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Fe(l 1)/ a-Ketoglutarate-Dependent Hydroxylases 
and Related Enzymes 

Robert P. Hausinger 
Department of Microbiology and Molecular Genetics and Department of Biochemistry and 
Molecular Biology, Michigan State University, East Lansing, Michigan, USA 

Fe(II)/ a-ketoglutarate ( a KG )-dependent hydroxylases catalyze 
an amazing diversity of reactions that result in protein side-chain 
modifications, repair of alkylated DNA/RNA, biosynthesis of an­
tibiotics and plant products, metabolism related to lipids, and 
biodegradation of a variety of compounds. These enzymes possess 
a /3-strand "jellyroll" structural fold that contains three metal­
binding ligands found in a His1-X-Asp/Glu-X,,-His2 motif. The co­
substrate, 0KG, chelates Fe(II) using its C-2 keto group (binding 
opposite the Asp/Glu residue) and C-1 carboxylate (coordinating 
opposite either His1 or His2). Oxidative decomposition of aKG 
forms CO2 plus succinate and leads to the generation of an Fe(IV)­
oxo or other activated oxygen species that hydroxylate the primary 
substrate. The reactive oxygen species displays alternate reactivity 
in related enzymes that catalyze desaturations, ring expansions, or 
ring closures. Other enzymes resemble the Fe(ll)/a KG-dependent 
hydroxylases in terms of protein structure or chemical mechanism 
but do not utilize a KG as a substrate. This review describes the 
reactions catalyzed by this superfamily of enzymes, highlights key 
active site features revealed by structural studies, and summarizes 

Editor: James A. Imlay. 
Address correspondence to Robert P. Hausinger. 6 193 Biomedical 

Physical Science. Michigan State University. East Lansing, MI 48824-
4320, USA.E-mail:hausinge@msu.edu 

Abbreviations: ACC: l-aminocyclopropane-1-carboxylate; a KG: 
alpha-ketoglutarate; ANS: anthocyanidin synthase; AtsK: alkyl sulfa­
tase; CarC: carbapenem synthase; CAS: clavaminate synthase; CD: 
circular dichroism; 2,4-D: 2.4-dichlorophenoxyacetic acid; DACS: 
deacetylcephalosporin C synthase; DAOCS: deacetoxycephalosporin 
C synthase; eIF-SA: eukaryotic initiation factor SA; ENDOR: elec­
tron nuclear double resonance; EPR: electron paramagnetic res­
onance; ESEEM: electron spin-echo envelop modulation; FIH: 
factor-inhibiting HIF (HIF-specific asparaginyl hydroxylase) · HIF: 
hypoxia-inducible factor; HPPD: 4-hydroxyphenylpyruvate dioxyge­
nase; IPNS: isopcnicillin N synthase; LMCT: ligand-to-metal charge 
transfer; MCD: magnetic circular dichroism; MLCT: metal-to-ligand 
charge-transfer; NO: nitric oxide; PDB: protein database; rR: reso­
nance Raman; TauD: taurine/aKG d ioxygenase; TfdA: 2,4-O/aKG 
dioxygenase; UV: ultraviolet; VHL: von Hippe l-Lindau tumor sup­
pressor protein; XAS: X-ray absorption spectroscopy. 
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results from spectroscopic and other approaches that provide in­
sights into the chemical mechanisms. 

Keywords hydroxylase, dioxygenase, a -ketoglutarate, ferrous ion, 
metalloenzyme 

I. INTRODUCTION 

This review of Fe(II)/o:-ketoglutarate (o:KG)-dependent 
hydroxylases and related enzymes begins (see Section II) 
by describing the amazing diversity of reactions catalyzed 
by members of this enzyme superfamily. Most representa­
tives couple the oxidative decomposition of o:KG (forming 
CO2 and succinate) to the hydroxylation of a cosubstrate, 
as illustrated in Scheme 1 (the incorporated oxygen atom 
is shown in bold here and in the following schemes). The 
various types of primary substrates recognized by these 
enzymes include proteins, methylated nucleotides, lipids, 
and a wide range of small molecules that, depending on 
the enzyme, are used for synthesis or undergo decom­
position. Other selected family members catalyze desat­
uration, ring expansion, ring formation, or other types 
of oxidative reactions. Also discussed are enzymes that 
function independently of aKG, yet that are related to 
the Fe(Il)/o:KG-dependent hydroxylases by sequence or 
mechanism. This superfamily of enzymes is united by 
their requirement for Fe(II), which is weakly bound by 
three amino acid side chains that typically occur in a His 1-

X-Asp/Glu-X0-His2 motif (Table I). When utilized as a 
substrate. o:KG chelates the Fe(TI) using its C- l carboxy­
late and C-2 ketone, with additional binding stabilization 
provided by the C-5 carboxylate interacting with other side 
chains. Section III highlights the key active site features re­
vealed by the rapidly expanding number of structural stud­
ies being carried out with this enzyme family (Table 2). 
Finally, insights into the mechanism of these enzymes 
from structural, spectroscopic, isotope incorporation, and 
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TABLE I 
Metal ligands and a KG-binding residues of selected Fe(IT)/aKG-dependent hydroxylases and related enzymes 

Enzyme Ligand I Ligand 2 Spacing Ligand 3 Spacing aKG C-5 stabilization 

Human prolyl 4-hydroxylase His 412 Asp 414 68 His 483 9 Lys493 

Human lysyl hydroxylase His 638 Asp640 49 Hi 690 9 Arg 700 

Human HIFa-specific prolyl His 135 Asp 137 58 His 196 8 Arg 205 

hydroxy lase- I 
Human FIH His 199 Asp 201 77 His 279 NA Lys 214, Tyr 145. Thr 196 

Escherichia coli AlkB His 131 Asp 133 53 His 187 16 Arg 204 

Strepromyces clavuligerus CAS His 144 Glu 146 132 His 279 13 Arg 293, Thr 172 

Srrepromyces c/avuligerus DAOCS His 183 Asp 185 57 His 243 14 Arg 258, Ser 260 

Envinia carotovora CarC His 101 Asp 103 147 His 25 1 II Arg 263, Thr 130. Arg 253 

Penicilli11111 dec11111bens EpoA His 13 1 Asp 133 40 His 174 10 Arg 185 

Dactylosporiwn sp. praline His 109 Asp 111 103 His 215 10 Arg 226 

4-hydroxylase 
Streprnmyces sp. strain THI proline His 107 Asp 109 48 His 158 9 Arg I 68, Ser I 70. His 135 

3-hydroxylase 
Pe11111ia hydrida navanone His 220 Asp 222 55 His 278 9 Arg 288, Ser 290 

3,8-hydroxylase 
Citrus unshiu navonol synthase His 221 Asp 223 53 His 277 9 Arg 287, Ser 289 

Arabidopsis rhaliana ANS His 232 Asp 234 53 His 288 9 Arg 298. Tyr 217, Asn 2 15 

Cucurbira maxima gibberellin 7-oxidase His 182 Asp 184 53 Hi. 238 9 Arg 248, Ser 250 

C11curbira maxima gibberell.in His 243 Asp 245 53 His 299 9 Arg 309, Ser 3 1 I 

20-oxidase 
Caranrhus roseus desacetoxyvindoline- His 308 Asp 3 10 55 His 366 9 Arg 376, Ser 378 

4-hydroxylase 
Hyoscyamus niger hyoscyamine His 217 Asp 2 19 54 His 274 9 Arg 284, Ser 286 

6,8-hyllroxylase 
Human trimethyllysine hydroxylase His 201 Glu 203 146 His 350 13 Arg 364 

Pseudomonas sp. AKI ,B-butyrobetaine His 209 Asp 2 11 138 His 350 I I Arg 362 

hydroxy lase 
Human ,B-butyrobetaine hydroxylase His 202 Asp 204 142 His 347 12 Arg 360 

Human phytanoyl-CoA hydroxylase His 175 Asp 177 86 His 264 10 Arg 275 

Salmonella typhimurium LpxO His 155 Asp 157 44 His 202 9 Arg 212 

Escherichia coli TauD His 99 Asp IOI 153 His 255 10 Arg 266. Thr 126 

Pseudomonas putida S-313 AtsK His 108 Asp I 10 153 His 264 IO Arg 275, Thr 135 

Pseudomonas stut:eri WM88 His 116 Asp 118 87 His 206 IO Arg 217 

hypophosphite/a KG dioxygcnase 

Ralstonia eutropha TfdA His 114 Asp 116 146 His 263 10 Arg 274 

Pseudomonas syringae pv. Phaseolicola His 189 Asp 191 76 His 268 8 Arg 277 

ethylene-forming enzyme 

Escherichia coli Gab protein His 160 Asp 162 129 His 292 12 Arg 305 

Aspergil/11s (Emericel/a) nidu/ans TPNS His 214 Asp 216 53 His 270 NA NA 

Tomato ACC oxidase His 177 Asp 179 54 His 234 9 Arg 244 

A. no1 applicable. 

biomimetic studies are described in Section lV. Notably. previous surveys of this field (Abbott & Udenfriend, 1974; 

our current understanding of the hydroxy lase mechanism De Carolis & De Luca, 1994; Prescott, 1993; Prescott 

represents a detailed refinement of a mechanistic proposal & Lloyd , 2000: Schofield & Zhang, 1999; Udenfriend 

that was published over 20 years ago (Hanauske-Abel & & Cardinale, 1982) and to hig hlig ht directions for future 

Gi.inzler, 1982). This review serves to update a series of investigations. 

' 
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TABLE2 
Summary of s truc turally characterized F e(II)/a -ke toglutara te -dependent hydroxylases and re lated e nzymes 

Enzyme Molecules bound Resolution (A) PDB code Reference 

Human FIH Apoprotein 2.8 IIZ3 Lee et al., 2003 
Fe(Il) 2.2 lMZE Dann et al., 2002 
Fe(II) + a KG 2.4 IMZF Dann et al., 2002 
Fe(ll) + N-oxaloylglycine + HlFa 2.15 IH2K Elkins et al., 2003 

C-terminal peptide 
Fe(II) + a KG+ Hlfo C-terminal 2.25 IH2L Elkins et al., 2003 

peptide 
Zn(II) + N-oxaloylglycine + 2.5 IH2M Elkins et al.. 2003 

HIFa C-terminal peptide 
Fe(II) + a KG + Hlfo C-terminal 2.82 l H2N Elkins et al .. 2003 

peptide 
Streptomyces clavuligerus CAS Apoprote in 1.63 IDS0 Zhang el al., 2000 

Fe(ll) + a KG 1.08 JDS! Zhang el al., 2000 
Fe(Il) + a KG + 1.4 !DRY Zhang el al. , 2000 

N-a -acety 1-L-argi nine 
Fe(II) + a KG + proclavaminic 2.1 JDRT Zhang et al., 2000 

acid 
Fe(II) + a KG+ dcoxyguanidi- 1.54 IGVG Zhang et al., 2002 

noproclavaminic acid + NO 
Streptomyces clavu!igerus DAOCS Apo protein 1.3 IDCS Yalegard et al., 1998 

Fe(ll) 1.5 IRXF VaJegard et al., 1998 
Fe(ll) + a KG 1.5 IRXG Yalegard et al., 1998 
Fe(ll) + succinate 1.5 IUO9 Yalegard et al., 2004 
Fe(II) + a KG + ampicillin 1.5 IUNB Yalegard et al., 2004 
Fe(ll ) + penicillin G 1.6 IUOF Yalegard et al., 2004 
Fe()!) + a KG + penicill in G 1.7 JUOB Valegard et al., 2004 
Fe( II) + deacetoxycephalosporin C 1.7 IUOG Valegard et al., 2004 

DAOCS R258Q Fe(II) + 1.5 IHJG Lee eta/., 2001b 
a-keto-/3-methyl-butanoate 

DAOCS R258Q Fe(ll) + 1.6 IHJF Lee et al .. 200 I b 
a-keto-/3-methyl-pentanoate 

DAOCS deltaR306 Fe(Il) + a KG 2. 1 IE51 Lee et al.. 2001a 
DAOCS deltaRJ07 A Fe(ll) + succinate + carbon 1.96 IE5H Lee et al., 2001a 

dioxide 
Erwinia carotovora CarC Fe(IT) + a KG 2.4 1NX4 Clifton et al .. 2003 

Fe(Il) + a KG+ L-N-acetylproline 2.3 INX8 Clifton et al.. 2003 
S1repto111yces sp. strain TH l proline Apoprotein 2.3 IE5R Clifton et al., 2001 

3-hydroxylase Fe(II) 2.4 JESS Clifton el al., 2001 
Arabidopsis 1/zaliana ANS Apoprote in + a KG 2.1 IGP4 Wilmouth et al., 2002 

Fe(Il) + a KG+ dihydroquercetin 2.2 IGP5 Wil mouth et al .. 2002 
Fe(ll) + a KG+ 1.75 IGP6 Wilmouth el al. , 2002 

dihydroqucrcetin + 30 mi n 
oxygen exposure 

Escherichia coli TauD Apoprotein 1.9 IOTJ O'Brien el al., 2003 
Fe(ll) + a KG+ taurine 2.5 lGY9 Elkins el al., 2002 
Fe(TI) + a KG+ taurine 2.5 IOS7 O"Brien el al., 2003 

(Continued on next page) 
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TABLE2 
Summary of structurally characterized Fe(II)/a-ketoglutarate-dependent hydroxylases and related enzymes 

(Continued) 

Enzyme Molecules bound Resolution (A) PDB code Reference 

Pseudomonas putida S-313 AtsK Sodium ion 1.9 IOIH Miiller et al., 2004 

Na+aKG 2.07 IOU Muller et al., 2004 

Fe(ll) + ex KG 2.2 JOH Miiller et al., 2004 

Fe(Tl) + ex KG+ 2.05 IOIK Miiller et al., 2004 

2-elhylhexyl-1-sulfate 

Escherichia coli Gab protein Apoprotein 2 IJR7 Chance et al., 2002 

Aspergillus ( Emericella) nidulans Mn(II) 2.5 IIPS Roach et al., 1995 

IPNS Fe(ll) + o-(L-cx-arninoadipoyl)- 1.3 IBK0 Roach et al., 1997 

L-cysteinyl-O-valine 
Fe(II) + o-(L-a-aminoadipoyl)- 1.45 IBLZ Roach et al., 1997 

L-cystcinyl-D-valine + NO 
Fe(II) + isopenicillin N 1.35 IQJE Burzlaff et al., 1999 

Fe(II) + o-(L-cx-aminoadipoyl)- 1.5 IQIQ Burzlaff et al., 1999 

L-cysteiny I-L-5-cystei ne 
Fe(Il) + o-(L-cx-aminoadipoyl)- 1.4 )QJF Burzlaff et al., l 999 

L-cysteinyl-L-5-cysteine + oxygen 
Fe(II) + o-(L-cx-arninoadipoyl)- 1.55 IHBl Ogle et al., 2001 

L-cysteinyl-O-cx-hydroxyvaleryl 
ester 

Fe(Il) + o-(L-cx-arninoadipoyl)- 1.3 IHB2 Ogle et al., 2001 

L-cysteinyl-O-a-hydrox yvalery I 
ester+ oxygen 30 s 

Fe(ll) + o-(L-cx-arninoadipoyl)- 1.4 IHB3 Ogle et al. , 200 I 

L-cysteinyl-O-cx-hydroxyvaleryl 
ester + oxygen 30 s 

Fe(II) + o-(L-a-arninoadipoyl)- 1.5 IHB4 Ogle et al., 2001 

L-cysteinyl-O-cx-hydroxyvaleryl 
ester + oxygen 120 s 

Fe(II) + o-(L-a-aminoadipoyl)- 2.2 IOCI Long et al., 2003 

L-cystei ny 1-O-cx-aminobut yrate 
Fe(II) + o-(L-a-aminoadipoyl)-L- 1.3 IOBN Long et al., 2003 

cysteinyl-O-a-arninobutyrate + NO 

Pseudomonas .ftuorescens HPPD Fe(ll) 2.4 ICJX Serre et al., 1999 

OH 

HO 

0 

R-OH +CO2+ 

HOOC HOOC 

SCHEME 1. 
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11. REACTIONS Of 
fe(ll)/a-KETOGLUTARATE-DEPENDENT 
HYDROXYLASES AND RELATED ENZYMES 
A. Protein Modification 

At least four distinct Fe(TT)/aKG-dependent hydroxylases 
uti lize the side chains of proteins as substrates, resulting 
in the modification of proline, lysine, aspartic acid, and as­
paragine residues. Studies of these enzymes range from the 
earliest work on Fe(II)/a KG-hydroxy lases through very 
recent investigations related to hypoxia-induced cellular 
signaling events. 

