The Efficiency of Enzymatic L-Cysteine Oxidation in Mammalian Systems Derives from
the Optimal Organization of the Active Site of Cysteine Dioxygenase

by

Catherine Wangui Njeri

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
May 4, 2014

Copyright 2014 by Catherine Wangui Njeri

Approved by

Holly R. Ellis, Chair, Associate Professor of Chemistry and Biochemistry
Douglas C. Goodwin, Associate professor of Chemistry and Biochemistry
Evert E. Duin, Associate Professor of Chemistry and Biochemistry
Paul A. Cobine, Assistant Professor of Biological Sciences
Benson T. Akingbemi, Associate Professor of Anatomy



Abstract

Intracellular concentrations of free cysteine in mammalian organisms are maintained
within a healthy equilibrium by the mononuclear iron-dependent enzyme, cysteine dioxygenase
(CDO). CDO catalyzes the oxidation of L-cysteine to L-cysteine sulfinic acid (L-CSA), by
incorporating both atoms of molecular oxygen into the thiol group of L-cysteine. The product of
this reaction, L-cysteine sulfinic acid, lies at a metabolic branch-point that leads to the formation
of pyruvate and sulfate or taurine. The available three-dimensional structures of CDO have
revealed the presence of two very interesting features within the active site (1-3). First, in close
proximity to the active site iron, is a covalent crosslink between Cys93 and Tyrl57. The
functions of this structure and the factors that lead to its biogenesis in CDO have been a subject
of vigorous investigation.

Purified recombinant CDO exists as a mixture of the crosslinked and non crosslinked
isoforms, and previous studies of CDO have involved a heterogenous mixture of the two. The
current study presents a new method of expressing homogenously non crosslinked CDO using
the cell permeative metal chelator, 1,10-phenanthroline. Electron paramagnetic resonance (EPR)
analysis of purified non crosslinked CDO revealed that the iron was in the EPR silent Fe?* form.
Dioxygen utilization by non crosslinked CDO occurred in two distinct phases, which correlated
with crosslink formation and enzymatic cysteine oxidation. Generation of homogenously
crosslinked CDO resulted in a ~5 fold higher ke./Kn value compared to the enzyme with a

heterogenous mixture of crosslinked and non crosslinked CDO isoforms. EPR analysis of



homogenously crosslinked CDO revealed that this isoform exists in the Fe** form. The current
studies present a new perspective on the redox properties of the active site iron and the results
demonstrate that a redox switch commits CDO towards either formation of the Cys93-Tyr157
crosslink or cysteine oxidation.

The second unusual structural feature in the active site of CDO involves the catalytic iron
which is ligated by only 3-His residues. The 3-His metal coordination pattern is a deviation from
the 3-His/1-Glu metal coordination pattern that is commonly observed in most cupin
metalloproteins. A clear rationale behind this deviation is still lacking, but evidence is
accumulating that indicate that the deviation might be a mechanistically driven strategy to
optimize the dioxygenation reaction. The three-dimensional structure of CDO in complex with L-
cysteine revealed a bidentate mode of substrate coordination via the thiol and amino groups. The
current studies have evaluated the relevance of the functional groups of L-cysteine in catalysis
and the results indicate a remarkable substrate specificity exhibited by CDO. In fact, kinetic
analyses of wild-type CDO with structural analogs of L-cysteine revealed a ~30-fold decrease in
the ke Ky Value with either D-cysteine or with cysteamine, and there was no detectable activity
with 3-mercaptopropionate. Additionally, the relevant enzyme-substrate interactions were
evaluated using variants of Tyr58 and Arg60 residues which are in close proximity to the active
site iron and have been proposed to play a role in substrate coordination (1-3). The protonation
states of key functional groups that are relevant to the catalytic mechanism of CDO were
evaluated through determination of the pH dependence of the kinetic parameters of wild-type
CDO. Taken together, the results from the current studies have provided invaluable insights into
the influence of second sphere interactions on catalysis, and the relevant protonation states of

groups participating in catalysis.
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Chapter One

Literature Review
1.1  Cysteine metabolism

Cysteine is an indispensable amino acid with a broad range of metabolic functions. In
addition to being incorporated into proteins, cysteine serves as a precursor for the biosynthesis of
several essential biomolecules including glutathione (GSH), coenzyme A, taurine, and inorganic
sulfur (4). Cysteine can either be obtained from the diet or it can be synthesized from methionine
and serine via the transsulfuration pathway (5). Cellular cysteine concentrations in mammalian
organisms are maintained within a very narrow range. In fact, experimentally determined plasma
cysteine concentrations in rats range between 0.1-0.2 mM whether dietary protein or sulfur
amino acid intake is varied below or above the required levels (6). Such a tight regulation of
intracellular free cysteine is necessary because when present at high concentrations, cysteine
may be toxic, and has been linked with several disease conditions which are associated with
oxidative stress (6-7).

A proper balance in cellular cysteine concentrations is maintained by cysteine
dioxygenase (CDO), which is an enzyme that adds molecular oxygen to the thiol group of
cysteine to form cysteine sulfinic acid (CSA) (4, 6, 8). Cysteine sulfinic acid when formed is
further catabolized either to hypotaurine and taurine or to pyruvate and sulfate. These end
products of cysteine catabolism have essential physiological functions (6, 8). Therefore, CDO

plays a pivotal role in facilitating the removal of excess intracellular free cysteine which could



otherwise be harmful to the cell, and the cysteine is converted to end products that are beneficial
to the cell. The current study aims at unraveling some distinctive structural characteristics of
CDO, that enhance its functionality, thereby enabling the enzyme to fulfill the obligation of
maintaining healthy concentrations of cysteine within mammalian cells.
1.2 Biosynthesis of cysteine

Cysteine and methionine are interconnected metabolically through the transsulfuration
pathway (5). The transsulfuration pathway which involves degradation of methionine, facilitates
the transfer of methionine sulfur to serine to form cysteine (Fig. 1.1) (4). The initial step in
methionine degradation involves activation of methionine by ATP to form S-adenosylmethionine
(SAM), in a reaction catalyzed by methionine adenosyltransferase. SAM is then converted to S-
adenosylhomocysteine in a reaction catalyzed by a methyltransferase. Hydrolysis of S-
adenosylhomocysteine by adenosylhomocysteine hydrolase yields adenosine and homocysteine.
The sulfur atom of methionine forms the thiol group of homocysteine. Condensation of
homocysteine and serine to form cystathionine is catalyzed by the pyridoxal 5’-phosphate (PLP)
dependent enzyme, cystathionine B-synthase. Cystathionine is then hydrolyzed by cystathionine
v-lyase to form cysteine, which now contains the sulfur atom of methionine. The other products
of hydrolysis of cystathionine are a-ketobutyrate (further catabolized to propionyl-CoA) and
ammonia (4-5). The synthesized cysteine combined with dietary cysteine forms the intracellular

free cysteine pool which participates in various physiological processes.
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Figure 1.1:  The transsulfuration pathway for cysteine biosynthesis (4-5).



1.3 Incorporation of cysteine into proteins

Incorporation of cysteine into proteins is an essential process because cysteine plays a
crucial role in maintaining the structural integrity of proteins due to its ability to form intra and
interstrand disulfide linkages. Additionally, the reduced environment within cells is maintained
by proteins with redox active thiols. These proteins which include thioredoxins, thioredoxin
reductases, glutaredoxins, glutathione reductases, and peroxiredoxins play important roles in
protecting the cell against oxidative stress (9). Oxidative stress is mainly associated with an
increase in the level of oxidizing compounds such as free radicals, reactive oxygen species, and
adventitious redox active metal ions within the cell (10). Thiol containing proteins function as
effective antioxidants which protect cells from the damaging effects of oxidative stress.
Thioredoxins are oxidoreductases present in both prokaryotic and eukaryotic organisms that
catalyze the reduction of disulfide linkages in proteins. Formation of disulfide linkages in
proteins is not always desirable and it can alter the function of proteins that contain catalytically
important Cys residues. Therefore, thioredoxins play a major role in maintaining the functionally
important Cys residues in their reduced state. Thioredoxins have two active site cysteine residues
that are oxidized to disulfide upon reduction of a disulfide containing substrate (Fig. 1.2) (9). The
formed disulfide in thioredoxin is subsequently reduced by thioredoxin reductase which is a
NADPH-dependent oxidoreductase. Mammalian thioredoxin reductases contain a selenocysteine
residue at the C-terminal active site, which has been shown to be essential for catalytic activity
(11-12). Reduction of thioredoxin reductases involves the transfer of electrons from NADPH via
the enzyme bound FAD to an active site disulfide linkage at the N-terminal active site forming a

dithiol. The dithiol is subsequently oxidized by the selenenylsulfide linkage formed by the Cys-



Sec pair at the C-terminal active site of the dimeric protein. The reduced selenolthiol at the C-

terminal active site can then be used to reduce thioredoxins and other protein disulfides (11).

NADP" TrxR o4 Trx-S, Substrate-(SH),
NADPH + H TrxR . Trx-(SH), Substrate-S,
TrxR,.4; reduced thioredoxin Trx-S,; oxidized thioredoxin Substrate-(SH),; reduced substrate
reductase
TrxR,; oxidized thioredoxin Trx-(SH),; reduced thioredoxin  Substrate-S,; oxidized substrate
reductase

Figure 1.2:  Schematic representation of reactions catalyzed by thioredoxin and thioredoxin

reductase (9).



High concentrations of hydrogen peroxide within cells can result in cellular damage
through Fenton chemical processes. In addition to catalases and peroxidases, the cell utilizes a
group of enzymes known as peroxiredoxins (Prx), which contain redox active cysteine residues
involved in the reduction of hydrogen peroxide. In all peroxiredoxins, the redox active cysteine
residues are located at the N-terminal region which is the primary site where hydrogen peroxide
reduction takes place (13). There are six isoforms of mammalian peroxiredoxins which have
been identified, and they have been classified into three subgroups depending on the number of
redox active cysteine residues (9). These subgroups include; typical 2-Cys proteins (include
isoforms 1, 11, 11l, and V), atypical 2-Cys proteins (include isoform V) and 1-Cys proteins
(include isoform VI). The typical 2-Cys proteins are homodimers with two identical active sites
and in addition to the cysteine residue at the N-terminal region of one subunit, these proteins
have an additional cysteine residue at the C-terminal region of the other subunit (13).
Peroxiredoxins catalyze reduction of hydrogen peroxide through oxidation of the sulfhydryl
group of cysteine to cysteine sulfenic acid (14-16). The cysteine sulfenic acid moiety then reacts
with the cysteine residue at the C-terminal region of the other subunit of typical 2-Cys
peroxiredoxins, forming an intermolecular disulfide linkage. The disulfide is then reduced by
thioredoxin (Fig. 1.3). In the atypical 2-Cys peroxiredoxins, cysteine sulfenic acid formed upon
reduction of hydrogen peroxide reacts with a cysteine residue located within the same
polypeptide chain forming an intramolecular disulfide which is consequently reduced by
thioredoxin (Fig. 1.3). The cysteine sulfenic acid generated by the 1-Cys peroxiredoxins upon
reduction of hydrogen peroxide is reduced by a thiol containing electron donor whose identity is

unclear although there are speculations that glutathione may be involved (Fig. 1.4) (9, 13-14).
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Figure 1.3:  Schematic representation of reactions catalyzed by typical and atypical 2-Cys
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The intracellular redox environment is also maintained by the glutaredoxin system which
is comprised of glutathione/glutathione disulfide (GSH/GSSG) redox couple, glutathione
reductase and glutaredoxin. The glutaredoxin system facilitates the reduction of protein
disulfides and mixed disulfides. Glutaredoxins can either utilize a monothiol type mechanism
where only one redox active cysteine residue is involved in the reaction, or they can utilize a
dithiol type mechanism which involves two cysteine residues at the active site (9). Regardless of
the type of mechanism utilized, upon reduction of protein disulfides and mixed disulfides,
oxidized glutaredoxins are reduced by glutathione (Fig. 1.5). Oxidized glutathione is

subsequently reduced by NADPH-dependent glutathione reductase.

NADPH + H' GSSG Grx-(SH), Protein-S,
Glutathione
reductase
NADP’ 2 GSH Grx-S, Protein-(SH),
GSSG; oxidized glutathione Grx-(SH),; reduced glutaredoxin Protein-S,; oxidized protein
2 GSH; reduced glutathione Grx-S,; oxidized glutaredoxin Protein-(SH),; reduced protein

Figure 1.5:  Schematic representation of reactions catalyzed by the glutaredoxin system (9).



1.4 Incorporation of cysteine in biomolecules
1.4.1 Glutathione biosynthesis

Glutathione or y-L-glutamyl-L-cysteinyl-glycine is the most abundant intracellular low
molecular weight thiol, with concentrations ranging between 0.5-10 mM (17). Glutathione plays
a major role in protecting cells from reactive oxygen species due to its ability to scavenge free
radicals, reduce peroxides, and react with electrophilic compounds. The reduced form of
glutathione (GSH) is oxidized to glutathione disulfide (GSSG) by glutathione peroxidase and
GSSG can be reduced back to GSH by glutathione reductase (Fig.1.6). The
glutathione/glutathione disulfide (GSH/GSSG) redox couple helps to maintain the cellular redox
environment and because it is the most abundant redox couple, it serves as an indicator of
oxidative stress (18). The first step in the glutathione biosynthetic pathway involves formation of
the dipeptide y-GluCys in a reaction catalyzed by the ATP-dependent enzyme, glumate-cysteine
ligase (GCL) which is also known as y-glutamylcysteine synthetase (Fig. 1.7). The y-GIluCys
dipeptide then combines with glycine to form GSH in a reaction catalyzed by another ATP

dependent enzyme, glutathione synthase (GS).

+
NADP GSH H202

Glutathione
peroxidase

Glutathione
reductase

+
NADPH + H GSSG H,O

GSH; reduced glutathione GSSG; oxidized glutathione

Figure 1.6:  Schematic representation of reduction and oxidation of glutathione (17).
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1.4.2 Coenzyme A biosynthesis

Coenzyme A (CoA) is an important cofactor involved in many biochemical
transformations including tricarboxylic acid cycle and fatty acid metabolism. The substrates
required to synthesize CoA are pantothenic acid or vitamin Bs, ATP and cysteine. The first step
in CoA biosynthetic pathway involves the phosphorylation of pantothenic acid to 4'-
phosphopantothenate in a reaction catalyzed by pantothenate kinase (19) (Fig. 1.8). Cysteine is
then condensed with 4’-phosphopantothenate to form 4’-phosphopantothenoylcysteine in a
reaction catalyzed by 4'-phosphopantothenoylcysteine synthase. The condensation reaction was
shown to be specific for cysteine because other sulfhydryl containing compounds like f-
mercaptoethylamine could not replace cysteine (19). Cysteine is then decarboxylated by 4'-
phosphopantothenoylcysteine decarboxylase to form 4’-phosphopantetheine. AMP is then added
to 4’-phosphopantetheine to form dephospho-CoA in a reaction catalyzed by phosphopantetheine
adenylyltransferase. Dephospho-CoA is then phosphorylated at the 3'-OH of the ribose to form
CoA in a reaction catalyzed by dephospho-CoA kinase (19-20).

The rate-limiting step in CoA biosynthesis is the pantothenate kinase reaction and is
regulated by CoA and the thioesters of CoA (20). The various isoforms of mammalian
pantothenate kinase (PanK) are encoded by four genes which include PANK1, PANK2, PANKS3,
and PANK4. Mutations in PANK2 gene have been associated with the human pantothenate
kinase associated neurodegeneration disorder (PKAN), which was formerly known as
Hallervorden-Spatz syndrome (21). PKAN is associated with an accumulation of cysteine and
iron in the brain as a result of impaired CoA biosynthesis (22). Cysteine in the presence of iron
may undergo autooxidation resulting in the formation of free radicals, which consequently

contribute to the pathogenesis of PKAN (21).
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1.5  Cysteine catabolism

So far, only the uses of the intact cysteine molecule have been considered. Cysteine can
also be degraded to form molecules with important metabolic functions. Degradation of cysteine
can either occur through oxidative or non oxidative pathways and the relative contribution of
each pathway depends on the cellular concentrations of cysteine/sulfur containing amino acids
and is also dependent on the respective tissue and type of cells being analyzed (5).
1.5.1 Non oxidative catabolism of cysteine

The non oxidative pathways include desulfuration of cysteine either by cystathionine -
synthase (CBS) or cystathionine y-lyase (CSE). CBS catalyzes the condensation of homocysteine
and serine to form cystathionine, as illustrated in the transsulfuration pathway for cysteine
biosynthesis (Fig. 1.1). Under physiological conditions, serine can be replaced with cysteine
such that the condensation of homocysteine and cysteine results in the formation of cystathionine
and hydrogen sulfide (H2S) (Fig. 1.9). The choice of substrate between serine and cysteine
depends on the tissue concentrations of the respective molecules. The reported K, value of
mammalian CBS for serine is 1.9 mM while the K, value for cysteine is 6.5 mM suggesting that
under physiological conditions, serine is the preferred substrate for CBS (5). In addition to
catalyzing the cleavage of cystathionine to form cysteine, a-ketobutyrate, and ammonia (Fig.
1.10, 1), cystathionine y-lyase (CSE) can also catalyze desulfuration of cysteine to form serine
and H,S (Fig. 1.10, I1)) (5). H,S has been shown to be a potent inhibitor of the respiratory system
and studies have shown that it can be quite toxic if not properly regulated (23). Fortunately, H,S
does not accumulate to levels that can be toxic to the cell under physiological conditions. Recent
reports have shown that H,S also plays important physiological roles. For example, in the

cardiovascular system, H,S relaxes the vascular smooth muscle, an effect that is caused by
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opening the vascular smooth muscle cells (VSMC) Karp channels which consequently leads to
hyperpolarization of the membrane (23). H,S also relaxes the ileal smooth muscle and reduces
gastric injury caused by nonsteroidal anti-inflammatory drugs (24). The non oxidative pathways
of cysteine catabolism may also include transamination reaction with aspartate amino transferase
to form 3-mercaptopyruvate. However, because the Ky, value of aspartate amino transferase for
cysteine is considerably higher (~22 mM) relative to the value for aspartate (0.06-0.5 mM),

cysteine is not a preferred substrate for aspartate amino transferases (5).

COO
+ | Hy H
H;N—CH-C —C —SH
homocysteine _
COO
+ H2
/— H;N—CH-C —SH
cystathionine cysteine
-synthase
(CBS)
\
COO COO

+ | H, H, H, +
H;N—C—C —C —S—C —C—NH;
H H

cystathionine

Figure 1.9:  Production of H,S by cystathionine B-synthase (5).
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1.5.2 Oxidative catabolism of cysteine

In addition to the several pathways of non oxidative cysteine catabolism, mammalian
organisms also degrade cysteine oxidatively via the taurine biosynthetic pathway (Fig. 1.11A).
Because the non oxidative pathways lead to the production of H,S which may be potentially
toxic at high concentrations, the taurine biosynthetic pathway is in fact the main pathway of
cysteine catabolism in mammalian systems. In this pathway, cysteine is first oxidized to form
cysteine sulfinic acid (CSA) in a reaction catalyzed by cysteine dioxygenase (CDO). The
cysteine sulfinic acid formed is a branchpoint between two pathways. One pathway involves a
decarboxylation reaction to form hypotaurine, in a reaction catalyzed by the pyridoxal 5°-
phosphate (PLP) dependent enzyme, cysteine sulfinate decarboxylase (CSD). Hypotaurine is
then oxidized to taurine, but whether this oxidation step is enzymatic or non enzymatic is
currently unclear (5). Taurine is the most abundant free amino acid in mammalian cells (present
in millimolar concentrations), and it is mainly found in the brain, heart, liver, and, kidney (25).
Taurine has a wide range of biological functions including alleviation of cardiovascular risk
factors, conjugation of bile acids, and it has been classified as a potent antioxidant. The
involvement of taurine in cardiovascular health is demonstrated by its ability to prevent plaque
formation in atherosclerosis by lowering the concentration of low density lipoproteins (LDL)
which tend to accumulate in the arterial walls (26). Studies have shown that taurine reduces the
concentration of LDL by upregulating the low density lipoprotein receptors (LDLR) and/or by
improving the binding of LDL to LDLR (26). The hormone angiotensin 11 (Ang I1) plays a key
role in maintaining cardiovascular homeostasis. Taurine has been shown to decrease blood
pressure through attenuation of angiotensin Il signaling which causes vasoconstriction and

consequently increases blood pressure. Increased taurine concentration allows blood vessels to
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expand thereby lowering blood pressure (26). It has been suggested that taurine modulates the
stress-related sympatho-adrenal responses and as such, may lower blood pressure by decreasing
the levels of epinephrine (which increases heart rate) and norepinephrine (which causes
vasoconstriction) (27). Taurine also plays a major role in cholesterol metabolism through
conjugation of bile acids within the liver which are then secreted into the bile (26). Taurine has
been described as an antioxidant due to its role in neutralizing hypochlorous acid, a powerful
oxidant produced by neutrophils and monocytes during immune responses (28). Being one of the
most abundant amine in the cell (>20 mM in neutrophils), taurine reacts with hypochlorous acid
to form N-chlorotaurine which is less toxic than hypochlorous acid.

