
Selective Small Molecule Probes for the Hypoxia Inducible Factor
(HIF) Prolyl Hydroxylases
Rasheduzzaman Chowdhury,† Jose ́ Ignacio Candela-Lena,†,‡,§ Mun Chiang Chan,†,§

David Jeremy Greenald,∥,⊥ Kar Kheng Yeoh,†,# Ya-Min Tian,¶ Michael A. McDonough,†

Anthony Tumber,▲ Nathan R. Rose,† Ana Conejo-Garcia,† Marina Demetriades,†

Sinnakaruppan Mathavan,∥ Akane Kawamura,† Myung Kyu Lee,○ Freek van Eeden,⊥

Christopher W. Pugh,¶ Peter J. Ratcliffe,¶ and Christopher J. Schofield†,*
†Department of Chemistry, Chemistry Research Laboratory, University of Oxford, Mansfield Road, Oxford, OX1 3TA, United
Kingdom
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ABSTRACT: The hypoxia inducible factor (HIF) system is central
to the signaling of low oxygen (hypoxia) in animals. The levels of
HIF-α isoforms are regulated in an oxygen-dependent manner by
the activity of the HIF prolyl-hydroxylases (PHD or EGLN
enzymes), which are Fe(II) and 2-oxoglutarate (2OG) dependent
oxygenases. Here, we describe biochemical, crystallographic, cellular
profiling, and animal studies on PHD inhibitors including selectivity
studies using a representative set of human 2OG oxygenases. We
identify suitable probe compounds for use in studies on the
functional effects of PHD inhibition in cells and in animals.

Hypoxia is linked to human diseases including anemia,
cancer, and cardiovascular, pulmonary and neurodegener-

ative disorders. In animals, the response to hypoxia is mediated
by upregulation of the α,β-heterodimeric hypoxia inducible
transcription factor (HIF). HIF coordinates the regulation of
gene arrays that work to ameliorate the effects of hypoxia in a
context-dependent manner (for reviews, see refs 1−3). Under
normoxic conditions, HIF-α degradation is signaled for by the
catalytic action of the HIF-prolyl hydroxylases (PHD or EGLN
1−3 isoforms), which are 2-oxoglutarate (2OG) dependent
oxygenases (Figure 1). Hydroxylation of HIF-α at either or both
of two prolyl-residues signals for its ubiquitination and
proteosomal degradation by enhancing binding to the von
Hippel Lindau protein (VHL), which is a targeting component of
a ubiquitin ligase. The most important of the human PHDs is
PHD2.4 In an additional mechanism, present in all higher
animals but only in some lower animals,5 the C-terminal
transcriptional activation domain (CAD) of HIF-α undergoes
asparaginyl hydroxylation catalyzed by Factor Inhibiting HIF
(FIH), which reduces the interaction of HIF with transcriptional
coactivators (CBP/p300). The requirement of PHD and FIH for

oxygen coupled to appropriate kinetic and biological properties is
proposed to enable them to act as hypoxia “sensors” for the HIF
system.
Inhibition of the PHDs is being pursued as a therapy for

conditions including anemia and ischemic/vascular diseases.6−8

The HIF hydroxylases are part of the wider family of >60 human
2OG oxygenases (for reviews see 9,10). 2OG oxygenases have
roles in collagen and carnitine biosynthesis, lipid metabolism,
histone/nucleic acid modification/repair, ribosome hydroxyla-
tion and modification of epidermal growth factor-like domains,
and RNA splicing related proteins.9−13 Following from the
demonstration that nonspecific inhibitors can induce the HIF-
mediated hypoxic response,14,15 various PHD and FIH inhibitors
were reported in the academic and patent literature.6−8,16,17

However, in few cases has the selectivity of HIF hydroxylase
inhibitors with respect to other 2OG oxygenases involved in
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regulation, been reported.18 Emerging roles for 2OG oxygenases,
in particular in the regulation of gene expression via histone/
nucleic acid demethylation and hydroxylation, raises questions as
to the selectivity of the reported HIF hydroxylase inhibitors, and
the extent to which their biological activity is mediated solely by
inhibition of the PHDs and FIH. Given that PHD inhibitors are
currently in late stage clinical trials, the issue of selectivity is
important. Here we describe the identification of potent and
selective PHD inhibitors that will be of use to the academic and
pharmaceutical communities as probes for studying the bio-
logical roles of the PHDs and for their validation as clinically
viable targets.