Prolyl 4-hydroxy lase, the first Fe(II)/aKG-dependent 
hydroxy lase identified (Hutton et al., 1966), catalyzes the 
reaction illustrated in Scheme 2 to yield the trans-4-
hydroxyprolyl group. In mammals, this activity is essen­
tial to the formation of collagens, elastins, and several 
other proteins (Kivirikko & Pihlajaniemi, 1998). For ex­
ample, type I collagen contains lengthy Gly-X-Y re­
peats with about 10% of the Y positio_ns occupied by 
4-hydroxyproline. The hydroxylated residue forms both 
inter- and intrachain hydrogen bonds, thus stabilizing the 
protein' unique triple-helical structure. In plants, prolyl 4-
hydroxylase targets precursors of the extensions, repetitive 
proline-rich proteins, arabinogalactan-proteins, and other 
key components of the extracellular matrix and reproduc­
tive tissues (Kieliszewski & Lamport, 1994; Wu et al., 
2001). Genes encoding prolyl 4-hydroxylase have been 
cloned from human (Helaakoski et al., 1989), plant (Hi eta 
& Myllyharju, 2002), insect (Annunem et al., 1999), ne­
matode (Veijola et al., 1994), and other sources, including 
Paramecium bursaria Ch/ore/la virus- I (Ericksson et al., 
1999), suggesting a role for 4-hydroxyprol ine in this algal­
specific virus. In most cases, the enzyme is comprised of 
two distinct subunits, the hydroxy lase a subunit and a pro­
tein disulfide isomerase /3 subunit which maintains solu­
bil ity; however, algal and plant prolyl 4-hydroxylases are 
monomeric proteins (Hieta & Myllyharju, 2002; Kaska 
et al., 1988). Results from site-directed mutagenesis stud­
ies of the human enzyme were interpreted to suggest that 
His 412, Asp 414, and His 483 coordinate Fe(lI), Lys 493 
binds the C-5 carboxylate of a KG (with the K493R variant 
retaining 15% of the wild-type enzyme activity), and His 

OH 

SCHEME 2. 

SCHEME 3. 

50 I having a critical but undefined role (Table I) (Lam­
berg et al., 1995; Myllyharju & Kivirikko, 1997). The pep­
tide substrate-binding domain of human collagen prolyl 
4-hydroxylase was crystalized (Pekkala et al., 2003), but 
this domain is separate from the catalytic domain and no 
structure has been reported. 

Much less information is available for prolyl 3-hydro­
xylase, an enzyme catalyzing the reaction shown in 
Scheme 3. This activity has been resolved from prolyl 4-
hydroxylase (Tryggvason et al., 1976) and partially puri­
fied from several sources (Risteli et al., 1977; Tryggvason 
et al., 1979); however, no subunit or sequence informa­
tion is available. Procollagen is the only known natural 
substrate of this enzyme, with mature collagen contain­
ing 3-hydroxyproline levels up to 10% of the amount of 
4-hydroxyproline (Kivirikko & Pihlajaniemi, 1998). 

Lysyl hydroxy lase is a medically important enzyme that 
catalyzes the reaction indicated in Scheme 4. The enzyme 
hydroxylates 0.5% to 7% of the X-T ,ys-Gly triplets of pro­
collagen, with the modification serving as the attachment 
site for galactose or glucosylgalactose units (Kivirikko & 
Pihlajaniemi, 1998). In addition, many other proteins are 
known to contain this modified amino acid. Defects in lysyl 
hydroxy lase activity are associated with the type VI variant 
ofEhlers-Danlos syndrome, leading to various connective 
tissue problems (e.g., joint hypermobility, skin hyperex­
tensibility, and skin fragility). Three related isoforms of 
lysyl hydroxylase have been identified in humans (Hautala 
et al., 1992; Passoja et al., 1998; Yaltavaara et al., 1997, 

0 

R-HN 
R-HN 

II 
c""-. 

R 

0 2 CO2 
a KG succinate 

HO 

SCHEME 4. 
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1998). Site-directed mutagenesis studies were carried out 
on one of the human genes, and the results obtained with 
the variant homodimeric enzymes were interpreted to sug­
gest that His 638, Asp 640, and His 690 (Table 1, residue 
numbers after processing of the protein) are metal lig­
ands, Arg 700 stabilizes the C-5 carboxylate of a KG (with 
the K700R variant retaining about 10% activity), and His 
688 plays an additional critical role (Passoja et al., 1998; 
Pirskanen et al., 1996). 

A specific lysyl residue of eukaryotic initiation factor 
SA (elF-5A) undergoes a two-step modification, includ­
ing hydroxylation, to produce hypusine (N-s-(4-amino-
2-hydroxybutyl) lysine) (Park et al., 1993 ). The AD­
dependent enzyme deoxyhypusine synthase first transfers 
the butylamine group of spermine to the elF-5A lysyl 
group in a reversible reaction (Park et al.. 2003). then 
deoxyhypusyl hydroxy lase completes the transformation. 
Initial studies of the hydroxy lase activity led to the con­
clusion that enzyme reactivity wa independent of Fe(ll) 
and aKG (Abbruzzese er al., 1986); however, later inhi­
bition studies with metal chelators provided evidence of 
an essential Fe(Il) binding site (Abbruzzese et al., 1991; 
Clement et al., 2002). More recently, deoxyhypusyl hy­
droxylase has been purified and shown to be a member of 
the Fe(Il)/aKG-dependent hydroxylases (George 
McLendon, personal communication). The role of this 
modified residue is unknown, but the efF-5A protein is 
essential for cell proliferation. 

Aspartyl (asparaginyl) ,B-hydroxylase modifies the 
fl-carbon of specific aspartic acid or asparagine residues 
(Scheme 5) in the epidermal growth factor-like domains 
of a number of vitamin K-dependent proteins, coagulation 
factors, and complement factors. The modified residue 
forms a calcium-binding site, likely to be important for 
protein-protein interactions. Since its discovery in 1989 
(Gronke et al., 1989; Stenflo et al .. 1989), the monomeric 
enzyme was purified and characterized (Wang er al., 1991) 
and the gene has been cloned and expressed from several 

sources, including humans (Jia et al., 1992; Korioth et al .. 
1994 ). Mutagenesis studies of the bovine gene led to the 
proposal that His 675 is one of the metal ligands, where 

substitution of this residue by Asp or Glu retains some ac­
tivity (Jia et al., 1994; McGinnis et al. , 1996). otably, His 
675 is not preceded by a His-X-Asp/Glu sequence, so the 
identity of additional metal ligands remains unclear. Also 
of interest, overexpression of human as party I (asparaginyl) 
,B-hydroxylase in NTH-3T3 cells is associated with malig­
nant transformation-for unknown reasons. (Ince et al.. 
2000). 

Although protein hydroxylases have been studied for 
decades, interest in this enzyme group has intensified since 
the discovery, in 200 I, of their involvement in the hypoxic 
response. Oxygen deprivation, or hypoxia, occurs during 
tumor formation, diabetes, and other ischemic diseases, 
leading to hypoxia-inducible factor (HTF)-dependent tran­
scription of a wide variety of genes. The two subunits of 
this heterodimeric transcription factor (HJFa and HIF,8) 
are constitutively synthesized. but HTFc:r is targeted for 
degradation in cells containing normal oxygen concen­
trations. Two enzymes catalyzing side-chain hydroxy­
lation are involved in this process (Hewitson et al., 2003). 

A prolyl 4-hydroxylase plays a key role in targeting 
HIFa for degradation on the basis of evidence indicat­
ing that Pro 564 of HIFa is hydroxy lated in an oxygen-, 
Fe(ll)-, and aKG-dependent reaction (Ivan et al. , 2001; 
Jaakkola et al .. 200 I). The hydroxylated HIFa forms a 

complex with the von Hippel-Lindau tumor suppressor 
protein (YHL), elongin B. and elongin C. resulting in 
polyubiquitinylation and destruction of the transcription 
factor subunit. The hypoxia-mimicking effects of cobalt 
and desferrioxamine are thus understood to result from in­
hibition of the prolyl 4-hydroxylase activity (Minchcnko 
et al., 2002). Similarly, a lack of VHL-directed degrada­
tion of HIFc:r explains the elevated expression of hypoxia­
inducible genes caused by suppression of Drosophila 
melanogaster prolyl 4-hydroxylase by RNA interference 
(Bruick & McKnight, 200 I). The structural basis for the 
hydroxylation-specific interaction was elucidated by two 
crystallography studies involving a complex comprised 
of a Pro 564-containing peptide of HIFa, VHL. and the 
two elongin proteins (Hon et al., 2002; Min et al .. 2002). 
The hydroxyproline residue nicely fits into a gap of the 
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VHL core with optimized hydrogen bonding interactions. 
The VHL protein wa shown to ubiquitinylate two 
independently-acting sites within HIFa (Masson et al .. 
2001). EGL-9 protein in C.elegans was predicted to be an 
Fe(II)/aKG-dependent hydroxylase (Aravind & Koonin, 
2001) and later shown to be a HIFa-specific prolyl 
4-hydroxylase (Epstein et al., 200 I). A family of isoforms 
exists in humans-each containing the signature sequence 
of Fe(U)/a KG-dependent hydroxy lases (Table I) (Bruick 
& McKnight, 200 I; Epstein et al .. 200 l; Oehme el al .. 
2002). No crystal structure has yet been reported for a 
HJFa-specific prolyl hydroxylase; however, two sets of 
coordinates have been deposited in the Protein Data Bank 
(PDB; access codes I IZF and I IZG). so this information 
may be forthcoming. 

Superimposed on the hypoxia-inducible effects asso­
ciated with the HIFa-specific prolyl 4-hydroxylase is a 
process involving hydroxylation of Asn 803. In the ab­
sence of hydroxylation the HlFa domain binds to the 
p300 protein with the target Asn deeply buried at the 
molecular interface (Dames et al., 2002; Freedman el al., 
2002). Hydroxylation of Asn 803 in the carboxyl-terminal 
transactivation domain of HIFa prevents its interaction 
with the p300 transcription coactivator (Lando et al., 
2002). Interestingly, the stereospecificity of the hydrox­
ylation reaction is distinct from that observed for the well­
studied aspartyl/asparaginyl hydroxylases, resulting in the 
threo-isomer rather than the e,yrhro-isomer (McNeil! et al., 
2002a). A yeast two-hybrid approach was used to identify 
the HIFa-specific asparaginyl hydroxylasl: that was shown 
to be identical to the "factor-inhibiting HIF" (FIH), a pro­
tein known to interact with HIFa and YHL and to repress 
HIF transcriptional activity (Hewitson et al., 2002: Mahon 
et al., 200 I). As summarized in Table 2, the structures of 
the apoprotein (Lee et al., 2003). the Fe(II)- and aKG­
bound form of FIH (Dann et al., 2002), and the complex 
between FIH and a carboxyl-terminal domain of HIFa 
(Elkins el al., 2003) were elucidated. The metal ligands are 
His 199, Asp 201, and His 279, whereas Tyr I 45, Thr 196, 
and Lys 214 stabilize binding of the a KG C-5 carboxylate 
in a unique type of interaction (Table I). The HlFa Asn 
803 is ideally oriented to undergo the observed reaction 
at the FIH active site, but oxidation during crystallization 
was prevented by the use of anaerobic conditions. 

B. Repair of Alkylated DNA/RNA 

The newest function ascribed to the Fe(TI)/aKG-dependent 
hydroxylases is repair of alkylation-damaged DNA and 
RNA. Cellular polynucleotides are alkylated by endoge­
nous components, such as S-adenosylmethionine, and by 
reaction with two general classes of environmental and lab­
oratory chemical . SN I agents include methylnitrosourea 
and N-methyl-N' -nitro-N-nitrosoguanidine that react 

with the N 7 position of guanine. N 3 of adenine, 0 6 of gua­
nine, 0 2 or o.i ofpyrimidinc , and the nonphosphodiester 
oxygen atoms of the phosphate backbone. In contrast, SN2 
agents such as methylmethanesulfonate and dimethylsul­
fate react primarily with the N I position of adenine and N 3 

of cytosine (Sedgwick & Lindahl, 2002). To overcome the 
mutagenic and toxic effects of these modifications. cells 
produce a variety of DNA repair enzymes. For example, 
Escherichia coli po sesses two distinct 3-methyladenine 
DNA glycosylases, encoded by tag and alkA, that 
remove the offending alkyl groups along with the 
attached adenines to create abasic sites in the DNA prod­
uct. Alternatively, ogt and ada encodeO6-methylguanine 
methyltransferases. while ada also encodes O4-methyl­
thymine methyltransferase and methylphosphotriester 
m~thyltransferase activities. These single-turnover pro­
teins transfer the target methyl groups to their active site 
cysteine residues, thus inactivating their activities. While 
tag and ogr are constitutively expressed, methyl transfer to 
Cys 69 of the ada gene product converts it into an activa­
tor that increases expression of alkA, ada, aidB (somehow 
involved in protection against SN I agents), and a/kB. As 
described below, a/kB encodes an Fe(II)/aKG-dependent 
hydroxylase that directly repairs 1-alkyladenine and 3-
alkylcytosine lesions in DNA or RNA (Schemes 6 and 7). 

Nearly 20 years were required to identify the function of 
alkB following its initial description as an£. coli gene that 
modestly affects reactivation of methylmethanesulfonate­
treatcd phage lambda (Kataoka et al., 1983). The gene 
was cloned and sequenced (Kataoka & Sekiguchi, 1985) 
and the protein purified (Kondo et al .. 1986), but without 
any clarification of its role. Expression of£. coli a/kB in 
human cells was shown to confer resistance to high con­
centrations of SN2 alkylating agents (Chen et al.. 1994), 
demonstrating that the enzyme functions independently of 
other cellular components. Jn contrast to the weak effects 
observed for alkB mutants on reactivation of methylated 
double-stranded phage (lambda and M 13), pronounced de­
ficiencies were noted for reactivation of the methylmetha­
nesulfonate-treated single-stranded DNA viruses (MI 3, 
fl, and G4) (Dinglay er al., 2000) and a single-stranded 
RNA virus (Aas et al. , 2003). These results are most com­
patible with repair of 1-methyladenine and 3-methylcy­
tosine lesions that are preferentially formed by methyla­
tion of single-strand polynucleotides. Critical insight into 
the role of this enzyme was derived from iterative se­
quence analyses that identified AlkB as a member of the 
Fe(ll)/a KG-dependentdioxygenase superfamily (Aravind 
& Koonin, 200 I). This suspicion was confirmed by stud­
ies demonstrating direct repair of methylated DNA by 
AlkB in an Fe(II)-dependent process that consumes oxy­
gen plus a KG and produces succinate plus formaldehyde 
(Trewick et al., 2002), thus resulting in release of repli­
cation blocks (Faines et al., 2002). Subsequently, direct 



Bayer EX1025

28 R. P. HAUSINGER 

<xS N N 

RO 
RO 

0 
0 Hor OH 

I 02 HCHO I 
O=P-O- aKG CO2 O=P-O-

1 
1 
OR 

succinate 
OR 

SCHEME 6. 

repair of methylated RNA lesions was established (Aas 

et al., 2003). In vitro investigations reveal that the sites re­

paired by AlkB include 1-methyladenine and 

3-methylcytosine in DNA (Trewick et al., 2002) or RNA 

(Aas et al., 2003), as well as adducts containing ethyl 

(Duncan et al., 2002), hydroxyethyl, propyl, and hydroxyl­

propyl groups (Koivisto et al., 2003). Trewick et al. (2002) 

noted that a KG decomposition is partially uncoupled from 

DNA repair, accounting for the observed ascorbate re­

quirement for AlkB activity (described further in Section 

IV part I). Only this uncoupled reaction is observed when 

using the small molecules 1-methyladenosine, l-methyl-

2' -deoxyadenosine, 3-methylcytidine, and 3-methyl-2'­

deoxycytidine (Welford et al., 2003). In contrast, demethy­

lation is achieved by the enzyme when using the 

oligonucleotide trimer d(TplmeApT) or 5' phosphory­

lated 1-me-dAMP (Koivisto et al., 2003). The bacterial en-

RO 

0 

I 
O=P-O-

1 
OR 

zyme contains the likely metal- and a KG-binding residues 

His 131, Asp 133, His 187, and Arg 204 (Table I). Each 

of the putative metal ligands was individually changed to 

cysteine by site-directed mutation of the corresponding 

codons, and the variant proteins were shown to undergo 

thiol:disulfide exchange reactions with disulfide-containing 

DNA (synthesized with thiol-substituted cytosine and de­

rivatized with diaminoethane disulfide to create the mixed 

disulfide) to covalently attach AlkB to the DNA (Mishina 

& He, 2003). These studies demonstrate that DNA has ac­

cess to the AlkB active site, but they do not provide any 

information related to the normal binding mode of this 

substrate. Although no crystallographic results have been 

reported yet, a theoretical model of the enzyme structure 

has been reported (Henshaw et al., 2004). 
Eight human homologues of a/kB have been identified 

(termed hABHJ through hABH8) (Duncan et al., 2002; 
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Kurowski et al .. 2003). Curiously, a clone containing 
hABHI initially was reported to complement an £. coli 
alkB mutant (Wei et al., 1996), but other researchers could 
not reproduce this result (Duncan et al. , 2002) and the pu­
rified gene product was inactive for repair of methylated 
DNA or RNA (Aas et al., 2003; Duncan et al., 2002). 
Both hABH2 and hABH3 complement an alkB mutant and 
encode enzymes capable of repairing 1-methyladenine, 
3-methylcytosine, and 1-ethyladenine lesions in DNA 
(Duncan et al., 2002). In addition, ABH3 (but not ABH2) 
repairs alkylated RNA (Aas et al., 2003). In addition, 
ABH2 and ABH3 (but not ABH L) can form crosslinks to 
disulfide-containing DNA when these proteins are mod­
ified to replace a metal ligand residue with a cysteine; 
thus confirming their similarities to AlkB (Mishina et al., 
2004). No biochemical studies have been reported for the 
remaining five homologues (Kurowski et al., 2003). A 
three-dimensional model was constructed for the core of 
ABH3, but no crystal structures are reported for any of 
these human proteins. 

