Lo L

P

1\

AR AN

Structure and mechanism of mouse

cysteine dioxygenase

Jason G. McCoy, Lucas J. Bailey, Eduard Bitto, Craig A. Bingman, David J. Aceti, Brian G. Fox, and George N. Phillips, Jr.*

Center for Eukaryotic Structural Genomics and Department of Biochemistry, University of Wisconsin, Madison, WI 53706-1544

Edited by Jack Halpern, University of Chicago, Chicago, IL, and approved January 3, 2006 (received for review October 24, 2005)

Cysteine dioxygenase (CDO) catalyzes the oxidation of L-cysteine
to cysteine sulfinic acid. Deficiencies in this enzyme have been
linked to autoimmune diseases and neurological disorders. The
x-ray crystal structure of CDO from Mus musculus was solved to a
nominal resolution of 1.75 A. The sequence is 91% identical to that
of a human homolog. The structure reveals that CDO adopts the
typical B-barrel fold of the cupin superfamily. The NE2 atoms of
His-86, -88, and -140 provide the metal binding site. The structure
further revealed a covalent linkage between the side chains of
Cys-93 and Tyr-157, the cysteine of which is conserved only in
eukaryotic proteins. Metal analysis showed that the recombinant
enzyme contained a mixture of iron, nickel, and zinc, with in-
creased iron content associated with increased catalytic activity.
Details of the predicted active site are used to present and discuss
a plausible mechanism of action for the enzyme.
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M ouse cysteine dioxygenase (CDO) catalyzes the initial step
in the biochemical pathway used for oxidation of cysteine
to sulfate (1), namely the oxidation of L-cysteine to cysteine
sulfinic acid as shown in Fig. 1. The enzyme activity has
important medical implications because elevated cysteine levels
have been associated with Parkinson’s and Alzheimer’s diseases
(2). High cysteine-to-sulfate ratios have been observed in pa-
tients suffering from systemic lupus erthematosus and rheuma-
toid arthritis (3, 4). Moreover, the Hallervorden—Spatz syn-
drome, a neurological disorder associated with iron
accumulation, has been linked to a decline in CDO activity (5).

CDO displays significant sequence identity with some mem-
bers of the cupin superfamily (6), which have a conserved
B-barrel fold and share two conserved sequence motifs:
G(X)5HXH(X)3,4E(X)(,G and G(X)sPXG(X)zH(X)3N (6—8)
The two His and Glu residues from the first motif and the His
from the second motif coordinate the metal ion in germin, the
superfamily archetype (9). The Mus musculus CDO sequence
contains the first motif with the exception of the glutamate,
which is replaced by cysteine. This substitution is conserved in
other eukaryotic CDOs. The second motif is less conserved, and
only the His and Asn residues are present in the mouse CDO.

CDO does not require an external reductant (Fig. 1) and
incorporates both oxygen atoms from O, (10), which justifies the
dioxygenase classification, but relatively little else is known
about the reaction mechanism. The recombinant enzyme from
Rattus norvegicus has been purified and characterized by steady-
state kinetics (11); the mouse enzyme investigated here has an
identical sequence. Reconstitution of the rat apoenzyme with
various transition metals confirmed that iron was required for
activity, in accord with the earlier conclusions (1). Moreover, the
recombinant rat enzyme was active without a second interacting
factor, despite previous reports suggesting that additional com-
ponents were required (12, 13).

Here, we describe the x-ray crystal structure of mouse CDO.
The structure reveals a previously undescribed facial triad
arrangement of three His ligands at the metal site. In addition,
a covalent linkage between Tyr and Cys residues is present,
yielding a posttranslational modification analogous to that
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Fig. 1. CDO reaction scheme showing that O; is incorporated into L-cysteine
(L-Cys) to yield cysteine sulfinic acid (CSA).

originally observed in galactose oxidase (14). The modified
Tyr and Cys residues are conserved in the eukaryotic CDOs,
whereas only the Tyr residue is conserved in the bacterial
enzymes. The observed structural features of the active site are
used to propose a plausible reaction mechanism for CDO.

