic efficiency with 3mpa, cys, 



 

123 

and ca substrates, each ligand was capable of initiating NO-binding.  As opposed to the 

homogeneous ternary complexes produced by addition of NO to the 3mpa-bound 

enzyme, both cys and ca produce heterogeneous {FeNO]7 (S = 3/2) EPR spectra 

suggesting lower binding affinity for these substrates. 

Among crystallographically characterized {FeNO}7 (S = 3/2) synthetic complexes, 

the coordination of NO to a non-heme Fe-site is highly conserved.  To our knowledge, all 

known complexes exhibit end-on NO coordination via the N-atom with an average Fe-N-

O bond angle and Fe-NO bond distance of 162 ± 11° and 1.74 ± 0.04 Å, respectively 

[180].   Given the similarity of EPR signals reported here to other mononuclear iron 

enzymes and model complexes, it is expected that NO-coordination within the substrate-

bound Av MDO site is also end-on.  While the crystal structure for the substrate-bound Av 

MDO has not been solved, structural comparisons can be made to the Ralstonia 

eutropha ‘Gln-type’ MDO (pdb code 4QMA) shown in Figure 4-1B [57].  Of note, a 

putative Fe-bound oxygen molecule is modeled into this structure trans to H147.  

Assuming NO binds end-on at this position, substrate binding would be expected to 

displace one or more of the Fe-coordinated solvent waters (designated W1 and W2).  

Based on the cys-bound Mm CDO structure (Figure 4-1A), it is reasonable to expect the 

3mpa thiolate to coordinate to the ferrous iron site trans H96.  This would place the 3mpa 

carboxylate group in a favorable position for hydrogen bonding with Y164 as illustrated in 

Figure 4-5.  For clarity, the position equivalent to the -carbon of cys is indicated by (*).   
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Figure 4-5 Proposed coordination of substrate-bound iron nitrosyl active 
site for Azotobacter vinelandii MDO. 

 
An argument can be made for bidentate coordination of 3mpa and cys via 

thiolate (trans H96) and carboxylate (trans H94) functional groups.  Indeed, sufficient 

space is available within the 4QMA active site cavity to accommodate this bidentate 

configuration [57].  However, this theory is inconsistent with steady-state kinetic 

experiments utilizing ca, which demonstrate that the carboxylate group is not required for 

catalysis.  Furthermore, as previously mentioned, the lack of a basic ionizable group (pKa 

~ 10) in the kcat-pH profile for ca as compared to 3mpa and cys could be attributed to 

hydrogen-bonding interactions between the 3mpa/cys carboxylate group and a nearby 

tyrosine residue.  Finally, as will be discussed in detail below, EPR spectra obtained by 

adding NO to samples of Av MDO pre-complexed with 3mpa, cys, and ca also suggests 

substrate-coordination via thiolate-only ligation to the Fe-site.   

Samples of 3mpa-bound {FeNO}7 species exhibit a single (S = 3/2) EPR spectra 

[1a; g-values = 4.06, 3.96, 2.0; E/D = 0.01].  By contrast, samples prepared with cys 

exhibit a pair of iron-nitrosyl EPR signals (2a and 2b).  Since spectra 1a and 2a exhibit 
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identical g-values, temperature dependence, and power saturation behavior (P1/2), it was 

concluded that these two species have equivalent geometry and a first coordination 

sphere.   

Bidentate coordination of cys via neutral amine and thiolate is ruled out as this 

would be expected to produce a low-spin {FeNO}7 (S = 1/2) species.  Similar species 

have been reported for substrate-bound iron nitrosyl species generated in Mm CDO and 

in synthetic model complexes of this enzyme [54, 174, 179].  Carboxylate ligand fields 

are weaker than amines so it is possible that both thiolate and carboxylate groups could 

coordinate to the Fe-site and not produce a low-spin {FeNO}7 (S = 1/2) species.  

However, despite the decreased binding-affinity for ca, EPR signals consistent with 1a 

and 2a [g-values = 4.06, 3.96, 2.0; E/D = 0.01] are observed upon addition of NO to the 

ca-bound Av MDO.  From these experiments, we conclude that all substrates evaluated 

(3mpa, cys, and ca) coordinate to the Fe-site solely through thiolate ligation.  It remains 

unclear if the solvent (W2) remains coordinated to the Fe-site in the Av ES-NO ternary 

complex.   

