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Abstract

Fe!l/a-ketoglutarate-dependent hydroxylases uniformly possess a double-stranded B-helix fold
with two conserved histidines and one carboxylate coordinating their mononuclear ferrous ions.
Oxidative decomposition of the a-keto acid is proposed to generate a ferryl-oxo intermediate
capable of hydroxylating unactivated carbon atoms in a myriad of substrates. This perspective
focuses on a subgroup of these enzymes that are involved in pyrimidine salvage, purine
decomposition, nucleoside and nucleotide hydroxylation, DNA/RNA repair, and chromatin
modification. The varied reaction schemes are presented, and selected structural and kinetic
information is summarized.

1.0 Introduction

Ferrous ion and a-ketoglutarate (aKG)-dependent dioxygenases comprise an enzyme
superfamily with members present in animals, plants, protists, fungi, bacteria and even
viruses. Most representatives of this large group of enzymes couple the oxidative
decarboxylation of aKG to various hydroxylation reactions (Fig. 1), but others are capable
of catalyzing desaturation, epoxidation, halogenation, ring formation, or ring expansion
reactions, which allows them to fill a wide variety of biological roles including antibiotic
biosynthesis, hypoxic sensing, DNA repair, and various types of metabolite transformations.
1=3 Not surprisingly, the primary substrates also are diverse and include proteins, lipids,
nucleic acids, and a myriad of small molecules that can be used for synthesis or undergo
degradation.

The sequences of Fe!'/aKG dioxygenases show little overall identity, yet the diverse
reactions all are catalyzed by proteins with the same core fold and use similar chemistries.*
The hallmark of these enzymes is their use of Fe!! to activate molecular oxygen according to
a mechanism (Scheme 1) first proposed by Hanauske-Abel and Gunzler in 1982 for prolyl 4-
hydroxylase.> (A) In the absence of substrates, a “facial triad” (usually two His plus one Asp
or Glu occurring in a His-X-Asp/Glu-X,-His motif) weakly bind one face of the
hexacoordinate metal .7 (B) The aKG co-substrate displaces two waters and coordinates
Fe!l in a bidentate fashion with its C1 carboxyl and C2 keto oxygens. The binding of aKG is
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stabilized by interaction of its C5 carboxylate with other amino acids, often including a
conserved Arg located about a dozen residues beyond the second His of the motif.1 (C) The
primary substrate does not directly interact with the metal ion, but its binding leads to
displacement of the remaining water molecule and creation of an oxygen-binding site. (D)
Reaction with oxygen most likely forms an Fe!!!-superoxo species. (E) Oxidative
decomposition of aKG creates an Fe!V-oxo intermediate capable of abstracting a hydrogen
atom from a non-activated carbon on the primary substrate. (F) The hydroxyl group
rebounds as a radical, resulting in substrate hydroxylation and restoring the Fe!! form of the
enzyme. The Fe!V-oxo intermediate has been directly observed for taurine/aKG dioxygenase
(TauD),8710 prolyl 4-hydroxylase,!! and a related halogenase,? and is believed to form in
most if not all members of this family. Recent reviews provide greater details regarding the
general characteristics of this enzyme family.1:2

This perspective focuses on the modification of nucleobases, nucleosides, nucleotides, and
chromatin by the Fe!' and aKG dependent hydroxylases (Table 1). We discuss the
degradation and salvage of free bases by the fungal enzymes thymine 7-hydroxylase and
xanthine hydroxylase. Next, nucleoside hydroxylases are briefly described. We then
examine the developmental modification of DNA in kinetoplastid protozoans and
summarize evidence that the JBP1 and JBP2 proteins possess thymidine hydroxylase
activity. The oxidative repair of DNA by Escherichia coli AIkB is discussed, and the
properties of mammalian homologues are summarized. Finally, we present emerging
evidence pointing to the existence of Fe!l/aKG hydroxylases in other nucleotide and
chromatin modifying enzymes.

