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ABSTRACT: Eukaryotic sulfite oxidase is a dimeric protein that contains the molybdenum
cofactor and catalyzes the metabolically essential conversion of sulfite to sulfate as the terminal
step in the metabolism of cysteine and methionine. Nitrate reductase is an evolutionarily related
molybdoprotein in lower organisms that is essential for growth on nitrate. In this study, we
describe human and chicken sulfite oxidase variants in which the active site has been modified
to alter substrate specificity and activity from sulfite oxidation to nitrate reduction. On the basis
of sequence alignments and the known crystal structure of chicken sulfite oxidase, two residues
are conserved in nitrate reductases that align with residues in the active site of sulfite oxidase.
On the basis of the crystal structure of yeast nitrate reductase, both positions were mutated in
human sulfite oxidase and chicken sulfite oxidase. The resulting double-mutant variants demon-
strated a marked decrease in sulfite oxidase activity but gained nitrate reductase activity. An
additional methionine residue in the active site was proposed to be important in nitrate
catalysis, and therefore, the triple variant was also produced. The nitrate reducing ability of the
human sulfite oxidase triple mutant was nearly 3-fold greater than that of the double mutant. To obtain detailed structural data for
the active site of these variants, we introduced the analogous mutations into chicken sulfite oxidase to perform crystallographic
analysis. The crystal structures of the Mo domains of the double and triple mutants were determined to 2.4 and 2.1 Å resolution,
respectively.

Sulfite oxidase (SO)1 is a member of the family of proteins
containing the molybdenum cofactor (Moco) that

consists of a single Mo atom coordinated through a dithiolene
group to molybdopterin (MPT).2 The Mo atom is
coordinated to the protein via a single cysteine residue.3

Eukaryotic SO is an essential protein that resides in the
intermembrane space of the mitochondria and catalyzes the
essential oxidation of sulfite to sulfate in the terminal step of
the degradation of sulfur-containing compounds, including
the amino acids methionine and cysteine. Loss of the ability to
oxidize sulfite can be due to either a defect in the Moco bio-
synthetic pathway or point mutations in the sox gene itself.4

Of the human enzymes containing Moco, only SO is essential,
and a number of point mutations in the SO gene have been
previously identified in SO-deficient patients.5 SO deficiency
leads to severe effects, including seizures, attenuated brain
growth, mental retardation, and other neurological and meta-
bolic problems, usually resulting in death during the first year
of life.6 The sulfite oxidation reaction catalyzed by SO is in
eq 1, and a scheme of the likely reaction cycle is provided in
Figure 1.7
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In the first part of the cycle (reductive half-reaction), sulfite
binds at the MoVI center and is oxidized to sulfate, generating a
two-electron-reduced MoIVFeIII species.8 In the first intramolecular

electron transfer (Figure 1, IET #1) between the Mo and heme
domains, one of the two reducing equivalents generated by
sulfite oxidation is transferred from MoIV to the b5-type heme in
the N-terminal domain, yielding a transient MoVFeII species.
The second part of the cycle (oxidative half-reaction) begins
with the transfer of an electron from the heme to the exogenous
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Figure 1. Reaction cycle of SO.
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electron acceptor, cytochrome c (cyt c). After a second IET
from MoV to FeIII, the fully oxidized species is regenerated by
the transfer of an electron from FeII to a second molecule of cyt
c. Eukaryotic SO is purified as a homodimer of ∼52 kDa
subunits, and each subunit consists of an N-terminal b5-type
heme domain, a central domain containing the Moco, and a
C-terminal region mediating dimerization9,10 (Figure 2).

Structure of Chicken SO. The crystal structure of chicken
liver SO was determined at a resolution of 1.9 Ǻ11 (Figure 3A).
The structure revealed a sulfate molecule bound in the active
site, allowing identification of the likely ligands and H-bonds to
the substrate during catalysis. The coordination around the Mo
atom in the active site consists of two oxo groups (equatorial
and axial) and three sulfur ligands, including two dithiolene
sulfurs and the thiol group of Cys 185 arranged in a square
pyramidal geometry.12 Solvent gains access via a positively
charged channel that opens onto the equatorial oxo group of
the Mo atom. The substrate binding pocket is positively
charged and is formed by five residues, including three
arginines at positions 138, 190, and 450, Tyr 322, and Trp
204. All five of these residues are conserved in all eukaryotic
SO proteins isolated to date. The importance of Arg 138 and
190 (Arg 160 and 211, respectively, in human SO) was
demonstrated by the identification of the R160Q and R211Q
mutations in human patients presenting with severe SO
deficiency.11 The structural and kinetic characterization of the
R160Q variant has been accomplished using a variety of
techniques, including flash photolysis13 and EXAFS.14 Very
recently, the molybdenum site of this clinical mutant was
investigated by a combination of X-ray absorption spectros-
copy and density functional theory calculations.14 On the
basis of these studies, this variant has a six-coordinate pseudo-
octahedral active site with coordination of the Oε atom of Gln
160 to molybdenum.14 This is in contrast to the wild-type SO
active site that is five-coordinate and exhibits approximately
square-based pyramidal geometry.15 While mutations of the
remaining substrate binding pocket residues have yet to be
observed in human patients, the Tyr 322 (Tyr 343 in human
SO) residue was proposed to be important in labilizing the oxo
group of MoVI to allow the transfer of oxygen to sulfite based
on the proximity of this residue to the equatorial oxo group
in the crystal structure. Furthermore, this residue has been
proposed to serve an additional role as a proton shuttle between
water (or OH) in the coupled electron−proton transfer
(CEPT) mechanism during reduction and reoxidation of the

Mo center.16 The human Y343F variant has been created,
and extensive kinetic and structural studies have indicated that
the Tyr residue is critical for substrate binding,17 IET,18 and
overall catalysis, including serving as a proton shuttle between
the Mo−oxo group and water (or hydroxo) in the coupled
electron−proton transfer during reduction and reoxidation
of the Mo center.

Structure of Plant SO. In 2003, the structure of a second
member of the SO superfamily, Arabidopsis thaliana SO, was
determined at a resolution of 2.3 Ǻ.19 Plant SO is homodimeric
but is devoid of the heme domain. In contrast to chicken SO,
plant SO crystallized without a sulfate bound in the active site.
While the five active site residues mentioned above are strictly
conserved between mammalian and plant SO, only four of
them superimposed with the residues in the chicken SO active
site. The exception was Arg 374 (equivalent to Arg 450 and 472
in chicken and human SO, respectively), in which the side

Figure 2. Domain structure of SO and NR proteins. The monomer of
Pichia 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,
a central Moco domain, and a C-terminal dimerization domain.

