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Abstract

3-Hydroxyanthranilic acid 3,4-dioxygenase (3HAOQO) is a non-heme ferrous extradiol dioxygenase in
the kynurenine pathway from tryptophan. It catalyzes the conversion of 3-hydroxyanthranilate
(HAA) to quinolinic acid (QUIN), an endogenous neurotoxin, via the activation of N-methyl-D-
aspartate (NMDA) receptors and the precursor of NAD " biosynthesis. The crystal structure of
3HAO from S. cerevisiae at 2.4 A resolution shows it to be a member of the functionally diverse
cupin superfamily. The structure represents the first eukaryotic 3HAO to be resolved. The enzyme
forms homodimers, with two nickel binding sites per molecule. One of the bound nickel atoms
occupies the proposed ferrous-coordinated active site, which is located in a conserved double-strand
B-helix domain. Examination of the structure reveals the participation of a series of residues in
catalysis different from other extradiol dioxygenases. Together with two iron-binding residues
(His49 and Glu55), Aspl120, Asn51, Glulll, and Argll4 form a hydrogen-bonding network; this
hydrogen-bond network is key to the catalysis of 3HAO. Residues Argl01, GIn59, and the substrate-
binding hydrophobic pocket are crucial for substrate specificity. Structure comparison with 3SHAO
from Ralstonia metallidurans reveals similarities at the active site and suggests the same catalytic
mechanism in prokaryotic and eukaryotic 3HAO. Based on sequence comparison, we suggest that
bicupin of human 3HAO is the first example of evolution from a monocupin dimer to bicupin
monomer in the diverse cupin superfamilies. Based on the model of the substrate HAA at the active
site of Y3HAO, we propose a mechanism of catalysis for 3HAO.
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In humans, the major route of tryptophan catabolism
is through the kynurenine pathway, with some of the
key metabolic intermediates being kynurenine, 3-hydro-
xyanthranilate (HAA), and quinolinic acid (QUIN)
(Schwarcz and Pellicciari 2002; Stone and Darlington
2002). 3-Hydroxyanthranilate 3.,4-dioxygenase (3HAO,
EC 1.13.11.6) catalyzes the final aromatic ring opening
reaction, utilizing non-heme Fe*" to incorporate both
atoms of molecular oxygen into 3-hydroxyanthranilate
(Scheme 1). The enzymatic product, a-amino-f-carboxy-
muconic e-semialdehyde is then nonenzymatically trans-
formed to QUIN, which is the source of much of the
nicotinic acid required physiologically for the synthesis
of nicotinamide and the essential enzymatic cofactors
such as nicotinamide adenine dinucleotide (NAD™)
(Schwarcz and Pellicciari 2002; Nandi et al. 2003). Inter-
est in the importance of this pathway was aroused with
the discovery that it includes several compounds relevant
to neurodegeneration and inflammatory neurological
diseases (Heyes et al. 1996); 3-hydroxykynurenine and
HAA can produce neuronal damage, primarily by the
induction of free radical formation (Schwarcz and Pelli-
cciari 2002; Stone and Darlington 2002). Kynurenic acid
was shown to be an antagonist at NMDA, kainite, and a-
amino-3-hydroxy-5-methyl-isoxazole (AMPA) receptors,
whereas QUIN proved to excite neurons via the activa-
tion of NMDA receptors, and consequently produced
neuronal damage (Schwarcz et al. 1983). Hyperactivity
of 3HAO has been implicated as a damaging defect in
Huntington’s disease (Schwarcz et al. 1988; Guidetti et al.
2004), and the neurotoxic capacity of QUIN in vivo has

also implicated it in a variety of other neurodegenerative
disorders, including epilepsy, Alzheimer’s disease, and
AIDS dementia complex (Heyes et al. 1992). Manipula-
tion of the kynurenine pathway of tryptophan metabo-
lism, such as inhibition of the activity of the enzymes
responsible for synthesizing QUIN, has yielded a plethora
of agents that are now being developed as neuroprotec-
tants and anticonvulsants (Schwarcz and Pellicciari 2002;
Stone and Darlington 2002).

Most of the enzymes in the kynurenine pathway have
been identified in humans and in yeast. Enzymatic prop-
erties of 3HAO purified from many mammalian tissues,
such as beef liver, beef kidney, rat liver, and rat brain,
have been extensively studied since 1962 (Nandi et al.
2003). Recently the similar tryptophan-to-QUIN path-
way has been discovered in several bacterial species
(Kurnasov et al. 2003), and a novel 2-nitrobenzoate
degradation pathway by the formation of HAA as an
intermediate has also been revealed in Pseudomonas
Sfluorescens strain KU-7TA and Arthrobacter protophor-
miae RKJ100 (Hasegawa et al. 2000; Pandey et al. 2003).
The prokaryotic 3HAO enzymes show apparent homol-
ogy with the eukaryotic ones (Muraki et al. 2003).