C. Biosynthesis of Antibiotics 
Fe(Il)/a KG-dependent dioxygenases function during the 
biosynthesis of a diverse range of antibiotics. In addition to 
catalyzing a variety of hydroxylation reactions, some fam­
ily members catalyze desaturation, ring expansion, ring 
formation, and other types of chemical transformations. 
The positions of these enzymes in antibiotic pathways vary 
from the generation of precur ors to the modification of 
more complete intermediates. The following paragraphs 
describe biochemical studies on the better-studied repre­
sentatives of the Fe(II)/a KG-dependent dioxygenases in­
volved in antibiotic synthesis; however, it is important to 
note that sequence analyses are consistent with similar en­
zymes participating in a number of other pathways (e.g., 
those generating mitomycin C, nikkomycin, syringomy­
cin, and viomycin (Chen et al., 2000; Mao et al., 1999; 
Yin et al., 2003; Zhang et al., 1995)). 

Clavaminate synthase (CAS) catalyzes three separate 
oxidative steps in the synthesis of clavulanic acid and ex­
emplifies the versatility of Fe(Il)/aKG-dependent dioxy­
genases (Lloyd et al., 1999b). The enzyme hydroxylates 
the ,8-lactam illustrated in Scheme 8, in a reaction compa­
rable to other Fe(Tl)/aKG-dependent hydroxylases. Pro­
clavaminate amidinohydrolase then hydrolyzes the guani­
dino group to yield proclavaminic acid, and clavaminate 
synthase catalyzes sequential cyclization and de aturation 
reactions as shown in Scheme 9. Most studies of clavami­
nate synthase have been carried out using the two isozymes 
from Streptomyces clavuligerus (Busby et al., 1995; Marsh 
et al., 1992), but the single Streptomyces antibioticus CAS 
isozyme also was purified and shown to exhibit the tri­
functional activities (Jane et al. , 1995). Results from site­
directed mutagenesis studies suggest that His 145 and His 
280 are likely to be metal ligands in CAS isozyme 2 from 
S. clavuligerus (Khaleeli et al., 2000). The crystal struc­
ture of Fe(Il)- and aKG-bound CAS isozyme I in the 
presence of N-a-acetyl-L-arginine or proclavaminic acid 
(under anaerobic conditions, Table 2) confinns that the 
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co1Tesponding histidines and a glutamic acid (His 144, 

Glu 146, and His 279) bind Fe(ll) (Zhang et al., 2000). 

In addition. the structure reveals that the C-5 carboxylate 

of a KG interacts with Arg 293 and Thr 172 (Table 1 ). 

Subtle differences in the binding modes of the two sub­

strates likely relate to their di stinct hydroxylase versus 

ring-forming/desaturase reactivities. 

Deacetoxycephalosporin C synthase (DAOCS) and dea­

cetylcephalo porin C synthase (DACS) are Fe(ll)/aKG­

dependent dioxygenases that catalyze sequential reactions 

starting with penicillin Nin cephalosporin synthesis, as de­

picted in Scheme 10. A single enzyme carries out the ring 

expansion and hydroxylase reactions in Cephalosporium 

acremonium according to gene cloning and enzyme isola­

tion studies (Baldwin er al., 1987; Dotzlaf & Yeh, 1987; 

Samson et al., 1985). In cunlra~l, separate but related en­

zymes are found in Srreptomyces clavuligerus. The second 

enzyme, DACS, was purified from S. clavuligerus, found 

to be a monomer. kinetically characterized, and shown to 

exhibit slight expandase activity (Baker et al., 1991 ). The 

gene was cloned encoding S. clavuligerus DAOCS, the first 

enzyme in the sequence, allowing recombinant enzyme 

to be produced and extensively characterized (Dotzlaf & 

Yeh, 1989; Kovacevic et al., 1989). This protein undergoes 

a monomer-to-trimer equilibrium according to gel filtra­

tion chromatography and light-scattering analyses (Lloyd 

er al., 1999a). Results from extended X-ray absorption fine 

structure spectroscopy provide evidence for two histidine 

ligands to the six-coordinate metal site in the absence or 

presence of a KG (Lloyd et al., 1999a). Crystallographic 

investigations of anaerobic samples were used to confirm 

the trimeric nature of the protein, identify the metal ligands 

as His 183, Asp I 85, and His 243, and reveal interactions 

between the aKG C-5 carboxylate and Arg 258 as well 

as Ser 260 (Tables I and 2) (Yalegard et al., 1998). The 

R258Q variant uses a KG poorly because it lacks the abil­

ity to form a salt bridge to the C-5 carboxylate of this 

substrate; however, the mutant DAOCS exhibits enhanced 

reactivity with aliphatic a-ketoacids-a process termed 

"chemical co-substrate rescue·· by the authors (Lee et al .. 

200l b). An array of active site variants has been inves­

tigated, providing evidence that Arg 160, Arg 162, and 

Arg 266 are important for binding penicillin N (Lipscomb 

et al. , 2002) and that changes to several other residues can 

affect catalysis (Lee et al., 2002). For example. substitu­

tion of a single amino acid side chain was shown to con­

trol whether the enzyme catalyzes ring expansion, methyl 

group hydroxylation, or both reactions (Lloyd et al., 2004). 

Additional DAOCS crystallographic studies have revealed 

critical features of substrate and product binding, as de­

scribed in Section Ill. 
Carbapenem synthase (CarC) catalyzes an Fe(II)/a KG­

dependent desaturation reaction, similar to CAS and 

DAOCS, and additionally exhibits an epimerization reac­

tion at the tertiary carbon atom that joins the two rings in 

the bicycl ic structure (Scheme 11 ). The best-characterized 

example of this enzyme, derived from Erwinia carotovora, 

is 23% identical to CAS (McGowan et al., 1996). Crystal 

structures were obtained for the enzyme in the presence 

of Fe(TI) plus a KG and with the substrate analogue L-N­

acetylproline (Table 2) (Clifton et al.. 2003). The structural 

results show that His IO 1, Asp I 03, and His 251 are metal 

ligands while Arg 263, Thr 130, and Arg 253 are used to 

stabilize the C-5 carboxylate of a KG (Table I). 

Another family member appears to catalyze a step in 

the semisynthetic pathway of the antibiotic fosfomycin 

(Watanabe et al., 1999). Penicillium decumbens was shown 

to possess an epoxidase activity, encoded by epoA. which 

converts chemically synthesized cis-propenylphosphonic 

acid Lu Lhe broad-spectrum antibiotic (Scheme 12). The 

natural function of this enzyme is unclear. The sequence 

of the gene product contains His l3 I, Asp 133, His 174, 

and Arg 185 (the standard Fe(II)/aKG-dependent hydrox­

ylase motif; Table I) and otherwise resembles the sequence 

of proline 4-hydroxylase. No activity was detected in cell 

extracts. but it is unclear whether a KG was included in the 

assay mixture. 
Proline hydroxylases provide a paradigm of Fe(II)/ 

a KG-dependent hydroxy lases that participate in antibi­

otic synthesis by producing hydroxylated precursors. The 
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proline 4-hydroxylase from Streptomyces griseoviridus 
uses the free amino acid, as hown in Scheme 13, rather 
than a protein side chain, as described earlier, to pro­
duce trans-4-hydroxyproline that is subsequently incor­
porated into the antibiotic entamycin (Lawrence et al., 
1996). Analogous enzymes occur in elected other strains 
of Srrepromyces, A111ycolmopsis, and Dactylospora11giu111, 
with the gene being cloned (Table 1) and enzyme char-
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acterized from one of the latter species (Shibasaki et al., 
I 999). Similarly, praline 3-hydroxyla e activity 
(Scheme 14) was detected in two Bacillus strains and two 
Streptomyces strains, including S. canus ATCC 12647-a 
producer of the peptide antibiotic telomycin (Mori et al., 
I 996). Of note, the product in this case is the cis iso­
mer of 3-hydroxyproline. The gene-encoding proline 3-
hydroxyla e was cloned and the enzyme characterized 
from Strepromyces p. strain THI (Mori et al., 1997). 
This enzyme is a monomer like the praline 4-hydroxyla e, 
but distinct from the heteromeric prolyl 4-hydroxylase. 
The fungus Clara lo-:.oyensis possesses two distinct en­
zymes that produce /rans-3-bydroxyproline or trans-4-
hydroxyproline (Peter en et al .. 2003), but no sequence 
information is available for the two isozymes. The struc­
tures of Streptomyces p. strain THI praline 3-hydroxylase 
apoprotein and the anaerobic, Fe(Il)-bound form reveal 
His 107, Asp 109, and His 158 as metallocenter ligands, 
while Arg 168, Ser 170. and His 135 are likely to bind 
a KG (Tables I and 2) (Cli fton et al., 2001 ). 

It is reasonable to suggest that Fe(II)/a KG-dependent 
hydroxylases might provide precursors or otherwise con­
tribute to the synthesis of many additional antibiotics 
(Chen et al .. 2001). For example, a gene in Streptomyces 
verticil/11s was proposed to encode a histidine hydrox­
ylase, responsible for production of ,B-hydroxyhistidine 
in bleomycin, a cancer chemotherapy agent (Calcutt & 
Schmidt, 1994). Streptothricin synthesis utilizes 3-hydro­
xyarginine (Martinkus et al., 1983), possibly synthesized 
by an enzyme analogous to CAS. An alternative arginine 
hydroxylase might participate in synthesi of the pep­
tide antibiotic K-582, which contains 4-hydroxyarginine 
(Kawauchi et al., 1983). On the other hand, without stud­
ies of the purified enzymes and sequence information one 
must be cautious in assigning roles to Fe(Il)/a KG­
dependent hydroxylases during antibiotic synthesis. For 

• 
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example, investigations carried out with cell extracts of 

Streptomycesfradiae led to the suggestion that two Fe(II)/ 

a KG-dependent hydroxylases participate in the synthesis 

of the antibiotic tylosin (Omura et al., 1984 ). Both of the 

reactions were stated to require a KG and oxygen, and CO2 

production was shown to be stoichiometric with formation 

of one product. Nevertheless, more recent genetic analy­

ses and DNA sequencing studie). (summarized in Cundliffe 

et al., 2001)) reveal that these reactions are carried out by 

cytochrome P450-type enzymes. 

D. Biosynthesis of Plant Products 

Plants synthesize a remarkable variety of compounds by 

use of Fe(II)/aKG-dependent dioxygenases. The follow­

ing paragraphs focus on the use of such enzymes during 

biosynthetic transformations of flavonoids, gibberellins, 

and alkaloids. The flavonoids include flavones, iso­

flavones, flavonols, anthocyanins, and other compounds 

that provide color to plants, protect them from ultraviolet 

(UV)-induced photodamage, act as signaling molecules 

in plant-microbe interactions, serve as defense molecules 

against pathogens, and exhibit a myriad of other plant roles 

(Bohm, 1998) while also acting as antioxidants , antimalar­

ial medicines, and possible anticancer agents in humans 

HO 

~OH 

,,,,,,,,,,V 

(Bohm, 1998; Le Marchand, 2002). Gibberellins are tetra­

cyclic diterpene phytohormones that regulate growth and 

development (Hedden, 1999; Hedden & Kamiya, 1997; 

Hedden & Phillips, 2000). The structurally complex al­

kaloids include important drugs that have experimental 

and therapeutic importance. In addition to participating 

in biosynthesis of these three types of compounds (de­

scribed below), Fe(Il)/aKG-dependent dioxygenases are 

likely to play additional roles in plants, such as the Fusar­
ium verticillioides FUM9 gene product that functions in 

the synthesis of the polyketide mycotoxin fumonisin (Seo 

et al., 200 I). 
Flavanone 3,8-hydroxylase catalyzes one of the key 

steps of flavonoid biosynthesis (top reaction in Scheme 

15) in which flavanones (such as naringenin depicted here) 

are converted to trans-dihydroflavonols (such as the dihy­

drokaempferol illustrated). The enzyme from Petunia hy­
brida was purified in 1986 and shown to be an Fe(II)/aKG­

dependent hydroxy lase (Britsch & Grisebach, 1986). The 

gene encoding this enzyme has been cloned and sequenced 

from petunia (Britsch et al., 1992) and several other plants 

(Britsch et al., 1993; Charrier et al .. 1995; Pelletier & 
Shirley, 1996), and recombinant P. hybrida enzyme was 

purified (Lukacin et al., 2000b). Results derived from mu­

tagenesis studies (Table I) of the recombinant P. hybrida 
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gene are consistent with His 220, Asp 222, and His 278 
being metal ligands, while Arg 288 and Ser 290 assist 
in binding aKG (although some activity is observed with 
the H220Q, D222N, R288K, R288Q, S290T, S290A, and 
S290V variants; Lukacin & Britsch, 1997; Lukacin et al., 
2000a). 

Flavone synthase I also utilizes flavanones as substrates, 
but this enzyme catalyzes the Fe(Il)/aKG-dependent de­
hydration reaction to introduce a double bond between C-2 
and C-3 (producing apigenin for the reaction shown on the 
Jeft in Scheme 15). The enzyme was purified and the gene 
cloned from parsley (Britsch. 1990; Martens et al. , 2001). 
No 2-hydroxynaringenin is detected during the reaction, 
and addition of this compound does not inhibit the reac­
tion or lead to product; thus, 2-hydroxyflavanones are not 
dissociable intermediates in the reaction (Martens et al., 
2003). An alternative P450-type enzyme catalyzes this re­
action in many plants and is denotedfiavone synthase II. 

Flavonol synthases catalyze a reaction analogous to that 
of flavone synthases but use dihydroflavonols as their sub­
strates (e.g., converting dihydrokaempferol to kaempferol, 
as shown on the right in Scheme 15). The gene-encoding 
flavonol synthase was first isolated from petunia petals 
(Holton et al., 1993) but has since been cloned and ex­
pressed from several sources including Arabidopsis 
thaliana (Prescott et al., 2002). Antisense expression 
of the petunia gene in the plant leads to reduced flavonol 
levels (Holton et al., 1993). The Fe(II)/aKG-dependent 
enzyme was purified from Citrus unshiu and extensively 
characterized by kinetic and mutagenesis methods 
(Wellman et al., 2002). The flavonol synthase metal 
ligands are proposed to include Hi 221, Asp 223, and 
His 277, while Arg 287 is suggested to participate in a KG 
binding (Table 1). In addition to possessing flavonol syn­
thase activity, the recombinant C. unshiu protein also ex­
hibits flavanone 3,8-hydroxylase activity (Lukacin et al., 
2003). A chimeric enzyme comprised of the P. Hybrid a fla­
vanone 3,8-hydroxylase with its C-terminal 52 residences 
replaced by the corresponding region of C. unshiv flavonol 
synthase exhibited exclusively flavanone 3,8-hydroxylase 
activity, indicating that this region does not define the se­
lectivity of enzyme (Wellman et al., 2004). 

HO 

OH 

The synthesis of anthocyanins, involving the Fe(TI)/ 
a KG-dependent anthocyanidin synthase (ANS), offers an 
alternative route of processing of trans-dihydroflavonols. 
This pathway includes ketone reduction of the rrans­
dihydroflavonol by dihydroflavonol reductase, conversion 
of the resulting leucoanthocyanidin to anthocyanidin 
(Scheme 16), and hydroxyl group glycosylation to form 
anthocyanin (Nakajima et al., 2001; Springob et al., 2003). 
Surprisingly, in vitrv studies with purified ANS reveal 
quercetin and dihydroquercetin as the major products, a 
finding that is consistent with formation of flav-2-en-3,4-
diol as the in vivo product (Turnbull et al., 2003). This in­
termediate transforms to anthocyanidin under acidic con­
ditions. Genes encoding ANS proteins have been cloned 
from several sources, but direct evidence for a gene encod­
ing this Fe(l[)/a KG-dependent activity was first obtained 
using recombinant enzyme from mint, Perillafructescens 
(Saito etal., 1999). The enzyme fromArabidopsis thaliana 
was structurally characterized under anaerobic conditions 
in the presence of Fe(TT), a KG, and substrate (Tables 1 
and 2) (Wilmouth et al., 2002). These studies reveal His 
232, Asp 234, and His 288 as the metal ligands, Arg 298, 
Asn 215, and Tyr 217 as being involved in a KG binding. 
and the presence of two substrate binding sites (contain­
ing dihydroquercetin). In addition, a structure was deter­
mined for cry tals that were exposed to oxygen for 30 min; 
the results are consistent with one substrate molecule be­
ing converted to quercetin and the a KG decomposing to 
succinate. 