Figure 3. Model of active sites of SO/NR with substrates. Structures
of the Mo domains of (A) sulfite oxidase and (B) nitrate reductase.
(C) Alignment of chicken SO (red) and the P. angusta NR (blue) Mo
domains showed excellent agreement. The Moco is shown as green
sticks.
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chain pointed toward the solvent access channel rather than
toward the bound sulfate seen in the chicken SO structure.
Because there was no sulfate in the active site, on the basis of
these findings, Arg 374 was proposed to be essential for both
substrate recruitment and binding and specificity because of its
conformational change in the presence of bound substrate.
Structure of Recombinant Chicken SO. Because SO is

the only Moco-containing protein essential for normal human
development, structure−function studies of the enzyme are of
significant relevance to human health. Unfortunately, human
SO (sequence 68% identical to that of chicken SO) remains
resistant to crystallization, and the gene for chicken SO has
never been isolated; therefore, there are significant barriers
to performing structure−function studies on mammalian SO
or in determining disease etiology in mutants isolated from
human patients with SO deficiency. However, recently, our lab
successfully created an artificial gene for chicken SO, allowing
us to successfully introduce mutations into the chicken SO
protein to begin structure−function studies.20 When recom-
binant chicken SO was crystallized in both sulfate-bound
and unbound conformations, this represented the first time the
same Moco enzyme was crystallized in the presence and
absence of the product, and later in the presence and absence of
substrate,12 verifying that the Arg 450 (human Arg 472) residue
does indeed change conformation depending on the presence
of substrate in the active site.17 The Arg 450 residue pointed
toward the active site in the presence of substrate, coordinating
the sulfite, but when no sulfite was present, the side chain
pointed toward the solvent access channel. This change in
conformation results in a much smaller binding pocket and
shifts the position of the sulfur away from the Mo atom,
presumably preparing the pocket for product release and
possibly transmitting conformational changes to other parts of
the protein, including the heme domain, allowing domain
movement to occur during the reaction cycle. It should be
noted that Arg 450 is located in the dimerization domain, so it
has also been proposed that this residue could possibly transmit
conformational changes from the active site to the dimer
interface, thus transmitting information between the two
subunits of SO. However, until now, the importance of this
third active site Arg in either substrate binding or activity had
never been directly verified by site-directed mutagenesis or
kinetic analysis. In this study, we changed the Arg 472 residue
in human SO (analogous to Arg 450 in chicken SO) to either
Met or Gln to directly observe changes in the activity of the
protein as a result of the change at this position from a positive
to an uncharged residue.
R138Q Variant of Chicken SO. The de novo creation of

the chicken SO gene also allowed the structure of the R138Q
chicken SO protein to be determined.20 As predicted from
previous work on the analogous R160Q human protein,13 the
replacement of a positively charged arginine with a neutral
glutamine in the active site changed the surface potential of the
active site and solvent access channel; however, this change was
not due only to the loss of the positive charge of Arg 138. The
most significant structural change in the active site of the
R138Q mutant was actually the orientation of the side chain of
Arg 450 toward the active site due to the loss of the repulsive
effect of the Arg 138 side chain on Arg 450 in the absence of
sulfate in the active site. This resulted in a significant change in
the position of the Arg 450 (Arg 472 in humans and Arg 374 in
plants) residue, resulting in negative charges becoming exposed
along the solvent access tunnel so that despite the absence of

sulfate in the active site, the side chain of Arg 450 was pointing
into the active site, creating a much smaller binding pocket.
Thus, this residue was found to occupy a position similar
to that in a wild-type product-occupied pocket, albeit in the
absence of product.

Assimilatory Nitrate Reductase (NR). Assimilatory NR is
a member of the SO family of Moco-containing enzymes that
catalyzes the first step of nitrate assimilation in algae, fungi, and
plants.21−23 Assimilatory NR forms homodimers of approx-
imately 120 kDa, and oligomerization is dependent upon MPT.
NR catalyzes the overall reaction

+ → + +− − −NO NAD(P)H NO NAD(P) OH3 2 (2)

The reaction cycle of NR begins with the reductive half-
reaction when NAD(P)H reduces FAD. The second step is IET
via heme as in SO. The third step is the oxidative half-reaction
in which Mo transfers two electrons to nitrate, which serves
as both the terminal two-electron acceptor and as the sub-
strate, yielding the reaction products nitrite and a hydroxyl
ion.24 While NR and SO perform opposite reactions on their
respective substrates, there is 31% identity between the heme
domains of chicken SO and assimilatory NR from Arabidopsis
thaliana and 38% between their respective Mo domains,11 and
in both cases, the electron flow is from the C-terminus to the
N-terminus of the multidomain protein (Figure 2). The X-ray
structure of the Mo domain of Pichia angusta NR was recently
determined to 1.7 Å.25 The structure of the Moco in NR is
identical to that found in chicken SO (Figure 3B), and four of
the six active site residues are conserved. The two variant
residues are 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 Arg 450 of chicken SO
at the analogous position in fungal NRs, whereas in all plant
NRs, the Arg is replaced with Met. Given the difference in
substrates (NO3

− vs SO3
2−), it is proposed that Arg 450 is

replaced because nitrate has to be bound with one of its O
atoms positioned toward the Mo atom for subsequent removal
to produce the nitrite product. Stopped-flow kinetic analysis of
the plant NR revealed that the overall catalytic rate was not
limited by any individual step, and unlike SO, the transfer of
electrons between domains appeared to be rate-limiting in NR
because the rate was much faster when an artificial electron
donor such as methyl viologen or bromphenol blue was used
rather than an NAD(P)H-driven reaction.24

Rational Design of SO Variants with NR Activity.
Enzyme specificity toward substrates is determined in part by
the local encoding of a complementary surface to a given
substrate by the active site residues.26 The following work
describes the strategy by which the substrate specificity and
activity of SO enzymes have been altered. Using predic-
tions from the sequence alignments of SO and NR and analysis
of the crystal structures of chicken SO and the NR Mo
domain from P. angusta (Figure 3C), the predicted catalytic site
residues of NR were introduced into chicken and human
SO. We designed and characterized several SO variants. The
resulting variants were assayed for their ability to oxidize sulfite
to sulfate and for the acquisition of nitrate reduction. The
double mutant was less able to oxidize sulfite and more able to
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reduce nitrate. 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
both double mutants to generate SO triple variants. The triple
mutants of both human SO and chicken SO exhibited a higher
affinity for nitrate and moderately enhanced NR activity compared
to that of the double mutants.
Finally, we were able to crystallize chicken SO nitrate

reductase variants CSO-2NR and CSO-3NR, determining the
structures to 2.4 and 2.1 Å resolution, respectively, yielding
detailed structural information about the active sites of these
variants. The creation of these variant proteins has provided
unique insights into the varying functions of these two Moco-
containing proteins. This information should be particularly
valuable in understanding more about the nitrate reductase
active site, as these proteins are generally less amenable to
characterization than are sulfite oxidase proteins.

■ EXPERIMENTAL PROCEDURES
Site-Directed Mutagenesis of Eukaryotic SO Enzymes.

All mutations in human SO that have been described were directly
introduced into the pTG918 plasmid27 using the Transformer site-
directed mutagenesis kit as previously described (Clontech
Laboratories Inc., Mountain View, CA).17,20 The CSO-2NR variant
was generated in wild-type CSO expression vector pTRC99a
CLSO.2 with the R161G background. The Y322N mutation was
introduced by overlapping primer extension polymerase chain
reaction.28 The R450M mutation was introduced using the Trans-
former site directed mutagenesis kit as described above. The CSO-
3NR variant Y322N, R450M, and V452M mutations were
introduced into the pTRC99a CLSO.2 vector as described above.
All resulting constructs were verified by sequencing at the Duke
University DNA analysis facility.
Expression and Purification of SO. All recombinant

forms of SO were expressed in the TP1000 strain of Escherichia
coli and purified as previously described.18,27 For gel-filtration
analysis of the oligomeric state of SO variants, purified protein
(at 1 mg/mL) was injected onto a Superdex-200 FPLC column
equilibrated with 50 mM potassium phosphate buffer and
eluted using a flow rate of 1 mL/min. The FPLC system
consisted of an AKTA Explorer system, and protein was
monitored at 280 nm. The concentration of purified SO
was determined from the A413 using an extinction coefficient of
113 mM−1 cm−1.
Molybdenum Analysis. The Mo content of protein

samples was quantified by atomic absorption spectroscopy
using a Spectra AA-220 double-beam atomic absorption
spectrometer (Varian, Palo Alto, CA). Subsequent analyses
were conducted using the conditions described previously
by Johnson.3,29

