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“When I was 5 years old, my mother always told me that 
happiness was the key to life. When I went to school, they asked me 
what I wanted to be when I grew up. I wrote down ‘happy’. They 
told me I didn’t understand the assignment, and I told them they 

didn’t understand life.” ― John Lennon 
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Studies on the Inhibition of Human Hypoxia Inducible Factor (HIF) Hydroxylases  

Hypoxia inducible factor (HIF) is an α/β-heterodimeric transcription factor that regulates 
cellular responses to hypoxia in metazoans. The activity and stability of the HIF-α subunits 
are regulated by prolyl and asparaginyl hydroxylation. Human HIF-1α prolyl hydroxylation 
occurs at Pro402 and Pro564 while asparaginyl hydroxylation occurs at Asn803. Asparaginyl 
hydroxylation blocks the HIF-1α interaction with the p300/CBP co-activator, thus inhibiting 
HIF transcriptional activation. Prolyl hydroxylation promotes the HIF-1α interaction with the 
von Hippel-Lindau (VHL) ubiquitin E3 ligase complex and targets it for proteasomal 
degradation. HIF prolyl hydroxylation is catalysed by the PHDs (prolyl hydroxylase domain) 
1, 2 and 3, whereas asparaginyl hydroxylation is catalysed by FIH (factor inhibiting HIF). 
Both the PHDs and FIH are Fe(II) and 2-oxoglutarate (2OG) dependent oxygenases, which 
utilise oxygen as a co-substrate. In hypoxia, the activity of the PHDs and FIH are suppressed, 
thus enabling HIF-α subunits to form a productive transcriptional complex.  
 
There is widespread interest in developing HIF hydroxylase inhibitors for the treatment of 
ischemic/hypoxic diseases. The extent to which HIF-1α prolyl and asparaginyl hydroxylation 
are differentially regulated by chemical reagents is an important question. This thesis 
describes the development of methods employing immunoblotting and HIF hydroxy-residue 
specific antibodies to enable the simultaneous measurement of the effects of chemical 
inhibition at all three HIF-1α hydroxylation sites in cells. The findings reveal that HIF prolyl 
hydroxylation is substantially more sensitive than asparaginyl hydroxylation to inhibition by 
iron chelators and transition metal ions, in contrast to predictions from in vitro studies. 
Studies on a range of 2OG analogue inhibitors resulted in the identification of several cell-
permeable PHD specific inhibitors as well as an FIH specific inhibitor that is active in cells.  
 
Excessive accumulation of R-2-hydroxyglutarate (R-2HG) in mutated isocitrate 
dehydrogenase (IDH)-mediated cancers has led R-2HG to be recognised as an 
‘oncometabolite’. The newly developed antibody assays were used to investigate the effects 
of cell-permeable 2HG derivatives on the activity of the HIF hydroxylases in cells. This 
indicated that direct R-2HG inhibition of PHDs does not play a role in mutated IDH-mediated 
tumourgenesis. The PHDs have been proposed to play a general role as metabolic sensors 
besides their function as intracellular oxygen sensors. The Krebs cycle metabolite 2OG (a co-
substrate of HIF hydroxylases) was therefore investigated as a potential regulator of the 
PHDs. The cell-based results demonstrate that 2OG elevation results in HIF-α induction, a 
mechanism suggested to be, at least in part, through PHD inhibition as supported by in vitro 
and cell-based results. 
 
This thesis also describes the first attempt to apply a chemical-genetic approach to functional 
studies of the PHD isoforms. The in vitro results demonstrate the feasibility of selective 
inhibition of PHD2 by employing small-molecule-sensitive PHD2 variants. However, 
attempts to test this approach in mammalian cells have not been successful to date due to the 
lack of a suitable cell-system. Work on PHD inhibition then describes the development of a 
new class of diacylhydrazine-based PHD inhibitors. Findings show that some of these 
compounds are capable of binding to the PHD2 active site and simultaneously inducing the 
binding of a second iron to PHD2. The reported PHD inhibitor, aspirin metabolite 2,3-
dihydroxybenzoylglycine (DHBG), was unexpectedly found to exhibit a concentration-
dependent dichotomous effect on HIF stabilisation and HIF suppression in VHL-competent 
cells. DHBG and other aspirin metabolites including gentisuric acid (GUA) were 
subsequently found to suppress HIF-1α and HIF-2α levels in renal carcinoma RCC4 VHL-
defective cells, suggesting that therapeutic effects of aspirin in cancers may involve potential 
regulation of HIF-α activity. 
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Chapter 1: Introduction 
 

 

1.1 The hypoxia signaling pathway 
 

Hypoxia inducible factor (HIF) is an α/β-heterodimeric transcription factor which upon 

binding to hypoxia response elements (HREs) activates the cellular responses to hypoxia 

in mammalian cells. HIF-regulated genes include those that enable erythropoiesis (the 

production of red blood cells), angiogenesis (the formation of new blood vessels from a 

pre-existing bed of vessels), and alter energy metabolism.1-3 A selection of direct 

transcriptional targets of HIF are shown in Fig. 1.1. Many other genes may also be 

positively or negatively regulated by HIF, as demonstrated by ‘genome-wide’ gene array 

and DNA-sequencing analyses.2, 4-6 

 

Both HIF-α and HIF-β subunits are constitutively expressed; however levels of the HIF-α 

(HIF-1α, HIF-2α, and HIF-3α), but not HIF-β, are regulated by cellular oxygen levels. Of 

the known β-subunits, HIF-1β is the most studied and is also known as the aryl 

hydrocarbon receptor nuclear translocator (ARNT). The HIF-1α isoform is the most 

widely expressed of the HIF α-subunits in mammalian tissues and appears to have the 

most generalised functions. HIF-2α has been reported to have a distinct role in hypoxia-

induced expression of erythropoeitin (EPO) in the liver.7 Mutations of the HIF-2α gene 

(which result in HIF-2α stabilisation) have been found in patients with familial 

erythrocytosis.8, 9 HIF-3α has fewer known functions and is proposed to be a negative 

regulator of HIF-1α activity.10, 11 

 

HIF-α levels are regulated by post-translation modifications. Proline residues within 

either of the two highly conserved LXXLAP sequence motifs of the HIF-α subunits 

(Pro402 in the N-terminal oxygen-dependent degradation domain (NODD) and Pro564 in 

the C-terminal oxygen-dependent degradation domain (CODD) of the human HIF-1α, 

Fig. 1.2) undergo trans-4-hydroxylation. Prolyl hydroxylation enables binding of HIF-α 

to the von Hippel-Lindau (pVHL) E3 ubiquitin ligase complex, which targets HIF-α for 
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ubiquitin-mediated proteolytic degradation.12-14 In addition, HIF-α is also hydroxylated at 

an asparagine residue (Asn803 in human HIF-1α) in its C-terminal transactivation 

domain (CAD) (Fig. 1.2), which prevents its interaction with the co-activator protein 

p300/CBP (CBP, CREB-binding protein), thus disabling HIF-mediated transcription.15, 16  

 

 
 
Figure 1.1: Transcriptional targets directly regulated by HIF. Figure adapted from Chowdhury et al.4  
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Figure 1.2: The domain structure of human HIF-1α showing the basic helix-loop-helix (bHLH) and PAS 
(PER-ARNT-SIM) domains which are involved in HIF-β and hypoxia response element (HRE) binding. 
Also shown are the N-terminal oxygen-dependent degradation domain (NODD), C-terminal oxygen-
dependent degradation domain (CODD), N-terminal transactivation domain (NAD) and C-terminal 
transactivation domain (CAD).2 PER, period circadian protein; ARNT, aryl hydrocarbon receptor nuclear 
translocator; SIM, single minded protein. 
 

The prolyl and asparaginyl hydroxylation of HIF-α are catalysed by the HIF prolyl 

hydroxylases (PHDs 1-3) and factor inhibiting HIF (FIH), respectively. The PHDs and 

FIH are Fe(II) and 2-oxoglutarate (2OG) dependent oxygenases that use 2OG and oxygen 

as co-substrates and produce hydroxy-proline/asparagine residues, succinate and carbon 

dioxide as products (Fig. 1.3).16-19 Fig. 1.4 outlines the proposed consensus mechanism 

for 2OG oxygenases. Upon binding of an Fe(II) ion, 2OG coordinates the metal in a 

bidentate manner by displacing two ligating water molecules to form an 

enzyme.Fe(II).2OG complex. Oxygen binding is then followed by oxidative 

decarboxylation of 2OG, resulting in generation of succinate and a reactive Fe(IV)=O 

species. This intermediate then hydroxylates the (HIF-α) peptide substrate, probably by a 

radical-rebound type reaction.2, 4, 20  

 

Their absolute requirement for molecular oxygen as a co-substrate coupled to appropriate 

kinetic properties, is proposed to enable the HIF hydroxylases to act as cellular oxygen 

sensors.21-23 Km values for oxygen for PHDs and FIH have been reported to be in the 

range of 65-250 µM.24-26 At low oxygen availability, the catalytic activity of HIF 

hydroxylases is reduced, allowing HIF-α to accumulate and dimerise with HIF-β, forming 

a transcriptionally active complex by binding to HREs in the nucleus. Fig. 1.5 shows a 

schematic illustration for the differential regulation of HIF-α by PHD and FIH catalysis 

in normoxia and hypoxia.2, 3  
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Figure 1.3: Hydroxylation reactions catalysed by HIF prolyl hydroxylases (PHDs) and factor inhibitor HIF 
(FIH). Both the PHDs and FIH require Fe(II), 2-oxoglutarate (2OG) and oxygen as co-factor/co-substrates 
and produce hydroxy-proline/asparagine residue, succinate, and carbon dioxide as products.  
 
 

 
Figure 1.4: Outline mechanism for 2OG and Fe(II) dependent oxgenases.2, 4, 20 2OG coordinates the active 
site Fe(II) ion by replacing two water molecules. Oxygen binding is then followed by attack of oxygen on 
the oxo-group of the bound 2OG, which undergoes oxidative decarboxylation and resulting in generation of 
succinate and Fe(IV)=O intermediate. This reactive species then hydroxylates the peptide substrate, 
probably by a radical mechanism. The hydroxylated substrate and succinate then leave the enzyme active 
site, leading to regeneration of the enzyme ‘resting’ state.  
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Figure 1.5: HIF-α levels are regulated by prolyl hydroxylase (PHD) and factor inhibiting HIF (FIH) 
catalysis depending on the cellular oxygen availability. In normoxia, HIF-1α is hydroxylated at one or both 
proline residues (Pro402/564),  then targeted for pVHL-mediated proteasomal degradation.  HIF-1α is also 
hydroxylated at asparagine residue (Asn803) which prevents its interaction with co-activator p300/CBP 
thus disabling HIF transcription pathway. At low oxygen availability (hypoxia), HIF hydroxylase activity is 
suppressed thus enabling binding of the dimerised HIF-α/HIF-β complex to hypoxia response elements 
(HRE), recruitment of the co-activator p300/CBP and activation of HIF transcriptional activity.4 Figure 
adapted from Schofield et al.2  
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1.2 HIF Prolyl hydroxylases (PHDs) 
 

1.2.1 The role of the PHD isoforms  

 

The human PHD isoforms (PHD1, PHD2, and PHD3) have a sequence identity of ~ 40-

60% and are believed to have arisen by gene duplication and divergence.17, 19, 22, 27, 28 In 

Caenorhaditis elegans and Drosophila, the PHDs are represented by a single gene and 

are reported to have a critical function in HIF-α stabilisation.17, 19, 28 As yet, the precise 

function of each PHD isoform in higher organisms remains unclear.  

 

 

1.2.2 Structural features of the PHDs   

 

Full-length human PHD1, PHD2 and PHD3 have 407, 426, and 239 amino-acid residues, 

respectively (Fig. 1.6). Their C-terminal catalytic domains are highly conversed (~55% 

identity), whereas the N-terminal domains are more divergent and have poorly 

characterised functions. PHD3 has a short N-terminus as compared to PHD1 and PHD2.17, 

29, 30 Crystallographic studies have thus far revealed the structure of an N-terminally 

truncated construct of PHD2. Fig. 1.7 shows a crystal structure of PHD2 in complex with 

Fe(II) and a bicyclic 2OG analogue (8-iodo bicyclic isoquinoline) (PDB ID 2G19).31  

 

Similarly to other Fe(II) and 2OG dependent oxygenases, PHD2 contains a double-

stranded β-helix (DSBH) core (jelly roll motif), comprising two β-sheets consisting of 

eight anti-parallel β-strands (I-VIII) which are arranged to form its catalytic centre. Three 

α-helices (α1, α2, and α3) pack along the major β-sheet and help to stabilise the DSBH 

structure.32 In the crystal structure of PHD2 (PDB ID 2G19) (Fig 1.7), the C-terminal α-

helix (α4) stretches from strand VIII (β10) into the catalytic centre of a neighbouring 

enzyme.31-33  

 

A recent crystal structure of the PHD2 catalytic domain in complex with a truncated form 

of HIF-1α substrate (a 19-mer fragment of the CODD polypeptide) demonstrated a 
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dramatic structural change of the PHD2 on binding to the CODD peptide. Coupled to 

mutagenesis studies, these findings suggest that PHD2 catalysis involves a mobile region 

(i.e. the ‘finger-like’ β2/β3 loop of residues ~ 237–254) that assists in isolation of the 

catalytic site and stabilisation of the PHD2.Fe(II).2OG.CODD complex.34, 35 Interestingly, 

this mobile β2/β3 loop has also been shown to play an important role in determining the 

substrate selectivity of the PHDs.35   

 

 

 
Fig. 1.6: A sequence alignment of human PHDs 1-3.35 Figure created by using Genedoc software. Black 
and grey shades represent highly and moderately conserved sequence similarities, respectively.  
 

