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ABSTRACT OF THE DISSERTATION

Structural and Kinetic Studies of Xanthine Oxidase and the Xanthine Oxidase Family of
Enzymes

by

James Hall
Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology

University of California, Riverside, June 2014
Dr. Russ Hille, Chairperson

Xanthine dehydrogenase/oxidase (XDH/XO) is a molybdenum-containing
enzyme which is involved with hydroxylation a number of sp’-hybridized centers
including purines, heterocycles, and aldehydes. Its main role in the cell is to convert
hypoxanthine to xanthine and xanthine to uric acid. Although xanthine oxidase has been
studied for decades, details of its mechanism and how the active site allows for substrate
specificity and catalysis are still not completely known.

In the present work, several methods have been used to investigate the mechanism
of xanthine oxidase and the roles of the active site residues towards substrate binding and
catalysis. 1.) The kinetic rates of bovine xanthine oxidase and variants of the homologous
Rhodobacter capsulatus xanthine dehydrogenase toward various substrates have been
observed. Investigation of the E232Q variant of R. capsulatus xanthine dehydrogenase
revealed that removal of the ionizable Glutamate 232 resulted in a dramatic loss in

activity at higher pH, as compared to wild-type enzyme, providing insight into the role of

Vi



Glu 232. 2.) We used X-ray crystallography to investigate interactions of the enzyme
with the slow substrate indole-3-aldehyde and the non-substrate guanine. The dominant
nonproductive orientations of the molecules correlate with the observed kinetic rates. 3.)
The effects of active site residues on the chemical step of the reaction were investigated
utilizing kinetic isotope effect studies. With the primary deuterium isotope effects,
previously described by Dr. Cao, and intrinsic isotope effects °k, derived from the tritium
isotope effect studies conducted for bovine xanthine oxidase and bacterial xanthine
dehydrogenase, the extent that the chemical step is rate-limiting was calculated for each.
Comparison of the enzymes with amino acid substitution variants allowed for insight into
the role of the active site residues by the monitoring of changes (or lack of change) in the
rate of the chemical step and it’s comparison to changes in the overall rate of reaction.
To examine how the molybdenum cofactor matures and is incorporated into the
xanthine oxidase family of enzymes, computational structural studies have been
performed looking at the enzymes involved in the sulfuration of the molybdenum
cofactor and incorporation of the enzyme into members of the xanthine oxidase family of
enzymes. Identification of a conserved ~125 amino acid motif was identified whose
connectivity to the remainder of the polypeptide makes possible a “hinge” movement to
act as a target for cofactor insertion machinery. Potential open conformations have also
been computationally simulated. Homologs to NifS-4, which is involved in cofactor
sulfuration, and XdhC, which is involved in sulfuration and incorporation into the apo-
enzyme were analyzed and docked with bacterial xanthine dehydrogenase to provide a

structural basis for how the sulfuration and incorporation of cofactor occurs.
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CHAPTER 1

INTRODUCTION

1.1 General background
1.1.1 Molybdenum and tungsten in biology

Molybdenum and tungsten are relatively scarce elements in nature. In terms of
abundance on earth, they are ranked 53" and 54, respectively (1). Although the
elemental content of most rock formations contain similar amounts of molybdenum and
tungsten, molybdenum is typically found at higher concentrations in surface waters and is
the most abundant transition metal in the oceans. The oxygen-rich and slightly alkaline
environment of seawater results in molybdenum being exclusively present as molybdate
ion (MoO4”) and can be found at a concentration of about 10pg /L, which is roughly 10
times more concentrated than zinc and 100 times that of copper (2). Tungsten, laying just
below molybdenum on the periodic table, is found at much lower concentrations in
aerobic marine environments (0.1 pg/L) due to intensive sorptional precipitation
(removal from solution and incorporation into soil or rocks).

When compared to sea water, hot-springs and hydrothermal vents contain much
higher concentrations of tungsten. Tungsten in this environment can be found to be
around 0.3mg/L, and found to be ten-fold higher in concentration than that of
molybdenum. The ‘black smoker’ hydrothermal vents, characteristic of divergent tectonic
plate boundaries, produce jets of water blackened by sulfide precipitates. Solubility of
Mo and W species in hydrothermal processes is determined by the reduction potential of

the mineral-forming solution, which is typically insufficient to reduce W"" but adequate



oxidize Mo"'. While WS, can be readily converted into soluble compounds like WS4* or
WO,” in the hot and sulfur rich conditions, MoS, is not and precipitates, making tungsten
much more bioavailable around the vents (1).

Molybdenum-containing enzymes can be found in all three kingdoms of life,
while tungsten-containing enzymes are only found in prokaryotes, particularly
thermophilic anaerobes. Both elements are useful to biological systems due to their
ability to transition between oxidation states IV and VI under physiological conditions. In
addition, the V valence state is accessible, allowing for facilitation of one- and two-
electron transfers (3). It is believed that as life began, earth’s biosphere was essentially
anoxic, high in sulfur, and highly reducing, similar to the conditions of hydrothermal
vents today (4). Tungsten, being readily available and more stable in the conditions of
early earth, was likely the first of these elements to be incorporated. However, as Earth
cooled and photosynthetic bacteria caused O, levels to increase, soluble molybdenum
compounds slowly became more likely to form. Due to the similarities of both elements
and the enzymes that contain them, as the abundance of soluble tungsten compounds
decreased and molybdenum bioavailablity increased, life likely made the transition from

utilizing tungsten to molybdenum(3,4).

1.1.2 Molybdenum and tungsten in chemistry.
Molybdenum (Mo, atomic number 42) is a period 5 element in group 6B and has
an electron configuration of [Kr] 4d°5s". Tungsten (W, atomic number 74) is found

directly below molybdenum on the periodic table and is a period 6 element in group 6B



and has an electron configuration of [Xe] 4£'*5d%s’ (1,5). Both elements can occupy
oxidation states from —II to VI and can have a maximum coordination number of eight
(1,6,7). In addition, molybdenum and tungsten have similar atomic radii (1.75 A and 1.78
A, respectively), the same electronegativity, the same free energy of solvation (—226.8
kcal/mol and —230.1 kcal/mol, respectively) and the same covalent solution radii (2.75 A
and 2.83 A, respectively) (4). They also exhibit similar ionic radii in the IV oxidation
state (0.68 A), and similar metal-oxygen bond lengths ( M=O bond lengths are ~1.76 A)
(1). Due to these similar properties, the metals can carry out similar roles in guiding the
formation of tetroses, heptoses, and pentoses(8), and in the catalysis of key steps in
carbon, nitrogen and sulfur metabolism(3).

While molybdenum and tungsten contain similar size, coordination chemistry,
and valence electron configurations, it is important to note that the two elements differ in,
solubility, bond stability, and reduction potential. As mentioned above, the formation of
tungstates rather than molybdates and of molybdenites rather than tungstenites in
hydrothermal processes is determined by the reduction potential of the mineral-forming
solution, which is typically much higher than that required to reduce W"' but below that
necessary to oxidize Mo'¥ (1). This allows WS, to be readily converted into soluble
compounds like WS42' or WO42' in the hot and sulfur rich conditions, while MoS, is not
readily converted and precipitates. In terms of bond stability, tungsten—sulfur bonds are
more stable than their molybdenum counterparts. Lastly, oxidation-reduction reactions
catalyzed by tungsten typically occur at much lower potentials than those catalyzed by

molybdenum(3).



1.1.3 Molybdenum and tungsten enzymes.

Molybdenum and tungsten oxyanions (primarily molybdate and tungstate) are
taken up into the cell by high-affinity ABC transporters. These transporters typically
contain a periplasmic oxyanion-binding protein, a transmembrane protein involved in
translocation of anions, and a cytoplasmic membrane-associated protein that drives the
translocation via ATP hydrolysis(2). Once in the cell, molybdenum and tungsten are
incorporated into enzymes in similar ways, typically through attachment to a
pyranopterin cofactor which acts as a scaffold while allowing for the metal to cycle
through the catalytically relevant oxidation states(4). The pterin cofactor coordinates the
metal via a dithiolene side chain(9). The pterin-based metal centers come in a number of
variations, falling into three major groups: The molybdopterin (MPT) type cofactor that
is equivalent to a mononucleotide, molybdopterin dinucleotide (MCD) type and the bis-
molybdopterin guanine dinucleotide (bis-MGD) type cofactor (Figure 1.1). The tungsten-
containing cofactors characterized so far appear to only fall into the bis-pterin category,
containing two equivalents of the pterin cofactor coordinated to the metal, examples
being the bis-tungstopterin guanine dinucleotide cofactor of formate dehydrogenase from
Desulfovibrio gigas(10) and the bis-tungstopterin cofactor of aldehyde ferredoxin
oxidoreductase from Pyrococcus furinosus(11) (Figure 1.1 E & F, respectively).

Given the similarities in atomic size and coordination chemistry and the similar
ways that molybdenum and tungsten are incorporated into enzymes, it has been proposed
early on that molybdenum or tungsten could be substituted for the other, or that other

transition metals such as niobium and tantalum could also be substituted(1). A few



examples of incorporation of tungsten into a molybdenum-containing enzyme have been
achieved. Due to the lower reduction potential of tungsten, activity and substrate
specificity are significantly affected. In the case of dimethylsulfoxide reductase from
Rhodobacter capsulatus, the tungsten-substituted enzyme exhibits lower (V/VI) and
(IV/V) redox potentials and that the enzyme is able to catalyze dimethylsulfoxide
reduction (the forward reaction), but not dimethylsulfide oxidation (the backward
reaction) (4,12). However, in the case of sulfite oxidase, tungsten substitution produces
an inactive enzyme (13). This presents a serious issue concerning Mo/W toxicity in the
cell, requiring strict discrimination between the two oxyanions, but also highlights that
active sites of these enzymes have evolved to modulate the oxidation-reduction properties
of their respective metal ion in order to carry out the catalysis of a variety of steps in
nitrogen, carbon, and sulfur metabolism (3,4).

One unique type of molybdenum-containing cofactor which does not include a
pterin, is the multinuclear center of nitrogenase, where the molybdenum is incorporated
into a complex cluster referred to as the iron-molybdenum cofactor (Figure 1.1 G), which
1s composed of seven iron ions, one molybdenum ion, nine sulfides and a central carbon
(14). This multinuclear metal center allows the enzyme to catalyze the reduction of
dinitrogen to ammonia, making nitrogen biologically available. Nitrogenase also been
shown to catalyze the reduction of a number of non-physiological doubly and triply

bonded small molecules (15).
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Figure 1.1 The pyranopterin cofactor and common molybdenum and tungsten cofactors.
(A) The pyranopterin cofactor. (B) The molybdopterin cofactor (MPT). (C) The
molybdopterin cytosine dinucleotide cofactor (MCD). (D) The Bis-molybdopterin
guanine dinucleotide cofactor (bis-MGD). (E) The bis-tungstopterin guanine dinucleotide
cofactor (bis-TGD). (F) The bis-tungstopterin cofactor (bis-TPT). (G) The iron-
molybdenum cofactor (FeMoco) from nitrogenase.
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The pterin-containing molybdenum and tungsten enzymes catalyze a wide variety
of reactions but are most commonly grouped into five families based upon the structure
of their active sites and named after a well characterized example of each family. The
pterin-containing tungsten enzymes fall into two families, the formate dehydrogenase
family and the aldehyde reductase family (Cofactors depicted in Figure 1.1 E and F,
respectively), while the pterin-containing mononuclear molybdenum containing enzymes
are most commonly grouped into three families; the xanthine oxidase family, the sulfite
oxidase family, and the dimethylsulfoxide reductase family (2,16). The structures of the
cofactors within each family are typically conserved, although atoms/residues ligated to
the molybdenum center can vary based upon the various members within the family of

enzymes (figure 1.2).



The xanthine oxidase family

The sulfite oxidase family
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Figure 1.2 The mononuclear molybdenum enzyme families. The cofactor structures of the
molybdenum enzyme families of the xanthine oxidase family, the sulfite oxidase family,
and the dimethylsulfoxide reductase family. The possible variations of ligands to the
metal and/or cofactor are also shown. The structure of the bis-MGD cofactor seen in the
DMSO reductase family can also be found in figure 1.1 D.



The xanthine oxidase family of enzymes contain a molybdenum center with a
single equivalent of the pyranopterin attached via dithiolene sulfur groups, an axial =0,
an equatorial =S (in most cases, however this can also be an =O or =Se group), and an
equatorial hydroxyl group. Most enzymes of this family are considered true hydroxylases
and catalyze the hydroxylation of sp*-hybridized centers on molecules such as purines,
aldehydes and other heterocyclic molecules. Unlike monooxygenases, the molybdenum-
containing hydroxylases use oxygen that is ultimately derived from water, rather than
from O, as the source of the transferred oxygen atom and generate reducing equivalents
(typically in the form of NADH), instead of consuming them. The hydroxylation is also
accompanied by cleavage of a C—H bond (16). Aside from the typical members of this
family, one unique member, carbon monoxide dehydrogenase from Oligotropha
carboxidovorans, contains a binuclear Mo-S-Cu-S-Cys cluster and catalyzes carbon
monoxide oxidation to carbon dioxide without cleavage of a C—H bond. Although the
molybdenum center is different, the overall coordination of the molybdenum is still
conserved. Most xanthine oxidase family members all share an overall conserved
structure containing a molybdenum center, a pair of [2Fe-2S] clusters, and an FAD
(Figure 1.3), although some (e.g. the aldehyde:ferredoxin oxidoreductase from

Desulfovibrio gigas (17)) lack the FAD cofactor (18).



Figure 1.3 The structure of bovine xanthine oxidase. (Top) The overall dimeric structure
of xanthine oxidase (PDB ID: 3NRZ) is shown in cartoon representation with the
domains of each monomeric unit shown in different shades. The molybdenum binding
domains in grey, the iron-sulfur cluster domains in yellow, and the FAD binding domain
in pink. The redox active centers are shown in sphere representation and colored in CPK.
(bottom) The arrangement and distances of the redox active centers of one of the
monomeric units shown in stick representation and CPK color scheme. The redox active
centers for one half of the holoenzyme are rotated 90° counterclockwise and enlarged.
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The sulfite oxidase family is composed of sulfite oxidases and dehydrogenases,
and the assimilatory nitrate reductases (which catalyze the first and rate-limiting step of
nitrate assimilation in fungi, algae, and higher plants, the reduction of nitrate to nitrite
(19)). These enzymes can be found in eukaryotes and prokaryotes and are true oxygen
atom transferases. The molybdenum coordination sphere is composed a single pterin, an
axial =0, an equatorial =O (or hydroxyl), and a cysteine residue contributed by the
polypeptide (16). Chicken sulfite oxidase is an o, dimer with each subunit consisting of a
small N-terminal cytochrome b domain connected via a 10-aa tether to the main body of
the subunit, which consists of molybdenum-binding and dimerization domains (Figure
1.4) (20). Recently, mitochondrial Amidoxime Reducing Component (mARC) and
several other enzymes of unknown function have been discovered which have been
grouped with this family. The eukaryotic mARC has been shown to reductively detoxify
N-hydroxylated nucleobases and nucleosides (21). Other proteins, including the YedY
gene product from Escherichia coli, as well as YcbX and YiiM from other bacteria, share
some structural homology to sulfite oxidase and while no known function has yet been
found, it 1s suggested that these enzymes may act as chaperones for the molybdenum

cofactor (16,22).
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Figure 1.4 The structure of chicken sulfite oxidase. The overall dimeric structure of
chicken sulfite oxidase (PDB ID: 1SOX) is shown in cartoon representation with each
monomeric unit shown in different colors. The redox active centers are shown in sphere
representation and CPK color scheme.
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The DMSO reductase (DMSOR) family is the most diverse group of the three
mononuclear molybdenum enzyme families, both structurally and catalytically. Enzymes
of this family are found in prokaryotes and catalyze oxygen transfer reactions,
oxidation/reduction or hydroxylation/hydration reactions. The molybdenum center has a
trigonal prismatic coordination geometry, consisting of two equivalents of the
pyranopterin cofactor ligated to the molybdenum, along with a =O (or hydroxyl, =S, or
=Se), and a hydroxyl group (which can also be a covalent attachment to the enzyme via a
cysteine, selenocysteine, serine, or aspartate). The enzymes of this family vary greatly in
structure from the simple periplasmic DMSOR of Rhodobacter capsulatus, in which the
molybdenum center is the only redox-active center, to complex integral membrane
proteins such as formate dehydrogenase N and the dissimalatory nitrate reductase
(NarGHI) from Escherichia coli, which contain multiple iron-sulfur clusters in addition

to the molybdenum center (Figure 1.5) (16).
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DMSO reductase from Rhodobacter capsulatus

Dissimalatory nitrate reductase Formate dehydrogenase N
(NarGHI) from Escherichia coli from Escherichia coli

Figure 1.5 Structures of several members of the DMSO reductase family. (Top) The
structure of DMSO reductase from Rhodobacter capsulatus (PDB ID: 1DMR) is shown
in cartoon representation with the redox active center shown in sphere representation and
CPK color scheme. (Bottom) The structure of the dissimalatory nitrate reductase
(NarGHI) and the formate dehydrogenase N from Escherichia coli. Each subunit is
represented in cartoon representation with different colors depicting each subunit, while
the redox active centers are shown in sphere representation and CPK color scheme.
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1.2 Xanthine oxidase and related enzymes
1.2.1 The conserved structure of the xanthine oxidase family

Xanthine oxidase has been studied for close to a century, being discovered in
1922 (23). It was initially isolated from cow’s milk (24), but it is also found in the
cytoplasm of cells where it catalyzes the hydroxylation of sp>-hybridized centers on
molecules such as purines, aldehydes and other heterocyclic molecules (9). The 300 kDa
enzyme is characterized by an overall “butterfly” shape, consisting of an o, dimer (Figure
1.3). From N-terminus to C terminus, each subunit contains five domains: two iron-sulfur
domains, each containing one [2Fe-2S] cluster; a flavin-binding domain, containing
FAD; and two molybdenum-binding domains, which sandwich the molybdenum
cofactor. (18). The enzyme is typically isolated from cow’s milk as an oxidase, but is
expressed in cells as a dehydrogenase, utilizing NAD", rather than O, as its final electron
acceptor. In mammals, the dehydrogenase form can be converted to the oxidase form
reversibly, via oxidation of thiols to disulfides, or irreversibly, via proteolytic cleavage;
leading the enzyme to commonly be referred to in literature as xanthine oxidoreductase.
Conversion to the oxidase form alters the final electron acceptor specificity from NAD"
to O,, allowing the enzyme to produce reactive oxygen species. The dehydrogenase form
is the stable form in all other eukaryotes and prokaryotes (16). The enzyme is broadly
distributed in nature, although a non-molybdenum containing xanthine oxidase has been
discovered in fungi which lacks structural similarity to the molybdenum-containing
xanthine oxidase family of enzymes and instead utilizes iron (II) and a-ketoglutarate to

hydroxylate xanthine (25).
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Members of the molybdenum-containing xanthine oxidase family of enzymes
each share an overall similar structure to xanthine oxidase. The X-ray crystal structures of
several members of this family are known, including aldehyde oxidoreductase from
Desulfovibrio gigas (17), mouse aldehyde oxidase 3 (26), bovine xanthine
dehydrogenase/oxidase (27), CO dehydrogenase from Oligotropha carboxidovorans
(28,29), xanthine dehydrogenase from Rhodobacter capsulatus (30), quinoline-2-
oxidoreductase from Pseudomonas putida (31), 4-hydroxybenzoyl-CoA reductase from
Thauera aromatica (32,33), and nicotinate dehydrogenase from Eubacterium barkeri
(34) (Figure 1.6). Most of these still follow the same arrangement of domains and redox-
active centers as the bovine xanthine oxidase, often sharing 25-50% sequence homology
(Figure 1.7). Eukaryotic members of this family typically have a a, dimer configuration
while the bacterial enzymes of the family tend to be broken up into multiple subunits.
Examples of prokaryotic family members containing more than two subunits
characterized so far include xanthine dehydrogenase from Rhodobacter capsulatus,
which is a (af3), tetramer (a dimer of heterodimers); CO dehydrogenase from Oligotropha
carboxidovorans, which is an (afy), hexamer (a dimer of heterotrimers); and nicotinate
dehydrogenase from Eubacterium barkeri, which has an (afyd), configuration (a dimer of
heterotetramers). Two unique members of this family further vary from the typical
architecture of the family, the first being aldehyde oxidoreductase from D. gigas, which
lacks the FAD domain, and the other, 4-hydroxybenzoyl-CoA reductase from Thauera

aromatica, which contains an additional [4Fe-4S] cluster (18).
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Bovine xanthine dehydrogenase Mouse aldehyde oxidase 3

Bacterial aldehyde oxidase

Figure 1.6 Structures of several xanthine oxidase family members. The structures in order above are:
Bovine xanthine dehydrogenase (PDB ID: 1FO4), mouse aldehyde oxidase 3 (PDB ID: 3ZYV), xanthine
dehydrogenase from Rhodobacter capsulatus (PDB ID: 2W38S), carbon monoxide dehydrogenase from
Oligotropha carboxidovorans (PDB ID: IN5SW), quinoline-2-oxidoreductase from Pseudomonas putida
(PDB ID: 1T3Q), 4-hydroxybenzoyl-CoA reductase from Thauera aromatica (PDB ID:1SB3), nicotinate
dehydrogenase from Eubacterium barkeri (PDB ID: 3HRD), and aldehyde oxidoreductase from
Desulfovibrio gigas (PDB ID: 1VLD). The enzymes are shown in cartoon representation with each subunit
in different colors and with different shades of the same color given to identical subunits within the
holoenzymes.
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Figure 1.7 The alignment of several members of the xanthine oxidase family of enzymes

——————————— MTLADKLVFFVNGREVVERNADPET TLLAYLRRELGLSGTHLGCGEGECR
——————————— MTADELVFFVNGKEVVEKNADPET TLLAYLRRELGLRGTKLGCGEGECR
-------- MTRTTVDELVFEFVHGKEVVERKNADPETTLLVYLRRKLGLCETELGCGEGECE
MESLEKDEEIGDEFTEALLYVHEVEREVLEDELARMILLEYLR-DLGLI FTELECEEGECE
——————— M3PSKESDELI FFVNEKKVIERNADFEVHLLF Y LRKVIRLT GTKYGCGEED0E
______________ MEIAFLINGETREVRIEDFTQSLLELLE-AEGLTGTKEGCHNEGDCE

ACTVMLSKY DRLONE T VHF SANACLAFT CSLHNVAVI TVEGIGSTETRLAFVQERTAKSH
ACTVMLSKYDRLODEI THF SANACTAFTCTLHNVAVI TVEGIGSTETRLAFVQERTAKSH
ACTVMI SKYDRLONEIVHESVNACLT FICSLANVAVI TVEGIGNTE-KLHFVQERTAKSH
ACTVMV35YDRESKT SVHYAVNACLAFLY SVEGMHVI STEGLGHRELGLAFVQESLASSH
ACTVMISRYDFISKRISHFSATACLVEICSLHGAAVITVEGIGSTETRIHFVOERTAKGH
ACTVMIRDAAGSE——-——- AVHACIMMLPQIAGKALRTIECTIARPDGRLAFVOQAMT DHE

F3QCEFCTPGIVMSHY TLLEN-QFEFTHEEIENAFQGNLCRCT GYRPILGFRTFAR———
GSQCEFCTPGIVMSHMY TLLEN-QFEFTVEEIEDAFQGNLCRCTGYRFILOGFRT FAK—--
GSQCEFCTPGIVMSHMY TLLEN-KFEFTVEEIENAFQGNLCRCTGYRFILOGFRT FAK—--
GSQCEFCTPGFIMSMYSLLESSENSESEEEIEECLAGNLCRCTGYREFIVDAFEVFAKSDD
GIQCGFCTPGMVMSTIY TLLEN-HFEFSTEQIMETL.GGNLCRCTGYRFIVESAKSFCP——-
GSQCEFCIPGFIVSMARRHDR-———- DEKDYDDLLAGNLCRCTGYAFTLRARERARRG———

———————————— DEECCGEDENHENCCMNOEEDHS ---V5LSPSLFKFEEF TELD-——-F
———————————— NEECCGENGHNENCCHMNQEEDHT - - -VILSFSLFNFEEFMPLD-—--F
———————————— DEEFCCGEIGHNNEFNCCMSQTEDRT ---TAPSS5LFNFEDFEFLD-——--F

IQEFIFFFELLELEDTFR-EKQLEFEGERVIWIQASTLEELLDLEAQHEPDAKLVVGNTEIG
IQEFIFFFELLELEDVEE-EQLEFEGERVIWIQASTLEELLDLEAQHPEAKLVVGNTEIG
IQEFIFFPELLELEDIPR-KILRFEGERVIWIQVSTMEELLDLEAQHPDAKLVVGNTEIG
DEELIFFFELLLEELTFL-KLEGHGE-- I TWYRFVCLONLLELEANY FDAKLLVGNTEVG
IQELIFFFEIMEMAEESONTVLTFRGERT TWIAPGTLNDLLELEMEHESAFLVIGNT YLG
FADWLOADAAFTLAQLS5--—-GVRGTAFAFLPET SDALADWY LAHFEATL.IAGETDVS