The second pathway of cysteine sulfinic acid metabolism involves a transamination
reaction catalyzed by aspartate amino transferase to form [-sulfinylpyruvate which
spontaneously dissociates to form pyruvate and sulfite. Sulfite may then be oxidized by sulfite
oxidase to form sulfate (4). Partitioning of cysteine sulfinic acid between the decarboxylation
and the transamination reactions depends on the relative affinities of cysteine sulfinate
decarboxylase (CSD) and aspartate amino transferase for the substrate. CSD has a K, of ~0.04-
0.17 mM for cysteine sulfinate while aspartate amino transferase has a K, of ~3-25 mM for the
same substrate (29-30). This suggests that under physiological conditions, decarboxylation of

cysteine sulfinate by CSD is favored over its transamination by aspartate amino transferase.
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Figure 1.11B: Cysteine toxicity; iron and cysteine mediated production of free radicals (117).
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The rate-limiting step in the taurine biosynthetic pathway is the oxidation of cysteine to
cysteine sulfinic acid, catalyzed by cysteine dioxygenase, (CDO). CDO is a 23 kDa, iron
containing enzyme which is mainly expressed in the liver but it has also been found in low
concentrations in the kidney, lung, pancreas, and adipose tissue (32-33). The concentration of
CDO within the cell corresponds with the concentration of cellular cysteine. For example, in
animals fed with a low protein diet, the concentration of hepatic CDO was found to be very low,
but when the diet was switched to a high protein diet, CDO concentration was found to rapidly
increase (34-36). The regulation of CDO in response to the diet was found to be primarily post
translational because the concentration of CDO mRNA was not affected by the diet (31, 36-37).
CDO is regulated at the level of ubiquitination and degradation by the 26S proteosome (7). When
animals were fed a low protein diet, CDO was found to be rapidly degraded by the 26S
proteosome to minimize its activity so as to conserve the available cysteine. However, when
animals were fed a high protein diet or a diet containing high levels of sulfur amino acids,
increase in cellular cysteine concentration was shown to prevent CDO ubiquitination which
lowered the rate of its degradation by the 26S proteosome, consequently allowing the enzyme to
accumulate within the cell (37-38). Because high concentrations of cysteine can cause cellular
damage through formation of free radicals in the presence of iron, maintaining proper
concentrations of intracellular free cysteine is of critical importance (Fig.1.11B). The main
mechanism by which mammalian systems maintain a proper balance of cellular cysteine is
through CDO. Like most enzymes, CDO has adopted special structural properties that enhance
its functionality. The current study will evaluate the correlation between the structural and
functional characteristics of CDO that make the enzyme an optimal system for L-cysteine

oxidation.
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1.6 The cupin superfamily

Cysteine dioxygenase has a [-barrel fold that is characteristic of the cupin superfamily
(1-3). Members of the cupin superfamily have relatively low overall sequence similarity, and
they catalyze a diverse range of reactions. Cupin superfamily proteins have two partially
conserved cupin sequence motifs, G(X)sHXH(X)3.sE(X)sG and G(X)s.7,PXG(X),H(X)sN which
are separated by a less conserved intermotif region composed of 15-50 amino acids (39). The
two cupin sequence motifs combined with the intermotif region form the characteristic B-barrel
fold found in cupin superfamily proteins. In fact, the name cupin is derived from the Latin word
‘cupa’ which means a small barrel (40). Cupin superfamily proteins are generally
metalloproteins and the active site of these proteins is located at the center of the B-barrel (39).

The B-barrel fold (cupin fold) in CDO is highlighted in figure 1.12.

Figure 1.12: Crystal structure of cysteine dioxygenase highlighting the B-barrel fold (cupin

fold). The structure was taken from PDB entry 2IC1.
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1.6.1 Germin
Initial characterization of the cupin superfamily proteins was based on germin, a Mn?*-
containing oxalate oxidase that uses dioxygen to convert oxalate into two molecules of carbon

dioxide and one molecule of hydrogen peroxide as illustrated in figure 1.13 (39, 41).

O
+
- OH 0, H > 2C0, + H0,
O oxalate
oxidase
O
oxalate

Figure 1.13: Reaction catalyzed by oxalate oxidase (40-41).

Structural characterization of germin showed that the protein is a homohexamer
organized in a trimer of dimers with one manganese ion per subunit (42-43). Each monomer
displays the characteristic B-barrel fold composed of the conserved cupin sequence motifs. The
amino acid residues involved in coordinating the metal in cupin metalloproteins were first
identified with the structure of germin in which the Mn®** ion was found to be coordinated in a
tetrad composed of 3-His and 1-Glu ligands (Fig. 1.14). The coordinating amino acid residues
are derived from cupin motifs 1 and 2 and they include the two conserved His residues and the
Glu residue in cupin motif 1 and a third His in cupin motif 2 (43-44). Subsequent three-
dimensional structures of Mn?*-containing oxalate decarboxylase and Cu®*-containing quercetin
dioxygenase revealed a similar coordination pattern which suggested that the 3-His/1-Glu metal

coordination pattern may be a common feature among the cupin metalloproteins (45).
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Figure 1.14: Active site of oxalate oxidase highlighting the 3-His/1-Glu metal binding site. The

structure was taken from PDB entry 1FI2.
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1.6.2 Quercetin dioxygenase

Quercetin is a plant flavonol commonly used in traditional medicine for its antioxidant
and antimicrobial properties, and various strains of Aspergillus utilize quercetin as a source of
carbon (46). The first step in the degradation of quercetin is catalyzed by quercetin dioxygenase
(QDO) which catalyzes the oxidation of quercetin to 2-protocatechuoylphloroglucinolcarboxylic

acid and carbon monoxide (Fig. 1.15).

OH
OH
0, CcO
HO O
N i o-
Quercetin 2,3-dioxygenase
OH O
Quercetin 2-protocatechuoyl

phloroglucinolcarboxylic acid

Figure 1.15: Reaction catalyzed by quercetin 2,3-dioxygenase (46).
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Quercetin dioxygenase from Aspergillus strains was initially characterized as a Cu®'-
dependent enzyme but recent reports have illustrated that the QDO from Bacillus subtilis
contains Fe?* in the active site (47-48). Although the two enzymes seem to have different active
site metal preferences, their overall three-dimensional structure is highly similar. The two
enzymes are homodimers with two cupin domains in which the respective metals are bound by
3-His residues and 1-Glu residue (47-48). The striking similarity in the ligands that coordinate
the active site metal in the two enzymes prompted further investigations into the effect of metal
substitution on the activity of the respective enzymes. Interestingly, reconstitution of Fe?*
containing QDO from B. subtilis with Mn*, Co*, Ni**, and Cu?*" generated enzymes with
comparable and even higher activities than the native enzyme. Since the catalytic activity of the
Mn?*-reconstituted QDO was higher than the native Fe®*-containing enzyme, it was proposed
that Mn** may be the preferred cofactor. It was suggested that the Fe** ijon in QDO from B.
subtilis may have been adventitiously bound as a result of expressing the enzyme in LB broth
(46). Substituting the metal in the Cu®*-dependent QDO from Aspergillus did not have
significant effects on the activity of the enzyme, although Cu®* was clearly the preferred cofactor
in this enzyme (49). These studies demonstrate that QDO may not be very specific in the choice
of active site metal, but instead is able to function with a number of different divalent metals.

Mechanistically, it has been proposed that QDO from Aspergillus strains uses a similar
mechanism like the intradiol catechol dioxygenases, which utilize high-spin Fe** as the active
site metal. The Cu®* center is proposed to activate quercetin for a direct reaction with dioxygen
(50). Electron paramagnetic resonance (EPR) analysis of the anaerobic enzyme-substrate
complex supported the presence of Cu®" and it was suggested that the Cu'* species does not

accumulate to appreciable amounts to be detected (50). The catalytic mechanism of the Fe?*-

25



containing QDO from B.subtilis is proposed to be similar to that of the extradiol catechol
dioxygenases which utilize high-spin Fe** as the catalytic metal cofactor (51). The Fe** center in
B.subtilis QDO has been proposed to function as a conduit for the transfer of electron from the
substrate to dioxygen (46). The starting viewpoints in the catalytic mechanisms between the two
enzyme systems differ slightly, but the majority of the catalytic scheme is essentially similar as
outlined in figure 1.17. The metal center is viewed as a site for bringing the reactants together
for optimum interaction and not necessarily to activate dioxygen. This is supported by the
relaxed metal specificity observed in QDO. After the formation of the quercetin radical-metal-
superoxide complex (Fig. 1.16, Il), the reaction may proceed by Criegee rearrangement as
depicted in figure 1.16, route A. The breakdown of the rearrangement product, V, would lead to
the formation of the final product. An alternative route (Fig. 1.16, route B) from intermediate 11
would be the formation of a dioxolane intermediate, IV', which consequently leads to formation

of the final product, V', upon ring opening.
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Figure 1.16: Catalytic mechanism of quercetin dioxygenase, (M?* represents either Fe®*, Mn?*

or Cu®") (46) .
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1.6.3 Acireductone dioxygenase

Acireductone or 1,2-dihydroxy-3-keto-5-(methylthio)pentene is an intermediate in the
methionine salvage pathway. This pathway recycles methionine from 5’-methylthioadenosine
(MTA) which is formed from S-adenosylmethionine (SAM) (52). The methionine salvage
pathway has been intensively investigated in Klebsiella pneumoniae where two enzymes were
identified that catalyze the oxidation of acireductone (53). Interestingly, the two enzymes which
are both acireductone dioxygenases (ARD) have the same polypeptide sequence, the same
molecular weight but they only differ in the identity of the metal bound in the active site. One
enzyme contains Fe®* ion in the active site while the other enzyme contains Ni?* ion in the active
site. Both enzymes utilize acireductone and dioxygen as substrate but they catalyze the formation
of different products (52). The Fe?*-containing enzyme (Fe**-Ard) converts acireductone to the
a-ketoacid precursor of methionine and formate which are the expected intermediates of the
methionine salvage pathway (Fig. 1.17 , route A) (41, 53). The Ni**-containing enzyme (Ni**-
Ard) catalyzes an off-pathway oxidation of acireductone to form methylthiopropionate, carbon
monoxide and formate, suggesting that this off-pathway reaction prevents recycling of
methionine from MTA (Fig. 1.17, route B) (54). The functional properties of the Fe?*-containing
ARD and Ni**-containing ARD can be interconverted upon reconstitution of the respective
enzymes with the appropriate metals (55). The two enzymes are separable by ion exchange and
hydrophobic interaction chromatography suggesting they may have different structural properties
(55). Acireductone dioxygenase has a monocupin structure in which the active site metals in the
respective enzymes are coordinated by 3-His residues, (His96, His98, and His140) and 1-Glu,

(Glu102) (54).
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Mechanistically, an ordered binding of substrates was proposed for both enzymes in
which acireductone was proposed to bind first as a dianion followed by dioxygen (52).
Experiments with *%0 and **C established that the Ni?*-containing ARD incorporates molecular
oxygen into C; and Cs positions of acireductone forming a cyclic 5-membered peroxide
intermediate which may decompose into the final products upon C-C bond cleavage (Fig. 1.18).
Conversely, Fe**-containing ARD incorporates molecular oxygen to the C; and C, positions of
acireductone forming a cyclic 4-membered peroxide (dioxetane) intermediate which decomposes
into the final products upon cleavage of the C-C bond, (Fig. 1.18). It is currently unclear how the
two metals affect the points of addition of molecular oxygen to acireductone (52, 55).
1.7 Variations from the 3-His/1-Glu metal binding patttern

Although the 3-His/1-Glu metal coordination pattern is a common feature within the
cupin superfamily proteins, some variations have been reported. For example, in mammalian
cysteine dioxygenase, the conserved Glu residue from cupin motif 1 is replaced with a non
coordinating Cys residue. Therefore, the Fe** center in CDO is coordinated by a facial triad of 3-
His residues (Fig. 1.19) (1-3). Such a variation from the canonical 3-His/1-Glu coordination
pattern has been reported in only a few other enzymes including B-diketone cleaving enzyme
(Dkel) but the rationale behind the variation is still unclear. Evaluation of a typical 3-His/1-Glu
metal binding site and a typical 3-His metal binding site suggests that the two sites are well

suited for their respective functions.
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His140

Figure 1.19: Active site of cysteine dioxygenase highlighting the 3-His metal binding site. The

structure was taken from PDB entry 2B5H.
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1.7.1 p-Diketone cleaving enzyme

Acetylacetone or 2,4-pentanedione is an industrial chemical that is widely used in various
metal extraction procedures and it has been shown to be potentially toxic (56). The first step in
the degradation of acetylacetone is catalyzed by p-diketone cleaving enzyme (Dkel), a
homotetrameric non-heme Fe?*-dependent enzyme which was initially isolated from a strain of
Acinetobacter johnsonii which grew on acetylacetone as the sole source of carbon (57). Dkel
catalyzes the dioxygen dependent conversion of acetylacetone into methylglyoxal and acetate
(58). The enzymatic breakdown of acetylacetone was observed to proceed with a stoichiometric
consumption of molecular oxygen, as one pumol of dioxygen was consumed for every pumol of
acetylacetone used (57). Results from 20 labeling experiments revealed that one atom of !0
was incorporated into each of the reaction products upon carbon-carbon bond fission (59). The
crystal structure of an inactive form of Dkel in which Fe?" was substituted with Zn®* revealed
the B-barrel fold characteristic of the cupin superfamily proteins (59). The active site metal was
found to be coordinated in a triad of His residues, His62, His64 and His104. Mutational analysis
of the Fe?* coordinating ligands was found to disrupt the metal binding affinity in the variants
(58). Metal analysis studies revealed that the catalytic site of Dkel was capable of binding other
divalent metals like Cu*, Mn?*, Ni?*, and Zn®** with similar binding constants with Fe?".
However, the enzyme was only active when Fe?* was bound. Additionally, it has been reported
that the active site of Dkel can distinguish between Fe?* and Fe**. This suggestion was based on
the observation that Dkel exhibited low affinity for Fe** and oxidation of the bound Fe?* ion to
the Fe** form upon its exposure to H,O- or excess dioxygen, led to its rapid release out of the
active site (58). These observations clearly demonstrated that Dkel strictly depends on ferrous

iron for its catalytic activity (57-58).
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The proposed mechanism in which acetylacetone is converted to methylglyoxal and
acetate involves initial bidentate coordination of oxaloacetate to the Fe?* active site of Dkel as
illustrated in figure 1.20 (41, 60-61). This is followed by dioxygen reduction to a superoxide
coupled with the formation of C-O bond in steps 11 and 111 respectively. Nucleophilic attack of
the peroxidate on an adjacent carbonyl carbon leads to the formation of a dioxetane intermediate,

IV, which then decomposes into methylglyoxal and acetate products.

I II III

Figure 1.20: Proposed catalytic mechanism of Dkel (60).
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1.7.2 Cysteine dioxygenase
Cysteine dioxygenase (CDO) is a non heme mononuclear iron-dependent enzyme that

catalyzes the oxidation of cysteine to cysteine sulfinic acid (Fig. 1.21).

I
SH S—O
0,
cysteine
+ - dioxygenase + -
H;N CO, H3N CO,

Figure 1.21: Reaction catalyzed by cysteine dioxygenase (62).

CDO was initially classified as a member of the cupin superfamily based on the sequence
similarity with other cupin metalloproteins (40). The available three-dimensional structures of
CDO have all confirmed the cupin fold (1-3). The first three-dimensional structure was of mouse
CDO and it was solved as a Ni**-containing enzyme complex. The Ni?* center was found to be
hexa-coordinated with 3-His residues derived from cupin motif 1 (His86, His88) and cupin motif
2 (His140), and 3 additional water ligands. Studies of CDO involving active site metal
requirement have shown that CDO strictly depends on iron for its catalytic activity (2, 63-64).

Therefore, the Ni**-containing enzyme did not represent the active form of CDO, but it provided
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useful structural information which was used as a guide for mechanistic proposals. Subsequent
three-dimensional structures of rat and human CDO revealed an Fe?*-containing active site in
which the Fe?* ijon was coordinated by a facial triad consisting of the three conserved His
residues and an additional solvent molecule.

The 3-His facial triad in CDO is rare and it seems to be well suited for the dioxygenation
reaction. The three-dimensional structure of human CDO in complex with L-cysteine revealed
that cysteine coordinates the Fe?* center in a bidentate fashion via the thiol and amino groups (1).
A similar mode of substrate coordination was also illustrated in MCD studies where it was
shown that cysteine binds Fe**-CDO via the S atom in a similar manner as it binds Fe**-CDO
(65). This mode of substrate binding creates an ideal coordination site for the dioxygen
cosubstrate to bind. An obligate reactant binding order was recently reported using NO as a
surrogate for dioxygen. In that study, the iron center in CDO was found to be essentially
unreactive to NO unless cysteine was bound first (66). These studies demonstrated that cysteine
binds to the active site iron first and consequently creates a favorable environment for dioxygen
to bind (66). There are several mechanistic proposals on how CDO catalyzes the oxidation of
cysteine to cysteine sulfinic acid. In all the proposed mechanisms, the unifying theme is the
presence of Fe?* center in the resting enzyme. Based on the structural evidence available,
cysteine binds the active site ferrous iron via the thiol and amino groups (Fig. 1.22, II) (2).
Binding of dioxygen would lead to formation of the Fe** superoxo intermediate (I11). The
coordinated S atom may reduce the oxidized Fe** center generating a sulfur radical cation which
consequently recombines with the superoxo species to form a cyclic peroxo intermediate (V).
Homolytic bond cleavage of the O-O bond would generate a sulfoxy cation and an activated

oxygen atom which would recombine to generate the final product upon hydrolysis (2).
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Figure 1.22: Proposed catalytic mechanism of cysteine dioxygenase (2).
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In summary, the comparative analysis of a 3-His/1-Glu binding site and a 3-His binding
site demonstrates that the enzymes that utilize a 3-His/1-Glu binding site have relaxed active site
metal specificities, while the enzymes that utilize a 3-His binding site have specific metal
preferences. The Fe®*-containing QDO for example is still active even when reconstituted with
other divalent metals. ARD displays two different functionalities depending on the nature of the
metal that is bound in the active site. The relaxed metal specificities in QDO and ARD suggests
that changing the redox state of the active site metal during catalysis may not be a strict
requirement in these enzyme systems (41). On the contrary, CDO and Dkel are strictly
dependent on iron for their catalytic activity, suggesting that the bound metal in these enzyme
systems may function as a redox center facilitating either activation of dioxygen or activation of
the substrate. Therefore, the deviation in metal coordination pattern observed in CDO may not be
an accident, but a strategic move to optimize its functionality.