Sulfite Oxidase Activity Assays. Steady-state kinetic
assays were performed aerobically at 25 °C using a 1.0 cm
path length cuvette in a Shimadzu UV-1601PC spectropho-
tometer. Assays were conducted in 20 or 50 mM buffers
adjusted to the desired pH with acetic acid to minimize anion
inhibition of SO as previously described.8,17 The following
buffers were used: Bis-Tris (pH 6.0−6.5), Bis-Tris propane
(pH 6.5−7.5), Tris (pH 7.5−8.5), and glycine (pH 9.0−10.0).
The glycine buffers were adjusted to the desired pH using
NaOH. Steady-state pH profiles were obtained using 15−
50 μM horse heart cyt c (Sigma), 0.50−2.5 μg/mL SO, and
varying concentrations of sulfite in a final assay volume of 1 mL.
The reduction of cyt c was monitored at 550 nm using an

extinction coefficient of 19 mM−1 cm−1. The steady-state
reaction parameters kcat and Km were obtained by a direct fit of
the concentration dependence to the Michaelis−Menten
equation using Kaleidagraph (Synergy Software). Steady-state
assays with ferricyanide as the electron acceptor were
performed using 20 mM buffers as described above, 40 μM
ferricyanide, 1.5−5.0 μg/mL SO, and varying concentrations of
sulfite in a final assay volume of 1 mL. The reduction of
ferricyanide was monitored at 420 nm, and enzyme activity is
reported in units per milligram, where one unit is equal to an
absorbance change of 1.0 AU/min at 420 nm.

Nitrate Reductase Assays. Nitrate reductase assays were
conducted anaerobically at 25 °C using dithionite-reduced
methyl viologen as the electron donor and monitoring the
oxidation of MV at 600 nm using a Shimadzu UV-1601PC
spectrophotometer. Nitrate reductase assays were conducted
anaerobically at 25 °C using dithionite-reduced methyl viologen
(MV) as the electron donor and monitoring its oxidation at
600 nm using an extinction coefficient of 8.25 mM−1 cm−1.30

Assay conditions include 20 μM MV, 50 μg of enzyme, and
varying concentrations of potassium nitrate in a final volume of
2 mL. Measurement of nitrate reductase activity was conducted
at pH 7.0 using 50 mM Bis-Tris propane and at pH 8.5 using
50 mM Tris-HCl. The pH of the buffer was adjusted with acetic
acid to minimize anion inhibition. The change in absorption
was monitored on a Shimadzu UV-1601PC spectrophotometer.
All buffer solutions were made anaerobic by being bubbled 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, MI) in 13 mm × 100 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 steady-state reaction parameters kcat
and Km were obtained by a direct fit of the concentration
dependence to the kinetic studies.

Stopped-Flow Assays of HSO. Rapid reaction kinetic
studies were performed using an SX.20MV stopped-flow
reaction analyzer (Applied Photophysics Ltd.) as previously
described.8,17 The dead time of the instrument was determined
to be <1.5 ms with a path length of 10 mm. To prepare the
instrument for anaerobic operation, the sample tubing and
valve lines were incubated with 250 mM sodium dithionite for
several hours and then thoroughly rinsed with O2-free water.
Additionally, the sample-handling unit of the stopped-flow
apparatus was fitted with an anaerobic accessory that enclosed
the drive syringe plungers and was continuously flushed
with nitrogen gas. The reaction temperature was maintained
at 25 °C using a circulating water bath connected to the
thermostat bath housing the drive syringes. All solutions were
made anaerobic by being bubbled with argon gas for at least
30 min prior to use, and solutions of human SO were prepared
by diluting <100 μg of a concentrated stock of the enzyme into
a final volume of ∼5 mL of anaerobic buffer. All dilutions were
performed in an anaerobic chamber (Coy Laboratory Products
Inc.), and 5 mL Hamilton gastight syringes were used to load
samples into the stopped-flow spectrophotometer. Rapid
kinetic assays of the reductive half-reaction were performed
anaerobically at 25 °C using 0.3−0.8 μM protein. Reduction of
the SO b5-type heme was directly monitored by measuring
the extinction change of the Soret peak at 425 or 430 nm. The
kobs of each individual reaction was obtained by fitting
individual kinetic traces to single- or double-exponential curves
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using a nonlinear least-squares Levenberg−Marquardt algo-
rithm. The maximal rate parameter kred and the Kd

sulfite for the
reductive half-reactions were obtained by fitting the kobs at
varying sulfite concentrations to a hyperbolic curve as shown
below.

= +k k K[S]/( [S])obs red d (3)

Crystallization of the Nitrate Reductase Variants of
CSO. After purification, the CSO-2NR variant was buffer
exchanged using a PD-10 ion exchange column (GE Health-
care) into 20 mM Tris (pH 7.8) and 100 mM NaCl and
concentrated to 25 mg/mL using a Vivaspin 30000
concentrator (Vivascience). This sample served as a stock
protein solution and was stored at 4 °C prior to crystallization.
From this stock solution, the protein was diluted to a 10 mg/mL
solution using a buffer solution of 20 mM Tris (pH 7.8)
containing 100 mM NaCl. Crystals of the CSO-2NR variant
were obtained by the hanging drop vapor diffusion method
at 17 °C, by adding 2 μL of protein solution to 2 μL of
crystallization solution equilibrated against 1 mL of reservoir
crystallization solution of 17% PEG 10000 (w/v), 10 mM
barium chloride dihydrate, 100 mM ammonium acetate, and
100 mM Bis-Tris propane (pH 5.5). Red crystals were observed
after 3 weeks and were grown for 5−6 weeks. Crystals were
transferred to the crystallization solution containing 5%
glycerol, the level of which was increased stepwise to a final
concentration of 30%, and then flash-frozen in liquid nitrogen.
The crystals grew in space group I41 with a solvent content of
54.5% and the following unit cell dimensions: a = 85.62 Å, b =
85.62 Å, and c = 153.37 Å. The CSO-3NR variant crystal form
was grown under crystallization conditions consisting of 15%
(w/v) PEG 6000, 5% (v/v) MPD, 100 mM MES (pH 6.5), and
2% (w/v) benzamidine hydrochloride hydrate by the hanging
drop method as described above. The crystals were observed
after 3 weeks, reaching a final size by 6 weeks, were red in color,
and grew in space group I41 with a solvent content of 54.3%
and the following unit cell dimensions: a = 85.6 Å, b = 85.6 Å,
and c = 152.8 Å.
X-ray diffraction data sets were collected for both the

CSO-2NR and CSO-3NR variants at the South East Regional
Collaborative Access Team (SER-CAT) BM-22 line at the
Advanced Photon Source, Argonne National Laboratory
(Argonne, IL). All data sets were scaled and indexed using
DENZO and SCALEPACK.31 The structures were deter-
mined by molecular replacement using PHASER in the CCP4
suite of programs. The coordinates from recombinant chicken
SO residues 95−466 [Protein Data Bank (PDB) entry 2A99]
excluding the cofactor and solvent molecules were used for
the molecular replacement search model.32 Iterative model
building using COOT33 with PROBE34 for visualization of all-
atom contacts and refinement was done with REFMAC.35

The stereochemistry of the structures was evaluated using
MOLPROBITY36 to assess the Ramachandran plots and atomic
clash scores. For the structures reported in this study, TLS
refinement was performed at the final stages of refinement,37 and
water molecules were added to complete the models using
COOT.