IEMEFENMLFEPMIVCPAWI PELNSVEHGEDGI SFGALCPLSIVEKTLVDAVAKLPAQKTE
IEMEFENQLFFMI ICPAWI FELNAVEHGFEGI SFGALCALSSVEKTLLEAVAKL.FTQKTE
IEMEFENMLFPLIICPAWILELT SVAHGFEGI SFGALACPFLSLVESVLADATATLFEQRTE
IEMRLERLOY VLI SVACVEELNALNVNDNGIEVGSALRLSELLELFREIVEERFAHET S
LHMKFTIDVSYPIIISPARILELEVVINTEQGLILGAGLSLT QVENVLSDVVSELEFEEKTQ
LWVIFALRDLPEVAFLSHCKDLAQIRETFDGYGIGAGVI IAALRAFARGPHPALAG———
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VERGVLEQLEWFAGKVESVASVGENIITASFI SDINFVEMASGAKLTLVSRGTIREET VM
VERGVLEQLRWFAGKEVESVASLGGNIITASEI SDINFVFMA SGTELT IVSRGTRETVEM
VERGVMEQLEWF AGKVESVASIGGNIITASFI SDLNFVIMASEAKL.TL.ASEGTERETVRM
ACKAFIEQLEWFAGTQIRNVACTGGNICTASEFISDINPLWMASEAEFRITHCHEDVESIE
Y AL L LT LAGQIENVASLGGHI I SELFTSDLNFILGIGHCILHVASTEGIQRIFL
——————— LLERFASEQVRQVAT IGGNIANGSFIGDGPFALTAMGASL.TL.E-RGQERREME

DHIFFPGYRKTLLSPEEILLSIEIFY SEEGEY FSAFKQASRREDDI AKVT SGMEVLEFEE -
DHTFFESYRKILLGPEEILLSTEIFYSEEDEFFSAFKQASEREDDI AKVTICGMEVLEQE -
DHTFFEGYRRTLLSPEEILVSIVIPYSEEGEFFSAFEQASEREDDI AKVT SGMEVLFEE -
AKDFFLGYREVDMGSNEILLSVELEWIRFLEYVEEFEQAHRRDDDTATVHGEMEVELEDE
HNDHFLAGVEDATLEFE(VLI SVEVERSSEWEFVSAFRQAPRQONA FA TVHAGHENVVEEED
LEDFFLEYEEQDRRFGEFVESVILEKSAPG--LRCYKLSERFDQDI SAVCGCLNLTLEG-

-GITEVQELALCYGEMANRT T SALKT TQRQLSKLWEEELLODVCAGLAEELHL.FFDAPGG
-GEHOVEELALCYGEMADRT T SALKT TQKQLSKFWNERLLODVCAGLAEELSL.SPDAPGG
-GFITEVQELSLCEFGEMADRTVSALKT TFKQLIKSWNEELLODVCAGLAEELHLAFDAPGGE
FRRLEVIDASTAYGEVAPLSLCARKTEEFLI GENWNEDLLODALEVIQSIVVIKEDAPGG
--INTITDLGILYGGIGATVISADKESCRQLIGRCWDEEMLDDAGEMICEEVSLLMARPGGE
-——-SKIETARIAFGEMAG-—————

MVDFRCILILSFFFEF Y LTVLOELGQENLEDECGKLDPTFASATLL.FQEDPPADVOL.FQE
MIEFRRILILSFFFEFYLTVLEKLGED-SKDECGELDFTYTSATLLFQEDPEANT QLEQE

MVEFRRTLILSFFFKFYLTVLQKLGRADLEGMCGKLDFTFASATLLFQKDEFANVQLFQE
———————————————————————————————————————————— MSVGKFLE-—--—--—
MVEFRKSLTLSFFFKFFLWVSHNVNNANSAIET -—-——- FPPSHMSAVQPFVPRLSRIGKQ

MEEYRKTLAI SFLFMFYLOVLEQLETRDEFHRYF-DI SQKLLHT LEDFFLITHEFYGHQSFQD

VPEGRSEEDMVGREFLPHLAATMOASGEAVYCODI FRYENELSLELVISTRAHAKTKSIDT
VENGQSKEDTVGREPLEPHLALAMORASGEAVYCDDI FRYENELFLELVISTRAHAKTIKSIDV
VPEGRSEEDMVGRFMPHLAATMOA SGEAVYCODI FRYENELSLELVISTRAHAKIMSTIDT
———————————————— HDSARAHVIGQARYLDODLEFCEFANTLHLAFGLSTEASAATTELDL
DYETVEQGT SVGESSEVHLSARMOV T GEAEYTDDT FVEPENTLHAAFVLSKVEHARILSIDD
VDFQQFLODEIGRPIMHOSGIKHAT GEAVFCODMSVLPGELFLAVVTSSKSHAKT I ST.0A
——————————————————— VEKFARAFEALT.IGODFREDTTARRALFLLAQDFTFLSDMEL

SEAKKVEGFVCFISADDVEGSNITG-ICHDETVEAKDEVI CVGHI IGAVVADTFEHT QR
SEAQKVEGFVCELSADDIFGSNET G- LENDETVEAKDTVICVGHI IGAVVADTFEHAERD
SERKKVEGFVCFLISEDVEGSNITG-IFNDETVEAKDEVICVEHI IGAVVADTFEHAHRED
EFVEESFGVIAVE AL DL.PHONDASFAFSFEFVLATGEVHFVEGRFIFLVARTSHRARRTL
SARKSS5GFVELEF LAKDIPGINMIGFIVEDEELFATIVVI CVEV I AWV VADTHENAKT L
SEALASLGVVIDVVIARDVEGINGRE--—-EESLYAQDEVICVERIVCAVARDSYAHAQOR
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FREHFYLETHCT IAVFKGEAGEMELFVST QN ITMEI QS FVAKMLGVEANRIVVEVEEMGEE
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FREHFYLETHCT IAVFKGEAGEMELFVSTONTMET QSF I AKMLGVEDNR IVVEVEEMGEE
FREHFYLEGQAALALFAEGG-—VVIHCSSQHFSEIQHEVAHALGLAFHIVEVEMEEMGEE
FREHFYLEPNGSLVWIVDGGSEVHMI 55T QA PQKHQKYVSHVLGLEMSEVVCETERI GG
GREHFYMETQSVEVVEKGEDKEMDI YVSSQDAAFTOEMVARTLGI PENRINCHVERVGGA

FGEEEIRSTVVSTAVALARYKTGRFVECHMLDRDEDML.I TGGRHPFLARYEVGFMETGTVV
FGEEEIRSTLVSVAVALARYKTGHFVECHMLDENEDML.I TGGRHPFLARYEVGFMETGT IV
FGEEEIRSTLISTAVALARYKTGRFVECHMLDRDEDML.I TGGRHPFLAKYEVGFMETGT IV
FGEEESQGNHLATACAVARRATGRPCEMRY DR DDDMVITGEEHDFRIRYRIGADASGELL
FGEEETRSAFTAARRSVESYLILNREFVELILDRDVDMMI TGHEHSFLGEYEVGF TNEGETL
FGEEASKPGLLASVARVAROKTGRFIRFILERRDDMLI TGGRHPLLGKYKI GFMNNGETK

ALEVDHFSNVGNTQDLSQSIMERAT.FHMDNCYEI FNIRGT GRLCKTNLESHTAFRGEGEE
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ALDLEIYNNGGNSLDLSLSVLERAMFHSDNVYEL FHVRIVGHNVCFINFESHTAFRGEFGGE
ARDIQLYTNGGCTPDDSELVIEYALLELENAYET FNLEVRGEVCETNLESHTAFRGEFGEE

QGHMLIAECWMSEVAVICGMPAEEVERENLYKEG————————-——————————— DLTHFNQ
QALFIAENWMSEVAVICGLPAEEVEWENMYKEG—— - DLTHFNQ
QGHMLIAEYWMSEVAVICGLPAEEVERENMYKEG————————-——————————— DLTHFNQ
QGALGMERATEHLARGHGRDFAELRALNFYDFFERGGLSAPFSEFEFIATEKTQTTHY G
QGHLITENWIQRIARELNKSFEEIKEMNFOVEG————————-——————————— SVTHYCQ
QEAFVIETCMSAVARKCRLPPEEVEELNMYRTI-———————-——————————— DRTIHNQ

KLEGFILPFRCWEECLASSOYHARKSEVDEFNKENCWEERGLCI T FTKFGISFTVEFLNQA
RLEGFSVPRCWDECLESSQY Y ARKSEVDEFNEENCWEKRGLCI TFTEFGISFIVEFLNQA
KLEGFILFRCWDECTIASSQY QAR EMEVEKFNRENCREERGLCI T FTKFGISFTLSFLNQG
EVADCVLGELVIRLOKSANFT TRRAETARWNSTHRTLARGTIALSFVEFGI SFTLTHLNQA
TLOHCTLHQLWEELEVSCHNFLEARREA DEFNSHNRWEERGVAMVETKFGI SFTTEFMNOR
EFDFTNLLOCWEACVEN S SY YNEKEAVDEFNQORFREERGIAT T FMEF SVGFPETFYYQA
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YDH_HUMAN VMIVGSSLNPATI DIGOVEGAFVOGLGLFTLEELHYSFEGS ——————— LHTRGPSTYEIFA 1232
XDH BOVIN VMDVGSSLNPAI DI GQVEGAFVOGLGLFILEELHYSFEGS ——————— LHTRGPSTYKIFA 1231
XDH_MOUSE VMDVGSSLNPAT DI GOVEGAFVOGLGLFTHEELHY SFEGS ——————— LATRGPSTYETIFA 1234
YDHE R.capsa LHDAGLSTNEALDIGQIEGAYVOGAGWLI TEELVWDHCGR ——————— LMTHLPSTYEIFR 700
YDH1 A.thal MLDLGY SLNPATI DVGRIEGAFVOGLGWVALEELKWGDARHEWIKPGSLLICGEGNYEIFS 1267
ROX3 MOUSE VMDGSFSINFAVDIGQIEGAFVOGLGLY ILEELKYSFEGV ——————— LYTRGPHQYEIRS 1236
EDHA R.capd =~ 2 ——— - m oo
YDH_HUMAN GSIFIEFRVSLLEDCENEEA T YASKAVGEFFLFLARSTFFATKDATRALRAQHTGHNIVE 1292
XDH_BOVIN FGSIPTEFEVSLLEDCEFNEER I YASKAVEEFFLFLGASVFFATKDATRARRAQHTNNNTE 12591
XDH MOUSE FGSIPIEFEVSLLEDCENERAIYASKAVEEFFLFLASSIFFATKDATRARRAQHGDSNAK 1294
YDHE R.capsa FSDRPRIFNVALWDOFNREET T FRSKAVGEFFFLLGI SAFLALADACARCG———————— F 752
YDH1 A.thal INDMPFNLNVSLLEGN FNTERTHSSKAVGEFFFFLASSVFFATKELATERARTEVG——-1T 1324
AOX3 MOUSE VIDIFEEFAYVSLLTFIFNPERIYSSKGLGEAGTFLGCSVEFATARLVARRREERG——-15 1293
EDHA R.cBpS =  ——— e
XDH_HUMAN ELFRELDSFATPEKIENACVIDEFTTLCVIGVEENCEFWSVEV- 1333

XDH_BOVIN ELFRLDSPATPEKIENACVIDEFTTLCVIGAPGNCEFWSLEV- 1332

XDH_MOUSE QLEQLDSPATPEKIENACVDOFTTLCATGIPENCESWSVEI- 1335

XDHE R.capsa HWPDLQAPATPEAVLALVEGREGRL ————————————————— 777

YDH1 A.thal DWFPLESPATPERTEMACFDEF SAPFVNSDEYENLSV————- 1361

AOX3 MOUSE PIWAINSPATAEVIEMACEDQFTNLVEQTDSECCEFWSIEFVAE 1335

EDHA R.cBpS =~ 0  —ommm oo

Figure 1.7 The alignment of several members of the xanthine oxidase family of enzymes.
Sequences for several xanthine oxidase family members were obtained from the UniProt
protein knowledgebase. Sequences were aligned and colored using the European
Bioinformatics Institute (EMBL-EBI) ClustalW2 program. Abbreviations used are
XDH_HUMAN for human xanthine dehydrogenase, XDH_BOVINE for bovine xanthine
dehydrogenase, XDH_MOUSE for mouse xanthine dehydrogenase,

XDHB/XDHA _R.caps for xanthine dehydrogenase from Rhodobacter capsulatus,
AOX3 MOUSE for mouse aldehyde oxidase 3, and lastly, XDH1 A thal for xanthine
dehydrogenase 1 from Arabidopsis thaliana. The color scheme is red for
small/hydrophobic residues (including the aromatic residue - tyrosine); blue for acidic
residues; magenta for basic residues; and green for neutral residues (hydroxyls,
sulthydryls, amines and glycine).
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1.2.2 The active site of the xanthine oxidase

The active site of xanthine oxidase contains several highly conserved residues:
Phe 914, Phe 1009, Glu 802, Glu 1261, Gln 767, and Arg 880. In the xanthine
dehydrogenase from Rhodobacter capsulatus, the crystal structure shows the highly
conserved nature of the active site which contains the same residues as the bovine
enzyme and in virtually identical positions, allowing a convenient system to conduct
mutational studies. Due to the differing composition of subunits, the numbering in the
bacterial enzyme is as follows: Phe 344, Phe 459, Glu 232, Glu 730, Gln 197, and Arg
310 (Figure 1.8).

Based upon crystallographic data, substrates wedge in between the
phenylalanines, which serve to orient the substrate for catalysis. Glutamate 1261 (730 in
the bacterial enzyme), lies beneath the molybdenum center, as shown in Figure 1.8.
Being within hydrogen bonding distance of the equatorial Mo-OH, this “bottom”
glutamate is universally conserved and is required for activity (35,36). As for arginine
880 and glutamate 802 (residues 310 and 232 in the bacterial enzyme, respectively),
structural and kinetic data suggest that both play a role in substrate binding and
orientation, as well as transition state stabilization (36,37).

The aldehyde oxidases tend to vary from xanthine oxidase in their active sites.
One or both of the phenylalanines may be a tyrosine residue, although it still acts to
orient the substrate in the active site. Glutamate 802 and arginine 880 are not conserved
in the aldehyde oxidases, and these residues are instead typically residues which allow for

altered binding specificity towards their respective substrate(s) (16). A number of
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structural and mutational studies with the R. capsulatus xanthine dehydrogenase have
frequently shown dramatic reductions in activity from xanthine oxidase activity to that of
aldehyde oxidase activity, highlighting the importance of these residues in substrate
binding and catalysis. Current work and further analysis on the roles of the active site
residues and their contributions to binding and catalysis will be discussed in later

chapters of this thesis.
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Glu 232/802

Gln 197/767 t

Glu 730/1261 E

Figure 1.8 The active sites of xanthine dehydrogenase from Rhodobacter capsulatus and

Phe 459/1009 (front)

Phe 344/914 (Back)

Arg 310/880

bovine xanthine oxidase. The active site of the bacterial xanthine dehydrogenase is shown
in grey with the numbering of the residues also in grey. The bovine xanthine oxidase
active site has been overlayed and is shown in CPK color scheme while the numbering of

the residues is in black.
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1.3 The catalytic mechanism of xanthine oxidase
1.3.1 The overall mechanism of xanthine oxidase

In the cell, xanthine oxidase catalyzes the conversion of hypoxanthine to
xanthine, and further catalyzes the conversion of xanthine to uric acid, the final two steps
in the purine degradation pathway (Figure 1.9) (38). The enzyme also has limited activity
towards purine analogs and aldehydes. The reduction mechanism, shown in Figure 1.10,
with xanthine as a substrate has been well agreed upon in the literature (16). The reaction
begins with glutamate 1261 (Glu 730 in the bacterial enzyme), abstracting a proton from
the Mo-OH, which can then undertake a nucleophilic attack on the sp>-hybridized center
of the substrate to be hydroxylated. In the case of hypoxanthine, this is C2 and in the case
of xanthine, it is C8. At the same time, a hydride transfer to the Mo=S group occurs
resulting in the reduction of the molybdenum center from Mo"" to Mo'". The initial
intermediate formed has product bound to the molybdenum center via its new hydroxyl
group. The intermediate then breaks down by electron transfer out of the active site and
product is displaced via hydroxide from the solvent, readying the enzyme for another

round of catalysis.
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Figure 1.9 Production of uric acid through the catabolism of hypoxanthine/guanine. The
sequential hydroxylation of hypoxanthine to xanthine and xanthine to uric acid by
xanthine oxidase is shown. Hypoxanthine is hydroxylated at the C2 position, dissociates
from the enzyme complex as xanthine and then can rebind to the enzyme in order for the
C8 of xanthine to be hydroxylated, producing uric acid. The pathway for which guanine
is converted to xanthine via guanine deaminase is also shown (38).
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Figure 1.10 The mechanism of xanthine oxidase.
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1.3.2 Electron transfer in xanthine oxidase

In xanthine oxidase, the overall intramolecular electron transfer is Mo—Fe/S 1
—Fe/S II-FAD. The reductive and oxidative half-reactions are separated with the
reductive half-reaction occurring at the molybdenum center, while the oxidative half
reaction occurs at the flavin. The two are linked by a pair of 2Fe-2S clusters.

In the reductive half-reaction, electrons enter the system via a hydride transfer from the
substrate, reducing Mo VI to Mo". Electrons can then move into the iron sulfur clusters;
each being able to hold one electron. The first of the two [2Fe-2S] clusters sits 14.8A
away from the molybdenum center with the pyranopterin intervening. The second of the
[2Fe-2S] clusters sits 12.8A away from Fe/S I and 8.3A away from the flavin (Figure
1.3). The electrons then move to the flavin, which can donate the electrons to NAD" in
the dehydrogenase form, producing NADH; or to O; in the oxidase form, producing H,O,
or superoxide (16,39).

The flavin donates electrons to NAD" via a hydride transfer; however, the
reaction donating electrons to O, is more complex. The fully reduced enzyme contains
six electrons; two associated with the flavin, one on each Fe/S cluster, and two associated
with the reduced molybdenum center. In the process of reoxidation with O,, the system
moves from containing six reducing equivalents to four, with the reduction of O, to
H,0;,; from four reducing equivalents to two, also from the reduction of another
equivalent of O, to H,0O»; and the last two reducing equivalents each end up as O,*’, for a

total of two equivalents of superoxide (39).
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Due to the relative reduction potentials of the redox-active centers, at pH 8.5 the
electrons distribution across the centers gives ~50% of the enzyme population has
FADHj; and the other 50% has the Fe/S clusters reduced (Some molybdenum reduction
occurs, however it is small). When the oxidase form of the enzyme has four or six
reducing equivalents, an initial one electron transfer from the flavin to O, produces
FADHze---O,°- after which, the FADH; is quickly regenerated by electron transfer from
the Fe/S cluster and forms FADH,---O,¢-. A second rapid electron transfer then occurs,
producing FADHe---H,0,. These three steps occur once more, bringing the total reducing
equivalents in the system to two. Once only two reducing equivalents are left, however,
they then distribute between the flavin and the Fe/S clusters. FADH, can donate an
electron to O, forming O,°-, but absent additional reducing equivalents to quickly

replenish the electron on the flavin, the O,¢- can escape before reduction to H,O; (39).

1.4 Cofactor maturation and incorporation

Biosynthesis of the pyranopterin cofactor occurs in three main steps: cyclization
of GTP to form a cyclopterin monophosphate intermediate, sulfuration of cPMP to give
the mature pyranopterin, and coordination of the molybdenum to the enedithiolate of the
pyranopterin (Figure 1.11) (39,40). The first step is carried out by the proteins MoaA and
MoaC in E. coli (MOCS1A and MOCSI1B in humans). Cyclization of the GTP produces
cyclopyranopterin monophosphate (cPMP; also referred to in the literature as “precursor
7). The sulfuration of cPMP to produce molybdopterin is catalyzed by the enzyme MPT

synthase in E. coli, composed of an (af3), heterotetramers consisting of two units of
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MoaD and MoaE (MOCS2B and MOCS1B in humans). MoeB is involved in the initial
sulfuration of MoaD, which then can sulfurate the cPMP. The molybdenum is attached to
the molybdopterin via MogA and MoeA in E. coli (gephyrin in humans). MogA
adenylylates the pyranopterin phosphate, preparing the molecule for insertion of the
metal and then MoeA inserts the molybdate. It has been observed that copper can bind
bound to the dithiolene of this cofactor intermediate, however is not required for
maturation of the molybdenum cofactor in vivo (41). Insertion of molybdate displaces
copper (if present) and promotes the molybdate-dependent hydrolysis of adenylylated
cofactor, releasing AMP (39).

The mature molybdenum cofactor, which typically exists in the tri-oxo form (
LMoOj; or LM00O,(OH)), is highly sensitive to air-oxidation (39,42). Due to the
sensitivity to air oxidation, evidence has been growing that chaperones exist that protect
and store the cofactor. A number of these chaperones have been shown to be able to
insert this initial form of the cofactor into members of the sulfite oxidase family in
Chlamydomonas reinhardii, Neurospora crassa, and Arabidopsis thaliana (39).

In prokaryotes, trafficking of the cofactor to different apoproteins is often
determined by additional modifications to the cofactor, particularly the addition of a
dinucleotide to the cofactor. As seen in figure 1.1, in E. coli the cytosine dinucleotide is
targeted to xanthine oxidase family (43); while the guanine dinucleotide, which is found
primarily in members of the DMSO reductase family. The MCD and MGD cofactors are
produced by MocA and MobA, respectively, allowing for specific targeting of the

specific forms of the cofactor into specific enzyme systems by the cell (39).
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The xanthine oxidase family requires sulfuration of the molybdenum cofactor for
activity (Figure 1.12), replacing the equatorial Mo=0O with a Mo=S. Incorporation of the
sulfur to produce the LMoO(S)(OH) form of the cofactor requires XdhC, an a,
homodimeric protein which binds the cofactor, sulfurates it, and then inserts it into the
apo-enzyme(43-45). XdhC has been shown to be able to bind MoeA, but specific
interactions are yet to be known (46). XdhC also interacts with NifS4, a cysteine
desulfurase that can cleave cysteine to alanine and donate the sulfur to XdhC (47). In
eukaryotes, sulfuration is carried out by ABA3 (or molybdenum cofactor sulfurase in
humans). It is to note that while ABA3 has homologous activity to XdhC, it contains very
little similarity in structure and the two systems do not complement one another in vivo
(39.,48).

The last of the mononuclear molybdenum enzyme families depicted in Figure
1.12, the DMSO reductase family, requires the bis-molybdopterin guanine dinucleotide
cofactor. MobA catalyzes the addition of the guanine dinucleotide, although much is not
known of how the complete bis-MGD cofactor is assembled. It has been shown that
MobA, molybdopterin cofactor, and MgeGTP are sufficient to restore activity in vitro in
DMSO reductase of Rhodobacter capsulatus, however MobB, another protein has been
shown to enhance the efficiency of bis-MGD incorporation in vivo. MobB, along with
other chaperones are likely required for incorporation into the bis-MGD containing
enzymes (39). Interestingly in Rhodobacter capsulatus, XdhC has been shown to prevent
the binding of molybdenum cofactor to MobA, thus ensuring that not all of the

molybdenum cofactor is converted to the MGD form in the cell (46).
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1.5 Brief introduction into the present work and goals

Although xanthine oxidase has been studied for decades, details of its
mechanism and how the active site allows for substrate specificity and catalysis are still
not completely understood. In the present work, several methods have been used to
investigate the mechanism of xanthine oxidase and the roles of the active site residues in
substrate binding and catalysis. Utilizing UV/Vis spectroscopy, the kinetic rates of
bovine xanthine oxidase and variants of the homologous Rhodobacter capsulatus
xanthine dehydrogenase toward various substrates have been determined. While the
effects of active site amino acid substitutions on rate can be observed spectroscopically,
contributions to substrate binding and/or the chemical step of the reaction must be
determined utilizing other techniques such as x-ray crystallography and the measurement
of kinetic isotope effects. X-ray crystallography gives a snapshot of stable configurations
of the enzyme and substrate, allowing for identification of interactions between enzyme
and substrate. The effects of active site residues on the chemical step of the reaction have
been investigated utilizing kinetic isotope effect studies. Due to product release being the
rate-limiting step in the turnover of xanthine oxidoreductase, the primary deuterium

isotope effect (H/ D

V), the deuterium isotope effect on (V/K), and the tritium isotope
effect on (V/K) have been determined, permitting calculation of the intrinsic isotope
effect ®k. With the primary deuterium isotope effects, previously described by Dr.
Hongnan Cao, and intrinsic isotope effects "k, derived from the tritium isotope effect

studies for bovine XO and bacterial XDH, the extent to which the chemical step is rate-

limiting has been calculated for each. Knowledge of the previously documented rates of
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reduction of these enzymes, the calculation and comparison of k., and the rate of the
chemical step provides insight into similarities differences between the three enzymes
when it comes to the rate of the chemical step of the reaction and the overall rate of
enzymatic turnover. Analysis of variants of the bacterial enzyme provides insight into the
role of the active site residues by the monitoring of changes (or lack of change) in the rate
of the chemical step and it’s comparison to changes in the overall rate of reaction.

With regard to cofactor insertion, it is to note that in the xanthine oxidase family
the molybdenum cofactor is deeply buried. To gain insight into how the cofactor is
incorporated into the enzyme, computational structural studies have been performed
looking at the sulfuration of the molybdenum cofactor and incorporation of the enzyme
into members of the xanthine oxidase family of enzymes. Given the highly conserved
overall structures of xanthine oxidase family members, an attempt to identify a conserved
conformational change allowing for insertion of the molybdenum cofactor has been
attempted. Utilizing published structural data of xanthine oxidase family members,
specific conserved portions of the enzyme have been compared in attempts to identify
portions of enzyme capable of conformational change. Possible targets for the binding of
cofactor insertion machinery have also been taken into consideration. We identify a
conserved ~125 amino acid motif of the crystallographically characterized xanthine
oxidase family members whose connectivity to the remainder of the polypeptide makes
possible a “hinge” movement. Published crystal structures for bovine XO and bacterial

XDH have been manipulated to create conformations which would allow for access to the
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binding site of MPT in the holoenzyme utilizing computational software for simulation
and energy minimization of proposed “open” conformations.