The origin of the more rhombic minority signal observed [2b; g-values = 4.31, 

3.75, 2.0; E/D = 0.05] in samples prepared using cys (and ca) is not clear, but suggests 

an alternative binding mode is possible for these substrates.  For example, these signals 

may reflect a mixture of substrate-binding trans to H94 (displacing W2) and trans to H96 

as postulated for 3mpa (Figure 4-2).  Alternatively, they could reflect a difference in Fe-

coordination number or Fe-bound solvent protonation state (-OH versus H2O).  Clearly, 

additional structural and spectroscopic investigation of the ‘Gln-type’ MDO enzymes are 

necessary to better understand the origin of this substrate-binding heterogeneity and 

develop a general mechanism for thiol dioxygenase enzymes.  
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Chapter 5  

Solvent kinetic isotope effects on 3-mercaptopropionic acid dioxygenase (MDO) from 

Azobacter vinelandii reveals ionization events associated with substrate binding are rate 

limiting 

 
Introduction 

Thiol dioxygenase (TDO) enzymes utilize a mononuclear ferrous iron active site 

to catalyze the O2-dependent oxidation of sulfur-containing amino acid derivatives 

without need for an external electron source. There are only two known mammalian TDO 

enzymes, cysteine dioxygenase (CDO) and cysteamine (2-aminoethanethiol) 

dioxygenase (ADO) [73]. However, a number of bacterial TDO enzymes have been 

discovered. Sequence studies on bacterial CDO genes suggest a specific subclass of 

enzymes that lack the traditionally conserved Arg60 residue that has been proposed as a 

key outer-sphere interaction involved in substrate-stabilization in other CDO species. In 

this subclass, the Arg60 residue is replaced by a Gln67 while the spatial orientation of all 

other conserved residues are conserved. This has led to ‘bacterial CDOs’ being classified 

as ‘Arg-type’ or ‘Gln-type’, depending on the residue involved in stabilization [57]. 

Previously, the bacterial TDO 3-mercaptopropionate dioxygenase (MDO) was found to 

have high sequence homology with the ‘Gln-type’ subclass of bacterial CDO enzymes 

[58]. It has been proposed that this subset of bacterial CDOs are actually MDOs with the 

ability to oxidize cysteine, however, this subclass of bacterial CDOs remain largely 

uncharacterized [57]. 

Previous characterization of a bacterial TDO enzyme, MDO cloned from 

Azotobacter vinelandii, showed an annotated ‘Gln-type’ bacterial CDO to have activity 

with multiple substrates, including cysteine, cysteamine, and 3-mercaptopropionic acid. 
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This activity, with fairly comparable turnover numbers across multiple substrates, gives 

rise to the question how this MDO binds substrate to the active site. Evidence from 

previous work would suggest that it may deviate from CDOs and bind substrate 

monodentate. 

In this work, continued characterization of the bacterial MDO cloned from 

Azotobacter vinelandii is presented. In addition to solvent kinetic isotope (SKIE) 

experiments involving pH and pD profiles utilizing multiple substrates, subsequent proton 

inventory experiments are presented to investigate movement of solvent exchangeable 

protons during the binding of substrate, chemical steps, or release of product. Viscosity 

studies involving each substrate are also presented, probing limitations of intermolecular 

movement on catalysis. Collectively, these results reveal further information regarding the 

nature of substrate-coordination and substrate specificity and provide information 

regarding the timing of chemical steps involved in MDO catalysis. 