3HAO belongs to the type III non-heme ferrous extra-
diol dioxygenases. Extradiol dioxygenases are divided into
at least three evolutionary independent families: Type |
extradiol dioxygenases belong to the vicinal oxygen che-
late superfamily. These include one-domain enzymes,
such as the 2,3-dihydroxybiphenyl 1,2-dioxygenases II
and III from Rhodococcus globerulus P6, and two-do-
main enzymes, such as the 2,3-dihydroxybiphenyl 1,2-

COOH COCH

0, 4

CHO
NH; 3-Hyd thranilate- NH,
2 ydroxyanthranilate-3,4-dioxygenase HOOC 2

OH
o~-amino-B-carboxymuconic g-semialdehyde
3-Hydroxyanthranilate

spontaneously
COOH
\\
N/
COOH

Quinolinic acid

Scheme 1. The reaction catalyzed by 3HAO.
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dioxygenase from Pseudomonas sp. strain KKS102, which
correspond to Class I and Class II dioxygenases accord-
ing to Spence et al. (1996). Type II extradiol dioxygenases
are multimers, such as Protocatechuate 4,5-dioxygen-
ase(LigAB) from Sphingomonas paucimobilis SYK-6.
Type III extradiol dioxygenases belong to the cupin super-
family and include enzymes such as the gentisate, homo-
gentisate dioxygenases, 1-hydroxy-2-naphthoate dioxy-
genase, and 3HAO (Vetting et al. 2004; Nogales et al. 2005).

The typical catechol extradiol dioxygenases play impor-
tant environmental roles by facilitating the aerobic degra-
dation of catechol derivatives by soil bacteria (Solomon et
al. 2000). Although catecholic extradiol dioxygenases uti-
lize Fe> " to cleave a bond located adjacent to only one of
the ortho-hydroxyl groups, and 3HAO cleaves a bond
located adjacent to the hydroxyl group of 3-hydroxyanthra-
nilate, the region believed to be important for iron binding
is highly conserved (Bugg et al. 1997). All of these enzymes
contain one non-heme Fe’" and cleave aromatic sub-
strates using dioxygen with no other cosubstrates and
cofactors. The mechanism of 3HAO was deduced to be
similar to the proposed mechanism of catechol extradiol
dioxygenases (Solomon et al. 2000). Here we report the
crystal structure of a eukaryotic 3HAO from Saccharo-
myces cerevisiae (Y3HAOQO) determined at 2.4 A resolution.
The Y3HAO structure and active site identified here are of
critical importance to further understand the catalytic
mechanism of 3HAO and the substrate specificity, and
also to help in the design of 3HAO inhibitors to efficiently
reduce the QUIN level and attenuate neurological deficits.
On the other hand, as an extradiol dioxygenase, 3HAO
may be utilized in degrading aromatic compounds.

Results and Discussion

Overall structure of the Y3IHAO homodimer

The structure of Y3HAO was determined by the multiple-
wavelength anomalous dispersion method (MAD) using
data sets at three wavelengths. A significant part of the
anomalous signals was attributed to the four exogenous
Ni ions, consistent with the relatively poor dispersive
signals, and that most of the side chains of selenomethio-
nines were very flexible (Metl, Met140) or showed
apparent dual conformations (Met37). The Ni-binding
form of Y3HAO crystallizes in space group P2;2:2; as a
dimer. Residues 176-177(SN) in subunit A and 172—
177(ARPQSN) in subunit B are missing due to the lack
of electron density. The protein appears to correspond to
the sequence encoded by the gene YJR025¢ (Kucharczyk
et al. 1998), although Gly47 reported for this gene
sequence does not fit to Asp47 of the crystal structure
(Fig. 1). However, our sequence is deduced from direct
cloning of yeast genomic DNA, rather than from an

artificial mutation. In fact, we think the sequence in the
databases could be wrong, as the Asp47 residue is critical
for the catalytic activity and is present in all homologs (see
below). The main chain of the protein folds into a con-
served jelly roll with flanking helices.

The asymmetric unit of the Y3HAO crystal contains
two molecules related by noncrystallographic twofold
symmetry axes (Fig. 2B). Residues 26-137 fold into two
antiparallel B-sheets 1]279|417] and 3]875/67 (strands
labeled in Fig. 2A), with nine strands forming a central B-
jelly roll barrel. The N-terminal residues 1-20 comprise an
al helix and a short 3;, helix at the C-terminal end, an
additional B-strand (B0) at the N-terminal end that is
antiparallel with the B-sheet 7|419]271| of the other
dimer-related molecule and participates in the barrel for-
mation. The jelly roll forms a cupin cavity corresponding
to the catalytic site and containing a Ni*" in the crystal
structure. After the core B-sheets are two additional anti-
parallel B-strands (10711]), which form an extension to
one face of the jelly roll. In a parallel arrangement with
them, the longest « helix («2) forms a lid over the active
site. The loop between B10Tand B11| and the loop
between o3 and C-terminal residues are linked with a
coordinated Ni*". This C-terminal segment is at the far
end of the dimer (Fig. 2). The region acting as a lid over
the active site appears to be very flexible, as evinced by the
markedly high B factors comprising residues at loop 11—
a2 and N-terminal of a2, and functions as a gate control-
ling access to the active site. The dimer interface is formed
principally by B-sheet 071]279]417] (Fig. 2), and the total
area buried at the interface is ~2700 A’ per subunit,
corresponding to 30% of the subunit solvent-accessible
surface area and resulting in the high degree of burial of
hydrophobic residues (Trpl2, Phe34, Val36, Trp56,
Tyr58, Leu90, 1le108, Vall10) at the interface.

