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SUMMARY

The response of animals to hypoxia is mediated by the hypoxia-inducible transcription factor

(HIF). Human HIF is regulated by four Fe(II) and 2-oxoglutarate (2OG) dependent oxygenases:

Prolyl hydroxylase domain enzymes (PHDs or EGLNs) 1–3 catalyse hydroxylation of two prolyl-

residues in HIF, triggering its degradation by the proteasome. Factor inhibiting HIF (FIH)

catalyses hydroxylation of an asparagine-residue in HIF, inhibiting its transcriptional activity.

Collectively, the HIF hydroxylases negatively regulate HIF in response to increasing oxygen

concentration. Prolyl hydroxylase domain 2 (PHD2) is the most important oxygen sensor in

human cells; however the underlying kinetic basis of the oxygen sensing function of PHD2 is

unclear. We report analyses of the reaction of PHD2 with oxygen. Chemical quench/mass

spectrometry experiments showed that reaction of a complex of PHD2, Fe(II), 2OG and the C-

terminal oxygen-dependent degradation domain of HIF-α (CODD) with oxygen to form

hydroxylated CODD and succinate is much slower (~100 fold) than for other similarly studied

2OG oxygenases. Stopped flow/UV-visible spectroscopy experiments showed that the reaction

produces a relatively stable species absorbing at 320nm; Mössbauer spectroscopic experiments

implied that this species is likely not a Fe(IV)=O intermediate, as observed for other 2OG

oxygenases. Overall the results suggest that, at least compared to other studied 2OG oxygenases,

PHD2 reacts relatively slowly with oxygen, a property that may be associated with its function as

an oxygen sensor.
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INTRODUCTION

The cellular response of animals to hypoxia is mediated by a heterodimeric transcription

factor, hypoxia-inducible factor (HIF) [1]. Under hypoxic conditions, HIF upregulates an

array of genes including those encoding vascular endothelial growth factor and

erythropoietin (for review see [2–4]) that work to counteract the effects of hypoxia. Levels

of HIF-α, but not HIF-β, are regulated directly by oxygen availability [5]. Prolyl-4-

hydroxylation in either of the N- or C-terminal oxygen-dependent degradation domains

(Pro402 of 'NODD' and Pro564 of 'CODD') of HIF-α increases its binding to the von Hippel

Lindau protein elongin C/B complex (VCB), which targets HIF-α for proteasomal

degradation [6, 7]. In a separate oxygen-dependent mechanism of HIF regulation,

asparaginyl hydroxylation (Asn803) in the HIF-α C-terminal transactivation domain (C-

TAD) reduces the interaction of HIF with transcriptional coactivators [8]. HIF hydroxylation

is catalysed by Fe(II)- and 2-oxoglutarate (2OG) dependent oxygenases. In human cells,

there are three prolyl hydroxylase domain enzymes 1–3 (PHDs 1–3), which have significant

homology in their catalytic domains [9–11], and one asparaginyl hydroxylase, termed Factor

Inhibiting HIF (FIH) [12, 13]. Based on evidence from cell cultures and mouse models [14,

15], PHD2 has been identified as the most important of the HIF hydroxylases for the

hypoxic response in normal human tissues.

Fe(II)/2OG-dependent oxygenases constitute a ubiquitous family of enzymes that perform a

range of biologically important oxidation reactions [16]. It is proposed that most 2OG-

dependent oxygenases employ a conserved reaction mechanism [17–20] (Figure 1), which

has been adapted from that proposed for the collagen-modifying prolyl-4-hydroxylase [21].

Evidence for this mechanism stems from detailed crystallographic and spectroscopic

analyses of the stable Fe(II)-containing intermediates, and the characterization of reaction

intermediates, including the Fe(IV)=O complex and the Fe(II) product complex, by a

combination of rapid kinetic and spectroscopic methods [22]. The Fe(II) centre is normally

coordinated by three protein-derived ligands, that form a ‘facial His2-(Glu/Asp)1 triad’ (for

reviews see [23, 24]). 2OG binds to the Fe(II) in a bidentate manner [25, 26], which gives

rise to a metal-to-ligand charge transfer band at ~520 nm [27]. Substrate binding adjacent to

the Fe(II) is proposed to weaken binding of the remaining coordinated water, so enabling

binding of oxygen [28, 29]. Oxidative decarboxylation of 2OG then produces succinate (into

which one of the dioxygen atoms is incorporated [30]), carbon dioxide and a reactive