 

Materials and Methods 

Purification and Expression of Av MDO 

The isopropyl β-D-1-thiogalactopyranoside (IPTG) inducible T7 vector for Av 

MDO (designated pRP42), sequence verified by Sequetech (Mountain View, CA, 

http://sequetech.com/), was a generous gift from Professor Tim Larson (Virginia Tech, 

Department of Biochemistry). The Av MDO vector was transformed into competent 

BL21(DE3) E. coli cells (Novagen cat. no. 70236-4) by adding 1µL vector to 30µL cells 

and heat shocking at 40°C for one minute. The cells were returned to ice for ten minutes 

before being brought to a total volume of 750uL by adding sterile LB media. The cells 

were shaken at 37°C and allowed to grow to an observable density before being plated 

on an LB-agar plate containing 100mg/L ampicillin for overnight growth at 37°C. The 
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following day, a single, isolated colony was transferred to 10mL LB media containing 

ampicillin for antibiotic training. Cells were then grown in a 10-L BF-110 fermentor (New 

Brunswick Scientific) at 37 °C. Cell growth was followed by measuring optical density at 

600nm (OD600). At an OD600 ~ 4,  cells in the vessel were induced by adding 1g IPTG, 

20g casamino acids, and 78mg ferrous ammonium sulfate to the 10-L vessel and the cell 

growth was retarded by dropping temperature from 37°C to 25°C. After 4 hours of 

induction, cells were harvested by centrifugation (Beckman-Coulter Avanti J-E, JA 10.5 

rotor) at 17,700 × g for 15 min, and the paste was stored at -80 °C.  

In a typical purification, ~20g cell paste was slowly thawed in a sonication can by 

adding 150mL buffer (20mM HEPES, 50mM NaCl, pH 8.0) and stirring on ice. Lysosyme, 

ribonuclease, and deoxyribonuclease were added to the cells to a final concentration of 

10µg/mL and allowed to react for 30 minutes on ice. The suspension was pulse sonicated 

15s on/off at 60% amplitude for a total time of 15 minutes (Bronson Digital 250/450). Cell 

free extract was separated from insoluble debris by centrifuging for 1 hour at 48,000 x g. 

Cell free extract was then loaded onto a 7cm x 20cm LC column containing DEAE 

Sepharose Fast Flow (GE Life Sciences #17070901) anion exchange resin, equilibrated 

with 20mM HEPES, 50mM NaCl, pH 8.0. The column was washed with three column 

volumes of equilibration buffer prior to elution via a NaCl gradiant (50mM – 350mM). 

Fractions containing the ~24 kDa recombinant protein were determined by SDS page 

with the use of a broad range protein marker (Promega Cat. No. V8491). These fractions 

were pooled and screened for activity using the method developed for Cysteine 

Dioxygenase described elsewhere. Pooled fractions were concentrated to ~5mL using an 

Amicon stir cell equipped with a YM-10 ultrafiltration membrane. 0.25 equivalents (based 

on A280) of thrombin protease (Biopharma Laboratories) was added to batches of purified 

protein for overnight cleavage at 4°C of the C-terminal His-tag. Remaining thrombin and 
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His-tag was removed by dialysis. Ferrous and Ferric iron content within Av MDO was 

measured by the method described previously [54, 161]. For clarity, the concentrations 

reported in all enzymatic assays reflect the concentration of ferrous iron within the 

samples of Av MDO (FeII-MDO). 

 

Enzyme assays 

Cysteine sulfinic acid (CSA) was assayed using the HPLC method described 

previously [52, 139]. In a typical 1 mL reaction mixture, a stock solution of freshly 

prepared Cys was added to a buffered solution (20 mM HEPES, 50 mM NaCl, pH 8.2) to 

obtain a final concentration of 1 - 30 mM Cys.  Each reaction vial was held at constant 

temperature (20 ± 2 °C) and initiated by addition of MDO (typically 0.5 - 1.0 µM). Sample 

aliquots (250 µL) were removed from the reaction vial at 1, 2, and 3 minutes and 

quenched by addition of 10 µL 1 N HCl (final pH 2.0) followed by spin-filtration (0.22 μm 

cellulose acetate membrane; Corning, Spin-X) prior to HPLC analysis.  The concentration 

of CSA produced was determined by comparison to calibration curves ranging from (0.1 - 

5 mM CSA).  The rate of dioxygen consumption in MDO activity assays was determined 

using a standard Clark electrode (Hansatech Instruments, Norfolk, England) in a jacketed 