2.0 Pyrimidine and purine hydroxylases

2.1 Thymine 7-hydroxylase

One of the first Fe!l/aKG-dependent dioxygenases to be discovered was thymine 7-
hydroxylase (T7H), an enzyme that catalyzes three consecutive oxidations of thymine to
form 5-hydroxymethyl uracil (HMU), 5-formy! uracil (FU), and uracil-carboxylic acid
(Scheme 2).13-16 Each of these reactions requires Fe!!, aKG, and O, and produces
stoichiometric amounts of the respective primary product, CO,, and succinate. One atom of
molecular oxygen is incorporated into succinate and the other into the primary products.1>~
17 The Rhodotorula glutinis T7H sequence includes His 211, Asp 213, and His 268 as
putative metal-binding ligands and Arg 284 as a likely aKG stabilizing residue, but no
structural studies have been carried out to confirm these assignments.

Efforts to characterize T7H have focused on the enzymes from fungi such as Neurospora
crassa, R. glutinis, and Aspergillus nidulans that can grow on thymine as their sole nitrogen
source. These microorganisms possess a salvage pathway enabling the host to utilize
thymine as a pyrimidine source in the absence of the common “de novo” pathway of uracil
biosynthesis (Fig. 2). The gene encoding T7H was recently identified,18 and sequence
comparisons reveal many homologues outside of the fungal kingdom including bacteria
(e.g., Pseudomonas species and Xanthomonas campestris) and protists (e.g., Trypanosoma
brucei). It is not known whether these gene products possess T7H activity.

The kinetic properties of T7H were extensively studied,2¥=21 and thymine was shown to be
greatly preferred as a primary substrate over HMU and FU. For example, T7H purified from
R. glutinis exhibits a Ky, of about 60 pM for thymine, twice that for HMU, and over 60-fold
greater for FU.2L Furthermore, the ke, Of the reaction for thymine, estimated to be in the
range of 1000 min~1 for the R. glutinis enzyme,?! is greater than that for HMU or FU.
Similarly, the ratios of reaction rates of the three substrates with the N. crassa enzyme are
estimated to be 4.6:2.3:1.16 Thymine and HMU are bound at the same active site as shown
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by studies demonstrating that HMU competitively inhibits thymine hydroxylation with an
observed K; that matches the K, for HMU utilization.19:21 On the basis of the high K, and
low kgt for FU: hydroxylation of this substrate by T7H is suggested to be physiologically
irrelevant; the presence of an NAD-dependent FU dehydrogenase in N. crassa is consistent
with this proposal.?1:22 No evidence exists for processivity of the enzyme; rather, it has been
argued that each oxidation requires product release in order to free the T7H active site for
another turnover.21

The reactivity of T7H with various thymine analogues nicely illustrates the remarkable
chemical versatility associated with the Fe!l/aKG family of enzymes. In addition to the three
reactions shown above in Scheme 2, T7H oxidizes 5-vinyluracil, 5-methylthiouracil, 5,6-
dihydrothymine, 1-methylthymine, 1-methyluracil, 1-ethyluracil, 6-azathymine, and others
some of which are shown in Scheme 3.20:23 |n addition, ethynyluracil (EU) is metabolized
by the enzyme to form 5-carboxymethyluracil and uracil-5-acetylglycine along with a
reactive intermediate that acts as a mechanism-based inactivator which covalently modifies
a phenylalanine of the protein.24 Overall, the reactivity of T7H is reminiscent of that
observed with cytochrome P450s and includes epoxidations, sulfur oxidations,
hydroxylation of non-activated carbon-hydrogen bonds, and N-demethylations.2

In contrast to the relaxed specificity for its primary substrate, T7H is very specific for its co-
substrate aKG and no reaction occurs without O,. The Ky, values of these substrates (24 and
36 uM, respectively) for the R. glutinis enzyme are lower than that of thymine. In the
presence of ascorbate plus 5-fluorouracil or uracil (substrate analogues that are incapable of
hydroxylation), T7H catalyzes an uncoupled reaction in which O, is reduced at about 1-6%
of the thymine-dependent catalytic rate.21:25:26 This uncoupling reaction does not involve
oxidative decomposition of aKG and thus differs from that exemplified by prolyl 4-
hydroxylase.27—29

Kinetic isotope effect studies of T7H have provided useful insights into the general reaction
mechanism of aKG dependent dioxygenases.?1:2% Experiments using
(trideuteriomethyl)thymine as substrate revealed a smaller catalytic rate constant than
measured with the standard substrate, consistent with cleavage of the carbon-hydrogen bond
being at least partially rate limiting. Because Vax/Km did not exhibit an isotope effect for
this enzyme, even when measured under reduced O, concentration, an irreversible step prior
to oxygen binding was postulated to occur. These results agree with the classic prolyl 4-
hydroxylase mechanism proposed by Hanauske-Abel & Gunzler,® and recent studies with
other family members establish that aKG decarboxylation and oxygen-oxygen bond
cleavage precede the cleavage of the carbon-hydrogen bond.