Fe(IV)=O (ferryl) intermediate. The ferryl intermediate has been detected for two 2OG-

dioxygenases: taurine 2OG dioxygenase (TauD) [31] and Paramecium bursaria Chlorella

virus 1 prolyl-4-hydroxylase (PBCV-1 P4H) [32]. The Fe(IV)=O intermediate can cleave

the target substrate C-H bond by H-abstraction[33]; Rebound of the substrate radical with a

hydroxyl radical equivalent derived from the ensuing Fe(III)-OH complex [34] then leads to

a Fe(II)-product complex [32, 35]. Product dissociation completes the catalytic cycle.

Crystal structures of PHD2 [36, 37] have revealed the double stranded beta helix core fold

that is characteristic of the 2OG oxygenases, and that the Fe(II) is bound by a His2-(Glu/

Asp)1 triad. Evidence has been reported that PHD2 has, possibly unusually, tight binding

constants for Fe(II) and 2OG and that the Fe(II)and Fe(II).2OG complexes of PHD2 are

unusually stable [38–40]. Kinetic studies on PHD2 have focused on steady state analyses,
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and have monitored activity by a range of methods including oxygen consumption and

production of 14CO2. kcat values for PHD2 have been reported to range from 0.004s−1 using

PHD21–426 expressed in insect cells and biotinylated HIF-1α566–574 substrate [40], through

~0.03s−1 using PHD2181–426 expressed in Escherichia coli with a HIF-1α566–574 (CODD)

substrate [41, 42], to 0.3s−1 using cell extracts of endogenous PHD21–426 with biotinylated

HIF-1α566–574 substrate [43] (kinetic data obtained in different conditions are more fully

compared in [41]). Some of these differences likely reflect, at least in part, variations in

assay compositions.

Although all 2OG oxygenases necessarily react with oxygen, an important question with

respect to PHD2 is whether its kinetic properties are consistent with its role as the most

important of the identified human oxygen sensors. Preliminary analyses with crude extracts

and isolated enzymes have led to reported apparent Km values for oxygen for PHD2 and FIH

of 65–240µM [41, 44, 45]; one study has even estimated a Km value for oxygen for PHD2 of

1.7mM [40]. However, there is little information on the kinetic details of individual steps in

catalysis by these enzymes. In particular there is no reported direct information on whether

the rate of reaction of PHD2 with oxygen is actually limiting; in order for PHD2 to act as an

oxygen sensor, as proposed, in cells its hydroxylation of HIF must be limited by oxygen

availability. Here we report combined kinetic analyses on purified PHD2 and its preferred

CODD substrate, focussing on single catalytic turnover events, employing mass

spectrometry (MS) and nuclear magnetic resonance (NMR), UV-visible absorption, and

Mössbauer spectroscopies. The results provide evidence that at least under the studied

conditions, the rate of reaction of the PHD2:Fe(II):2OG:HIF-α complex with oxygen is very

much slower than for other studied 2OG oxygenases.

RESULTS

The catalytically productive single turnover reaction of the PHD2:Fe(II):2OG:CODD
complex with oxygen is slow

To investigate the kinetics of the reaction of a PHD2:Fe(II):2OG:CODD complex with

oxygen in a single turnover, an anoxic solution of 0.8 mM PHD2 (catalytic domain, residues

181–426), 0.7 mM Fe(II), 0.5 mM 2OG and 1 mM CODD was rapidly mixed with O2-

saturated buffer (in the presence of ascorbate, which stimulates PHD2 activity [46, 47]).

