Structure-Function Studies in Sulfite Oxidase
with Altered Active Sites
by
James Aaron Qiu
Department of Biochemistry
Duke University
Date: ______________________________
Approved:
___________________________________
K.V. Rajagopalan, Ph.D., Supervisor
___________________________________
Donald P. McDonnell, Ph.D.
___________________________________
Paul L. Modrich, Ph.D.
___________________________________
David C. Richardson, Ph.D.
___________________________________
John D. York, Ph.D.
Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Biochemistry in the Graduate School of
Duke University
2009

ABSTRACT
Structure-Function Studies in Sulfite Oxidase
with Altered Active Sites
by
James Aaron Qiu
Department of Biochemistry
Duke University
Date: ______________________________
Approved:
___________________________________
K.V. Rajagopalan, Ph.D., Supervisor
___________________________________
Donald P. McDonnell, Ph.D.
___________________________________
Paul L. Modrich, Ph.D.
___________________________________
David C. Richardson, Ph.D.
___________________________________
John D. York, Ph.D.
An abstract of a dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Biochemistry in the Graduate School of
Duke University
2009

Copyright by
James Aaron Qiu
2009

Abstract
Sulfite oxidase, a metabolically important enzyme, catalyzes the physiologically
critical conversion of sulfite to sulfate in the terminal step of the degradation of sulfur
containing compounds. The enzyme has been the focus for much research since its
discovery in the 1950’s. A central question to understanding the mechanism of
molybdoenzymes such as sulfite oxidase and nitrate reductase concerns the roles of active
site residues and the coordination chemistry of the Mo atom in the structure and function
of the enzyme. The goal of this work was directed towards the characterization and
determination of the structures of active site variants of sulfite oxidase using a
spectroscopic, kinetic, and protein crystallographic approach.
Earlier studies have identified a single, highly conserved cysteine residue as the
donor of a covalent bond from the protein to molybdenum in sulfite oxidase and nitrate
reductase. The C185S and C185A variants of chicken sulfite oxidase exhibited severely
attenuated activity. Crystallographic and spectroscopic analysis of both variants revealed
a change in the metal coordination, from a dioxo to a trioxo form of Mo.
Assimilatory nitrate reductase is a member of the sulfite oxidase family of
molybdopterin enzymes. The crystal structure of the Mo domain of the enzyme from
Pichia angusta revealed high structural homology in the active sites of nitrate reductase
and sulfite oxidase. Both enzymes utilize the same form of the molybdenum cofactor and
have three out of five residues conserved at the active site. Substitution of two active site
residues in sulfite oxidase alters the substrate affinity of chicken SO from sulfite to
nitrate, resulting in an increase of nitrate reductase activity over wild-type sulfite oxidase.
Additionally we identified an additional amino acid position in sulfite oxidase that
corresponds to a non-conserved position in NR that further increased NR activity.
iv

Finally, these nitrate reductase variants of sulfite oxidase were crystallized and the
structures solved. This represents the first example of the transmutation of a
molybdenum enzyme to change activity and substrate affinity to those of a homologous
enzyme.
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Chapter 1- Introduction
Molybdenum (Mo) is the only second row transition metal that plays a crucial
role in the global carbon, nitrogen, and sulfur cycles (1). Enzymes whose activities are
dependent on Mo, known as molybdoenzymes, perform a variety of oxidative and
reductive reactions that are critical for life on earth. Sulfite oxidase (SO) is a
molybdoenzyme specific for the oxidation of sulfite to sulfate, and the enzyme is
essential for normal human development. Assimilatory nitrate reductase (NR) is a
molybdozyme that is evolutionally related to SO and is the major source of reduced
nitrate for the biosynthesis of macromolecules in lower eukaryotes. The work presented
in this dissertation concerns the biochemical and structural characterization of active site
variants of chicken SO (CSO) as a model system for probing the catalytic mechanisms of
both sulfite oxidation and nitrate reduction.

1.1 Brief History of Molybdenum
Mo was first thought to be an ore of lead, hence the name molybdenum, from the
Greek word “molybdos” for lead. In 1778, the Swedish chemist Carl Wilhem Scheele
identified Mo as a distinct element and not an ore of lead (2). Mo was not utilized
commercially until it was first employed in armor plating in 1891. During the First World
War, Mo proved to be a useful substitute for tungsten (W) in high impact steel owing to
its durability and high melting point. It was not until the mid-1940’s that Mo was
implicated in a biological role (3). Analysis of soil and plants for trace metals hinted at
the possible significance of the element, as a correlation was found between Mo
concentrations in soil and plant growth (4). Studies in the late 1940’s established a link
1

between Mo and nitrogen assimilation in plants (5). Further work in the 1950’s
established the significance of Mo as a nutrient required for nitrogen assimilation in
cauliflower plants grown in soils with different sources of nitrogen (6). In 1953, Mo was
first identified as an essential metal in rat liver xanthine oxidase (XO) by Richert and
Westerfield (7). Cohen, Fridovich, and Rajagopalan established the presence of Mo in the
enzyme SO in 1971 using electron paramagnetic resonance (EPR) spectroscopy. They
reported that SO exhibited an EPR signal characteristic of MoV when reduced with either
sulfite or dithionite. This indicated that Mo underwent a change in oxidation state during
the catalytic cycle of SO, and suggested a functional biological role for molybdenum in
the enzyme (8).

1.2 Discovery of SO
Historically, the oxidation of sulfite to sulfate was believed to occur via a nonenzymatic process (9). Heimberg, Fridovich, and Handler published the first report of
enzymatic sulfite oxidation activity from mammalian sources in 1953 (7, 10). They
identified sulfite oxidation activity in rat and bovine liver tissue. This activity was not
diminished by dialysis or EDTA and was heat sensitive, suggesting the observed activity
was due to an enzyme. In 1961, MacLeod, Farkas, Fridovich and Handler reported the
partial purification of SO from bovine, canine and rat livers (11). The protein displayed
an absorption spectrum similar to that of an iron (Fe) containing cytochrome b5-type
heme. They also reported that the oxidation of one molecule of sulfite resulted in the
reduction of two molecules of cytochrome c. In 1970, Cohen and Fridovich reported the
1000-fold purification of SO from bovine liver and showed that the purified enzyme was
able to transfer the electrons it gained from sulfite oxidation to a variety of single and
2

double electron acceptor molecules including methylene blue, oxygen, ferricyanide, and
cytochrome c (12).The molecular weight of the enzyme was estimated to be
approximately 115,000 Da by sedimentation equilibrium. However, the molecular weight
of the enzyme as analyzed by SDS-PAGE electrophoresis indicated a mass of
approximately 55,000 Da (13). These results indicated that the enzyme exists as a dimer
of identical or similarly sized subunits. Treatment of the enzyme with β-mercaptoethanol
had no effect on the electrophoretic mobility of the enzyme, which suggested that
disulfide bonds were not involved in the association of the two subunits. SO purified
from chicken and human liver exhibited similar spectral and enzymatic characteristics to
those of the bovine liver enzyme (14, 15).

1.3 Catalytic Cycle of SO
SO catalyzes the two-electron oxidation of sulfite to sulfate using cytochrome c as the
physiological electron acceptor as summarized in reaction 1 below:

SO3-2 + H2O + 2(cyt c)ox  SO4-2 + 2(cyt c)red + 2H+ (reaction 1)

The generally accepted SO reaction cycle is depicted in Figure 1.1(16). In the first part
of the reaction (reductive half-reaction), sulfite binds to the MoVI center and is oxidized
to sulfate, with concomitant reduction of the Mo center by two electrons to yield a MoIV
FeIII species.

3

Figure 1.1 Catalytic Mechanism of SO.
The catalytic cycle of SO showing the redox states of the two metal centers during the
reaction mechanism. SO primarily found in liver tissue where it plays a role in the
degradative metabolism of the sulfur containing compounds such as the amino acids
cysteine and methionine.
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Mo is known to have multiple oxidation states ranging from +2 to +6 and in
purified SO it is in the MoVI oxidation state (1). In the first intramolecular electron
transfer (IET), one of the MoIV electrons is transferred to the internal heme FeIII to yield
MoV FeII, a species that can be observed by EPR spectroscopy (8). In the oxidative halfreaction, one reducing electron is transferred from the heme FeII to cytochrome cox to
yield MoVFeIII. This is followed by a second IET step where the MoV donates the second
reducing electron to the heme FeIII to yield MoVIFeII. The enzyme becomes fully oxidized
when the FeII reduces a second molecule of cytochrome cox to yield MoVI FeIII SO.

1.4 The Domain Structure of SO
The domain structure of rat liver SO (RSO) was established by Johnson and Rajagopalan
(17) who observed that limited proteolysis of SO by trypsin resulted in a small hemecontaining fragment with a molecular weight of approximately 9,500 Da and a Mo
containing fragment with a molecular weight of approximately 95,000 Da. This result
indicated that while the heme domain was monomeric, the larger Mo domain was a
dimer, suggesting that the holoenzyme dimerized via interactions between the Mo
domains. Although the large Mo domain was unable to utilize cytochrome-c as electron
acceptor, it retained the ability to oxidize sulfite to sulfate in the presence of oxygen or
the small molecule ferricyanide as electron acceptor. The absorption spectrum of the
isolated Mo domain revealed a weak chromophore with a maximum absorption at 350
nm that was attributed to thiolate ligation of Mo (18). The absorption spectrum of the Mo
chromophore had not been observed in previous spectroscopic investigation of SO, as the

5

Figure 1.2 Domain Structure of SO.
SO is a dimer of identical subunits. The N-terminal heme domain of 9,900 Da is attached
to the central molybdenum domain of 41,000 Da by a flexible linker region that is
sensitive to cleavage by trypsin. Electrons are transferred from the Mo to the heme and
ultimately to cytochrome c. After tryptic cleavage, the heme domain is cleaved and the
central Mo domain is incapable of using cytochrome c as an electron acceptor, however
in the presence of oxygen or ferricyanide the Mo domain is capable of oxidizing sulfite to
sulfate.

6

spectrophotometric absorption characteristics of the Mo center in the intact enzyme are
hidden by the strong absorbance of the heme domain (17).
The results of these studies led to the schematic model of SO shown in Figure 1-2,
where the heme domain is connected to the Mo domain via a linker region that is
sensitive to proteolytic cleavage. Circular dichroism (CD) studies of the proteolytic
fragments indicated that the sum of the spectra of the isolated heme and Mo domains
equated to the spectrum of the native enzyme. This indicated that trypsin cleavage did not
disrupt the secondary structure of the enzyme (17). Preincubation of SO with sulfite
before proteolysis resulted in decreased sensitivity of SO to cleavage by trypsin,
suggesting a conformational change in the linker region upon reduction of the enzyme
(19)
1.5 Introduction to X-ray Absorption Spectroscopy
The discovery of Mo in SO and other enzymes ushered in the use of X-ray
Absorption Spectroscopy (XAS) to probe the molybdenum ligand field of these enzymes.
In the absence of molybdoenzyme crystal structures, XAS provided important structural
information in the 1970s about the local environment of the Mo in the catalytic center of
these enzymes. XAS, which includes extended X-ray absorption fine structure (EXAFS)
spectroscopy, is a powerful technique that can be used to probe the electronic and
structural environment of a variety of systems (20-22). While a full description of the
physics behind EXAFS is beyond the scope of this dissertation, the focus of this section
is to provide a brief introduction to the technique as it is used to investigate metal-ligand
environments.

7

In a standard XAS experiment, the absorption of X-rays by the target element is
monitored as a function of the incident X-ray energy. The technique can be applied to
nearly any state of matter and to almost any element except for hydrogen and helium.
The amount of X-ray energy absorbed is directly correlated to the atomic number of the
absorbing atom (23). As the X-ray energy is increased and exceeds the binding energy of
an electron in the sample, the electrons in the absorbing atom are ionized and excited
from their original orbital resulting in a sharp increase in the baseline absorption of the
atom (24). This increase is known as the edge absorption, and photo dissociation of core
electrons gives rise to different absorption edges. The absorption of an incident X-ray
photon causes the photodissociation of a core electron, leaving a core hole. This core hole
is filled by electrons from outer shells, with loss of energy by fluorescence as outer shell
electrons change energy levels.
The emitted photoelectron is described by the photoelectron wave vector k in
equation 1:
k = 2π/λ = [ 0.262449 ( E – E0 ) ] ½

(equation 1)

where E – E0 is the kinetic energy of the photoelectron expressed in eV, and k is
in units of Å-1. For example, as shown in Figure 1-3, the photodissociation of a 2s or 2p
electron yields the L-absorption edge, while photodissociation of a 1s electron yields the
K-absorption edge. For Mo, the K absorption edge energy occurs at approximately
20003 eV (22). Since sweeping the X-ray energy requires the use of tunable X-ray
sources, the use of synchrotron radiation is required for this technique as shown in Figure
1-3A. The X-ray absorption spectrum of a given element can be divided into three
sections; the pre-edge, the edge, and the EXAFS regions as shown in Figure 1-3B. The
8

EXAFS region of the XAS spectrum typically occurs at approximately 50 to 100 eV past
the edge absorption energy (23). Analysis of the EXAFS spectrum yields information
about the local environment of the absorbing atom including the number of coordinating
ligands, very precise inter-atomic bond length distances, and the identity of the ligands
surrounding the absorbing atom. The oscillations of the EXAFS spectrum arise from
backscattering of the emitted electrons by the local environment of the neighboring
atoms. As the emitted wave encounters other atoms, the wave is reflected back towards
its origin (24). Depending upon the elements in the local electronic environment and their
absorption coefficients, the returning wave will be either be in phase with the original
wave to create constructive interference or out of phase to create destructive interference,
resulting in the EXAFS oscillations shown in Figure 1-4.
Briefly, the EXAFS oscillations are determined from the absorption spectrum by
the subtraction of a function fitted to the pre-edge region and an additional function fitted
to the EXAFS region. A series of models are generated that may represent the structure
that gave rise to the EXAFS oscillations (23). These models are then used to calculate
theoretical EXAFS oscillations based on expressions for experimentally determined
EXAFS data from samples of known structure. The EXAFS oscillations theoretically
derived from a particular model are then compared to the experimental data, and the bestfit model is selected as representative of the unknown structure (23). A typical EXAFS
curve-fitting experiment yields inter-atomic distance measurements with a precision of
+/- 0.02 Å and coordination numbers with accuracy of +/- 20%. EXAFS curve-fitting
analysis determination of ligand identity is based on the differential absorbance of X-ray
energy of elements. This makes distinguishing ligands of similar atomic number difficult,
9

Figure 1.3 X-ray Absorption Diagram.
(A) Plot of absorption coefficient versus energy for the K and L absorption edges. The
edges correspond to the ionization energy a given element. The lower portion of the
graph indicates the ionizations that give rise to the L and K absorption edges shown in the
top section of the graph. (B) Representative diagram of Pre-edge, Edge, and EXAFS
regions of an XAS spectrum for a given element (23).
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Figure 1.4 Schematic of EXAFS Scattering.
(A) The outgoing waves at energy E and backscattering waves interact at an energy E1
interfere constructively to create absorption maxima. (B) The outgoing waves at energy E
and backscattered waves at E2 interact destructively to give absorption minimum. In both
A and B the solid arks represent the outgoing wave from the absorbing target atom α. and
the dashed arks represent the backscattered wave from the neighboring atom β (23).

11

whereas larger differences in atomic number are more tractable. For example,
differentiation between a sulfur and an oxygen ligand is more feasible than the
differentiation between a carbon and a nitrogen ligand.
EXAFS has provided insights into the number and identity of the Mo ligands in
SO. Initial EXAFS studies on CSO indicated that the Mo was coordinated through both
sulfur and oxygen ligands (20, 25). Later, more detailed EXAFS studies of SO indicated
the fully reduced form of Mo (MoIV) was coordinated by three sulfurs, one terminal
oxygen and one long oxygen, while in the oxidized MoVI form, the Mo is coordinated by
two terminal oxygen groups and three sulfur ligands, two of which were subsequently
shown to be from the MPT dithiolenes and the third believed to originate from a cysteine
side chain (22). An extensive body of literature exists on the application of XAS to Mocontaining enzymes (20, 25-29). Based on these and other studies, the molybdoenzymes
have been classified into three groups based in part on their Mo coordination structures;
the xanthine oxidase family, the dimethyl sulfoxide (DMSO) reductase family, and the
SO family, as shown in Figure 1.5.

1.6 Families of Molybdopterin Enzymes
The classification of molybdoenzymes into three families is based upon their
spectral properties and sequence alignments (1). The xanthine oxidase (XO) family of
molybdopterin enzymes includes XO, xanthine dehydrogenase (XDH), and aldehyde
oxidase (AO) and members of this family have been found in organisms ranging from
Archaea to higher animals. XDH and XO are two forms of the same enzyme that differ

12

Figure 1.5 The Mo Coordination in the Three Families of Molybdoenzymes.
The Mo coordination spheres of three representative Molybdoenzymes in their oxidized
and reduced states, as determined by EXAFS spectroscopy. In the oxidized MoVI form of
SO, the Mo is coordinated by three sulfur ligands at a distance of 2.4 Å , two from Moco
and one from cysteine; and two double bonded oxo oxygen ligands at a distance of 1.7 Å
to the Mo. In the reduced MoIV form of SO, the Mo is still coordinated by three sulfurs at
a distance of 2.4 Å, but has one oxo group at a distance of 1.7 Å and one hydroxyl
oxygen at a distance of 2.2 Å. In XO, the oxidized form of the Mo is coordinated by two
sulfur ligands from the Moco at 2.4 Å and one oxo oxygen at 1.9 Å and one sulfido group
at 2.15 Å. In the reduced form of XO, the Mo is coordination changes at the sulfido
ligand changing to a sulfhydryl at 2.4 Å. The oxidized form of DMSOR has a Mo
coordinated by two sets of dithiolene sulfurs from two Moco molecules at 2.4 Å and one
oxo ligand at 1.7 Å and one single bonded oxygen ligand at 1.9 Å. In the reduced form of
DMSOR, the Mo is coordinated by three to four sulfur ligands one single bonded oxygen
ligand. R represents any substituent (30).
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by their electron acceptor species (O2 for XO and NAD+ for XDH). Human XO/XDH is
involved in the metabolism of purines, oxidizing hypoxanthine to xanthine, and then
xanthine to uric acid for excretion. AO is involved in the metabolic degradation of
xenobiotic compounds and heterocyclic compounds. AO activity coincides partially with
XO, as AO will oxidize hypoxanthine to xanthine but will not oxidize xanthine to uric
acid (31). EXAFS studies on Mo coordination in this family of enzymes indicate the
presence of a sulfido group, an oxo group, a hydroxyl group, and two sulfur ligands
(Figure 1.5).
The second family of molybdoenzymes is the DMSOR family whose members
are found in eubacteria. Examples of this family include DMSOR, trimethylamine Noxide reductase (TMAOR), biotin sulfoxide reductase (BSOR), and formate
dehydrogenase. DMSOR catalyzes the reduction of DMSO to dimethyl sulfide (DMS).
DMS constitutes a major component of reduced sulfur in the environment and is
produced when zooplankton feed on phytoplankton. This DMS is released into the
atmosphere where photo oxidation converts it to DMSO, which is then captured by rain
(32). In the members of this family, the Mo is coordinated by four sulfur ligands, and one
to two oxo ligands (Figure 1.5).
The third family of molybdoenzymes includes SO and assimilatory NR.
Assimilatory NR is found in plants, algae, and yeast and is responsible for supplying
eukaryotes with reduced nitrogen for protein and nucleic acid biosynthesis. SO activity is
essential for the metabolic breakdown of sulfur containing compounds, and a deficiency
in SO activity in Homo sapiens results in severe neurological disorders leading to death.
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The members of the SO and NR family of molybdoenzymes contain three sulfur ligands
and two oxo ligands to the Mo (Figure 1.5).
The nature of the association of Mo with animal SO was investigated by the
isolation of SO from the livers of rats fed a defined diet with high tungsten (W) and low
Mo (33). This defined diet resulted in the loss of both XO and SO activities. The SO
purified from the W-fed rats contained approximately 35% W and no Mo, indicating that
W had partially replace Mo at the active site of the enzyme (34). The W-containing SO
was discovered that it could be partially reduced by sulfite but unable to reduce
cytochrome c. Additional studies on the fraction of SO protein that contained W indicated
that SO activity could be restored by the addition of molybdate. Furthermore, it was
found that the fraction of SO that did not contain either W or Mo could not be restored by
molybdate alone, but treatment with the outer membrane of rat liver mitochondria
restored SO activity (35). These results suggested that the presence of a cofactor in
addition to Mo was required for SO activity.