Another Fe(II)/aKG-dependent dioxygenase involved 
in flavonoid biosynthesis is an enzyme catalyzing 6-hydro­
xylation of methylated flavonols (Scheme 17). This en­
zyme, isolated from Chrysosplenium americanum was pu­
rified, kinetically characterized, and shown to utilize 
quercetin derivatives in the order trimethylated > di methy­
lated > tetramethylated > methylated > nonmethylated 
(but still retaining I 0% of the activity observed with 
trimethylated substrate) (Anzellotti & Ibrahim, 2000). Sig­
nificantly, this is one of only two Fe(Il)/aKG-dependent 
hydroxylases known to insert an oxygen atom into a C- H 
bond of a carbon atom located in an aromatic ring. The sec­
ond such reaction (involving the flavonoid-like compound 

OH 

HO 

02 H20 + CO2 

OH OH aKG succinate 
OH 

SCHEME 16. 
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shown in Scheme 18) converts 2,4-dihydroxy-2H-l ,4-
benzoxazin-3(4H)-one to 2,4,7-trihydroxyl-2H-l ,4-
benzoxazin-3(4H)-one, a natural pesticide produced in 
grasses (Frey et al., 2003). 

Within the complex network of gibberellin biosynthe­
sis, the first Fe(ll)/aKG-dependent step utilizes gibberellin 
7-ox idase to catalyze aldehyde oxidation at the C-7 
position, as illustrated in Scheme 19. This enzyme was 
shown to be Fe(II)/o:KG-dependent and separated from 
two other Fe(ll)/o:KG-dependent dioxygenases in studies 
using cell-free extracts of developing pumpkin, Cucurbita 
maxinw (Lange et al., 1994b ), but the activity appears to be 
cytochrome P450-dependent in other plant species (Hed­
den & Phillips, 2000). Subsequent cloning of the pump­
kin gene allowed production of the recombinant enzyme, 
which was shown to catalyze the depicted reaction as well 
as several other less well-characterized activities (Lange, 
1997). The protein sequence contains His 182, Asp 184, 
and His 238 as likely metal ligands along with Arg 248 
and Ser 250 as potential o:KG-binding residues (Table I). 

Gibberellin 20-oxidase catalyzes the sequential oxida­
tion of the C-20 methyl group to form the alcohol, alde­
hyde, and (in some species) the carboxylate (Hedden, 
1997, 1999), as shown in Scheme 20. Alternatively, the 
enzyme oxidatively transforms the aldehyde-containing 
species to a y-lactone lacking C-20 (Scheme 21 ). 
Gibberellin 20-oxidase was first partially purified from 
seeds of pea (Pisum sativum) and shown to require a KG 
(Lange & Graebe. 1989). Studies of the isolated enzyme 
from C. maxima confirmed the capability of the enzyme 
to carry out all reactions shown in Schemes 20 and 21 
(Lange, 1994). This same source was used for cloning the 
first gibberellin 20-oxidase gene (Lange et al., 1994a), but 
many examples of the gene have since been cloned from 
other sources (including multiple copies for some plants) 
(Hedden & Phillips, 2000). Analysis of chimeric oxidases 
generated from fusions of portions of the gene from pump­
kin (which makes primarily the carboxylate shown in 
Scheme 20) with that of the closely related species Ma rah 
macrocarpus (which favors y-lactone production, shown 

02 CO2 
aKG succinate 

HOOC 

SCHEME 19. 

C 



Bayer EX1025
► 

Fe(II)/a-KETOGLUTARA TE-DEPENDENT HYDROXYLASES 35 

0 2 CO2 
aKG succinate 

HOOC~ 

CO2 
succinate 

SCHEME 20. 

in Scheme 2 1) highlights the importance of the carboxyl 
terminus of the protein as the major region controlling 
product specificity (Lange el al. , 1997a). The pumpkin 
protein sequence includes the likely metal liganding resi­
dues His243, Asp 245, and His 299 as well as the possible 
a KG-stabilizing residues Arg 309 and Ser 3 I I (Table l ). 

Several other Fe(l l)/aKG-dependent enzymes utilize 
lhe gibberellin y-lactone as a substrate and catalyze re­
actions at C-2 and C-3 (indicated by arrows A and B in 
Scheme 2 1 ). Gibberellin 2-oxidase catalyzes initial hy­
droxylation and then oxidation to form the ketone at C-2. as 
shown by studies of recombinant enzymes from the runner 
bean (Phaseolus coccineus) (Thomas et al. , 1999) and pea 
(Lester et al., 1999). Another related 2-hydroxylation ac­
tivity acting on the non-y-lactone substrate was identified 

and cloned from Arabidopsis (Schomburg et al., 2003). 
Gibberellin 3,8-hydroxylase activity was first demons­
trated to be Fe(ll)/aKG-dependent after enrichment from 
pumpkin (Lange et al., 1994b). The gene encoding this 
activity was isolated initially from Arabidopsis thaliana 
(Chiang el al., 1995), and has since been demonstrated to 
be associated with the pea stem-length gene (Le) studied 
by Gregor Mendel during his pioneering genetic inves­
tigations (Lester el al. , 1997; Martin el al., 1997). Rice 
contains two genes encoding gibberell in 3-hydroxylase, 
one of which also exhibits 2,3-desaturation activity (ltoh 
et al. , 200 I). A gene from pumpkin was shown to encode 
an enzyme with both 3,8-hydroxylase and 2,8-hydroxylase 
activities (Lange et al., 1997b ). Of biological significance, 
modification at C-2 leads to a less active gibberelli n. 

0 2 2 CO2 
B r;:::::::; 

a KG succinate 

SCHEME 21. 
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At least two alkaloids require Fe(II)/aKG-dependent 

enzymes for their biosynthesis. The periwinkle plant, 

Caranthus roseus, synthesizes the vinca alkaloids vin­

blastine and vincristine that are used to treat Hodgkin's 

disease and leukemia, respectively. A critical component 

of these bis-indole alkaloids is vindoline, generated from 

tryptophan by a complex series of transformations. The 

second to last step in the vindoline biosynthetic pathway 

(Scheme 22) is catalyzed by an Fe(Il)/a KG-dependent hy­

droxy lase (De Carolis et al., 1990). Similarly, an Fe(IJ)/ 

a KG-dependent dioxygenase plays a key role in the syn­

thesis of scopolamine, a hallucinogenic tropane alkaloid of 

henbane, Hyoscyamus niger. A single enzyme carries out 

both hydroxylation and epoxidation reactions (Scheme 23) 

as shown by using recombinant protein (Hashimoto et al., 

1993). Both of the alkaloid biosynthesis-related enzymes 

were purified (De Carolis & De Luca, 1993; Hashimoto 

& Yamada, 1987) and their genes cloned (Matsuda et al., 

1991; Vazquez-Flota et al., 1997). In each case, metal­

binding and aKG-interaction motifs are observed 

(His 308, Asp 310, His 366, Arg 376, and Ser 378 for des­

acetoxyvindoline 4-hydroxylase, and His 217, Asp 219. 

His 274, Arg 284, and Ser 286 of hyoscyamine 6{3-

hydroxylase; Table I). 
Another plant Fe(Il)/aKG-dependent dioxygenase has 

been characterized from the seeds offenugreek Trigonella 

Joenum-graecum (Haefele et al., 1997). This enzyme 

forms 4-hydroxyisoleucine (Scheme 24), an insulinotropic 

compound that accounts for the use of this plant in tradi­

tional medicine for its antidiabetic properties (Sauvaire 

et al., 1998). The role of this compound in the plant has 

not been reported. 

E. Lipid Metabolism 

Fe(Il)/aKG-dependent hydroxylases play several impor­

tant roles in lipid metabolism. Two of these enzymes are 

needed to synthesize carnitine, which transports activated 

fatty acids across the inner mitochondrial membrane to 

allow their degradation in the matrix by the fJ-oxidation 

/ 
N 

/ / 
N N 

HO 

02 CO2 
02 H20 + CO2 

aKG succinate aKG succinate 
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0 0 

OH 
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HO 

pathway (Vaz & Wanders, 2002). A separate representa­
tive is required for degrading the plant lipid phytanic acid, 
and human deficiencies of this enzyme result in Refsum 
disease and other disorders (Wierzbicki et al., 2002). Fi­
nally, on the basis of sequence results and physiological 
studies a family member appears to function in the syn­
thesis of lipid A in several pathogenic bacteria (Gibbons 
et al., 2000). 

The synthesis of camitine initiates with trimethylly­
sine, derived by hydrolysis of proteins that are modified 
through the action of an S-adenosylmethionine-dependent 
methyl transferase. As first illustrated for a rat liver mi­
tochondrial sample (Hulse et al., 1978), an Fe(Il)/a KG­
dependent hydroxylase converts £-N-trimethyl-L-lysine 
to ,B-hydroxy-t:-N-trimethyl-L-lysine (Scheme 25). The 
dimeric rat enzyme has been purified and characterized, 
and the Neurospora crassa (Swiegers et al. , 2002), rat, 
mouse, and human (Vaz et al., 2001) cDNAs were cloned 
and expressed in functional forms. The product of these 
enzymes is cleaved by an aldolase to produce glycine and 
y -trimethylaminobutyraldehyde (y-butyrobetaine alde­
hyde), with the latter compound being oxidized by a 
nicotinamide-dependent dehydrogenase to form y-butyro­
betaine. This product undergoes hydroxylation by a second 
Fe(Il)/aKG-dependent hydroxylase to generate carnitine 
(Scheme 26). y-Butyrobetaine hydroxylase was first pu­
rified from Pseudomonas sp. AK 1 (Lindstedt et al., 1977) 

COOH 
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/\ 

and soon thereafter from calf liver (Kondo et al. , 1981 ). 
The bacterial protein sequence was determined by Edman 
degradation of the isolated peptides (Ri.ietschi et al., 1993), 
whereas the sequences of animal enzymes were deter­
mined by translation of the cDNA sequences (Galland 
et al., 1999; Vaz et al., 1998). These y-butyrobetaine hy­
droxylases are related to each other (Table 1 ), with the bac­
terial enzyme possessing His 209, Asp 211, and His 350 as 
likely metal-binding ligands and Arg 362 positioned for 
aKG binding. Furthermore, these enzymes are homolo­
gous to trimethyllysine hydroxy lase, which appears to use 
glutamic acid rather than aspartic acid to bind the metal 
ion (Table 1). 

Phytanoyl-CoA hydroxylase (Scheme 27) is required 
for the metabolism of phytanic acid (3,7, 11, 15-tetra­
methylhexadecanoic acid), a lipid derived from the phytol 
group of chlorophyll and found in dairy products, meat, 
and fish. The presence of the 3-methyl group precludes 
operation of the ,B-oxidation pathway; however, this ox­
idative degradation process can be utilized after removal 
of the C-1 carbon unit by action of a series of four enzymes 
(Mukherji et al., 2003). A ligase is used to convert phy­
tanic acid to phytanoyl-CoA (Watkins et al. , 1994). The 
CoA thioester is hydroxylated at the C-2 position by an 
a KG- and Fe(II)-dependent reaction (Scheme 27), as first 
demonstrated in rat liver peroxisomes in 1995 (Mihalik 
et al., 1995) and later for human liver homogenates (Jansen 
et al. , 1996). Interestingly, GTP and ATP stimulate this 
reaction, although the role of the nucleotides is unclear 
(Croes et al. , 2000), and the participation of sterol car­
rier protein-2 in this reaction was suggested (Mukherji 
et al., 2002). A thiamin pyrophosphate-dependent enzyme 
(Foulon et al., 1999) catalyzes a lyase reaction of the 
hydroxylated intermediate to release formyl-CoA (Croes 
et al., 1997b) and generate methylpentadecanal (pristanal) 
(Croes et al., 1997a; Verhoeven et al.. 1997). After under­
going a nicotinamide-dependent oxidation to form pris­
tanic acid, the ligase is used again to produce pristanoyl­
CoA that is able to undergo ,B-oxidative degradation. 
Elevated levels of phytanic acid are observed in patients 
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suffering from Zellweger syndrome, rhizomelic chondro­

dysplasia punctata, and Refsum disease. These disorders 
are associated with a generalized defect in peroxisome as­

sembly, a disturbance of a type of peroxisomal targeting 

signal, or a specific defect in phytanoyl-CoA hydroxy lase 
activity, respectively. 

Using the amino terminal sequence and an internal se­

quence of the rat liver enzyme, expressed sequence tag 

(EST) cDNAs were used to directly identify mouse and 

human clones of the phytanoyl-CoA hydroxylase gene, 
initially termed PHYH (Jansen et al., 1997). The gene, re­

named PAHX, was identified simultaneously by another 

group that searched for EST cDNAs encoding the re­
quired peroxisomal targeting signal, cloned the targeted 

sequence in an E. coli expression vector, and showed that 

affinity-purified sample exhibited Fe(II)/aKG-dependent 

phytanoyl-CoA hydroxylaseactivity (Mihalik eta!., 1997). 

Sub equently, the rat gene was cloned from its cDNA 

(Jansen et al., 1999) and the complete ~2 I kb human gene 
sequence was determined (Mukherji et al., 200 la), reveal­

ing the presence of nine exons and eight introns. Refsum 

disease patients possess large ( I 11 bp) or small ( I bp) dele­
tions. insertions (3 bp). and a variety of single base changes 
(Jansen et al., 1997; Mihalik et al., 1997; Mukherji et al., 
200 I a). Transfection of cDNA encoding the active form of 

the enzyme restored phytanoyl-CoA hydroxy lase activity 

to fibroblasts isolated from two Refsum disease patients 

(Chahal et al.. 1998). On the basis of sequence compar­

isons (i.e., that of active human enzyme versus those of 

defective enzymes from Refsum disease patients), site­

directed mutagenesis studies of the recombinant gene in 

various expression systems, and kinetic analysis of puri­
fied enzymes with aKG and alternative a -keto acids, the 

metal ligands of the human enzyme are likely to be His 

175, Asp l 77, and His 264, while Arg 275 assists in a KG 

binding (Table I) (Mukherji et al., 200 1b). 
Certain Gram-negative bacteria, including Salmonella 

typhimurium and Pseudomonas aeruginosa, appear to uti­
lize an Fe(ll)/a KG-dependent hydroxy lase during the syn­

thesis oflipid A (Gibbons et al., 2000). When grown under 

aerobic conditions these pathogenic bacteria possess S-2 

hydroxyacyl chains that are further decorated by acylation. 

whereas these modifications do not occur for anaerobically 

grown cells. Mass spectrometric studies confirm that the 

added oxygen atom is derived from 02. Sequence analyses 
of the S. typhimurium genome were used to identify a pos­

sible homologue, denoted lpxO, to the mammalian gene 

for aspartyl/asparaginyl ,B-hydroxylase. This sequence in­

cludes His 155, Asp 157, His 202, and Arg 212 (Table I), 
rescmbl ing the standard Fe(II)/a KG-dioxygenase motif. 

Curiously, however, these re!>iuues do not coincide 

with the likely metal- and a KG-binding residues of the 

mammalian hydroxylase used for sequence comparison 
(i t does not contain this motif). Homologues to lpxO were 

noted in many other pathogenic bacteria that are known 

to make 2-hydroxyacyl-containing lipids. Expression of 

the S. typhimurium gene in E. coli leads to synthesis of 

2-hydroxymyristate in this organism, thus confirming the 

function of the gene. Still unclear is whether the enzyme 

hydroxylates the acyl group after incorporation into 

the nascent lipid A (i.e., R in Scheme 28 is a glucosamine 

disaccharide) or whether hydroxylation of the acyl group 
occurs while bound to acyl carrier protein or CoA (e.g .. 

R in Scheme 28 is a thiol). Notably, the latter situation 
would be highly reminiscent of the reaction carried out by 

phytanoyl-CoA hydroxy lase (Scheme 27). 