1.8 Protein derived cofactors

In addition to the unique metal binding site, cysteine dioxygenase also possesses a rare
crosslink between Cys93 and Tyrl157 close to the active site (Fig. 1.23) (1-3). The presence of
this crosslink has triggered intense research involving the circumstances that lead to its
biosynthesis and its function in the active site of CDO. Post translationally modified amino acid
residues which are commonly referred to as protein derived cofactors, have been observed in
other enzymes where they occur either by a self processing pathway, or their biogenesis is
facilitated by accessory proteins (67). In most cases, these post translationally modified amino
acids have been shown to provide additional advantages which the unmodified amino acid
residues do not posses (67). The amino acid residues that are frequently involved in post

translational modifications are tryptophan, tyrosine, cysteine, histidine, and methionine.
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Figure 1.23: The active site of cysteine dioxygenase highlighting the covalent crosslink

involving Cys93 and Tyr157. The structure was taken from PDB entry 2IC1.
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1.8.1 Tryptophan tryptophylquinone (TTQ)

Tryptophan tryptophylquinone (TTQ) or 2,4-bitryptophan-6,7-dione is formed by post
translational modification of two tryptophan residues in which two atoms of oxygen are
incorporated into the indole ring of one of the tryptophan residues, and a covalent bond is formed

between the two indole rings of the two tryptophan residues (Fig. 1.24) (68).

protein

Figure 1.24: Tryptophan tryptophylguinone (TPQ) (69).
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TTQ functions as a prosthetic group in methylamine dehydrogenase (MADH) and
aromatic amine dehydrogenase (AADH). These enzymes catalyze the conversion of primary
amines to their corresponding aldehydes and ammonia (70). The overall catalytic mechanism of
MADH and AADH consists of a reductive and an oxidative reaction. The reductive reaction
involves formation of a covalent adduct between the amine substrate and TTQ in which TTQ is
reduced to an aminoquinol and the substrate is oxidized to an aldehyde (Fig. 1.25, I). The
oxidative process involves two one-electron transfers to type 1 copper proteins, which are
amicyanin for MADH and azurin for AADH. In the first electron transfer, an aminosemiquinone
intermediate is formed, (Fig. 1.25, 1) and in the second electron transfer, an aminoquinone is
formed which is hydrolyzed to yield ammonia and regenerate oxidized TTQ (Fig. 1.25, IlI).
Although the mechanism of TTQ biosynthesis has not been completely elucidated, studies have
shown that its formation requires the participation of an accessory protein. In MADH, the
accessory protein involved in TTQ biogenesis has been identified to be MauG. The gene that
encodes for MauG is located within the methylamine utilization (mau) gene cluster of
Paracoccus denitrificans together with the genes that encode the a and B subunits of MADH and
eight other genes that have been shown to be necessary for MADH expression and function (69,
71). The role of MauG in TTQ biosynthesis was investigated using inactive variants of MauG
that had been generated by site directed mutagenesis (71). Characterization of the MADH
enzyme that was expressed with an inactive MauG, revealed the presence of an intermediate of
MADH in which TTQ was incompletely synthesized, with only one of the Trp residues (Trp57)
being monohydroxylated, and there was no covalent crosslink between Trp57 and Trp108. The
MADH enzyme that contained the intermediate was inactive and exhibited weak subunit-subunit

interactions (72). Incubation of the inactive MADH intermediate with purified active MauG
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resulted in the incorporation of the second oxygen atom in Trp57 and formation of the covalent
crosslink between Trp57 and Trpl08. The activated MADH enzyme also exhibited normal
subunit-subunit interactions as was shown by native polyacrylamide gel electrophoresis (PAGE).

These studies demonstrated that active MauG is required for the biosynthesis of TTQ in MADH

(69, 71-72).
onidized + CH3NH2 Ereduced'NHZ + HCHO I
quinone aminoquinol aldehyde

EreduceasNHy - + amicyanin(Cu2+) Eemiquinone-NH2  + Amicyanin(CuH) 1

E 2+) —_— >

semiquinone'NH2 + amicyanin(Cu onidized + Amicyanin(CuH) + NH3 11

Figure 1.25: Catalytic mechanism of methylamine dehydrogenase (MADH) showing the

reductive and the oxidative reactions (69).
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1.8.2 Cysteine tryptophanylquinone (CTQ)

Cysteine tryptophylquinone (CTQ) which is shown in figure 1.26 is formed by
modification of a tryptophan residue in which two oxygen atoms are incorporated into the indole
ring of the tryptophan and a covalent bond is formed between the modified tryptophan and the
sulfur atom of cysteine. CTQ is the protein derived cofactor of quinohemoprotein amine
dehydrogenase (QHNDH), an enzyme that catalyzes a similar reaction as the TTQ-dependent
dehydrogenases (MADH and AADH), which is conversion of primary amines to their
corresponding aldehyde products with the release of ammonia. QHNDH is a heterotrimeric
protein composed of a, B and y subunits (73). The active site of this enzyme which contains CTQ
is in the y subunit. The catalytic cycle of QHNDH is similar to that of TTQ-dependent
dehydrogenases except that the electron acceptor from reduced CTQ is the heme in the o subunit
of QHNDH (74). The mechanism of CTQ biogenesis has not been elucidated although there are
speculations that the diheme protein subunit, o, may be involved in CTQ biogenesis and may

serve in a similar capacity as MauG in TTQ biogenesis (69-70).

protein—— protein

S

TZ

Figure 1.26: Cysteine tryptophylquinone (CTQ) (70).
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1.8.3 Met-Trp-Tyr covalent adduct in KatG
Catalase peroxidases (KatGs) are unique enzymes that display two functionalities in the
same active site. These enzymes catalyze the decomposition of H,O; via the catalase mechanism,

which is illustrated in figure 1.27, | and peroxidase mechanism shown in figure 1.27, 11 (75-76).

H,0, + 2RH ———3= 2R+ 2H,0 1l

Figure 1.27: Reaction mechanisms showing the catalase mechanism (1) and the peroxidase
mechanism (I1) in KatG. RH represents the electron donor in the peroxidatic cycle and R’

represents the donor radical (75, 77).

Structurally, KatG resembles monofunctional peroxidases. The three-dimensional
structures of KatG from different organisms have revealed the presence of a unique Met-Tyr-Trp
crosslink located on the distal side of the heme active site, shown in figure 1.28 (78-79). This
crosslink is a common feature among all KatG enzymes but it is not found in monofunctional
peroxidases (80). Substitution of any of the residues involved in the crosslink generated a

catalase inactive enzyme but the peroxidase activity was retained (80-81). These observations
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demonstrated that the Met-Tyr-Trp crosslink in KatG is required for the catalase activity but not

for the peroxidase activity.

Met255 Trpl07

Figure 1.28: The Met-Tyr-Trp crosslink in KatG. The structure was taken from PDB entry

1SJ2.

The mechanism proposed for the formation of the crosslink in KatG was shown to require
the presence of the heme and an additional oxidant, peracetic acid in vitro, but in vivo the oxidant
would be hydrogen peroxide (76-77). In the proposed mechanism, peracetic acid/hydrogen
peroxide reacts with the Fe** form of the resting enzyme generating the ferryl porphyrin 7 cation
radical, commonly known as compound 1, shown in figure 1.29, Il. This is followed by the
oxidation of Trp and Tyr residues that are involved in the crosslink to their corresponding radical

forms, complex I11. Coupling of the two radicals results in the formation of the Trp-Tyr crosslink
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intermediate 1V. A second oxidation step of the Trp-Tyr crosslink via a second compound 1
intermediate, V, generates an electrophilic quinone-like intermediate VII. Nucleophilic attack of
the methionine sulfur on this intermediate leads to complete formation of the Met-Tyr-Trp

crosslink in KatG (76-77, 80).

H N i S H
Met/// Met/// 0 Met///
Tyr it Tyr I v Tyr Fell
/Fe\ /Fe\+ TN

VII VIII

Figure 1.29: Proposed mechanism for the formation of the Met-Tyr-Trp crosslink in KatG (76-

77, 80).
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1.8.4 Topaquinone (TPQ) in copper amine oxidases

Copper amine oxidases are a group of enzymes that catalyze the two electron oxidation of
primary amines to their corresponding aldehydes. These enzymes are widespread in nature and
utilize a broad range of substrates including methylamine, ethylamine, benzylamine,
phenylethylamine, and histamine (82). Because of the diverse nature of the substrates utilized by
these enzymes, the biological functions associated with copper amine oxidases are also diverse
(82). In humans for example, diamine oxidase is used in the detoxification of histamine, and in
microorganisms, copper amine oxidases have been shown to catalyze the degradation of primary
amines, which are used as a source of carbon and nitrogen for growth (70, 83). Copper amine
oxidases utilize a mononuclear copper center and an amino acid derived cofactor, 2,4,5-
trihydroxyphenylalanine quinone (TPQ) to catalyze the deamination reactions (84). The catalytic
cycle consists of a reductive half reaction, in which the amine substrate is oxidized to an
aldehyde and the TPQ cofactor is reduced to the aminoquinol form as illustrated in figure 1.30, I.
In the oxidative half reaction, the aminoquinol is re-oxidized by dioxygen to TPQ with the

release of NH3 and H,0O, (Figure 1.30, 1) (70).

onidized + R'CH2NH2 E— Ereduced'NHZ + RCHO I
TPQ aminoquinol aldehyde
ErcqueeaNHy  + O+ H)O0 ——— > E dized + NH; + H)O, 1II

Figure 1.30: Reaction mechanisms of copper amine oxidases showing the reductive (I) and the

oxidative (I1) reactions (69).
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TPQ which is shown in figure 1.31, is synthesized via the post-translational modification
of a conserved tyrosine residue in the active site in a process that requires copper and dioxygen
(84). In the mechanism for TPQ biogenesis, the catalytic copper is coordinated by three
conserved His residues (Fig. 1.32, 1) (82). Presence of dioxygen within the active site induces a
conformational change in the tyrosine residue to be modified such that the hydroxyl group of that
tyrosine becomes oriented towards the copper ion. Deprotonation of this tyrosine followed by
electron transfer from the tyrosinate to Cu?* would generate complex I1. Activation of dioxygen
to superoxide followed by a reaction of the superoxide with the tyrosyl radical would result in
the formation of the peroxide intermediate I1l. Cleavage of the O-O bond would generate the
orthoquinone and a hydroxide bound to the Cu®* ion (complex IV). Rotation of the side chain of
the modified tyrosine, 180°, would form complex V, in which the hydroxo group is in close
proximity and in the proper orientation to be added to the tyrosyl ring forming the reduced form
of TPQ, complex VI. This is then oxidized by a second molecule of oxygen to form mature TPQ
and H,0, (70).

Tyr

OH

Figure 1.31: 2,4,5-trihydroxyphenylalanine quinone (TPQ) (69).
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Figure 1.32: Proposed mechanism for TPQ biogenesis (69, 82).
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1.8.5 Cysteine-Tyrosine crosslink in galactose oxidase
Galactose oxidase is a copper dependent metalloenzyme that catalyzes the oxidation of
primary alcohols to their corresponding aldehydes, coupled with the two electron reduction of

dioxygen to hydrogen peroxide, figure 1.33 (85-86).

RCH,OH + O, ——— » RCHO + H,0,

Figure 1.33: Reaction catalyzed by galactose oxidase (86).

The Cu®* ion in the active site of galactose oxidase is in a five-coordinate environment
consisting of two His residues (His496 and His581), two Tyr residues (Tyr495 and Tyr272) and
an additional water molecule (87-88). An interesting feature about the active site of galactose
oxidase is that one of the Cu?* ligands (Tyr272) is covalently linked with the sulfur atom of
Cys228. It has been proposed that the crosslink may function in a similar capacity as a disulfide
bond in contributing to the overall rigidity of the active site (88). Galactose oxidase exists in
three oxidation states; fully oxidized state (Fig. 1.34, 1), semireduced state (Fig. 1.34, II), and
fully reduced state (Fig. 1.34, III). In its active form, galactose oxidase exists in the fully
oxidized form consisting of an oxidized Cu®" center with a tyrosyl radical on the crosslinked

tyrosine. The tyrosyl-radical-Cu** complex has been shown to be considerably stable in the
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absence of reductants (89). However, in the presence of a reductant, oxidized galactose oxidase
may undergo a single electron reduction to the semi-reduced state which is catalytically inactive.
Further reduction would generate the fully reduced form which may potentially react with

dioxygen and presents a catalytic intermediate in the catalytic mechanism (88).

I II I1I

Cu?™—0" Cur™—0 Cul™0

Figure 1.34: Oxidation states of galactose oxidase; fully oxidized (I), semi-reduced (Il), and

fully reduced (111) forms (88).
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The oxidation of an alcohol to an aldehyde and the reduction of dioxygen to hydrogen
peroxide is a two electron process that is often facilitated by the presence of redox active
cofactors such as flavins and quinones in some enzyme systems. Because galactose oxidase does
not contain any organic redox cofactor, the free radical-coupled Cu** center functions as the
redox center. On this basis, the catalytic mechanism of galactose oxidase can be envisioned as
two separate oxidation and reduction processes as depicted in figure 1.35. In the first oxidation
reaction, the free radical-Cu?* enzyme complex reacts with the primary alcohol to form the two
electron reduced enzyme complex and the oxidized aldehyde product. In the second reduction
reaction, the reduced Cu'* enzyme complex reacts with dioxygen to form the oxidized free

radical-Cu?* enzyme complex and hydrogen peroxide (Fig. 1.35) (86, 88).

. alcohol
Cu’™—O0 + RCH,OH —— Cu'"*—o0 + RCHO  oxidation
2
S\ S\
. dioxygen
Cul*—o0 + O, —— Ccu¥'—o + H,0, reduction
S\ S\

Figure 1.35: Catalytic mechanism of galactose oxidase (88).
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Formation of the Cys-Tyr crosslink in galactose requires the presence of copper and
dioxygen. However, a recent report has demonstrated that dioxygen may not be strictly required
for crosslink formation in galactose oxidase (67, 88). A mechanism that has been proposed for
the formation of the Cys-Tyr crosslink in galactose oxidase either under aerobic or anaerobic
conditions is illustrated in figure 1.36 (67). This mechanism involves initial deprotonation of
Cys228 generating a thiolate which consequently coordinates the active site Cu?* ion (Fig. 1.36
). This is followed by an electron transfer from the cysteine thiolate to Cu?* forming a thiyl
radical and Cu'* (Fig. 1.36, III). Reaction of the thiyl radical with the aromatic ring of Tyr272
results in the formation of a crosslinked radical intermediate, 1V. If the reaction takes place under
aerobic conditions, two electron reduction of dioxygen to H,O, would convert compound 1V to
the final crosslinked product complex V' with the oxidation of Cu'* to Cu?*. Under anaerobic
conditions, conversion of compound 1V to compound V requires the loss of one electron; it is
however currently unclear what the final electron acceptor would be under these conditions.
Deprotonation of intermediate VV would lead to the formation of the Cys-Tyr crosslinked

product,VI (67).

53



1
Tyry7,
Cu2+ H+
PN PN
g HS™ Cysag H ?
OH

II
Tyry7;

Cysaog

2+
OH Cu

Tyry7;
Tyra7, v 11
/\-/\
H S u ) O
AN 1+
S” Cysyg . OH Cu
OH (g l* 0, H
Anaerobic Aerobic H,0,
=
Tyry7, Tyry7,
A\ V'
H
PN
S™  Cysyg S” “Cysyy
OH Cul* OH cu
Tyry7,
VI
PN
S” Cyspg
OH
Cu1+

Figure 1.36: Proposed mechanism for aerobic and anaerobic formation of the Cys-Tyr

crosslink in galactose oxidase (67).
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1.8.6 Cysteine-Tyrosine crosslink in cysteine dioxygenase

As mentioned, cysteine dioxygenase (CDO) is an iron dependent enzyme that catalyzes
the oxidation of L-cysteine to form L-cysteine sulfinic acid. The active site of CDO is
characterized by an iron center coordinated by three conserved His residues (His86, His88, and
His140). In addition to the iron coordinating ligands, CDO also contains several highly
conserved amino acid residues within the active site, which include Cys93, Tyrl57, Tyr58,
Arg60, Serl53, and Hisl155 (2-3). The three-dimensional structures of mammalian CDO have
revealed an interesting structural feature within the active site involving a covalent linkage
between Cys93 and Tyr157. Such an amino acid crosslink is analogous to the Cys-Tyr crosslink
observed in the active site of galactose oxidase. Purified recombinant CDO from mammalian
organisms migrates as two bands on SDS-PAGE (Fig. 1.37). To investigate the cause of this
unusual migration pattern, Cys93 and Tyrl57 (the residues involved in the crosslink) were
subjected to mutational analysis. Substitution of Cys93 with Ser (C93S) resulted in a single
protein band that corresponded to the slower migrating isoform (upper band) of wild-type CDO.
Similarly, substitution of Tyrl57 with Phe (Y157F) yielded a variant that migrated as a single
band that corresponded to the upper band of wild-type CDO. These studies demonstrated that the
slower migrating isoform represents the enzyme population that lacks the Cys-Tyr crosslink,
while the faster migrating isoform (lower band) represents the enzyme population that contains
the Cys-Tyr crosslink (90). The presence of this crosslink in the active site of CDO has triggered
intense research as to why and how it is formed. Some reports have suggested that the Cys-Tyr
crosslink increases the catalytic efficiency of CDO but the increased efficiency was compared to
variants of CDO lacking the crosslink (90). The involvement of either Cys93 or Tyrl57 in the

catalytic mechanism was not considered in that study. There have been suggestions that the
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Cys93-Tyr157 crosslink may not be catalytically essential as the catalytic activity of the C93S
and Y157F CDO variants is not abolished although it is reduced compared to the wild-type
enzyme (91). Nonetheless, the function of the Cys-Tyr crosslink within the active site of CDO

still remains unclear.

215 -— WT C93S Y157F

14.4 Pt

Figure 1.37: SDS-PAGE analysis showing the double band migration pattern of wild-type
CDO (Lane 1) and the single upper bands of C93S (Lane 2) and Y157F (Lane 3). M represents

the molecular weight marker.
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1.9:  Summary

Cysteine is one of the primary sulfur containing amino acids with diverse metabolic
functions. When incorporated into proteins, cysteine contributes to the overall structural stability
of the proteins due to its ability to form disulfide linkages. Because imbalances in the
intracellular redox equilibrium arising from oxidative stress can lead to cellular damage, thiol
containing proteins form one of the main antioxidant defense mechanisms utilized by cells in
protection against the destructive effects caused by oxidative stress. Cysteine is also a major
precursor in the biosynthesis of some small molecules such as glutathione and coenzyme A
which play important metabolic functions. Glutathione plays a major role in cellular protection
against oxidative stress, while coenzyme A (CoA) plays key roles as an acyl group carrier and a
carbonyl activating molecule in major biochemical transformations including fatty acid
metabolism and tricarboxylic acid cycle (17, 20). Like most other redox active molecules, the
concentrations of cysteine are tightly regulated because in the presence of metal ions or when
exposed to oxidizing conditions, cysteine can participitate in undesirable redox transformations
that may be deleterious to the cell. Cysteine dioxygenase (CDO) is the main mechanism utilized
by mammalian systems in the regulation of cellular cysteine concentrations.

Sequence and structural analysis classifies CDO as a member of the cupin superfamily.
Members of the cupin superfamily have a characteristic B-barrel fold (cupin fold) composed of
two conserved cupin sequence motifs and a less conserved intermotif region. The cupin
superfamily proteins are metalloproteins and the metal binding site is located at the center of the
B-barrel fold. The metal binding ligands in most cupin metalloproteins are comprised of 3-His
residues and 1-Glu that derive from the conserved cupin sequence motifs. CDO has two

interesting structural features that facilitate its functionality. First, the active site iron is
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coordinated by 3-His residues which is a deviation from the 3-His/1-Glu coordination pattern
observed in most cupin metalloproteins. The comparative analysis of a typical 3-His/1-Glu active
site and a typical 3-His binding site suggests that the two metal binding sites are mechanistically
well suited for their respective reactions. The 3-His metal binding site in CDO may actually be
an evolutionary advantage to optimize the dioxygenation reaction.

The second structural feature conspicuous within the active site of CDO is a covalent
crosslink between Cys93 and Tyrl57. This crosslink is not homogenous because a mixture of
both the crosslinked and non crosslinked isoforms are present following purification of the
enzyme. The crosslinked and the non crosslinked isoforms of CDO have similar physical
properties which make it difficult to separate them by chromatographic methods. Previous
characterization of CDO has involved a heterogenous mixture of both the crosslinked and non
crosslinked isoforms and efforts to separate the two isoforms have not been successful. One of
the main focuses of the current study is to evaluate the role played by the Cys-Tyr crosslink in
CDO and to evaluate the factors that lead to its biosynthesis. In order to assign function to this
crosslink, the two isoforms need to be evaluated independently. The studies presented in this
dissertation will initially focus on the separation of the two isoforms. The detailed
characterization of the individual isoforms has allowed us to make kinetic and spectroscopic
distinctions between the non crosslinked and the crosslinked isoforms and our studies
demonstrate the beneficial involvement of the Cys-Tyr crosslink in cysteine oxidation.