1.7 The Molybdenum Cofactor
Studies by several groups in the 1960s and 1970s had suggested the existence of
an air-labile, Mo-containing cofactor that was common to the molybdoenzymes SO, XO,
and assimilatory NR, but not nitrogenase (36-39). In 1980, Johnson, Hainlain, and
Rajagopalan clarified the nature of this cofactor in a series of experiments utilizing NR,
XO, and SO proteins (40). They demonstrated that denaturing any one of these Mo
enzymes with acid in the presence of iodine generated the same stable, fluorescent
derivative of the presumed cofactor. They termed this derivative Form A, and spectral
characterization of Form A revealed absorption properties similar to pterins such as
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biopterin that contains a 6-alkyl substituent. Through further comprehensive
spectroscopic and chemical studies (41), the structure of the Form A depicted in Figure
1.6 was determined. Additional insights into the structure of the cofactor were gained
when a second fluorescent pterin derivative, termed Form B was generated by acid
degradation of Mo-containing enzymes in the absence of iodine. Characterization of
Form B indicated it could undergo permanganate oxidation to yield a chemical species
with qualities similar to a sulfonic acid, suggesting the presence of sulfur in the cofactor .
This result led the group to investigate a previously discovered pterin named urothione.
Urothione was first identified by Koschara in 1940 as a compound present in human
urine (42) and was further studied by Goto, Sakurai, Ota and Yamakami (43) who in
1969 published the urothione structure shown in Figure 1.6. Spectroscopic and chemical
studies of Form B by Johnson and Rajagopalan indicated that the structure of Form B is
similar to the structure of urothione as seen in Figure 1.6. Subsequently urothione was
identified as the metabolic degradation product of Moco (44, 45).
The collective information derived from additional structural, spectroscopic, and
chemical investigations of Forms A and B as well as the natural pterin breakdown
product urothione ultimately lead Johnson and Rajagopalan, in 1982, to propose the
structure shown in Figure 1.7A, for the common pterin portion of the Mo cofactor in
1982 (45). The pterin portion of the cofactor was named molybdopterin (MPT) and
subsequent experiments have demonstrated that MPT is the simplest form of the organic
component of the cofactor. In all cases, the Mo atom is bound to the cofactor via the
dithiolene moiety of MPT to form the biologically active form of the Mo cofactor (Moco)
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seen in Figure 1.7B. In SO and NR, there is an additional protein sulfhydryl ligand to the
Mo that is provided by an active site cysteine residue as seen in Figure 1.7C.

1.8 SO deficiency: an inborn error of metabolism
There are three known molybdoenzymes in Homo sapiens, XO, AO, and SO.
Mutations in human XO or AO, appear to be tolerated with only minor symptoms,
whereas SO deficiency is extremely deleterious to human health (46). Symptoms of SO
deficiency include severe neurological effects such as seizures, mental retardation,
attenuated brain development, detached retinas, and the disease generally results in death
by two years of age (47, 48). It has been suggested that the pathology associated with SO
deficiency is due to a toxic build up of sulfite in the developing brain (49). Excess sulfite
can react with disulfide bonds to form sulfonated cysteine residues, disrupting disulfide
bond formation critical for protein tertiary structure (50). In addition, a lack of sulfate in
the brain may interfere with the production of sulfatides, a class of sulfonated lipids
found in the white matter of the brain and a component of myelin (47, 51).

1.9 Molybdopterin Cofactor Biosynthesis
MPT and the proteins responsible for its biosynthesis have been identified in
eukaryotes, Achaea, and prokaryotes and the amino acid sequences of these proteins are
highly conserved. The MPT biosynthetic pathway of E. coli has been comprehensively
characterized in this laboratory and is summarized in Figure 1.8 (52, 53). MPT
biosynthesis begins with the conversion of a guanine nucleotide (now known to be GTP)
molecule to the intermediate pterin Precursor Z, by the action of the moaA and moaC
proteins (54). The study of the cofactor lead to the discovery of an intermediate pterin
molecule between GMP and MPT, named Precursor Z, shown in Figure 1-6 (54).
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Figure 1.6 Structures of Form A, Form B, Urothione and Precursor Z.
The structures of the two acid derivatives of Moco Form A and Form B, the related
metabolic breakdown product urothione, and the intermediate Precursor Z.
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(A)

(B)

(C)

Figure 1.7 Structures of MPT.
The structures of Molybdopterin(MPT), Molybdopterin Cofactor (Moco) and the form of
the molybdenum cofactor found in SO and NR proteins.
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Precursor Z is a pterin with a four-carbon alkyl side chain but does not contain the
dithiolene sulfur atoms. The conversion of Precursor Z to MPT is performed by MPT
synthase that catalyzes the addition of the dithiolene sulfurs at position C-1’ and C-2’ of
the precursor Z side chain and the linearization of the cyclic phosphate of precursor Z
(53). MPT synthase is a heterotetramer of the moaE and moaD genes products. Precursor
Z binds to the MoaE subunit of the complex, while the MoaD subunit carries a Cterminal thiocarboxylate that is incorporated as one of the two dithiolene sulfurs of MPT.
The complete formation of one MPT molecule requires two separate sulfur additions
from thiocarboxylated MoaD subunits. The formation of this thiocarboxylate is
dependent on the activity of two other proteins; MoeB adenylates the MoaD C-terminus,
and a sulfur transferase forms the thiocarboxylate using sulfur derived from cysteine (52).
Mo is actively transported into the cell by the ModABC proteins and ligation of the Mo
atom to MPT to form Moco is performed by the MogA and MoeA proteins (55).
In E. coli, the last stage of Moco biosynthesis is the covalent attachment by the
Moab protein of a GMP molecule to the Moco to generate the molybdopterin guanine
dinucleotide (MGD) form of the cofactor. Additionally, in E. coli molybdopterin
enzymes, the Mo atom is coordinated by the four dithiolene sulfurs of two MGD
molecules to form the bis(MGD)Mo form of the cofactor shown in Figure 1.8. The
formation of MGD from MPT is dependent on Mo ligation, and insertion of the cofactor
into the apo molybdoenzyme occurs in the cytoplasm (55). Further studies of Mo
enzymes from a variety of prokaryotic sources indicated that Moco can also be modified
with nucleotides other than GMP such as AMP and CMP (56). With the exception of
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Figure 1.8 Biosynthetic Pathway of Molybdopterin In E. coli.
The biosynthesis of the MPT cofactor and its derivatives begins with a GTP molecule,
which is then modified by eight gene products to produce the bis(MGD)Mo form of the
cofactor utilized in E. coli.
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nitrogenase, that utilizes an iron-Mo-sulfur cluster, to date all molybdoenzymes contain
one form of the MPT cofactors.
Pterins can exist in the fully oxidized, dihydro or tetrahydro states (57). The role
of the oxidation state of the pterin component of the cofactor in SO activity has been
investigated. Oxidation of SO Moco with ferricyanide resulted in the slow release of Mo
from the enzyme (58). Measurements of the oxidation of the MPT using 2,6dichlorobenzenoneindophenol (DCIP) indicated that a two-electron oxidation produced
fully oxidized MPT (59). The SO containing the oxidized MPT molecule had greatly
diminished ability to oxidize sulfite to sulfate using cytochrome c as an electron acceptor,
although it preserved some activity to oxidize sulfite to sulfate using oxygen as an
electron acceptor. These results suggest that the oxidation state of the pterin is important
in the catalytic process involving cytochrome c, tuning the redox potential of the Mo for
electron transfer from the Mo to the heme domain (58).
While spectroscopic studies of SO purified from human, chicken, and rat livers
led to significant advances in our understanding of SO function, mutational analysis and
structure-function studies of this protein were impossible until recently. In the last twelve
years, the cloning and expression of eukaryotic SO in E. coli, the determination of the
crystal structure of chicken liver SO (CLSO), the generation of a gene encoding CSO,
and the discovery and crystallization of SO enzymes from plants and bacteria has led to a
deeper understanding of the mechanism of SO, and molybdoenzymes in general.

1.10 Molecular Cloning and Recombinant Expression of SO
Even after the molecular cloning of RSO (60) and HSO (61) in the 1990s
characterization of these proteins was stymied by difficulties in purifying sufficient
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quantities of active enzyme. However, even with limited expression the ability to
generate mutations in the RSO gene and express the variants recombinantly commenced
mutational analysis of SO. An early example was the creation of cysteine to serine SO
variants to determine the identity of the third sulfur ligand to Moco (18). EXAFS
experiments had indicated the presence of a third ligand to Mo that was suspected to be
donated from a cysteine residue, and two cysteines, Cys 207 and Cys 260 were found to
be conserved between HSO and RSO and Cys 207 was found in the analogous position
in NR proteins from several sources (62). Based on these results, each of cysteine
residues present in RSO, Cys 207, Cys 242, Cys 260, and Cys 451 were mutated to
serine. Of the four Cys to Ser variants, only one, C207S, exhibited severely attenuated
ability to oxidize sulfite to sulfate. Based on these results, it was suggested that Cys 207
in RSO contribute the third sulfur ligand to the Mo atom of Moco.
Optimization (63) of an E. coli expression system for eukaryotic
molybdoenzymes in 2000 provided the first opportunity to create active site mutations
that could be used to investigate the mechanism of SO. Eukaryotic SO utilizes the basic
MPT form of the cofactor shown in Figure 1.7, while E. coli molybdoenzymes require
the bis(MGD)Mo form of the cofactor. As a result, early attempts to express eukaryotic
SO in prokaryotic expression systems resulted in very little active enzyme. To optimize
expression of active SO, it was hypothesized that preventing the conversion of MPT to
MGD in an E. coli expression strain would result in a larger pool of intracellular MPT
available for incorporation into SO. Therefore, expression was attempted in an E. coli
strain lacking the mobA gene, which converts MPT to MGD in E. coli. The resulting
strain proved to be a robust expression system for eukaryotic SO (63).
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Due to its importance in human development and to elucidate the mechanism of
the SO, there was great interest in obtaining a three dimensional structure of human SO.
Attempts to obtain a structure of HSO were unsuccessful for years due to the initial
difficulty of obtaining large quantities of the enzyme suitable for crystallographic trials,
and the relatively large size of the enzyme dimer at 110 kDa and subunit size of 52 kDa
made it an unsuitable candidate for NMR techniques. The cloning and high level
expression of active SO proteins in E. coli has allowed expression and purification of
quantities of SO proteins suitable for crystallographic analysis. Unfortunately, while this
expression system facilitated the purification of both HSO and RSO in quantities required
for crystallographic studies, to date both mammalian SO proteins have proven to be
intractable to crystallization despite repeated attempts by numerous laboratories using
both recombinant and natively purified proteins. Only the cytochrome b5 domain of HSO
was advantageously crystallized due to proteolytic degradation during unsuccessful
attempts to crystallize full length HSO (64).

1.11 The Crystal Structure of Chicken Liver SO
Based on the high degree of sequence homology between RSO, CSO, and HSO
shown in Figure 1.9, structural studies on chicken SO were undertaken as well. Native
CLSO was first crystallized by the Kisker group using protein purified from source (65).
The initial structure was solved to 1.9 Å resolution and revealed that the enzyme is
clearly divided into three domains. The chicken enzyme crystallized as a dimer in the
asymmetric unit with each monomer of 52 kDa arranged in a head to head dimer
interface. As seen in Figure 1.10, the active form of the enzyme is a homodimer, and the
dimer interface is through the C-terminal domains in a head-to-head arrangement. In the
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dimer, the central and C-terminal domains of SO adopt identical conformations with a
slight rotation relative to each other, while the two heme domains adopted different
conformations relative to the central and C-terminal domains. The loop regions that
connects the heme domains to the central core of the protein was poorly defined in the
electron density, suggesting that the loop region is highly flexible, which correlates with
earlier observed susceptibility to trypsin cleavage.
Each monomer has an N-terminal heme domain consisting of residues 3 to 84, a
central catalytic domain consisting of residues 96 to 323, and a C-terminal domain
consisting of residues 324 to 466, as shown in Figure 1-11, and overall, the enzyme can
be described as having a mixed α + β structural protein topology. The N-terminal hemedomain shown in Figure 1.12 has an overall fold that is similar to the bovine cytochrome
b5 structure, with the three core β strands composing the core β sheet of the domain. The
heme group is bound deep within the domain in a binding pocket formed by α helixes
and the central β sheet. The Fe of the heme group is coordinated by histidines 40 and 65
as well as the pyrrole nitrogens of the heme group in octahedral geometry Figure 1.12.
The central Moco domain is shown in Figure 1.13, and consists of residues 96 to 323 and
is composed of nine α helices and thirteen β strands. The beginning of the domain
consists of a three strand anti-parallel β sheet followed by a five strand mixed β sheet.
The five-stranded β sheet is surrounded by five short α-helices. The center of the domain
contains a long β hairpin that forms part of a four-strand β sheet. The Moco is deeply
buried in the core of the central domain. The C-terminal dimerization domain
encompasses residues 324 to 466 and is comprised of two antiparallel β sheets, the first
consisting of three β strands and the second consisting of four β strands arranged in a
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Figure 1.9 Sequence Alignment of Rat, Human and Chicken SO.
Gray boxes with white letters indicate sequence identity across the three species, whereas
gray boxes with black letters indicates similar amino acid residues between the three
species. The sequences were aligned using Clustal W software (66).
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N-terminus

C-terminus

Figure 1.10 Chicken SO Dimer Purified from Source.
The heme domain is shown in red, the Moco domain is shown in yellow, and the
dimerization domain is shown in blue. The Moco is shown in cyan and the heme is
shown in green. This figure was made with the Pymol program (Delano Scientific, Palo
Alto, CA).
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Figure 1.11 Monomer of Chicken SO.
The N-terminal heme domain is shown in red, the central Mo domain is shown in yellow,
and the C-terminal dimerization domain is shown in blue. The Moco is shown in green
and the heme is shown in cyan.
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His 40
N-terminus
His 65
C-terminus

Figure 1.12 Chicken SO Heme Domain.
The domain is shown in red, the heme group is shown in green. Two histidine residues,
His 40 and His 65 shown in slate, coordinate the heme iron.
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N-terminus

C-terminus

Figure 1.13 Central Mo domain of CSO.
The central catalytic Mo domain of CSO shown in yellow, and the Moco of the domain is
shown in slate.
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Greek key motif shown in Figure 1.14. The overall topology of the C-terminal domain
has topology similar to the C2 subtype of the immunoglobulin superfamily (65).
The electron density of the Moco in the crystal structure of chicken SO was in agreement
with the proposed structure of the cofactor (41), and the residues that make contacts with
the pterin are highly conserved. The Mo-protein ligand is the sulfhydryl side chain of Cys
185, confirming earlier mutational (18) and EXAFS studies (67). This cysteine residue is
invariant throughout all SO sequences to date (18). Although the enzyme was purified in
the oxidized form (65) the bond distance of one of the two oxygen ligands to the Mo was
determined to be 1.71 Å and the other oxygen at a distance of 2.3 Å, which previous
EXAFS results had indicated the reduced form of the enzyme (22, 25). The change from
oxidized to the reduced state of the enzyme was possibly due to either photoreduction in
the X-ray beam, or by another unknown process (65, 68).
The crystal structure of CLSO helped to identify the active site of the enzyme.
The active site of SO was identified as residues in close proximity to the Mo. Based on
this structural analysis, the substrate binding site of SO was identified as consisting of
three arginines, Arg 138, Arg 190, and Arg 450, Trp 204 and Try 322 forming a
positivity charged active site to receive the negatively charged sulfite substrate. The
distance between the Mo and heme iron in CLSO is approximately 32 Å, greater than
what is expected for the observed rate of electron transfer (65, 69). It has been proposed
that high efficiency electron transfer could occur via the main chain atoms through active
site
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N-terminus

Arginine 450

C-terminus
Figure 1.14 Dimerization Domain of Chicken SO.
C-terminal dimerization domain of chicken SO is shown in blue. The active site Arg 450
is shown in magenta. The loop region that contains the active site Arg 450 extends up and
away from the central β-sheet region of the domain.
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Arg 450

Tyr 322

Cys 185

Arg 190

Arg 138
Trp 204
Figure 1.15 Active site of chicken SO.
The Moco is shown in slate. The active site residues from the Mo domain are depicted in
magenta, while the active site residue Arg 450 located in the C-terminal dimerization
domain is shown in cyan.
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Arg 450
Tyr 322
Tyr 322
Arg 450

Arg 190
Arg 190
Arg 138
Arg 138

Trp 204
Trp 204

Figure 1.16 Active Site of CSO in the Apo and Sulfate Bound form.
Overlay of apo (slate) and sulfate bound (gray) forms of CSO. The active site residues of
CSO adopt very similar conformations in the presence of the bound product, except for
active site residue Arg 450. In the absence of sulfate, the Arg adopts a more extended
conformation out of the active site. In the presence of sulfate, the Arg 450 swings into the
active site of the enzyme. Only the Moco of the apo form is shown in cyan and the sulfate
in yellow.
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residue Arg 138 (65). An alternative explanation for the rate of electron transport
involves a conformational change that would bring the heme group into closer proximity
to the Moco. Studies on the rate of electron transport show a correlation between the
decreased rate of IET and the increase of the viscosity of the buffer solution, supporting
the idea of a conformational change during the catalytic cycle of SO (70).

1.12 Generation of Recombinant Chicken SO gene
The successful growth of high quality crystals of native chicken SO purified from source
increased interest in obtaining a chicken SO clone. However, multiple attempts to clone
chicken SO by several laboratories proved to be fruitless. Additionally, despite the fact
that the “complete” genome sequence of Gallus gallus was reported in 2004, no fulllength SO gene has been identified to date (71). To overcome this difficulty, the chicken
SO amino-acid sequence was deduced from Edman degradation, MALDI-TOF mass
spectroscopy, and the native chicken SO crystal structure (65, 72). Using the consensus
amino acid sequence derived from these methods, a recombinant gene for chicken SO
was synthesized in 2005 in the Rajagopalan laboratory from overlapping primers utilizing
codons favored in E. coli (73). When the recombinant gene was expressed in the MobAexpression strain the resulting recombinant chicken SO was found to have spectral and
kinetic properties that are in accord with previous studies using native chicken SO (73).
Finally, with a system developed for the heterologous expression of a eukaryotic SO, as
well as a SO gene from a species amenable to crystallization, it was possible to undertake
structure-function studies of SO.
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1.13 The Crystal Structure of Recombinant Chicken SO
Crystallization of CSO in both the sulfate-bound and apo state, allowed direct
comparison between the resting state and product bound active sites. These studies
indicated that the active site residues in the two forms of CSO are largely identical with
the exception of Arg 450. As seen in Figure 1-16, Arg 450 (Arg 472 in human SO)
undergoes a conformational change that is dependent on the absence or presence of
sulfate at the active site. In the presence of sulfate, the Arg 450 residue pointed toward
the active site in the presence of substrate, and coordinating the sulfate. In the absence of
sulfate, the Arg 450 side chain pointed toward the solvent access channel. The sulfate
conformation results in a much smaller binding pocket and shifts the position of the
sulfate away from the Mo atom. This change presumably prepares the pocket for product
release, or could be responsible for transmitting conformational changes to other parts of
the protein, including the heme domain, allowing domain movement to occur during the
reaction cycle. It is of note that Arg 450 an active site residue is located in the C-terminal
dimerization domain of the protein. Arg 450 may transmit conformational changes from
the active site to the dimer interface of SO.

1.14 The Discovery of Plant SO
In 2001, Eilers, Schwarz, Brinkman, Witt, Richter, Nieder, Koch, Hille, Hansch,
and Mendell identified a gene-product in Arabidopsis thaliana that had high sequence
homology with human and chicken SO (74), but there was no heme domain in the plant
protein. The gene was cloned and expressed and the resulting protein of 45 kDa exhibited
enzymatic and spectral properties very similar to that of animal SO Mo domains (74).
The lack of a heme domain makes A. thaliana SO the smallest eukaryotic
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molybdoenzyme and unique in SO proteins in that it lacks an additional redox center.
Plant SO was found to be associated with the peroxisome, and recently described b-type
cytochromes found in peroxisomes are likely candidates as the electron acceptors for this
protein in vivo (75). It is has been suggested that plant SO plays a similar role as
mammalian and bird SO, detoxifying sulfite (74). Arabidopsis thaliana is the first
organism identified that has both members of the SO family of molybdoenzymes, which
are SO and NR. (74).

1.15 The Crystal Structure of Plant SO
In 2003, the structure of a second member of the SO superfamily, A. thaliana SO
was solved at a resolution of 2.6 Å in the absence of sulfate (76). The crystal structure
indicates that plant SO also forms a dimer as shown in Figure 1-17, and the overall
protein topology is similar to chicken SO. The superposition of the active site residues of
A. thaliana SO and the apo chicken SO structure indicated all the conserved residues
aligned with minor differences between the species, with one exception. The exception
was Arg 374 (equivalent to Arg450/472 in chicken/human SO), in which the side chain
pointed toward the solvent access channel. Given the sequence and structural similarity
of plant SO to chicken SO, it was proposed that the plant Arg 374 played an analogous
role to chicken SO Arg 450 for substrate recruitment to the active site and substrate
specificity (76).

1.16 Bacterial Sulfite Dehydrogenase
Studies of metabolism in bacteria suggested the presence of enzymes that
catalyzed the same reaction as animal SO (77). One such protein, sulfite dehydrogenase
(SDH), in the bacteria Starkeya novella, has been identified as a counterpart to animal
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SO, (78). The bacterial SDH is a heterodimer that consists of a Mo domain and a heme
domain that are the products of two separate genes, but self-assemble and purify as a
stable heterodimer (79). It has been proposed that unlike mammalian SO, bacterial SDH
catalysis does not involve a domain motion during the reaction mechanism, as the rate of
IET in SDH is unaffected by altering the viscosity of the buffer solution (70, 80).