F. Other Fe(l 1)/aKG-Dependent Hydroxylases 

This final grouping of Fe(II)/a KG-dependent hydroxy­

lases describes an eclectic assembly of enzymes with di­

verse roles ranging from biodegradation (with examples 
that supply sulfur. phosphorns, or carbon to the cell) to 

nucleotide recycling to microbial biosynthesis of ethylene 

to sti I I-unknown functions. 
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Selected microorganisms decompose alkyl sulfonates 
or alkyl sulfates by using Fe(ll)/aKG-dependent hyd­
roxylases, thus providing sulfur for biosynthetic needs 
(Kertesz, 1999). For example, £. coli synthesizes taurine/ 
a KG dioxygenase (TauD) during times of sulfur starvation 
(Eichhorn et al., 1997). This enzyme hydroxylates taurine 
(2-aminoethanesulfonate) to create an unstable interme­
diate that decomposes to aminoacetaldehyde and sulfite 
(Scheme 29), which is subsequently utilized as a sulfur 
source. Structural studies (Elkins et al., 2002; O' Brien 
et al., 2003) demonstrate that His 99, Asp 101, and His 
255 bind Fe(ll), while Arg 266 and Thr 126 stabilize the 
C-5 carboxylate of a KG (Tables I and 2). An open read­
ing frame in Saccharomyces cerevisiae (YLL057c) en­
codes a prutt:in with 31.5% identity to TauD. The rt:cum­
binant yeast protein was purified from E. coli and shown 
to possess weak taurine/aKG dioxygenase activity, but it 
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ex~ibited 5~- to 150-fold greater catalytic efficiency when 
using the bile salt taurocholate. hydroxyethanesulfonate 
(isethionate), N-phenyltaurine, and MOPS or MOPSO 
buffers as alternative substrates (Hogan et al., 1999). Thu , 
the yeast enzyn:ie appears to be a broad specificity 
sulfonate/aKG d1oxygenase (Scheme 30). Alkyl sulfates 
rather than sulfonaces, are the substrates of an enzym; 
encoded by the atsK gene in Pseudomonas putida S-313 
(Kahnert & Kertesz,_ 2000). The isolated alkylsulfatase hy­
droxylates alkyl sulfate esters (C4 to C12 in length) at the C­
l position to create unstable intermediates that release sul­
fate and form the co1Tesponding aldehydes (Scheme 31 ). 
AtsK 1s closely related to TauD (38% identity) and, as 
show~ by structural studies (Table 2) (MUiler et al., 2004), 
contains the expected key residues (His I 08, Asp 110, His 
264. and Arg 275; Table I). 

A particularly interesting Fe(II)/aKG-dependent hy­
droxylase participates in a pathway that provides phospho­
rus for cellular needs. Pseudomonas stutzeri WM88 ex­
emplifies an expanding group of microorganisms that are 
capable of growth using reduced forms of phosphorus, in­
cluding hypophosphite (H3PO2) and phosphite (H3PO3) . 
Molecular genetic analyses of this bacterium identified the 
lztxA and ptxD genes that encode an Fe(II)/aKG-dependent 
hydroxylase and a NAO-dependent enzyme, respectively 
(Metcalf & Wolfe, 1998). Overexpression of htxA in E.coli 
allowed the isolation of an enzyme shown to hydroxylate 
hypophosphite (White & Metcalf, 2002), as illustrated in 
Scheme 32. PtxD then oxidizes phosphite, with concomi­
tant reduction of NAD, to generate phosphate (Garcia 
Costas et al., 2001). The sequence of HtxA resembles 
those of proline 4-hydroxylase, phytanoyl-CoA hydrox­
ylase, and selected other family members, and includes 
the metal-binding residues His 116. Asp 11 8. and His 
206, along with Arg 2 17, which likely facilitates aKG 

R~O 
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binding (Table 1 ). Although it seems reasonable to sug­
gest that Fe(ll)/aKG-dependent hydroxylases might par­
ticipate in the degradation of alkyl phosphonates and alkyl 
phosphates, in parallel to the alkyl sulfonate- and alkyl 
sulfate-degrading systems, these activities have not been 
reported. 

A herbicide-degrading Fe(IT)/a KG-dependent hydrox­
y lase is found in bacteria that metabolize 2.4-dichloro­
phenoxyacetic acid (2,4-D), including microbes that are 
capable of using this molecule as their sole carbon source 
(Hausinger et al., 1997). Catabolism of 2,4-D has long 
been known to initiate with ether bond cleavage (Tiedje & 
Alexander, 1969), but the gene encoding the corresponding 
enzyme (tfdA) is unlike other known ether cleavage sys­
tems (Streber et al., 1987). By examining the overproduced 
Ralstonia eutropha enzyme in E. coli, 2,4-D/aKG dioxy­
genase (TfdA) was shown to catalyze the reaction shown 
in Scheme 33 (Fukumori & Hausinger, 1993b); i.e., the ox­
idative cleavage of a KG to CO2 plus succinate is coupled 
to the hydroxylation of 2,4-D with subsequent decompo­
sition of the hydroxy-intermediate to yield glyoxylate and 
2,4-dichlorophenol. The purified enzyme decomposes a 
variety of other phenoxyacetic acid derivatives (Fukumori 
& Hausinger, 1993a), thiophenoxyacetic acids (Saari & 
Hausinger, 1998), naphthoxyacetic acids, benzofuran-2-
carboxylate, and various cinnamic acids (Dunning Hotopp 
& Hausinger, 2001), with release of the corresponding 
substituted phenols. thiophenols, and, for the benzofuran-
2-carboxylate and cinnamic acids, the epoxide products. 
Whereas some ethene-containing cinnamic acids are sub­
strates, the acetylenic compound phenylpropiolic acid is a 

.,,.,,------cooH 
0 OH 

mechanism-based inactivator that forms a covalent bond 
to the protein (Dunning Hotopp & Hausinger, 2002). 
In addition, TfdA transforms the S enantiomer of the 
2-phenoxypropionate, dichloroprop, to the substituted 
phenol plus pyruvate (Saari et al., 1999). Interestingly, 
A leaf igenes deni trificans possesses an enzyme that uti I izes 
the opposite enantiomer of a related phenoxypropionate 
(mecoprop) (Tett et al., 1997) and both Sphingomonas 
herbicidovorans MG and Delftia acidovorans MC l have 
two Fe(ll)/aKG-dependent phenoxypropionate-degrading 
hydroxylases-one specific to each enantiomer (Nickel 
et al., 1997; Westendorf et al., 2003). Analyses of Fe(TI)­
bound TfdA and Cu(Il)-substituted protein by X-ray ab­
sorption spectroscopy (XAS) suggested the presence of 
two imidazole ligands (Cosper et al., 1999). Electron para­
magnetic resonance (EPR) and electron spin-echo envelop 
modulation (ESEEM) spectroscopic analyses of the Cu­
substituted protein similarly provided evidence for His lig­
ation, and showed that binding of a KG and 2,4-D perturbs 
the metal site (Whiting et al., 1997). The results of site­
directed mutagenesis studies of tfdA (Dunning 
Hotopp & Hausinger, 2002; Hogan et al., 2000) are 
consistent with His I 14, Asp 116, and His 263 serving to 
bind the metal and Arg 274 assisting in binding 
aKG (Table I). The modeled structure of the enzyme, 
generated by comparison to structures of other known fam­
ily members, is con istent with these interactions (Elkins 
et al., 2002). 

Thymine hydroxy lase catalyzes three sequential Fe(II)/ 
aKG-<lepemJent hy<lruxylations of the methyl group of 
thymine (Scheme 34). The activity was first studied in 
Neurospora crassa (Abbott et al., 1967; Holme, 1975; 
Holme et al. , 1971) and has been noted in Aspergillus 
nidulans (Shaffer et al., 1984), but recent investigations 
have focused on the enzyme from Rhodotorula glutinis. 
For example, additional reactivities were uncovered, in­
cluding epoxidation of 5-vinyluracil, sulfur oxidation of 
5-(methylthio)uracil, and conversion of an amine to an 
aldehyde using I-methyl thymine (Thornburg et al., 1993). 
Mechanism-based inactivation was observed using the 
acetylenic analogue of thymine, allowing characterization 
of the covalently modified peptides (Thornburg & Stubbe, 
1989, 1993; Thornburg et al., 1993; Warn-Cramer et al., 
1983). On the other hand, the complete sequence is un­
known and no structure has been reported for this enzyme. 

At least two Fe(TT)/aKG-dependent hydroxylases uti-
Cl 

Cl 

CO2 
succinate 
glyoxylate 
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Cl 

ci lize nucleosides as their substrates and catalyze transfor­
mations involving the sugar moiety.N. crassa, A. nidulans, 
and R. glutinis possess pyrimidine deoxyribonucleoside 
2' -hydroxylases that convert thymidine or uridine to the 
ribosides, as shown in Scheme 35 (where X is a methyl 
group or hydrogen atom, respectively) (Banke! et al., 1972; 
Shaffer et al., 1968, 1984; Warn-Cramer et al., 1983). 
In addition, R. glutinis contains a deoxyuridine (uridine) 
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l ' -hydroxy lase that replaces the hydrogen atom indicated 
by the arrow with a hydroxyl group for the case where 
X = H (Stubbe, 1985). No genes have been sequenced or 
proteins structurally characterized for these enzymes. 

Penicillium digitalum and Pscudomonas syringae pv. 
phaseolicola PK2 synthesize the plant hormone ethylene 
by action of an enzyme that is distinct from the ethylene­
forming system found in plants (described further in Sec­
tion TI part G). The fungal activity was described in 1986 
and shown to require a KG, Fe(II), and L-arginine (Fukuda 
et al., 1986). Although this enzyme has been purified 
(Fukuda et al., 1989), little is known about its proper­
ties compared to the corresponding bacterial enzyme. A 
cell-free extract of P syringae initially was suggested to 
generate ethylene from a KG with no stimulation by argi­
nine (Goto & Hyodo, 1987); however subsequent studies 
demonstrated that the amino acid and oxygen are essen­
tial components of catalysis (Nagahama et al., 1991 a). 
The monomeric enzyme was purified (Nagahama et al., 
1991 b) and the corresponding gene cloned and expressed 
in£. coli (Fukuda et al., 1992a). The sequence displays the 
likely metal-binding residues His 189 and Asp l 91, along 
with histidines at positions 268, 284, 305, 309, or 335 and 
arginines at positions 275, 277, 3 16, 321, 332, and 346. 
Site-directed mutagenesis studies revealed that the H l 89Q 

HO 

OH H 

variant is inactive, and the H268Q, H305Q, and H335Q 
variants possess 1.8%, 40%, and 60% of wild-type activ­
ity, respectively (Nagahama et al., 1998). On the basis of 
these results and comparison to sequences of other family 
members, His 268 and Arg 277 are likely to participate 
in metal- and a KG-binding (Table I) . The bacte1ial en­
zyme appears to catalyze two reactions in a 2: l stoichiom­
etry (Fukuda et al., 1992b). The minor reaction is more 
straightforward and involves the Fe(Il)/aKG-dependent 
hydroxylation of arginine with subsequent decomposition 
of this intermediate and formation of guanidine plus 
L-.6.1-pyrroline-5-carboxylate (Scheme 36). The major re­
action involves the remarkable oxidative transformation of 
a KG to three molecules of CO2 plus one molecule each 
of H20 and ethylene (Scheme 37). An intriguing "dual­
circuit mechanism" has been proposed in order to account 
for the two reactions (Fukuda et al., 1992b). In this pro­
posal, a KG forms a Schiff's base with arginine, the coli­
gand binds Fe(II) in a tridentate complex (with only two 
enzyme side chains binding the metal), and an intermedi­
ate formed after reaction with oxygen partitions in such a 
manner as to give rise to the observed products. Other than 
the appropriate product stoichiometries, no experimental 
evidence has been reported to support this biochemically 
suspect mechanism. 

HO 

CO2 
succinate 

X 

OH 
H ¢::::::::J 

OH 

SCHEME 35. 
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02 CO2 
a KG succinate OH 

SCHEME 36. 

The final putative Fe(ll)/aKG-dependent hydroxylase 
to be discussed is the E. coli Gab protein. whose function 
is still unknown. The structure of this protein was !solved as 
part of a structural genomics effort (Chance et al., 2002). 
It revealed a fold that, despite the lack of sequence sim­
ilarity, resembles CAS, DAOCS, and other members of 
the Fe(IJ)/aKG-dioxygenase supcrfamily. The crysta11o­
graphically observed metal ion, possibly Fe(III) since the 
protein was crystallized aerobically. is bound to His I 60, 
Asp 162, and His 292. earby and appropriately posi­
tioned to interact with a KG is Arg 305; however, no elec­
tron density for aKG was observed when thi5 molecule 
was added to the protein. Additional electron density was 
observed at the position likely to be occupied by substrate. 
but the identity of this species could not be discerned. The 
authors speculate that the protein plays a role related to 

COOH 

SCHEME 37. 

CH2 

3 CO2 + H20 + 11 

CH2 

• ✓~)=:J-
o ~ 02 

COOH 

y-aminobutyrate metabolism since the gene is located in 
the y-aminobutyrate operon. 

C. Related Enzymes 

Isopenici llin N synthase (TPNS) is structurally re lated Lo 
the Fe(Il)/aKG-dependent dioxygenases, but it does not 
utilize a KG as a cosubstratc. Rather, this enzyme catalyzes 
the remarkable reaction illustrated in Scheme 38 in which 
a linear tripeptide (8-(L-a-aminoadipoyl)-L-cysteinyl-D­
valine) is transformed to a bicyclic structure while carry­
ing out the four-electron reduction of oxygen (Kreisberg­
Zakarin el al., 1999; Schofield el al., 1997). The gene 
encoding this enzyme was first c loned and sequenced from 
Cephalosporium acre111011iu111 (Samson et al., 1985), and 
spectroscopic studies have focu ed on this recombinant en­
zyme. The Mossbauer spectrum associated with the high­
spin mononuclear Fe( II) site i perturbed by substrate bind­
ing, consistent with direct substrate interaction with the 
metallocenter (Chen et al., 1989). The same study exam­
ined the nitric oxide (NO) complex of the enzyme and 
showed optical spectral changes indicative of substrate 
thiol binding to the metal. ESEEM studies of Cu(Tl)­
substituted protein (Jiang el al., 1991) were interpreted 
in terms of two His ligands, whereas I H nuclear magnetic 
resonance spectra of Fe(ll) and Co(II) derivatives indi­
cated the likely presence of three His ligands (Ming er al. . 

/~'r----(-'s 
R r~:J< 

0 1 
COOH 

SCHEME 38. 
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I 990, J 991 ). Results from XAS studies were consistent 
with 2-3 imidazole ligands along with substrate thiol in­
teraction with the metal (Randall et al., 1993; Scott et al., 
1992). Site-directed mutagenesis studies of the genes from 
C. acremo11ium and Srreptomyces jumonjinensis identi­
fied the likely His 1 -X-Asp-X11 -His2 metal-binding ligands 
(Borovok eta/. , 1996; Kreisberg-Zakarin eta!., 2000: Tan 
& Sim, 1996; Tiow-Suan & Tan, l 994)(Table I), and these 
assignments were confirmed by crystal structure determi­
nation of the Aspergillus ( Emericella) nidu/ans enzyme 
(Table 2) (Roach et al. , 1995). An intriguing feanire re­
vealed by the structure is that a fou,th amino acid side 
chain, the carboxyl terminal Gin residue. coordinates the 
metal in the absence of substrate. Additional mutagenesis 
studies have shown this residue is not important to catal­
ysis (Landman el al., 1997; Sarni et al., 1997), a result 
in accord with additional structural studies showing that 
substrate displaces the Gin residue (Roach et al., 1997). 
In addition, crystallographic investigations confi rm that 
substrate thiol binds the metal. 