2.2 Xanthine hydroxylase

Xanthine dehydrogenase and xanthine oxidase are well studied and highly conserved
molybdopterin cofactor (Moco)-containing enzymes that transform xanthine into uric acid.3°
These reactions enable many microorganisms to utilize the purine bases xanthine and
hypoxanthine as N-sources. Mutants of A. nidulans defective in xanthine dehydrogenase
activity were shown to retain the ability to grow on xanthine as sole nitrogen source,
suggesting the presence of a second mechanism for xanthine metabolism.3! An Fe!/aKG-
dependent xanthine hydroxylase (Scheme 4), encoded by xanA, was shown to be responsible
for this novel activity.32

The enzymatic properties of XanA were investigated as purified from A. nidulans and as
heterologously expressed as a Hisg-tagged fusion protein in E. coli.33 The two forms differ
in their quaternary structure (dodecamer versus monomer, respectively), posttranslational
modifications (e.g., the fungal form is highly glycosylated), and length (the fungal protein is
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significantly truncated at the N-terminus); however, they are very similar in their enzymatic
properties (Kt Of 30-70 s~1 and Ky, of 45 uM for xanthine). XanA is highly specific for its
primary substrate with only trace activity observed for 9-methylxanthine, while 6,8-
dihydroxypurine was found to be a slow-binding competitive inhibitor.33:34 Fe!! cannot be
replaced by any other divalent metal, and a-ketoadipic acid is the only alternate co-substrate
that confers activity.33 Kinetic isotope effect studies using xanthine deuterated at C8
demonstrate that carbon-hydrogen bond cleavage is not rate limiting in the overall reaction.
In contrast, Vimax is significantly decreased in 2H,0 indicating that a chemical group
possessing an exchangeable proton is important in the rate-limiting step.33

No crystal structure of XanA is available; however, a homology model was constructed (Fig.
3) by using TauD as a template and several features of this model were confirmed by
mutational studies.33:34 Drastic activity losses were noted upon mutation of the putative
Fe!l-binding ligands (His 149, Asp 151 and His 340). Lys 122 was shown to be important in
stabilizing aKG as demonstrated by an increase of the K4 for aKG according to fluorescence
quenching studies, and Arg 352 is predicted to form a salt bridge with the C5 carboxylate of
the a-keto acid. The ke,/Kp, value of the N358A variant was reduced 23-fold compared to
the wild-type enzyme, suggesting an important role for Asn 358 in catalysis. Cys 357, Glu
137, and Asp 138 were predicted to lie close to the N9 position of xanthine on the basis of
activity measurements of the Ala mutants when comparing xanthine and 9-methylxanthine
as substrates. GIn 101 and GIn 356 were tentatively identified as additional residues that line
the active site and likely to be important for catalysis. The model provides a reasonable
explanation of the narrow substrate specificity of XanA in terms of steric clashes, incorrect
tautomeric preferences, or disruption of critical interactions for other substrate-like
compounds.

3.0 Nucleoside hydroxylases

Two types of Fe(I1)/aKG-dependent hydroxylases have been shown to utilize nucleosides as
their substrates. First, a pyrimidine deoxyribonucleoside 2'-hydroxylase activity (reaction 1
in Figure 2) was noted in N. crassa, A. nidulans, and R. glutinis and shown to convert
deoxythymidine or deoxyuridine to their respective ribosides (Scheme 5).35-38 Secondly, R.
glutinis was shown to contain an enzyme that hydroxylates the 1’ position of uridine or
deoxyuridine to release uridine as illustrated in Scheme 6.3% The genes encoding these
enzymes have not been identified and the proteins have not been further characterized.