The RMS distance between the 170 Ca atoms of sub-
unit A and subunit Bis 1.2 A. The principal differences
between the subunits occur in three surface loops, loop
al-—B1 (residues 21-25), loop BI9—B10 (residues 113-120),
loop B11-a2 (residues 138—144), and N-terminal of «2.
These segments are flexible and consistent with their
high temperature factors and may be involved in sub-
strate entry and product release. In subunit B, loop al—
B1, Bl, and a2 are closer than in subunit A. In the
present Y3HAO structure, one of the bound nickel
atoms occupies the proposed Fe? " -coordinated active
site. It is coordinated by the N&1 atom of His49, two
Oc¢ atoms of Glu55, and the Ne2 atom of His97, with
metal-ligand distances of 2.1-2.2 A except for the Glu55
Ocl atom where the distance is 2.5 A, shorter than the
distance of 2.7 A from the Glu57 Ol to Fe* * ion in the
recently solved 3HAO from Ralstonia metallidurans
(RM3HAO) (Zhang et al. 2005). The octahedral coordi-
nation environment is completed by two water molecules
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Figure 1. According to the gene sequence, residue 47 is reported to be a glycine. The stereo view of the 2F,-F,. electron density
map contoured at 1o clearly indicates an aspartate in this position. The map shown in green was superimposed on the refined 2.4
A resolution coordinates of Y3HAO. Carbon (yellow), oxygen (red), and nitrogen (cyan) atoms are shown.

positioned further away from the metal center. In sub-
unit A, the distance of the two water molecules to Ni*> "
is 3.0 and 3.4 A, respectively (Fig. 3). In subunit B of
Y3HAO, the coordinate bond distances are similar to
that of subunit A except that the coordinate bond dis-
tance of one of the water molecules to Ni2 ™ is 2.1 A, and
another water molecule to Ni>" is 2.9 A. In RM3HAO,
the distance of the two water molecules to Fe®" is the
same and is 2.4 A (Fig. 3). In solution, Y3HAO also
appears as an intimate dimer identified by gel-filtration
chromatography (data not shown). However, all of the
mammalian 3HAOs characterized so far were found to
be present and active as a monomer (~33 kDa) (Calder-
one et al. 2002). Further sequence analysis suggests that
the additional C-terminal segment present in metazoan
enzymes may contribute to this dissimilarity (see below).

Structural comparison of Y3HAO and RM3HAO

The secondary structure and overall fold of the Y3HAO
homodimer is very similar to that of RM3HAO. The
crystal structure of RM3HAO reveals a monomer in the
asymmetric unit; the monomers in adjacent asymmetric
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units interact, forming a dimer related by twofold sym-
metry. The sequence identity between Y3HAO and
RM3HAO is 38%. Upon superposition of subunit A to
that of RM3HAO, the RMS distance between the 169
Ca atoms is 1.5 A. Figure 4 shows the superposition
of the Ca backbones of the two structures, as well as
structure-based sequence alignment of the correspond-
ing sequences. 3HAO contains the two characteristic
sequences of the cupin superfamily, namely G-(X)s-
HXH-(X); 4-E-(X)s-G and G-(X)s-PXG-(X),-H-(X); -N,
each of which corresponds to two B strands, separated
by a less conserved region of 15-50 amino acids com-
posed of another two B strands with an intervening loop
of variable length (Dunwell et al. 2001). In Y3HAO,
these signature sequences are separated by 23 amino
acids. The intervening loop, B5—B6, has six residues
(71-76), and three of them (Glu71, Asp73, and Glu75)
are acidic . Glu71, with Argl23 and Tyrl25 (two resi-
dues in B10), and Glul35 (in B11) form a hydrogen-
bonding network and make the overall structure com-
pact. Asp73, together with Asp70, Thr72, and Lys77,
forms another hydrogen-bonding network, whereas the
intervening loop in RM3HAO is shorter and has only
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Figure 2. Molecular structure. (4) Ribbon diagram of the Y3HAO
subunit. The metal atoms are shown as black spheres. (B) A top view
down the axis of the B-barrel of the Y3HAO dimer. The N-terminal
strand can be seen to interact with the B-sheet of the other dimer-
related subunit. Images here and in the following figures are generated
using PYMOL (http://www.pymol.org).

two residues, Asp and Gly. In RM3HAO, Glul22 and
Tyr124 (two residues in B10) and Argl34 and Glul36
(two residues in B11) form a hydrogen-bonding network
with Arg94, a residue in loop B7-p8. Another difference
occurs in B1, which is two residues longer, and loop B1-
B2 (residues 31-33), which is three residues shorter in
Y3HAO. Differences occur also in loop B11-a2, which
is three residues longer than in RM3HAO, and o2 (resi-
dues 145-155), which is two residues shorter. These seg-
ments act as a lid region over the active site of
RM3HAO and are more compact than that of Y3HAO.