Results

Structure Determination. The time elapsed from the initial selec-
tion of CDO as a structure target to deposition, including
cloning, purification, crystallization, and structure determina-
tion, was 209 days. The structure of CDO was solved to a nominal
1.75-A resolution. Crystallographic statistics are shown in Table
1. The protein is a monomer in the asymmetric unit and is
composed of 200 aa. Terminal residues 1-4 and 191-200 were
not modeled because of insufficient electron density. Ramachan-
dran analysis indicated that 166 of the 186 residues modeled were
in the most favored regions with the remaining residues in the
generously allowed regions. The asymmetric unit also contained
187 ordered water molecules, one ethylene glycol molecule, and
a metal ion. The metal was refined as Ni(II). Coordinates and
structure factors were deposited in the Protein Data Bank (PDB)
with PDB ID code 2atf.

Protein Fold. Fig. 2 shows the overall fold of CDO. The protein
core consists of the small B-barrel-like structure typical of the
cupin superfamily. This barrel is made up of three separate
sheets. One side of the barrel consists of a seven-stranded mixed
B-sheet containing strands G, D, I, B, A, L, and M. Strands G,
D, I, B, and A are antiparallel, as are strands L. and M. Strands
A and L are parallel. The other half of the barrel is made up of
two three-stranded antiparallel B-sheets. The B-sheet made up
of B-strands F, E, and H is aligned parallel to the seven-stranded
B-sheet, whereas the B-sheet made up of B-strands C, J, and K
is rotated ~90° to the other two sheets and forms a third side of
the barrel. The N-terminal region of the protein is primarily
helical, and all of the helices are localized along the outer face
of the seven-stranded B-sheet. The major axes of helices 1, 2, and
5 are aligned in the same direction as the B-sheet. Helix 3 lies
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Table 1. Crystal parameters, data collection, and
refinement statistics

Statistic Peak Edge Remote
Space group P45242
Unit cell parameters, A a =57.6,

b = 57.6,

c=122.1
Wavelength 0.97915 0.96392 0.97933
Resolution range 40.69-1.75 40.69-1.75 40.69-1.75
Highest resolution 1.79-1.75 1.79-1.75 1.79-1.75

shell

Measured reflections 306,248 306,149 307,785
Unique reflections 21,529 21,553 21,554

Completeness, % 100.0 (100.0)  100.0 (100.0)  100.0 (100.0)

Rmerge™ 0.118 (0.270)  0.109 (0.283) 0.108 (0.257)
Redundancy 14.2 (13.8) 14.2 (13.4) 14.3 (14.3)

Mean I/o () 15.89 (5.25) 14.00 (7.09) 13.95 (7.63)
Resolution range, A 1.75-33.86

No. reflections, 20,362/1,101

total/test
Reryst 0.179
Rifree® 0.216
Average B factor, A2 19.1

Values in parentheses are for the highest-resolution shell.

*Rmerge = Zh2illih) — (I(h))|/=rZili(h), where [i(h) is the intensity of an individual
measurement of the reflection and (/(h)) is the mean intensity of the reflec-
tion.

"Reryst = ZhllFobs| — |Fealdl/Zh|Fobs|, Where Fops and Feaic are the observed and
calculated structure-factor amplitudes, respectively.

*Rfree Was calculated as Reryst using 5.0% of the randomly selected unique
reflections that were omitted from structure refinement.

perpendicular to the B-sheet, and helix 4 is a two-residue 3¢ helix
extending from helix 3.

Fig. 2 shows the surface representation and location of a
prominent tunnel into the active site, which lies within the
B-barrel. The B-sheet made up of B-strands C, J, and K provides
the top surface of this tunnel, which continues past the active site
and eventually connects to the exterior on the opposite side.