4.0 Polynucleotide hydroxylases

4.1 Thymidine hydroxylase of protists

Another case of thymine modification is found in kinetoplastids. These protists exhibit two
distinct life stages; i.e., a procyclic form within insect vectors and the bloodstream form
responsible for several diseases, the most well known being African Sleeping Sickness. This
disease results from the mammalian host being infected by Trypanosoma brucei which
persists due to the parasite’s ability to switch its expressed surface coat glycoprotein, a
process termed antigenic variation.40 T. brucei contains many variable surface glycoprotein
genes that are organized into about 20 subtelomeric expression sites. Up to one percent of
the thymine in the telomeric and subtelomeric repeats of nuclear DNA in the bloodstream
form of T. brucei is replaced with B-D-glucosyl-hydroxymethyluracil (base J) but no
modification is found in the insect form of the parasite where antigenic variation is absent.
41,42 The modified base is thought to induce chromatin compaction and thereby stabilize the
chromosome from rearrangements within these repetitive sequences.*344 Moreover, base J
is suggested to play a role in gene silencing related to the process of antigenic variation.*
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Indirect evidence suggests that base J is synthesized in two steps (Scheme 7).46:47 First, the
methyl group of thymidine must be hydroxylated to create hydroxymethyluridine
(HOMedU), as evidenced by the presence of low levels of HOMedU in DNA of
bloodstream form trypanosomes.*8 Next, the hydroxymethyl moiety must be glucosylated.
This reaction is not specific to the sequence or life cycle-stage as demonstrated by the
random placement of base J in the bloodstream and procyclic forms of cells grown with
HOMedU included in the medium.*3 A J binding protein (JBP1) was identified in T. brucei
and shown to specifically bind to base J in DNA.4° Subsequently, another trypanosomal
protein was discovered to share some N-terminal sequence identity with JBP1 (along with
exhibiting homology to the SWI2/SNF2 chromatin remodeling protein family) and named
JBP2 even though it does not bind to J-containing DNA.59 A portion of the JBP1 and JBP2
sequences exhibit weak similarity to proteins in the Fe!'/aKG dioxygenase family, leading to
the hypothesis that these proteins may function as thymidine hydroxylases in trypanosomes.
51

Recent evidence supports the proposal that JBP1 and JBP2 function as Fe!'/aKG-dependent
hydroxylases during J biosynthesis. The developmentally regulated JBP1 is produced only
in the bloodstream form of trypanosomes, whereas the insect form is devoid of this protein
or base J.52 A double knockout of the gene encoding JBP1 in T. brucei, while causing no
phenotype, reduces base J levels to 5% of the level found in the wild-type microorganism.>2
A JBP2 knockout reduces base J levels to 20% and abolishes the trypanosome’s ability to
synthesize base J in new telomeric DNA.33 Cells grown with HOMedU lose base J more
slowly in the presence of JBP1 than do cells not containing this protein, consistent with a
role in maintaining J.52 Secondary structure predictions suggest an all-§ core sharing
features with several members of the Fe!l/aKG dioxygenase family according to fold-
recognition searches.®! Mutation of putative active-site residues in JBP1 yielded protein that
was unable to complement a JBP1 null mutant to restore base J levels.>! Finally, anaerobic
incubation of purified JBP1 with Fe!l and aKG yielded a weak absorbance feature at ~500
nm (unpublished observations) that was consistent with the metal-to-ligand charge-transfer
transition observed in several other members of this enzyme family.54—56

4.2 Escherichia coli AIkB and repair of alkylated DNA/RNA

E. coli alkB has been studied for its role in the adaptive response to alkylation damage since
the 1980’s.57+58 This gene was long known to confer resistance to certain methylating
agents, and in 2002 the encoded protein was discovered to be a member of the Fe!l/aKG
dioxygenases.>%:60 The enzyme catalyzes N-dealkylation of 1-methyladenine (1ImeA) and 3-
methylcytosine (3meC) in DNA by the mechanism shown in Scheme 8, creating an unstable
intermediate that spontaneously releases formaldehyde to regenerate the native base. AlkB
repairs the analogous lesions in RNA,%1 including mRNA and tRNA.52 Furthermore, the
protein dealkylates 1-methylguanine (1meG), 3-methylthymidine (3meT) and several etheno
adducts of DNA 6366