.  
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Figure 1.7: Stereoview ribbons representation of the secondary structure of the catalytic domain of PHD2 
complexed with 8-iodo bicyclic isoquinoline inhibitor (yellow) and the active site Fe(II) (orange sphere) 
(PHB ID 2GHT).   
 

 

1.2.3 Substrate Specificities of the PHDs 

 

The PHDs have different substrate specificities with regards to NODD and CODD 

hydroxylation. All three PHDs are more active with respect to CODD hydroxylation, 

whereas unlike for PHD1 and PHD2, PHD3 is only very weakly active with respect to 

NODD hydroxylation. The reasons for this substrate selectivity are unclear.13, 36  
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Sequence and substitution analyses have revealed that the CODD/NODD selectivity of 

the PHDs may involve a mobile ‘β2/β3 loop’ (Fig. 1.6).35 A PHD2 variant in which the 

β2/β3 loop was replaced with that of PHD3 demonstrated complete selectivity for CODD 

over a period of 60 min (in competition experiments in the presence of NODD), as 

observed for wild-type PHD3.35 CODD was also shown to bind much more strongly to 

this PHD2/PHD3 chimeric protein than the wild-type PHD2. These results therefore 

suggest that this flexible β2/β3 loop is a major determinant in conferring selectivity for 

CODD over NODD.35  

 

The PHDs have also been shown to display different specificities for the HIF-α isoforms 

in cells; PHD2 is relatively more specific for HIF-1α over HIF-2α, and PHD3 is more 

specific for HIF-2α than HIF-1α.37, 38 The reasons for these differences are yet to be 

investigated.  

 

 

1.2.4 Alternative substrates of the PHDs 

 

Although each of the three PHDs is capable of hydroxylating HIF-α, it remains uncertain 

whether HIF is the only physiological substrate of all three hydroxylases in vivo as HIF-

independent functions of the PHDs have also been described. PHD1 and PHD2 have been 

reported to regulate the transcriptional activity of NFkappaB (NF-KB) by catalysing the 

hydroxylation of IKB kinase (IKKβ).39, 40 This modification was shown to impair 

phosphorylation of the inhibitory factor IKBα, resulting in an inactivated NF-KB complex. 

Under hypoxic conditions (or when activity of PHD1 and PHD2 were suppressed), 

hydroxylation of IKKβ was inhibited, thus enabling phosphorylation of IKBα which 

eventually led to its dissociation from NF-KB and activation of transcriptional responses 

including those involve the regulation of  cell proliferation and cell survival (Fig. 1.8).39-

41  

 

pVHL has been reported to bind specifically to the large subunit of RNA polymerase II in 

a prolyl hydroxylation-dependent manner. Prolyl hydroxylation of the RNA polymerase 
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II has been  proposed to be catalysed by the PHDs.42 Furthermore, a recent study 

describes that the β2-adrenergic receptor (β2-AR) is an additional  substrate of PHD3. 

PHD3 is reported to catalyse the prolyl hydroxylation of β2-AR, which promotes its 

binding to the pVHL-E3-ligase complex and upon ubiquitination leads to proteasomal 

degradation in a mechanism similar to HIF-α degradation.43 PHD3 has also been shown 

to catalyse the hydroxylation of Pro403 and Pro408 residues in pyruvate kinase M2 

(PKM2), a modification which enhances the PKM2 interaction with HIF-1α and 

promotes HIF-1α transactivation activity and regulates glucose metabolism in cancer 

cells.44, 45 However, it is important to note that none of these non-HIF modifications has 

been confirmed in vitro using tandem mass spectrometry (MS/MS) which is used to 

provide direct evidence of specific amino acid modifications.  

 
 
Figure 1.8: The PHDs are proposed to regulate the transcriptional activity of NFkappaB (NF-KB) by 
catalysing the hydroxylation of IKB kinase (IKKβ). This modification impairs phosphorylation of the 
inhibitory factor IKBα, resulting in an inactivated NFKB complex. The regulatory role of PHDs in the HIF 
pathway is also shown. –P and –OH represent phosphorylation and hydroxylation, respectively. Dashed 
line arrows indicate molecular movement. Lines with short perpendicular lines at the end indicate negative 
regulation. Figure adapted from Fong et al.29 
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1.2.5 PHDs as oxygen sensors 

 

The Km values of the PHDs 1-3 for oxygen have been reported to be approximately 240 

µM,25, 26 slightly higher than the (atmospheric) dissolved oxygen level (~200 µM) (one 

study even reported a Km value for oxygen for PHD2 of 1.7 mM).46 Furthermore, in 

transient kinetic studies PHD2 has been shown to react with oxygen at significant slower 

rate compared to other studies of 2OG oxygenases.47 These properties (high Km values 

and slow reaction rate with oxygen) are proposed to enable the PHDs to act as efficient 

oxygen sensors. 

 

Interestingly, studies employing small interference RNA (siRNA) have shown that 

specific ‘silencing’ of PHD2 mRNA (which eventually leads to reduced PHD2 protein 

levels) alone in normoxia is sufficient to stabilise HIF-1α, leading to the proposal that 

PHD2 is the key human oxygen sensor.22 In contrast, suppression of PHD1 and PHD3 

mRNAs had little or no effect on HIF-1α expression in several cell types. They were 

therefore assumed to have less significant roles in cellular oxygen sensing.22 These 

proposals are supported by data indicating that PHD2 has the highest specificity for the 

primary hydroxylation site of HIF-1α (i.e. CODD), and that it represents the ancestral 

form of the PHD (EGLN, egg-laying-defective nine in C. elegans) gene family.27, 48, 49 

 

 

1.2.6 Expression levels of the PHDs 

 

The abundance of PHD enzymes has been argued to be an important factor in HIF 

regulation.29, 37 mRNA and protein analyses show the existence of tissue-specific and 

hypoxia-dependent expression of each PHD.26, 50-53 The basal level of PHD2 protein has 

been reported to be far greater than PHD1 and PHD3 levels across a wide range of 

normoxic cells (even for cells which express relatively low levels of PHD2 mRNA).37 It 

is therefore not surprising that suppression of PHD2 in these cells will have a significant 

effect on HIF regulation. By employing cells which express relatively high levels of 

PHD1 and PHD3 under different culture conditions, it has been demonstrated that PHD1 
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and PHD3 enzymes contribute in a non-redundant manner to HIF-α regulation. 

Overexpression of each PHD was shown to hydroxylate the HIF-α polypeptides and 

suppress HRE-mediated transcriptional activity.37  

 

The PHDs also have distinct patterns of intracellular distribution. Initial studies using 

PHDs fused with enhanced green fluorescent proteins indicated that PHD1 was 

exclusively present in the nucleus, PHD2 was primarily located in the cytoplasm, and 

PHD3 was homogeneously distributed in both.54 However, subsequent studies using 

monoclonal antibodies argue that all endogenous PHDs are predominantly located in the 

cytoplasm.55 A putative PHD4 which is proposed to be expressed in the endoplasmic 

reticulum has also been described; however, it has not yet been shown to be active in 

vitro.51, 56  

 

 

1.2.7 Knockout models of the PHDs 

 

Interestingly, while PHD1 and PHD3 homozygous knockout mice apparently survive 

normally, PHD2 homozygous knockout embryos die at mid-gestation stages due to severe 

placental and heart defects.29, 57 Adult PHD1 and PHD3 homozygous knockout mice had 

no apparent defects, however, PHD1/3 double knockout mice demonstrated moderate 

erythrocytosis.38  

 

Notably, cardiomyocyte-specific PHD2 conditional knockout mice have been found to 

have protective effects against acute myocardial ischemic injury.58 A recent report shows 

that specific inhibition of PHD2 activity in cancer cells results in stimulation of blood 

vessel formation but paradoxically leads to significant reduction of tumour growth; a 

phenomenon associated with the antiproliferative activity of the transforming growth 

factor-β (TGF-β) signaling pathway, which is believed to be HIF-independent. (TGF-β 

has been shown to display dichotomous activity (i.e. tumour suppressor or tumour 

promoter), an effect known as the ‘TGF-β paradox’).59, 60 Specific inhibition of PHD1 
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(but not PHD2 or PHD3) using siRNA has also been reported to cause  neuroprotective 

effects against oxidative death via a HIF-independent pathway.61  

Given that each of the PHD enzymes may contribute differentially to specific biological 

processes and clinical phenotypes, pharmacological inhibition of a particular PHD 

isoform is proposed to have the potential for selective alterations of the HIF-mediated 

response or other pathophysiological pathways that may be beneficial in therapeutic 

applications.29, 37  

 

 

1.2.8 Problems associated with genetic approaches to assigning the  

         specific function of the PHDs  

 

Although genetic approaches employing siRNA and knockout mice models are powerful 

tools for studying the specific functions of the PHDs in biological systems, the results 

obtained from these studies do not fully reflect the physiological system. There are some 

disadvantages of these techniques that must be taken into consideration.  

 

Gradual depletion of the PHD enzyme by siRNA could give rise to unexpected results. 

The cell might adapt to the change by up- or down-regulating other proteins, and 

resulting phenotypes could therefore arise from complex mechanism. Furthermore, 

incomplete depletion of the target protein could lead to false conclusions. It is therefore 

hard to know whether the observed effect is due to complete ablation of the enzyme, or to 

a small but crucial amount of the remaining enzyme. It is also unclear whether the 

observed phenomena are due to the loss of scaffold functions or the catalytic activity of 

the proteins. Finally, it is possible that the siRNA may have ‘off-target’ effects, especially 

when considering transcriptional regulation. Knockout models often produce a lethal 

embryonic phenotype (as in the case of the PHD2 homozygous knockout mice),57 

resulting in difficulties in obtaining relevant information about adult organisms.62-64  

 

Some of the concerns about using genetic approaches might be overcome by applying 

small-molecule based methods to investigate the function of each PHD isoform. Such an 
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approach can enable probing of enzyme function in a highly controllable and 

pharmacologically relevant way. Chemical inhibition of a targeted enzyme does not 

normally change its protein concentration, therefore avoiding side effects caused by 

protein loss. Importantly, unlike gene inactivation techniques, drug-like molecules can 

act quickly and reversibly, enabling them to behave as ‘chemical switches’ for the studies 

of signal transduction pathways which can occur on millisecond time scales.  

 

There are of course potential disadvantages to using small-molecule based approaches for 

determining enzyme function. The relative lack of knowledge about specificity, poor cell-

permeability, toxicity and off-target effects can lead to erroneous conclusions. Small-

molecules may also be targeted for metabolic alterations in vivo, which could 

substantially modify their activities and toxicities. Small-molecule enzyme inhibition can 

also inhibit the activities of closely related proteins, so the observed effects may not 

reflect the functions of the target enzyme.62, 64, 65 In the case of the PHDs, selective 

inhibition of each PHD isoform by small-molecule inhibitors is not yet possible, probably 

because all three PHD isoforms have a highly conserved active site.19  

 

 

1.2.9 PHDs as therapeutic targets 

 

As well as being activated by hypoxia, the HIF-transcriptional pathways can be activated 

artificially by ‘hypoxia mimetic’ chemical agents, including the iron chelators 

desferrioxamine (DFO), 2,2'-dipyridine (DIP), divalent transition metal ions (e.g. Co(II), 

Ni(II), Zn(II)) and  small-molecule inhibitors that are 2-oxoglurate (2OG) analogues. The 

latter includes dimethyloxalylglycine (DMOG, a prodrug form of N-oxalylglycine, a 

‘generic’ inhibitor of 2OG oxygenases).3, 20, 66, 67 Iron chelators inactivate the HIF 

hydroxylases by sequestering the active site iron, whereas metal ions compete with the 

catalytic Fe(II) for binding to the active site metal chelating residues. 2OG analogues 

suppress PHD/FIH activity by binding to the enzyme active site competitively with 2OG 

(and possibly oxygen). Some potent inhibitors have also been shown to hinder HIF 

substrate binding to the active site region.2, 20, 68, 69 
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There is interest in the development of HIF hydroxylase inhibitors (particularly PHD 

inhibitors) that activate the HIF-mediated responses for the treatment of hypoxic related 

disorders such anaemia, stroke, ischaemic heart disease, kidney disease and inflammatory 

bowel disease.67, 70-74 Prior to the advent of recombinant human erythropoietin  (rhEPO) 

therapy, Co(II) was used as a treatment for anaemia.74, 75 It was proposed that Co(II) 

stimulates erythropoietin (EPO) production (a hormone that regulates erythropoisesis (red 

blood cells production)), at least in part, by inhibiting the HIF hydroxylases.4 Expression 

of the EPO gene is dominantly regulated by HIF-α, and thus by the HIF hydroxylases.  

 

Several studies have shown that inhibition of the PHDs increases EPO levels.38, 76 Several 

PHD inhibitors are currently being investigated as potential anti-anaemia drugs. Three 

have progressed to Phase II clinical trials, of which FibroGen’s compound FG-221677, 78 

has been shown to increase haemoglobin production in patients.74, 76, 79 Interestingly, 

various Krebs cycle intermediates80, 81 including oxaloacetate, malate, fumarate and 

succinate and the aspirin metabolite 2,3-dihydroxybenzoylglycine (DHBG)82 have been 

reported to inhibit the PHDs in vitro, and some of these metabolites have been shown to 

activate HIF-1α activity in the cells.  

 

HIF-stabilisation also leads to induction of vascular endothelial growth factor (VEGF) 

which stimulates the proliferation and migration of endothelial cells (i.e. angiogenesis).  

HIF-mediated angiogenesis plays a role in wound healing83, 84. Furthermore, promotion of 

angiogenesis is thought to be desirable to repair tissue damage caused by cardiovascular 

and cerebral ischaemic disorders. Ischaemic preconditioning (an experimental technique 

used to produce repeated short episodes of ischaemia/hypoxic response by restriction of 

blood (oxygen) supply or in this case by chemical inhibition of the HIF hydroxylases) has 

been proposed to have a therapeutic protective effect against stroke and myocardial 

infarction 85-88.  