■ RESULTS AND DISCUSSION
HSO R472Q and R472M Single-Substitution Variants.

When the crystal structure of plant SO was determined, all
residues in the active site superimposed with the previously
determined chicken SO structure with the exception of the side

chain of the Arg 374 residue (analogous to Arg 450 and 472 in
chicken and human SO, respectively). Because plant SO
crystallized in the absence of sulfate, it was proposed that this
residue plays a crucial role in substrate recruitment and
binding.19 To directly test the role of this residue in substrate
binding, we generated and purified the R472Q (for a similarly
sized but uncharged substitution) and R472M (the analogous
residue in NR) variants of human SO. Both variants behaved
like wild-type SO during purification and were purified as
dimers with a full complement of Mo as measured by atomic
absorption spectroscopy.
Somewhat surprisingly, steady-state kinetics of both of these

variants indicated that substitution at this position had very
little effect on the Km

sulfite, and even at high pH, the values were
very comparable to those of wild-type SO (Table 1). In

contrast to the Km
sulfite values, both mutations had drastic effects

on catalysis as measured by the ability to reduce the exogenous
electron acceptor cyt c in the presence of sulfite (Table 2). The

impairment of catalysis was particularly pronounced at high pH
values.

Stopped-Flow Analysis of the Reductive Half-Reac-
tion of R472Q and R472M. Stopped-flow analysis of wild-
type, R472Q, and R472M SO was performed in the absence of
cyt c by measuring the spectral change in the Soret peak at 425
nm allowing direct observation of the reduction of heme during
the reductive half-reaction and obtaining a rate for IET #1
(Figure 1). In contrast to the kcat values described above, the
kred values for both of these proteins were quite high at both pH
7.0 and 8.5 (Table 3). R472Q demonstrated nearly wild-type
rates, and R472M had approximately values that 50% of the
wild-type rates at both pH values. These results were somewhat
unexpected because overall the level of catalysis in both of these
proteins is less than 10% of that of the wild type (Table 2).

Table 1. Km
sulfite for Wild-Type SO and Its R472Q and

R472M Variantsa

pH wild-type Km (μM) R472Q Km (μM) R472M Km (μM)

6.0 1.29 2.32 1.95
7.0 2.72 3.51 2.45
8.0 4.35 13.0 4.72
8.5 8.25 16.2 9.38
9.0 22.1 45.3 21.2
9.5 67.1 96.7 53.7
10.0 52.9 181.7 96.9

aSteady-state assays were conducted aerobically as described in
Experimental Procedures.

Table 2. kcat Values for Wild-Type SO and Its R472Q and
R472M Variantsa

pH wild-type kcat (s
−1) R472Q kcat (s

−1) R472M kcat (s
−1)

6.0 13.2 8.17 5.02
7.0 24.2 5.77 3.60
8.0 25.9 9.34 3.48
8.5 26.9 4.58 3.77
9.0 25.7 4.24 3.44
9.5 26.3 1.67 1.81
10.0 13.0 0.52 0.46

aSteady-state assays were conducted aerobically as described in
Experimental Procedures.
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Another surprising result was the high Kd
sulfite at pH 8.5 for

both proteins, particularly R472Q; this was not anticipated in
view of the nearly wild-type Km

sulfite values obtained in the
steady-state assays for both of these proteins (Table 1).
These results form a direct contrast to the reductive half-

reaction rates obtained in our laboratory for previously analyzed
active site variants, including R160Q16 and Y343F.17 For
both of these proteins, we obtained very low kred values at pH
8.5 (5.3 and 4.8 s−1 for R160Q and Y343F, respectively), as well
as very high Kd

sulfite values that were very close to the Km
sulfite

values obtained for the steady-state reactions.
To rule out the possibility that the interaction of the heme

domain with the exogenous electron acceptor cyt c was adversely
affected in these variants, resulting in a low overall level of catalysis
but high reductive half-reaction rates, steady-state kinetics were
performed in which the concentration of sulfite was held constant
and that of cyt c was varied. The Km

cyt c obtained for R742Q was
4 μM and for R472 M was 4.1 μM, which in both cases was
very close to the wild-type value of 4.4 μM.
Mo domains of R472Q and R472M SO. To measure the

ability of R472Q and R472M to oxidize sulfite and transfer
electrons to an artificial electron acceptor in the absence of the
heme domain, the R472Q and R472M mutations were created
in the Mo domain of SO. As seen in the stopped-flow results
described above, when the nonspecific electron acceptor
ferricyanide (rather than cyt c) is used in steady-state assays,
the Vmax was not nearly as impaired as when cyt c was used for
either protein (Table 4). Also similar to the stopped-flow

results in which the Kd for both proteins significantly increased
(Table 3), the Km

sulfite increased significantly in these assays, as
well (Table 4).
Again, the R472Q and R472MMo domain variants are different

from other previously characterized human SO variants (e.g.,Y343F

and R160Q), which have impaired catalysis, but also
demonstrate a similarly weak ability to reduce a nonspecific
electron acceptor such as ferricyanide.

Human SO Y343N/R472M (HSO-2NR) Variant. Of the
five core residues forming the active site of SO, two are not
conserved between SO and NR proteins. These two residues,
Tyr 343 and Arg 472 (human numbering), were switched
to the Asn and Met residues found in NR proteins. Upon
examination of the single-substitution variant proteins at these
two positions (Y343N and R472M), it is clear that these two
residues play distinct roles. The Tyr 343 residue clearly plays an
important role in mediating substrate specificity, because the
Y343N single mutant demonstrates significant impairment of
the ability to bind sulfite (Table 5) while retaining catalytic

activity [∼60% of that of the wild type at pH 8.5 (Table 6)],
while the R472M single mutant as discussed above has an
essentially wild-type Km

sulfite but only ∼10% of wild-type
catalytic activity (Tables 1 and 2). The Y343N/R472M double
mutant (HSO-2NR) behaved like wild-type HSO and was
purified as a dimer.10 The HSO-2NR variant lost essentially all
ability to bind sulfite as demonstrated by a Km

sulfite of 42.9 mM
at pH 8.5, 5000-fold higher than the wild-type value of 8.25 μM
(Table 5). Furthermore, HSO-2NR was severely impaired in its
ability to oxidize sulfite (Table 6) across the range of pH values
measured, resulting in a second-order rate constant (kcat/
Km

sulfate) 7 orders of magnitude below that of wild-type SO
(Table 7). However, this protein gained the ability to bind
nitrate with a Km

nitrate of 568 μM as demonstrated by methyl
viologen-mediated nitrate reduction assays performed at pH
8.5, while wild-type SO has negligible ability to either bind or
reduce nitrate (Table 8). While this initial result was
encouraging, the measured Km

nitrate of 568 μM at pH 8.5 was
approximately 10-fold higher than that observed in native NR
proteins. However, when the assays were performed using

Table 3. Rapid Reaction Kinetics for Wild-Type, R472Q,
and R472M SOa

kred (s
−1) Kd

sulfite (μM)

pH 8.5
wild type 82.8 6.72
R472Q 71.2 227
R472M 38.9 73.4

pH 7.0
wild type 70.2 2.05
R472Q 83.4 14.5
R472M 39.0 3.23

aStopped-flow analysis was conducted anaerobically as described in
Experimental Procedures.