2.5 mL cell.  As with HPLC assays, reaction temperatures were maintained at 20 ± 2 °C 

by circulating water bath (ThermoFlex 900, Thermo Scientific). In a typical 1 mL reaction 

mixture using cysteamine as the organic substrate, a stock solution of freshly prepared 

cysteamine was added to a buffered solution (20 mM HEPES, 50 mM NaCl, pH 8.2) to 

obtain a final concentration of 1 - 60 mM cysteamine.  Each reaction vial was initiated by 

addition of MDO (typically 0.5 - 1.0 µM). Hypotaurine formation was assayed using the 

same HPLC method that was designed for CSA. In a typical 1 mL reaction mixture using 

3MPA as the organic substrate, a stock solution of freshly prepared 3MPA was added to 
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a buffered solution (20 mM HEPES, 50 mM NaCl, pH 8.2) to obtain a final concentration 

of 1 - 300 µM 3MPA.  Each reaction vial was initiated by addition of MDO (typically 0.5 - 

1.0 µM). Reactions with 3-mercaptaproponicacid were assayed by measuring the rate of 

dioxygen consumption via standard Clark electrode. 

All reaction mixtures used in steady-state experiments where O2 content was 

varied were prepared anaerobically on a Schlenk line prior to transferring into the 

anaerobic chamber (Coy Laboratory Products Inc., Grass City, MI).  The Schlenk line is 

equipped with analytical grade argon gas passed through a copper catalyst (Kontes, 

Vineland, N.J.) to remove trace O2 impurities.  Desired oxygen concentrations were 

prepared by mixing anaerobic reaction mixtures with an O2-saturated buffer prepared by 

sparging O2 gas into the reaction buffer for 20-minutes under constant stirring (20 ± 2 

°C). Reaction mixtures were prepared with final O2 concentrations ranging from ~50µM 

to ~600µM.  

 

Solvent Kinetic Isotope Effects and Proton Inventory 

For pL-profiles and solvent isotope studies, the buffer components were 

prepared directly in D2O and adjusted by direct addition of NaOD.  pD values were 

obtained from the pH-electrode reading using the relationship [pD = pH + 0.4]. The 

composition of reaction buffers for all pH/D-profile experiments consisted of 20 mM 

Good’s buffer and 50 mM NaCl.  2-(N-morpholino)ethanesulfonic acid (MES) was used to 

buffer reactions over the pH/D range of 5.5 - 6.9, 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) was used to buffer reactions over the pH/D range of 7.0 - 

8.4, and 2(Cyclohexylamino)ethanesulfonic acid (CHES) was used to buffer reactions 

over the pH/D range of 8.5 - 10. For proton inventory experiments, the mole fraction of 

D2O (n) was calculated on the basis of combining appropriate ratios of buffer prepared in 
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D2O and H2O. Steady-state kinetic parameters kcat and kcat/KM were obtained by 

measuring O2-consumption at varying mole fractions of D2O at two pL independent 

regions (pL 6.0 and 8.2).  

 

Viscosity studies 

For solvent viscosity studies, the steady-state kinetic parameters (kcat and 

kcat/KM) were determined for MDO catalysis using both oxygen electrode and HPLC at 

pH 8.0 (20 °C) as described above. Sucrose was utilized as the viscogen to increase the 

buffer viscosity within MDO reaction mixtures. The viscosity (η) of buffers containing 

sucrose were measured using an Ostwald viscometer relative to 20 mM HEPES, pH 8.0 

(20 °C). The values obtained represent the average of triplicate measurements.  In these 

experiments, addition of sucrose up to 35% (w/v) was used to increase the relative 

viscosity of the buffer (ηrel) up to ~3-times that of the control buffer.  

 

Data Analysis 

Steady-state kinetic parameters were determined by fitting data to the Michaelis-

Menten equation using the program SigmaPlot ver. 12.0 (Systat Software Inc., Chicago, 

IL). The pH/D-dependences of steady state kinetic parameters (kcat or kcat/KM) for MDO 

using 3-MPA as substrate obtained a more accurate fit for the acidic pKa when assuming 

the enzyme approaches limiting values (YL and YH) at low and high pH. This data was fit 

to equation 5-1.[143, 144]  Here, [H] and K1 represent the hydrogen ion (or deuterium 

ion) concentration and dissociation constant for ionizable groups involved in catalysis, 

respectively. Equation 5-2 was used to calculate the basic pka for MDO using 3-MPA as 

substrate, as well as both pKa values for MDO using cysteine as substrate. Here C 

represents the pH-independent value for the kinetic parameter of interest while [H], K1, 
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and K2 represent the hydrogen ion (or deuterium ion) concentration and dissociation 

constant for ionizable groups (both acidic and basic) involved in catalysis, respectively. 

