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Figure 3. Structure of the active site cavity of FAD in human XOR. FAD is shown as a
yellow colored stick model. The amino acid residues experimentally studied with various
systems are listed in Table 2. The unique amino acid cluster consisting of the side chains
of Arg427, Arg335, Trp336 and Phe550, is shown as a space-filling model in green
(PDB: 2E1Q).
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4.3. The C-Terminal Moco Domain

The large third domain (residues 591 to 1317, colored light blue in Figure 2) sequesters Moco close
to the interface of the Fe/S- and FAD-binding domains. However, recombinantly expressed proteins,
including human and rat enzymes, lack Moco, likely due to overloading of the Moco synthesis and
insertion enzymes in the expression system [69,70]. High-resolution crystal structure analysis of a
mutant of rat XDH (1.7 A) indicated that the conformation of the polypeptide chain surrounding Moco
is very similar to that found in the native bovine milk enzyme [86]. Although the amino acid residues
in the active site do not differ greatly in their positions and orientations, crystallographic information
regarding the interactions of amino acid residues with substrates and inhibitors is based only on data
for native fully active bovine XOR, and the mechanism of hydroxylation has been well understood
only in the last decade. The amino acid residues directly involved in substrate binding and catalysis are
Glu803, Arg881 and Glul262 (human sequence) [69] (Figure 4). In the oxidized form of XORs, the
Mo ion is in the +VI oxidation state, surrounded by an oxo— (=O) at the apical position, and one
hydroxo (—~OH) and one sulfido (=S) ligand in the equatorial plane [16], in addition to the two vicinal
sulfur ligands contributed by the pterin group (Figure 4). It is now generally accepted that XOR
transfers the —OH to the substrate [6,76] (Figure 4). Proton transfer occurs upon substrate binding from
Mo-OH to Glul1262, and the protonated Glu1262 forms a hydrogen bond with substrate nitrogen atom,
facilitating nucleophilic attack on the adjoining carbon by the oxygen atom, which has become a base
(Mo-0O ) [6,76]. When the residue corresponding to Glul262 was mutated, the enzyme was completely
inactivated [69,87]. Regarding the activating role of the charged residues of the active center, it was
found that purine hydroxylation activity is significantly decreased by mutation of two residues, Glu803
and Arg881, in the active site cavity of human XOR into the corresponding residues in the amino acid
sequence of AO, Val803 and Met881, respectively [69]. However, the mutants exhibited significant
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AO activity. Proposed binding modes of substrates hypoxanthine and xanthine (Figure 4) have been
proposed based on kinetic analysis of mutants, as illustrated in Figure 4. Those binding modes suggest
that the activation mechanism facilitates nucleophilic reaction through hydrogen bond formation
between the substrate and amino acid residues (Figure 4 bottom). The interaction of the 2-position
keto group (C=0) and Arg881 is crucial for the efficacy of hydroxylation of the 8-position. These
mechanisms are consistent with the metabolic sequence that hydroxylation of the 2-position of
hypoxanthine precedes that at the 8-position [88-90]. X-Ray crystallography of the urate-bound
reduced bovine XDH having full activity is consistent with this binding mode [86], as are the results of
QM/MM studies with bovine XOR [91]. It was reported that two lysine residues were modified with
fluorodinitrobenzene (FDNB) at pH 8.5, resulting in a decrease of activity due to slower release of the
product, urate [75]. These residues were identified as Lys754 and Lys771 with rat XOR [74], both of
which are located near the surface of the Moco domain, which may explain their accessibility to this
chemical reagent. One of the nitro groups of DNB incorporated into a lysine residue of the enzyme
was reported to be converted to an amino group due to reduction by substrate xanthine; this residue is
most likely Lys771, which is rather close to the active site of the molybdenum center. Possible
mechanisms will be discussed below.

