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Abstract
In humans and other animals, the chronic hypoxic response is mediated by the hypoxia-inducible 
transcription factors (HIFs), which regulate the expression of genes that counteract the effects of 
limiting oxygen. HIF prolyl hydroxylases (PHDs) regulate cellular levels and transcriptional 
activity of HIFs by catalysing the post-translational hydroxylation of conserved prolyl residues in 
the HIFα subunits. Based on structural and biophysical studies, it has been proposed that the three 
human PHDs (PHD1-3) act as oxygen sensors, providing a direct link between cellular oxygen 
availability and the regulation of the hypoxic response.  

Work in this thesis has focused on the in vitro characterisation of the human HIF prolyl 
hydroxylases and the PHD from the simplest existent animal, Trichoplax adhaerens. Previous 
studies on human PHDs suggested that they are not selective for their well established HIF 
substrates, but accept additional substrates other than HIFs. With PHD inhibitors currently in late-
stage clinical trials for treatment of anaemia, investigating the validity of the proposed promiscuous 
nature of human PHDs is of major medicinal relevance. In systematic and detailed studies, reported 
non-HIF substrates were probed for reaction with PHDs, using various mass spectrometric and 
NMR-based approaches. No evidence was found for PHD-catalysed hydroxylation of non-HIF 
substrates in the studies presented in this thesis, suggesting that PHDs might be more selective for 
their HIF substrates than previously perceived.  

Inhibition studies were carried out on human PHD1-3, to characterise currently available PHD 
inhibitors, including such as used in clinical trials. In addition, a series of new PHD inhibitors was 
tested, and a proof of concept was provided that inhibitors capable of discriminating between PHD2 
and PHD3 can be developed. 

Structural and biochemical studies on human PHD2 variants were performed. As a result, functional 
relationships between clinically observed mutations in the EGLN1 gene encoding for PHD2 and 
disease phenotypes, such as cancer and erythrocytosis, were established.  

Finally, work was concentrated on the evolution of the HIF pathway in animals and beyond. To 
investigate if the HIF prolyl hydroxylase in T. adhaerens (TaPHD) is capable of sensing hypoxia in 
a similar way as human PHD2, a comparative biochemical characterisation of TaPHD and human 
PHD2 was performed. Strong evidence was provided that the special kinetic properties of human 
PHD2 are conserved in TaPHD, including unusually high Km values for oxygen, low substrate 
uncoupled 2OG turnover, and structural elements in the active sites of human PHD2 and TaPHD, 
which enable the unusually slow reaction of human PHD2 with oxygen. Further, evolutionary links 
between human HIF prolyl hydroxylases and Skp1-mediated oxygen-sensing mechanisms in lower 
organisms, such as Dictyostelium discoideum and Toxoplasma gondii, were investigated. 

Overall, the work described in this thesis provided new insights into the substrate selectivity of 
human PHDs, and their potential for therapeutic manipulation. A high degree of conservation 
between PHDs ranging from humans to T. adhaerens was revealed, highlighting the importance of 
HIF-mediated hypoxia sensing as a prerequisite for the evolution of higher animals.  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Chapter 1 

General Introduction  

1.1 The HIF pathway 

The development of mechanisms to utilise atmospheric oxygen for bioenergetic processes (e.g. 

oxidative phosphorylation) is proposed to have been a key event in the evolution of higher 

organisms, such as metazoans (1). Since then, oxygen has become a major factor in the survival of 

all aerobic organisms ranging from mycobacteria to humans, and higher animals have evolved 

complex respiratory and circulatory systems for maintaining the supply of oxygen to their tissues 

and cells. Limitations in oxygen availability cause major cellular stress and are associated with the 

development of pathologic conditions, such as cancer and cardiovascular diseases (2-3). Aerobic 

organisms have developed various mechanisms to overcome hypoxic conditions in their cells and 

organs, i.e. it has been known since the late 19th century that animals react to low oxygen levels at 

high altitudes by an increased production of red blood cells (4). However, the molecular 

mechanisms behind this observation were unclear until the discovery of the hypoxia-inducible 

transcription factors (HIFs) in the 1990s. HIFs up-regulate the production of red bloods cells as a 

response to chronic hypoxia via the glycoprotein hormone erythropoietin (EPO) (5-6).  

The HIFs are heterodimeric transcription factors that consist of a α and a β subunit (HIFα and HIFβ, 

respectively). Under hypoxic conditions, HIFα forms a heterodimer with HIFβ in the nucleus and 

the transcription factor complex binds to hypoxia response elements (HREs) within the DNA. The 

HIFs recognise a characteristic consensus sequence (5’-RCGTG-3') in the HREs and recruit the 

transcriptional coactivator proteins p300 and cAMP response element binding protein (CBP) (7-9).  

The human HIF system (and in other animals) does not only activate the gene expression of 

erythropoietin, but regulates hundreds of different genes in a context and cell-type dependent 

manner (Table 1.1, (10-11)). The large set of HIF-regulated genes include components of metabolic 

pathways, signaling pathways for cell growth and apoptosis, and angiogenesis (11-12). Thus, the 

HIF system induces the adaptation of organisms to hypoxia at both cellular and physiological 

levels.  

�1



 Chapter 1                                                                                                                           General Introduction

Table 1.1 Examples of genes regulated by the human HIF system in a hypoxia-dependent manner (adopted from (11)). 

The HIF transcription factors can be considered as ‘master regulators’ of the chronic hypoxic 

response. However, the HIFs cannot induce a response to hypoxia on a timescale shorter than the 

time needed for protein biosynthesis (acute hypoxia). Therefore, under acute hypoxia, it is likely 

that other processes apart from the HIF pathway are involved in the maintenance of oxygen 

homeostasis.  

Pathway Gene Product

Cell migration C-X-C chemokine receptor type 4 (CXCR4)
Tyrosin-protein kinase Met (c-Met)

Hormonal regulation Erythropoietin
Leptin

Energy metabolism Glucose transporter-1
Hexokinase-2
6-Phosphofructo-1-kinase L
6-Phosphofructo-2-kinase
Glyceraldehyde-3-phosphate dehydrogenase
Aldolase A
Lactate dehydrogenase A
Carbonic anhydrase-9

Angiogenic signaling Vascular endothelial growth factor A
Vascular-endothelial-growth-factor receptor-1
Endothelial-gland-derived vascular endothelial growth 
factor
Plasminogen-activator inhibitor-1

Growth and apoptosis Insulin-like growth-factor-binding protein-1
Nineteen kD interacting protein-3 (Nip3)
Endoglin
Wilm's tumour suppressor 
Calcitonin-receptor-like receptor

Transcriptional regulation Deleted in esophageal cancer 1and 2 (DEC1 and DEC2)
Protein C-ets-1 (ETS1)
protein 35-kD serine-glycine rich junction (p35srj)

Virus related Retrotransposon VL30

Transport Transferrin
Transferrin receptor
Ceruloplasmin
Multidrug-resistance P-glycoprotein

Matrix and barrier functions Procollagen prolyl hydroxylase-α1
Intestinal trefoil factor

Vasomotor regulation Adrenomedullin
Tyrosine hydroxylase
Haem oxygenase
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The level of activity of the HIF transcription factors is regulated in an oxygen dependent manner, by 

the HIF prolyl hydroxylases (PHDs, Figure 1.1). The PHDs belong to the family of 2-oxoglutarate 

(2OG) dependent oxygenases, members of which use 2OG as a co-factor to catalyse a variety of 

reactions on substrates ranging from proteins to DNA/RNA, metabolites and other compounds (13). 

The PHDs act as cellular oxygen sensors by hydroxylating two conserved prolyl residues in the N- 

and C-terminal oxygen-dependent degradation domains of HIFα (NODD and CODD, respectively) 

under normoxic conditions (11, 14). HIFα prolyl hydroxylation strongly promotes its binding to the 

von-Hippel Lindau protein (pVHL), a targeting component of an E3 ubiquitin ligase complex. 

Subsequent ubiquitination of HIFα signals for degradation of the protein via the ubiquitin 

proteasome system (15-17).         

Figure 1.1: Overview of the HIF system. The hypoxia-inducible transcription factors (HIFs) are 

regulated by prolyl hydroxylase domain (PHD) catalysed hydroxylation of prolyl residues in the 

ODD(s) of HIFα under normoxia. Recognition of the hydroxylated prolyl residues, followed by 

ubiquitylation by the von-Hippel Lindau protein (pVHL) E3 ubiquitin ligase labels HIFα for 

proteasomal degradation. 
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In addition, HIF transcriptional activity is regulated by a second 2OG oxygenase, factor inhibiting 

HIF (FIH), that catalyses asparaginyl-hydroxylation in a C-terminal transcriptional activation 

domain (CAD) of HIFα (18-19); this modification inhibits the interaction between HIF and 

transcriptional coactivators (CBP/p300) (19). FIH is active at lower oxygen concentrations than the 

PHDs and is likely less important from a hypoxia sensing perspective (20-21). 

In humans, there are three isoforms of HIFα (HIF1α-HIF3α, Figure 1.2), but only one HIFβ which 

is continuously expressed independently of cellular oxygen levels. HIF1α and HIF2α each have two 

ODDs (CODD and NODD, respectively), which manifest differential sensitivities to hypoxia (20, 

22). Extensive studies conducted on HIF1α and HIF2α have identified specific sets of (partly 

overlapping) target genes for HIF1α and HIF2α (23-25). For instance, the production of 

erythropoietin is predominantly regulated by HIF2α, whereas HIF1α appears to be more important 

for regulation of gene expression of pyruvate dehydrogenase and other glycolysis-related proteins 

(26-27). HIF1α and HIF2α are both broadly expressed in human cancers, however, there is 

emerging evidence suggesting different roles for HIF1α and HIF2α in tumour growth and 

progression. The opposing effects of HIF1α/HIF2α activity are mediated through regulation of 

different target genes, as well as interactions with tumour suppressors, such as p53 (28). 

Figure 1.2: Domain structures of human HIFα and HIFβ. There are three HIFα-isoforms and  

one HIFβ present in the human HIF system. By contrast to HIF1α and HIF2α, that contain both N-

terminal and C-terminal oxygen-dependent degradation domains (NODD and CODD, respectively), 

there is only one ODD in HIF3α. Arrows indicate assigned prolyl- and asparaginyl-hydroxylation 

sites. Domain acronyms: basic helix-loop-helix (bHLH) motif, Per-ARNT-Sim (PAS) domain, C-

terminal transactivation domain (CAD), PAS-associated C-terminal (PAC) domain. 
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In contrast to the well-characterised HIF1α and HIF2α, the biological role of HIF3α, which contains 

a single C-terminal ODD, is less understood. HIF3α is usually regarded as a negative regulator of 

HIF1α and HIF2α, and a differential role for HIF3α splice variants in the regulation of the hypoxic 

response has been proposed (29-31).  

Under normoxia, HIFα is targeted for proteasomal degradation by the pVHL E3 ubiquitin ligase 

complex, that consists of pVHL, elongins B and C (VCB complex), Cullin box 2 (Cul2), and RING 

box protein 1 (Rbx1) (Figure 1.3, (32)). HIFα interacts with pVHL/VCB, that catalyses the 

ubiquitination of HIFα, leading to the degradation of the protein via hydrolysis in the proteasome 

(15, 33). Prolyl hydroxylation on either NODD, CODD, or both ODDs causes a substantial increase 

in the binding affinity of HIFα to pVHL (22, 34-35). The oxygen-dependent binding mechanism of 

ODDs to the VCB complex has been investigated in structural studies (34, 36). The crystal structure 

of the VCB-HIF1α CODD complex (Figure 1.4, (36)) shows the hydroxylated prolyl residue 

(Hyp564) positioned in a hydrophobic cleft in the β-domain of pVHL. The hydroxyl group interacts 

with the pVHL-residues Ser111 and His115 by forming several hydrogen bonds to these residues, 

thus increasing the binding affinity of the HIF1α CODD (relative to the unhydroxylated ODD) to 

the VCB complex (34, 36).  

Figure 1.3: View from a crystal structure of the pVHL E3 ubiquitin ligase complex (PDB:

5N4W, (32)). Protein and domain acronyms: von-Hippel-Lindau protein (pVHL), RING box 

protein 1 (Rbx1), Cullin box 2 (Cullin-2). The VCB-complex (pVHL, Elongin B and C) is 

responsible for targeting and ubiquitination of HIFα. Cullin-2 and Rbx1 have mainly scaffolding 

roles.  
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Figure 1.4: Views from a crystal structure of the VCB complex bound to a hydroxylated 

HIF1α CODD peptide (PDB:1LM8, (36)). Overall structure of the VCB.HIF1α CODD complex.  

Protein and domain acronyms: von-Hippel-Lindau protein (pVHL), VCB-complex (pVHL, Elongin 

B and C). A close-up at the HIFα binding site in pVHL reveals the mechanism of Hyp-induced 

binding of HIF1α CODD to pVHL, as Hyp564 forms hydrogen bonds with Ser111pVHL and 

His115pVHL.  
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1.2 The HIF prolyl hydroxylases 

In humans, the HIF transcription factors are regulated in an oxygen-dependent manner by three 

different prolyl hydroxylases (PHD1, 2, and 3, respectively) (16, 37-38). The three PHD isoforms 

have different substrate selectivities, with PHD1 and 2 accepting both CODD and NODD in HIFα, 

but PHD3 having a strong preference for CODD over NODD (39-40). Extensive studies in cells and 

animals have shown that PHD2 is the most abundant of the three PHD isoforms, as its mRNA was 

found to be ubiquitously expressed, unlike PHD1, that is predominantly expressed in the testes, and 

PHD3 that is mostly expressed in the heart (41-42). Moreover, animal studies suggest that PHD2 is 

the most important of the PHDs, as PHD2 knockout mice, unlike PHD1/3 knockouts,  are not viable 

beyond embryogenesis (43). Cellular studies on distribution of the PHD isoforms found that PHD1 

is predominantly located in the nucleus, whereas PHD2 was observed mostly in the cytoplasm, and 

PHD3 was present in both compartments (44).  

Sequence alignment of PHD1-3 shows a high degree of homology in their 2OG-oxygenase domain, 

yet the three PHD isoforms differ significantly at their N-terminus (Figure 1.5). PHD2 contains a 

MYND-type zinc-finger domain at its N-terminus, which is not present in any of the other PHDs. 

The N-terminus of PHD1 is predicted to be disordered, and only a very short N-terminal domain is 

present in PHD3. To date, the function of the N-terminal domains of the PHDs is not well 

understood. In case of the MYND domain in PHD2, an interaction with heat shock protein 90 

(HSP90) co-chaperones p23 and FKBP38 has been proposed (45).  
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Figure 1.5: Sequence comparison of human PHD isoforms 1-3. Sequences corresponding to the 

β2/β3-finger-loop are labelled with a red box, α-helices are marked purple, and β-sheets are labelled 

with green arrows. Acronyms: myeloid, Nervy, and DEAF-1 (MYND) motif. The alignment was 

generated using Clustal Omega (46) and Jalview 2.9.0b2 (47). 

In order to catalyse prolyl hydroxylation, the PHDs utilise 2OG as a co-substrate, which is 

converted to succinate during the catalytic cycle (48). The active site of the three PHD isoforms is 

predicted to be very similar. Structural studies on PHD2 provide insight into the mechanism of 

2OG-dependent prolyl hydroxylation by the enzyme (49-50). In the active site of PHD2, Mn(II) 

(substituting for the natural co-factor Fe(II)) is octahedrally coordinated by water molecules and a 

triad of residues, consisting of one aspartate and two histidine residues (HXD/E…H motif), which 
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is highly conserved among 2OG-dependent oxygenases (Figure 1.6, (48-49)). Upon binding of the 

2OG analogue N-oxalylglycine (NOG) and the substrate HIF1α CODD, the 6-coordinate state of 

Mn(II) is retained by the conserved triad of residues, and by a remaining metal-bound water 

molecule, that is stabilised via hydrogen bonds to an aspartate residue (D315PHD2, (50)). NOG is 

coordinated to the metal ion in a bidentate manner (Figure 1.6), and interacts by its C5 carboxylate 

with R383PHD2. The 1-carboxylate of NOG is positioned at the coordination site closest to the 

hydroxylation target, P564HIF1α CODD, making the remaining metal coordination site (which is 

occupied by a water molecule in Figure 1.6) less accessible for oxygen binding to the metal ion. It 

was found in kinetic studies that the active site Fe(II) in PHD2 reacts slowly with oxygen, as 

compared to other 2OG oxygenases such as FIH (51-52). Structural features in the active site of 

PHD2, including the positioning of NOG/2OG in metal-coordination, along with the strongly-

bound water molecule at the metal ion, that has to be displaced in order for oxygen to bind, are 

proposed to play a role in the observed slow reaction of PHD2 with oxygen (50); these properties of 

PHD2 are considered as crucial for the oxygen sensing capability of the enzyme. 

Figure 1.6: View of the active site from the crystal structure of PHD2 with its substrate bound. 

Active site arrangement in the Homo sapiens PHD2:Mn(II):NOG:HIF1α CODD complex (referred 

to as HsPHD2.CODD, PDB:3HQR, (50)). The metal ion (manganese substituting for iron, purple 

sphere) is octahedrally coordinated by a triad of residues (H313PHD2, D315PHD2, and H374PHD2), N-

oxalylglycine (NOG, substituting for 2OG), and a water molecule (red sphere). The stable metal-

water coordination is proposed to enable the oxygen sensing ability in PHD2 (50).  
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2OG-dependent oxygenases employ a consensus mechanism, that was first proposed in 1982 (53). 

Spectroscopic studies on the taurine 2OG dioxygenase (tauD) lead to the direct detection of reaction 

intermediates, providing further insight into the mechanism of 2OG oxygenases (54-61). Figure 1.7 

shows a (simplified) outline of the conserved mechanism, with the most important features 

including: 

(A) Upon binding of 2OG to the enzyme, a ternary complex is formed (enzyme:Fe(II):2OG), in 

which 2OG is coordinated to the metal ion in a bidentate manner.  

(B) Binding of the substrate leads to the generation of an open coordination site on Fe(II) (62).    

(C) The last metal-coordinated water molecule is displaced upon binding of oxygen to Fe(II). 

(D) - (E) Oxidative decarboxylation of 2OG yields a reactive Fe(IV)=O intermediate. 

(F) The ferryl intermediate promotes the hydroxylation of the substrate via a radical mechanism.  

(G) Succinate is released.  
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Figure 1.7: Outline of the 2OG oxygenase mechanism (adopted from Richard Hopkinson, 

University of Leicester, UK). Within the active site, Fe(II) is initially bound in a 6-coordinate 

manner by a conserved HX(D/E)...H motif and three water molecules, two of which get displaced 

upon binding of 2-oxoglutarate (2OG, A). Subsequent binding of the substrate (B) and oxygen (C) 

leads to the displacement of the third water molecule. Note that binding of oxygen to the active site 

Fe(II) in HsPHD2 has been proposed to be the rate limiting step of catalysis (51). Oxidative 

decarboxylation of 2OG generates CO2 and succinate, and leads to the formation of a reactive 

Fe(IV)=O intermediate, which promotes hydroxylation of the substrate (D-G). 

Biochemical studies on the PHDs revealed unique kinetic properties of the enzyme (compared to 

other 2OG oxygenases), that are central to their oxygen sensing roles. The PHDs have been 

reported to have a low affinity to oxygen as judged by Km values, which are substantially above 

physiological oxygen levels (Km(PHD2, O2) > 400 µM, physiological oxygen concentrations ~100 

µM, (39, 63-65), allowing the enzyme to react to small changes in cellular oxygen levels. Moreover, 

studies in vivo have shown a graded dependence of PHD-catalysed HIF-hydroxylation on oxygen 

concentrations (20); by contrast, the second HIF hydroxylase, FIH, was found to be less sensitive to 

changes in oxygen levels. In addition, there is evidence that the human PHDs form a stable 

PHD:Fe(II):2OG complex, and are less sensitive to changes in iron or 2OG availability (66). 

Together with structural features in the active site that allow for slow binding of oxygen to Fe(II) 

(as discussed above), these findings give insights into how PHDs achieve their 'oxygen sensing' 

capability.  

Crystal structures of PHD2 in complex with Mn(II) (substituting for Fe(II)) and inert 2OG 

analogues reveal that the enzyme contains the conserved double-stranded β-helix core-fold (DSBH, 

or “jellyroll”-motif), which is present in all characterised 2OG dependent oxygenases (Figure 1.8, 

(49, 67)). The DSBH is composed of a major (βI, βVIII, βIII, βVI) and a minor (βII, βVII, βIV, βV) 

β-sheet, and the metal- and 2OG-binding sites are sandwiched between the two β-sheets. The major 

β-sheet core is stabilised by three α-helices (α1-3). Notably, the active site appears deeply 

embedded within the β-sheet core, when compared with other 2OG oxygenases, such as FIH (see 

Figure 1.10 A and B). The buried nature of the active site in PHD2 may rationalise the observed 

formation of a relatively stable PHD2:Fe(II):2OG complex (66).  
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Figure 1.8: Views from the crystal structure of PHD2 in complex with Fe(II) and N-[(4-

hydroxy-8-iodoisoquinolin-3-yl)carbonyl]glycine (4HG, substituting for 2OG) (PDB:2G1M, 

(49)). Secondary structural elements in PHD2 comprise four α-helices and ten β-strands of which 

eight form the double-stranded β-helix core fold (DSBH, cyan, Roman numerals). 

Structures of PHD2 in complex with its peptidic substrates HIF1α CODD and HIF1α NODD give 

insights into the substrate-binding mode of PHD2. The main substrate binding elements are 

comprised of the active site containing groove, the β2/β3-finger-loop, and the C-terminal α4-helix 

(Figure 1.9, (50, 68)). In both the PHD2.CODD and PHD2.NODD enzyme-substrate complex 

structures, the β2-β3 residues (observed to be partially disordered in the substrate-unbound 

structure), folds to form a loop that encloses the substrate at the active site (50, 68). Various studies 

suggest that the β2/β3-finger-loop is not only important for substrate recognition, but it also plays a 

significant role in determining NODD/CODD selectivity in PHDs (50, 68, 69).  

In addition to the β2/β3-finger-loop, the C-terminal α4-helix in PHD2 was found to be crucial for 

substrate selectivity. In the PHD2.CODD structure, a salt-bridge between an arginine residue in the 

α4-helix and an aspartate residue in HIF1α CODD (R396PHD2/D571HIF1α CODD) is observed (50). 

However, this salt-bridge is not present in the PHD2.NODD complex structure, where the HIF1α 

NODD-peptide interacts with the C-terminal region of PHD2 via hydrophobic contacts (68).  
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At the active site of PHD2, the target proline residues P564CODD and P406NODD adopt a C-4 endo-

conformation, with the 4R C-H bond that is cleaved during hydroxylation, positioned close to the 

metal centre (Figure 1.9). Upon hydroxylation by PHD2, the conformation of the pyrrolidine ring 

in the target proline residues is proposed to switch from C-4 endo to C-4 exo (70), and structural 

studies have shown that the C-4 hydroxylated proline adopts the C-4 exo conformation when bound 

to pVHL (Figure 1.4, (34-36, 70)).  

Figure 1.9: Comparison of ODD binding modes in PHD2.CODD and PHD2.NODD substrate 

structures. (A) PHD2.CODD (PDB:3HQR, (50)), and (B) PHD2.NODD (PDB:5L9V, (68)). Major 

differences in the substrate binding modes are found in the flexible β2/β3-finger-loop and at the C-

terminal binding interface. The active site close-ups show that the target proline residues P564CODD 

and P405NODD adopt a C-4 endo-conformation. 
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To date, no structural information is available for PHD3; however, recently the structure of PHD1 in 

complex with Fe(II) and the inhibitor 1,2,4-triazolo-(1,5-α)pyridine (8UY) has been solved (Figure 

1.10 A, (71)). The overall structure of PHD1 contains the conserved double-stranded β-helix core-

fold (DSBH, or “jellyroll”-motif), and the major β-sheet core is stabilised by three α-helices. As 

with PHD2, the β2/β3-finger-loop is partially disordered in the PHD1 structure without bound 

substrate. Notably, the region C-terminal of helix α4, which has not been observed in any of the 

PHD2 structures to date, is visible in the PHD1 structure, where it forms an additional short α-helix. 

The position of the C-terminus in PHD1 overlaps with that of HIF1α CODD in the PHD2.CODD 

substrate-complex structure (Figure 1.10 A), suggesting that the region C-terminal of helix α4 

needs to be displaced upon substrate binding to PHD1. Considering the position of the C-terminus 

in PHD1, it is likely that this region forms contacts to HIFα in the substrate-bound state, and thus 

plays a role in substrate recognition by PHD1 (the same is possibly the case for PHD2/PHD3). In 

the active site of PHD1, a metal-coordinated water molecule is present, positioned at the same 

coordination site as previously observed for PHD2, although more distant to the metal centre than  

is the case for PHD2 (distance (Fe-O2, PHD1) = 2.7 Å, distance (Mn-O2, PHD2) = 2.2 Å); note that 

in FIH this position is occupied by 2OG/NOG (Figure 1.10 B, (72)). By contrast to the bidentate 

binding mode observed with most 2OG analogues, the inhibitor 8UY in the PHD1 structure 

coordinates in a monodentate manner to the metal ion. Overall, the arrangement in the active site of 

PHD1 suggests that major structural features necessary for its oxygen sensing role are present in the 

enzyme.  
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Figure 1.10: Comparison of the overall architecture of PHD1, PHD2, and FIH. (A) 

Superimposition of structural views of PHD2 in complex with Mn(II), NOG, and HIF1α CODD 

(PDB:3HQR, (50)) with the structure of PHD1 in complex with Fe(II) and 1,2,4-triazolo-(1,5-

α)pyridine (8UY) (PDB:5V1B, (71)). (B) Structure of FIH in complex with Fe(II), NOG and HIF1α 

CAD (PDB:1H2K, (72)). 
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1.3 HIF prolyl hydroxylases as therapeutic targets 

Hypoxia plays a major role in various human diseases, i.e. in the development of cancers and in 

cardiovascular diseases, such as ischemia, stroke, and heart attacks (73). The modulation of the HIF 

pathway, by either up- or down-regulating HIF activity, is therefore interesting from a medicinal 

perspective. Activation of the HIF transcriptional response promotes EPO production, which can be 

exploited for the treatment of anaemia (73). Indeed, small molecule inhibitors of the HIF prolyl 

hydroxylases for treatment of anaemia in chronic kidney disease are currently in the very late stage 

clinical trials (74).  

In general, the HIF pathway can be modulated at different levels, either by targeting HIFs, pVHL, 

or the HIF hydroxylases FIH and PHDs. To date, most pharmaceutical approaches focused on 

inhibition of the latter, and a variety of PHD inhibitors have been developed both by companies and 

academic groups. The mode of action of most PHD inhibitors involves competition with the co-

substrate 2OG (75), and various crystal structures of PHD2 in complex with 2OG analogue 

inhibitors give insight into the binding mode of the inhibitors to the enzyme (Figure 1.11, (50, 

76-77). Most of the PHD inhibitors studied so far bind to the active site of PHD2 by chelating Fe(II) 

in a bidentate manner, thus blocking 2OG binding to the metal centre. However, many of the 2OG 

analogues used for inhibition of PHDs also target other 2OG-dependent oxygenases, raising the 

issue for the design of more selective PHD inhibitors. It has been shown that the mode of 2OG 'side 

chain' binding to the respective enzyme is characteristic for each 2OG oxygenase subfamily (78), 

which can be exploited for the design of more selective 2OG analogue-inhibitors.  

In contrast to the general use of 2OG as a co-factor, the human 2OG-dependent oxygenases catalyse  

reactions on a broad range of substrates (13, 48). As a consequence, differences in the substrate 

binding modes of the enzymes can be exploited for the design of more selective inhibitors (78-79). 

There is emerging evidence suggesting that different types of PHD inhibitors not only compete with 

2OG, but also interfere with binding of CODD and/or NODD to PHDs. Combined crystallographic 

and NMR-based studies revealed that the PHD inhibitor FG-2216/IOX3 (Fibrogen) prevents 

binding of HIF1α CODD to the enzyme (Figure 1.11 B, (68, 80). Biophysical studies on the clinical 

PHD inhibitors suggest that they bind to the active site metal of the PHDs in a bidentate manner and 

form electrostatic interactions in the 2OG C-5 carboxyl binding pocket, thus efficiently competing 

with 2OG-binding (77). However, significant differences have been observed in the extents to 

which the inhibitors block the substrate-binding pocket in the PHDs and interfere with CODD/
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NODD binding to the enzymes. In contrast to the clinical PHD inhibitor Molidustat (Bayer), that 

binds to PHD2 without causing any substantial effect on substrate binding, other inhibitors in 

clinical trials, including FG-4592 (Fibrogen), Vadadustat (Akebia Therapeutics, Figure 1.11 C), and 

GSK1278863 (GSK) were found to interfere significantly with substrate binding to PHD2, with 

FG-4592 exerting the strongest effect on CODD-binding (77).  

Figure 1.11: Crystallographically observed binding modes of 2OG analogues and clinical PHD 

inhibitors with PHD2. Views from crystal structures of PHD2 in complex with (A) NOG (PDB: 

3HQR, (50)), (B) FG-2216/IOX3 (PDB:2HBT, (76)), and (C) Vadadustat (PDB:5OX6, (77)) reveal 

differences in the binding modes of the inhibitors (B-C: structures are superimposed with the 

PHD2.CODD enzyme-substrate complex structure (PDB:3HQR)). In contrast to NOG, that mainly 

acts by competing with 2OG binding to PHD2, FG-2216/IOX3 and the clinically-used inhibitor 

Vadadustat have a dual mode of action, both as 2OG competitors and by interfering with substrate-

binding to PHD2.  
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Considering the emerging evidence that implies disparate roles of the three PHD isoforms in the 

hypoxic response, including different substrate selectivities (39-40) and differential expression of 

the three isoforms (41-42), the development of isoform-selective PHD inhibitors might be of great 

pharmaceutical interest. By use of inhibitors that selective inhibit PHD1/3 over PHD2, an effective 

differentiation of clinical effects may be achieved, e.g. by regulating HIF2α versus HIF1α (81). In 

this regard, the differences in the N-terminal regions of the PHDs are noticeable, as they might 

provide a route to isoform-selective inhibition of the PHDs. To date, the role of the N-terminal 

regions in the PHDs is not well understood and no structural information is available, making it 

difficult to design inhibitors that target the N-terminus of PHDs. However, the structurally observed 

differences in NODD/CODD binding modes to PHD2 (50, 68) could be exploited for the design of 

inhibitors selective for PHD3. 
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1.4 Non-HIF substrates of PHDs 

Over the last years, there have been multiple reports that describe additional substrates of the HIF 

prolyl hydroxylases, other than their bona fide HIF substrates. With the PHDs being current targets 

for the therapeutic manipulation of the oxygen sensing machinery and PHD inhibitors in the late 

stage Phase 3 clinical trials, the validation of these reports has gained major medicinal relevance. 

Among the reported non-HIF substrates of PHDs are key elements of the transcription machinery, 

including the large subunit of RNA Polymerase II (82-83), and several transcription factors 

including forkhead box O3 (FOXO3a, (84)), and activating transcription factor 4 (ATF4, (85)). 

Other reported PHD substrates are components of signaling pathways such as the β2-adrenergic 

receptor (ADRB2, (86)), erythropoietin receptor (EPOR, (87)), and thyroid hormone receptor, α 

(THRA, (88)). Multiple reports suggest that PHDs accept various kinases as their substrates, 

amongst them AKT serine/threonine kinase 1 (AKT1, (89)), dual specificity tyrosine 

phosphorylation regulated kinase 1A (DYRK1A, (90)), eukaryotic elongation factor 2 kinase 

(eEF2K, (91-92)), and pyruvate kinase, muscle 2 (PKM2, (93)). Given the high number of non-HIF 

PHD substrates reported in the literature (up to date, ~ 30 reports), most of them being involved in 

fundamental biological pathways, the possibility arises that clinical inhibition of PHDs could lead 

to a disruption of these pathways, thus causing side-effects in the treated patients.  

Most of the apparent non-HIF substrates have been identified in cell-based studies, by analysis of 

O2-dependent changes in the cell proteome, or by co-immunoprecipitation of the substrates with the 

PHDs or pVHL. Further evidence for an interaction between the identified proteins and PHDs were 

usually gained by use of, e.g., knockdowns of PHDs, inhibition of the enzymatic activity by the 

2OG oxygenase inhibitor dimethyloxalyl glycine (DMOG), or exposure of cells to hypoxia. 

However, some studies are lacking direct evidence for PHD-catalysed hydroxylation of the 

proposed substrate. In other cases, evidence for the hydroxylation of the non-HIF PHD substrates is 

provided by mass spectrometry, yet identification of prolyl hydroxylation by MS presents a 

technical challenge. Owing to widespread isobaric methionine oxidations (causing the same mass 

shift as hydroxylation in the MS spectra), the risk for “false positives” is high (94). In this context, 

the question arises of how selective PHDs are for their established HIF substrates.  
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Notably, the second HIF hydroxylase, factor inhibiting HIF (FIH) accepts a broad range of non-HIF 

substrates (95). Multiple FIH-dependent hydroxylation sites within consensus sequences 

corresponding to ankyrin repeat domains (ARD) have been identified in non-HIF substrates, 

including members of the IκB and Notch protein families (95). ARD-containing substrates have 

been shown to bind to the wide substrate binding site of FIH in a similar manner as the C-terminal 

activation domain (CAD) of HIF1α that contains the target asparagyl residue (see Figure 1.10 B, 

(96)) Unlike PHDs, FIH catalyses the hydroxylation of various amino acids, including His, Leu, 

and Ser residues (95-97). The highly promiscuous FIH and the PHDs belong to structurally distinct 

2OG oxygenase subfamilies, with FIH being part of the Jumonji-C (JmjC) 2OG oxygenase 

subfamily IX (67, 72), and the PHDs belonging to the PH (prolyl hydroxylase) subfamily VIII (67) 

(Figure 1.12).  

Figure 1.12: 2OG dependent oxygenases family tree. 2OG oxygenases were clustered into 

distinct subfamilies by bioinformatic analysis of their catalytic domains (Figure adopted from 

Christoph Loenarz, Universität Freiburg, Germany).  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1.5 Evolution of the HIF pathway in animals and lower organisms 

During the history of earth, starting 4500 million years ago with the formation of the planet, the 

composition of the terrestrial atmosphere has varied greatly, and changing oxygen levels in the 

atmosphere had a significant impact on the development of life on earth (Figure 1.13, 98-102). The 

first primitive form of life developed from a single source within the first 500 million years after 

formation of the planet, marking the starting point for the evolution of single-celled prokaryotes 

(102-103). With the development of cyanobacteria 3000 million years ago, the first (known) 

photosynthetic organisms evolved, thus generating molecular oxygen (102, 104). The 

photosynthetically-produced oxygen initially reacted with inorganic minerals, such as iron, and it 

took until the reserves of readily-oxidised material on the surface of earth were depleted, before 

oxygen accumulated in the lower terrestrial atmosphere (102). 

Figure 1.13: Evolution of life. (A) Changes in atmospheric oxygen levels and their impact on 

evolution of complex life forms (figure adapted from (102)). (B) Phylogenetic tree (figure modified 

from (105)) showing the three domains of life, archaea, bacteria, and eukaryota. 

Initially, the reactive properties of oxygen proved lethal for most of the anaerobic prokaryotes 

inhabiting the planet. However, it fueled the evolution of more complex, eukaryotic organisms, 

which were formed by symbiosis between different kinds of bacterial cells (102). Eukaryotes were 

shielded from the harmful effects of molecular oxygen by compartmentalisation; moreover, they 

evolved mechanism to utilise oxygen for the efficient production of ATP (102, 106). Between 550 
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and 600 million years ago, the oxygen levels in the atmosphere reached 15-20 %, leading to the 

'Cambrian explosion', i. e. the onset of a rapid evolution and diversification of multicellular, 

differentiated life forms, such as metazoans (99, 102).  

With the evolution of aerobic lifeforms, that rely on a steady oxygen supply for their energy 

metabolism, the development of hypoxia sensing mechanisms likely became a major factor of 

evolutionary selection (102). Hypoxia sensing mechanisms have been identified in various 

organisms, including Escherichia coli, where the balance between anaerobic and aerobic 

metabolism is regulated by the fumarate and nitrate reduction (FNR) pathway (107). In the single-

celled eukaryote Saccharomyces cerevisiae, components of aerobic metabolism are regulated by the 

Hap1 pathway (108), and in the slime mold Dictyostelium discoideum, the PHD-ortholog prolyl-4-

hydroxylase (DdP4H or DdPhyA) was identified, that catalyses the hydroxylation of the S-phase 

kinase-associated protein 1 (Skp1), playing a role in the oxygen-dependent development of D. 

discoideum (109).  

However, the available evidence is that only humans and other animals use the HIF pathway for 

hypoxia sensing, as bioinformatic studies suggest that HIF is not present in organisms lower than 

animals (though homologues of the PHDs are present in earlier organisms (110-112)). Despite the 

apparent conservation of the HIF pathway in all animals, the HIF system is much less complex in 

non-bilateria (animals without bilateral symmetry such as ‘head‘ and ‘tail’) and non-vertebrates, 

than in the higher evolved vertebrates and mammals (Figure 1.14, 112). Most of the organisms that 

developed before the gene duplication event took place only possess one copy of a HIFα gene and 

one PHD as determined by bioinformatic analysis, whereas multiple HIFa and PHD isoforms are 

present in vertebrates and mammals (112).  
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Figure 1.14: Bioinformatic analysis of the HIF pathway (Figure adapted from (112)). The 

available evidence is that the HIF pathway is apparently conserved in animals, but is unique to this 

kingdom. While most non-bilateria and non-vertebrates only have one copy of HIFα and one PHD, 

there are multiple isoforms of HIFα and PHDs present in higher animals, such as vertebrates and 

mammals, that developed after the gene duplication event took place. The simplest animal, the 

plastozoan Trichoplax adhaerens is marked red.  

The simplest existent animal, the placozoan Trichoplax adhaerens, is a flat, multicellular organism  

of about 1 mm diameter. It consists of five different cell-types, and lacks any symmetry or internal 

structures, such as organs (113).  The natural habitat of T. adhaerens is found in seawater, where the 

animal feeds on small algae. (113) A functional HIF-system in T. adhaerens, composed of one HIFα 

isoform with one single ODD and one single PHD isoform (TaPHD), has been demonstrated 

(Figure 1.15, (112)). Whereas the single ODD in T. adhaerens more closely resembles the 

sequences of CODDs than the one of NODDs, the sequence of TaPHD suggest that it is closely 

related to the human PHD2 (112). The study of components of the HIF pathway in T. adhaerens is 

of great interest from a basic science perspective, as it might provide insights into the evolution of 

oxygen sensing in animals.  
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Figure 1.15: Comparison of components of the HIF system in T. adhaerens and humans. (A) 

Domain structures of HIFα and HIFβ in T. adhaerens and humans. Arrows indicate prolyl- and 

asparaginyl-hydroxylation sites. Domain acronyms: oxygen-dependent degradation (ODD) domain, 

basic helix-loop-helix (bHLH) motif, Per-ARNT-Sim (PAS) domain, C-terminal transactivation 

domain (CAD), PAS-associated C-terminal (PAC) domain. (B) Domain structures of HIF prolyl 

hydroxylases (PHDs) in T. adhaerens and humans. Domain acronyms: 2OG-dioxygenase domain 

(oxygenase), myeloid, Nervy, and DEAF-1 (MYND)-type zinc finger domain (MYND).  

By contrast to HIFs, that (apparently) only exist in animals, PHD-like enzymes have been found in  

organisms ranging from early eukaryotes, such as the slime mold Dicyostelium discoideum, to 

prokaryotes such as Pseudomonas (Figure 1.16).  

Figure 1.16: Overview of PHDs and PHD-related enzymes in different domains and kingdoms 

of life. 
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In various Pseudomonas strains, a PHD-related enzyme, the Pseudomonas prolyl hydroxylase 

domain containing protein (PPHD), catalyses the hydroxylation of elongation factor Tu (EF-Tu, 

(110)). A crystal structure of the PPHD from Pseudomonas putida, complexed with its protein 

substrate EF-Tu, reveals striking similarities in the active site and in the substrate binding modes 

between PPHD and human PHD2 (HsPHD2, (110)). The biological function of the hydroxylation in 

EF-Tu remains to be elucidated; however a Pseudomonas aeruginosa PPHD knockout mutant has 

been associated with increased production of pyocyanin, the virulence factor that plays a role in 

lung infections caused by P. aeruginosa (110). 

In the unicellular eukaryote D. discoideum, a role of the PHD-related DdPhyA (DdP4H) in prolyl-4-

hydroxylation of S-phase kinase associated protein 1 (Skp1) has been reported (111). The 

hydroxyprolyl residue in Skp1 subsequently is modified by addition of five sugars, a reaction that is 

catalysed by three different glycosyltransferases (114-116). It has been demonstrated that the 

hydroxylation and glycosylation of Skp1 is essential for development of D. discoideum, which is 

ultra-sensitive to oxygen levels (Figure 1.17, 117-119). 

 

Figure 1.17: Model of the O2-dependent, Skp1-mediated development of the slime mold 

Dictyostelium discoideum (figure adopted from (118)). Acronyms: Prolyl-4-hydroxylase from D. 

discoideum (PhyA), glycosyltransferases (GTs). 
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Under starvation, the normally solitary slime mold forms a multicellular aggregate, that migrates 

through the soil until it reaches the surface, where it culminates into a fruiting body (119). 

Culmination is triggered by high oxygen levels, and genetic manipulation of Skp1 and DdP4H 

suggests that the oxygen requirement for culmination is mediated by the Skp1-modification 

pathway (118). The Skp1 pathway also exists in the human parasite Toxoplasma gondii, where 

hydroxylation (and subsequent glycosylation) of Skp1 by the PHD-related enzyme TgPhyA has 

been associated with optimal parasite growth (120). 

The choanoflagellate Monosiga brevicollis is widely considered as one of the closest relatives to 

metazoans (121). The study of this organism therefore presents a great chance to gain insights into 

the evolution of metazoan life. Bioinformatic analyses of the M. brevicollis genome identified the 

sequence of a potential prolyl-4-hydroxylase (MbP4H) that is related to the sequences of TaPHD 

and other animal PHDs (122). Although there is no HIF present in the M. brevicollis genome, it was 

shown that recombinantly produced MbP4H catalyses the hydroxylation of a peptide containing the 

ODD of Trichoplax adhaerens HIFα (122). To date, the natural substrate of MbP4H has not been 

identified, yet it might provide another link in the evolution of oxygen sensing in animals by the 

HIF-system.  
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1.6 Objectives of the work described in this thesis 

Extensive studies on the HIF system provided a detailed understanding on the mechanisms that 

underlie oxygen sensing in humans and other animals, and established PHDs as major targets for 

the therapeutic manipulation of the HIF pathway. However, emerging evidence suggests that PHDs 

accept substrates other than their well-established HIF-substrates, implying an increased risk of 

side-effects for patients treated with PHD inhibitors. Moreover, it is desirable to improve the 

selectivity profile of current-generation PHD inhibitors against different PHD isoforms and other 

2OG oxygenases. Therefore, two objectives of the work described in this thesis were: 

1. Investigations on the substrate selectivity of human PHDs, including validation of reported non-

HIF substrates and substrate binding studies on PHDs and pVHL (Chapter 2). 