Initial expression, purification, and characterization of the 125 amino acid “hinge”
motif in E. coli has been performed to investigate the possibility of dimerization of the
hinge region. Purification suggests several other proteins are associated with the protein
fragment, many having molecular weights as proteins involved with the maturation of
xanthine dehydrogenase. Based upon the idea of the hinge being part of a complex
containing what was believed to be XdhC, a PLP-containing enzyme (assumed to be a
NifS homolog), and XDH, investigation into the possibility of a complex based upon
current structural data has been conducted. The crystal structures for homologous
enzymes to the cofactor insertion machinery of Rhodobacter capsulatus XdhC and the
NifS-4 homolog IscS have been used to model a number of possible complexes.
AutoDock software was used to probe for possible binding sites of both the
molybdopterin and molybdopterin cytosine dinucleotide cofactors to the XdhC homolog,
identifying a binding pocket in correct proximity to a conserved cysteine proposed to be
required for cofactor sulfuration. XdhC has been docked to the crystal structure for the
Rhodobacter capsulatus XDHAB, providing a model for interaction and region of the
protein where the cofactor may be incorporated.

Independently, the docking of the NifS4 homolog IscS to the XdhC homolog
from Bacillus halodurans has also been conducted to see if the two could possibly
interact allowing for sulfuration and subsequent insertion. After initial docking attempts,

investigation into the possibility of a complex containing bacterial XDH and both the
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XdhC and NifS4 homologs has been begun, producing a plausible model for cofactor

sulfuration and insertion in bacterial xanthine oxidase family members.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Materials
2.1.1 Reagents and chemicals

Polyethylene glycol 200 (PEG200) and polyethylene glycol 8000 (PEG 8000)
used for protein crystallization were obtained from Hampton Research (Aliso Viejo, CA).
[8-2H] xanthine was obtained from Moravek Biochemicals and Radiochemicals (Brea,
CA). All other chemicals and reagents were obtained from Sigma-Aldrich or Fischer at

the highest purity and quality available and used without additional purification.

2.1.2 Enzyme purification

Xanthine oxidase isolation - Xanthine oxidase was purified from freshly collected
unpasteurized cow’s milk (obtained from Scott Brothers Dairy, Moreno Valley, CA; or
from J&M Oostdam Dairy, San Jacinto, CA). Enzyme used for kinetic assays was
obtained from a mixture of milk from multiple cows, while enzyme used in
crystallography was derived from milk from a single cow in order to avoid possible
issues due to genetic variability within the dairy herd.

The protein purification protocol was modified from the previous method
developed by Massey et. al. (49). One or two 20 L carboys of fresh raw milk in (totaling
20-40 L of milk for multiple source milk or 10 -16 L of milk from a single cow) was
obtained from the local dairy and kept at 4°C. While stirring with a heavy-duty overhead

stirrer, the following reagents were added in order to each 20 L of milk: 50 mL 0.3 M
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EDTA, pH 7.0; 20 mL 0.1 M PMSF in Ethanol; 20 mL 1.0 M Sodium salicylate, pH 7.0;
316 g NaHCO; (added slowly to avoid frothing); 6.0 g cysteine-HCI; and 31.6 ¢
pancreatin. The mixture was stirred for 20 minutes and then allowed to stand overnight.
On the second day, 3780 g of ammonium sulfate was slowly added to the carboy while
stirring and allowed to stir for an additional 1 hr after addition. After the hour of sitting,
3340 mL of butanol which was stored overnight in a -20°C freezer was added while
vigorously stirring the mixture. After addition of the butanol, stirring speed was reduced
and stirred for another 30 min. The mixture was then allowed to stand overnight at 4°C.
On day three, the lower aqueous phase from the carboy was transferred into a large open-
topped carboy. Cheese cloth was used to remove any residual floating lipid. 160 g of
ammonium sulfate was added per liter of the collected lower aqueous phase while stirring
the mixture. The mixture was stirred an additional 30 minutes and allowed to stand for an
additional hour. The crude protein aggregated and floated to the top of the liquid and was
removed into a large glass beaker on ice. After excess butanol was decanted, the
brownish aggregate was centrifuged for 30 minutes at 5000 rpm. After centrifugation,
bottom and top aqueous layers were then discarded. The protein was then resuspended in
100-200 ml of 0.1 M potassium phosphate, 0.3 mM EDTA, 1 mM salicylate, 0.01 mM
PMSF, pH 6.0. The resuspended protein solution was placed in Spectra/Por dialysis
membrane from Spectrum Laboratories, Inc. with a 12-14 KDa molecular weight cutoff
and dialyzed against 20 L of the same buffer at 4°C. The 20 L of buffer were changed at
least five times over the course of 2-3 days. The dialysis solution was stirred only after

the first day of dialysis.
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Once dialyzed, the solution was centrifuged for 1 hour at 10,000 rpm and then
supernatant was poured through cheese cloth to remove any leftover lipid. The solution
was then concentrated to 70-100 ml via a 250 ml Amicon stirred ultrafiltration cell with a
100 kDa molecular weight cutoff membrane. The concentrated solution was then
centrifuged at 6000 rpm for 15 minutes to remove any precipitate. A hydroxyapatite
(HAP) column from BIO-RAD was equilibrated with and the protein sample was loaded
onto the column at 0.3 ml/min. The column was washed with 0.5 column volumes and
eluted over 6 column volumes at 0.5 mL/min with 0.1 M potassium phosphate, 0.3 mM
EDTA, 1 mM salicylate, 0.01 mM PMSF, pH 6.0 supplemented with 20% ammonium
sulfate. Fractions with a absorbance ratio of Ajgonm/Aassonm l€SS than 10 and spectra
lacking the presence of a 420nm shoulder were combined and concentrated to less than 5
ml via a 50 ml Amicon stirred ultrafiltration cell with a 100 kDa molecular weight cutoff
membrane. The concentrated protein (~200-250 mg total protein) was then run over a S-
300 column (BIO-RAD) equilibrated with 0.1 M sodium pyrophosphate, 0.3 mM EDTA,
pH 8.5. and eluted with the same buffer. Larger preps were run over a large S-200 which
could handle loading up to 20 mL of sample containing up to 1 g of protein. Fractions
with an absorbance ratio of Azgonm/Aasonm less than 7 were pooled and 1mM salicylate
was added to protect the activity of the enzyme. The final protein solution was frozen in
liquid nitrogen and stored in liquid nitrogen.

Before use, the enzyme was run through a G-25 column (BIO-RAD) to remove

the salicylate and functional activity was determined based upon the methods previously
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described by Massey and Edmondson (50). Purified enzyme was typically between 40-

80% active due to variability in the amount of desulfo and demolybdo enzyme present.

Recombinant Rhodobacter capsulatus xanthine dehydrogenase expression and isolation —
Recombinant xanthine dehydrogenase from R. capsulatus was provided by the laboratory
of Dr. Silke Leimkuhler (University of Potsdam, Germany). The enzyme was purified
using previously published methods (51). By using PCR mutagenesis, amino acid
substitutions were introduced to make each of the XDH variants (E232A, E232Q,
Q197A, Q197E, E730A, and R310M). The protein was expressed in TP1000 cells grown
on Luria broth media. The enzyme variants were expressed under the same conditions as
the wild-type enzyme and purified by nickel-NTA chromatography. Isolated protein was
then dialyzed overnight in 50mM Tris, ImM EDTA, pH7.5 buffer to remove the
imidazole. The dialyzed sample was loaded onto a Q-Sepharose column (GE Healthcare)
equilibrated with 50mM Tris, ImM EDTA, pH7.5 buffer. The sample was eluted from
the Q-sepharose column with a linear gradient of 50mM Tris, ImM EDTA, 1 M NaCl
pH7.5 buffer. The enzyme-containing samples were then run on a Superpose 6 column
(GE Healthcare) equilibrated with 50mM Tris, ImM EDTA, pH7.5 buffer. The enzyme
containing samples were then run on a superpose 6 column (GE Healthcare) equilibrated
with 50mM Tris, ImM EDTA, pH7.5 buffer. For some samples, the final step was
instead an affinity chromatography step on a Sepharose 4B/folate gel. The purified
enzymes were concentrated by ultrafiltration and in the case of the affinity

chromatography step, those enzymes were exchanged into 50 mM Tris, ImM EDTA, 2.5
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mM DTT, pH 7.5 using a PD-10 gel filtration column (GE Healthcare), which was also
equilibrated with the same buffer. The final product was then stored at -80°C until

needed.

XDH hinge cloning — Initial cloning of the hinge was conducted by Dr. Wilcoxen while
visiting the laboratory of Dr. Silke Leimkihler. The PCR product of the genetic sequence
encoding for residues 465-606 of R. capsulatus xdhB subunit was cloned from the
pSL207 plasmid into the pJet plasmid. The sequence was then digested out of pJet and
ligated into the pACYC-Duet plasmid (Figure 2.1). Calculated properties for the hinge
were a molecular weight of 15770.7 Da, a theoretical pl of 7.26, an extinction coefficient
of 10095 at 280nm, and an estimated half-life of more than 10 hours in E. coli. The initial
expression conditions for the XDH hinge were also described by Jarett Wilcoxen. BL21
(DE3) cells were grown 4-5 hours at 37°C on LB broth containing chloramphenicol.
100mM IPTG was added and the cells were grown an additional 4-5 hours at 30°C. The
cells were lysed and centrifuged to remove cell debris. The supernatant was run over a
Ni-NTA gravity column followed by concentration of the elution. The concentrated
elution sample was then run through a superdex 75 column (GE Healthcare). Peak
fractions containing an enzyme the apparent size of the hinge were isolated and the
circular dichroism spectrum was taken, showing similarities to the calculated spectrum

(Figure 2.3).
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pACYC-Duet ANTATAGGGGAATTGTGAGCGGATARCAATTCCCCTGTAGRRATARTTTTGTTTARCTIT &0
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pACYC-Duet TCAGECGEECECECTEETGCAGATCTATACCGACEET TCGETGGCGCTCARCCATGECGE 180
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KDH FATTGACCCGETGCAGET GOGCATCACCGOGACCGATACTTOGARAGTGOCCARCACCTC 185
pRACYC-Duet FATTGACCCGETGCAGET FOGCATCACCEORACCRATACTTORARAGTGOCCARCACCTC 300
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KDH FECCACCRCGECCTICTTOGEEEECCRACAT GAACGEEAT GEOGETGARGEACGCCTGOGR 245
pACYC-Duet FECCACCRCGECCICTTOGEEEECCRACAT GAACGEEAT GEOGETGARGEACGCCTGOGR 340
*%
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XOH CEIGATCTTCGACGLCGET CAGRT GCAGECGI CGEECARAGTCCTGEOGCTTTGOCGAGAT 365
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XDOH CETCECEECGECCTATATGEOGCEEATTICCCTITOCGOGACAGERTITTTATGORACG—— 423
pACYC-Duet CETCECGECEECCTATATGEOGCGEATTICCCTITCCGCOGACAGERITTTATGOGACGCC 540
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Figure 2.1 The DNA sequence of XDH hinge region incorporated into the pACYC-Duet
plasmid. The DNA sequence for the “hinge” region of R. capsulatus xanthine
dehydrogenase (XDH) compared to the sequence of the pACY C-Duet plasmid containing
the digested fragment from pJet.
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HHHHHHSQDPNQAGALVQIYTDGSVALNHGGTEMGQGLHAK
MVQVAAAVLGIDPVQVRITATDTSKVPNTSATAASSGADMNG
MAVKDACETLRGRLAGFVAAREGCAARDVIFDAGQVQASGKS
WRFAEIVAAAYMARISLSATGFYATPK

Figure 2.2 Amino acid sequence of the expressed XDH “hinge.” The sequence of the
XDH hinge is shown in black with the 6-His tag and linker region shown in blue.
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Figure 2.3 Circular dichroism spectra for the recombinant XDH hinge. The calculated
CD spectrum (blue) and the CD spectrum of the presumed hinge-containing Superose 75
protein peak (red) are shown.
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Hinge expression and buffer optimization — Hinge was expressed and purified using a
protocol modified from the initial Wilcoxen protocol. BL21 (DE3) was grown on LB
broth at 30°C to OD 0.5. 100uM IPTG was added and the cells were continued to be
grown for 5 more hours at the same temperature. Cells were resuspended and lysed in
50mM sodium phosphate, 300 mM NaCl, pH 8.0 buffer. The supernatant was run over a
Ni-TED gravity column. Washes were performed with 10 mM and 20 mM imidazole and
elution as performed with phosphate buffer containing 250 mM imidazole. The eluted
sample was concentrated and run through a Superdex 75 column (GE Healthcare)
equilibrated with 50 mM Tris, 1 mM EDTA, 150mM NaCl pH 8.0 buffer.

Purified hinge protein was exchanged into various buffer conditions and screened
utilizing florescence-based thermal shift assay (Thermoflor) to find stable buffer
conditions. Phosphate buffers pH range 7-8 each had the highest stability ratings and
similar stability profiles. (Figure 2.4)

The protocol was modified in the Hille laboratory. BL21 (DE3) cells were grown
at 37°C on LB media, to an OD of 2.5-3.0. The cells were then induced with 250 uM
IPTG and incubated for 5-8 hours. Cells were centrifuged for 30 minutes at 8000 rpm and
the pellet was resuspended in 50 mM potassium phosphate buffer with 300 mM NacCl, pH
8.0. Cells were lysed and cell debris was removed via centrifugation for one hour at
35,000 rpm. The supernatant was incubated with Ni-TED resin (Macherey-Nagel) for 1
hour with light shaking. The column is washed with 50 mM potassium phosphate buffer
with 150 mM NaCl, pH 8.0. Protein is eluted with the same buffer supplemented with

250 mM imidazole. The eluate was is concentrated via an Amicon ultra centrifugal filter
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with a 10,000 molecular weight cutoff. The concentrated sample was then loaded onto a
superpose 12 column equilibrated with 50 mM potassium phosphate buffer with 150 mM

NaCl, pH 8.0.
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Dnegativ 5
e

Phosphate-citrate pH 4.5 100 mM in well AD1
Phosphate-citrate pH 4.5 100 mM in well AD2
Naacetate 5,17 100 mM in well A03
Naacetate 5.17 100 mM in well AD4.

MES pH 5.5 100 mM in well A0S
MES pH 5.5 100 mM in well ADE
MES pH 6.5 100 mM in well AD7T
MES pH 6.5 100 mM in well ADB

MES pH 7.0 100 mM in well A0S
MES pH 7.0 100 mM in well A10
HEPES pH 7.0 100 mM in well A11

HEPES pH 7.0 100 mM in well A12

HEPES pH 7.5 100 mM in well BO1
HEPES pH 7.5 100 mM in well BO2

HEPES pH 8.0 100 mM in well BO3

HEPES pH 8.0 100 mM in well B04

HEPES pH 8.5 100 mM in well BO5
HEPES pH 8.5 100 mM in well BOG

ADA pH 6.5 100 mM in well BOT
ADA pH 6.5 100 mM in well BOS
ADA pH 7.0 100 mM in well BO9
ADA pH 7.0 100 mM in well B10
Imidazole pH 6.5 100 mM in well B11
Imidazole pH 6.5 100 mM in well B12
Imidazole pH 8.0 100 mM in well CO1

Imidazole pH 8.0 100 mM in well C02

itton-Robinson pH 5.0 100 mM in well C03
lon-Robinson pH 5.0 100 mM in well C04

Britton-Robinson pH 6.0 100 mM in well C05

Britton-Robinson pH 6.0 100 mM in well C06

Britton-Robinson pH 7.0 100 mM in well CO7

Britton-Robinson pH 7.0 100 mM in well C08

Britton-Robinson pH 8.0 100 mM in well C09

Britton-Robinson pH 8.0 100 mM in well C10
KPO4 pH 7.0 100 mM in well C11
KPO4 pH 7.0 100 mM in well C12
KPO4 pH 7.5 100 mM in well D01
KPO4 pH 7.5 100 mM in well D02
KPO4 pH 8.0 100 mM in well D03

KPO4 pH 8.0 100 mM in well D04

MOPS pH 6.5 100 mM in well D05
MOPS pH 6.5 100 mM in well D06

MOPS pH 7.0 100 mM in well D07

MOPS pH 7.0 100 mM in well D08

MOPS pH 7.5 100 mM in well D09

MOPS pH 7.5 100 mM in well D10

Bis-Tris pH 5.5 100 mM in well D11

Bis-Tris pH 5.5 100 mM in well D12
Bis-Tris pH 6.5 100 mM in well E01
Bis-Tris pH 6.5 100 mM in well E02

Bis-Tris pH 7.0 100 mM in well E03
Bis-Tris pH 7.0 100 mM in well E04.
CHES pH 8.0 100 mM in well E05
CHES pH 8.0 100 mM in well E06

CHES pH 9.0 100 mM in well EOT
CHES pH 9.0 100 mM in well E08

BICINE pH 8.0 100 mM in well E09

BICINE pH 8.0 100 mM inwell E10

BICINE pH 8.5 100 mM inwell E11

BICINE pH 8.5 100 mM inwell E12

BICINE pH 9.0 100 mM in well FO1

BICINE pH 9.0 100 mM in well FO2
TAPS pH 8.0 100 mM in well FO3.
TAPS pH 8.0 100 mM in well Fo4

TAPS pH 9.0 100mM in well FO5
TAPS pH 9.0 100mM in well FO6
PIPES pH 6.5 100 mM in well FO7
PIPES pH 6.5 100 mM in well FO8

PIPES pH 7.0 100 mM in well F10
Tris-HCl pH 7.0 100 mMin well F11

Tris-HClpH 7.0 100 mMin well F12

Tris-HClpH 7.5 100 mMin well G01

Tris-HClpH 7.5 100 mMin well G02

Tris-HClpH 8.0 100 mMin well G03

Tris-HClpH 8.0 100 mMin well G04.
Tris-HCIpH 9.0 100 mMin well GOS

Tris-HClpH 9.0 100 mMin well GO6

Na-phosphate pH 6.8 100 mMin well GO7
Ha-phosphate pH 6.8 100 mMin well GO§
Na-phosphate pH 7.5 100 mMin well G09
Na-phosphate pH 7.5100 mMin well G10
Borate pH 8.5 100 mMin well G11
Borate pH 8.5 100 mMin well G12
Borate pH 9.0 100 mM in well HO1

Borate pH 9.0 100 mM in well HO2

0ld SYPRO + ref buffer + protein 100 mM in well HO3
0ld SYPRO + ref buffer 100 mM in well HO4.

ref buffer + protein + SYPRO in well HOS

ref buffer + protein + SYPRO in well HO6
refbuffer + protein in well HO7

refbuffer + protein in well HO8

refbuffer + SYPRO in well HO9
refbuffer + SYPRO in well H10
water + protein + SYPRO inwell H11
water + protein + SYPRO inwellH12
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Figure 2.4 List of buffers probed
via florescence-based thermal
shift assay. The buffer conditions
are shown on the left and the
perturbation of protein stability
from the reference buffer shown
in degrees Celsius on the right.
The reference buffer was 50mM
sodium phosphate, 300 mM NacCl,
pH 8.0.



2.2 X-ray crystallography

Materials — Magnetic bases for the automated system at LRL-CAT were obtained from
MAR-USA (Evanston, IL). Mounted cryoloops, magnetic cryovials, microbridges, 24
well plates, cover slides, and other crystal growth materials were obtained from Hampton

Research (Aliso Viejo, CA).

Isolation of fully active xanthine oxidase via folate column — Single source bovine
oxidase of lower than 70% activity was subject to affinity chromatography on a
Sepharose 4B/folate gel to provide a protein sample that contained 80-90% active

enzyme (52).

Crystallization, data acquisition and structure determination — All xanthine oxidase
crystals were grown based upon a slight modification of the method described by Pauff
et. al. (53). The protein was prepared by exchanging single source xanthine oxidase into
40mM Tris-HCI, 20mM sodium pyrophosphate pH 8.4 buffer. The enzyme concentration
was then adjusted to 35 uM total monomer concentration based upon the extinction
coefficient of xanthine oxidase at 450 nm of 37.8 mM™cm™ (this concentration
corresponds to ~5mg/ml protein) (49). The enzyme was then incubated with 0.2 mM
EDTA, and 5mM DTT for 1-2 hours.

The crystals were grown in microbridges that held batch solutions in the sealed
wells of a 24-well tray (53-56). Each well contained 10 pl of the enzyme solution and 5-6

pl of a 12% PEG 8000, 0.1 M potassium phosphate (initial pH 6.5), 0.2mM EDTA
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solution. The final pH of the batch was about 7.2. The crystals grew in the dark for 2-3
days at 25°C. Wells containing suitable crystals had the mother liquor exchanged via
micropipette with a 42% PEG 2000 solution containing all proportions of the enzyme and
precipitant solution. Substrate was introduced to the xanthine oxidase crystals via soaking
to reach a final concentration of substrate of about 1mM in the well. Wells were allowed
to soak with the substrate for between 1-10 minutes, and then crystals were harvested and
frozen in liquid nitrogen. Diffraction data was collected at Argonne National Laboratory
on the LRL-CAT beamline using a wavelength of 0.9793 A and a MARCCD 165
detector.

Crystallographic data received from the beamline was processed using the
MOSFLM package of the Collaborative Computational Project No. 4 (CCP4) program
suite (57). Molecular replacement was used for phase solution and determination of the
structure of each complex utilizing the MOLREP package of CCP4 with the basis for
fitting being the previously reported crystal structure of xanthine oxidase of Enroth et al.
as the search model (Protein Data Bank code 1FIQ;(27)). The output structure was
refined first by rigid body refinement and subsequently by restrained refinement using the
REFMAC program of the CCP4 suite (57-61). The weighting term for geometric
restraints was adjusted in REFMAC to minimize Rcryst While at the same time minimizing
the difference between Reryst and Rfee. NO noON-crystallographic symmetry restraints were
used during refinement of the structures. Water molecules were added to both the crystal

structures (using REFMAC) prior to building in the substrates.
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Structure files for substrate molecules were constructed using the PRODRG2
server (62), and the respective Protein Data Bank codes were added into the
corresponding 2F, - F¢ and Fq - Fc omit electron density maps observed in the active sites
using Crystallographic Object-Oriented Toolkit (COOT) (63). After merging the
substrate structure files with those for the refined protein structures, the results were
refined again using the restrained refinement mode in REFMAC.

Published final structure files were deposited into the Protein Data Bank (PDB) at
www.rcsb.org with the PDB accession numbers 3NVZ (xanthine oxidase in complex
with indole-3-aldehyde) and 3NVW (xanthine oxidase in complex with guanine). All

structures in the figures have been rendered using PyMol (64).

2.3 Enzyme kinetics
2.3.1 Rapid reaction kinetics

The reductive half-reaction was studied using an Applied Photophysics, Inc. SX-
18MV stopped-flow spectrophotometer. Enzyme was made anaerobic in glass tonometers
by evacuating and flushing with oxygen scrubbed argon gas (obtained from Airgas) for
between 30-60 minutes. Substrate solutions were made anaerobic by bubbling solutions
in glass syringes for 15-30 minutes. Standard buffer conditions for xanthine oxidase
were 100 mM sodium pyrophosphate, 0.3 mM EDTA, pH 8.5 at 25°C. Reactions were
observed at 450nm, monitoring the disappearance of absorbance due to reduction. For
bacterial xanthine dehydrogenase, standard buffer conditions were 50 mM potassium

phosphate, 0.1 mM EDTA, pH 7.8. Reactions involving the bacterial xanthine
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dehydrogenase were monitored at 465nm. The reaction mixtures after mixing typically
had 5-10 uM enzyme, and varying concentrations of substrate. The reaction with each
substrate concentration used was repeated in triplicate. The kinetic transients were fit to
single exponentials to obtain rate constants, which were averaged for each substrate
concentration. Each kqps Was then plotted against substrate concentration, [S], and the
hyperbolic curve was fit using SigmaPlot to obtain values for ke (the maximum rate
constant observed at high substrate concentration) and the dissociation constant, K.

pH dependence studies on the reductive half-reaction were conducted between pH
units of 6-11 using conditions previously reported by Kim et. al. (65). Buffers at the
various pH units included 0.1 M MES (pH 6.0), 0.1 M MOPS (pH 7.0), 0.1 M Tris-HCI
(pH 8.0), 0.1 M CHES (pH 9.0, 9.5), 0.1 M CAPS (pH 10, 10.5, 11.0), each also

supplemented with 0.3 MM EDTA and 0.1 M KCI.

2.3.2 Enzyme assay methods

UV-visible absorption spectra were obtained and steady-state experiments were
performed using a Hewlett-Packard 8452 diode-array spectrophotometer. To follow the
fractional conversion of xanthine to uric acid by xanthine oxidase, substrate and enzyme
were added to 1 ml of air equilibrated buffer (0.1 M sodium pyrophosphate, 0.3 mM
EDTA, pH 8.5). The formation of uric acid was monitored at 295nm (Ag295nm = 9600
M™cm™). For bacterial XDH, xanthine, NAD+ and enzyme were subsequently added to

1mL of air-equilibrated buffer (50mM potassium phosphate, 0.1 mM EDTA, pH 7.9).
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The formation of NADH (A£340nm = 6200 M™cm™) was monitored in addition to the

formation of uric acid.