■ RESULTS AND DISCUSSION
With the aim of identifying selective PHD inhibitors, we
established fluorescence- and luminescence-based in vitro assays

for representative human 2OG oxygenases. These comprised
assays for PHD2, and representative members of different 2OG-
dependent histone demethylases (JMJD2A, JMJD2C, JMJD2E,
FBXL11, JMJD3, JMJD1A and JARID1C) that employed
Amplified Luminescent Proximity Homogeneous Assay (Al-
phaScreen) methods.19,20 A peptide corresponding to the HIF-
1α C-terminal oxygen-dependent degradation domain (CODD,
residues 556−574) was used as a substrate in the PHD2 assays
with an antibody selective for the prolyl-hydroxylated form of
CODD being used to detect the reaction product via
AlphaScreen methodology (Supplementary Figure 1, Supporting
Information).
PHD2 and FIH are inhibited by simple acyclic/cyclic 2OG

analogs, includingN-oxalylglycine (NOG/ 1a) and pyridine-2,4-
dicarboxylate (2a).14,15,21−24 The dimethyl ester form of NOG
(DMOG, 1b) has been widely used as a hypoxia mimic in studies

Figure 1. Roles of the 2OG dependent hydroxylases in the regulation of hypoxia inducible factor (HIF). (a) Human HIF oxygen-sensing mechanism
highlighting the roles of HIF hydroxylases as oxygen sensors. The catalytic activity of the PHDs and FIH signals for degradation via the proteosomal
machinery or reduces binding of the CBP/p300 transcriptional coactivator proteins, respectively. HIF-α prolyl-hydroxylation increases binding to the
vonHippel-Lindau (VHL) protein which is part of a complex with elongins B and C (VCB) that triggers E2 ligase mediated ubiquitination of HIF-α. (b)
Stoichiometry of 2OGoxygenase catalyzedHIF hydroxylations. Ub = ubiquitin, CBP =CREB (cAMP-response element-binding) binding protein, EPO
= erythropoietin, VEGF = vascular endothelial growth factor, Glut1 = Glucose transporter 1, CA = carbonic anhydrase.
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employing cells. Although the extent to which these compounds
inhibit different 2OG oxygenases varies, most simple 2OG
analogs inhibit a substantial set of human 2OG oxygenases;19,25

hence, their value as probes for dissecting the functions of
individual (or subfamilies of) oxygenases is limited. The results of
screening against our panel of 2OG oxygenases support the
proposal that 1a and 2a are insufficiently selective in their
inhibition to be classified as selective probes for studying the role
of PHDs in the hypoxic response.19 In order to identify a suitable
PHD selective inhibitor for use as a functional probe, we
evaluated a set of heterocyclic compounds, some of which have
been reported as PHD inhibitors in the academic and patent
literature.6,8

Compound 3 (IOX3) has been developed as a PHD inhibitor
to upregulate endogenous EPO (PHD2 IC50 = 1.4 μM using a
fluorescence-based assay8,26); it inhibits via competition with
2OG and bidentate iron-chelation (see below). 4-Hydroxy-2-
oxo-1,2-dihydroquinoline glycinamide analogs (4HQs), includ-
ing compound 4, are structurally related PHD inhibitors (PHD2
IC50 = 0.31 μM for 48,27), which may have a potentially different
metal coordination mode. We synthesized 4HQ derivatives (4−
9) and isoquinolines (3, 10, 11) and tested their potencies