Active Site. Fig. 3 shows the active site and metal binding
environment. The NE2 atoms of His-86, -88, and -140 coordinate
the metal in a configuration reminiscent of that given by the
2-His, 1-carboxylate facial triad motif (15). These residues
originate from B-strands H and C at the point where the two
three-stranded B-sheets meet. His-140 is the only metal ligand
that is stabilized by hydrogen-bonding to ND1, in this case, from
Glu-104. The metal atom has three additional water or hydroxide
ligands that complete a distorted octahedral coordination. There
is some heterogeneity in the active site indicating that alternative
coordination geometries may exist in the crystal. Figs. 3 and 4
show other residues that are conserved among CDOs. Among
these residues are Tyr-58, which has weak mr-orbital stacking
interactions with Trp-77. The side-chain hydroxyl of Tyr-58 is
pointed directly into the active-site cavity. Another conserved
Tyr, Tyr-157, has the hydroxyl group located ~4.2 A from the
metal center. This hydroxyl group is part of a hydrogen-bonding
network that includes several other conserved amino acids that
line the active site cavity, including His-155, Ser-153, zgnd Trp-77.
Specifically, the hydroxyl oxygen of Tyr-157 is 2.7 A from the
NE2 nitrogen of His-155; the ND1 nitrogen of His-155 is 2.7 A
from the side-chain hydroxyl oxygen of Ser-153; and this oxygen
is 2.8 A from the side-chain nitrogen of Trp-77. The residues
Tyr-157 (conserved in all CDOs) and Cys-93 (conserved in CDO
from eukaryotes only; see Fig. 4) appear to be covalently linked
between Tyr-157 CE and Cys-93 SG, because these two atoms lie
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Fig. 2. The CDO monomer. (Upper) Ribbon illustration showing the CDO
fold. The metal atom is shown as a gray sphere, and coordinated water
molecules are shown as red spheres. The B-strands are labeled A-M, and the
helices are labeled 1-5. Conserved residues are shown as color-coded sticks
(blue, His; yellow, Arg; green, Cys; violet, Tyr; orange, Glu). (Lower) Surface
illustration showing the entrance to the channel into the active site.

within 2.2 A. Many bacterial CDOs have Gly in the position of
Cys-93 and so could not have this posttranslational modification.
Moreover, Cys-93 replaces the metal-coordinating glutamate
found in the 2-His, 1-carboxylate sequence motif of many cupin
superfamily members, but it is displaced 4.41 A away from the
metal center in CDO.

Kinetic Analysis and Metal Incorporation. An assay of the enzyme
used to determine the crystal structure gave ke, of 1.8 min~! and
an apparent Ky of 3.4 mM. Inductively coupled plasma-MS
analysis of this preparation indicated that nickel, iron, and zinc
were present, with ~0.1 mol of iron present per mol of enzyme.
When the enzyme was expressed in medium containing extra
iron and purified in buffers lacking EDTA, a k¢, 0f 3.6 min~! and
an apparent Ky of 2.1 mM were determined. This latter enzyme
preparation had ~0.25 mol of iron per mol of enzyme.

Discussion

Cupin Superfamily Dioxygenases. Structures of other cupin-fold
dioxygenases are known. These structures include the iron-
containing enzymes homogentisate dioxygenase from Homo
sapiens (16), 3-hydroxyanthranilate-3,4-dioxygenase from Ral-
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Fig. 3.
sphere; His-86, -88, and -140 are the metal ligands. Three additional coordi-
nation sites are occupied by water (red spheres). Cys-93 and Tyr-157 are
covalently linked, and the hydroxyl group of Tyr-157 is 4.4 A from the metal.
Other conserved active-site residues are also shown.

CDO active site contoured at 1.20. The metal is shown as a gray

stonia metallidurans (17), quercetin dioxygenase from Bacillus
subtilis (18), and the copper-containing quercetin dioxygenase
from Aspergillus japonicus (19). The acireductone dioxygenases
from Klebsiella pneumoniae and rat have been shown to bind
either iron or nickel (20, 21).

The iron of homogenisate 1,2-dioxygenase (PDB ID code
ley2) has a distorted square pyramidal coordination geometry
including two His residues and a glutamate [i.e., the 2-His,
1-carboxylate facial triad (15)]. In the aligned active sites, the
CDO residues His-86 and -140 approximate the positions of the
His ligands of the facial triad, whereas His-88 approximates
the position of the carboxylate ligand. The iron of 3-hydroxy-
anthranilate-3,4-dioxygenase (PDB ID code 1zvf) has octahe-
dral coordination with two His residues and a bidentate gluta-
mate (17). The iron or copper in the quercetin dioxygenases
(PDB ID code 1juh) and the nickel in rat homolog of acireduc-
tone dioxygenase (PDB ID code 1vr3) are coordinated by three
His residues and a Glu (18, 19, 22). Whereas His-86 aligns well
with its structurally comparable His ligand in these other pro-
teins, His-88 and -140 of CDO had adopted unique positions
relative to their comparable ligands. Furthermore, the Glu
ligand in these other proteins occupies the position of metal-
bound water(s) in CDO. No other member of the cupin dioxy-
genase family contains a Tyr—Cys adduct like that found in CDO.