The orientations and positions of the active-site resi-
dues —Asnd3, Argd5, Asp47, His49, GluS5, GIn59,
His97, Argl01, Glulll, Argl14, and Aspl120—are espe-
cially well conserved, with only one conservative substi-
tution at position 51, an Asn residue in yeast and an Asp
residue in Ralstonia metallidurans (Fig. 4B), which sug-
gests the same catalytic mechanism in prokaryotic and

eukaryotic 3HAO. The k,, value of HAA of 19.2 uM for
wild-type Y3HAO is similar to those obtained for
RM3HAO (22.4 uM) and for the cloned H3HAO (2.3
wM) (Kucharczyk et al. 1998; Zhang et al. 2005). Loop
al-B1 in RM3HAO is aligned well with subunit A of
Y3HAO:; furthermore, this loop in the complex structure
of RM3HAO with substrate reveals a closed conforma-
tion, suggesting that substrate binding would induce a
closed conformation. Buried hydrophobic residues
(Phe34, Val36, Tyr58, Leu90) at the interface are con-
served in the yeast enzyme (177 residues) and its pro-
karyotic homologs which are all of a similar length,
indicative of a biological dimer, except that the Oy
atom of Ser88 of subunit A forms a bifurcated hydrogen
bond with the Ne2 atom of His30 and the Nel atom
of Trp56 of the other dimer-related subunit in yeast
(Fig. 4A).

Alignment of 3HAO sequences

Using the program Clustal W (Thompson et al. 1994),
we aligned the 30 most homologous 3HAO sequences
and show six representative homologous 3HAO
sequences (Fig. 4B). Based on the structure of Y3HAO,
and the complex structures of RM3HAO with the in-
hibitor 4-chloro-3-hydroxyanthranilate (CIHAA) and
either molecular oxygen or NO (nitric oxide), active
site residues are strictly conserved among these 30 ortho-
logous sequences. Iron-binding residues, including two
histidine residues (His49 and His97) and a glutamic acid
(Glu55), not only are conserved, but also are located in
similar spatial arrangements (Fig. 5). Together with
His49 and GluSS5, four hydrophilic residues near the
active iron site, Aspl20 (or E), Asn51 (or D, E),
Glulll, and Argl14 form a hydrogen-bonding network
(Fig. 5); this hydrogen-bond network may participate in

HisA9(22) HisS1(2.2)
% _ Glus5(21,25) ¢ _GluS7(2.2,2.7)
Mi?\ WM
.
H.is97(2.l)W(3.0)b 22y VG
W(.4)
Y3HAO RM3HAO

Figure 3. Metal binding site (Ni*" in the crystal but Fe’" in vivo) of
subunit A of Y3HAO and Fe* " binding site of RM3HAO. The Ni* "
ion is coordinated by the N31 atom of His49, two Og atoms of Glu55,
the Ne2 atom of His97 (dashed lines), and two water molecules (W,
dashed lines). The Fe** ion is coordinated by the N81 atom of His51,
two Og atoms of Glu57, the Ne2 atom of His95, and two water
molecules. The distances between atoms in A are also shown. The co-
ordinating residues are represented in ball-and-stick models.
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Figure 4. (Legend on next page)
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a charge-relay system and seems to be important in the
catalysis of 3HAO. Two oxygen-binding residues, Arg45
and Asp47, help O, bind to ferrous ion; upon the sub-
strate binding, Arg45 moves toward the bound O, mole-
cule to form a hydrogen bond with the noncovalently
bound oxygen atom, and at the same time Asp47 moves
to Argd5 to keep two hydrogen bonds with Arg45 (Fig.
5) (Zhang et al. 2005). Residues Argl01, GIn59, and the
substrate-binding hydrophobic pocket are also highly
conserved; upon substrate binding, Argl01 forms two
hydrogen bonds to the carboxylate group of the sub-
strate, GIn59 forms a hydrogen bond with Argl01
(Zhang et al. 2005; Fig. 5), and the hydrophobic face
of the substrate is located in a hydrophobic pocket,
primarily formed by Phe57, Leu66 (or V), Tyr89 (or
F), Pro99, and Vall09. Asn43 may form a hydrogen-
bond network with Arg45 and Argl01 by solvent mole-
cules, and also presents in all homologs. Other conserved
residues—Pro22, Pro23, Gly40, Gly62, and Pro92—are
located at the loops, which are likely for maintaining
structural integrity (Fig. 4B).

As has been predicted on the basis of primary sequence,
the B-jelly roll barrel subunit structure of 3HAO indicates
that it is a member of a class of proteins known as cupins,
with a double-stranded B-helix fold in SCOP (Murzin et al.
1995) structural classification characterized by a conserved
B-barrel fold from which the name of the superfamily is
derived. In spite of the low sequence identity among the
superfamily (9%—20%), cupin is possibly the most func-
tionally diverse protein superfamily described to date,
comprising both enzymatic and nonenzymatic members,
with either one or two cupin domains (Dunwell et al. 2004).
With respect to the metazoan 3HAOs, the conservation of
an extra C-terminal segment (~ 100 residues) absent in the
lower species is also obvious. Secondary structure of the C-
terminal domain is predicted to be mainly eight B-strands,

much like the composition of the core N-terminal fold, and
consistent with a circular dichroism analysis of the second-
ary structure of human 3HAO, which is mainly of B
strands and a minority of « (Calderone et al. 2002). It
tempted us to speculate that the C-terminal domain may
also adopt a cupin fold to make the enzyme a bicupin
monomer with a similar overall geometry as that of the
Y3HAO dimer.