1.17 Structure of Bacterial Sulfite Dehydrogenase
The crystal structure of SDH indicated that the Moco and heme centers are
arranged quite differently from chicken SO, in a conformation that brings the two metals
close enough for IET throughout the catalytic cycle (81). The Mo-Fe distance is 16.6 Å,
compared to the 32 Å separation between the two metals in the structure of chicken SO.
Interestingly, SDH does not contain the highly conserved active site arginine in the
analogous position as Arg 450 in chicken SO, but rather an alanine. The close distance of
the two metal centers and the lack of domain motion during the reaction cycle of SDH
suggest that the dynamics of IET are different in animal SO and bacterial SDH. The
absence of the active site arginine residue in SDH, and a strong conservation of this
arginine in animal SO bolsters the idea that this residue plays a role in transmitting
structural changes from the Mo domain to the dimerization domain, mediating domain
motion during the reaction cycle of SO.
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Figure 1.17 Structure of Arabidopsis thaliana SO.
The N-terminal Mo domain is shown in yellow, and the C-terminal dimerization domain
is shown in blue and the Moco is shown in green.
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1.18 Assimilatory Nitrate Reductase
Assimilatory NR is a molybdopterin enzyme that catalyzes the first step of
nitrogen assimilation in eukaryotes, the reduction of nitrate to nitrite. The amino acid
sequences of NR from a variety of sources have been reported. NR is a homodimer
consisting of identical subunits of 100 kDa. Each monomer is composed of four domains,
a Moco domain, a dimer interface domain, a heme domain, and an FAD domain (82).
While the Mo center of NR performs reductive chemistry on its substrate and the SO Mo
center is oxidative, it is of note that NR and SO share significant sequence homology in
the two redox domains as shown in Figure 1.18. The heme domain of P. angusta NR has
31% sequence identity with the heme domain of chicken SO. The Mo domain of P. angst
NR and chicken SO share 38% sequence identity Sequence alignments have identified a
single conserved cysteine in both SO and NR enzymes from different sources (18), which
was suggested to play a functional role in the active site analogous to the conserved
active site cysteine residue found in SO proteins. Additionally it was suggested from
sequence alignments that NR bound the same form of the cofactor as SO. The high
conservation of the Moco binding motif between SO and NR suggested that the Moco
domain of NR would adopt a similar structure to that of SO (83). Unlike SO, electron
transfer appeared to be rate limiting in NR since the rate was much faster when an
artificial electron donor such as methyl viologen or bromphenol blue was used, compared
to the NAD(P)H driven reaction (84).

1.19 Crystal Structure of Recombinant Mo Domain of NR
The X-ray structure of the Mo domain of P. angusta NR was recently solved to
1.7 Å (85) as shown in Figure 1.19. The form of the Moco in NR is identical to that found
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in chicken SO, and four out of the six active site residues are conserved. The two variant
residues are the Tyr 322 and Arg 450 of SO, which are replaced by Asn and Met/Leu or
Val, respectively. In all NR sequences the Asn residue corresponding to the Tyr in SO is
strictly conserved. There appears to be a division over the consensus sequence of the
residue corresponding to Arg 450 in SO between the lower eukaryotic fungal NRs and
higher eukaryotic plant NRs. A Met, Leu, or Thr replaces the chicken SO Arg 450 at the
analogous position in fungal NRs, whereas in all plant NR, the Arg is replaced by Met.
Given the difference in substrates (NO3- vs. SO3-2), it is proposed that the Arg 450 is
replaced given the fact that nitrate has to be bound with one of its O atoms positioned
toward the Mo atom for subsequent removal to produce the nitrite product.
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Figure 1.18 Domain Structures of P. angusta NR and CSO.
The monomer of P. angusta NR is arranged with an N-terminal Moco domain, a
dimerization domain, a heme domain and a NADPH/FAD domain. In comparison the
CSO monomer contains an N-terminal heme domain, central Moco domain and Cterminal dimerization domain.
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N-terminus

C-terminus

Figure 1.19 Crystal Structure of P. angusta NR Mo Domain.
The Mo domain of P. angusta NR is shown in blue. The Moco is shown in green.
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1.20 Overview of the research project
One of the fundamental questions to the study of molybdoenzymes in the SO
family in particular is the role of active site residues in the coordination of the Mo atom
and the resulting effect on both protein structure and catalytic activity. Another
fundamental question is how active site residues modulate catalytic activity in the two
related Mo enzymes SO and NR. The goal of this project is to determine the underlying
mechanism and the structural basis for catalysis in SO and NR.

Chapter 2- Spectroscopic Characterization of the C185S and C185A variants of SO
Previous mutational studies by Garrett and Rajagopalan had indicated that Cys
207 in RSO played an important role in Mo coordination and the catalytic activity of SO
(18). Sequence alignments identified Cys 185 in chicken SO as the equivalent position to
Cys 207 in RSO and HSO. It was hypothesized that the replacement of the Cys at
position 185 in CSO with serine or alanine would alter the Mo coordination, resulting in
a catalytically inactive enzyme. In this work, the C185S and C185A variants of chicken
SO were generated, expressed, and purified from E. coli. In this study, to determine if the
C185S and C185A variants were capable of being reduced by sulfite, the spectra of both
C185S and C185A were taken in the purified oxidized state and in the presence of sulfite
and the resulting spectrum of the oxidized form of the variants is similar to wild-type
chicken SO. Previous EXAFS studies on the human SO C207S variant indicated the
presence of a third oxygen ligand to the Mo of the Moco (67). New, detailed analysis of
the Mo ligand field of the C185S and C185A CSO variants by EXAFS have indicated the
presence of a third oxygen ligand to the Mo. The bond lengths of the three oxygen
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ligands indicated that the oxygen ligands were in fact double bonded oxo groups,
suggesting that the Ser 185 was not liganded to Mo. This is in agreement with the
previous EXAFS data on the human SO C207S variant and indicates the cysteine ligand
to Mo is required for catalytic activity.
Chapter 3- The Structures of the C185S, Substrate Bound C185S, and C185A
Variants of SO
In order to obtain detailed information about the macromolecular structure of the
C185S and C185A CSO variants and how their structures relate to the lack of function,
the two variants were crystallized and their structures solved. The crystallographic
analysis indicates that while the overall fold of the variants is very similar to wild type
chicken SO, closer inspection of the active site revealed additional electron density
around the Mo in Moco. From the results of the previous EXAFS spectroscopy of the
human SO C207S variant, and the EXAFS experiments performed on the chicken SO
C185S and C185A variants, we concluded that the additional electron density around the
Mo was due to an additional oxygen ligand to the Mo. Based on the electron density the
third oxygen ligand appeared to be at a distance from the Mo consistent with an oxo
ligand rather than a hydroxyl group. What was unexpected was that in the absence of the
substrate, the active site residue tyrosine 322 had no electron density, as did most of the
nor did the flanking region around this residue. The CSO C185S variant when
cocrystallized with sulfite revealed additionally density around the Mo as in the apo
crystal. Tyr 322 relocalized to the active site of the enzyme. This suggested that the Tyr
residue is not present in the active site of the fully oxidized enzyme but rather facilitates
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substrate recruitment to the active site and may help mediate electron transfer to the heme
iron.
Chapter 4- Characterization SO Variants with Altered Substrate Affinity and
Activity.
The experiments in Chapter 4 describe the rational design and the structurefunction studies on SO active site variants created with the intent to modify substrate
affinity from sulfite to nitrate and change the mode of catalysis from oxidation to
reduction by the Moco center using chicken SO as a model system for eukaryotic NR.
Previous results had indicated NR utilizes the same form of the Moco as SO and that
third sulfur ligand to Mo in NR is a conserved active site cysteine. In the crystal structure
of the Mo domain of assimilatory NR, the active site was found to super-impose with the
active site of SO at four of six positions, with the non-conserved residues in SO being
Tyr 322 and Arg 450. This observation led to the rational design experiments described
in Chapter 4. An Asn that is strictly conserved among NRs replaced the conserved SO
Tyr. Chicken SO Arg 450 aligns with a non-conserved position in NR that is either a Leu
or Thr in the lower eukaryotic fungal NRs whereas in the higher eukaryotic plant NRs
only a Met is found at that position. Since chicken SO is a higher eukaryote the Arg 450
was mutated to Met to produce the Y322N, R450M double variant (2NR). The results of
the enzymatic experiments indicate the chicken 2NR variant exhibited decreased ability
to oxidize sulfite to sulfate, but gained NR activity. Additionally, a third conserved
position in plant NRs was identified as a conserved Met, near the entrance to the active
site that may play a role in NR catalytic activity. The second conserved Met aligned with
Val 452 in chicken SO, which is near the Moco. The Val to Met mutation was introduced
46

into the chicken 2NR variant to generate the Y322N/R450M/V452M triple mutant
variant (3NR). Enzyme kinetic analysis of the chicken 3NR variant showed increased
ability to bind nitrate, and the overall nitrate reductase activity was moderately increased.
Chapter-5 The Structure of the 2NR and 3NR Variants of SO
The active site of SO and NR are similar in both sequence and in structural
models. Mutating active site residues in eukaryotic SO to residues in equivalent positions
in NR conferred nitrate binding and reduction in SO as described in Chapter 4. In order to
obtain detailed information about the macromolecular structure of the 2NR and 3NR
variants of CSO and how the structures relate to the mechanism of nitrate reduction the
two variants were crystallized and their structures solved and refined to 2.4 and 2.1 Å
resolution, respectively. Analysis of the crystallographic data indicated that the overall
fold of the variants was very similar to chicken SO. However, in both the double and
triple variants, the active site was significantly altered.
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Chapter 2-Characterization of the C185S and
C185A Variants of Sulfite Oxidase
2.1 Introduction
Many biochemical studies have been done using human, rat and chicken SO.
However, only the SO from chicken has produced high quality crystals suitable for
structural studies. Thus, we used CSO as an appropriate model system for our structurefunction studies. As discussed in Chapter 1, EXAFS is a powerful technique that can
determine bond lengths to greater precision than from X-ray crystallographic analysis.
EXAFS can determine bond lengths to 0.002 Å (23), which is of critical importance
when determining the redox state of Mo in SO. However, EXAFS interactions are shortrange and cannot provide macromolecular information. Hence EXAFS and X-ray
crystallography are complimentary techniques in structure-function studies of
molybdoenzymes.
Previous EXAFS studies on CSO purified from liver had indicated the presence
of three sulfur ligands to the active site Mo, two of which were accounted for by the
dithiolene moiety of the Moco and the third sulfur ligand to Mo was believed to be a
cysteine residue (22, 62). To investigate this hypothesis, Garrett and Rajagopalan carried
out the mutational analysis of RSO where all four cysteine residues in the protein,
(cysteines 207, 242, 260, and 451) were substituted with serine (18). Functional studies
indicated that only one cysteine to serine substitution, C207S, resulted in severely
decreased ability to oxidize sulfite to sulfate. Additionally, the analogous HSO C207S
variant was generated and characterized by EXAFS spectroscopy. The EXAFS analysis
showed that the absence of the cysteine sulfur ligand to the Mo, and substitution with a
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third oxo group. However, the oxo group was not due to the serine side chain (86).
Hence, the question remained as to whether the loss of catalytic activity was due to the
change in coordination alone; a disruption in the ability of the enzyme to transfer
electrons; or if there were perturbations in the global structure of the enzyme.
To address these questions and investigate the role of the cysteine in the catalytic
mechanism of SO, the homologous position residue in chicken SO (Cys 185) was
substituted with serine or alanine. These CSO C185S and C185Avariants were cloned,
expressed, and characterized. Kinetic analyses of the variants were performed using the
physiological electron acceptor cytochrome c or the small-molecule, non-specific
electron acceptor ferricyanide. Results showed that both of the variants had little to no
activity. Spectroscopic analysis of the C185S and C185A variants indicated that both
variants were incapable of reducing the heme upon treatment with sulfite. Consistent with
studies on HSO variants, the EXAFS spectroscopy on the CSO variants, C185S and
C185A, confirmed the presence of a third oxo group in place of the missing sulfur ligand
at the Moco. These studies suggest the loss of activity in the C185S and C185A variants
is due to a change in the Mo ligand coordination to an unusual trioxo form of the metal.

2.2 Materials and Methods
Generation of the C185S and C185A chicken SO variants
The CSO C185S variant was generated in the wild type CSO expression vector,
pTRC99a CLSO.2 with the R161G background, using the Transformer site directed
mutagenesis kit (Clontech Laboratories Inc., Mountainview, CA) (73). Mutagenic primer
GCGACCCTGCAGAGCGCGGGTAACCG changed the cysteine to serine at position
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185 and the selection primer CTGCGCTCGGCCCTTCCTGCAGGCTGGTTT changed a
Bgl I site to a Pst I site as described previously (87). The C185A variant was created
using overlapping primer extension PCR (88) using the flanking pTRC99a vector primers
GACATCATAACG GTTCTG (coding) and TGTTTATCAGACCCGCTTC
(anticoding) and the mutagenic primers GCGACCCTGCAGGCGGCGGGTAACCG
(coding) and CGGTTACCCGCCGCCTGCAGGGTCGC (anticoding) that convert the
Cys 185 to Ala.
Generation of the Mo domain of the C185S chicken SO variant
The Mo domain of the C185S variant was generated through extension overlap
PCR using the coding primer: GACTCCATGGGTAGCAGCCATCACCATCACCATCACAGCAGCGGTCCAGCAGCACCGGATGCG. This primer introduces an
Nco I restriction site and a Gly-Ser-Ser linker before and after the six-histidine tag for
immobilized metal affinity chromatography purification and extends into the Mo domain
of CSO starting at residue 88. The anticoding primer TCTAGATCAATCCTGAACACGAACCAG introduces an Xba I site after the stop codon. PCR was
performed on the pTRC99a CSO C185S plasmid that generated the products encoding
the Mo domains for C185S and of CSO. The PCR reaction consisted of 2 µL of 0.25
mg/mL plasmid DNA, 1 µL of 25 mM dNTPs, 1 µL Deep Vent polymerase of 2000
U/mL (New England Biolabs, Ipswich, MA), 2 µL of 20 pM coding primer, 2 µL of 20
pM anticoding primer, 5 µL of 10x PCR buffer (200 mM Tris-HCl, 100 mM (NH4)2SO4,
100 mM KCl, 20 mM MgSO4, 1% Triton X-100, pH 8.8) and distilled, DNAse-free
water to bring the reaction to a final volume of 50 µL. The thermocycler ran a program
for 2 min at 95 °C, followed by 25 cycles of 95 °C for 45 s, 55 °C for 45 s, 72 °C for 2
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min, followed by 72 °C for 5 min The PCR products were gel purified using the
extraction kit from Qiagen (Valencia, CA). A secondary PCR reaction was ran using the
same conditions to assemble the full-length construct. The resulting PCR product was
then digested with the restriction enzymes Nco I and Xba I (New England Biolabs,
Ipswich, MA) for 20 hours at 37 °C. The digested PCR products were ligated into the
pTRC99a vector. The ligation reaction contained 2 µL digested plasmid, 6 µL digested
PCR product, 2 µL of 400000 U/mL DNA ligase (New England Biolabs, Ipswich, MA),
2 µL ligase buffer (500 mM Tris-HCl, 100 mM MgCl2, 10 mM ATP, 100 mM DTT, pH
7.5), and 8 µL deionized water at 25 °C for 20 h. The vector was prepared by digestion
with Nco I and Xba I (New England Biolabs, Ipswich, MA) for 20 h at 37 °C. The
digested vector was gel purified then treated with 2 µL of 1 U/µL calf intestinal
phosphates (Roche, Palo Alto, CA) for 4 hours at 37 °C. The vector was prepared by
digested with Nco I and Xba I (New England Biolabs) for 20 hours at 37 °C, gel purified
then treated with calf intestinal phosphates (Roche) for 4 hours at 37 °C. All constructs
were verified by sequencing at the Duke University DNA analysis facility.
Protein Expression and Purification of Non-affinity Tagged Full Length SO
-

All of the constructs were expressed in the TP1000 bacterial strain called MobA

(89). This mutation results in the accumulation of the MPT form of the cofactor required
by eukaryotic SO and results in the production of active cofactor containing enzyme.
Cells from a glycerol stock of E. coli TP1000 cells (63) transformed with either the
rCSO_C185S or rCSO_C185A vector were grown in a 50 ml culture of LB media
supplemented with 100 µg/mL carbenicillin (Research Products International Corp., Mt.
Prospect, Il.) shaken overnight at 260 rpm at 37 °C. The overnight growth medium was
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then equally divided between two 1-L LB cultures supplemented with 100 µg/ml
ampicillin and 0.5 mM Na2MoO4. grown aerobically shaking at 260 rpm at 30 °C to an
OD600 = 1.0. These 1-L cultures were then used to inoculate two 17-L LB media
supplemented with 100 µg/ml ampicillin, 1 mM Na2MoO4, 160 µM IPTG and 5 ml of
Antifoam A (Sigma, St. Louis, MO). The cultures were then grown aerobically at 37 °C
for one to two hours, and then grown at 30 °C for 14 to 16 h. The cells were then
harvested by centrifugation at 5,000 x g.
The over-expressed recombinant CSO was then purified as reported earlier (63)
with a slight modification. The cell pellet was resuspended in phosphate buffer consisting
of 50 mM potassium phosphate, 0.5 mM EDTA, pH 7.8 (Buffer A) to give a 10 % (w/v)
cell solution that were then disrupted by a minimum of two passes through a
Microfluidizer M-110L Processor (Microfluidics, Newton, MA) with an operating
pressure of ≥ 16,000 psi. The cell lysate was immediately centrifuged at 12,500 x g for 10
min. The pellet was discarded and approximately 10 mg of DNAse I (Sigma) was added
to the supernatant. The lysate was allowed to stir slowly at 4 °C for at least 2 h. After the
addition of streptomycin sulfate was then added to the lysate to a final concentration of
2% (w/v), the lysate was centrifuged at 12,5000 x g for 15 min. The pellet was discarded
and the resulting supernatant was brought to 18% (v/v) saturated ammonium sulfate and
stirred at 4 °C for 10 min, followed by centrifugation at 25,000 x g for 15 minutes. The
pellet was discarded and the ammonium sulfate in the supernatant was increased to a final
concentration of 45%. The supernatant was stirred slowly at 4 °C for 10 minutes and then
centrifuged at 25,000 x g for 15 min.
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The supernatant from the 45% ammonium sulfate cut was discarded and the
volume of the pellet measured. The pellet was then diluted five-fold with Buffer A. To
the resuspended pellet, ice-cold acetone (0.75 times the total volume) was added and
immediately centrifuged at 5,000 x g for 5 min. The pellet was discarded and an
additional 0.75 volume of ice-cold acetone was added to the supernatant followed by
centrifugation at 5,000 x g for 5 min. The resulting pellet was resuspended in 50 ml
Buffer A.
The resuspended pellet was then centrifuged at 20,000 x g for 10 min and the
supernatant was immediately applied to a 400-mL Sephadex G-25 column (Sigma, St.
Louis, MO) equilibrated with 1000 mL of Buffer A. The protein solution was allowed to
enter the column by gravity and additional 500 ml volume of Buffer A was applied to the
column by gravity. Due to the heme chromophore in SO, the protein could be visually
followed on the column. As the protein approached the bottom of the column, 10 mL
fractions were manually collected. The red fractions containing SO were collected and
the conductivity of the fractions measured. Fractions with conductivity within ± 10% of
the background (Buffer A) conductivity were pooled together. The pooled fractions were
then applied to a 50-mL DEAE-cellulose ion-exchange column (Sigma, St. Louis, MO)
preequilibrated with 250 mL of Buffer A. The protein was then eluted off the column
with a linear gradient starting at 100% Buffer A, 0% of 350 mM potassium phosphate,
0.5 mM of EDTA pH 7.8 (Buffer B) going to 0% of Buffer A and 100% of Buffer B. The
fractions exhibiting a 413/280 nm absorbance ratio ≥0.3 were pooled. To the pooled
fraction, ammonium sulfate at 56 g/L was added to 10% saturation with stirring. The
sample was then applied to a 50-mL phenyl sepharose column (GE Healthcare Life
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Science, Piscataway, NJ) preequilibrated with 120 mL of 0.5 mM EDTA, 56 g/l
ammonium sulfate, 10 mM potassium phosphate, pH 7.8 (Buffer C). The protein was
eluted with a linear gradient starting at 100% of Buffer C and ending at 100% of 0.5 mM
EDTA, 10 mM potassium phosphate, pH 7.8. The fractions collected were analyzed for
SO by taking the 413/280 nm absorbance ratio. Fractions with a ratio of ≥0.8 were
pooled. For the final purification step, the solution was concentrated to 2 mL using a
concentrator with a molecular weight cut-off (MWCO) of 30,000 Da (Vivaspin, Billerica,
MA).
The concentrated fraction was applied to a 120-mL Superdex-200 HR 16/60 (GE
Healthcare Life Sciences, Piscataway, NJ) size exclusion column connected to an AKTA
FPLC system (GE Healthcare Life Sciences, Piscataway, NJ). The column was
equilibrated with 120 mL of Buffer A and the protein was eluted with a flow rate of 1.0
ml/min. The protein peak was measured by UV absorbance at 280 nm. The fractions
exhibiting a 413/280 nm absorbance ratio of ≥0.9 were pooled and concentrated as
before. The protein concentration was determined using the heme absorbance at A413 and
a molar absorption of 113,000 M-1 cm-1 per heme. The protein was stored in Buffer A at 4
°C before experimentation.
Protein Expression and Purification of His-tagged Mo domain of C185S variant of
chicken SO
TP1000 cells containing the His-tagged Mo domain of the C185S construct
(rCSO_C185SMo) were cultured aerobically in a 50 mL overnight culture of LB media
supplemented with 100 µg/ml carbenicillin at 30° C overnight. From the overnight
culture, 10 mL was used to inoculate a 300 mL media supplemented with 100 µg/ml
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ampicillin and 0.5 mM Na2MoO4 and grown at 30° C. When an OD600 = 0.9 was reached,
45 mL of the culture were used to inoculate six 1-L LB media supplemented with 100
µg/ml ampicillin, 1 mM Na2MoO4, and 20 µM IPTG then grown at 30° C for 16 h with
shaking at 260 rpm. The cultures were then harvested by centrifugation at 5,000 x g and
the pellet resuspended with 6 volumes of 50 mM KPO4, 300 mM NaCl, pH 8.0 (Buffer
D) with gentle stirring for 15 min. The resuspended cells were then lysed by two passes
through the Microfluidizer M110-L processor (Newton, MA) with pressure of ≥16,000
psi. The cell lysate was then centrifuged at 10,000 x g for 25 min. Imidazole (in Buffer
D) was added to the supernatant to a final concentration of 20 mM. Next, a column
containing 4.5 mL of Ni-Sepharose resin (Roche Inc., Palo Alto, CA) was equilibrated
with 10 column volumes of Buffer D plus 20 mM imidazole. The cell lysate was then
loaded onto the column using a peristaltic pump. The column was then washed with 20
column volumes of Buffer D + 20 mM imidazole, followed by 10 column volumes of
Buffer D + 50 mM imidazole using the peristaltic pump. The protein was then eluted
with 10 column volumes of Buffer D + 200 mM imidazole. The fractions with the highest
A280 nm absorption were pooled and dialyzed against 2 L of Buffer A with two buffer
exchanges. The protein solution was centrifuged to remove any insoluble material and
subsequently concentrated to approximately 15-20 mg/mL. The concentrated protein was
applied to a Superdex 200 60/15 gel filtration column (GE Healthcare Life Sciences,
Piscataway, NJ) equilibrated with 50 mM potassium phosphate, 0.1 mM EDTA, pH 7.8.
Protein fractions were pooled based on A280 and concentrated using a 10,000 MWCO
concentrator (Vivaspin, Billerica, MA).
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Molybdenum Analysis
The Mo content of the purified C185S and C185A CSO was quantified by atomic
absorption spectroscopy using a Spectra AA-220 double beam atomic absorption
spectrometer (Varian, Palo Alto, CA). All buffers and standards were made using
deionized water from a Pico UV system (Hydro, Durham, NC). The samples were buffer
exchanged into 100 mM NaCl, 20 mM Tris, pH 7.8 using a PD-10 desalting column (GE
Healthcare Life Sciences, Piscataway, NJ), diluted to a concentration of 10 ppb Mo in
and mixed with an equal volume of concentrated HNO3. The samples were then wetashed at 100 °C for a minimum of 6 h and diluted to 0.2% HNO3. The exact Mo
concentration of the samples was calculated from a standard curve of 0, 6, 8, 10, 12, 14,
and 16 ppb Mo made from a standard solution (Sigma-Aldrich, St. Louis, MO).
Subsequent analyses were done using the conditions described previously by Johnson
(90).
Steady State Kinetics
Steady state kinetic assays were performed aerobically at 25 °C using a quartz
cuvette with a 1 cm path length in a Shimadzu UV-1601 spectrophotometer (Shimadzu,
Columbia, MD). Assays were conducted in 50 mM buffers which were pH adjusted using
acetic acid to minimize anion inhibition of SO (91). The buffers used were: Bis-tris (pH
6.0), Bis-tris propane (pH 7.0), Tris (pH 8.0), and glycine (pH 9.0 and 10.0). The glycine
buffers were pH adjusted with NaOH. Cytochrome c concentration was determined from
the A550 using an extinction coefficient of 19,630 M-1cm-1 (92). For each assay, the
reaction contained 50 µM horse heart cytochrome c (Sigma-Aldrich, St. Louis, MO), 2.5
µg SO, and varying concentrations of sodium sulfite in a final volume of 1 mL over the
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pH range of the buffers listed above (pH 6 to 10). SO activity was monitored by the
change in the absorption of cytochrome c at 550 nm. Sulfite oxidation activity was also
assayed in the C185S and C185A variants using ferricyanide, a small molecule, nonspecific electron acceptor in place of the physiological acceptor cytochrome c. Reaction
assay contained 40 µM ferricyanide, 5 µg enzyme, and 50 mM buffers. The assay was
monitored by the decrease in absorbance of ferricyanide at 420 nm.
EXAFS Spectroscopy Data Collection and Analysis
Protein samples of the CSO variants C185S and C185A contained 20% glycerol
in 50 mM Bis-Tris-Propane, pH 7.8, and were transferred to 2x10x10 mm3 Lucite sample
cuvettes, then frozen in liquid nitrogen. XAS data was collected at Stanford Synchrotron
Radiation Lightsource (SSRL) with the SPEAR 3 (Stanford Positron Electron
Acceleration Ring) storage ring operating between 80 and 100 mA at 3 GeV. Mo K-edge
data were collected on beam line 7-3, from a 20-pole 2 Tesla wiggler source with a
downstream vertically collimating Rh-coated mirror and Si (220) double crystal
monochromator. No harmonic rejection was used. Beam intensity was monitored using
argon-filled ion chambers. XAS was measured from Mo Kα fluorescence using a 30element solid state germanium array detector through a Soller slit assembly and a
zirconium filter of 3 absorption units thickness. Samples were maintained at 10 K using
an Oxford Instruments helium flow cryostat. The energy was calibrated from the
absorption of Mo foil collected simultaneously with sample fluorescence, and the lowest
energy inflection point was assumed to be 20,003.9 eV. A total of eight scans were
collected for the C185S variant (k-range to 17) and six scans for C185A (k-range to 16).
The energy threshold of the EXAFS region was assumed to be 20,025.0 eV, and EXAFS
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oscillations, χ(k), were analyzed by curve-fitting using EXAFSPAK1 (67). The ab initio
theoretical phase and amplitude functions were calculated using FEFF version 8.25 (93)
(94). No smoothing, filtering or other manipulations were performed on the data.