Table 4. Steady-State Activity of the Mo Domains of Wild-
Type, R472Q, and R742M SO Using Ferricyanide as an
Artificial Electron Acceptor

Vmax (units/mg) Km
sulfite (μM)

pH 8.5
wild type 99.8 14.9
R472Q 99.6 223
R472M 46.4 94.0

pH 7.0
wild type 78.0 4.56
R472Q 50.5 12.8
R472M 27.9 5.00

Table 5. Km
sulfite Values of Active Site HSO Variants

pH

wild-
type
Km

(μM)
Y343N
Km (μM)

V474M
Km

(μM)

Y343F/
R472QKm
(μM)

Y343N/
R472M
Km (μM)

Y343N/
R472M/
V474M
Km (μM)

6.0 1.29 95.3 0.46 61.4 16800 1100
7.0 2.72 94.7 1.34 87.7 4640 1420
8.0 4.35 297 3.19 282.7 19280 2140
8.5 8.25 850 3.54 712.5 42990 14000
9.0 22.1 2460 14.4 3340 85640 55500
9.5 67.1 9370 31.9 39900 208000 111000
10.0 52.9 12013 40.2 59660 NDa 418000

aNot determined.

Table 6. kcat Values of Active Site Mutants

pH

wild-
type
kcat
(s−1)

Y343N
kcat
(s−1)

V474M
kcat (s

−1)

Y343F/
R472Q
kcat (s

−1)

Y343N/
R472M
kcat (s

−1)

Y343N/
R472M/
V47M kcat

(s−1)

6.0 13.2 3.17 5.96 1.44 1.35 1.90
7.0 24.2 12.77 11.4 1.73 1.13 3.37
8.0 25.9 13.75 17.8 2.05 1.33 3.58
8.5 26.9 16.91 15.8 2.25 1.42 3.90
9.0 25.7 15.54 19.6 2.31 1.13 5.60
9.5 26.3 8.11 17.1 4.94 0.97 5.23
10.0 13.0 4.38 12.4 2.96 NDa 2.80

aNot determined.
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standard nitrate reductase conditions at pH 7.0, the value
of 24 μM was well within the range of native NR
proteins,24,38,39 though the rate of catalysis remained quite
low (Table 8).
Human SO Y343N/R472M/V474M (HSO-3NR) Variant.

On the basis of sequence analysis, the importance of an
additional Met residue found in the active site of all NR
proteins rather than the Val residue found in that position in
SO proteins was not obvious. However, on the basis of the
recently determined crystal structure of yeast NR,25 the Met
residue found in the active site of NR was proposed to be
important in catalysis of nitrate reduction, because the side chain
of this residue changed conformation depending on the
presence or absence of nitrate like Arg 472, which changes
position in SO. Therefore, the homologous Val residue in SO
was changed to a Met to create a triple-variant SO protein
(Y343N/R472M/V474M). This triple mutant was expressed,
and its behavior during purification was identical to that of
wild-type HSO.10 Interestingly, while the sulfite oxidation
ability of this protein remained very weak as expected, it was
less impaired than HSO-2NR particularly at higher pH values,
with higher kcat and lower Km

sulfite values at all pH values
(Tables 5−7). When nitrate reductase assays were performed
at pH 8.5, Km

nitrate decreased from 568 to 192 μM, and at pH
7.0, the kcat increased slightly more than 2-fold, from 0.82 to
2.13 s−1 (Table 8)
Role of the Heme Domain in the NR Activity of HSO-

2NR and HSO-3NR. Previous studies using the native NR Mo
domain fragment have demonstrated that the heme domain and
the FAD domain are not necessary for activity in the presence
of a ready supply of electron donors such as reduced viologens.38

Purification of the Mo domains of both HSO-2NR and -3NR

allowed us to answer the question of whether the heme domain is
necessary for nitrate reduction in this system (Table 9). The Mo

fragments of both HSO-2NR and HSO-3NR retained low Km
nitrate

values and kcat values similar to those of full-length proteins
(Table 8), demonstrating that the heme domain is not needed
as long as there is a source of electrons from dithionite and reduced
viologens.

Absorption Spectra of the Mo Domains of HSO-NR
Variants. Generating the Mo domains of these variants in the
absence of the heme domain also allowed us to measure
absorption spectra and to visualize the Mo center in a way that
is not possible in the presence of the strongly absorbing heme
chromophore (Figure 4). While the spectrum of the single

Table 7. Second-Order Rate Constants (kcat/Km
sulfite) of Active Site Mutants

pH wild type Y343N V474M Y343F/R472Q Y343N/R472M Y343N/R472M/V474M

6.0 1.02 × 107 3330 1.30 × 106 2350 8.04 173
7.0 8.90 × 106 1.35 × 104 8.51 × 105 1970 24.4 237
8.0 5.95 × 106 4630 5.58 × 105 725 6.90 167
8.5 3.26 × 106 1990 4.46 × 105 316 3.30 27.9
9.0 1.16 × 106 632 1.36 × 105 69.2 1.32 10.1
9.5 3.92 × 105 86.6 5.36 × 104 12.4 0.47 4.71
10.0 2.46 × 105 36.5 3.08 × 104 4.96 NDa 0.67

aNot determined.

Table 8. Nitrate Reducing Activity of the HSO Variants and
Wild-Type NR Proteins

Km
nitrate

(μM) kcat (s
−1)

kcat/Km
nitrate

(M−1 s−1) ref

pH 8.5
wild-type SO 43000 <0.10 NDa this work
HSO-2NR 568 0.65 1.1 × 103 this work
HSO-3NR 192 0.67 3.5 × 103 this work

pH 7.0
HSO-2NR 24 0.82 3.4 × 104 this work
HSO-3NR 30 1.07 3.5 × 104 this work
Spilanthes
oleracea

12 180 1.5 × 107 39

A. thaliana 90 100 1.1 × 106 24
Pichia pastoris 30 159 5.3 × 106 38

aNot determined.

Table 9. Nitrate Reducing Activity of the Mo Domains of
Human Wild-Type SO, HSO-2NR, and HSO-3NR

Km
nitrate (μM) kcat (s

−1)

pH 8.5
SO Modom 2270 0.13
Mo HSO-2NR 872 0.47
Mo HSO-3NR 371 0.63

pH 7.0
SO Modom 1410 0.06
Mo HSO-2NR 42 0.62
Mo HSO-3NR 37 1.93

Figure 4. Absorption spectra of SO variants: () wild type, (···)
Y343N, (−·−) SO-2NR, and (---) SO-3NR.