It is the first example of evolution from a monocupin
dimer to bicupin monomer in the diverse cupin super-
families. It is also a little reminiscent of the evolution of
class I to class II of the type I extradiol dioxygenases
(Spence et al. 1996), while the mutation and loss of
function happened in the N-terminal domain to give
class II. Alignments showed that these C-terminal do-
mains of the metazoan 3HAOs share a low homology
with their N-terminal portions as well as other known
cupin sequences, reflecting a rather unconstrained evo-
lution (Fig. 4B). The two conserved cupin sequence
motifs are best conserved in the N-terminal domain,
where the conserved histidine and glutamic acid residues
correspond to the metal-coordinating residues. The C-
terminal domain motifs lack the metal-binding residues
normally associated with the cupin fold, which indicates
an abolishment of metal binding and activity of the C-
terminal domain. The C-terminal region is unrelated to
the enzymatic reaction, against the proposed deprotona-
tion function of His190 in human 3HAO (Mendel et al.
2004). Identification of the metazoan bicupin 3HAOs is
of significance in that the higher species enzymes are
experimentally intractable due to instability and inclu-
sion body formation. An exception is human homo-
gentisate dioxygenase (Titus et al. 2000), a hexamer
arranged as a dimer of trimers, which also belongs to
the type III non-heme ferrous extradiol dioxygenases;
but it is an unusual type of cupin as it has the active

Figure 4. (A4) Superimpositioning of the Ca backbones of subunit A of Y3HAO (yellow) and RM3HAO (cyan) (PDB code
1YFU; Zhang et al. 2005). Subunit B of Y3HAO is shown in violet. The view is related by ~25° rotation about the horizontal
axis of Figure 2B. (Green spheres) The Ni> " ions in Y3HAO:; (red spheres) iron atoms in RM3HAO. The residues coordinating
metal ions, three acid residues in loop B5-B6 of Y3HAO, and one acid residue in the same loop of RM3HAO are shown as ball-
and-stick. (Red dashed lines) Hydrogen bonds between Ser88 and His30 and Trp56 of the other dimer-related subunit in
Y3HAO. (B) Structure-based sequence alignment of Y3HAO with its homologs. Y3HAO from Saccharomyces cerevisiae;
RM3HAO from Ralstonia metallidurans; PF3HAO from Pseudomonas fluorescens; SD3HAO-N, N-terminal domain from
Suberites domuncula; SD3HAO-C, C-terminal domain from Suberites domuncula; M3HAO-N, N-terminal domain from Mus
musculus; M3HAO-C, C-terminal domain from Mus musculus; H3HAO-N, N-terminal domain from Homo sapiens; H3HAO-
C, C-terminal domain from Homo sapiens. The secondary structure and residue numbering for Y3HAO are shown above its
sequence. (Arrows) B-strands; (large coils) a-helices; (n1) 3o helices. Fully conserved residues (white letters on black back-
ground) and conservatively substituted residues (black letters in black boxes) across this group of 3HAOs are indicated. (Black
star) Residue in alternate conformations. The image was generated using the program ESPript (Gouet et al. 1999), with
secondary structure elements assigned based on 1ZVF for Y3HAO. (Black triangle) Residues binding active-site iron ion; (black
rectangles) residues forming the hydrogen-bonding network; (black circle) residues binding two oxygens; (black blob) residues
involved in binding the substrate; (black diamond) residues forming hydrophobic pocket; (number sign) conserved cysteines in
the monocupin 3HAOs; B0, B1, B2, B4, B7, BY involved in dimerization are shown. The two characteristic conserved cupin
sequences are shaded. Proposed metal coordinating residues of N-terminal domain of H3HAO are indicated with *.
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Figure 5. Stereo view of superposition of the active sites of subunit A of Y3HAO (yellow), RM3HAO (PDB code 1 YFU, cyan), and the
complex structures of the RM3HAO with the inhibitor CIHAA (magenta) and molecular oxygen (red) (PDB code 1YFW, magenta).
The metal ions are shown in Y3HAO (green) and RM3HAO (red). The water molecules are shown in Y3HAO (gray) and RM3HAO
(cyan). The residue numbering is that of Y3HAO except that E110 is the residue in RM3HAO. Conservative substitution residue in
RM3HAQO is given in parentheses. D120, N51, E111, and R114, together with H49 and E55, form a hydrogen-bonding network. D47
keeps two hydrogen bonds with Arg45, and Q59 forms a hydrogen bond with R101. Hydrogen bonds are shown as red broken lines.

site metal ion coordinated near the interface between
subunits within the partially formed cupin domain, and
it contains the metal binding site in its C-terminal
domain. However, 3HAO shares a characteristic metal
coordination site within the jellyroll in cupins as a mono-
cupin dimer or bicupin monomer; therefore, 3HAO is a
special subgroup of the type III extradiol dioxygenases.