 

HIF is also known to play a role in tumour progression by supplying oxygen to the 

hypoxic tumours.1, 89 Indeed, high levels of HIF are associated with poor clinical 

outcome.1, 89 Although some evidence suggest improved oxygenation (via HIF 
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hydroxylase inhibition) may make tumours more sensitive to radiotherapy and 

chemotherapy treatments,20 it must always be considered that pharmacological inhibition 

of the HIF hydroxylases for treatment of cardiovascular diseases may have unwanted side 

effects.  

 

 

1.3 HIF system and cancer cell metabolism  
 

1.3.1 2-Oxoglutarate (2OG) 

2OG has been proposed to act as a ‘hub-molecule’ in cellular metabolism.90 2OG is 

produced by the oxidative decarboxylation of isocitrate catalysed by isocitrate 

dehydrogenases (IDH1/2) in the Krebs cycle (Fig. 1.9). In proliferating/cancer cells, high 

fluxes of anaplerotic reactions re-feed 2OG into the cycle which is primarily carried out 

via the glutaminolysis pathway. In this pathway, glutamine is metabolised by phosphate-

dependent-glutaminase (PDG) to give glutamate which is then converted to 2OG by 

glutamate dehydrogenase (GDH).91, 92 In addition to GDH, glutamate can also be 

converted to 2OG by the catalytic activities of aminotransferases.93, 94 

Increased 2OG in the Krebs cycle leads to production of oxaloacetate which in turn reacts 

with acetyl-CoA to generate citrate for lipid synthesis (Fig. 1.9). Lipid synthesis products 

(i.e. fatty acids, cholesterol, and isoprenoids) are used as major membrane building 

blocks for proliferating/tumour cells.95, 96 Oxaloacetate and 2OG also supply the 

intracellular pools of non-essential amino acids to be used for protein and nucleotide 

synthesis. Therefore, a key role of Krebs cycle intermediates, including 2OG, is to supply 

a carbon source for macromolecular biosynthesis in proliferating/cancer cells.91 In 

addition to glutaminolysis, aerobic glycolysis (a phenomena known as the Warburg 

effect)97 is another major anaplerotic pathway that cancer cells use for energy generation 

and biomass synthesis.92 In aerobic glycolysis, most glycolytic pyruvate is directed away 

from mitochondrial oxidative phosphorylation to form lactate, a reaction catalysed by 

lactate dehydrogenase-A (Fig. 1.9).  
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1.3.2 PHDs as 2OG and metabolic sensors 

In normal cells, activation of signal transduction pathways often requires extracellular 

stimulation (e.g. growth factors). In contrast, tumour cells normally harbour germline 

mutations that chronically promote these pathways, resulting in an increased metabolic 

autonomy that is not regulated by normal physiological constraints.91, 98  

Mutations in the Krebs cycle enzymes succinate dehydrogenase (SDH) and fumarate 

hydratase (FH) (Fig. 1.9) result in elevation of succinate and fumarate. Excessive 

accumulation of succinate and fumarate in SDH and FH associated tumours are proposed 

to suppress PHD activity leading to activation of HIF-mediated oncogenic pathways (via 

stimulation of the tumour progression gene VEGF).67, 99-102 These proposals are consistent 

with the in vitro results which show that fumarate and succinate can compete with 2OG 

(a co-substrate of the PHDs) to bind to the active sites of PHDs.81, 100 

Elevated HIF activity in tumour-associated IDH mutants has also been proposed to arise 

from reduced PHD activity due to depleted 2OG levels.103 Consistent with this proposal, 

artificial increase of the cellular 2OG levels has been demonstrated to reverse HIF-

stabilisation in SDH harbouring mutant cell-lines; this is believed to be a result of 

reactivation of PHD activity.104 Given that HIF prolyl hydroxylation is apparently 

sensitive to cellular 2OG fluctuation, it has been proposed that the PHDs may play a 

more general role as 2OG and metabolic sensors besides their function as intracellular 

oxygen sensors.90, 91  
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Figure 1.9: In proliferating/cancer cells, anaplerotic reactions replenish 2-oxoglutarate (2OG) into the 
Krebs cycle via the glutaminolysis pathway catalysed by phosphate-dependent-glutaminase (PDG), and 
glutamate dehydrogenase (GDH) and transamination reactions catalysed by aminotransferases. 
Malfunctions of succinate dehydrogenase (SDH), and fumarate hydratase (FH) and isocitrate 
dehydrogenases (IDH1/2) are associated with upregulation of HIF-mediated tumorigenesis. GDH, 
glutamate dehydrogenase; PDG, phosphate-dependent glutaminase; LDHA, lactate dehydrogenase-A; PDH, 
pyruvate dehydrogenase; PHD, HIF prolyl hydroxylases; VEGF, vascular endothelial growth factor; 
HIF1α-OH, hydroxylated-HIF-1α. 
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1.3.3 Isocitrate dehydrogenase (IDH) mutations  

Heterozygous mutations in either of the two IDH isoforms (IDH1/2) occur in more than 

70% of low-grade gliomas (brain tumours) and secondary glioblastoma multiforme 

(malignant brain tumours).105-108 The mutations produce single residue substitutions of 

the substrate-binding arginine-residues (Arg 132 in IDH1; Arg 140 and Arg 172 in IDH2) 

which abolish IDH catalytic activity for the conversion of isocitrate to 2OG.103 

Furthermore, these forms of mutated IDHs gain a new function for catalysing the 

reduction of the α-ketone in 2OG to R-2-hydroxyglutarate (R-2HG or D-2HG).109-111  

 

High levels of R-2HG (5-35 µmol/g of tumour or approximately 5-35 mM, if assuming 

tissue density of 1 g/ml) were reported in most IDH1 mutant human gliomas compared to 

wild-type IDH1 which had 100-fold less R-2HG.109 The excessive accumulation of R-

2HG in mutated IDH malignant glioblastoma and acute myeloid leukaemia has led R-

2HG to be reported as an ‘oncometabolite’. To date, the mechanism of action of R-2HG 

is unknown. However, it has been argued that the excessive accumulation of R-2HG may 

directly inhibit the PHDs, and is therefore responsible for the increased HIF-1α activity 

observed in the defective IDH human gliomas;109 inhibition may occur in a manner 

similar to fumarate and succinate inhibition of the PHDs. Fig. 1.10 shows the structural 

similarities between 2OG, 2HG, fumarate, and succinate (the C-2 carbonyl oxygen atom 

in 2OG is subsituted with a hydroxyl group in 2HG).  
 

 
 
Figure 1.10: Structure similarities between 2-oxoglutarate (2OG), succinate, fumarate and 2-
hydroxygularate (2-HG). 
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1.3.4 Other signal transduction pathways  

The PI3K/Akt/mTOR (PI3K, phosphatidylinositol 3-kinase; mTOR, mammalian target of 

rapamycin) signalling pathway and transcription factors HIF-1α and c-Myc have been 

associated with metabolism of growth-factor dependent cells and cancer cells (Fig. 1.11). 

Growth factor (e.g. insulin-like growth factor-1 and -2) binding to the surface receptor of 

PI3K leads to activation of the serine/threonine kinases Akt and mTOR, resulting in 

higher anaplerotic glucose flux and increased levels of essential amino acids and protein 

translation which support bioenergetics and biosynthesis in normal or cancer cells.112-115 

High activity of PI3K/Akt/mTOR has also been reported to be a common feature in 

malignancies which correlate with mutations in tumour suppressor genes including PTEN, 

TSC1, and TSC2 (Fig. 1.11).113, 116, 117 

Interestingly, stimulation of the PI3K/Akt/mTOR pathway has been found to activate 

HIF-1α activity.118-120 HIF-1α transcriptional targets include genes encoding glucose 

transporter-1 (GLUT1), lactate dehydrogenase-A (LDHA) and pyruvate dehydrogenase 

kinase-1 (PDK1) which are directly involved in the regulation of glucose metabolism that 

has been shown to promote tumour growth.121, 122  

Amplification of Myc family genes (especially the master transcription factor c-Myc) in 

cancer cells has been associated with stimulation of glucose and glutamine anaplerosis, 

and de novo nucleotide biosynthesis. c-Myc has recently been shown to increase 

glutaminolysis by activating the expression of glycolytic genes such as LDHA.123-125 The 

possible interaction between mTOR-HIF-Myc signalling networks and the involvement 

of other pathways suggests an additional level of complexity to the currently understood 

picture of cancer cell metabolism.   
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Fig. 1.11: A signal transduction network that regulates cancer cell metabolism. PI3K/Akt/mTOR, HIF-
1α, and Myc signaling pathways involved in various aspects of cancer cell metabolism. Binding of a 
growth factor to the PI3K surface receptor activates the PI3K/Akt/mTOR pathway. Constitutive stimulation 
of the PI3K/Akt/mTOR system in cancers can result from mutations to the tumour suppressors PTEN, 
TSC1, and TSC2. Activation of the PI3K/Akt/mTOR pathway leads to increased glucose utilisation and 
promotes production of essential amino acids and translation. The PI3K/Akt/mTOR pathway has been 
found to stimulate HIF-1α translation. Elevation of Krebs cycle intermediates succinate and fumarate 
caused by malfunction of the SDH and FH have also been found to activate HIF transcriptional activity. 
Upregulation of the HIF system leads to expression of genes which encode for GLUT1, LDHA, and PDK1 
which favour glucose uptake and lactate formation. The transcription factor Myc stimulates expression of 
several metabolic enzymes, including those that enhance anaplerotic glucose and glutamine metabolism 
and nucleotide biosynthesis, favouring cancer cell proliferation. Abbreviations: PI3K, phosphatidylinositol 
3-kinase; PTEN, phosphatase and tensin homolog; TSC, tuberous sclerosis complex; mTOR, mammalian 
target of rapamycin; glucose-6-P, glucose-6-phosphate; glyceraldehyde-3-P, glyceraldehyde-3-phosphate; 
LDHA, lactate dehydrogenase-A, PDK1, pyruvate dehydrogenase kinase-1; GLUT1, glucose transporter-1; 
SDH, succinate dehydrogenase; FH, fumarate hydratase; PHD, HIF prolyl hydroxylases; HIF1α-OH,  
hydroxylated-HIF-1α. Figure adapted from DeBerardinis et al.91 
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1.4 Other 2OG oxygenases as therapeutic targets  
 

1.4.1 Collagen prolyl-4-hydroxylase  

 

Collagens are a family of extracellular matrix proteins that are a major component of 

connective tissues and are responsible for maintaining structural integrity.126 Pathological 

fibrosis of an organ or tissue is characterised by excessive accumulation of fibrous 

tissue.127 Kidney fibrosis is commonly associated with renal disease; whilst liver fibrosis 

often occurs in response to chronic inflammation as a result of alcohol abuse or liver 

infections.127 Pharmacological intervention to prevent fibrosis progression is therefore 

desirable.  

 

 Mature fibrillar collagens exist as large, uninterrupted triple helices supercoiled around a 

common axis. The stability of these three constituent collagen strands (triple helices) 

substantially depends on 4-hydroxylation of the proline residues in the repeating X-Y-

Gly-motif, where X is proline residue, and Y is proline or lysine residue.126, 128 Prolyl-4-

hydroxylation  is catalysed by the 2OG dependent collagen prolyl-4-hydroxylase (C-P4H) 

and has been shown to occur exclusively at the Y position.129 Other collagen 

modifications that help to maintain its function include prolyl hydroxylation at the C-3 

position and lysyl hydroxylation at the C-5 position (Fig. 1.12).129, 130   

 

Suppression of the collagen prolyl-4-hydroxylation was shown to lead to significant 

decreases in its structural stability, impairs its ability to interact with other components of 

the extracellular matrix, and targets the collagen for proteolytic degradation.128, 129 

Therefore, C-P4H is a potential therapeutic target. Extensive medicinal chemistry efforts 

have been undertaken to develop C-P4H small-molecule inhibitors; some of which have 

progressed to clinical trials. However, to date no drugs targeting C-P4H have been 

approved for clinical use.20, 126  
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Figure 1.12: Hydroxylation of proline and lysine residues in collagen. The post-translational protein 
modifications are catalysed by collagen prolyl-4-hydroxylase (C-P4H), prolyl-3-hydroxylase (C-P3H), and 
lysyl hydroxylase (LH)/PLOD. 

 

 

1.4.2 Histone demethylases   

DNA is packaged into chromatin by formation of nucleosomes. Nucleosomes consist of 

eight histones (4 pairs: H2A, H2B, H3 and H4), which are short (100-150 amino acids), 

basic globular proteins that package DNA. Post-translational modifications (including 

acetylation, methylation, among others) of the amino acid residues in the N-terminal tails 

of histone proteins have been shown to contribute to regulation of transcription.20  

Histone lysyl demethylases remove methyl groups from Nε-methyl lysines on the histone 

tails. The first 2OG and Fe(II) dependent oxygenase to be identified as a histone 

demethylase was FBXL11 (F-box, leucine rich repeat protein 11) (in 2006).131 FBXL11 
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is a H3K36me2 demethylase (i.e targeting the Nε-dimethyllysine of Lys36 of human 

histone H3).131, 132 Demethylases that act on H3K4, H3K9, H3K27, and H3K36 residues 

have subsequently been identified. Most of these 2OG dependent enzymes (e.g. 

JARID1A-D, JMJD2A-E and JMJD3) were reported to contain the JmJC (Jumonji-C) 

domain which is required for their catalytic activity and can catalyse the Nε-

demethylation of all three possible methylation states of Nε-methyl lysine residues (Fig. 