The available three-dimensional structures of CDO have revealed the presence of several
highly conserved amino acid residues in close proximity to the active site iron. These residues,
which include Tyr58 and Arg60, have been proposed from a structural point of view to interact

with the bound cysteine substrate. However, adequate experimental evidence that supports the
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participation of Tyr58 and Arg60 in catalysis is still lacking. The detailed evaluation of the
relevant enzyme-substrate interactions within the active site of CDO during catalysis is presented
in the third chapter of this dissertation and it has provided useful insights into how the active site

geometry is optimized for its function.
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Chapter Two

Shifting Redox States of the Iron Center Partitions CDO between Crosslink Formation or
Cysteine Oxidation
2.1  Introduction

Enzymatic oxidation of L-cysteine to L-cysteine sulfinic acid (CSA) is catalyzed by the
mononuclear iron-dependent enzyme, cysteine dioxygenase (CDO) (62, 64, 92-93). Both atoms
of dioxygen are incorporated in the thiol group of cysteine to generate the cysteine sulfinic acid
product (94). The product of this reaction is a branchpoint in the biosynthesis of pyruvate and
sulfate or taurine (5).

Cysteine dioxygenase is a member of the cupin superfamily. Proteins within the cupin
superfamily have a low overall sequence similarity, but they share a common [-barrel fold
known as the cupin fold. Members of the cupin superfamily also share two partially conserved
cupin motifs, GXsHXHX3.sEXsG (motif 1) and GXs.,PXGX;HX3N (motif 2) (39). The two His
and Glu residues from motif 1 and His from motif 2 coordinate the active site metal in most
proteins within the cupin superfamily. For CDO, the conserved Glu residue in motif 1 has been
replaced with a cysteine leaving only 3-His residues to coordinate the active site iron. In addition
to the unique metal coordination environment, CDO also possesses a rare crosslink involving
Cys93 and Tyr157 (residues numbered according to mammalian CDO enzymes) (1-3, 95).

Several studies have been conducted to evaluate the role of the crosslink in cysteine

oxidation. Purified recombinant CDO from mammalian systems migrates as two bands when
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resolved on SDS-PAGE. This anomalous migration pattern has been observed in several other
proteins including galactose oxidase, glyoxal oxidase, and Mycobacterium tuberculosis sulfite
reductase (NirA), all of which contain a Cys-Tyr crosslink (67, 96-97). Mutational studies and
mass spectrometric analysis have identified the faster migrating species as the isoform that
contains the Cys-Tyr crosslink and the slower migrating species as the isoform that lacks the
crosslink (90, 98). The kinetic and spectroscopic properties of CDO that have been reported so
far have involved a heterogenous mixture of the crosslinked and non crosslinked CDO isoforms.
In an effort to generate the homogenously crosslinked isoform, the heterogenous mixture of
crosslinked and non crosslinked CDO isoforms was incubated with cysteine and ferrous iron
under aerobic conditions (90). Crosslinked CDO once formed was shown to possess increased
activity several fold over variants of CDO lacking the Cys93-Tyr157 crosslink; however, the
crosslink was not absolutely required for activity (90). In a separate study, a 1:3 ratio of
crosslinked to non crosslinked CDO was generated through anaerobic protein expression and
separation by column chromatography (99). The activity assays showed a slow phase associated
with the generation of the crosslink followed by a faster phase that correlated with increased
activity due to the accumulation of crosslink. The biphasic trace was thought to be associated
with an uncharacterized intermediate generated during crosslink formation and enzyme
activation (99). Results from recent spectroscopic and computational studies support a role for
the crosslink in stabilizing the substrate-bound enzyme (100). Attempts to obtain the fully non
crosslinked isoform of CDO have been unsuccessful; all of the previous studies to evaluate the
role of crosslink formation have been performed with recombinant enzyme that contains a
significant amount of the crosslinked isoform (90, 99). Therefore, the non crosslinked and the

crosslinked CDO isoforms have been difficult to evaluate independently as both species are
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present following purification of the recombinant enzyme. The current study presents a protocol
for expressing the homogenously non crosslinked form of CDO using a cell permeable metal
chelator. The ability to obtain homogenously non crosslinked CDO provides a more thorough
investigation of the role of the crosslink in catalysis. Kinetic and spectroscopic comparisons of
the non crosslinked and crosslinked isoforms of CDO demonstrate a distinct mechanistic role for
the Cys93-Tyr157 crosslink in the active site of CDO. Herein, we propose a substrate activation
mechanism in which CDO utilizes the ferric iron to activate cysteine for reaction with dioxygen.
These studies provide a new perspective on the redox state of the active site iron in Cys-Tyr

crosslink formation and the mechanism of cysteine oxidation.
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2.2 Materials and methods
2.2.1 Materials

4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), L-cysteine, L-ascorbate,
1,10-phenanthroline, ammonium sulfate, ampicillin, streptomycin sulfate, lysozyme, sodium
dithionite, potassium chloride (KCI), isopropyl-p-D-thiogalactoside (IPTG), and brilliant blue R
were purchased from Sigma (St. Louis, MO). Sodium dodecyl sulfate (SDS) was purchased from
Biorad (Hercules, CA). Glycerol and sodium chloride were purchased from Macron Fine
Chemicals (Center valley, PA). Pfu Turbo DNA polymerase was purchased from Agilent (La
Jolla, CA). Oligonucleotide primers were purchased from Invitrogen (Carlsbad, CA). Phenyl
Sepharose™ 6 Fast Flow (high sub) was purchased from GE Healthcare Biosciences, (Uppsala,
Sweden). Amicon Ultrafree-MC Centrifugal Filter Devices (10 kDa MWCO) and Amicon Ultra-
4 Centrifugal Filter Devices (10 kDa MWCO) were purchased from Millipore (Billerica, MA).
Difco-brand Luria-Bertani (LB) media was purchased from Becton, Dickinson and company
(Sparks, MD).
2.2.2 Expression and purification of C93S, Y157F, and wild-type CDO

The cDNA gene for rat CDO was cloned into the pET21a expression vector, and used to
generate C93S CDO as previously described (101). Primers for the Y157F CDO variant were
designed as 29 base oligonucleotides replacing the wild-type Tyr codon with TTT. The Tyr to
Phe substitution was confirmed by DNA sequence analysis. The respective plasmid was
transformed into E. coli BL21 (DE3) competent cells for protein expression and stored as
glycerol stocks at -80°C. Expression and purification of the wild-type and variants of CDO were
carried out as previously described with minor modifications (101). The cell pellet was

resuspended with 25 mM HEPES, pH 7.5, and 10% glycerol (v/v) supplemented with 2 pug/mL
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lysozyme. The supernatant following the nucleic acid precipitation step was supplemented with
20% ammonium sulfate (w/v) and applied onto a Phenyl Sepharose™ 6 Fast Flow column.
Protein was eluted using a linear gradient from 20-15% ammonium sulfate in 25 mM HEPES
buffer, pH 7.5 and 10% glycerol. Pure protein fractions were pooled and concentrated by
precipitation in 70% ammonium sulfate. The protein pellet was resuspended in the desired
volume of 25 mM HEPES buffer, pH 7.5, 100 mM NaCl, and 10% glycerol. The iron loading
and dialysis steps were carried out as previously reported (101). Protein samples were divided
into 500 pL aliquots, flash frozen in liquid nitrogen and stored at -80°C.

2.2.3 Expression and purification of non crosslinked CDO

E. coli strain BL21 (DE3) containing the wild-type CDO plasmid were grown in Luria-
Bertani broth containing 0.1 mg/mL ampicillin with vigorous shaking at 37 °C. When the culture
reached an Aggo of 0.6-0.8, 1,10-phenanthroline (100 mM dissolved in 100 mM HCI) was added
to a final concentration of 100 uM (102). The culture was allowed to grow for an additional 15
minutes after which the expression of CDO was induced with 0.4 mM IPTG. The culture was
incubated at 22 °C for an additional 6 hours.

Cells were harvested by centrifugation at 5000 rpm at 4 °C and the cell paste was
resuspended in 100 mL of 25 mM HEPES, pH 7.5, and 10% glycerol supplemented with 2
pa/mL lysozyme. The cell slurry was lysed by sonication followed by centrifugation at 10 000
rpm at 4 °C for 20 min. Streptomycin sulfate (1.5% wi/v) was added to the resulting supernatant
to precipitate nucleic acids and the solution was stirred for 1 h at 4 °C. The precipitated nucleic
acids were removed by centrifugation at 10 000 rpm at 4 °C for 20 min. Ammonium sulfate
(20% wi/v) was added to the supernatant and the solution was stirred briefly in the cold room

prior to loading onto a Phenyl Sepharose™ Fast Flow column equilibrated in 25 mM HEPES
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buffer, pH 7.5, 20% ammonium sulfate, and 10% glycerol. Following a column wash, the protein
was eluted using a linear gradient of 20-15% ammonium sulfate in 25 mM HEPES, pH 7.5, and
10% glycerol. The purest fractions as assessed by SDS-PAGE were pooled and concentrated by
precipitating with 70% ammonium sulfate. The pellet was resuspended in the desired volume of
25 mM HEPES, pH 7.5, 100 mM NaCl and 10% glycerol. The resulting solution was dialyzed
twice against 2 L of the resuspension buffer to remove residual 1,10-phenanthroline, and the
protein concentration determined by UV-visible absorption spectroscopy at 280 nm using a
molar extinction coefficient of 25 440 M™cm™ (101). The purified CDO enzyme was iron
reconstituted with a molar ratio of 1.2:1 ferrous ammonium sulfate to protein, and dialyzed twice
against one liter of 25 mM HEPES, pH 7.5, 100 mM NaCl and 10% glycerol. Aliquots of the
protein samples were flash frozen in liquid nitrogen and stored at -80 °C. For clarity, the enzyme
isoform lacking the crosslink will be referred to as non crosslinked CDO, and the enzyme
isoform with the C93-Tyr157 crosslink will be referred to as crosslinked CDO.
2.2.4 Quantitation of iron

The total iron content in all enzyme preparations was determined using inductively-
coupled plasma-atomic emission spectroscopy (ICP-AES). Samples of CDO (10 uM) prepared
in 25 mM HEPES, pH 7.5 at a final volume of 600 pL were analyzed using a Perkin-Elmer
Optima 7300 DV ICP-AES (Perkin-Elmer Life Sciences, Fremont, CA). Commercial iron
standards for ICP-AES were used to generate the standard curve and the concentration of iron in
each of the prepared protein samples relative to the protein concentration was determined.
Distilled and deionized water and 25 mM HEPES buffer, pH 7.5 were used as controls. The

results are an average of three separate experiments.
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2.2.5 Correlating crosslink formation with non crosslinked CDO activity

The specific activity of non crosslinked CDO enzyme was measured by the rate of
dioxygen utilization with a Clark-type oxygen electrode (Hansatech, Inc., Norfolk, United
Kingdom). The reactions consisted of 2 uM CDO and 1 mM ascorbic acid in 25 mM HEPES
buffer, pH 7.5. Reactions were initiated by the addition of varying concentrations of cysteine (0-
100 mM) to the reaction mixture in a final volume of 1 mL. Reactions monitored the decrease in
the concentration of dioxygen in the reaction chamber over a period of 10 minutes after which
one of the substrates became limiting and the kinetic traces leveled off. Samples used in the
kinetic investigations were immediately ultrafiltered using Amicon Ultrafree-MC centrifugal
filter devices (10 kDa MWCO). Protein samples retained in the filtration devices were further
analyzed for crosslink formation by SDS-PAGE.
2.2.6 Generation of homogenously crosslinked form of CDO

The crosslinked form of CDO was generated by incubating non crosslinked CDO (5 uM)
in the presence of 100 mM cysteine and 25 mM HEPES buffer, pH 7.5 to a final volume of 500
ML. The reactions were incubated at 37 °C for a period of 15 minutes with moderate shaking at
100 rpm after which all the reactions were combined and ultrafiltered using Amicon Ultra-4
Centrifugal Filter Units (10 kDa MWCOQO). The flow through was discarded and the protein
samples retained in the filtration devices were washed three times with 25 mM HEPES buffer,
pH 7.5 and 10% glycerol. Complete formation of the crosslinked enzyme was confirmed by
SDS-PAGE and the crosslinked protein was assayed for activity and used in EPR analysis.
2.2.7 Steady-state kinetic analyses of homogenously crosslinked CDO

Steady-state Kinetic investigations of homogenously crosslinked CDO were determined

using an oxygen electrode where the rate of dioxygen utilization was monitored. The standard
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assay contained 1 pM crosslinked CDO protein incubated in the presence and in the absence of 1
mM ascorbate in 25 mM HEPES buffer, pH 7.5 at 37 °C. Reactions were initiated by the addition
of cysteine (10 uM-10 mM). Initial velocities were obtained within the first 10 s of the reaction
and plotted against substrate concentration. The steady-state kinetic parameters of wild-type,
C93S, and Y157F CDO proteins were determined using 2 UM protein in the presence of 1 mM
ascorbate. The data were fit to the Michaelis-Menten equation using KaleidaGraph™ software to
obtain the steady-state Kinetic parameters which were calculated as the average of three separate
experiments.
2.2.8 Analysis of the cysteine sulfinic acid product

The rate of dioxygen consumption was correlated with the rate of cysteine sulfinic acid
(CSA) formation using LC-MS. The reaction conditions for dioxygen utilization were similar to
the steady-state kinetic experiments. Samples were analyzed for the concentration of dioxygen
consumed within one minute, and the reactions were terminated by the addition of 1 pL of
formic acid (90% v/v). Mass analysis was performed using an Ultra Performance LC System
(ACQUITY, Waters Corp., Milford, MA, USA) coupled with a quadrupole time-of-flight mass
spectrometer (Q-Tof Premier, Waters) with electrospray ionization (ESI) in ESI*-MS mode.
Each sample was initially applied to a C18 column (ACQUITY UPLC® BEH C18, 1.7 um, 2.1 X
50 mm, Waters) for separation with a linear gradient prior to mass analysis. Solution A contained
5% acetonitrile and 0.1% formic acid, and solution B contained 95% acetonitrile and 0.1%
formic acid. After a 10 min wash with 95% solution A, the applied samples were separated with
a linear gradient of 95% A to 5% A over 6 min (flow rate 150 pL/min). lons of interest were
analyzed for mass accuracy and elemental composition and the respective ions were quantified

by computing the intensity of the chromatograms. The concentration of CSA formed was
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determined by comparison to a standard curve constructed with known quantities of CSA (10
HM-5 mM). All the values obtained are an average of three separate experiments.
2.2.9 EPR spectroscopy

Electron paramagnetic resonance (EPR) spectra at X-band frequency (9.38 GHz) were
recorded on a Bruker EMX spectrometer (Bruker Biospin Corporation, Billerica, MA). Cooling
was performed with an Oxford Instruments ESR 900 flow cryostat and an ITC4 temperature
controller. Samples were prepared for EPR analysis by diluting respective protein samples to a
final concentration of 80-100 uM in 25 mM HEPES buffer, pH 7.5, 100 mM NaCl, and 10%
glycerol in a final volume of 300 pL. For samples where cysteine was included, 10 mM cysteine
was added to diluted protein samples in a final volume of 300 pL. For anaerobic studies, protein
samples were first prepared in crimp top vials and sealed with an aluminum cover with a rubber
septum. The protein was deoxygenated with 20 min of alternate vacuuming and equilibration
with high purity argon on an ice slurry. The samples were then transferred into a glovebox
maintained under an atmosphere of 95% nitrogen gas and 5% hydrogen gas. Deoxygenated
buffer was used to prepare samples for EPR measurements prior to being transferred to an EPR
tube. All spectra were recorded using the following instrument settings: microwave frequency,
9.38 GHz; microwave power, 1.99 mW; receiver gain, 2x10%; modulation frequency, 100 kHz;
modulation amplitude, 6 G; time constant, 327.68 ms; sweep time, 335.5 s. The EPR spectra
were recorded as the sum of two accumulations and were normalized by subtracting the spectrum
of buffer used to prepare the samples. Spin gquantitation was performed using 10 mM copper
perchlorate as the standard (10 mM CuSO,, 2 mM NaClO,4, 10 mM HCI) and the concentration

of iron was calculated relative to the amount of iron bound as determined by ICP-AES.
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2.3 Results
2.3.1 Preparation of homogenously non crosslinked CDO

The similar physical properties between the crosslinked and non crosslinked isoforms of
CDO make it difficult to isolate each isoform for independent study. Prior attempts to obtain the
homogenous isoforms have proven unsuccessful. In order to understand the role of the crosslink
in the active site of CDO, a procedure for isolating the homogenously non crosslinked form of
CDO was developed which required that the enzyme was not exposed to free iron during the
expression and purification processes. This method involved addition of 1, 10-phenanthroline to
the cell culture shortly before inducing the cells for protein expression (102). The purified CDO
enzyme resolved as a single band on SDS-PAGE, which correlated with the slower migrating
isoform in CDO that lacks the Cys93-Tyr157 crosslink (Fig. 2.1). The catalytic activity of CDO
depends on the availability of iron bound in the active site. The amount of iron in non
crosslinked CDO samples was < 0.1% following purification. It was therefore necessary to
reconstitute purified non crosslinked CDO with iron. Ferrous ammonium sulfate was added to
the purified non crosslinked enzyme in a 1.2:1 (Fe:protein) molar ratio. The iron loaded protein
was then dialyzed twice against an iron free buffer to remove any unbound iron. Results from
ICP-AES experiments revealed that the iron reconstituted purified non crosslinked CDO isoform
contained ~50% iron. The amount of bound iron in non crosslinked CDO was similar to the

amount of bound iron in CDO containing both isoforms.
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Figure 2.1: Analysis of non crosslinked and wild-type CDO by SDS-PAGE. (M) Molecular
weight marker, (1) Purified wild-type CDO, (2) Purified non crosslinked CDO reconstituted with
iron, (3) Purified iron free non crosslinked CDO. Acrylamide gels (12%) were run with samples

pretreated by boiling for 3 min in sample buffer containing 2% SDS and 5% 2-mercaptoethanol.
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2.3.2 Activity of non crosslinked CDO

Enzymatic activity of the non crosslinked CDO isoform was investigated using a Clark-
type oxygen electrode and the rate of dioxygen consumption at varying cysteine concentrations
(0-100 mM) was monitored. The concentration of dioxygen in the reaction chamber was
recorded as a function of time (Fig. 2.2). Interestingly, at relatively high cysteine concentrations
(> 20 mM) the rate of dioxygen consumption occurred in two phases. A slow phase was
observed within the first two minutes of the reaction and a fast phase was observed after
approximately five minutes. Protein samples from the activity assays analyzed on SDS-PAGE
showed an observable increase in the amount of crosslink formed with increasing cysteine
concentration (Fig. 2.3). At 100 mM cysteine, the homogenously non crosslinked CDO isoform
in the reaction had been converted to the homogenously crosslinked isoform in less than ten
minutes. The initial slow phase corresponded with the utilization of dioxygen during formation
of the crosslink, and the second fast phase represented oxidation of the cysteine substrate by
CDO. Similar results were observed with CDO containing both isoforms (data not shown). ICP-
AES experiments were performed to investigate the amount of iron present following formation
of the crosslinked CDO isoform. Homogenously crosslinked CDO contained 48 + 1.9% iron
suggesting that complete conversion to the non crosslinked isoform occurred with
substoichiometric amounts of iron. However, iron was required for crosslink formation as non

crosslinked CDO that had not been reconstituted with iron was unable to form the crosslink.
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2.3.3 Steady-state kinetic parameters of crosslinked CDO

Following the observation that formation of the Cys93-Tyr157 crosslink correlated with
increased catalytic activity of CDO, the steady-state kinetic parameters of the homogenously
crosslinked enzyme were evaluated. Crosslinked CDO was generated by incubating samples
containing non crosslinked CDO with 100 mM cysteine. SDS-PAGE analysis confirmed the
formation of the crosslink in the prepared protein samples. Enzymatic activity of the crosslinked
CDO enzyme was determined by monitoring the rate of dioxygen utilization in the absence and
in the presence of 1 mM ascorbate at pH 7.5 (Fig.2.4). Including an external reductant in kinetic
investigations of CDO containing both isoforms improved the catalytic activity of the
enzyme(101). However, crosslinked CDO was active even in the absence of an external
reductant (Table 2.1). Similar results were obtained with crosslinked CDO formed from CDO
containing both isoforms. Therefore the external reductant was only necessary when both
crosslinked and non crosslinked CDO isoforms were present. The Kinetic parameters were
corrected for the amount of iron bound and the ke./Kn value in the absence of ascorbate was
10882 + 276 mM™-min™, which is an ~40-fold increase compared to the ke./Km value previously
reported for CDO containing both isoforms with the addition of ascorbate to the reaction. We
were unable to obtain accurate Kinetic parameters for non crosslinked CDO as the reaction is
partitioned between crosslink formation and cysteine oxidation.