Following quenching of the reaction with 0.1 M HCl, liquid chromatography-MS analyses

were used to monitor the conversion of 2OG to succinate: 2OG and succinate levels were

measured over time intervals ranging from 34 ms to 50 min. The results (Figure 2)

demonstrate that full conversion of 2OG to succinate takes ~220 s and occurs with an

apparent first-order rate constant of 0.018 (±0.0014) s−1 (Supplementary Figure S1). When

the same reaction was monitored in the absence of CODD, conversion of 2OG to succinate

was still observed. However, the apparent first-order rate constant for this reaction (0.0006

(±0.0000) s−1, Supplementary Figure S1) was much less (~30 fold) than in the presence of

CODD. These observations are consistent with the known ability of 2OG oxygenases to

catalyze 2OG turnover in the absence of their prime substrate [18]; it is notable that the rate

of this ‘uncoupled’ turnover is particularly slow for PHD2.
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Analogous experiments were then performed to monitor the extent of CODD hydroxylation

by matrix assisted laser desorption/ionisation mass spectrometry (MALDI MS) analyses

(Figure 2). As for 2OG turnover, the CODD hydroxylation reaction appeared to be complete

after ~220s, and occurred at a rate of 0.013 (±0.003) s−1 (Supplementary Figure S1). Figure

2 shows that in the presence of CODD, consumption of 2OG, formation of succinate, and

formation of the hydroxylated-CODD product are near contemporaneous, and sufficiently

rapid to account for the steady-state turnover rate of 0.03s−1 [41, 42] under similar

conditions [differences are likely due to the significantly lower temperature at which the

single turnover experiments took place (5°C) compared to that at which steady state

experiments are usually conducted (37°C)]. Given that 2OG consumption and succinate

formation are considerably slower in the absence of the CODD substrate, binding of the

CODD substrate appears to stimulate reaction of the PHD2 complex with O2; however, at

least under our current conditions, the extent of this stimulation is substantially less than for

other similarly studied 2OG oxygenases, e.g. TauD has a substrate triggering effect of 1000-

fold [48, 49]. This sluggish reaction of the PHD2 complexes with O2 may be related to the

role of PHD2 as an O2 sensor.

Prime substrate hydroxylation and 2OG decarboxylation are fully coupled under steady
state conditions

To determine the extent to which 2OG decarboxylation is coupled to CODD hydroxylation

under our typical steady-state turnover conditions, we used 1H NMR spectroscopy

(700MHz) to simultaneously monitor both events (Figure 3). 2OG turnover was quantified

by integration of the 2OG (δH ~ 2.42) and succinate (δH ~ 2.38) methylene protons; CODD

hydroxylation was monitored by integration of the intensity associated with the C5-bonded

hydrogen of hydroxyproline at δH ~ 3.78 (Figure 3B and 3C). The results clearly

demonstrate that 2OG depletion occurs concomitantly with both succinate production and

CODD hydroxylation (Figure 3D), showing complete, or almost complete, coupling of these

two events under steady-state turnover conditions.

Stopped-flow absorption and Mössbauer spectroscopic studies of the reaction of the
enzyme complex with oxygen

Stopped-flow absorption spectroscopy was then used to monitor reaction of the

enzyme:Fe(II):2OG complex with oxygen, with the aim of detecting intermediate

complexes. Anoxic PHD2:Fe(II):2OG and PHD2:Fe(II):2OG:CODD complexes

demonstrated absorption features at 530 nm and 520 nm, respectively (Supplementary

Figure S2), consistent with the values reported for analogous complexes with previously

studied 2OG-dependent oxygenases [31, 32, 50, 51]. However, upon mixing of the

complexes with oxygen-saturated buffer, the hallmarks of rapid O2 activation observed in

previous studies on TauD [31], PBCV-1 P4H [32], and the related halogenases, CytC3 [52]

and SyrB2 [53], are not observed with PHD2, at least under our current assay conditions.

Because the substrate affinity of PHD2 can increase with peptide length (the Km,app,sub for

CODD (HIF-1α556–574) is 22 µM compared to a Km,app,sub for the longer HIF-1α(530–698)

protein substrate of ~ 2 µM [41, 54]), we repeated the stopped-flow absorption analyses in

the presence of a HIF-1α(530–698) protein substrate (Supplementary Figure S3).

Significantly, development of absorption was no more rapid in the presence of the longer
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protein substrate than with CODD peptide, indicating that inefficient substrate binding is

probably not the cause of the slow reaction with oxygen.