against PHD2 using the AlphaScreen methodology (Figure 2,
inhibition plots are in Supplementary Figure 2, Supporting
Information). The results reveal that some of the 4HQ
derivatives are potent PHD2 inhibitors (IC50 < 1 μM), with 4
and 6 being the most potent of the compounds tested (IC50 =
0.033 μM and 0.022 μM, respectively). This is in accord with the
reported IC50 values for 4HQs ranging from 0.001 to 1 μM and
EC50 (half maximal effective concentration) values ranging from
1 to 20 μM for EPO.8,27 Differences in our IC50 values and those
reported likely reflect variations in assay conditions, in particular
the low concentration of PHD2 used in the AlphaScreen assay.
These compounds display better PHD2 inhibition potencies
than the isoquinoline derivatives 3, 10 and 11 (IC50 ≥ 0.3 μM)
(Figure 2) and the generic 2OG oxygenase inhibitor, NOG/1a
(IC50 ≈ 10 μM) (Figure 2). The reduced activity of the
isoquinolines with L(S)-, compared to the D(R)-alanyl side chain
(in 10 and 11, respectively) can be rationalized by better fit of the
former in the 2OG binding pocket of PHD2.21,28 The ester 5was
not a PHD inhibitor, likely because esterification reduces binding
in the 2OG binding pocket, which involves ionic interactions.28

To investigate whether the inhibitors selectively inhibit PHD2,
we then tested them against a panel of other human 2OG

Figure 2. Identification of selective PHD2 inhibitors. Assay results for (a) relatively simple 2OG analogs and (b, c) more potent and selective
heterocyclic compounds.

Table 1. Inhibition Potencies of 4HQ Compounds against a Panel of Histone Demethylasesa

JMJD2A JMJD2C JMJD2E JMJD3 JMJD1A FBXL11 JARID1C

3 >20 >20 >20 >20 >20 >20 549.6
4 >100 >100 >100 >100 >100 100 443.2
6 100 100 >100 >100 >100 52 159
7 >100 >100 >100 >100 >100 >100 465
8 43 86 99 >100 >100 >100 122.9
9 (100)b 93 (81)b >100 >100 >100 >100

aIC50s are in μM. Substrates used in the assays for Jumonji C (JmjC)-domain containing proteins, JMJD2A, JMJD2C, JMJD2E, JMJD3, JMJD1A,
FBXL11 (F-box and leucine-rich repeat protein 11) and JARID1C (Jumonji/ARID domain-containing protein 1C) were histone H3 fragment
substrates Biotin-H3(7-14)K9me3 (for JMJD2 subfamily), Biotin-H3(14-34)K27Me3, H3(1-21)K9Me2-Biotin, Biotin-H3K36(28-48)Me2 and
H3(1-21)K4Me3-Biotin, respectively. bValues in parentheses are for % inhibition at 100 μM.
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oxygenases focusing on histone Nε-methyl lysine demethylases
(KDMs). The results indicate that 4 and 6 are at least 2−5000
fold selective, as judged by IC50 values, for PHD2 over the KDMs
(Table 1) and FIH (data not shown). These results indicate that
the 4HQ compounds are good candidates for use as functional
probes for PHD activity.
To investigate the mechanism of PHD inhibition, we carried

out crystallographic analyses on 3, 4 and 10 using the PHD2
catalytic domain (residues 181−426). The overall folds in the
structures for complexes with 3, 4 and 10 are similar to that
observed for PHD2 in complex with 12 (PDB ID: 2G19)28 with
an RMSD range of≤0.4 Å for the Cα atoms of residues 188−402.
There are differences between the isoquinoline (3, 10 and 12)
and 4HQ (4) compound classes with respect to metal
coordination and active site binding. Analyses of the structures
reveal that the isoquinolines (3, 10 and 12) bind the PHD2 active
site metal in a near identical manner (Figure 3).28 In the
following paragraphs, we mainly discuss the complex with 12, as
representative of the isoquinolines, in comparison with the
structure of a PHD2.Mn(II).4 complex (Figure 3).
In the PHD2.Mn(II).4 structure, 4 is positioned similar to 12