Like IPNS, l-aminocyclopropane- 1-carboxylate (ACC) 
oxidase (also known as ethylene-forming enzyme) is 
related by sequence to the Fe(IJ)/a KG-dependent hydrox­
y lases, yet this enzyme does not utilize a KG as a cosub­
strate. ACC is an intermediate in formation of the plant­
ripening hormone ethylene from methionine (Adams and 
Yang, 1979), and ACC oxidase catalyzes the reaction 
shown in Scheme 39 (Dong et al .. 1992). Since the initial 
cloning and sequencing of the gene encoding tomato ACC 
oxidase (Hamilton et al .. 1991) homologues have been 
characterized from many plants, and a ll reveal the typi­
cal Fe(ll)/aKG dioxygenase superfamily sequence motif 
(Table l ). Numerous site-directed mutagenesis studies 
have been carried out (e.g., Lay et al., 1996; Shaw et al., 
1996) to support the metal ligand assignments: however, 
no crystal strucnire has yet been reported. On the basis 
of EPR and electron nuclear double resonance (E DOR) 
spectroscopic investigations of NO-bound enzyme. ala­
nine (a strucniral analogue of ACC) was shown to bind 
the metal ion through both its a-amino and a-carboxylate 
groups (Rocklin et al., 1999). Such a binding mode for 
ACC would be reminiscent of the chelate binding observed 
for a KG in the Fe(Il)/aKG-dependent hydroxylases, as 
dt::scribed in Sections III and IV. Significantly, the spectro­
scopic studies of ACC oxidase were interpreted to suggest 

02 
ascorbate 

dehydroascorbate 
2 H20 

SCHEME 39. 

that ACC and oxygen simultaneously bind to the metal to 
promote catalysis, whereas the data are incompatible with 
previously proposed mechanisms involving simultaneous 
metal binding of ascorbate and oxygen. Kinetic studies of 
the avocado (Brunhuber er al., 2000) and tomato (Thrower 
et al., 200 I) ACC oxidases are inconsistent in terms of the 
order of substrate binding to the enzyme, but both suggest 
the need to bind ascorbate, ACC, and oxygen for multi­
ple rounds of catalysis. An especially intriguing aspect of 
ACC oxidase is its activation by carbon dioxide (Dong 
et al., 1992; Pirrung et al., 1993; Poneleit & Dilley, 1993; 
Smith & John. 1993). On the basis of near-infrared circular 
dichroism (CD) and magnetic circular dichroism (MCD) 
spectroscopic studies, the role of CO2 is now understood 
in tenns of preventing an aberrant reaction that results in 
enzyme inactivation (Zhou et al., 2002). Thus, binding 
of ACC to the CO2-free resting enzyme converts the six­
coordinate metal site into a five-coordinate site that reacts 
with oxygen in an uncoupled reaction, leading to loss of en­
zyme activity. In contrast, CO2 stabilizes a six-coordinate 
ACC-bound state (perhaps by reacting with a metal-bound 
water molecule to create a metal-bound bicarbonate lig­
and) until ascorbate is present. at which time the sixth 
ligand is lost to create a productive oxygen-binding site. 
Of interest, inactivation of ACC oxidase is accompanied 
by protein fragmentation due to metal-catalyzed oxidative 
reactions that cleave the peptide backbone (Barlow et al., 
1997; Zhang et al .. 1997). It is possible that this aberrant 
chemistry is catalyzed by an activated oxygen species re­
lated to one that normally participates in catalysis. 

4-Hydroxyphenylpyruvate dioxygenase (HPPD) is not 
related in sequence to the Fe(II)/a KG-dependent hydrox­
y lases. but it exhibits close chemical parallels to this en­
zyme fami ly. As shown in Scheme 40, HPPD catalyzes 
the oxidative cleavage of an a-keto acid while hydroxy­
lating a substrate, but in this case the a-keto acid group 
is part of the substrate and the hydroxylation is associated 
with an "NIH hift" involving acetyl group migration to a 
different position on the aromatic ring. The enzyme func­
tions in tyrosine catabolism, and inhibitors of HPPD are 

COOH 

COOH 

OH OH 

SCHEME 40. 
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useful as herbicides (preventing the production of plasto­
quinone) and for human patients with type I tyrosinemia 
(lacking fumarylacetoacetase, the enzyme catalyzing the 
final step in tyrosine degradation, so that a toxic inter­
mediate accumulates). HPPD was purified from human 
liver, shown to be a dimer of Mr 87,000, and found to 
require ferrous ions (Lindblad et al., 1977). Aerobically 
purified enzyme fromPseudomonas sp. strain P.J.874 is in­
active and possesses a blue color (Amax ~ 595 nm, S595 = 
2.6 mM- 1 cm- 1) associated with its metal site (0.95 Fe 
per subunit) (Lindstedt & Rundgren, 1982). Reduction of 
this enzyme led to the loss of color and gain of activity. 
On the basis of resonance Raman (rR) spectroscopic inves­
tigations, the blue color of oxidized bacterial HPPD was 
suggested to arise from tyrosinate coordination to Fe(III) 
(Bradley el al., 1986). Surprisingly, however, the crystal 
structure of the closely related HPPD from Pseudomonas 
jf uorescens reveals a mononuclear iron site with the metal 
coordinated by His 161, His 240, and Glu 322, and lack­
ing any Tyr residue in its vicinity (Serre el al .. 1999). This 
finding prompted speculation that the enzyme might cat­
alyze a self-hydroxylation reaction to create one or more 
hydroxy-phenylalanine residues that bind to the oxidized 
metal ion (Ryle & Hausinger, 2002). Kinetic and spectro­
scopic studies with recombinant Streptomyces avermitilis 
HPPD apoprotein show an ordered binding of Fe(Il), then 
substrate and oxygen (with a 3600-fold increase in oxygen 
reactivity if substrate binds first) (Johnson-Winters et al., 
2003). These investigations further indicate that substrate 
binds to the metal in a chelating mode (i.e., via the side 
chain carboxylate and keto groups) and reveal the pres­
ence of an intermediate during its reaction with oxygen 
(Johnson-Winters et al., 2003). The identity and properties 
of this intermediate are currently unknown, but are likely 
to be related to intermediates in the Fe(Il)/aKG-dependent 
hydroxylases (see Section IV). 

A reaction closely analogous to that catalyzed by 
HPPD is carried out by 4-hydroxymandelate synthase 
(Scheme 41) (Choroba et al., 2000; Hubbard et al., 2000). 
This enzyme is related in sequence to HPPD and unrelated 
to the Fe(Il)/aKG-dependent hydroxylases. Like HPPD, 
4-hydroxymandelate synthase uses 4-hydroxyphenylpyru­
vate as substrate and decomposes the substrate-associated 
a-keto acid; however, it hydroxylates the alkyl side chain 
rather than the aromatic ring. The gene encoding this en­
zyme is part of the chloroeremomycin gene cluster that 
also encodes 4-hydroxymandelate oxidase and 4-hydroxy­
phenylglycine transaminase that provide the 4-hydroxy­
phenylglycine used for synthesis of the antibiotic. Like 
HPPD, 4-hydroxymandelate synthase requires ferrous ions 
for activity. A mutagenesis approach was used to obtain 
clues about specific protein features responsible for the 
distinct chemistries of 4-hydroxymandelate synthase and 
HPPD. Specifically, the S. avermitilis HPPD gene was 

COOH 

0 
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engineered to create a variant enzyme (F337I) that pro­
duced 4-hydroxymandelate along with its normal product 
(Gunsior et al., 2004). 

Until recently a-ketoisocaproate dioxygenase also was 
thought to catalyze a reaction involving hydroxylation of 
a substrate that provides its own a-keto acid (Scheme 42). 
Proteins possessing this activity have been purified and 
characterized from several sources (e.g., Han & Pascal, 
1990; Sabourin & Bieber, 1982); however, the rat liver en­
zyme was shown to be identical to rat liver HPPD (Crouch 
et al., 1997). Thus, a separate a-ketoisocaproate dioxyge­
nase may not exist. 

Ill. STRUCTURAL STUDIES 

Structurally characterized Fe(ll)/aKG-dependent hydrox­
y lases and related proteins are listed in Table 2 along 
with their bound metal and substrates, crystallographic 
resolution, and PDB accession numbers. The structures 
of the Fe(II)/a KG-dependent proteins are unified by pos­
session of a "jellyroll" structural fold comprised of eight 
,B-strands forming two, four-stranded sides (Figure 1, left). 
Surrounding this protein core, and likely contributing to its 
stability, are additional a-helices, ,B-strands, and protein 
loops as illustrated for the first representative of this protein 
family, the non-a KG-dependent enzyme IPNS (Figure l , 
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OH 
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FIG. I. Jellyroll fold found in all Fe(II)/aKG-dependent 
dioxygenases. On lhe left are the eight ,B-strands that combine 
to form the core of all Fe(II)/a KG dioxygenases, as first identi­
fied in the related enlyme IPNS (Roach et al .. 1995). Additional 
,B-strands and a-helices are present at lhe amino tenninus, and 
inserted into the jellyroll fold and at the carboxyl terminus, as 
illustrated for the complete IPNS structure shown on the right. 
These additional features stabilize the core structure, partici­
pate in interprotein contacts, and modify the substrate-binding 
site. The IPNS structure contains a total of IO a-helices and 16 
,B-strands, with the jellyroll motif incorporating the ,85 and ,88

-
14 

secondary structure features. (Figure appears in color online at 
www.crbmb.com) 

right). The insertions and extensions to this jellyroll fold 
differ for each protein and help to define the substrate­
binding sites and establish protein- protein contact sur­
faces. IPNS (Roach er al., 1995), CAS (Zhang et al., 2000), 
and ANS (Wilmouth et al., 2002) are monomeric proteins, 
and DAOCS equilibrates between monomeric and trimeric 
species in solution, but crystallizes as a trimeric protein 
(Lloyd et al., 1999a). Tn contrast, FIH (Dann et al., 2002; 
Elk.ins et al., 2003; Lee et al., 2003), proline 
3-hydroxylase (Clifton et al., 2001), and TauD (Elkins 
et al., 2002; O'Brien et al., 2003) are dimeric proteins, 
AtsK (Millier et al. , 2004) and the Gab protein (Chance 
et al., 2002) are tetrameric, and CarC is hexameric (a dimer 
of trimers) (Clifton et al., 2003). 

The active site structures of the Fe(U)/a KG dioxyge­
nases exhibit nearly identical arrangements of the three 
amino acid side chains (associated with the His1-X-Asp/ 
Glu-Xn-His2 motif) that bind one face of the metal. On 
the basis of the a KG binding mode, the active site struc­
tures are resolved into two distinct categories (Figures 2 
and 3). In both classes, the C-1 carboxylate and C-2 keto 
group chelate the metal and the C-5 carboxylate is sta­
bilized by a salt bridge to an Arg residue or by ionic 
interaction with a Lys side chain. Additional hydrogen-

bond interactions are found to participate in C-5 carboxy­
late binding, and critically positioned Arg residues often 
help orient the C-J carboxylate (not shown). One cate­
gory of enzymes is represented by CAS (Zhang et al., 
2000), TauD (Elk.ins et al., 2002), and FIH (Dann et al., 
2002; Elkins et al., 2003; Figure 2), along with AtsK 
(Millier et al., 2004 ). In these enzymes, His I and the car­
boxylatc ligand are located approximately in plane with 
a KG (C-1 carboxylate opposite His I and C-2 ketone op­
posite the acidic residue). The primary substrate does not 
bind to the metal, but rather binds nearby and above this 
plane. An open metal coordination site exists near the pri­
mary substrate and opposite His2 in this "in line" binding 
mode. In the second category of enzymes, represented by 
CarC (Clifton er al., 2003) and ANS (Wilmouth et al., 
2002; Figure 3), the C-1 carboxylate of a KG binds op­
posite His2, and the keto group again is located oppo­
site the acidic residue. Thus, the open coordination site is 
located opposite His I and oriented away from the substrate 
in this "off line" binding mode. The two aKG binding 
modes may simply represent conformational flexibility in 
binding this cosubstrate, with different protein structures 
tending to stabilize one mode over the other. For example, 
the o:KG binding mode reverses for CAS (with a different 
substrate bound) in the presence of the oxygen analogue 
NO (Figure 4). Furthermore, the C-1 carboxylate of o: KG 
flips from the "in line" to the "off line" mode when Fe(TT) 
is replaced by sodium ion in AtsK (Millier et al., 2004). 
Thus, it is reasonable to posit that o:KG conformational 
flexibility in ANS and/or CarC may allow oxygen to bind 
opposite His2 and near the substrate for productive cataly­
sis. As described below, these chelate binding modes can­
not account for the chemistry observed with DAOCS. 

Multiple structures of DAOCS and its variants have re­
vealed a series of intriguing features related to this active 
site. Figure 5 (left) depicts the a-KG-bound holoprotein 
in which the cosubstrate C-1 carboxylate binds opposite 
His2 and the keto group coordinates opposite the Asp (Va­
legard et al., 1998), analogous to the situation in the "off 
line" enzymes ANS and CarC shown in Figure 3. ln con­
trast to the latter enzymes, however, the substrate-binding 
site of DAOCS overlaps the binding site of the cosub­
strate; thus, simultaneous binding cannot occur (Valegard 
el al., 2004). To illustrate, in Fe(TI)DAOCS/penicillin G 
the substrate overlaps both the keto group and C-5 car­
boxylate positions of the a KG (structure not shown). For 
DAOCS apoprotein crystals soaked with Fe(Il), o:KG, and 
penicillin G (or ampicillin), the structures reveal a mix­
ture of two species containing either the cosubstrate or 
the substrate. Notably, the substrate-binding mode differs 
for these samples compared to the case where crystals are 
soaked with only Fe(ll) and substrate; i.e., the presence of 
o:KG somehow causes the penicillin G (or ampicillin) to 
orient so that its ring ulfur atom binds Fe(II) (Valegard 
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Substrate 

CAS 

TauD FIH 

FIG. 2. ''In-line'· active site structure. Some Fe(II)/cxKG-dependent dioxygenases bind their substrates as depicted in this model. 

The a KG chelates the metal approximately in the same plane as His1 and the carboxylate ligand of the His1-X-Asp/Glu-X0 -His2 

motif (with the C-1 carboxylate opposite His I and the keto group opposite the acidic residue). The His2 ligand lies below this plane, 

leaving an open coordination ~ite above the plane and directed toward the primary substrate. Examples of structures illustrating this 

substrate-binding mode include CAS (with bound N-acetyl-L-arginine) (Zhang et al. , 2000), TauD (with bound taurine) (Elkins 

et al., 2002; O'Brien et al., 2003), FTH (with a bound peptide that includes the Asn residue shown) (Elkins et al., 2003), and AtsK 

(with bound 2-ethylhexyl-1 -sulfate, not shown) (Muller et al., 2004). The ex KG C-5 carboxylate forms a salt bridge to Arg residues 

in CAS, TauD, and AtsK, whereas a Lys residue is used to stabil ize this group in FIH. Other residues fonn hydrogen-bonds to the 

C-5 carboxylate, and additional Arg residues orient the C-1 carboxylatc of ex KG (not shown). The FIH structure wa~ obta ined by 

using N-oxaloylglycine as a substitute for a KG. (Figure appears in color on line at www.crbmb.com) 

et al., 2004). This binding mode is remarkably similar to 
that observed for product (isopenicillin N) binding to 1P S 
(Figure 5, right) (Burzlaff et al., I 999). A product-bound 
structure of DAOCS reveals similar binding interactions 
(Valegard et al., 2004). The enzyme wa also structurally 
characterized with another product of the reaction, suc­
cinate (Valegard et al., 2004). One carboxylate of this 
molecule binds Fe(Il) opposite the Asp ligand, and the 
other forms a salt bridge to Arg, a pattern expected to arise 
upon decarboxylation of a KG. A similar structure was ob­
served for the succinatc-bound form of 6.3071\. DAOCS 
(with the last four residues replaced by Ala), but the salt 
bridge is absent and a linear, unhydrated CO2 molecule 
(derived from bicarbonate added to buffer) binds opposite 
His2 (Lee et al., 200 I a). 

IPNS is not an Fe(ll)/aKG dioxygenase, but it is related 
in sequence and structure to this enzyme family. The ini­
tial IPNS structure, obtained for the Mn-substituted form 
of this enzyme in the absence of substrate, indicated that 
the metal is bound via His 214, Asp 2 16, Gin 330, and 
His 270 within an eight fJ strand jellyroll structural mo-

tif (Roach et al., 1995). Followup studies showed the Gln 
residue is displaced by substrate (8-(L-a-aminoadipoyl)­
L-cysteinyl-D-valine) that binds via its thiol directly to the 
mononuclear Fe(IJ) active site (Roach et al., 1997). Expo­
sure of these crystals to the oxygen analogue NO identi­
fied a likely site of oxygen binding, illustrated in Figure 6. 
Alternatively, direct exposure of these crystals to high 
pressures of oxygen afforded the bicyclic product-bound 
structure, i.e., the IPNS complex with bound isopenicillin 
N (Burzlaff et al., 1999). Similar treatment with high­
pressure oxygen for short time periods was used with 
crystals containing either of two substrate analogues, 8-(L­
a-aminoadipoyl)-L-cysteinyl-L-S-methylcysteine and 8-
(L-a-aminoadipoyl)-L-cysteinyl-D-a-hydroxyvaleryl es­
ter, leading to structures containing bound monocyclic 
compound (Burzlaff et al., 1999) or bound thiocarboxy­
late (Ogle et al., 2001), respectively. The in-crystal for­
mation of the monocyclic product is consistent with the 
generation of a postulated reaction pathway intermediate, 
while formation of the thiocarboxylate suggests attack of a 
thioaldehyde by a hydroperoxide intermediate. These and 
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Substrate 

FIG. 3. "Off-line" active si te structure. Some Fe(Il)/aKG-dependent dioxygenases bind their substrates as depicted in this 
alternative model. While the a KG keto group is similarly positioned opposite the acidic ligand, the a KG C-1 carboxylate is shifted 
so as to bind opposite His2• The open coordination site is thus located opposite His 1, a site that is not directed toward the substrate. 
Examples of structures illustrating this arrangement include ANS (with bound dihydroquercetin) (Wilmouth et al .. 2002) and CarC 
(with bound L-N-acetylproline) (Clifton et al., 2003). (Figure appears in color online at www.crbmb.com) 

additional structural studies (Long et al., 2003) are provid­
ing important insights that will help to define how IPNS 
carries out its remarkable chemistry. 