Crystal structures have been reported for E. coli AIKB in complex with Fe!!, «KG, and the
tri-deoxynucleotide substrate T-1meA-T (Fig. 4) and for protein with bound Mn!!, aKG, and
covalently-tethered ds-DNA (not shown).67:68 These structures reveal details of the
metallocenter active site and help to clarify how the enzyme can accommodate its various
substrates (ss-DNA, ds-DNA, and various forms of RNA). Residues His 131, Asp 133, and
His 187 bind the metal, aKG coordinates Fe!! in a bidentate manner (via the C1 carboxylate
and C2 keto groups), and a salt bridge from Arg 204 stabilizes the aKG C5 carboxylate. The
open coordination site for oxygen binding does not point toward the substrate (a situation
termed “offline” geometry);1 thus requiring a shift in position of the C1 carboxylate prior to
oxygen binding or a “ferryl flip” to occur after generating the Fe!V-oxo intermediate.* The
trimer substrate is bent so as to extend the damaged base deep into the active-site pocket,
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making ten identified hydrogen bonds and many more van der Waals contacts with the
protein. The N-terminus is responsible for about half of the identified contacts with the
substrate via a highly flexible nucleotide recognition domain or lid made up of 3 p-strands.
This protein region is flexible based upon the superposed structures of the bound and
nucleotide-free states, thus allowing movement and reorientation without losing critical
contacts. Substrate specificity at the base level is provided deep in the pocket; a hydrogen
bond between Arg 210 and the adenine moiety could also be made with cytosine, but not
with the other two bases, explaining why AIkB prefers 1meA and 3meC as substrates.
Finally, AIkB’s modest preference for ss-DNA/RNA substrates®1:69 js explained by the
nucleotide polymer being oriented to extend into a hydrophobic pocket with stabilization
provided by base stacking with nearby aromatic residues. Binding of ds-DNA involves an
inversion of the sugar ring preceding the modified nucleotide, distortion of the
complementary strand, and a flipping out of the lesion to extend the methylated base into the
active site.%8

Kinetic studies have examined AlkB activity using a wide range of substrates. A rate of 12
min~1 was reported for randomly methylated poly(dA),”® or about 4 min~1 for two
specifically mono-methylated oligonucleotides.’! Catalytic rates with the tri-
deoxynucleotide T-1meA-T used in the crystal structure studies were determined separately
by two groups and found to be 7.4 and 4.5 min~1, respectively.87:70 A phosphate 5’ of the
methylated base is critical for proper recognition based upon a 6-fold increase in the
apparent K, when it is missing,’? and this result is compatible with the crystal structure
which shows both a hydrogen bond and a salt bridge involving this 5’ phosphate.57

In addition to the dealkylation reactions observed with the above substrates, AIkB is known
to exhibit additional types of reactivity. The minimal substrate that could be demethylated
was identified as 1-me-dAMP,’? whereas the nucleosides 1-meA, 1-me-2'-dA, 3-meC, and
3-me-2'-dC were shown to stimulate aKG decomposition without undergoing
demethylation.”? In the absence of nucleotide, but the presence of aKG and O,, AIkB
hydroxylates its own Trp 178 (located near the active site, see Fig. 4) to generate a hydroxy-
tryptophan side chain. A ligand-to-metal charge-transfer transition between this modified
resigge and the oxidized metal site results in a blue protein that absorbs maximally at 595
nm.