The reaction catalyzed by CDO requires that one equivalent of molecular oxygen reacts
with cysteine to generate cysteine sulfinic acid (CSA). Samples analyzed for dioxygen utilization
were also analyzed for CSA production by mass spectrometry to confirm that the concentration
of dioxygen consumed was coupled with CSA formation. The specific activity of crosslinked

CDO enzyme was 5043 + 241 nmol of dioxygen consumed min™-mg™® of enzyme which
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corresponded with the production of 4783 + 798 nmol of CSA min™-mg™ of enzyme (Table 2.2).
The ~1:1 ratio for the coupling of dioxygen utilization and CSA product formation suggest that
the increased activity observed for crosslinked CDO is due to oxidation of the cysteine substrate.
Similar specific activities for dioxygen utilization and CSA production were also observed for
CDO containing both isoforms, but the overall values were lower than those obtained for
crosslinked CDO (Table 2.2).
2.3.4 Contribution of Cys93 and Tyr157 residues to the catalytic activity of CDO

In order to further evaluate the role of the crosslink in cysteine substrate oxidation,
steady-state kinetic investigations were performed with the Cys93 and Tyr157 CDO variants for
comparison with crosslinked CDO and CDO containing both isoforms. Substitution of Cys93 to
serine and Tyrl57 to phenylalanine yielded one isoform of CDO, which correlated with non
crosslinked CDO when analyzed by SDS-PAGE. The C93S CDO variant contained 39 + 1% iron
bound similar to wild-type CDO, while Y157F CDO contained lower levels of iron bound at 23
+ 1%. The kinetic parameters for C93S and Y157F CDO were corrected for the amount of iron
bound (Table 3.3). The C93S CDO enzyme still possessed activity although the Ke./Km value
was ~5-fold lower than CDO containing both isoforms, and 27-fold lower than crosslinked CDO
in the absence of ascorbate. A comparable decrease in the ke./Km value was also observed for the
Y157F CDO variant with an ~3.5-fold decrease in the ke./Km value compared to CDO containing
both isoforms and a 19-fold reduction in the ke./Kn, value compared to crosslinked CDO.
2.3.5 EPR analysis of non crosslinked and crosslinked CDO

The coordinated iron in the resting form of CDO containing both isoforms was
previously shown to exist in the high spin ferric state with an EPR signal observed at g = 4.3

(101). The addition of cysteine to oxidized CDO leads to an increase in the signal intensity, and
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was attributed to the formation of cysteine-bound Fe(111)-CDO (91). Interestingly, the redox state
of the iron in non crosslinked CDO was found to exist primarily in the EPR-silent ferrous form
as there was no observable EPR signal (Fig. 2.5, black trace). Addition of cysteine under aerobic
conditions resulted in an increase in intensity in the EPR signal at g = 4.3 arising from a high
spin ferric iron (S = 5/2) (Fig. 2.5, red trace). The change in the observed spectrum suggests that
the ferrous iron is oxidized to the ferric form through formation of the crosslink and/or cysteine
oxidation as catalysis could still occur in the presence of dioxygen. Analysis of crosslinked
CDO revealed a sharp EPR signal at g = 4.3 arising from an S = 5/2 spin system (Fig. 2.6, black
trace). This signal was assigned to high spin ferric iron bound in the active site of crosslinked
CDO. Results from double integration of the EPR signal suggested that the concentration of the
high-spin ferric species accounted for more than 90% of the total iron. Contrary to what is
observed for CDO containing both isoforms, addition of cysteine under aerobic conditions did
not lead to significant changes in the signal intensity. The EPR signal intensity at g = 4.3 for
crosslinked CDO in the presence of cysteine was also observed under anaerobic conditions. The
results suggest that the increase in the signal intensity observed with the addition of cysteine in

CDO containing both isoforms may be due to formation of the crosslink.
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Table 2.1: Steady-state kinetic parameters of crosslinked and wild-type CDO?

crosslinked CDO wild-type CDO”
(+) ascorbate  (-) ascorbate (+) ascorbate
Kear (Min™) 1697 + 39 2449 + 35 128 + 4
Km (MM) 0.22 +0.02 0.23+0.01 0.06 +0.01
Keat/Kin (MM min™) 7714+656 10882 + 276 1995 + 324

4The reported kinetic parameters were adjusted for iron content.
® Wild-type CDO containing non crosslinked and crosslinked isoforms.
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Table 2.2: Specific activity of dioxygen utilization and cysteine sulfinic acid production of

crosslinked and wild-type CDO

dioxygen utilization cysteine sulfinic acid production

(nmol/min/mg) (nmol/min/mg)
Crosslinked CDO 5043 £ 242.1 4783 +798.3
Wild-type CDO? 1007 + 50 1200 + 15

& Wild-type CDO containing non crosslinked and crosslinked isoforms.
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Table 2.3: Steady-state kinetic parameters and percent iron content of wild-type, C93S, and

Y157F CDO?
kcat_1 K. kca}tlle ) % iron bound
(min ) (mM) (MM -min )
wild-type CDOP 128 +5.6 0.064 + 0.010 1995 + 324 39 + 1%
C93S CDO 45.9 + 2.4 0.12 +0.02 399 + 89 39 + 2%
Y157F CDO 28.7+15 0.053 + 0.005 574 + 64 23+ 1%

4The reported kinetic parameters were adjusted for iron content.
® Wild-type CDO containing non crosslinked and crosslinked isoforms.

77



+ cysteine

|
300 gappeaa..

L \(\/ 0 A
—- slow phase < 1% crosslink
T 200 -
° L
£
~ 50% crosslink
o 100 fast phase

0 ‘ ‘ ‘ 100% crosslink
0 100 200 300 400

Time (s)

Figure 2.2: Dioxygen utilization of non crosslinked CDO. The plot represents the decrease in
dioxygen concentration with time at different cysteine concentrations. The slow phase and fast
phase of the reactions have been highlighted in the graph. The kinetic traces show dioxygen
utilization at 1 mM (@), 40 mM (O), and 100 mM () cysteine. Reaction mixtures contained
CDO (2 uM) and ascorbate (1 mM) in 25 mM HEPES, pH 7.5 at 37 °C. Assays were initiated by

the addition of a range of cysteine concentrations (0-100 mM).

78



Cysteine 0 1 10 20 40 50 100

{(mM) <&——— NoncrosslinkedCDO
- e e

-y Ty —
- e W - Cm———— Crosslinked CDO

Figure 2.3: Analysis of crosslink formation during catalysis by SDS-PAGE. Protein samples
used in the activity analysis of the non crosslinked CDO enzyme were ultrafilterd with Amicon
Ultrafree-MC centrifugal filter devices (10 kDa MWCO). Acrylamide gels (12%) were run with
samples pretreated by boiling for 3 min in sample buffer containing 2% SDS and 5% 2-

mercaptoethanol.
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Figure 2.4:. Steady-state kinetic traces of crosslinked CDO enzyme. The steady-state Kinetic
traces were obtained by measuring the consumption of dioxygen with a Clark-type oxygen
electrode. Reaction mixtures contained CDO (1 puM) in 25 mM HEPES, pH 7.5 at 37 °C in the
absence (@) and presence (O) of ascorbate (1 mM). Assays were initiated by the addition of a

range of cysteine concentrations (10 uM-10 mM). Each point is the average of at least three

separate experiments.
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Figure 2.5: X-band EPR spectra of non crosslinked CDO. non crosslinked CDO (—); non
crosslinked CDO with 10 mM cysteine added under aerobic conditions (—). Spectra were taken
with 100 uM protein in 25 mM HEPES buffer, pH 7.5, 100 mM NaCl, and 10% glycerol. All
spectra were recorded at 9.38 GHz, with a field modulation frequency of 100 kHz and

modulation amplitude of 6 G. All spectra were recorded at 8-10 K.
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Figure 2.6: X-band EPR spectra of crosslinked CDO samples. crosslinked CDO (—);
crosslinked CDO with 10 mM cysteine added under aerobic conditions (—); crosslinked CDO
with 10 mM cysteine added under anaerobic conditions (—). Spectra were taken with ~80 uM
protein in 25 mM HEPES buffer, pH 7.5, 100 mM NaCl, and 10% glycerol. All spectra were
recorded at 9.38 GHz, with a field modulation frequency of 100 kHz and modulation amplitude

of 6 G. All spectra were recorded at 8-10 K.
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2.4  Discussion

Prior to this study, probes to evaluate the role of the Cys93-Tyr157 crosslink in CDO
have involved the comparative analysis of variants of CDO unable to form the crosslink and
CDO containing a heterogenous mixture of both the crosslinked and non crosslinked CDO
isoforms. Experiments to separate the crosslinked and non crosslinked isoforms of CDO have
been marginally successful. Consistent with previous results, substitution of Cys93 to serine and
Tyr157 to phenylalanine diminished but did not abolish the catalytic activity of CDO (1, 90).
Evaluating the role of the crosslink through substitution of the amino acids involved in crosslink
formation could be problematic since these residues are located in the active site and likely play
an integral role in the catalytic mechanism of CDO. To fully characterize the crosslinked and non
crosslinked isoforms, the two isoforms needed to be evaluated independently. It was previously
reported that formation of the crosslink in CDO requires the presence of ferrous iron, L-cysteine,
and dioxygen (90). Because iron is required for crosslink formation, the Fe**-chelator 1, 10-
phenanthroline was added to the cell culture shortly before induction. SDS-PAGE analysis of the
purified protein revealed the presence of a single isoform of CDO correlating with protein
lacking the crosslink. This is the first time that CDO devoid of the Cys93-Tyr157 crosslink has
been isolated and purified to homogeneity. Reconstitution of the apo non crosslinked enzyme
with ferrous iron yielded a protein with ~50 % iron, which is comparable to the value obtained
for CDO containing both isoforms. The amount of iron bound in the active site of CDO ranges
from 10-68 %, which implies that the 3-His binding site does not bind iron as tightly as the 3-
His/1-carboxylate binding site present in some cupin metalloproteins (1, 63).

There was no EPR signal observed for purified non crosslinked CDO suggesting that non

crosslinked CDO stabilizes the ferrous redox state. With the addition of cysteine, the EPR
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spectrum gave a sharp signal at g = 4.3 indicative of high spin ferric iron. The EPR studies were
performed in the presence of both cysteine and dioxygen leading to the oxidation of the iron
center. The iron center of CDO containing both isoforms was previously shown to exist in the
high-spin ferric state, and a sharp EPR signal was observed with the addition of cysteine. The
increase in the signal intensity was associated with cysteine coordinating to the metal center (91).
The change in the EPR signal may suggest direct coordination of the substrate to the active site
iron or a structural rearrangement of the active site either due to substrate binding or the presence
of the crosslink. Taken together, the non crosslinked CDO enzyme stabilizes the ferrous redox
state, but the iron is oxidized to Fe** upon exposure to cysteine and dioxygen during crosslink
formation. The requirement that reduced iron is needed for crosslink formation, may explain why
CDO containing both isoforms purified in the ferric redox state requires ascorbate in the reaction
(102).

Oxygen electrode measurements revealed an unusual biphasic activity at relatively high
concentrations of cysteine, which was associated with two chemical events taking place. The rate
of the two phases was dependent on increasing cysteine concentrations. To distinguish between
the two chemical processes, we investigated whether formation of the Cys93-Tyr157 crosslink
was responsible for the occurrence of one of the two phases. Indeed, SDS-PAGE analysis of the
samples used in activity measurements showed that increasing the concentration of cysteine in
the assay correlated with increased crosslink formation. The initial slow phase observed can be
explained as the time taken to process the Cys-Tyr crosslink which consequently leads to
activation of the enzyme as seen in the fast phase. Dioxygen consumption in the fast phase
correlated with cysteine sulfinic acid formation suggesting that the rate increase represents the

second chemical process which is cysteine oxidation. A biphasic response to cysteine oxidation

84



was recently reported in which an increase in CDO crosslink formation correlated with an
increase in the rate of cysteine sulfinic acid formation after one hour incubation with cysteine in
the presence of dioxygen (99). However, formation of the Cys93-Tyr157 crosslink in CDO is
complete in less than 10 min and therefore does not require lengthy incubation times.
Steady-state Kinetic evaluation of crosslinked CDO gave comparable results in the
presence and absence of ascorbate. The active redox state of CDO has been reported to be Fe?*,
and CDO containing both isoforms was shown to have enhanced activity with the addition of a
reductant (101). Surprisingly, results from EPR analysis of crosslinked CDO showed that the
active site iron was entirely in the ferric redox state. Furthermore, there was no observable
change in signal intensity when cysteine was added under aerobic or anaerobic conditions. This
data suggests that the active site geometry of crosslinked CDO may not be altered upon addition
of cysteine either under anaerobic or aerobic conditions. This fixed geometry is also associated
with an ~5-fold increase in the ke/Kn value over CDO containing both isoforms. It can be
rationalized that the active site of crosslinked CDO may be in an entatic state in which formation
of the crosslink constrains the metal coordination environment to adopt a geometry which
closely resembles the reactive intermediate species formed during the course of the reaction
(103). This would enhance the activity of CDO by lowering the energy required to reorganize the
active site during catalysis (103). A similar mechanistic feature is observed in blue copper
proteins in which Cu®* geometry is imposed on the Cu®" active site which enhances electron
transfer (104). Since most of the proposed mechanisms for cysteine oxidation by CDO posits the
initial formation of Fe®*" superoxo species upon binding of dioxygen to the enzyme-substrate
complex, our results suggest that the active site of crosslinked CDO with a ferric iron structurally

resembles the proposed Cys-bound Fe** intermediate. The substrate therefore enters a
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preorganized active site, which would explain the increased catalytic efficiency observed in
crosslinked CDO.

The presence of Fe** in the active site of crosslinked CDO poses the question whether
cysteine oxidation is initiated by activating dioxygen or activating the substrate for reaction with
dioxygen. Mononuclear iron enzymes that utilize dioxygen as a cosubstrate are divided into two
generalized groups: (1) dioxygen activating and (2) substrate activating enzymes (105).
Dioxygen activating enzymes utilize a ferrous site, which binds dioxygen to generate iron-
oxygen compounds that react with the substrate to form the product, while substrate-activating
enzymes utilize a high spin ferric site to activate the substrate for reaction with dioxygen. If
oxidation of cysteine in CDO follows the first mechanistic strategy, then there would need to be
an electron donor to generate Fe** for activation of dioxygen and reaction with cysteine. The
Cys93-Tyr157 crosslink could be viewed as a source of the electron required to reduce the bound
ferric iron to the ferrous form similar to galactose oxidase whose Cys-Tyr crosslink has been
extensively characterized as a free radical site (67, 86, 88). However, we did not observe any
stable tyrosyl radical species by UV-visible or EPR spectroscopy suggesting that a tyrosyl
radical may not be involved in the catalytic mechanism of crosslinked CDO. If cysteine
oxidation occurs through a substrate activation mechanism, the ferric iron of crosslinked CDO is
already primed to initiate the reaction. In this regard, spectroscopic characterization of CDO by
MCD spectroscopy showed that cysteine binds directly to high spin Fe®* in a similar manner as it
binds Fe?* via its S atom (65). Analogous to the intradiol-cleaving catechol dioxygenases that
utilize Fe** site to activate the catecholate substrate, the Fe** center in crosslinked CDO may
activate the cysteine-thiolate ligand for reaction with dioxygen. Binding of cysteine and

dioxygen to the iron center simultaneously may promote the transfer of electron density from
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cysteine sulfur to dioxygen via the metal center resulting in a sulfur ligand with a cation radical
character and Fe** superoxo species (106).

As previously shown, iron, dioxygen, and cysteine are requirements for crosslink
formation. In galactose oxidase, galactose and dioxygen are not essential for crosslink formation
suggesting that the mechanisms for CDO and galactose oxidase crosslink formation are different
(67). An anomaly from these studies is that there is complete crosslink formation at high cysteine
concentrations even though there are substoichiometric amounts of iron bound. If iron is required
for crosslink formation, then the iron would either have to transfer between active sites or an
activated cysteine substrate is directly involved and transferred between active sites. Although
there are several mechanisms proposed for crosslink formation, the question of how the crosslink
is formed to completion with substoichiometric amounts of iron in recombinant CDO has not
been addressed (90, 99). However, it is evident from the steady-state kinetic studies that
formation of the crosslink and oxidation of the bound iron to the ferric form are two critical
events that markedly enhance the catalytic efficiency of CDO. The slow phase observed in the
Kinetic assays with homogenously non crosslinked CDO may be attributed to the processes of
crosslink formation and oxidation of Fe** to Fe**. Lipoxygenases have been shown to exhibit an
analogous mechanistic strategy where the as-isolated enzyme is found in the Fe?* form which is
activated by oxidation with the fatty acid hydroperoxide product generating the catalytically
active Fe**-containing enzyme (107). The catalytic cycle in CDO therefore could proceed with
an oxidized iron center as outlined in figure 2.7 with cysteine coordinating Fe**. Binding of
cysteine to the Fe® center increases the affinity of the metal center for dioxygen binding at an
adjacent coordination site (108). Coordination of cysteine to Fe** (Fig. 2.7, I1) leads to electron

transfer from the thiolate to Fe®" to form the thiyl radical and Fe®*. The Fe?" is then able to
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activate dioxygen forming an iron superoxo intermediate (Fig. 2.7, 11l). Activation of the two
substrates would promote radical coupling between the thiyl sulfur and the distal oxygen forming
the cyclic iron peroxo complex (Fig. 2.7, V). Homolytic cleavage of the O-O bond would lead
to the formation of a sulfoxy-cation and a single oxygen atom bound to the metal center (Fig.
2.7, V). Recombination of the sulfoxy-cation and the oxygen atom would generate the Fe®'-
bound cysteine sulfinic acid product which is subsequently released from the active site by
hydrolysis (Fig. 2.7, VVI). The iron was not reduced to the ferrous state when cysteine was added
to crosslinked CDO under either anaerobic or aerobic conditions. Therefore, it is likely that
electron transfer from the cysteine thiolate occurs once dioxygen coordinates the iron center
forming a ternary complex that promotes electron transfer. This mechanism differs from the
intradiol dioxygenase enzymes where dioxygen reacts directly with the activated catechol
substrate. For the intradiol dioxygenase enzymes, the oxygen-surrogate NO is unable to
coordinate the metal center unless the iron center has been reduced (109-110). However, the
oxygen-surrogate KCN was shown to coordinate the Fe®* center of CDO in the presence of Cys,
suggesting that oxygen is able to coordinate the ferric redox form (100).

It was previously shown that CDO present in the cellular lysate exists primarily in the
non crosslinked ferrous form(101). Exposure of the enzyme to dioxygen during the purification
process consequently leads to formation of the Cys93-Tyr157 crosslink and oxidation of the iron
center. On the basis of this observation, it can be inferred that within the cell, the predominant
CDO isoform is non crosslinked CDO and the crosslink is generated as a consequence of
exposing the enzyme to increasing concentrations of cysteine. Indeed, in vivo studies
demonstrated formation of the crosslink in rats exposed to high cysteine concentrations (90).