HPPD is thought to catalyze chemistry similar to the 
Fe(Il)/aKG-dependent hydroxylases, but this protein 
possesses a clearly distinct structure (Serre et al., 1999) 
related to the extradiol cleavage enzymes 2,3-dihydroxy­
biphenyl dioxygenase (Han et al., 1995; Senda et al., 1996) 
and catechol 2,3-dioxygenase (Kita et al. , 1999). Rather 
than possessing a jellyroll fold, two barrel-like domains are 
found , with Fe(Il) bound to His 161, His 240, and Glu 322 
in the second domain. Although the 2 His- J carboxylate 
ligand set is similar to the Fe(II)/aKG dioxygenases, the 
architecture of this site is clearly different. No structure is 
available for substrate-bound enzyme, but the a-keto acid­
containing substrate is likely to chelate the metal ion on 
the basis of spectroscopic studies (Johnson-Winters et al., 
2003). 

IV. MECHANISTIC STUDIES 

This section examines several proposals for the enzymatic 
mechanisms of Fe(Il)/a KG-dependent hydroxy lases and 
related enzymes while reviewing the associated experi-

mental evidence derived from crystallographic, spectro­
scopic, and isotope incorporation studies. 

A. In-Line Hydroxylation Mechanisms 

As a starting point for discussion, I describe the intermedi­
ates of the representative hydroxylation mechanism illus­
trated in Scheme 43. This mechanism has evolved from a 
model first postulated for prolyl hydroxy lase over 20 years 
ago (Hanauske-Abel & Glinzler, 1982). 

Intermediate A depicts resting enzyme with Fe(IJ) 
bound to the three frotein side chains fo und in the His 1-

X-Asp/Glu-X0-His sequence. All Fe(ll)/a KG-dependent 
hydroxyla es, with the exception of aspartyl (asparaginyl) 
,B-hydroxylase, c.:ontain this signature motif (Table I). Fur­
thermore, all protein structures available for this class of 
enzymes disclose this metal-binding mode, with the side 
chains fou nd in the same orientation on one face of the 
metal (Table 2). The crystal structure of Fe(ll)-bound but 
substrate- and a KG-free DAOCS (not a hydroxylase, but 
found in the same superfamily of enzymes) clearly reveals 
three additional water molecules in the metal coordination 
sphere (Yalegard et al., 1998). Crystal structures also are 
reported for Fe(ll)-bound praline 3-hydroxylase (Clifton 
et al.. 2001) and FIH (Dann et al., 2002). Metal-bound 
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Fe(l l)CAS/aKG/ N-acety 1-L-Arg 
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NO-Fe(l l)CAS/aKG/deoxyguan id ino­
proclavamin ic acid 

~ 
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FIG. 4. Conformational flexibility of cosubstrate binding. 
CAS active site structures are compared for Fe(Il)- and aKG­
bound forms of the enzyme containing N-acetyl-arginine versus 
deoxyguanidinoproclavaminic acid (Zhang et al. , 2000). Signif­
icantly, the oxygen analogue NO is bound to the metal ion in the 
latter structure and the a KG binding mode has shifted . (Figure 
appears in color online at www.crbmb.com) 

DAOCS + aKG 

IPNS + 
isopenicillin N 

FIG. 5. Active site structures of aKG-bound DAOCS and 
product-bound IPNS. The cosubstrate- and substrate- (a KG and 
penicillin) binding sites of DAOCS overlap, precluding simul­
taneous binding of both molecules (Valegard et al., 2004). The 
a KG/Fe(Il)DAOCS active site structure (Valegard et al., 1998) 
is illustrated on the left, whereas the substrate-bound DAOCS 
active site is represented on the right by the very similar struc­
ture reported for product (isopenicillin N)-bound lPNS (Burzlaff 
et al. , 1999). (Figure appears in color on line at www.crbmb.com) 

FIG. 6. Substrate-bound IPNS in the presence of the oxygen 
analogue NO. The active site of IPNS is depicted for enzyme­
containing bound 8-(L-a-aminoadipoyl)-L-cysteinyl-D-valine 
and NO (Roach et al., 1997). (Figure appears in color online 
at www.crbmb.com) 

solvent molecules were not observed in these lower resolu­
tion structures; although a tartrate molecule (from the crys­
tallization buffer) was found to chelate Fe(ll) in the case 
ofFIH. The metal site displays no UV/visible spectral fea­
tures; however, other types of spectroscopy have been used 
to characterize the metallocenter. Near-infrared magnetic 
circular dichroism (MCD) spectroscopy of CAS identified 
the two d -+ d transitions (~8,500 cm- 1 and ~10,000 
cm- 1 at 278 K) expected of a six-coordinate distorted oc­
tahedral center (Pavel et al., 1998; Zhou et al., 1998; Zhou 
et al., 2001 ). On the basis of Fe(ll)-dependent quench­
ing of the intrinsic tryptophan fluorescence of TfdA, a 
metal ion Kd of7.45 ± 0.61 µ,M was estimated (Dunning 
Hotopp et al., 2003). Kinetic studies show similar µ,M 
Fe(II) affinities of related enzymes. BI exploiting the weak 
metal binding affinity of this site, 7Fe was substituted 
into TauD, allowing analysis by Mossbauer spectroscopy 
(Price et al., 2003b). The observed isomer shift and quad­
rupole splitting (8 and t!.EQ, 1.27 ± 0.05 mm/sand 3.06 
± 0.05 mm/s, respectively) are consistent with high-spin 
Fe(II) in this holoprotein. 

Intermediate B corresponds to enzyme with bound 
Fe(II) and chelated a KG. As summarized in Table 2, struc­
tures of this species are available for PIH, CAS, DAOCS, 
CarC, and AtsK. The fi ve-membered ring formed by a KG 
chelation of the metal is associated with metal-to-ligand 
charge-transfer (MLCT) transitions (17,820, 20,820, and 
24,070 cm- 1 ), as revealed by UV /visible, CD, and MCD 
spectroscopy of CAS (Pavel et al. , 1998). These CAS 
studies also reveal the d -+ d transitions expected of a 
six-coordinate complex (Zhou et al., 2001 ). The 
lilac-colored chromophore exhibits a Amax at 530 nm for 
both a KG/Fe(II)TauD (Ryle et al., 1999) and a KG/ 
Fe(Il)TfdA (Hegg et al., 1999b) (£530 of 140 M-1 cm- 1 
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and 180 M-1 cm- 1 , respectively), whereas the feature is 
observed at 500 nm in aKG/Fe(II)AlkB (Trewick et al., 
2002). Stopped-flow UV /visible spectroscopic methods 
were used to monitor the rate of chromophore formation 
in the case of TauD (Ryle et al., 1999), and the absorption 
changes were found to be independent of a KG concentra­
tion. These findings were interpreted to indicate that a KG 
binds in two steps, with initial binding of cosubstrate to 
the metal ion (e.g., by the a KG carboxylate) followed by a 
rate-determining conformational change (accompanied by 
metal chelation) to create the chromophore. Excitation into 
this TauD absorption band gives rise to two resonance 
Raman (rR) features at 460 cm- 1 and 1686 cm- 1

, both 
of which are sensitive to 180 labeling of the carbonyl 
group (i.e., analysis in H2 

180 leads to shifts of these 
vibrations to 451 cm- 1 and 1648 cm- 1) (Ho et al., 
2001). 

lnte1mediate C represents an enzyme with cosubstrate 
coordinated directly to the metal and the primary substrate 
bound nearby in the active site. Protein structures are avail­
able for FIH, CAS, CarC, ANS, TauD, and AtsK with both 
the cosubstrate and substrate bound (see Table 2); however, 
Scheme 43 focuses on the "in line" enzymes (described in 
Section III and shown in Figure 2), where the open coordi­
nation site is directed towards the substrate. This situation 
is found in FlH, CAS, TauD. and AtsK. The crystal struc­
tures of FIH (Elkins et al., 2003), TauD (Elk.ins eta/., 2002; 
O'Brien et al. , 2003), and AtsK (MUiler et al. , 2004) re-

veal a five-coordinate metal site indicating the loss of a 
water molecule as substrate binds. The CAS metallocen­
ter, by contrast, remains 6-coordinate in the crystal, but 
the metal-to-water bond distance increases from 2.2 to 
2.35 A (Zhang et al., 2000). Substrate-induced changes 
to the metallocenters of Fe(II)/aKG-dependenl hydroxy­
lases also are apparent when using various spectroscopic 
methods. For example, perturbations to the UV/visible 
spectra of aKG/Fe(II)TauD and aKG/Fe(Il)TfdA are ob­
served when the appropriate substrates bind to these en­
zymes (Hegg et al., 1999b; Ryle et al. , 1999). In both 
cases, the MLCT features increase slightly in intensity, 
sharpen so as to reveal three overlapping transitions, and 
undergo a blue shift (resulting in 520 nm (TauD) and 515 
nm (TfdA) as Amax of the major transitions). Stopped-flow 
UV /visible spectroscopic methods demonstrate that sub­
strate binds lo aKG/Fe(ll)TauD within the dead time of 
the instrument (7 ms) (Ryle et al. , 1999). The binding of 
taurine to a KG/Fe(II)TauD also leads to upshifts in the 
rR vibrations (lo 470 cm- 1 and 1688 cm- 1 in H20 , or 
460 cm- 1 and 1653 cm- 1 in H2

180) associated with the 
chelated metal site (Ho et al., 200 I). On the basis of com­
parisons to similar rR changes in model compounds, this 
result is attributed to the conversion of a six-coordinate 
site to a five-coordinate metal center. The Mossbauer pa­
rameters of this site also shift (8 = 1.16 ± 0.05 mm/sand 
f1.EQ = 2.76 ± 0.05 mm/s) in accord with a reduction 
in coordination number (Price et al., 2003b). Convincing 
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evidence for a substrate-induced conversion was obtained 
for aKG/Fe(lI)CAS by using UV/visible. near-infrared 
CD/MCD. and variable-temperature variable-field MCD 
approaches (Zhou et al .. 1998, 200 I). The d-+ d transi­
tion. in the near infrared at~5,200cm-1 and ~8,700cm-1 

indicate a five-coordinate site, and the observed MLCT 
transitions (350 and 500 nm) confirm metal ion chelation 
by a KG. Substrate-induced creation of an open coordina­
tion site on the metal center to allow for oxygen bindino is 
an appealing mechanism for minimizing oxygen reacth~itv 
with Fe(ll) until substrate is present. · 

The reaction of oxygen with intermediate C and ub-

equent chemistry leading to substrate hydroxylation are 
the least well characterized aspects of the mechanism of 
Fe(II)/a KG-dependent hydroxylases. Oxyoen addition 
initially yields the i<;oelectronic Fe(ll)-02. Fe(TTT)­
superoxo, or Fe(TVJ-peroxo species (intermediates D ). Nu­
cleophilic attack on the keto group of a KG results in an 
Fe(III) or Fe(TV) peroxyhemiketal bicyclic complex (inter­
mediates E). By inserting an oxygen atom into the C I-C2 

carbon-carbon bond of aKG, the cosubstrate is trans­
formed to a carbonate-succinate mixed anhydride bound 
to an Fe(Hl)-hydroxyl radical or Fe(IV)-oxo species (in­

t~1:mediates F). Finally, the activated oxygen species po­
s1t1oned near the substrate abstracts a hydrogen atom and 
forms a substrate radical plus an Fe(TIT)-hydroxide species 
(intermediate G). Subsequent recombination Uoining 
the hydroxyl group and the substrate radical) results in 
hydroxylated substrate and restores the Fe(II) form of the 
enzyme. These last steps in the reaction arc comparable to 
the radical rebound reaction observed in heme-containino 
oxygenases (Sono et al., 1996). Experimental evidence fo~ 
an Fe(lV)-oxo intermediate has been obtained for TauD 

and will be described in Section IV part B. 
It is important to note that the carbonate-succinate 

mixed-anhydride species shown in Scheme 43 (and later) 
cou ld reasonably transfo1m to yield the separately bound 
succinate and CO2 products. Alternatively, a KG may de­
compose directly to these products without the interme­
diac~ of the anhydride. 1n either case, the re ulting inter­
mediates would be expected to exhibit facile loss of CO? 
to expose an extra metal coordination site as illustrated i~ 
Scheme 44. 

B. Evidence for an Fe(IV)-oxo Intermediate in TauD 

As stated earlier, t~e least well-understood steps of the hy­
droxy lase mecharnsm occur afteroxygen addition. TauD is 
the only Fe(II)/aKG-dependent hydroxy lase for which an 
intermediate has been directly detected at this staoe of the 
reaction. UV /visible stopped-flow spectroscopy ;as used 
to re~eal the existence of a species exhibiting an absorption 
max_1mum near 318 nm that forms 20-25 ms after mixing 
taunne/a KG/Fe(Il)TauD with oxygen at 5"C (Price et al. 
2003b). This intermediate was trapped by a rapid freeze~ 
quench approach, and the novel species was characterized 

by Mos bauer and EPR spectroscopies. On the basis of its 
well-resolved quadrnpole doublet (8 = 0.3 1 ± 0.03 mm/s 

an? t,,. Eo_ = ~.88 ± 0.03 mm/s. assigned to an integer 
spm species with S 2'.: 2) and the observation of an Fe(IfI) 
EPR signal after cryoreduction, the intermediate was iden­

ti?e~ as some type of Fe{IV)-containing pecies. 
Significantly, the rate of decay of the intermediate ex­
hibits a 37-fold decrease when u~ing deuterated taurine. 
This substantial kinetic isotope effect indicates that the 
Fe(IV) intermediate is directly responsible for hydrogen 
atom abstraction from the substrate (Price et al., 2003a). 
Continuous-flow rR difference spectra (i.e., the rR spec­
trum of samf le mixed with 1602 minus that of sample 
mixed ~ith 1 0 2) acquired at -38°C after a 0.22 delay 
reveals I otope-sensitive vibrations assigned to an Fe(IV)­
oxo specie (787 cm-1 for 180 and 821 cm-1 for 160) as 
well as additional vibrations (555 cm- 1 for 180 and 583 
cm- 1 for 160) that are not yet assigned but may be associ­
ated with an Fe(III)-superoxo species (Pro hlyakov et al., 
2004). Analysis of TauD active site variants provides evi­
dence that Fe(JV)-oxo intermediate is stabilized by a more 
hydrophobic environment (Ryle et al., unpublished data). 
Because clear evidence for an Fe(IV)-oxo intermediate 
is available for TauD, putative mechanistic pathways for 
other enzymes also will emphasize this species. 

C. Off-Line Hydroxylation Mechanisms 

For a-KG-dependent dioxygena es classified in the "off 
line" a KG binding mode (Figure 3). such as CarC (Clifton 
et al., 2003) and A S (Wilmouth et al., 2002), two 

• 

SCHEME 44. 
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reasonable options can explain how an activated oxygen 
atom becomes appropriately positioned near the substrate. 
One possibility is that conformational flexibility of a KG 
allows it to reorient to adopt an "in line" geometry, so that 
subsequent steps are equivalent to those in Scheme 43. Al­
ternatively, the "off line" enzymes may undergo a series 
of steps analogous to those of Scheme 43, but resulting 
rn ~n Fe(IV)-oxo (or Fe(III)-hydroxyl radical) species po­
s1t1oned away from the substrate (Scheme 45, species A 
to D; note that only one possible species is shown here 
for each intemJediate). Loss of CO2 provides an open co­
ordination site to which water can bind (D to F). Sub­
sequent loss of water from the dihydroxylated metal site 
(F to G) results in a "ferry! flip'' (Zhang et al., 2002) 
to position the activated oxygen near the substrate. Hy­
drogen atom abstraction and radical recombination can 
then proceed as described earlier to achieve substrate 
hydroxylation. 

D. Desaturation Mechanisms 

The mechanism of a KG-dependent desaturases is likely 
to be closely related to that of the a KG-dependent hydrox­
y lases. As described in Section 11, these enzymes include 
CarC. flavone synthase, flavonol synthase, and ANS, as 
well as one reaction catalyzed by CAS. One reasonable 
mechanism to explain this chemistry invokes an Fe(IV)­
oxo abstraction of a hydrogen atom, radical recombination 
t? give th~ hydroxylated product, fol lowed by a dehydra­
twn reaction to form the double bond. Arguing aoainst 
this mechanism, the hydroxylated intermediate gen~raJly 
1s not observed as a side product of these enzymes, nor 
can it be used as a substrate for dehydration reactions. An 
alternative mechanism also begins with formation of the 
Fe(JV)-oxo species, but it is followed by two hydrogen 
atom transfers from the substrate to directly produce the 
product as illustrated in Scheme 46. 