Biochemistry Article

dx.doi.org/10.1021/bi201206v | Biochemistry 2012, 51, 1134−11471140



active site mutants R472M and V474M appeared to be identical
to that of the wild type (data not shown), absorption spectros-
copy revealed significant differences in the 480 and 350 nm
absorption bands for the Y343N variant (Figure 4), indicating
altered geometry in the enedithiolate-to-Mo charge transfer
band at 360 nm and in the Cys 207 to Mo charge transfer as
demonstrated by a blue shift in the 480 nm band.
Chicken SO Y322F/R450M (2NR) Variant. In the crystal

structure of chicken SO, the active site residue Arg 450
(equivalent to Arg 472 of HSO) was observed to change
conformation depending on the presence of the sulfate. This
suggested that Arg 450 was involved in substrate recruitment.
Further examination of the crystal structure of the active site of
chicken SO suggested that Tyr 322, because of its proximity to
the molybdenum of the Moco, might play a role in electron
transport and substrate recruitment (Figure 5). This

supposition was supported by studies conducted with human
SO variant Y343F.17,18 When the Mo domain of assimilatory
NR was crystallized, the active site was found to superimpose
with the active site of SO at four of six positions.25 Interestingly,
the two positions that were not identical were Tyr 322 and
Arg 450 of CSO, which are strongly conserved in all SO
proteins. Tyr 322 corresponds to an Asn in NR, and Arg 450
corresponds to a Met in plant NRs or to a Leu/Thr in fungal
NR proteins. This observation suggested that it might be
possible to modulate the substrate affinity and convert the
enzymatic activity of SO from sulfite oxidation to nitrate
reduction. Because the HSO variants discussed above (HSO-
2NR and HSO-3NR) were not amenable to crystallization, the
equivalent double mutant of chicken SO, Y322N/R450M
(CSO-2NR), was generated, cloned, expressed, and behaved
like wild-type CSO during purification,9 and was characterized
for sulfite oxidase and nitrate reductase activity. The variant
exhibited a markedly weakened ability to bind sulfite at pH 8.5
with a Km

sulfite of 11730 μM and a weakened ability to oxidize
sulfite to sulfate with a kcat

sulfite of 2.52 s−1 for a second-order
rate constant kcat/Km

sulfite of 2.14 × 102 compared to wild-type
CSO with a Km

sulfite of 8.43 μM and a kcat
sulfite of 73.3 s−1 for a

kcat/Km
sulfite of 8.69 × 106. At pH 7.0, the 2NR variant exhibited

an improvement in the ability to bind sulfite with a Km
sulfite of

561 and an improved kcat
sulfite of 4.83 s−1 for a second-order rate

constant of 8.61 × 103 that was still considerably lower than
that of wild-type SO with a Km

sulfite of 1.28 μM and a kcat
sulfite of

35.9 s−1 for a kcat/Km
sulfite of 8.69 × 107 (Table 10).

When assayed for nitrate reduction activity at pH 8.5, wild-
type CSO exhibited negligible ability to reduce or bind nitrate,
whereas the CSO-2NR variant exhibited a Km

nitrate of 1134 μM
and a kcat

nitrate of 0.751 s−1 for a kcat/Km
nitrate of 6.62 × 102.

When the 2NR variant was assayed under standard conditions
at pH 7.0, the 2NR variant exhibited a Km

nitrate of 445 μM and a
kcat

nitrate of 0.65 s−1 for a kcat/Km
nitrate of 1.46 × 103. While it was

encouraging to observe modified substrate affinity and catalytic
activity from sulfite oxidation to nitrate reduction in CSO, the
Michaelis constant values were much higher than that of native
NR enzymes (Table 11).

Chicken SO Y322F/R450M/R452 M (3NR) Variant.
While the results for the double variants of SO were intriguing,
the rate of catalysis was very slow and the Michaelis constant of
the enzyme was considerably higher than that of native NR
enzymes. On the basis of the results of the double mutant, the
active sites of NR and SO were re-evaluated, and an additional
Met residue was identified as potentially being involved in
catalysis as this residue changed conformation depending on
the presence of sulfate in NR similar to Arg 450 in SO;
additionally, this Met residue is conserved in native NR
enzymes and aligned with a Val residue in SO (Figure 6). This
Val residue in SO was mutated to Met to create an SO triple
mutant Y322N/R450M/V452M (CSO-3NR). This CSO-3NR
variant behaved like wild-type CSO during purification.9 The
CSO-3NR variant exhibited weakened ability to oxidize sulfite
at pH 8.5 with a Km

sulfite of 6750 μM and a kcat
sulfite of −4.1 s−1

for a kcat/Km
sulfite of 6.07 × 102. At pH 7.0, the variant had a

Km
sulfite of 570 μM and a kcat

sulfite of 2.18 s−1 for a kcat/Km
sulfite of

Figure 5. Overlay of chicken SO (black) and human SO (black in
parentheses) with bacterial SDH (blue) active site residues.

Table 10. Sulfite Oxidizing Activity of the CSO Variants and
Wild-Type NR Proteins

Km
sulfite

(μM)
kcat

sulfite

(s−1)
kcat/Km

sulfite

(M−1 s−1) ref

pH 8.5
CSO 8.43 73.3 8.7 × 106 20
CSO 8.53 71.4 8.3 × 106 this work
CSO-2NR 11730 2.52 2.1 × 102 this work
CSO-3NR 6750 4.1 6.1 × 102 this work

pH 7.0
CSO 1.28 35.9 2.8 × 107 20
CSO 1.33 36.1 2.7 × 107 this work
CSO-2NR 561 4.83 8.6 × 103 this work
CSO-3NR 570 2.18 3.8 × 103 this work

Table 11. Nitrate Reducing Activity of the CSO Variants and
Wild-Type NR Proteins

Km
nitrate

(μM) kcat (s
−1)

kcat/Km
nitrate

(M−1 s−1) ref

pH 8.5
CSO >20000 <0.15 NDa this work
CSO-2NR 1134 0.751 6.6 × 102 this work
CSO-3NR 151.1 0.377 2.4 × 103 this work

pH 7.0
CSO >20000 <0.10 NDa this work
CSO-2NR 445 0.65 1.4 × 103 this work
CSO-3NR 72.7 0.96 1.3 × 104 this work
S. oleracea 12 180 1.5 × 107 39
A. thaliana 90 100 1.1 × 106 24
P. pastoris 30 159 5.3 × 106 38

aNot determined.
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3.82 × 103 (Table 10). When assayed for nitrate reductase
activity at pH 7.0, CSO-3NR exhibited a Km

nitrate of 72.7 μM,
which is close to the Km

nitrate observed for native NR proteins,
but a kcat

nitrate of 0.96 s−1 for a kcat/Km
sulfite of 1.32 × 104, which

is relatively low (Table 11).
Crystallographic Studies of Chicken 2NR and 3NR

Variants via the Determination of Structures. The
structures of CSO-2NR and CSO-3NR variants were deter-
mined by molecular replacement (Figure 7). The first attempt
to determine the structure of CSO-2NR used the coordinates
from the full-length natively purified CSO (PDB entry 1SOX),
as a search model, in PHASER. Unfortunately, this approach
did not yield a search solution with all components. We then
used the wild-type rCSO coordinates (PDB entry 2a99 for
chain A monomer residues 95−466) as the search model.
Despite the fact that the full-length proteins were used for
crystallization and the crystals exhibited the characteristic red
color of the heme prosthetic group, no electron density was
observed for the N-terminal b5-type cytochrome domain in any
of the structures we obtained, presumably because of the heme
domain adopting multiple stable orientations within the crystal.
These results were consistent with previously published
results.20 Both CSO-2NR and CSO-3NR crystallized in the
space group I41, and all crystals had one monomer in the
asymmetric unit as calculated by the Matthews coefficient.40