2.3 Results
Protein Expression and Purification
C185S and C185A CSO behavior during purification was essentially identical to
that of wild type chicken SO. The cell lysates were cloudy reddish-brown in color. The
addition of DNAse I resulted in a small precipitant pellet and the ammonium sulfate
precipitation resulted in a reddish-brown pellet. The acetone purification steps resulted in
a reddish-pink pellet and when resuspended produced a red solution. The elution profile
of the CSO C185S and C185A variants from the Superdex-200 gel filtration column were
identical to wild type chicken SO. The expression level of the C185S variant typically
resulted in 2.5-4 mg of total protein from the 36 l growth, whereas the C185A variant
would yield slightly more at mg 3-5 mg of protein per 36 l growth. Similar wild types
chicken SO purification scheme typically yields 8-10 mg of protein.. The Mo content of
the C185S variant was 59.4% Mo and the Mo content of the C185A variant was
determined to be 63.6%, both were lower than the typical ≥90% Mo content observed for
wild type CSO. Other variants of CSO have ~ 80% Mo incorporation.
In order to eliminate interference from the heme domain of SO in subsequent
spectrophotometric studies, constructs containing only the Mo domain were generated.

1

http://ssrl.slac.stanford.edu/exafspak.html
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Previous studies showed the Mo domain of HSO expresses at high levels and the Nterminal histidine-tag construct is stable in solution (92). Hence, a (His)6 tag was
introduced similarly in C185S CSO variant and purified using Ni-affinity
chromatography. The C185S Mo domain initially behaved similarly to the Mo domain of
HSO. However, the protein precipitated out of solution during the latter part of the
purification, leaving a whitish-yellow precipitate. These results indicate the C185S Mo
domain construct of CSO may be misfolded and not suitable for further experimentation.
Enzymatic activity of full-length chicken SO variants
During the catalytic oxidation of sulfite to sulfate by SO, SO is reduced by two
electrons. To regenerate the active form of the enzyme, the reducing equivalents from SO
are transferred internally to the heme domain and ultimately to the physiological electron
acceptor cytochrome cox . The change in redox state of cytochrome c results in a change in
the absorption of the protein at A550 nm, which can be monitored over time to yield
kinetic parameters. Wild-type CSO exhibits enzymatic activity that is readily detected by
monitoring the change in absorbance of cytochrome c at a given pH. Steady-state kinetic
analysis of C185S and C185A variants over the pH range of 6.0 to 10.0 revealed little SO
activity in either variant. In both the C185S and C185A, the amount of SO activity was
within ±1% of the control reaction in the absence of the SO variants. These results
suggested that both variants are incapable of electron transfer from the heme to the
physiological electron acceptor cytochrome c, presuming that the variants are still
capable of binding and oxidizing sulfite.
To investigate if the mutant enzymes were capable of binding and oxidizing
sulfite to sulfate, both C185S and C185A were assayed for SO activity in the presence of
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a non-specific, small molecule electron acceptor, ferricyanide. Similar to what was
observed in the cytochrome c assays, very modest sulfite oxidation activity was observed.
The C185S ferricyanide activity ranged from 0.05% of wild-type activity at pH 8.5 and
1% of wild-type activity at pH 7.0, while the activity for the C185A variant with
ferricyanide ranged from 0.09% of wild-type at pH 8.5 to 2% of wild-type at pH 7.0.
Spectral analysis of full-length C185S and C185A CSO
To determine if the C185S and C185A variants were capable of binding and
oxidizing sulfite to sulfate without exogenous electron acceptors, the spectra of the
C185S and C185A were taken in the purified oxidized state and in the presence of sulfite.
The UV-Vis spectrum of the wild-type CSO in absence of sulfite shown in Figure 2.1 is
dominated by the absorption peak at 280 nm and 413 nm due to the oxidized heme.
During the reaction cycle the reduction of the heme causes a change in the absorption
spectrum that clearly demonstrates a shift in the absorbance peak from 413 nm in the
oxidized spectra to 426 nm in the spectra shown in Figure 2.2. The spectra of the
oxidized forms of the C185S and C185A variants are similar to the as purified, oxidized,
wild type CSO as seen in Figure 2.1 showing an absorption peak at 413 nm. The addition
of sodium sulfite to a final concentration of 1 mM had no effect on the spectrum of either
the C185S or the C185A as shown by comparison of Figure 2.2 to Figure 2.1. The wild
type CSO also exhibits absorption peaks at 525 nm and 560 nm upon addition of sulfite.
Notably, these peaks were absent in the spectra of the C185S and C185A variants. These
results suggest that the C185S and C185A variants are unable to transfer an electron to
the heme, presumably because they are unable to oxidize sulfite to sulfate.
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Figure 2.1 Spectra of Wild type, C185S, and C185A Variants of Chicken SO in the
Oxidized State.
The spectrum of wild-type chicken SO shown in red, the spectrum of C185S variant
shown in blue, and the C185A variant shown in green. The absorption peak at 413 nm is
due to the SO heme. The protein concentration for each sample is approximately 2.7 µM.
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Figure 2.2 Spectra of Wild type, C185S, and C185A Variants of Chicken SO in the
Presence of 1mM Sodium Sulfite.
The wild-type chicken SO spectrum is shown in red, the spectrum of C185S is shown in
blue, and the C185A variant is shown in green. Only the wild-type spectrum shows a
shift in absorbance peak of the heme from 413 nm to 426 nm upon addition of sulfite.
The protein concentration for each sample is approximately 2.7 µM.
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Figure 2.3 Mo K-edge Near-Edge Spectra for C185S and C185A.
A pre-edge peak effect is visible at approximately 2008 eV in both the C185S and C185A
spectra. This pre-edge peak is characteristic of absorption of a Mo-oxygen double bond.
Insert is the expanded first derivative of the two near-edge regions, also indicating a
sharp absorption peak at 2008 eV.
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Molybdenum K-edge, Near-Edge Spectra
To determine the state of the Mo ligand field of the C185S and C185A variants of
CSO EXAFS experiments were performed. Figure 2.3 shows the Mo near-edge region of
both the C185S and C185A variants. The spectra of C185S and C185A variants of CSO
exhibit essentially identical near-edge features, indicating very similar active site
environments in both. Their similarity is further apparent in the inset plot of the first
derivative of the near-edge regions of both proteins. Both C185S and C185A have a
pronounced pre-edge feature in the near-edge spectrum at approximately 20,008 eV that
is attributed to the Mo=O bond, which is more intense in the spectrum of the variants
compared to the wild type CSO. This oxo-edge enhancement was also observed in the
C207S human SO variant (67, 95).
Molybdenum K-edge EXAFS Spectra
Figure 2.4 shows the spectra for the C185S and C185A variants in the EXAFS
region. Again, the two spectra are virtually superimposable, indicating that the Mo
environments for the two variants are essentially identical. The Fourier transform of the
EXAFS spectra is shown in Figure 2.5, and is dominated by two main backscattering
interactions, with a major transform peak at a distance of 1.8 Å from the Mo. This
corresponds to a Mo double bonded to oxygen (Mo=O). A second, smaller transform
peak at distance of 2.4 Å from the Mo corresponds to a Mo single bond to sulfur, which
is consistent with previous EXAFS results on the HSO C207S variant. EXAFS curve
fitting analysis of C185S and C185A variants for several models is shown in Table 2-1.
The best fit revealed that both of the variants contain essentially the same coordination
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environment for the Mo atom in the Moco: three Mo=O corresponding to the oxo ligands
and two Mo-S representing the Mo-dithiolene sulfur bonds.

2.4 Discussion
Sequence alignments of SO from a variety of sources have identified a conserved
cysteine residue as the third sulfur ligand to Mo in SO proteins in addition to the two
sulfurs from the dithiolene moiety of the Moco. Previous mutational studies in RSO
indicated that the Cys to Ser substitution at position 207 results in severe attenuation of
SO activity in the resulting variant (18). To further elucidate the role of this conserved
cysteine residue in the catalytic cycle of SO, the equivalent position in CSO was mutated
from cysteine to serine or alanine. Both the C185S and C185A variants of CSO lost the
ability to reduce cytochrome c in the presence of sulfite. There was no observed catalytic
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C185S

C185A

Figure 2.4 The Mo K-edge EXAFS spectra of the C185S (top) and C185A (bottom)
variants of SO.
The solid lines show the experimental data and the dashed lines represent the best fit of
the data to the trioxo model of the enzyme using EXAFSPAK (67).
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C185S

C185A

Figure 2.5 The Fourier transforms of the EXAFS of C185S (top) and C185A SO
(bottom).
The solid lines show the experimental data, while the dotted lines represent the
theoretical best fit of the trioxo model of the variants.
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Table 2.1 EXAFS Curve Fitting Results.

Mo=O
N

R

Mo−S
σ2

N

R

σ2

E0

error

C185S
2

1.753(2)

0.0018(1) 3

2.470(4)

0.0075(3) -14.1(7)

0.305

3

1.753(1)

0.0033(1) 2

2.470(2)

0.0049(2) -13.9(5)

0.237

3

1.755(2)

0.0033(1) 3

2.472(3)

0.0073(2) -13.7(6)

0.274

3

1.755(2)

0.0033(1) 1

2.45(2)

0.0035(6) -13.5(6)

0.237

1

2.50(2)

0.005(2)

C185A
2

1.747(2)

0.0012(1) 3

2.468(4)

0.0081(3) -16.0(7)

0.286

3

1.748(2)

0.0028(1) 2

2.469(3)

0.0058(3) -15.2(6)

0.253

3

1.748(2)

0.0028(1) 3

2.468(4)

0.0080(2) -15.7(6)

0.275

3

1.749(2)

0.0028(1) 1

2.44(3)

0.004(2)

0.258

1

2.50(4)

0.005(3)

-15.3(7)

Results of the EXAFS curve-fitting analysis indicating the coordinate number, N;
interatomic distances from Mo, R (Å); mean-square deviation in R, σ2; the threshold
energy shift E0 in eV. The error is defined as Σ k6(Xexp-Xcalc)2/Σ k6 X exp2. Fits in bold
type represent the best-fit model obtained for the sample.
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activity over the full range of pH values tested. It was possible that the C185S and
C185A variants were able to oxidize sulfite to sulfate.
However, the mutations may had caused perturbations that disrupted the
interaction the heme domain with cytochrome c. Spectral analysis of the C185S and
C185A variants were done to investigate the capability of the variants to transfer
electrons from the sulfite through the Moco to the heme. In wild type CSO, in the
absence of cytochrome c, the addition of sulfite induces a change in the absorption
spectra of SO as the oxidized heme absorbance at 413 nm and shifts to the reduced heme
peak at 426 nm (96) as seen in Figure 2.2. The absorption spectrum of the C185S and
C185A variants of CSO exhibited no shift in absorption peak upon addition of sulfite. To
investigate if the electron transfer from the Moco to the heme was disrupted, the C185S
and C185A variants were examined to see if they could oxidize sulfite to sulfate in the
presence of the small molecule electron acceptor ferricyanide. Previous studies have
shown that the Mo domain by itself is capable of oxidizing sulfite to sulfate in the
presence of ferricyanide (97). The ferricyanide activity assays indicate that the C185S
and C185A variants have ~1-2.5 % activity of at pH 7.0 and less than one percent of the
activity of wild type chicken SO at pH 8.5.
The two most likely reasons for the loss of activity of the variants are: (1) the
inability to bind and oxidize sulfite to sulfate; or (2) the inability to transfer electrons
(arising from sulfite oxidation) from the Moco center to the heme and ultimately to the
external electron acceptor. Based on these kinetics and spectroscopic analyses, the loss of
activity of the C185S and C185A variants is most likely due to their inability to oxidize
sulfite to sulfate, given that the physiological, external electron acceptor cytochrome c,
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the external, non-specific small molecule electron acceptor ferricyanide, and the
intramolecular electron acceptor heme, all failed to elicit sulfite oxidation activity.
Due to the complex reaction pathway of SO, any mutation that results in the loss
of activity could affect any of several steps during the catalytic cycle. While the
spectroscopic and kinetics studies reported here revealed the effect of the serine and
alanine substitutions for cysteine on the activity of SO, it is not known how these
mutations affect the Mo ligand environment.
EXAFS studies on the molybdenum centers of the C185S and C185A variants of
chicken SO
To investigate the Mo ligand field and the coordination state of the Mo in C185S
and C185A variants, EXAFS studies were performed. These studies were done in
collaboration with Dr. M. Jake Pushie and Dr. Graham N. George of University of
Saskatoon at Saskatchewan, Canada. EXAFS is a powerful technique that has been used
to obtain information about the local environment of a given system, and has been
developed to probe metal ligand distances (23). EXAFS can provide information about
the type, number, and bond distance in the coordination sphere of a given atom, and had
previously been used to probe the Mo ligand sphere of several Moco enzymes including
SO (20, 22, 25, 27).
The pre-edge spectrum for both C185S and C185A exhibited an oxo-edge effect
which is attributed to the Mo=O bonds, suggesting the oxygen ligands to the Mo are in
the oxidized state. The broad Fourier transform peak attributed to Mo-S in C185S may
indicate the presence of dissimilar Mo-S bond lengths. The Mo=O bonds of the wild-type
SO were determined to be 1.71 Å whereas in the C185S and C185A variants the Mo=O
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Oxo-transfer mechanism for sulfite oxidase
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Figure 2.6 Oxotransfer Mechanism of SO.
During catalysis in CSO, electrons move from the sulfite molecule to the oxo group of
the Mo atom, while the negative sulfite is coordinated in part by the positive Arg 190 and
Arg 450.
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distance is increased to 1.75 and 1.74 Å, respectively. Also in the wild-type SO, the Mo-S
bond length is 2.41 Å is increased in the C185S variant to 2.47 Å and 2.46 Å in the
C185A variant. A systematic survey of model compounds has been done by Meyer (21),
which indicated that Mo to oxygen bond distances increase from the mono-oxo species at
1.67 Å to 1.73 Å for a trioxo species. Hence, the observed bond lengths for the C185S
and C185A variants are consistent with a trioxo Mo center in the two variants.
Comparing the EXAFS results of the CSO C185S to the HSO C207S, the CSO
C185S data can be fit one shorter Mo-S ligand at a bond length R = 2.427 Å and one
longer Mo-S ligand at R = 2.511 Å (s2 for each shell is 0.00362). However, these
differences in Mo-S bond lengths, ΔR = 0.084 Å, is below the resolution limit of the
EXAFS data for C185S. The resolution of the C185A data is slightly lower, with ΔR =
0.105 Å, making comparisons between differential Mo-S interactions less viable.
Similarly, for Mo=O ligands, there is expected to be a small difference between the apical
and equatorial Mo=O bond lengths in a square planar environment. However, the
expected difference is less than 0.02 Å and is beyond feasible EXAFS resolution limits.2
The analogous C207S variant of HSO has previously been characterized via
EXAFS spectroscopy which also revealed the presence of trioxo coordination, with three
Mo=O ligands at 1.744 Å and 2 Mo-S ligands at 2.473 Å. Comparing the curve fitting
analysis of the cysteine to serine variants of CSO and HSO, the Mo=O ligands differ by
~0.01 Å, while the Mo-S ligands differ by ~0.002 Å. These apparent slight differences

2

A resolution of 0.02 Å would require collecting data with a k-range of 80 Å−1 Graham