1.13).20, 133  

 

Figure 1.13: The JmJC subfamily 2OG dependent histone lysyl demethylases (KDM) catalyse the Nε-
demethylation of all three Nε-methylated forms of histone lysine residues.  

The biological roles and potential contributions of individual histone demethylases to 

diseases have yet to be fully deciphered, although there is evidence to suggest that they 

may be attractive potential targets for cancer therapy. For example, the histone H3K4me3 

demethylase, JARID1A (Jumonji, AT rich interactive domain 1A) is upregulated in 

gastric cancer; genetic inhibition of its expression leads to senescence.134 JARID1B is 

overexpressed in both prostate and cancer cells and believed to promote tumour cell 

proliferation by repressing negative regulators of cell growth.135, 136 JMJD2 (Jumonji-C 

domain-containing 2) H3K9me3 demethylases have been associated with androgen 

receptor dependent transcription genes, including prostate specific antigen. Consistent 

with this role, high levels of JMJD2A-C are expressed in prostate cancers.137, 138 The 

JMJD2 demethylases are also activated in esophageal squamous cell carcinomas, 

suppression of their activities by siRNA has been shown to reduce cancer proliferation.138 

In recent years, there has been increasing effort towards developing selective histone 

demethylase inhibitors, both as chemical probes for functional assignment, and as 

potential drug targets for therapeutic applications.20, 139    
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1.5 Aims of the work described in this thesis 

Pharmacological activation of the HIF transcriptional response could be of significant 

therapeutic importance (Section 1.2.9). However, there is currently no biological data 

available for the selectivities of the potential HIF hydroxylase inhibitors against the HIF 

prolyl and asparaginyl hydroxylases. In work described in this thesis, I aimed to develop 

a cell-based method to enable simultaneous measurement of the effects of chemical 

inhibition on all three HIF hydroxylation sites (i.e. CODD, NODD, CAD). This method 

can then be further applied to investigate HIF hydroxylase inhibition, including the 

hypothesis of R-2HG mediated HIF response (Section 1.3.3), and the evaluation of the 

specificities of a series of novel and known HIF hydroxylase inhibitors. Given the 

problems associated with the current approaches used for functional assignment of 

individual PHDs (Section 1.2.7), my work also aimed to develop a new approach which 

may enable selective inhibition of a modified form of PHD2 in cells. Specific aims of the 

research described in this thesis included: 

1) Development of a HIF hydroxy-residue specific antibody assay to enable direct 

analysis of the differential modulations of HIF prolyl and asparaginyl 

hydroxylation by chemical inhibitors in cells. 

2) Evaluation of the specificities of HIF hydroxylase inhibitors in cells using the HIF 

hydroxy-residue specific antibody assay developed in (1).  

3) Testing the hypothesis that the oncometabolite R-2HG inhibits the HIF 

hydroxylases using the hydroxy-residue specific antibody assay developed in (1). 

4) Investigating the possibility of 2OG mediated HIF stabilisation in cells.    

5) Development and evaluation of a ‘chemical-genetic’ approach that may enable 

selective inhibition of PHD isoforms. 

6) Development and characterisation of a new class of dual-action HIF prolyl 

hydroxylase inhibitors that induce the binding of a second iron at the enzyme 

active site. 

7) Evaluation of aspirin metabolites as HIF-α inhibitors in cells (a separate 

introduction of this work is given in Chapter 7). 
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Chapter 2: Differential Sensitivities of  
HIF Prolyl and Asparaginyl Hydroxylation to 

Chemical Inhibition in Cells 
 
2.1 Background and Objectives 
 

As described in Chapter 1, HIF-mediated transcriptional signalling plays a central role in 

directing cellular responses to hypoxia. Pharmacological activation of the hypoxic 

response by HIF hydroxylase inhibitors is a potential therapeutic target for a wide range 

of disorders including aneamia, stroke, and ischeamic heart disease.72, 74, 88, 140 However, 

it is important to note that any pharmacological application involving upregulation of 

specific genes targeted by the HIF-system will have to take into account the regulation of 

hundreds of other genes.20 The extent to which HIF prolyl and asparaginyl hydroxylation 

are differentially modulated by chemical agents is therefore important for the 

understanding of potential regulation of the HIF transcriptional response. The two prolyl 

hydroxylation sites in HIF-1α (Pro402 and Pro564) are regulated differentially at 

different oxygen tensions,141 however to date there have been no reports of the 

differential regulation of HIF prolyl and asparaginyl hydroxylation sites by chemical 

intervention in cellular systems.  

 

This chapter describes the development of methods which employ highly specific 

hydroxy-residue antibodies and immunoblotting (Western blotting) to monitor the 

regulation of hydroxylation states at all three human HIF-1α hydroxylation sites by 

different chemical reagents including iron chelators, transition metal ions, and small-

molecule inhibitors. These cell-based assays were successfully used to identify several 

selective inhibitors of the HIF hydroxylases. The work in this chapter was carried out in 

collaboration with Dr Y-M Tian at Centre for Cellular and Molecular Physiology, 

University of Oxford. Part of the work in this chapter has been published in Journal of 

Biological Chemistry (2011).142  
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2.2 Results  
 

2.2.1 Validation of HIF hydroxy-residue specific antibodies  

 

Three antibody preparations were used in this work. An anti-HIF-1α hydroxy-Pro402 

(Hyp402) antibody was developed in collaboration with Millipore Biosciences; an anti-

HIF-1α hydroxy-Pro564 (Hyp564) (clone-D43B5) antibody was purchased from New 

England Biolabs and an anti-HIF-1α hydroxy-Asn803 (HyAsn803) antibody work was a 

gift from Dr S. H. Lee.143 
 

The specificities of the HIF-1α (Hyp402 and Hyp564 and Asn803) antibodies were first 

evaluated using different hydroxylated HIF-α species. A series of HIF-α polypeptides, 

including wild-type or those which contained alanine or glycine mutations at each of the 

prolyl and asparaginyl hydroxylation sites were prepared as GAL4-HIF-α fusion proteins 

using an in vitro transcription/translation (IVTT) system (Promega).13, 37, 142 Plasmids 

expressing GAL4/HIF-1α residues 28–826 (wild-type or Pro402, Pro564, and Asn803 

mutants), or  GAL4/wild-type HIF-2α residues 19–870 were constructed from the 

pcDNA3 vector using standard recombinant methods. In the IVTT system, the labelled 

HIF-α proteins were expressed in reticulocyte lysates, in the presence or absence of an 

iron chelator (desferrioxamine (DFO)) or an Fe(II) supplement (FeCl2)66 to inhibit or 

promote HIF prolyl and asparaginyl hydroxylation, respectively. The lysates were then 

assayed in immunoblotting studies using the hydroxy-specific antibodies. 

 

In the presence of DFO (100 µM), the Hyp402, Hyp564 and HyAsn803 antibodies 

showed little or no binding, however, in the presence of Fe(II) (100 µM), a strong band 

corresponding to the target hydroxylated HIF-1α was apparent in the immunoblots, 

suggesting that each of these antibodies is highly specific for the hydroxylated forms of 

HIF-1α (Fig. 2.1 A; compare lanes 1 and 2). These antibodies also displayed high 

specificities for HIF-1α compared with HIF-2α (Fig. 2.1 A; compare lanes 2 and 3), 

demonstrating that they are both sequence and hydroxylation status specific.142  
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Substitution of the HIF-1α residue targeted for hydroxylation with an alanine or glycine 

residue at each of the HIF-1α hydroxylation sites (i.e. Pro402Ala, Pro564Gly, and 

Asn803Ala) ablated detection by the relevant antibody, showing that the hydroxy-residue 

antibodies were highly specific to each site; anti-Hyp402 did not react against Hyp564 

and vice versa (Fig. 2.1 A; compare lanes 4, 5, and 6). A series of small-interfering RNA 

(siRNA) experiments were also carried out in human renal carcinoma VHL-defective 

cells (referred to here as RCC4 cells) to investigate the specificities of these antibodies 

for endogenous HIF-1α and HIF-2α.  The results (Fig. 2.1 B) further supported the 

proposed high specificities of the HIF hydroxy-residue antibodies for HIF-1α and specific 

hydroxylation sites in cells.142   

 

Mass spectrometry (MS) was further employed to verify the specificities of the antibodies 

for the hydroxylated forms of HIF-1α in cells. HIF-1α polypeptides were expressed in 

cells at a level that enabled direct analysis of hydroxylation by MS. Aliquots of the cell 

extracts were then analysed in parallel by hydroxy-residue specific immunoblotting. Cells 

were treated with either DMOG (a cell-permeable inhibitor of 2OG oxygenases used to 

inhibit HIF hydroxylation) or with MG132 (a proteasome inhibitor that causes 

accumulation of hydroxylated HIF-1α) under normoxic conditions.144, 145 Neighbouring 

methionine residues (Met561 and Met568) were substituted with alanines to simplify the 

semi-quantitative analysis of Hyp564 by MS (i.e. to avoid redundancy in mass shifts due 

to adventitious methionine oxidation to the sulfoxide form).13 The resulting MS spectra 

and immunoblots of a typical set of experiments are shown in Fig. 2.2. Comparison of 

immunoblotting results with MS analysis confirmed that each antibody demonstrated a 

high degree of specificity to each HIF hydroxylated epitope.142  
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Figure 2.1 (A) Reactivities of hydroxy-residue specific anti-HIF1α antibodies. Immunoblots demonstrating 
the specificities of hydroxy-Pro402 (Hyp402), hydroxy-Pro564 (Hyp564) and hydroxy-Asn803 
(HyAsn803) antibodies for these hydroxylated residues in human HIF-1α. HIF-1α (residues 28-826) (wild-
type and mutant P402A, P564G or N803A) and HIF-2α (residues 19-870) polypeptides were produced as 
GAL4 fusions in IVTT reactions in the presence of DFO (Df) or ferrous chloride (Fe). Anti-GAL4 signals 
provide an internal control for normalisation. (B) The specificities of hydroxy-residue specific antibodies 
for endogenous HIF-1α in cells. RCC4 cells were treated with siRNAs against human HIF-1α or HIF-2α or 
a control (dHIF, Drosophila SIMA). Immunoblots were probed with the indicated antibodies. In the siRNA 
experiments, RCC4 cells were seeded at 40% confluence in antibiotic-free medium for 16 h prior to 
transfection with siRNAs directed against Drosophila SIMA (dHIF)22, human HIF-1α or HIF-2α146. 
Oligofectamine was used for transfection of 20 nm siRNA duplex twice at 24 h intervals. Cells were 
harvested 24 h after the second transfection. (Data obtained from Dr Y-M Tian).142 
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Figure 2.2 Validation of hydroxy-residue specific antibody performance by MS. (A), (B), and (C) 
show data for sites in HIF-1α NODD, CODD and CAD sequences, respectively. Cells expressing 
doxycycline-inducible PK-tagged wild-type or mutant (M561A+M568A) HIF-1α were induced with 
doxycycline (1µg/ml) in the presence of 1 mM DMOG for 24 h, or 25 µM MG132 for the last 4 h. For MS 
analysis, the PK IP (immunoprecipitation) was followed by in-gel digestion. The resulting peptides were 
analysed by MS. The [M+2H]2+ precursor ions corresponding to the unhydroxylated and hydroxylated 
peptides are given together with chromatographic output (extracted ion counts) at these masses. Percentage 
hydroxylation was calculated from peak areas. * indicates other likely non HIF-1α derived ions with a 
similar mass to the hydroxylated CODD peptide. Aliquots of the IP samples were immunoblotted with the 
hydroxy-residue specific or pan-HIF-1α antibodies as indicated (data obtained from Dr Y-M Tian).142 
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2.2.2 Development of HIF hydroxy-residue specific antibody assays  

By employing the HIF hydroxy-residue specific antibodies and RCC4 cells, it was 

possible to directly compare changes in prolyl versus asparaginyl hydroxylation by 

probing using immunoblotting. Prolyl hydroxylated HIF-1α is targeted by the pVHL-E3 

ligase complex for proteasomal degradation,12-14, 142 thus confounding comparison of 

prolyl and asparaginyl hydroxylation in VHL competent cells. In VHL deficient RCC4 

cells, however, the proteasomal pathway is disabled and HIF-1α is stabilised,12 therefore 

allowing for simultaneous measurement of prolyl and asparaginyl hydroxylation in HIF-

1α.  