SCHEME 46. 
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E. Ring-Expansion Mechanisms 

DAOCS most probably utilizes an Fe(IV)-oxo (or Fe(III)­
hydroxyl radical) intermediate to catalyze an aKG­
dependent ring expansion reaction. Structural and kinetic 
studies suggest that aKG and the substrate penicillin N 
cannot simultaneously bind to the active site (Valegard 
et al., 2004), hence this enzyme does not fall into the 
"in line" or "off line" categories. Rather, it appears that 
oxygen reacts with aKG/Fe(ll)DAOCS (depicted in 
Figure 5, left panel) to produce an activated oxygen in­
termediate in the absence of substrate; CO2 and succinate 
then dissociate and penicillin N later binds to allow fur­
ther chemistry. Assuming that the DAOCS protein envi­
ronment is capable of adequately stabilizing the standard 
activated oxygen species, the first portion of the DAOCS 
reaction is able to be accommodated by the chemistry 
shown in steps A through E of Scheme 45. Alternatively. 
the Fe(IV)-oxo species has been proposed to derive from 
a mechanism involving a persuccinic acid intermediate 
(Scheme 47) (Valegard et al., 2004). Ab initio quantum 
molecular dynamics and simulated annealing calculations 
indicate that the planar peracid is less reactive than a ferry! 
species and should be a more stable intermediate. Argu­
ing against a more general mechanism involving a peracid 
for this family of enzymes is the lack of observed activ­
ity when synthetic persuccinic acid (in place of a KG plus 
oxygen) is added to prolyl hydroxylase or pyrimidine de­
oxyribonucleoside 2' -hydroxylase (Abbott & Udenfriend, 
1974). It is possible that the peracid behaves differently 
when added to the enzyme than when generated in situ, or 
it may be that different Fe(Il)/a KG-dependent dioxyge­
nases use distinct pathways lo generate the terminal oxy­
genating intermediate. 

Once DAOCS has generated a reactive oxygen species, 
the second half of the reaction takes place. One possible 
mechanism to account for the ring-expansion reaction is 
illustrated in Scheme 48 (Valegard et al., 2004). This se­
quence suggests that CO2 and succinate dissociate (A to 
B), penicillin N binds (B to C, yielding a structure anal­
ogous to that shown in Figure 5, right panel), hydrogen 

atom abstraction yields a substrate radical and Fe(III)­
OH species (C to D), the radical rearranges (D to F), 
and a second hydrogen atom transfer (F to G) yields prod­
uct plus Fe(Il)-OH2. Note that the latter step is 
analogous to that proposed for desaturases and shown in 
Scheme 46. 

F. IPNS Mechanism 

IPNS also is likely to use an Fe(IV)-oxo intermediate dur­
ing its remarkable bicyclization reaction to form the an­
tibiotic ,B-lactam unit. In this case, the critical intermediate 
is generated without use of a KG. Extensive studies over 
the years, primarily carried out by the Oxford group (Bald­
win & Abraham, 1988; Schofield et al., 1997), have led 
to the proposed mechanism shown in Scheme 49. An end­
on Fe(IV)-peroxo species is suggested to deprotonate the 
methylene position of the cysteinyl residue (C). The 0-0 
bond of the Fe(IJ)-hydroperoxide is heterolytically cleaved 
as the amide proton is removed and the four-membered 
ring forms (D). The resulting Fe(IV)-oxo species carries 
out hydrogen atom abstraction, leading to formation of the 
five-membered ring (E to G) (Burzlaff et al., 1999; Ogle 
et al., 200 l; Roach et al., 1995, 1997). As noted in Section 
III, structures are available depicting several "snapshots" 
of this reaction including bound substrate, bound substrate 
in the presence of NO as an 02 analogue (Figure 6), a 
structure representing the monocyclic intermediate, and 
bound product (Figure 5, right). 

G. ACC Oxidase Mechanism 

The ethylene-forming enzyme of plants, ACC oxidase, uti­
lizes ascorbic acid rather than aKG as the two-electron 
reductant. Several potential mechanisms have been pro­
posed for this extraordinary reaction (e.g., Barlow et al., 
1997; Pirrung et al., 1998; Rocklin el al., 1999), but a sin­
gle hypothesis that most closely parallels the other reac­
tions of this enzyme family is discussed here (Scheme 50). 
CO2 plays a critical role in maximizing activity of 
the enzyme by minimizing the extent of autoinactivation, 
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SCHEME 50. 

presumably by reacting with a metal-bound solvent 
molecule to generate the bicarbonate-bound species (A) 
(Zhou et al .. 2002). ACC is suggested to chelate the metal 
ion (B) on the basis of ENDOR studies of NO-bound en­
zyme in the presence of isotopically labeled substrate ana­
logues (Rocklin et al., 1999). Binding of ascorbic acid 
stimulates loss of the bound bicarbonate and enhances re­
activity with oxygen. As oxygen binds, ascorbate donates 
two electrons by an outer sphere mechanism to generate 
an Fe(IT)-hydropcroxo species (C). Heterolytic 0 -0 cleav­
age (analogous to that just described for IPNS) results in 
loss of hydroxide and formation of the Fe(IV)-oxo species 
(D). Hydrogen atom abstraction. radical rearrangement, 
and hydroxyl radical transfer yields a metal-bound inter­
mediate (G) that decomposes to the observed products. 

H. HPPD Mechanism 

Although unrelated to the a KG-dependent dioxygenases 
in sequence or structure, HPPD catalyzes a chemically 
similar mechanism and is likely to utilize analogous inter­
mediates. A reasonable mechanism ofHPPD is illustrated 
in Scheme 51. Resting enzyme contains Fe(II) bound to a 
2 His- I carboxylate motif (A). The a-keto acid is pro­
posed lo chelate the metal (B), thus greatly enhancing 
oxygen reactivity (Johnson-Winters et al., 2003). Oxygen 
binds to form an Fe(IIl)-superoxo or analogous species 
(C) followed by nucleophilic attack to form a bicyclic 
species (D). Still analogous to the a KG-dependent en­
zymes, 0-0 bond cleavage provides an Fe(IV)-oxo in­
termediate and the 4-hydroxyphenylacetate-bicarbonate 
anhydride (E, or its decarboxylation product CO2 and 
4-hydroxyphenylacetate). The activated oxygen inserts 
into the aromatic ring to form the arene oxide (F). This 

species can reanange to form oxepinone (Gunsior et al., 
2004), providing support for the epoxide, or undergoes 
an "NIH shift" and rearranges further to yield the known 
products. 

I. Nonproductive Reactions with Oxygen 

Further complicating analyses of the Fe(Il)/aKG­
dependent dioxygenase mechanisms are nonproductive re­
actions that Lake place with oxygen. For example, the metal 
sites of ubstrate-free forms of these enzyme are oxi­
dized by oxygen, resulting in inactive Fe(III)-containing 
enzymes. Alternatively, a KG-bound enzymes may exhibit 
" uncoupled turnover" in which aKG decomposes to CO2 
and succinate (with no corresponding substrate transfor­
mation) as the enzyme becomes inactivated. This situation 
has long been known to occur in prolyl hydroxylase (e.g., 
Counts et al. , 1978; Rao & Adams, 1978; Tuderman et al., 
1977), where the uncoupling reaction was shown to result 
in the metal becoming oxidized (Jong & Kemp, 1984) in 
an ascorbic acid-reversible manner (Myllylli. et al. , I 978, 
1984 ). Similar ascorbate-reversible uncoupling reactions 
occur in several other representatives of this enzyme fam­
ily, especially if inhibitors or poor substrates are included 
(e.g., lysyl hydroxylase (Puistola et al., I 980), thymine 
hydroxy lase (Hsu et al., 1981 ), y-butyrobetaine hydroxy­
lase (Holme et al. , 1984 ), TfdA (Saari & Hausinger, l 998), 
and AlkB (Trewick et al. , 2002; Welford el al., 2003)). 
The ability of ascorbic acid to reverse metal oxidation 
accounts for its widespread use in buffers for assaying 
these enzymes. Whereas the rates of product formation 
often decrease rapidly over time for these enzymes, inclu­
sion of ascorbate yields more linear progress curves (e.g., 
Fukumori & Hausinger. 1993). Significantly, the rates of 
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metal center oxidation by direct or uncoupled reaction 
pathways are generally much slower than the rates of sub­
strate transformation. 

ln addition to the ascorbate-reversible inactivating reac­
tions associated with uncoupled turnover, uncoupling re­
actions leading to irreversible protein modifications have 
been noted in TfdA, AlkB, and TauD. Exposure to oxy­
gen of aKG/Fe(II)TfdA and a KG/Fe(ll)AlkB converts the 
samples with pink chromophores (due to MLCT transi­
tions of the Fe(TI)/a KG chelates) to blue species (Amax of 
580 nm and 595 nm with Fsso 590 of~ I 000 M- 1 cm-1 and 
960 M- 1 cm-1, respectively) (Hen haw et al.. 2004; Liu 
et al., 200 I). Several lines of evidence were used to assign 
the new chromophores to ligand-to-metal charge-transfer 
(LMCT) transitions arising from hydroxy-tryptophan 
(OH-Trp) coordination to Fe(III). The metal-oxidation 
state of TfdA was identified as Fe(Ill) by EPR identifi­
cation. In addition, specific rR vibrations (corresponding 
to hydroxyindole-Fe(lll) features observed in model com­
pounds) were observed forTfdA. Finally, OH-Trp residues 
were identified in each protein on the basis of mass spec­
trometric evidence. The modified residue in TfdA (Trp 
113) lies adjacent to the His 1 metal ligand (His 114) (Liu 
et al., 2001), whereas the target for self hydroxylation of 
AlkB (Trp 178) is located nine residues before His2 in 

the sequence (His 187). Despite these differences, a pre­
dicted structure of AlkB positions Trp 178 in the active 
site environment and only 4.7 A from the metal (Henshaw 
et al., 2004). TauD exhibits a distinct form of protein mod­
ification in which a tyrosine side chain is transformed 
into a catechol (Ryle et al., 2003a. 2003b). Stopped-flow 
UV /visible spectroscopy revealed that a KG/Fe(ll)TauD 
reacts with oxygen to generate an intermediate species 
(Amax at 408 nm) followed by a final protein product (Amax 
of 550 nm). The 408 nm species was assigned to a tyrosyl 
radical species on the basis of EPR characterization, and 
the 550 nm species was identified as a catecholate-Fe(JJT) 
LMCT transition by using rR spectroscopy (Ryle et al., 
2003b). Both the tyrosyl radical and the modified tyro­
~int: wi;re ~hown to derive from Tyr 73, a residue located 
6.5 A from the metal ion. A distinct type of catecholate­
Fe(ll l) species (Amax at ~700 nm) also involving Tyr 73 
was identified in hydrogen peroxide-treated enzyme sam­
ple (Ryle et al., 2003a). The spectroscopically distinct 
samples were interconverted depending on whether bi­
carbonate was bound to the metal, leading to the sug­
gestion that a KG-derived CO2/bicarbonate remains as­
sociated with the oxidized metallocenter. As illustrated 
in Scheme 52, formation of the tyrosyl radical and cate­
chol species are readily accommodated in mechanisms that 
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utilize Fe(IV)-oxo intermediates. An analogous reaction 
is plausible for generating the OH-Trp residues in TfdA 
and AlkB. Notably, the uncoupling reactions leading to 
aberrant self-hydroxylation chemistry occur at rates 
that are much slower than the catalytic reactions involving 
substrate. 

J. Insights from 180 Isotope Labeling Studies 

Experimental evidence from 1802 and H2 180 isotope stud­
ies has been used to identify the sources of the oxygen 
atoms incorporated into succinate and the hydroxylated 
substrate of various representatives of this enzyme class 
and to provide additional insight into the possible interme­
diacy of an Fe(IY)-oxo species. For all cases examined, 
0 2 supplies the majority of the oxygen incorporated into 
succinate (e.g., studies of y-butyrobetaine hydroxylase 
(Lindblad et al., 1969), DAOCS (Baldwin et al., 1989), 
thymine hydroxy lase (Holme et al. , 1971; Thornburg et al. , 
1993), HPPD (Lindblad et al., I 970), and a-ketoiso­
caproate dioxygenase (Sabourin & Bieber, 1982); note that 
the latter two activities were later shown to be associated 
with the same enzyme (Crouch et al., 1997)). Oxygen gas 
also is the predominant source of oxygen incorporated 
into the products (or, in some cases, the side products) 
of several aKG-dependent dioxygenases; e.g., collagen­
specific prolyl hydroxylase (Kikuchi et al., 1983; Min 
et al., 2000), HIP-specific prolyl hydroxylase (McNeil! 
et al., 2002b), FIH (Hewitson et al., 2002), CAS (Lloyd 
et al., J 999b ), DAOCS (Baldwin et al., 1993), thymine hy­
droxy lase (Holme et al., 1971), anthocyanidin synthase, 
flavonol synthase, and flavanone 3,8-hydroxylase (Turn­
bull et al., 2004). Significantly, many of these reactions 
were shown to be less than I 00% efficient, with the remain­
der of the oxygen presumed to derive from water. Further­
more, only a small percentage of the incorporated oxygen 
is supplied from 0 2 for lysyl hydroxy lase (Kikuchi et al., 
1983), HPPD (Lindblad et al., 1970), and a-ketocaproate 
dioxygenase (where this activity is associated with HPPD 

(Crouch et al., 1997)) (Sabourin & Bieber, 1982). More­
over, the slow self-hydroxylation reactions noted earlier 
for TfdA and TauD (Liu et al., 200 I; Ryle et al., 2003a) 
were shown by rR spectroscopy of the resulting chro­
mophores to incorporate oxygen primarily from water. 
(The source of oxygen incorporated into the normal prod­
ucts of these enzymes has not yet been elucidated). Clearly, 
the latter hydroxylation reactions must utilize an interme­
diate that exchanges with solvent. 

A reasonable hypothesis to explain the divergence in 
solvent exchange rates of a KG-dependent dioxygenases 
is that a critical intermediate differs in lifetime and sol­
vent accessibility among these proteins. For example, the 
postulated succinate-bicarbonate anhydride intermediates 
may decompose with different kinetics, allowing a range 
of rates associated with CO2 loss and solvent access. Alter­
natively, one must consider that different enzymes utilize 
distinct activated oxygen species to hydroxylate their sub­
strates. For example, some enzymes may utilize Fe(IY)­
oxo (capable of solvent exchange) as their activated 
oxygen species, others may exploit the Fe(ill)-hydroxyl 
radical species (likely to be less capable of exchanging 
with solvent), or equilibration may occur between these 
species in selected enzymes. Potential support for a nonex­
changeable intermediate is offered by ANS, an "off line" 
enzyme according to structural studies (Wilmouth et al., 
2002), that shows no exchange with solvent despite a pos­
sible requirement for a ferry! flip to orient the reactive 
oxygen species towards the substrate. It is also possible, 
however, thataKG reorients in the ANS active site to allow 
proper positioning of the reactive oxygen, which rapidly 
reacts with substrate before significant levels of solvent 
exchange can occur. 

K. Biomimetic Studies 

Additional evidence for the proposed Fe(IY)-oxo interme­
diate in the enzymatic reaction has been obtained by stud­
ies of high-valent Fe compounds containing nonporphyrin 
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ligands. Two such Fe(IV)-oxo compounds have been de­
scribed, including one which was sufficiently stable to al­
low crystallographic characterization (Lim et al. , 2003; 
Rohde et al., 2003). Other chemical models containing a­
keto acids exhibit chemical reactivity similar to the Fe(ll)/ 
aKG-dependent hydroxylases, including catalysis of 
ligand hydroxylation (much like the enzyme self­
hydroxylation reactions (Henshaw et al., 2004; Liu et al., 
2001 ; Ryle et al. , 2003a)) and are thought to generate 
Fe(IV)-oxo intermediates (Hegg et al., 1999a; Jensen et al., 
2003; Mehn et al., 2003). Activated oxygen intermediates 
other than the Fe(IV)-oxo species also must still be con­
sidered, and Fe(IIT)-oxo (MacBeth et al., 2000), Fe(HI)­
peroxide (e.g., Chen & Que, 1999; Hazell et al., 2002; Ho 
et al., 1999a, 1999b; Jensen et al., 1999; Roelfes et al., 
I 999, 2000; Simaan et al., 1999; Wada ct al., 1999), and 
other species have been characterized as summarized in 
an excellent review on this topic (Solomon et al., 2000). 

V. CONCLUDING REMARKS 

The Fe(II)/aKG-dependent hydroxylases and related en­
zymes participate in a vast array of biologically important 
reactions. Ongoing genomic and proteomic studies, fol­
lowed up by appropriate biochemical analyses, are certain 
to uncover additional reactions catalyzed by this super­
family of enzymes. Structural studies have advanced very 
rapidly for this group of proteins, but further structural in­
vestigations (buttressed by site-directed mutagenesis anal­
yses) are needed to better define the features important 
for substrate recognition and choice of reaction pathway, 
and to identify critical intermediates of these enzymes. An 
Fe(IV)-oxo species is likely to be the key reactive inter­
mediate in at least some of these enzymes and has been 
characterized by pre-steady- state techniques, but further 
spectroscopic and other efforts are needed to elucidate ad­
ditional or alternative intermediates in the various family 
members. 
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