Attempts were made to obtain a substrate-bound crystal of both
CSO-2NR and CSO-3NR by soaking and cocrystallizing with
nitrate at 1 mM, but data sets collected from both methods
indicated the absence of substrate in the active site (Figure 7).
This result is consistent with previously published results
for the crystallization of the central Moco catalytic fragment
of P. angusta NR.25 The structures of CSO-2NR and CSO-
3NR had good stereochemistry with all residues in the
most favored and additionally allowed regions of the
Ramachandran plot as determined by MOLPROBITY.36 After
several cycles of least-squares minimization and model building,
the resulting crystallographic values Rcryst and Rfree are reported
in Table 12.
Comparison of the Crystal Structures of CSO-2NR and

Wild-Type CSO. The structure of CSO-2NR was refined
to 2.4 Å resolution with an Rcryst of 16.7 and an Rfree of 20.7.
The topology of the 2NR variant is very similar to that of
the natively purified enzyme, consisting of the central Moco
domain and the C-terminal dimerization domain as indicated
by an rmsd of 0.142 Å for backbone atoms. As reported

previously, the overall topology of the enzyme is a unique
mixed αβ fold.11,20 The structure was determined by molecular
replacement without solvent or cofactor atoms in the search
model. 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 modeled into the structure and
found to be in good agreement with the density. The Moco is
in a position virtually identical to that of the wild-type cofactor
and bound deep inside the core of the domain held by an
extensive network of hydrogen bonds and van der Waals
interactions within the Moco binding pocket. The observed
bond length from the Mo to the axial oxygen was 1.72 Å, and
the equatorial oxygen bond distance was ∼1.98 Å. The bond
distance of the equatorial oxygen ligand is between the values
from the previously conducted EXAFS studies that indicated a
single-bond distance of 2.27 Å for the reduced molybdenum
and a distance from the double-bonded oxygen to molybdenum
of ∼1.7 Å.15,41,42 This suggests a partially reduced form of
the molybdenum to MoV species. It is possible that the
molybdenum of the cofactor is partially reduced either by the
cryoprotectant glycerol or by photoreduction while in the
synchrotron X-ray beam;11 however, at a resolution of 2.4 Å,
it is difficult to assign the exact oxidation state of the
molybdenum solely on the basis of crystallographic data.
Comparison of the active site residues of CSO-2NR to those of
wild-type CSO indicates that several active site residues adopt
conformations similar to those of residues of wild-type SO. An
overlay of the two active sites reveals an rmsd of 0.091 Å
between the residues of the wild type and the 2NR variant, and
it is apparent that in the 2NR variant the active site residues Arg
138, Cys 185, Arg 190, and Trp 204 all adopt conformations
virtually identical to those in wild-type SO (Figure 8A),
indicating that these residues were not rearranged in the 2NR
variant. The Asn 322 mutation’s side chain appears to have
moved closer to the Moco than the Tyr 322 found in the wild-
type active site. The more polar side chain of the asparagine
may have entered deeper into the active site than the pre-
dominately hydrophobic tyrosine. The Met 450 side chain
found in the 2NR and 3NR variants appears to be in a more
extended conformation compared to the Arg 450 side chain of
wild-type CSO.

Comparison of the Crystal Structures of CSO-2NR and
Wild-Type P. angusta NR. The structure of CSO-2NR is
similar to the Mo domain structure of P. angusta wild-type
NR25 with an rmsd of 1.05 Å compared to the backbone atoms

Figure 6. Overlay of yeast NR (black) and chicken SO (blue) active sites in the presence (A) and absence (B) of sulfate.
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of NR (PDB entry 2BIH). The overall fold of the CSO-2NR
variant is similar to that of P. angusta wild-type NR. As
mentioned above, the length of the bond from the oxygen
ligands of the molybdenum to the axial oxygen is 1.7 Å, and the
equatorial oxygen bond distance is equal to ∼1.9 Å. In the
crystal structure of wild-type NR, the axial oxygen ligand of the
molybdenum was at a distance of ∼1.9 Å while the equatorial
oxygen ligand was at a distance of ∼2.1 Å, which would suggest
the molybdenum of NR is in the reduced form. As NR reduces
nitrate to nitrite, the enzyme is itself oxidized, so it is reasonable
to suggest that the molybdenum atom of NR exists in the
reduced form prior to catalysis. The distance from the oxygen
ligands to the molybdenum of Moco in the 2NR structure
suggests that the Mo is in an intermediate redox state. The
structure of the CSO-2NR active site is similar to that of wild-
type NR with an rmsd of 0.623 Å. The CSO-2NR active site
residues Arg 138, Arg 190, Trp 204, and Cys 185 adopt
conformations similar to those of the equivalent positions in

wild-type NR (Figure 8B). The notable exception is Met 450 of
CSO-2NR compared to Met 427 of wild-type NR. Met 450 of
CSO-2NR is farther from the other active site residues than the
wild-type Met; in addition, the side chain adopts a different
orientation. In the 2NR structure, the Met 450 side chain is
pointed away from the Mo atom whereas the Met side chain of
P. angusta NR is pointed toward the Mo atom of the active site
of the enzyme.

Comparison of the Crystal Structures of CSO-3NR and
Wild-Type CSO. The structure of CSO-3NR was refined to
2.1 Å resolution, with an Rcryst of 16.9 and an Rfree of 19.0. The
structure of the 3NR variant of CSO has overall topography
similar to that of wild-type SO as indicated by an rmsd of 0.121
Å for all Cα backbone atoms. 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 CSO-3NR is in essentially the same position as

Figure 7. Structures of the active sites of (A) CSO-2NR active site residues colored magenta (left) and with electron density around active site
residues (right) and (B) CSO-3NR active site residues colored orange (left) and with electron density around active site residues (right).
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the Moco in the wild-type CSO enzyme. In the 3NR variant of
CSO, the length of the bond from the axial oxygen ligand to the
molybdenum is ∼1.70 Å and that from the equatorial oxygen
is ∼2.11 Å. These bond lengths would suggest that the enzyme
is closer to the reduced form of the molybdenum than the 2NR
variant. This equatorial oxygen distance is closer to the single-
bond hydroxyl molybdenum distance of 2.27 Å. The active site
residues of CSO-3NR and wild-type CSO have adopted similar
conformations as indicated by an rmsd of 0.064 Å. Inspection
of the active site residues reveals that four residues (Arg 138,
Arg 190, Trp 204, and Cys 185) superimposed almost perfectly
between the CSO-3NR variant and the wild-type active site
(Figure 9A). The Asn mutation at position 322 appears to have
adopted a position similar to that of the Tyr it replaces when
comparing the Cβ positions of the two side chains. The Met
450 side chain appears to be directed toward the solvent, as is
Arg 450 of wild-type SO in the absence of substrate. The Met
452 mutation appears to adopt a conformation that attempts to
fill the volume of the wild-type Val side chain, and the sulfur of
the Met adopts a position close to the Cγ atom of the Val
closest to the Moco, such that the sulfur is pointing into the
active site of the enzyme.
Comparison of the Crystal Structures of CSO-3NR and