2.3.3 Kinetic isotope effects

Following a slight modification of the methods outlined by D’ Ardenne and
Edmondson (66), steady-state kinetic analysis was used to determine the primary
deuterium isotope effects and the deuterium isotope effects on the chemical step of the
reaction for bovine xanthine oxidase, bacterial wild-type XDH, and the bacterial XDH
Q197A variant. Xanthine and bacterial enzyme were subsequently added using Hamilton
syringes to 2.5 ml buffer solution at pH 7.8 containing 50 mM potassium phosphate, 0.1
mM EDTA and 500 uM NAD" as the terminal electron acceptor. The solutions were
made anaerobic by bubbling argon gas through it for 20 min in a sealed quartz cuvette.
The buffer solution, including NAD*, was preincubated at 25°C and mixed via inversion
after addition of xanthine and enzyme. Changes in absorbance change at 295 nm were
monitored. The initial reaction mix contained a fixed concentration of functional R.
capsulatus xanthine dehydrogenase (~ 2 nM functional active sites) and varying
concentrations of substrates (5-200 uM). The initial rates were calculated from linear fits
of the first 20-120s of each transient. Xanthine oxidase assays used 5nM functionally
active sites and were measured in air equilibrated 0.1 M sodium pyrophosphate, pH 8.5
that did not contain NAD".

Competition experiments were used to determine the tritium isotope effect on

(V/K) for bovine xanthine oxidase, bacterial wild-type XDH, and the bacterial XDH
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Q197A variant following slight modification of the methods as described by D’ Ardenne
and Edmondson (66). Catalytic amounts of enzyme (5nM functional active sites for XO
and 2nM functional active sites for bacterial XDH) were incubated at room temperature
with xanthine concentrations of 40uM for bovine XO and 200 uM xanthine for bacterial
XDH. Air saturated buffers were used for xanthine oxidase, while 500 uM NAD" was
used as the final electron acceptor for the bacterial XDH samples. Levels of radiolabeled
[8-3H] xanthine in each sample were about 0.1 pCi/ml. Fractional conversion of xanthine
to uric acid was determined via UV/Vis spectroscopy, monitoring the reaction to
completion and determining the point at which 10-20% of the total absorbance change at
295nm was reached. Once 10-20% fractional conversion was reached, the reaction
mixture was quenched by the addition of 10% (w/v) trichloroacetic acid. Substrate ([8-
®H] xanthine) and product (*H-labeled water) were separated by HPLC (Supelco C18
column, isocratic conditions, 1ml/min, 50mM sodium phosphate, pH 6.0) with tritiated
water eluting around 3 minutes and [8-*H] xanthine eluting around 10 minutes.

The competitive (V/K) isotope effects were calculated from quantitation of the
radioactivity in the tritiated water and the [8-*H] xanthine using the following equation

(66,67):

(V/K )y In (1-f)
R,

—
VB -2

Where f is the fractional conversion of substrate to products, R," is the *H ratio of

products at time t and Rs0 is the ®H ratio of the substrate at t = 0. The ratio at 0%
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conversion was monitored to correct for the naturally occurring *H exchange with water
in the absence of enzyme.

The intrinsic isotope effect was calculated using the equation:

HD(V/K) Pk

HE{E’?K} DA_J.JJ_JIF

By solving for the ratio of the isotope effects on (V/K) for both deuterium and tritium, the
value of Pk was solved by plotting the function and finding the intercept point of the ratio
and the function.

With both the primary deuterium isotope effect ("'°V) and the intrinsic isotope
effect (°k), the f, or fractional velocity of the chemical step in relation to the overall rate

of the reaction can be calculated using the equation:

H/D V- f

100 f, gives the percentage of k., the chemical step (kc.4) comprises while the inverse of
fy gives how much faster the chemical step of the reaction is in relation to kcy, thus
multiplying the inverse of f, by the value for k., gives the approximate rate of the

chemical step.

2.4 Calculation and representation of molecular orbitals
Calculation of the molecular orbitals of indole-3-aldehyde was carried out in the

ChemDraw 3D Pro 12.0 program of the ChemDraw Ultra 12.0 suite of programs.
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Structures of various purine substrates were built in ChemDraw and were the MM2 force
field method was utilized to energy minimize the structure. The minimized structures
then had extended Huickel charges calculated for all atoms and the molecular orbitals

rendered in wireframe.

2.5 Computational modeling and molecular dynamics

Structures of bovine xanthine dehydrogenase (PDB ID: 1FO4) and R. capsulatus
xanthine dehydrogenase (PDB ID: 2W3S) were obtained from the RCSB Protein Data
Bank and modified by removing all waters, the molybdenum centers, the 2Fe-2S clusters
and the FAD molecules. Then using the Crystallographic Object-Orientated Toolkit
(COQT) (63), the residues corresponding to the hinge region were selected (residues
1011-1139 in the bovine enzyme and residues 466-604 in the alpha subunit of R.
capsulatus XDH). Using the Rotate/Translate zone tool, the hinge regions were rotated
towards one another into 15-20A wide groove that spans the non-crystallographic two
fold axis of symmetry in the dimer. A second region, corresponding to residues 561-576
in bovine xanthine dehydrogenase, was rotated toward the loop comprised of residues
192-201. The bond angles of these rotated residues were checked using the regularize
zone function in the COOT software. With the newly modified structure in the proposed
open configuration, a PDB file was generated. Energy minimization was carried out in

NAMD (68) and was run at a temperature of 300K using the Charmm force field
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parameters (69). The minimization coordinates were converted to PDB files using VMD

(70). All figures were generated using PyMol (64).

2.6 Protein-substrate and protein-protein docking

An unannotated XdhC homolog from Bacillus halodurans was identified in the
RCSB Protein Data Bank (PDB ID: 30ON5) and the structure file was modified by
removing all waters. The MPT and MCD versions of the molybdopterin cofactor were
docked to the protein using AutoDock 4.2.5.1 (71,72). Both versions of the cofactor were
modeled without molybdenum due to the inability of the software to recognize the atom
type. After docking, the molybdenum was added back into the model to simulate where
the molybdenum lies in relation to the pterin cofactor and the protein. All models were
then represented using PyMol (64).

The calculation of intramolecular cavities in the Bacillus halodurans XdhC-like
enzyme was carried out by MOLE 2.13.9.6 (73). Cavity paths were traced and rendered
in PyMol(64).

Positioning of the Bacillus halodurans XdhC-like enzyme to the R. capsulatus
xanthine dehydrogenase (PDB ID: 2W3S) was done in PyMol while taking into account
complimentarity between secondary structures and the residues along the face of the
enzymes that would come into contact. Independently, positioning of IscS (PDB ID:
1KMJ) onto the Bacillus halodurans XdhC-like enzyme was done in PyMol while taking
into account complimentarity between secondary structures and the residues along the

face of the enzymes that would come into contact. Finally, positioning of the Bacillus
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halodurans XdhC-like enzyme, R. capsulatus xanthine dehydrogenase, and the NifS4

homolog IscS together was constructed in PyMol.
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CHAPTER 3
THE CATALYTIC ROLE OF GLUTAMATE 802/232 OF XANTHINE

OXIDOREDUCTASE AND THE pH PROFILE OF THE E232Q VARIANT

3.1 Introduction

The active site of xanthine oxidoreductase is highly conserved across many
species. The active site of the bovine enzyme consists of: Phe 914, Phe 1009, Glu 802,
Glu 1261, GIn 767, and Arg 880, all of which are universally conserved. The crystal
structure of the xanthine dehydrogenase from Rhodobacter capsulatus illustrates the
highly conserved architecture of the active site, providing a convenient system to conduct
mutational studies. Due to the fact that the FAD and Fe/S-binding domains are found in
a separate subunit from the mo-binding part of the enzyme, the numbering in the bacterial
enzyme is as follows: Phe 344, Phe 459, Glu 232, Glu 730, GIn 197, and Arg 310 (Figure
1.8).

Based upon crystallographic data, substrates bind between the phenylalanines,
which serve to orient the substrate for catalysis. Glutamate 1261 (730 in the bacterial
enzyme), is oriented beneath the molybdenum center. Being within hydrogen bonding
distance, this “bottom” glutamate is universally conserved and is required for activity
(35,36). Arginine 880 and glutamate 802 (residues 310 and 232 in the bacterial enzyme,
respectively), sit below and above the substrate, respectively. Structural and kinetic
studies suggest that residues Arg 880 and Glu 802 play a role in substrate binding and

orientation, as well as transition state stabilization (36,37,56).
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Previous amino acid substitution studies of glutamate 232 in the recombinant R.
capsulatus enzyme involved substitution of glutamate 232 to alanine (36). In steady state
experiments the E232A variant exhibited a 25 -fold decrease in kg and there was a 12-
fold decrease in kreq in rapid reaction studies observing the reductive half-reaction of the
variant with xanthine. It is to note that similar kinetic characteristics were also seen in the
steady state kinetics of E803V variant of the human enzyme (74). Based upon the
variations in Ky and ke, initial conclusions were that glutamate 232 was involved with
both substrate binding and transition state stabilization. In addition to the kinetic work,
computational and structural analysis points towards glutamate 232/802 playing a role in
the facilitation of proton tautomerization between N3 and N9 positions on hypoxanthine
and xanthine over the course of catalysis (36,54,75,76).

In the structure of xanthine oxidase with the slow substrate FY X-051(77), the
crystal structure exhibited what was likely a protonated glutamate 802/232. The likely
protonation is also observed in crystal structures displaying “upside down” orientations
of substrates in the active sites in which the C6 oxygen of the xanthine/uric acid is within
hydrogen bonding distance of glutamate 802/232. These structures have led to the
argument that glutamate 802/232 acts as a hydrogen bonding donor with the substrate.
However, in order for glutamate 802/232 to facilitate in tautomerization, the residue must
be deprotonated.

In order to further investigate the role of Glu 232 and the effect of its protonation,
kinetic studies on the reductive half-reaction of E232Q variant of the recombinant R.

capsulatus enzyme have been conducted. We find that the E232Q mutant exhibits a 12-
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fold decrease in keg, cOmparable to the effect that was observed in previously published
kinetic studies of the E232A variant. This result is inconsistent with the argument that
glutamate 802/232 acts as a hydrogen bonding donor to the substrate during catalysis, as
glutamine also acts as a hydrogen bonding donor. The reductive half-reaction has also
been conducted at several pH points to investigate the effects of pH on activity in

comparison to previously published parameters.

3.2 Results and discussion
3.2.1 The reductive half-reaction of E232Q with xanthine

Structural evidence indicates that Glu 802/232 is within hydrogen-bonding
distance of substrate and that it can act as either a hydrogen bonding acceptor (and play a
role in tautomerization of hypoxanthine or xanthine), or hydrogen bonding donor (and
form stabilizing interactions with the substrate) (FIGURE 3.1). Past mutational studies of
the E232A XDH variant by Leimkihler et. al. have demonstrated a 25-fold decrease in
Keat and a 12-fold decrease in ke, as compared to the wild-type enzyme (36). While the
alanine variant allows for the investigation of the absence of the glutamate, it does not
allow for insight into the role of protonation of the glutamate on catalysis. The current
work has investigated the reductive half-reaction of the R. capsulatus E232Q xanthine
dehydrogenase variant under identical conditions to the wild-type R. capsulatus xanthine
dehydrogenase. If glutamate 232 were to act as a hydrogen bonding donor during
catalysis, then the E232Q variant should still be able to hydrogen-bond with the substrate

and it would be expected that there would be little change in activity; however, if Glu 232
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is not protonated, a decrease in activity would be expected. At pH 7.8, 25°C conditions,
the limiting rate of reduction, ke, for the wild-type enzyme with xanthine was found to
be 217 + 13 s and the apparent dissociation constant, Kg, was found to be 42.1 + 10.0
H1M. Both of these agree with the previously published results after taking into account
the difference in the temperature of the kinetic assays. The E232Q variant exhibits a 12-
fold decrease in kg and a ~3 fold increase in Ky compared to wild-type. When compared
to the published results of the E232A variant (which exhibited a 12-fold decrease in Kreq
and 12-fold increase in Kq compared to wild-type), both variants are seen to exhibit
similar decreases in Kreg, however Ky is affected less in the E232Q mutant. This suggests
that protonation of glutamate 802/232 alters substrate binding and significantly alters
catalysis and that the glutamate must be deprotonated to stabilize the transition state. This
is consistent with the interpretation that glutamate 802/232 is in fact deprotonated and
functions catalytically to facilitate tautomerization of the substrate in the course of

catalysis (36,54,75,76).
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Figure 3.1 Crystal structures of xanthine oxidase with substrate. The x-ray crystal structures of
(A) desulfo bovine xanthine oxidase with xanthine bound (PDB ID: 3EUB), where glutamate 802
is acting as a hydrogen bonding acceptor and (B) reduced bovine xanthine oxidase with urate
bound (PDB ID: 3AMZ), with glutamate 802 acting as a hydrogen bonding donor.
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Figure 3.2 Plots of observed rate constant ks versus [substrate] for the anaerobic

reductive half-reaction of wild-type Rhodobacter capsulatus xanthine dehydrogenase and
the E232Q variant with xanthine at pH 7.8, 25°C.
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Figure 3.3 Plots of observed rate constant ks versus [substrate] for the anaerobic

reductive half-reaction of wild-type Rhodobacter capsulatus xanthine dehydrogenase at
various pH values.
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Figure 3.4 Plots of observed rate constant kqps versus [substrate] for the anaerobic
reductive half-reaction of wild-type Rhodobacter capsulatus xanthine dehydrogenase and
the E232Q variant with xanthine.
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Table 3.1 Kinetic parameters for the reductive half-reactions of wild-type R. capsulatus

xanthine dehydrogenase and the E232Q variant

Wild-type R. capsulatus XDH E232Q R. capsulatus XDH

340 + 25 . 5.12+0.23 234 + 22 0.022
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3.2.2 The pH profile of R. capsulatus xanthine dehydrogenase and the E232Q variant
with xanthine

Previous pH dependence studies of bovine XO with the substrate xanthine have
yielded bell-shaped curves of kres/Kqy Versus pH corresponding to a double ionization
model, with pKa values of 6.6, assigned to an active site base (protonation of the terminal
sulfido ligand in the Mo"" form or more recently attributed to protonation of
Glu1261/730 (78)), and of 7.4, attributed to substrate. This suggests the active
enzyme/substrate system must be in its intermediate (singly protonated) state for catalysis
to occur (65). Similar pKa values of 6.3 and 7.7 were also reported for the pH
dependence on kg.i/Kr, of the bacterial enzyme (79). In both instances, maxima for the
curves were at pH 7. While the bacterial XDH and bovine xanthine oxidase exhibit
similar profiles for keai/km, the pH profiles for kyeq and kreq/Kg do not precisely match. A
plot of kreq Versus pH for the wild-type bacterial XDH is bell-shaped curve, with rate
constants roughly 10-fold greater than the bovine enzyme; while previously published
curves for the pH dependence for k.eq Of bovine xanthine oxidase follow a sigmoidal
curve (Figure 3.5). The plot for keq/Kq versus pH for the wild type enzyme exhibits a

bell-shaped curve, but it does not mimic that of the bovine enzyme. Assuming a double-

ionization mechanism, curves can be fit using the equation y = — where a is the

a
PRI

K1 ' [HT]
theoretical maximum for Kreq Or Kreg/Kg. The fit for the pH dependence of keq for wild-
type bacterial XDH gives pKa values of ~7.3 and ~10 for the ascending and descending

limbs of the pH profile and a theoretical maximum value of ~270 s™ (Figure 3.6).
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Figure 3.5 Comparison of the pH-dependence of k4 for wild-type xanthine oxidase
(white circles) and bovine xanthine oxidase (black circles) with xanthine. The values for
bovine enzyme were obtained from Kim et al (65).
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Figure 3.6 The pH-dependence of kg for wild-type xanthine dehydrogenase (black
circles) and the E232Q variant (white circles) with xanthine. The fit for the pH
dependence of k4 for wild-type bacterial XDH gave pKa values of ~7.3 and ~10 and a
theoretical maximum value of ~270 s, The fit for the pH dependence of kg for XDH

E232leariant gave pKa values of 6.18 and 8.59 and a theoretical maximum value of
21.2s™.
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Figure 3.7 The pH-dependence of k..s/K4 for wild-type xanthine dehydroganase (black circles)
and the E232Q variant (white circles) with xanthine. The fit for the pH dependence of ki.s/K4 for
wild-type bacterial XDH gave pKa values of ~7 and ~8.5 and a theoretical maximum value of ~4
x 10° M™s™. The fit for the pH dependence of k..4/Kq for XDH E232Q variant gave pKa values of
6.1 and 8.5 and a theoretical maximum value of 0.21 x 10° M's™. It is to be noted that due to the
two pK’s values for k..q/Kq4 for wild-type bacterial XDH being close to each other, the theoretical
maximum is significantly underestimated.
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Taking advantage of the ability of glutamine to act as a hydrogen bonding donor
without becoming deprotonated, the pH profile of the E232Q mutant has been
investigated. In the case of the bacterial E232Q variant, the pH profile observed for keq iS
bell-shaped and does not exhibit significant activity above pH 9.0, unlike the wild-type
bacterial XDH (which had significant activity observed up to pH 10.0) (Figure 3.6). The
pH dependence on Kqq4/Ky also exhibited bell-shaped curve with pKa values of 6.1 and 8.6

(Figure 3.7).

xanthine

Figure 3.8 The numbering scheme of xanthine.

A possible explanation for the decrease in range for which kg is finite in the
E232Q variant is that it has lost specificity towards only the neutral form of xanthine.
Previously published studies on wild-type bovine xanthine oxidase have demonstrated the
requirement for neutral substrate for catalysis, consistent with a reaction mechanism
involving proton abstraction from C-8, as the negative charge of the ionized substrate
would be expected to significantly destabilize the accumulating negative charge on C-8 in

the course of deprotonation (65). Xanthine has a pKa of 7.7 and at neutral pH it is found
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in an equilibrium between neutral and monoanionic species (Figure 3.9), but is
predominately the former (80). Deprotonation of xanthine typically occurs at N3(75,80),
so based upon the orientation of xanthine in the crystal structure of wild-type xanthine
oxidase from Pauff et al. (81), the negative charge of glutamate 802/232 would repel
xanthine exhibiting a negative charge resonating between N3 and the C2 oxygen (Figure
3.10 B). Substitution of glutamate 232 to glutamine effectively permanently protonates
the residue. In addition to the loss of ability of the residue to participate in
tautomerization of substrate, the neutral polar group would also allow enzyme to bind
both the neutral and negative forms of the substrate. Glutamine would be able to stabilize
the binding of the monoanionic form of xanthine via its polar amide group, an interaction
that could result in partial stabilization of the negative charge of the ionized substrate
allowing the monoanionic xanthine to act as a competitive inhibitor against the
population of neutral xanthine that can react with the enzyme (Figure 3.10 C/D).

The current data, do not rule out that the E232Q variant could accommodate more
than one substrate orientation for the different substrate forms, a process which would be
influenced by the pH. lonization of xanthine to the monoanion could also be stabilized
by the positively charged Arg 310, resulting in substrate binding in an inverted
orientation so that the positively charged Arg 310 interacts electrostatically with the
negative charge resonating on N3/O2 of xanthine while glutamine 232 would then form a
hydrogen-bond with the C6 oxygen (Figure 3.10 E/F). In the wild-type enzyme, the
negative charge on glutamate 232 could destabilize an interaction with the C6 oxygen

making this binding mode unlikely under physiological conditions; however this
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orientation has been observed crystallographically in the case of demolybdo rat xanthine
oxidoreductase complexed with urate and the crystal structure of reduced bovine xanthine
oxidoreductase with urate bound (82). In both cases, at neutral pH urate (which has a pKa
values of 5.8 and 10.9 (83)) would be in monoanionic, accounting for the observed
inverted orientation seen in Figure 3.1 B. The pH dependence of k4 for the E232Q
variant (Figure 3.6) exhibits a bell-shaped curve that peaks at a maximum around a pH of
7.5. As the pH increases from pH 6.1 to 7.5 the rate of reduction also increases. Xanthine
is predominantly in its neutral form and able to react with the enzyme if it is in its correct
tautomeric state. As pH rises there is an increase in the population of deprotonated Glu
730 which acts as a general base to abstract the Mo-OH proton catalyzing the chemical
step of the reaction to occur and thus promoting faster rates of reduction. As the pKa of
xanthine is reached, increasing amounts of the monoanion accumulates. Based on the
studies with bovine xanthine oxidase, the monoanionic form of the substrate is not acted
upon by the wild-type bacterial enzyme because the negative charge on xanthine would
repel the incoming nucleophilic attack by the Mo-OH (65). If the neutral form of the
substrate is also the only form that can be acted upon by the E232Q enzyme, then as pH
increases, the population of monoanionic xanthine increases and outcompetes the neutral
form xanthine for binding to the enzyme, resulting in an expected loss of observed
activity. This loss in activity is observed in the kg Of the E232Q mutant, however the
wild-type XDH does not observe a loss in kg until much higher pH as expected since the
wild-type enzyme has the ability to discriminate between forms of the substrate and

primarily binds the neutral substrate.
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Figure 3.10 Proposed orientations of xanthine binding in the active site of xanthine
oxidoreductase. (A) The “right-side” up conformation of xanthine oxidase with neutral
xanthine, as seen in the crystal structure by Pauff et al. (PDB ID: 3EUB (81)). (B) A
model of the “right-side” up conformation of xanthine oxidoreductase with monoanionic
xanthine, an unlikely conformation based on the proximity of negative charge on enzyme
and substrate. (C) The proposed “right-side” up conformation of the E232Q variant with
neutral xanthine. (D) The proposed “right-side” up conformation of the E232Q variant
with monoanionic xanthine. (E and F) Proposed “upside down” conformations of the
E232Q variant with monoanionic xanthine
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In summary, removal of the ionizable group of Glu 232 resulted in a shift in the
observed pH profile of kg and a decrease in keq for the E232Q variant of R. capsulatus
xanthine dehydrogenase. Given the drastic decrease in Kreg, it is clear that Glu 232 is in
fact deprotonated and functions catalytically to facilitate tautomerization of the substrate
in the course of catalysis. In a solution containing multiple forms of xanthine, Glu 232 is
suggested to play an essential role in substrate specificity and catalytic efficiency towards
the neutral form of xanthine. The decrease in k.eq as pH increased above pH 7.4 for the
E232Q variant (which does not occur in the wild-type enzyme until above pH 8.5)
suggests that the negative charge of Glu 232 allows discrimination against the binding of
the monoanionic form of xanthine. The monoanionic form of xanthine is not acted upon
by the wild-type enzyme because the negative charge of the ionized substrate would be
expected to significantly destabilize the accumulating negative charge on C-8 in the
course of deprotonation (65). In the E232Q variant, the monoanionic form of xanthine is
not discriminated against and can then outcompete the neutral form of xanthine for
binding in the active site. In the observed crystal of reduced bovine xanthine
oxidoreductase with urate bound, the conditions allow the reverse reaction to occur in
small quantities. Under these conditions to force a reaction with urate, the positive charge
on Arg 310 likely interacts with the negative charge on the monoanionic form of urate,
explaining the inverted binding orientation. The C6 oxygen of xanthine would be repelled
by the negative charge on Glu 232, destabilizing the overall binding of monoanionic

xanthine preventing catalysis from occurring.
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CHAPTER 4
SUBTRATE ORIENTATION AND SPECIFICITY IN XANTHINE OXIDASE:
Crystal Structures of the Enzyme in Complex with Indole-3-Acetaldehyde and

Guanine — Implications for the roles of Glutamate 802/232 and Arginine 880/310

4.1 Introduction

While xanthine is the physiological substrate for xanthine oxidase, the enzyme
can act upon a broad variety of heterocycles and aldehydes (39). The reductive half-
reaction follows a mechanism where substrate is hydroxylated at specific sp? hybridized
carbon centers. The reaction begins with Glutamate 1261 (Glu 730 in the R. capsulatus
xanthine dehydrogenase) abstracting a proton from the equatorial molybdenum hydroxyl
group, which allows the Mo-O" to make a nucleophilic attack on the substrate.
Simultaneously, a hydride transfer occurs from the carbon to the Mo=S group. At this
point, an intermediate is formed where the heterocycle is now coordinated to the
molybdenum center by the newly incorporated hydroxyl group. This intermediate has
been shown in the crystal structures in complex with two slow substrates, FYX-051 (77)
and 2-hydroxyl-6-methylpurine (53). The reaction is completed with the displacement of
product from the molybdenum center by solvent hydroxide, thus regenerating the
equatorial molybdenum hydroxyl group.

As mentioned before, the active site is highly conserved among the xanthine-
hydroxylating enzymes from various species, and Glu 1261(Glu 730 in the bacterial

XDH) has been shown to be required for activity. Mutational studies of this residue to
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alanine in the R. capsulatus XDH demonstrated a 10’-fold decrease in the limiting rate of
reduction by xanthine (36). Based upon the crystal structure, substrates wedge in
between the phenylalanines 914 and 1009 (Phe 344 and Phe 459 in the R. capsulatus
XDH), which together serve to orient the substrate perpendicular to the equatorial plane
of the molybdenum center, allowing for simultaneous nucleophilic attack and hydride
transfer. Arginine 880 (Arg 310 in the bacterial XDH) is only conserved in enzymes
acting upon aromatic heterocycles, and is often a methionine in the otherwise closely
related aldehyde-hydroxylating molybdenum-containing enzymes. Arginine 880, being
located within hydrogen-bonding distance of the C6 oxygen on xanthine is proposed to
carry a positive charge which acts to stabilize any charge accumulation on the C6 oxygen
of xanthine during catalysis. As discussed in Chapter 3, we propose that Arg 880/310 acts
in concert with glutamate 802 (Glu 232 in the bacterial XDH) in order to provide
specificity towards the neutral form of the substrate, thereby enhancing the efficiency in
catalysis and broadening the pH range for which the enzyme maintains activity.