Enzyme Activity. Recombinant CDO studied here converted Cys
to sulfinic acid in aerobic buffer. The Ky-value was comparable
with previously determined values, whereas the protein prepared
for enzymatic assays had a k., value ~10% of that determined
for recombinant R. norvegicus CDO (11).

The available results indicate that catalytically active CDO
contains iron. Recombinant forms of the enzyme apparently
contain substoichiometric amounts of this metal (this work and
ref. 11), and in the case of the mouse enzyme, possibly other
divalent transition metals. In contrast, the enzyme originally
purified from rat (23) had an equimolar stoichiometry between
iron and protein. These results suggest that refinement of
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Mus musculus 54 DQYR-YTRNLVDQG-NGKFNLM 73
Homo sapiens 54 DQYR-YTRNLVDQG-NGKFNLM 73
Caenorhabditis elegans 46 DMNK-YTRNLVDVG-NGKYNLM 65
Ajellomyces capsulata 67 DAGRAYTRNLVDEG-NGKCNLL 87
Dictyostelium discoideum 69 CPYS-YSRNLIAKN--DMFELM 87
Debaryomyces hansenii 131 DQSRPYTRNGVVDI-NGNANLL 151
Bacillus cereus 55 ANSAQYARHLLYEDPLNRFEVL 76
Aztobacter vinelandii 56 PDPERYQQYLLHADSRQRFSVV 77
Streptomyces avermitilis 54 DATSRWYHRLRTGP---GYEVW 72

Mus musculus 77 WGEGHGSSIHDHTDSHCFLKLL 98
Homo sapiens 77 WGEGHGSSIHDHTNSHCFLKML 98
Caenorhabditis elegans 69 WGPGMASSVHDHTDAHCFVKIL 90
Ajellomyces capsulata 91 WSPGKGSAIHDHANAHCVMKVL 112
Dictyostelium discoideum 92 WRRGQPSPVHNHEDQRCWMGCV 113
Debaryomyces hansenii 155 WSPTRSSAIHDHANAHCCMKIL 176
Bacillus cereus 80 WKDGQSTPLHDHDGTWGVEGVF 101
Aztobacter vinelandii 81 WGPGQTTPVHDHR-VWGLIGML 101
Streptomyces avermitilis 76 WVPGQGSGLHDHGRSSGVLTVL 97

Mus musculus 136 SIGLHRVENVSHTEPAVSLHLY 157
Homo sapiens 136 SVGLHRVENISHTEPAVSLHLY 157
Caenorhabditis elegans 128 ELGLHRMENLSHSNGAVSLHLY 149
Ajellomyces capsulata 156 KLGLHKISNPDPTNFAISLHLY 177
Dictyostelium discoideum 155 EIAFHRMQS--ITDETISIHLY 174
Debaryomyces hansenii 214 ATIGLHKISNPLPDQYSVSLHLY 235
Bacillus cereus 142 PADCH-ILEIAKNESVVTMHVY 162
Aztobacter vinelandii 138 IGDIHRVFNASPDQPSISIHVY 159
Streptomyces avermitilis 121 PGYVHEVVN-DALEPAVSLHVY 141

Fig. 4. Multiple sequence alignment of CDOs. Conserved residues involved
in metal binding are highlighted in red; other conserved residues are high-
lighted in green.

expression and purification methods beyond semiautomated
approaches may lead to improved enzyme preparations.

Conserved Residues. The conserved residues in CDO include
Tyr-58, Arg-60, Trp-77, His-86, His-88, Gly-100, His-140, His-
155, and Tyr-157. Tyr-58 is located at the active-site entrance.
The hydroxyl group points into the active-site cavity and rests 7.5
A from the metal center. The position of Tyr-58 is fixed through
wr-stacking interactions with Trp-77. Arg-60 is the only charged
residue in the active site. His-86, -88, and -140 are necessary for
coordination of the catalytic metal. The importance of Gly-100
is not immediately obvious, but it is located in a loop between
strands D and E. Tyr-157 is involved in a posttranslational
modification with Cys-93, and its hydroxyl group is within
hydrogen-bonding distance of His-155 ND1. This unique envi-
ronment should substantially lower the pK, of the Tyr-157
hydroxyl group, which is within 4.2 A of the metal but clearly not
coordinated to the metal center.