4.3 Mammalian AlkB homologues

Eight human homologues of AlkB, named ABH1 through ABH8, have been shown to exist.
74 The best studied of these, ABH2 and ABH3, catalyze the same reaction as AIkB (Scheme
8), i.e., the oxidative repair of methylated polynucleotides with concomitant decarboxylation
of aKG producing the native base, formaldehyde, succinate and CO,.61:62,69,75,76 Genes
encoding these enzymes can complement an alkB defective E. coli strain to restore
resistance to the methylating agent methylmethanesulfonate. In vitro assays with the purified
dioxygenases show that ABH2 prefers ds-DNA, whereas ABH3 exhibits greater activity on
RNA and ss-DNA. Kinetic measurements demonstrated that the enzymes are well adapted,
with activity toward their substrates approaching the diffusion limit.”® The two enzymes
differ slightly in their tissue distribution, but both human homologues are highly expressed
in testis, whereas the corresponding mouse homologues are largely expressed in the heart.
75,76 Of interest, their subcellular localization is different; ABH2 is exclusively nuclear
while ABH3 was found both in the nucleus and in the cytosol.51 ABH2 and ABH3 knock-
out mice were created, shown to be viable, and used to demonstrate that repair of double-
stranded DNA is mostly dependent on ABH3 whereas ABH2 might have a role in mMRNA
repair.”” ABH2 also exists in a form lacking exon 2, resulting in a frame-shift deletion of the
C-terminal Fe!'/aKG-binding domain; the function of the truncated ABH2 is unknown.”8
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ABH2 was crystallized with Mn!!, aKG, and covalently-tethered DNA,%8 providing a 2.5 A
resolution structure (Fig. 5). The enzyme retains the overall fold of AlkB, coordinates the
metal ion using His 171, Asp 173, and His 236, binds the C5 carboxylate of aKG via Arg
248, and possesses extra loops that bind the complementary strand of ds-DNA. Of particular
interest is Phe 102 which intercalates into the DNA to replace both the methylated base that
is flipped out from the duplex DNA plus its complementary base that is disordered.

The crystal structure of ABH3 was solved in complex with iron and aKG at 1.5 A resolution
(Fig. 6).7° The structure contains the typical core of Fe!/aKG-dependent dioxygenases, and
includes the iron-binding ligands His 191, Asp 193 and His 257 as well as Arg 269 which
forms a salt bridge with aKG. A hairpin formed by p4 and B5 creates a lid over the active
site and a positively charged groove constitutes the DNA and RNA binding cleft.
Superpositioning of the ABH3 structure with ABH2 or AlkB reveals significant structural
differences for substrate binding.88:7 In particular, ABH3 lacks the extra DNA binding
loops of ABHZ2 that are used to recognize the complementary strand of ds-DNA.
Furthermore, ABH3 has a more polar substrate binding pocket than AIkB which could partly
explain the more restricted substrate specificity of this protein. In addition, very few of the
residues making contact with the sugar-phosphate backbone are conserved between the latter
two enzymes. Whereas the tri-deoxynucleotide T-1meA-T adopts a rather unusual
conformation at the active site of AIkB, this conformation is precluded by steric hindrances
in ABH3. The authors suggest that ABH3 binds its DNA substrate in a direction opposite to
that in AIkB."® In contrast to the primary substrate, aKG is bound similarly in these
dioxygenases. The crystal structure also reveals several new key residues important for
ABH3 activity. One feature consists of three negatively charged residues, Glu 123, Asp 189
and Asp 194, located at the entrance to the DNA/RNA binding groove. Experiments with
the E123A mutant showed 5-fold increased activity with ds-DNA but only 1.5-fold with ss-
DNA suggesting that this residue discriminates against ds-DNA substrates. Another
important residue is Arg 122 whose side-chain is ideally positioned to intercalate into the
DNA and thereby take part in nucleotide flipping. Leu 177 occupies a central position in the
active site and was proposed to act as a ‘buffer stop’ to prevent penetration of alkylated
purines too deeply into the catalytic pocket. Of additional interest and perhaps parallel to the
self-hydroxylation of Trp 187 in AIkB, Leu 177 of ABH3 was found to be partially oxidized
at C4 (to a mixture of the hydroxyl and carbonyl species), even when purified anaerobically.