Under normoxic conditions, both HIF prolyl and asparaginyl hydroxylation in RCC4 

cells have been shown to proceed efficiently and are estimated to be close to completion 

at all three sites (i.e. Pro402, Pro564 and Asn803).142 The half-life of HIF-1α in RCC4 

cells has been estimated to be in the region of 60 min; therefore treatment of the cells 

with chemical reagents for more than 4 h is expected to be sufficient to allow HIF 

hydroxylation to achieve a new steady state.142  

The general protocols of the newly developed HIF hydroxy-residue specific antibody 

assays are as follows: RCC4 cells were cultured in DMEM (Dulbecco's Modified Eagle 

Medium) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 50 U/mL of 

penicillin and 50 µg/mL of streptomycin.  Cells were seeded at 40-60% confluence 12-16 

h prior to reagent treatments at 70-100% cell confluency in a 12-well plate. The chemical 

reagents were then exposed to the cells for 5 h, and cells were lysed using an urea/SDS 

buffer (6.7 M urea, 10 mM Tris-Cl (pH 6.8), 10% glycerol, and 1% SDS (sodium dodecyl 

sulphate)) supplemented with 1 mM dithiotreitol and 1 mM protease inhibitor. The 

extracts were resolved by SDS-polyacrylamide gel electrophoresis, electroblotted onto a 

polyvinylidene fluoride membrane (Millipore), and probed with the primary antibodies 

(1:1000 dilution) followed by horseradish peroxidase (HRP)-conjugated secondary 

antibodies (1:1000 dilution). SuperSignal Chemiluminescent Substrates (Pierce) were 

used to visualise immunoreactive species. In the immunoblotting analyses, HIF-1α 

signals provide an internal control for normalisation.142  
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2.2.3 Inhibition of HIF prolyl and asparaginyl hydroxylation by iron chelators,   

         transition metal ions and small-molecule inhibitors 

Several supposedly non-specific inhibitors of the HIF hydroxylases, including the iron 

chelators desferrioxamine (DFO) and 2,2'-dipyridine (DIP), cobaltous ions (Co(II)) and 

dimethyloxalylglycine (DMOG) (the cell-permeable prodrug form of N-oxalylgylcine 

(NOG), a non-reactive 2OG analogue) have been commonly employed as “hypoxia 

mimetics” in the studies of HIF system.3, 66, 67 On the other hand, the transition metal ions 

Mn(II), Ni(II), and Zn(II) and the small-molecule inhibitors, 4-oxo-1,4-dihydro-1,10-

phenanthroline-3-carboxylic acid (DPCA/FG0041), 3,4-dihydroxybenzoic acid (DHBA), 

pyridine-2,4-dicarboxylic acid (2,4-PDCA) and pyridine-2,5-dicarboxylic acids (2,5-

PDCA) (Fig. 2.3) have also been commonly used as HIF hydroxylase inhibitors.24, 66, 68, 

147 

 

 

Figure 2.3: Iron chelators and small-molecule inhibitors. 

 

 

 



!

 
 

! ! Chapter(2( !
! !

33 

The iron chelators such as DFO were expected to inhibit HIF hydroxylase activity by 

removing the iron away from the active site, whereas metal ions were expected to 

suppress enzyme activity by competition with the cellular iron pool.2, 66, 148 Small-

molecule inhibitors largely inhibit by competing with the co-substrate 2OG for binding at 

the active site.20 NOG, DPCA, DHBA, 2,4-PDC, and 2,5-PDC were initially developed 

as collagen prolyl-4-hydroxylase (C-P4H) (see Section 1.4.1) inhibitors but were later 

found to  inhibit a wide range of other human 2OG oxygenases including the PHDs, FIH 

and histone demethylases (e.g. JMJD2A and JMJD2E), likely all via 2OG competition.18, 

20, 24, 26, 139, 147, 149 Spectroscopic and crystallographic studies show that the generic non-

reactive 2OG analogue inhibitor NOG, binds in the 2OG oxygenase active site and 

chelates the active site metal in a bidentate manner.20, 32, 34, 150 Views from the crystal 

structures of PHD2 (PDB ID 3HQR) and FIH (PDB ID 1H2K) in complex with NOG are 

shown as representative examples in Fig. 2.4.  

The reported inhibition data (half-maximal inhibitory concentration (IC50) or inhibition 

constant (Ki) values) for the metal ions Co(II), Mn(II), Ni(II), and Zn(II) and small-

molecule inhibitors NOG, DPCA, DHB, 2,4-PDCA, and 2,5-PDCA against purified HIF 

hydroxyxlases (PHDs 1-3 and FIH) are summarised in Table 2.1 and Table 2.2 (see 

below for discussion). Most C-P4H inhibitors that were previously reported to be active 

in cells were methyl/ethyl ester prodrug forms of the in vitro inhibitors.149, 151, 152 For 

instance, DMOG, has been extensively used in cell culture and animal models to inhibit 

HIF hydroxylases.84, 153-155 For this reason, the ester forms of the above mentioned 

inhibitors (i.e. DMOG, EDHB, 2,4-PDC and 2,5-PDC, Fig. 2.3) were used in the 

subsequent cell-based experiments.  
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Figure 2.4: Views derived from crystal structures of PHD2 (green, A) (PDB ID 3HQR) and FIH (cyan, B) 
(PDB ID 1H2K) in the presence of NOG and the active site metal. Only important active site residues are 
shown.  Dashed lines represent coordination or hydrogen bonds.  
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Table 2.1: Reported IC50 or Ki (in parentheses) values for the iron chelator desferrioxamine (DFO) and 
divalent transition metal ions Co(II), Mn(II), Ni(II), and Zn(II) against PHDs and FIH. 

 

 NOG  DPCA  DHBA  2,4-PDCA  2,5-PDCA  

Ki (PHDs 1-3) 8-50 µM24 10-30 µM26 >300 µM24 7-40 µM24 >300 µM24 

Ki (FIH) 2 µM24 60 µM147 10 µM24 30 µM24 50 µM24 

Ki (C-P4H) 1.9 µM156 2 µM18 5 µM156 2 µM156 0.8 µM156 

Table 2.2: Reported Ki values for the small-molecule inhibitors NOG, DPCA, DHB, 2,4-PDCA, and 2,5-
PDCA against PHDs and FIH. NOG, N-oxalylgylcine; DPCA, 4-oxo-1,4-dihydro-1,10-phenanthroline-3-
carboxylic acid , DHBA, 3,4-dihydroxybenzoic acid; 2,4-PDCA, pyridine-2,4-dicarboxylic acid; 2,5-PDCA, 
pyridine-2,5-dicarboxylic acid. 

 

Once the antibody detection method had been validated, the specificities of DMOG, DFO, 

DIP, and Co(II) for the different hydroxylation sites of HIF-1α were first tested in the 

HIF hydroxy-specific antibody assays in RCC4 cells. Surprisingly, results from the HIF 

hydroxy-residue specific antibody assays reveal considerable specificities for DMOG, 

iron chelators and Co(II) in their responses to HIF prolyl and asparaginyl hydroxylation 

in cells. DMOG was demonstrated to suppress asparaginyl hydroxylation more than 

prolyl hydroxylation (Fig. 2.5 A, lanes 2 and 3), whereas the opposite was true for Co(II), 

which inhibited prolyl hydroxylation but not asparaginyl hydroxylation (Fig. 2.5 B, lanes 

3-5). However, iron chelators DFO and DIP (at 100 µM) were observed to suppress both 

hydroxylation, even though prolyl hydroxylation was more susceptible to inhibition by 

DFO and DIP than asparaginyl hydroxylation (Fig. 2.5 A lane 5 and Fig. 2.5 B lane 6) in 

RCC4 cells. These findings thus suggest these chemical agents might be expected to have 

 DFO Co(II)  Mn(II)  Ni(II)  Zn(II)  

PHDs 1-3 (PHD3) 10 µM66 9-100 µM 66 >1000 µM66 120-1000 µM66 4-130  µM66 

PHD2 ~50% inhibition at  

10-1000 µM66 

48  µM68 21 µM68 185 µM68 9  µM68 

FIH 8  µM66 (1 µM)66 (10  µM)66 (4  µM)66 (0.5  µM)66 

C-P4H - 14 µM66 >500 µM66 37  µM66 (0.6  µM)66 
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substantially different effects on the asparaginyl hydroxylation states of HIF-1α protein 

that is stabilised in VHL-competent cells.  

To test the above proposal, RCC4 re-expressing functional VHL (RCC4/VHL) cells were 

then treated with the HIF hydroxylase inhibitors. The level of asparaginyl hydroxylation 

in the inhibitor-induced HIF was then compared to the total HIF level (Fig. 2. 5 C and E). 

Surprisingly, all the tested transition metals (at 300 µM) stabilised HIF-1α protein (with 

the potencies Co(II) > Ni(II) ≈ Zn(II) > Mn(II)) that remained strongly hydroxylated on 

Asn803 ( >70% hydroxylation) in VHL-competent cells (Fig. 2.5 C). These observations 

were further confirmed with the assays using RCC4 cells (Fig. 2.5 D) which showed that 

the transition metals substantially suppressed Pro564 hydroxylation at high dosages; 

however, Asn803 hydroxylation was mainly unaffected.  

In contrast with the results with transition metals,  the iron chelators DFO and DIP were 

shown to have different concentration-dependent effects on asparaginyl hydroxylation; 

with DIP but not DFO suppressing asparaginyl hydroxylation at a high dosage (i.e. 100 

µM) (Fig. 2.5 E) in the VHL-competent cells. Similarly, exposure of RCC4/VHL cells to 

small-molecule inhibitors (DMOG, DPCA, and EDHB) also demonstrated strikingly 

different effects on the HIF-1α hydroxylation sites. DMOG and DPCA restricted 

asparaginyl hydroxylation strongly, whereas EDHB had no apparent effect on 

asparaginyl hydroxylation state even at high concentrations. 2,4-PDC and 2,5-PDC only 

weakly upregulated HIF in RCC4/VHL cells (Fig. 2.5 F) and showed no apparent 

inhibition of both prolyl and asparaginyl hydroxylation in RCC4 cells (Fig. 2.5 G). 

 

 

 

 

 



!

 
 

! ! Chapter(2( !
! !

37 

 
 

 
 
Figure 2.5: Differential inhibition of HIF prolyl and asparaginyl hydroxylation by HIF hydroxylase 
inhibitors. (A, B, D, G) RCC4 cells. (C, E, F) RCC4/VHL cells. The cells were treated with different 
transition metal ions (Co(II), Mn(II), Ni(II), or Zn(II)), iron chelators (desferrioxamine (DFO), and 2,2'-
dipyridine (DIP) and small-molecule inhibitors (DMOG, DPCA, and EDHB, 2,4-PDC and 2,5-PDC ) (see 
Fig. 2.3 for structures) at indicated concentrations for 5 h.  Immunoblots probed with indicated antibodies. 
Controls were treated with 0-2% DMSO in accordance with the diluent used for the test substance. HIF-1α 
signals provide an internal control for normalization. DMOG was prepared as 100 mM stock solution in 
PBS (phosphate buffered saline); other compounds were prepared as 100 mM stock solutions in DMSO and 
added to cells at 1% DMSO.  
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These findings on the differential sensitivities of prolyl and asparaginyl hydroxylation to 

the divalent metals ions and iron chelators in cells are very different from their effects in 

the in vitro studies (Table 2.1).66, 68 PHDs are less susceptible to metal ion inhibition than 

FIH in vitro (Table 2.1), at least under the tested conditions. However, the opposite was 

observed in cells (Fig. 2.5 C-D). Purified PHDs 1-3 were reported to bind Fe(II) very 

tightly in vitro with a binding constant of << 1 µM (for PHD2) and Km values for Fe(II) 

in the range 0.03-0.1 µM for PHDs 1-3. They are also much less sensitive to inhibition by 

DFO and metal ions compared to FIH (Table 2.1) (Km value for Fe(II) for FIH is 0.5 

µM).24, 33, 66, 157 However, in this current work, the reverse was observed; iron chelators 

suppressed prolyl hydroxylation more than asparaginyl hydroxylation in both the RCC4 

and RCC4/VHL cells (Fig. 2.5 A-C). 

The reasons for these contrasting observations on the effects of transition metals and iron 

chelators on HIF hydroxylation between in vitro and cell-based results are not clear. This 

may reflect the complexity of the in vivo system, however the findings do strongly 

suggest that other mechanism(s) of inhibition might be involved other than the facile 

exchange of active site iron of the HIF hydroxylases with a chelatable iron pool. The lack 

of inhibition of asparaginyl hydroxylation by transition metals under the standard assay 

conditions may be due to tight binding of catalytic bound iron in FIH in cells. 

Furthermore, Fe(II) binding in HIF hydroxylases is reversible30 (the enzymatic activity of 

HIF hydroxylases is dependent on cellular Fe(II) levels), thus how iron is delivered and 

maintained at the PHD and FIH enzyme active sites might affect its susceptibility to iron 

chelation or inhibition by metal ions.  

It has been reported that Co(II) prevents degradation of HIF-α, at least in part, by 

inhibiting the interaction between pVHL and hydroxylated HIF-α.158 There is also 

evidence that Co(II) suppresses prolyl hydroxylation of HIF-2α by binding to a conserved 

region in the oxygen-dependent degradation (ODD) domain/VHL-binding domain of 

HIF-2α.158 Furthermore, exposure of cells to Co(II) and Ni(II) causes depletion in 

intracellular ascorbate level.159 As ascorbate is an important co-factor (at least in vitro) 
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for PHD, but not FIH activity, this could offer a possible reason as to why asparaginyl 

hydroxylation is less susceptible to inhibition by metal ions.  

Some, but not all of the small-molecule inhibitors tested showed similar inhibitory 

potencies in cells relative to in vitro studies. Consistent with the reported in vitro results, 

which showed partial selectivity over asparaginyl hydroxylation (Table 2.2), DMOG at 1 

mM significantly inhibited asparaginyl hydroxylation and moderately suppressed HIF 

prolyl hydroxylation (Pro402 and Pro564) in RCC4 cells (Fig 2.5 A). Furthermore, HIF-

1α stabilised by DMOG in VHL-competent cells was also not hydroxylated at Asn803 

(Fig. 2.5 E). DPCA, which was found to inhibit PHD and FIH in vitro (Table 2.2),26, 147 

showed a similar inhibitory pattern in cells (Fig. 2.5 E).  

EDHB was found to stabilise HIF at high dosage, but did not inhibit HIF asparaginyl 

hydroxylation (Fig. 2.5 E) in VHL-competent cells. These observations contrast with the 

in vitro findings for the corresponding acid, DHBA (Ki values for FIH = 10 µM; PHDs 1-

3 = > 300 µM) (Table 2.2).66 However, 2,4-PDC which has recently been shown to 

inhibit histone demethylase activity in cells (JMJD2E, IC50 1.4 µM),139 had no apparent 

effect on HIF prolyl and asparaginyl hydroxylation (Fig. 2.5 F and G); even though its 

corresponding acid 2,4-PDCA is a potent inhibitor for PHD and FIH in vitro (Table 2.2). 

The reasons for these differences are unclear.   