Previous studies have shown that some substrates such as hypoxanthine (54) and
allopurinol (unpublished) can occupy multiple orientations of which only one can be
acted upon by the enzyme. In Chapter 3, the substrate ionization state and orientations in
the active site were proposed to influence reactivity and catalytic efficiency. In this
chapter, the crystal structures of xanthine oxidase in complex with the poor substrate
indole-3-aldehyde and the non-substrate guanine provide new insight into how the active

site residues of xanthine oxidase can determine catalytic efficiency and discriminate
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against substrates such as guanine, which if hydroxylated would produce the highly

mutagenic 8-hydroxyguanine causing problems for the cell.
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Figure 4.1 The chemical structures and numbering scheme of compounds used in the
present work. The top row shows the chemical structures and numbering scheme for the
physiological reaction with hypoxanthine to xanthine to uric acid. The second row
depicts indole-3-aldehyde and the hydroxylation product indole-3-carboxylic acid. The
third row depicts the non substrate guanine and its proposed hydroxylation product 8-
hydroxyguanine. The hydroxylation products that are not observed to be produced are
shown in brackets.
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4.2 Results and discussion
4.2.1 The reaction of indole-3-acetaldehyde with xanthine oxidase

Indole-3-acetaldehyde is the physiological substrate for aldehyde oxidase (AOX)
I11 from Arabidopsis thaliana that converting it to indole-3-carboxylic acid, a plant
hormone. Bovine xanthine oxidase can also act on indole-3-acetaldehyde, converting it to
the corresponding carboxylic acid, but only slowly. Hydroxylation of indole-3-
acetaldehyde occurs at the exocyclic aldehyde to produce indole-3-carboxylic acid. When
looking at the highest occupied and lowest unoccupied molecular orbitals of substrate
(Figure 4.2), the carbon position of the exocyclic aldehyde can accept a nucleophilic
attack and donate a hydride (both are required for catalysis to occur) as compared to the
C2 position (corresponding to the C8 on xanthine) which does not exhibit an overlap of
the C2 hydrogen and a highest occupied molecular orbital that would allow a hydride
transfer to occur.

The reaction was examined spectrophotometrically to determine if the reaction of
bovine xanthine oxidase with indole-3-aldehyde actually produced indole-3-carboxylic
acid. Figure 4.3 shows the UV/visible spectra of indole-3-acetaldehyde, authentic indole-
3-carboxylic acid and the hydroxylation product of indole-3-acetaldehyde by the enzyme.
The spectra are distinct with local maxima at 244 nm, 260 nm, and 300 nm for indole-3-
acetaldehyde and 278 nm for indole-3-carboxylic acid. Comparison of the reaction
product of xanthine oxidase with indole-3-aldehyde and the normalized spectrum of
indole-3-carboxylic acid agree well, and we conclude that indole-3-aldehyde is being

acted on by xanthine oxidase and the product is indole-3-carboxylic acid.
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Figure 4.2 Structure of indole-3-aldehyde and the highest occupied and lowest
unoccupied molecular orbitals. The structure of indole-3-aldehyde represented in lines
(A) and ball and stick (B). (C) The lowest unoccupied molecular orbitals (LUMO) and
(D) the highest occupied molecular orbitals (HOMO). Hydrogen atoms are represented in
white, nitrogen atoms in blue, oxygen atoms in red, and carbon atoms in grey.
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Figure 4.3 The UV-visible absorption spectra of indole-3-acetaldehyde, indole-3-
carboxylic acid and the hydroxylation products of indole-3-acetaldehyde by bovine
xanthine oxidase. Spectra shown are for indole-3-acetaldehyde, indole-3-carboxylic acid
and the reaction product of indole-3-acetaldehyde with xanthine oxidase. The extinction
coefficient of the reaction products are normalized at 278 nm where local maximum is
observed for the characteristic UV-vis absorption spectrum of indole-3-carboxylic acid.
For the reaction with bovine xanthine oxidase, 118 nM of enzyme was added prior to a
one-day incubation and its absorption was subtracted as the baseline from that of the final
reaction mix. Abbreviations used: XO, xanthine oxidase; XDH, xanthine dehydrogenase;
WT, wild-type; I3A, indole-3-acetaldehyde; I3C, indole-3-carboxylic acid.
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4.2.2 The reductive half-reaction of xanthine oxidase with indole-3-aldehyde.

Due to the low rate of reactivity of indole-3-aldehyde and the uncertainty of in the
results of steady-state assays, analysis of the reductive half-reaction via stopped-flow
spectroscopy was performed. The rate of reduction was followed by monitoring the loss
in absorbance at 450nm corresponding to the reduction of the FAD and iron-sulfur
clusters of XDH. The limiting rate of reduction, ke, was found to be 0.13 s with a K4 of
95 puM (Figure 4.4). Compared to the wild-type enzyme with xanthine (kreg= 18 s Kq =
15 puM), the reaction with indole-3-aldehyde is less than 1% of the rate observed with

xanthine as the substrate, however, the binding affinity only drops by a factor of six.
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Figure 4.4 Plot of ks vs. [indole-3-acetaldehyde] for the reaction with xanthine oxidase.
The reaction conditions were 0.1 M pyrophosphate buffer, 0.3 mM EDTA, pH 8.5, 25°C.
The hyperbolic fit to the data indicated yields a kg 0f 0.13 s and K4 0f 95 uM.
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4.2.3 The crystal structure of bovine xanthine oxidase in complex with indole-3-aldehyde
The X-ray crystal structure of bovine xanthine oxidase in complex with indole-3-
aldehyde was solved at a resolution of 1.6 A using molecular replacement, using the
previously published crystal structure of xanthine oxidase by Enroth et al (PDB ID: 1FIQ
(27)) as the search model. The final R-factors obtained were an Reryst 0f 21.5% and Ryree
of 24.6% (Table 4.1). The asymmetric unit contained a single homodimer of the enzyme
and exhibited an overall structure that highly resembled that of the previously published
structures (27,53,54,81). Figure 4.5 shows Fo-F¢ and 2F,-F. omit electron density maps
for indole-3-acetaldehyde bound in each of the two active sites in the asymmetric unit,
contoured at 3.0c and 1.0c, respectively. Each active site contains a single dominant
orientation of indole-3-aldehyde found bound between the phenylalanine residues 914
and 1009 (Figure 4.6 B and D). The indole nitrogen makes hydrogen bonding interactions
with glutamate 802 (2.78 and 2.86 A in the two active sites, respectively) while the
exocyclic aldehyde oxygen makes hydrogen bonding interactions with arginine 880 (2.89
and 3.15 A to two of the guanidinium nitrogens in one active site, 2.99 and 3.36 A in the
other). The binding of the indole-3-aldehyde in each active site along with hydrogen
bonding distances can be seen in Figure 4.6. The lack of bridging electron density
between the equatorial molybdenum hydroxyl and the substrate indicates that catalysis
has not progressed in either active site of the asymmetric unit, likely due to the observed

low reactivity of the substrate with the enzyme.
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Table 4.1 Statistics for data collection and refinement of the crystal structures of

xanthine oxidase in complex with indole-3-acetaldehyde and guanine

Statistic XO with indole-3-  XO with guanine
acetaldehyde

Protein Data Bank code 3NVZ INVW

Space Group P2, P2,

Cell dimensions

a, b, c(A) 133.4,73.7,138.9  132.7,73.4, 138.1

a B,y () 90.0, 97.1, 90.0 90.0, 97.0, 90.0

Resolution (A) 452 -1.6 131.7-1.6

Wavelength (A) 0.9793 0.9793

Unique Reflections (test set) 339,741 (17094) 334,928 (16908)

Completeness % (highest resolution shell, A) 96.5 (93.3) 96.6 (94.3)

I/s (highest resolution shell) 6.1 (2.2) 18.2 (2.4)

Reryst (highest resolution shell) 21.5(37.9) 18.4 (23.8)

Riiee (highest resolution shell) 24.6 (44.3) 21.2 (26.8)

Ramachandran Statistics (%) 90.4,9.0,0.3,0.3 90.0,9.7,0.1, 0.2

Mean coordinate error based on free R value  0.103 0.091

(A)

Mean coordinate error based on maximum 0.076 0.059

likelihood (A)

Rmsd bond length (A) 0.011 0.008

Rmsd bond angles (°) 1.3 1.2

Average B value (A?) 21.6 18.0

Number of non-hydrogen atoms in refinement 20,672 21,495

Number of waters 1600 2173

Ramachandran statistics indicate the percentage of residues in the most favored,

additionally allowed, generously allowed, and disallowed regions of the Ramachandran
diagram as defined by the program PROCHECK (34). I/c is defined as the ratio of the
averaged value of the intensity to its standard deviation.
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Figure 4.5 Electron density maps of xanthine oxidase complexed with indole-3-
acetaldehyde. Both active sites of the asymmetric unit (A and B, and C and D,
respectively) have the same single dominant orientation with C-2 proximal to
molybdenum center. (A) and (C) show F, - F, omit maps contoured at 3.0c, while (B)
and (D) show 2F, - F, omit maps contoured at 1.0c, all within 2.0 A of all atoms shown.
All omit maps were constructed prior to addition of indole-3-acetaldehyde in the
refinement model, and subsequently overlaid with the final model. The atoms were color
coded as follows, molybdenum is in cyan, carbon in white, nitrogen in blue, oxygen in
red, sulfur in yellow, and phosphorus in orange. All structures were rendered with
PyMol (64). Abbreviation used: I3A, indole-3-acetaldehyde.

89



QY 5 (B)

c) (D)
515802
x 13A

(E)

Figure 4.6 Structures of xanthine oxidase complexed with indole-3-acetaldehyde. (A)
and (B) show one active site, while (C) and (D) show the other active site in the
asymmetric unit. (B) and (D) are rotated approximately 90°C about the vertical from (A)
and (C). Atoms are colored the same as described in Figure 3. (E), Indole-3-acetaldehyde
bound in the active site with Phe 914 and 1009 shown, with the hydrogen bonding
distances indicated. All structures were rendered with PyMol (64).
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As observed in the crystal structure, the orientation of indole-3-aldehyde is not
correctly positioned for hydroxylation of the exocyclic aldehyde, which is located 5.4 A
from the equatorial molybdenum hydroxyl group. This unfavorable orientation is
primarily the result of arginine 880, which hydrogen bonds to the exocyclic aldehyde and
pulls it away from the molybdenum center. In the aldehyde oxidases, the arginine is
typically a methionine (16), which would not cause the substrate to bind in such a
unfavorable, non-productive conformation. Previous reductive half-reaction studies have
demonstrated that xanthine oxidase is indeed able to act upon indole-3-aldehyde, so in
order for hydroxylation to occur the interaction with arginine 880 must be broken and the
substrate must rotate approximately 30° in order to bring the exocyclic aldehyde within
range of the molybdenum center for catalysis. This slight rotation in the active site does
not appear to have any major steric restrictions in the active site and because the reaction
with indole-3-aldehyde is observed experimentally, the energetics of the motion must be
small compared to KT at room temperature.

Multiple substrate orientations in xanthine oxidase have been characterized
previously with hypoxanthine and 6-mercaptopurine (54). In each case, two orientations
are observed, one being catalytically relevant and the other non-productive. In the case of
hypoxanthine, the nonproductive orientation occurs when C2 is oriented away from the
molybdenum center (C8 is oriented towards the center). This situation applies generally
to any given substrate, where a distribution of substrate orientations can be expected,
with each having a given intrinsic reactivity. This would result in the overall observed

catalytic rate being a weighted average of the catalytic rates of the various substrate
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orientations. The individual contributions of each rate would be based upon the fractional
population of a given orientation and its intrinsic catalytic rate. Mathematically, this can
be described by the equation kreq = 2, (i * ki) where k¢q is the experimentally observed
limiting rate of reduction, q is the fractional population of a given orientation i, and k; is
the intrinsic rate of catalysis for orientation i. The situation illustrates the principle of
near attack conformations, in which thermally populated configurations of the Michaelis
complex play an important role in facilitating the transition state and accelerating the rate
of reaction (84-86). One extreme is that substrate can occupy a strictly nonproductive
orientation having no contribution to the overall rate of enzyme reduction, resulting in a
lower overall observed rate. Such an interpretation is consistent with the small but finite
value seen for kreq With indole-3-acetaldehyde. Such an extreme has been observed in the
case of hypoxanthine (54), where hypoxanthine can bind with the C8 position oriented
towards the molybdenum center. This orientation has been shown to be nonproductive as
the expected 6,8-dihydroxypurine product is not produced over the course of the reaction

of hypoxanthine with xanthine oxidase (54).
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4.2.4 The reductive half-reaction of wild-type R. capsulatus xanthine dehydrogenase and
the R310M variant with xanthine, indole-3-aldehyde and benzaldehyde.

To further investigate the involvement of Arg 310 (Arg 880 in the bovine
enzyme) in increasing the population of substrate in a nonproductive orientation, the
reductive half-reactions of wild-type R. capsulatus xanthine dehydrogenase and an
R310M variant were examined. In comparison of the wild-type enzyme and the R310M
variant with xanthine, the limiting rate of reduction was less than 1% of the overall rate
of the wild-type bacterial XDH, with the kg for the R310M mutant being 0.11 s and the
kreg for the bacterial XDH being 217 s™* (Figure 4.7). In the case of the indole-3-aldehyde
as the substrate, the wild-type enzyme showed very little activity with a kreg <0.001s™, as
compared to the R310M mutant which showed a higher activity, with a k.eq of 0.0648 s™
(Table 4.2). A similar trend was observed with benzaldehyde, a much faster reacting
aldehyde substrate than the indole-3-aldehyde. kreq for the R310M variant was 47 s™,
nearly double that of the wild type enzyme which had a kg 0f 25 (Figure 4.8).
Interestingly, in the case of the reaction with benzaldehyde as a substrate, the Ky for both
the wild-type and the R310M were about the same (~14 mM). It is thus clear that Arg
310 plays a key role in specificity towards the binding of xanthine while also preventing
efficient catalysis of aldehyde substrates. By removing the positively charged arginine
and replacing it with a nonpolar residue, the enzyme loses specificity towards xanthine
and abolishes the predominant nonproductive orientation observed in the crystal structure

with indole-3-aldehyde. With fewer nonproductive substrate orientations in the R310M
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variant, the overall observed k.4 increases, as observed with the reductive half-reactions

of both indole-3-aldehyde and benzaldehyde.
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Figure 4.7 Plot of k.»s vs. [xanthine] for the reductive half-reaction of R. capsulatus
xanthine dehydrogenase and xanthine. The reaction conditions were 50 mM potassium
phosphate, 0.1 mM EDTA, pH 7.8, 25°C. The hyperbolic fit to the data for the wild-
type enzyme (black circles) yields a ks of 217 s and Ky of 42 uM. The hyperbolic fit to
the data for the R310M variant (red triangle) yields a k.q of 0.11 s™ and K, of 0.08 pM.
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Table 4.2 Kinetic parameters for the reductive half-reactions of wild-type R. capsulatus
xanthine dehydrogenase and the R310M variant

Substrates

Enzyme

WT XDH

R310M
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Figure 4.8 Plot of k»s vs. [benzaldehyde] for the reductive half-reaction of R. capsulatus
xanthine dehydrogenase and xanthine. The reaction conditions were 50 mM potassium
phosphate, 0.1 mM EDTA, pH 7.8, 25°C. The hyperbolic fit to the data for the wild-
type enzyme (red triangles) yields a k., of 25 s and K, of 14 mM. The hyperbolic fit to
the data for the R310M variant (black circles) yields a k;..; of 47 s and K, of 13 mM.
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4.2.5 The crystal structure of bovine xanthine oxidase in complex with guanine

The x-ray crystal structure of bovine xanthine oxidase in complex with guanine
has also been solved at a resolution of 1.6 A. The overall structure is very similar to those
previously reported with all the differences limited to the active site. Table 4.1 gives a
summary of the structural refinement parameters and Figure 4.9 shows both active sites
of the asymmetric unit with the Fo-F¢ and 2F,-F. omit electron density maps for guanine
bound in each of the two active sites in the asymmetric unit, contoured at 3.0c and 1.0c,
respectively. The electron density shows a single dominant orientation for guanine bound
which has the C2 amino group oriented towards the molybdenum center while the C8
position, that would be expected to be hydroxylated, is oriented away from the
molybdenum center. In addition to the single orientation observed, no electron density
appears to bridge between the molybdenum center and substrate that might suggest
partial catalysis.

Just as in the case of the indole-3-aldehyde structure, guanine makes van der
Waals contacts with the phenylalanines and is held in place by a network of hydrogen
bonds. Glu 802 makes interactions with the C2 amino group and N3, and Arg 880
interacts with the C6 oxygen via hydrogen-bonding interactions. The equatorial
molybdenum hydroxyl group is also close enough to make a hydrogen-bonding
interaction with the C2 amino group. These interactions with their distances are shown in
Figure 4.9 E. While the overall orientation resembles that seen with hypoxanthine (54) or
allopurinol (unpublished) in which C2 is hydroxylated, guanine cannot be hydroxylated

due to the amino group at the C2 position. This leaves C8 as the only site for which
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hydroxylation can occur. While in the case of indole-3-aldehyde, a 30° rotation and
disruption of just the interaction with Arg 880 is sufficient for the hydroxylation of
substrate to occur (Figure 4.10), in the case of guanine a 180° rotation be necessary. A
rotation of that magnitude would require the vast network of hydrogen bonds to be
broken, and there is also significant steric hindrance with Glu 802 and Arg 880. Guanine
would have to dissociate and re-associate with the protein in the correct orientation for
C8 to be hydroxylated. The unfavorable binding of guanine is highly advantageous for
the cell due to the fact that 8-hydroxyguanine is highly mutagenic. It is likely that the
enzyme’s active site has evolved in such a way to be able to preferentially bind guanine
in a dominantly nonproductive manner in order to minimize the potential for production

of 8-hydroxy purine.
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Figure 4.9 The structures of xanthine oxidase complexed with guanine. (A) and (B)
show one active site, while (C) and (D) show the other active site in the asymmetric unit.
(A) and (C) have F, - F. omit maps contoured at 3.0c and (B) and (D) show 2F, - F.. omit
maps contoured at 1.0c, all within 1.8 A of all atoms shown. All the omit maps were
constructed before the introduction of guanine for the refinement of the model and
overlaid with the final model. Molybdenum is in teal, carbon in white, nitrogen in blue,
oxygen in red, sulfur in yellow, and phosphorus in orange. (E), guanine bound in the
active site with Phe 914 and 1009 shown, with the hydrogen bonding distances indicated.
All structures were rendered with PyMol (64).
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Figure 4.10 The proposed motion of indole-3-acetaldehyde in order for catalysis to
occur. The proposed 30° motion of indole-3-aldehyde (abbreviated 1-3-A) is indicated by
the blue arrow. Hydrogen bonding interactions are indicated by black dashed lines. The
amino acid residues are numbered for the bovine xanthine oxidase. The atoms are shown
in CPK color scheme, with the molybdenum atom in cyan. Image was rendered in
PyMol (64).
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CHAPTER 5
KINETIC ISOTOPE EFFECT STUDIES ON BOVINE XANTHINE OXIDASE

AND BACTERIAL XANTHINE DEHYDROGENASE

5.1 Introduction

As mentioned earlier, xanthine oxidase catalyzes the conversion of hypoxanthine
to xanthine, and further catalyzes the conversion of xanthine to uric acid. The overall
mechanism, shown in Figure 1.10, depicts the reaction with xanthine that has been well
agreed upon in the literature (16). The reaction begins with glutamate 1261 (Glu 730 in
the bacterial enzyme), abstracting a proton from the equatorial Mo-OH, which can then
make a nucleophilic attack on the sp? hybridized center of the substrate to be
hydroxylated. In the case of hypoxanthine, this is C2 and in the case of xanthine, it is C8.
A simultaneous hydride transfer to the Mo=S group results in reduction of the
molybdenum center from Mo"' to Mo". The intermediate thus formed has product
coordinated to the molybdenum center via the catalytically introduced hydroxyl oxygen.
The intermediate then breaks down by displacement of product by hydroxide from the
solvent, and electron transfer out of the active site, readying the enzyme for another
round of catalysis.

As shown in previous chapters of this thesis, the active site residues of xanthine
oxidoreductase have evolved to provide specificity towards substrate, as seen in the
reactions of indole-3-aldehyde and guanine (56). While the roles of specific active site

residues have been explored using mutational studies in the Rhodobacter capsulatus
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system (36,37), determination of why the limiting rates of reduction for the R. capsulatus
xanthine dehydrogenase variants vary have not completely been described.

The rate of reduction in xanthine oxidoreductase is observed through following
the spectroscopic loss in absorbance that accompanies the reduction of the flavin and
iron-sulfur clusters of xanthine oxidoreductase. Given the constitution of redox-active
centers, each independent enzymatic subunit requires three equivalents of substrate (six
electrons) to be completely reduced (39). The reaction of xanthine can be broken down
into two major steps consisting of the chemical step of the reaction (nucleophilic attack
and hydride transfer) and product release. In the wild-type bovine enzyme, the rate-
limiting step is the product release step (18) and is some 75-fold slower than the chemical
step of the reaction (66). Amino acid substitutions of the active site residues can affect
the two steps differently. Glu 197, while not being a residue involved in substrate
binding, substitution of Glu 197 in the bacterial enzyme to alanine was shown to produce
a 1.5-fold increase in kg compared to wild-type and the Q197E variant showed a 4.6-
fold decrease in rate compared to wild-type (Table 5.1) . It has also been previously
documented that there is a significant difference between the rates observed in the bovine
xanthine oxidase and the wild-type R. capsulatus xanthine dehydrogenase (51). The
higher rate of catalysis found in the bacterial enzyme is assumed to be attributed to more
rapid product release, but that has not been examined. In order to more specifically
examine the reason for the differences in reduction rate of the wild-type bovine xanthine
oxidase, wild-type R. capsulatus xanthine dehydrogenase, and the effect of mutagenesis

on the chemical step of the reaction and product release of the R. capsulatus XDH
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Q197A variant, kinetic isotope effect studies were performed to gain insight into the
extent that the chemical step is rate-limiting.

Due to product release being the principal rate-limiting step of the reaction, the
apparent primary Kkinetic isotopic effect on kg, Using xanthine deuterated at position 8 is
small, with values for bovine xanthine oxidase of 1.1 and chicken liver xanthine
dehydrogenase of 1.2 have been reported previously by D’Ardenne and Edmondson (66).
Similar values were reported by Dr. Cao when studying the primary deuterium isotope
effect on both bovine xanthine oxidase and bacterial dehydrogenase (Table 5.2,(87)). In
order to determine the intrinsic isotope effect for the chemical step of the reaction, the
tritium isotope effect on (V/K) must also be determined, which allows for the calculation
of the intrinsic deuterium isotope effect (°k) and the subsequent calculation of the extent
that the chemical step is rate limiting. In this chapter we describe the tritium isotope
effects and intrinsic deuterium isotope effects for bovine xanthine oxidase, bacterial
xanthine dehydrogenase and the bacterial Q197A variant, in addition to the extent that the

chemical step is rate-limiting in each.
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Table 5.1 Kinetic parameters for the reductive half-reaction of R. capsulatus xanthine
dehydrogenase and variants with xanthine at pH 7.8, 25°C

Enzyme Krea () Kg (M) Krea/Kg (uM* s

Wild-type
Q197E 46.6 +2.6 342+54 1.36
Q197A
E232Q 17+19 124 + 33 0.14
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Table 5.2 Kinetic parameters for the steady state reactions of bovine xanthine oxidase,
wild-type R. capsulatus xanthine dehydrogenase and the Q1974 xanthine dehydrogenase
variant with xanthine.

Enzyme P y/K) HTy/K) Dk i v
wt XDH 2.12° 3.64 5.44 1.39* 0.087
wtXO 1.98 3.62 7.01 1.1° 0.016
XDH Q197A |  3.03" 6.00 6.15 3.03° 0.39

2 The values for "?(V/K) and “PV were previously reported by Dr. Cao (87).
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5.2 Results and Discussion

Using the methods outlined in Section 2.3.3, steady-state kinetics for the various
enzymes with xanthine were observed for both normal xanthine and deuterated xanthine.
The primary deuterium isotope effects previously reported by Dr. Hongnan Cao were
determined for bovine xanthine oxidase, the bacterial XDH and several bacterial XDH
variants (Table 5.2) (87). The deuterium kinetic isotopic effect on kc,; was observed to be
very small for the wild-type enzyme (1.39), and even smaller for the Q197E mutant
(1.14), but larger for the Q197A mutant (2.23). The deuterium isotope effect on (V/K) for
bovine xanthine oxidase, the bacterial XDH and the Q197A variant were 1.98, 2.12, and
3.03, respectively.