The functions of ABH1 and ABH4-ABH8 have not been elucidated. Of all the mammalian
homologues ABHL1 is closest in sequence to AIkB; however, demethylation activity was not
detected.”=77 Similarly ABH4, ABH6, and ABH7 do not exhibit demethylation activity,
while ABH5 and ABH8 were found to be hard to purify after being overproduced in E. coli,
and, to our knowledge, no activity measurements have been reported.”® Just recently, a new,
longer form of ABH8 was identified and shown to include an RNA recognition motif and a
methyltransferase domain.”® In the same study, the cellular expression of all human AIkB
homologues was studied with GFP-fusion proteins; ABH1 and ABH4-ABH7 were observed
throughout the cell, whereas ABH8 was detected only in the cytoplasm. Real-time PCR
experiments showed that all human AlIkB homologues are expressed ubiquitously in the
tissues examined. ABH1 is most highly expressed in spleen and all homologues showed
elevated expression in pancreas and testis. In another study, an ABH1~/~ knockout mouse
was created.8% These knockout mice are viable and fertile, but show intra-uterine growth
retardation and placental defects. It was further shown with yeast two hybrid assays that
ABH1 interacts with Mrj, a mouse homolog of the E. coli DNA co-chaperone Dnal. These
data suggest that ABH1 might play a role in regulation of gene expression.
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5.0 Chromatin hydroxylases

Several Fe!l/aKG-dependent enzymes have been shown to exploit oxidative chemistry to
remove methylation tags on chromatin-associated proteins. The first published example of
this activity involved JIMDM1 (JmjC domain-containing histone demethylase 1) that
demethylates dimethyl- and monomethyl-Lys at position 36 of histone 3.81 This work was
quickly followed by a plethora of reports (not listed) describing related methyl-Lys
demethylases that act at varied positions of selected histone tails, many capable of
demethylating trimethyl-Lys. In addition, JMJD6 was shown to function as a methyl-Arg
demethylase.82 In all cases, the enzymes are suggested to utilize a subset of the chemistries
shown in Schemes 9 and 10. Reversal of monomethyl-Lys in histones also occurs by the
flavoprotein amine oxidase LSD1.83

Structural studies have provided key insights into the mechanism of catalysis and specificity
of the IMID2A histone demethylase that recognizes dimethyl- and trimethyl-Lys at
positions 9 or 36 of histone 3 (Fig. 7). The catalytic core of this protein folds into the
jellyroll-like structure typical of this enzyme family, with additional domains including a
zinc-finger motif.84 His 188, Glu 190, and His 276 serve as metal ligands, and oKG (or in
the case shown, the aKG homologue N-oxalylglycine), stabilized at C5 by interactions with
Tyr 132 and Lys 206 rather than by a salt bridge to an Arg, exhibits the expected bidentate
coordination. Complexes of the catalytic domain with various peptides containing
methylated Lys residues highlight the mechanism of substrate specificity, including the
preference for a multiply-methylated peptide.85787 The open coordination site for oxygen
binding is directed towards the methyl group to be hydroxylated; i.e., this structure depicts
an “on-line geometry” for hydroxylation.

6.0 Conclusions and outlook

The Fe!l/aKG-dependent dioxygenases represent a diverse family of enzymes that catalyze a
wide range of oxidizing reactions,1:2 only a subset of which act on nucleobases, nucleosides,
nucleotides, and chromatin. These proteins all contain a similar core fold and use analogous
chemistry to hydroxylate their substrates. Additional representatives of this family are likely
to be uncovered. For example, the FTO gene product, implicated in the onset of obesity in
humans, was predicted by sequence analysis to be a member of this enzyme superfamily.88
Indeed, the murine FTO protein (found to be a nuclear protein with the highest expression in
the hypothalamus, a part of the brain that regulates energy homeostasis) was shown to
exhibit Fe!!, aKG, and oxygen-dependent demethylation activity with 1meT.89 The
relevance of this dealkylation activity and the physiological function of this protein remain
unknown. Other components of the chromatin, such as various regulatory proteins, are
potential candidates for future inclusion in this protein family. In this regard, the hypoxia-
inducible factor (HIF), a transcription factor involved in the hypoxic response, is regulated
by several Fe!l/aKG-dependent hydroxylases that target specific prolyl and asparaginyl side
chains in the proteins.9%:91 The structures of a HIF-specific prolyl hydroxylase®? and a HIF-
specific asparaginyl hydroxylase (also called factor-inhibiting HIF, FIH)%395 have been
elucidated.