in complex with PHD2.Fe,28 that is, both inhibitors “slot” into
the relatively narrow obloid-shaped active site opening. The
bicyclic heteroaromatic rings of 4 and 12 are sandwiched
between the hydrophobic side chains of Tyr310, Met299 and
Trp389.28 Like 2OG16/NOG21 and 12, 4 coordinates Mn(II)
(substituting for Fe(II)) in a bidentate fashion (Figure 3a,d);
similarly, the side chain carboxylate of 4 is positioned to
hydrogen bond with Arg383 and Tyr329 (Arg383 NH1-O3, 2.8
Å; Arg383 NH2-O1, 2.9 Å; and Tyr329 OH-O1, 2.6 Å) (Figure
3d). Both 4 and 12 use their side chain amide-carbonyl to chelate
the metal. However, unlike 12 which employs its aromatic
nitrogen as a second ligand, 4 uses its phenolic oxygen as the
second ligand to form a six-membered chelate ring (NHCO-

Mn(II); 2.1 Å; O4−Mn(II); 2.0 Å). The phenol of Tyr303 is
positioned to hydrogen bond to quinoline-2-OH (Tyr303 OH-
O, 2.7 Å) of 4 or to the analogously positioned isoquinoline-4-
OH of 12. In the PHD2.Fe(II).10 structure, the methyl group of
the L(S)-Ala side chain interacts with residues Ile327 (βIII) and
Leu343 (βII) (which form part of the double-stranded-β-helix
(DSBH) core fold of PHD2/2OG oxygenases). In contrast, the
methyl of the D(R)-Ala side chain of 11 would likely cause steric
hindrance with the side chains of Val376 (DSBH βVII),
consistent with an approximately 200-fold lower IC50 for 10
(1.1 μM) compared to 11 (>200 μM) (Figure 2).
Comparison of the PHD2.4/12 structures with that of PHD2

in complex with its HIF-1α C-terminal oxygen-dependent
degradation domain (CODD) substrate (HIF-1α residues
556−574) and NOG (PDB ID: 3HQR)21 shows binding of 4/
12 likely blocks productive binding of the conserved LXXLAP
motif of HIF-1α. The aromatic rings of 4/12 project through the
active site opening and likely make a steric clash with the
hydroxylated HIF-1α residue Pro564 (Figure 3).
While crystallographic analyses imply that 4 (predominantly)

binds PHD2 in one particular orientation (Figure 3 and
Supplementary Figure 3, Supporting Information), an NMR
study suggests that a close analog of 4 (13, Figure 2) binds to the
metal in the active site via two different modes in solution: “X”, as
observed in the PHD2.Mn(II).4 crystal structure and an “F”,
flipped conformation.29 In the “F” orientation, the quinoline ring
is flipped by rotating 180° (relative to “X”) around the bond
between the quinoline ring and the side chain so that the
quinoline-2-OH of 13 coordinates the metal (Supplementary
Figure 3b, Supporting Information). While the bicyclic quinoline
ring maintains hydrophobic contacts in both orientations, theN-
methyl substituent at the quinoline nitrogen fits well only in the
“X” orientation, where it binds in a shallow cleft formed by the
Asp254, Ile256 and Ala301 side chains (Figure 3d). Modeling

Figure 3. Views from structures of PHD2 in complex with inhibitors. (a) Superimposition of PHD2.Mn(II).4 (blue ribbons, PDB ID: 4BQW) and
PHD2.Mn(II).1a.CODD (red ribbons, PDB ID: 3HQR) structures showing how 4 (and most bicyclic inhibitors) may block productive binding of the
conserved LXXLAPmotif of the substrate. Compound 4 inhibits PHD2 competitively with respect to 2OG; the amide carbonyl of 4 coordinates the iron
trans to the Asp315 Oδ1 and its phenolic-O trans to His374 Nε2. Views from PHD2 structures in complex with (b) 1a and CODD (purple, PDB ID:
3HQR)21, (c) 3 (PDB ID: 4BQX), (d) 4 (PDB ID: 4BQW), (e) 10 (PDB ID: 4BQY) and (f) 12 (PDB ID: 2G19)28.
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studies predict that compounds with bulkier groups (as in 6−9)
at the quinoline nitrogen will make steric clashes with this
hydrophobic cleft and will likely adopt the “F” orientation
(Supplementary Figures 3 and 4, Supporting Information). This
prediction is consistent with the structure−activity relationship
(SAR) studies of 4HQ derivatives with various alkyl/aryl
substitutions at the quinoline nitrogen which reveal that the N-
benzyl derivative (6) is a potent inhibitor (Figure 2).
We then evaluated the inhibitors in cells. We first tested the