Two other extradiol dioxygenases also cleave ortho—
aminophenol: One of them is 2-aminophenol 1,6-dioxy-
genase (Lendenmann and Spain1996), which belongs to
the type II extradiol dioxygenases; the other is 4-amino-
3-hydroxybenzoate 2,3-dioxygenase (4A3HBA23D) from

10 20
Y3HAQ

'rTPIETEJKNLKENP.GLLnwmwcmxcc?mﬂwa
$A3HBA23D MI IQE PXMF{VIJLEAVMRYLTETGKRTHQLWMDDET LRV AR[GR BY[S

Bordetella sp. 10d (Murakami et al. 2004). 4A3HBA23D
from Bordetella sp. 10d (175 residues), also as a biological
dimer, has 30% and 24% identities with Y3HAO and
3HAO from Homo sapiens (H3HAOQO), respectively, and
no identities with other extradiol dioxygenases. However,
3HAO and 4A3HBA23D show high substrate specificity
only for their natural substrates, respectively, which differ
in the position of an amino group. Figure 6 shows a
sequence alignment of Y3HAO and 4A3HBA23D.
Active-site residues Arg45, His49, Asn51, Glu55, His97,
Glulll, Argll4, and Aspl20 are identical; Asn43 and
Asp47 are conservatively replaced by Glu46 and Glu50

30 40 50

&0
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e g R SR
$ #
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Figure 6. Sequence alignment between Y3HAO and 4A3HBA23D from Bordetella sp. 10d. The image was generated using the
program ESPript (Gouet et al. 1999). Fully conserved residues (white letters on black background) and conservatively substituted
residues (black letters in black boxes) are shown. (#) Residues Argl01 and GIn59 are replaced by Phe101 and Ser62 in Bordetella sp.
10d; (§) Phe57, hydrophobic residue lining the substrate, replaced by hydrophilic residue GIn60 in Bordetella sp. 10d.
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in Bordetella sp. 10d. Two substrate-binding residues,
Argl01 and GIn59, are replaced by PhelOl and Ser62,
respectively, in Bordetella sp. 10d. The hydrophobic resi-
dues lining the substrate are highly conserved, except that
Phe57 is replaced by hydrophilic residue GIn60 in Borde-
tella sp. 10d. Therefore, residues ArglOl, GIn59, and
Phe57 are crucial for the substrate specificity of 3HAO.

Metal coordination

The crystal structure of Y3HAO shows that the enzyme
contains two nickel centers per monomer, in agreement
with results from metal elementary analysis. One metal
center is located at the end of the molecule and is solvent-
exposed. The nickel ion is coordinated mainly by two
typical Cys-XX-Cys motifs (Cys126, Cys129, Cys163 and
Cysl66) in the C-terminal sequence, with a tetrahedral
geometry. This Cys-XX-Cys motif is common to the diva-
lent metals. The nickel ion or the iron ion in the RM3HAO
all may be introduced during purification, and the bio-
logically relevant metal ion needs further study. There
is strict conservation of this motif in the monocupin
3HAOs, but it is absent in the bicupin homologs. This
metal center is apparently unrelated to enzymatic activity,
and a structural stabilization role is proposed. Like
RM3HAQO, the two metal sites in Y3HAO are separated
by ~24 A.

The experimental electron density map clearly reveals
the presence of the other metal ion coordinated by the side
chains of His49, Glu55, and His97 located in the B-barrel.
In fact, tertiary structure of the cupin domain has the
advantage of providing a flexible “active site” within the
center of the B-barrel, resulting from the different metals
bound by the relatively conserved ligands within the char-
acteristic motifs in the superfamily. A ligand environment
with three histidines (via their NE2 atoms) and one gluta-
mate (via the OE2) has been observed in many cupin
members such as germin with a Mn”" center (Woo et al.
2000), phosphomannose isomerase with a Zn>" center
(Cleasby et al. 1996), oxalate decarboxylase with two
Mn>* centers (Anand et al. 2002), copper- or iron-contain-
ing quercetin 2,3-dioxygenase (Gopal et al. 2005), zinc ion-
containing auxin-binding 1 protein (Woo et al. 2002), and
a Ni*"-binding dioxygenase, acireductone dioxygenase
(Pochapsky et al. 2002). In some members, just as in
3HAO, one of the three histidines is lost, resulting in a His,
Glu/Asp coordination sphere. This common 2-His-1-car-
boxylate facial triad motif is also shared by many mono-
nuclear non-heme iron(Il) enzymes from different families
that catalyze different reactions and have distinct require-
ments for catalysis. Forexample, 4-hydroxyphenylpyruvate
dioxygenase (HPPD) (Fritze et al. 2004), one of the a-keto-
glutarate iron-dependent dioxygenases, and the predomin-
ant subclass of cupins, in spite of divergent structures, all

feature an active site in which two histidines and one car-
boxylate ligand occupy one face of the iron(II) coordination
sphere. This 2-His-1-carboxylate facial triad was proposed
as a common platform to coordinate an iron(II) center in
non-heme iron enzymes and is one of nature’s recurring
bioinorganic motifs (Koehntop et al. 2005). The three sites
at the opposite face allow metal to bind O, and a variety of
substrates, providing the flexibility for the active site to effect
the remarkable range of reactions.