In each of the other similarly studied 2OG-dependent oxygenases [31, 32, 52, 53] [55] rapid

development of an absorption feature at ~ 320 nm reflects accumulation of the Fe(IV)=O

intermediate, and decay of this feature reflects abstraction of hydrogen from the substrate

followed by rapid radical recombination to form the hydroxylated or halogenated product. In

the reaction of PHD2 with O2, absorption develops only slowly and all across the UV/

visible regime, both in the absence and in the presence of the CODD prime substrate (Figure

4, panels A and B, respectively). Moreover, the developing absorption decays even more

slowly. The number and identities of the species responsible for the UV/visible absorption

features cannot readily be determined, because there are no obvious correlations among

these features and any new features detected in freeze-quench Mössbauer experiments (see

below); it is therefore not possible to correlate particular spectral features with

intermediates. Nevertheless, the stopped-flow absorption data do reveal an effect of the

prime substrate - the decay phase is significantly faster in its presence. This effect supports

the results observed in the chemical quenched-flow experiments (see above).

Mössbauer experiments were carried out with the intention of further characterizing the

PHD2 reaction. The 4.2-K/zero-field Mössbauer spectrum of a sample of the PHD2:Fe(II):

2OG:CODD complex (Figure 5A) exhibits several (at least two, perhaps even more)

overlapping quadrupole doublet features with parameters typical of high-spin Fe(II) [δ1

(isomer shift) = 1.24 mm/s and ΔEQ,1 (quadrupole splitting parameter) = 2.04 mm/s (69%,

red line) and δ2 = 1.25 mm/s and ΔEQ,2 = 3.16 mm/s (31%, blue line)]. The presence of

multiple species suggests conformational heterogeneity of the PHD2:Fe(II):2OG:CODD

complex. When this state is reacted with O2 for 200 s (the time at which A320 is maximal in

the stopped-flow absorption experiments), the Mössbauer spectrum changes (Figure 5B).

The first quadrupole doublet partially decays, and several poorly defined features develop.

First, features attributable to another high-spin Fe(II) species with smaller quadrupole

splitting parameter develop, as evidenced by the shoulders at the inside of the prominent

lines at 0.2 mm/s and 2 mm/s (indicated by the black arrows). These differences can also be

seen in the difference spectrum (Figure 5C). Second, a broad absorption at ~0.8 mm/s also

develops (indicated by the red arrows). Although this second feature is at the correct

position to arise from a high-spin Fe(IV)=O intermediate, the cognate complexes in several

other non-heme Fe(II) enzymes have exhibited sharp quadrupole doublets in the 4.2K/zero-

field Mössbauer spectra, due to their integer spin (S = 2) ground states [32, 52, 53, 56, 57].

At most ~6% of the absorption intensity in the spectrum of Figure 5B can be attributed to

such a quadrupole doublet, implying that an Fe(IV)=O species accumulates to a minor

extent, if at all, in the reaction of the PHD2:Fe(II):2OG:CODD complex with O2.

The spectrum of the PHD2:Fe(II):2OG complex in the absence of CODD and O2 also

reveals two quadrupole doublets with parameters nearly identical to those arising from the

PHD2:Fe(II):2OG:CODD complex (Figure 5D) [δ1 = 1.25 mm/s and ΔEQ,1 = 2.16 mm/s

(60%, red line) and δ2 = 1.28 mm/s and ΔEQ,2 = 3.20 mm/s (blue line, 40%)]. Upon reaction

of this complex with O2 for 200 s (Figure 5E), the features of the first quadrupole doublet

decay, and features with parameters similar to those of the second quadrupole doublet
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develop. A broad feature at 0.9 mm/s (indicated by the arrow) also develops. The nature of

this species is unknown, but it is similar to features we have observed in the reaction of

other Fe(II)- and 2OG-dependent oxygenases with O2 in the absence of their prime

substrates [52].