Despite the prevalence of Fe!'/aKG-dependent hydroxylases in oxidation reactions of
components of chromatin, nucleotides, nucleosides, and nucleobases, it is important to keep
in mind that other classes of enzymes catalyze similar chemistry. One example already
noted involves xanthine metabolism by the Moco-containing enzyme xanthine
oxidoreductase; related Moco-hydroxylases potentially could be uncovered with specificity
toward other related substrates.30 In the same manner, the oxygenase chemistry described
here could alternatively be achieved by use of cytochrome P450s,% di-iron hydroxylases,®’

Dalton Trans. Author manuscript; available in PMC 2010 July 20.
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eske-type iron-containing oxygenases, %8 pterin-dependent hydroxylases,? flavoprotein

monooxygenases,109 and other catalysts.191 Thus, biochemical and genetic studies will

co

ntinue to be important to identify the hydroxylases responsible for such transformations in

other organisms.
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Fig. 1.
General reaction of Fe!l/aKG hydroxylases
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O
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uracil-5-carboxylate

Pyrimidine salvage pathway. Selected fungi are capable of salvaging thymine from dTMP
by a series of reactions catalyzed by (1) pyrimidine deoxynucleoside-2'-hydroxylase, (2)
nucleoside hydrolase or phosphorylase, (3) T7H, (4) uracil-5-carboxylate decarboxylase
(also named iso-orotate decarboxylase), and (5) uracil phosphoribosyltransferase. The
resulting UMP is available for conversion to other nucleotides by standard reactions.
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B

Lys 122

Gln 101 v
4
Cys 357 Asn 358

Fig. 3.

Structure of XanA according to a homology model. (A) The predicted overall fold of the
XanA protein is depicted as a green ribbon. (B) A blow-up of the proposed active site. In
both panels, Fe!l is an orange sphere, aKG has yellow carbon atoms, metal ligands have blue
carbon atoms, a cofactor-stabilizing residue (Arg 352) is shown with orange carbon atoms,
and other postulated active site residues are indicated with white carbon atoms.
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His 187

Asp 133

Fig. 4.

Structure of AlkB (PDB 2fd8). (A) The overall fold of AlkB. (B) The active site residues of
AIkB. The coloring scheme is the same as for Figure 3, and the bound T-1meA-T substrate
is shown with pink carbon atoms (the substrate is abbreviated to just 1meA in B).
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Arg 248

His 236

His 171

Phe 102

Asp 173

Fig. 5.

Structure of ABH2 (PDB 3buc). (A) The overall fold of ABH2 with tethered DNA
containing 1meA. (B) The active site residues of ABH2 with 1meA. To reduce oxygen
reactivity, the active site Fe!! was replaced by Mn!! (depicted as a gray sphere). The rest of
the coloring scheme is the same as above.
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Glu 123

Asp 193

Asp 194
Leu 177

Fig. 6.
Structure of ABH3 (PDB 2iuw). (A) The overall fold of ABH3. (B) A blow-up of the ABH3
active site with coloring as indicated above. Note that Leul77 an oxidized species.
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His 276

His 188

= Glu 190

Fig. 7.

Structure of the histone demethylase IMID2A (PDB 2p5b). (A) The overall view of the
histone demethylase, with bound zinc shown as a grey sphere, the peptide substrate shown
with pink carbons, and the aKG homologue N-oxalylglycine replacing the cosubstrate. (B)
The active site of IMID2A with just the trimethyl-Lys portion of the substrate shown. The
coloring scheme is the same above.
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Scheme 1.
General mechanism of Fe!l/aKG hydroxylases
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Reactions of thymine 7-hydroxylase
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Scheme 3.
Diversity of alternative reactions catalyzed by thymine 7-hydroxylase
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Reaction of Fe!l/aKG-dependent xanthine hydroxylase
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Scheme 5.

Reaction of pyrimidine deoxyribonucleoside 2'-hydroxylase with thymidine (X = CHs) or
deoxyuridine (X = H)
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Reaction of deoxyuridine (uridine) 1'-hydroxylase
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Biosynthesis of base J in kinetoplastids
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Scheme 8.
Reactions of AlkB with 1meA and 3meC in DNA
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Scheme 9.
Reactions of methyl-Lys demethylases involved in removal of methyl groups from specific
Lys residues of certain histones
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