 

Equation 5-1  log 𝑌 = 𝑙𝑜𝑔 (
𝑌𝐿+𝑌𝐻∙

𝐾1
[𝐻]

1+
𝐾1
[𝐻]

) 

 

Equation 5-2  log 𝑌 = log (
𝐶

1+
[𝐻]

𝐾1
+

𝐾2
[𝐻]

) 

 

Proton inventory results on kcat /KM were fit to equation 5-3 where n is the mol 

fraction of D2O in the reaction chamber and E0 and En are the kcat /KM values in H2O and 

the mol fraction of D2O, respectively. The measured solvent kinetic isotope effect is 

defined as KIE and the interger value y describes the number of protons that contribute to 

the isotope effect. 

 

Equation 5-3. 
𝐸𝑛

𝐸0
= (1 − 𝑛 + (

𝑛

𝐾𝐼𝐸
))

𝑦

 

 

The effects of solvent viscosity on the steady-state parameters kcat and kcat /KM 

were fit to equation 5-4 where Y0 is the steady-state kinetic parameter determined in the 

reaction containing no viscogen, Yη is the value observed at a specific viscosity, ηrel is the 

viscosity relative to reaction buffer (20 mM HEPES, pH 8.0 at 20 °C), and m is the 

magnitude of diffusion limitation. 

 

Equation 5-4.  
𝑌0

𝑌𝜂
= 1 + 𝑚 ∙ 𝜂𝑟𝑒𝑙 
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Results 

Solvent kinetic isotope effects 

Av MDO uses an organic molecule (3MPA, Cys, Cyst) and O2 as co-substrates. 

Because the subsequent steady-state experiments are performed on the organic 

substrate, it is first necessary to confirm that the concentration of oxygen utilized in these 

steady-state experiments (~280µM) is sufficient to saturate Av MDO kinetics. In these 

experiments, the initial rate of O2 consumption was measured at various concentrations 

of oxygen in the presence of each organic substrate. No difference in kcat is observed 

over the entire oxygen concentration range (50 – 600µM) for any of the substrates 

utilized in this experiment, suggesting that Av MDO is saturated at the lowest 

concentration of oxygen (~50uM). Knowing this, the KM of O2 must be at least 10x lower 

than the smallest oxygen concentration measured. Although we are unable to directly 

measure the KM of O2 for this enzyme, this confirms that the co-substrate, molecular 

oxygen, is fully saturated under the atmospheric concentrations performed in the 

subsequent steady-state experiments. 

Figure 5-1 shows the effects of D2O measured against the pH dependence of the 

steady state parameters kcat and kcat/KM over the accessible pH range (6 < pL < 10) using 

3-mercaptoporionic acid (A and B) and cysteine (C and D) as substrate. The results of 

these experiments are summarized in Table 5-1. In pL profiles for each substrate, 

log(kcat) and log(kcat/KM) data begin at a minimum value and increase to a maximum value 

at an elevated pH/D before decreasing again at a higher pH/D value. The pL-profile 

utilizing 3MPA as substrate was fit to equation 5-1 to obtain the observed acidic pKa 

values and fit to equation 5-2 to obtain the observied basic pKa values for ionizable 

groups involved in catalysis. From this data, pKa values (6.9 ± 0.2, pKa1) and (9.2 ± 0.1, 

pKa2) were obtained from the kcat/KM–pH profile. Limiting values for the acidic pKa fit for 
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YH and YL were (25,500 ± 240) and (9,000 ± 180), respectively. The observed kcat/KM 

values decrease significantly in reaction carried out in D2O. Using pD-profile data on 

kcat/KM, the pKa values (7.4 ± 0.2, pKa1) and (9.3 ± 0.1, pKa2) obtained show a slight 

upward trend that is typically observed for ionizable groups involved with catalysis [148, 