efficacy of the selected PHD inhibitors in a human renal
carcinoma (RCC4) cell line lacking VHL, which is required for
the degradation of hydroxylated HIF-α (Figure 4a,b). We used
the antibodies selective for hydroxylated form(s) of HIF-1α24 to
probe the compounds for inhibition of HIF prolyl- (PHD-
catalyzed) and asparaginyl-(FIH-catalyzed) hydroxylation. This
enables direct comparison of effects on Pro- and Asn-
hydroxylation without confounding from preferential degrada-
tion of prolyl hydroxylated HIF-1α. The results were compared
to those with the nonselective inhibitor, DMOG (1b) (Figure 4).
Consistent with the in vitro data, all of the active 4HQ derivatives
inhibit CODD hydroxylation (Figure 4a,b). Inhibition of CAD
hydroxylation was not observed at the concentrations tested.

Ester 5 (IC50 > 300 μM) did not inhibit HIF hydroxylation
(Figure 4a), consistent with the isolated protein results.
The active 4HQ compounds (3, 4, 6−9) were further tested in

VHL-competent cell lines, including human embryonic kidney
(293T), human bone osteosarcoma (U2OS) and RCC4 re-
expressing VHL (RCC4/VHL) cells (Figure 4c−e). Increased
HIF-1α levels were used as an indicator for PHD inhibition. The
4HQ compounds (3, 4, 6−9) effectively increase HIF-1α levels
in all tested VHL-competent cell lines (Figure 4c−e), showing
that their inhibitory effects are independent of cell type.
Stabilized HIF-1α was substantially hydroxylated at Asn803
(Figure 4), confirming the selectivity for PHD over FIH
inhibition. In comparison to DMOG, HIF-1α induction by the
4HQ derivatives is several fold higher, suggesting that they are
more potent PHD inhibitors in cells. Their in vitro potencies are
generally reflected in their ability to induce HIF, with 6 (IC50 =
0.022 μM) being the most effective followed by 4 (IC50 = 0.033
μM) and 9 (IC50 = 0.078 μM). Dose response experiments in
RCC4/VHL cells reveal that 6 and 9 increase HIF-1α to a higher
level than with the same concentrations of 3 (Figure 4e). Taken
together, the results reveal that the 4HQ compounds 4, and 6−9
are potent and selective cellular PHD inhibitors.

Figure 4. Selective inhibition of the PHDs in human cell lines. (a-b) Selectivity of the tested inhibitors for HIF-1α prolyl- over asparaginyl- hydroxylation
in RCC4 after 6h of treatment. Upregulation of HIF-1α by inhibitors in various cell types (after 6h of treatment): HEK293T (c), U2OS (d) and RCC4
stably-transfected with C-HA-tagged wildtype VHL (e). See text for assay descriptions.
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To investigate the utility of the compounds as in vivo
functional probes, we tested selected compounds (1b, 2b, 3, 4,
6 and 10) to upregulate HIF signaling in a whole organism, that
is, transgenic zebrafish (Danio rerio). Because the expression of

the PHD3 encoding gene is regulated by HIF in humans and
zebrafish, PHD3 levels are a readout of HIF activity. A zebrafish
hypoxia reporter line was generated expressing GFP with the
phd3 promoter elements.30 Transgenic wild-type embryos at 3