DISCUSSION

In normoxia, i.e. when oxygen availability is not limiting, HIF-α hydroxylation (catalysed

by the HIF hydroxylases) and degradation occur very efficiently, thus levels of HIF-α are

very low in most normal healthy cells (reviewed in [58, 59]). When oxygen availability is

below a threshold level, HIF hydroxylase activity reduces and HIF-α levels rise; it can then

form a heterodimeric complex with HIF-β and initiate transcription of the array of genes

involved in the hypoxic response. The oxygen-dependent role of the HIF hydroxylases in

regulating HIF-α levels is supported by, or consistent with, an extensive body of evidence,

involving work with isolated proteins, cellular analyses, and animal work (including work

on clinically observed mutations) [2]. The oxygenase activity of the HIF hydroxylases

therefore provides a direct mechanism that connects oxygen levels and transcriptional

activity.

Other than oxygen availability, many factors may affect, and sometimes directly limit,

PHD2 activity; these include the rate of HIF/PHD production (likely to be an important

parameter within cells), the availability of iron, 2OG, and/or ascorbate, mutations, redox

stress, and inhibitors (for review see [60]). In certain cases, e.g. in some types of tumor cell,

it is likely that these, or other factors slow HIF-α degradation and result in its accumulation,

even under aerobic conditions [61]. However, in normal cells, although many factors may

regulate the rate of HIF hydroxylation, in order for the PHDs to act in their proposed role as

oxygen sensors, their catalytic activity must be dependent on oxygen availability within

physiologically relevant limits.

Previous studies have shown that PHD2, the most important of the human PHDs in oxygen

sensing, forms relatively stable complexes with Fe(II) and 2OG (Kd values for both ≤2µM

[39]). Moreover, and unusually, the PHD2:Fe(II):2OG complex appears to be quite stable in

vitro, even in the presence of oxygen (i.e. uncoupled turnover of 2OG is slow [39]). The

spectroscopic and other analyses reported here support these proposals. Our observation that

binding of 2OG to the PHD2.Fe complex gives rise to absorption bands with maxima at

~530nm and ~520nm, in the absence and presence (respectively) of CODD, suggests that

the 2OG binds to the iron in a bidentate manner as for other 2OG oxygenases, and as

proposed for PHD2 on the basis of crystallographic analyses using 2OG analogues [36, 37].

The shift in λmax from 527nm to 521nm is consistent with a shift from a 6-coordinate to a 5-

coordinate Fe-centre, facilitating binding of oxygen [28, 29]. PHD2 catalysis therefore likely

proceeds via an ordered sequential mechanism as observed for other 2OG oxygenases [32].

Interestingly, however, we have observed that, although binding of CODD stimulates

reaction of the PHD2:Fe(II):2OG complex with oxygen relative to that in the absence of

CODD (by ~30-fold), the reaction of the PHD2:Fe(II):2OG:CODD complex with oxygen is

still very much (~100-fold) slower than the reactions of analogous complexes of other 2OG
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oxygenases [31, 32]. We are aware of the dangers of correlating individual kinetic

parameters determined in vitro with the in vivo situation, including the use of modified

enzymes and peptide substrates. Nonetheless, given the assigned oxygen sensing role of the

PHDs, the slow reaction of PHD2 with oxygen, as monitored by mass-spectrometric

analyses of chemically-quenched samples taken over the time course of a single turnover

reaction, is striking. In other studied 2OG oxygenases, upon reaction with oxygen, a

transient species absorbing at 320nm has been observed and characterized as an Fe(IV)=O

intermediate [31, 32]. For PHD2, broadly absorbing spectral features were observed by

stopped-flow UV-visible spectroscopy. However, it was not possible on the basis of these

and Mössbauer-spectroscopic analyses, to assign these features to catalytic intermediates,

and further analyses are necessary.

Crystallographic analyses suggest that upon binding of CODD (and by implication, NODD)

to PHD2, substantial conformational changes may occur, including away from the metal

centre [36, 37] and that PHD2 may have an unusually narrow entrance to its active site.

However, it seems unlikely that these factors alone can account completely for the slow

reaction of PHD2 with oxygen. In terms of its immediate iron coordination by the facial

triad of side chains, PHD2 appears similar to other 2OG oxygenases. However,

crystallographic studies on a complex of PHD2:CODD with Mn(II) and N-oxalylglycine

substituting for Fe(II) and 2OG, respectively, suggests that the coordinated water which

must be displaced in order for oxygen to bind [28, 29] is stabilized by hydrogen bonding to

the protein, It is possible that this interaction accounts, at least in part, for the slow reaction

of PHD2 with oxygen. Because the 2OG 1-carboxylate has been observed to adopt different

coordination positions relative to the other Fe ligands [62] in 2OG oxygenase crystal studies,

it is also possible that a metal centered rearrangement contributes to the rate limiting nature

of the reaction of PHD2 with oxygen.