149]. The limiting values for the acidic pKa data fit for YH and YL were (9,000 ± 130) and 

(3,500 ± 110), respectively. By contrast, kcat –pL data fits show identical pKa values (7.7 ± 

0.1, pKa1) and (8.5 ± 0.7, pKa2) in both H2O and D2O. The absence of a shift in the 

observed pKa in H2O compared to D2O is consistent with what has been described for 

reactions involving metal-bound waters [148, 149, 153]. Limiting values for the acidic pKa 

of YH (0.44 ± 0.05) and YL (0.19 ±.002) values were seen in reactions containing H2O and 

limiting values for YH (0.42 ± 0.02) and YL (0.17 ± .003) were observed in reactions 

containing D2O. The absence of a pKa shift parallels the absence of any observable 

SKIE on kcat.  

The pL-profile utilizing Cys as substrate was fit to equation 5-2 to obtain the 

observed pKa values for ionizable groups involved in catalysis. From this data, kcat –pL 

data fits show pKa values (6.3 ± 0.1, pKa1) and (10.0 ± 0.1, pKa2) in reactions containing 

H2O as solvent. Reactions containing D2O as solvent yielded pKa values (7.1 ± 0.1, 

pKa1) and (10.5 ± 0.2, pKa2). The pKa values (6.3 ± 0.1, pKa1) and (9.5 ± 0.1, pKa2) 

were obtained from the kcat/KM–pH profile. Using pD-profile data on kcat/KM pKa values 

(7.3 ± 0.1, pKa1) and (10.0 ± 0.1, pKa2) were obtained. 
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Figure 5-1 pL-dependence of steady-state kinetic parameters of MDO 
using 3-mercaptopropionic acid (A and B) and L-cysteine (C and D) as 
substrates.  For both substrates, log(V) and log(V/K) pL-profiles were 
collected in H2O (white) and D2O (black) and fit to equation 1.  A 
summary of the results obtained from these fits are summarized in Table 
1.  No solvent isotope effect was observed in log(V) results collected with 
3mpa or cys.  Only the log(V/K) results obtained in 3mpa reactions 
produced a significant solvent kinetic isotope effect (2.82 ± 0.01).   

 

Solvent kinetic isotopes effects (SKIE) for the steady-state parameters kcat and 

kcat/KM are determined from the pH-independent regions of the pL profiles for each 

substrate. Within the plateau region of the kcat -pL-profile for the substrate 3MPA (Figure 

5-1 A), virtually no SKIE is observed, while the two pH-independent regions of the kcat/KM 

-pL-profile on 3MPA exhibits a SKIEs of 2.82 ± 0.01 (Figure 5-1 B). In contrast, the kcat -
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pL-profile and the kcat/KM -pL-profile for Cys shows no SKIE (Figure 5-1 C,D). No SKIE 

was observed for either steady-state kinetic parameter using cysteamine as substrate. 

Experiments with each substrate were accompanied by steady-state curves in the 

presence of 9% sucrose (w/v) to mimic the viscosity effects of a solvent exchange 

between H2O and D2O. Each of these experiment exhibited no effect on steady-state 

parameters kcat and kcat/KM that could be attributed to the viscosity difference of the 

solvent exchange. 

 

Table 5-1 Summary of pL-dependent steady-state kinetic parameters 
determined for MDO in reactions utilizing 3-mercaptopropionic acid and 
L-cysteine. 

 Substrate 

Av MDO 3mpa cys 

kinetic parameter H2O D2O H2O D2O 

log(kcat)-pL     

maximum kcat  (s-1)      0.44 + 0.05 0.42 + 0.02 0.28 ± 0.02 0.26 ± 0.02 

pKa1 7.7 ± 0.1 7.7 ± 0.1 6.3 ± 0.1 7.1 ± 0.1 

pKa2 8.5 ± 0.7 8.5 ± 0.7 10.0 ± 0.1 10.5 ± 0.2 

SKIE 1.05 ± 0.12 1.08 ± 0.10 

     

log(kcat/KM)-pL     

maximum kcat/KM  
(M-1s-1)      