Figure4. Binding modes of the substrate xanthine and mechanism of its hydroxylation.
Upper left, superposition of the two crystal structures around Moco of human E803V
mutant XDH (cyan) and reduced native bovine XDH in the urate-bound form (green) [86].
Upper right, electron-density map of reduced native bovine XDH with bound urate [86]
(PDB: 3AMZ). Lower, proposed hydroxylation mechanism based on the crystal structure
of the urate-bound form and the results of mutation studies [69].
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5. Mutations Causing Type I Xanthinuria

Although inherited XOR deficiency was first reported in 1954 [33], detailed analysis of mutation
sites of XOR was first reported in 1997 [37], and subsequently there have been several reports on XOR
protein mutations associated with xanthinuria, as summarized in Table 3, including recent work on
SNPs not necessarily associated with xanthinuria. The incidence of XOR deficiency, including type II,
has been reported to be 1/69,000, but SNP analysis suggested a higher frequency of mutation in XOR,
possibly because most mutations not cause dysfunction, being asymptomatic or merely producing a

lower level of uric acid in blood.

Table 3. Mutants causing type I xanthinuria.

Codon change Amino acid change Codon number Phenotype Reference

c. 140 141insG

(c. 140dupG) p.Cys48LeufsX12 47 Xanthinuria, type 1 [92]
c.445C>T p.Argl49Cys 149 Xanthinuria, type 1 [93]
c. 641delC p-Pro214GInfsX4 214 Xanthinuria, type 1 [94,95]
c.682C>T p.Arg228X 228 Xanthinuria, type 1 [37]

¢ (lffzgigss gsc p.Alas56SerfsX15 555 Xanthinuria, type I~ [96]

c. 1663C>T p-Pro555Ser 355 Decreased activity [97]

c. 1820G> A p-Arg607GIn 607 Decreased activity [97]

c. 1868C>T p.Thr6231le 623 Decreased activity [97]

c.2107A > G p.1le703Val 703 Increased activity [97]

c.2164A>T p-Lys722X 722 Xanthinuria, type 1 [98]

c.2473C>T p.Arg825X 825 Xanthinuria, type 1 [95]
c. 2567delC p-Thr856LysfsX73 856 Xanthinuria, type 1 [37,96]

c.2641C>T p.Arg881X 881 Xanthinuria, type 1 [95]

c.2727C> A p.Asn909Lys 909 Decreased activity [97]

c.2729C> A p.Thr910Lys 910 XDH deficiency [97]

c. 2729C>T p.Thr910Met 910 Xanthinuria, type 1 [52,92]

c.3449C>G p.Prol150Arg 1150 Decreased activity [97]

c. 3662A > G p.-His1221Arg 1221 Increased activity [97]

c.3953G> A p.Cys1318Tyr 1318 Decreased activity [97]

Any mutation that causes nonsense substitution [92,94-96,98,99] can be expected to cause loss of
activity, since the active site of xanthine hydroxylation lies in the C-terminal domain and therefore
truncated proteins should be inactive for hydroxylation. Arg881X is the longest peptide among the
reported mutants having a stop codon (Table 3), and as the stop codon site is just at the active site
region, as described above, it seems very likely that an active site cavity cannot be formed.