2. Inhibition studies on the human PHD isoform 1-3, aiming to establish screening methods that 

allow the detection of isoform-selective inhibitors (Chapter 3). 

Mutations in the Egl nine homolog 1 (EGLN1) gene encoding for PHD2 have been associated with 

erythrocytosis (123). However, the exact role of different PHD2 variants in the development of 

disease is poorly understood. Therefore, the third aim of this thesis was: 

3. To conduct structural and biophysical studies on clinically observed variants of human PHD2. 

The goal of this study was to investigate to what extent mutations in the EGLN1 gene affect the 

structure, activity, or substrate binding mode of HsPHD2 (Chapter 4). 

The development of hypoxia sensing mechanisms likely played a major role in the evolution of 

aerobic lifeforms (102). Two objectives of the work described in this thesis on this topic were:  

4. To generate an understanding of the evolution of HIF prolyl hydroxylases in animals ranging 

from humans to Trichoplax adhaerens. Comparative kinetic and mechanistic studies on 

HsPHD2 and TaPHD were performed (Chapter 5). 

5. Exploring biochemical evolutionary links between human HIF prolyl hydroxylases and the 

Skp1-mediated oxygen sensing mechanisms in Dicyostelium discoideum and Toxoplasma 

gondii. Interaction studies between HsPHD2 and HsSkp1 were carried out (Chapter 6).  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Chapter 2 

Substrate Selectivity of Human HIF Prolyl Hydroxylases 

2.1 Introduction 

The overall objective of the work described in this Chapter was to investigate the validity of the 

reported non-HIF substrates of the PHDs. To date, there have been approximately 30 reports of non-

HIF PHD substrates (listed in Table 2.1), published in peer reviewed journals. In most cases, the 

non-HIF substrates were initially identified in vivo by use of PHD or pVHL interaction screens, 

such as GST-pull-down assays (1), yeast 2-hybrid assays (1), or by immunoprecipitation (IP) 

followed by either Western Blotting using pan-hydroxyproline antibodies or by MS analysis of 

trypsin digested peptides (2-3). In other approaches, the cellular proteome was analysed for changes 

in protein expression levels under hypoxic and normoxic conditions, or by treating cells with the 

cell-penetrating 2OG oxygenase inhibitor DMOG (4-6).  

The risk of false positives presents a major caveat of these approaches, since unspecific, or non-

biologically relevant, interactions can be assigned based on IP screens and the specificity of pan-

hydroxyproline-residue antibodies has not been investigated in detail. The use of the broad-

spectrum 2OG oxygenase inhibitor DMOG can be misleading, as the observed effects might not be 

due to PHD inhibition, but inhibition of other members of the 2OG oxygenase family, like FIH, 

histone demethylases, or isocitrate dehydrogenase (7-10). Another difficulty manifests in the 

analysis of mass spectrometric data, e.g. in distinguishing prolyl hydroxylations from other 

common amino acid oxidations, such as frequently occurring non-enzymatic methionine, tyrosine, 

or tryptophan oxidations (11).  

Some of the PHD substrate candidates were initially identified by searching the human genome for 

proteins that contain a conserved LXXLAP motif (12-13), which is present in all vertebrate HIF1α 

and HIF2α isoforms (14). However, it has been shown that this sequence is not an essential property 

for all PHD substrates, e.g. the human PHD2 accepts the YXXLAP sequence present in the HIFα 

from Trichoplax adhaerens (15).  

39



 Chapter 2                                                                   Substrate Selectivity of Human HIF Prolyl Hydroxylases

In some studies, the PHD-dependence of the observed hydroxylation was further validated in vitro, 

mostly by incubating the full-length protein or peptidic substrates with the respective PHD 

isoforms, followed by MS analysis or detection by pan-hydroxyproline antibodies. Alternatively, a 

radioactive [1-14C] 2OG decarboxylation assay was applied, which measures the turnover of 2OG in 

the presence and absence of the potential substrate. However, decarboxylation of 2OG precedes the 

hydroxylation event in the catalytic cycle of 2OG oxygenases, and is not always (completely) 

coupled to hydroxylation (see General Introduction, Chapter 1.2). Thus, an observed stimulation of 

2OG turnover can be falsely attributed to enzyme-catalysed substrate hydroxylation.  

Given the potential issues with the methods used for the assignment of the hydroxylation sites in 

non-HIF PHD substrates, detailed future work is required to definitely assign non-HIF PHD 

substrates.

Table 2.1 Reported PHD target substrates. Abbreviations: mass spectrometry (MS), tandem mass spectrometry (MS/
MS), matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS), electrospray (ES), 
immunoprecipitation (IP), antibody (ab), hydroxyproline (Hyp). 

Gene
Symbol

Protein Hydroxylation 
site

PHD 
isoform

in vitro validation of 
hydroxylation

Ref.

HIF1A hypoxia-inducible 
factor 1α  (HIF1α)

P402 (NODD)
P564 (CODD)

1, 2, 3 PHD-catalysed hydroxylation is 
well established by 
- radioactive [1-14C] 2OG 

decarboxylation
- mass spectrometry-based 

evidence of PHD-catalysed 
hydroxylation (including amino 
acid analysis and MS/MS)

- kinetic studies
- crystallographic structures of 

PHD2-HIF1α complexes

(35-
43)
 EPAS1 hypoxia-inducible 

factor 2α  (HIF2α)
P405 (NODD)
P531 (CODD)

1, 2, 3

HIF3A hypoxia-inducible 
factor 3α  (HIF3α)

P492 (CODD) 1, 2, 3

ACACB acetyl-CoA 
carboxylase 2 (ACC2)

P450 3 radioactive [1-14C] 2OG 
decarboxylation

(2)

ACTB actin β P307, P322 3 incubation of ACTB protein with 
recombinant PHD3, detection 
with pan-Hyp-ab

(6)

ADRB2 adrenoceptor β2 
(β2AR)

P382, P395 3 incubation of ADRB2 protein with 
PHDs in cell lysates, followed by 
MALDI-MS

(16)

AKT1 AKT serine/threonine 
kinase 1 (Akt1)

P125, P313 2 incubation of AKT1 peptides with 
recombinant PHD2, detection 
with Hyp-ab

(17)
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Gene
Symbol

Protein Hydroxylation 
site

PHD 
isoform

in vitro validation of 
hydroxylation

Ref.

ATF4 activating transcription 
factor 4

P156, P162, 
P164, P167, 
P174

3 _ (1)

CENPN centromere protein N, 
isoform 3

P311 2 incubation of CENPN 
peptides with recombinant 
PHD2, followed by MS/MS

(12)

CEP192 centrosomal protein 192 P1717 1 incubation of CEP192 
peptides with recombinant 
PHD1, followed by ES-MS

(18)

DYRK1A dual specificity tyrosine 
phosphorylation 
regulated kinase 1A

not specified 1 _ (3)

eEF2K eukaryotic elongation 
factor 2 kinase

P98 2 _ (4, 19)

EPOR erythropoietin receptor P419, P426 3 incubation of EPOR protein 
with purified PHD3, followed 
by MS analysis

(20)

FKBP10 FK506 binding protein 
10

P36 not 
specified

_ (21)

FLNA filamin A P2309, 2316 2 incubation of FLNA peptides 
with PHDs in cell lysates, 
detection of interaction with 
PHD2 by IP

(22)

FOXO3 forkhead box O3 
(FOXO3A)

P426, P437 1 radioactive [1-14C] 2OG 
decarboxylation

(23)

HK2 hexokinase 2 P326 not 
specified

_ (21)

IKBKB inhibitor of nuclear factor 
kappa B kinase subunit 
β

P191 1 _ (13)

MAPK6 mitogen-activated 
protein kinase 6

P25 3 incubation of MAPK6 protein 
with PHDs in cell lysates, 
followed by MS analysis

(5)

MTHFD1 methylenetetrahydro-
folate dehydrogenase, 
cyclohydrolase and 
formyltetrahydrofolate 
synthetase 1

P806 not 
specified

_ (21)
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Gene
Symbol

Protein Hydroxylation 
site

PHD 
isoform

in vitro validation of 
hydroxylation

Ref.

MYH10 myosin heavy chain 10 P733 not 
specified

_ (21)

NDRG3 NDRG family member 3 P294 2 _ (24)

PDE4D phosphodiesterase 4D P29, P382, 
P419

2 _ (25)

PKM pyruvate kinase, muscle P477 not 
specified

_ (21)

PKM2 pyruvate kinase, muscle 2 P403, P408 3 incubation of PKM2 
protein with PHDs in cell 
lysates, followed by MS 
analysis

(26)

POLR2A RNA polymerase II subunit 
A (Rpb1)

P1465 1, (2) _ (27-28)

SPRY2 sprouty RTK signaling 
antagonist 2

P18, P144, 
P160

1, 2, 3 _ (29)

TELO2 telomere maintenance 2 P374, P419, 
P422

3 radioactive [1-14C] 2OG 
decarboxylation 

(30)

THRA thyroid hormone receptor, α 
(TR-α)

P160, P162 2, 3 incubation of THRA 
protein with recombinant 
PHD2 and PHD3, 
followed by MS analysis

(31)

TRPA1 transient receptor potential 
cation channel subfamily A 
member 1

P394 2 incubation of TRPA1 
peptides with PHD2, 
followed by MS analysis

(32)

PPP2R2A protein phosphatase 2 
regulatory subunit Bα

P319 2 radioactive [1-14C] 2OG 
decarboxylation 

(33)

TP53 tumour protein p53 P359 1 _ (34)
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To investigate the validity of the reported PHD substrates, detailed and systematic studies were 

carried out.  

1. Due to the high number of reports, all potential substrates were first tested at the peptide level in 

an ESI-LC-MS-based hydroxylation screen against all three PHD isoforms.  

2. The non-HIF peptide substrates were further probed for interaction/binding to PHD2 and 

inhibitory effects of non-HIF peptide substrates on PHDs were investigated. 

3. Binding of the non-HIF substrates to the VCB complex was examined by fluorescence-

polarisation.  

4. A selection of the potential PHD substrates was examined on the protein level, by co-expressing 

GST-tagged proteins with the respective PHD isoform in E. coli, followed by LC-MS/MS 

analysis of the purified proteins. 

5. In parallel, extensive hydroxylation studies using full-length non-HIF substrates produced by in 

vitro transcription and translation (IVTT) were conducted by Ya-Min Tian, Matthew Cockman, 

and Peter Ratcliffe (Nuffield Department of Medicine, University of Oxford, UK and Francis 

Crick Institute, UK). 
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2.2 Results and Discussion 

2.2.1 PHD hydroxylation assays 

Owing to the high number of reported non-HIF PHD substrates, it was decided, in an initial 

approach,  to screen synthetic peptides containing the reported PHD catalysed hydroxylation sites 

for reaction with PHDs. In most studies of non-HIF PHD substrates, it was reported that only one of 

the three human PHD isoforms interacts with the potential substrate, and catalyses the 

hydroxylation of prolyl residues in the non-HIF substrate (Table 2.1). Despite this apparent PHD 

isoform selectivity, it was decided to conduct an extensive study and test each reported 

hydroxylation site for reaction with each of the three recombinantly produced human PHD isoforms 

(PHD1-3).  

Previous work on PHD2 has focused on the characterisation of a N-terminally truncated construct 

that contains the catalytic domain, but lacks the N-terminal MYND domain (tPHD2, residues 

181-426, (43)). The truncated construct tPHD2 can be produced efficiently in E. coli, and accepts 

19-20 mer HIFα peptides containing the respective hydroxylation sites as substrates (43). However, 

the function of the cysteine-rich MYND-type zinc finger domain in PHD2 is not fully understood 

(44). A role for the MYND domain in the interaction with heat shock protein 90 (HSP90) co-

chaperones p23 and FKBP38 has been proposed (44), yet it cannot be excluded that the N-terminus 

in PHD2 or N-terminal domains in the other two PHD isoforms plays a role in substrate recognition. 

For this reason, the potential PHD substrates were screened against full-length PHD enzymes. 

There have been efforts in the past to produce recombinant PHD1 and PHD2 full-length enzymes in 

E.coli, yet with limited success, due to the low solubility of the full-length proteins and low activity 

(in case of PHD1). Work by Johanna Myllyharju (University of Oulu, Finland) has shown that 

highly active full-length PHD1 and PHD2 can be obtained using baculovirus expression systems. 

Consequently, the peptide screen was conducted using PHD1 and PHD2 enzymes that were 

produced in baculovirus (kindly provided by Johanna Myllyharju).  

Active full-length PHD3 has been previously produced by Rasheduzzaman Chowdhury (University 

of Oxford, UK; unpublished data), yet the construct was mutated at two cysteine residues at the 

surface of PHD3, in order to increase the solubility of the enzyme. It cannot be excluded that the 

mutations in PHD3 could affect the substrate selectivity of the enzyme, therefore a strategy for 

production and purification of unmutated (wild-type) full-length PHD3 was developed.  
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Production of wild-type full-length PHD3 

The production of full-length PHD3 (PHD3fl) in a stable, active form for use in the peptide screen, 

first constituted a major challenge. In order to achieve an optimal protein yield, the sequence of 

EGLN3 (encoding for PHD3) was codon-optimised for expression in E. coli (GenScript) and 

subsequently cloned into various vectors containing different protein tags (Materials and Methods, 

Chapter 7.1.1). It was first tried to express EGLN3 using a pNIC28 vector with a N-terminal His6-

tag, however, the yield of produced and soluble recombinant PHD3fl was low (Materials and 

Methods, Chapter 7.2, see Table 2.2 for expression conditions). The solubility of the protein could 

be increased by cloning EGLN3 in a pNH-TrxT vector and producing PHD3fl with a thioredoxin-

tag (with a TEV-protease susceptible linker) that turned out to stabilise the enzyme. 

Table 2.2 EGLN3 expression trials. The optimised expression condition is labelled in red. 

Optimal production conditions for His6-thioredoxin tagged PHD3fl were found at 18 °C, O/N, and 

0.05 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). At higher temperatures and IPTG 

concentrations, the PHD3fl levels were increased, yet the proportion of soluble PHD3fl was reduced.  

Vector Tag Expression conditions Result

pNIC28 N-terminal His6-tag 18 °C, 0.5 mM IPTG, 4 h
18 °C, 0.5 mM IPTG, O/N
18 °C, 0.05 mM IPTG, 4 h
18 °C, 0.05 mM IPTG, O/N
28 °C, 0.5 mM IPTG, 4 h
28 °C, 0.5 mM IPTG, O/N
28 °C, 0.05 mM IPTG, 4 h
28 °C, 0.05 mM IPTG, O/N
37 °C, 0.5 mM IPTG, 4 h
37 °C, 0.5 mM IPTG, O/N
37 °C, 0.05 mM IPTG, 4 h
37 °C, 0.05 mM IPTG, O/N

low expression levels, low 
solubility

pNH-TrxT N-terminal  

His6-thioredoxin tag

18 °C, 0.5 mM IPTG, 4 h
18 °C, 0.5 mM IPTG, O/N
18 °C, 0.05 mM IPTG, 4 h
18 °C, 0.05 mM IPTG, O/N
28 °C, 0.5 mM IPTG, 4 h
28 °C, 0.5 mM IPTG, O/N
28 °C, 0.05 mM IPTG, 4 h
28 °C, 0.05 mM IPTG, O/N
37 °C, 0.5 mM IPTG, 4 h
37 °C, 0.5 mM IPTG, O/N
37 °C, 0.05 mM IPTG, 4 h
37 °C, 0.05 mM IPTG, O/N

medium expression levels, 
medium-high solubility

medium expression levels, high 
solubility

high expression levels, low 
solubility
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The yield of soluble PHD3fl was further increased by letting the E. coli culture grow to OD600 1.2 

instead of OD600 0.6-0.8, before protein production was induced by adding IPTG.  

PHD3fl was purified by affinity chromatography via a HisTrapTM column (GE Healthcare) as 

described in Materials and Methods, Chapter 7.3. The protein was analysed by SDS-PAGE and the 

molecular weight of the purified protein was confirmed by ESI-LC-MS (Figure 2.1, Materials and 

Methods, Chapter 7.6.2). The initial yield of purified PHD3fl from a 8L large-scale culture was 6 

mg. In order to increase the protein yield, the buffer conditions for lysis and affinity purification 

were optimised. A substantial increase in protein yield (> 20 mg per 8 L culture) was achieved by 

adding 5 mM dithiothreitol (DTT) to the lysis buffer, and the protein was further stabilised by 

adding 5 % glycerol to every buffer used in lysis and purification. It is likely that DTT helps to keep 

the surface cysteine residues in a reduced state, thus increasing the solubility of the enzyme. Effort 

were made to increase the purity of the PHD3fl by applying a second purification step (size-

exclusion chromatography (SEC) using a Superdex 75 300 mL column (Amershan Pharmacia 

Biosciences), or anion exchange chromatography using a Mono Q column (GE Healthcare)), yet the 

enzymatic activity substantially dropped after the second purification step (in case of SEC, the 

PHD3fl likely precipitated on the column). 

 

Figure 2.1: PHD3fl purification. (A) SDS-PAGE gel and (B) deconvoluted protein LC-MS 

spectrum. Affinity purification of PHD3fl (41.3 kDa) yielded the enzyme in ~80 % purity. The 

identity of the purified protein was verified by ESI-LC-MS (expected mass: 41275.2 Da).  
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Efforts to cleave the thioredoxin tag by incubating PHD3fl with the TEV-protease led to inactive 

protein (Materials and Methods, Chapter 7.3); it is likely that the tag is needed to keep the enzyme 

in a soluble and reduced state. PHD3fl was found to be sensitive to freeze-thaw cycles, and the 

activity of the enzyme slowly decreased after 2-3 weeks (as shown by MS analysis) when stored at 

-80 °C.  

To assess the activity of PHD3fl, hydroxylation of 19-20mer HIFα peptides that contain the C-and 

N-terminal oxygen dependent degradation domains (CODD/NODD) was studied under standard 

conditions previously optimised for tPHD2 (see Materials and Methods, Chapter 7.6.2), using ESI-

LC-MS based assays. Hydroxylation of the peptides leads to a +16 mass shift in the MS spectra 

relative to the non-hydroxylated peptide controls (Figure 2.2). PHD3fl was found to be highly 

active on peptides that contain the CODD sequences of HIF1α-HIF3α, yet no reaction with HIF1α/

HIF2α NODD was observed above the detection limits of the assay. This finding is in accordance 

with previous studies on the enzyme that suggest a high degree of selectivity for CODD over 

NODD (37-38).  

Figure 2.2: Activity of PHD3fl on 19-20mer HIFα peptides. PHD3fl-catalysed hydroxylation of  

19-20mer HIFα peptides was assessed by use of ESI-LC-MS. Assay conditions: 10 µM PHD3fl 

enzyme, 50 µM (NH4)2Fe(II)(SO4)2, 300 µM 2-oxoglutarate disodium salt, 300 µM sodium L-

ascorbate, and 50 µM 19-20mer peptides in 50 mM Tris, pH 7.5. Reactions were incubated at 37 °C 

for 4 h and quenched with formic acid (1 % v/v). Samples were analysed by ESI-LC-MS, and 

hydroxylation levels were determined using MassLynx™ V4.1. 
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Design of synthetic peptides 

In order to screen all reported PHD-dependent hydroxylation sites, synthetic peptides with C-

terminal amides were either prepared as described in Materials and Methods, Chapter 7.4 and 7.5, 

or commercially purchased (for complete list of all screened peptides, refer to Appendix, Chapter 

2.5, Table 2.7 and Table 2.8). The human PHD isoforms efficiently catalyse the hydroxylation of 

19-20mer HIFα CODD/NODD peptides (Table 2.3, (43)). The sequences contain the conserved 

LXXLAP motif (bold letters, target proline is underlined), 2-4 residues N-terminal to the LXXLAP 

motif, and 10-11 residues C-terminal to the target proline.  

Table 2.3 HIFα peptide sequences. 

The non-HIF substrate peptides were designed based on the information gained from the HIFα 

CODD/NODD peptides (Table 2.3, (43)), with at least 9 N-terminal and 11 C-terminal residues 

relative to the target proline residue. The 21-25mer peptides were synthesised as C-terminal amides 

for consistency with previous studies. In some reports, the non-HIF substrates were tested for 

reaction with PHDs at the peptide level, in which case peptides with the exact same sequences as 

reported were included into the study presented in this Chapter. In addition to the published PHD-

dependent prolyl hydroxylation sites, isoforms of reported substrates (e.g. acetyl-CoA carboxylase 

isoform 1 (ACC1), centromere protein N isoform 1 (CENPN i1), inhibitor of nuclear factor kappa B 

kinase subunit α (IKBKA) and proteins that are functionally related to the reported substrates (e.g. 

eukaryotic elongation factor 1 and 2 (eEF1, eEF2) related to eukaryotic elongation factor 2 kinase 

(eEF2K)) were tested for reaction with PHDs (Table 2.1). Previous efforts in this group and Peter 

Ratcliffe’s group (The Francis Crick Institute, UK) to identify new substrates of PHDs by the use of 

pull-down assays, has led to the identification of BLES03 as a potential PHD substrate (Wei-Shen 

Aik, Ming Yang, University of Oxford, UK, data unpublished). Therefore, a peptide containing this 

potential hydroxylation site was also included into the study.  

Peptide, hydroxylation site Sequence Length

HIF1α CODD P564 DLDLEMLAPYIPMDDDFQL 19mer

HIF1α NODD P402 DALTLLAPAAGDTIISLDF 19mer

HIF2α CODD P531 ELDLETLAPYIPMDGEDFQL 20mer

HIF2α NODD P405 EELAQLAPTPGDAIISLDF 19mer

HIF3α CODD P492 DALDLEMLAPYISMDDDFQL 20mer
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PHD hydroxylation assay conditions and results 

Peptide hydroxylation assays were carried out using the assay conditions described in Materials and 

Methods, Chapter 7.6.2. Peptides, enzymes, and co-factors (Fe(II), ascorbate, and 2OG) were 

incubated for 4 h at 37 °C, followed by electrospray-ionization liquid chromatography-mass 

spectrometry (ESI-LC-MS). The results confirmed the high activity of all three PHD isoforms on 

their well-established HIF1α CODD P564 substrate. The assay conditions were optimised (Table 

2.4) to maximise the enzymatic activity on the putative peptidic substrates and to minimise non-

enzymatic background oxidation (discussed in more detail below). PHD1 and 2 were incubated at 

an enzyme:substrate ratio of 1:25, and PHD3 was incubated at a ratio of 1:10, to reach complete 

hydroxylation of the control HIF1α CODD peptide. 

Table 2.4 Optimisation of the PHD hydroxylation assays. Abbreviations: mass spectrometry (MS), matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS), electrospray-ionization liquid 
chromatography-mass spectrometry (ESI-LC-MS). 

Optimisation step Conditions Results

incubation time O/N
4 h (final condition)

- hydroxylation of HIF1α CODD P564 by PHD1-3 
complete after 4 h (and after O/N incubation)

- less non-enzymatic oxidation in enzyme-free control 
samples after 4 h, compared to O/N incubation

temperature 25 °C
37 °C (final condition)

- no differences observed

enzyme:peptide ratio 1:10
1:25

- PHD1/2-catalysed hydroxylation of HIF1α CODD 
complete using 1:10 and 1:25 ratios

- PHD3-catalysed hydroxylation of HIF1α CODD only 
complete using an enzyme:peptide ratio of 1:10

sodium L-ascorbate 
concentration

4 mM
300 μM (final condition)

- reduced +16 peak in enzyme-free control samples, 
indicating less non-enzymatic oxidation takes place 
when ascorbate concentration is decreased

buffer composition 5 % glycerol
0 % glycerol (final 
condition)

- no differences observed

MS analysis MALDI-TOF-MS
ESI-LC-MS (final 
condition)

- better signal to noise ratio in ESI-LC-MS spectra
- improved sensitivity for small changes in the intensity 

of +16 peaks using ESI-LC-MS
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The results of the PHD hydroxylation screen are presented in Figure 2.3. The data were analysed 

for +16 Da shifts relative to the original peptide peak, indicating the incorporation of an oxygen 

atom. Despite extensive attempts, no hydroxylation of any of the tested 58 non-HIF peptides was 

detected. In many cases, a + 16 peak (< 10 % of total peptide signal) was observed (ACTB P322, 

AKT1 P125, AKT1 P125*, CENPN i3 P311, eEF2K P98, EPOR P419/P426, FLNA P2309/P2316, 

FOXO3A P437, NDRG3 P294, PDE4D P29, PDE4D P382, PDE4D P419, PPP2R2A P319*, 

SPRY2 P160, THRA P160/P162, IKBKA P190). However, these peaks were also found in the 

respective control samples without enzyme, suggesting that the +16 shift is due to a non-enzymatic 

oxidation on e.g. methionine during sample incubation. Under initial, un-optimised assay 

conditions, the signal of the non-enzymatic oxidation in some cases was up to 20-30 % of the total 

peptide signal. The extent of the + 16 shift was decreased substantially by lowering the amount of 

ascorbate in the assay samples from 4 mM to 300 µM, indicating that high ascorbate concentrations 

promote the non-enzymatic oxidation of amino acids. For two peptides, BLES03 P135 and eEF2 

P446, the level of non-enzymatic oxidation could not be decreased below 25 % of the total peptide 

signal, implying that these two peptide sequences are easily oxidised under the conditions used in 

this assay; notably, the sequence of eEF2 P446 contains two methionine residues, and the sequence 

of  BLES03 P135 contains one methionine residue (see Appendix, Chapter 2.5, Table 2.8).  

Overall, the results presented here suggest that the HIF prolyl hydroxylases are potentially highly 

selective for their well established HIF substrates. Thus, the results of the study differ from the 

current view in the literature, where a promiscuous nature of the PHDs is proposed.  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Figure 2.3: PHD hydroxylation assays.  PHD1-3 full-length enzymes were incubated 4 h at 37 °C 

with peptides of reported substrates under the following conditions: 2 µM PHD1/2 or 10 µM PHD3, 

50 µM (NH4)2Fe(II)(SO4)2, 300 µM 2-oxoglutarate disodium salt, 300 µM sodium L-ascorbate and 

50 µM substrate peptides, in 50 mM Tris, pH 7.5. (In case of PHD3, 100 µM of the substrate 

peptides were used). The samples were analysed by electrospray-ionization liquid chromatography–

mass spectrometry (ESI-LC-MS), and the data was scrutinised for +16 peaks (+‘O‘), potentially 

indicating hydroxylation of the peptide. 

Assay validation 

As a consequence of the negative results obtained in the PHD hydroxylation assays, it was decided 

to investigate the detection limits of hydroxylated peptides under the used conditions in the assay. 

For that purpose, 4-hydroxyproline (Hyp) was synthetically introduced into a selection of PHD 

substrate peptides (see Materials and Methods, Chapter 7.4). Samples containing the Hyp peptides 

were then analysed by ESI-LC-MS, along with samples of non-hydroxylated peptides. The retention 

times of the peptides in the ESI-LC-MS chromatograms were compared; yet no substantial shift in 

the retention time of Hyp peptides, relative to the non-hydroxylated peptides, was observed under 

the tested conditions (Figure 2.4). The difference in retention time between the HIF1α CODD P564 

and the HIF1α CODD Hyp564 peptides only amounted to 0.01 min (0.6 sec) at a total run time of 

10 min, and the observed maximal shift in retention time was 0.48 min (28.8 sec, NDRG3 P294/

NDRG3 Hyp294). As expected, the introduction of two Hyp residues into a peptide resulted in a 

larger shift in retention time than single hydroxylations of the same peptide (see FLNA, FOXO3A, 

Figure 2.4). Overall, the results suggest that the introduction of one or multiple Hyp residues into a 

peptide affects the retention time of the peptide, most likely due to the increased polarity of the Hyp 

peptides, yet the effect on the retention times was not substantial under the used conditions in the 

PHD substrate screen.  
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Figure 2.4: Retention times of hydroxylated and non-hydroxylated peptides by ESI-LC-MS. 

Shifts in the retention times between hydroxylated and the respective non-hydroxylated peptides 

were determined from ESI-LC-MS chromatograms; total run time: 10 min, maximum shift 

detected: 0.48 min (28.8 sec, NDRG3 P294/NDRG3 Hyp294).  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In another approach, differences in detection efficiency of Hyp peptides and non-hydroxylated 

peptides were investigated. Samples containing equal molarity of a Hyp peptide and the respective 

non-hydroxylated peptide were analysed by ESI-LC-MS, and the intensity of the peptide peaks in 

the ESI-LC-MS spectra were compared. The ratio of the peak intensities of the hydroxylated 

peptide relative to the non-hydroxylated peptide were determined (Table 2.5, see Appendix, Figure 

2.13 for ESI-LC-MS spectra), with values ranging from 0.63 (Intensity (IKBKB Hyp191) : Intensity 

(IKBKB P191)) to 1.76 (Intensity (FOXO3A P426/P437) : Intensity (FOXO3A Hyp426/P437)).  

Table 2.5 Relative detection efficiency of hydroxylated and non-hydroxylated peptides by ESI-LC-MS. Differences in 
the purities of individual peptides were taken into account for calculating the ratios below. 

Overall, these results suggest that introducing Hyp residues into the tested peptide sequences does 

not cause any substantial effect on the detection efficiency of the peptides relative to the unmodified 

peptides. Taken together, the results confirm that the chosen conditions in the study presented here 

are suitable for detection of PHD-dependent hydroxylations in putative substrate peptides. 

Non-hydroxylated peptide Hydroxylated peptide Ratio 
Intensity (hydroxylated peptide) :
Intensity (non-hydroxylate peptide)

HIF1α CODD P564 HIF1α CODD Hyp564 0.71

IKBKB P191 IKBKB Hyp191 0.63

SPRY2 P144 SPRY2 Hyp144 0.65

SPRY2 P160 SPRY2 Hyp160 0.64

FLNA P2309/P2316 FLNA Hyp2309/P2316 1.34

FLNA P2309/P2316 FLNA P2309/Hyp2316 1.34

FLNA P2309/P2316 FLNA Hyp2309/Hyp2316 0.69

FOXO3A P426/P437 FOXO3A Hyp426/P437 1.76

FOXO3A P426/P437 FOXO3A P426/Hyp437 0.88

FOXO3A P426/P437 FOXO3A Hyp426/Hyp437 0.71
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2.2.2 Competition of non-HIF substrates with HIF hydroxylation by PHDs 

To investigate if the putative PHD substrate peptides interact with PHDs, and influence the rate of 

HIF1α CODD/NODD hydroxylation, competition screens with tPHD2 and PHD3fl were performed. 

The enzymes were incubated with co-factors, HIF1α CODD or HIF1α NODD (50 µM), and 

putative substrate peptides (500 µM) under the conditions described in Materials and Methods, 

Chapter 7.6.2; the reactions were quenched at a time point within the linear region of enzyme 

activity. Hydroxylation levels in the presence and absence of putative non-HIF substrates were 

analysed by ESI-LC-MS (Figure 2.5).  

The HIF1α CODD/NODD : putative substrate peptide ratio of 1 : 10 was chosen, because it was 

assumed that some of the non-HIF substrate peptides might be weak competitors of HIF1α CODD/

NODD. Likewise, initial competition screens with tPHD2 were conducted using the weaker PHD2 

substrate HIF1α NODD instead of HIF1α CODD. 

A substantial inhibitory effect on tPHD2 was observed for peptide sequences from the eukaryotic 

elongation factor 2 (eEF2 P465), the RNA polymerase II subunit (POLR2A P1465), and in control 

samples containing HIF1α CODD and TaHIF1α ODD (Figure 2.5 A). eEF2 P465 and POLR2A 

P1465 peptides reduced the hydroxylation of HIF1α NODD to < 20 % (Figure 2.5 A). For 

comparison, HIF1α NODD hydroxylation levels were reduced to ~ 10 % in samples containing 

HIF1α CODD, and ~ 15 % in the presence of TaHIF1α ODD (Figure 2.5 A).  

Notably, none of the tested peptides markedly affected tPHD2-catalysed HIF1α CODD 

hydroxylation levels (Figure 2.5 B). No stimulatory effect on HIF1α hydroxylation by any of the 

putative substrate peptides was observed.  

By studying PHD3fl catalysed HIF1α CODD hydroxylation, it was found that POLR2A P1465 did 

not have any effect on HIF1α CODD hydroxylation levels, unlike eEF2 P465, that reduced 

hydroxylation levels to < 30 % (Figure 2.5 C).  
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Figure 2.5: Competition assays. Peptides of reported substrates were screened for their ability to 

alter HIF-hydroxylation by PHDs. (A) HIF1α NODD hydroxylation by tPHD2, (B) HIF1α CODD 

hydroxylation by tPHD2, (C) HIF1α CODD hydroxylation by PHD3fl. Conditions: 2 µM PHD2/3, 

50 µM (NH4)2Fe(II)(SO4)2, 300 µM 2-oxoglutarate disodium salt, 4 mM sodium L-ascorbate, 50 

µM HIF1α CODD/NODD, and 500 µM peptides of reported substrates in 50 mM Tris, pH 7.5. The 

samples were quenched with 1% FA (v/v) at a time point in the linear region of enzyme activity, and 

analysed by electrospray-ionization liquid chromatography–mass spectrometry (ESI-LC-MS). 

Hydroxylation levels were quantified using MassLynx™ V4.1, and non-enzymatic background 

oxidation was subtracted. Errors are depicted as standard deviations (n=3).  

As a consequence, further studies were conducted on the eEF2 P465 and POLR2A P1465 peptides, 

in order to investigate if the the competitive effect of eEF2 P465 and POLR2A P1465 was 

dependent on the peptide concentration in the assay (Figure 2.6). The obtained results suggest that 

eEF2 P465 and POLR2A P1465 inhibit tPHD2-catalysed HIF1α NODD hydroxylation in a 

concentration-dependent manner, as HIF1α NODD hydroxylation levels are subsequently decreased 

by increasing the concentrations of eEF2 P465 and POLR2A P1465. Notably, the inhibitory effect 

of eEF2 P465 and POLR2A P1465 on tPHD2-catalysed HIF1α NODD hydroxylation is already 

observable at a 1 : 1 ratio of HIF1α NODD : competitive peptide (50 µM eEF2 P465/ POLR2A 

P1465, Figure 2.6, second row). At a 1 : 1 ratio, HIF1α NODD hydroxylation hydroxylation levels 

are decreased by ~ 45 % in the presence of POLR2A P1465, and by ~ 25 % in the presence of eEF2 

P465. 
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Figure 2.6: Concentration dependent effect of eEF2 P465 and POLR2A P1465 peptides on 

HIF1α NODD hydroxylation by tPHD2. Conditions: 2 µM tPHD2, 50 µM (NH4)2Fe(II)(SO4)2, 

300 µM 2-oxoglutarate disodium salt, 4 mM sodium L-ascorbate, 50 µM HIF1α NODD, and 

varying concentrations of eEF2 P465 or POLR2A P1465, in 50 mM Tris, pH 7.5. The samples were 

quenched with 1% FA (v/v) after near completion of the reaction, and analysed by electrospray-

ionization liquid chromatography–mass spectrometry (ESI-LC-MS). Hydroxylation levels were 

analysed using MassLynx™ V4.1. 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2.2.3 Studies on binding of non-HIF substrates to PHD2 

The binding modes of the two inhibitory peptides eEF2 P465 and POLR2A P1465 were 

investigated by NMR-displacement experiments (for assay conditions see Materials and Methods, 

Chapter 7.7.2, (45)). Reporter HIF1α CODD and NODD peptides were used that were 13C labelled 

on all carbons in their proline residues, to produce a characteristic signal of the peptides in the NMR 

spectra (Figure 2.7, peptide signal labelled with 13C-CODD and 13C-NODD, repectively). 

 

Figure 2.7: Qualitative single concentration screening by [13C[-CODD and [13C]-NODD 

displacement as monitored by 1D CLIP HSQC NMR. (A) [13C]-CODD displacement,  (B) [13C]-

NODD displacement. The assay mixtures contained 50 µM apo-tPHD2, 400 µM Zn(II), 50 µM 

2OG, 50 µM [13C]-CODD or [13C]-NODD, 800 µM peptidic substrate and 50 mM Tris-D11, pH 7.5 

in 10 % D2O and 90 % H2O. * Denotes intrinsic peptide signals.  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Upon addition of apo-tPHD2 into the assay mix, a stable complex was formed with the [13C]-

labelled HIF1α CODD or NODD peptides, and Zn(II) (substituting for Fe(II)). As a consequence, 

the reporter signal disappeared. By adding eEF2 P465 or POLR2A P1465 to the assay mix, the 

HIF1α NODD reporter signal was regained (Figure 2.6 B), suggesting that these peptides directly 

bind to tPHD2 and displace HIF1α NODD from the enzyme. By contrast, no displacement of 

HIF1α CODD by eEF2 P465 or POLR2A P1465 was observed within the detection limits (Figure 

2.6 A).  

The obtained results are in accordance with the observation of an inhibitory effect of the eEF2 P465 

and POLR2A P1465 peptides on HIF1α NODD hydroxylation by tPHD2 (Chapter 2.2.2). Previous 

studies have found that the HIF1α CODD and HIF1α NODD peptides differ in their binding affinity 

to PHD2, with HIF1α CODD being the better binder as judged by Kd comparison (Kd (HIF1α 

NODD) = 1.06 (±0.39) s-1, Kd (HIF1α CODD) = 0.14 (±0.04) s-1, (38)), and HIF1α CODD was 

shown to be more efficiently hydroxylated by PHD2 than HIF1α NODD (38). It is possible that the 

observed selective displacement of NODD is due to the differences in binding strengths and 

turnover rates between HIF1α CODD and HIF1α NODD. Recently, structural studies on the 

PHD2.CODD and PHD2.NODD enzyme-substrate complexes revealed differences in the binding 

modes of the substrate peptides, e.g. in the C-terminal helix α4 and the β2β3-loop of PHD2 (39-40). 

As a consequence, the selective displacement of HIF1α NODD by eEF2 P465 and POLR2A P1465 

might be due to differences in the binding modes of HIF1α CODD/NODD to PHD2.  
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2.2.4 Influence of non-HIF substrates on 2OG turnover by PHDs 

2OG dependent oxygenases catalyse the uncoupled turnover of 2OG to succinate and CO2 in the 

absence of their prime substrate to varying extents (42). In the case of PHD2, it has been shown that 

2OG decarboxylation is strongly coupled to CODD or NODD hydroxylation, with only a small 

degree of substrate-uncoupled turnover observed (41). In previous studies, the strong coupling 

between substrate hydroxylation and 2OG turnover has been used to identify new substrates of the 

PHDs, by use of a radioactive [1-14C] 2OG decarboxylation assay (2, 23, 30, 33). To investigate if 

the reported non-HIF substrates can stimulate the 2OG turnover by the PHDs, succinate formation 

and 2OG depletion were monitored by 1H-NMR in the presence and absence of the putative 

substrates (see Materials and Methods, Chapter 7.7.1, (46-47)). A selection of the non-HIF 

substrate peptides was chosen, including the hydroxylation sites in acetyl-CoA carboxylase 2 

(ACACB/ ACC2 P450), and protein phosphatase 2 regulatory subunit Bα (PPP2R2A P319); both of 

them have been reported to stimulate 2OG turnover in the radioactive [1-14C] 2OG decarboxylation 

assay (2, 33).  

The results in Figure 2.8 demonstrate that none of the tested putative substrate peptides stimulate 

2OG turnover by tPHD2 (for supplementary spectra see Appendix, Figure 2.14). Consistent with 

previous studies (41), only a small degree of succinate formation was observed in the absence of 

HIF1α CODD/NODD. Upon addition of HIF1α CODD/NODD peptides, the rate of succinate 

formation (and 2OG depletion) increased substantially. However, this effect was not observed with 

any of the studied non-HIF substrates, thus the results obtained here differ from previous studies (2, 

33). 
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Figure 2.8: Monitoring the coupled and uncoupled turnover of 2OG by tPHD2 in the presence 

and absence of HIF and non-HIF substrates. 2OG turnover was monitored by 1H CPMG NMR, 

conditions: 20 µM PHD2, 125 µM Fe(II), 1 mM sodium L-ascorbate, 500 µM peptides where 

necessary, 400 µM 2OG, in 10 % D2O and 90 % H2O,  50 mM Tris-D11, pH 7.5; [Succ]=Succinate. 

By contrast to the extensive studies of 2OG turnover by PHD2, the extent to which substrate-

uncoupled 2OG turnover is catalysed by PHD1 and PHD3 is less well understood. Therefore, a 

similar study was conducted with PHD3 (due to limited availability of PHD1 and high enzyme 

consumption by the 2OG turnover assay, the study was not performed with PHD1).  

The results suggest that 2OG decarboxylation by PHD3, like PHD2, is strongly coupled to CODD 

hydroxylation (Figure 2.9, supplementary spectra in Appendix, Figure 2.14). The degree of both 

uncoupled and coupled turnover was decreased as compared to tPHD2, likely due to lower activity 

of the recombinant PHD3. Notably, upon addition of HIF1α NODD, an increase in 2OG turnover 

was observed (although the effect is less when compared to HIF1α CODD). Studies on PHD3 

activity to date suggest that the enzyme is highly selective for CODD over NODD, and 

hydroxylation of a NODD sequence by PHD3 has not been observed in vitro or in vivo (36-37, 48).  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The results presented here suggest that, even though PHD3 does not accept HIF1α NODD as a 

substrate, the NODD peptide interacts with PHD3, thus stimulating the turnover of 2OG. As is the 

case with PHD2, no 2OG turnover by PHD3 was stimulated upon addition of the non-HIF substrate 

peptides.  

Overall, these results support the proposal that PHDs are highly selective for their bona fide HIF1α 

substrates, implying that they do not accept any of the other tested, less well established, substrates. 

 

Figure 2.9: Monitoring the coupled and uncoupled turnover of 2OG by PHD3 in the presence 

and absence of HIF and non-HIF substrates. 2OG turnover was monitored by 1H CPMG NMR, 

conditions: 20 µM PHD2, 125 µM Fe(II), 1 mM sodium L-ascorbate, 500 µM peptides where 

necessary, 400 µM 2OG, in 10 % D2O and 90 % H2O, 50 mM Tris-D11, pH 7.5; [Succ]=Succinate. 
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2.2.5 VCB binding studies by fluorescence-polarisation 

The results presented in this Chapter suggest that, at least in isolated form, the PHDs are more 

selective for their HIFα substrates than previously assumed, contrasting the reports in the literature 

of multiple PHDs substrates other than HIFs. In some of these reports, pVHL/VCB interaction 

studies were carried out showing that putative PHD substrates bind to the pVHL or the VCB 

complex (ADRB2 (16), AKT1 (17), EPOR (20), FLNA (22), NDRG3 (24), POLR2A (27-28), 

SPRY2 (29); in some cases, prolyl hydroxylation-dependent binding to pVHL/VCB was reported 

(ADRB2 (16), AKT1 (17), EPOR (20), POLR2A (27-28)). 

In order to validate these reports, putative PHD substrates were tested for binding to the VCB 

complex by use of a fluorescence-polarization (FP) assay. To assess if the binding to VCB is 

dependent on the presence of Hyp in the peptide sequence, single and double hydroxylated peptides, 

as well as un-modified peptides were synthesised (Materials and Methods, Chapter 7.4) and tested 

in the FP assay. The VCB protein used in the FP assay was prepared by Lucía Serrán Aguilera 

(University of Oxford, UK), following the procedure in (49).  