25,500 ± 
240 

9,000 ± 130 41.5 ± 0.7 40.8 ±0.5 

pKa1 6.9 ± 0.2 7.4 ± 0.2 6.3 ± 0.1 7.3 ± 0.1 

pKa2 9.2 ± 0.1 9.3 ± 0.1 9.5 ± 0.1 10.0 ± 0.1 

     

SKIE (pL-profile) 2.82 ± 0.01 1.02 ± 0.01 

proton inventory   

pL 6.0 y > 1 n/a 

pL = 8.2 y > 1 n/a 
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Proton Inventories 

A proton inventory experiment was performed on the steady-state parameter 

kcat/KM for the reaction utilizing 3MPA as the organic substrate to further investigate the 

observed SKIE on Av MDO catalysis. In this experiment, steady-state kinetic parameters 

are determined in various mixtures of H2O and D2O at the pH-independent regions of the 

pL-profile utilizing 3MPA as substrate that exhibits a measurable solvent kinetic isotope 

effect. As talked about previously, a SKIE were identified for kcat/KM with 3MPA. 

 

 

 

Figure 5-2 Proton inventory of MDO catalyzed formation at pL 6.0 (black 
triangle) and 8.2 (white triangle).  Plot of normalized V/K ([V/K]n/[V/K]0) 
versus mole fraction D2O (n).  Experimentally determined SKIE values 
for kcat/KM were used to fit data to equation 5-3.  Proton inventory fits 
assuming a single proton in flight (dashed line, y = 1) did not converge.  
Significantly better statistics are obtained for [V/K]i/[V/K]0 data assuming 
multiple protons in flight (solid lines; y = 2).  Fitting results: D2OV/K = 2.82 
± 0.01, y = 2, R2 = 0.975.   
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As seen in Figure 5-1 B, the SKIE on kcat/KM with 3MPA has two pH-independent 

regions of measurable activity at pL 6.0 and pL 8.2, thus proton inventories were 

performed at both pL. The relative change in kcat/KM ([V/K]0/[V/K]n) as a function of mole 

fraction D2O (n) can be seen in Figure 5-2. A reasonable fit was obtained using a multiple 

proton model (equation 5-3, D2OV/K = 2.82 ± 0.01, y=2, R2 = .975). This suggests that 

more than one solvent exchangeable proton is in flight during this measured transition 

state. For comparison, a single proton fit is represented by a solid line.  

 

Viscosity  

The extent in which solvent viscosity perturbs the steady-state parameters kcat 

and kcat/KM was monitored to evaluate the possibility that diffusion controlled events of 

species moving into and out of the active site could influence the rate of catalysis. All 

measurements were made within the pH-independent region, as per the experiments 

mentioned previously, and were performed utilizing sucrose as the viscosity agent. Figure 

3 shows the effects on kcat in the absence of viscogen (ko) normalized for the value 

obtained at a selected relative viscosity (kn). The dashed lines represent the theoretical 

limits of 100% and 0% diffusion limitation. A slope of 1.0 would represent a reaction in 

which catalysis is entirely controlled by diffusion-limiting events. In contrast, a slope of 0 

represents a system that is completely unperturbed by events related to diffusional 

movements [141]. The influence of solvent viscosity on kcat and kcat/KM in the reaction with 

Av MDO and 3MPA was fit to equation 4 and is illustrated in Figure 3. The solvent 

viscosity effect (m~0) is very close to negligible, suggesting that Av MDO catalysis is not 

at all limited by the molecular movements of substrate binding or product release. 
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Figure 5-3   Effect of solvent viscosity on the maximal rate (v0/[E]) of 
MDO catalyzed 3spa and csa formation at pH 8.5.  A. The effect of 
solvent viscosity on kcat (k0/kn) and kcat/KM [(V/K)0/(V/K)n] for 3spa 
formation is designated by circles (white) and squares (gray), 
respectively.  B. For comparison, the effect of solvent viscosity on kcat 
[(k0/kn), black circle] and [(V/K)0/(V/K]n , gray square) for csa formation 
was also measured as a function of viscosity.  The dashed lines 
represent the theoretical limits for diffusion-limited product release.  
Solvent viscosity was adjusted by increasing concentration of sucrose.   
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