George personal communication.
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between the trioxo coordination environments may be due to EXAFS curve fitting
analysis or subtle structural differences within the surrounding active site environment
within the protein. The EXAFS experiments indicate that the Mo atom of the two variants
is in the most oxidized form, which would give the Mo atom of the C185S and C185A
variants a formal charge of -2. In wild type SO the Mo atom has a formal charge of -1. It
is possible that during the proposed oxotransfer shown in Figure 2.6, the Mo atom
accepts electrons and is reduced, accepting the sulfite bond gives the Mo of the wild type
a formal charge of -2 in complex with sulfite. It is possible that the trioxo form of the
enzyme is already at the substrate enzyme complex formal charge and is unable to accept
additional electrons, resulting in the loss of activity observed.
The kinetics, spectroscopic, and EXAFS results of the C185S variant of CSO are
nearly identical to that of the C207S variant of HSO. It would be beneficial to have threedimensional structure of human SO to examine how mutations cause structural
perturbations in the enzyme that affect catalytic activity. However, HSO is to date
resistant to crystallization, and the high sequence homology and congruity of function
between HSO and CSO makes CSO a valid model for characterizing human genetic
lesions in HSO. The kinetic and spectroscopic results presented in this report indicate the
loss of catalytic activity in the C185S and C185A variants is due to a change in the Mo
ligand coordination. However, they do not address if there are other global perturbations
caused by these substitutions. To address the question of global perturbations caused by
the substitutions, the C185S and C185A variants of CSO were crystallized and their
structures determined as detailed in the next chapter.
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Chapter 3-The Structures of the C185S, C185S with sulfite,
and C185A variants of Sulfite Oxidase
3.1 Introduction
As discussed in the previous chapter, the kinetic analysis of both the C185S and
C185A variants of CSO shows severe loss of activity. Furthermore, EXAFS
spectroscopic analysis of the Mo center of the mutants indicated a change in the ligand
coordination sphere of the Mo. While the loss of activity may solely be due to the change
in coordination, owing to the complex nature of the reaction mechanism of sulfite
oxidase, it was unclear what step in the reaction pathway was affected. The loss of
activity could arise from perturbations in several different mechanisms such as the
electron transport during the catalytic cycle, changes in molybdenum coordination, or
conformational changes in the active site. The kinetic and EXAFS studies address the
first two possibilities, but cannot address possible conformational changes in the structure
of the variants. To obtain detailed structural information on the loss of function in the
C185S and C185A variants, a protein crystallographic structural analysis was carried out.
The variants were crystallized and the structures showed altered position of a specific Tyr
residue and different conformation of an Arg residue in the active site. This suggest
dynamic roles for active site Tyr and Arg in SO during the catalytic cycle.
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3.2 Materials and Methods
Protein expression and purification
The C185S and C185A variants were expressed in E. coli strain TP1000
aerobically in LB media and purified by the phenyl-sepharose chromatography method as
previously described in Chapter 2.
Molybdenum analysis
The molybdenum content of the C185S and C185A variants of chicken SO were
quantified by atomic absorption spectroscopy using a Varian Spectra AA-220 double
beam atomic absorption spectrometer (Varian, Palo Alto, CA) by the method described in
Chapter 2.
Crystallization and Data Collection
After purification, the C185S variant was buffer exchanged into 100mM NaCl, 20
mM Tris, pH 7.8 using a PD-10 column (GE Healthcare, Piscataway, NJ) and
concentrated to 25 mg/ml using a Centricon YM-30 concentrator (Millipore, Billerica,
MA). This sample served as a stock protein solution which was stored at 4 °C prior to
crystallization. From this stock, the protein was diluted to concentrations of 10 or 15
mg/ml using the same buffer solution. The C185S variant of chicken SO was prescreened
for suitability for crystallization by using the Pre-crystallization test (Hampton Research,
Aliso Viejo, CA) at a concentration of 10 mg/ml and 15 mg/mL. For the initial attempt to
crystallize the C185S variant of chicken SO, the conditions for the wild type chicken SO
were used (73): 8-12 % (weight/volume) PEG 4000, 50-60 mM MgCl2, and 100 mM
MES, pH 6.5. However this condition produced crystal plates that were unsuitable for
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data collection. The C185S variant was then screened for crystallization conditions using
Crystal Screen II and the PEG/ION Screen (Hampton Research, Aliso Viejo, CA).
Several other screens such as the Protein Complex suite, Membrane Protein suite, PACT
suite, and JCSG+ suite (Qiagen, Valencia, CA) were used.
Protein crystals suitable for data collection were obtained by the vapor diffusion
method at 17 ºC by adding 2 uL of 10 mg/ml protein solution to 2 uL of precipitant
solution on a siliconized glass cover slide (Hampton Research), equilibrated against 1 ml
reservoir of precipitant solution of 2% (weight/volume) PEG 4000, 15% (v/v) 2-methyl2,4- pentanediol (MPD), and 100 mM sodium acetate, pH 5.0. Red crystals were
observed after 3-4 weeks, and grew to their final size in 4 to 5 weeks. The crystals were
transferred to a crystallization solution containing 5% (v/v) glycerol that was increased
stepwise to a final concentration of 30% before the crystals were flash frozen in liquid
nitrogen.
To obtain the substrate bound form of the C185S variant, sodium sulfite was
added to the aforementioned crystallization condition (2% PEG 4000, 10 % MPD, 100
mM sodium acetate pH 5.0) to a final concentration of 0.5 mM. Single crystals were
obtained by hanging-drop method at 17 ºC. The crystals were transferred to a
crystallization solution containing 5% (v/v) glycerol that was increased to a final
concentration of 35% glycerol then flash frozen in liquid nitrogen,
The C185A variant of chicken SO was purified and buffer exchanged into 100
mM NaCl, 20 mM Tris, pH 7.8 using a PD-10 column, and then concentrated to 20
mg/ml. This concentrated solution was used as a stock protein solution, and was then
diluted to 10 mg/ml, as prescreened. The C185A variant at 10 mg/ml was crystallized in
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100 mM MES pH 6.0, 15% (w/v) PEG 4000 and 150 mM ammonium sulfate, using the
sitting drop method with 300 nL of protein and 300 nL of precipitant solution against a
reservoir of 100 µl of precipitant solution. The C185A crystal was transferred into the
mother liquor containing 5% (v/v) glycerol, which was increased stepwise to a final
concentration of 35% (v/v) glycerol then flash frozen in liquid nitrogen.
X-ray diffraction data were collected at the South East Regional Collaborative
Access Team (SER-CAT) BM-22 line at the Advanced Photon Source, Argonne National
Laboratory. All data sets were scaled and indexed using HKL2000 with DENZO (98)
and SCALEPACK (98) . The structures were solved by molecular replacement
techniques, as implemented in PHASER (99) in the CCP4 suite of programs, using the
coordinates of the wild-type chicken SO residues 95-466 (PDB code 2A99) excluding the
cofactor and solvent molecules (99). Iterative model building was done using COOT
(100). PROBE (101) was used for visualization of all-atom contacts and refinement was
done with REFMAC (102). The stereochemistry of the structures was evaluated using
MOLPROBITY (103). For all structures reported in this study, Translation-LiberationScrew (TLS) refinement was performed at the final stages of refinement (104, 105), and
waters were added to the models using COOT.

3.3 Results
Crystallization of the C185S, C185S sulfite, and C185A variants of chicken SO
Previously published crystallization conditions were initially used to crystallize
both the C185S and the C185A variant of chicken SO (73). Unfortunately, in the case of
the C185S variant, only very long and thin plate-like crystals were obtained that appeared
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to originate from a single nucleation point. These crystal plates did not have sufficient
volume required for large angle data collection required to solve the structure of the
variant. In the case of the C185A variant, no crystals were obtained at all. Optimization
attempts of the original conditions did not result in any crystal formation. Since
crystallization of a protein is a stochastic event, not deterministic, additional crystal
screens were employed to obtain a crystal of the C185S variant suitable for data
collection. These screens employed sparse matrix approaches, grid screens of salts,
polymers and different organic compounds, anions, cations, as well as pH. However, no
variation of the original condition, salts or addition of crystallization additives to the
original condition resulted in a higher quality crystal form. The optimum condition was
found to be 2% PEG 4000, 10 % MPD, and 100 mM sodium acetate pH 5.0. Red crystals
of the C185S appeared in days and had dimensions of 50 µm x 50 µm x 80 µm as shown
in Figure 3.1A. The crystals diffracted to 1.9 Å in the C2221 space group with unit cell
dimensions of a = 86.47, b = 131.51, c = 98.88 Å and a solvent content of 54.5% as
determined from the Matthews coefficient (106). For the substrate-bound C185S, 0.5
mM sodium sulfite was added to the mother liquor. Red crystals similar to the apo
crystals were obtained having a different morphology and slightly larger size (100-120
µm along the longest axis and 50-80 µm in width (Figure 3.1B). The cocrystal diffracted
to 2.4 Å in the I41 space group with unit cell dimensions of a = 86.3, b = 86.3, c = 152.3
and a solvent content of 54.9% as determined from the Matthews coefficient (106). For
the C185A variant, the optimum crystallization condition was 100 mM MES pH 6.0, 15%
(w/v) PEG 4000 and 150 mM ammonium sulfate. Diamond shaped red crystals of the
C185A variant with dimensions of 200 µm along the longest axis and 150 µm wide at the
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widest point were obtained by sitting drop method (Figure 3.1C). The crystals diffracted
to 2.8 Å and belonged to the I41 space group with one monomer in the asymmetric unit
and unit cell dimensions of a = 86.3, b = 86.3, c = 152.9 with 54.6% solvent content.
Structural determination and refinement
The structures of C185S, C185S co-crystallized with sulfite (C185S sulfite), and
C185A variants were solved by molecular replacement using the wild-type CSO
structural coordinates (PDB code 2a99) as the search model. In the initial attempts to
solve the structure using the coordinates from the full-length natively purified CSO (PDB
code 1SOX), however a search solution with all components was not obtained. Despite
the fact that the full-length enzyme was used for crystallization and the crystals exhibited
the red color characteristic of a heme prosthetic group, no difference electron density was
observed for the N-terminal b5-type cytochrome domain in any of the structures we
obtained. These results were consistent with previously published recombinant chicken
SO structural studies (73).
The crystal of resting C185S belongs to the C2221 space group, while the crystals
of C185S sulfite and C185A belong to the I41 space group, and all crystals have one
monomer in the asymmetric unit as calculated by Matthews coefficient (106). The
structure of the sulfite-bound C185S was fitted to contain one sulfite per monomer. All
three structures have good stereochemistry with all residues in the most favored and
additionally allowed regions of the Ramachandran diagram as determined by
MOLPROBITY (103). After model building and several cycles of refinement, the
resulting model converged to the crystallographic Rcryst and Rfree values reported in Table
3-1.
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Figure 3.1 Crystals of chicken SO variants showing different morphologies.
(A) Crystals of C185S. (B) Crystals of C185S co-crystallized with sodium sulfite (C)
Crystals of C185A.
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Structure of C185S variant and comparison with chicken SO
The structure of C185S was refined to 1.9-Å resolution shown in Figure 3.2 with
an Rcryst of 0.18 and an Rfree of 0.20. The topology of the protein fold is similar to that of
the natively purified enzyme and consists of the central catalytic molybdenum domain
and the C-terminal dimerization domain. As reported previously (65), the catalytic core
domain contains a unique fold consisting of 9 α-helices and 13 β-strands that are divided
into 3 β-sheets. The Moco is found deep in the core of the domain and is held in place by
a network of van der Waals interactions and backbone hydrogen bonds. The structure of
the C-terminal dimerization domain contains two β-sheets comprised of seven β-strands
arraigned in a Greek key motif. The structures of C185S variant and chicken SO are
similar, as indicated by a root mean squared deviation (RMSD) of 0.231 Å between Cα
atoms for aligned residues in wild type CSO.
Comparison of the structures of C185S and wild type CSO indicated that the loop
region that contains active site residue Tyr 322 has become disordered in the mutant,
shown in Figure 3.3A and B. The results of the molecular replacement solution for the
structure of C185S indicated there was no electron density for the active site residue Tyr
322. Additionally, residues 310 to 340 had little electron density and were excluded from
refinement, except for seven residues (326 to 332) in the middle of the loop. Initially the
MPT form commonly found in SO, with two oxo ligand groups bonded to the
molybdenum atom, was modeled into the structure. This led to a model in good
agreement with the pterin ring of the cofactor.
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Table 3.1 Crystallographic Data and Refinement Statistics for C185S Structures
Data set

C185S resting

C185S sulfite

C185A

Resolution (Å)

27.3-1.9

47.6-2.4

47.6-2.8

Wavelength

1.0

0.97903

0.97903

Space group

C2221

I41

I41

Cell constants (Å)
Molecules asymmetric unit

a = 86.5
b =131.5
c = 98.8
1

a = 86.3
b = 86.3
c = 152.3
1

a = 86.3
b = 86.3
c = 152.9
1

Total observations

312,655

144.687

76,652

Unique reflections

41,644

20,449

13,652

Mean redundancy

7.1 (5.3)

6.8 (5.6)

5.6 (5.2)

Rsyma (%)

5.6 (26.3)

8.2 (37.2)

4.6 (24.2)

Completeness (%)

98.1 (85.6)

99.4 (95.4)

99.3 (94.3)

Mean I/σ

50.6 (4.6)

30.9 (3.4)

27.7 (4.7)

Rcrytb (%)

17.7

18.1

17.8

Rfreec (%)

19.6

20.2

22.8

Mean B factor

19.68

19.73

15.43

Number of atoms used in refinement

2951

2994

2940

Number of waters

201

85
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R.M.S. deviations bond lengths (Å)

.008

.012

0.014

R.M.S. deviations bond angles (°)

1.172

1.401

1.61

Ramachandran statistics*

98.8/1.2/0.0

98.1/1.9/0.0

98.4/1.6/0.0

a

Rsym = Σ |I-<I>|, where I is the observed intensity and <I> is the average intensity of
multiple symmetry-related observations of that reflection. b Rcryst = Σ (|Fo | – |Fc |)/ Σ |Fo |
where Fo and Fc are the observed and calculated structure factors, respectively. c Rfree is
the R-factor based on the data with withheld at random from structural refinement. *
Ramachandran statistics represent favored and allowed regions, with no outliers.
Ramachandran statistics determined by MOLPROBITY.
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Figure 3.2 Structure of C185S CSO.
Cartoon representation of the structure of the C185S variant of CSO solved to 1.9 Å
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Figure 3.3 Structure of C185S and wild-type CSO.
(A) Structure of C185S. (B) Overlay of wild type CSO (gray) and C185S (blue). The
loop region the containing active site residue Tyr 322 (magenta) is missing in the C185S
structure. Only the Moco of C185S is shown in green.
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However, there was additional Fo-Fc electron density that was not accounted for
by the two oxo-groups around the molybdenum as seen in Figure 3.4. The EXAFS
experiments presented in Chapter 2 indicated that in the C185S variant, the Mo ligand
field has been altered; that instead of the third Mo to sulfur bond created by the cysteine
side chain, an additional oxygen atom replaces the sulfur as the third ligand. Additionally,
the EXAFS experiments indicate the oxygen ligand is at an interatomic distance of 1.71
Å from the Mo atom that is characteristic of a double bonded oxo group (21, 22). This is
in accord with the oxygen to Mo distance observed in the crystal structure. The large
positive difference density peak in the C185S model near the Mo suggests an additional
oxo-group as seen in Figure 3.4 This indicates the C185S Mo is in the trioxo coordination
state.
Comparison of the active sites of CSO and C185S revealed that while the serine
adopts a similar conformation to the cysteine at position 185, the distance from the Mo to
the hydroxyl group of serine is longer (3.6 Å) compared to the distance of the Mo to the
thiol group of cysteine (2.50 Å) as shown in Figure 3.5. Upon further comparison of the
active sites in the two structures, it is apparent that there is a conformational change in
side chain of Arg 450 that appears to be in a more extended conformation away from the
active site shown in Figure 3.6 and Figure 3.7.
Structure of C185S in the presence of sulfite
In an attempt to capture a substrate-bound form of the enzyme, the C185S mutant was
crystallized in the presence of sulfite. The structure of C185S sulfite was refined to 2.4 Å
resolution. To obtain a sulfite bound form of the C185S variant, crystals from the
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Figure 3.4 Electron Density of Mo in C185S.
Electron difference density map around the Mo atom of the C185S. (A) The electron
density map (blue) of the Moco with two oxo ligands to the Mo. Note the additional
positive difference density (green) around the Mo suggesting a trioxo coordination. (B)
Electron density map of Moco with a third oxo ligand Mo modeled into the structure.
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Figure 3.5 Expanded view of Mo environment in CSO and C185S variant
structures.
The CSO side chains are in cyan and the Mo atom is in yellow. The distance from the Mo
to the Cys 185 sulfur is depicted as yellow dashed line. The C185S side chains are in
green and the Mo depicted in red. The hydroxyl to Mo distance is represented by red
dashed lines.
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Figure 3.6 Stereo image of C185S and CSO active site.
The side chains of CSO are shown in gray, the side chains for C185S are shown in slate.
Only the Moco of C185S is shown in green. The absence of Tyr 322 allows Arg 450 to
move back and away from the active site.
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Figure 3.7 Overlay of active site residues of C185S and CSO.
The side chains of CSO are shown in gray, the side chains for C185S are shown in slate.
Only the Moco of C185S is shown in green. The absence of Tyr 322 allows Arg 450 to
adopt a more extended conformation.
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original crystallization solution were soaked in a solution of 1 mM sodium sulfite,
however, the crystals appeared to burst or dissolve within seconds of the addition of
sodium sulfite, which may be due to a conformational change in the protein upon
substrate binding. The next approach to obtain a substrate bound form of chicken SO was
to co-crystallize the C185S variant with sodium sulfite introduced into the original
crystallization solution.
The resulting crystal structure is similar to CSO with an RMSD of 0.186 Å for all
Cα, shown in Figure 3.8A. Upon solving the structure, a triangular electron density was
observed close to the active site of the enzyme. As the crystallization conditions for
C185S with sulfite were nearly identical to those for the crystal obtained in the absence
of sulfite, we conclude that this triangular density was due to a molecule of sulfite, as
shown in Figure 3.8B. In the C185S structure co-crystallized with sodium sulfite, the
active site residue Tyr 322 adopts a conformation similar to that of normal chicken SO. In
contrast to the C185S structure without bound sulfite, the loop region (residues 311 to
339) in the sulfite-bound C185S showed a conformation similar to that of normal CSO
(Figure 3.8A).
Comparison of C185S and C185S sulfite structures
The overall structures of the C185S and the sulfite bound C185S are nearly
identical with an overall RMSD of 0.197 Å between the Cα backbone atoms of the two
structures. Comparison of the active site of the two structures showed that the active site
of the C185S variant undergoes a conformational change in the presence of sulfite. This
conformational change is reminiscent of the conformational change seen in wild type
chicken SO in the presence of sulfate. The active site residues adopt similar
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conformations except for Tyr 322 and Arg 450. In the C185S variant, without bound
sulfite, Tyr 322 is absent in the active site. However, in the presence of the substrate, the
Tyr 322 residue appears to relocalize into the active site, adopting a conformation similar
to wild type as described in the preceding section. The presence of the negatively charged
sulfite in the active site may induce the partially polar Tyr 322 to relocalize to the active
site. The presence of the Tyr 322 may in turn cause a steric shift in the Arg 450 side
chain, causing it to move across the active site to a position closer to the sulfite molecule.
However the basic guanidine moiety is positioned towards solvent instead of the sulfite
molecule shown in Figure 3.8B
Comparison of C185S sulfite-bound and chicken SO sulfate-bound structures
The position of the substrate in the C185S sulfite-bound variant is very similar to
that of the sulfate-bound chicken SO as seen in Figure 3.8. Additionally, it is apparent
that the side chains for residues 138, 190, and 204 in the active site of C185S, have
adopted conformations similar to that of the sulfate-bound chicken SO. The serine side
chain at position 185 appears to have adopted an identical conformation to that of the
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Figure 3.8 C185S Structure Co-crystallized with Sulfite.
(A) The structure of C185S sulfite in blue and wild type CSO in light gray. Tyr 322
relocalized to the active site in the presence of the substrate, sulfite. (B) Active site of
C185S is in blue and CSO in white while the sulfite electron density is shown in dark
blue.
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Figure 3.9 Stereo image of the active site overlay of C185S, C185S sulfite, and CSO
sulfate.
The active sites of C185S in blue, C185S sulfite in orange, and CSO sulfate in white. The
Moco of the C185S is shown in green, and the sulfite shown in yellow. The conformation
of the Arg 450 side chain appears to be dependent on substrate binding.
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Figure 3.10 Active site overlay of C185S, C185S sulfite, and CSO sulfate.
The active sites of C185S in blue, C185S sulfite in orange, and CSO sulfate in white. The
Moco of the C185S is shown in green, and the sulfite shown in yellow. The conformation
of the Arg 450 side chain appears to be dependent on substrate binding.
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Figure 3.11 C185A and CSO active site overlay.
The active site of normal wild type CSO is shown in white while the active site of C185A
is shown in purple. Only the Moco of C185A is shown in green, the glycerol is shown in
cyan.
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protein crystallized in the absence of sulfite. Interestingly, the Arg 450 in the active site
adopts a conformation where the guanidine moiety is directed outside the active site. The
Arg side chain adopts a similar conformation at the Cβ, Cγ, and Cδ carbons of the Arg
450 in the wild type chicken SO structure with sulfate bound. The guanidine moiety of
Arg 450 in the normal sulfate-bound chicken SO clearly points towards the sulfate, the
same Arg 450 guanidine moiety in the sulfite-bound C185S variant is directed up towards
solvent shown in Figure 3.9 and 3.10.
Structure of the C185A variant in comparison to chicken SO
The structure of C185A was refined to a resolution of 2.8 Å. The C185A variant
has overall similarity to that of the wild-type chicken SO, with an overall RMSD of 0.199
Å over Cα backbone. We also observed the presence of a glycerol molecule in the active
site of the mutant at the same position as the sulfate in the CSO structure shown in Figure
3.11. Overall, the side chain residues of the active site have adopted similar
conformations to that of the active site residues in CSO, with the exception of Ala 185
and the Arg 450. As seen in Figure 3.11, the active site of C185A, the alanine side chain
in the active site of C185A, is pointed away from the molybdenum, as the non-polar
methyl group is not expected to interact with the Mo. In addition, the active site Arg 450
has adopted a slightly different conformation than the wild–type that can be attributed to
the larger glycerol molecule in the active site. After initially modeling the dioxo form of
the molybdenum cofactor into the structure, with good agreement with the pterin, much
like the case of the C185S variant, it was apparent that there was additional Fo-Fc

96

electron density around the molybdenum not accounted for by the two oxo groups. This
indicated that the C185A mutant was also in the trioxo form of the molybdenum.
Structure of the C185A variant in comparison to chicken SO with sulfate
The structure of the C185A variant has an excellent agreement with the structure
of the sulfate-bound wild type chicken SO with an overall RMSD of 0.272 Å between
aligned Cα backbone atoms. Comparison of the active sites between the two structures
showed that most of residues adopt similar conformation, as shown in Figure 3.12 and
Figure 3.13. The major difference between the two structures is the conformation of the
Arg 450 side chain. In the wild type CSO, the Arg 450 side chain is drawn deeply into the
active site of the structure with the negative charge of the sulfate interacting with the
basic Arg 450. Furthermore, in the C185A active site, the position of the bound glycerol
is similar to the position of the sulfate in the chicken SO active site. Because glycerol is
not negatively charged, it would appear that its presence does not draw the positivity
charged, basic guanidine of the Arg 450 residue into the active site.
Comparison of the structure of C185A with C185S
Alignment of the structures of C185S and C185A showed an RMSD of 0.265 Å
over aligned Cα atoms shown in Figure 3.14. The effect of the cysteine to serine or
alanine substitutions appears to change the ligand coordination sphere of the Mo atom;
both the C185S and C185A variants have the unusual trioxo coordination around the
metal center. The additional density around the Mo centers of both C185S and C185A,
and the EXAFS results from the previous chapter support this supposition. These
mutations do not appear to greatly perturb the active site residues Arg 138, Arg 190, and
Trp 204.
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However, the change in coordination causes a conformational change in the
C185S active site residue Tyr 322 and Arg 450 shown in Figure 3.14, as the Tyr is
missing in the C185S structure, and the Arg 450. The Arg 450 conformational change
observed in the structures of C185S and C185A variants of CSO compared to the Arg
450 conformation in wild-type CSO suggests the change is due to substrate binding and
catalysis shown in Figure 3.13.