Given that the above agents (i.e. iron chelators, divalent metal ions, DMOG, DPCA, and 

EDHB) mimic hypoxia, and also that they have been shown to inhibit a range of other 

2OG oxygenases, it may be that these inhibitors are unsuitable for clinical applications, 

because the complexity of non-HIF off-target effects would be a major concern. 

Extensive efforts in medicinal chemistry have been directed towards the development of 

specific HIF hydroxylase inhibitors (particularly for the PHDs) by leading 

pharmaceutical companies and academic research groups.74, 160, 161 However, very little 

selectivity data has been reported for these compounds.  
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2.2.4 Selective inhibition of HIF prolyl and asparaginyl hydroxylation  

Having observed diversified inhibitory potencies of the aforementioned agents, studies 

then focused upon investigating the cellular specificities of a number of other HIF 

hydroxylase inhibitors. Previous in vitro studies on recombinant PHD2 and FIH have 

shown that it is feasible to selectively inhibit the HIF hydroxylases by varying the amino 

acid side chain of N-oxalyl amino acid derivatives, with L-amino acids preferentially 

inhibiting PHD2, and D-amino acids preferentially inhibiting FIH.161  

Several bicyclic isoquinoline (BIQ) and N-oxalyl amino acid derivatives (Fig. 2.6 and 2.7, 

respectively) were therefore synthesised and tested in the antibody assays to enable the 

studies of the specificities of these inhibitors against PHDs and FIH in cells (the chemical 

synthesis and characterisation of the BIQ derivatives (1-7) are reported in Chapter 5. N-

Oxalylglycine (NOG) derivatives (8-16) were synthesized by M. Tilliet).161 

 

 

Figure 2.6 Bicyclic isoquinoline (BIQ) derivatives tested as potential HIF hydroxylase inhibitors. 

 



!

 
 

! ! Chapter(2( !
! !

41 

 

Figure 2.7: N-Oxalyl amino acid derivatives tested as potential HIF hydroxylase inhibitors. The dimethyl 
esters were tested in the cell-based experiments. 

 

 

BIQ (1) has been reported to be FibroGen’s first clinical candidate, FG-2216, which is 

currently under Phase II clinical trials for the treatment of anaemia.74, 77 FG-2216 is 

shown to bind similarly to its analogue 8-iodo-bicyclic isoquinoline in the active site of 

PHD2.31, 162  Fig. 2.8 shows two different views of the PHD2 crystal structure in complex 

with BIQ (1) superimposed with the 8-iodo bicylic inhibitor complex.31, 162 The crystal 

structure reveals that the nitrogen atom in the aromatic ring and the amide carbonyl 

oxygen of BIQ (1) chelate the active site iron in a bidentate manner. The active site metal 

coordinates in an octahedral fashion with the inhibitor, His313, Asp315, His374, and a 

water molecule making up the ligands. The carboxylic acid in the glycinamide group 

occupies the 2OG binding pocket, and is positioned to form a salt bridge with Arg383, 

and the 3-hydroxyl group in the isoquinoline moiety hydrogen bonds with the nearby 

Tyr303 residue in the PHD2 active site (Fig. 2.8).31, 162 In addition to competition with 

2OG, the bicyclic isoquinoline inhibitors block the conformational change in PHD2 that 

is required for HIF-substrate binding,34 therefore making them ‘dual-action’ PHD 

inhibitors (a crystal structure of PHD2 in complex with L-Ala-BIQ (3) was later solved 

and will be described in Chapter 5).  
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Figure 2.8: Presentations of two different views of crystal structures of PHD2 in complex with 8-iodo 
bicyclic inhibitor (blue) superimposed with BIQ (yellow). BIQ chelates the active site iron and binds in the 
2OG binding site by forming a salt bridge with Arg383, while its 3-hydroxyl group hydrogen bond with 
Tyr303. The entrance of the PHD2 active site is relatively narrow and ‘slot-shaped’. (PDB ID 2G19) (PDB 
ID 2HBT).31, 162 
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The IC50 values of the BIQ and NOG derivatives (1-15, Fig. 2.6 and Fig. 2.7) were first 

obtained employing an in vitro assay for PHD2 activity using an amplified luminescent 

proximity homogeneous assay (ALPHA, hereafter referred to as the AlphaScreen PHD2 

hydroxylation assay). The AlphaSreen PHD2 hydroxylation assay uses a monoclonal 

HIF-1α hydroxy-Pro564 specific antibody (Hyp564) to detect the hydroxylation of a 

biotinylated CODD peptide (HIF-1α residues 556-574), catalysed by recombinant PHD2. 

Using an AlpaScreen immunoglobulin G (IgG) detection kit (PerkinElmer) containing 

streptavidin-conjugated donor beads and protein A-conjugated acceptor beads,163 the 

interaction of the Hyp564 antibody with the hydroxylated CODD peptide can be detected 

(Fig. 2.9). Standard reaction mixtures consisted of the compound (in < 2% DMSO final 

concentration), 1 nM of PHD2, 20 µM of Fe(II),  200 µM of ascorbate, 60 nM of 

biotinylated CODD peptide and 2 µM of 2OG. The IC50 values for the BIQ and NOG 

derivatives (free acids) against PHD2 obtained from the AlphaScreen hydroxylation 

assay are shown in Table 2.3 and Table 2.4 (experiments were carried out together with 

Andrew M. C. Chan). Reported inhibitory data are shown for comparison. 

 

Figure 2.9: AlphaScreen PHD2 hydroxylation assay setup. In AlphaScreen assays, laser excitation (680 nm) 
of a photosensitiser within the “donor bead” results in the conversion of ambient oxygen to an excited O2 
singlet oxygen (1O2). If an “acceptor bead” (containing thioxene derivative) is within ~200 nm, energy 
transfer occurs, generating a luminescent signal at 520-620 nm. In the absence of an acceptor bead, singlet 
oxygen returns to its ground state and no signal is detected.163, 164 Both donor and acceptor beads can be 
conjugated to biomolecules. In the PHD2 hydroxylation assay, the streptavidin-coated donor and protein-
A-coated acceptor pair was used to detect the hydroxylation of the biotinylated CODD peptide by 
employing the HIF-1α hydroxy-Pro564 (Hyp564) specific antibody. 
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Compounds BIQ (1) 2 3 4 5 6 7 

IC50 

(PHD2)  

1.4  µM  

(73 nM )165 

> 300 µM 

(230 µM)165 

1.1 µM 

(0.512 µM)165 

> 300 µM > 300 µM > 300 µM > 300 µM 

Table 2.3: IC50 values for the bicyclic isoquinoline derivatives (1-7, Fig. 2.6) against purified PHD2 
obtained from an AlphaScreen PHD2 hydroxylation assay.  Reported IC50 values for BIQ 1-3 (in 
parentheses)165 obtained from a time resolved fluorescence resonance energy transfer (FRET) turnover 
assay are shown for comparison. The variations in absolute IC50 values may reflect differences in assay 
conditions used in the assays. 

 

 NOG (DMOG) 8 (9) 10 (11) 12 (13) 14 (15) 

PHD2 4.6 µM               

(Ki 8 µM)26 

>300 µM (Does not 

inhibit)161 

9.5 µM    

(Inhibits)161 

> 300 µM (Does 

not inhibit)161 

> 300 µM (Does 

not inhibit)161 

FIH (Ki 2 µM) 24 (Inhibits) 161 (Inhibits) 161 (Ki 83 µM)161 (Does not 

inhibit)161 

Table 2.4: IC50 values for the NOG derivatives (1-7, Fig. 2.6) against purified PHD2 obtained from an 
AlphaScreen PHD2 hydroxylation assay. Reported inhibitor data or Ki values (in parentheses) for NOG 
derivatives (tested at 1 mM)161 against purified FIH and PHD2 are shown for comparison. Compound 
numbers in parentheses indicate the corresponding dimethyl esters tested in the cell-based experiments.  

 

The HIF hydroxy-residue specific antibody assays were then employed to investigate the 

specificities of the BIQ and NOG derivatives on HIF hydroxylase inhibition in RCC4 

cells. Similarly to the in vitro data (Table 2.3), the cell-based results show that BIQ (1) 

and L-Ala-BIQ (3) (IC50 values of 1.4 , and 1.1 µM, respectively) strongly suppress HIF 

prolyl hydroxylation at both Pro402, and Pro564 sites in RCC4 cells. Furthermore, their 

inhibitory activities are shown to be highly specific for prolyl over asparaginyl 

hydroxylation (Fig. 2.10 A). These observations were further confirmed in the assays 

using RCC4/VHL cells. In contrast to DMOG-induced HIF-1α, in which asparaginyl 

hydroxylation was almost completely inhibited, both the BIQ (1) and L-Ala-BIQ (3)-

induced HIF-1α were strongly hydroxylated at Asn803 (Fig. 2.10 B).    
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Figure 2.10: BIQ (1) and L-Ala-BIQ (3) demonstrate selective inhibition against HIF prolyl hydroxylation. 
(A) and (F), RCC4 cells. (B-E) RCC4/VHL cells. Cells were treated with the bicyclic isoquinoline (BIQ) 
or the N-oxalyl amino acid derivatives at the indicated concentrations for 5 h. DMOG was prepared as 100 
mM stock in PBS solution; other compounds were prepared as100 mM stock solutions in DMSO and added 
to cells at 0% or 1% DMSO. Controls were treated with 0-1% DMSO in accordance with the diluent used 
for the test substance. Unless otherwise stated, DMOG was used as a positive control at 1 mM. ‘Control’ 
means untreated cell-sample.  

 

As expected, D-Ala-BIQ (2), D-Val-BIQ (6), and L-Val-BIQ (7) did not stabilise HIF-1α 

(Fig. 2.10 C-D), in line with the in vitro results which indicate that they are weak PHD 

inhibitors (Table 2.3). Surprisingly, despite its D-amino acid side chain and bulky 

aromatic ring (which was expected to hinder its binding to PHD active site), D-Phe-BIQ 

(4) (IC50 for PHD2 >300 µM), was observed to weakly upregulate HIF-1α in RCC4/VHL 

cells at high dosage (Fig. 2.10 E). D-Phe-BIQ (4) was also shown to inhibit HIF prolyl 

and asparaginyl hydroxylation to a certain extent in RCC4 cells (Fig. 2.10 F). However, 
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some morphological changes were observed when cells were treated with 4 at high 

concentrations which indicate compound toxicity in cells. It seems likely that the binding 

mode of D-Phe-BIQ (4) to PHD2 is different from its analogues including BIQ (1). 

Consistent with the in vitro data, DM-D-Ala (9) did not upregulate HIF-1α. However, 

unlike L-Ala-BIQ (3), its N-oxalyl counterpart, DM-L-Ala (11) did not stabilise HIF-1α in 

RCC4/VHL cells (Fig. 2.10 C), contrast with the in vitro observations which show that 

NO-L-Ala (10) (its free acid) (IC50 9.5 µM) is a potent PHD inhibitor.161 It is possible that 

compound 11 might be less cell-permeable compare to DMOG. 

Previous efforts to develop specific FIH inhibitors have shown that the 2OG competitive 

inhibitor N-oxalyl-D-phenylalanine (NO-D-Phe, 12) (Ki value of 83 µM for FIH), together 

with other N-oxalyl-D-amino acid derivatives (e.g. alanine (8), leucine and valine) 

selectively inhibits FIH over PHD2.161 A crystal structure of FIH in complex with NO-D-

Phe (12) reveals that the phenyl ring of the 12 in the FIH active site causes a slight 

distortion in the octahedral-coordination of the ligands to iron (apart from the inhibitor, 

the other ligands comprise two histidines, an aspartic acid and a water molecule) (Fig. 

2.11) and is likely to hinder oxygen and HIF-substrate binding.161  

       

Figure 2.11: View from a crystal structure of NO-D-Phe (12) in complex with FIH and Fe(II) (only 
selected amino acid residues are shown (PDB ID 1YCI). The phenyl ring of NO-D-Phe (12) causes a slight 
distortion in the octahedral-coordination of the ligands to the active site Fe(II). 
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Whether NO-D-Phe (12) can selectively inhibit HIF-asparaginyl hydroxylation in cells 

was next examined. For comparison, NO-D-Phe (12) and its L-enantiomer (14), together 

with their potential cell-permeable esterified derivatives (DM-D-Phe (13) and DM-L-Phe 

(15), (see Fig. 2.7 for structures)) were tested in the cell-based antibody assays. RCC4 

cells were treated with both the esters and free acids; the results are shown in Fig. 2.12. 

The NO-D-Phe (12) and DM-D-Phe (13) were shown to specifically suppress HIF 

asparaginyl hydroxylation over prolyl hydroxylation in RCC4 cells at high dosage (Fig. 

2.12 A). However, the L-enantiomers (14, and 15) did not. The free acid 12 is a less 

potent inhibitor, suggesting that the dimethyl ester may be more cell-penetrating.  