The ability of the non-HIF substrates to bind to VCB was measured by competition with a 

fluorescence-labelled HIF-derived peptide (FAM-DEALAHypYIPD, for assay conditions see 

Materials and Methods, Chapter 7.8, (50)). FAM-DEALAHypYIPD was incubated with VCB and 

increasing amounts of a non-HIF substrate peptide. The degree of displacement of FAM-

DEALAHypYIPD from the VCB complex by the competitive binder (non-HIF substrate peptide) 

was determined by measuring the difference in fluorescence-polarisation (mP) between samples 

containing VCB and FAM-DEALAHypYIPD (maximum polarisation, minimum displacement), and 

samples containing the competitive binder. The data were normalised to a sample containing FAM-

DEALAHypYIPD without VCB (minimum polarisation, maximum displacement). IC50 values were 

calculated using GraphPad Prism, and Kd values for the competitive binder-VCB complex were 

calculated from the IC50 values as described in (50). 
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Figure 2.10: Binding of Hyp-containing non-HIF substrate peptides to the VCB complex. Kd 

values were determined by measuring the degree of displacement of a 6-fluorescein amidite-

labelled HIF-derived peptide (FAM-DEALAHypYIPD) from VCB by a competitive binder (non-

HIF substrate peptide). The plotted values represent the difference in fluorescence-polarisation (mP) 

between samples containing FAM-DEALAHypYIPD and VCB and samples additionally containing  

increasing concentrations of a competitive binder; conditions: 0.1 - 100 µM competitive binder 

(non-HIF peptide), 0.5 µM VCB, 139 nM FAM-DEALAHypYIPD. Error bars represent standard 

error of the mean (SEM). 

Table 2.6 Relative binding strengths of hydroxylated peptides to VCB as determined by fluorsescence-polarisation; 
labelling: LXXLAP and LAP motifs (red), Kd < 10 µM (orange), sequence identity to HIF1ɑ CODD > 30 % (yellow). 

Kd values labelled with * were determined by Lucía Serrán Aguilera (University of Oxford, UK, unpublished data).  
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Peptide Sequence Kd (µM) Sequence 
identity 
to HIF1ɑ CODD

HIF1ɑ CODD Hyp564  DLDLEMLAHypYIPMDDDFQL 0.05 ± 0.01 * 100 %

HIF2ɑ CODD Hyp531  ELDLETLAHypYIPMDGEDFQL 0.14 ± 0.03 * 84.2 %

HIF3ɑ CODD Hyp492  ALDLEMLAHypYISMDDDFQL 0.14 ± 0.04 * 89.5 %

HIF1ɑ NODD Hyp402  DALTLLAHypAAGDTIISLDF 1.32 ± 0.16 * 20 %

HIF2ɑ NODD Hyp405  EELAQLAHypTPGDAIISLDF 0.18 ± 0.02 * 33.3 %

ADRB2 Hyp382 QEKENKLLCEDLHypGTEDFVGHQGTV - 21.1 %

ADRB2 Hyp395 GTEDFVGHQGTVHypSDNIDSQGRNCS 44.6 ± 9.8 28.6 %

AKT1 Hyp125 QEEEEMDFRSGSHypSDNSGAEEMEVS 69.3 ± 10.0 10.5 %

AKT1 Hyp313 KDGATMKTFCGTHypEYLAPEVLEDND 3.28 ± 0.79 37.5 %

AKT1 Hyp318 KDGATMKTFCGTPEYLAHypEVLEDND 0.81 ± 0.80 37.5 %

AKT1 Hyp313/318 KDGATMKTFCGTHypEYLAHypEVLEDND 0.51 ± 0.09 37.5 %

eEF2 Hyp460 GRYVEHypIEDVPCGNIVGLVGVDQFL 68.1 ± 9.7 16.7 %

eEF2 Hyp465 GRYVEPIEDVHypCGNIVGLVGVDQFL 63.9 ± 9.9 16.7 %

eEF2 Hyp460/465 GRYVEHypIEDVHypCGNIVGLVGVDQFL 20.7 ± 10.5 16.7 %

eEF2K Hyp96 KHAIQKAKHMHypDPWAEFHLEDIATE 43.9 ± 10.3 26.7 %

eEF2K Hyp98 KHAIQKAKHMPDHypWAEFHLEDIATE 22.8 ± 11.0 26.7 %

eEF2K Hyp96/98 KHAIQKAKHMHypDHypWAEFHLEDIATE 13.3 ± 10.6 26.7 %
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The results of the VCB-binding assays are shown in Table 2.6 and Figure 2.10. It was found that 

most of the tested putative PHD substrates bind to VCB, although with varying strengths (Kd values 

ranging from 0.51 ± 0.09 to 87.2 ± 10.9 µM). No substantial binding to VCB was observed for the 

single- and double hydroxylated peptides that contain the reported hydroxylation site in the 

erythropoietin receptor (EPOR). Most importantly, it was found that binding of the peptides to VCB 

was dependent on the hydroxylation of at least one prolyl residue in the sequence, as none of the 

un-modified peptides was able to displace the labelled HIF1ɑ peptide from VCB (data not shown).  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Peptide Sequence Kd (µM) Sequence 
identity 
to HIF1ɑ CODD

EPOR Hyp419 QLLRPWTLCHypELPPTPPHLKYLYLV - 13.3 %

EPOR Hyp426 QLLRPWTLCPELPPTPHypHLKYLYLV - 13.3 %

EPOR Hyp419/426 QLLRPWTLCHypELPPTPHypHLKYLYLV - 13.3 %

FLNA Hyp2309 VKFNEEHIHypDSPFVVPVASPSGDAR 87.2 ± 10.9 16.7 %

FLNA Hyp2316 VKFNEEHIPDSPFVVHypVASPSGDAR 47.8 ± 11.0 16.7 %

FLNA Hyp2309/2316 VKFNEEHIHypDSPFVVHypVASPSGDAR 22.9 ± 12.3 16.7 %

FOXO3A Hyp426 SGLGSHypTSSFNSTVFGPSSLNSL 26.5 ± 10.7 13.3 %

FOXO3A Hyp437 SGLGSPTSSFNSTVFGHypSSLNSL - 13.3 %

FOXO3A Hyp426/437 SGLGSHypTSSFNSTVFGHypSSLNSL 24.5 ± 11.1 13.3 %

IKBKB Hyp191 TSFVGTLQYLAHypELLEQQKYTVTVD 20.4 ± 12.3 21.1 %

NDRG3 Hyp294 TTLLKMADCGGLHypQVVQPGKLTEAF 42.7 ± 18.1 25 %

POLR2A Hyp1495 ENIMLGQLAHypAGTGCFDLLLD 5.29 ± 0.86 29.4 %

SPRY Hyp18 QSGNGSQPLLQTHypRDGGRQRGEPDP 69.3 ± 10.4 22.2 %

SPRY Hyp144 EQRLLGSSFSSGHypVADGIIRVQPKS 18.3 ± 12.1 17.7 %

SPRY Hyp160 GIIRVQPKSELKHypGELKPLSKEDLG 61.2 ± 14.0 25 %

TaHIF Hyp486 PINEKEDYDDLAHypFVPPPSFDNRLY 5.00 ± 0.76 31.6 %

TaHIF Hyp489 PINEKEDYDDLAPFVHypPPSFDNRLY - 31.6 %

TaHIF Hyp486/489 PINEKEDYDDLAHypFVHypPPSFDNRLY 13.0 ± 9.8 31.6 %
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The strongest affinity to VCB (lowest Kd value) was obtained for peptides from AKT serine/

threonine kinase 1 (AKT1). Two PHD2-dependent prolyl hydroxylation sites in AKT1 have been 

reported in the literature, i. e. residues P125 and P313, both of which are proposed to stimulate 

binding to VCB in their hydroxylated forms (17). However, in the study presented in this Chapter, 

no PHD-catalysed hydroxylation of AKT1 peptides was observed (Chapter 2.2.1, Figure 2.3). 

Similarly, no PHD2-catalysed hydroxylation was found in assays using full-length AKT1 produced 

by IVTT (Ya-Min Tian, Matthew Cockman, and Peter Ratcliffe, Nuffield Department of Medicine, 

University of Oxford, UK and Francis Crick Institute, UK, unpublished data).  

However, in agreement with the literature, it was found in this study that AKT1 Hyp313 efficiently 

binds to VCB (Kd = 3.28 ± 0.79 µM), yet the peptide containing the other reported hydroxylation 

site, AKT1 Hyp125, bound substantially less well to VCB (Kd = 69.3 ± 10.0 µM). The sequence of 

AKT1 contains a LAP motif adjacent to the reported hydroxylation site P313, and hydroxylation of 

the prolyl residue within the LAP motif (AKT1 Hyp318), stimulated the binding to VCB even more 

than was the case for the reported site (Kd (AKT1 Hyp318) = 0.81 ± 0.80 µM vs. Kd (AKT1 

HyP313) = 3.28 ± 0.79 µM). Binding to VCB was further increased by introducing two adjacent 

hydroxylations, both in the reported site and in the LAP motif (AKT1 Hyp313/318, Kd = 0.51 ± 

0.09 µM). The binding strengths of the AKT1 Hyp318 and AKT1 Hyp313/318 peptides are 

comparable to the binding strength of the natural VCB substrate HIF1ɑ NODD Hyp402 (Kd = 1.32 

± 0.16 µM), yet are lower than for HIFɑ CODD (Kd values ranging from 0.05 ± 0.01 - 0.14 ± 0.04  

µM).  As a consequence, the obtained Kd values for AKT1 are in the biologically relevant range, 

however further studies are necessary to investigate a potential physiological role of AKT1 binding 

to the VCB complex.  
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Overall, the following trends regarding the binding strength of hydroxylated peptides to VCB were 

observed (Table 2.6): 

1. Double hydroxylation improves the binding affinity to VCB in most cases, but not all (in case 

of the HIF sequence from Trichoplax adhaerens (TaHIF P486), hydroxylation of the unnatural 

site P486 led to a substantial decrease in binding).  

2. The best VCB binders all contain a LAP motif (i.e. sequences exhibiting a leucine and an 

alanine residue positioned N-terminal to the target proline residue), suggesting that this motif is 

a crucial criterion for VCB affinity. However, the presence of a LAP motif in the peptide 

sequence is not a sufficient criterion for efficient VCB binding (e.g. Kd (IKBKB Hyp191) = 21 

± 2 µM).  

3. The best VCB binders have a sequence similarity > 30 % to HIF1ɑ CODD.  

Taken together, the results obtained in the VCB-binding study suggest that VCB has the potential to 

be highly promiscuous and likely accepts additional substrates other than HIFs. The data presented 

in this Chapter is also relevant from a medicinal chemistry point of view, since the identified criteria 

for VCB binding can be exploited for the design of new (e.g. cyclic peptide) inhibitors of VCB.  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2.2.6 Co-expression experiments 

So far, the work presented in this Chapter suggests that the PHDs do not accept any of the reported 

non-HIF substrates. However, it cannot be excluded that the PHDs require longer substrate 

sequences than those used in the peptide screens (although 19-20mer HIFα peptides are efficiently 

hydroxylated by the PHDs). To follow up the work on peptidic substrate screens, a selection of the 

reported non-HIF substrates were tested for hydroxylation at the protein level.  

The initial set of putative substrates included full-length pyruvate kinase isoform 2 (PKM2), full-

length actin β (ACTB), adrenoceptor β2, residues 330-413 (ADRB2), and HIF1α, residues 530-698 

as a control. The codon-optimised genes of the putative substrates were cloned into a GST-vector, 

and co-expressed in E. coli with the respective PHD isoform that was found responsible for the 

hydroxylation in the literature (tPHD2 or PHD3fl, Materials and Methods, Chapter 7.1.1.3, and 

7.2.5). After optimisation of the co-expression conditions, the putative substrates were purified over 

a GST-affinity column, the proteins were treated with trypsin, and samples of the digested proteins 

were subjected to analysis for prolyl hydroxylation by LC-MS/MS (Materials and Methods, 

Chapter 7.2, 7.3, and 7.6.5). Data acquisition and analysis were performed by Roman Fischer, 

(Benedikt Kessler Lab, Target Discovery Institute, University of Oxford). The data were analysed 

by conducting automated standard searches for post-translational modifications using PEAKS 

studio.  
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Figure 2.11: LC-MS/MS data from co-expressions of HIF1α530-698 with tPHD2 and PHD3fl. 

GST-tagged HIF1α530-698 was co-expressed in E. coli with PHDs. (A) control (without PHD), (B) 

tPHD2, and (C) PHD3fl. HIF1α530-698 was subsequently purified, and tryptic digests of the protein 

were analysed for PTMs by LC-MS/MS. Hydroxylation at the prolyl residue P564 in the tryptic 

peptides was detected (increased abundance in samples from co-expressions with PHD3fl and 

tPHD2).  

Initial data confirmed the activity of tPHD2 and PHD3fl on HIF1α530-698 in the co-expressions, since 

multiple peptides from the tryptic digest containing hydroxylation of the prolyl residue P564 were 

detected (Figure 2.11). In some tryptic peptides, the hydroxylation was (automatically) assigned to 

the adjacent residue Y565, or to P567. It is likely that these hydroxylation sites were wrongly 

assigned as a result of the automated search for PTMs, highlighting the risk of detection of false 

positives in LC-MS/MS data analysis. 
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Figure 2.12: LC-MS/MS data from co-expressions of putative substrates with PHD3fl. (A) 

ACTBfl, (B) PKM2fl, (C) ADRB2530-698 (no-enzyme control), and (D) ADRB2530-698 (co-expressed 

with PHD3fl). GST-tagged proteins were co-expressed with PHD3fl in E. coli, purified, and tryptic 

digests of the protein were analysed for PTMs by LC-MS/MS. Reported prolyl hydroxylation sites 

are labelled with black arrows.  

The initial data on the co-expressions of PKM2fl and ACTBfl with PHD3fl (Figure 2.12 A and B) 

suggests that the two reported substrates are not hydroxylated at the prolyl residues assigned in the 

literature (PKM2fl P403, P408, and ACTBfl P307, P322, (6, 26)) However, there is weak evidence 

for prolyl hydroxylations at other sites in the proteins (e.g. PKM2fl P471 and P477, ACTBfl P366); 

this can be due to wrong assignment of the PTM, yet it cannot be excluded that other sites than the 

ones reported in the literature are hydroxylated by PHD3fl.  

By contrast, in co-expressions of ADRB2530-698 with PHD3fl (Figure 2.12 D), tryptic peptides 

containing hydroxylations at the reported prolyl residue P382 (16), but not at the second reported 

site, P395 (16), were detected. However, the same result was obtained when ADRB2530-698 was 

expressed alone (Figure 2.12 C), suggesting that the observed modification of P382 is independent 

of the enzymatic activity of PHD3fl.  

In order to test all reported PHD substrates at the protein level, the study presented in this Chapter 

was followed up in collaboration with Peter Ratcliffe, Ya-Min Tian, and Matthew Cockman 

(Nuffield Department of Medicine, University of Oxford). The collaborators conducted an extensive 

study using IVTT-produced protein substrates, that were incubated with the respective reported 

PHD isoform. Data analysis by LC-MS/MS confirmed that none of the reported non-HIF substrates 

were modified in the IVTT-assays (unpublished data).  
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2.3 Conclusions 

The HIF prolyl hydroxylases (PHDs) play a crucial role in the adaptation of organisms to hypoxia.  

The enzymes function as 'oxygen sensors', by catalysing the hydroxylation of HIFα in an oxygen-

regulated manner. However, to date there have been ~ 30 reports suggesting that the PHDs are 

highly promiscuous enzymes, that accept multiple substrates other than HIFs. With PHD inhibitors 

for the treatment of anaemia in late stage clinical trials, the question on how these additional 

substrates potentially influence the HIF pathway is gaining major medicinal relevance (51). The 

apparent PHD substrates have been mostly characterised in cells, and crucially, many studies lack 

hard evidence for PHD-dependent hydroxylation of the proposed substrate (see Table 2.1). 

Moreover, characterisation of substrate hydroxylation in vitro by use of radioactive [1-14C] 2OG 

decarboxylation can be misleading, as the decarboxylation of 2OG precedes substrate hydroxylation   

in the catalytic cycle (see General Introduction, Chapter 1.2). In addition, the detection of prolyl 

hydroxylations by mass spectrometry entails some difficulties, due to isobaric oxidations of other 

amino acids in the substrate protein (e.g. widespread non-enzymatic methionine oxidations). Given 

the high relevance for basic science and medicine, the aim of the work in this Chapter was to 

validate the PHD-dependent hydroxylation of reported non-HIF substrates.  

An extensive in vitro study was carried out for the validation of alternative (non-HIF) PHD 

substrates. The reported hydroxylation sites were examined in four different types of assays, 

including a peptide-based hydroxylation screen, measurement of the 2OG turnover by PHDs in the 

presence of reported substrates,  co-expression of the apparent substrates with PHDs, and screening 

of IVTT-produced full-length proteins for reaction with PHDs (the latter was performed by 

collaborators (Peter Ratcliffe group)). All the results of these studies suggest that none of the 

reported hydroxylation sites in non-HIF substrates are accepted by any of the three PHD isoforms. 

As a consequence, the study presented here strongly contrasts with previous reports and challenges 

the current view in the field. The study also points out the risk of detection of false positives, i. e. 

wrong annotations of the +16 mass shift, when searches for post-translational modifications are 

performed using standard search parameters in PEAKS or MASCOT. For correct annotation of the 

+16 modification it is crucial to perform MS/MS and amino acid analysis, which should become a 

gold standard for the detection of prolyl hydroxylations (and other amino acid modifications).  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Given the results from the in vitro study, it cannot be excluded that PHDs catalyse the hydroxylation 

of the reported non-HIF substrates in vivo. For instance, hydroxylation of the reported substrates 

could be mediated in the cell by an interaction partner that facilitates the formation of an (active) 

PHD-non-HIF substrate complex, or via PTMs on PHDs that are necessary for hydroxylation of the 

non-HIF substrate. Yet, to date there is no evidence of a PHD interactor or a PTM that enhances 

binding or hydroxylation of HIFs in cells. In addition, the rate of reproducibility of the reported 

substrates is low, as there are hardly any follow-up studies on any of the non-HIF substrates, 

although many reports have been published more than 10 years ago.  

By contrast to the PHDs, the factor inhibiting HIF (FIH) asparagyl hydroxylase has been previously 

found to be highly promiscuous, as it hydroxylates various amino acids in a broad range of 

substrates (52-54). The PHDs and FIH belong to two structurally different 2OG-oxygenase 

subfamilies, the first belonging to the PH (prolyl hydroxylase) subfamily VIII (55) and the latter 

being part of the Jumonji-C (JmjC) 2OG oxygenase subfamily IX (55). Notably, FIH has a wide 

active site cleft that can probably accommodate different substrates more easily, unlike the active 

site of PHD2, which is highly buried (see General Introduction, Chapter 1.2, (35, 39, 56)).  

The results from competition experiments suggest that most of the peptides containing reported 

prolyl hydroxylation sites did not influence the hydroxylation kinetics of PHD2 or PHD3 to a 

substantial degree. However, two peptides belonging to the eukaryotic elongation factor 2 (eEF2) 

and the large subunit of RNA Polymerase II (POLR2A), were identified which substantially 

inhibited HIF1α NODD hydroxylation by PHD2 (as well as HIF1α CODD hydroxylation by PHD3 

in case of eEF2). NMR-displacement experiments showed that the two peptides directly bind to 

PHD2 by displacing HIF1α NODD from the enzyme. Notably, both of the identified PHD2 

interactors are part of the transcription-translation machinery. The finding that the transcription 

factor eEF2 competes with HIF1α hydroxylation in vitro is of potential interest from an 

evolutionary perspective, as it emphasises evolutionary links between human PHDs and the prolyl 

hydroxylase from Pseudomonas PPHD, which accepts the transcription factor EF-Tu as its natural 

substrate (57). However, eEF2 is not directly related to the Pseudomonas EF-Tu, but is a functional  

ortholog of Pseudomonas EF-G.  
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Future work could aim at exploring the potential biological relevance of the interaction between 

PHDs and eEF2/POLR2A in vivo. This could include immunopreciptitation (IP) experiments from 

human cells followed by western blotting and antibody detection of the interacting proteins. A 

potential influence of over-expression or knockdown of eEF2/POLR2A on HIF activity could be 

investigated by use of HRE luciferase assays (although any manipulation of eEF2/POLR2A levels 

in cells will likely change the expression level of the cell proteome). 

VCB binding studies indicate that the von-Hippel-Lindau protein (pVHL) may be highly 

promiscuous as it accepts a broad range of the reported PHD substrates; this is (partly) in agreement 

with previous studies on non-HIF PHD substrates in the literature, where an interaction between 

apparent PHD substrates and pVHL was observed ((16-17, 20, 22, 24, 27-29)); however no PHD-

catalysed hydroxylation of these reported substrates was found in the studies described in this 

Chapter. Notably, binding of some of the peptides to pVHL was dependent on prolyl hydroxylation, 

as no un-modified peptides were accepted. Provided that the observed interactions between at the 

non-HIF peptides and pVHL also exist in vivo, the question arises on how the peptides can be 

hydroxylated in cells. It is possible that an additional (potentially uncharacterised) prolyl 

hydroxylase, other than PHDs, accepts the non-HIF substrates in cells and catalyses the 

hydroxylation of prolyl residues in the proteins, which then can be recognised by pVHL. Another 

possible explanation is that hydroxylations on prolyl residues are introduced by non-enzymatic 

oxidation. Synthetic studies on small-molecule iron catalysts have shown that these compounds are 

capable of facilitating the selective C–H oxidative modification of amino acids and peptides, 

including the oxidation of proline to 5-hydroxyproline (58). Future work could aim at investigating 

to what degree prolyl residues can be oxidised under cellular conditions, including studies on the 

stereochemistry of the oxidation products.  

The results from the VCB binding studies also provide insights into the substrate preferences of 

pVHL, such as the presence of a LAP motif in the sequence of the peptide, and a high sequence 

similarity to HIF1α CODD. The identified substrate preferences can be exploited for medicinal 

manipulation of the HIF-pathway, i.e. for the design of cyclic peptide inhibitors of pVHL. Highly 

selective cyclic peptide inhibitors of the histone demethylases KDM4A-C have been reported (59), 

suggesting that the development of cyclic peptide inhibitors might constitute a promising approach 

for the selective targeting of other proteins, such as pVHL.  
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2.5 Appendix 

Table 2.7 Sequences of PHD substrate peptides. Peptide sequences labelled with * correspond to peptides reported in 
the literature. Proposed hydroxylation sites are bold, underlined. 

Peptides with putative 
hydroxylation site (published)

Sequence MW
g/mol

HIF1α CODD-P564 DLDLEMLAPYIPMDDDFQL 2254.6

ACC2-P450 DEGLEAAERIGFPLMIKASEGGGGK 2532.9

ACC2-P450* ERIGFPLMIKASEGGGGK 1847.2

ACTB-P307 ANTVLSGGTTMYPGIADRMQKEITA 2625.0

ACTB-P322 A DRMQKEITALAPSTMKIKIIAPPE 2752.3

ADRB2-P382 QEKENKLLCEDLPGTEDFVGHQGTV 2786.1

ADRB2-P395 GTEDFVGHQGTVPSDNIDSQGRNCS 2619,7

AKT1-P125 QEEEEMDFRSGSPSDNSGAEEMEVS 2776.8

AKT1-P125* EEEMDFRSGSPSDNSGAEEM 2204.2

AKT1-P313 KDGATMKTFCGTPEYLAPEVLEDND 2745.0

AKT1-P313* KTFCGTPEYLAPEVLEDNDYGR 2517.8

AKT1-P318 GTPEYLAPEVLEDNDYGRAV 2208.4

ATF4-P156/P162/P164/P167 LPESLTKPDQVAPFTFLQPLPLSPG 2691.4

ATF4-P162/P164/P167/P174 TFLQPLPLSPGVLSSTPDHSFSLEL 2683.1

CENPN-P311, isoform 3 SPHLLEALKSLAPAALVCRIQKLLC 2688.3

CENPN-P311, isoform 3* SLAPAALVCR 1000.2

CEP192-P1717 DVKWHLSSLAPPYVKGVDESGDVF 2645.0

CEP192-P1717* WHLSSLAPPYVK 1397.6

eEF2K-P98 KHAIQKAKHMPDPWAEFHLEDIATE 2941.4

EPOR-P419/P426 QLLRPWTLCPELPPTPPHLKYLYLV 2988.6

EPOR-P419/P426* LCPELPPTPPHLKYL 1718.1

FKBP10-P36 VQAVGRGLGRASPAGGPLEDVVIER 2503.8

FLNA-P2309/2316 VKFNEEHIPDSPFVVPVASPSGDAR 2693.3

FOXO3a-P426 FPYTTKGSGLGSPTSSFNSTVFGPS 2522.8

FOXO3a-P437 SPTSSFNSTVFGPSSLNSLRQSPMQ 2655.9

HK2-P326 AKEELLFGGKLSPELLNTGRFETK 2793.1

IKBKB-P191 TSFVGTLQYLAPELLEQQKYTVTVD 2842.5
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Peptides with putative 
hydroxylation site (published)

Sequence MW
g/mol

MAPK6-P25 GFDLGSRYMDLKPLGCGGNGLVFSA 2574.9

MTHFD1-P806 ALAQAVQRAAQAPSSFQLLYDLKLP 2700.1

MYH10-P733 FQEFRQRYEILTPNAIPKGFMDGKQ 3014.4

NDRG3-P294 TTLLKMADCGGLPQVVQPGKLTEAF 2617.0

PDE4D-P29 HEK293 GSDSAGGATLKAPKHLWRHEQHHQY 2810.4

PDE4D-P382 HEK293 LMHSSSLTNSSIPRFGVKTEQEDVL 2775.2

PDE4D-P419 HEK293 HVFRIAELSGNRPLTVIMHTIFQER 2965.5

PKM-P477 LYRGIFPVLCKDPVQEAWAEDVDLR 2933.3

PKM2-P403 HLQLFEELRRLAPITSDPTEATAVG 2764.2

PKM2-P408 EELRRLAPITSDPTEATAVGAVEASFK 2858.2

POLR2A-P1465 ENIMLGQLAPAGTGCFDLLLD 2191.5

SPRY2-P18 QSGNG SQPLLQTPRDGGRQRGEPDP 2646.8 

SPRY2 -P144  EQRLLGSSFSSGPVADGIIRVQPKS 2628.0  

SPRY2-P160 GIIRVQPKSELKPGELKPLSKEDLG 2730.6

TELO2 (HCLK2)-P374 KAVLICLAQLGEPELRDSRDELLAS 2739.2

TELO2 (HCLK2)-P419/422 VAEVVSARIHPEGPPLKFQYEE DEL 2853.2

THRA-P160/P162 EMIRSLQQRPEPTPEEWDLIHIATE 3019.3

TRPA1-P394 TVQQPYGLKNLRPEFMQMQQIKELV 3018.6

TRPA1-P394* PYGLKNLRPEFMQMQQIKEL 2463.9

PPP2R2A-P319* WDLNMENRPVETYQVHEYL 2436.7

PPP2R2A-P319 VKIWDLNMENRPVETYQVHEYLRSK 3148.6

TP53-P359 ALELKDAQAGKEPGGSRAHSSHLKS 2574.8
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Table 2.8 Sequences of PHD substrate peptides (extended study). Proposed hydroxylation sites are bold, underlined. 

Peptides with putative 
hydroxylation site (unpublished)

Sequence MW
g/mol

ACC1-P307 DDGLQAAEEVGYPVMIKASEGGGGK 2478.7

ACC1-P51 (NODD-like) LDLLEEKEGSLSPASVGSDTLSDLG 2532.7

BLES03-P135 VLSGKWLMHLAPGFKLDHAWAGI 2546.4

CENPN-P311, isoform 1 SPHLLEALKSLAPAGIADAPLSPLL 2494.9

eEF2-P446 YTPGKKEDLYLKPIQRTILMMGRYV 3012.6

eEF2-P465 GRYVEPIEDVPCGNIVGLVGVDQFL 2687.4

eEF1-P238 TTLLE ALDCILPPTRPTDKPLRLPL 2787.3

eEF2-P361 ALLQMITIHLPSPVTAQKYRCELLY 2902.5

IKBKA-P190 TSFVGTLQYLAPELFENKPYTATVD 2803.4
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Figure 2.13: ESI-LC-MS spectra corresponding to Table 2.5 (Relative detection efficiency of 

hydroxylated and non-hydroxylated peptides by ESI-LC-MS). Samples containing equal molarity of 

a Hyp peptide and the respective non-hydroxylated peptide were analysed using ESI-LC-MS.  

89



 Chapter 2                                                                   Substrate Selectivity of Human HIF Prolyl Hydroxylases

 

Figure 2.14: Monitoring the coupled and uncoupled turnover of 2OG by tPHD2 and PHD3 in 

the presence and absence of HIF and non-HIF substrates - supplementary spectra. For assay 

conditions, see legend of Figure 2.8 and Figure 2.9.  
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Chapter 3 

Inhibition Studies on Human HIF Prolyl Hydroxylases 

3.1 Introduction 

The HIF prolyl hydroxylases are pharmacological targets for treatment of anaemia in renal disease 

(chronic kidney disease, (1)). In anaemia associated with renal disease, erythropoietin (EPO) 

production is reduced due to changes in the renal interstitium (2). By inhibiting HIF prolyl 

hydroxylases, the native erythropoietin production in the diseased kidneys or in the liver can be 

augmented (1). The ability of HIF prolyl hydroxylase inhibitors to promote erythropoietin 

production and erythropoiesis in mice, rats, non-human primates, and humans has been established 

in various studies, reporting subsequent increases in haematocrit and haemoglobin levels (1, 3-8).  

To date, anaemia associated with renal disease is mainly treated by injecting recombinant human 

erythropoietin (rhEPO) into the patient (1). By contrast, HIF prolyl hydroxylases inhibitors offer the 

advantage of an oral route of delivery (1). Treatment of patients with higher doses of rhEPO, to 

achieve high target haemoglobin levels, has been associated with an increased incidence of 

cardiovascular events (9-11), and vascular toxicity caused by very high levels of plasma 

erythropoietin has been observed (12). Several studies in animals and humans suggest that target 

haemoglobin levels can be achieved with more modest rises in plasma EPO levels by use of HIF 

prolyl hydroxylase inhibitors (3-8), hence potentially decreasing the risk of adverse effects in 

patients. Clinical and experimental observation suggest that the systematic activation of the HIF 

pathway by use of PHD inhibitors stimulates not only the production of EPO, but may have 

additional beneficial effects on erythropoiesis (1-2). HIF target genes are involved in iron 

absorption, transport and metabolism, potentially enhancing iron availability for erythropoiesis (2, 

13), and direct actions of the HIF pathway on the bone marrow have been suggested (1, 14). 

However, the clinical use of PHD inhibitors also comprises risks. Above all, it is not certain if, by 

use of PHD inhibitors, sufficient selectivity on erythropoietin can be achieved to avoid the general 

effects of HIF activation (1).  
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Several PHD inhibitors from different pharmaceutical companies have entered clinical trials for the 

treatment of anaemia (Table 3.1, (1)) The first compound in clinical trials was FG-2216/IOX3 

(Fibrogen), yet the agent caused adverse events and was replaced by the structurally related 

compound FG-4592 (15-16). Studies on PHD inhibitors in animals and humans confirmed the 

ability of these agents to promote erythropoietin production and erythropoiesis (3-8, 17-19). 

Table 3.1 PHD inhibitors in clinical trials (1, 20). 

Selective inhibition of one or two of the three PHD isoforms might offer a way to differentially 

modulate the HIF pathway, yet to date it is not known for most of the clinically-used PHD inhibitors 

if they act equally on all three PHD isoforms. A recent study on Fluoro-vadadustat (AKB-6899, 

Akebia), suggests that compound inhibits PHD3 preferentially, and the apparent isoform selectivity 

of Fluoro-vadadustat has been associated with specific up-regulation of HIF2α (21). Therefore, one 

aim of the work presented in this Chapter was to investigate a potential isoform selectivity of 

clinically-used inhibitors.  

PHD inhibitors are widely used in academia for studies on the HIF pathway. A recent study 

investigated the cellular transcriptional response to hypoxia by high-throughput RNA sequencing 

(RNA-seq), and compared it to the effects of PHD/FIH inhibition on the transcriptome (22). The 

study included the broad spectrum 2OG oxygenase inhibitor NOG, a selective FIH inhibitor 

(NOFD), and the PHD inhibitors FG-2216/IOX3 and IOX2, both of which are (partly) selective for 

PHDs over other 2OG oxygenases. As a result of the study, the broad-spectrum 2OG oxygenase 

inhibitor NOG was found to be the best mimic of the overall transcriptional response to hypoxia.  

Company Compound Clinical Trials (Anaemia)

Fibrogen FG-2216/IOX3 Phase I (ended)

FG-4592 Phase III

GSK GSK1278863 Phase III

Bayer Molidustat Phase II

Akebia Vadadustat
(AKB-6548)

Phase III

Fluoro-vadadustat (AKB-6899) Phase I

AKB-4924 (Fe-chelator) Phase I
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Additionally, a subset of genes was defined that was not fully responsive to PHD inhibition alone, 

suggesting that there are substantial differences in the role of prolyl and asparaginyl hydroxylation 

in regulating hypoxia-responsive genes (22). As a contribution to the study, it was tested if the used 

inhibitors are selective for any of the three PHD isoforms, the results of which are presented in this 

Chapter.  

The aims of the work described in this Chapter were: 

1. To investigate to which extent currently available inhibitors (including such used in clinical 

trials) exhibit PHD isoform selectivity, using an inhibition assay with PHD1-3. 

2. To assess the potency of dual inhibitors that contain a PHD inhibitor domain fused to either a 

pVHL inhibitor or a bromodomain inhibitor. Hence, a contribution was made to the 

development of inhibitors that can target PHDs and pVHL/bromo domain containing enzymes 

simultaneously. 

3. To investigate the effect of clinically-used iron chelators on PHD activity.  

4. To develop a RapidFire high-throughput assay that allows to test novel PHD inhibitors for 

isoform selectivity.  
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3.2 Results and Discussion 

3.2.1 Development of a PHD1-3 inhibition assay 

A variety of methods have been developed to date for testing inhibitors of 2OG dependent 

oxygenases (23). Some of these assays monitor enzyme activity indirectly by measuring 2OG 

turnover ((24), with the risk of detecting false positives due to uncoupled 2OG turnover), others 

employ mass spectrometry or antibody-based methods (i.e. AlphaScreen, (25-28)). For developing a 

PHD isoform inhibition assay, mass spectrometry methods were chosen, as they directly monitor 

the hydroxylation of a HIFα substrate peptide, and do not suffer from the drawbacks of indirect 

methods, such as the monitoring of 2OG turnover (23, 24).  

In order to establish a PHD isoform inhibition assay, recombinant enzymes (PHD1fl, tPHD2, 

PHD3fl) were produced in E. coli and purified by protein chromatography as described in Materials 

and Methods, Chapter 7.2 and 7.3 (see Chapter 2 for production of PHD3fl). The N-terminally 

truncated tPHD2 was produced following an established protocol (29). For production of full-length 

PHD1, the enzyme was fused with maltose-binding protein (MBP) to increase protein solubility.   

PHD1fl was produced in E.coli, and subsequently purified via amylose affinity chromatography and 

size-exclusion chromatography as reported (22, 30). To assess the activity of the produced PHD 

isoforms, hydroxylation of  HIF1α CODD 19mer was determined under standard conditions using a 

MALDI-TOF-MS-based assay (Materials and Methods, Chapter 7.6.1). A time-course of HIF1α 

CODD hydroxylation was measured by analysing the ratio of hydroxylated to non-hydroxylated 

peptide at different time points ranging from 2 - 60 min (Figure 3.1). All enzymes were found to be 

highly active on the 19mer HIF1α CODD peptide, yet the isoforms differed in their reaction rates, 

with tPHD2 showing the highest rate of HIF1α CODD hydroxylation, and PHD1fl reacting the 

slowest with the substrate peptide. 
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Figure 3.1: Time-course assays of PHD-catalysed hydroxylation of HIF1α CODD. (A) PHD1fl, 

(B) tPHD2, (C) PHD3fl. Assay conditions: 1 µM PHD enzyme, 50 µM (NH4)2Fe(II)(SO4)2, 10 µM 

2-oxoglutarate disodium salt, 4 mM sodium L-ascorbate and 10 µM 19mer CODD-peptide 

(sequence: DLDLEMLAPYIPMDDDFQL) in 50 mM Tris, pH 7.5. Reactions were incubated at 

37 °C and quenched with 1 % (v/v) formic acid at different time points. Hydroxylation levels were 

quantified using MassLynx™ V4.0, and non-enzymatic background oxidation was subtracted. The 

curves were fitted using GraphPad Prism (errors are indicated as standard deviations, n=3).  

The most commonly used method for quantifying the potency of an inhibitor is by measuring its 

half maximal inhibitory concentration (IC50), i.e. the inhibitor concentration that is required to 

reduce enzyme activity by 50 %. In order to determine IC50 values, the enzyme activity at varying 

inhibitor concentrations is measured, and a dose-response curve is established.  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The following kinetic factors must be taken in account when choosing the assay conditions for IC50 

determination. 

- The effect of an inhibitor on enzyme activity is determined at a time point within the linear range 

of enzyme activity, in order to maximise the sensitivity of the assay.  

- To minimise the influence of co-factor availability on the assay result, Fe(II) and ascorbate are 

provided at saturated concentrations (>> Km). 

- PHD inhibitors usually compete with 2OG and/or substrate binding. Therefore, substrate and 

2OG concentrations are chosen at concentrations ≤ Km. (At higher concentrations, the substrate/

2OG may outcompete inhibitor binding to the enzyme.) 

- The highest measurable potency (lowest IC50 value) equals half of the enzyme concentration, 

assuming 100% enzyme activity. Therefore, it is aimed to minimise the used enzyme 

concentration to maximise assay sensitivity. 

- IC50 values are dependent on the used enzyme concentration, hence inhibitor assays with PHD1-3 

were carried out at the same enzyme concentration.   

PHD2 has been the subject of extensive kinetic studies, and Km values for its co-factor 2OG, and 

HIFα substrates have been determined (Table 3.2, (31)). Comparative studies on PHD1-3 suggest 

that Km values of substrates and co-factors for all three enzymes lie in a similar range 

(Rasheduzzaman Chowdhury, University of Oxford, UK, unpublished data). As a consequence, the 

conditions in Table 3.3 were chosen for determining IC50 values of PHD1-3 inhibition in a MALDI-

TOF-MS-based assay. 

Table 3.2 Steady-state kinetic parameters of PHD2. 

Co-factor/substrate Km (μM)

2OG 13 ± 2 (31)

HIF1α CODD 9 ± 3 (31)
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Table 3.3 Conditions for PHD1-3 inhibition assays. 
* minimal concentration within the detection limit by MALDI-TOF-MS was chosen. 

Reagent Final concentration

PHD1-3 1 μM

HIF1α CODD 10 μM *

inhibitor 0.03 µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM, 10 µM, 30 

µM, 100 µM

(NH4)2Fe(II)(SO4)2 50 μM

2-oxoglutarate disodium salt 10 μM *

sodium L-ascorbate 4 mM

in 50 mM Tris, pH 7.5
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3.2.2 Inhibition of PHD1-3 by NOG, FG-2216/IOX3 and IOX2 

To compare the potency of the 2OG analogue inhibitors NOG, IOX2, and FG-2216/IOX3 on 

PHD1-3, IC50 values were determined. The structure of the broad-spectrum 2OG oxygenase 

inhibitor NOG most closely resembles that of 2OG, with the ethyl at position C-3 being substituted 

by an amine group, whereas the more selective PHD inhibitors IOX2 and FG-2216/IOX3 contain 

additional aromatic residues, that protrude into the substrate binding pockets of the enzymes 

(Figure 3.2, (22)).  

Figure 3.2: Structures of 2OG and the 2OG analogues NOG, IOX2, and FG-2216/IOX3 (22).   

The results (shown in Figure 3.3) suggest that the tested compounds potently inhibit all three PHD 

isoforms, with IC50 values lying within the one digit micromolar to high nanomolar range. Some of 

the obtained values for PHD1 and PHD3 are below the detection limit of the assay (IC50 = 0.5 µM), 

indicating that the actual concentration of active enzyme is lower than the total concentration of 

PHD1/PHD3 used in the assay. Notably, in some cases, the inhibition was incomplete as up to 20 % 

of the enzymatic activity was retained. Possibly this is due to precipitation of the inhibitor at higher 

concentrations. All in all, given that no substantial PHD isoform selectivity of the tested compounds 

was found, it can be hypothesised that the three tested inhibitors employ a similar binding mode to 

PHD1, 2, and 3.  
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Figure 3.3: IC50 values for inhibition of PHD1-3 by NOG, IOX2, and FG-2216/IOX3. Dose 

responses were assessed by incubation of 1 µM PHD1-3 with increasing concentrations of inhibitor 

(0.03 µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM, 10 µM, 30 µM, 100 µM) in the presence of 50 µM 

(NH4)2Fe(II)(SO4)2, 10 µM 2-oxoglutarate disodium salt, 4 mM sodium L-ascorbate and 10 µM 

19mer CODD-peptide in 50 mM Tris, pH 7.5 at 37 °C. Samples were measured by MALDI-TOF-

MS and hydroxylation levels were quantified using MassLynx™ V4.0, non-enzymatic background 

oxidation was subtracted, and IC50 values were determined with GraphPad Prism.  
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3.2.3 Inhibition of PHD1-3 by clinically-used compounds 

Of the compounds used in clinical studies for treatment of anaemia in chronic kidney disease 

(Figure 3.4), four share the same backbone as 2OG (FG-4592, GSK1278863, Vadadustat, and 

Fluoro-vadadustat), whereas the clinical inhibitor Molidustat and the structurally related IOX4 (a 

potent and selective PHD inhibitor that was added to the study for reasons of comparison) have a 

tricyclic core that (likely) coordinates the metal ion in PHD via the nitrogens of their pyrazolone 

rings (32).  

Figure 3.4: Structures of clinically-used PHD inhibitors and IOX4 (32-33). 

The inhibition assays on the clinical compounds against PHD1-3 show that all inhibitors potently 

inhibit the three PHD isoforms with IC50 values around the single-digit micromolar or high sub-

micromolar range at the used PHD1-3 concentration of 1 µM (Figure 3.5).  
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Figure 3.5: IC50 values for inhibition of PHD1-3 by clinically-used compounds (IOX4 was 

added for reasons of comparison). Assay conditions: 1 µM PHD1-3, inhibitor (0.03 µM, 0.1 µM, 

0.3 µM, 1 µM, 3 µM, 10 µM, 30 µM, 100 µM), 50 µM (NH4)2Fe(II)(SO4)2, 10 µM 2-oxoglutarate 

disodium salt, 4 mM sodium L-ascorbate and 10 µM 19mer CODD-peptide in 50 mM Tris, pH 7.5. 

Samples were measured by MALDI-TOF-MS and hydroxylation levels were quantified using 

MassLynx™ V4.0, non-enzymatic background oxidation was subtracted, and IC50 values were 

determined with GraphPad Prism. 