3.4 Discussion
Previous studies in this laboratory had identified a Cys residue in HSO mutation
of which to serine dramatically decreased activity and altered the ligand coordination
field of the Mo to a trioxo form (67). Additionally, EXAFS spectroscopic data presented
in Chapter 2 indicated the presence of a trioxo Mo in the homologous CSO C185S and
C185A variants. The kinetic studies presented in Chapter 2 indicated the C185S and
C185A variants of CSO are essentially catalytically inactive. In addition, the EXAFS
studies indicated a change in the coordination ligand sphere at the Mo center of both
variants to an unusual trioxo coordination. However, it was not known if there were
other, global or local structural perturbations caused by the cysteine substitutions to
serine or alanine that could are not apparent from the kinetics, spectroscopic or EXAFS
analyses. To address these questions, X-ray crystallographic study was undertaken in
conjunction with kinetic and spectroscopic studies of the CSO variants.
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Figure 3.12 Stereo image of C185A and CSO with sulfite active sites.
The active sites of C185A shown in purple and CSO with bound sulfate shown in gray.
The sulfate is shown in yellow and the glycerol is shown in cyan. Only the Moco of the
C185A is shown in green.
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Figure 3.13 Active sites of C185S and CSO with bound sulfate.
The active sites of C185A shown in purple and CSO with bound sulfate shown in gray.
The sulfate is shown in yellow and the glycerol is shown in cyan. Only the Moco of the
C185A is shown in green.
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Figure 3.14 C185S and C185A active sites.
The active sites of C185S is in blue, and C185A in yellow. The Moco of both structures
is shown in green and the bound glycerol of C185A shown in cyan.
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The Trioxo State of the Mo center of the C185S and C185A variants of CSO
The structure of the C185S variant of CSO indicated that there was extra electron
density around the Mo atom that was not satisfied by the original dioxo model of the
Moco. Similarly, during the model building of the C185A variant, modeling the dioxo
form of the Moco in the active site resulted in a positive difference density map around
the Mo atom. The presence of a positive density peak suggested the presence of an
additional atom in the structure that was not accounted for in the dioxo model of the
Moco. Because the EXAFS data on the HSO C207S and the CSO 185S and C185A
variants suggested the presence of tri-oxo coordination, we modeled a third oxo group on
the Mo atom of the MPT in the C185S variant. The resulting model was in good
agreement with the electron density.
In the crystal structure, after several rounds of refinement, the bond lengths
between the oxygen ligands to the Mo atom ranged from 1.7 to 1.8 Å in both the C185S
and C185A structures. The EXAFS analysis of the C185S variant indicated the presence
of three oxygen ligands to Mo at a distance of 1.75 Å. In the C185A variant, EXAFS
analysis also indicated the presence of three oxygen ligands to Mo at a distance of 1.74
Å. These distances are in accord with the Mo to oxygen distance for a double bonded
oxo ligand to Mo, as determined by pervious EXAFS studies on the Mo centers of
molybdoenzymes including CSO. The reduced form of SO has been shown to have one
oxygen ligand at 1.7 Å and one long oxygen ligand at 2.2 Å. In the crystal structures of
C185S and C185A, oxygen at a bond distance of 1.8 Å, closer to the bond length of the
oxidized form, is in better agreement with the electron density than a bond length of 2.2
Å for the reduced hydroxyl ligand to Mo. The presence of additional electron density
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indicating the trioxo form of the Mo being observed in two different variant crystal
structures, shown in Figure 3.15, confirm the pervious EXAFS results that the Mo is in a
trioxo state, and not an effect of EXAFS data fitting. The presence of three oxo ligands to
the Mo in the EXAFS results strongly indicates that the Mo of the both the C185S and
C185A variants are in the fully oxidized MoVI form of SO, whereas in all previous
structures the enzyme has been in the reduced form. The additional electron density
around the Mo atom suggests the crystal structures of C185S and C185A are also in the
oxidized MoVI form.
In the C185S and C185A variants the cysteine ligand to the molybdenum is
replaced by a third oxo-group, most likely derived from water. The replacement of a
sulfur ligand with an oxygen preserves the square pyramidal geometry around the Mo
center of the cofactor, but is likely to be the cause of the loss of catalytic activity. The
lack of kinetic activity observed in the C185S and C185A variants is most likely due to
the inability to oxidize sulfite, rather than a breakdown in the electron transport
mechanism of the enzyme. The third oxygen would be more electronegative than cysteine
sulfur, which likely results in a more negative redox potential of the Mo, rendering the
Mo center insensitive to reduction by sulfite and resistant to photoreduction by an X-ray
beam during EXAFS or crystallographic experiments.
Active site rearrangement of C185S variant
In the structure of the apo form of the C185S variant, the loop region containing
active site residue Tyr 322 was found to be disordered. Indeed, there was no electron
density at all for the Tyr 322. The Cys to Ser mutation changes the coordination of the
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Figure 3.15 The electron density around the Mo of the Moco in C185S.
The axial oxo ligands shown in (A) oxidized form and (B) reduced form of the cofactor.
The pterin group is shown as sticks while the molybdenum (blue) and oxygen (red) are
shown as spheres.
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Mo in the Moco introducing two additional polar groups in the Ser side chain and the
additional oxygen ligand to the Mo of the Moco. It is possible that these additional polar
groups repel the Tyr until the negatively charged sulfite is present. It had been
hypothesized that this Tyr residue played an important role in substrate binding,
potentiating the Mo for catalysis, and electron transport. It is possible that the Tyr is not
present in the active site when the enzyme is in its most oxidized form. It is only when
the substrate pocket is occupied either by sulfite (as in the case of C185S) or glycerol (as
in the case of C185A) or when the Mo is reduced, that the Tyr moves into the active site.
This motion of the Tyr residue into and out of the active site and presumably the
movement of the loop region may act as a site of protein-protein interaction with the
heme domain for electron transport from the Moco to the heme during the catalytic cycle.
Structural analysis of the active site of the C185S variant indicates that Arg 450
appears to have adopted an extended conformation oriented away from the active site.
The addition of an extra oxo group and a polar hydroxyl from the serine may repel the
positively charged Arg. Previously, it has been proposed that in the absence of the
negatively charged sulfite, the positively charged Arg 450 is repelled by the Arg 138
situated across the active site (73). The catalytic inactivity of the C185S variant allows
the capture of substrate binding in the active site before chemistry occurs. The Arg 450
side chain was suggested to play a role in substrate specificity and product release. The
structural analysis of the C185S and C185S sulfite structures support this concept. The
Arg 450 side chain of C185S appears to be in a position similar to that of wild type CSO,
but upon addition of sulfite, it moves into the active site, adopting a conformation similar
to the conformation of Arg 450 in CSO with bound sulfate through its Cβ, Cγ, and Cδ
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carbons. However, the basic, positively charged guanidine moiety is not drawn into the
active site to coordinate the sulfite. Compared to the structure of CSO with the bound
product, sulfate, the C185S sulfite Arg 450 appears to be waiting for the oxidation to
occur, then poised to flip into the active site to help coordinate the sulfate for product
release and regeneration of the active site. Additionally, in the structure of the C185A
variant, the glycerol molecule is bound to the active site in approximately the same
location as the sulfate bound to the wild type CSO.
The polar and uncharged glycerol appears to induce a conformational change in
the Arg 450 side chain but the basic guanidine moiety is not directed into the binding
pocket. This result strongly suggests that the Arg 450 is involved in substrate recruitment
and product release during the catalytic cycle and may play a role in substrate specificity
of the enzyme. Because Arg 450 residue is located near the C-terminus of the protein, it
is possible that its conformational change upon substrate binding and upon product
coordination, may induce domain motion for electron transfer from the Mo center to the
heme domain. Investigation by mutational analysis of position Arg 450 to another basic
residue such as lysine, or replacement with an aliphatic molecule such as leucine may
provide some insight into these possibilities.

Coordinates
Coordinates and structure factors of the C185S, C185S-sulfite, and C185A crystal
structures have been deposited in the Protein Data Bank under accession codes 3HBG,
3HBP, and 3HBQ, respectively).
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Chapter 4-Characterization of the 2NR and 3NR variants of
Sulfite Oxidase with altered substrate affinity and activity
4.1 Introduction
As discussed in Chapter 1, assimilatory nitrate reductase is a molybdopterin
enzyme that catalyzes the first step of nitrate assimilation in algae, fungi, and plants. NR
is a source of reduced nitrogen for biosynthesis of proteins and DNA in eukaryotes. The
amino acid sequences of NR from a variety of fungal and plant sources have been
reported (107-110). NR is a homodimer of identical subunits of approximately 100 kDa
consisting of 4 domains: a Moco domain, dimer interface domain, cytochrome b, and
FAD domains. NR catalyzes the reduction of nitrate to nitrite, and the overall reaction is
summarized here:
NO3- + NAD(P)H  NO2- + NAD(P) + OH- (reaction 2)
The catalytic cycle of NR starts with the reduction of FAD by NAD(P)H. The FAD then
reduces the heme domain. This reduction is followed by an IET from heme to the
molybdenum center of the enzyme. Finally, the Mo of the Moco transfers two electrons
to nitrate, which is the substrate and the terminal electron acceptor in the reaction,
resulting in the production of nitrite and a hydroxyl ion. NR performs reductive
chemistry on its substrate while SO functions in the oxidation process. Interestingly, NR
and SO share significant sequence homology in two redox domains. Their Mo domains
show 38% sequence identity, shown in Figure 4-1, while the heme domain of A. thaliana
NR has 31% sequence identity with the heme domain of chicken SO.
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The flow of electrons in both enzymes is directed from the C-terminus to the Nterminus of the enzyme. Sequence alignments have identified a single conserved cysteine
in NR enzymes from different species (18), which has been suggested to play a functional
role in the active site analogous to the conserved active site cysteine found in SO.
Additionally, it was suggested from sequence alignments that NR bound the same form
of the cofactor as found in SO. (65)
Rational design of a SO variant with NR activity
The study of enzymes has lead to numerous advancements in medical and
research science. The ability of enzymes to catalyze reactions with high efficiency and
high substrate specificity at ambient temperature, near neutral pH in an aqueous milieu
has fascinated scientist since their discovery. Enzyme specificity towards their substrates
is determined in part by the local encoding of a complementary surface to a given
substrate by the active site residues (111).
The following work describes the strategy by which the substrate specificity and
activity of CSO has been altered. Using predictions from the sequence alignment of NR
(Figure 4.1) and analysis of the crystal structures of CSO (Figure 4.2A) and the NR Mo
domain from P. angusta (Figure 4.2B), catalytic site residues were transplanted from NR
to SO. We designed and characterized two CSO variants, one with double substitutions
and the other with three active site residue mutations. The resulting putative nitrate
reductase double variant of CSO was assayed for the ability to oxidize sulfite to sulfate
and for the introduction of nitrate reduction. The double mutant exhibited decreased
catalytic ability to oxidize sulfite to sulfate and gained NR activity.
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Figure 4.1 Sequence Alignment of SO and NR.
Multiple sequence alignment of CSO, A. thaliana NR, and P. angusta NR Mo domains.
The red diamonds indicate the active site mutations Y322N, R450M, and the blue
diamond the additional position V542M.
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Figure 4.2 Mo domain of CSO and NR.
(A) Cartoon diagram of CSO shown in red, the Moco shown in green. (B) Mo domain of
P. angusta NR shown in blue and the Moco shown in cyan.
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Additionally, a third position in NR was identified near the edge of the active site that
was hypothesized to play a role in substrate binding. This additional position was
introduced into the 2NR variant to generate a CSO triple variant. The triple mutant of
CSO had a higher affinity for nitrate, and exhibited moderately enhanced NR activity,
and approximately the same level of SO activity as in the double mutant. The work
presented here represents the first structure-based modification of mode of catalysis in a
molybdoenzyme.

4.2 Materials and Methods
Generation of the 2NR and 3NR CSO variants
The CSO Y322N/ R450M double variant was generated in the wild-type CSO
expression vector pTRC99a CLSO.2 with the R161G background using the Transformer
site directed mutagenesis kit (Clontech Laboratories Inc., Mountain View, CA) (73). The
mutagenic primer: ATC TGG AAC CTG ATG GGT GTT CTG AGC ACC GCG,
changed the arginine at position 450 to methionine, resulting in the R450M construct.
The Y322N mutation was introduced into the CSO R450M construct by overlapping
primer extension PCR (88) using the flanking pTRC99a vector using the primers GAC
ATC ATA ACG GTT CTG (coding) and TGT TTA TCA GAC CCG CTT C
(anticoding) and the mutagenic primers: CAG CAA AAC GAT AAC AAA GGT TTC
AGC (coding); and GCT GAA ACC TTT GTT ATC GTT TTG CTG ( anticoding),
which changed the tyrosine at position 322 to an asparagine. The PCR reaction consisted
of 2 µL of plasmid DNA (0.025 µg), 1 µL 25 mM dNTPs, 2 µL Deep Vent DNA
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Polymerase (New England Biolabs, 2,000 units/mL), 2 µl 20 pM coding primer, 2 µL 20
pM anticoding primer, 5 µL 10x ThermoPol Reaction buffer (200 mM Tris-HCl, 100
mM (NH4)2SO4, 100 mM KCl, 20 mM MgSO4, 1% Triton X-100, pH 8.8, New England
Biolabs, Ipswich, MA), and distilled, deionized H2O to bring the reaction to a final
volume of 50 µl. A PCR program used for the primary reactions consisted of 2 minutes at
95 °C, followed by 25 cycles of 95 °C for 45 seconds, 55 °C for 45 seconds, 72 °C for 1
minute and 45 seconds, followed by an additional 5 minutes at 72 °C. The resulting
primary PCR products were gel purified using the Gel purification kit (Qiagen, Valencia,
CA) and a secondary PCR reaction was ran to assemble the full-length construct using
the previously described PCR program. The resulting full-length PCR product was then
digested with the restriction enzymes Nco I and Xba I (New England Biolabs, Ipswich,
MA) for 20 hours at 37 °C.
The resulting digested PCR products were ligated into an empty pTRC99a vector
in a ligase reaction containing 2 µL digested plasmid, 6 µL digested PCR product, 2 µL
T4 DNA ligase (400,000 units/mL), 2 µL 10x T4 DNA Ligase Reaction buffer (500 mM
Tris-HCl, 100 mM MgCl2, 10 mM ATP, 100 mM dithiothreitol, pH 7.5, (New England
Biolabs, Ipswich, MA), and distilled, deionized H2O to a final reaction volume of 20 µL
at 25 °C for 20 hours. The vector was prepared by digesting empty pTRC99a vector with
Nco I and Xba I for 20 h at 37 °C in a double digestion reaction consisting of 30 uL
pTRC99a, 30 uL 10 x Buffer 4 (500 mM potassium acetate, 200 mM Tris-acetate, 100
mM magnesium acetate, 10 mM dithiothreitol, pH 7.9, New England Biolabs, Ipswich,
MA), 5 uL Xba I, 5 uL Nco I, and 230 uL dH2O, incubated at 37 °C for 20 h. After 20 h,
4 µL calf intestinal phosphatase (Roche, 1,000 units/mL) was added to the reaction and
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incubated for 4 hours at 37 °C. The digested vector was then purified with the PCR
cleanup kit (Qiagen, Valencia, CA).
The 3NR variant Y322N/R450M/V452M mutations were introduced into the
pTRC99a CLSO.2 vector essentially as described previously. Briefly, the Transformer
site directed mutagenesis kit was used employing the mutagenic primer: ATC TGG AAC
CTG ATG GGT ATG CTG AGC ACC GCG, which changed the arginine at position 450
to methionine, and the valine at position 452 to methionine. The Bgl I site was changed to
Pst I using the selection primer described above. The Y322N mutation was introduced by
overlapping primer extension PCR (88) using the flanking pTRC99a vector primers
GAC ATC ATA ACG GTT CTG (coding) and TGT TTA TCA GAC CCG CTT C
(anticoding) and the mutagenic primers Y322N: CAG CAA AAC GAT AAC AAA GGT
TTC AGC (coding); and GCT GAA ACC TTT GTT ATC GTT TTG CTG ( anticoding).
The primary and secondary PCR reactions were performed as described above. All
resulting constructs were verified by sequencing at the Duke University DNA analysis
facility.
Protein expression and purification
The 2NR and 3NR variants of chicken SO were expressed in E. coli strain
TP1000 aerobically in LB media and purified by the phenyl-sepharose chromatography
method as previously described in Chapter 2.
Molybdenum analysis
The molybdenum content of the 2NR and 3NR variants of chicken SO were
quantified by atomic absorption spectroscopy using a Varian Spectra AA-220 double
beam atomic absorption spectrometer by the method described previously in Chapter 2.
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Steady State catalytic activity of the 2NR and 3NR variants
Sulfite oxidation by the 2NR and 3NR variants was determined by monitoring the
reduction of cytochrome c at 550 nm using an extinction coefficient of 19 mM-1cm-1.
Steady-state kinetic assays were performed aerobically at 25 °C using a 1.0 cm path
length cuvette in a Shimadzu UV-1601PC spectrophotometer. Assays were carried out in
50 mM buffers adjusted to the desired pH with acetic acid to minimize anion inhibition of
SO (16, 92). The buffers used were: (1) 50 mM Bis-Tris propane, pH 7.0 and (2) 50 mM
Tris-HCl, pH 8.5. Steady-state pH profiles were obtained using 15-50 µM horse heart
cytochrome c (Sigma), 0.50-2.5 µg/mL SO, and varying concentrations of sulfite.
Nitrate reductase assays were carried out anaerobically at 25 °C using dithionitereduced methyl viologen (MV) as the electron donor and monitoring its oxidation at 600
nm using the extinction coefficient of 8.25 mM-1cm-1 (112). Assay conditions include 20
µM MV, 50 µg enzyme and varying concentrations of potassium nitrate in a final volume
of 2 ml. The activity of the 2NR and 3NR variants was determined at pH 7.0 using 50
mM Bis-tris Propane, and at pH 8.5 using Tris-HCl. As before, the pH of the buffer was
adjusted with acetic acid to minimize anion inhibition. Absorption change was
monitored on a Shimadzu UV-1601PC spectrophotometer instrument. All buffer
solutions were made anaerobic by bubbling with argon gas for at least 30 min prior to
use. All assays were prepared in an anaerobic chamber (Coy Laboratory Products Inc.
Grass Lake, Michigan), in 13 x100 mm cuvettes and sealed with a rubber septum. The
assay reagents methyl viologen, sodium dithionite, and potassium nitrate were brought
into the anaerobic chamber as dry stocks and solutions were prepared using anaerobic
buffer. The varying concentrations of nitrate were made by serial dilutions of the stock
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solution in the anaerobic chamber. Sodium dithionite was dissolved in 50 mM Tris-HCl,
pH 8.0, and drawn up into a Hamilton gas-tight syringe (Hamilton Company, Reno NV).
The sodium dithionite solution was injected through the septum, inverted to mix and the
absorption change monitored at 600 nm.
The steady-state reaction parameters for sulfite oxidation kcat and Kmsulfite and
nitrate reduction kcat and Kmnitrate for each variant at a given pH were obtained by a fit of
the activity assay data to the Michaelis-Menten equation using a nonlinear least-squares
Levenberg-Marquardt algorithm in the Kaleidagraph graphing and data analysis software
(Synergy Software, Reading, PA). All kinetic parameter were reported as average of
three assays.