Thus, formation of the crosslink appears to be a regulatory mechanism, which enhances the
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catalytic efficiency of CDO when the cell is exposed to high cysteine concentrations.
Differentiation between crosslink formation or catalysis lies in the oxidation state of the bound
iron. The presence of Fe?* in non crosslinked CDO favors formation of the crosslink while
presence of Fe** in crosslinked CDO favors oxidation of cysteine to cysteine sulfinic acid. The
observation that complete crosslink formation is achieved in an enzyme with substoichiometric
amounts of iron bound has interesting mechanistic implications. Further investigations are

planned to investigate how the iron free active sites acquire the crosslink.
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Figure 2.7:  Proposed mechanism for cysteine oxidation.
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Chapter 3

Investigating the Enzyme-Substrate Interactions within the Active Site of Cysteine
Dioxygenase

3.1 Introduction

Intracellular concentrations of free cysteine in mammalian organisms are regulated by
cysteine dioxygenase (CDO), an enzyme that catalyzes the irreversible oxidation of L-cysteine to
L-cysteine sulfinic acid (6). CDO is a mononuclear iron dependent enzyme that incorporates
molecular oxygen into the thiol group of L-cysteine forming the L-cysteine sulfinic acid product
(62, 94). The reaction catalyzed by CDO marks the initial step in the biosynthesis of important
metabolites including pyruvate, sulfate, and taurine (5). Several high resolution three-
dimensional structures of mammalian CDO have been determined, allowing multiple
mechanisms of L-cysteine oxidation to be proposed from a structural point of view. As illustrated
in Figure 3.1, the active site of CDO is comprised of Fe?* ion that is coordinated by His86,
His88, and His140 (1). The 3-His metal binding ligand set is an unusual feature of CDO because
it deviates from the more common 3-His/1-Glu set of ligands that coordinate the active site metal
in most cupin metalloproteins. In addition to the iron coordinating ligands, the active site of
mammalian CDO contains a novel covalent crosslink between Cys93 and Tyr157. The hydroxyl
group of Tyr157 forms a short (2.6 A) hydrogen bond with an iron coordinating water molecule
in the resting enzyme (3). Therefore, it has been proposed that the Cys-Tyr crosslink suitably

positions Tyrl57 to participate in hydrogen bonding interactions with intermediates formed
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during catalysis. Additionally, the active site of CDO contains several highly conserved residues
including Tyr58, whose position is fixed through weak m-orbital stacking interactions with Trp77
(2). The hydroxyl group of Tyr58 points directly into the active site cavity of CDO where it is
proposed to participate in hydrogen bonding interactions with the bound cysteine substrate. The
other conserved amino acid in the active site of CDO is Arg60, and based on the three
dimensional structure, this residue is well positioned to interact electrostatically with the bound
cysteine substrate (2). The three dimensional structure of human CDO in complex with L-
cysteine revealed a chelating mode of substrate binding, where the thiol and amino groups
directly coordinate the active site iron (Fig. 3.1) (1). Although data from XAS studies provided
no evidence of cysteine sulfur ligation to the iron center, results from MCD spectroscopy
supported direct cysteine sulfur and active site iron interactions (65, 111). The order of substrate
binding to the active site iron was investigated using nitric oxide (NO) which was used as a
surrogate for dioxygen binding. In these experiments, CDO was shown to be unreactive towards
NO in the absence of L-cysteine, demonstrating that this enzyme utilizes an ordered substrate
binding mechanism in which L-cysteine binds first, followed by dioxygen (66).

CDO has been shown to be highly specific for L-cysteine and it has been suggested that
the bidentate mode of substrate binding potentially contributes to the high substrate specificity
exhibited by this enzyme (1). The proposed mode of substrate binding requires initial
deprotonation of the thiol and amino groups of L-cysteine. With the available three dimensional
structures, there has been proposals that deprotonation of L-cysteine may be facilitated either by
a catalytic triad of Ser153-His155-Tyr157, a water molecule, or a nearby hydroxide molecule
(2). Experimentally, information regarding the participation of an active site base in substrate

deprotonation is still lacking.
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There are key amino acid residues within an enzyme’s active site that play active roles
during the catalytic process. Based on the available three-dimensional structures of CDO, Tyr58
and Arg60 are suitably positioned to interact with the bound cysteine substrate during catalysis
(1-2). However, limited experimental evidence is available to support this hypothesis. In the
current study, site directed mutagenesis of the two residues, accompanied by detailed kinetic and
spectroscopic investigations of the respective CDO variants were employed to provide additional
information on the participation of Tyr58 and Arg60 in catalysis. To probe substrate specificity,
molecules that are structurally analogous to L-cysteine were utilized in kinetic and spectroscopic
characterization of wild-type CDO and the variants of Tyr58 and Arg60. The protonation states
of key functional groups that are relevant to CDO catalysis were investigated through an in depth
analysis of the dependence of the kinetic parameters of wild-type CDO on pH. Our current
results provide invaluable insights into the nature of enzyme-substrate interactions, and the

protonation states of functional groups involved in catalytic events.
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3.2  Materials and methods
3.2.1 Materials:

Pfu Turbo DNA polymerase was purchased from Agilent (La Jolla, CA). DNA primers
were purchased from Invitrogen (Carlsbad, CA). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), Bis-Tris, 2-(cyclohexylamino)ethanesulfonic acid (CHES), L-cysteine,
cysteamine, D-cysteine, 3-mercaptopropionate, L-ascorbic acid, ammonium sulfate, ampicillin,
streptomycin sulfate, lysozyme, sodium dithionite, potassium chloride (KCI), Isopropyl-p-D-
thiogalactoside (IPTG), N,N,N',N'-tetramethylethylenediamine and brilliant blue R were
purchased from Sigma (St. Louis, MO). Sodium dodecyl sulfate (SDS), 30% acrylamide Bis
solution, 1.5M Tris-HCI buffer pH 8.8, and 0.5M Tris-HCI buffer pH 6.8 were purchased from
Biorad (Hercules, CA). Glycerol and sodium chloride were purchased from Macron Fine
Chemicals (Center valley, PA). Phenyl Sepharose™ 6 Fast Flow (high sub) was purchased from
GE Healthcare Biosciences, (Uppsala, Sweden). Amicon Ultrafree-MC Centrifugal Filter
Devices (10 kD MWCO) and Amicon Ultra-4 Centrifugal Filter Devices (10 kD MWCO) were
purchased from Millipore (Billerica, MA). Difco-brand Luria-Bertani (LB) media was purchased
from Becton, Dickinson and company (Sparks, MD).

3.2.2 Construction of expression vectors

The pET21a plasmid containing the rat CDO gene was used to construct the respective
CDO variants. All primers were designed as 29 base oligonucleotides with the desired
substitution. The wild-type Tyr58 codon was replaced with CGC and TTT for Y58A and Y58F
respectively, and the wild-type Arg60 codon was replaced with CGC and AAA for R60A and

R60K, respectively. The constructs were confirmed by DNA sequence analysis at Davis
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Sequencing (University of California, Davis). Successful constructs were transformed into E.
coli BL21 (DE3) competent cells and stored as glycerol stocks at -80°C for further analysis.
3.2.3 Expression and purification of wild-type CDO and CDO variants

Expression and purification of the wild-type CDO was carried out as previously
described with minor modifications (101). To obtain purified CDO variants, cells from the stored
glycerol stocks containing the respective plasmid were isolated on LB-agar plates containing 0.1
mg/mL ampicillin. A single colony was selected from the plates and was used to inoculate 5 mL
LB broth containing 0.1 mg/mL ampicillin which was grown for 6 h at 37°C. A 1% inoculum
from the 5 mL culture was used to inoculate a 100 mL LB-amp media which was grown
overnight at 37°C. 20 mL of the overnight culture was used to inoculate each of four 1 L cultures
of LB broth containing 0.1 mg/mL ampicillin. The cultures were incubated at 37°C until the Agoo
reached 0.6-0.8 after which IPTG was added to a final concentration of 0.4 mM. The cells were
incubated for an additional 6 h at 22°C. Cells were harvested by centrifugation at 5000 rpm for
20 min at 4°C. The cell pellet was resuspended in 25 mM HEPES, pH 7.5, and 10% glycerol
(v/v) supplemented with 2 pg/mL lysozyme. The supernatant following the nucleic acid
precipitation step was supplemented with 20% ammonium sulfate (w/v) and applied onto a
Phenyl Sepharose™ 6 Fast Flow column. Protein was eluted using a linear gradient from 20-
15% ammonium sulfate in 25 mM HEPES buffer, pH 7.5, and 10% glycerol. Pure protein
fractions as assessed by SDS-PAGE were pooled and concentrated by precipitation with 70%
ammonium sulfate (w/v). The protein pellet was resuspended in the desired volume of 25 mM
HEPES buffer, pH 7.5, 100 mM NaCl, and 10% glycerol. The iron loading and dialysis steps
were carried out as previously reported (101). Protein samples were divided into 500 pL

aliquots, flash frozen in liquid nitrogen and stored at -80°C.
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3.2.4 Quantitation of iron

The total iron content in the variants and wild-type CDO was determined using
inductively-coupled plasma-atomic emission spectroscopy (ICP-AES). Enzyme samples (10 puM)
prepared in 25 mM HEPES, pH 7.5 at a final volume of 600 puL were analyzed using a Perkin-
Elmer Optima 7300 DV ICP-AES (Perkin-Elmer Life Sciences, Fremont, CA). Commercial iron
standards for ICP-AES were used to generate the standard curve and the concentration of iron in
each of the prepared protein samples relative to the protein concentration was determined.
Distilled and deionized water and 25 mM HEPES buffer, pH 7.5 were used as controls. The
results are an average of three separate experiments.
3.2.5 Circular dichroism spectroscopy

Circular dichroism (CD) spectra of the variants and wild-type CDO were obtained using
10 uM of enzyme in 5 mM potassium phosphate buffer, pH 7.5. Spectra were measured using a
Jasco J-810 spectropolarimeter (Easton, MD). Measurements were taken in 0.1 nm increments
from 300 to 185 nm in a 0.1 cm path length cuvette with a bandwidth of 1 nm and a scanning
speed of 50 nm/min. All spectra were corrected by subtracting the CD spectra of the buffer
obtained under similar conditions. Each spectrum is the average of 8 accumulations.
3.2.6 Steady state kinetic analyses of the variants and wild-type CDO

Steady-state kinetic investigations of the variants and wild-type CDO were determined by
measuring the rate of dioxygen utilization using a Clark-type oxygen electrode (Hansatech, Inc.,
Norfolk, United Kingdom). The standard assay consisted of 2 uM CDO and 1 mM L-ascorbic
acid in 25 mM HEPES buffer, pH 7.5 incubated at 37°C. Reactions were initiated by the addition
of varying concentrations of L-cysteine (0.1-50 mM). Initial velocities were obtained within the

first 10 s of the reaction and plotted against substrate concentration. The data were fit to the
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Michaelis-Menten equation using KaleidaGraph™ software to obtain the steady state kinetic
parameters which were calculated as the average of three separate experiments. In reactions
where structural analogs of L-cysteine were utilized, reactions were initiated by the addition of
varying concentrations of the respective analog (0.1-50 mM) and the initial rates of the reaction
were used to determine the respective kinetic parameters.
3.2.7 Dependence of kinetic parameters of wild-type CDO on pH

The dependence of wild-type CDO kinetic parameters on pH was determined by
measuring the initial rates of dioxygen consumption at varying concentrations of L-cysteine (10
MM-20 mM) and 1 mM ascorbate, at 37°C using an oxygen electrode. The buffer system utilized
in these studies consisted of 25 mM Bis Tris (pH range of 5.8-7.2), 25 mM HEPES (pH range of
7.2-8.5) and 25 mM CHES (pH range of 8.5-10.0). The buffer system was prepared with no
additional salt because preliminary studies revealed an inhibitory response when salt was
included. Overlapping assays were performed in Bis Tris and HEPES at pH 7.2, and in HEPES
and CHES at pH 8.5 to ensure that the activities observed were not affected by the buffers
utilized. The initial reaction rates were fit to the Michaelis-Menten equation using

hTM

KaleidaGraph'" software to determine the steady state kinetic parameters. The log(ke) and

log(kea/Km) Were plotted against pH and the data were best fit to a double ionization model ( eq

h™ software.

logy = Iog{C/(l+%+%ﬂ 1)

1) using KaleidaGrap

In equation 1, H is [H'], y is Keat OF Keat/Km, C is the pH independent value of y, and K;
and K, are the dissociation constants for ionizable groups on L-cysteine bound-CDO complex.
All assays were performed in triplicate. Stability of CDO with pH was determined by two
methods. First, wild-type CDO (20 uM) was preincubated in the appropriate buffer (pH 5.8-10.0)
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at 25°C for 30 min. Then the catalytic activity of the respective preincubated enzyme
preparations was determined in 25 mM HEPES buffer, pH 7.5. The second method involved
obtaining the circular dichroism spectra of the enzyme preparations that had been preincubated at
25°C for 30 min in the appropriate buffers (pH 5.8-10.0). Each spectra was obtained using 10
KM CDO in 5 mM potassium phosphate buffer pH 7.5.
3.2.8 EPR spectroscopy

Electron paramagnetic resonance (EPR) spectra at X-band frequency (9.38 GHz) were
recorded on a Bruker EMX spectrometer (Bruker Biospin Corporation, Billerica, MA). Cooling
was performed with an Oxford Instruments ESR 900 flow cryostat and an ITC4 temperature
controller. Samples were prepared for EPR analysis by diluting the variants and wild-type CDO
to a final concentration of 100 uM in 25 mM HEPES buffer, pH 7.5, 100 mM NacCl, and 10%
glycerol in a final volume of 300 pL. In samples where L-cysteine and structural analogs of L-
cysteine were included, 10 mM L-cysteine or the respective analog was added to diluted protein
samples in a final volume of 300 pL. Each protein sample was transferred into EPR tubes and
frozen in liquid nitrogen. All spectra were recorded using the following instrument settings:
microwave frequency, 9.38 GHz; microwave power, 1.99 mW; receiver gain, 2x10*; modulation
frequency, 100 kHz; modulation amplitude, 6 G; time constant, 327.68 ms; sweep time, 335.5 s.
The EPR spectra were recorded as the sum of 2 accumulations and were normalized by

subtracting the spectrum of buffer that was used to prepare the samples.
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3.3  Results
3.3.1 Structural characterization of the CDO variants

The three-dimensional structures of CDO have revealed the presence of some highly
conserved amino acid residues that line the active site cavity. Among these residues, are Tyr58
and Arg60 which based on their location within the active site, have been proposed to play a role
in cysteine substrate coordination during catalysis (Fig. 3.1) (1-3). The three-dimensional
structure of human CDO in complex with cysteine revealed that cysteine coordinates the active
site iron via the thiol and amino groups allowing the carboxyl group to participate in hydrogen
bonding and electrostatic interactions with Tyr58 and Arg60 (1). To evaluate experimentally the
roles of Tyr58 and Arg60 in catalysis, we isolated and purified Tyr58 and Arg60 CDO variants.
It was previously shown that CDO contains a heterogenous mixture of non crosslinked and
crosslinked species which are identified by their different migration patterns on SDS-PAGE.
Mass spectroscopic and mutational analyses have revealed that the slower migrating isoform
lacks the Cys-Tyr crosslink while the faster migrating isoform contains the Cys-Tyr crosslink
(90, 98). Interestingly, analysis of the variant proteins on SDS-PAGE revealed that Y58A CDO
existed primarily as a single isoform corresponding to the slower migrating isoform of wild-type
CDO (upper band, Fig. 3.2). Conversely, the R60A CDO variant existed primarily as a single
isoform corresponding to the faster migrating isoform of wild-type CDO (lower band, Fig. 3.2).
The Y58F and R60K CDO variants showed equal proportions of the slower and faster migrating
isoforms. Circular dichroism (CD) spectra of the variant proteins were obtained to investigate
any changes in the overall secondary structure of CDO as a result of the respective substitutions.
The overlaid CD spectra of Y58A and Y58F CDO variants were comparable to the spectrum of

wild-type CDO, suggesting that substituting Tyr58 with Ala or Phe did not disrupt the gross
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secondary structure of CDO (Fig. 3.3). The CD spectra of R60A and R60K CDO were also
comparable to the spectrum of wild-type CDO, suggesting that the overall secondary structure of
CDO was not disrupted upon substitution of Arg60 with Ala or Lys (Fig. 3.4). Since the catalytic
activity of CDO depends on the presence of iron bound within the active site, the total iron
content in the CDO variants was investigated and compared with wild-type CDO. Results from
ICP-AES experiments established that the iron content in the CDO variants under investigation

was comparable to that in wild-type CDO (Table 3.1).
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Tyr58

Arg60

Figure 3.1: Active site of cysteine dioxygenase with bound L-cysteine showing the 3-His metal
binding residues and the Cys93-Tyr157 crosslink. Substrate stabilization through non covalent

interactions provided by Arg60 and Tyr58 are highlighted with red dashed lines. The structure

was taken from PDB entry 21C1.
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Figure 3.2: SDS-PAGE analysis of wild-type CDO, Y58A and R60A CDO variants. (M)
Molecular weight marker, (1) wild-type CDO, (2) Y58A CDO (3) R60A CDO. Acrylamide gels
(12%) were run with samples pretreated by boiling for 3 min in sample buffer containing 2%

SDS and 5% 2-mercaptoethanol.
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Figure 3.3: Circular dichroism spectra of wild-type CDO (—), Y58A CDO (—), and Y58F
CDO (—) variants. Measurements were taken in 0.1 nm increments from 300 to 185 nmina 0.1
cm path length cuvette with a bandwidth of 1 nm and a scanning speed of 50 nm/min. Each

spectrum is the average of 8 accumulations.
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Figure 3.4: Circular dichroism spectra of wild-type CDO (—), R60A CDO (—), and R60K
CDO (—) variants. Measurements were taken in 0.1 nm increments from 300 to 185 nmina 0.1
cm path length cuvette with a bandwidth of 1 nm and a scanning speed of 50 nm/min. Each

spectrum is the average of 8 accumulations.
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Table 3.1: Iron incorporation in wild-type, Y58A, Y58F, R60A, and R60K CDO

Enzyme % iron Bound ®
wild-type CDO 39+1
Y58A CDO 30£0.9
Y58F CDO 28 £0.6
R60A CDO 31+2
R60K CDO 31+0.7

% Total iron content relative to
protein concentration
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3.3.2 Activity analyses of the CDO variants with L-cysteine

The three-dimensional structure of CDO suggests that, based on their position within the
active site, Tyr58 and Arg60 residues may be involved in substrate coordination during catalysis.
In order to evaluate the involvement of Tyr58 and Arg60 in catalysis, steady state Kinetic
investigations were performed with Tyr58 and Arg60 CDO variants for comparison with the
wild-type enzyme. The Tyr58 CDO variants (Y58A and Y58F) exhibited a 6-fold decrease in the
Keat/ Km value compared to the wild-type enzyme (Table 3.2). The Kinetic parameters obtained
with the Arg60 CDO variants (R60A and R60K) revealed a 20-fold decrease in the ke./ Ky value
relative to the wild-type protein (Table 3.3).
3.3.3 Activity analyses of the variants and wild-type CDO with substrate analogs

Previous studies investigating substrate specificity report that CDO is highly specific for
L-cysteine (64). To evaluate the relevance of the functional groups of L-cysteine in catalysis, the
catalytic activity of wild-type CDO and the variants was investigated using compounds that are
structurally similar to L-cysteine (Fig 3.5). These compounds included cysteamine, (lacks the
carboxyl group), 3-mercaptopropionate (lacks the amino group), and D-cysteine (the D-
stereoisomer of cysteine). The Kinetic parameters were determined by monitoring the rate of
dioxygen consumption while varying the concentrations of the respective substrates (0.1-50 mM)
(Table 3.2 and 3.3). Changing the stereochemistry of the substrate from L-cysteine to D-cysteine
resulted in a 30-fold decrease in the Ke./Km value of wild-type CDO. The kca/Km values of the
Tyr58 and Arg60 CDO variants when D-cysteine was utilized as the substrate were comparable
to the kea/Kn value of wild-type CDO with the same substrate. These results are in agreement
with a recent report where the catalytic efficiency for wild-type CDO with D-cysteine was found

to be lower compared to that with L-cysteine (100). From our results, it is apparent that CDO
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demonstrates a stronger preference for L-cysteine relative to D-cysteine. The kinetic parameters
for the variants and wild-type CDO with D-cysteine are similar suggesting that D-cysteine binds
to the active sites of the respective proteins in a similar conformation which may not be optimal
for catalysis.

The catalytic relevance of the carboxyl group of L-cysteine was investigated by utilizing
cysteamine as a substrate in steady state kinetic analysis of wild-type CDO and the variants.
Interestingly, the ke value of wild-type CDO with cysteamine was analogous to the value
obtained with the L-cysteine substrate (Table 3.2). However, a pronounced (33-fold) increase in
the apparent Ky, value for cysteamine was observed which consequently led to a 32-fold decrease
in the kea/Km value. All the CDO variants under investigation exhibited ke./Km values with
cysteamine that were comparable the ke./Km value of wild-type CDO with the same substrate
(Table 3.2 and 3.3). The reduced catalytic activity observed in the respective enzymes with
cysteamine clearly demonstrates that the carboxyl group of L-cysteine is of crucial importance
for optimal catalysis. Experiments measuring hypotaurine formation revealed impaired
cysteamine oxidation in which more oxygen was utilized compared to the amount of hypotaurine
produced in wild-type CDO (data not shown). None of the respective enzymes displayed any
activity with 3-mercaptopropionate which lacks the amino group. The lack of detectable catalytic
activity with 3-mercaptopropionate suggests a key role for the amino group of L-cysteine in

substrate coordination.