Notably, no substantial selectivity of Fluoro-vadadustat for PHD3 over the other PHDs was found 

within the detection limits of the assay, contrasting with previous studies in macrophages, where 

stabilisation of HIF2α, but not of HIF1α, was observed upon treatment of the macrophages with 

Fluoro-vadadustat (21). In the study, it was concluded that the up-regulation of HIF2α vs. HIF1α 

was due to selective inhibition of PHD3 by Fluoro-vadadustat (21). However, it is possible that the 

observed up-regulation of HIF2α vs. HIF1α is cell-type specific or not related to selective inhibition 

of PHD3.  

Overall, the results suggest that currently used PHD inhibitors are equally potent on all three PHD 

isoforms. The mode of action of the clinically-used PHD inhibitors is by competing with 2OG 

binding to PHDs, however FG-4592, Vadadustat, and GSK1278863 additionally protrude into the 

substrate-binding pocket of PHD2 and substantially interfere with substrate binding to PHD2 (see 

General Introduction, Chapter 1.3, (32)). The results imply that, in order to design isoform-

selective inhibitors, new binding modes, apart from 2OG competition, need to be explored, e.g. by 

developing PHD inhibitors that exploit differences in the substrate binding modes between PHD 

isoforms.  
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3.2.4 Inhibition of PHD2 by dual inhibitors 

Besides extensive studies on PHD inhibition, there have been alternative approaches to modulating 

the HIF pathway, i.e. inhibitors against pVHL have been developed that block HIFα binding to the 

E3 ubiquitin ligase complex. In order to simultaneously inhibit PHDs and pVHL in the cell, dual 

inhibitors were designed by Hidenori Someya (University of Oxford, UK), that target both PHDs 

and pVHL in one molecule (unpublished data). These inhibitors are the product of fusing the potent 

PHD inhibitor HS1.46 (Figure 3.6, orange box) via a linker region to a pVHL inhibitor that mimics 

a hydroxyproline peptide backbone (VH032, (34), Figure 3.6, blue box). PHD-pVHL inhibitors 

were designed with different linker lengths to optimise the distance between the two inhibitor 

domains and to maximise the cell permeability of the compounds. Cell permeability was further 

increased by use of prodrugs, that are protected at the terminal carboxyl group (Figure 3.6, HS3.60-

HS3.62, Hidenori Someya, Tzu-Lan Yeh, University of Oxford, UK, unpublished data). The 

protecting groups reduce the ionic potential of the carboxyl group, thus facilitating cell entrance 

through the hydrophobic membrane. Inside the cell, the protecting groups are hydrolysed by ester 

cleaving enzymes, resulting in the free active compounds.  

Figure 3.6: Structures of PHD-pVHL dual inhibitors (Hidenori Someya, University of Oxford, 

UK). Colour scheme: PHD inhibitor domain (orange), pVHL inhibitor domain (blue).  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Emerging evidence suggests links between the HIF pathway and the epigenetic regulation of gene 

transcription (35-36). The transcriptional activity and stability of HIF1α has been shown to be 

tightly regulated by the lysine acetylation-deacetylation system (36-37). Multiple members of the 

lysine acetylase and deacetylase families interact with HIF1α (38-41), and various acetylation sites 

within HIF1α have been discovered (39, 41-42). However, the biological consequence of HIF1α 

acetylation/deacetylation is not fully understood, and differential outcomes on HIF1α transcriptional 

activity and stability, depending on the acetylation site, have been proposed (37, 39-40, 43).  

The acetylation of lysines is an important post-translational modification of DNA-packing histones, 

that plays a central role in regulating chromatin structure and gene transcription (44). Acetyl-lysine 

residues are recognised by conserved structural modules, the bromodomains (BRDs), which are 

present in chromatin-associated proteins and histone acetyltransferases (44).  

It was of interest to investigate if and how HIF1α is regulated by bromodomain-containing proteins. 

For this purpose, dual inhibitors were developed by Hidenori Someya (University of Oxford, UK, 

unpublished data, Figure 3.7), by fusing the PHD inhibitor HS1.46 to the bromodomain inhibitor 

JQ1 (45).  

Figure 3.7: Structures of PHD-BRD dual inhibitors (Hidenori Someya, University of Oxford, 

UK). Colour scheme: PHD inhibitor domain (orange), BRD inhibitor domain (green).  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These dual inhibitors were used to study the effect of simultaneously inhibiting HIFα prolyl 

hydroxylation, and bromodomain-containing proteins. Cell permeability of the PHD-BRD dual 

inhibitors was optimised as discussed above. 

To support the development of PHD-pVHL and PHD-BRD dual inhibitors, the potency of the 

compounds against PHD2 was determined in vitro. The results in Figure 3.8 show that PHD2 is 

efficiently inhibited by most of the tested compounds. However, the capability of the fused 

compounds to inhibit PHD2 is decreased when compared to the free PHD inhibitor (IC50 = 

0.63±0.21 µM), with IC50 values of dual PHD-pVHL and PHD-BRD inhibitors ranging from 4-16 

µM. As expected, the prodrugs with protected terminal carboxyl groups (HS3.60, HS3.62, and 

HS2.72) do not inhibit PHD2 in the tested concentration range. This finding is in accordance with 

the previously observed role of the free terminal carboxyl group (C-5) of 2OG and 2OG analogues, 

that forms contacts with PHD residues R383 and Y329 in the 2OG binding pocket of the enzyme 

(General Introduction, Chapter 1.3, Figure 1.11).  
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Figure 3.8: IC50 values for inhibition of PHD2 by dual inhibitors. Assay conditions: 1 µM 

PHD2, inhibitor (0.03 µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM, 10 µM, 30 µM, 100 µM), 50 µM 

(NH4)2Fe(II)(SO4)2, 10 µM 2-oxoglutarate disodium salt, 4 mM sodium L-ascorbate and 10 µM 

19mer CODD-peptide in 50 mM Tris, pH 7.5. Samples were measured by MALDI-TOF-MS and 

hydroxylation levels were quantified using MassLynx™ V4.0, non-enzymatic background oxidation 

was subtracted, and IC50 values were determined with GraphPad Prism.  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3.2.5 Inhibition of PHD2 by clinically-used Fe(II) chelators 

The iron chelators Deferasirox and Deferoxamine are used for treatment of chronic iron overload, 

usually in patients receiving multiple blood transfusions (46-48). In addition, Deferoxamine 

efficiently binds aluminium ions and therefore is used for treatment of aluminium toxicity (49). The 

structures of both compounds are shown in Figure 3.9.  

Figure 3.9: Structures of the iron chelators Deferasirox and Deferoxamine (46-49). 

In vitro studies on Deferoxamine showed that this compound inhibits PHD2 (IC50 = 7.64±1.35 µM, 

(41)) and FIH (IC50 = 8.41±0.82 µM, (41)). In Hep3B cells treated with Deferoxamine, the inhibitor 

enhanced HIF1α accumulation under normoxia (50). Due to the low cell-permeability of 

Deferoxamine, high concentrations of the inhibitor (at least 150  µM) were necessary to observe 

HIF1α accumulation (50). Deferoxamine mediated HIF1α accumulation was prevented by treating 

Hep3B cells with Fe(II/III), suggesting that the mode of action of Deferoxamine is via chelating 

Fe(II/III) ions, thus inhibiting PHDs that use Fe(II) as a co-factor (50).  

Following up on this study, it was investigated if and how the two iron chelators Deferasirox and 

Deferoxamine influence the activity of PHDs. For this purpose, IC50 values of Deferasirox and 

Deferoxamine were determined (Figure 3.10 A). It was found that both compounds potently inhibit 

PHD2 with IC50 values in the low micromolar range (Deferoxamine: IC50 = 2.38±0.99 µM,  

Deferasirox: IC50 = 2.44±0.68 µM, concentration of Fe(II) in the assay: 1 µM).   

107



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

Figure 3.10: Inhibition of PHD2 by the iron chelators Deferoxamine and Deferasirox. (A) IC50 

values. Assay conditions: 1 µM PHD2, inhibitor (0.03 µM, 0.1 µM, 0.3 µM, 1 µM, 3 µM, 10 µM, 

30 µM, 100 µM), 10 µM 2-oxoglutarate disodium salt, 4 mM sodium L-ascorbate and 10 µM 19mer 

CODD-peptide in 50 mM Tris, pH 7.5. Samples were measured by MALDI-TOF-MS and 

hydroxylation levels were quantified using MassLynx™ V4.0, non-enzymatic background oxidation 

was subtracted, and IC50 values were determined with GraphPad Prism. (B) Inhibition potency at 

different Fe(II) concentrations. Assay conditions as above, 100 µM inhibitor used.  

108



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

NMR studies revealed that Deferasirox, unlike Deferoxamine, binds to PHD2 (Martine I. Abboud,  

University of Oxford, UK, unpublished data). Notably, Deferasirox has a tricyclic core that contains 

a pyrazolone ring, a feature shared with the potent PHD inhibitors IOX4 and Molidustat (see Figure 

3.4). Further studies on Deferasirox showed that the potency of the inhibitor is strongly decreased at 

higher Fe(II) concentrations (IC50 at 25 µM Fe(II) = 53.1±38.5 µM, IC50 at 50 µM Fe(II) = 235±209 

µM). Notably, the typical (physiological) plasma iron concentration is approximately 18 µM (51), 

suggesting that Deferasirox possibly inhibits PHD2 under physiological conditions, yet (likely far) 

less potently as clinically-used PHD inhibitors. In order to compare the potency of Deferasirox and 

Deferoxamine at different iron concentrations, endpoint assays using 100 µM inhibitor and 1-75 µM 

Fe(II), were performed (Figure 3.10 B). It was found that the inhibitor potency of both compounds 

was similarly decreased by stepwise increases in iron concentrations, suggesting that the two 

compounds inhibit PHD2 by competing for iron binding with the enzyme.  
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3.2.6 High-throughput inhibition studies 

3.2.6.1 Assay development 

To establish an assay platform for PHD selective high-throughput inhibition screening, the 

RapidFire RF360 Agilent6530 QTOF system (Agilent) was used. Initial inhibition assays were set up 

with tPHD2 and PHD3fl, using the conditions described in Materials and Methods, Chapter 7.6.3, 

at enzyme concentrations of 150 nM in the presence of HIF1α CODD (5 µM in case of PHD2, and 

2 µM in case of PHD3).  

However, the initially measured IC50 values were below the theoretical threshold of 75 nM (= 1/2 

enzyme concentration), suggesting that the actual concentration of catalytically active PHD2/3 in 

the assay was lower that the (calculated) total enzyme concentration. In order to generate 

comparative inhibitor IC50 values between different PHD isoforms, it is crucial to work with 

identical concentrations of catalytically active enzyme. Therefore, it was necessary to determine the 

fraction of catalytically active PHD2/3 in total enzyme batches.  

For that purpose, active site titrations of PHD2 and PHD3 were performed as described in Materials 

and Methods, Chapter 7.6.3, (52). The titrations involved measuring initial rates of enzyme activity 

(HIF1a CODD turnover) in the presence of increasing concentrations of a potent PHD inhibitor. 

The used PHD inhibitors (JHM174 in case of PHD2 and JHM532 in case of PHD3, Figure 3.11) 

were selected based on preliminarily results from inhibitor screens that suggest high potency of the 

inhibitors towards the respective PHD isoform. Morrison plots of the data were created by plotting 

the measured enzyme activity vs. inhibitor concentration, and active site concentrations were 

determined using the Morrison equation in GraphPad Prism (52). 

 

Figure 3.11: Structures of PHD inhibitors JHM174 and JHM532 used for determining active site 

concentrations of PHD2 and PHD3.  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Figure 3.12: Determination of active site concentrations in batches of PHD2 and PHD3. 

Morrison plot of (A) PHD2, and (B) PHD3. Conditions: 150 nM total enzyme (tPHD2/PHD3fl), 5 

µM HIF1α CODD (in case of tPHD2), 2 µM HIF1α CODD (in case of PHD3fl), 0-500 nM inhibitor, 

10 µM (NH4)2Fe(II)(SO4)2, 10 µM sodium L-ascorbate, 10 µM 2-oxoglutarate disodium salt, 50 mM 

Tris, pH 7.5, 50 mM NaCl, 2 mM TCEP (in case of PHD3fl). Inhibitors at varying concentrations (at 

least 6 different concentrations in a suitable range) were first incubated with PHD enzyme for 25 

min, to allow for complete binding to the enzyme. The reaction then was started by addition of a 

substrate-co-factor mix, incubated at 25 °C, and hydroxylation levels were determined at various 

time points in the linear region. Initial rates of hydroxylation were determined using RapidFire 

Integrator, and the active site concentration was calculated from the Morrison Plot, using GraphPad 

Prism. 

The results in Figure 3.12 show that at a total PHD2 concentration of 150 nM, the concentration of 

catalytically active PHD2 was 94 nM, corresponding to 63 % active enzyme. In case of PHD3, 33 

nM in 150 nM of total enzyme were catalytically active (22 % active enzyme). The reasons for the 

observed levels of active PHDs below 100 % are unclear, but could be due to inactivated enzyme or 

aggregation. The active site titration was repeated with various batches of PHD3, yet no substantial 

differences in enzyme activity between the batches were observed. All subsequent experiments 

were conducted using 100 nM active PHD2 or PHD3 enzyme, with the final assay conditions listed 

in Table 3.4, (32). 
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Table 3.4 Conditions for comparative PHD2-3 high-throughput inhibition screens (32). 

Reagent Final concentration

PHD2-3 100 nM active enzyme

HIF1α CODD 5 μM (assays with PHD2), 2 μM (assays with PHD3)

inhibitor varying concentration ranges

(NH4)2Fe(II)(SO4)2 10 μM

2-oxoglutarate disodium salt 10 μM

sodium L-ascorbate 4 mM

Tris(2-carboxyethyl)phosphin (TCEP) 2 mM (only in assays with PHD3)

in 50 mM Tris, pH 7.5, 50 mM NaCl
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3.2.6.2 Studies on 2OG-oxygenase inhibitors 

A range of 2OG-oxygenase inhibitors (and related compounds) were tested against PHD2 and 

PHD3 using the RapidFire-based high-throughput screen. The chosen inhibitors are listed in Table 

3.5 and structures are displayed in Figure  3.13 (unless shown before in this Chapter).  

Figure 3.13: Structures of inhibitors tested against PHD2 and PHD3 (15, 32, 53-58). 

The results of the inhibition screens are shown in Table 3.5. No inhibition of PHD2/3 was observed 

in the presence of Mildronate, Meloxicam, CCT2, CCT6, and Daminozide. In case of CCT2, the 

obtained results are in agreement with previous studies in HeLa cells, where no effect of the 

compound on HIF1α and HIF2α levels was observed (57). However, the inhibitor CCT6 

(structurally related to the clinically-used GSK1278863), was active against PHD2 in previous 

studies and a PHD2.Mn.CCT6 complex crystal structure is available (PDB:5OX5, (32)). The 

inactivity of CCT6 against PHD2/3 in the study presented in this Chapter is likely due to either 

degradation of the compound during storage, or low solubility of the compound under the used 

assay conditions. In agreement with results from MALDI-TOF-MS-based assays (Chapter 3.2.2 

and 3.2.3), the clinically-used PHD inhibitors FG-4592, FG-2216/IOX3, Vadadustat, and 

GSK1278863 potently inhibited PHD2 and PHD3 with IC50 values in the nanomolar range. In case 

of FG-4592, a 5-fold increased potency against PHD2 (IC50 (PHD2, FG-4592) = 0.16 µM), when 

compared to PHD3 (IC50 (PHD3, FG-4592) = 0.82 µM), was measured.  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The PHD inhibitors IOX2 and IOX4, the 2OG oxygenase inhibitor IOX1, and the prolyl-4-

hydroxylase inhibitor  FG-0041 were active on PHD2 and PHD3, with IC50 values in the nanomolar 

to low micromolar range. The measured IC50 values suggest a 5-fold higher potency of IOX1 

against PHD3 (IC50 (PHD3, IOX1) = 4.90 µM), when compared to PHD2 (IC50 (PHD2, IOX1) = 

24.2 µM). Apart from FG-4592 and IOX1, no substantial differences in potency against PHD2 vs. 

PHD3 were observed.  

Table 3.5 IC50 values determined for inhibition of PHD2 and PHD3. 

Compound ID/ 
name

Inhibition profiles Structure IC50 for PHD2
(μM)

IC50 for PHD3
(μM)

IOX1 broad-spectrum 2OG 
oxygenase inhibitor (53)

Figure 3.13 24.2 4.90

IOX2 PHD inhibitor (22) Figure 3.2 0.20 0.17

IOX4 PHD inhibitor (33) Figure 3.4 0.25 0.28

FG-4592 clinically-used PHD inhibitor 
(32)

Figure 3.4 0.16 0.82

FG-0041 orally available P4H inhibitor 
(54)

Figure 3.13 10.7 11.7

Mildronate inhibitor of carnitine 
biosynthesis (55)

Figure 3.13 >100 >100

Meloxicam cyclooxygenase (COX) inhibitor 
(56)

Figure 3.13 >100 >100

FG-2216/IOX3 clinically-used PHD inhibitor 
(study stopped, 15-16)

Figure 3.2 0.26 0.15

Vadadustat clinically-used PHD inhibitor 
(32)

Figure 3.4 0.28 0.31

GSK1278863 clinically-used PHD inhibitor 
(32)

Figure 3.4 0.24 0.41

CCT2 compound initially designed as 
KDM inhibitor (57)

Figure 3.13 >100 >100

CCT6 GSK1278863 related inhibitor 
(32)

Figure 3.13 >100 >100

Daminozide KDM inhibitor (58) Figure 3.13 >100 >100

114



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

3.2.6.3 Studies on novel PHD inhibitors 

A series of PHD inhibitors was designed and synthesised by James Holt-Martyn (University of 

Oxford, UK, unpublished data). The structures of the PHD inhibitors are shown in Figure 3.14 and 

3.15. RapidFire-based inhibition studies on PHD2 (conducted by James Holt-Martyn and Anthony 

Tumber (University of Oxford, UK) using identical assay conditions as described in Chapter 

3.2.6.1, data in Table 3.6) revealed that, while the majority of the compounds potently inhibited 

PHD2, some of the putative PHD inhibitors did not reduce activity of the enzyme, but instead 

increased the rate of PHD2-catalysed HIF1α CODD turnover. The observed effect of increased 

HIF1α CODD hydroxylation by PHD2 in the presence of the compounds JHM377, JHM675, and 

JHM682 (61 %, 65 %, and 41 % increase of PHD2-catalysed HIF1α CODD hydroxylation over the 

measured timeframe, respectively) was further investigated in cellular studies, where increased 

HIFα degradation was observed when Hep3B cells were treated with the compounds (Tzu-Lan Yeh, 

James Holt-Martyn, University of Oxford, UK, unpublished data). Therefore, it was of interest to 

examine if compounds JHM377, JHM675, and JHM682 exhibit a similar effect on PHD3. 

Additionally, a selection of potent PHD2 inhibitors was tested against PHD3 using the RapidFire-

based high-throughput screen (Chapter 3.2.6.1 and Materials and Methods, Chapter 7.6.3). 

The results of the study (Table 3.6) revealed that all tested PHD2 inhibitors potently inhibited 

PHD3. The majority of the inhibitors thereby did not discriminate between PHD2 and PHD3 

However, four inhibitors (JHM773, JHM885, JHM997, and JHM1037) exhibited a 5-fold to 37-fold 

difference in potency against PHD2 vs. PHD3. Further studies on these compounds using 

alternative assay methods such as AlphaScreen are necessary to validate the observed PHD2/3 

isoform selectivity. 
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Figure 3.14: Structures of PHD inhibitors (designed and synthesised by James Holt-Martyn, 

University of Oxford, UK).  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Figure 3.15: Structures of PHD inhibitors (designed and synthesised by James Holt-Martyn, 

University of Oxford, UK). 
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Table 3.6 IC50 values determined for activation and inhibition of PHD2 and PHD3. * compounds measured by James 
Holt-Martyn and Anthony Tumber (University of Oxford, UK, unpublished data). 

Compound ID IC50 for PHD2
HIF1α CODD
(μM) *

IC50 for PHD3
HIF1α CODD
(μM)

IC50 for PHD3
HIF2α CODD
(μM)

IC50 for PHD3
HIF3α CODD
(μM)

Inhibitors

JHM766 0.31 0.19 0.28 0.19

JHM773 0.51 0.15 0.17 0.11

JHM801 0.06 0.08 0.09 0.07

JHM809 0.06 0.06 0.07 0.05

JHM885 0.15 0.51 0.62 0.41

JHM997 2.23 0.06 0.08 0.05

JHM1034 0.11 0.69 0.61 0.67

JHM1035 0.08 0.07 0.07 0.06

JHM1037 0.59 0.11 0.13 0.10

JHM1048 0.18 0.30 0.34 0.24

JHM154 0.18 0.20

JHM167 0.50 0.38

JHM201 0.26 0.34

JHM204 0.25 0.26

JHM447 0.50 1.02

JHM532 0.15 0.13

JHM642 0.09 0.15

JHM689 0.32 0.89

JHM710 0.39 0.31

Compounds causing increases in PHD2-catalysed HIF1α CODD hydroxylation

JHM377 61% activation 9.15 9.06 8.77

JHM675 65% activation inactive

JHM682 41% activation inactive
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To investigate potential effects of different HIFα substrates on the outcome of the assays, PHD3 

inhibition was additionally tested in the presence of HIF2α CODD and HIF3α CODD. However, no 

substantial differences in the obtained IC50 values were apparent (Table 3.6), suggesting that the 

tested compounds equally inhibit HIF1-3α CODD binding and/or hydroxylation by PHD3. 

Notably, the compounds JHM377, JHM675, and JHM682 that increased PHD2-catalysed HIF1α 

CODD hydroxylation, did not cause any increase in HIF1α CODD hydroxylation by PHD3 (Table 

3.6). On the contrary, JHM377 potently inhibited PHD3 (IC50 (PHD3, HIF1α CODD, JHM377) = 

9.15 µM), while JHM675 and JHM682 where (at least) inactive on PHD3. The finding that the 

compounds that cause increase in PHD2-catalysed HIF1α CODD hydroxylation, discriminate 

between PHD2 and PHD3 is interesting from a mechanistic perspective, as it implies that structural 

differences between the two enzymes might be exploited by these compounds to achieve the 

observed selectivity.  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3.3 Conclusions 

HIF prolyl hydroxylases are major targets for the therapeutic manipulation of the HIF pathway. The 

majority (if not all) of current generation PHD inhibitors (including those used in clinical studies for 

treatment of aenamia in chronic kidney disease) act by competing with 2OG binding to the enzymes 

(see General Introduction, Chapter 1.3).  

It was of interest to investigate if the available PHD inhibitors discriminate between different PHD 

isoforms. In this Chapter, a MALDI-TOF-MS-based PHD1-3 inhibition screen is presented, that 

allows to comparatively test inhibitors against PHD1, 2, and 3 under identical conditions. The 

results obtained from the PHD1-3 inhibition screen show that NOG, IOX2, IOX4, FG-2216/IOX3, 

and the clinically-used PHD inhibitors Molidustat, FG-4592, GSK1278863, Vadadustat and Fluoro-

vadadustat all potently inhibit PHD1, 2, and 3. Given that PHD1-3 all use 2OG as a co-factor and 

2OG is (likely) bound in a similar manner at the active sites of the enzymes, it is not surprising to 

find no discrimination between PHD1-3 by the tested 2OG analogue inhibitors (within limits of 

detection). Combined NMR and crystallographic studies previously showed that some of the tested 

inhibitors protrude into the substrate-binding pocket of PHD2, thus displacing HIF1α NODD (in 

case of Vadadustat, Molidustat, IOX4, FG-4592, GSK1278863) and HIF1α CODD (in case of 

FG-4592 and FG-2216/IOX3) (32, 59). However, given that PHD1-3 are all potently inhibited by 

IOX4, FG-2216, and the clinically-used inhibitors, it seems that the capacity of the inhibitors to 

displace HIF1α CODD/NODD does not cause or relate to PHD isoform selectivity.  

Emerging evidence suggests disparate roles of PHD1-3 in the HIF pathway, including differences in 

the substrate selectivity profiles of the enzymes (60-61) and the differential expression of PHD1-3 

in various cell types (62-63). The development of PHD isoform-selective inhibitors is therefore of 

pharmaceutical interest, to achieve a better differentiation of clinical effects.  

In the work described in this Chapter, newly designed PHD inhibitors were comparatively screened 

against PHD2 and PHD3 using a RapidFire-based high-throughput assay. Although the majority of 

the tested compounds did not exhibit any selectivity between PHD2 and PHD3, four inhibitors were 

identified (JHM773, JHM885, JHM997, and JHM1037) that showed 5-to 37-fold differences in 

potency against PHD2 vs. PHD3.  
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Future studies should aim on validating the obtained results, e.g. by AlphaScreen and by cellular 

inhibition studies. Additionally, it might be of interest to investigate PHD1 inhibition by these 

compounds. Further, structural and mechanistic studies might be necessary to rationalise the 

observed differential effects of the four compounds on PHD2 and PHD3.  

Most interestingly, the comparative PHD2/3 inhibition screen revealed that the compounds 

JHM377, JHM675, and JHM682 selectively increased HIF1α CODD hydroxylation by PHD2, but 

did not exhibit any similar effect (or even acted as inhibitors) against PHD3. These findings are 

interesting from a mechanistic point of view, because understanding the mode of action of JHM377, 

JHM675, and JHM682 on PHD2 vs. PHD3 might provide new strategies for the design of both 

more potent compounds that increase PHD2-catalysed HIF1α CODD hydroxylation, and PHD 

isoform-selective inhibitors. Further mechanistic studies on compounds that increase PHD2-

catalysed HIF1α CODD hydroxylation were conducted by James Holt-Martyn, Anthony Tumber 

and Tzu-Lan Yeh (University of Oxford, UK, unpublished data). The results of these studies imply 

that these compounds (to a certain extent) discriminate between HIF1α CODD and HIF1α NODD, 

as it was found that JHM377 and JHM675 more strongly activated PHD2-catalysed hydroxylation 

of HIF1α CODD, whereas JHM682 exhibited a stronger effect on HIF1α NODD. Taken together, 

the preliminary data obtained so far on compounds that increase PHD2-catalysed HIF1α CODD 

hydroxylation, suggest that these compounds might differentially affect substrate binding to PHD2 

and PHD3. However, further structural and mechanistic studies on the compounds that increase 

PHD2-catalysed HIF1α CODD hydroxylation are necessary to elucidate their exact mode of action.  

121



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

3.4 References 

(1) Chan, M. C., Holt-Martyn, J. P., Schofield, C. J., & Ratcliffe, P. J. (2016). Pharmacological targeting of 
the HIF hydroxylases – A new field in medicine development. Molecular Aspects of Medicine, 
47(Supplement C), 54–75.  

(2) Haase, V. H. (2013). Regulation of erythropoiesis by hypoxia-inducible factors. Blood Reviews, 27(1), 
41–53. 

(3) Barrett, T. D., Palomino, H. L., Brondstetter, T. I., Kanelakis, K. C., Wu, X., Haug, P. V, … Shankley, N. 
P. (2011). Pharmacological Characterization of 1-(5-Chloro-6-(trifluoromethoxy)-1H-benzoimidazol-2-
yl)-1H-pyrazole-4-carboxylic Acid (JNJ-42041935), a Potent and Selective Hypoxia-Inducible Factor 
Prolyl Hydroxylase Inhibitor. Molecular Pharmacology, 79(6), 910-920. 

(4) Barrett, T. D., Palomino, H. L., Brondstetter, T. I., Kanelakis, K. C., Wu, X., Yan, W., … Rabinowitz, M. 
H. (2015). Prolyl hydroxylase inhibition corrects functional iron deficiency and inflammation-induced 
anaemia in rats. British Journal of Pharmacology, 172(16), 4078–4088. 

(5) Besarab, A., Provenzano, R., Hertel, J., Zabaneh, R., Klaus, S. J., Lee, T., … Neff, T. B. (2015). 
Randomized placebo-controlled dose-ranging and pharmacodynamics study of roxadustat (FG-4592) to 
treat anemia in nondialysis-dependent chronic kidney disease (NDD-CKD) patients. Nephrology 
Dialysis Transplantation, 30(10), 1665–1673. 

(6) Flamme, I., Oehme, F., Ellinghaus, P., Jeske, M., Keldenich, J., & Thuss, U. (2014). Mimicking Hypoxia 
to Treat Anemia: HIF-Stabilizer BAY 85-3934 (Molidustat) Stimulates Erythropoietin Production 
without Hypertensive Effects. PLoS ONE, 9(11), e111838. 

(7) Holdstock, L., Meadowcroft, A. M., Maier, R., Johnson, B. M., Jones, D., Rastogi, A., … Cobitz, A. R. 
(2016). Four-Week Studies of Oral Hypoxia-Inducible Factor–Prolyl Hydroxylase Inhibitor 
GSK1278863 for Treatment of Anemia. Journal of the American Society of Nephrology : JASN, 27(4), 
1234–1244. 

(8) Hsieh, M. M., Linde, N. S., Wynter, A., Metzger, M., Wong, C., Langsetmo, I., … Tisdale, J. F. (2007). 
HIF–prolyl hydroxylase inhibition results in endogenous erythropoietin induction, erythrocytosis, and 
modest fetal hemoglobin expression in rhesus macaques. Blood, 110(6), 2140–2147. 

(9) Besarab, A., Bolton, W. K., Browne, J. K., Egrie, J. C., Nissenson, A. R., Okamoto, D. M., … Goodkin, 
D. A. (1998). The Effects of Normal as Compared with Low Hematocrit Values in Patients with Cardiac 
Disease Who Are Receiving Hemodialysis and Epoetin. New England Journal of Medicine, 339(9), 
584–590. 

(10) Unger, E. F., Thompson, A. M., Blank, M. J., & Temple, R. (2010). Erythropoiesis-Stimulating Agents 
— Time for a Reevaluation. New England Journal of Medicine, 362(3), 189–192.  

122



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

(11)Szczech, L. A., Barnhart, H. X., Sapp, S., Felker, G. M., Hernandez, A., Reddan, D., … Singh, A. K. 
(2010). A secondary analysis of the CHOIR trial shows that comorbid conditions differentially affect 
outcomes during anemia treatment. Kidney International, 77(3), 239–246. 

(12)McCullough, P.A., Barnhart, H.X., Inrig, J.K., Reddan, D., Sapp, S., Patel, U.D. et al (2013). 
Cardiovascular toxicity of epoetin-alfa in patients with chronic kidney disease. The American Journal of 
Nephrology, 37(6), 549–558. 

(13) Shah, Y. M., & Xie, L. (2014). Hypoxia-Inducible Factors Link Iron Homeostasis and Erythropoiesis. 
Gastroenterology, 146(3), 630–642. 

(14) Ang, S. O., Chen, H., Hirota, K., Gordeuk, V. R., Jelinek, J., Guan, Y., … Prchal, J. T. (2002). 
Disruption of oxygen homeostasis underlies congenital Chuvash polycythemia. Nature Genetics, 32(4), 
614–621.  

(15) Astellas Pharma Inc. (2007). Adverse event of FG-2216 for the treatment of anemia. www.astellas.com/
en/corporate/news/pdf/070507_eg.pdf. Accessed  9th October 2017. 

(16) Astellas Pharma Inc. (2008). The FDA accepts the complete response for clinical holds of FG-2216*/
FG-4592 for the treatment of anemia. www.astellas.com/en/corporate/news/pdf/080402_eg.pdf. 
Accessed  9th October 2017. 

(17) Robinson, A., Keely, S., Karhausen, J., Gerich, M. E., Furuta, G. T., & P.Colgan, S. (2008). Mucosal 
Protection by Hypoxia-Inducible Factor (HIF) Prolyl Hydroxylase Inhibition. Gastroenterology, 134(1), 
145–155. 

(18) Bernhardt, W. M., Wiesener, M. S., Scigalla, P., Chou, J., Schmieder, R. E., Günzler, V., & Eckardt, K.-
U. (2010). Inhibition of Prolyl Hydroxylases Increases Erythropoietin Production in ESRD. Journal of 
the American Society of Nephrology : JASN, 21(12), 2151–2156. 

(19) Besarab, A., Chernyavskaya, E., Motylev, I., Shutov, E., Kumbar, L. M., Gurevich, K., … Neff, T. B. 
(2016). Roxadustat (FG-4592): Correction of Anemia in Incident Dialysis Patients. Journal of the 
American Society of Nephrology : JASN, 27(4), 1225–1233. 

(20) Van Welden, S., Selfridge, A. C., & Hindryckx, P. (2017). Intestinal hypoxia and hypoxia-induced 
signalling as therapeutic targets for IBD. Nat Rev Gastroenterol Hepatol, 14(10), 596–611. 

(21) Roda, J. M., Wang, Y., Sumner, L. A., Phillips, G. S., Marsh, C. B., & Eubank, T. D. (2012). 
Stabilization of HIF-2α induces sVEGFR-1 production from tumor-associated macrophages and 
decreases tumor growth in a murine melanoma model. Journal of Immunology (Baltimore, Md. : 1950), 
189(6), 3168–3177.  

123

http://www.astellas.com/en/corporate/news/pdf/080402_eg.pdf


 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

(22) Chan, M. C., Ilott, N. E., Schödel, J., Sims, D., Tumber, A., Lippl, K., … Schofield, C. J. (2016). Tuning 
the transcriptional response to hypoxia by inhibiting Hypoxia-inducible Factor (HIF) prolyl and 
asparaginyl hydroxylases. Journal of Biological Chemistry, 291(39). 

(23) Rose, N. R., McDonough, M. A., King, O. N. F., Kawamura, A., & Schofield, C. J. (2011). Inhibition of 
2-oxoglutarate dependent oxygenases. Chemical Society Reviews, 40(8), 4364–4397. 

(24) Kaule, G., Gunzler, V. (1990). Assay for 2-oxoglutarate decarboxylating enzymes based on the 
determination of [1-14C]succinate: application to prolyl 4-hydroxylase. Analytical Biochemistry, 184  
(2), 291-297.  

(25) Chowdhury, R., Candela-Lena, J. I., Chan, M. C., Greenald, D. J., Yeoh, K. K., Tian, Y.-M., … 
Schofield, C. J. (2013). Selective Small Molecule Probes for the Hypoxia Inducible Factor (HIF) Prolyl 
Hydroxylases. ACS Chemical Biology, 8(7), 1488–1496.  

(26) Hewitson, K. S., Liénard, B. M. R., McDonough, M. A., Clifton, I. J., Butler, D., Soares, A. S., … 
Schofield, C. J. (2007). Structural and Mechanistic Studies on the Inhibition of the Hypoxia-inducible 
Transcription Factor Hydroxylases by Tricarboxylic Acid Cycle Intermediates. Journal of Biological 
Chemistry, 282(5), 3293–3301. 

(27) Lee, S.-H., Moon, J. H., Cho, E. A., Ryu, S.-E., & Lee, M. K. (2008). Monoclonal Antibody-Based 
Screening Assay for Factor Inhibiting Hypoxia-Inducible Factor Inhibitors. Journal of Biomolecular 
Screening, 13(6), 494–503. 

(28) Oehme, F., Jonghaus, W., Narouz-Ott, L., Huetter, J., & Flamme, I. (2004). A nonradioactive 96-well 
plate assay for the detection of hypoxia-inducible factor prolyl hydroxylase activity. Analytical 
Biochemistry, 330(1), 74–80.  

(29) McDonough, M. A., Li, V., Flashman, E., Chowdhury, R., Mohr, C., Liénard, B. M. R., … Schofield, C. 
J. (2006). Cellular oxygen sensing: Crystal structure of hypoxia-inducible factor prolyl hydroxylase 
(PHD2). Proceedings of the National Academy of Sciences of the United States of America, 103(26), 
9814–9819. 

(30) McNeill, L. A., Hewitson, K. S., Gleadle, J. M., Horsfall, L. E., Oldham, N. J., Maxwell, P. H., … 
Schofield, C. J. (2002). The use of dioxygen by HIF prolyl hydroxylase (PHD1). Bioorganic & 
Medicinal Chemistry Letters, 12(12), 1547–1550.  

(31) Tarhonskaya, H., Chowdhury, R., Leung, I. K. H., Loik, N. D., McCullagh, J. S. O., Claridge, T. D. W., 
… Flashman, E. (2014). Investigating the contribution of the active site environment to the slow reaction 
of hypoxia-inducible factor prolyl hydroxylase domain 2 with oxygen. Biochemical Journal, 463(3), 
363-372.  

124



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

(32) Yeh, T.-L., Leissing, T., Abboud, M. I., Thinnes, C. C., Atasoylu, O., Holt-Martyn, J. P., … Schofield, C. 
J. (2017). Molecular and cellular mechanisms of HIF prolyl hydroxylase inhibitors in clinical trials. 
Chemical Science, 8, 7651-7668. 

(33) Chan, M. C., Atasoylu, O., Hodson, E., Tumber, A., Leung, I. K. H., Chowdhury, R., … Schofield, C. J. 
(2015). Potent and Selective Triazole-Based Inhibitors of the Hypoxia-Inducible Factor Prolyl-
Hydroxylases with Activity in the Murine Brain. PLoS ONE, 10(7), e0132004. 

(34) Galdeano, C., Gadd, M. S., Soares, P., Scaffidi, S., Van Molle, I., Birced, I., … Ciulli, A. (2014). 
Structure-Guided Design and Optimization of Small Molecules Targeting the Protein–Protein Interaction 
between the von Hippel–Lindau (VHL) E3 Ubiquitin Ligase and the Hypoxia Inducible Factor (HIF) 
Alpha Subunit with in Vitro Nanomolar Affinities. Journal of Medicinal Chemistry, 57(20), 8657–8663.  

(35) Pollard, P. J., Loenarz, C., Mole, D. R., McDonough, M. A., Gleadle, J. M., Schofield, C. J., & 
Ratcliffe, P. J. (2008). Regulation of Jumonji-domain-containing histone demethylases by hypoxia-
inducible factor (HIF)-1α. Biochemical Journal, 416(3), 387-394. 

(36) Ellis, L., Hammers, H., & Pili, R. (2009). Targeting tumor angiogenesis with Histone Deacetylase 
Inhibitors. Cancer Letters, 280(2), 145. 

(37) Geng, H., Liu, Q., Xue, C., David, L. L., Beer, T. M., Thomas, G. V, … Qian, D. Z. (2012). HIF1α 
Protein Stability Is Increased by Acetylation at Lysine 709. The Journal of Biological Chemistry, 
287(42), 35496–35505. 

(38) Qian, D. Z., Kachhap, S. K., Collis, S. J., Verheul, H. M. W., Carducci, M. A., Atadja, P., & Pili, R. 
(2006). Class II Histone Deacetylases Are Associated with VHL-Independent Regulation of Hypoxia-
Inducible Factor 1α. Cancer Research, 66(17), 8814-8821. 

(39) Jeong, J.-W., Bae, M.-K., Ahn, M.-Y., Kim, S.-H., Sohn, T.-K., Bae, M.-H., … Kim, K.-W. (2002). 
Regulation and Destabilization of HIF-1α by ARD1-Mediated Acetylation. Cell, 111(5), 709–720. 

(40) Kato, H., Tamamizu-Kato, S., & Shibasaki, F. (2004). Histone Deacetylase 7 Associates with Hypoxia-
inducible Factor 1α and Increases Transcriptional Activity. Journal of Biological Chemistry, 279(40), 
41966–41974. 

(41) Lim, J.-H., Lee, Y.-M., Chun, Y.-S., Chen, J., Kim, J.-E., & Park, J.-W. (2010). Sirtuin 1 Modulates 
Cellular Responses to Hypoxia by Deacetylating Hypoxia-Inducible Factor 1α. Molecular Cell, 38(6), 
864–878. 

(42) Geng, H., Harvey, C. T., Pittsenbarger, J., Liu, Q., Beer, T. M., Xue, C., & Qian, D. Z. (2011). HDAC4 
Protein Regulates HIF1α Protein Lysine Acetylation and Cancer Cell Response to Hypoxia. The Journal 
of Biological Chemistry, 286(44), 38095–38102.  

125



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

(43) Sadoul, K., Boyault, C., Pabion, M., & Khochbin, S. (2008). Regulation of protein turnover by 
acetyltransferases and deacetylases. Biochimie, 90(2), 306–312. 

(44) Sanchez, R., & Zhou, M.-M. (2009). The role of human bromodomains in chromatin biology and gene 
transcription. Current Opinion in Drug Discovery & Development, 12(5), 659–665. 

(45) Zengerle, M., Chan, K.-H., & Ciulli, A. (2015). Selective Small Molecule Induced Degradation of the 
BET Bromodomain Protein BRD4. ACS Chemical Biology, 10(8), 1770–1777.  

(46) Choudhry, V. P., & Naithani, R. (2007). Current status of iron overload and chelation with deferasirox. 
The Indian Journal of Pediatrics, 74(8), 759–764. 

(47) P H Yang, L., J Keam, S., & M Keating, G. (2007). Deferasirox: A review of its use in the management 
of transfusional chronic iron overload. Drugs (Vol. 67). 

(48) Poggiali, E., Cassinerio, E., Zanaboni, L., & Cappellini, M. D. (2012). An update on iron chelation 
therapy. Blood Transfusion, 10(4), 411–422. 

(49) Sivakumar, S., Khatiwada, C. P., & Sivasubramanian, J. (2014). Studies the alterations of biochemical 
and mineral contents in bone tissue of mus musculus due to aluminum toxicity and the protective action 
of desferrioxamine and deferiprone by FTIR, ICP-OES, SEM and XRD techniques. Spectrochimica Acta 
Part A: Molecular and Biomolecular Spectroscopy, 126(Supplement C), 59–67.  

(50) Cho, E. A., Song, H. K., Lee, S.-H., Chung, B. H., Lim, H. M., & Lee, M. K. (2013). Differential in 
vitro and cellular effects of iron chelators for hypoxia inducible factor hydroxylases. Journal of Cellular 
Biochemistry, 114(4), 864–873. 

(51) Ponka, P. (1999). Cellular iron metabolism. Kidney International, 55(Supplement 69), S2–S11. 

(52) Williams, J. W., and Morrison, J. F. (1979). The kinetics of reversible tight-binding inhibition. Methods 
Enzymology, 63, 437–467. 

(53) Schiller, R., Scozzafava, G., Tumber, A., Wickens, J. R., Bush, J. T., Rai, G., … Kawamura, A. (2014). 
A Cell-Permeable Ester Derivative of the JmjC Histone Demethylase Inhibitor IOX1. Chemmedchem, 
9(3), 566–571. 

(54) Nwogu, J. I., Geenen, D., Bean, M., Brenner, M. C., Huang, X., & Buttrick, P. M. (2001). Inhibition of 
Collagen Synthesis With Prolyl 4-Hydroxylase Inhibitor Improves Left Ventricular Function and Alters 
the Pattern of Left Ventricular Dilatation After Myocardial Infarction. Circulation, 104(18), 2216-2221.  

(55) Sjakste, N., Gutcaits, A., & Kalvinsh, I. (2005). Mildronate: An Antiischemic Drug for Neurological 
Indications. CNS Drug Reviews, 11(2), 151–168. 

(56) Furst D.E. (1998) Meloxicam: selective COX-2 inhibition in clinical practice. In: Vane J., Botting J. 
(eds) Selective COX-2 Inhibitors. Springer, Dordrecht.  