When DM-D-Phe (13) was tested in RCC4/VHL cells, it did not upregulate HIF, thus 

further confirming that it does not inhibit the PHDs (Fig. 2.12 B). In addition, DM-D-Phe 

(13) was also found to substantially inhibit HIF asparaginyl hydroxylation in both 

hypoxic- and Co(II)-stabilised HIF-1α (Fig. 2.12 C and D), although to a lesser extent in 

the latter. DM-D-Phe (13) seems to be, so far, the first cell-permeable selective FIH 

inhibitor that has been reported. Although there has been little selectivity data available 

for other 2OG oxygenases, initial in vitro screening showed that NO-D-Phe (12) is not a 

potent inhibitor for collagen prolyl-4-hydroxylase (C-PH4) and histone lysine 

demethylase (JMJD2E).20, 166 

Furthermore, in addition to HIF, FIH also catalyses asparaginyl hydroxylation in a wide 

range of ankyrin repeat domain (ARD) proteins that play roles in the inflammatory 

response, cell-cyle regulation, and development. ARD proteins are expressed in relatively 

high abundance across a wide range of cells; some of these, such as the Notch-1 receptor, 

were found to compete with HIF-1α in vitro. However, the significance of ARD 

hydroxylation in vivo remains unclear.4, 167-171 Therefore, the specific cell-permeable 

inhibitor DM-D-Phe (13) could be useful for further functional assignment work for FIH.   
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Figure 2.12: Selective chemical inhibition of HIF asparaginyl hydroxylation by DM-D-Phe (13). (A) 
RCC4 cells were treated with inhibitors at indicated concentrations for 5 h. Immunoblots show inhibition 
on Asn803 hydroxylation by DM-D-Phe (13) and NO-D-Phe (12).  (B) DM-D-Phe (13) did not upregulate 
HIF-1α in RCC4/VHL cells (5 h). (C) Asparaginyl hydroxylation was strongly suppressed in the DM-D-
Phe (13) treated RCC4/VHL cells (5 h) exposed to hypoxia (1% oxygen, last 2 h). (D) DM-D-Phe (13) 
substantially inhibited asparaginyl hydroxylation in the hypoxia- and Co(II)- induced HIF-1α in 
RCC4/VHL cells (5 h). 
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2.2.5 Evaluation of 8-hydroxyquinolines (8HQ) as HIF hydroxylase inhibitors  
 

 
A series of C-5 and C-7 substituted 8-hydroxyquinoline (8HQ) derivatives have 

previously been reported as histone demethylase (JMJD2E)139 and HIF prolyl 

hydroxylase162 inhibitors, respectively. The C-7 substituted 8HQs were developed by 

Procter and Gamble Pharmaceuticals Inc. as potential anti-anaemia drugs.162 Using a 

VEGF ELISA assay as an indirect measure of PHD inhibition in cells (VEGF is a 

downstream biomarker for HIF-1α stabilization), 8HQs 16 and 17 were identified as 

relatively potent PHD inhibitors (having EC50 values of 0.58 µM and 0.62 µM, 

respectively).162 Reported docking studies of 8HQ 16 with PHD2162 predicted that the 

compound binds in a different mode when compared to NOG and BIQ (in which both 

form a salt bridge with Arg383, see above). The 8HQ 16 distal phenyl group is predicted 

to position in a way that allows it to interact with Arg322 (i.e. cation-Π interaction) close 

to the entrance of the active site (Fig. 2.13).162 

  

 

 
Figure 2.13: Reported docking studies suggested 8HQ 16 binds in a different binding mode when 
compared to NOG in the PHD2 active site.162 This figure was created by docking 8HQ 16 into a crystal 
structure of PHD2 in complex with NOG (with the assistance of Dr M. McDonough) (PDB ID 3HQR) (see 
also Fig. 2.4 A).  
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Several C-5 substituted 8HQs have also been reported as non-specific inhibitors for the 

histone demethylase JMJD2E, PHD2 and FIH in vitro.139 5-Carboxy-8HQ (22) was 

reported to be a JMJD2E inhibitor, with an IC50 value of 86.5 µM.139 To date, there have 

been no specific biological inhibition data available for the HIF hydroxylases with these 

compounds. Thus, a number of reported and novel 8HQs (19-21 and 23-25) (see Fig. 

2.14 for structures) were synthesised and evaluated as HIF hydroxylase inhibitors using 

the cell-based antibody assays. The 8HQs 16-19 were prepared by Owen K-H Chang; 

other 8HQ derivatives (except 22 which was from Sigma) were synthesised by Dr Esther 

C. Y. Woon. IC50 values for 8HQs were obtained from the AlphaScreen PHD2 

hydroxylation assay (by Andrew M. C. Chan) or from the literature. The inhibitory data 

of the 8HQs are shown in Table 2.5.  

 

 
 
 

Figure 2.14: C-5 and C-7 substituted 8-hydroxyquinoline analogues evaluated as HIF hydroxylase 
inhibitors. 
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 16 17 18 19 20 
IC50 (PHD2) 7.2 µM162 4.6 µM162 7.4 µM162 > 300 µM > 300 µM 

 
 21 22 23 24 25 

IC50 (PHD2) 131.6 µM > 300 µM > 300 µM 25.3 µM 27.8 µM 
 

Table 2.5: IC50 values for the 8-hydroxyquinoline (8HQ) derivatives against PHD2. 
 

 
Despite their varying inhibitory potencies as shown from the in vitro PHD2 assays 

(Table 2.5), all the tested 8HQs (16-25) substantially stabilised HIF-1α in the VHL-

competent cells (Fig. 2.15 A and B). However, they were later shown also to inhibit HIF 

asparaginyl hydroxylation (Fig. 2.15 C-E) with C-7 substituted 8HQs (16-21) 

preferentially inhibiting prolyl hydroxylation over asparaginyl hydroxylation (Fig. 2.15 

C-D); and C-5 substituted 8HQs preferentially inhibiting asparaginyl hydroxylation over 

prolyl hydroxylation (Fig. 2.15 E).  

 

C-7 Substituted 8HQs 17 and 18 with electron donating (methoxy) group(s) at the phenyl 

ring were shown to be slightly more potent than 8HQ 16 in cells (Fig. 2.15 C), even 

though they exhibit similar potencies in vitro (Table 2.5).162 Interestingly, 8HQs 19 and 

20 (IC50 values > 300 µM) which displayed weaker inhibitory potencies than 21 (IC50 

131.6 µM) in vitro, exhibit greater potencies in cells (Fig. 2.15 D). In contrast, 8HQ 24 

which is a more potent PHD inhibitor in vitro (PHD2 IC50 25.3 µM) only moderately 

inhibited prolyl hydroxylation in cells. The reasons for the differences between the 

observations in vitro and in cells are unclear; it may be due to the different cell-

permeability of the compounds. However, 8HQ 25 (PHD2 IC50 27.8 µM) with an amino-

triazole side chain (which may be expected to have low cell permeability) was found to 

be the most potent PHD inhibitor among the tested C-5 substituted 8HQs in cells (Fig. 

2.15 E).  

 

Overall, the cell-based results indicate that the C-5 and C-7 substituted 8HQs (16-25) 

displayed partial selectivities against HIF hydroxylase inhibition.  It could be anticipated 

that other C-5 and C-7 substituted 8-hydroxyquinoline analouges are likely to inhibit both 

HIF hydroxylases and possibly other 2OG dependent oxygenases. Thus, they may not be 
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ideal templates for the design of specific HIF prolyl or asparaginyl hydroxylase 

inhibitiors.  

 

 
 

 
 

 
 

Figure 2.15: Most of the tested 8-hydroxyquinoline (8HQ) derivatives displayed partial selectivies against 
HIF prolyl hydroxylation over asparaginyl hydroxylation. (A-B) RCC4/VHL cells; C-E RCC4 cells. Cells 
were treated with the 8HQs at indicated concentrations for 5 h.  Immunoblots were probed with the 
indicated antibodies. Unless otherwise stated, DMOG and BIQ (1) at 1 mM were used as positive controls. 
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2.2.6  4-Hydroxy-2-oxo-1,2-dihydroquinoline glycinamide analogues (4HQs) as   
          specific HIF prolyl hydroxylase inhibitors  
 
A series of 4-hydroxy-2-oxo-1,2-dihydroquinoline glycinamide analogues (referred to 

here as 4HQs) and other closely related glycinamide derivatives (e.g. pyridinone and 

pyrimidone moiety) have been developed by GlaxoSmithKline and Amgen as PHD 

inhibitors for the treatment of anaemia and ischeamia related diseases (Figure 2.16 

shows examples of these inhibitors).74 These PHD inhibitors have reported PHD3 IC50 

values of < 1 µM and EC50 values of < 20 µM.74 It has also been shown that substitution 

on the N1 with a benzyl or alkyl group and substitution on C6 and C7 with electron 

withdrawing groups such as bromo and fluoro were preferred.74 However, selectivity data 

of these 4HQ inhibitors (Fig. 2.16) has not been reported. Therefore, investigations were 

attempted to determine the selectivities of the 4HQ inhibitors employing the HIF 

hydroxy-residue specific antibody assays.  

 

 

 
 

Figure 2.16: GlaxoSmithKline and Amgen’s glycinamide-based PHD inhibitors. a – Refs.172-174 b -  
Refs.175-177.  
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A series of 4HQs (26-31, Fig. 2.17) were synthesised (by Dr J. Candela) and tested in the 

in vitro and cell-based assays. IC50 values for the 4HQ derivatives (26-31) against PHD2 

(Table 2.6) were determined using the AlphaScreen PHD2 hydroxylation assay (by 

Andrew M. C. Chan). The in vivo inhibitory potencies and specificities of these 4HQs 

were then compared with the proposed clinical candidate BIQ (1) (IC50 73 nM)165 and 

bicyclic naphthalenylsulfone (BNS), a potent PHD inhibitor (PHD2 IC50 27 nM) 

developed by Amgen.178  

 

 
 
 
Figure 2.17: Structures of the 4-hydroxy-2-oxo-1,2-dihydroquinoline glycinamide analogues (4HQs), 
bicyclic isoquinoline (BIQ) and bicyclic naphthalenylsulfone (BNS) tested in the cell-based experiments.  
 
 
 

 26 27 28 29 30 31 BIQ (1) BNS 

IC50 (PHD2) 22 nM >300 µM 11 nM 44 nM 1200 nM 48 nM 73 nM165 27 nM178 

 

Table 2.6: IC50 values for the 4HQs (26-31), bicyclic isoquinoline (BIQ) and bicyclic naphthalenylsulfone 
(BNS) against PHD2.  
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Given the structural similarities between the 4HQs and BIQ (1), they can be predicted to 

bind in a similar manner as BIQ (1) does, i.e. the 4HQ 2-oxo-group and amide carbonyl 

oxygen would probably chelate the active site iron, and the carboxylate group in the 

glycinamide side chain would form hydrogen bond with the Arg383 residue, while the 4-

hydroxyl group would interact with Tyr303 (see also Fig. 2.9). However, two possible 

iron coordination/binding modes have been predicted for BNS (Fig. 2.18).178 Modelling 

studies indicate that salt bridge formation is possible between the carboxylate moiety of 

the BNS and Arg383 (a key binding element in the 2OG binding site) for both the two 

putative iron binding modes.178  

 
 

 
 

Figure 2.18: Two putative iron binding modes for BNS in the PHD active site.178 

 

The 4HQs (26-31) were first tested in the HIF hydroxy-residue specific antibody assay in 

RCC4 cells (Fig. 2.19 A and B). Consistent with the in vitro data, all 4HQs except 27 

(with PHD2 IC50 values ranging from 10-1200 nM) (Table 2.6) significantly inhibited 

HIF prolyl hydroxylation at 250 µM. The bulky tert-butyl group in 27 (PHD2 IC50 > 300 

µM) is expected to hinder its binding to the PHD2 active site (in vitro) or prevents it from 

penetrating into the cells, rendering the compound an ineffective PHD inhibitor. The 

results also demonstrate that the 4HQs (26, 28-31) and BNS are highly selective against 

HIF prolyl hydroxylation over asparaginyl hydroxylation.  Compounds 28, 29, and BNS 

are more potent than BIQ (1) in the tested cells (Fig. 2.19 B, compare lanes 3, 7, 9, 13).  
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Figure 2.19: Selective inhibition of HIF prolyl hydroxylation demonstrated by the 4-hydroxy-2-oxo-1,2-
dihydroquinoline glycinamide analogues (4-HQs). (A-B) RCC4 cells. (C-E) VHL-competent cells as 
indicated, 293T (human embryonic kidney cell line); U2OS (human osteosarcoma cell line), and 
RCC4/VHL. Cells were treated with various 4HQ inhibitors at indicated concentrations for 5 h. 
Immunoblots (A) and (B) show 4HQs selectively inhibit Pro564 hydroxylation over Asn803 hydroxylation. 
(C) shows asparaginyl hydroxylation in the 4HQs stabilised HIF-1α was not suppressed by the inhibitors. 
(D) shows 4HQs upregulate HIF-1α in U2OS cells. (E) The potency of HIF-stabilisation by 4HQ 28 was 
compared with BIQ and BNS.  
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When VHL-competent human embryonic kidney 293T cells, human bone osteosarcoma 

U2OS cells and RCC4/VHL cells were treated with the 4HQs, they effectively stabilised 

HIF-1α as expected (Fig. 2.19 C-E). Their selective inhibition of HIF prolyl over 

asparaginyl hydroxylation was again demonstrated in VHL competent cells. Similar to 

BIQ (1), it was shown that asparaginyl hydroxylation in the 4HQ-induced HIF-1α was 

not suppressed by the 4HQs (Fig. 2.19 C, compare immunoblot signals of HyAsn803 to 

total HIF-1α), therefore indicating specific inhibition of the HIF prolyl hydroxylases.  

 

The level of HIF-1α protein stabilised by 4HQ treated cells was also found to be many 

fold higher than DMOG-induced HIF at the same concentration (Fig. 2.19 C, HIF-1α 

long exposure immunoblot, compare lanes 2, 6, 8, 10), suggesting the 4HQ glycinamide 

derivatives are potent hydroxylase inhibitors, in keeping with the in vitro results which 

show they inhibit at an nanomolar range (Table 2.7). The cell-based assays reveal that 28 

and 29 are potent inhibitors (with in vitro PHD2 IC50 values of 11 nM and 44 nM 

respectively) among the tested 4HQs, showing that a phenyl substituent in N-1 is 

preferred. The phenyl substituent is expected to promote hydrophobic interaction 

between the compound and the active site residues. However, N-alkyl substituted 4HQs 

(e.g. N-methyl (26) N-allyl (30) and N-octyl (31); with IC50 values 22 nM, 1200 nM, and 

48 nM respectively) showed slightly lower potencies in cells (Fig. 2.19 B-D).  