Our observation of an unusually slow reaction of PHD2:Fe(II):2OG:CODD with oxygen is

interesting with respect to its proposed role. We cannot rule out the possibility that our assay

conditions are non-optimal / do not reflect cellular conditions; however based on the current

evidence we propose that PHD2 has evolved to be tailored to its role as an oxygen sensor: a

‘stable’ PHD2:Fe(II):2OG complex in cells can readily bind HIF-α, as tightly as possible

within the context of catalysis (Kd, CODD = 14µM [63]), and is then ‘primed’ to react with

oxygen. In this way, PHD2 may have evolved to have its activity regulated by oxygen

availability.

EXPERIMENTAL DETAILS

Materials

The HIF-1α556–574 peptide sequence (DLDLEMLAPYIPMDDDFQL), hereafter referred to

as CODD, was from Peptide Protein Research Ltd., Fareham, U.K. DNA encoding

PHD2181–426 (PHD2 hereafter) has previously been ligated into the pET-24a vector

(Novagen) [41] Recombinant PHD2 was produced in Escherichia coli BL21(DE3) cells and

purified by cation exchange and size exclusion chromatography, as described [39]. Protein

purity was > 90% as assessed by SDS-PAGE and electrospray ionization (ESI) mass

spectrometry. Apo-PHD2 was prepared by incubation in 0.2 mM EDTA/15 mM ammonium
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acetate pH 7.0 overnight at 4 °C (at < 1 mg/mL) followed by size exclusion chromatography

(Superdex75 300 mL column, GE Healthcare).

Rapid Chemical Quench Mass Spectrometric Experiments

Deoxygenated solutions of, typically, PHD2, 2OG, ascorbate, CODD and (NH4)2Fe(SO4)2

(used as a Fe(II) source throughout) were mixed in an anaerobic glove box (Belle

Laboratories, U.K., < 2 ppm O2). The resulting solution was rapidly mixed (at 5 °C) in a 1:1

ratio with a buffered solution that had been saturated with O2 [31]. Rapid chemical quench

experiments were performed as described [31], quenching with either 0.2 M HCl (2OG/

succinate measurements) or 0.1% HCOOH (CODD hydroxylation measurements). Ratios of

2OG and succinate were determined by separation on a Hamilton PRP-X300 anion

exclusion column followed by mass spectrometry (MS) analyses using a Waters Micromass

2000 Mass Spectrometer. Ratios of hydroxylated and unhydroxylated CODD were

determined by MALDI MS. Briefly, recrystallised CHCA (α-cyano-4-hydroxycinnamic

acid) MALDI matrix (1µL) and the quenched assay mix (1 µL) were spotted onto a MALDI

sample plate, and analysed using a Waters Micromass™ MALDI microMX™ mass

spectrometer in negative ion mode [42]. Ion counts for hydroxylated and unhydroxylated

CODD as a fraction of the total CODD ion count were used to calculate hydroxylation

ratios.

Nuclear Magnetic Resonance Experiments

Reaction components (20 µM apo-PHD2, 50 µM (NH4)2Fe(SO4)2, 1 mM HIF-1α556–574,

(the solubility limit in our assay conditions),1 mM 2OG, and 4 mM ascorbate) were

prepared in deuterated Tris buffer (pD 7.5, 50 mM in D2O, D = 2H). The reaction was

carried out at 310 K in a 2 mm diameter NMR tube, and initiated by addition of PHD2. 1H-

NMR spectra were recorded using a Bruker AVIII 700 machine (with inverse cryoprobe

optimised for 1H observation and running TOPSPIN 2 software) and reported in ppm

relative to D2O (δH 4.72). The deuterium signal was also used as an internal lock signal and

the solvent signal was suppressed by presaturating its resonance. Spectra were obtained at

75 s intervals and integrated using absolute intensity scaling to monitor changes in the

intensity of signals of interest. Synthetic hydroxylated CODD is identical to the

enzymatically produced hydroxylated CODD [39].