Comparison with Other Enzymes. A Tyr-272-Cys-228 adduct was
first observed in galactose oxidase (14). In this enzyme, the
modified Tyr-272 is coordinated to the copper center, and the
resting state is a spin-coupled pairing of a Tyr—Cys radical and
Cu(II) (24). Because the reaction involves 2e~ transfer, the
participation of the radical cofactor allows reaction without
formation of Cu(III).

Nitrile hydratase is a low-spin iron(III)-containing hydrolase
that contains ligands provided by a combination of amino and
thiol groups from three Cys residues. Two of the thiol groups
have been posttranslationally modified to the sulfenic and
sulfinic acid oxidation states, respectively (25). The enzyme does
not require O, activation for the catalyzed reaction, and the
mechanism leading to these modifications is not known. How-
ever, the presence of the sulfinic acid modification suggests a
possible coordination geometry for product in CDO.

McCoy et al.
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Fig. 5. Mechanism for CDO reaction. (A) Resting Fe(ll) state. (B) Substrate coordination by sulfur and nitrogen. (C) O; coordination, forming a ternary
Fe(lll)-superoxo complex. (D) The bound sulfur acquires partial cation-radical character, which can be stabilized by the adjacent negative charge on Tyr-157. (E)
Combination of bound sulfur and Fe(lll)-superoxo to give a cyclic peroxo intermediate. (F) O-O bond breakage to form a sulfoxy cation and metal-bound activated
oxygen. (G) Transfer of the metal-bound activated oxygen to form product, cysteine sulfinic acid (CSA).

CDO Mechanism. Fig. 5 shows a plausible minimal reaction mech-
anism. We propose that this reaction may follow the paradigm
for aromatic ring extradiol dioxygenases (26), including substrate
coordination, binding and activation of O,, and then substrate
oxidation. Owing to the ability of sulfur to access cation-radical
intermediates (27, 28), this reaction may not require the assis-
tance of an additional redox cofactor such as the Tyr-157-Cys-93
adduct.

In this mechanism, the resting enzyme (Fig. 54) is proposed
to be Fe(II). The minimum distance between sulfur and nitrogen
in substrate is ~2.8 A, suggesting a chelating binding mode is
possible. Thus, Cys binding (Fig. 5B) may include coordination
of either sulfur or O, trans to His-140. His-140 is unique among
the His ligands as ND1 is hydrogen-bonded to Glu-104, which
may distinguish this axis from others in terms of bonding and
electron transfer effects. The proposed binding orientation also
would direct the substrate carboxyl group toward Tyr-58 and
Arg-60. Substrate binding might require deprotonation of both
the protonated amine cation to the neutral amine group as well
as deprotonation of the thiol, possibly facilitated by the partic-
ipation of His-155-Tyr-157-Cys-93 triad as a general base or
bound water or hydroxide molecules. Alternatively, the enzyme
may bind the deprotonated states of these functional groups
(respective pK, values of ~9) or the neutral thiol group (29) and
thus not require general base catalysis for substrate binding. An
alternative chelating mode where sulfur and a carboxylate
oxygen from Cys bind the metal is also possible, but this
assumption would direct the positively charged amino group into
the active site toward Arg-60.