126



 Chapter 3                                                                       Inhibition Studies on Human HIF Prolyl Hydroxylases

(57) Thinnes, C. C., Tumber, A., Yapp, C., Scozzafava, G., Yeh, T., Chan, M. C., … Schofield, C. J. (2015). 
Betti reaction enables efficient synthesis of 8-hydroxyquinoline inhibitors of 2-oxoglutarate oxygenases. 
Chemical Communications, 51(84), 15458–15461. 

(58) Rose, N. R., Woon, E. C. Y., Tumber, A., Walport, L. J., Chowdhury, R., Li, X. S., … Kawamura, A. 
(2012). The Plant Growth Regulator Daminozide is a Selective Inhibitor of the Human KDM2/7 Histone 
Demethylases. Journal of Medicinal Chemistry, 55(14), 6639–6643. 

(59) Leung, I. K. H., Flashman, E., Yeoh, K. K., Schofield, C. J., & Claridge, T. D. W. (2010). Using NMR 
Solvent Water Relaxation to Investigate Metalloenzyme−Ligand Binding Interactions. Journal of 
Medicinal Chemistry, 53(2), 867–875. 

(60) Hirsilä, M., Koivunen, P., Günzler, V., Kivirikko, K. I., & Myllyharju, J. (2003). Characterization of the 

Human Prolyl 4-Hydroxylases That Modify the Hypoxia-inducible Factor. Journal of Biological 
Chemistry, 278(33), 30772–30780. 

(61)  Huang, J., Zhao, Q., Mooney, S. M., & Lee, F. S. (2002). Sequence Determinants in Hypoxia-inducible 
Factor-1α for Hydroxylation by the Prolyl Hydroxylases PHD1, PHD2, and PHD3. Journal of 
Biological Chemistry, 277(42), 39792–39800. 

(62)  Lieb, M. E., Menzies, K., Moschella, M. C., Ni, R., & Taubman, M. B. (2002). Mammalian EGLN 
genes have distinct patterns of mRNA expression and regulation. Biochemistry and Cell Biology, 80(4), 
421–426. 

(63)  Willam, C., Maxwell, P. H., Nichols, L., Lygate, C., Tian, Y. M., Bernhardt, W., … Pugh, C. W. (2017). 
HIF prolyl hydroxylases in the rat; organ distribution and changes in expression following hypoxia and 
coronary artery ligation. Journal of Molecular and Cellular Cardiology, 41(1), 68–77. 

127



Chapter 4                                                                         Studies on Variants of HsPHD2 and HsHIF1α CODD

Chapter 4 

Studies on Variants of HsPHD2 and HsHIF1α CODD 

4.1 Introduction 

The aim of the work described in this Chapter was to study the role of PHD2 variants in the 

development of disease. Mutations in the EGLN1 gene have been associated with, among others, 

erythrocytosis, a disease state characterised by an augmented red cell mass (at least 125 % increased 

compared to healthy subjects, (1-2)). The symptoms of erythrocytosis include headaches, tiredness, 

and high blood pressure, with an increased risk of formation of blood clots (leading to heart attacks 

and strokes). There are many different causes of erythrocytosis, which are usually classified 

according to primary or secondary effects (2). Primary erythrocytosis is caused by increased 

production of red cells in the bone marrow due to an intrinsic bone marrow defect, with the EPO 

levels being below the normal range (2). By contrast, in secondary erythrocytosis, EPO levels are 

usually elevated, causing an increase in red cell production. Some types of secondary hereditary 

erythrocytosis are due to defects in hypoxic genes, leading to increased EPO expression in the 

patients (2-5). Mutations in the genes encoding PHD2 (EGLN1), pVHL, and HIF2α (EPAS1), have 

been associated with secondary erythrocytosis, as they lead to HIFα stabilisation and, subsequently 

increased EPO levels (2-8). However, no mutations in the genes encoding for the other PHD and 

HIF isoforms have been identified in patients with erythrocytosis to date (2).  

The first erythrocytosis related mutation in the gene encoding for pVHL was found in a study 

conducted on 103 individuals with familial erythrocytosis in the Chuvash region in Russia (3, 9). 

Genetic analysis revealed a homozygous mutation in the VHL gene, R200W, resulting in reduced 

affinity of the pVHL R200W variant for hydroxylated HIFα, and subsequently increased levels of 

EPO in the patients (3, 6, 10). In addition, the pVHL R200W variant was shown to have altered 

affinity for suppression of cytokine signaling 1 (SOCS1), hindering the formation of a 

heterodimeric pVHL-SOCS1 E3 ubiquitin ligase complex. As a consequence, the ubiquitin-

mediated degradation of the EPO receptor (EPO-R) coupled kinase, phosphorylated JAK2 (pJAK2), 

is prevented (3, 11).  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The identification of two distinct mechanisms that underlie the development of erythrocytosis in 

patients carrying the VHL R200W mutation, illustrates that regulation of erythropoiesis by pVHL 

occurs at different levels and is not restricted to regulation of EPO production (3). Apart from the 

VHL R200W mutation, the homozygous mutations P138L and H191D, and multiple heterozygous 

mutations in VHL have been identified in patients with erythrocytosis (3-4, 12-15).  

Numerous erythrocytosis-associated mutations in the EPAS1 gene, encoding for HIF2α, have been 

described (3-4, 16-17). Notably, all identified amino acid substitutions in HIF2α occur close to the 

target prolyl residue in the CODD of HIF2α (P531). It was shown that in the erythrocytosis-

associated variant HIF2α G537W, hydroxylation of P531 is impaired, thus leading to stabilisation of  

HIF2α during normoxia (17). 

Studies conducted with erythrocytosis patients described at least 23 different mutations in the 

EGLN1 gene, including misssense, frameshift, and nonsense mutations (2, 7-8, 18-25). Notably, all 

identified germline mutations in the EGLN1 gene were found in a heterozygous state, suggesting 

that partial loss of PHD2 activity is sufficient to produce the erythrocytosis phenotype (2). Studies 

of EGLN1 mutations in vitro and in cells showed varying effects, ranging from mutations causing 

loss of function of PHD2, to mutations that only exhibit a mild effect on PHD2 activity (2, 21, 26). 

The first reported EGLN1 mutation, P317R, causes the single amino acid substitution of P317 to 

arginine in the vicinity of the active site of PHD2, and was found to diminish the activity of PHD2 

on HIF1α and HIF2α (7, 26). By contrast, the PHD2 variant P200Q exhibits only very mild loss of 

activity (2, 21). Besides mutations that directly target the catalytic activity of PHD2, there are 

mutations described that interrupt the interaction between PHD2 and HIFα, in some cases 

selectively for either HIF1α NODD or CODD (27). The erythrocytosis-associated PHD2 P317R 

variant is active on HIF1α CODD, but does not hydroxylate HIF1α NODD (7, 27), whereas a PHD2 

R396T variant (present in breast carcinoma (28)), efficiently hydroxylates HIF1α NODD, but is 

inactive towards HIF1α CODD (27)). PHD2 binds a number of proteins in the cell, including the 

peptidyl prolyl cis/trans isomerase FKPB38, which plays a role in PHD2 stability (2, 29-32). 

Therefore, it is possible that EGLN1 mutations interrupt the interaction between PHD2 and its 

cellular binding partners, thus affecting the regulation of the HIF system.  
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Further, mutations in EGLN1 are shown to play a role in the adaptation of the human organism to 

high altitude. Studies on populations living at high altitude identified single-nucleotide   

polymorphisms  in the EGLN1 gene (33-34). Some of these are located in the noncoding, regulatory 

regions of EGLN1 and have been associated with decreased haemoglobin levels (35). It is proposed 

that the decrease in haemoglobin levels observed in the Tibetan population constitutes a mechanism 

for protection from erythrocytosis as part of the hypoxic adaptation to life at high altitudes (35). 

Additionally, polymorphisms in the coding region of EGLN1 (D4E, C127S) were identified, and 

functional studies on the PHD2 D4E C127S variant showed that the substitutions slightly increased 

the activity of the enzyme (2, 36-37). Another study found that the interaction between PHD2 and 

p23, a HS90 cochaperone, is diminished in the PHD2 D4E C127S variant, resulting in an impaired 

PHD2-mediated down-regulation of the HIF pathway (38). Taken together, the genomic studies on 

populations living at high altitude suggest that multiple mechanisms are involved in hypoxic 

adaptation, including decreased haemoglobin levels, and up-regulation of the HIF pathway (39). 

To further elucidate the role of clinically observed EGLN1 mutations in the development of disease, 

a selection of PHD2 variants was studied in vitro. The chosen PHD2 variants include those found in 

patients with clinical phenotype of erythrocytosis (PHD2 R312H, PHD2 F366L, Richard V. Wijk, 

University Medical Center Utrecht, Netherlands and Celeste Bento, Hospitais da Universidade de 

Coimbra, Portugal, unpublished data), and mutations selected from the Catalogue of Somatic 

Mutations in Cancer (COSMIC) database (PHD2 D277G, PHD2 G294S, and PHD2 W334S (28)).  

The positions of the single amino acid substitutions caused by EGLN1 mutations are depicted in the 

crystal structure of PHD2 (Figure 4.1). The substitutions R312H and F366L were selected for the 

study due to their vicinity to the active site, whilst G294S and D277G were chosen because these 

two substitutions are situated in proximity to the substrate binding site. In addition, the W334S 

substitution was selected based on in-solution NMR data (Rasheduzzaman Chowdhury, University 

of Oxford, UK, unpublished data) that suggest a possible role of W334 in substrate binding by 

PHD2. 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Figure 4.1: Positions of single amino acid substitutions caused by EGLN1 mutations, in the 

crystal structure of PHD2.CODD (PDB:3HQR, (40)). The substitutions chosen for functional 

studies include residues in the vicinity of the active site (F366, R312), residues at HIF binding sites 

(G294, D277), and a residue that potentially affects substrate-binding by PHD2 (W334S). 
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To investigate the mechanism by which these substitutions affect PHD2 and/or the HIF pathway, 

functional studies were carried out: 

1. The activity of the PHD2 variants against different HIFα substrates was determined.  

2. Structural effects of the substitutions were investigated by crystallising the PHD2 variants. 

3. The thermal stabilities of the PHD2 variants was examined by circular dichroism (CD) 

spectroscopy.  

Another part of this Chapter focuses on variants of HIF1α CODD. The aim of the work is to 

investigate whether single amino acid residues in the sequence of HIF1α CODD can be substituted 

by a alanine residue without reducing the turnover of HIF1α CODD by PHD2. The results provide 

an insight into the role of different residues in HIF1α CODD for binding to PHD2, and they help to 

improve the current understanding of the substrate preferences of PHD2 (and other PHDs).  
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4.2 Results and Discussion 

4.2.1 Activity of PHD2 variant enzymes 

Genes encoding for the N-terminally truncated tPHD2 variants were prepared by site-directed 

mutagenesis (Materials and Methods, Chapter 7.1.1.4). tPHD2 variants (residues 181-426) were  

produced in E. coli and purified by protein chromatography as described in Materials and Methods, 

Chapter 7.2 and 7.3, following the established protocol for production of wild-type tPHD2 (41). 

The identity of each tPHD2 variant was confirmed by ESI-LC-MS (Figure 4.2, Materials and 

Methods, Chapter 7.6.2). 
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Figure 4.2: Purification of tPHD2 variants. (A) SDS-PAGE gel and (B) deconvoluted protein 

ESI-LC-MS spectra. Affinity purification followed by size-exclusion chromatography yielded 

tPHD2 variants in approx. 95 % purity. The identity of the purified protein was verified by ESI-LC-

MS (main peak in each spectrum, expected MW (g/mol): 29806 (tPHD2 wt), 29787 (tPHD2    

R312H), 29772 (tPHD2 F366L), 29748 (tPHD2 D277G), 29836 (tPHD2 G294S), 29707 (tPHD2 

W334S)). The second most intense peak observed in the ESI-LC-MS spectra (29984.60 in case of 

tPHD2 wt) is likely due to post-translational modification in E.coli or constitutes a MS artefact.  

To assess the activity of the tPHD2 (subsequently referred to as 'PHD2') variants, hydroxylation of 

19-20mer HIFα CODD/NODD peptides was studied using ESI-LC-MS based assays (see Materials 

and Methods, Chapter 7.6.2). An enzyme to substrate ratio of 1 : 12.5 was chosen, and the reaction 

was stopped after 10 min incubation at 25 °C.  

Figure 4.3: Activity of PHD2 variants on their HIFα substrates. Assay conditions: 4 µM PHD 

enzyme, 50 µM (NH4)2Fe(II)(SO4)2, 300 µM 2-oxoglutarate disodium salt, 4 mM sodium L-

ascorbate, 1 mM dithiothreitol, and 50 µM 19-20 mer HIFα CODD/NODD-peptides in 50 mM Tris, 

pH 7.5. Reactions were incubated at 25 °C for 10 min and subsequently quenched with 1 % (v/v) 

formic acid. Hydroxylation levels were quantified using MassLynx™ V4.0. Non-enzymatic 

background oxidation was subtracted, and the data was normalised (errors are indicated as standard 

deviations, n=3).  
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It was found that all PHD2 variants efficiently catalyse the hydroxylation of HIF1-3α CODD under 

the chosen reaction conditions, except for PHD2 D277G, that manifests a strongly reduced activity 

against its HIFα substrates (Figure 4.3 and Figure 4.9, Figure 4.10 (Appendix, ESI-LC-MS 

spectra). Amongst the NODD substrates, a clear preference of PHD2 wt and PHD2 variants for  

HIF1α NODD over HIF2α NODD was observed, as the latter is only turned over to 15-20 % under 

the chosen conditions, and was hardly turned over above background level by PHD2 variants 

R312H, F366L, and D277G. Whilst PHD2 R312H, PHD2 G294S, and PHD2 W334S hydroxylate 

HIF1α NODD as efficiently as PHD2 wt, the two variants PHD2 F366L and PHD2 D277G manifest 

reduced activity on HIF1α NODD (~60 % turnover of HIF1α NODD by PHD2 F366L, ~18 % 

turnover by PHD2 D277G, Figure 4.3).  

The results suggest that the tested substitutions in PHD2 differentially affect the catalytic activity of 

the enzyme variants. Whilst the PHD2 variants G294S and W334S exhibit no effect on the 

hydroxylation efficiency of PHD2 under the chosen conditions, the activity of PHD2 D277G is 

strongly reduced on all of its substrates (Figure 4.3). More subtle effects were observed for PHD2 

F366L and (potentially) PHD2 R312H, as their efficiency towards HIF2α NODD (and HIF1α 

NODD in case of F366L) was decreased when compared to PHD2 wt. Previous studies showed that 

PHD2 prefers CODD substrates over NODD substrates, resulting in slower hydroxylation kinetics 

of NODD, compared to CODD (42-43). Therefore, under the chosen assay conditions, it is likely 

that subtle changes in the activity of PHD2 variants (as compared to PHD2 wt), become more 

apparent in NODD, than in CODD, hydroxylation levels.  
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4.2.2 Crystallographic analysis of PHD2 variants 

To investigate potential effects of EGLN1 mutations on the structure of PHD2 and on substrate 

binding, crystallographic experiments were carried out. Previous crystallographic studies on the 

catalytic domain of PHD2 identified suitable conditions for crystallisation of tPHD2 wt (41). 

Assuming that the single substitutions in the PHD2 variants will not (strongly) affect crystallisation, 

the conditions found for tPHD2 wt were chosen as a starting point for crystallising the PHD2 

variants.  

For that purpose, the PHD2 variants were concentrated to 25 mg/mL (note that the variants were  

stable in different buffer conditions, as described in Materials and Methods, Chapter 7.3.1). The 

enzymes were co-crystallised with 1.5 mM MnCl2 and 3 mM FG-2216/IOX3 (Materials and 

Methods, Chapter 7.10.1). The commercial screens JCSG-Plus (Molecular Dimensions) and 

Crystal Screen (Hampton Research) were used for crystallisation, as these screens have yielded 

well-diffracting crystals of tPHD2 wt before. After set up (Materials and Methods, Chapter 

7.10.1), the crystal plates were incubated at 20 °C, and small crystals were usually observed after 

one day in various well conditions (Table 4.1). In order to allow for optimal crystal growth, the 

plates were usually incubated for 7 days, before large, rod-shaped crystals (Figure 4.4) were 

harvested for data collection (Materials and Methods, Chapter 7.10.2 and 7.10.3).  

Figure 4.4: Examples of crystals obtained of PHD2 G294S with FG-2216/IOX3 and Mn(II). 

Conditions: (A), Crystal screen, position D3 (2.0 M ammonium sulfate, 2 % (v/v) polyethylene 

glycol 400, 0.1 M HEPES sodium, pH 7.5), 1:2 ratio protein:well solution (B), JCSG+ position G11 

(2.0 M ammonium sulfate,  0.1 M Bis-Tris, pH 5.5), 1:2 ratio protein:well solution.  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Table 4.1 Conditions for crystallisation of PHD2 variants. 

The crystals were measured at the Diamond Light Source (Oxfordshire, UK) and X-ray diffraction 

data up to a resolution of 1.4 - 1.6 Å was obtained. All crystals diffracted in the same space group, 

the primitive hexagonal space group P63. The data sets were processed and refined as described in 

Materials and Methods, Chapter 7.10.3 (see Table 4.2 for data collection and refinement 

statistics). 

PHD2 variant Screen, position Well solution Ratio 
protein:well 
solution

Resolution, 
Å

R312H Crystal screen, F2 0.2 M potassium sodium tartrate 
tetrahydrate
0.1 M sodium citrate tribasic 
dihydrate, pH 5.6
2.0 M ammonium sulfate

1:2 1.4

F366L Crystal screen, D3 0.1 M HEPES sodium, pH 7.5
2 % (v/v) polyethylene glycol 400
2.0 M ammonium sulfate

1:2 1.6

G294S Crystal screen, D3 0.1 M HEPES sodium, pH 7.5
2 % (v/v) polyethylene glycol 400
2.0 M ammonium sulfate

1:2 1.4

G294S Crystal screen, C4 0.2 M sodium acetate trihydrate
0.1 M sodium cacodylate 
trihydrate, pH 6.5
30 % (w/v) polyethylene glycol 
8000

1:2 1.6

W334S Crystal screen, G9 0.1 M HEPES, pH 7.5
2.0 M ammonium formate

1:2 1.5

137



Chapter 4                                                                         Studies on Variants of HsPHD2 and HsHIF1α CODD

Table 4.2 Data collection and refinement statistics (refinement under progress). 

* values for outer shell in parenthesis. 

PHD2 R312H PHD2 F366L PHD2 D277G PHD2 G294S PHD2 W334S

Resolution 
range (Å) *

55.50-1.42 
(1.46-1.42)

56.17-1.56
(1.60-1.56)

48.64-1.39 
(1.43-1.39)

95.98-1.57
(1.60-1.57)

55.45-1.51
(1.54-1.51)

Space group P63 P63 P63 P63 P63

Unit cell (a b c, α 
β γ)

111 111 39.34,
90 90 120

112.35 112.35 
40.59, 90 90 120

112.33 112.33 
40.58, 90 90 120

110.83 110.83 
39.96, 90 90 120

110.90 110.90 
40.03, 90 90 120

Total reflections 339415 559582 778396 195012 429229

Unique 
reflections

52560 41942 59125 39471 44457

Multiplicity * 6.5 (6.1) 13.3 (12.5) 13.2 (13.2) 4.9 (5.0) 9.7 (9.4)

Completeness 
(%) *

100 (100) 99.9 (99.9) 100 (100) 100 (99.5) 100 (99.1)

Mean I/σ(I) * 19.4 (1.4) 15.1 (1.4) 14.0 (1.2) 14.2 (1.4) 15.8 (1.0)

CC(1/2) * 1.0 (0.6) 1.0 (0.6) 1.0 (0.6) 1.0 (0.5) 1.0 (0.6)

Rwork 0.1701 0.1804 0.1613 0.1655 0.1768

Rfree 0.1890 0.2050 0.1736 0.1867 0.1977

RMS (bonds) 0.017 0.007 0.019 0.009 0.016

RMS (angles) 1,557 0.963 1.516 1,078 1,424

Ramachandran 
favoured (%)

97.70 99.08 97.70 98.17 96.71

Ramachandran 
allowed (%)

2.30 0.92 2.30 1.83 2.78

Ramachandran 
outliers (%)

0.0 0.0 0.0 0.0 0.47

Rotamer outliers 
(%)

1.10 1.14 0.0 0.55 1.09

Clashscore 5.71 3.15 2.27 4.35 9.16

Average B-factor 
(Å2)

36.53 34.64 35.57 38.25 39.10

Macromolecules 
(Å2)

35.57 33.36 32.71 37.24 38.64

Ligands (Å2) 52.96 57.65 56.00 19.13 20.98
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The PHD2 variants R312H, F366L, D277G, G294S, and W334S all co-crystallised with the 

inhibitor FG-2216/IOX3, the electron density of which is clearly visible in the PHD2 variant 

structures (Figure 4.5 and 4.6). The structures of the PHD2 variants all reveal a similar overall fold 

to wild-type PHD2, that is the DSBH core and three helices (helices α1-3) that stabilise the β-sheet 

core (overall structures not shown).  

Investigating the electron density of the substituted residues in each of the PHD2 variant structures 

clearly shows that the desired residues are present in the structures (2Fo-Fc density map in cyan, 

Figure 4.5 and 4.6). In case of the PHD2 D277G structure, in addition to the density for glycine 

(G277), density for the aspartate carboxyl is observed (Figure 4.5, first row). This is (likely) due to 

model bias, as the structure of PHD2 D277G was solved using model-based phases (of the wild-

type PHD2 structure, PDB: 4BQX, (44)). 

The structure of PHD2 D277G suggests that this variant probably manifests altered substrate 

binding properties compared to the substrate binding modes observed in the PHD2.CODD and 

PHD2.NODD structures (Figure 4.5, first row). In the PHD2.CODD/NODD structures, the 

sidechain of D277 is facing in direction of the bound substrate. By contrast, in the PHD2 D277G 

structure, this residue is substituted by a glycine residue, and changes in the sidechain 

conformations of the adjacent residues R281 and D278 in helix α3 are observed. In the 

PHD2.CODD structure, R281 is involved in substrate binding, by forming hydrogen bonds to the 

CODD residue L574 (note that this residue is substituted by cysteine in the PHD2.NODD structure 

for cross-linking purposes). However, in the PHD2 D277G structure, two alternative conformations 

of R281 are visible, one of which is facing away from the substrate (Figure 4.5, first row). It is 

possible that the substitution of D277 to glycine reduces the interaction between the substrate and 

PHD2 residues in helix α3. This finding is in accordance with the low activity of PHD2 D277G on 

HIFα CODD/NODD substrates as observed in time-point assays (Figure 4.3).  

In the PHD2 G294S structure, the substituted residue S294 is positioned in proximity to where 

CODD/NODD are bound in the PHD2.CODD/NODD substrate structures (Figure 4.5, second 

row). However, it appears that the substitution of G294 by serine does not induce substantial 

changes in the structure of PHD2. Notably, PHD2 G294S does not manifest any reduction in its 

enzymatic activity as determined in time-point assays (Figure 4.3). It is therefore likely that the 

substitution does not directly affect substrate binding or turnover (at least not to an extent that can 

be observed in vitro under the used assay conditions).  
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Figure 4.5: Views from the clinically observed PHD2 variant crystal structures, PHD2 D277G, 
G294S, and W334S, superimposed with the wild-type PHD2.CODD (PDB: 3HQR, (40)) and 
PHD2.NODD (PDB: 5L9V, (27)) complex structures. Electron density maps of the mutated 
residues are displayed in cyan (2Fo-Fc, contoured to 1σ). 
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In a similar manner, when comparing the PHD2.CODD/NODD and PHD2 W334 structures, no 

effect of the W334S substitution on the structure of PHD2 is observed (Figure 4.5, third row). This 

includes residue R382, the crucial 2OG binding residue, which is located close to the mutated site, 

and which forms hydrogen bonds to the 2OG substitute FG-2216/IOX3 in the PHD2 W334S 

structure. Again, the crystallographic findings are in accordance with the observed unaltered activity 

of PHD2 W334S on its HIFα substrates, compared to wild-type PHD2 (Figure 4.3). 

Figure 4.6: Views from the PHD2 R312H and F366L crystal structures, superimposed with the 

wild-type PHD2.CODD (PDB: 3HQR, (40)) and PHD2.NODD (PDB: 5L9V, (27)) complex 

structures. Electron density maps of the mutated residues are displayed in cyan (2Fo-Fc, contoured 

to 1σ); W1 corresponds to the metal-coordinated water in the PHD2.CODD/NODD structures, W1* 

corresponds to the respective water in the PHD2 F366L structure.  
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Comparison of the crystal structures obtained for erythrocytosis-associated PHD2 variants R312H 

and F3366L with the PHD2.CODD/NODD substrate complex structures, reveals no major structural 

changes in PHD2 upon introduction of the respective substitutions (Figure 4.6). Both substitutions 

are located in the proximity of the active site, with R312H additionally being positioned close to the 

substrate binding site (Figure 4.6, first row). Given that F366L is positioned next to the metal-

coordinated water molecule that is proposed to play a role in the observed slow reaction of Fe(II) 

with oxygen (40-41, 45), it was hypothesised that the substitution might alter the water and oxygen 

binding properties of PHD2. In fact, the water molecule in the PHD2 F366L structure (W1*) is 

located 0.8 Å and 0.6 Å apart from the respective water molecules (W1) in the PHD2.CODD and 

PHD2.NODD complex structures (Figure 4.6, second row); for comparison,  the distance between 

W1 in the PHD2.CODD structure and W1 in the PHD2.NODD structure is 0.2 Å. It is possible that 

the small shift in the position of the metal-coordinated water molecule is related to the slight 

decrease in activity as observed in the time-point assays, yet further studies (i.e. kinetic studies on 

the oxygen dependence of the reaction catalysed by PHD2 F366L) are necessary to clarify if this is 

the case.  
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4.2.3 Thermal stability of PHD2 variants 

To investigate if the substitutions in the PHD2 variants R312H, F366L, D277G, G294S, and W334S 

affect the overall stability of the enzyme, circular dichroism (CD) spectroscopy was performed. 

First, a CD spectrum of wild-type PHD2 was obtained (Figure 4.7 A) to check the experimental set-

up and to find a suitable wavelength for further experiments. The thermal stability of wild-type 

PHD2 and its variants was then studied using a temperature gradient (Materials and Methods, 

Chapter 7.9).  

The following melting temperatures were obtained: Tm (PHD2 wt) = 49.5 ± 0.2 °C, Tm (PHD2 

R312H) = 50.0 ± 0.2 °C, Tm (PHD2 F366L) = 47.2 ± 0.3 °C, Tm (PHD2 D277G) = 49.4 ± 0.1 °C, Tm 

(PHD2 G294S) = 47.2 ± 0.3 °C, and Tm (PHD2 W334S) = 51.6 ± 0.1 °C (Figure 4.7 B). The data 

suggest that two substitutions, F366L and G294S, manifest a modestly destabilising effect on 

PHD2, whereas for the other substitutions no substantial change in enzyme stability was observed. 

It is possible that the decrease in enzyme stability in case of PHD2 F366L and G294S plays a role in 

the development of clinical phenotypes as observed for patients who carry these mutations.  

143



Chapter 4                                                                         Studies on Variants of HsPHD2 and HsHIF1α CODD

Figure 4.7: Thermal stability of wild-type PHD2 and its variants as determined by CD 

spectroscopy. (A) CD spectrum of wild-type PHD2 at a concentration of 0.3 mg/mL in 10 mM 

sodium phosphate, pH 7.5. Data from three independent scans was averaged and smoothed. (B) 

Thermal stability of wild-type PHD2 and PHD2 variants was determined by measuring the 

ellipticity at 215 nm (θ215) over a temperature gradient (25 to 90 °C). Data from three independent 

measurements was averaged and normalised (errors represent standard errors, n=3). 
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4.2.4 Activity of PHD2 on HIF1α CODD variants 

To investigate the role of different residues in HIF1α CODD for binding to PHD2 and subsequent 

PHD2-catalysed hydroxylation, HIF1α CODD peptides containing single (or triple) alanine 

substitutions were tested for turnover by PHD2 in a MALDI-TOF-MS based hydroxylation assay 

(for assay conditions, see Materials and Methods, Chapter 7.6.1). The results of the assay are 

shown in Figure 4.8 (peptide sequences in Appendix, Chapter 4.4).  

Figure 4.8: Hydroxylation of HIF1α CODD variant peptides by PHD2. Conditions: 4 µM 

PHD2, 50 µM (NH4)2Fe(II)(SO4)2, 60 µM 2-oxoglutarate disodium salt, 300 µM sodium L-

ascorbate and 50 µM HIF1α CODD variant peptides, in 50 mM Tris, pH 7.5. The samples were 

incubated at 25 °C, quenched with 1 % (v/v), and subsequently analysed by MALDI-TOF-MS. 

Hydroxylation levels were determined using MassLynx™ V4.1, non-enzymatic background 

oxidation was subtracted, and data were normalised. The data represents the average of three 

independent measurements and errors are depicted as standard deviations (n=3). 
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PHD2 is active on all of the tested HIF1α CODD variants, except for HIF1α CODD P564G and 

HIF1α CODD D569A, D570A, D571A. As expected, no hydroxylation was observed when the 

target proline residue P564 was substituted by glycine, indicating a strong selectivity of PHD2 for 

prolyl residues. Substituting the three consecutive aspartate residues D569-D571 with alanine 

completely abolished hydroxylation of the HIF1α CODD variant by PHD2. Notably, single alanine 

substitutions at the C-terminus of HIF1α CODD (residues F572-L574) decreased the hydroxylation 

levels by >20 % (>40 % in case of HIF1α CODD L574A). Taken together, the results suggest that 

PHD2 accepts single alanine substituted HIF1α CODD variants as substrates (although in some 

cases with decreased activity towards the variants when compared to HIF1α CODD wt). This is in 

agreement with presence of five HIF1-3α CODD/NODD substrates in humans, all of which differ in 

their sequences.  
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4.3 Conclusions 

In previous studies, germline mutations in the EGLN1 gene encoding for PHD2 were observed in 

patients with erythrocytosis. Functional analyses of erythrocytosis-associated PHD2 variants 

revealed differential effects of single amino acid substitutions on PHD2, ranging from mildly 

decreased catalytic activity as observed for the PHD2 P200Q variant (2, 21), to diminished activity 

as is the case for PHD2 P317R (7, 26). Notably, some PHD2 variants exhibit HIF1α NODD- or 

HIF1α CODD-selective hydroxylation profiles (27). However, in many cases the mechanism by 

which erythrocytosis-associated EGLN1 mutations affect the HIF pathway and/or cause the 

observed disease phenotypes is not well understood. Therefore, it was of interest to further elucidate 

the effect of clinically-observed EGLN1 mutations and the resultant PHD2 variants in structural and 

functional studies.  

The PHD2 R312H and F366L variants that were observed in patients with erythrocytosis (Richard 

V. Wijk, University Medical Center Utrecht, Netherlands and Celeste Bento, Hospitais da 

Universidade de Coimbra, Portugal, unpublished data), both retained full activity on CODD 

substrates in the time-point assay when compared to wild-type PHD2, yet the activity of the two 

variants towards HIF2α NODD (and HIF1α NODD in case of PHD2 F366) was reduced (Figure 

4.3). The finding of a mildly reduced activity of the PHD2 variants, caused by the R312H and 

F366L substitutions, might (partially) explain the observed phenotype in erythrocytosis patients, 

however, it is difficult to predict if the subtle decrease of HIF2α NODD hydroxylation sufficiently 

up-regulates HIF2α in patients to cause erythrocytosis. Notably, PHD2 F366L exhibited reduced 

thermal stability as determined by CD spectroscopy (Tm (PHD2 F366L) = 47.2 ± 0.3 °C vs. Tm 

(PHD2 wt) = 49.5 ± 0.2 °C, Figure 4.7 B), a property that might possibly contribute to the 

development of erythrocytosis. The crystal structure of PHD2 F366L revealed a slight shift of the 

metal-coordinated water molecule (Figure 4.6, 0.8 Å and 0.6 Å shift respective to the water 

molecules in the PHD2.CODD and PHD2.NODD complex structures). However, further studies are 

necessary to establish if and how the positioning of the metal-bound water molecule affects the 

overall activity and kinetics of PHD2.  

A number of EGLN1 mutations associated with tumour development have been described (2, 46). 

In a patient with erythrocytosis and recurrent paraganglioma, mutation of H374 in PHD2 to arginine 

was found (46). However, the exact mechanism of paraganglioma development and the (potential) 

role of PHD2 in the oncogenic process remains to be elucidated (2).  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By contrast, a PHD2 R396T variant present in breast carcinoma exhibits altered substrate 

selectivity, implying a potential functional role of the mutation in up-regulation of the HIF pathway 

and tumour development (27-28). In this context, it was of interest to conduct further functional and 

structural studies on cancer-associated mutations in the coding regions of EGLN1.  

Activity analyses of the three chosen cancer-associated PHD2 variants (COSMIC data base, (28)), 

revealed that HIFα hydroxylation rates were unaffected by the substitutions in PHD2 G294S and 

PHD2 W334S variants when compared to wild-type PHD2 (Figure 4.3). However, the PHD2 

D277G variant exhibited strongly reduced activity against all HIFα substrates. Additionally, the 

crystal structure of PHD2 D277G revealed changes in the sidechain conformations of residues R281 

and D278 in helix α3 relative to the wild-type PHD2.CODD/NODD complex structures (Figure 

4.5). Judging from the position of the helix α3 close to the bound substrate, it is possible that the 

observed changes in the PHD2 D277G structure affect substrate binding by the enzyme. Taken 

together, the finding on PHD2 D277G suggest that the substitution causes functional changes in 

PHD2, which might lead to up-regulation of the HIF-pathway in patients carrying the mutation. 

Since the D277G mutation was found in patients with biliary tract cancer (28), further studies on a 

potential role of the PHD2 D277G variant in tumour development might be of interest. Although no 

reduction in the activity of the PHD2 G294S variant relative to wild-type PHD2 was detected, it 

was found that the G294S substitution decreased the thermal stability of the PHD2 variant (Tm 

(PHD2 G294S) = 47.2 ± 0.3 °C vs. (PHD2 wt) = 49.5 ± 0.2 °C, Figure 4.7 B). In case of the PHD2 

W334S variant, no functional effect of the substitution on PHD2 was observed. However, it cannot 

be excluded that the W334S substitution affects the activity and/or stability of PHD2 via other 

mechanisms, e.g. by interrupting interactions between PHD2 and cellular binding partners.  

Time-point assays conducted with wild-type PHD2 and single or triple alanine mutated HIF1α 

CODD variants were performed (Figure 4.8). The results of the study suggest that PHD2 accepts 

single alanine substituted HIF1α CODD variants as substrates, yet in some cases a decrease in 

activity towards the variants when compared to wild-type HIF1α CODD were observed. Single 

alanine substitutions at the C-terminus of HIF1α CODD tended to affect hydroxylation rates more 

strongly than single alanine substitutions at the N-terminus. The study therefore provides insights 

into the substrate selectivity profile of PHD2 and the role of different residues within HIF1α CODD 

for efficient binding to PHD2.  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4.5 Appendix 

Table 4.3 Sequences of HIF1α CODD variant peptides. Hydroxylation sites are bold, underlined. 

HIF1α CODD variant Sequence MW 
g/mol

wt DLDLEMLAPYIPMDDDFQL 2254.6

D556A ALDLEMLAPYIPMDDDFQL 2210.5

L557A DADLEMLAPYIPMDDDFQL 2212.4

D558A DLALEMLAPYIPMDDDFQL 2210.5

L559A DLDAEMLAPYIPMDDDFQL 2212.4

E560A DLDLAMLAPYIPMDDDFQL 2196.5

M561A DLDLEALAPYIPMDDDFQL 2194.4

L562A DLDLEMAAPYIPMDDDFQL 2212.4

P564G DLDLEMLAAYIPMDDDFQL 2228.5

Y565A DLDLEMLAPAIPMDDDFQL 2162.4

I566A DLDLEMLAPYAPMDDDFQL 2212.4

P567A DLDLEMLAPYIAMDDDFQL 2228.5

M568A DLDLEMLAPYIPADDDFQL 2194.4

D569A, D570A, D571A DLDLEMLAPYIPMAAAFQL 2122.5

F572A DLDLEMLAPYIPMDDDAQL 2178.4

Q573A DLDLEMLAPYIPMDDDFAL 2197.5

L574A DLDLEMLAPYIPMDDDFQA 2212.4
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Figure 4.9: Activity of PHD2 variants on their HIFα substrates - ESI-LC-MS spectra. For 
assay conditions, see legend of Figure 4.3. 
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Figure 4.10: Activity of PHD2 variants on their HIFα substrates - ESI-LC-MS spectra. For 

assay conditions, see legend of Figure 4.3. 
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Chapter 5 

Biochemical Studies on the HIF Prolyl Hydroxylase from  

Trichoplax adhaerens 

5.1 Introduction 

Bioinformatic analyses of metazoan genomes ranging from humans to the simplest animal T. 

adhaerens, have revealed the conservation of a minimal HIFα ODD/PHD/pVHL system in all 

animals, with at least one copy of HIFα (containing at least one ODD), and one copy of a MYND-

type finger containing PHD present in all animal genomes (1). Given the position of T. adhaerens in 

evolution of animals, as the single existent member of placozoa, the study of the HIF system in this 

organism is of interest.  

Candidates for HIFα and HIFβ genes in the T. adhaerens genome were identified by bioinformatic 

search for characteristic domains in HIF, such as basic helix-loop-helix (bHLH) motives and Per-

Arnt-Sim (PAS) domains (1). The identified single ODD in T. adhaerens (TaHIFα ODD) was found 

to differ substantially from human sequences (15 % identity to HsHIF1α NODD, 35 % identity to 

HsHIF1α CODD) (1). Notably, TaHIFα ODD lacks the consensus LXXLAP motif present in 

humans and many other animals. A functional HIF system in T. adhaerens was demonstrated by 

identifying HIF target genes (e.g. fructose-biphosphate aldolase and pyruvate dehydrogenase 

kinase), that were up-regulated by exposure of T. adhaerens to hypoxia or treatment of the 

placozoan with DMOG (1).  

Analysis of the T. adhaerens genome revealed a single putative PHD homologue (TaPHD), that, like 

human PHD2 (HsPHD2), contains a MYND-type finger domain (see sequence alignment in Figure 

5.1). TaPHD shows a high sequence similarity to HsPHDs in its oxygenase domain, yet the N-

terminal domain largely differs from the human PHD sequences. Conserved features between 

TaPHD and HsPHDs include the β2/β3-finger-loop finger loop that is crucial for substrate binding 

in human PHDs, and the catalytic triad of residues (H209TaPHD, D211TaPHD, and H270TaPHD) that 

coordinate Fe(II) in the active site.  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Recombinantly-expressed TaPHD was used to demonstrate TaPHD catalysed hydroxylation of 

prolyl residue P486 in the TaHIFα ODD, which promoted binding of TaHIFα ODD to human pVHL 

(1). Biochemical analysis of TaPHD revealed conserved properties between TaPHD and human 

PHDs, including the use of 2OG and Fe(II) as co-factors,  stereoselective production of trans-4-

hydroxyproline under incorporation of molecular oxygen,  and formation of a stable TaPHD.Fe(II).

2OG complex in the absence of substrate (half-life > 24 h) (1). However, further biochemical 

analyses are necessary to assess to which extent the oxygen sensing properties of human PHDs are 

conserved in TaPHD. Notably, it was found that TaPHD catalyses the hydroxylation of human 

HIF1α CODD, but does not accept human HIF1α NODD, suggesting a substrate preference similar 

to that of human PHD3 (1-3). 

Crystal structures of TaPHD with and without its peptidic substrate (TaODD) bound, have been 

solved by Anna Boleininger, University of Oxford, UK, and Michael McDonough, University of 

Oxford, UK (4). The structures provide insights into catalytic properties and the substrate binding 

mode of TaPHD. Comparison of these features in TaPHD with other prolyl-4-hydroxylases, 

including human PHDs, may help to gain an understanding of the evolution of oxygen sensing HIF 

prolyl hydroxylases. Crystal structures of the enzyme-substrate complex of the prolyl-4-

hydroxylase from Chlamydomas reinhardtii (CrP4H), a member of the collagen-prolyl-4-

hydroxylase-subfamily (5), and the prokaryotic PHD homolog  PPHD from Pseudomonas putida, 

have been reported (5-6).  Both CrP4H and PPHD act on non-HIFα substrates, i.e. CrP4H catalyses 

the hydroxylation of the proline residue P6 in a proline-rich (Ser-Pro)5 substrate (5), and PPHD 

hydroxylates the proline residue P54 in the translation elongation factor EF-Tu (6). Sequence 

alignment of TaPHD and human PHDs with C. reinhardtii CrP4H and P. putida PPHD (Figure 5.1) 

reveals conservation of the 2OG-oxygenase domain (E90TaPHD-F287TaPHD) among the HIF and non-

HIF prolyl-4-hydroxylases, whereas the N-terminal region of the enzymes is less well conserved. 

This observation is consistent with the important role of the 2OG-oxygenase domain in enzyme 

catalysis.  
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Figure 5.1: Sequence comparison of human PHD isoforms 1-3 with TaPHD, CrP4H and 

Pseudomonas putida PPHD. Sequences corresponding to the myeloid, Nervy, and DEAF-1 

(MYND) motif and the flexible β2/β3-finger-loop are boxed, α-helices are marked purple, and β-

sheets are labelled with green arrows. The alignment was generated using Clustal Omega (7) and 

Jalview 2.9.0b2 (8).  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Taken together, the major aims of the work described in this Chapter are: 

1. In-depth analysis of the crystal structures obtained from TaPHD with and without bound 

substrate, and comparison with enzyme-substrate structures of other prolyl-4-hydroxylases 

(human PHDs, CrP4H, and PPHD), with focus on substrate-binding modes and key structural 

features necessary for oxygen sensing. 

2. Comparative biochemical studies with TaPHD and HsPHD2, to investigate to which extent the 

unique kinetic properties of HsPHD2 that are central to its oxygen sensing role, are conserved 

between the two enzymes. 
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5.2 Results and Discussion 

5.2.1 Comparative analyses of TaPHD crystal structures 

5.2.1.1 Crystal structures of TaPHD with and without bound substrate 

In order to investigate the extent to which the structural features necessary for oxygen sensing are 

conserved between HsPHD2 and TaPHD, a crystal structure of TaPHD in complex with non-

reactive substitutes for Fe(II) and 2OG (Mn(II) and the inhibitor FG2216/IOX3) was obtained 

(Anna Boleininger, University of Oxford, UK, (4)). A TaPHD construct (aa 64-300, TaPHDt64) 

lacking the N-terminal MYND domain was used for crystallisation, as the shorter construct 

expressed substantially well in E. coli, by contrast to a full-length TaPHD construct, for which only 

low expression levels were achieved (4). The structure of TaPHD∆64 was solved to 1.2 Å resolution 

by molecular replacement, using HsPHD2 (PDB: 2G19, (9)) as search model (4). To gain insight 

into the substrate-binding mode of TaPHD, TaPHDt64 was co-crystallised with a 21mer fragment of 

TaHIFα ODD (TaODD, residues E477-L497), Mn(II) and NOG (4). The TaPHD.TaODD.Mn.NOG 

structure was solved to a resolution of 1.3 Å by molecular replacement (search model: TaPHD 

without TaODD, (4)). 