Using a modification of the method of D’Ardenne and Edmondson (66) detailed
in Section 2.3.3, tritium isotope effect values were successfully determined for bovine
xanthine oxidase, wild-type bacterial XDH and the Q197A variant (Table 5.2). The
tritium isotope effect on (V/K) for bovine and the bacterial XDH were comparable (3.62
and 3.64, respectively). For the Q197A XDH variant, the tritium KIE on (V/K) was larger
with a value of 6.00. The intrinsic isotope effects calculated for bovine XO, the bacterial
wild-type XDH and the Q197A mutant were 7.01, 5.44, and 6.15 respectively. The
intrinsic deuterium isotope effect value for bovine XO agrees fairly well with the
previously published value of 7.4 (66). After calculating the fractional velocity (f,) of the
chemical step for each of the enzymes (refer to Section 2.3.3 for equations), the
percentage of the overall ky that the chemical step of the reaction (kc.) comprised was

calculated (100f,). The inverse of f, gave how much faster kc.y was compared to Key. It
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was observed that for bovine XO that kc.y was ~62-fold faster than kg, for wild-type
XDH that ke is ~11.5-fold faster than kgy, and for the Q197A variant kc.y is ~2.6-fold
faster than Keat.

With the kg values for each enzyme (Table 5.3), the rate constant for the
chemical step of the reaction for each of the enzymes could be estimated, yielding values
of 930 s and 802 s™* for bovine xanthine oxidase and the bacterial xanthine

dehydrogenase, respectively had similar rates. . When calculated using the equation

k1 = L4 ki , the estimated values for the rate of product dissociation (kp) for the
cat C-H D

bovine and bacterial enzyme were found to be 15.2 s™ and 76.9 s, respectively. These
results indicate that the increased rate of the bacterial enzyme is not due to a faster
chemical step of the reaction, but to an increase in the rate of product release. With regard
to the Q197A XDH variant, the increase in ke, as compared to the wild-type actually
accompanied by a decrease in the rate constant for the chemical step, the higher ke, value
being due to an increase in the rate of product release, which is also supported by a kp
value of 263.2 s, We note that replacing the glutamine with alanine creates a small
pocket in the active site above the molybdenum center that could accommodate one or
more water molecules, thus increasing the local concentration of water around the
molybdenum center and in turn increasing the rate of product displacement from the
molybdenum coordination sphere by hydroxide. The change in the rate constant for the
chemical step of the reaction for the Q197A variant along with the observed decrease in

Keat OF the Q197E variant suggest that the hydrogen-bonding interaction of GIn 197 with
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the axial Mo=0 directly modulates the reactivity of the molybdenum center, possibly by

electrostatically facilitating its two-electron reduction in the course of electron transfer.
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Table 5.3 keyr and the rate of the chemical step, kc.n, of bovine xanthine oxidase, wild-
type R. capsulatus xanthine dehydrogenase and the Q197A xanthine dehydrogenase

variant with xanthine.

Comparative rates (Substrate: xanthine)

Enzymes
wt XO 155 930 s 15.2 5%
wt XDH
XDH Q197A 164 st 426.4 51 263.25
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The tritium Kinetic isotope effects for some of the bacterial XDH variants could
not be reliably determined. The E730A variant of the bacterial XDH did not exhibit any
detectable activity towards xanthine, for example, and so no kinetic isotope effects could
be determined. Similarly, while the E232A and R310M variants exhibited finite
reactivities towards the rates were still too slow to allow for reliable determination of
fractional conversion via spectroscopic methods. For these variants, accumulation of uric
acid and NADH was observed over the course of the reaction, as in the wild-type
reaction. At a certain point in the reactions, consumption of NADH began to occur (loss
in absorbance at 340nm) along with a decrease in uric acid (a decrease in absorbance at
295nm), which does not occur in the wild-type enzyme. This could be attributed to the
reverse reaction of bacterial XDH with uric acid and NADH. Given the decrease in the
limiting rate of reduction of the variants as compared the wild-type enzyme, the E232A
and R310M XDH variants would exhibit a smaller difference between the rates of the
forward and backward reactions, resulting in accumulation of uric acid and NADH until
the concentration of xanthine falls, thus slowing the rate of the forward reaction allowing
for the reverse reaction to occur much more quickly than the forward reaction. Eventually
the two reactions would go back and forth until equilibrium between the forward and

reverse reactions is reached, as seen in Figure 5.1.
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Figure 5.1 The reaction of the R. capsulatus E232Avariant with xanthine and NAD". The

absorbance at 295 nm, associated with uric acid production (black dots), and the absorbance at

340 nm, associated with NADH production (red dots), are shown over a time course of 3000
seconds.
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CHAPTER 6
MATURATION AND INSERTION OF THE MOLYBDENUM COFACTOR INTO
THE XANTHINE OXIDASE FAMILY OF MOLYBDENUM-CONTAINING

ENZYMES

6.1 Introduction

The manner in which prosthetic groups are incorporated into apoproteins has
been of interest since the reports of the first two protein X-ray crystal structures of
hemoglobin (88) and myoglobin (89), and the process by which metal centers are
assembled and inserted in vivo remains an active area of research at the interface of
biochemistry and chemical biology (40,90-93). The molybdenum-containing
hydroxylases and related enzymes of the xanthine oxidase family constitute a large and
broadly distributed group of enzymes that typically catalyze the oxidative hydroxylation
of biologically important heterocycles and aldehydes(39). The X-ray crystal structures of
several members of this family are known, including aldehyde oxidoreductase from
Desulfovibrio gigas (17), mouse aldehyde oxidase 3 (26), bovine xanthine dehydrogenase
(27), CO dehydrogenase from Oligotropha carboxidovorans (28,29), xanthine
dehydrogenase from Rhodobacter capsulatus (30), quinoline-2-oxidoreductase from
Pseudomonas putida (31), 4-hydroxybenzoyl-CoA reductase from Thauera aromatica
(32,33), and nicotinate dehydrogenase from Eubacterium barkeri (34)(Figure 6.1).

Although each has some distinctive variation in structural elements, all possess
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significant sequence identities and profound structural homologies, particularly in the two

domains that constitute the molybdenum-binding portion of the polypeptide.
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Bos taurus xanthine dehydrogenase Mus musculus aldehyde oxidase 3

Rhodobacter capsulatus Oligotropha carboxidovorans
xanthine dehydrogenase CO dehydrogenase

(

Pseudomonas putida Thauera aromatica
quinoline-2-oxidoreductase 4 hydroxybenzoyl CoA reductase

Figure 6.1 X-ray crystal structures of several xanthine oxidase family members. The structures in order
above are: Bos taurus xanthine dehydrogenase (PDB ID: 1FO4), Mus musculus aldehyde oxidase 3 (PDB
ID: 3ZYV), xanthine dehydrogenase from Rhodobacter capsulatus (PDB ID: 2W3S), carbon monoxide
dehydrogenase from Oligotropha carboxidovorans (PDB ID: IN5W), quinoline-2-oxidoreductase from
Pseudomonas putida (PDB ID: 1T3Q), 4-hydroxybenzoyl-CoA reductase from Thauera aromatica (PDB
ID:1SB3), nicotinate dehydrogenase from Eubacterium barkeri (PDB ID: 3HRD), and aldehyde
oxidoreductase from Desulfovibrio gigas (PDB ID: 1VLD). The enzymes are shown in cartoon
representation with each subunit in different colors and with different shades of the same color given to
identical subunits within the holoenzymes.
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In all molybdenum-containing enzymes other than nitrogenase, the molybdenum
atom is coordinated to a pyranopterin cofactor. Biosynthesis of this cofactor has been
extensively worked out for the three families of mononuclear molybdenum containing
enzymes (39,40,93). For enzymes of the xanthine oxidase family, the final two steps of
involve coordination of the metal to the pyranopterin and insertion of a catalytically
essential sulfur into the molybdenum coordination sphere. Given the molybdenum
center’s sensitivity to oxidation and the fact that it is deeply buried (~15 A from the
protein surface) in the polypeptide, cofactor insertion is expected to be a complex
process. While a number of proteins involved in the final steps of cofactor maturation and
insertion into the xanthine oxidase family have been identified, it has been only recently
that structural and mechanistic information has been obtained for some of these enzymes.

In R. capsulatus, the XdhC gene product has been shown to be specifically
involved in binding the immature desulfo form of cofactor, facilitating its sulfuration by a
specific sulfurase (NifS-4) and subsequently inserting the mature cofactor into the apo
form of xanthine dehydrogenase (43-47,94). Genes homologous to xdhC have also found
in gene clusters encoding a wide variety of confirmed and proposed enzymes of xanthine
oxidase family, suggesting that XdhC-like proteins allow for targeting of the
molybdenum cofactor to specific xanthine oxidase family enzymes (43).The sulfuration
of the molybdenum cofactor involves replacement of a Mo=0O group of the molybdenum
center with a catalytically essential Mo=S (Figure 6.2) whose sulfur atom is derived from
cysteine (47). R. capsulatus NifS-4 shows high structural homology to a wide variety of

cysteine desulfurases such as CsdB or IscS in E. coli. The current accepted mechanism of
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action by these pyridoxalphosphate-dependent cysteine desulfurases remove the sulfur
atom from cysteine, releasing alanine, with the sulfide transferred to a cysteine residue on
of the enzyme as a persulfide (Figure 6.3A) (95). The cysteine-containing loop with
bound persulfide has been shown to be highly flexible and able to deliver the sulfide to
destinations many angstroms away (96). An example of the flexibility of the loop
involved with sulfide delivery can be seen in Figure 6.3 B, depicting IscU (an iron-sulfur
cluster assembly protein) bound to IscS (a cysteine desulfurase homologous to NifS-4)
where the loop is unresolved and located between the active site of IscS and the bound

IscU.
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s llfJ Cys Ala, H,0 5 'ﬁl
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MifS-4 and XdhC in A. capsulaus

Figure 6.2 Sulfuration of the molybdenum center of xanthine dehydrogenase. The site is
sulfurated by ABAS3 in Arabidopsis thaliana (analogous to HMCS in Humans), or NifS-4
and XdhC in Rhodobacter capsulatus, is indicated.
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Figure 6.3 Structural basis for how sulfur is transferred by NifS-like enzymes. (A) The structure
of a monomer of the CsdB/NifS from E. coli (PDB ID: 1KMJ) shows persulfide formed on Cys
364 after catalytic turnover of the enzyme. (B) The structure of IscU (teal) bound to a monomer
of IscS (grey) from E. coli (PDB ID: 3LVL) is shown in an orientation identical to that of the
CsdB monomer shown in A. The loop which would contain the persulfide is not resolved in the
IscU structure. Both loops are colored green to highlight the range of motion of the loop.
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In the R. capsulatus system, XdhC binds only to the apo form of bacterial
xanthine dehydrogenase (94), and only after the two [2Fe-2S] clusters and FAD of the
enzyme have been incorporated into apoprotein and the subunits assembled into an (af3)
heterotetramer (45). These results strongly suggest that the apoprotein has complete (or
nearly complete) structural integrity at the point at which the molybdenum center is
incorporated, but exists in a distinct configuration from the holoenzyme. This places
serious structural constraints on the manner in which insertion might occur and any
conformational change that might be associated with the process.

Among eukaryotes, the ABA3 gene product of Arabidopsis thaliana has also been
identified to be involved in cofactor sulfuration and insertion (48,97,98). ABA3isa
bifunctional protein that has an N-terminal portion with cysteine desulfurase activity
analogous to NifS-like enzymes in bacterial systems (including the one that sulfurates the
immature molybdenum cofactor bound to XdhC)(98). The C-terminal portion of ABA3
also binds the molybdenum cofactor, and is thought to provide a scaffold on which the
sulfuration occurs. While this C-terminal portion is functionally equivalent to the
bacterial XdhC in having insertase activity, however, there is negligible sequence identity
between it and XdhC (98) and the two cannot complement one another in vivo (43). In in
vitro assays, ABAS3 is able to sulfurate the desulfo form of aldehyde oxidase (98), a plant
enzyme which, like the xanthine oxidoreductases, requires the sulfur for activity. The
cognate to ABA3 in humans is human molybdenum cofactor sulfurase (HMCS), and the
family appears to be well-conserved in eukaryotes (93). The fact that ABA3 can restore

activity to desulfo aldehyde oxidase suggests that eukaryotes have evolved a way to

120



restore activity to enzyme that has spontaneously desulfurated without having to
synthesize new apo protein (43). A D428A mutant of rat xanthine oxidoreductase has
also been crystallized in the apo form exhibiting a structure identical to the holoenzyme
(82), suggesting that apo eukaryotic xanthine dehydrogenases may not exhibit an
alternate conformation than the holoenzyme as appears to be the case with their bacterial
counterparts.

In the present work, analysis of reported X-ray crystal structures of several
members of the xanthine oxidase family and homologs of XdhC and NifS-4 has been
used to construct multiple models to explain how the cofactor is sulfurated and inserted.
Based upon the similarities between members of the xanthine oxidase family, we propose
that this mode of insertion is common to all family members. In attempts to identify a
conserved motif which could act as a target for cofactor insertion machinery, a ~125
amino acid region of the “closed” configuration of the crystallographically characterized
bovine holoenzyme has been identified whose connectivity to the remainder of the
polypeptide makes possible a “hinge” movement that would allow access to the interior
to the protein. We have compared this “hinge” region to other members of the xanthine
oxidase family to offer insight into likely differences in the insertion process between

prokaryotic and eukaryotic systems.

6.2 The hinge rotation model
The very considerable amino acid sequence identities and structural homologies

of the xanthine oxidase family of molybdenum-containing enzymes have been previously
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noted (31,33,34), and the shared overall architecture of these enzymes strongly suggests a
common mechanism by which the deeply buried cofactor is inserted into the (largely
folded (45)) apoprotein. The published holoenzyme structures show very limited solvent
access to the molybdenum center, primarily via a 15 A long substrate binding channel;
these structures thought of as being in a “closed” conformation which must somehow
open in the apoenzyme to allow cofactor insertion. An attempt to identify regions of the
bovine xanthine dehydrogenase/oxidase structure that might be involved in
conformational changes associated with the cofactor insertion process has led to the
proposal that portions of the enzyme may function as hinges or flaps whose motions
relative to the rest of the protein would allow access to the molybdenum center binding
site when the apoprotein is in a punitive “open” conformation (39). A candidate hinge
region is readily identified consisting of amino acid residues 1011 to 1137 in the bovine
enzyme, which is a contiguous subdomain towards the amino-terminal end of the
molybdenum binding domain. The polypeptide backbone makes a single entry into this
punitive hinge region, tracing out in its entirety and exiting near the point of entry. The
close spatial proximity of the entry and exit points in the three-dimensional structure
(Figure 6.4) allows for a significant range of motion for this portion of the protein. The
putative hinge domain itself consists of two a helices, one longer than the other, that lie
across a three-stranded B-sheet (Figure 6.5). The domain is capped by a short helix-turn-
helix motif that is solvent-exposed. Despite the complete absence of contacts with other
portions of the protein the amino acid sequence of this cap portion of the hinge region is

very strongly conserved among eukaryotic xanthine- and aldehyde oxidizing enzymes as
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KNPxGS/TxWxDW (Figure 6.6). Interestingly, while the putative hinge domain lies at
the dimer interface of the holoenzyme, it has only modest interactions with the remainder
of the protein; the two hinge regions themselves are separated by a 15-20 A wide groove
on the dimer surface that spans the non-crystallographic two-fold axis of symmetry.

Most importantly from the standpoint of a possible role in cofactor insertion, the
molybdenum center of each monomer lies at the base of its respective hinge domain, and
it is clear that relatively modest motion of the latter would expose the molybdenum center

binding site.
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Figure 6.4 The structure of xanthine dehydrogenase. The dimeric holoenzyme (PDB ID: 1FO4)
is shown, with the two subunits shaded light and dark, to the left and right, respectively. The
putative hinge region of each subunit is indicated in blue, and the loop region discussed in the text
is indicated in red. (Top) The ribbon representation of the structure, as viewed along the non-
crystallographic twofold axis of symmetry, looking down onto the large groove separating the
two hinge regions in the dimer. (Middle) A surface representation of the structure from the same
perspective. (Bottom) The structure as seen rotated 90° about the horizontal from that shown in
the two previous orientations.
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Figure 6.5 Structural homologies in the hinge region among members of the xanthine
oxidase family of molybdenum enzymes. In all cases the orientation is comparable to that
shown in Figure 6.4, and with the dimers designated in light and dark shading. In the five
prokaryotic enzymes shown, the insert region referred to in the text is shaded in gray.
Top, from left to right, bovine xanthine oxidase (Abbreviated bXO; PDB ID: 1FIQ), R.
capsulatus xanthine dehydrogenase (Abbreviated Rc XDH; PDB ID: 1JRP), O.
carboxydovorans CO dehydrogenase (Abbreviated CODH; PDB ID:1N5W), T.
aromatica 4-hydroxybenzoyl-CoA reductase (Abbreviated 4HBCoAR; PDB ID: 1RM6),
P. putida quinoline 2-oxidoreductase (Abbreviated Q2OR; PDB ID: 1T3Q), and E.
barkeri nicotinate dehydrogenase (Abbreviated Nic DH; PDB ID: 3HRD).
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Figure 6.6 Sequence alignments of bovine xanthine dehydrogenase and R. capsulatus
xanthine dehydrogenase. The 19 amino acid insert seen in the hinge region of the
bacterial enzyme is also shown.
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Inspection of the structure of the xanthine oxidase dimer suggests that a
symmetrical pivoting of the two putative hinge domains toward one another about an axis
defined by the outermost strand of the 3 sheet of the hinge brings complementary
portions of the hinge regions into close proximity and closes the large gap that exists
between the two hinge regions on the surface of the dimeric holoenzyme. This motion
also opens a large channel at the base of each hinge domain that lies on the opposite the
substrate access channel from the molybdenum center binding site of each monomer.
Significantly, the strand of (3 sheet about which this motion might occur is the C-terminal
portion of the hinge domain, the end of which constitutes the exit of the polypeptide trace
out of the hinge domain back to the remainder of the protein. The amino terminus of the
hinge domain lies at the N-terminal end of the immediately adjacent (middle) strand of
sheet, and as a result the proposed motion is minimally constrained by the covalency of
the polypeptide backbone: a simple twisting motion of each hinge region is sufficient to
accommaodate the proposed rotation.

Energy minimization of the structure after hinge rotation (with the molybdenum
center, iron-sulfur clusters and FAD removed) readily converges to a stable conformation
(Figure 6.7). Specific hydrogen bonding interactions between the two hinges were
observed: Lys 1099; — Glu 1092,, Lys 1099;—Thr 1096,, Thr 1096; — Lys 1099, and Glu
1092, - Lys 1099, (here, the subscript designates the first or second subunit monomer
within the dimer). The two Thr 1092 residues are also within hydrogen-bonding distance,
although their orientations are less than fully optimal. It is to be emphasized that this

new energy-minimized configuration does not disrupt the dimer interface: substantially
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stronger interactions between the two hinge domains are created, and the majority of the
dimer interface region (not involving the hinge domains) remains undisturbed.

In this “open” conformation, the two hinge domains create a large, relatively flat,
solvent-exposed surface. We propose that these regions constitute a recognition site for
the ABA3/HMCS in the “open” conformation proposed in this model and allow the
ABA3/HMCS to distinguish apo- from holoprotein. The cap motifs (solvent facing
portions of the a helices) of the hinge region are extremely acidic, suggesting that the
complementary portion of the insertion machinery is positively charged. Importantly,
while the two new channels to the cofactor binding sites of the dimer lie at opposite ends
of the now merged hinge domains, they lie on the same face of the overall dimer,
allowing the dimeric insertion machinery to insert the molybdenum centers

simultaneously.
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Figure 6.7 Structure of the energy-minimized open configuration for bovine xanthine
oxidase. The color scheme is the same as in Figure 6.4. (Top) a representation of the
open configuration viewed from along the non-crystallographic two-fold axis of
symmetry, with the two hinge regions rotated into the groove separating them in the
structure of the holoenzyme (compare with Figure 6.4); (Middle) the open configuration
as viewed from the side, with the large channel opened by the movement of the hinge
regions indicated by the arrow in the subunit on the right; (Bottom) a close-up of the view
from above showing the specific hydrogen-bonding and electrostatic interactions
involving Glu 1092, Thr 1095 and Lys 1099 in each of the hinge regions that are created
in the energy-minimized open structure. The two Thr 1095 oxygens are 2.8 A apart and
probably also hydrogen-bonded.
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A comparison of the structure of the R. capsulatus xanthine dehydrogenase with
that of the bovine enzyme indicates that while the molybdenum-binding portion of the
bacterial enzyme is a separate subunit from the iron-sulfur- and FAD-binding portion of
the protein (and is thus an (af), dimer of dimers), the overall structural homology to the
bovine enzyme is strong, and in particular the core structure of the putative hinge region
is very well-conserved. Still, a comparison of the amino acid sequences for the
molybdenum-binding portions of eukaryotic and prokaryotic members of this enzyme
family indicate that a 19 amino acid residue insert is present in the putative hinge region
of the bacterial enzyme (Figure 6.6). This insert constitutes an elaboration of the cap
motif to the hinge region identified above in the bovine enzyme, although the hinge
region is otherwise highly conserved in both overall fold (Figure 6.5) and amino acid
sequence (60% sequence identity, another 22% sequence similarity). The net effect of
this insert is that the cap motif of the bacterial protein is approximately twice the size of
that in the eukaryotic protein. It is to note that all bacterial xanthine oxidase family
members crystallized so far contain a variation of this hinge insert (Figure 6.5) which we
suggest is involved in recruitment of each family member’s respective XdhC-like protein.
Rotation of the hinge regions in the bacterial enzymes analogously to the motion
proposed for the eukaryotic enzyme again closes the large groove on the protein surface,
and the energy-minimized structure that results again brings complementary portions of
the longer a helix in each hinge into proximity, with a channel providing access to the

molybdenum center binding site similar to that seen with the bovine enzyme above again
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created. The specific interactions between the two hinge regions of the R. capsulatus
xanthine dehydrogenase are: Asp 542; — Asp 550, and Arg 550, - Asp 542, (Figure 6.8).
A second 20-residue insert (residues 381-398 of the XdhB subunit) in the
prokaryotic enzymes is found elsewhere in the molybdenum-binding portion of the
proteins that turns out to be adjacent to the rotated hinge regions in the putative “open”
conformation (Figure 6.8). The fairly close spatial proximity of the second pair of inserts
suggests that they represent structural cassettes which themselves have significant range
of motion. Although only a small portion of this second pair inserts is resolved in the
crystal structure of, for example, the R. capsulatus xanthine dehydrogenase, the N- and
C-terminal insertion points are readily identified and indicate that this second insert is not
likely to interact directly with any portion of the hinge domains in the “open”
configuration. On the other hand, the second inserts do lie on the same face of the dimer
as the merged hinge regions and may constitute an approximately linear 80 A-span on the
surface of the protein that may help recruit XdhC (Figure 6.8). Absent these prominent
insert regions in the eukaryotic enzymes, it seems likely that the structural landmarks for
recruitment of ABA3 and its cognates (possibly in conjunction with other, as yet
unidentified, components of the eukaryotic insertion machinery) may be substantially

different than is seen in the bacterial systems.
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Figure 6.8 Structure of the energy-minimized open configuration for the R. capsulatus xanthine
dehydrogenase. The color scheme is similar to that used in Figure 6.4, with the insertion in the
cap motif of the hinge region indicated in yellow and the insertion points for the second insert
referred to is in orange for each subunit. With the hinge region is rotated into the open
configuration, the surface shown creates a structural motif that may be involved in recruitment of
the dimeric XdhC involved in cofactor sulfuration and insertion. The channel created in the open
configuration of each subunit lies at the base of each of its respective hinge region. The channel is
partially obstructed by the N-terminus of the molybdenum binding subunit (in red). The two
channels are located sufficiently close together as to allow the 2 x 34 kDa XdhC to insert the
sulfurated molybdenum centers into the two subunits of the dehydrogenase simultaneously.
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The above notwithstanding, there are substantive and fundamental similarities in
the bacterial and eukaryotic enzymes with regard to the hinge region itself (Figure 6.5)
and the putative channel that is created by rotation of the hinge domains into the “open”
configuration. In both eukaryotes and prokaryotes, one side of this channel is provided
by the hinge itself, the other by the N-terminal portion of the first molybdenum domain as
well as the second [2Fe-2S]-containing domain of the protein (that lying nearer the
molybdenum center in the holoenzyme). A loop near the N-terminus of the
molybdenum-binding subunit in the bacterial enzymes in fact partially occludes the
channel. In the bovine xanthine dehydrogenase, the corresponding loop is part of the long
linker peptide between the FAD and the molybdopterin domains composed of residues
561-576. As shown in Figure 6.4, this highly conserved unstructured loop (colored in
red) interacts with the shorter o helix of the putative hinge region, with specific
interactions including a salt bridge between Asp 571 (in the N-terminal loop) and Lys
1052 (in the hinge region) and hydrogen bonds between Thr 572 (loop) and GIn 1048,
and His 579 (loop) and Thr 1044 (hinge). These are some of the few interactions
between the hinge region and the remainder of the polypeptide that are ruptured upon
rotation of the hinge region as proposed. Immediately C-terminal to this unstructured
loop is a short a helix that lies against the second Fe/S domain. A modest rearrangement
of the N-terminal loop juxtaposes Asp 571 and Arg 575 with Glu 103 and Arg 104 on the
surface of the Fe/S domain, and considerably enlarges the channel. Such a movement
subsequent to rotation of the hinge region may well be important, particularly in the

bacterial enzymes, given the proximity of the iron-sulfur cluster of this domain to the
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inserted molybdenum cofactor. The structural integrity of the Fe/S domain has in fact
been shown to be critical in the insertion process in the case of the R. capsulatus xanthine
dehydrogenase (45). The interaction between Lys 1052 on the hinge region and Asp
5710f the loop is broken when rotated away from the hinge domain and new interactions
form bringing residues 561-576 to wrap around the loop created by residues 192-201.
This reorganization reveals the channel which is about 13 A wide and 22 A deep (Figure
6.7, middle).