A comparison of the catalytic metal-binding site of
3HAO with the facial triads of known non-heme
iron(Il) oxygenase reveals an apparent difference: His49
in Y3HAO ligates the metal ion by the N81 atom rather
than a Ne2 as in most of the oxygenases (Fig. 3), despite
the similar overall geometry. The only exception is that in
human homogentisate dioxygenase (HGO), a similar
N31-Fe?* ligation is observed on the spacial equivalent
His335 (Titus et al. 2000). Both 3HAO and HGO catalyze
aromatic ring-cleaving reactions different from the typical
catechol extradiol dioxygenases, with one hydroxyl sub-
stituted by an ortho-amino or para-hydroxyl group,
respectively. However, it was not mentioned by Titus et
al. (2000), possibly due to an uncertainty that this kind of
ligation would be preserved after substrate binding and
during the reaction. In Y3HAO, a strictly conserved
Asp120 on loop B9-B10 limits the side chain of His49 by
an O81-Ng2 hydrogen bond, and the electron density
map clearly indicates the nearest atom in His49 to the
metal ion should be at the & position. Rotating the imida-
zole ring to form a similar Ne2—-metal bond would need
considerable movement of the main chain of B3 and dis-
rupt the hydrogen bond to Asp120. Conformation of the
active-site residues is sustained by the hydrogen-bonding
network.

Active site and proposed catalytic mechanism

Despite the lack of overall structural similarity, the active-
site structures of 3HAO and 2,3-dihydroxybiphenyl 1,2-
dioxygenase (BphC) derived from Pseudomonas sp. strain
KKS102 (Sato et al. 2002), one of the class II of the type I
extradiol dioxygenases, are similar. Like BphC, the sub-
strate HAA binds to the iron of RM3HAO as an asym-
metrical bidentate ligand, at sites trans to the two
imidazole ligands. Also, the oxygen atom adjacent to the
C-C bond that is cleaved is ionized, in which C3-OH is
deprotonated (Zhang et al. 2005). An initial deprotonation
of the hydroxyl of the substrate is crucial for O, activa-
tion; in RM3HAO, Glul10 forms a hydrogen bond with
the C-3 hydroxyl group of HAA and deprotonates C3-
OH. The O, binding site is also opposite to the endog-
enous iron ligand Glu. These similarities suggest that there
may have been a convergent evolution among extra-
diol dioxygenases and that they probably share similar
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catalytic mechanisms (Bugg and Lin 2001; Vaillancourt et
al. 2002; Siegbahn and Haeffner 2004; Vetting et al. 2004;
Viggiani et al. 2004).

On the basis of the coordinates of the RM3HAO-
HAA complex structure, a HAA moiety was modeled
into the active site of subunit A of Y3HAO, as seen in
Figure 7. There is no major difference in the substrate
binding pocket between Y3HAO and RM3HAO. The
crystal structure of the RM3HAO-HAA complex shows
clear differences from that of the native enzyme in that
as loop al-B1, B1, loop Bl1-a2, and a2 move toward
the center of B-barrel, the active site conformation is
more closed, but the positions of the residues forming
the hydrogen-bond network remain the same. Based on
this, we propose a catalytic mechanism for 3HAO (Fig.
8). The first step of the reaction involves the displace-
ment of one solvent ligand and Oe¢l atom of Glu55 from
the enzyme resting state (Fig. 8A) by the substrate to
form a five-coordinate iron(II) species with a chelated
monoanionic 3-hydroxyanthranilate (Fig. 8B); the sub-
strate HAA binds to the iron as a bidentate ligand in
which C3-OH is deprotonated. In the ES complex, the 3-
hydroxy group of HAA forms a hydrogen bond to the
Oe€2 atom of Glulll; the hydrogen-bonding network
makes it easy to induce deprotonation of C3-OH.
Together with the hydrogen-bonding network, the Og¢l
atom of Glu55 makes a hydrogen bond from the site
opposite the C-2 amino group of the substrate HAA
(Fig. 7). The carboxylate group of HAA forms two
hydrogen bonds to ArglOl, and the Ne2 atom of
GIn59 forms a hydrogen bond with the NH1 group of
ArglO1; this interaction and hydrophobic interactions
stabilize the substrate binding. The next step would

then be O, binding to the vacant site of the ES complex;
its binding site is opposite to endogenous iron ligand
Glu55. The O, binding is supposed to induce complete
deprotonation of the C2-NH, group of the substrate
(Fig. 8C). At this stage, the bound dioxygen molecule
acquires a negative charge due to electron transfer from
the metal center, resulting in the formation of an imine—
Fe? " -superoxide intermediate. Because the bound di-
oxygen molecule is located in the cavity that is lined
with a mixture of hydrophobic and hydrophilic resi-
dues, the negative charge on the superoxide may be
stabilized by the NH, group of Arg45 or the protonated
Glu5s5 (Fig. 8C). Then the activated dioxygen molecule
attacks the C3 atom of the substrate to give an iron—
alkylperoxo intermediate (Fig. 8D), which undergoes
alkenyl migration, Criegee rearrangement, and O-O
bond cleavage to give an unsaturated seven-membered
lactone intermediate and an iron(IT)-bound hydroxide
ion (Fig. 8E). The NH2 group of Arg45 or the proto-
nated Glu55 assists cleavage of the O—O bond in the
Criegee rearrangement, and iron(II)-bound hydroxide
ion then hydrolyzes the lactone to afford product. The
precise reaction mechanism will be solved by the com-
plex structures of 3HAO-HAA with active site Fe?"
under anaerobic condition, and mutational studies.