Wild-Type NR. The structures of the CSO-3NR variant and
the Mo domain of wild-type P. angusta NR (PDB entry 2BIH)
share overall similarity as indicated by an rmsd of 1.08 Å when
the Cα backbones are aligned. The Moco of the CSO-3NR
variant is in a position virtually identical to that of the Moco of
the wild-type NR structure. As discussed above, in the CSO-
3NR variant, the distance from 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. As stated previously, it is possible that the
molybdenum of the cofactor is partially reduced either by the
cryoprotectant glycerol or by photoreduction while in the
synchrotron X-ray beam.11 The active site residues of 3NR and
wild-type NR have adopted similar conformations as indicated
by an rmsd of 0.658 Å. Arg 138, Cys 185, Arg 190, and Asn 322
of CSO-3NR superimpose well with Arg 89, Cys 139, Arg 144,
and Asn 272 of NR, respectively. Trp 204 of CSO-3NR is in
approximately the same position as Trp 158 of NR (Figure 9B).
Met 450 does not align well with the Thr side chain found in a
position analogous to that in wild-type NR. The Met residue at
position 452 adopts an alternate conformation versus that of
the wild-type Met of NR. However, the sulfur atom of Met 452
is directed into the active site and is in approximately the same
position as the sulfur of the wild-type Met 427 of NR. The addition

Table 12. Crystallographic Data and Refinement Statistics
for CSO-2NR and CSO-3NR

CSO 2NR CSO 3NR

resolution (Å) 50−2.4 50−2.1
wavelength 1.00 1.00
space group I41 I41
cell constants (Å) a = 85.6 a = 85.6

b = 85.6 b = 85.6
c = 153.4 c = 152.8

no. of molecules per asymmetric unit 1 1
total no. of observations 102928 209711
no. of unique reflections 21499 31937
mean redundancy 4.8 (4.1) 6.6 (5.0)
Rsym

a (%) 9.9 (34.5) 10.3 (28.8)
completeness (%) 99.6 (96.9) 99.7 (97.2)
mean I/σ 23.2 (3.2) 39.7 (4.3)
Rcryt

b (%) 16.9 17.6
Rfree

c (%) 21.7 20.4
mean B factor 21.9 20.7
no. of atoms used in refinement 3084 3083
no. of waters 182 189
rmsd for bond lengths (Å) 0.013 0.011
rmsd for bond angles (deg) 1.407 1.27
Ramachandran statisticsd 98.4/1.6 99.2/0.8

aRsym = ∑|I − ⟨I⟩|, where I is the observed intensity and ⟨I⟩ is the
average intensity of multiple symmetry-related observations of that
reflection. bRcryst = ∑(|Fo| − |Fc|)/∑|Fo|, where Fo and Fc are the
observed and calculated structure factors, respectively. cRfree is the R
factor based on the data withheld at random from structural
refinement. dFavored/allowed regions, with no outliers.

Figure 8. (A) Comparison of the active site of CSO 2NR with that of
wild-type CSO colored gray and the 2NR variant colored blue. Only
the Moco of 2NR is colored green. (B) Comparison of the active site
of CSO 2NR with that of P. angusta NR colored orange and the active
site of the CSO 2NR variant colored blue. Only the Moco of the 2NR
is colored green.
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of the nonpolar Met at position 452 may also account for the
Asn side chains adopting a conformation closer to that of wild-
type NR than does the Asn 322 found in CSO-2NR.
Comparison of the Structures of CSO-2NR and CSO-

3NR. The structures of the CSO-2NR and CSO-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 sub-
stitution at position 452 appears to slightly adjust the con-
formation of the Asn substitution at position 322 as seen in
Figure 9. 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 variant, the Asn was further
from the Moco. The additional Met 452 substitution appears to
shift the conformation of the adjacent Met 450 side chain. In
the structure of CSO-2NR, the sulfur of Met 450 is pointed
away from the active site. In the CSO-3NR variant, Met 450 is

turned around, such that the sulfur is pointed into the
active site.

■ CONCLUSIONS

The results described in this work show that while the HSO
R472Q and R472M variants have very low overall steady-state
catalytic rates (Table 2), they are not significantly impaired in
their ability to oxidize sulfite or to transfer electrons from Mo
to the heme during the reductive half-reaction (Table 3). The
mutants are much less impaired in their ability to transfer
electrons to the artificial electron donor ferricyanide (Table 4).
Taken together, these results provide evidence that these
proteins are impaired in some aspect of the overall catalytic
mechanism subsequent to the initial IET (see Figure 1).
In contrast to eukaryotic SO proteins in which the Mo and

heme domains are flexibly linked and move relative to each
other during the reaction cycle, a bacterial counterpart of
mammalian SO, SDH from Starkeya novella, consists of Mo and
heme domains that are products of two separate genes that are
purified as a stable heterodimer.43 Unlike mammalian SO, SDH
does not undergo any conformational changes or domain
movement during the catalytic cycle, and the IET rates in
bacterial SDH are unaffected by altering the viscosity of the
buffer solution.44,45 In addition, the crystal structure of bacterial
SDH demonstrated that the Mo and heme centers are locked in
a conformation that maintains the metal centers close enough
to each other to be in an IET-competent conformation
throughout the catalytic cycle.46 Superposition of the Mo
domains of SDH and chicken SO shows a major difference in
the orientation of the heme domains in the two enzymes. In
SDH, the Mo−Fe distance is 16.6 Å, in contrast to the 32 Å
separation observed in chicken SO. Furthermore, bacterial
SDH lacks an arginine in the position analogous that of Arg 472
in human SO (Arg 450 in chicken SO), containing an alanine
(Ala 358) instead (Figure 5). It is likely that SDH follows a
different pathway for IET than mammalian SO proteins, based
on the lack of domain movement during the reaction cycle.
In these studies, the native CSO proteins were mutated away

from the naturally evolved SO active site sequence toward the
NR active site. All the resulting single and multiple mutants
were found to retain the dimeric structure but to have
decreased SO activity and have gained the ability to bind and
reduce nitrate to nitrite. Wild-type NR proteins can en-
hance the rate of nitrate reduction (kcat/Km

nitrate) by 1.5 × 107

(S. oleracea) to 5.3 × 106 (P. pastoris) times over the uncatalyzed
reaction. It is remarkable that the nitrate reductase activity of
CSO-3NR, with a kcat/Km

nitrate of 1.3 × 104, is 2 orders of
magnitude of greater than that of wild-type P. pastoris NR. The
difference in kcat/Km

nitrate between the 3NR variant is largely in
part due to the lower kcat for nitrate compared to those of wild-
type NRs.
This study has also demonstrated that both human and

chicken SO can bind and reduce nitrate with a minimum of two
residues changed in the active site (HSO Y343N/R472M and
CSO Y322N/R450M), and the heme domain is not necessary
for full activity in the presence of a ready supply of electrons
from an electron donor such as reduced methyl viologen.
On the basis of both structural data and our study, Met 427 in
nitrate reductase may perform a role analogous to that of Arg
472, 450, and 374 in human, chicken, and plant sulfite oxidases,
respectively, in mediating conformational changes of the active
site upon substrate binding. It is also possible that Met 427

Figure 9. (A) Comparison of the active sites of CSO-3NR with wild-
type CSO colored gray and the 3NR variant colored blue. Only the
Moco of the 3NR is colored green. (B) Comparison of the active sites
of P. angusta NR colored orange with the active site of the CSO 3NR
variant colored blue. Only the Moco of the 3NR is colored green.
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alters the redox properties of the Mo center to favor nitrate
reduction.
The data presented in this paper should provide the basis for

future comparative studies on SO and assimilatory NR. For
instance, it would be interesting to fuse the double or triple
mutant of SO to the heme and flavin domains of NR to
examine whether the hybrid protein exhibits overall NADPH to
nitrate activity. It would also be important to conduct detailed
comparative EPR studies on NR and the several variants of SO
described here, including assessment of signal shapes and
relative reduction potentials.
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