It is significant that the new channel created in the putative “open” configuration
lies opposite the position of the molybdenum atom from the substrate access channel to
the active site in both the prokaryotic and eukaryotic enzymes. The implication is that in
this model, the molybdenum center is inserted “molybdenum first”, entering from what
has conventionally been understood to be the back side of the protein structure. The
pyranopterin ring portion of the mature molybdenum center enters next (its distal amino
group lies close to, and possibly hydrogen bonds, one of the cysteine ligands to the nearer
[2Fe-2S] cluster in the adjacent domain of the protein), followed last by the sidechain
phosphate of the cofactor (17). In the O. carboxydovorans CO dehydrogenase, another
member of the molybdenum hydroxylase family that possesses an elaborated cytosine
dinucleotide form of the pyranopterin cofactor, the cytidine portion of the cofactor
extends toward the protein surface, with the walls of the putative cofactor access channel
identified here apparently now collapsed upon the cytidine portion of the cofactor in the
“closed” configuration (99). This observation further suggests that the cofactor access

channel indeed lies opposite the substrate access channel in the protein structure.
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The phosphate group of the molybdenum center, once inserted, could play an
important role in triggering the closure of the cofactor access channel. In all known
crystal structures, this phosphate group lies at the amino terminus of the longer a helix of
the hinge domain. We suggest that the interaction between the negatively charged
phosphate and the positively charged amino terminus of the helix dipole would trigger
closure of the protein structure once cofactor has been inserted.

In conclusion, we suggest that a symmetric domain-domain motion at the subunit
interface of members of the xanthine oxidase family of molybdenum-containing enzymes
has been identified that opens a channel in the resulting energy-minimized structure and
provides access for insertion of the newly sulfurated molybdenum cofactor. The hinge
regions involved in this motion are connected to the remainder of the polypeptide in such
a way that the proposed motion is largely unconstrained. The “open” configuration thus
obtained is stabilized by several specific sidechain interactions between the two hinge
domains, and the cap motif of the putative hinge domains (and possibly the N-terminal of
the first molybdenum domain) may constitute recognition sites for recruiting the insertion
machinery — XdhC in prokaryotes and ABA3/HMCS in eukaryotes — to the apoprotein.
Cofactor insertion appears to occur from the “back” side, opposite the substrate access
channel to the active site, implying that cofactor insertion occurs “molybdenum first”,
and the side chain phosphate appears to play a key role in triggering closure of the

cofactor access channel once cofactor has bound.
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6.3 Docking of XdhAB to a homolog of XdhC
6.3.1 Analysis of the structures of homologous XdhC-like enzymes and docking studies
with the molybdenum cofactor

Utilizing Sequence Annotated by Structure (SAS) software on the EMBL-EBI
website, the sequence of R. capsulatus XdhC was used as the basis of a search to identify
homologous protein structures. Two unpublished structures were found deposited in the
protein database that were classified as having homologous sequence to XdhC, one from
Mycobacterium smegmatis (PDB ID: 2WE7) and the other from Bacillus halodurans
(PDB ID: 30NS5) (Figure 6.9). Like the previously characterized XdhC-like proteins (43),
both were dimers and exhibited some sequence homology to one another; most
importantly, they both contained the conserved cysteine (residue Cys 92 in the Bacillus
halodurans structure) residue proposed to be involved with sulfuration of the
molybdenum cofactor (Figure 6.10). The regions containing the conserved cysteine lie on
a portion of the dimer interface and are poorly defined in both crystal structures,
suggesting that they are highly flexible. This region is resolved in one of the asymmetric
units of the Bacillus halodurans structure, allowing for the docking of both the
molybdopterin cofactor and the molybdopterin cytosine dinucleotide (MCD) form of the
cofactor in AutoDock (71,72). The most stable results for both corms of the
molybdopterin cofactor were shown to have the pyranopterin bound in the same
orientation in a pocket defined by loops composed of residues 274-277, 297-300, 310-
311, and 313-114 (Figure 6.11 and 6.12). The cytosine dinucleotide portion of the

cofactor binds in a cleft created by residues 24-33. The phosphates of the MCD cofactor
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are found adjacent to a number of positive residues (Arg31, Lys, 32, Arg 323). The
molybdenum atom of the docked cofactor sits 2.8 A from the conserved cysteine (Figure
6.13) and is surrounded by residues Ser 28, Ser 29, Cys 92 (the conserved cysteine) and
Ser 277. It is to note that the molybdenum cofactor used for docking is the already
sulfurated form and in the correct geometry that is observed in crystal structures of
xanthine oxidase family of enzymes. Currently, it is not known if the bound molybdenum
cofactor is bound in the tri-oxo form, or covalently attached to XdhC via the conserved
cysteine residue as in other characterized MOSC proteins which resemble the sulfite
oxidase family of enzymes (43). Based upon the present docking model, Cys 92 is close
enough to participate in either of these. More on the proposed model of sulfuration of the

molybdenum cofactor is discussed in Section 6.4.
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Figure 6.9 X-ray crystal structures of XdhC homologs from Mycobacterium smegmatis and
Bacillus halodurans. The structures of the biological assembly of the XdhC homologs from
Mycobacterium smegmatis (A & C; PDB ID: 2WE?7) and the other from Bacillus halodurans (B
& D; PDB ID: 30NS5) are shown in ribbon form. The images of C and D are rotated 90° from the
positions seen in A and B, respectively.
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CLUSTAL 2.1 multiple sequence alignment
2WE7_A|PDBID|CHAIN|SEQUENCE =  -------mmmmmmmm MLGGVRDVLGTLSAVWESGGTAGVGTVVRTFRSAP 35
30ONS_A|PDBID|CHAIN|SEQUENCE MGSDKIHHHHHHENLYFQGMSDIE-LLETLAGTDQPRVMATIIHVEGSSY 49
tr |DSAPI3|DSAPI3_RHOCB == —mmmmmmmmmmmmm o MSLDLQGLAQAAAR--GPFVRVLVVETRGSTP 30
% . .. .
2WE7_A|PDBID|CHAIN | SEQUENCE RPAGASMVVAPDGTVSGSVSGGCVEGAVYDLATEVVATGTPVLQRYGVSD 85
30N5_A|PDBID|CHAIN|SEQUENCE RKEGAMML FQEDGTQVGL L SGGCLETDL TIKAQKVWQEQLPRTVVYDLSS 99
tr | DSAPI3|DSAPI3_RHOCB REVGAEMRVWPDHTQG-TIGGGTLEAEAITIARGLTAPALRRFPLG---- 75
* wR % L . WW oW * .
2WE7_A|PDBID|CHAIN|SEQUENCE DD--AFEVGLTCGGILDVFVEPVSQKTFPQLGAIRDDIEAQRPVAVATVI 133
30ONS5_A|PDBID|CHAIN | SEQUENCE EDDL SWGQGSGCNGTISVLLEPVDLKLRQHLKRVYDYLCAGKSVFHVKKL 149
tr |DSAPI3|DSAPI3_RHOCB  —---- PALGQCCGGAVTLAFEPLDAESLTRIAGP-=-=======~ FHARPL 110
» L ¥ % . .. .
2WE7_A|PDBID|CHAIN|SEQUENCE THPDAQWIGRRLVVHTDEVAGSLGSSRADAAVTDDARGLLAAGRSEVLTY 183
30ONS_A|PDBID|CHAIN|SEQUENCE ST-SGAVLEYAFILDESVYFGEWHSGHPVEWIRKIDE--=========== 185
tr |DSAPI3|DSAPI3_RHOCB TG--=-~ PDMPLAVQRALSLARNSGQRPPLLL-======== = mm 137
2WE7_A|PDBID|CHAIN|SEQUENCE GPDGQRRGEGMEVFVSSYAPRPRMLVFGAIDF-AAAVAQQGAFLGYRVTV 232
3ONS_A|PDBID|CHAIN|SEQUENCE =  ------- NEEPLMFTHIYSPKERLIIFGAGPD-VPPLVTFASNVGFYTVV 227
tr |DSAPI3|DSAPI3_RHOCB  ——-—mm——- DGWLIERLAPPAQELWIWGAGHVGRALVATLAPLPHWSIRW 178
.. w . DR 23 - .
2WE7_A|PDBID|CHAIN|SEQUENCE CDARPVFATTARFPTADEVVVDWPHRYLAAQAEAGAIDARTVVCVLTHDP 282
30NS5_A|PDBID|CHAIN|SEQUENCE TDWRPNQCEKHFFPDADEIIVDFPADFLRKFLIR----PDDFVLIMTHHF 273
tr |DSAPI3|DSAPI3_RHOCB ADFDESRFPEPIPETVMPVIAENPADLVPLAAAS--——-— AHHLILTYSH 222
* .. - w - . ..
2WE7_A|PDBID|CHAIN|SEQUENCE KFDVPLLEVALRLPDIAYIGAMGSRRTHEDRLARLREAGLTEEELARLSS 332
30NS5_A|PDBID|CHAIN|SEQUENCE QKDQEILHFLLEK-ELRYIGILGSK----ERTRRLLQN---RKPPDHLYS 315
tr |DSAPI3 |DSAPI3_RHOCB ALDLELCHRILRH-GFAACGLIGSQTKWSRFQRRLRDLGHAHAQISRIAC 271
w . £ 3 . £ 3 .- Y. % - ..
2WE7_A|PDBID|CHAIN|SEQUENCE PIGLDLGGRTPEETAVSIAAEITAKRWGGEGRPLAETGGRIHHELGEHES 382
30ONS5_A|PDBID|CHAIN|SEQUENCE PVGLSIDAQGPEEIAISIVAQLIQLIRSRK-QASSPFSYLFQPESCKH-- 362
tr |DSAPI3|DSAPI3_RHOCB PIGDPRLGKEPQAIAISVAAALLRERVGHAGLTVNTEGQTG--======~ 312
woew - . Weve w ..
2WE7_A|PDBID|CHAIN|SEQUENCE APAS 386
30NS5_A|PDBID|CHAIN|SEQUENCE ———
tr |DSAPI3 |DSAPI3_RHOCB ———

Figure 6.10 Sequence alignments of the XdhC homologs from Mycobacterium smegmatis and
Bacillus halodurans and XdhC from Rhodobacter capsulatus. The PDB chain sequences from the
XdhC homologs from Mycobacterium smegmatis (2WE7_A) and the other from Bacillus
halodurans (30ON5_A) were compared to the gene product of Rhodobacter capsulatus XdhC
(DSAPI3_RHOCB). The conserved cysteine proposed to be involved in molybdenum cofactor
sulfuration is marked by a blue arrow.
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Figure 6.11 Structures of the XdhC homolog from Bacillus halodurans (PDB I1D: 30N5) docked
with the molybdenum cofactor. (A & C) The crystal structure of the XdhC homolog with the
molybdopterin cytosine dinucleotide (MCD) form of the cofactor docked. (B and D) The crystal
structure of the XdhC homolog with the molybdopterin (MPT) form of the cofactor docked. The
structures in A&B are shown in ribbon representation, with the cofactors shown in stick
representation and CPK color scheme. The structures in C&D are shown in surface
representation, with the cofactors shown in stick representation and CPK color scheme.
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Figure 6.12 The molybdenum cofactor binding pocket of XdhC. The MCD form of the

molybdenum cofactor is represented in line representation with the CPK color scheme, while the
binding site residues are shown in grey stick representation with oxygen atoms in red, carbons in
grey, nitrogens in blue and sulfur in yellow. B is rotated roughly 90° horizontally from image A.
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Figure 6.13 The proximity of the docked molybdenum cofactor to the conserved cysteine residue.
A close up of the docked MCD cofactor with the XdhC homolog (PDB ID: 30N5) is shown. The
position of the Mo=S sulfur atom is found to be within 2.8 A of the docked molybdenum (MCD)

cofactor.
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6.3.2 The docking of the XdhC homolog from Bacillus halodurans to xanthine
dehydrogenase from R. capsulatus

Docking of the crystal structure of the XdhC homolog from Bacillus halodurans
to the crystal structure of Rhodobacter capsulatus xanthine dehydrogenase has been
attempted in PyMol (64). Previously published studies of XdhC and XDH have proposed
that the dimeric form of XdhC interacts with the dimeric form of apo-XdhAB and also
that XdhC has affinity towards XdhB specifically (94). Given the conserved structure of
the hinge region described in section 6.2, it is likely that the hinge would be the site of
binding for XdhC. Initially, an attempt to dock the XdhC homolog was to the “open”
conformation of the bacterial XDH proposed in Section 6.2 was made. The compact
nature of the XdhC homolog, along with the modeled docking site of the molybdenum
cofactor in XdhC does not support simultaneous insertion into both active sites via the
cavity created by rotation of the hinge region, as proposed in the initial hinge rotation
model of section 6.2. The putative “open” conformation of XDH would require two
equivalents of the XdhC dimer (one dimer on each side of XDH) to be able to reach both
active sites at the same time without radical restructuring of the observed crystallographic
structure of the XdhC homolog.

The docking of the XdhC homolog was next attempted to the “closed”
conformation (the crystallographically observed) form of R. capsulatus XDH and
entailed matching patches of complimentarily charged residues as well as complimentary
surfaces. The XdhC homologs also contained two sets of clefts bisecting the XdhC

homolog, the first being the two-fold axis of symmetry corresponding to the dimerization
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face between the two monomers of XdhC and the other being another two-fold axis of
symmetry roughly 90° to the first and corresponding to a cleft made between the N- and
C-terminal domains of each monomer of XdhC (each monomer contains two domains
connected by a linker). The two sets of clefts appeared to fit well with both bacterial
inserts described in the section 6.2 (Figure 6.14). The cleft corresponding to the
dimerization face sits between the two inserts away from the hinge while the clefts
corresponding to the separation of the domains within each monomer of XdhC are
complementary to the inserts within the hinge consistent with our suggestion that the
hinge inserts are specific targets for specific XdhC-like proteins. In the docked structure,
both molybdenum cofactor binding sites on XdhC sit above the hinge region of one
protomer, allowing for insertion of the cofactor from the top of both XdhB dimers of
XDH simultaneously.

In order to accommodate the known evidence that XdhC binds to apoenzyme
which is unique from the holoenzyme, new flexible regions have been identified in
addition to the hinge region. The movement of three to four loops (residues 606-623,
713-730, 650-657, and 375-414) located adjacent to the hinge region were identified
which, if rearranged (possibly in concert with a hinge motion), would allow access to the
deeply buried binding site (Figures 6.15 and 6.16). The new cavity formed in this “top-
down” insertion model lies near the cavity described in the hinge rotation model, and still
allows for members of the xanthine oxidase family utilizing the cytosine dinucleotide
form of the cofactor to bind the cytidine portion extending toward the protein surface

within the collapsed walls of the putative cofactor access channel in the “closed”
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configuration. As with the hinge rotation model, the phosphate group of the molybdenum
center, once inserted, could still play an important role in triggering the closure of the
cofactor access channel and that the interaction between the negatively charged
phosphate and the positively charged amino terminus of the helix dipole would trigger
closure of the protein structure once cofactor has been inserted.

In conclusion, we suggest that the hinge region of R. capsulatus xanthine
dehydrogenase is involved with the binding of XdhC. The “open” configuration in the
“top-down” model would involve the movement of loops adjacent to the hinge (possibly
in concert with a hinge motion) to create a channel leading from the binding site of the
molybdenum cofactor on XdhC to the binding site in XDH. Cofactor insertion appears to
occur from the “top,” roughly 90° from the substrate access channel to the active site,
rather than the “back” side, opposite the substrate access channel to the active site. As in
the hinge rotation model, insertion occurs “molybdenum first”, and the side chain
phosphate would play a key role in triggering closure of the cofactor access channel once

cofactor has bound.
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Figure 6.14 The docking of XdhC homolog to R. Capsulatus XdhAB. The crystal structure of the
XdhC homolog from Bacillus halodurans (PDB ID 30N5) docked to the R. capsulatus XDH
(PDB ID: 2Wa35S) is shown. Monomers of the dimer of the XdhC homolog are shown in blue and
purple. Monomers of the dimer of the R. capsulatus XDH are in shades of grey, with the hinge
region, described in section 6.2, in shades of red and the inserts, also described in section 6.2, in
orange. The bottom image is rotated roughly 90° vertically from the top image. Arrows and
asterisks describe roughly where the binding pocket of the molybdenum cofactor is located in the
XdhC dimer.
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Figure 6.15 Loops adjacent to the hinge region that block access to the molybdenum cofactor
binding site of XDH. The monomers of the dimer of the R. capsulatus XDH shown in cartoon
representation (top) and in a surface fill model (bottom). Each monomer of the dimer are in
shades of grey, with the hinge region in shades of red and the inserts in orange. Residues 375-414
are in magenta (insert in this loop is colored in orange), residues 606-623 are in green, residues
650-657 in cyan, and residues 713-730 in yellow.
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Figure 6.16 Removal of loops adjacent to the hinge region that block access to the molybdenum
cofactor binding site of XDH. The monomers of the dimer of the R. capsulatus XDH shown in a
surface fill model. Each monomer of the dimer are in shades of grey, with the hinge region in
shades of red and the inserts in orange. Residues 375-414 are in magenta (insert in this loop is
colored in orange), residues 606-623 are in green, residues 650-657 in cyan, and residues 713-730
in yellow. The bottom image is slightly rotated vertically and has had residues 650-657 (cyan),
and residues 713-730 (yellow) derendered to show the cavity these residues fill leading to the
molybdenum cofactor binding site.

148



6.4 Sulfuration of the molybdenum cofactor

The role of NifS in the sulfuration of the molybdenum cofactor which is bound to
XdhC has been known for some time (47), however without structural information for
NifS or XdhC, a plausible model for the sulfuration of the molybdenum cofactor could
not be assembled. With the existence of homologous structures of the E. coli NifS/CsdB
protein (PDB ID: 1KMJ, (95)) and the crystal structure of E. coli IscS-IscU complex
(PDB ID: 3LVL, (96)), the mechanism of how cysteine-derived sulfide is transferred to a
cysteine (residue Cys 364) residue on a loop (residues 361-367) in the active site as a
persulfide, and subsequently transferred to iron-sulfur cluster assembly proteins via
rearrangement of the flexible loop (Figure 6.3) can now be assessed. (95,96).

Due to the highly conserved nature of the NifS, CsdB, and IscS enzymes,
similarities in structure between XdhC and IscU were examined to see if similar modes of
the binding of NifS to the two physical partners could be accommodated. IscU and XdhC
share little significant sequence homology, but surprisingly, a portion of the polypeptide
backbone of the molybdenum cofactor binding motif of XdhC is nearly identical to the
iron-sulfur cluster assembly motif of IscU. Both contain a set of three anti-parallel p-
sheets and contain a cysteine residue three amino residues from the amino terminus of the
second B-sheet (Figure 6.17). This cysteine residue corresponds to the conserved cysteine
residue in XdhC. Although the backbone trace of this region is very similar, there is little
sequence homology other than the conserved cysteine, so NifS may not bind to XdhC in

the same manner as IscS binds to IscU. In an alternate model of binding, NifS would bind
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adjacent to the molybdenum cofactor binding pocket (Figure 6.18) in a similar position to
where the bacterial XDH would bind in the model proposed in section 6.3.2.

Currently, it is not known if NifS sulfurates the molybdenum cofactor directly, or
if XdhC is sulfurated and in turn sulfurates the cofactor (43). XdhC has been shown to
tightly bind the molybdenum cofactor (94), if NifS binds to XdhC in the same manner as
IscS binds to IscU sulfuration of XdhC significant conformational changes would have to
occur while the cofactor is bound for NifS to sulfurate the conserved cysteine residue.
Alternatively, sulfuration of XdhC could occur before molybdenum cofactor binds to the
proposed binding pocket. After the molybdenum cofactor binds, XdhC would then
deposit the sulfide onto the molybdenum coordination sphere displacing an oxo group. In
both cases, the molybdenum cofactor would be in the tri-oxo form and have a geometry
similar to the geometry of the cofactor seen in the xanthine oxidase family enzymes
(Figure 9.19 B). The sulfide from the persulfide on the conserved cysteine of XdhC
would come in from the “bottom” (see Figure 6.13) to displace an oxo group from the
molybdenum coordination sphere similar to how hydroxide displaces product during
turnover of xanthine oxidase. Alternatively, NifS could directly sulfurate the bound
molybdenum cofactor. In this case, the conserved cysteine would bind the molybdenum
cofactor similar to other characterized MOSC domains that have been suggested to
covalently link the molybdenum center to the enzyme via a conserved cysteine residue
(22). The ligation of the molybdenum center to the enzyme would either stabilize the
bound molybdenum cofactor or represent a ligand to generate an electron environment

facilitating the sulfur/oxygen exchange reaction (43). The coordination geometry of the
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molybdenum center would likely correspond to that seen the sulfite oxidase family
(Figure 6.19 A) so that the incoming sulfide from the top would not be blocked by the
presence of an axial oxygen. The incoming sulfide from the persulfide would displace the
cysteine residue and flip the coordination geometry to that which is seen in the xanthine
oxidase family. These models best fit the current information described by Neumann and
Leimkihler that XdhC has to dissociate from NifS4 after the sulfuration reaction to
interact with XdhB and that the conserved cysteine of XdhC could either act as a sulfur-
transferring cysteine on which a persulfide is formed during the reaction or as a ligand to

the protein-bound molybdenum cofactor (43).

151



Figure 6.17 Overlay of the structures of XdhC and IscU. The structure of IscU (PDB ID: 3LVL),
shown in violet ribbons is superimposed upon the structure of the XdhC homolog from Bacillus
halodurans (PDB ID: 30N5), shown in grey ribbons. The  sheets that were roughly aligned are
numbered 1-3 and the cysteine residues that share the same position in reference to the second 8
sheet are indicated by the black arrows.
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Figure 6.18 Overlay of the structures of XdhC and IscU (bound to IscS). The x-ray crystal
structure of IscU (violet ribbons) with IscS bound (orange ribbons) (PDB ID: 3LVL), is
superimposed upon the structure of the XdhC homolog from Bacillus halodurans as shown in
Figure 6.17.The loop which is proposed to deliver the persulfide from the active site of IscS to
IscU is colored green.
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Figure 6.19 The coordination geometries of the molybdenum center in the sulfite oxidase and
xanthine oxidase families. The coordination geometry of plant sulfite oxidase (A) and R.
capsulatus xanthine dehydrogenase (B) are shown. It is to note that the coordination geometries
are flipped in respect to the dithiolene of the pterin cofactor.

154



6.5 The insertion complex model
6.5.1 Recombinant expression of the hinge fragment

The highly conserved nature of the overall structure of the hinge region among
members of the xanthine oxidase family suggests that it plays an important role in the
binding of the cofactor insertion machinery. Recombinant expression of the hinge in E.
coli has been attempted to determine whether a stable dimer could be formed in the
absence of the rest of the protein, and whether it might be recognized by XdhC.

The 142 amino acid hinge fragment along with a 6-His tag connected to the N-
terminus via a 4amino acid linker (Figure 2.2, Chapter 2.1) has been expressed in BL21
cells according to the methods outlined in Chapter 2. Initial purification by Ni-NTA and
Ni-TED chromatography and subsequent separation by size exclusion shows a few
prominent peaks (Figure 6.20, top), but SDS-PAGE results show multiple proteins which
all appeared to associate with the hinge (Figure 20, bottom). Subsequent expression
efforts also suggest a number of proteins consistently co-purify with the recombinant
hinge. Concentration steps and freezing during purification cause the hinge and some of
the other proteins to be fairly unstable and precipitate out of solution. The spectral
analysis of several purification steps show absorption in the 420nm range, which could
correspond to the presence of PLP, flavin, or heme. In one instance, purification yielded a
protein with the spectral characteristics and activity of xanthine dehydrogenase.
Previously published data has shown that the E. coli XdhC homolog can act upon the R.
capsulatus xanthine dehydrogenase and it has long been known that XdhC is not very

stable (43). If the hinge region is involved with interactions with XdhC, native E. coli
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XdhC homologs could be pulled down during purification and in turn precipitate with the
hinge fragment still attached. The estimated molecular weights of several bands from the
SDS-PAGE gels have been compared to known molecular weights of characterized E.
coli proteins homologous to XDH or involved in the final steps of cofactor maturation in
the xanthine oxidase family of enzymes in E. coli. Several bands in the various SDS-
PAGE gels exhibit molecular weights comparable in molecular weight to XdhA, XdhB,

XdhC, XdhD, a NifS homolog, and the expressed hinge.

6.5.2 Modeled complexes of NifS, XdhC, and R. capsulatus XDH

Based upon the possibility of several enzymes co-purifying with the hinge
fragment, the presence of gel bands corresponding to hinge, a protein of similar
molecular weight to XdhC and another band of similar molecular weight to a NifS-like
protein raises the possibility of a ternary NifS:XdhC:hinge(XDH) complex (Figure 6.21).
While the hinge fragment pulling down an XdhC bound to NifS would suggest such a
complex, alternative methods by which a sulfide could be transferred from NifS to the
bound molybdenum center in XdhC, followed by subsequent insertion of the sulfurated
molybdenum cofactor into XDH without dissociation of the NifS and association of XDH
can be envisaged where XdhC, NifS and apo xanthine dehydrogenase would create a
ternary complex.