107



0
|

booom
H;N T C
CH,
L,
L-cysteine
0]
oo
H;N—C—C—O0
CH,
S
CH,

S-methylcysteine

Figure 3.5:

0]
ey
0—=C (|: NH,
I
SH
D-cysteine
+ -
NH; COO
H, H,
H,C—C —SH H,C—C —SH
cysteamine 3-mercaptopropionate

108

Substrates utilized in kinetic and spectroscopic investigations.



Table 3.2: Steady-state kinetic parameters of wild-type, Y58A, and Y58F CDO ?

substrate Enzyme
parameter WT-CDO Y58A CDO Y58F CDO
L-cysteine
Kear (Min™) 55+ 1.0 85+ 10 48 +1.0
Km (MM) 0.3+0.1 3.0£05 20+0.3
Keat! Km (MM ™ min™) 180 + 40 30+6 28+5.0
D-cysteine
Keat (Min™) 15+ 0.6 10+1 21+1.0
Km (MM) 2.0+0.6 2+1 3.0+04
Kea! Km (MM min™) 6.4 £2.0 4220 6.5+ 1.0
cysteamine
Keat (Min™) 63+ 3.0 61 +5.0 41+2.0
Km (MM) 10+1 10+2 6+1

kea! Km (MM?*min™?) 5.6 +0.6 6.3+ 1.0 6.9+0.7
3-mercaptopropionate

kear (Min'™) ND ° ND ND

Km (MM)

Kear! K (MM ™-min™)

% Initial rates investigated rate of dioxygen consumption at varying concentrations of the
respective substrates (0.1-50 mM) in 25 mM HEPES buffer, pH 7.5
® No activity detected at all substrate concentrations

109



Table 3.3: Steady-state kinetic parameters for wild-type, R60A, and R60K CDO ?

substrate Enzyme
parameter WT-CDO R60ACDO R60K CDO
L-cysteine
Kear (Min™) 55+ 1.0 13+ 2.0 56 + 0.4
Km (MM) 0.3+0.1 2.0+ 0.6 47+ 0.3
kea! Km (MM™-min™) 180 + 40 8.6 + 4.0 12+ 0.8
D-cysteine
Kear (Min™) 15+ 0.6 13+ 0.2 11+ 0.3
Km (MM) 2006  3.0=% 07 29+ 0.6
Keat! Km (MM min") 6.4 £2.0 41+ 09 3.6+ 0.7
cysteamine
Keat (Min™) 63+ 3.0 36+ 2.0 39+ 1.0
Km (MM) 10+1 17+ 2.0 10 + 0.8
Keat! Km (MM min?) 5.6 £0.6 22+ 0.3 3.8+ 0.3

3-mercaptopropionate
kear (Min™) ND ° ND ND
Km (MM)
keat! Km (MM ™-min™)

# Initial rates investigated rate of dioxygen consumption at varying concentrations of the
respective substrates (0.1-50 mM) in 25 mM HEPES buffer, pH 7.5
® No activity detected at all substrate concentrations
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3.3.4 Probing the effect of L-cysteine and cysteine analogs on the metal coordination site
of wild-type CDO

It was previously shown that in the absence of substrate, purified wild-type CDO exhibits
a characteristic EPR signal at g = 4.3, typical of high spin ferric iron (Fig. 3.6A, green trace)
(101). Upon addition of L-cysteine, the intensity of the ferric EPR signal increases sharply
indicating the direct coordination of the substrate to the active site iron (Fig. 3.6A, dark blue
trace). To probe the contribution of the various functional groups of L-cysteine in the formation
of the intensified EPR signal, the L-cysteine substrate was substituted with D-cysteine,
cysteamine, 3-mercaptopropionate, and S-methylcysteine. Interestingly, addition of D-cysteine
to wild-type CDO yielded an identical spectrum as that of wild-type CDO with L-cysteine (Fig.
3.6A, light blue trace). The striking spectra similarity of wild-type CDO with D-cysteine and
with L-cysteine possibly indicates that the mode of coordination of the two substrates to the
active site iron may be the same, since they both have the same functional groups but are
isomers. The effect of the carboxyl group of L-cysteine on the metal coordination environment
was investigated using cysteamine. Addition of cysteamine to wild-type CDO also resulted in an
increased EPR signal intensity at g = 4.3 (Fig. 3.6A, red trace). However, the EPR signal
observed with cysteamine was considerably smaller than that observed with L-cysteine.
Although, there was no activity with 3-mercaptopropionate, the effect of the amino group on the
metal coordination environment was investigated. Addition of 3-mercaptopropionate to wild-
type CDO also resulted in an increase in the intensity of the ferric EPR signal (Fig. 3.6A, black
trace). The EPR spectra of wild-type CDO with cysteamine and 3-mercaptopropionate were
more axial compared to the rhombic spectra of wild-type CDO with D-cysteine and with L-
cysteine. All the substrates analyzed thus far have a thiol group. To evaluate whether the

presence of the thiol group was essential for substrate coordination to the iron center, S-
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methylcysteine was utilized in the EPR investigations. Interestingly, addition of S-
methylcysteine to wild-type CDO did not alter the EPR signal of the enzyme (Fig. 3.6B, dark
blue trace). The effect of the product of L-cysteine oxidation on the iron coordination
environment was also investigated by obtaining the spectrum of wild-type CDO in the presence
of L-cysteine sulfinic acid (Fig. 3.6B, light blue trace). There was no observable change in the
spectrum of wild-type CDO with and without L-cysteine sulfinic acid. The lack of observable
changes in the EPR of wild-type CDO in the presence of S-methylcysteine and L-cysteine
sulfinic acid demonstrates that the thiol group of L-cysteine is essential in substrate coordination.

3.3.5 Evaluating the effect of L-cysteine and cysteine analogs on the metal coordination
site of the CDO variants

To further investigate the role of second sphere interactions with the bound cysteine
substrate, L-cysteine and cysteine analogs were utilized in the EPR analyses of the Tyr58 and
Arg60 CDO variants. The hydroxyl group of Tyr58 points directly into the active site as shown
in figure 3.1, where it is proposed to participate in hydrogen bonding interactions with the
carboxyl group of the bound cysteine substrate. Substitution of Tyr58 with either Phe or Ala may
disrupt these interactions and consequently alter the metal binding site when L-cysteine is
coordinated. The green EPR traces represent the EPR spectra of the Y58F and Y58A CDO
variants (Fig. 3.7A and B, respectively). The characteristic EPR signal at g = 4.3 was also
observed in these CDO variants, indicating that the two enzymes also contain the high spin ferric
species observed in wild-type CDO. The changes observed in the EPR signal intensities upon
addition of either L-cysteine, D-cysteine, cysteamine, 3-mercaptopropionate, or S-methylcysteine
to Y58F CDO were similar to those observed with wild-type CDO (Fig. 3.7A). The similarity
between the EPR spectra of Y58F and wild-type CDO may indicate that the respective substrates

had similar effects on the metal coordination environments of the two enzymes. The changes
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observed in the EPR spectra of Y58A CDO in the presence of the respective substrates were also
comparable to those observed with the wild-type enzyme, with some slight variations with some
substrates. For example, the EPR signal of Y58A CDO with 3-mercaptopropionate was notably
smaller, (Fig. 3.7B, black trace), compared to the signal of wild-type CDO with the same
substrate. The variations observed in the EPR spectra of Y58A CDO demonstrate that the metal
binding site may have been altered upon the less conservative substitution of Tyr58 to Ala.

One of the charged amino acid residues in the active site of CDO is Arg60. It has been
proposed from the three-dimensional structure of CDO that Arg60 stabilizes the bound substrate
through hydrogen bonding and electrostatic interactions (2). The EPR spectra of R60K and
R60A CDO variants revealed that the active site iron in these variants was also in the ferric
redox state (Fig. 3.8A and 3.8B, respectively). Since substitution of Arg60 with Lys is a
conservative substitution, the changes observed in the EPR signal intensities upon addition of L-
cysteine and the respective cysteine analogs to R60K CDO were essentially similar to those
observed with the wild-type enzyme (Fig. 3.8A). However, some slight variations were observed
in the EPR spectra of R60A CDO in the presence of the respective substrates. Some of the more
notable variations were observed with cysteamine and 3-mercaptopropionate (Fig. 3.8B, red and
black traces respectively). The EPR signal intensity of R60A CDO with cysteamine was
considerably smaller compared to the signal of wild-type CDO with the same substrate, and even
more minimal was the EPR signal of R60A CDO in the presence of 3-mercaptopropionate. The
observed variations in the EPR spectra of R60A with the respective analogs indicate that the

metal binding site had been disrupted upon substitution of Arg60 with Ala.
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Figure 3.6A: X-band EPR spectra of wild-type CDO showing the effects of various substrates
on the metal coordination environment. Substrate free wild-type CDO (-—); wild-type CDO with
10 mM L-cysteine (—); wild-type CDO with 10 mM D-cysteine (—); wild-type CDO with 10
mM cysteamine (—); wild-type CDO with 10 mM 3-mercaptopropionate (—). Spectra were
taken with 100 uM protein in 25 mM HEPES buffer, pH 7.5, 100 mM NaCl, and 10% glycerol.
All spectra were recorded at 9.38 GHz, with a field modulation frequency of 100 kHz and

modulation amplitude of 6 G. All spectra were recorded at 8-10 K.
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Figure 3.6B: X-band EPR spectra of wild-type CDO showing the effects of S-methylcysteine
and L-cysteine sulfinic acid on the metal coordination environment. Substrate free wild-type
CDO (—); wild-type CDO with 10 mM S-methylcysteine (—); wild-type CDO with 10 mM L-
cysteine sulfinic acid (—). Spectra were taken with 100 uM protein in 25 mM HEPES buffer, pH
7.5, 100 mM NaCl, and 10% glycerol. All spectra were recorded at 9.38 GHz, with a field
modulation frequency of 100 kHz and modulation amplitude of 6 G. All spectra were recorded at

8-10 K.
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Figure 3.7A: X-band EPR spectra of Y58F CDO variant showing the effects of various
substrates on the metal coordination environment.Y58F CDO without substrate (—); Y58F CDO
with 10 mM L-cysteine (—); Y58F CDO with 10 mM D-cysteine (—); Y58F CDO with 10 mM
cysteamine (—); Y58F CDO with 10 mM 3-mercaptopropionate (—); Y58F CDO with 10 mM
S-methylcysteine (—). Spectra were taken with 100 uM protein in 25 mM HEPES buffer, pH
7.5, 100 mM NacCl, and 10% glycerol. All spectra were recorded at 9.38 GHz, with a field
modulation frequency of 100 kHz and modulation amplitude of 6 G. All spectra were recorded at

8-10 K.
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Figure 3.7B: X-band EPR spectra of Y58A CDO variant showing the effects of various
substrates on the metal coordination environment.Y58A CDO without substrate (—); Y58A
CDO with 10 mM L-cysteine (—); Y58A CDO with 10 mM D-cysteine (—); Y58A CDO with 10
mM cysteamine (—); Y58A CDO with 10 mM 3-mercaptopropionate (—); Y58A CDO with 10
mM S-methylcysteine (—). Spectra were taken with 100 uM protein in 25 mM HEPES buffer,
pH 7.5, 100 mM NaCl, and 10% glycerol. All spectra were recorded at 9.38 GHz, with a field
modulation frequency of 100 kHz and modulation amplitude of 6 G. All spectra were recorded at

8-10 K.
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Figure 3.8A: X-band EPR spectra of R60K CDO variant showing the effects of various
substrates on the metal coordination environment. R60K CDO without substrate (—); R60K
CDO with 10 mM L-cysteine (—); R60K CDO with 10 mM D-cysteine (—); R60K CDO with 10
mM cysteamine (—); R60K CDO with 10 mM 3-mercaptopropionate (—); R60K CDO with 10
mM S-methylcysteine (—). Spectra were taken with 100 uM protein in 25 mM HEPES buffer,
pH 7.5, 100 mM NaCl, and 10% glycerol. All spectra were recorded at 9.38 GHz, with a field
modulation frequency of 100 kHz and modulation amplitude of 6 G. All spectra were recorded at

8-10 K.
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Figure 3.8B: X-band EPR spectra of R60A CDO variant showing the effects of various
substrates on the metal coordination environment. R60A CDO without substrate (—); R60A
CDO with 10 mM L-cysteine (—); R60A CDO with 10 mM D-cysteine (—); R60A CDO with 10
mM cysteamine (—); R60A CDO with 10 mM 3-mercaptopropionate (—); R60A CDO with 10
mM S-methylcysteine (—). Spectra were taken with 100 uM protein in 25 mM HEPES buffer,
pH 7.5, 100 mM NaCl, and 10% glycerol. All spectra were recorded at 9.38 GHz, with a field
modulation frequency of 100 kHz and modulation amplitude of 6 G. All spectra were recorded at

8-10 K.
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3.3.6 Dependence of wild-type CDO kinetic parameters on pH

To evaluate the ionization states of groups participating in the dioxygenation reaction of
CDO, steady state kinetic parameters of wild-type CDO as a function of pH were determined.
Analysis of the stability of wild-type CDO with pH using circular dichroism spectroscopy
revealed that the enzyme was stable over the entire experimental pH range (5.8-9.5). This was
demonstrated by the unperturbed overall secondary structure of CDO that had been preincubated
in the respective pH values (Fig. 3.9). Additionally, the catalytic activity of CDO preincubated at
the various pH values was restored when the enzyme was assayed at pH 7.5. The pH dependence
of keat as a function of pH is illustrated in figure 3.10A. Two ionizable groups are apparent in the
keat PH profile, one with a pK; value of 6.60 = 0.02 and the other one with a pK; value of 8.6 +
0.1. The observed pK, values in the ke, pH profile indicate that in the enzyme substrate complex,
a group with a pK; value of 6.6 should be in the unprotonated state and another group with a pK,
value of 8.6 should be protonated for catalysis to take place through product release. The pH
profile of ke/Ky Which is illustrated in figure 3.10B, also revealed two ionizable groups with
pK, values of 7.60 £ 0.02 and 9.3 = 0.3. This suggests that two groups in the free enzyme or in
the free substrate, one with a pK, value of 7.6 must be unprotonated and another group with a
pK, value of 9.3 must be in the protonated form to commit the reaction through the first

irreversible step.
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Figure 3.9: Circular dichroism spectra showing the stability of wild-type CDO with varying pH.
Wild-type CDO before preincubation (—); preincubation at pH 5.8 (—); at pH 6.0 (—); at pH
7.5 (—); at pH 8.0 (——); at pH 9.0 (—); at pH 10.0 (—); Measurements were taken in 0.1 nm
increments from 300 to 185 nm in a 0.1 cm path length cuvette with a bandwidth of 1 nm and a

scanning speed of 50 nm/min. Each spectrum is the average of 8 accumulations.
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Figure 3.10A: Dependence of ke, values of wild-type CDO on pH. Initial rates investigated the
rate of dioxygen utilization at varying concentrations of L-cysteine (0.01-20 mM) in either 25
mM Bis Tris (pH range of 5.8-7.2), 25 mM HEPES (pH range of 7.2-8.5), or 25 mM CHES (pH
range of 8.5-10.0). All assays contained 1 mM L-ascorbate. Each point is an average of 3

separate experiments. The solid line is a theoretical curve generated by a fit to eq 1.
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Figure 3.10B: Dependence of ke/Kn, values of wild-type CDO on pH. Initial rates investigated
the rate of dioxygen utilization at varying concentrations of L-cysteine (0.01-20 mM) in either 25
mM Bis Tris (pH range of 5.8-7.2), 25 mM HEPES (pH range of 7.2-8.5), or 25 mM CHES (pH
range of 8.5-10.0). All assays contained 1 mM L-ascorbate. Each point is an average of 3

separate experiments. The solid line is a theoretical curve generated by a fit to eq 1.
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3.4  Discussion

The available three dimensional structures of CDO have provided invaluable information
regarding the active site which is poised for the dioxygenation reaction. The active site iron is
coordinated by only 3-His residues which is a deviation from the more common 3-His/1-Glu
coordination pattern observed in cupin metalloproteins (1-3). The three-dimensional structure of
human CDO in complex with L-cysteine showed that the 3-His metal binding site is important
for coordinating L-cysteine in a bidentate fashion through the thiol and amino groups (1). This
mode of L-cysteine coordination is a smart strategy that opens up a coordination site for the
dioxygen substrate to bind leading to the subsequent oxidation of L-cysteine. Substrate
coordination via the amino and thiol groups places the carboxyl group of L-cysteine at a
favorable distance for electrostatic and H-bonding interactions with Tyr58 and Arg60. The three
dimensional structures of CDO have therefore provided insight into the mechanistic roles of
Tyr58 and Arg60 in substrate coordination. However, the roles of these two residues have not
been evaluated experimentally. We sought to address this issue through the detailed comparative
analysis of the variants of Tyr58 and Arg60 with the wild-type enzyme. Structural
characterization of the respective variants using circular dichroism spectroscopy showed that the
overall secondary structure of CDO was not disrupted with the respective substitutions.
Additionally, iron incorporation in all the variants was comparable with wild-type CDO
indicating that Tyr58 and Arg60 are not directly involved in the stability of the active site iron.

Our results revealed that recombinant Y58A CDO exists primarily in the non crosslinked
isoform. Previous studies have shown that formation of the Cys-Tyr crosslink in CDO requires
the presence of the substrate, L-cysteine (90, 100). Substitution of Tyr58 with Ala may disrupt

substrate coordination within the active site which prevents formation of the crosslink during
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protein expression in Y58A CDO. Additionally, steady state kinetic investigations of Y58A and
Y58F CDO variants revealed a 6-fold decrease in the ke./Km value relative to that of wild-type
CDO, suggesting that Tyr58 plays an essential role in catalysis. The conservative substitution of
Arg60 with Lys had no effect on the ke value but the Ky, value for L-cysteine was increased by
~15-fold suggesting that Arg60 plays an important role in catalysis. The observation that R60A
CDO exists primarily in the crosslinked form was quite intriguing, especially because previous
studies have shown that the presence of the Cys-Tyr crosslink enhances the catalytic activity of
CDO. On the contrary, a ~20-fold decrease in the ke./Kn value for R60A CDO was observed.
Based on the three-dimensional structure of CDO, Arg60 has been proposed to interact with the
hydroxyl group of Tyrl57 through a hydrogen bond network involving Arg60, His155, and
Tyr58 (1). It can be rationalized that the disruption of these interactions through substitution of
Arg60 with Ala could move Tyrl157 closer to Cys93 leading to crosslink formation. Therefore,
formation of the crosslink in R60A does not correlate with activation of the enzyme. The reduced
activity observed with the Arg60 CDO variants provides experimental evidence that Arg60 plays
an integral role in catalysis, by possibly stabilizing the bound cysteine substrate through
electrostatic interactions.

Steady state kinetic investigations of the variants and wild-type CDO with substrates that
are structurally analogous to L-cysteine have provided useful information regarding the relevance
of the various functional groups of L-cysteine in binding and catalysis. The active site of CDO
displays remarkable catalytic stereospecificity which is evidenced by the reduced catalytic
activity with D-cysteine. The Kinetic parameters of the variants and wild-type CDO with D-
cysteine were similar, suggesting that the mode of interaction of D-cysteine with the active sites

of the respective proteins may be identical. The observation that D-cysteine does not discriminate
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between the active sites of the variants and wild-type CDO provides additional evidence that D-
cysteine is not a preferred substrate for CDO.

Cysteamine was previously shown to enhance the catalytic activity of CDO but it was not
a substrate in that particular study (63). However, in our current studies with cysteamine, the Keat
values of the variants and wild-type CDO were comparable to those observed with L-cysteine. In
addition, R60A CDO actually exhibited higher ke values with cysteamine than with L-cysteine,
but the overall catalytic efficiency was decreased. It is likely that cysteamine binds the active
sites of the respective enzymes in a similar manner as L-cysteine, via the thiol and amino groups.
Unlike L-cysteine, cysteamine may not be optimally coordinated because it lacks the carboxyl
group which provides additional stability in the active site. Cysteamine is a product of coenzyme
A degradation and is oxidized by cysteamine dioxygenase (ADO) to hypotaurine which is
subsequently oxidized to taurine. Sequence analysis suggests that ADO is also a member of the
cupin superfamily and the enzyme utilizes a similar active site metal coordinating ligand set as
that observed in CDO (112). Additionally, it has been reported that mammalian ADO migrates as
two or three bands on SDS-PAGE, suggesting a possible post translational modification as that
observed in CDO, although further studies are required to verify such a possibility (112). ADO is
highly specific for cysteamine and does not oxidize cysteine (39). While CDO contains
substoichiometric amounts of iron bound in the active site, ADO contains stoichiometric
amounts of iron suggesting that the active sites of the two thiol dioxygenases may be different
and selective towards their respective reactions (39).