The overall architecture of TaPHD is shown in Figure 5.2 A. The enzyme contains the conserved 

double-stranded β-helix core-fold (DSBH), which is present in all characterised 2OG dependent 

oxygenases (10). As with HsPHD2, the major β-sheet core is stabilised by three α-helices (α1-3). In 

the substrate complex structure (TaPHD.TaODD), eighteen residues of TaODD (A480TaODD-

L497TaODD, Figure 5.2 B) are visible. The overall folds of the substrate-unbound TaPHD and the 

TaPHD.TaODD complex are very similar, as judged by root-mean-square deviation (RMSD) of 

atomic positions in the two structures (RMSD for all Cα of TaPHDC73-S295.TaODD - TaPHDC73-S295 = 

0.15 Å). Differences between the TaPHD and TaPHD.TaODD structures are found in the loop 

regions of the enzyme. The β2/β3-finger-loop, which is disordered in the substrate-unbound TaPHD 

structure (missing residues Q137TaPHD-R146TaPHD), is ordered and makes extensive contacts with the 

substrate in the TaPHD.TaODD structure (Figure 5.2 A and B). By contrast, the β7(VI)/β8(V)-loop 

residue N245TaPHD is not apparent in the TaPHD.TaODD structure, unlike in the substrate-unbound 

TaPHD structure, in which the complete β7(VI)/β8(V)-loop is observed. 
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Figure 5.2: Views from crystal structures of TaPHD without substrate bound and in complex 

with a fragment of its substrate (TaPHD.TaODD). (A) Secondary structural elements in TaPHD 

comprise four α helices and ten β strands of which eight form the double-stranded β-helix core fold 

(DSBH, grey, Roman numerals). (B) Overall binding mode of TaODD to TaPHD in the 

TaPHD.TaODD complex structure showing the 2Fo-Fc electron density mask of the peptidic 

substrate (contoured to 1.0 σ). (C) Active site close-up of TaPHD.TaODD reveals that the 

P486TaODD C-4-methylene adopts an endo-conformation (2Fo-Fc density, contoured to 1.0 σ).  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The active site pocket of TaPHD, enclosed by the major and minor β-sheets of the DSBH, deeply 

embeds the metal ion and the 2OG analogue NOG (Figure 5.2 B and C). The highly buried nature 

of the 2OG binding site in the TaPHD structure likely contributes to the formation of the stable 

TaPHD.Fe.2OG complex, in a similar manner as observed before in structures of HsPHD2 (9, 12).  

In the TaPHD structure without substrate bound, the Mn(II) is octahedrally coordinated by the 

conserved triad of residues (H209TaPHD, D211TaPHD, and H270TaPHD), an acetate ion and two water 

molecules (11). The 6-coordinate state of the metal is retained in the TaPHD.TaODD.Mn.NOG 

complex, including the triad of metal-coordinating residues, and an ordered, metal-bound water 

molecule (W1) that is, in addition to the metal coordination, stabilised via hydrogen bonding with 

the metal-ligating side chain of D211TaPHD (Figure 5.2 C). The observation of a well-ordered metal 

bound water in both TaPHD and HsPHD2 (9, 12), is important from a hypoxia sensing perspective, 

because displacement of this water from the metal is required for oxygen to bind, and is proposed to 

be rate limiting in HsPHD2 catalysis (9, 12-13). In the TaPHD.TaODD structure, NOG coordinates to 

the metal ion in a bidentate manner and interacts with R279TaPHD by its C5 carboxylate. The 1-

carboxylate of NOG is positioned at the coordination site closest to the hydroxylation target, 

P486TaODD, making the remaining metal coordination site (occupied by W1) less accessible, and 

thus apparently hindering oxygen binding to the metal ion.  

Taken together, the active site arrangement observed in the TaPHD structures exhibits a very high 

degree of conservation to the reported HsPHD2 structures (9, 12, 14), implying that core features 

necessary for the oxygen sensing role of the enzymes are conserved between TaPHD and HsPHD2. 
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5.2.1.2 Comparison of TaPHD.TaODD and HsPHD2.CODD/NODD structures  

The TaPHD.TaODD enzyme-substrate structure was compared with crystal structures of HsPHD2 

in complex with its substrates HsHIF1α CODD (PDB: 3HQR, (12)) and HsHIF1α NODD (PDB: 

5L9V, (14)). A high degree of conservation in the substrate binding modes between TaPHD and 

HsPHD2 was revealed, as both enzymes employ the active site containing groove, the β2/β3-finger-

loop, and the C-terminal α4-helix for substrate binding (Figure 5.3 A and 5.3 B). The TaODD 

peptide binds to TaPHD in an extended form, and residues N-terminal to the target proline form a 

310-helix. The target proline in TaODD and its N-terminally flanking residues form a YXXLAP 

motif, which differs by one residue (L->Y) from the consensus LXXLAP prolyl hydroxylation site 

present in all human ODDs.  

Binding and positioning of the hydroxylation target P486TaODD directly adjacent to the metal in the 

catalytic centre is highly similar to that observed in HsPHD2.CODD and HsPHD2.NODD complex 

structures (Figure 5.3 A and 5.3 B). Several residues in the β2/β3-finger-loop region of TaPHD 

(Q137TaPHD, L138TaPHD, and A139TaPHD, corresponding to Q239 HsPHD2, L240HsPHD2, and V241HsPHD2) 

form H-bonds and hydrophobic contacts with TaODD (P486TaODD, F487TaODD, A485TaODD, 

corresponding to P564HsHIF1α CODD, A563HsHIF1α CODD, Y565HsHIF1α CODD and P402HsHIF1α NODD, 

A401HsHIF1α NODD, A403HsHIF1α NODD, respectively). The hydroxylation target proline is further 

positioned via hydrophobic and polar contacts with residues in the βII(β5)/βIII(β6) and in the C-

terminal strand βVIII(β11) (see Appendix, Table 5.2). Notably, the conformations of the substrate 

target prolyl rings at the TaPHD and HsPHD2 active sites are nearly identical (Figure 5.3 A and 5.3 

B), as the substrate proline pyrrolidine rings in TaODD and HsCODD/NODD all adopt a C-4 endo-

conformation, with the 4R C-H bond that is cleaved during hydroxylation, positioned close to the 

metal centre.  
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Figure 5.3: Comparison of ODD binding modes in TaPHD.TaODD, HsPHD2.CODD and 

HsPHD2.NODD substrate structures. Superimposition of TaPHD.TaODD with (A) 

HsPHD2.CODD (PDB:3HQR, (12)) and (B) HsPHD2.NODD (PDB:5L9V, (14)). 
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In the human PHDs, the β2/β3-finger-loop plays a significant role in substrate recognition and in 

determining NODD/CODD selectivity (12, 14-15). In a similar manner, the β2/β3-finger–loop in 

the TaPHD.TaODD complex constitutes one of the major substrate interaction sites, yet it is three 

residues shorter than in HsPHD2, between residues N141TaPHD and V142TaPHD. As a consequence, 

and by contrast to HsPHD2, the β2/β3-finger-loop in the TaPHD.TaODD structure is more 

condensed and stabilised by intramolecular interactions between loop residues, including backbone-

backbone H-bonds and salt bridges between side chains (see Figure 5.3 and 5.5). The observed 

differences in the β2/β3-finger-loop might reflect the fact that there is a single HIFα isoform with 

one ODD in T. adhaerens, which contrasts with the situation in humans where there are three HIFα 

isoforms, with both a N-terminal and a C-terminal ODD in case of HIF1α and HIF2α. It is likely 

that binding of multiple HIF substrates to HsPHD2 requires a higher degree of flexibility in the β2/

β3-finger-loop, compared to the more rigid β2/β3-finger-loop in TaPHD. 

In the TaPHD.TaODD and HsPHD2.CODD structures a salt-bridge between an arginine residue in 

the C-terminal α4-helix and an aspartate residue in the C-terminus of the respective peptide 

(R292TaPHD/D494TaODD, R396HsPHD2/D571HsHIF1α CODD) is formed. By contrast, in the 

HsPHD2.NODD structure, the HsHIF1α NODD-peptide is positioned further from the C-terminal 

α4-helix, and interacts with the C-terminal region of HsPHD2 solely via hydrophobic contacts 

(Figure 5.3 B, (14)). Unlike the HsHIF1α CODD/NODD peptides, TaODD contains a Pro-Pro-Pro 

motif (P489-491TaODD), which is C-terminal to the target proline P486TaPHD residue (Figure 5.3). 

The region adjacent to the Pro-Pro-Pro motif adopts a short 310-helix, and constitutes the interaction 

surface with the C-terminal α4-helix of TaPHD. 

In a broad sense, the interactions between TaPHD and TaODD apparently more closely resemble 

those of HsPHD2 and HsHIF1α CODD, rather than those of HsPHD2 and HsHIF1α NODD. Given 

the likely relatively rigid nature of the Pro-Pro-Pro motif in TaODD, it also appears that TaODD 

binds to TaPHD in a less flexible manner then does HsHIF1α NODD to HsPHD2, and to a lesser 

extent, HsHIF1α CODD. These differences may further reflect the evolved roles of the HsPHDs in 

accepting multiple substrates (NODDs/CODDs of HIFα isoforms), compared to TaPHD. 
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5.2.1.3 Comparison with enzyme-substrate structures of other prolyl-4-hydroxylases 

The TaPHD.TaODD structure was further compared with crystal structures of CrP4H in complex 

with a proline-rich (Ser-Pro)5 substrate (PDB: 3GZE, (5)), and PPHD bound to its substrate EF-Tu 

(PDB: 4IW3, (6)).  

Analysis of the structural conservation between TaPHD and HsPHD2 reveals a high overall 

similarity as judged by RMSD of atomic positions in the respective structures (Figure 5.3, RMSD 

for all Cα of TaPHDC73-S295.TaODD - HsPHD2Q184-K408.CODD = 0.54 Å, and RMSD for all Cα of 

TaPHDC73-S295.TaODD - HsPHD2P189-Y403.NODD = 0.39 Å). In addition, it was found that TaPHD 

shares a stronger structural conservation with PPHD (Figure 5.4 A, RMSD for all Cα of TaPHDC73-

S295.TaODD - PPHDH7-F207.EF-Tu = 0.92 Å), than with CrP4H (Figure 5.4 B, RMSD for all Cα of 

TaPHDC73-S295.TaODD - CrP4HW38-G250.(Ser-Pro)5 = 2.20 Å), suggesting a closer evolutionary 

relationship between HIF hydroxylases and PPHD than to the algal collagen prolyl hydroxylase 

CrP4H. The structural similarity between PPHD and HsPHD2 (RMSD for all Cα of HsPHD2Q184-

K408.CODD - PPHDH7-F207.EF-Tu = 1.57 Å is less than for PPHD and TaPHD, which might indicate 

a closer evolutionary relationship between the prokaryotic PPHD and TaPHD, than between human 

HsPHD2 and PPHD.   

The PHDs and the other two prolyl-4-hydroxylases adopt strikingly similar substrate-binding 

features, as they all employ a flexible β2/β3-finger-loop (G136TaPHD-D150TaPHD, G238HsPHD2-

D254HsPHD2, S77CrP4H-S95CrP4H, A53PPHD-D70PPHD) that undergoes a major conformational change 

upon substrate binding and helps to enclose the target proline of the substrate in the active site cleft 

(Figure 5.4 and 5.5). In TaPHD, HsPHD2 and PPHD, the C-terminus interacts with the substrate 

(Figure 5.3 and 5.4 A); it is unknown if this is the case for CrP4H, since the shorter peptide 

substrate used in the CrP4H.(Ser-Pro)5 structure appears not to reach to the C-terminus (Figure 5.4 

B, (5)). Whilst TaODD, HsHIF1α CODD and HsHIF1α NODD are predicted to be disordered in 

solution and form a partial helical structure (310-helix), when bound to enzyme (Figure 5.3), the 

EF-Tu switch loop retains loop secondary structure upon binding to PPHD (Figure 5.4 A), albeit 

after a very large conformational change (6).  
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Figure 5.4: Conserved modes of prolyl-substrate binding in TaPHD, CrP4H and Pseudomonas 

putida PPHD. Overall superimposition and active site close-up of the TaPHD.TaODD complex 

with (A) Pseudomonas putida PPHD in complex with EF-Tu (PDB:4IW3, (6)), and (B) CrP4H 

(PDB:3GZE, (5)) in complex with a proline-rich peptidic substrate.  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Figure 5.5: Views of the β2/β3-finger-loop in the (A) TaPHD.TaODD, (B) HsPHD2.CODD 

(PDB:3HQR, (12)), (C) HsPHD2.NODD (PDB:5L9V, (14)), (D) PPHD.EF-Tu, (PDB:4IW3, 

(6)), and (E) CrP4H.proline-rich substrate (PDB:3GZE, (5)) structures. Hydrogen bonding and 

electrostatic interactions between loop-residues are displayed.  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Comparison of the binding mode of the prolyl-4-hydroxylase substrates in the active site reveals a 

high degree of conservation (Figure 5.3, 5.4, and 5.6). The substrates all show a similar orientation 

towards the active site residues and the metal centre, and the target prolyl residues all adopt the C-4 

endo-conformation. Similar to the HIF prolyl-4-hydroxylases TaPHD and HsPHD2, PPHD and 

CrP4H both employ a HXD...H motif for metal-binding in the active site (H143CrP4H, D145CrP4H, 

H227CrP4H, and H124PPHD, D126PPHD, H183PPHD). In PPHD, the metal ion is octahedrally 

coordinated and one of the coordination sites is occupied by a water molecule (Figure 5.6 D), 

demonstrating evolutionary conservation in the active site arrangement between the HIF prolyl-4-

hydroxylases in animals and the bacterial non-HIF prolyl-4-hydroxylase PPHD. By contrast, in the 

CrP4H structure, the zinc ion (used for crystallisation) is tetrahedrally coordinated, which leaves no 

free coordination site for water binding to the metal ion (Figure 5.6 E). The presence of zinc, 

instead of iron, in the active site of CrP4H limits the degree to which the structure can be 

interpreted in regard to the common features that enable oxygen sensing by the PHDs, such as 

positioning of 2OG and the presence of a metal-coordinated water molecule.  

All in all, structure-based comparisons reveal a high degree of conservation in the substrate binding 

modes of T. adhaerens and human PHDs, with their prokaryotic PHD-homolog PPHD and C. 

reinhardtii P4H, a member of the collagen-prolyl-4-hydroxylase-subfamily, which is related to the 

PHD subfamily VIII (10). 
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Figure 5.6: Active site details and conformation of the target prolyl-residues in the enzyme-

substrate complex structures of TaPHD, HsPHD2, PPHD, and CrP4H. (A) TaPHD.TaODD, (B) 

HsPHD2.CODD (PDB:3HQR, (12)), (C) HsPHD2.NODD (PDB:5L9V, (14)), (D) PPHD.EF-Tu, 

(PDB:4IW3, (6)) and E) CrP4H.proline-rich substrate (PDB:3GZE, (5)) complex structures. Note 

that in the enzyme-substrate complexes, the proline C-4-methylene that is hydroxylated, adopts the 

endo-conformation. (F) By contrast, Hyp564 in HsHIF1α CODD adopts the C-4 exo-conformation 

when bound to the VCB complex (PDB:1LM8, (16)). In (A)-(D), N-oxalylglycine (NOG) acts as a 

2OG analogue. Note that the Zn (substituting for Fe) in the CrP4H active site is tetrahedrally 

coordinated, with an acetate binding instead of the 2OG (NOG) cosubstrate.  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5.2.2 Comparative biochemical studies on TaPHD and HsPHD2 

5.2.2.1 Production and purification of TaPHD 

The catalytic domain of T. adhaerens PHD (TaPHD64-300, hereafter: TaPHD) was recombinantly 

produced in E. coli and purified using affinity chromatography, followed by size-exclusion 

chromatography, as described in Materials and Methods, Chapter 7.3, and as reported in (1, 4). The 

initial yield of purified TaPHD from a 8 L large-scale culture was low (< 10 mg), therefore the 

buffer conditions for lysis and affinity purification were optimised. A substantial increase in protein 

yield (> 25 mg per 8 L culture) was achieved by adding DTT to the lysis buffer at a final 

concentration of 5 mM, and 5 % glycerol to every buffer used in lysis and purification. The purity 

of the protein was assessed by SDS-PAGE (> 90 % final purity, Figure 5.7 A) and the molecular 

weight of the enzyme was confirmed by LC-MS (Figure 5.7 B).  

 

A                                                B 

Figure 5.7: Purification of TaPHD64-300. (A) SDS-PAGE gel of purified TaPHD64-300 (MW= 29.2 

kDa). (B) ESI-LC-MS spectrum (positive ion mode) of TaPHD64-300. A peak corresponding to the 

mass of TaPHD64-300 minus the N-terminal methionine residue (MW, expected = 29042 Da) is 

observed. 
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5.2.2.2 Steady-state kinetic studies on TaPHD and HsPHD2 

Previous studies have shown that N-terminally truncated TaPHD catalyses prolyl hydroxylation of 

both the TaODD 25mer and the human HIF1α CODD and HIF1α NODD 19mer peptide substrates, 

with the latter being hydroxylated less efficiently (1). Alignment of TaODD with human HIFα 

CODD/NODD sequences and substrates of PHD-like enzymes in Dictyostelium discoideum 

(DdSkp1) and Pseudomonas putida (PpEF-Tu) reveal that the TaODD sequence manifests the 

highest degree of sequence similarity to human HIF1α-HIF3α CODD (Figure 5.8). Moreover, 

whilst a NODD like sequence is (apparently) present in all vertebrates, it is not present in some non-

vertebrates, e.g. Placozoa and Cnidaria, suggesting that the CODD sequence might have evolved 

prior to that of NODD (1). To further investigate the substrate preferences of TaPHD, its affinity for 

TaODD 25mer, human HIF sequences, and its co-substrate 2OG was determined in steady-state 

kinetic studies, and compared to the truncated human PHD isoform 2 (tPHD2, hereafter HsPHD2). 

 

Figure 5.8: Sequence alignment of TaHIFα, HsHIFα, and substrates of PHD-like enzymes in 

Dictyostelium discoideum (DdSkp1) and Pseudomonas putida (PpEF-Tu). 

Steady-state kinetic parameters (Km, kcat) for HIF peptide substrates and 2OG were determined 

under the optimised assay conditions described in Materials and Methods, Chapter 7.6.1, and 

peptide hydroxylation levels were analysed by MALDI-TOF-MS (Figure 5.9, Table 5.1).  
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Consistent with previous reports (1), TaPHD efficiently catalysed the hydroxylation of its natural 

substrate TaODD and human HIF1α CODD, whilst HsHIF1α NODD was not turned over above 

background levels by TaPHD under the conditions/limits of detection of these assays). The observed 

affinity of TaPHD for its natural substrate TaODD, and HsHIF1α CODD was very similar, as judged 

by Km values (Km(TaODD, TaPHD) = 11.5±1.8 µM, Km(HsHIF1α CODD, TaPHD) = 15.1±2.2 

µM). However, its catalytic efficiency as judged by kcat is lower with the unnatural human CODD 

sequence (kcat (HsHIF1α CODD, TaPHD) =0.012±0.001 s-1, kcat (TaODD, TaPHD) = 0.026±0.001 

s-1). HsPHD2, by comparison, manifests a decreased affinity for the TaODD (Km(HsHIF1α CODD, 

HsPHD2) = 10.8±1.9 µM, Km(TaODD, HsPHD2) = 40.5±4.9 µM). HsPHD2, however, catalysed 

hydroxylation of HsHIF1α CODD and TaODD with comparable efficiency (kcat (HsHIF1α CODD, 

HsPHD2) = 0.027±0.001 s-1, kcat (TaODD, HsPHD2) = 0.035±0.002 s-1).  

Notably, the affinity of 2OG for TaPHD (Km(2OG, TaPHD) = 1.9±0.3 µM) is higher than for 

HsPHD2 (Km(2OG, HsPHD2) = 15.8±2.6 µM), as judged by Km comparison. The higher affinity 

of 2OG for TaPHD is in accord with the observation of formation of a stable TaPHD.Fe.2OG 

complex, with a half-life > 24 h (1). It is also consistent with the crystallographic finding of a 

highly buried 2OG-binding pocket at the active site of TaPHD.  

The kinetic parameters reported here for the affinity of HsHIF1α CODD and 2OG for HsPHD2 are 

in agreement with previous studies ((17), Km(HsHIF1α CODD, HsPHD2) = 9±3 µM), Km(2OG, 

HsPHD2) = 13±2 µM)). 

Table 5.1 Steady-state kinetic parameters of TaPHD and HsPHD2. 

TaPHD HsPHD2

Km(TaODD), µM 11.5±1.8 40.5±4.9

kcat(TaODD), s-1 0.026±0.001 0.035±0.00

Km(HsHIF1α CODD), µM 15.1±2.2 10.8±1.9

kcat(HsHIF1α CODD), s-1 0.012±0.001 0.027±0.001

Km(2OG), µM 1.9±0.3 15.8±2.6
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Figure 5.9: Comparison of kinetic parameters for TaPHD and HsPHD2. Conditions: 3.5 µM  

HsPHD2 or TaPHD, 100 µM HsHIF1α CODD 19mer peptide or 100 µM TaHIFα ODD peptide, 

50 µM (NH4)2Fe(II)(SO4)2, 4 mM sodium L-ascorbate and 300 µM 2-oxoglutarate disodium salt in 

50 mM Tris, pH 7.5. Initial rates were determined by varying the concentration of the respective 

peptide or 2OG. Peptide hydroxylation was analysed by MALDI-TOF-MS, non-enzymatic 

methionine oxidation was subtracted, and the data were fitted with the Michaelis-Menten equation 

using GraphPad Prism (errors are indicated as standard deviations, n=3).  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5.2.2.3 Substrate binding studies on TaPHD 

To investigate the extent to which TaPHD can bind HsHIF1α NODD and CODD, 1D CLIP HSQC 

NMR binding studies with HsHIF1α CODD and HsHIF1α NODD peptides labelled with [13C] at 

the hydroxylation target prolyl residues were performed. The [13C]-labelled ‘reporter’ HsHIF1α 

CODD/NODD peptides were incubated with 2OG in the presence and absence of TaPHD at a 1:1  

ratio of enzyme:ODD, as described in Materials and Methods, Chapter 7.7.2). The decrease of the 

reporter signal upon binding of the peptide to the enzyme was measured to investigate the relative 

binding strength (Figure 5.10, supplementary spectra in Appendix, Figure 5.13). The results 

revealed that TaPHD strongly discriminates between binding of HsHIF1α CODD and HsHIF1α 

NODD, as  ̴  40 % of the HsHIF1α NODD peptide remained unbound, whilst HsHIF1α CODD was 

apparently completely bound to TaPHD. The finding that TaPHD binds HsHIF1α NODD less 

efficiently than HsHIF1α NODD is in agreement with the observed low turnover of HsHIF1α 

NODD by the enzyme. 

Figure 5.10: 1D CLIP HSQC [13C]- HsHIF1α CODD and [13C]- HsHIF1α NODD 

displacement experiments. Conditions: 50 µM [13C]-proline HsHIF1α CODD/NODD), 50 µM 

TaPHD, 50 µM 2-oxoglutarate disodium salt in 50 mM Tris-D11, pH 7.5, 10 % D2O and 90 % H2O. 

(errors are indicated as standard deviations, n=3). 
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5.2.2.4 Monitoring the coupled and uncoupled 2OG turnover of TaPHD and HsPHD2 

The extent to which 2OG dependent oxygenases catalyse the uncoupled (i.e. in absence of 

substrate) turnover of 2OG to succinate and CO2 varies (11). In the case of the HIF hydroxylases, 

2OG decarboxylation by HsPHD2 is strongly coupled to CODD hydroxylation, whilst FIH 

catalyses 2OG decarboxylation in the absence of a substrate to a higher extent (13). The findings 

are supported by the observation of an (especially) stable HsPHD2.Fe.2OG complex (17).  

To directly compare the extent of uncoupled turnover in TaPHD and HsPHD2, succinate formation 

and 2OG depletion were monitored by 1H-NMR in the presence and absence of their respective 

natural substrates (Figure 5.11, supplementary spectra in Appendix, Figure 5.14, Materials and 

Methods, Chapter 7.7.1). The results demonstrate that the rate of uncoupled turnover is very low 

for both TaPHD64-300 and HsPHD2181-426; 2OG decarboxylation is strongly increased in presence of 

substrate peptide, implying conservation of important kinetic properties between HsPHD2 and 

TaPHD. Overall, these results support the proposal that the strong binding of Fe(II) and 2OG, and 

the formation of a stable PHD.Fe.2OG in the absence of HIFα substrates, are conserved properties 

of the PHDs in humans and T. adhaerens.  

Figure 5.11: Comparison of coupled and uncoupled (i.e. in the absence of substrate) 2OG 

turnover by (A) TaPHD and (B) HsPHD2. 2OG turnover was monitored by 1H CPMG NMR, 

conditions: 20 µM TaPHD or HsPHD2, 125 µM (NH4)2Fe(II)(SO4)2, 1 mM sodium L-ascorbate, 

500 µM HsHIF1α CODD or TaHIFα ODD substrate where necessary, 400 µM 2-oxoglutarate 

disodium salt, in 50 mM Tris-D11, pH 7.5, 10 % D2O and 90 % H2O; [Succ]=Succinate.  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5.2.2.5 Steady-state oxygen dependence of TaPHD 

In order for the PHDs to act as hypoxia sensors in cells, their activity must be limited by oxygen 

availability. This role is proposed to be reflected in the slow reaction of the HsPHD2.CODD/

NODD.Fe.2OG complex with oxygen (13, 17), and manifests in the unusually high Km value of 

HsPHD2 for oxygen (Km(O2, PHD) > 400 µM), when compared to other 2OG oxygenases (2, 

17-18). To investigate the O2 dependence of the TaPHD-catalysed reaction, steady-state kinetic 

studies, using reported experimental conditions for HsPHD2 (17), were conducted (see Materials 

and Methods, Chapter 7.6.1). A solution of TaODD 25mer peptide was pre-equilibrated in sealed 

glass vials under different O2/N2 ratios by use of mass-flow controllers, prior to addition of co-

factors and TaPHD enzyme. Initial rates of TaODD hydroxylation at varied O2 concentrations were 

determined by quenching the assay mixture at a defined time point in the linear range of enzyme 

activity, and subsequent analysis by MALDI-TOF-MS.  

No saturation of O2 was reached for the TaPHD-catalysed reaction with TaODD at 60 % O2 level, 

resulting in a Km (O2, TaPHD) > 400 µM (Figure 5.12 A).  This result suggests that TaPHD has the 

potential to react to small changes in atmospheric O2 partial pressure and could act as an effective 

oxygen sensor, indicating that the core biochemical features of HsPHD2 in the human oxygen 

sensing machinery are conserved in TaPHD.  

Figure 5.12: Steady-state O2-dependence of (A) TaPHD and (B) HsPHD2 (published in (17)). 

Conditions: 4 µM TaPHD/HsPHD2, 100 µM TaHIFα ODD/HsHIF1α CODD, 50 µM (NH4)2Fe(II)

(SO4)2, 300 µM 2-oxoglutarate disodium salt and 4mM sodium L-ascorbate, in 50 mM Tris, pH 7.5 

were incubated at 37°C under different % O2. The extent of hydroxylation was analysed by 

MALDI–TOF-MS (errors are indicated as standard deviations, n=3).  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Another unusual kinetic feature of HsPHD2 is manifested in its relatively slow reaction with 

oxygen, compared to other 2-oxoglutarate oxygenases, as determined by stopped flow/UV-visible 

spectroscopy experiments (13, 17). It was aimed to conduct a similar study on TaPHD, to underpin 

the characteristic kinetic properties of both HsPHD2 and TaPHD. However, neither TaPHD64-300, 

nor other tested constructs TaPHD1-300 and TaPHD79-300, could reach a sufficiently high protein 

concentration for the study, likely due to aggregation of the protein.  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5.3 Conclusions 

The development of hypoxia sensing mechanisms likely played a major role in the evolution of  

(complex) aerobic organisms, that rely on a steady oxygen supply for their energy metabolism (19). 

In higher animals, hypoxia sensing is achieved through the HIF pathway, that requires a functional 

HIFα-PHD-pVHL triad. Bioinformatic analyses revealed that the HIFα-PHD-pVHL triad exists in 

all animals ranging from humans to the simplest existent animal T. adhaerens, yet have not 

provided evidence for HIF transcription factors beyond animals (1). By contrast, PHD like enzymes 

are much more widely distributed than animals (1, 6, 20).  

The aim of the study presented in this Chapter was to explore the biological distribution of hypoxia/

oxygen sensing HIF prolyl hydroxylases among animals. Further, the structural relationship 

between HIF prolyl hydroxylases, an early evolutionary homolog in P. putida, and a member of the 

pro-collagen prolyl hydroxylase family from C. reinhardtii was investigated.  

Central to the hypoxia sensing ability of the human PHDs is, that their activity in cells can be 

limited by oxygen availability (17, 21). It is proposed that the slow reaction with oxygen at the 

active site Fe(II) (as observed for HsPHD2, (13)), plays a substantial role in the hypoxia sensing 

ability of the enzymes. Additionally, unusually high Km values of HsPHD2 for oxygen have been 

observed (13, 17). By contrast, there is evidence that the human PHDs are relatively less sensitive 

to changes in iron or 2OG availability (22). The combined structural and biochemical studies 

presented in this Chapter provide strong evidence that these apparently special properties of the 

human PHDs (especially HsPHD2) are conserved in the TaPHD. Crucially, the structural elements 

which enable the unusually slow reaction of HsPHD2 with oxygen (12-13), (as well as tight 2OG/

Fe(II) binding and low substrate uncoupled turnover), were observed in the TaPHD crystal 

structures (Figure 5.2). Comparative kinetic studies revealed that TaPHD, like HsPHD2, is highly 

sensitive to changes in oxygen concentrations (Figure 5.12), yet is substantially less sensitive to 

changes in 2OG levels. Indeed, the affinity of 2OG for TaPHD is 8-fold higher than for HsPHD2 as 

judged by Km values (Table 5.1), suggesting an exceptional stability of the TaPHD.Fe.2OG 

complex. This proposal is further supported by the finding of a low rate of uncoupled 2OG turnover 

by TaPHD in the absence of its prime substrate (Figure 5.11). Since humans and T. adhaerens are at 

opposite ends of animal evolution, it seems possible that PHDs in organisms between them will 

have similar kinetic properties, that will enable them to efficiently sense hypoxia in cells.  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Comparison of the ODD binding modes in TaPHD and HsPHD2 revealed that the elements 

involved in substrate binding, in particular the β2/β3-finger-loop and the C-terminal helix, are  

conserved between the two enzymes (Figure 5.3). In addition, it was found that the interactions 

between TaPHD and TaODD more closely resemble those of HsPHD2 and HsHIF1α CODD, rather 

than those of HsPHD2 and HsHIF1α NODD (Figure 5.3). This finding is interesting from an 

evolutionary point of view, since bioinformatic analyses suggest that CODD-like sequences are 

more widely distributed among lower (non-bilateral) animals, than NODD-like sequences, leading 

to the proposal that CODD evolved before NODD (see General Introduction, Chapter 1.5, Figure 

1.14 (1)). 

Structural comparison of T. adhaerens and human PHDs with prolyl-4-hydroxylases from P. putida 

and C. reinhardtii, revealed a high degree of conservation in the overall folds of the catalytic 

domains, including with respect to the major substrate binding elements, such as the β2/β3-finger-

loop (Figure 5.4 and 5.5). In the active site, the target prolyl residues of the HIF and non-HIF 

substrates all adopt the C-4 endo-conformation (Figure 5.6). Crucially, major features that enable 

the oxygen sensing capability of PHDs are conserved in P. putida PPHD (Figure 5.4 A). This 

finding is in agreement with the proposed role of PPHD as an early evolutionary homolog of HIF 

prolyl hydroxylases (6). To further explore the evolution of oxygen sensing HIF prolyl hydroxylases 

in the future, the study of the PHD-like enzyme in M. brevicollis is of great interest. M. brevicollis 

constitutes a key organisms, as it is closely related to animals, but lacks the HIF transcription 

factors that are essential for hypoxia sensing in animals. In this respect, the identification of the 

substrate of the PHD-like enzyme in M. brevicollis could provide an important link for 

understanding the evolution of oxygen sensing prolyl hydroxylases.  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5.5 Appendix 

Table 5.2 Hydrogen bonds and hydrophobic interactions between TaPHD and TaODD, as observed in the 
TaPHD.TaODD structure, compared to HsPHD2.CODD (PDB:3HQR) and HsPHD2.NODD (PDB:5L9V) structures 
(hydrophobic interactions were defined with a cut-off at 4 Å distance).  

TaPHD.TaODD

       
 Protein             Substrate

HsPHD2.CODD

 Protein              Substrate

HsPHD2.NODD

 Protein              Substrate

Structural region in 
TaPHD/HsPHD2

Gln137 Phe487*Ϯ Gln239 Tyr565*Ϯ Gln239 Ala403*Ϯ β2/β3

Leu240 Tyr565* Leu240 Pro402* β2/β3

Ala139 Ala485*Ϯ 

Phe487*

Val241 Ala563*Ϯ Val241 Thr398*

Ala401*Ϯ

Pro402*

β2/β3

Ser242 Glu560*Ϯ Ser242 Thr398*Ϯ

Leu399*

β2/β3

Lys244 Met561* Lys244 Leu399* β2/β3

Asn141 Phe487* β2/β3

Ile147 Leu484* Ile251 Leu562* Ile251 Leu400* β2/β3

H2O-

Arg148NH

Phe487Ϯ H2O-

Arg252NH

Tyr565Ϯ H2O-

Arg252NH

Ala403Ϯ β2/β3

Trp154 Phe487* 

Pro489*

Trp258 Ile566*

Pro567*

β3

Asp173 Leu497* Asp277 Leu411* α3

Ile280 Leu574* α3

Arg281 Leu574Ϯ Cys281mutated Cys412Х α3

Ile188 Leu497* Ile292 Leu574* α3/β4

Thr189 Leu497*Ϯ Asn293 Leu574*Ϯ Asn293 Leu411*Ϯ α3/β4

Gly190 Leu497* Gly294 Leu574* Gly294 Ile408*

Leu411*

α3/β4

Arg191 Asn495*Ϯ

Leu497*

Arg295 Phe572Ϯ

Leu574*

Arg295 Ile409*Ϯ α3/β4

Thr192 Val488* α3/β4

Lys193 Phe493* Lys297 Asp570* Lys297 Thr407*

Ile409*

α3/β4

Tyr206 Leu484*Ϯ

Pro486*Ϯ

Tyr310 Leu562Ϯ

Pro564Ϯ

Tyr310 Leu400* Ϯ

Pro402*

β5

185



 Chapter 5                               Biochemical Studies on the HIF Prolyl Hydroxylase from Trichoplax adhaerens

* Hydrophobic interaction. 

Ϯ Hydrogen bond. 

Х  Disulfide bond. 
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TaPHD.TaODD

       
 Protein             Substrate

HsPHD2.CODD

 Protein              Substrate

HsPHD2.NODD

 Protein              Substrate

Structural region in 
TaPHD/HsPHD2

Ile207 Leu484* Val311 Leu562* Val311 Leu400* β5

Arg208 Tyr481*Ϯ β5

His209 Tyr481* 

Leu484* 

Pro486*

His313 Leu562*

Pro564*

His313 Leu400*

Pro402*

β5

Ile210 Tyr481* Val314 Leu559* β5

Asp211 Pro486* Asp315 Pro564* Asp315 Pro402* β5

Pro213 Tyr481* 

Ala485*

Pro317 Leu559*

Ala563*

Cys317mutated Cys397 Х β5/β6

Asp216 Val488* β5/β6

Arg218 Pro486Ϯ 

Val488*

Arg322 Pro564Ϯ

Ile566*

Arg322 Pro402Ϯ

Ala404*

β5/β6

Arg266 Asp482Ϯ Arg370 Leu559* Arg370 Asp395Ϯ β9/β10

Trp285 Pro486* Trp389 Pro564*

Ile566*

Trp389 Pro402* β11

Tyr286 Leu497* Tyr390 Leu574* Tyr390 Leu411* β11

Phe287 Val488* 

Asp494*

Phe391 Ile566* Phe391 Ile408* β11/α4

Arg292 Pro489Ϯ 

Asp494Ϯ

Arg396 Pro567Ϯ

Met568Ϯ

Asp571Ϯ

Arg396 Ile408* α4

Ser295 Pro491* α4

Ser296 Pro491* Lys400 Asp571Ϯ α4

Tyr403 Met568*

Leu404 Met568*



 Chapter 5                               Biochemical Studies on the HIF Prolyl Hydroxylase from Trichoplax adhaerens

Figure 5.13: 1D CLIP HSQC [13C]- HsHIF1α CODD and [13C]- HsHIF1α NODD 

displacement experiments - supplementary spectra. For assay conditions, see legend of Figure 

5.10. 

Figure 5.14: Comparison of coupled and uncoupled (i.e. in the absence of substrate) 2OG 

turnover by TaPHD and HsPHD2 - supplementary spectra. For assay conditions, see legend of 

Figure 5.11.
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Chapter 6 

Interaction Studies between HsPHD2 and HsSkp1 

6.1 Introduction 

The S-phase kinase associated protein 1 (Skp1) is a crucial component of the oxygen sensing 

pathways in the amoeba Dictyostelium discoideum and the protozoan Toxoplasma gondii (see 

General Introduction, Chapter 1.5, (1)). Genome analyses on the phylogenetic distribution of Skp1 

modification genes indicate that other protists and pathogens may also employ a Skp1-mediated 

mechanism to sense changes in oxygen levels, as genes encoding for PhyA and the glucose N-

acetyltransferase Gnt1 are present in all major protist phyla (1). 

Skp1 is part of the E3 Skp1-cullin 1-F-box protein (SCF) ubiquitin complex, that regulates the 

degradation of a large number of substrates via poly-ubiquitination (Figure 6.1, (1-2)). Recognition 

of the substrates involves members of the F-box protein (FBP) family, that serve as substrate 

adaptors (1-2). The primary role of Skp1 in the E3 SCF ubiquitin complex is to bind the F-box 

proteins, thus mediating substrate binding to the complex (1-2).  

Studies in D. discoideum suggest that prolyl hydroxylation and subsequent glycosylation regulates 

FBP binding to Skp1, as two distinct FBPs (FbxD and FbxA) were identified that preferentially 

associate with glycosylated Skp1 compared to unmodified Skp1 (Figure 6.1, (1, 3)). Therefore, it is  

possible that the PhyA-mediated oxygen-dependent modification of Skp1 has an impact on the cell 

proteome in D. discoideum via regulating the degradation of E3 SCF ubiquitin complex substrate 

proteins (1, 3). 
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Figure 6.1: Composition of the E3 Skp1-cullin 1-F-box protein (SCF) ubiquitin complex 

(figure adapted from (1)). Protein acronyms: S-phase kinase associated protein 1 (Skp1), RING 

box protein 1 (Rbx1), F-box protein (FBP), Cullin box 1 (Cullin-1/ Cul 1), E1 ubiquitin-activating 

enzyme (E1), E2 ubiquitin-conjugating enzyme (E2), E3 ubiquitin ligase (E3). Modification 

acronyms: neural-precursor-cell-expressed developmentally down-regulated 8 (Nedd8), ubiquitin 

(Ub), fucose (Fuc), galactose (Gal), N-acetylglucosamine (GlcNAc). Skp1 hydroxylation and 

subsequent glycosylation likely regulates substrcxxxate recognition by the SCF complex in D. 

discoideum. Skp1 modifications occur near its C-terminus, and are proposed to promote interactions 

of FBPs with Skp1 (1, 3). 

Skp1 is highly conserved between T. gondii, D. discoideum, and animals (Figure 6.2). The target 

proline residue for DdPhyA- and TgPhA-catalysed hydroxylation (P143 in D. discoideum, P148 in 

T. gondii (4-5)) is present in T. adhaerens and D. melanogaster, however, the corresponding proline 

residue is substituted by glutamate in most higher animals, including humans (Figure 6.2). The  

finding of a proline to glutamate mutation event that took place in the evolution of higher animals,  

implies that Skp1 from these organisms (likely) do not constitute substrates for prolyl-4-

hydroxylation by PHDs or PHD-related enzymes. Consistent with this proposal, no hydroxylation 

of the human Skp1 (HsSkp1) by either human PHD2 (HsPHD2), or Dd/TgPhyA was observed in an 

ESI-LC-MS-based assay, conducted with recombinantly produced HsPHD2, DdPhyA, TgPhyA, and 

HsSkp1 proteins (Tongri Liu, University of Oxford, UK, unpublished data). 
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Figure 6.2: Comparison of Skp1 sequences from different organisms. The target proline residue 

for DdPhyA- and TgPhyA-catalysed hydroxylation is marked with a red box. The alignment was 

generated using Clustal Omega (6) and Jalview 2.9.0b2 (7). 

Sequence comparisons of Dd/TgPhyA with human and T. adhaerens HIF prolyl hydroxylases 

(Figure 6.3) reveal the conservation of crucial residues for catalytic activity (H191DdPhyA/

H183TgPhyA, D193DdPhyA/D185TgPhyA, and H266DdPhyA/H242TgPhyA) and 2OG binding (R276DdPhyA/

R252TgPhyA) in the 2OG-oxygenase domain of the PhyAs and PHDs. Given the (likely) evolutionary 

relationship between Dd/TgPhyA and HIF prolyl hydroxylases in animals (see General 

Introduction, Chapter 1.5), and the high overall sequence conservation of Skp1 from protists to 

higher animals, it was hypothesised that HsPHDs may be capable of interacting with HsSkp1. 

Based on this hypothesis, the aims of the work described in this Chapter were: 

1. Biochemical analysis of potential interactions between Skp1 and HsPHDs. 

2. Investigations on a potential HsSkp1-HsPHD2 interaction in human cells, by conducting 

immunoprecipitation experiments and hypoxia response element (HRE) luciferase reporter 

assays. 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Figure 6.3: Sequence comparison of DdSkp1, TgSkp1, TaPHD and human PHD1-3. α-Helices 

are marked purple, and β-sheets are labelled with green arrows. The alignment was generated using 

Clustal Omega (6) and Jalview 2.9.0b2 (7).  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6.2 Results and Discussion 

6.2.1 Competition of HsSkp1 with HIFα hydroxylation by HsPHD2 and HsPHD3 

To investigate if Skp1 competes with HIF1α CODD/NODD for binding to PHDs, competition 

experiments with HsPHD2 and HsPHD3 (tPHD2 and PHD3) were performed. Full-length HsSkp1, 

DdSkp1, and TgSkp1 protein was kindly provided for the experiment by Tongri Liu (University of 

Oxford, UK). The same assay conditions as described in Chapter 2.2.2 and Materials and Methods, 

Chapter 7.6.2, were used. A HIF1α CODD/NODD : Skp1 ratio of 1 : 6 was chosen in the initial 

competition experiments. Hydroxylation levels in the presence and absence of Skp1 were 

determined by ESI-LC-MS as described (Materials and Methods, Chapter 7.6.2).  