Materials and methods

Cloning, expression, purification, and crystallization

The complete gene fragment encoding Y3HAO protein was
subcloned into the pET-28a expression vector from extracted
Saccharomyces cerevisiae genomic DNA, and the Y3HAO

Figure 7. Model of the substrate HAA at the active site of subunit A of Y3HAO based on the crystal structure of the substrate-
bound RM3HAO (PDB code 1YFY) as reported by Zhang et al. (1995). The Og2 atom of E111 forms a hydrogen bond with the
C-3 hydroxyl group of HAA, and the O¢l atom of Glu55 forms a hydrogen bond with the C-2 amino group of HAA. These two

hydrogen bonds are shown as black broken lines.
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Figure 8. The proposed reaction mechanism catalyzed by 3HAO.

protein was highly expressed as a soluble protein in Escherichia
coli strain BL21(DE3) with a six-residue His tag attached to its N
terminus. Purification of the Y3HAO protein was carried out
through an affinity chromatography Ni-NTA His bind column
(Qiagen) followed by size-exclusion chromatography on a Super-
dex 75 column (Amersham Biosciences). Crystals of Y3HAO
were grown using the hanging drop-vapor diffusion method
from a solution containing 1 mg/mL Y3HAO in 30% polyethy-
lene glycol 4000, 0.2 M NaAc, 0.1 M Tris-HCI (pH 8.5), at 20°C.
For phase determination, a selenomethionyl derivative was pro-
duced and crystallized under similar conditions.

Structure determination

Data sets were collected at three wavelengths from a single
selenomethionine derivative crystal at 100 K on Beamline F2
of MacCHESS, using energies corresponding to the peak
(A =0.9798 A) and the edge (A, = 0.9802 A) of the experi-
mentally determined selenium K-edge. All processing, scaling,
and merging of data sets were performed using the HKL2000
package (Otwinowski and Minor 1997). Initial phases were
calculated to 3.5 A resolution with SHARP (de la Fortelle et
al. 1997) from seven heavy atom sites. DM (Cowtan 1999) was
used for density modification and phase extension to 2.4 A. A
partial Y3HAO model was initially built using ARP/wARP
(Perrakis et al. 1999), and then the sequence of Y3HAO was
built into the resultant density maps using a threading model as
a guide. The electron density allowed very clearly the identifi-
cation of the two molecules in the asymmetric unit. Refinement
was performed with Refmac5.0 (Murshudov et al. 1997) using
the peak data, and the noncrystallographic symmetry con-
straints were released in the latter steps. The metal ions of
Y3HAO (four per asymmetric unit) could be unambiguously

detected in anomalous difference Fourier maps calculated from
both the peak and the edge data. The Ni*™ was reﬁned at full
occupancy with a temperature factor of 36.7-42.8 A2 The ﬁnal
model contains 348 residues, 60 water molecules, and 4 Ni*"
ions. The model was validated using PROCHECK (Laskowski
et al. 1993). The Ramachandran plot produced by PRO-
CHECK shows 91.2% of all the residues in the most favored
regions, 8.1% in additional allowed regions, and 0.7% gener-
ously allowed regions. For details of the R-factor, Ry.., and
stereochemistry of the final model, see Table 1.

Identification of the metal ion

The presence of the metals Mg, Ca, Fe, Co, Ni, and Zn were
analyzed by an atomic absorption spectrophotometry experiment
using PE 1100B, Atom abs (PE, USA). The results indicated that,
after gel-filtration chromatography in 20 mM Tris-HCI (pH 8.5)
and 150 mM NaCl, only Ni*" (the molar ratio of Ni** to Y3HAO
is 2.2) was concomitant with the protein, apparently introduced
during the Ni* " -affinity chromatography step.
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Table 1. Data collection and refinement statistics

Cell dimensions: ¢ = 41.104, b = 66.195, ¢ = 130.188, space group P2,2,2,

Data set Remote Peak Edge
Wavelength (A) 0.9500 0.9798 0.9802
Resolution range 30-2.4 30-2.4 30-2.4
(Outer shell) (2.44-2.40) (2.44-2.40) (2.44-2.40)
Total reflections 1,054,817 1,047,548 1,050,486
Unique reflections 13,806 13,576 13,655

Completeness (%)
Overall (outer shell)
Rinerge’ (Outer shell)
Redundancy (outer shell)
<|I/o| > (outer shell)

93.7% (67.6%)
7.6% (28.3%)
12.4% (9.2%)

25.3% (1.5%)

93.2% (67.9%)
8.2% (24.4%)
12.3% (9.2%)

25.2% (7.8%)

93.0% (66.9%)
6.1% (24.8%)
12.2% (8.9%)

25.5% (6.1%)

Phasing power

(Centric/acentric)

FOM:® MAD/solvent flattened

Resolution (A) 20-2.4
Rt‘actord/Rfree 21 8%/244%
No. of atoms

Protein 2811
Water 60
RMS deviation from ideality

Bonds (A) 0.009
Angles (°) 1.18

1.67/1.06
0.40/0.56

1.29/0.89

* Rierge = 2l Tki— < Init > /> Ihki, Where <1y > is the average of Iy over all symmetry equivalents.

® Phasing power as defined in SHARP.
“FOM (figure of merit) as defined in SHARP.

9 Reactor = S Fobs— Featel /> Fobs: The Rpee factor is calculated using a randomly selected 5% of the reflections set aside

throughout the refinement.
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