Previous studies have shown that 3-mercaptopropionate inhibits CDO (63). In our Kinetic
investigations, there was no detectable activity with 3-mercaptopropionate. Oxidation of 3-

mercaptopropionate is catalyzed by 3-mercaptopropionate dioxygenase which also can not use
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either cysteine or cysteamine as a substrate, further demonstrating the specificity exhibited by
thiol dioxygenases for their respective reactions.

Additional insights into the nature of enzyme-substrate interactions were provided by
EPR analyses of the variants and wild-type CDO in the presence of alternative substrates. The
similarity between the EPR spectra of wild-type CDO with L-cysteine and with D-cysteine was
indeed striking, suggesting that altering the stereochemistry from L-cysteine to D-cysteine does
not affect binding of the two substrates in the active site of CDO. As illustrated in figure 3.1, the
bidentate coordination of L-cysteine to the active site iron places the carboxyl group in a
favorable position for additional stabilizing interactions with Arg60 and Tyr58. These substrate
stabilizing interactions may be disrupted by a change in stereochemistry from L-cysteine to D-
cysteine. Therefore, the reduced catalytic efficiency observed with D-cysteine may not be due to
compromised binding, but can be attributed to the disruption of important substrate stabilizing
interactions as a result of a misplaced functional group. The EPR spectra of wild-type CDO in
the presence of L-cysteine and D-cysteine were more rhombic compared to the spectra of CDO
with cysteamine and 3-mercaptopropionate, which were more axial. It is worth noting that
among the substrate analogs utilized; only L-cysteine and D-cysteine could induce formation of
the Cys-Tyr crosslink within the active site of CDO. Therefore, the differences in anisotropy
could be attributed to the presence of the Cys-Tyr crosslink which has been proposed to fix the
position of Tyr157 for stabilization of reaction intermediates during catalysis.

The EPR signal observed in wild-type CDO with cysteamine was considerably smaller
compared to that with L-cysteine. The carboxyl group of L-cysteine may anchor the substrate
optimally within the active site for catalysis to take place. This additional stability of the

enzyme-substrate complex offered by the carboxyl group is missing in cysteamine leading to the
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reduced signal intensity with cysteamine relative to that with L-cysteine. Addition of 3-
mercaptopropionate to wild-type CDO displayed a comparable signal as that with cysteamine. It
can be argued that 3-mercaptopropionate coordinates the active site iron via the thiol group
alone, such that the carboxyl group interacts favorably with the guanidinium group of Arg60.
The minimal change in the EPR signal intensity observed in R60A CDO in the presence of 3-
mercaptopropionate provides evidence to support monodentate coordination through the thiol
group. Regardless of the mode of binding, 3-mercaptopropionate is not a catalytically viable
substrate for CDO.

In addition to structural data, results from MCD and resonance Raman spectroscopies
were also consistent with the bidentate mode of substrate coordination via the thiol and amino
groups of L-cysteine (65). However, data from XAS studies provided no evidence for sulfur
ligation to the iron center (111). To investigate whether the thiol group of L-cysteine coordinates
the active site iron, S-methylcysteine and L-cysteine sulfinic acid were utilized in the EPR
investigations. There were no observable changes in the EPR spectra of wild-type CDO in the
absence and in the presence of the two compounds. The terminal methyl group of S-
methylcysteine blocks the thiol group from coordinating with the active site iron. The lack of
observable changes in the EPR spectra of wild-type CDO in the presence of S-methylcysteine
and L-cysteine sulfinic acid demonstrates that a free thiol group is required in order for the
substrate to coordinate the active site iron. Additional insights regarding the metal binding site of
CDO were obtained through the EPR analyses of Tyr58 and Arg60 CDO variants, in the
presence of L-cysteine and cysteine analogs. The EPR spectral features observed with the
conservative substitutions (Y58F and R60K) were comparable to those of the wild-type enzyme,

indicating that the metal coordination environment of these variants was similar to that of wild-
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type CDO. However, slight variations were observed with Y58A and R60A CDO variants in the
presence of cysteamine and 3-mercaptopropionate where the EPR signals were notably smaller.
The variations observed with the non conservative substitutions demonstrate that substrate
coordination may be altered in these variants.

The effective and productive interaction of an enzyme with the substrate often requires
that some functional groups be in their protonated state and other functional groups be in their
deprotonated state for catalysis to take place. To investigate the required protonation states of
groups involved in CDO catalysis/crosslink formation, the pH dependence of ks and Kea/Km
values of wild-type CDO was determined. The pH dependence on ke values revealed two
ionizable groups with pK, values of 6.60 + 0.02 and 8.60 + 0.06. Because the pK, values
observed in the ke pH profile represent ionizable groups on the enzyme-substrate complex that
are required for catalysis up through product release, the lower pK, value of 6.6 may represent an
active site His residue which is important in catalysis. The His155 residue is located 5.9 A away
from the catalytic iron and participates in a hydrogen bond network involving Tyr58, Arg60, and
Tyrl57 (1). It is likely that His155 functions as an active site base in proton abstraction from the
cysteine substrate. However, additional experiments are necessary in order to positively assign
His155 as the active site base. The higher pK; value of 8.6 may possibly represent either Tyr157
(pKa =10.46) or Arg60 (pK, = 12.48). These amino acid residues require being in their
protonated state for catalysis to take place. In the proposed mechanism for formation of the Cys-
Tyr crosslink which precedes oxidation of L-cysteine, a proton coupled electron transfer (PCET)
process has been proposed in which iron bound superoxo intermediate is further reduced to a
peroxo species. The proton donor in this step has been proposed to be Tyr157 but further work is

required in order to assign Tyrl57 the role of an active site acid. A pK, value of 8.6 is slightly
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displaced relative to the pK, values of Tyr157 and Arg60 but it is not unusual for pK, values to
be perturbed depending on the micro environment of the amino acids and as a result of formation
of the enzyme-substrate complex (113). The pH dependence on Ke/Kn values revealed two
ionizable groups with pK, values of 7.60 + 0.02 and 9.3 + 0.3. The pK, values observed in the pH
profile of ke./Km represent the required protonation states for binding and catalysis of groups on
the free enzyme and the free substrate in order for the reaction to commit through the first
irreversible step (113). It is likely that the low pK; value of 7.6 represents the ionization of L-
cysteine substrate which requires being deprotonated so that it can bind the active site iron. It is
also possible that the pK, of 7.6 represents the same residue (His155) observed in the ke, profile
that requires being in the deprotonated form, and is probably the active site base. Further
experimental work is required in order to deduce which functional group contains the observed
pK, value. The higher pK, value of 9.3 may possibly represent the same group observed in the
Keat profile, which is Arg60 or Tryl57. The Arg60 residue is in close proximity to the metal
center and participates in the hydrogen bond network involving Tyrl57, Tyr58, and His155 (1).
In the crystal structure of human CDO in complex with L-cysteine, the guanidinium group of
Arg60 is at a favorable distance (2.3 and 2.9 A) to interact electrostatically with the carboxyl
group of L-cysteine (1). Deprotonation of Arg60 may interfere with this interaction and
consequently destabilize the bound substrate, hence the decrease in catalytic activity of wild-type
CDO at higher pH values.

In summary, our results demonstrate that Arg60 and Tyr58 are strategically positioned
within the active site of CDO to stabilize the bound substrate through hydrogen bonding and
electrostatic interactions. This stabilization is facilitated by the bidentate coordination of L-

cysteine to the active site iron through the thiol and amino groups, effectively placing the
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carboxyl group of the substrate at a favorable position to interact with Arg60 and Tyr58. The
bidentate mode of substrate coordination is also responsible for the remarkable substrate
specificity exhibited by CDO. The pH studies have provided invaluable insights into the relevant
protonation states of groups participating in binding and catalysis and our results have identified
potential amino acid residues involved in acid/base catalysis. Additional work is planned in order

to positively assign the observed pK, values to the proposed amino acids.
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Chapter Four

Summary

Regulation of intracellular concentration of cysteine is an important physiological process
that is dependent on the mononuclear non-heme iron enzyme, cysteine dioxygenase (CDO).
CDO catalyzes the oxidation of L-cysteine to form L-cysteine sulfinic acid. The product of this
reaction is a branchpoint between two metabolic pathways. In one pathway, L-cysteine sulfinic
acid may undergo a decarboxylation reaction catalyzed by cysteine sulfinate decarboxylase,
(CSD) to form hypotaurine. Further oxidation of hypotaurine leads to formation of taurine, a
metabolite with a broad range of physiological functions. The potential role of taurine in
protection against cardiovascular diseases has attracted considerable attention in recent years. In
addition to lowering the level of low density lipoproteins (LDL) which contribute to plaque
buildup on the arterial walls, taurine plays a key role in the detoxification of cholesterol through
conjugation into bile acids, a process that vastly increases the solubility of cholesterol and
facilitates its excretion (26). Taurine has been described as a potent antioxidant although it is
incapable of scavenging the common oxidants like superoxide, hydrogen peroxide, and hydroxyl
radical. The antioxidant benefits of taurine arise from its ability to neutralize hypochlorous acid,
which is a very powerful oxidant produced by neutrophils, and it is converted to a less toxic
form, N-chlorotaurine (28, 114). The alternate pathway of L-cysteine sulfinic acid catabolism
involves a transamination reaction with a-ketoglutarate to form B-sulfinylpyruvate in a reaction

catalyzed by aspartate amino transferase. Further catabolism of B-sulfinylpyruvate may lead to
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formation of pyruvate and sulfite. Subsequent oxidation of sulfite by sulfite oxidase generates
sulfate which may either be excreted or used in other sulfur dependent transformations. The rate
limiting step towards formation of either taurine or pyruvate and sulfite is the reaction catalyzed
by CDO. Therefore, in addition to playing a central role in maintaining appropriate
concentrations of cellular cysteine, CDO initiates the formation of metabolites with important
physiological roles.

The available three-dimensional structures of CDO have revealed two interesting features
within the active site. First, the catalytic site is comprised of a mononuclear iron ligated by 3-His
residues (His86, His88, and His140). This is a deviation from the 3-His/1-Glu ligand set that is
commonly observed in most cupin metalloproteins. The rationale for such a variation in metal
coordination is still unclear. However, the current evidence points towards the possibility that
this variation might be a mechanistically driven strategy, in order to carry out the dioxygenation
reaction more efficiently. Second, in close proximity to the active site iron is a covalent crosslink
between Cys93 and Tyr157. The presence of this crosslink has triggered considerable attention
regarding its physiological relevance and the factors that lead to its biogenesis. Purified wild-
type CDO exists as a heterogenous mixture of two isoforms, in which one isoform contains the
Cys-Tyr crosslink while the other isoform lacks the crosslink. Because of their identical physical
properties, efforts to separate the two isoforms have not been successful. In fact, previous
characterization of CDO has involved a heterogenous mixture of both the crosslinked and non
crosslinked isoforms. The studies presented in this dissertation have focused on understanding
the mechanistic strategies employed by CDO towards L-cysteine oxidation. This objective was
achieved using two main approaches: First, to investigate the role of the Cys-Tyr crosslink in the

active site of CDO, a protocol was developed to separate the crosslinked and non crosslinked
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CDO isoforms. Characterization of the individual isoforms has provided a more thorough kinetic
and spectroscopic evaluation of the crosslinked and non crosslinked forms of CDO. The second
approach investigated the key enzyme-substrate interactions that are relevant to CDO catalysis.
The role of outer sphere residues in catalysis was evaluated through mutational analysis of Tyr58
and Arg60 residues which have been proposed to interact with the bound cysteine substrate.
Additionally, substrates which are structurally similar to L-cysteine were utilized to probe the
relevance of the functional groups of L-cysteine in substrate coordination.
4.1  Analysis of non crosslinked and crosslinked CDO

Previous investigations suggested that cysteine, iron and dioxygen are a prerequisite for
the biosynthesis of the Cys-Tyr crosslink in CDO (90). On this basis, an expression protocol was
designed that required CDO to be expressed and purified under iron depleted conditions. The
protocol involved the addition of 1,10-phenanthroline to the cell culture shortly before induction.
Analysis of the purified protein revealed the presence of a single isoform that correlated with the
non crosslinked form of CDO. Because the catalytic activity of CDO is dependent on the
presence of iron within the active site, purified non crosslinked CDO was reconstituted with
ferrous iron and the reconstituted enzyme contained ~50 % iron. The oxidation state of the bound
iron in non crosslinked CDO was probed using EPR spectroscopy and the results indicate that
the homogenously non crosslinked CDO stabilizes the EPR silent ferrous redox state. A sharp
EPR signal was observed at g = 4.3 upon addition of L-cysteine to non crosslinked CDO,
suggesting the direct coordination of L-cysteine to the metal center. One striking feature
regarding the work presented in this dissertation is the unusual biphasic activity observed with
non crosslinked CDO at relatively high concentrations of L-cysteine. There was an initial slow

phase which was attributed to the process of Cys-Tyr crosslink formation which consequently
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led to activation of the enzyme in the fast phase, which corresponded with L-cysteine oxidation.
The observation that formation of the Cys-Tyr crosslink correlated with enzyme activation was
quite intriguing and required the steady state kinetic parameters of the homogenously crosslinked
enzyme to be obtained. Interestingly, steady state Kkinetic evaluation of homogenously
crosslinked CDO revealed an ~5-fold increase in the kea/Km value over the wild-type enzyme that
contained a heterogenous mixture of the non crosslinked and crosslinked CDO isoforms. Further
evaluation of homogenously crosslinked CDO using EPR spectroscopy revealed that the active
site iron was purely in the ferric redox state, characterized by the sharp EPR signal at g = 4.3.
Additionally, there was no observable change in the EPR signal intensity upon addition of L-
cysteine to crosslinked CDO under anaerobic or aerobic conditions, suggesting that the active
site geometry was not altered in the presence of the substrate. The observation that crosslinked
CDO exists in the oxidized Fe** form was indeed surprising because the reported oxidation state
of active site iron in CDO containing a heterogenous mixture of crosslinked and non crosslinked
isoforms is Fe** (115). It is likely that the reports on the redox state of CDO only consider the
oxidation state of the non crosslinked population of CDO. The current studies have
unequivocally demonstrated that the two isoforms have distinct oxidation states which commit
CDO towards either crosslink formation or cysteine oxidation.
4.2  Physiological relevance

CDO that is present in the cell lysate exists primarily in the non crosslinked ferrous form,
and the crosslink is generated during the process of aerobic expression and purification of the
enzyme (101). On this basis, it can safely be concluded that within the cell, the predominant
form of CDO is the non crosslinked isoform. Given the observation that non crosslinked CDO is

readily converted to the crosslinked form on exposure to high concentrations of cysteine under
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aerobic conditions, it can also be concluded that the Cys-Tyr crosslink in CDO is formed when
the enzyme is subjected to high concentrations of cysteine within the cell. The dependence of
crosslink formation on cysteine can be viewed as a regulatory mechanism in which CDO
achieves maximum catalytic competence at high cysteine concentrations, facilitating the removal
of excess cysteine from the cell which could otherwise be potentially toxic. When cellular
concentrations of cysteine become limiting, the Cys-Tyr crosslink is not formed. Subsequently,
CDO is not activated and in fact, studies have shown that at low concentrations of cysteine, CDO
is ubiquitinated and degraded by the 26S proteosome (7).The overall effect is the conservation of
the available cysteine which is then channeled to other biosynthetic pathways such as protein
synthesis, formation of coenzyme A, and glutathione biosynthesis. The data presented in this
dissertation is in good agreement with in vivo studies, where it was demonstrated that CDO that
was isolated from the liver of rats fed a low protein (cysteine) containing diet was mainly in the
non crosslinked form. Conversely, the enzyme that was isolated from the liver of rats fed a high
protein (cysteine) containing diet was mainly in the crosslinked form (6, 90, 116).The tight
cysteine dependent regulation of CDO activity/concentration in mammalian organisms clearly
demonstrates that cysteine homeostasis is indeed an essential physiological process.
4.3  Enzyme-substrate interactions within the active site of CDO

Based on the available three-dimensional structures of CDO, it is apparent that the active
site of CDO is uniquely designed for the efficient oxidation of L-cysteine. The 3-His binding site
is ideal for the bidentate coordination of L-cysteine via the thiol and amino groups. Binding of L-
cysteine consequently facilitates the binding of dioxygen to the free coordination site on the
active site iron. In addition to structural evidence, the current studies implicate a role for Tyr58

and Arg60 which are in close proximity to the active site iron, in stabilizing the bound L-cysteine

136



substrate. The substrate stabilization effect arises from the bidentate mode of substrate
coordination to the active site iron, which places the carboxyl group of L-cysteine at a favorable
position to interact with Tyr58 and Arg60 through hydrogen bonding and electrostic interactions.
Additionally, the remarkable substrate specificity exhibited by CDO is attributed to the bidentate
mode of L-cysteine binding. The relevance of the functional groups of L-cysteine in catalysis was
evaluated using molecules that are structurally analogous to L-cysteine and the results lend
support to the hypothesis that the thiol group of the L-cysteine coordinates the active site iron.
The required protonation states of groups participating in catalysis were evaluated by
determining the pH dependence of ke and Kea/ Kmy values of wild-type CDO. The pH profile of
Keat Values revealed two ionizable groups with pK; values of 6.60 + 0.02 and 8.60 + 0.06. These
results demonstrate that a group in the enzyme-substrate complex with a pK, value of 6.6 should
be in the unprotonated form and another group with a pK, value of 8.6 should be in the
protonated from in order to commit the reaction through product release. The lower pK, value of
6.6 possibly represents His155 which is conserved among all known forms of mammalian CDO
enzymes. Because coordination of the L-cysteine substrate requires initial deprotonation of the
thiol and amino groups, it is likely that His155 functions as an active site base in proton
abstraction from the cysteine substrate. The higher pK; value of 8.6 may represent either Tyr157
or Arg60 which are also conserved among all known forms of mammalian CDO enzymes and
play essential roles in catalysis. In the proposed mechanism for formation of the Cys-Tyr
crosslink which precedes oxidation of L-cysteine, a proton coupled electron transfer (PCET)
process has been proposed in which iron bound superoxo intermediate is further reduced to a
peroxo species. The proton donor in this step has been proposed to be Tyrl57 but further work is

required in order to assign Tyrl57 the role of an active site acid. The pH profile of Ke./Kn
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revealed two ionizable groups with pK, values of 7.60 + 0.02 and 9.3 + 0.3. These results
demonstrate that two groups present in the free enzyme or in the free substrate, one with a pK,
value of 7.6 must be in the unprotonated form, and another group with a pK, value of 9.3 must be
in the protonated form in order to commit the reaction through the first irreversible step. It is
likely that the low pK, value of 7.6 represents the ionization of L-cysteine substrate which
requires being deprotonated so that it can bind the active site iron. It can also be argued that the
pK, value of 7.6 observed on the kc./Kn profile could also represent the same group observed in
the ke profile (His155) which possibly deprotonates the L-cysteine substrate. The higher pK,
value of 9.3 may possibly represent the same group observed in the ke profile, which is Arg60
or Tryl57. The mutational studies presented in this dissertation have demonstrated that Arg60
plays an essential role in catalysis and this was evidenced by the 20-fold decrease in the Kea/Km
value of R60A compared to the wild-type enzyme that contains a mixture of both the crosslinked
and non crosslinked CDO isoforms. Although SDS-PAGE analysis of R60A CDO revealed that
this variant existed primarily in the crosslinked form, the kc./Km value of R60A CDO was ~400-
fold lower compared to the homogenously crosslinked wild-type CDO enzyme. These
observations clearly demonstrate that the presence of Arg60 in the active site of CDO is of
utmost importance. In the three-dimensional structure of human CDO in complex with L-
cysteine, the guanidinium group of Arg60 is at a favorable distance (2.3 and 2.9 A) to interact
electrostatically with the carboxyl group of L-cysteine (1). Therefore, the drop in the activity of
wild-type CDO at higher pH values could be the consequence of deprotonating Arg60 which
requires being in the protonated and charged form in order to interact electrostatically with the

carboxyl group of the bound L-cysteine substrate.
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In conclusion, the separation of the non crosslinked and crosslinked isoforms of CDO and
the initial characterization of the two isoforms provide a good groundwork for future mechanistic
investigations. The presented results from the pH profile studies also provide a good starting

point for an in depth characterization of groups participating in acid/base catalysis.
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