Figure 6.4: Competition of Skp1 with HIF1α CODD/NODD hydroxylation by tPHD2 and 

PHD3. Full-length Skp1 proteins were screened for their ability to reduce PHD-catalysed HIF-

hydroxylation levels. (A) HIF1α NODD hydroxylation by tPHD2, (B) HIF1α CODD hydroxylation 

by PHD3. Conditions: 2 µM tPHD2 or PHD3, 50 µM (NH4)2Fe(II)(SO4)2, 300 µM 2-oxoglutarate 

disodium salt, 4 mM sodium L-ascorbate, 50 µM HIF1α CODD/NODD, and 300 µM Hs/Dd/

TgSkp1 or 300 µM HIF1α CODD/TaHIF1α ODD in 50 mM Tris, pH 7.5. The samples were 

quenched with 1% (v/v) FA at a time point in the linear region of enzyme activity, and analysed by 

electrospray ionization liquid chromatography–mass spectrometry (ESI-LC-MS). Hydroxylation  

levels were quantified using MassLynx™ V4.1, non-enzymatic background oxidation was 

subtracted, and data was normalised. Errors are depicted as standard deviations (n=3).  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The results of the competition experiments are presented in Figure 6.4 (see Appendix, Figure 6.8, 

for ESI-LC-MS spectra). As expected, HIF1α NODD hydroxylation by tPHD2 was decreased to ≤ 

20 % in the two control samples containing 300 µM HIF1α CODD/TaHIF1α ODD (Figure 6.4 A). 

Similarly, tPHD2-catalysed HIF1α NODD hydroxylation levels were decreased to ~ 20 % in the 

presence of 300 µM HsSkp1, when compared to samples without competitor. By contrast, DdSkp1 

did not affect tPHD2-catalysed HIF1α NODD hydroxylation, and TgSkp1 only caused a decrease to 

~ 80 % hydroxylation when compared to samples without competitor. Comparable results were 

obtained for PHD3-catalysed HIF1α CODD hydroxylation levels (Figure 6.4 B). The strongest 

effect was observed in the presence of 300 µM HsSkp1 (decrease in hydroxylation levels to ~ 20 % 

compared to samples without competitor). Notably, PHD3-catalysed HIF1α CODD hydroxylation 

levels were only slightly decreased in the presence of TaHIF1α ODD (hydroxylation levels ~ 80 % 

compared to samples without competitor), suggesting that HsSkp1, more strongly than TaHIF1α 

ODD, competes with HIF1α CODD hydroxylation by PHD3. However, it is possible that the 

observed differences between HsSkp1 and TaHIF1α ODD in terms of competition with HIF1α 

CODD hydroxylation are due to different lengths of the substrates (full-length HsSkp1 protein 

substrate vs. 25mer TaHIF1α ODD peptidic substrate).  
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6.2.2 HRE luciferase reporter assay 

Following up on the results from in vitro competition experiments, it was investigated if HsSkp1 is 

capable of stabilising HIFα in a cellular environment. For this aim, HsSkp1 (hereafter: Skp1) was 

overexpressed in HeLa cells, and the transcriptional activity of HIFα was determined using a 

hypoxia response element (HRE) luciferase reporter assay.  

Luciferase reporter assays are commonly used tools for quantifying the transcriptional activity of  

proteins of interest (8). A reporter construct consisting of a quantifiable reporter gene (luciferase/

Luc) fused to an upstream promotor or enhancer sequence of interest (such as HRE), is transiently 

transfected into a cellular system (8). Binding of the protein of interest (such as HIFα) to the 

promotor or enhancer sequence activates the transcription of the luciferase gene (8). The luciferase 

reporter is quantified by measuring the bioluminescence signal resulting from the reaction of 

luciferase with its substrate luciferin (9).  

In order to overexpress Skp1 in HeLa cells, the DNA sequence of Skp1 was first cloned into a 

pcDNA3 vector as described in Materials and Methods, Chapter 7.1.1.3. A C-terminal FLAG-tag 

was attached to the Skp1 sequence to make Skp1 detectable by Anti-FLAG antibodies.   

HeLa cells were grown to ~50% confluence before they were transiently transfected with a carbonic 

anhydrase 9 (CA9) hypoxia response element (HRE) luciferase reporter construct (10), ß-

galactosidase (ßgal) in a pCMV vector (for correcting variable transfection efficiencies between 

samples), and FLAG-tagged or untagged Skp1 in pcDNA3 (Table 6.1, Materials and Methods, 

Chapter 7.11.2 and 7.11.3). Control cells were transfected with a simian virus 40 (SV40) luciferase 

reporter construct instead of the CA9 HRE luciferase reporter construct.  
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Table 6.1 Experimental setup of HRE luciferase reporter assays. 

Transfected HeLa cells were grown for 24 h at normoxia or 1 % O2 (hypoxia). Subsequently, the 

cells were harvested, lysed and the luciferase and ß-galactosidase activity in samples of cellular 

supernatant was quantified as described (Materials and Methods, Chapter 7.11.3, (9, 11)). In order 

to correct for variable transfection efficiencies between different samples, the ratio of luciferase : ß-

galactosidase signals was determined.  

The results of the HRE luciferase reporter assays are presented in Figure 6.5. The transcriptional 

activity of HIFα as determined from the luciferase reporter signal was strongly increased in all 

samples under hypoxic conditions (~ 2 x 106 relative luminescence units (RLU)), when compared to 

normoxia (signal below background level). By contrast, in the SV40 luciferase control samples, no 

substantial difference between samples incubated under normoxic vs hypoxic conditions was 

observed.  

The maximum transcriptional activity of HIFα was obtained in samples containing the PHD 

inhibitor DMSO, and stabilisation of HIFα by DMSO was observed under hypoxic and normoxic 

conditions.  

Although hypoxia and DMSO clearly induced HIFα transcriptional activity, no such effect was  

found upon overexpressing FLAG-tagged or untagged Skp1, as the luciferase signal is unchanged   

by Skp1 overexpression both under hypoxic and normoxic conditions, when compared to empty 

vector (EV) control samples. Therefore, the results of the HRE luciferase reporter assays imply that 

Skp1 does not stabilse HIFα in HeLa cells under the used assay conditions.  

Sample name Transfected with Additives added

Empty vector (EV) control CA9 HRE luciferase reporter construct

pCMV-ßgal

pcDNA3

-

Skp1 CA9 HRE luciferase reporter construct

pCMV-ßgal

pcDNA3-Skp1

-

Skp1-FLAG CA9 HRE luciferase reporter construct

pCMV-ßgal

pcDNA3-Skp1-FLAG

-

EV + DMSO CA9 HRE luciferase reporter construct

pCMV-ßgal

pcDNA3

1 mM DMSO
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Figure 6.5: HRE luciferase reporter assays. HeLa cells were transfected with CA9 HRE 

luciferase reporter construct, ßgal-pCMV, and FLAG-tagged/untagged Skp1 as described in Table 

6.1, incubated at normoxia or hypoxia (1 % O2) for 24 h, harvested and lysed. Control samples  

were transfected with a SV40 luciferase reporter construct. The plotted signal corresponds to the 

ratio of luciferase : ß-galactosidase signal of the respective samples, measured in relative 

luminescence units (RLU).  

196



 Chapter 6                                                                            Interaction Studies between HsPHD2 and HsSkp1

6.2.3 Immunoprecipitation experiments 

It was then investigated if Skp1 and PHD2, which is the most important PHD isoform for oxygen 

homeostasis (12), interact with each other in the cellular environment. For that purpose, 

overexpressed FLAG-tagged Skp1 and FLAG-tagged PHD2 were immunoprecipitated from HeLa 

cells using an anti-FLAG antibody on magnetic beads as described in Materials and Methods, 

Chapter 7.11.4. Samples from immunoprecipitations were subsequently analysed by Western 

Blotting. 

The results of the immunoprecipitation (IP) experiments are presented in Figure 6.6. Probing the 

Western Blot with anti-FLAG antibodies showed that PHD2-FLAG (Figure 6.6 B, first row) and 

Skp1-FLAG (Figure 6.6 A, first row) were successfully overexpressed in all samples of 

correspondingly transfected cells. Skp1 overexpression was further confirmed using a anti-Skp1 

antibody (Figure 6.6 C, first row). 

Antibody-mediated detection of HIF1α showed that HIF1α was stabilised under hypoxic conditions, 

and in samples of cells treated with DMOG or the proteasome inhibitor MG132 (Figure 6.6 A, B, 

third row, and C, second row). HIF1α co-immunoprecipitated with PHD2-FLAG from cells that 

were treated with DMOG under normoxic conditions (Figure 6.6 B, third row), due to strong 

HIF1α stabilisation by the PHD inhibitor DMOG.  

Samples from cells overexpressing Skp1-FLAG were probed with an anti-PHD2 antibody (Figure 

6.6 A, second row), showing that PHD2 was not present in Skp1-FLAG-IPs. However, when 

samples from cells overexpressing PHD2-FLAG (Figure 6.6 B, second row) were treated with an 

anti-Skp1 antibody, a strong band became visible in the IP of cells grown at 1 % O2, and a faint 

band was visible in the IP of cells treated with DMSO under normoxia. This result suggests that 

PHD2-FLAG and Skp1 interact with each other in a cellular environment under hypoxic conditions, 

or (potentially) when cells are treated with DMOG, yet no such interaction is observed under 

normoxic conditions or in cells treated with MG132. The finding that an interaction between PHD2-

FLAG and Skp1 was observed in IPs from cells overexpressing PHD2-FLAG, yet no interaction 

between Skp1-FLAG and PHD2 was apparent in IPs from cells overexpressing Skp1-FLAG, is 

possibly due to the C-terminal FLAG-tag of Skp1, that might block binding of PHD2 to Skp1-

FLAG. 
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Figure 6.6: Western Blots of immunoprecipitation experiments. (A) FLAG-tagged Skp1, and 

(B) FLAG-tagged PHD2 were overexpressed in HeLa cells for 24 h at normoxia or hypoxia (1 % 

O2). Input: supernatant of lysed cells, IP: samples from immunoprecipitations using Anti-FLAG M2 

Magnetic beads, EV: cells transfected with empty vector. (C) Input samples. Results indicating an 

interaction between PHD2-FLAG and Skp1-FLAG under hypoxic conditions, or after treatment 

with DMOG, are highlighted in a red box.  

Efforts were undertaken to reproduce the observed interaction between PHD2-FLAG and Skp1 

twice, yet in both experiments, no such interaction was found (Figure 6.7 B, second row), 

indicating that the interaction between PHD2-FLAG and Skp1 might be of a transient nature. Close 

examination of the band detected by an anti-SKP1 antibody in the IP from cells overexpressing 

PHD2-FLAG in the previous experiment, suggests that the band is positioned slightly above bands 

that correspond to Skp1 in input samples (Figure 6.7 A, second row). This finding might be due to a 

post-translational modification of Skp1 that shifts the band of Skp1 to a higher molecular weight. 

However, it also is possible that the shift in the band indicates unspecific labeling with the anti-

Skp1 antibody.  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Figure 6.7: Western Blots of immunoprecipitation experiments (third repeat). FLAG-tagged 

PHD2 was overexpressed in HeLa cells for 24 h at normoxia or hypoxia (1 % O2). (A) Input 

samples: supernatant of lysed cells, (B) samples from immunoprecipitations (IP), using Anti-FLAG 

M2 Magnetic beads.  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6.3 Conclusions 

In the unicellular amoeba Dictyostelium discoideum and the protozoan Toxoplasma gondii, oxygen-

dependent culmination (in case of D. discoideum) and parasite growth (in case of T. gondii) are 

regulated by the prolyl-4-hydroxylases DdPhyA and TgPhyA, via hydroxylation of their substrates 

DdSkp1 and TgSkp1 (1, 4-5). As a consequence of the (likely) evolutionary relationship between 

prolyl-4-hydroxylases in D. discoideum and T. gondii, and HIF prolyl hydroxylases in animals, it 

was of interest to investigate whether, throughout evolution, HIF prolyl hydroxylases retained their 

ability to interact with Skp1.  

The results obtained from competition experiments show that HsSkp1 competes with HIF1α NODD 

hydroxylation by HsPHD2, and HIF1α CODD hydroxylation by HsPHD3, suggesting that in vitro, 

human PHDs are capable of interacting with Skp1. However, the results from studies in HeLa cells 

using HRE luciferase reporter assays indicate that overexpression of Skp1 has no stabilising effect 

on HIFα. In cells, Skp1 is part of the SCF complex, whereas the competition experiments were 

performed using isolated Skp1 protein. Therefore, it is possible that PHD2 interacts with isolated 

Skp1, but in the cellular environment, the interaction site might be blocked due to formation of the 

SCF complex.  

The potential cellular interaction between PHD2 and Skp1 was further investigated by 

immunoprecipitating FLAG-tagged PHD2 or FLAG-tagged Skp1 from Hela cells. However, the 

results obtained from IPs where non-conclusive, as it was found in one experiment that Skp1 co-

immunoprecipitated with FLAG-tagged PHD2, yet this result could not be reproduced in 

subsequent experiments. Possible ways of interpreting the obtained results are: 

- The interaction between Skp1 and PHD2 might be of a transient nature, or only observed under 

certain cellular conditions (e.g. in certain phases of the cell cycle). 

- It is possible that a post-translational modification of Skp1 is necessary for interaction with 

PHD2 in the cellular environment.  

- The band detected by use of anti-Skp1 antibody, in IPs from cells overexpressing FLAG-PHD2, 

might be due to unspecific binding of the anti-Skp1 antibody to the Western Blot membrane or  

to other proteins.  
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Using immunofluorescence microscopy, it was shown by Freed et al. that in mammalian cells, Skp1 

is localised both in the cytoplasm and the nucleus, where Skp1 co-localises to among others, 

interphase and mitotic centrosomes (13). Intracellular localisation studies showed that PHD2 is 

localised mostly in the cytoplasm, whereas PHD1 is predominately localised in the nucleus, and 

PHD3 is found in both compartments (14). Given the results of these studies, it is possible that Skp1 

interacts with any of the three PHD isoforms in cells, and future experiments should aim to 

investigate whether Skp1 (preferentially) binds PHD1, 2, or 3. In future studies, immuno-

precipitation experiments should be assisted by mass spectrometric methods, such as LC-MS/MS, 

to identify co-immunoprecipitated proteins unambiguously. Overall, future studies should aim to 

elucidate the nature of the interaction between Skp1 and PHD2/3, and investigate a potential  

biological relevance of the interaction.  
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6.5 Appendix 

Figure 6.8: Competition of Skp1 with HIF1α CODD/NODD hydroxylation by tPHD2 and 

PHD3 - ESI-LC-MS spectra. For assay conditions, see legend of Figure 6.4.
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Chapter 7 

Materials and Methods 

All chemicals, unless otherwise stated, were obtained from Sigma Aldrich. Components of culture 

media (bacto tryptone, yeast extract, agar, sodium chloride) were from OXOID or Fisher 

Chemicals. Isopropyl-β-D-1-thiogalactopyranoside (IPTG) was from Apollo Limited, and sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel staining solutions (Instant 

BlueTM) were from Expedion. Restriction enzymes, polymerase chain reaction (PCR) reagents, and 

competent cells (NEB 10-beta and BL21(DE3)) were from New England Biolabs. Oligonucleotides 

were from Sigma-Aldrich. Peptides were obtained from either ChinaPeptides, GLBiochem, Severn 

Biotech, or synthesised in-house.  

All buffers and water were filtered through a Millipore Elix 10 system (22 µm filter, subsequently 

referred to as 'Milli-Q'), and water used for DNA applications was sterilised by autoclaving 

(referred to as 'ddH2O').  
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7.1 Molecular biology 

7.1.1 Cloning 

7.1.1.1 Overview of plasmids and primers used in the work 

Table 7.1 Plasmids used and their origins. 

Name of 
construct

Construct 
length

Vector Tag Source

tPHD2 181-426 pET-28a His6 Rasheduzzaman Chowdhury, 
University of Oxford, UK

PHD3 full-length pNH-TrxT His6-thioredoxin Cloning

PHD3 full-length pNIC28 His6 Cloning

PHD1 full-length pMAL-c5X Maltose-binding-
protein

Kirsty Hewitson, University of 
Oxford, UK

TaPHD 64-300 pET-28a His6 Christoph Loenarz, Universität 
Freiburg, Germany

tPHD2 R312H 181-426 pET-28a His6 Site-directed mutagenesis

tPHD2 F366L 181-426 pET-28a His6 Site-directed mutagenesis

tPHD2 D277G 181-426 pET-28a His6 Site-directed mutagenesis

tPHD2 G294S 181-426 pET-28a His6 Site-directed mutagenesis

tPHD2 W334S 181-426 pET-28a His6 Site-directed mutagenesis

tPHD2 L279P 181-426 pET-28a His6 Rasheduzzaman Chowdhury, 
University of Oxford, UK

HsSkp1 full-length pcDNA3 untagged Cloning

HsSkp1-FLAG full-length pcDNA3 FLAG (C-terminal) Cloning

ADRB2 330-413 pGEX-6P-1 Glutathione-S-
transferase

Cloning

PKM2 full-length pGEX-6P-1 Glutathione-S-
transferase

Cloning

ACTB full-length pGEX-6P-1 Glutathione-S-
transferase

Cloning

HIF1α 530-698 pGEX-6P-1 Glutathione-S-
transferase

Christoph Loenarz, Universität 
Freiburg, Germany
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Table 7.2 Primers. BamHI restriction site (orange), NotI restriction site (green) and LIC-sequence (purple), mutagenesis 
sites (red). 

Construct Primer sequence (5’-3’)

PHD3 F TACTTCCAATCCATGCCGCT
R TATCCACCTTTACTGTTAATCTTCGG

tPHD2 R312H F GGCAATGG AACGGGTTAT GTACATCATG TTGATAATCC 
R GGATTATCAA CATGATGTAC ATAACCCGTT CCATTGCC

tPHD2 F366L F CCCAAATTTGATAGACTGCTGTTTTTATGGTCTGACCGTCGC
R GCGACGGTCAGACCATAAAAACAGCAGTCTATCAAATTTGGG

tPHD2 D277G F GCTCATGAGCAGCATGGGTGACCTGATA CGCC
R GGCGTATCAGGTCACCCATGCTGCTCATGAGC

tPHD2 G294S F GGGCAGCTACAAAATCAATTCCCGGACGAAAGCCATGG
R CCATGGCTTTCGTCCGGGAATTGATTTTGTAGCTGCCC

tPHD2 W334S F GTATATATTATCTTAATAAAGACTCGGATGCCAAGGTAAGTGG
R CCACTTACCTTGGCATCCGAGTCTTTATTAAGATAATATATAC

HsSkp1 F ATAGGATCCATGCCTTCAATTAAGTTGCAGA
R ATAGCGGCCGCTCACTTCTCTTCACACCACTGGTTC

HsSkp1-FLAG F ATAGGATCCATGCCTTCAATTAAGTTGCAGA
R ATAGCGGCCGCTCACTTGTCGTCATCGTCTTTGTAGTCCT  
   TCTCTTCACACCACTGGTTC

ADRB2 F ATAGGATCCATGCCGGACTTCCGTATC
R TAAGCGGCCGCTTACAGCAGAGAATCATTCGTG

PKM2 F ATAGGATCCATGAGCAAACCGCATAGC
R ATAGCGGCCGCTTACGGCACCGGGACAAC

ACTB F TAAGGATCCATGGACGATGATATCGCCG
R ATAGCGGCCGCTTAGAAGCATTTGCGGTGAA
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7.1.1.2  Ligation independent cloning (LIC) 

For ligation independent cloning, the procedure in (1) was optimised. 

Polymerase chain reaction (PCR) 

Codon-optimised genes from GenScript were prepared according to the manufacturer's manual and 

diluted to an end concentration of 10-20 ng/µL. Primers were from Sigma Aldrich. Before use, the 

primers were resuspended in sterile Milli-Q water to a concentration of 10 µM. The PCR was set up 

as depicted in Table 7.3 and run in a Thermocycler (Techne Genius, Scientific Laboratory Supplies) 

with the cycling  parameters given in Table 7.4. 

Table 7.3 PCR sample preparation. 

Table 7.4 PCR program. 

*The annealing temperature was determined with the Tm calculator from New England Biolabs. 

Reagent Volume

Q5 Reaction Buffer (5x) 10 µL

dNTPs (10mM) 1 µL

Forward Primer (10 µM) 2.5 µL

Reverse Primer (10 µM) 2.5 µL

Template DNA (10-20 ng/µL) 5 µL

Q5 High Fidelity DNA Polymerase 0.5 µL

ddH2O 28.5 µL

∑ 50 µL

Segment # Cycles Temperature (°C) Time (sec)

Initial Denaturation 1 98 30

Denaturation 35 98 10

Annealing 35 62-69* 30

Extension 35 72 60

Final Extension 1 72 120

Final Hold 1 4   
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A sample of the PCR products (5 µL) was analysed on a 2 % agarose gel. The PCR products (50 

µL) were treated with 1 µL DpnI and incubated for 1 h at 37 °C. Subsequently, the PCR products 

were purified with a column-based PCR purification kit (TScientific) and eluted in 20 µL ddH2O. 

T4 polymerase treatment of PCR products 

The PCR products were treated with T4 polymerase as shown in Table 7.5 and incubated at room 

temperature (rt) for 30 min, then at 75 °C for 20 min. The reaction mix was stored at 4 °C until 

further use.  

Table 7.5 T4 polymerase treatment of PCR products. 

Vector preparation 

Empty LIC-plasmids (pNH-TrxT or pNIC28) were cut with the restriction enzyme BsaI. The 

reaction mixture (Table 7.6) was incubated for 2.5 h at 50 °C. Subsequently, the DNA was 

separated using a 1 % agarose gel (Chapter 7.1.1.5), extracted from the gel (TScientific Gel 

Extraction Kit) and eluted in 20 µL ddH2O. 

Reagent Volume

ddH2O 4.5 µL

NEBuffer2 (10x) 2 µL

dCTP(100 mM) 0.5 µL

Dithiothreitol (DTT, 100 mM) 1 µL

Bovine serum albumin (BSA, 2 mg/mL) 1 µL

T4 DNA Polymerase (3000 U/mL) 1 µL

PCR product (>10 ng/µL) 10 µL

∑ 20 µL
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Table 7.6 Treatment of empty vectors with BsaI. 

Generation of cohesive vector ends 

The empty vectors were treated with T4 Polymerase (Table 7.7) and incubated at rt for 30 min, then 

at 75 °C for 20 min. The reaction mix was stored on ice until further use.  

Table 7.7 T4 polymerase treatment of empty vectors. 

Reagent Volume

NEBuffer3 (10x) 10 µL 

BSA (10 mg/mL) 1 µL 

Empty LIC-plasmid x µL  (total 5 µg)

BsaI (10 000 U/mL) 4 µL 

ddH2O top up

∑ 100 µL 

Reagent Volume

ddH2O 4.5 µL

Empty LIC-plasmid 10 µL

NEBuffer2 (10x) 2 µL

dGTP (100 mM) 0.5 µL

DTT (100 mM) 1 µL

BSA (2 mg/mL) 1 µL

T4 DNA Polymerase (3000 U/mL) 1 µL

∑ 20 µL
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Annealing and transformation  

To anneal the cleaved vectors and T4-treated inserts, 2 µL of insert DNA (~100 ng) was added to 1 

µL vector and incubated on ice for 10 min. The mix was transformed into NEB-10β competent cells 

following the protocol in Chapter 7.2.1. The transformed bacteria were grown on agar plates 

containing 25 % sterile sucrose and the respective antibiotic. Overnight cultures of single colonies 

were grown, DNA was extracted by Miniprep and sequenced using the Source Bioscience 

Sequencing service. 
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7.1.1.3 Classic cloning 

All steps were optimised using a protocol obtained from Christoph Loenarz (Universität Freiburg, 

Germany).  

Polymerase chain reaction (PCR) 

The PCR was set up in a volume of 2x 100 µL and run as described in Chapter 7.1.1.2. 5 µl 

samples of PCR products were analysed on a 2 % agarose gel. The two 100 µL PCR reactions were 

combined on a PCR purification column (TScientific), purified and eluted in 20 µL ddH2O. 

Double digestion of vector and insert 

Empty vectors and insert DNA were cut with the respective restriction enzymes (Table 7.2). 

Reaction mixtures (2x 20 µL per insert and vector, Table 7.8) were incubated for 4 h at 37 °C. 

Subsequently, the DNA was separated using a 1 % agarose gel (Chapter 7.1.1.5), extracted from 

the gel (TScientific Gel Extraction Kit) and eluted in 20 µL ddH2O.  

Table 7.8 Double digestion conditions. 

Reagent Volume, vector digestion Volume, insert digestion

Insert DNA x µL  (total 2 µg)

Empty plasmid x µL  (total 1 µg)

ddH2O top up top up

NEBuffer4 (10x) 2 µL 2 µL

BSA (10 mg/mL) 1 µL 1 µL

Restriction enzyme 1 
(20 000 U/mL)

1 µL 2 µL

Restriction enzyme 2
(20 000 U/mL)

1 µL 2 µL

∑ 20 µL 20 µL

213



Chapter 7                                                                                                                        Materials and Methods

T4-ligase reaction 

The T4-ligase reaction was set up as described in Table 7.9 and incubated overnight at 18 °C.  

Table 7.9 T4-ligase reaction. 

The ligated vectors were transformed into NEB-10β competent cells according to the standard 

procedure in Chapter 7.2.1. Single colonies were grown in overnight cultures (Chapter 7.2.3), 

extracted with a Plasmid Miniprep Kit (TScientific) and sequenced by Source Bioscience.  

Reagent Volume

Insert DNA 12 µL

Cleaved vector 5 µL

T4-Ligase Buffer (10x) 2 µL

T4-Ligase (400 000 U/mL) 1 µL

∑ 20 µL
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7.1.1.4 Site-directed mutagenesis 

Site-directed mutagenesis was carried out following the procedure in the QuikChangeTM site-

directed mutagenesis protocol (Revision C, Agilent Technologies, (2)). Primers (typically 30mers) 

were designed according to the protocol with the desired mutation in the middle and GC-rich ends 

for optimal annealing. The following PCR protocol was used to insert the mutation and amplify the 

full vector (Table 7.10 and 7.11).  

Table 7.10 PCR condition for site-directed mutagenesis. 

Table 7.11 PCR program for site-directed mutagenesis. 

The amplified DNA was treated with 1 µL Dpn1 (10 U/µL) at 37 °C for 1 hour to digest parental 

DNA. The samples were transformed into NEB-10β competent cells following the protocol in 

Chapter 7.2.1. 

Reagent Volume

PfuTurbo reaction buffer (10x) 2.5 µL

DNA template (30 ng/µL) 1 µL

Forward Primer (10 µM) 0.5 µL

Reverse Primer (10 µM) 0.5 µL

dNTPs (10 mM) 0.5 µL

ddH2O 20 µL

PfuTurbo DNA polymerase 0.5 µL

∑ 25.5 µL

Segment # Cycles Temperature (°C) Time (sec)

Initial Denaturation 1 95 120

Denaturation 16 98 30

Annealing 16 62-69 40

Extension 16 72         60 sec/kb plasmid

Final Extension 1 72 300

Final Hold 1 4   
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7.1.1.5 Agarose gel electrophoresis 

Agarose gels (1-2%) were prepared by heating 0.6-1.2 g agarose in 60 mL TAE buffer (40 mM Tris-

HCl, 20 mM sodium acetate, 1mM ethylenediaminetetraacetic acid (EDTA)) in a SuperWave 750 

microwave (Tecnolec) until dissolved. The mix was allowed to cool down to 60 °C, before addition 

of 9 µL SYBR SafeTM DNA gel stain (Invitrogen). Gels were cast in a H2-SET gel tray (Anachem) 

and allowed to cool down to room temperature for 20 min. DNA Loading Buffer (NEB) was added 

to the samples before loading them onto the gel. The gels were run on a Bio-Rad system at 120 V 

for approximately 35 min. DNA bands were visualised by UV light illumination using a Bio Rad 

gel imaging system. Samples were run against a GeneRuler 1kb DNA Ladder (TScientific) for 

molecular weight determinations. 
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7.2 Microbiological techniques 

7.2.1 Transformation into bacteria 

Plasmid DNA was transformed into E. coli NEB-10β or BL21(DE3) competent cells according to 

the following protocol. In pre-cooled Eppendorf tubes, the respective vector DNA (1 µL for 

transformation into NEB-10β or 0.5 µL for BL21(DE3)) was added. Bacterial cells (50 µL of 

NEB-10β or 20 µL BL21(DE3)) were thawed on ice and added to the vector DNA. After incubating 

on ice for 20 min (NEB-10β) or 5 min (BL21(DE3)), the bacteria were heat shocked at 42°C for 30 

s (NEB-10β) or 45 s (BL21(DE3)), and left to rest on ice for 2 min. The 3-fold volume of SOC-

medium (NEB) was added to the bacteria, and the dispersion was incubated at 37°C for 1 h. 

Subsequently, the bacteria were spread onto LB-agar plates (10 g NaCl, 5 g yeast extract, 10 g 

tryptone, 15 g agar per 1 L medium) with relevant antibiotic (1/1000 v/v of 30 mg/mL kanamycin 

and/or 100 mg/mL ampicillin) and allowed to grow at 37°C overnight. 

7.2.2 Glycerol stocks 

The respective bacterial starter culture (1.2 mL) was pelleted in a cryotube and the cells were 

resuspended in 350 µL of 2TY Growth Medium (5 g NaCl, 10 g yeast extract, and 16 g 

bactotryptone per 1 L medium, kindly prepared and autoclaved by Mr Herminio Manso Jubier). 350 

µL Glycerol Stock Buffer (65% glycerol, 0.1 M MgSO4, 0.025 M Tris pH 7.6, autoclaved, stored at 

4 °C) was added to the cell suspension and the glycerol stock was shortly mixed by vortexing. 

Glycerol stocks were stored at -80 °C. 

7.2.3 Starter cultures  

For protein expression, all plasmids were transformed into BL21(DE3) cells. 100 mL of 2TY 

growth medium (kindly prepared and autoclaved by Mr Herminio Manso Jubier) were treated with 

the respective antibiotics (1/1000 v/v of 30 mg/mL kanamycin, and/or 100 mg/mL ampicillin), and 

inoculated with either a single colony from a freshly prepared agar plate or a small amount of a 

glycerol stock. The bacteria were allowed to grow in an incubator shaker overnight at 37 °C and 

180 rpm. 
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7.2.4 Expression trials 

2-TY growth medium (100 mL) were inoculated with the appropriate antibiotic (1/1000 v/v of 30 

mg/mL kanamycin, and/or 100 mg/mL ampicillin) and 10 mL starter culture. At OD600 0.6-0.8, the 

cultures were separated into incubators at different temperatures (typically 18, 28, and 37 °C), and 

each induced by adding different concentrations of isopropyl-β-D-1-thiogalactopyranoside (IPTG,  

typically 0.05 mM and 0.5 mM). After incubating the cultures for 4 h, 1.5 mL samples were taken, 

and the cultures were continued to grow overnight. A sample of each culture (1.5 mL) was pelleted, 

and the cells were resuspended in 0.3 mL Binding Buffer (500 mM NaCl, 20 mM Tris-HCl pH 7.5, 

5 mM imidazole) per OD600 1.2. The cells were lysed by sonification (1 min, 30 % amplitude, 4s 

intervals followed by 4s pauses), and cell debris was removed by centrifugation. 10 µL of 

supernatant and whole cell samples were analyzed by SDS-PAGE as described in Chapter 7.3.5. 

7.2.5 Large-scale protein production 

Large-scale cultures were grown in 2TY growth medium containing the respective antibiotics 

(1/1000 v/v of 30 mg/mL kanamycin, and/or 100 mg/mL ampicillin, co-expression cultures 

contained only kanamycin). The cultures were inoculated with 1/100 v/v of starter culture and the 

bacteria were grown at 37 °C, 180 rpm until an OD6oo of 0.6-0.8 was reached, and induced by 

adding isopropyl-β-D-1-thiogalactopyranoside (IPTG). In some cases, the cultures were allowed to 

grow to a higher density, in order to improve the protein yield. The expression conditions were 

optimised for each protein construct (Table 7.12). Cells were harvested by centrifuging at 8000 rpm 

in a Beckman Avanti J-26S XP centrifuge, at 4 °C, for 8 min. 
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Table 7.12 Optimised conditions for protein production. 

Name of construct Expression conditions

tPHD2 0.5 mM IPTG
4 h, 28 °C

PHD3 Culture grown to OD600 1.2
0.05 mM IPTG
O/N, 18 °C

PHD1 0.5 mM IPTG
4 h, 37 °C

TaPHD 0.5 mM IPTG
4 h, 28 °C, then O/N, 18 °C

tPHD2 R312H 0.5 mM IPTG
O/N, 18 °C

tPHD2 F366L 0.5 mM IPTG
O/N, 18 °C

tPHD2 D277G 0.5 mM IPTG
O/N, 18 °C

tPHD2 G294S 0.5 mM IPTG
O/N, 18 °C

tPHD2 W334S 0.5 mM IPTG
O/N, 18 °C

tPHD2 L279P 0.5 mM IPTG
4 h, 28 °C

ADRB2, co-expressed with PHD3 0.5 mM IPTG
O/N at 18 °C

PKM2, co-expressed with PHD3 0.5 mM IPTG
O/N at 18 °C

ACTB, co-expressed with PHD3 0.5 mM IPTG
O/N at 18 °C

HIF1α 0.5 mM IPTG
O/N at 18 °C

HIF1α, co-expressed with tPHD2 0.5 mM IPTG
O/N at 18 °C

HIF1α, co-expressed with PHD3 0.5 mM IPTG
O/N at 18 °C
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7.2.6 Cell lysis 

Cell pellets were resuspended in 5 mL Binding Buffer per 1 g cell pellet (buffer composition in 

Table 7.13). DnaseI, a cOmplete, EDTA-free Protease inhibitor tablet (Roche), MgCl2 (end 

concentration of 20 mM), and 5 mM dithiothreitol (DTT) in case of PHD3 and TaPHD, were added, 

and the cells were fully resuspended by stirring at 4° C for 20-30 min. Cells were lysed on ice by 

sonication (Sonics Vibracell VCX750 Ultrasonic Cell Disruptor) at 60% amplitude in 8 steps of 45 

s, each followed by a rest of 45 s. The supernatant was separated from the cell debris via 

centrifugation (Beckman Avanti J-26S XP, 15 500 rpm, 10 min, 24 500 rpm, 20 min, 4°C) and 

filtered through a 0.45 µm syringe filter (Sartorius Stedim Biotech) before it was loaded onto an 

appropriate column. 
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7.3  Protein purification 

7.3.1 Purification strategies 

Proteins were purified at 4 °C using an ÄKTA fast protein liquid chromatography (FPLC) system 

(Amersham Pharmacia Biotech). All buffers were prepared from Milli-Q-H2O, filtered through a 

0.2 µm Millipore filter, and degassed before use. All stated pH values correspond to a buffer 

temperature of 4 °C.  

Table 7.13 gives an overview of the different purification strategies used for the preparation of 

proteins. GST-tagged proteins were purified in one step by GST-affinity chromatography, whereas 

His6-tagged and MBP-tagged proteins were purified by Ni-NTA or amylose affinity 

chromatography, followed by size-exclusion chromatography. Due to its instability on size-

exclusion columns, PHD3 was purified in only one step by Ni-NTA affinity chromatography. 

Cleavage of the N-terminal His6-thioredoxin tag from PHD3 resulted in loss of activity. It was 

therefore decided to leave the His6-thioredoxin tag on PHD3. 

Samples of the eluted proteins were analysed for purity by sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE). The desired protein fractions were concentrated in centrifugation 

filters (Amicon) with the respective molecular weight cut-off. Protein concentrations were 

determined by measuring A280 in each sample using an ND-1000 Nanodrop spectrophotometer 

(TScientific). All proteins were analysed by ESI-LC-MS (Chapter 7.6.2 and 7.6.4). 
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Table 7.13 Protein purification strategies. 

Protein
construct

Purification strategy Buffers Gradient (% 
Elution Buffer)

tPHD2
tPHD2 R312H
tPHD2 F366L
tPHD2 D277G
tPHD2 G394S
tPHD2 W344S
tPHD2 L296P

1. Ni-NTA affinity 
chromatography

2. Thrombin-cleavage

3. Size-exclusion 
chromatography (SEC)

Binding Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
5 mM imidazole)
Wash Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
60 mM imidazole)
Elution Buffer
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
1 M imidazole)
tPHD2 variants: 5 % glycerol added to 
every buffer

SEC Buffer
(50 mM Tris-HCl pH 7.5)
tPHD2 R312H/F366L: 5% glycerol and 
100 mM NaCl added

5 CV, 40 %, 
4.00 {base}
3 CV, 100 %, 
2.00 {base}
5 CV, 0 %, 
0.00 {base}

PHD3 1. Ni-NTA affinity 
chromatography

2. Buffer exchange

Binding Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
5 mM imidazole, 5% glycerol)
Wash Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
60 mM imidazole, 5% glycerol)
Elution Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
1 M imidazole, 5% glycerol)

Storage Buffer
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
5% glycerol)

5 CV, 40 %, 
4.00 {base}
3 CV, 100 %, 
2.00 {base}
5 CV, 0 %, 
0.00 {base}

TaPHD 1. Ni-NTA affinity 
chromatography

2. Size-exclusion 
chromatography (SEC)

Binding Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
5 mM imidazole, 5% glycerol)
Wash Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
60 mM imidazole, 5% glycerol)
Elution Buffer 
(500 mM NaCl, 20 mM Tris-HCl pH 7.5, 
1 M imidazole, 5% glycerol)

SEC buffer
(500 mM NaCl, 100 mM Tris-HCl pH 
7.5, 5% glycerol)

1 CV, 10 %, 
1.00 {base}
1 CV, 15 %, 
1.00 {base}
1 CV, 20 %, 
1.00 {base}
4 CV, 40 %, 
2.00 {base}
2 CV, 100 %, 
0.00 {base}
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7.3.2 Protein chromatography 

Glutathione-S-transferase (GST) affinity chromatography  

A 5 mL Protino GST/4B column (Fisher Scientific) was washed with 5 CV Milli-Q H2O, 

equilibrated with 5 CV GST-Binding Buffer (Table 7.13), loaded with the protein sample, washed 

with 10 CV GST-Binding Buffer, and eluted in 5 mL fractions with 10 CV GST-Elution Buffer 

(Table 7.13).  The column was cleaned after each usage to avoid cross-contamination, using 2 CV 

of 6 M guanidine hydrochloride,  5 CV Milli-Q H2O, 3 CV of 70 % ethanol, and 5 CV Milli-Q H2O.  

Protein
construct

Purification strategy Buffers Gradient (% 
Elution 
Buffer)

PHD1 1. Amylose affinity 
chromatography

2. Size-exclusion 
chromatography 
(SEC)

Amylose-Binding Buffer 
(200 mM NaCl, 20 mM Tris-HCl pH 7.4)
Amylose-Elution Buffer 
(200 mM NaCl, 20 mM Tris-HCl pH 7.4, 10 mM 
maltose)

SEC buffer
(100 mM NaCl, 100 mM Tris-HCl pH 7.5, 5% 
glycerol)

ADRB2
PKM2
ACTB
HIF1α

1. Glutathione-S-
transferase (GST) 
affinity 
chromatography

GST-Binding Buffer
(200 mM NaCl, 50 mM Tris-HCl, pH 7.5)

GST-Elution Buffer
(200 mM NaCl, 50 mM Tris-HCl
20 mM reduced glutathione 
(added shortly before use),  pH 7.5
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Ni-NTA affinity chromatography 

A 5 mL HisTrapTM FF crude column (GE Healthcare) was washed with 5 CV Milli-Q H2O, charged 

with 3 CV Charge Buffer (50 mM NiSO4), equilibrated with 5 CV Binding Buffer (Table 7.13), and 

loaded with protein sample. The column was first washed with 11 CV Binding Buffer, followed by 

a second wash with 8 CV Wash Buffer (Table 7.13), to remove any unspecific binding proteins 

from the column. The protein of interest was then eluted in 5 mL fractions by applying a gradient of 

Wash Buffer and Elution Buffer (Table 7.13). The gradient was optimised for each protein (Table 

7.13). The column was cleaned after each usage with 5 CV Milli-Q H2O, followed by 2 CV Strip Buffer 

(500 mM NaCl, 20 mM Tris-HCl, 100 mM EDTA, pH 7.9), and 5 CV Milli-Q H2O. 

Amylose affinity chromatography 

A 25 mL MCS amylose column was equilibrated with 5 CV Amylose-Binding Buffer (Table 7.13), 

and loaded with protein sample. The column was then washed with 12 CV Amylose-Binding 

Buffer, and the protein of interest was then eluted in 5 mL fractions with 4 CV Amylose-Elution 

Buffer (Table 7.13). The column was regenerated after each usage with 3 CV Milli-Q H2O, 

followed by 3 CV 0.1 % SDS, 1 CV Milli-Q H2O, and 3 CV Amylose-Binding Buffer.  

Size-exclusion chromatography (SEC) 

Proteins were further purified via size-exclusion chromatography on a Superdex 75 300 mL column 

(Amershan Pharmacia Biosciences). The column was washed with 0.6 CV Milli-Q H2O, 

equilibrated with 1.1 CV SEC Buffer (Table 7.13), and the protein sample was loaded using a 2 mL 

loop. The protein of interest was eluted in 5 mL fractions by applying 1.0 CV SEC Buffer, and the 

column was cleaned with 1.1 CV Milli-Q H2O, 1.0 CV 0.5 M NaOH, and 2 CV Milli-Q H2O. 
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7.3.3 Protease cleavage 

TEV cleavage 

The His6-thioredoxin-tag at the N-terminus of fusion proteins in pNH-TrxT vectors was cleaved by 

treating the protein with TEV protease (kindly provided by Christoph Loenarz, Universität 

Freiburg, Germany). The salt concentration in the buffer was increased to 1 M NaCl, in order to 

avoid precipitation. 20 µL of TEV protease was added to 1 mg of protein, the mix was incubated 

overnight at 4 °C, and then resolved by size exclusion chromatography. 

Thrombin cleavage 

The His6-tag at the N-terminus of a fusion protein in pET-28a was cleaved by treating with 

restriction grade thrombin (Novagen) according to the standard manufacturer’s instructions (3). 

Thrombin (1 U) was added to 1 mg of protein, the thrombin protein mixture was incubated 

overnight at 4 °C, and then resolved by size exclusion chromatography. 

7.3.4 Buffer exchange 

Proteins were buffer-exchanged using PD-10 columns (GE Healthcare) and following the 

instructions in the manual.  

7.3.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE gels with the following composition (Table 7.14) were prepared using the Bio-Rad 

Mini-Protean Tetra Electrophoresis System from 2x SDS-PAGE stacking gel buffer (250 mM Tris-

HCl pH 6.8, 0.2 % (w/v) SDS) and 2x SDS-PAGE separating gel buffer (750 mM Tris-HCl, pH 8.8, 

0.2% (w/v) SDS). 
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Table 7.14 Composition of SDS-PAGE gels. 

Samples were prepared by adding 10 uL of 2x loading buffer (Table 7.15) to 10 uL samples, and the 

proteins in the sample were further denatured at 95 °C for 5 min, before loaded onto the gel. 

Electrophoresis was conducted in SDS-PAGE running buffer (Table 7.15) at a constant voltage of 

180 V. The gels were stained with a quick stain solution (Instant Blue TM, Expedion). 

Table 7.15 Composition of SDS-PAGE buffers. 