The region of the active site trans to His-86 is hydrophobic and
thus represents a satisfactory environment for O, binding before
formation of the ternary complex. Fig. 5C shows that O, binding
to the substrate-activated Fe(II) site would produce a ternary
complex including a transient Fe(III)-superoxo substructure
analogous to that proposed for the extradiol dioxygenases and
other 2-His,1-carboxylate proteins (26, 30). Thiolate Fe(II)
complexes are reactive with O,, which could reasonably give rise
to the intermediate shown in Fig. 5C (31). One consequence of
formation of the Fe(IlI)-superoxo intermediate (Fig. SD) would
be to increase the cation-radical character of sulfur (27, 28),
which would promote recombination with Fe(III)-superoxo to
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form a cyclic peroxo intermediate (Fig. 5SE). The position of
sulfur in the substrate complex also may allow the His-155-Tyr-
157-Cys-93 triad to stabilize cationic intermediates generated
during catalysis. Alternatively, nickel thiolate complexes were
hypothesized to be oxidized by nucleophilic attack of the coor-
dinated thiol on O, leading to a thiadioxirane intermediate (32).
However, related work with iron-thiolate complexes did not
support formation of the thiadioxirane intermediate (33). In
combination with evidence for the reaction of sulfur cation
radicals with superoxide (34), we favor the recombination step
shown from Fig. 5D to Fig. 5E.

The O-O bond breakage of the intermediate shown in Fig. SE
could proceed by either heterolysis or homolysis; the homolysis
option would generate a metal-bound sulfoxy-cation species in
close proximity to an activated oxygen atom (Fig. 5F). Recom-
bination of the sulfoxy species and the activated oxygen atom
would give the metal-bound product (Fig. 5G). Release of
product from the active site and rebinding of water to the metal
then would complete the proposed catalytic cycle.

Materials and Methods

Cloning and Expression. The cdo gene was cloned into expression
plasmid pVP16 to allow production of the enzyme in Escherichia
coli B834 pPRARE2 as an N-terminal fusion to a His-8-maltose
binding protein (35). The selenomethionyl-labeled protein was
expressed by autoinduction (36); unlabeled protein for enzyme
assays was expressed in medium supplemented with 40 uM
FCSO4.

Protein Purification. Protein used for structure determination was
purified by using semiautomated procedures (37). In summary,
the fusion protein was purified by using immobilized metal
affinity chromatography with Ni?* as the metal, and tobacco
etch virus protease was used to release the enzyme from the
fusion. The liberated enzyme was separated from the His-8-
maltose binding protein by immobilized metal affinity chroma-
tography, further purified by gel filtration chromatography, and
concentrated to 10.0 mg/mlin 5 mM 1,3-bis[tris(hydroxymethyl)-
methylamino|propane (pH 7.0), containing 50 mM NacCl, 0.3
mM Tris-carboxyethylphosphine, and 3.1 mM NaN3. EDTA was
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omitted from the buffers used to purify enzyme for catalytic
studies, and the gel filtration step was not used.

Enzyme Assays. Reactions containing 20 mM ammonium ace-
tate (pH 7.5) and varying amounts of freshly prepared 100 mM
L-cysteine (pH 7.5) were incubated at 37°C for 10 min before
the addition of enzyme to a final concentration of 2.2 uM.
Aliquots were quenched by flash freezing every 10 min over 60
min and prepared for HPLC by filtration through a Microcon
(Millipore, Bedford, MA) 3000 MWCO filter. Cysteine sulfinic
acid content was determined by ion-paired reverse-phase
chromatography using UV detection at 215 nm in 20 mM
sodium acetate (pH 5.0) prepared in 99.4:0.6 (vol/vol) water-
:methanol and 0.3% (wt/vol) heptafluorobutyric acid at a flow
rate of 1 ml/min. Standards were used to confirm the retention
times.

Other Methods. Total metal analysis was by inductively coupled
plasma-MS; iron content was determined by dye binding (38).
Electrospray ionization (ESI) and MALDI MS performed at the
University of Wisconsin-Madison Biotechnology Center were
used to confirm the identity of the purified protein (predicted
m/z 23,121.5 D; observed m/z 23,132 D by ESI and 22,919 D by
MALDI).

Crystallization. Crystals were grown by hanging-drop vapor-
diffusion. The reservoir contained 20% methoxypolyethylene
glycol 5000, 160 mM CaCl,, and 100 mM 2-morpholinoethane-
sulfonic acid (pH 6.5). Hanging drops consisted of 2 ul of protein
solution mixed with 2 ul of reservoir solution. Diffraction-
quality crystals grew within a week at 25°C. Protein crystals were
soaked in reservoir solutions containing increasing amounts of
ethylene glycol up to 20% (vol/vol) and were flash-cooled in a
stream of cryogenic nitrogen.
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