Figure 5. Inhibition of the PHDs in Zebrafish embryos. (a) Maximum pixel intensity in liver of phd3:gfpsh144/sh144 embryos (treated for 48 h);
significance calculated using 1 way ANOVA followed byDunnet’s post test, * indicates p < 0.05 (n = 8). (b)Wild-type larva showing transgene-mediated
phd3:GFP fluorescence. (c) Whole mount in situ hybridization of wild-type larva showing increased phd3 expression with inhibitors. DMOG (1b) acts
as a positive control. Compounds tested are denoted by numbers in the panels.
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days postfertilization treated with compounds (10 μM) for 2
days displayed clear increase in phd3:EGFP expression in the
liver, relative to controls (Figure 5a). Significant increases in GFP
levels were observed with 2b, 3, 4, 6 and 10 (Figure 5a,b).
Transcriptional activation of endogenous phd3 by 10 was
demonstrated by whole mount in situ hybridization of 3 days
postfertilization embryos treated for 8 h (Figure 5c). In contrast,
when in situ hybridization was performed after 48 h treatment,
no phd3 expression was discerned for 10 (data not shown),
suggesting that the activity of the inhibitor in zebrafish or the
compound stability in E3 medium might be time-limited. These
data show that the inhibitors can activate an in vivo real-time
hypoxic reporter in a vertebrate model organism to a greater
extent than the widely used nonspecific DMOG (1b) and
validate their use as in vivo functional probes.
Overall, the work has defined a set of 2OG competitors that

are potent and selective inhibitors of the PHDs, as isolated
proteins, in cells and in an animal model. Several of these
compounds are of interest as functional probes. On the basis of
the combined results available, we have selected 6 as a preferred
functional probe; 6 is commercially available as IOX2.31 Finally,
it is important to point out that although the compounds are
active as PHD inhibitors, our selectivity panel is non-
comprehensive; there are∼60 human 2OGoxygenases including
other prolyl-3- and 4-hydroxylases such as the collagen prolyl
hydroxylases. Thus, it cannot be ruled out that some of the
biological observations in the case of the compounds involve
inhibition by enzymes other than the PHDs.

■ METHODS
Production of Recombinant Proteins. PHD2 (residues 181−

426) production used pET28a(+) vector; purification of recombinant
PHD2 was carried out as described.21 Recombinant Jumonji C (JmjC)-
domain containing histone demethylases (KDMs), JMJD2A, JMJD2C,
JMJD2E, JMJD3, JMJD1A, FBXL11 (F-box and leucine-rich repeat
protein 11) and JARID1C (Jumonji/ARID domain-containing protein
1C) were purified as described.19

In vitro Hydroxylation Assays for PHD2 (AlphaScreen).
Inhibition assays were carried out in 384-well white ProxiPlates
(PerkinElmer) in 10 μL of reaction volume. Standard reaction mixtures
consisted of the compound (in 2% DMSO final concentration), enzyme
mix (0.001 μM of PHD2, 10 μM of Fe(II), 100 μM of ascorbate) and
peptide mix (0.06 μM of biotinylated C-terminal oxygen dependent
degradation domain (CODD) peptide, 2 μM of 2OG) in 50 mM
HEPES pH 7.5, 0.01% Tween-20 and 0.1% BSA buffer. Compounds
were preincubated with the enzyme mix for 15 min before being
incubated with peptide mix for 10 min at 22 °C. Each reaction was
quenched with 5 μL of 30 mM EDTA. The bead mix containing
AlphaScreen beads (AlphaScreen streptavidin-conjugated donor and
ProteinA-conjugated acceptor beads; PerkinElmer) was preincubated
for 1h with a rabbit monoclonal antibody selective for hydroxy-HIF1α
(Pro564) (Cell Signaling, Danvers, MA; 1:8000) and were added to the
wells for a further 1 h at 22 °C. The plates were then analyzed with an
Envision (PerkinElmer) plate reader. The IC50 values were calculated
using nonlinear regression with normalized dose−response fit using
Prism GraphPad (n ≥ 3).
In vitroDemethylation Assays for KDMs (AlphaScreen). These