The structure of the XdhC homolog from Bacillus halodurans (PDB ID: 30N5)
contains numerous surface indentations and unresolved flexible loops. Only one of the

monomers in the asymmetrical unit shows a clearly resolved loop containing the
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conserved cysteine residue in its MOSC domain. Using the MOLE 2.0 program (73), we
have located several networks of internal cavities of various sizes. With the molybdenum
cofactor binding site located along the dimerization face, a tunnel is seen that runs from
the conserved cysteine along the dimerization domain roughly 120° from the proposed
binding site of XDH in Section 6.2.2 (Figure 6.22). As seen in Figure 6.23, the tunnel is
lined by cysteine residue 53, adjacent to two histidines (residues 252 and 253); analogous
to what is seen in the active site of NifS (95). Beyond the two histidines is the conserved
Cys 92. In this model, the NifS-homolog CsdB has been docked at the end of the tunnel
(Figure 6.24 and 6.25) on the basis of structural and charge complementarities.
Sulfuration of the molybdenum cofactor would occur through the cleavage of L-cysteine
to produce L-alanine and a persulfide on the cysteine of the flexible loop in the active
site. The flexible loop of NifS would then be able to deliver the persulfide to cysteine 53.
We assume that since the dimerization domain is unresolved in the other half of the
asymmetric unit, the sulfide can be transferred from cysteine to cysteine through modest
conformational change of the loops and cysteine residues and facilitated through the help
of the histidines (as in the active site of CsdB/NifS (95)). Transfer of the sulfide through
this tunnel would allow for the sulfide to be effective transfer to the molybdenum
cofactor and allow for subsequent insertion of the cofactor into the active site of XDH
without having to dissociate from NifS and then bind to the bacterial XDH given the
observed instability of XdhC.

After initial docking of the E. coli NifS homolog (CsdB) to the XdhC homolog

from Bacillus halodurans, both have been docked to the wild-type R. capsulatus xanthine
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dehydrogenase identically to the “top-down” insertion model described in Section 6.3.2.
Interestingly, the complex of the NifS homolog: XdhC homolog complex fits with the
initial binding of XdhC to the hinge region. The interdomain cleft within each monomer
of XdhC is still complementary to the inserts in the hinge of XDH and the clefts
corresponding to the dimerization interface remain adjacent to the two inserts away from
the XDH hinge. The interface between the NifS homolog and the XdhC homolog is
adjacent to the second insert of XDH (residues 381-398) (Figure 6.26) and is roughly
rotated 90° clockwise from the orientation modeled after the binding of IscS and IscU.
The three-way interface thus identified allows for a strong interaction between apo XDH
and XdhC, as well as stabilization of NifS and XdhC via interaction with the unresolved
XDH loop. While this model suggests an interaction between XDH and NifS, the
interaction need not be as stable as the hinge-XdhC interaction implying that NifS does

not bind to XDH alone, consistent with the observation of Neumann et al.(47).
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Figure 6.20 Superdex 75 elution profile and SDS-PAGE analysis of a Ni-NTA elution sample
from BL21 cells expressing the his-tagged hinge fragment. (Top) Absorbance (mAU) versus time
(minutes) is plotted. Absorbance at 280nm is in blue while absorbance at 415 is in red. Fraction
collection numbers are indicated in red above the x-axis. (Bottom) The SDS-PAGE analysis of
the Ni-NTA elution (Ni) and superdex 75 elution peaks 1-3 (P1-P3). Molecular weight markers
(MW) are indicated on the left in kDa. The hinge fragment is found at 15kDa.

159



Figure 6.21 Modeled complex of Hinge, NifS, and XdhC. XdhC (PDB 30N5) is shown in grey,
R. capsulatus XDH hinge fragment (residues 465-605 from PDB 2W3S) is shown in brown, and
the NifS homolog IscS (PDB 3LVL) is shown in orange. The hinge fragment is small enough that
NifS could still bind to XdhC, potentially allowing for complexes of these three to be pulled
down with the His-tag on the hinge fragment.
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Figure 6.22 Proposed sulfide transfer channel in XdhC. The channel is traced by the green tube
for the resolved dimer interface in the crystal structure of the XdhC homolog from Bacillus
halodurans (PDB ID: 30N5) The docked molybdenum cofactor is shown in stick representation
in CPK color scheme.
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Figure 6.23 Residues lining the proposed sulfide transfer tunnel. The proposed tunnel that
facilitates sulfide transfer is shown in green. The relevant structures in stick representations from
left to right, beginning with the molybdenum center (cyan), Cys 92, His 252 and 253, and last,
Cys 53. The Histidines line the “top” of the tunnel, while the cysteine residues line the “bottom.”
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Figure 6.24 The NifS homolog CsdB docked to the XdhC homolog from Bacillus halodurans. The
biological assemblies from the NifS homolog CsdB is shown in orange (PDB ID: 1KMJ) docked
to the XdhC homolog from Bacillus halodurans is shown in gray (PDB ID: 30ON5). The proposed
tunnel that facilitates sulfide transfer is shown in green.
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Figure 6.25 Proposed method of sulfur transfer from the NifS to XdhC. The biological assemblies
from the NifS homolog CsdB is shown in orange (PDB ID: 1KMJ) docked to the XdhC homolog
from Bacillus halodurans is shown in gray (PDB ID: 30N5). The proposed tunnel that facilitates
sulfide transfer is shown in green. The persulfide on Cys 364 of CsdB would transfer the
persulfide to Cys 53, which would then end up on the conserved cysteine 92, and then finally on
the molybdenum cofactor.
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Figure 6.26 The docking of the NifS homolog CsdB, XdhC homolog, and R. Capsulatus XdhAB.
The crystal structure of CsdB/NifS from E. coli is docked to the XdhC homolog from Bacillus
halodurans (PDB ID 30N5) and the R. capsulatus XDH (PDB ID: 2W3S) is shown. Monomers
of the dimer of CsdB/NifS are shown in yellow and gold. Monomers of the dimer of the XdhC
homolog are shown in blue and purple. Monomers of the dimer of the R. capsulatus XDH are in
shades of grey, with the hinge region, described in section 6.2, in shades of red and the inserts,
also described in section 6.2, in orange. The image on the left is rendered in cartoon with mesh
surface shown, while the image on the right is shown with a solid surface.
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6.6 Summary

The current work has identified multiple models for the maturation and insertion
of the molybdenum cofactor into the xanthine oxidase family of enzymes. In the xanthine
oxidase family of enzymes, a conserved hinge region has been identified that could act as
a target for XdhC. The currently known structures of XdhC and NifS homologs have
provided a starting point for the modeling of the complex that carries out insertion of the
molybdenum cofactor. Docking studies with the molybdenum cofactor and the XdhC
homolog from Bacillus halodurans show similar binding of both the MPT and MCD
forms of the cofactor. Using the models for the docked molybdenum cofactor, docking of
the XdhC homolog to R. capsulatus xanthine dehydrogenase suggests that a large rotation
of the hinge region would be less likely than a more modest rotation/translation of the
hinge, in conjunction with movement of several loops adjacent to the hinge region,
resulting in a “top-down” insertion (Figure 6.16) rather than a “side-on” insertion (Figure
6.7).

Investigation of molybdenum cofactor sulfuration while bound to XdhC also
presents several possible models. The binding of NifS-4 may occur in one of two ways.
NifS-4 could bind to XdhC analogously to the crystallographically observed IscS-IscU
complex, based upon structural similarities in a motif near the conserved cysteine residue
92 (which also appears in the same place IscU). The binding of NifS-4 to XdhC in a
manner similar to the binding of IscS to IscU would result in NifS-4 and XDH not being
able to bind to XdhC at the same time. NifS-4 would have to sulfurate XdhC or the

cofactor, and then dissociate so that apo-XDH could bind and have the cofactor inserted,
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consistent with the current model proposed by Neumann and Leimkdhler (43).
Investigation of cavities within XdhC illustrate another possible way for sulfur to be
transferred from NifS-4 to XdhC, however evidence suggests that XdhC does not insert
desulfo-molybdenum cofactor (43), and a model in which a ternary complex of XdhC,
NifS-4 and XDH would allow for tight coupling of sulfuration and insertion of the
molybdenum cofactor, thereby reducing the chances of oxidative degradation of the
molybdenum cofactor. Given the proximity of the conserved cysteine to the bound
molybdenum cofactor, this residue could either be sulfurated to give a persulfide which
could then donate a sulfide to the molybdenum cofactor, or act as a covalent linkage from
the enzyme to the molybdenum center. The models produced in these studies provide a
starting point for future studies elucidate to verify the mechanism for which sulfuration

and insertion of the molybdenum cofactor occurs.
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CHAPTER 7

CONCLUSIONS

7.1 SUMMARY
7.1.1 The roles of the active site residues on substrate specificity, substrate orientation
and catalysis

Xanthine oxidase catalyzes the hydroxylation of a broad variety of purines,
heterocycles, and aldehydes (39). The reductive half-reaction follows a mechanism where
substrate is hydroxylated at specific sp?-hybridized carbon centers. The reaction begins
with Glutamate 1261 (Glu 730 in the R. capsulatus xanthine dehydrogenase) abstracting
a proton from the equatorial molybdenum hydroxyl group, which allows the Mo-O" to
undertake nucleophilic attack on the substrate. Simultaneously, a hydride transfer occurs
from the carbon to the Mo=S group. At this point, an intermediate is formed where the
heterocycle is now coordinated to the molybdenum center by the newly incorporated
hydroxyl group. The reaction is completed with the displacement of product from the
molybdenum center by solvent hydroxide, thus regenerating the equatorial molybdenum
hydroxyl group for a subsequent catalytic cycle.

The active site is highly conserved among the xanthine-hydroxylating enzymes
from various species, and Glu 1261/Glu 730 has been shown to be required for activity as
mutation studies of this residue to alanine in the R. capsulatus XDH resulted in a 10’-fold
decrease in the limiting rate of reduction by xanthine (36). Based upon the crystal

structure, substrates intercalate between the phenylalanines 914 and 1009 (Phe 344 and
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Phe 459 in the R. capsulatus XDH), which together serve to orient the substrate
perpendicular to the equatorial plane of the molybdenum center, allowing for
simultaneous nucleophilic attack and hydride transfer. Arginine 880 (Arg 310 in the
bacterial XDH) is only conserved in enzymes acting upon aromatic heterocycles, and is
often a methionine in the otherwise closely related aldehyde-hydroxylating molybdenum-
containing enzymes. Arg 880 and Glu 802 (residues 310 and 232 in the bacterial enzyme,
respectively), sit below and above the substrate, respectively. Structural and kinetic
studies suggest that residues Arg 880 and Glu 802 play a role in substrate binding and
orientation, as well as transition state stabilization (36,37,56).

From the work presented in this thesis, the roles of Glu 232 and Arg 310 (Glu 802
and Arg 880 in bovine xanthine oxidase) have been shown to be crucial in the binding of
substrate and stabilization of the transition state. In Chapter 3, the properties of the R.
capsulatus E232Q variant were described. Removal of the ionizable group of Glu 232
was shown to result in a shift in the observed pH profile of k.eq and a decrease in Kreg.
Given the significant decrease in Kreg, it is clear that Glu 232 is in fact deprotonated at the
onset of catalysis, consistent with it functioning catalytically to facilitate tautomerization
of the substrate in the course of catalysis. Furthermore, the decrease in ke as pH
increased above pH 7.4 for the E232Q variant (which does not occur in the wild-type
enzyme until above pH 8.5) suggests that the negative charge of Glu 232 discriminates
against binding of the monoanionic form of xanthine, which is expected to be
significantly less susceptible to nucleophilic attack than the neutral form. The negative

charge on xanthine resonates between N3 and O2, which in turn does not allow for
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xanthine to stably bind in the “right-side up” conformation due to the proximity of
negative charges on both xanthine and Glu 232/802. We propose that glutamate 232/802
provides specificity towards the neutral form of the substrate, thereby enhancing the
efficiency in catalysis and broadening the pH range for which the enzyme maintains
activity.

The positive charge on Arg 310/880 likely interacts with the negative charge on
the monoanionic form of xanthine resulting in binding of substrate in the “upside-down”
conformation as in the observed crystal structures of demolybdo rat xanthine
oxidoreductase complexed with urate and the crystal structure of reduced bovine xanthine
oxidoreductase with urate bound (82). In the “upside-down” conformation would also be
expected to be significantly less susceptible to nucleophilic attack than the neutral form
because the negative charge on xanthine would repel the incoming nucleophilic attack by
the Mo-OH (65).

In Chapter 4, we demonstrated a single dominant orientation for binding of both
indole-3-aldehyde and guanine in the active site of bovine xanthine oxidase, both of
which are expected to be catalytically non-productive on the basis of the distance of the
site to be hydroxylated from the catalytically labile equatorial Mo-OH of the enzyme’s
molybdenum center. In the case of indole-3-aldehyde, while substrate is readily
accommodated between Phe 914 and 1009 that define the substrate binding pocket, Arg
880 hydrogen-bonds to the exocyclic aldehyde group that is hydroxylated in such a way
that the carbonyl carbon is held approximately 5.4 A from the Mo-OH oxygen. In order

to orient more appropriately for catalysis, substrate must rotate some 30° to bring the
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exocyclic carbonyl into catalytic range of the Mo-OH group. This modest motion
appears readily allowed sterically in the active site; although it involves disruption of the
hydrogen bond with Arg 880, the hydrogen bond with Glu 802 is likely maintained (as
are the hydrophobic contacts with Phe 914 and 1009). It is likely that KT is sufficient to
populate the catalytically effective orientation at least a portion of the time, in which case
the situation is equivalent to the near attack conformation model developed by Hur and
Bruice (84-86), in which thermally populated configurations of the Michaelis complex
play an important role in facilitating the transition state (and conversely, non-productive
orientations can result in a lower observed rate of reaction). Such an interpretation is
consistent with the small but finite value seen for ke with indole-3-aldehyde (0.13 s™).
Interestingly, while substitution of Arg 310 (Arg 880 in the bovine enzyme) with
methionine resulted in a decrease in observed keq With xanthine as a substrate, it resulted
in an increase in the observed kg With indole-3-aldehyde as a substrate. The removal of
the positive charge of Arg 310 thus appears to eliminate the unfavorable interaction
holding the exocyclic aldehyde in a non-productive orientation, thus allowing an increase
in observed limiting rate of reduction. This further supports the conclusion that the
exocyclic aldehyde’s interaction with Arg 310/880 is the primary cause of the observed
low reactivity of the enzyme toward indole-3-aldehyde.

In the case of the complex of enzyme with guanine, a catalytically ineffective
orientation is again observed in the crystal structure, with the C8 position that might
otherwise become hydroxylated oriented away from the equatorial molybdenum

hydroxyl. The principal interactions that hold guanine in this unfavorable orientation are
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with Glu 802 (interacting with N1 and the C2 amino group) and Arg 880, hydrogen-
bonding to the C6 keto group. A rotation of guanine between the two phenylalanines of
~180° is required to juxtapose its C8 position with the molybdenum center. A rotation of
that magnitude would require the network of hydrogen bonds to be broken, and there is
also significant steric hindrance with Glu 802 and Arg 880. Guanine would have to
dissociate and re-associate with the protein in the correct orientation for C8 to be
hydroxylated. The unfavorable binding of guanine is highly advantageous for the cell
due to the fact that the product of enzyme action on guanine, 8-hydroxyguanine, is highly
mutagenic. It is likely that the enzyme’s active site has evolved in such a way to
preferentially bind guanine in a dominantly nonproductive manner in order to prevent
production of 8-hydroxyguanine.

In Chapter 5, we determined tritium isotope effects and intrinsic deuterium
isotope effects on the reductive half reaction of wild-type and Q197A variant of R.
capsulatus xanthine dehydrogenase and established in each (consistent with earlier work
for bovine xanthine oxidase (66)) that the limiting rate of the chemical step (kc.n) was
~62-fold faster than the observed limiting rate of the reaction (Kca), for wild-type XDH
that kc.y is ~11.5-fold faster than kgyt, and for the Q197A variant kc.y is ~2.6-fold faster
than ke, The rate constant for the chemical step of the reaction for each of the enzymes
was estimated, yielding values of 930 s™ and 802 s™ for bovine xanthine oxidase and the
bacterial xanthine dehydrogenase, respectively. These results indicate that the increased
rate of the bacterial enzyme is not due to a faster chemical step of the reaction, but to an

increase in the rate of product release. With regard to the Q197A XDH variant, the
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increase in ke, as compared to the wild-type is actually accompanied by a decrease in the
rate constant for the chemical step, the higher k., value being due to an increase in the
rate of product release. We note that replacing the glutamine with alanine creates a small
pocket in the active site above the molybdenum center that could accommodate one or
more water molecules, thus increasing the local concentration of water around the
molybdenum center which would account for the rate of product displacement from the
molybdenum coordination sphere by hydroxide. The change in the rate constant for the
chemical step of the reaction for the Q197A variant along with the observed decrease in
Keat OF the Q197E variant suggests that the hydrogen-bonding interaction of Gln 197 with
the axial Mo=0 directly modulates the reactivity of the molybdenum center, possibly by

electrostatically facilitating its two-electron reduction in the course of electron transfer.

7.1.2 Maturation and Insertion of the Molybdenum Cofactor into the Xanthine Oxidase
Family of Molybdenum-Containing Enzymes

The work presented in Chapter 6 described multiple models for the sulfuration
and insertion of the molybdenum cofactor into members of the xanthine oxidase family
of enzymes. A conserved hinge region was identified that could act as a target for XdhC.
The currently known structures of XdhC and NifS homologs provide a starting point for
the modeling of the complex that carries out insertion of the molybdenum cofactor.
Docking studies with the molybdenum cofactor and the XdhC homolog from Bacillus
halodurans show similar binding of both the MPT and MCD forms of the cofactor.

Docking the molybdenum cofactor bound model of the XdhC homolog to R. capsulatus
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xanthine dehydrogenase suggests that a large rotation of the hinge region is less likely
than a more modest rotation/translation of the hinge, in addition to movement of the
several loops adjacent to the hinge region, resulting in a “top-down” insertion (Figure
6.16) rather than a “side-on” insertion, as seen in the hinge rotation model (Figure 6.7).

Investigation of molybdenum cofactor sulfuration while bound to XdhC also
resulted in several possible models. The binding of NifS-4 to XdhC may occur in one of
two ways. In the first model, NifS-4 could bind to XdhC analogously to the
crystallographically observed IscS-IscU complex. This is based upon structural
similarities in a motif near the conserved cysteine residue 92 (which also appears in the
same place IscU). This would not allow XDH to bind to XdhC at the same time as NifS-
4. NifS-4 would have to sulfurate XdhC or the cofactor, and then dissociate so that apo-
XDH could bind and have the cofactor inserted, consistent with the current model
proposed by Neumann and Leimkihler (43). Alternatively, investigation of cavities
within XdhC illustrate another possible way for sulfur to be transferred from NifS-4 to
XdhC. Although the evidence suggests that XdhC does not insert desulfo-molybdenum
cofactor (43), a model in which a ternary complex of XdhC, NifS-4 and XDH would
allow for tight coupling of sulfuration and insertion of the molybdenum cofactor, thereby
reducing the chances of oxidative degradation of the molybdenum cofactor. Given the
proximity of the conserved cysteine 92 of XdhC to the bound molybdenum cofactor, this
residue could either be sulfurated to give a persulfide which could then donate a sulfide
to the molybdenum cofactor, or act as a covalent linkage from the enzyme to the

molybdenum center. The models produced in these studies provide a starting point for
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future studies elucidate to verify the mechanism for which sulfuration and insertion of the

molybdenum cofactor occurs.

7.2 FUTURE DIRECTIONS

Xanthine oxidase has been studied for more than a century. Since its discovery,
the biological and medical implications of its activity have been described, steady-state
and rapid-reaction kinetics have revealed many details of the reaction mechanism and X-
ray crystal structures have given insight into its structure. More recently, the development
of an expression system for R. capsulatus xanthine dehydrogenase in E. coli has made
possible mutational studies to examine the roles of the active site residues. Even though
much has been characterized, there is still much to be investigated.

With the discovery of XanA, a non-molybdenum containing xanthine oxidase in
fungi that lacks structural similarity to the molybdenum-containing xanthine oxidase
family of enzymes and instead utilizes iron (II) and a-ketoglutarate to hydroxylate
xanthine (25), similar experiments to those done on the bovine xanthine oxidase and
bacterial xanthine dehydrogenase could be performed. Kinetic studies and mutational
studies on the substrate binding site to gain insight into mechanism and substrate
specificity in this enzyme system could then be compared to the molybdenum-containing
enzymes. One question to be investigated whether the fungal xanthine oxidase is able to
discriminate against substrates in a manner similar the molybdenum-containing systems.

The ability to discriminate against substrates such as guanine would deter the formation
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of harmful products in the cell and would be interesting to see if convergent evolution has
led to similar methods of discrimination against unfavorable substrates in XanA.

Many purine substrates of xanthine oxidase exhibit multiple ionic forms as a
function of pH. In the case xanthine as a substrate, the neutral form is the only form acted
upon by enzyme. Although this has been shown with xanthine and 2-hydroxy-6-
methylpurine (53), it has yet to be demonstrated that this is the case with all purine
substrates. Investigation of the effect of pH on substrate binding of using X-ray
crystallography could explain why the “right-side up” and “upside-down” orientations of
purine substrates have been observed. For example uric acid exists as a monoanion at
neutral pH. Going to a lower pH for crystallization could result in an inversion of the
binding of uric acid as seen crystallographically. Glu 232 variants (such as the E232Q)
could be better able to accommodate monoanionic urate resulting in variations in
observed rate of the reverse reaction. Implications such studies would provide more
knowledge about the functions of the active site residues.

In regard to the mechanism of xanthine dehydrogenase and the roles of the active
site residues, re-examination of the kinetic isotope effects for the Q197E, E232Q, E232A
and R310M variants of the R. capsulatus xanthine dehydrogenase would define the
contributions of the amino acid residues towards the chemical step of the reaction or
product release. Investigation of the Q197E variant would be particularly interesting. If a
significant decrease in the rate of chemical step of the reaction was observed it would

support that the role of GIn 197 (being within hydrogen bonding distance of the axial
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Mo=0) is to stabilize the charge accumulation on the molybdenum center during
catalysis.

Computational substrate docking and X-ray crystallography remain key tools for
drug design targeting xanthine oxidase. Xanthine oxidase has been known to metabolize
the chemotherapeutic agent 6-mercaptopurine (100) and can generate reactive oxygen
species causing oxidative stress or production of uric acid which in high levels can result
in the painful condition gout (101). In the case of thiopurine anti-inflammatories and
chemotherapeutic agents, inhibition of the enzyme allows for more efficient treatment
with smaller doses (102). Although several xanthine oxidase inhibitors are on the market
(103), the design of stable compounds with fewer side-effects, higher affinity, higher
specificity towards xanthine oxidase and efficient cellular incorporation are always being
sought. The roles of the active site residues and influence of pH on substrate binding and
orientation could play a large role in future drug design.

Another group of studies to be an examination of the method of sulfuration and
incorporation of the molybdenum cofactor in the xanthine oxidase family of enzymes.
While many of the involved proteins are known, it is not clear how the proteins
physically interact to facilitate the final two steps of cofactor maturation and insertion in
the xanthine oxidase family. Removal of the hinge inserts described in Chapter 6 would
be a method to determine if the inserts are required for recognition and binding of XdhC.
Surface Plasmon resonance or isothermal titration calorimetry could be used to probe the
binding affinity of the hinge fragment (or a modified hinge fragment, lacking the inserts

not found in the bovine enzyme) to XdhC, which then could be compared to the currently
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published values for the bacterial xanthine dehydrogenase towards XdhC. Similar
affinities would suggest that the hinge is the site where XdhC binds.

Crystallization of the bacterial hinge alone could provide evidence for the folding
and dimerization of the hinge region in absence of the rest of xanthine dehydrogenase,
supporting the hinge model proposed in Section 6.2. Crystallization of the hinge fragment
in complex with XdhC and/or NifS-4 would provide important structural information on
how the cofactor machinery could interact with the apo-enzyme to facilitate the
maturation of the cofactor. If x-ray crystallography is not feasible, NMR could be used to
look at the hinge fragment structure and flexibility in solution. In Chapter 6, evidence of
the formation of a complex containing hinge and protein with similar molecular weight to
E. coli NifS and XdhC was presented. Small-angle X-ray scattering (SAXS) could be
used for investigation of the structure of the complex presumed to be pulled down with
the hinge fragment. Even though the structure would be of low resolution, the currently
described crystal structures of XdhC, NifS-4 and bacterial XDH could be used as models
for fitting the electron density obtained. All of these experiments could also be attempted
with the eukaryotic xanthine dehydrogenases or aldehyde oxidases to describe
interactions with their cofactor maturation and insertion machinery (ABA3 or HMCS).

Lastly, characterization and comparison of XdhC- like enzymes, iron-sulfur
cluster assembly proteins (like IscU (96)) and radical S-adenylmethionine enzymes (like
QueE from Burkholderia multivorans (104)) could reveal conserved structural motifs
characteristic of sulfur chemistry. Many enzymes involved with sulfur chemistry in the

cell tend to be highly conserved, so similarities in motifs would suggest evolutionary
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adaption of ancient iron-sulfur assembly proteins to carry out diverse enzymatic reactions
or convergent evolution of various proteins to resemble a similar structural motif
allowing for sulfuration. Confirmation of a similarity between the binding and action of
NifS-4 to XdhC and IscS to IscU would imply that motifs involved in sulfur chemistry in
the cell are conserved between iron-sulfur assembly enzymes, and enzymes involved in
the sulfuration of molybdenum centers. The study of the similarities and differences in
the prokaryotic and eukaryotic systems involved with sulfur trafficking will likely be an
interesting direction for future studies providing insight into the evolution of the systems

and the complex mechanisms they facilitate.
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