4.3 Results
Protein expression and purification
The behavior of the 2NR and 3NR variants of CSO behavior during purification
were essentially identical to that of wild-type CSO. The cell lysate were reddish-brown in
color. The addition of DNAse I resulted in a small pellet and the ammonium sulfate
precipitation resulted in a reddish-brown pellet. The acetone precipitation resulted in a
reddish-pink pellet and when resuspended produced a red solution. The elution times of
the CSO 2NR and 3NR variants from the Superdex-200 gel filtration column were
identical to that of wild type CSO. The expression level of both the 2NR and 3NR
variants typically resulted in 6 to 8 mg total protein per 36-L growth. The Mo contents of
the 2NR and the 3NR variants were 79% and 78%, respectively. While lower than the
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typically > 90% Mo incorporation of wild-type CSO, this was typical of other previous
CSO variants.
Substrate specificity and activity of the 2NR CSO variant
By mutating the active site of CSO to mimic the active site of NR, we anticipated
the CSO variants to have (1) substrate specificity change from sulfite to nitrate, and (2)
change in activity from oxidation to reduction. To investigate this hypothesis, the 2NR
variant were analyzed by steady state kinetics to determine the kcat and Km for the native
substrate sulfite and the alternative substrate nitrate.
When the 2NR variant of CSO was assayed for sulfite oxidation, the activity at
neutral pH exhibited a markedly decreased ability to bind sulfite with a Km of 561 µM,
compared to wild type CSO Kmsulfite of 1.28 µM. The 2NR variant also had a markedly
reduced ability to oxidize sulfite to sulfate (2NR kcat of 4.83 s-1 versus wild type CSO kcat
of 35.9 s-1). At pH 8.5, the 2NR variant exhibited a further decrease in catalysis (kcat of
2.52s-1) and a substantial decrease in the ability to bind sulfite with a Kmsulfite of 11730 µM.
This was considerably lower than that of wild type SO (Kmsulfite of 8.43 µM and a kcat of
73.3 s-1) at pH 8.5. Overall, the 2NR variant exhibited markedly reduced affinity for
sulfite and a decreased rate of catalysis (oxidation of sulfite to sulfate) as summarized in
Table 4.1.
When assayed for nitrate reduction activity and supplied with a source of
electrons from reduced methyl viologen, wild type CSO exhibited negligible ability to
bind and reduce nitrate at both pH 7.0 and 8.5. In contrast, when the 2NR variant was
assayed at pH 7.0, it exhibited the ability to bind nitrate with a Km of 445 µM. The rate of
nitrate reduction was determined with a kcat of 0.65 s-1. At pH 8.5, the CSO 2NR variant
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exhibited a Km of 1134 µM and kcat of 0.751 s-1. While it was remarkable that the CSO
double variant substrate affinity was modified from sulfite to nitrate and its catalytic
activity from oxidation to reduction, the second order rate constants for this variant were
much higher than that of native NR enzymes as shown in Table 4.2. At both pH values,
the 2NR variant exhibited a four orders of magnitude decrease in the second order rate
constant for SO activity shown in Table 4.1. When the 2NR variant was assayed for NR
activity at pH 8.5, there was a two order of magnitude increase in kcat/Kmnitrate (6.62 x 102
M-1s-1) over the uncatalyzed reaction. At pH 7.0, the 2NR variant demonstrated a three
orders of magnitude rate enhancement (kcat/Kmnitrate of 1.4 x 103) compared to the
uncatalyzed reaction.
While it is remarkable that one could modulate the substrate affinity and catalytic
activity of SO from oxidative chemistry to reductive chemistry, the Km and kcat of the
2NR SO variant for nitrate were still very different from those of wild type NR enzymes.
To explore the possibility of increasing the NR activity in SO, we re-analyzed the
sequence and structural alignment of SO and NR and searched for other sites that may
impact the catalysis, The highly conserved Met at position 427 in P. angusta NR more
closely aligned with a Val 452 in SO. In the higher eukaryote NR from A. thaliana, an
additional Met residue also aligned with the Val 452 residue in CSO. On closer
inspection the active site of CSO, the Val side chain Cβ at 8.5 Å is actually in closer
proximity to the Mo atom than the Arg 450 Cβ at 10.9 Å. Based on this analysis, the Val
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Table 4.1 Sulfite oxidizing activity of the CSO variants and wild-type NR
proteins.
Kmsulfite

kcatsulfite

kcat/Kmsulfite

(µM)

(s-1)

(M-1s-1)

CSO

8.43

73.3

8.7x106

(73)

CSO

8.53

71.4

8.3x106

This work

CSO-2NR

11730

2.52

2.1x102

This work

CSO-3NR

6750

4.1

6.1x102

This work

CSO

1.28

35.9

2.8x107

(73)

CSO

1.33

36.1

2.7x107

This work

CSO-2NR

561

4.83

8.6x103

This work

CSO-3NR

570

2.18

3.8x103

This work

Reference

pH 8.5:

pH 7.0:
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Table 4.2 Nitrate-reducing activity of the CSO variants and wild-type NR
proteins.
Kmnitrate

kcat

kcat/Kmnitrate

(µM)

(s-1)

(M-1s-1)

CSO*

>20000

<0.15

ND

This work

CSO-2NR

1134

0.751

6.6x102

This work

CSO-3NR

151.1

0.377

2.4x103

This work

CSO*

>20000

<0.10

ND

This work

CSO-2NR

445

0.65

1.4x103

This work

CSO-3NR

72.7

0.96

1.3x104

This work

S. oleracea

12

180

1.5x107

(113)

A. thaliana

90

100

1.1x106

(84)

P. pastoris

30

159

5.3x106

(114)

Reference

pH 8.5:

pH 7.0:

ND Not determined* Wild-type CSO exhibited little activity above background
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at position 452 in CSO was mutated to Met to create the 3NR triple variant to determine
the effect of this methionine residue on NR activity.
Substrate specificity and activity of the 3NR variant
When assayed for SO activity, the 3NR variant exhibited a decrease in the ability
to oxidize sulfite to sulfate. At pH 7.0, the 3NR variant bind sulfite with a Km of 570 µM.
The ability of the 3NR variant to oxidize sulfite to sulfate was found to have a kcat of 2.18
s-1. When compared to the wild type CSO with a Km of 8.43 µM and a kcat of 73.3 s-1, the
3NR variant has markedly decreased SO activity. At pH 8.5, the 3NR variant exhibited
an affinity for sulfite with a Km of 6750 µM and kcat of 4.1 s-1 compared to CSO with a Km
of 1.28 µM and a kcat of 35.9 s-1. At pH 7.0 the 3NR variant has a four order of magnitude
change in the second order rate constant kcat/Km 3.8 x 103 M-1s-1 compared to CSO with a
kcat/Km of 2.7 x 107 M-1s-1. At pH 8.5, the 3NR variant has a kcat/Km of 6.1 x 102 M-1s-1
compared to CSO with a kcat/Km of 8.3 x 106 M-1s-1.
When the 3NR variant was assayed for nitrate reductase at pH 7.0, the 3NR
variant exhibited an affinity for nitrate with a Km of 72.7 µM. The 3NR variant exhibited
an ability to reduce nitrate to nitrite with a kcat of 0.96 s-1. When assayed for nitrate
reduction at pH 8.5, the 3NR variant exhibited an affinity for nitrate with a Km of 151.1
µM and a kcat of 0.37 s-1. The third substitution of a Val to the conserved Met residue at
position 452 resulted in a kcat/Km of 1.3 x 104 M-1s-1 at pH 7.0 and a kcat/Kmof 2.4 x 103 M1 -1

s These findings indicate a moderate enhancement in NR activity in the 3NR variant

compared to the 2NR variant.
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4.4 Discussion
Sequence alignments of SO and NR had revealed similarities between the two
enzymes. Indeed, assimilatory NR was classified as a member of the SO family of Moco
enzymes. NR is a complex enzyme that utilizes three redox centers: a Moco and heme
prosthetic groups as in SO and additionally an FAD prosthetic group during catalysis.
Based on sequence alignment studies, it was suggested that the two enzymes had similar
Moco binding pockets and thus utilize the same form of the cofactor (85). These
suppositions were confirmed when the crystal structure of recombinant Mo domain of P.
angusta NR, shown in Figure 4.2, was solved to 1.7 Å (85). Indeed, alignment of the
overall structures and the active sites of P. angusta NR and CSO shown in Figure 4.3 and
Figure 4.4 respectively, showed very close similarities in the two enzymes. Remarkably,
the active sites of the two enzymes are essentially superimposable at four of six residues,
only differing in two positions: the Tyr 322 in CSO replaced by a highly conserved Asn
in NR and the Arg 450 in CSO. This Arg 450 in CSO aligns with a non-conserved
position in NR that is either a Leu or Thr for lower eukaryotes or a Met in the higher
eukaryote plant NRs.
In the crystal structure of CSO, the active site residue Arg 450 in CSO was
observed to have a sulfate dependent conformational change suggesting that the residue is
involved in substrate recruitment. In NR, there is also a highly conserved Met residue
does not align with the SO active site but was found to change conformation in the
presence of sulfate (85). This conformational change
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Figure 4.3 Structural alignment of CSO and P. angusta NR.
Alignment of CSO (red) and the Mo domain of NR (blue) showed excellent agreement.
The Moco is shown as green sticks.
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Figure 4.4 Active site of NR and SO.
Superposition of the active sites of P. angusta NR and CSO. CSO residues are shown in
orange while NR residues are in blue.
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suggests that the Met of NR plays a role analogous to that of Arg 450 in SO. The other
residue in question, Tyr 322, is in close proximity to the molybdenum of the Moco
suggesting that it may play a role in electron transport and substrate recruitment. This
supposition was supported by studies done on human SO variant Y343F (87, 92) and
chicken SO Y322F variant (unpublished results, Qiu, Wilson and Rajagopalan).
In the crystal structure of the Mo domain of assimilatory NR, the active site can
be virtually superimposed on the structure of the active site of SO at four of six positions
as mentioned earlier. One of the CSO positions Tyr 322, is replaced by a highly
conserved Asn in NR. On the other hand, the Arg 450 of SO aligns with a non-conserved
position in NR that is either a Leu or Thr in the lower eukaryotic fungal NRs and a Met in
higher plant NRs. A Met residue that does not align with the SO active site but is strictly
conserved in NR was found to change conformation in the presence of sulfate (85). This
conformational change was suggestive that the Met of NR plays a role analogous to the
Arg 450 of SO.
This begs the question whether it is possible to mutate the active site of SO such
that the resulting variant may have an altered substrate affinity and reversal of enzymatic
activity from sulfite oxidation to nitrate reduction (111). To address this question, the
double mutant Y322N/R450M was generated, cloned, expressed and characterized for
sulfite oxidase and nitrate reductase activity. The 2NR mutation did not totally ablate SO
activity but showed a pronounced decrease in SO activity relative to wild type CSO.
While the results of the double variant of SO were intriguing, the rate of nitrate reduction
was still low compared to the native NR enzymes. We then reevaluated the sequence
alignment and the structures of CSO and NR. An additional Met residue in NR was
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identified as potentially being involved in catalysis. This Met residue in analogous to a
Val 542 in CSO. Thus, we created the CSO triple mutant Y322N/R450M/V452M (3NR).
It had been hypothesized that an additional mutation near the active site of CSO,
moving in sequence space farther from the evolutionarily determined CSO sequence
closer towards NR, would result in a further decrease the rate of sulfite oxidation in the
triple variant. Surprisingly, the rate of SO activity in the triple variant was similar to the
double variant as both the 2NR and 3NR variants exhibited a four fold decrease in the
second order rate constant for sulfite oxidation. The rate of catalysis for nitrate reduction
was slightly increased in 3NR over the 2NR variant. However, the affinity of the 3NR
variant for nitrate was nearly an order of magnitude higher than that of the 2NR variant.
The Kmnitrate of the 3NR variant was comparable to the Kmnitrate range of wild type NR. This
result supported the supposition that the Met residue in NR does not play a direct role in
the catalysis, but acts to enhance substrate binding in NR. To investigate the role of the
methionine in NR substrate specificity, mutational analysis at that position may provide
insight in the mechanism of eukaryote NR.
In summary, we have shown for the first time that a Moco enzyme’s activity and
specificity can be modulated to fit a specific function. Based on the above results it is
evident that the 2NR and 3NR have altered functionality, namely decreased SO activity
and gain of NR activity. By successfully modifying the substrate specificity and catalytic
activity of the enzyme we can gain insight into the molecular basis of catalysis in
metalloenzymes. Although the mutations modified the enzyme function, the impact of the
mutations on the structure of the active site and on the global fold of the enzyme, were
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unknown. The following chapter details the results of X-ray crystallographic structural
studies on the 2NR and 3NR mutants.
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Chapter 5-The Structure of the 2NR and 3NR variants of
Chicken Sulfite Oxidase
5.1 Introduction
In the preceding chapter, the active sites of SO and NR proteins were found to be
similar in both sequence space and in structural models shown in Figure 5.1. It was
hypothesized that substitutions of active site residues in CSO to the corresponding
residues in eukaryotic NRs would alter the substrate preference of CSO from sulfite to
nitrate and the catalytic action from sulfite oxidation to nitrate reduction. The
biochemical data from the preceding chapter showed that in both the 2NR and 3NR
variants catalytic properties. In both the 2NR and 3NR variants, the ability to bind and
oxidize sulfite to sulfate was dramatically decreased. The ability to bind and reduce
nitrate to nitrite was introduced in the 2NR variant and additionally enhanced in the 3NR
variant. The two variants displayed comparable ability to reduce nitrate. In order to
investigate the relationship between the variants protein structure and function, the 2NR
and 3NR variants were crystal structures were solved.
It was hypothesized that the active site of the variant would adopt a conformation
similar to that of the P. angusta NR structure. However, the effect of these mutations on
the structure of CSO, if any, could not be determined by kinetic or spectroscopic
techniques. Therefore, it was unknown how the active site substitution in CSO would
result in a rearrangement of the active site of the enzyme. To address questions about the
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Figure 5.1 Structural similarities in SO and NR.
Crystal structures of (A) chicken SO and (B) Pichia angusta NR. The two proteins share
considerable sequence and structural homology, despite performing opposing reactions.
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structure of the 2NR and 3NR variants, both proteins were crystallized and their
structures solved to 2.4 and 2.1Å resolution, respectively. The results of the crystal
structures, taken with the kinetics results from the previous chapter, indicate the active
site substitutions do not perturb the overall fold of the protein. The distance of the Asn at
position 322 to Mo suggests this residue is more likely to play a direct role in catalysis
whereas the Met at position 450 most likely play roles in binding nitrate or in nitrite
release. Moreover, the kinetic data on the 3NR variant indicate that residue plays a role in
nitrate binding.

5.2 Materials and Methods
Protein expression and purification
The 2NR and 3NR variants were expressed in E. coli strain TP1000 aerobically in
LB media and purified by the phenyl-sepharose chromatography method as previously
described in Chapter 2.
Molybdenum analysis
The molybdenum content of the 2NR and 3NR variants of chicken SO were
quantified by atomic absorption spectroscopy using a Spectra AA-220 double beam
atomic absorption spectrometer by the method as described previously in Chapter 2.
Crystallization of the 2NR and 3NR variants of chicken SO
After purification, the 2NR variant was buffer exchanged into 100 mM NaCl, 20
mM Tris pH 7.8, and concentrated to 25 mg/ml using a Vivaspin 30,000 MWCO
concentrator (Vivascience). This sample served as a stock protein solution, and was
stored at 4 °C. From this stock solution, the protein was diluted to a concentration of 10
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and 15 mg/ml using the same buffer. The 2NR and 3NR variant were prescreened for
suitability for crystallization by using the Pre-crystallization test (Hampton Research,
Aliso Viejo, CA) at concentrations of 10 mg/ml and 15 mg/mL. The results of the precrystallization test indicated that these two concentrations were suitable for further
crystallization trials.
In the initial attempt to crystallize the 2NR variant, the crystallization conditions
for CSO were used: 8-12 % PEG 4000, 50-60 mM MgCl2, and 100 mM MES, pH 6.5.
This condition and attempts to screen around it did not yield crystals. Additionally the
2NR variant was screened against the published conditions for the crystallization of the
Mo domain of P. angusta NR, 5-12% Jeffamine 600, 50 mM Tris/HCl, and 10 mM CsCl
pH 9.2, which did not produce crystals. The 2NR variant tested for crystallization hits
initially using the following crystallization screens from Qiagen; Protein Complex Suite,
Membrane Protein Suite, PACT Suite, and JCSG+ Suite. An initial crystal condition was
identified and crystals of the 2NR variant were obtained by the hanging drop vapor
diffusion method at 17 ºC by adding 2 uL of protein solution at 10 mg/mL to 2 uL of
crystallization solution equilibrated against 1 ml of reservoir crystallization solution
containing 17% PEG 10,000 (w/v), 100 mM ammonium acetate, 100 mM Bis-Tris
propane pH 5.5. Red crystals were observed after three weeks. These crystals were
tetragonal bipyramidal in morphology and grew to final size in 5 to 6 weeks.
Optimization attempts by screening around this condition did not produce better quality
crystals. The addition of a small molecule additive barium chloride dihydrate (Additive
Screen, Hampton Research) appeared to have a positive effect on crystallization. The
final crystals used for diffraction were obtained by the hanging drop vapor diffusion
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method at 17ºC, by adding 2 uL of protein solution to 2 uL of crystallization solution
equilibrated against 1 ml of reservoir crystallization solution containing 17% PEG 10,000
(w/v), 10 mM barium chloride dihydrate, 100 mM ammonium acetate, 100 mM Bis-Tris
propane, pH 5.5. After the crystals had grown to their final size in 4 weeks to
approximately 120 µm along the longest axis shown in Figure 5.2A, they were
transferred to a cryoprotectant solution containing 5% glycerol (v/v) that was increased
step-wise to a final concentration of 30% (v/v). These crystals were then flash frozen in
liquid nitrogen.
The 3NR variant was also screened for crystallization using the previously
published conditions for both wild type CSO and the Mo domain of P. angusta NR,
without success. The 3NR variant was then screened against the Protein Complex Suite,
Membrane Protein Suite, PACT Suite, and JCSG+ Suite (Qiagen). Crystals were
obtained in conditions consisting of 15 % PEG 6000 (w/v), 5 % MPD (v/v), 100 mM
MES pH 6.5, by the sitting drop method in 600 nL drops against a reservoir of 100 µL.
Red crystals were observed in two days. The 3NR crystals were tetragonal bipyramidal in
morphology, and approximately 40 µm along the longest axis and 30 µm at the widest
point in size. Optimization of this condition was attempted as described above, and the
addition of benzamidine hydrochloride hydrate (Additive Screen, Hampton Research)
was found to have a positive effect on crystallization. Optimized crystals were obtained
by the hanging drop method using 2 µL of a 3NR solution at a concentration of 10
mg/mL and 2 µL of crystallization solution against a 1 mL reservoir of crystallization
solution consisting of 15 % PEG 6000 (w/v), 5 % MPD (v/v), 100 mM MES pH 6.5,
with 2% (w/v) benzamidine hydrochloride hydrate 2% (w/v). The crystals were observed
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after 3 weeks reaching a final size by 6 weeks. As before, red crystals appeared having a
tetragonal bipyramidal shape that grew to a length of approximately 200 µm along the
longest axis and 150 µm at the widest point shown in Figure 5.2B. After the crystals
reached their final dimensions in 3 weeks they were transferred to the same
crystallization solution containing 5% (v/v) glycerol, which was increased step-wise to a
final concentration of 35% (v/v), as the cryoprotectant then flash frozen in liquid
nitrogen.
X-ray diffraction data was collected for both the 2NR and 3NR variants at the
South East Regional Collaborative Access Team (SER-CAT) BM-22 line at the
Advanced Photon Source, Argonne National Laboratory. All data sets were scaled and
indexed using DENZO and SCALEPACK (98) . The structures were solved by molecular
replacement using PHASER (99) in the CCP4 suite of programs (115, 116). The
coordinates from the CSO residues 95-466 (PDB code 2A99), excluding the cofactor and
solvent molecules, were used for the molecular replacement search model (99). Iterative
model building using COOT (100) with PROBE (101) for visualization of all-atom
contacts and refinement was done with REFMAC (102). The stereochemistry of the
structures was evaluated using MOLPROBITY (103) to assess the Ramachandran plots
and atomic clash scores. Translation-Liberation-Screw refinement was performed at the
final stages of refinement (105), and waters molecules were added to the models using
COOT.
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5.3 Results
Structural Determination of the 2NR and 3NR Variants
The structures of 2NR and 3NR variants were solved by molecular replacement.
The first attempt to solve the structure of 2NR used the coordinates from the full-length,
natively purified CSO (PDB code 1SOX) as a search model in PHASER. However, this
approach did not yield a search solution with all components. We then used the wild-type
CSO coordinates (PDB code 2A99 chain A monomer residues 95-466) as the search
model and an initial solution was found. The resulting structure exhibited a strong
positive difference density in the active site that corresponded to the Moco. In the first
round of refinement, the form of the Moco found in wild type CSO was modeled into the
density with two oxo-groups. The resulting model was in good agreement with the
experimental electron density. Despite the fact that the full-length proteins were used for
crystallization and the crystals exhibited characteristic red color of a heme prosthetic
group, no electron density was observed for the N-terminal b5-type cytochrome domain
in any of the structures obtained, presumably because of the heme-domain adopting
multiple stable orientations within the crystal. These results were consistent with
previously published results (73). Crystals of both 2NR and 3NR grew in the I41 space
group, and all crystals had one monomer in the asymmetric unit as calculated by
Matthews coefficient (106). The optimized crystals 2NR crystals diffracted to 2.4 Å, and
the unit cell dimensions were a = 85.62, b = 85.62, c = 153.37 and a solvent content of
54.5% determined by Matthews coefficient (106). The optimized 3NR crystals diffracted
to 2.1 Å, and the unit cell dimensions were a = 85.62, b = 85.62, c = 152.8 Å and a
solvent content of 54.3% An attempt was made to obtain a substrate bound crystals of
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Figure 5.2 Crystals of nitrate reductase-like variants of CSO.
(A) Crystals of CSO 2NR variant. (B) Crystals of CSO 3NR variant.
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both 2NR and 3NR by soaking or cocrystallized with 1 mM nitrate. Data were obtained
from both methods; however, the data sets collected from both methods indicated the
absence of nitrate in the active site. These results are similar to previously published
results on the crystallization of the central Moco catalytic fragment of P. angusta NR
(85). The structures 2NR and 3NR have good stereochemistry with all residues in the
most favored and additionally allowed regions of the Ramachandran diagram with no
outliers as determined by MOLPROBITY (103). After several cycles of least squares
minimization and model building the resulting crystallographic refinement values Rcryst
and Rfree are reported in Table 5.1.
Comparison of the crystal structure of 2NR and wild type CSO
The structure of CSO 2NR was refined to 2.4 Å resolution with a Rcryst of 16.7 and
an Rfree of 20.7 The topology of the 2NR variant was very similar to that of the natively
purified enzyme, consisting of the central Moco domain and the C-terminal dimerization
domain as indicated by the RMSD of 0.142 Å for back-bone atoms. As reported
previously, the overall topology of the enzyme is a unique mixed αβ fold (65, 73). A
large difference density peak was observed in the active site of the enzyme that was
determined to be the cofactor. The Moco was then was modeled into the structure and
found to be in agreement with the density. The Moco is in virtually identical position to
that of the wild type cofactor and bound deep inside the core of the domain. The bond
length of the oxygen ligands of the Mo for the axial oxygen was calculated to be 1.72 Å,
and that of the equatorial oxygen bond distance equal to 2.0 Å. The bond distance of the
equatorial oxygen ligand is between the EXAFS determined single bond distance of 2.27
and a double bonded oxygen to Mo distance is 1.7 Å. Comparison of the active site
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residues of 2NR and with wild type CSO indicates that several active site residues adopt
similar conformations to wild type SO. An overlay of the two active sites reveals the
RMSD of 0.091 Å between the wild type active site residues and the active site residues
of the 2NR variant as shown in Figure 5.3 and Figure 5.4. It is apparent that in the 2NR
variant the active site residues Arg 138, Cys 185, Arg 190,and Trp 204 adopt virtually
identical conformations to those in wild type SO, indicating these residues were not
rearranged as a result of the introduced mutations.
The Asn 322 side chain appears to be closer to the Moco relative to the wild type
Tyr 322 in the active site. The Met 450 side chain appears in a conformation where it is
directed out of the active site in contrast to the wild type SO Arg 450 side chain. The
non-polar, uncharged Met residue replacing the positively charged, basic Arg at this
position may account for the large increase in the Kmsulfite for the 2NR variant.
Comparison of the crystal structure of 2NR and wild type NR
The structure of CSO 2NR is similar to the Mo domain structure of NR with a
RMSD of 1.05 Å over the backbone atoms of NR (PDB code 2BIH). The overall fold of
the 2NR variant is similar to that of the Mo domain of 2NR. As mentioned above, in the
2NR variant the bond length of the oxygen ligands of the molybdenum for the axial
oxygen the bond distance is 1.7 Å while the equatorial oxygen bond distance is 1.9 Å. In
the crystal structure of NR, the axial oxygen ligand of the Mo is at a distance of 1.9 while
the equatorial oxygen ligand is at a distance of 2.1 Å suggesting that the molybdenum of
NR is in the reduced form. The structure of 2NR active site is similar to that of wild type
NR with a RMSD of 0.623 Å shown in Figure 5.7 and Figure 5.8. The 2NR active site
residues Arg 138,
136