assays were carried out as described previously.19

Cell-based Assays. Experiments were conducted as described.24

Both VHL-defective (renal carcinoma cells with an empty vector,
RCC4) and VHL-competent cells human embryonic kidney HEK293T,
osteosarcoma U2OS and RCC4/VHLHA (RCC4 stably transfected
with C-terminal HA-tagged wt VHL) were used. Cells were treated with
DMSO (control) and tested compounds (dissolved inDMSO except for
DMOG (1b) which was dissolved in PBS and added directly to culture
medium) for 4−5 h. Cell extracts were probed with antibodies to

hydroxy-Pro564 (CODD−OH) and hydroxy-Asn803 (CAD−OH).
HIF-1α band intensities were used to normalize hydroxylation signals.
Antibodies to HIF-1α, CODD−OH and β-actin/HRP were from BD
Transduction Laboratories (clone-54), New England Biolabs (clone-
D43B5) and Abcam (clone, AC15) respectively and an antibody to
CAD−OH was generated as described.32

Experiments on Zebrafish. Full details of conditions for the
zebrafish assays are reported elsewhere.30 Phd3:gfpsh144/sh144 fish (Danio
rerio) were incrossed to produce phd3:gfpsh144/sh144 embryos, these were
raised at 28 °C in E3 medium. The phd3:gfpsh144/sh144 line is a hypoxia
reporter line created by BAC recombination of the phd3 reporter GFP
construct.30 Adult fishes were maintained on a 14:10-h light/dark cycle
at 28 °C in UKHome Office approved facilities in the Medical Research
Council Centre for Developmental and Biomedical Genetics aquaria at
the University of Sheffield. At 3 days post fertilization, potential
inhibitors were added in fresh medium at 10 μM in 1% DMSO. The
embryos were incubated with the compounds for a further 48 h.
Embryos were anesthetized at 5 dpf by immersion in tricaine (Sigma-
Aldrich). Lateral view images of the embryos were taken using a
fluorescent dissecting stereomicroscope (Leica) (both bright-field and
fluorescent). Fluorescent images were analyzed using Image J.

Whole Mount in situ Hybridization. Whole-mount in situ
hybridization was performed using standard protocols.33 The phd3
(BC066699) antisense digoxygenin-UTP labeled mRNA probe was
synthesized from an expressed sequence tag (EST) clone (RZPD/
Imagenes34) and the in situ images were collected on a Zeiss Axioplan
with a 5× objective using a Spot4 digital camera.

Crystallography. PHD2 crystals were grown by vapor diffusion at
20 °C in 300 nL sitting drops with a 1:2 ratio of protein (∼1 mM
PHD2181−426 in 50mMTRIS-HCl pH 7.5, 2mM 3/ 4/ 10, 1 mMMnCl2
(when using 3 or 4)/ 1 mM FeSO4 (when using 10)) to well solution
(100 mM MES-Na pH 6.5, 2 mM MnCl2 /FeSO4, 1.7 M ammonium
sulfate and 1% v/v dioxane). Crystals were cryoprotected with 50% Na-
malonate pH 6.5 before being cryo-cooled in liquid N2. Data for PHD2
complex with 3, 4 or 10 were collected from single crystals at 100 K at
the Diamond beamline I02 with a Pilatus 6M detector or using a Rigaku
FR-E+ Superbright generator (CuKα 1.5418 Å) with Saturn 944+ CCD
detector or at the European Synchrotron Radiation Facility (ESRF)
BM14 beamline with MarCCD detector. The data were processed using
Mosflm35 or HKL2000;36 the structures were solved by molecular
replacement using PHASER37 (search model PDB ID 2G19).
Parameter and topology files for 3, 4 and 10 were generated using
PRODRG.38 Slowcool-simulated annealing refinement using the
maximum-likelihood function and bulk-solvent modeling was carried
out using CNS39 (version 1.3) with iterative rebuilding of the model
using COOT.40 All residues were in allowed regions of a Ramachandran
plot as calculated by PROCHECK.41 Data collection and refinement
statistics are in Supplementary Table 1, Supporting Information.
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