Component Reagent Volume

Separating gel 30 % acrylamide 2.5 mL

2x SDS-PAGE separating buffer 2.5 mL

tetramethylethylenediamine 
(TEMED)

10 µL

25 % (w/v) APS 30 µL

Stacking gel 30 % acrylamide 0.3 mL

Milli-Q H2O 0.7 mL

2x SDS-PAGE separating buffer 1 mL

TEMED 5 µL

25 % (w/v) APS 15 µL

Component Reagent Volume/ Mass

10x SDS-Page running buffer Tris base 30.2 g

Glycine 144 g

10 % (w/v) SDS 100 mL

Milli-Q H2O 900 mL

2x SDS-Page loading buffer Tris-HCl 0.5 M, pH 6.8

Bromphenol blue 0.2g

10 % (w/v) SDS 20 mL

Glycerol 12 mL

β-mercaptoethanol 5 mL

Milli-Q H2O top up to 100 mL
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7.4 Peptide synthesis 

MultiPep synthesis 

Peptides were prepared in a 1-5 mg scale on a MultiPep RS (Intavis) peptide synthesizer by solid 

phase peptide synthesis. Peptides were cleaved from the Tantagel S RAM (RAPP Polymere) resin, 

and protection groups were removed by incubating for 3 h at rt with 0.5 to 1.0 mL of a cleavage 

cocktail containing 97.5% trifluoroacetic acid, and 2.5% triisopropylsilane. Cold ether (4 mL) was 

added to each peptide and the precipitate was pelleted by centrifuging for 10 min at 4000 rpm 

(Beckman Allegra X-30R centrifuge). The pellets were dried under vacuum, resuspended in 1 mL of 

water, and freeze-dried. The peptides were resuspended in 1 mL of water and analyzed by MALDI-

TOF-MS or LC-MS. 

Large-scale synthesis 

Peptides were prepared in 5-30 mg scale using a Liberty Blue™ automated microwave peptide 

synthesiser (CEM). The peptides were prepared using Fluorenyl-methyloxycarbonyl (Fmoc) rink 

amide MBHA resin (CS Bio), Nα-Fmoc-protected amino acids (Polymer labs), and the activators 

hydroxybenzotriazole (HOBt) and diisopropylcarbodiimide (DIC) at a ratio of 1:1 in DMF. Peptides 

were first washed with DMF, then with DCM, and were cleaved by incubating for 3 h with a 

cleavage mix containing trifluoroacetic acid (TFA, 92.5 %), triisopropylsilane (2.5 %), 1,3-

dimethoxybenzene (2.5%) and water (2.5%). The cleaved peptides were precipitated by adding 

30-40 mL of cold ether and centrifuged at 2000 rpm (Beckman Allegra X-30R centrifuge), at 4 °C 

for 5 min. The peptide pellets were dried on air, resuspended in ~15 mL water, lyophilised and 

purified (Chapter 7.5). 

For synthesis of prolyl-hydroxylated peptides, 4-hydroxyproline (Novabiochem) was used instead 

of the unmodified proline, and peptides were synthesised as described above.  
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7.5 Peptide purification by HPLC 

Peptides were purified by high pressure liquid chromatography (HPLC). First, the peptides were 

dissolved in water with max. 30 % acetonitrile if necessary, and applied onto a SunFire™ Prep C18  

column (Waters). A suitable gradient of H2O:Acetonitrile was used to separate the samples and 

fractions containing the desired peptides were identified by matrix-assisted laser desorption/

ionization time-of-flight mass spectrometry (MALDI-TOF-MS) or liquid chromatography–mass 

spectrometry (LC-MS). The desired fractions were pooled and lyophilised.  
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7.6 Mass spectrometry 

7.6.1 MALDI-TOF-MS 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) 

assays were performed using a Waters Micromass MALDI micro MX™ mass spectrometer. 

Samples were prepared by diluting 1:1 with acetonitrile and mixing of 1 µL sample with 1 µL of α-

cyano-4-hydroxycinnamic acid (CHCA) matrix solution (1 mg CHCA in 100 µL 50 % acetonitrile. 

0.1 % trifluoroacetic acid). The mix (1 µL) was spotted directly onto a 96-spot MALDI plate 

(Waters) and the sample was run in the positive ion reflectron mode under standard calibration with 

a laser energy of 160-320 V. Instrument control and data processing was conducted with 

MassLynx™ V4.1. The following standard assay conditions were used, unless otherwise stated.  

Endpoint hydroxylation assays 

Endpoint hydroxylation assays were carried out using the following assay conditions: 4 µM 

enzyme, 50 µM substrate, 50 µM (NH4)2Fe(II)(SO4)2, 4 mM sodium L-ascorbate, 300 µM 2-

oxoglutarate disodium salt, 1 mM dithiothreitol (DTT) in 50 mM Tris, pH 7.5. The reactions were 

incubated at 25 °C and quenched with 1 % formic acid (v/v) at a time point in the linear region. 

Hydroxylation levels were quantified using MassLynx™ V4.0 and non-enzymatic background 

oxidation was subtracted.  

Steady-state kinetics 

Steady-state kinetics were performed via a modified version of the reported procedure (4), using the 

following conditions: 3.5 µM HsPHD2 or TaPHD, 100 µM HsHIF1α CODD (DLDLEMLAP 

YIPMDDDFQL-NH2) or TaHIFα ODD substrate (PINEKEDYDDLAPFVPPPSFDNRLY-NH2), 

50 µM (NH4)2Fe(II)(SO4)2, 4 mM sodium L-ascorbate and 300 µM 2-oxoglutarate disodium salt in 

50 mM Tris, pH 7.5. The reactions were incubated at 25 °C and quenched with 1 % (v/v) formic 

acid at various time points. Initial rates of the enzymatic reaction were determined by varying the 

concentration of one of the substrates/co-substrates (HsHIF1α CODD, TaODD or 2OG) and 

maintaining fixed saturating concentrations of the other component. Hydroxylation levels were 

quantified using MassLynx™ V4.0.  Km and kcat values were determined using GraphPad Prism.  
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Steady-state oxygen-dependence studies 

Steady-state oxygen-dependence studies were performed as described in (4), with the assay 

conditions in Table 7.16.  

Table 7.16 Assay conditions for steady-state oxygen-dependence studies. 

Mass flow controllers (Brooks Instrument) were used to obtain the desired O2:N2 ratios (typically 0, 

5, 10, 15, 20, 30, 40, 50, and 60 % O2). peptide solutions (94 µL) in sealed glass vials were 

equilibrated for 10 min at 37 °C with the respective O2:N2 ratio. Sodium L-ascorbate/2-oxoglutarate 

disodium salt (2 µL), 2 µL (NH4)2Fe(II)(SO4)2 and 2 µL enzyme solutions were added using gas-

tight Hamilton syringes, the reaction mix was incubated at 37 °C, and quenched with a final 

concentration of 1 % formic acid at a time point in the linear region of the reaction. Ratios of 

hydroxylated and unhydroxylated peptides were analysed by MALDI-TOF-MS and non-enzymatic 

background oxidation was subtracted. 

Inhibition Assays 

Inhibition assays were performed as reported in (5). Dose responses were assessed by incubation of 

the respective 1 µM PHD enzyme with increasing concentrations of inhibitor (0.03 µM, 0.1 µM, 0.3 

µM, 1 µM, 3 µM, 10 µM, 30 µM, 100 µM) in the presence of 50 µM (NH4)2Fe(II)(SO4)2, 10 µM 2-

oxoglutarate disodium salt, 4 mM sodium L-ascorbate and 10 µM 19mer CODD-peptide (sequence: 

DLDLEMLAPYIPMDDDFQL) in 50 mM Tris, pH 7.5 at 37 °C. To allow for the inhibitor to bind 

to PHD, the inhibitor was first incubated 5 min together with the enzyme, and the reaction was 

started by adding a mix containing co-factors and substrate. Reactions were quenched with formic 

acid (1 % v/v) at a time-point within the linear region of enzymatic activity. Hydroxylation levels 

were quantified using MassLynx™ V4.0, non-enzymatic background oxidation was subtracted, and 

IC50 values were determined with GraphPad Prism.  

Solution Reagent Final concentration Final volume

peptide solution peptide substrate
50 mM Tris pH 7.5

100 μM 94 μL

cofactor solution 1 sodium L-ascorbate   
2OG

4 mM
300 μM

2 μL

cofactor solution 2 Fe(II) 50 μM 2 μL

enzyme solution enzyme 3.5 μM 2 μL
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7.6.2 ESI-LC-MS 

Electrospray-ionization liquid chromatography–mass spectrometry (ESI-LC-MS) assays were 

performed using an ACQUITY Xevo G2-S QToF mass spectrometer (Waters). Assay samples were 

directly transferred to Chromecol 300 µL fixed insert vials (TScientific), or first diluted to the 

desired concentration. The samples were separated on a ProSwiftTM RP-15 Analytical column 

(TScientific) using a 10 min separation method with a gradient of solution A (Milli-Q H2O + 0.1 % 

formic acid) and solution B (acetonitrile + 0.1 % formic acid) under standard calibration. 

Instrument control and data processing was conducted with MassLynx™ V4.1. The following 

standard assay conditions were used, unless otherwise stated.  

Peptide hydroxylation assays 

PHD1-3 peptide hydroxylation assays were carried out using the assay conditions in Table 7.17. 

PHD1 and 2 were incubated at an enzyme:substrate ratio of 1:25, and PHD3 was incubated at a 

ratio of 1:10, to reach complete hydroxylation of the control HIF1α CODD peptide. The reactions 

were incubated at 37 °C for 4 h, and quenched with 1 % formic acid (v/v). Hydroxylated substrates 

were identified using MassLynx™ V4.1. 

Table 7.17 Conditions for PHD1-3 peptide hydroxylation assays. 

Reagent Final concentration

PHD1-3

peptide substrate

sodium L-ascorbate 

2OG 

Fe(II)

2 μM (10 μM in PHD3 assays)

50 μM (100 μM in PHD3 assays)

300 μM

300 μM

50 μM
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Competition experiments 

Peptide competition assays were performed using the assay conditions in Table 7.18. The reactions 

were incubated at 37 °C, and quenched by adding a 1:1 volume of acetonitrile and freezing in liquid 

nitrogen, at a time point in the linear region of enzymatic activity. Hydroxylation levels were 

quantified using MassLynx™ V4.1, and normalised to samples containing no competitive peptide. 

Table 7.18 Assay conditions for competition assays. 

7.6.3 RapidFire-based enzymatic assays 

High-throughput screening was performed using a RapidFire RF360 Agilent6530 QTOF system 

(Agilent), using a C4 cartidge (Agilent). Samples were prepared in 96 deep well plates (Agilent) 

and 384 well polypropylene micro-plates (Greiner Bio-One Ltd). Instrument control was conducted 

with MasshunterTOF Version B.05.01 (Agilent), and data was processed using RapidFire Integrator 

Version 4.0 (Agilent). The following standard assay conditions were used, unless otherwise stated.  

Time-courses 

Time-course assays were performed with varying enzyme and substrate concentrations, using the 

following assay conditions: 10 µM (NH4)2Fe(II)(SO4)2, 10 µM sodium L-ascorbate, 10 µM 2-

oxoglutarate disodium salt, 50 mM Tris, pH 7.5, 50 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine 

(TCEP, in case of PHD3). The reactions were incubated at 25 °C, and hydroxylation levels were 

determined at various time points.  

Reagent Final concentration

tPHD2/PHD3fl

HIF1α CODD/NODD

competitive peptide

sodium L-ascorbate 

2OG 

Fe(II)

2 μM

50 μM

500 μM

4 mM

300 μM

50 μM
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Active site titrations 

Active site titration experiments were set up using the following assay conditions: 150 nM enzyme 

(tPHD2/PHD3), 5 µM HIF1α CODD (in case of tPHD2), 2 µM HIF1α CODD (in case of PHD3fl), 

0-500 nM inhibitor, 10 µM (NH4)2Fe(II)(SO4)2, 10 µM sodium L-ascorbate, 10 µM 2-oxoglutarate 

disodium salt, 50 mM Tris, pH 7.5, 50 mM NaCl, 2 mM TCEP (in case of PHD3). Inhibitors at 

varying concentrations (at least 6 different concentrations in a suitable range) were first incubated 

with PHD enzyme for 25 min, to allow for complete binding to the enzyme. The reaction then was 

started by addition of a substrate-co-factor mix, incubated at 25 °C, and hydroxylation levels were 

determined at various time points in the linear region. Initial rates of hydroxylation were determined 

using RapidFire Integrator, and the active site concentration was calculated from the Morrison Plot 

(6), using GraphPad Prism.  

Inhibitor screens  

Inhibitor screens were performed as detailed below (7). All screens were set up in 384 well plates 

using an Echo 550 Acoustic Dispenser (Labcyte). Dose responses were assessed by incubation of 

100 nM active PHD enzyme (as determined by active site titration), with increasing concentrations 

of inhibitor in the presence of 5 µM HIF1α CODD (in case of tPHD2), 2 µM HIF1α CODD (in case 

of PHD3), 10 µM (NH4)2Fe(II)(SO4)2, 10 µM sodium L-ascorbate, 10 µM 2-oxoglutarate disodium 

salt, 50 mM Tris, pH 7.5, 50 mM NaCl, 2 mM TCEP (in case of PHD3). To allow for the inhibitor 

to bind to PHD, the inhibitor was first incubated 30 min together with the enzyme, and the reaction 

was started by adding a mix containing co-factors and substrate. Reactions were quenched with 

formic acid (1 % v/v) at a time-point within the linear region of enzymatic activity. Hydroxylation 

levels were quantified using RapidFire Integrator, and IC50 values were determined with GraphPad 

Prism. 

7.6.4 Protein ESI-LC-MS 

Samples of purified protein batches were analysed on a LCT Premier ESI-TOF Mass Spectrometer 

(Waters), and the data was processed using Mass Lynx V4.0. 
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7.6.5 Proteomics 

7.6.5.1 Sample preparation 

Samples of GST-affinity purified proteins were prepared according to the proteomics protocol of the 

Kessler Lab Proteomics Group (Target Discovery Institute, University of Oxford, (8)). 

Methanol/chloroform extraction 

The protein sample (1 mg) was first adjusted to a volume of 200 µL in GST Binding Buffer 

(Chapter 7.3.1, Table 7.13). The protein was extracted by adding 600 µL methanol, 150 µL 

chloroform and vortexing. Milli-Q H2O (450 µL) was added and the sample was vortexed again. 

The sample was centrifuged at rt for 1 min and the upper phase was taken off without disrupting the 

precipitated proteins at the interface. Methanol (450 µL) was added and the sample was vortexed, 

followed by centrifugation at rt for 2 min, and the supernatant was removed from the pelleted 

protein. 

In-solution digestion 

Urea (100 µL, 6M) was added to the protein pellet, the sample was vortexed and subsequently 

sonicated 2 min. Dithiothreitol (DTT, 5 µL, 200 mM) in 0.1 M Tris, pH 7.8 was added, the sample 

was vortexed again and incubated for 30-60 min at rt. Iodoacetamide (20 µL, 200 mM) in 0.1 M 

Tris, pH 7.8 was added, the sample was vortexed, and incubated for 30-60 min at rt. After adding 20 

µL of 200 mM DTT in 0.1 M Tris, pH 7.8, the sample was vortexed, incubated for an additional 

30-60 min at rt, and diluted with 775 µL of Milli-Q H2O (followed by vortexing). To digest the 

sample, trypsin was added in a 1:50 ratio regarding the total amount of protein in the sample (1 mg) 

and the sample was softly mixed and incubated overnight at 37 °C. The reaction was stopped by 

adding concentrated acetic acid until pH < 6.  
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SEP-PAK C18 purification 

Digested samples were de-salted and purified over a Sep-Pack® Light C18 cartridge (Waters) using 

HPLC-grade solvents. The column was flushed with 5 mL of solution B (65% acetonitrile, 35% 

MilliQ water,0.1% formic acid) and equilibrated with 10 mL of solution A (98% MilliQ water, 2%  

acetonitrile, 0.1% formic acid). The sample was then slowly applied onto the Sep-Pack column and 

the column was then washed with 10 mL of solution A. The sample was eluted with 2 x 1 mL of 

solution B and the peptides were dried down by vacuum centrifugation.  

7.6.5.2 LC-MS/MS analysis 

Samples were subjected to LC-MS/MS analysis on a service basis provided by Roman Fischer, 

University of Oxford, UK. LC-MS/MS data was analysed by Roman Fischer using the Mascot 

database (Matrix Science Ltd). 
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7.7 NMR experiments 

7.7.1 2OG turnover monitoring by 1H CPMG NMR experiments 

2OG turnover to succinate was monitored by 1H Carr-Purcell-Meiboom-Gill (CPMG) experiments 

(9); typical experimental parameters for CPMG NMR spectroscopy were as follows: total echo 

time, 40 ms; acquisition time, 2.72 s; relaxation delay, 2 s; number of transients, 64. The PROJECT-

CPMG sequence (90°x−[τ−180°y−τ−90°y−τ−180°y−τ]n−acq) was applied (10). Water suppression 

was achieved by pre-saturation. Data were processed using Bruker 3.1 software with a line 

broadening of 0.3 Hz. Assay mixtures contained 20 µM enzyme, 125 µM (NH4)2Fe(II)(SO4)2, 1 

mM sodium L-ascorbate, 500 µM substrate (where necessary), 400 µM 2-oxoglutarate disodium 

salt, in 10 % D2O and 90 % H2O, 50 mM Tris-D11, pH 7.5. 

7.7.2 13C- HIF1α CODD and 13C- HIF1α NODD displacement experiments 

13C-HIF1α CODD and 13C-HIF1α NODD displacement experiments were carried out as described 

in (7). The 1D CLIP HSQC displacement experiments were conducted using a Bruker AV700 NMR 

instrument. 3 mm MATCH NMR tubes were used (Cortecnet). All experiments were performed at 

298 K. The reporter HIF1α CODD/NODD peptide (DLDLEMLAPYIPMDDDFQL-NH2/

DALTLLAPAAGDTIISLDF-NH2) was 13C labelled on all carbons in its proline ring. The CLIP-

HSQC sequence was used for 1D HSQC experiments (without 13C decoupling). A relaxation delay 

of 2 s was applied. The 1JCH was set to 160 Hz. A 6.8 ms Q3.1000 180 degree pulse was used and 

selective irradiation was applied at the selective chemical shift. Data were processed with Bruker 

3.1 software. Prior to Fourier transformation, data were multiplied with a Gaussian-Lorentzian 

function with a line broadening of 3 Hz. 

Comparison of HIF1α CODD/NODD binding to TaPHD

Assay mixtures contained 50 µM 13C-proline HIF1α CODD/NODD, 50 µM TaPHD (where 

necessary), 50 µM 2-oxoglutarate disodium salt buffered with 50 mM Tris-D11, pH 7.5, in 10 % 

D2O and 90 % H2O. 
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Non-HIF substrate binding to tPHD2

Assay mixtures contained 50 µM 13C-proline HIF1α CODD/NODD, 50 µM tPHD2 (where 

necessary), 400 µM Zn(II), 800 µM non-HIF substrate peptide (were necessary), 50 µM 2-

oxoglutarate disodium salt buffered with 50 mM Tris-D11, pH 7.5, in 10 % D2O and 90 % H2O. 
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7.8 Fluorescence-polarisation displacement assays 

The fluorsescence-polarisation displacement assays were set up in 384 well plates (Coming 3575) 

as shown in Table 7.19 (11). Serial dilutions of the competitive inhibitor (1 µM - 1 mM) were 

prepared in 100 % DMSO. The plate was shaken for 1 min, centrifuged, and fluorescence-

polarisation was measured on a PHERAstar FS reader (excitation 485 nm, emission 520 nm).  

Table 7.19 Assay conditions for steady-state oxygen-dependence studies. 

The degree of displacement of the fluorescence-labelled HIF1α-peptide (FAM-DEALAHypYIPD) 

peptide by a competitive inhibitor was determined as follows: 

Maximum polarisation (or minimum displacement) was determined in wells containing DMSO, 

VCB, and FAM-DEALAHypYIPD. Minimum polarisation (or maximum displacement) was 

determined from wells containing DMSO and FAM-DEALAHypYIPD. The degree of displacement 

of FAM-DEALAHypYIPD from the VCB complex by the competitive binder was then determined 

by measuring the difference in fluorescence-polarisation (mP) between samples containing VCB 

and FAM-DEALAHypYIPD (maximum polarisation, minimum displacement), and samples 

containing the competitive binder. 

Compound dose-response curves were fitted using GraphPad Prism and IC50 values were calculated 

using one-site fitting log IC50 models. Kd values for the competitive inhibitor-VCB complex were 

calculated from the IC50 values as described in (11). 

Reagent Volume per well

competitive inhibitor (1 μM - 1 mM) 2 μL

VCB (1 μM) 9 μL

FAM-DEALAHyPYIPD (278 nM) 9 μL

∑ 20 μL
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7.9 CD spectroscopy 

CD spectroscopy experiments were performed using a Chirascan CD/Fluorimeter spectrometer 

(Applied Photophysics) using an optimised version of the protocol in (4). Data were recorded at 0.3 

mg/mL enzyme concentration in 10 mM sodium phosphate, pH 7.5, in a quarz cuvette (1 mm path-

length). CD spectra were measured at 25 °C in a wavelength range of 260 to 185 nm at 0.5 nm 

intervals, 0.5 scans/s. Spectra were baseline-corrected by subtracting the buffer spectrum, and data 

from three independent scans was averaged. Thermal stability measurements were conducted under 

the same conditions, by measuring the ellipticity at 215 nm (θ220) at temperatures ranging from 25 

to 90 °C, ramping: 2 °C/min, 12 scans/s. The data from 3 different scans was averaged, the signal 

was normalised, and then fitted to a boltzmann sigmoidal curve using GraphPad Prism.
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7.10 Crystallography 

7.10.1 Crystallisation trials  

Commercial crystallisation screens Crystal Screen HT (Hampton Research), and JCSG+ (Molecular 

Dimensions) were used to screen for suitable crystallisation conditions. tPHD2 variants were 

incubated with MnCl2 and FG-2216/IOX3 (unreactive substitutes for Fe and 2OG) for 45 min on 

ice as described in Table 7.20. 

Table 7.20 Crystallisation of tPHD2 variants. 

The sample was centrifuged for 5 min at 4 °C, 14 K, to separate off any precipitate. The 

crystallisation screens were set up in sitting drop plates (Hampton Research), using an automated 

liquid dispenser (PHENIX). 3 different protein concentrations per plate were screened 

(reservoir:protein = 1:2, 1:1, 2:1).  

7.10.2 Crystal harvesting 

Crystals were harvested with appropriate loops (Hampton Research), and cryo-cooled in liquid 

nitrogen. The cryo-protectant contained 25 % glycerol and 75 % of the respective reservoir solution.  

7.10.3 Data collection and structure solution 

All data sets were collected on single crystals at 100 K at the Diamond synchrotron. The structures 

were solved by molecular replacement using PHASER (12) with tPHD2 wt as search model (PDB: 

4BQX, (13)). Structure refinement was carried out in iterative cycles using PHENIX (14) and 

model building with COOT (15), until no further improvement of Rfree could be achieved.  

Reagent Final concentration

tPHD2 variant (in SEC buffer, Table 7.13) 25 mg/mL

MnCl2 (100 mM stock in 50 mM Tris pH 7.5) 1.5 mM

FG2216 (100 mM stock in 100 % DMSO) 3 mM
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7.11 Human cell culture 

All procedures were carried out under sterile conditions in a Class II Biological Safety Cabiner 

(Nuaire Nu 437-400E). H. Sapiens HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM, Lonza) containing 4 mM L-glutamine and 10 % fetal bovine serum (FBS) at 37 °C unless 

otherwise described. 

7.11.1 Cell passaging 

HeLa cell cultures (20 mL) were grown in cell culture bottles and passaged every 3 days following 

the procedure described below. Trypsin and fresh media was pre-warmed in a water bath at 37 °C. 

First, the media was removed completely from the cells, and the cells were washed with 10 mL 

phosphate-buffered saline (PBS). The cells were trypsinised from the bottle by adding 3 mL trypsin 

(0.25 %, Gibco), and incubated at 37 °C, until the cells were released from the surface of the bottle. 

Cells were resuspended in 7 mL fresh media by pipetting, 1 mL of resuspended cells were left in the 

bottle, and fresh media was added up to 20 mL. The remaining 9 mL trypsinised cells were used to 

seed new plates at desired cell densities. For hypoxia response element (HRE) luciferase reporter 

assays, cells were seeded into 24 well plates at 1 x 105 cells/well. For immunoprecipitation 

experiments, cells were seeded into 6 cm dishes at 0.8 x 106 cells/dish.  

7.11.2 Transient transfection 

HeLa cells were grown to ~ 50 % confluence before they were transiently transfected using 

GeneJuice (Novagen), following the procedure in the manual (GeneJuice Transfection Reagent, 

Novagen, (16)). For transfection of 24 well plates, 0.5 µg total DNA per well, and for transfection 

of 6 cm dishes 4 µg total DNA, were used. GeneJuice (3 µL per 1 µg DNA) were diluted in 50 µL 

Opti-MEM reduced serum medium (TScientific), mixed thoroughly by vortexing, and incubated for 

5 min at rt. The desired amount of DNA was added, the solution was mixed gently by pipetting, and 

incubated 10 min at rt, before drop-wise addition to the cells.  
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7.11.3 HRE luciferase assay 

Cells were plated into 24 well plates as described above one day prior to transfection. The cells 

were transiently transfected (see Chapter 7.11.2) with 50 ng carbonic anhydrase 9 (CA9) hypoxia 

response element (HRE) luciferase reporter construct (17), 50 ng pCMV-ßgal (Promega), and 400 

ng of the desired construct for over-expression. Control cells were transfected with 50 ng simian 

virus 40 (SV40) luciferase reporter construct instead of CA9 HRE luciferase reporter construct. 

Dimethyloxalyl glycine (DMOG, 100 mM) in PBS was added to the cells to a final concentration of 

1 mM were necessary, and cells were grown for 24 h at normoxia or 1 % O2 in hypoxic chambers.  

The next steps were carried out following the procedures in the Luciferase Assay System Manual 

(Promega, (18)) and the Mammalian ß-Galactosidase Assay Kit Manual (TScientific, (19)). 

Cell harvest 

For cell harvest, the growth medium was carefully removed, the cells were rinsed with PBS, and 

vacuum-dried. 100 µL of pre-warmed Reporter Lysis Buffer (Promega) was added into each well, 

and the plates were rocked to ensure full coverage of the cells with the lysis buffer. Lysis was 

completed by freezing the cells at -80 °C for > 30 min. The cells were thawed at 4 °C, and shortly at 

rt, the lysed cells were transferred to an eppendorf tube, and centrifuged for 5 min at 13 K, 4°C. 20 

µL of the supernatant were transferred to 96 well plates (transparent plate for ß-galactosidas Assay, 

white plate for luciferase assay). Reporter Lysis Buffer (20 µL) was plated for normalisation.  

Luciferase assay 

For determination of the luciferase activity, 100 µL Luciferase Assay Reagent (Promega) was added 

into each well, and the plate was incubated for 5 min at rt (darkened workspace). The luciferase 

signal was measured using a PHERAstar FS reader. 
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ß-galactosidase Assay 

Transfection efficiency in each sample was determined by measuring the ß-galactosidase activity. ß-

Galactosidase Assay Reagent (20 µL, TScientific) was added to 20 µL sample in each well of the 96 

well plate. The plate was covered and incubated for 30 min at 37 °C. The ß-galactosidase signal was 

measured at 405 nm using a PHERAstar FS reader. Saturated samples (OD405 > 1.0) were diluted 

and remeasured. The ratio of luciferase : ß-galactosidase signals was determined in order to correct 

for variable transfection efficiencies in the cell lysates.   

7.11.4 Immunoprecipitation experiments 

Cells were plated into 6 cm dishes as described above one day prior to transfection. The cells were 

transiently transfected (Chapter 7.11.2) using 4 µg of the desired over-expression construct, and the 

cells were grown for 24 h at normoxia or different levels of hypoxia. Where necessary, 100 mM 

DMOG in PBS was added to the cells to a final concentration of 1 mM 16 h prior to cell harvest, 

and 100 mM of the protease inhibitor MG132 was added to a final concentration of 1 mM 6 h prior 

to cell harvest. 

Cell harvest 

For cell harvest, the growth medium was completely removed, the cells were washed with PBS (~5 

mL per 6 cm dish), and vacuum-dried. Pre-chilled Jie’s buffer (1 mL, 50 mM NaCl, 10 mM Tris 

HCl pH 7.4, 5 mM MgCl2, 0.5 % (v/v) tergitol type NP40), containing Complete EDTA-free 

protease inhibitor cocktail (Roche) was added to the cells, the lysed cells were transferred to 

eppendorf tubes and centrifuged 15 min at 4 °C, 13 K rpm. The supernatant (800 µL) was used for 

immunoprecipitation experiments, and 100 µL samples were kept as control samples for western 

blotting.  
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Immunoprecipitation 

Anti-FLAG M2 Magnetic beads (Sigma Aldrich, 20 µL per sample) were washed 5 times with 70 

µL of pre-chilled Jie’s buffer, before 800 µL of the cell lysate was added. The mix was incubated on 

a rotor overnight at 4 °C. The beads were washed 5 times with 800 µL Jie’s buffer, and proteins 

were eluted from the beads by addition of 100 µL 3x FLAG peptide (200 µg/mL, Sigma Aldrich) in 

PBS, and subsequent incubation for 5 min at 800 rpm. Proteins in the supernatant were detected by 

SDS-PAGE separation, followed by western blotting.  

Western blotting 

Protein samples were separated by SDS-PAGE electrophoresis on gradient gels (NuSEP) at 25 mA 

per gel. The gel was blotted onto a membrane (pre-soaked in MeOH, washed with Milli-Q H2O, and 

equilibrated in Transfer Buffer (Table 7.21) for 10 min), for 50 min at a constant voltage of 120 V. 

The membrane was blocked by incubating 30 min in Blocking Buffer (5 % milk in PBS/Tween, 

Table 7.21), washed with Milli-Q H2O, and primary antibodies at appropriate dilutions in 10 mL 

Blocking Buffer were added (Table 7.22). The membrane was incubated overnight, washed 3 times 

with PBS/Tween, and 10 mL secondary antibody (or FLAG-antibody) solutions were added. After 

incubating on a shaker for 1 h, the membrane was washed 3 times with PBS/Tween, and bands were 

visualised by incubating 3 min with 1 mL of a detection reagent (SuperSignal™ Chemiliuminescent 

HRP Substrates, TScientific). The western blots were analysed by using a Bio Rad gel imaging 

system.  
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Table 7.21 Western blotting buffers. 

Table 7.22 Primary and secondary antibodies. 

Component Reagent Volume/ Mass

20x Transfer Buffer Tris base 24.2 g

Glycine 150 g

Milli-Q H2O top up to 1 L

1x Transfer Buffer MeOH 100 mL

20x Transfer Buffer 50 mL

20 % (w/v) SDS 0.25 mL

Milli-Q H2O top up to 1 L

10x PBS/Tween Tween-20 10 mL

NaCl 50 g

KCl 2 g

Na2HPO4 x 7 H2O 11.5 g

KH2PO4 2 g

Milli-Q H2O top up to 1 L

Primary Purified Mouse Anti-Human HIF-1α antibody (Transduction Laboratories)

Anti-PHD2 antibody (Novus Biologicals)

Anti-p19Skp1 monoclonal antibody (Transduction Laboratories)

Monoclonal Anti-FLAG (R) M2-peroxidase (HRP) antibody (Sigma Aldrich)

Secondary Polyclonal Goat Anti-Mouse Immunoglobulins/HRP antibody (Invitrogen)
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Chapter 8 

Summary and Conclusions 

The development of oxygen sensing mechanisms likely played a crucial role in the evolution of 

aerobic organisms, that rely on a steady oxygen supply for their energy metabolism (1). In humans 

and other animals, the response to hypoxia is critically regulated by the HIF pathway and involves 

HIF prolyl hydroxylases (PHDs) that act as oxygen sensors. Extensive studies conducted on the 

human PHDs, above all on the most important of the three PHD isoforms, PHD2 (2-3), have 

informed on the enzymatic mechanism of prolyl hydroxylation employed by PHD2 (and likely 

other PHDs); unique kinetic characteristics of PHD2 necessary for its role as an oxygen sensor have 

been identified (4-7). Further, structural studies on PHD2-HIF1α CODD/NODD enzyme-substrate 

complexes have provided insights into substrate binding and ODD selectivity by PHD2 (8-9). 

Moreover, the potential of the HIF pathway for therapeutic manipulation is being exploited, with 

PHD inhibitors currently in late-stage clinical trials for treatment of anaemia (10).  

The first part of the work described in this thesis (Chapters 2-4), focused on remaining open 

questions of medicinal relevance, regarding the human HIF prolyl hydroxylases. Emerging 

evidence in the literature suggests that PHDs are not selective for their well established HIF 

substrates, but accept additional substrates other than HIFs (see Chapter 2, Table 2.1). In the light 

of current clinical studies on PHD inhibitors for treatment of anaemia, and potential implications of 

the proposed promiscuous nature of PHDs on clinical effects of PHD inhibitors, the work in 

Chapter 2 was directed towards investigating the validity of reported non-HIF substrates. In a 

systematic approach, all reported hydroxylation sites were probed for reaction with PHD1-3 at the 

peptide level using a ESI-LC-MS-based assay, and a selection of potential non-HIF substrates was 

analysed at the protein level by use of LC-MS/MS. In parallel, extensive hydroxylation studies 

using non-HIF substrates produced by in vitro transcription and translation (IVTT) were conducted 

by collaborators (Ya-Min Tian, Matthew Cockman, and Peter Ratcliffe, Nuffield Department of 

Medicine, University of Oxford, UK, and Francis Crick Institute, UK). Despite the usage of 

different experimental approaches and various techniques, such as mass spectrometry and  

monitoring of 2OG turnover by NMR, no evidence was found for PHD-catalysed hydroxylation of 

non-HIF substrates.  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However, from the results obtained in these studies, it cannot be excluded that PHD-catalysed 

hydroxylation of non-HIF substrates occurs in vivo, potentially mediated by cellular interaction 

partners or post-translational modifications. Nevertheless, the results of the studies clearly show that 

the set of techniques that is currently used in the field for defining prolyl hydroxylation sites in 

proteins needs to be reconsidered, as none of the reported prolyl hydroxylation sites could be 

validated in the study presented here, even when identical peptide sequences were tested in similar 

experimental set ups as reported in the literature. It is suggested that a standard approach for the 

unambiguous annotation of prolyl hydroxylation sites should combine MS/MS analysis and amino 

acid analysis, to avoid that non-enzymatic oxidations such as methionine oxidations are wrongly 

assigned on prolyl residues. Additionally, a clear proof of the enzyme-dependence of the reaction 

needs to be provided, as non-enzymatic prolyl hydroxylations might occur within the cell, or during 

sample preparation for mass spectrometric analysis.  

By contrast to PHDs, the results obtained from VCB-binding studies revealed a (likely) 

promiscuous nature of VCB. Several non-HIF peptides were capable of binding to VCB, including 

peptides corresponding to sequences of serine/threonine kinase 1 (Akt1), in a hydroxyproline 

dependent manner.  The results  of the studies raise the possibility that VCB might accept additional 

binding partners other than HIFs in cells. Indeed, hydroxylation-dependent interactions between α-

chains of collagen IV and pVHL in cells have been reported (11-12). Hydroxylations of prolines in 

X-Pro-Gly sequences in collagens are catalysed by the collagen prolyl-4-hydroxylases (P4Hs), 

which are members of the 2OG-oxygenase family, and related to the HIF prolyl hydroxylases 

(13-17). The collagen P4Hs play a crucial role in the biosynthesis of collagens, as 4-hydroxyproline 

residues are essential for the collagen triple helix formation (15-16). The finding of a (potential) 

promiscuous nature of VCB implies a possible new mechanism for regulating HIFα degradation, 

via competition of alternative substrates with HIFα binding to VCB. In the future, cellular studies 

should aim at confirming the biological relevance of the VCB interaction partners that were 

identified in the work described in this thesis.  

From a medicinal chemistry perspective, the results from the VCB binding studies are interesting, 

as they provide information about the substrate binding preferences of VCB. In future studies, the 

identified criteria for peptides capable of binding to VCB, can be exploited for the design of new 

VCB inhibitors, including, but not limited to, cyclic peptide inhibitors.  
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A major aim of the work presented in Chapter 3 was to investigate if currently available PHD 

inhibitors are capable of discriminating between PHD isoforms. Considering the differential 

expression profiles of PHD1-3 and differences in ODD selectivity, by use of PHD isoform-selective 

inhibitors a more specific therapeutic effect might be achieved than by inhibitors that are equally 

active on all three PHD isoforms (2-3, 10, 18-19).  

A MALDI-TOF-MS-based inhibition assay with PHD1-3 was established, and a RapidFire-based 

high-throughput inhibition assay with PHD2-3, featuring improved sensitivity when compared to 

MALDI-TOF-MS, was developed. Applying these assays, current-generation PHD inhibitors and 

2OG oxygenase inhibitors were tested against different PHD isoforms. The results revealed that 

none of the tested inhibitors, including those used in clinical trials, was capable of discriminating 

between PHD1-3. Further studies were carried out on a series of new PHD inhibitors, in order to 

investigate if it is possible to develop PHD isoform selective inhibitors. By comparably testing the 

PHD inhibitors against PHD2 and PHD3, it was found that compounds of the series (JHM377, 

JHM675, and JHM682) selectively increased HIF1α CODD hydroxylation by PHD2, but did not 

exhibit the same effect on PHD3 (or even inhibited PHD3 with an IC50 in the low micromolar range 

in case of JHM377). Therefore, a proof of concept was provided that small molecule inhibitors can 

be designed that discriminate between PHD2 and PHD3. Future work should include structural and 

mechanistic studies on JHM377, JHM675, and JHM682, to elucidate the mode of action of these 

compounds. Cellular studies could inform whether the apparent PHD isoform selectivity observed 

by using isolated enzymes manifests in cells.  

Emerging evidence suggests a role of PHD2 variants in the adaptation of humans and animals to 

high altitude (20-22) and in the development of disease, such as erythrocytosis and cancer (23). The 

work in Chapter 4 was directed towards establishing a functional relationship between clinically-

observed mutations in EGLN1 and disease phenotypes.  

The PHD2 R312H and F366L variants were found in patients with erythrocytosis (Richard V. Wijk, 

University Medical Center Utrecht, Netherlands and Celeste Bento, Hospitais da Universidade de 

Coimbra, Portugal, unpublished data). Activity analysis of the two variants using time-point-assays 

revealed reduced activity of PHD2 R312H and F366L towards HIF2α NODD (and HIF1α NODD in 

case of PHD2 F366) when compared to PHD2 wt, and PHD2 F366L exhibited a reduced thermal 

stability as determined by CD spectroscopy.  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A crystal structure obtained of PHD2 F366L revealed a slight shift of the metal-coordinated water 

molecule, when compared to the positioning of the respective water molecules in the PHD2.CODD 

and PHD2.NODD complex structures. It is possible that these altered properties of the PHD2 

R312H and F366L variants contribute to the development of erythrocytosis via up-regulation of 

HIFα. Analyses of the three cancer-associated PHD2 variants PHD2 G294S, W334S and D277G 

(24) revealed that the activity of PHD2 D277G towards HIFα was strongly reduced compared to 

PHD2 wt, whereas for PHD2 G294S and PHD2 W334S, the activity was unaffected by the 

respective mutations. Moreover, a crystal structure of PHD2 D277G suggests changes in the 

sidechain conformations of residues in helix α3 relative to PHD2.CODD/NODD complex 

structures, that might affect substrate binding by PHD2 D277G. Overall, the findings on PHD2 

D277G suggest that the mutation causes functional changes in PHD2, that have the potential to up-

regulate the HIF-pathway, providing a possible link between the PHD2 D277G variant and tumour 

development in patients carrying the mutation. 

The HIFα-PHD-pVHL triad that is required for hypoxia sensing via the HIF pathway, is found in all 

animals ranging from humans to the simplest existent animal T. adhaerens; however no evidence of 

HIF beyond animals was provided to date (25). By contrast, PHD-like enzymes are present in 

various organisms outside of Animalia, such as in Dictyostelium discoideum, where the prolyl-4-

hydroxylase DdPhyA regulates oxygen-dependent culmination by hydroxylating Skp1, and in 

Pseudomonas, where the PHD-related enzyme PPHD catalyses the hydroxylation of EF-Tu (26-28). 

The second part of the work described in this thesis (Chapters 5-6), focused on the evolution of the 

HIF pathway in animals, and investigates links between human HIF prolyl hydroxylases and Skp1-

mediated oxygen sensing mechanisms. 

The aim of the study presented in Chapter 5 was to investigate if the HIF prolyl hydroxylase in T. 

adhaerens (TaPHD) is capable of sensing hypoxia in a similar manner as human PHD2 (HsPHD2). 

Combined structural and biochemical studies provide strong evidence that the special kinetic 

properties of HsPHD2 are conserved in TaPHD, including unusually high Km values for oxygen of 

HsPHD2 and TaPHD, low substrate uncoupled 2OG turnover, and structural elements in the active 

sites of HsPHD2 and TaPHD, which are thought to enable the unusually slow reaction of HsPHD2 

with oxygen (5, 7-8). A high degree of conservation between HsPHD2 and TaPHD was found when 

comparing the ODD binding modes in TaPHD and HsPHD2, as both enzymes employ the β2/β3-

finger-loop and the C-terminal α4-helix for substrate binding.  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The finding of such a high degree of conservation between HsPHD2 and TaPHD is remarkable, as it 

suggests that a functional hypoxia sensing mechanism is already in place in T. adhaerens, a simple, 

multicellular placozoan lacking the internal structure of higher animals. Therefore, the results of the 

study presented here emphasise the importance of the development of hypoxia sensing mechanisms 

as a prerequisite for the evolution of higher animals. Considering that humans and T. adhaerens are 

at opposite ends of animal evolution, it is possible that oxygen sensing HIF prolyl hydroxylases 

exist in all animals. Future work should aim to investigate if this is the case, by studying PHDs 

from different animal phyla and classes. The study of PHDs from Ornithurae (birds), Craniata 

(fishes), or Reptilia (e.g. snakes), might be of particular interest, as these animals possibly exhibit 

special requirements on their hypoxia-sensing mechanisms, dictated by the oxygen level (and 

changes thereof) in their natural habitats. 

In Chapter 6, it was investigated if human PHDs are capable of interacting with Skp1. The results  

from competition experiments show that in vitro, HsSkp1 competes with HIF1α NODD 

hydroxylation by HsPHD2, and HIF1α CODD hydroxylation by HsPHD3. However, in cellular 

studies it was observed that overexpressing HsSkp1 did not stabilise HIFα, as determined using 

HRE luciferase reporter assays. It was further investigated, if HsPHD2 and HsSkp1 bind to each 

other in the cellular environment, yet immunoprecipitation experiments from HeLa cells were non-

conclusive. Future studies should aim to clarify if an interaction of biological relevance exists 

between HsPHD2 and HsSkp1.  

The finding that both HsSkp1 (ortholog of Dd/TgSkp1) and the transcription factor eEF2 (ortholog 

of EF-G in Pseudomonas) compete with HIF1α binding to PHDs in vitro is of interest from an 

evolutionary perspective, as it emphasises evolutionary links between human PHDs and the prolyl 

hydroxylases from D. discoideum, T. gondii, and Pseudomonas (although the PHD-related enzyme 

in Pseudomonas accepts a different transcription factor, EF-Tu).  
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