Stopped-Flow Absorption Spectroscopic and Mössbauer-Spectroscopic Experiments

Deoxygenated reaction solutions were prepared and mixed with an O2 saturated solution, as

described above. Subsequent analysis used an SX20 stopped flow spectrometer (Applied

Photophysics), as reported [31]. Mössbauer samples were prepared and spectroscopic

measurements were carried out as described [31].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIF Hypoxia-Inducible Factor

2OG 2-Oxoglutarate

PHD2 Prolyl Hydroxylase Domain 2

NODD N-terminal Oxygen Dependent Degradation Domain

CODD C-terminal Oxygen Dependent Degradation Domain

VCB von Hippel Lindau protein elongin C/B complex

TauD Taurine 2OG Dioxygenase

PBCV-1 P4H Paramecium bursaria Chlorella virus 1 Prolyl-4-Hydroxylase
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Figure 1.
Proposed general catalytic mechanism for the Fe(II)/2OG oxygenases.
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Figure 2.
PHD2:Fe(II):2OG:CODD reacts slowly with oxygen in vitro. In the presence of CODD

peptide substrate, 2OG decarboxylation to succinate (black circles) and CODD

hydroxylation (red circles) occur at similar rates of 0.018s−1 and 0.013s−1 respectively, as

determined by LC/MS and MALDI MS respectively. In the absence of CODD peptide

substrate, 2OG decarboxylation to succinate (white circles) is 30-fold slower, at 0.0006s−1.

Data are shown against time on a logarithmic scale. Concentrations before mixing were

PHD2 (0.8 mM), Fe (0.7 mM), 2OG (0.5 mM), ascorbate (5 mM), CODD peptide (1 mM if

present) and oxygen (1.9 mM). All reactions were carried out at 5 °C.
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Figure 3.
1H-Nuclear magnetic resonance time course demonstrating that 2-oxoglutarate

decarboxylation is coupled to conversion to succinate and CODD peptide hydroxylation

during reaction of PHD2. A, Full spectra of assay mixtures (see Experimental Details) as

measured at 0, 5, 10, 15 and 20 minutes (blue, red, green, violet and yellow respectively). B,

Conversion of 2OG to succinate: 2OG was monitored by the triplet at 2.42ppm, and

succinate by the singlet at 2.39ppm. C, An increase in the intensity of the 1H-NMR signal at

3.78ppm, previously assigned as the δ proton of Pro-564 [39]. For clarity in B and C, only

spectra recorded every 225s are shown. D, Integrated 1H-NMR signal intensities for 2OG,

succinate and hydroxylated CODD (n=3), showing that 2OG decarboxylation and CODD

hydroxylation rates are coupled in steady state turnover experiments. Data were fitted by the

equation, y=(y0 − plateau)*exp(−K*X) + plateau, using Prism 5™.
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Figure 4.
UV-visible absorption spectra on reaction of PHD2:Fe(II):2OG with an equal volume of an

oxygen-saturated buffer, with and without CODD peptide substrate. A, Formation of species

absorbing at 320, 380 and 520nm with time in the absence of substrate. B, Formation of

species absorbing at 320, 380 and 520 over time in the presence of CODD. C, Broad

spectral features observed at a range of time points in the presence of CODD.

Concentrations before mixing were PHD2 (0.8 mM), Fe (0.7mM), 2OG (10mM), ascorbate

(5mM), CODD peptide (1.0mM) and oxygen (1.9mM). Reactions were carried out at 5°C.
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Figure 5.
4.2-K/zero-field Mössbauer spectra of the PHD2:Fe(II):2OG:CODD complex before (A)

and after reaction with an O2–saturated buffer solution for 200 s (B), and of the

PHD2:Fe(II):2OG: complex before (D) and after reaction with an equal volume of an O2–

saturated buffer solution for 200 s (E). Reaction conditions are given in Materials and

Methods. (C) is the difference spectrum (B) – (A). The solid lines in (A) and (D) are

quadrupole doublet simulations using the parameters described in the text.
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