Table 5.1 Crystallographic and Refinement Statistics for 2NR and 3NR
Data set

CSO 2NR

CSO 3NR

Resolution (Å)

47.5-2.4

47.5-2.1

Wavelength

1.00

1.00

Space group

I41

I41

Cell constants (Å)

a = 85.6

a = 85.6

Molecules asymmetric unit

1
b = 85.6

1
b = 85.6

Total observations
Unique reflections

102928
c= 153.4
20379

209711
c= 152.8
30282

Mean redundancy

4.8 (4.1)

6.6 (5.0)

Rsyma (%)

9.9 (34.5)

10.3 (28.8)

Completeness (%)

99.6 (96.9)

99.5 (97.2)

Mean I/σ

23.2 (3.2)

39.7 (4.3)

Rcrytb (%)

16.7

16.9

Rfreec (%)

20.7

19.0

Mean B factor

20.1

22.8

Number of atoms used in refinement

3084

3083

Number of waters

198

190

R.M.S. deviations bond lengths (Å)

0.010

0.009

R.M.S. deviations bond angles (°)

1.28

1.19

Ramachandran statistics*

98.7/1.3/0.0

98.6/1.4/0.0

a

Rsym = Σ |I-<I>|, where I is the observed intensity and <I> is the average intensity of
multiple symmetry-related observations of that reflection. b Rcryst = Σ (|Fo | – |Fc |)/ Σ |Fo |
where Fo and Fc are the observed and calculated structure factors, respectively. c Rfree is
the R-factor based on the data with withheld at random from structural refinement.
Numbers in parenthesis represent highest resolution shell. *Ramachandran statistics
represent favored and allowed regions, with no outliers. Ramachandran statistics
determined by MOLPROBITY.
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Figure 5.3 Stereo image of active sites of the 2NR variant and CSO.
Stereo image of the active site residues of 2NR shown in blue, and CSO shown in gray.
Comparison of the active sites between the two indicates that the active site residues Arg
138, Cys 185, Trp 204, and Arg 190 are in virtually identical conformations. The Moco
of is shown in green. The Asn residue at position 322 shifted back from the position of
the Tyr residue. The Met substitution at position 450 has adopted a conformation with the
side chain directed away from the active site.
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Figure 5.4 Active site overlay of wild-type SO and CSO 2NR.
Comparison of the active sites of wild type CSO shown in gray and the 3NR variant
shown in blue, indicates that the active site residues Arg 138, Cys 185, Trp 204, and Arg
190 are in virtually identical conformations. Only the Moco of the 3NR is shown in
green. The Asn residue at position 322 shifted back from the position of the Tyr residue.
The Met substitution at position 450 has adopted a conformation with the side chain
directed away from the active site.
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Arg 190, Trp 204 and Cys 185 adopt similar conformations to that of the equivalent
positions in wild type NR Arg89, Arg 144, Trp 158.. The Y322N substitution of 2NR is
in a similar conformation as the Asn 272 of wild type NR, shown in Figure 5.5 and
Figure 5.6, but is positioned farther away from the Molybdenum center. This may be due
to the conformation of the Met 450, which is also farther away from the active site than
the Met 427 found in NR. The Met residue’s conformation relative to the active site and
the Asn residue at position 322 may permit the Asn residue more steric room for motion.
Comparison of the crystal structure of 3NR and wild-type CSO
The structure of 3NR was refined to 2.1Å resolution, with an Rcryst of 16.9 and an
Rfree of 19.0. The structure of the 3NR variant of CSO has overall topology similar to
wild type SO as indicated by a RMSD of 0.121 Å for all Cα backbone atoms shown in
Figure 5.9 and Figure 5.10. A positive difference density peak was observed in the active
site of the enzyme that was determined to be the cofactor. The Moco was then was
modeled into the structure in good agreement with the density. The Moco of 3NR is in
essentially the same position as the Moco in the wild type CSO enzyme. In the 3NR
variant of CSO the bond length for the axial oxygen ligand of the molybdenum is 1.70 Å
while the equatorial oxygen bond distance is 2.11 Å (22). These bond lengths would
suggest that the enzyme is closer to the reduced form of the molybdenum than the 2NR
variant. This distance is closer to the hydroxyl molybdenum single bond distance of
2.27Å . The active site residues of 3NR
and wild type SO have adopted similar conformations as indicated by the RMSD of 0.064
Å. Inspection of the active site residues revealed that the four residues Arg 138, Arg 190,
and Trp 204 and Cys 185 superimposed almost perfectly between the 3NR variant and
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Figure 5.5 Stereo image of the active site comparison of 2NR and P. angusta NR.
The active site of P. angusta NR shown in orange while the active site of the 2NR variant
shown in blue. The active sites of the two proteins align well except at the Asn and Met
substitution positions.
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Figure 5.6 Active site comparison of 2NR and P. angusta NR.
The active site of NR shown in orange while the active site of the 2NR variant shown in
blue. The Moco is shown in green. The active sites of the two proteins align well except
at the Asn and Met substitution positions.
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Figure 5.7 Stereo image of the active sites of 3NR and CSO.
The active sites of the 3NR variant shown in blue superimposed with CSO shown in
white. The active site residues Arg 138, Cys 185, Trp 204, and Arg 190 are in virtually
identical conformations. The Asn residue at position 322 is in approximately the same
position as the Tyr. The Met residue at 450 has its sulfur near one of the nitrogens of the
guanidine moiety of the Arg. The Met 452 has its sulfur pointed towards the active site.
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Figure 5.8 Overlay of the active site of 3NR and wild type CSO.
The active site of 3NR shown in blue superimposed with the active site of CSO shown in
gray. The active site residues Arg 138, Cys 185, Trp 204, and Arg 190 are in virtually
identical conformations. Only the Moco of the 3NR is shown in green. The Asn residue
at position 322 is in approximately the same position as the Tyr. The Met residue at 450
has its sulfur near one of the nitrogens of the guanidine moiety of the Arg. The Met 452
has its sulfur pointed towards the active site.
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the wild type active site. The Asn mutation at position 322 appears to have adopted a
similar position as the substituted Tyr when comparing the Cβ positions of the two side
chains. The Met 450 side chain appears to be directed towards solvent, as is the Arg 450
of wild type SO in the absence of substrate. The Met 452 active site substitution appears
to adopt a conformation that approximates the position of the Val side chain, and the
sulfur of the Met is pointed into the active site.
Comparison of the crystal structure of 3NR and wild-type NR
The structure of 3NR CSO variant and the structure of wild type P. angusta NR
share overall similarity as indicated by a RMSD of 1.08 Å for aligned Cα backbone of
the Mo domain of NR (PDB code 2BIH). The Moco of the 3NR variant is in virtually
identical position as the Moco of the NR structure. As discussed above, the distance of
the axial oxygen ligand to the molybdenum atom is 1.7 Å, and the distance from the
equatorial oxygen ligand to the molybdenum is 2.1 Å. In the structure of the wild type
NR Mo domain the distance from the axial oxygen to the molybdenum of the Moco is
~1.98 Å, and the distance from the equatorial oxygen to the molybdenum is 2.08 Å. It is
interesting that in the 3NR structure, the equatorial oxygen ligand to the molybdenum is
at a bond distance that is nearly identical to the wild type. The axial oxygen ligand, on the
other hand, is closer to the Mo in 2NR than it is to the Mo in the wild type NR. The
active site residues of 3NR and wild type NR have adopted similar conformations as
indicated by a RMSD of 0.658 Å shown in Figure 5.11. The Arg 138, Cys 185, Arg 190,
and Asn 322 of 3NR superimpose well with the Arg 89, Cys 139, Arg 144, and Asn 272
of NR. The Trp 204 of 3NR is approximately in the same position as Trp 158 NR. The
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Met 450 does not align well with the Thr side chain found in the analogous position in
wild type NR. This is not surprising as the non-polar methionine side chain would be
expected to behave differently than the polar threonine. The Met residue at position 452
adopts an alternate conformation than the wild type NR Met. However, the sulfur of the
Met 452 is directed into the active site and is in approximately the same position as the
sulfur of the wild type NR Met 427. The addition of the non-polar Met at 452 may also
account for the Asn side chains adopting a conformation closer to that of wild type NR.
Comparison of 2NR and 3NR structures
The structures of the 2NR and 3NR variants are closely related as indicated by the
RMSD of 0.129 Å between all aligned Cα backbone atoms. The active site Moco, and
residues Arg 138, Cys 185, Arg 190, and Trp 204 adopt virtually identical conformations.
The additional Met substitution at position 452 appears to slightly adjust the
conformation of the Asn substitution at position 322 as seen in Figure 5.11. The slightly
larger Met appears to push the Asn side chain closer to the conformation seen in the wild
type NR active site whereas in the 2NR the Asn was farther out of the active site. The
additional Met 452 substitution appears to shift the conformation of the adjacent Met 450
side chain. In the 3NR structure the Met 450 sulfur is pointed away from the active site.
In the 3NR variant, the Met 450 is turned around, such that the sulfur is pointed into the
active site.

5.4 Discussion
The change in functionality of the 2NR and 3NR variants of CSO from sulfite
binding and oxidation to nitrate binding and reduction is quite surprising since both
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Figure 5.9 Stereo image of active site overlay of 3NR and wild type P. angusta NR.
The active site of P. angusta NR shown in orange while the active site of the 3NR variant
shown in blue. The active sites of the two proteins align well at the Arg 138,Arg 190, Trp
204, and Cys 185. The Asn at 322 adopts a conformation closer to that of the wild type
NR Asn. The Met 452 adopts an alternate conformation than the wild type NR Met
residue. The Met at 450 does not align well with the wild type Thr residue.
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Figure 5.10 Overlay of 3NR active site with wild type P. angusta NR.
The active site of P. angusta NR shown in orange while the active site of the 3NR variant
shown in blue. The active sites of the two proteins align well at the Arg 138,Arg 190, Trp
204, and Cys 185. The Asn at 322 adopts a conformation closer to that of the wild type
NR Asn. The Met 452 adopts an alternate conformation than the wild type NR Met
residue. The Met at 450 does not align well with the wild type Thr residue. Only the
Moco of the 3NR is shown in green sticks.
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substrates have negative charges. For substrate binding to occur, the enzyme must first
present a suitable stereochemical complimentary surface in which the substrate can bind.
This was achieved at the level of amino acid identity for the 2NR variant, and improved
in the 3NR variant. The additional NR Met residue decreased the Kmnitrate of the 3NR
variant from the 2NR. Remarkably at pH 7.0, the Kmnitrate the 3NR variant is comparable
to that of wild type NR proteins (Table 5.2). To examine the relationship between the
active site substitutions altered substrate affinity and catalytic activity and the three
dimensional structures of the 2NR and 3NR variants structures were solved.
In studies on HSO the conserved SO Tyr residue has been implicated in substrate
localization in the active site and electron transfer during the oxidation of sulfite to
sulfate (87, 92) in HSO. Based on the decrease in the rate of electron transfer and overall
decrease in SO activity in the HSO Y343F variant, is reasonable to surmise while the Asn
carboxamide –OH could hydrogen bond with sulfite, the lack of a aromatic pi electron
system may disfavor sulfite oxidation. The crystal structures of wild type CSO in the apo
and sulfate bound form indicate a dynamic role for the Arg 450 in substrate localization
and product release after catalysis. The charged, basic guanidine moiety of the Arg at
residue 450 in SO undergoes conformational change in the active site dependent on the
presence of sulfite or sulfate. In the active site of A. thaliana NR, the Arg 450 of CSO is
replaced at the homologous position by the non-polar methionine residue. Comparison of
the proposed activities of SO and NR is depicted in Figure 5.12. It is proposed here that
the substitution of the basic Arg residue the non-polar Met residue removes an additional
positive charge near the active site that may prevent the single negatively charged nitrate
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Figure 5.11 Comparison of the active sites of 2NR and 3NR.
Overlay of the active sites of the 2NR variant shown in grey, and the 3NR variant shown
in orange. The additional Met substitution at position 452 appears to slightly adjust the
conformation of the Asn substitution at position 322. The additional Met also flips the
conformation of the Met at position 450, pointing the sulfur into the active site. The
Moco of both 2NR and 3NR are shown in grey and orange, respectively. The other active
site residues adopt virtually identical conformations relative to each other.
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Substrate-binding in Sulfite oxidase vs. Nitrate reductase
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Figure 5.12 Comparison of SO and NR substrate binding and mechanism.
Comparison of the proposed binding modes for sulfite in SO and nitrate in NR and
oxidation states during catalysis in SO and NR.
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from binding in the proper orientation with respect to the Moco. To examine the
relationship between the active site substitutions and the altered substrate affinity and
catalytic activity, the crystal structures of the 2NR and 3NR variants were solved.
The distance of the oxygen ligands to the Mo in the 2NR structure is suggestive
that the Mo is in an intermediate redox state. In the structure of the 3NR variant, the
equatorial oxo ligand to Mo is at a distance of 2.1 Å, a distance closer to the reduced
form of 2.2-2.3 Å seen in SO MoIV. This Mo-oxo distance may suggest the 3NR variant
is in a more reduced form of Mo and may account for the slight increase in catalytic rate
observed in the 3NR variant compared to the 2NR variant. The triple variant increase in
NR activity as evaluated by the second order rate constant can be attributed to the
significant decrease in the Km nitrate of the 3NR variant compared to the 2NR variant. In
the crystal structure of the triple mutant 3NR, the Moco also appears to be in the same
location as the cofactor of wild type SO.
In these studies, the native CSO proteins were mutated away from the naturally
evolved SO active site sequence towards the NR active site. The resulting variants have
decreased SO activity and have gained the ability to bind and reduce nitrate to nitrite.
Wild type NR proteins can enhance the rate of nitrate reduction kcat/Kmnitrate by 1.5 x 107 (
S. oleracea) to 5.3 x 106 (P. pastoris) times over the un-catalyzed reaction. It is amazing
that the 3NR variant with a kcat/Kmnitrate of 1.3 x 104 is able to come within two orders of
magnitude of wild type P. pastoris NR. The difference in kcat/Kmnitrate between the 3NR
variant is largely in part due to the lower kcat for nitrate compared to wild type NRs. As
mentioned previously, catalysis requires the proper geometric orientation of the chemical
environment of the active site. It is possible that the position of the heme domain may
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affect the overall alignment of the Mo domain for catalysis. In wild type NR the heme
domain is C-terminal with respect to the Moco domain, and may align the Mo domain for
optimal nitrate reduction, in contrast to the N-terminal heme domain of SO. For further
study it would be of interest to investigate if a few additional substitutions from wild type
NR into CSO could increase the kcat for nitrate of the 3NR variant.

Coordinates
Coordinates and structure factors for 2NR and 3NR have been deposited in the
Protein Data Bank (accession codes 3HBS and 3HBY respectively).
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Chapter 6-Summary and Implications for Future Research
The studies described in this work with G. gallus SO have provided insight into
the role of specific amino acid residues in determining the coordination sphere of the Mo,
and in substrate specificity and activity in SO and the related NR molybdoenzymes.
While the Cys to Ser mutation has been characterized in HSO, the studies described in
Chapter 2 are the first time the variant has been studied in CSO cloned, expressed, and
characterized. Steady-state kinetic analysis of the C185S and C185A mutants of CSO
using the physiological electron acceptor cytochrome c and the small molecule electron
acceptor ferricyanide suggests the mutation of Cyst 185 in SO results in a catalytically
inactive enzyme. The C185S and C185A variants were examined by EXAFS
spectroscopy in order to determine the electronic nature of the Mo atom.
The results of the EXAFS studies indicated a change in the Mo ligand sphere of
the C185S variant. The results of the C185S indicated the addition of a third oxygen atom
to the Mo, at a bond distance from the Mo that suggested the additional oxygen was
double bonded to the Mo. The oxo group replaced the sulfur ligand from the cysteine
EXAFS analysis of the C185A variant indicated that three oxo ligands were present in
that variant as well. The presence of the third oxo group in the C185A mutant indicates
that the third oxo group present in the C185S variant does not originate from the serine
side chain. The additional oxo double bond in these mutants would change the formal
charge of Mo in the variants from -1 to -2. The -1 formal charge of the wild type CSO
allows it to accept 2 electrons to become fully reduced during the reaction mechanism. In
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the C185S and C185A variants the Mo is already at the -2 oxidation state and is unable to
accept additional electrons required for the oxidation chemistry to occur.
The kinetics and EXAFS studies on the C185S and C185A variants address the
function and metal coordination in the variants, respectively. However, it was unknown
what effect these active site substitutions had on the structure of the variants. CSO has
proven to be amenable to crystallization, whereas other animal SO proteins have
remained intractable with respect to crystallization. Structural determination of the
C185S and C185A variants via a protein crystallography is described in Chapter 3. The
resulting structures of the C185S and C185A variants indicate the presence of a third
atom present around the Mo center. Based on the EXAFS results in Chapter 2, an extra
oxygen atom was modeled into the density. The resulting structural models were in good
agreement with the experimental electron density. Structural analysis of C185S indicated
that the active site Tyr and the loop region it is contained in had become disordered. In
the cocrystal structure of C185S with sulfite, the Tyr residue relocalized to the active site.
Additionally, Arg 450 moved into the active site in the presence of sulfite. These
structures represent the first crystal structures of the fully oxidized form of the enzyme.
Previously, all structures of CSO were in the reduced form of the enzyme. It has been
reported earlier that high W and low Mo concentrations resulted in a demolybdo form of
SO with incorporation of W in the Moco. W is more electronegative than Mo, and as
such less likely to be reduced by the X-ray beam. By expressing CSO with high
concentrations of W, and then crystallizing the W bound CSO one could compare the
oxidized wild type to the oxidized C185S and C185A variants.
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The SO and NR family of molybdopterin enzymes are closely related. To
investigate the role of specific amino acid residues in the catalytic mechanism of SO and
NR, substitutions in SO were made in an attempt to transfer NR activity into SO. The
cloning, expression and characterization of the 2NR and 3NR proteins is the described in
Chapter 4. Two active site mutations were able to introduce NR activity into CSO, and an
additional mutation in the 3NR variant was able to bring the Km near wild type NR levels.
The study the effects of these mutations on the structure of the protein, the 2NR and 3NR
were crystallized. The crystallization and structural refinement is the subject of Chapter
5. The active sites of 2NR and 3NR are nearly identical to wild type NR, except for small
changes in side chain orientation. Based on the kinetic results of Chapter 4, it would be of
interest to identify additional NR positions that may enhance kcat of the 3NR and 2NR
variants. In addition, the effect of each individual substitution on SO and NR activity in
CSO should provide insight into both catalytic mechanisms.
Based on the crystal structures of the 2NR and 3NR variants of CSO, it is
apparent that the oxygen of the carboxamide of the Asn is farther from the Moco center
of the protein compared to wild type NR and compared to the hydroxyl group of the Tyr
in SO proteins. It is possible that the substitution of Asn for Tyr in CSO does allow NR
catalysis, but due to the differences in the overall fold between NR and SO, the Asn
mutation in SO is not positioned close enough to the Moco center to permit optimal
catalysis. Mutation of the Tyr in SO to Gln may bring the carboxamide closer to the Mo
center for a more favorable NR catalysis.
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