The mutation of Argl49Cys at the Fe/S I cluster motif [93] may influence the formation of the
cluster, resulting in loss of electron transfer, even if the protein is completely processed and folded.
Thr910 is located at a distance of 7.3 A from Mo=S in the molybdenum center. Mutation of this
residue to a bulky methionine or lysine residue seems likely to result in the loss of Moco or its sulfur
atom, which is essential for the activity. Alternatively, insertion of the lysine residue may change the
electrostatic environment in the active center cavity.
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SNP analysis suggests that mutations of XOR may be quite frequent [97]. Although the conditions
of activity determination, such as XDH/XO ratio and content of the desulfo-form of each mutant may
have varied, it was reported that mutation of some residues not directly involved in the catalysis may
result in partial loss of activity, possibly through effects on the protein conformation. It is intriguing to
note that mutants Ile703Val and His1221Arg show increased activity due to an increase of Viax. Those
residues are located not in the active site cavity, but rather at the surface of the C-terminal Moco
domain. As stopped-flow studies with XDH showed that the rate-limiting step of the overall reaction is
release of urate, such mutation might increase the rate of release of urate. It has been reported that the
keat value of bacterial XDH is 10 times higher [87] and the enzyme inhibition pattern is very different
from that of mammalian enzyme, i.e., bacterial XDH was not efficiently inhibited by febuxostat, a
potent inhibitor of the mammalian enzyme [100]. Molecular dynamic simulation indicated that the
bacterial enzyme molecule is much more mobile due to different mobility of surface amino acid
residues, suggesting that the release rate of urate may be slower than that of the mammalian enzyme.
This may be consistent with the finding that the modification of surface amino acid residues with
FDNB caused slower release of urate, as described in the previous section.

6. Type II Xanthinuria Is the Consequence of Mutation of Human Moco Sulfurase Gene

As described above, the molybdenum atom of XOR and AO is coordinated by 5 atoms, of which
one is a sulfide atom (Mo=S). During hydroxylation, two electrons from the substrate are transferred
as hydride to Mo=S to form Mo-SH. The natural preparation is known to contain a significant amount
of inactive form in which the sulfide atom (S) is replaced by an oxygen atom (O) [101]. The ratio
Mo=0/Mo=S varies from batch to batch. The enzyme can be inactivated spontaneously by loss of
sulfide, and the sulfide can also be removed by CN treatment to give SCN [101,102]. Fully active
enzyme (Mo=S) can be separated using affinity chromatography [103,104]. The amount of desulfo-form
seems to be regulated by the sulfur-donating activity in various organisms, including fly [102] or
chicken [105,106], suggesting the existence of a sulfur-donating enzyme, Moco sulfurase. In
Drosophila melanogaster, some mutations at maroon-like locus (ma-[) are known to cause inactivation
of both XDH and XO [107], and combined deficiency of XOR and AO in humans was reported [108].
In 1995, it was proposed that type II xanthinuria might be due to a defect in sulfur donation, resulting
in combined deficiency of XOR and AO [35]. Subsequently the ma-I gene, bovine Moco sulfurase
gene and finally human Moco sulfurase gene were cloned and sequenced; all of them are members of a
superfamily having a NifS-like domain in the N-terminal followed by a possible Moco-binding domain
with a total of 888 amino acids [38,109,110]. Two independent xanthinuria patients were found to
having a mutation that converts codon 419 to a nonsense codon [38]. Subsequently, other mutants,
Alal56 to Pro [111] and Arg776 to Cys [112], were reported to cause type II xanthinuria. As human
Moco sulfurase has not yet been successfully expressed as a soluble protein and its three-dimensional
structure is not available, we can only speculate that the mutations cause some conformational change
or folding error that affects Moco binding. Further studies can be expected on this interesting protein
and on the mechanism of sulfur incorporation, including the question of whether the sulfur atom is
incorporated before or after Moco is incorporated into XOR or AO protein.
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1. SLC22412 (URATY)
2. SLC249 (GLUTY9/ URATv1)
3. ABCG2 (breast cancer resistance protein: BCRP)
4.SLC22411 (OAT4)
5.SLCI7A1 (NPT1), SLCI174 3 (NPT4) & SLCI744
6. PDZK 1 (PDZ domain containing 1)
7. SLC1649 (MCT9)
8. LRRC164 (CARMIL) & SCGN
9. GKRP (glucokinase regulatory protein)
10. LRP2 (lipoprotein receptor related protein-2, megalin)
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A. ABCG2
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B. OAT4, NPT1 & MCT9
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PDZK1, glucokinase regulator protein 27— F3
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