 

The potency of 28 was then compared to two other potent HIF prolyl hydroxylase 

inhibitors, BIQ (1) and BNS in RCC4/VHL cells. At concentrations lower than 250 µM, 

28 appeared to upregulate HIF-1α to a higher level when compared to BIQ (1) (Fig. 2.19 

E, compare lanes 3 and 7); but to a lower level than BNS (compare lane 8 and 12). Thus, 

the potencies of these specific HIF prolyl hydroxylase inhibitors in cells can be ranked in 

the order of BNS > 28 > BIQ (1).  

 
 
 
 



!

 
 

! ! Chapter(2( !
! !

58 

2.3 Discussion 

The work described in this chapter enabled a comparative analysis of different modes of 

chemical inhibition of HIF-1α hydroxylation sites using hydroxy-residue specific 

antibodies. It is worth noting that although the use of RCC4 (VHL-defective) cells was 

necessary to enable direct comparison of the effects of chemical intervention on prolyl 

and asparaginyl hydroxylation, activation of the HIF transcriptional response in these 

cells also leads to constitutive expression of two of the HIF prolyl hydroxylases (PHD2 

and PHD3), which are themselves HIF-target genes.17, 179 In contrast, FIH expression is 

unlikely to be affected by the VHL status.142 Therefore, it is suggested that VHL-

competent cells which express relatively lower levels of endogenous PHD2 and PHD3 

could more effectively reflect the differential sensitivities of HIF prolyl and asparaginyl 

hydroxylation to chemical intervention.  

Striking differences were observed in cells among inhibitors that are often regarded as 

being non-specific hydroxylase inhibitors in vitro and which are commonly applied to 

cells as hypoxia mimetics. It is important to note that the effects may vary in different 

types of cells/tissues. However, at least in the tested cell types, the generic 2OG analogue 

DMOG was found to be more effective at suppressing HIF asparaginyl hydroxylation 

than HIF prolyl hydroxylation. In contrast, at concentrations that had marked effects on 

HIF prolyl hydroxylation, iron chelators were much less effective, and transition metals 

ions such as Co(II) and the small-molecule inhibitor EDHB, were almost completely 

ineffective in inhibiting HIF asparaginyl hydroxylation in cells, contrary to the in vitro 

findings.  

Desferrioxamine (DFO), Co(II), Ni(II), and Mn(II) were reported to be effective 

inhibitors for recombinant FIH, but almost ineffective against  the PHDs 1-3 (purified 

from insect cells), reflecting the weaker Fe(II) binding of HIF asparaginyl hydroxylase in 

vitro.66 It seems likely that the apparent resistance of FIH to inhibition by iron chelators 

and metal ions observed in cells suggests a more complex mechanism than facile 

exchange of the metal ions with a labile cellular pool, one speculation being the presence 
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of additional binding/transport proteins in the exchange/delivery processes.30 These 

findings further suggest that PHD and FIH might have different physiological roles in 

responses to changes in intracellular iron in regulating the HIF-system.   

Interestingly, in a separate study, HIF-1α Asn803 hydroxylation was also found to be 

substantially more resistant to hypoxia and chronic hypoxia than Pro402 and Pro564 

hydroxylation. Asparaginyl hydroxylation was shown to remain at 50~90% in different 

VHL-competent cells exposed to 1% oxygen and in the region of 40% in VHL-defective 

cells exposed to severe hypoxia (0.1%). In addition, the hydroxylation was found to 

persist in human tumour tissues.142  

Although asparaginyl hydroxylation in the C-terminal transactivation domain (CAD) of 

HIF-α has been shown to inhibit HIF transcriptional activity (i.e. via preventing the 

interaction between HIF-α and co-activator p300/CBP, see Chapter 1 (Fig. 1.5)), it may 

not be the case for all HIF-target genes and in all cellular contexts. HIF-mediated 

responses are clearly activated in VHL-deficient cells and in some well-oxygenated 

tumours, in which HIF asparaginyl (and prolyl) hydroxylation remained at a high level.144, 

180 Despite the high levels of HIF-1α asparaginyl hydroxylation observed in the Co(II)- 

and specific PHD inhibitor- (e.g. BIQ (1)) treated cells in this study; both treatments have 

previously been reported to significantly induce EPO (and other HIF-target genes) which 

is dominantly regulated by the HIF pathway.20, 79 Therefore, it is possible that HIF-target 

genes could be activated by a second transactivation domain in the N-terminal (NAD), as 

HIF-1α variants lacking the CAD have also been shown to upregulate certain HIF-

targets.180, 181 This speculation is supported by a recent report which shows that besides 

interacting with HIF-α CAD, the coactivator p300/CBP can also directly interact with 

NAD mediates the transactivation function.182  

Suppression or over-expression of FIH, which alters HIF asparaginyl hydroxylation in 

both directions have reciprocal effects on the expression of a range of HIF-transcriptional 

genes.183 An important question raised by these findings is to what extent HIF 

asparaginyl and prolyl hydroxylation need to be inhibited to yield a therapeutic HIF-

response. Therefore, the identification of specific cell-permeable FIH and PHD small-
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molecule based inhibitors within this study should assist in guiding attempts to 

pharmacologically modulate the hypoxia pathway. However, it is worth noting that the 

HIF-transcriptional response may potentially involve contributions from oxygenases 

other than the HIF hydroxylases.184-186 Indeed, it may be that the relatively non-specific 

inhibitors may better mimic the natural hypoxic response. 

Although this study has focused mainly on HIF-1α, it is worth noting that chemical 

inhibition of the HIF hydroxylases may also have different effects on the regulation of 

other HIF-α isoforms. Small interfering RNA (siRNA) targeting each PHD has 

demonstrated differential effects on HIF-1α and HIF-2α activation. Suppression of PHD1 

and PHD3 were found to have greater influence on HIF-2α than HIF-1α, whereas the 

converse was observed for PHD2.37 Therefore, the potential contributions of other HIF-α 

isoforms in the HIF-mediated response cannot be excluded when considering the 

therapeutic intervention approaches.  

 
 
 
2.4 Conclusions and future directions 

 

The studies described in this chapter comprise the first direct analysis of the differential 

modulation of HIF prolyl and asparaginyl hydroxylation by chemical inhibition in cells. 

Hydroxy-residue specific antibodies, whose performance was validated by MS, were 

used to analyse hydroxylation levels at each of the three known sites of hydroxylation in 

human HIF-1α (Pro402, Pro564, and Asn803). The findings reveal major differences in 

the regulation of HIF prolyl and asparaginyl hydroxylation and their sensitivities to 

supposedly nonspecific hypoxia mimic inhibitors. Whereas these substances induced HIF 

by inhibition of prolyl hydroxylation, they have highly variable effects on asparaginyl 

hydroxylation. 
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Employing the newly developed HIF hydroxy-residue specific antibody assays, the 

current work has taken the first steps to provide biological selectivity data of previously 

developed and novel HIF hydroxylase inhibitors, which has resulted in the identification 

of several specific cell-permeable PHD inhibitors (BIQ (1), L-Ala-BIQ (3), 4HQs (28-30) 

and BNS), and one specific FIH inhibitor (DM-D-Phe (13)). The results clearly 

demonstrate that high specificity could be achieved in inhibiting each of the HIF 

hydroxylases by these small-molecule based inhibitors in cells.  

Despite being a sensitive method for the studies of HIF-α protein modification, the HIF 

hydroxylase cell-based antibody assays that employ immunoblotting techniques can be 

technically demanding, time consuming and labour intensive; therefore, it is normally not 

suitable for high throughput screening. Nevertheless, the current work should provide a 

foundation for the development of high throughput screening methods such as enzyme-

linked immunosorbent assay (ELISA) employing the hydroxy-residue specific antibodies.  

Other future studies may involve: 

i) Quantitative analysis (densitometry or other measurements) of the extent of 

inhibition by the chemical inhibitors in cells. 

ii) More detailed kinetic studies, such as the determination of EC50 values of the 

HIF hydroxylase inhibitors in cells. 

iii) Selectivity studies of the specific PHD and FIH inhibitors over other 2OG 

oxygenases including the functionally related collagen prolyl-4-hydroxylase 

and the recently indentified tumour-associated chromatin modifying enzymes, 

the histone demethylases.187, 188 189  

iv) Microarray analysis of the potential differential effects of the specific HIF 

hydroxylase inhibitors on modulating HIF-target gene expressions.   
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Chapter 3:  Assessment of the Ability of 
Oncometabolite 2-Hydroxyglutarate  

to Inhibit 2-Oxoglutarate Dependent Oxygenases 
 

 

3.1 Background and Objectives 

 

Increased HIF-1α activity in defective isocitrate dehydrogenase (IDH) gliomas has been 

proposed as a direct result of competitive inhibition of PHD activity caused by excessive 

accumulation of R-2-hydroxyglutarate (R-2HG) in the tumour growth environment.109 

However, no experimental evidence has yet been shown to support this hypothesis (see 

also Introduction in Section 1.3.3). 

 

It was envisaged that the newly developed HIF hydroxy-residue specific antibody assays 

described in Chapter 2 would enable direct measurement of potential inhibitory effects 

of elevated 2HG on all the three HIF hydroxylation sites (i.e. Pro402 in NODD, Pro564 

in CODD, and Asn803 in CAD). This would provide an ideal tool for probing the 

mechanism of action of the oncometabolite R-2HG on the HIF system. This chapter 

describes the use of this assay to test the hypothesis of 2HG inhibition of the HIF 

hydroxylases. 

 

There are approximately sixty human 2OG dependent oxygenases.190 Many of these 2OG 

oxygenases have reported Km values for 2OG close to its reported physiological 

concentrations.32, 190, 191 This makes them potentially susceptible to fluctuation of 

intracellular 2HG192 and suggests that inhibition by 2HG may be pathophysiologically 

relevant.108, 193 Given the high concentrations of R-2HG (approximately 5-35 mM) in the 

IDH-associated tumours (tumours with wild-type IDH1 have 100-fold less R-2HG),109 it 

was hypothesised that 2HG may also inhibit other 2OG oxygenases.  
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Among the 2OG oxygenases, the chromatin-modifying histone demethylases have 

recently been associated with oncogenesis.187, 188  The effects of 2HG elevation on both 

histone demethylases (i.e. JMJD2A, JMJD2C, and FBXL11) and HIF hydroxylases (i.e. 

PHD and FIH) were therefore investigated using different biochemical and structural 

analyses. The work in this chapter was carried out in collaboration with Dr R. 

Chowdhury, Dr L. Hillringhaus, Dr N. R. Rose, and Dr A. Kuwamura and has been 

reported in EMBO Reports (2011).184  
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3.2 Results 
 

3.2.1 R-2HG is an ineffective inhibitor for HIF prolyl hydroxylases in cells 

 

Potential inhibitory effects of 2HG on the activities of the PHDs and FIH were first 

examined using the HIF hydroxy-residue specific antibody assays described in Chapter 

2. Cell-penetrating 2HG analogues - dimethyl R-2HG and dimethyl S-2HG (hereafter 

R/S-2HG) (prepared by Dr Esther C. Y. Woon) (Fig. 3.1) were used as an exogenous 

source of 2HG in the cell-based experiments. The dimethyl 2HG esters were first tested 

using RCC4 VHL-defective cells (i.e. RCC4 cells) by incubation (4 h) at a range of 

concentrations (0.1-100 mM) (Fig. 3.2 A-B). Cells were harvested and extracts were 

analysed by immunoblotting, employing the HIF hydroxy-residue specific antibodies.  

Dimethyloxalylglycine (DMOG), a cell-penetrating derivative of N-oxalylglycine (NOG) 

(a ‘generic’ 2OG oxygenase inhibitor) and/or the specific PHD inhibitor bicyclic 

isoquinoline compound (BIQ) were used as positive controls (Fig. 3.1). 

 

 
 
Figure 3.1: Structures of the cell-permeable 2-hydroxyglutarate (2HG) analogues, dimethyloxylglycine 
(DMOG) and the bicyclic isoquinoline inhibitor (BIQ) used in the cell-based experiments.    
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A potent HIF hydroxylase inhibitor normally displays suppression of HIF hydroxylation 

at 0.1-1 mM (see Chapter 2), however, the R/S-2HG did not show any inhibition at low 

concentrations (Fig 3.2 A). When exposed to higher concentrations (> 50 mM), the 2HGs 

were found to be cytotoxic (observed from morphological changes/detachment of cells) 

(Fig. 3.2 B). However, inhibition of asparaginyl hydroxylation was observed in both the 

R- and S-2HG treated cells at multiple additions (10 mM x 8 at 30 min intervals). Prolyl 

hydroxylation was weakly suppressed by the 2-HG enantiomers under these assay 

conditions (Fig. 3.2 B, lanes 6 and 11). Multiple additions (10 mM x 8 at 30 min 

intervals) were therefore considered as the optimum testing conditions.  

 

Further assays were carried out in triplicate and the extent of suppression by R- and S-

2HG on each HIF hydroxylation site were measured and analysed by densitometry of the 

immunoblot signals. Representative immunoblots and quantification data of the 2HG 

treated samples (8 x 10 mM additions, at 30 min intervals) are shown in Fig. 3.2 C and 

D. The results show that both R- and S-2HG inhibit HIF asparaginyl hydroxylation more 

than 50%, whereas S- but not R-2HG shows modest inhibition of prolyl hydroxylation (~ 

30%) at this high dose exposure (Fig. 3.2 D). 
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Figure 3.2: Inhibition of HIF prolyl hydroxylation and asparaginyl hydroxylation by R- and S-2HG in 
RCC4 cells. (A) and (B) Immunoblots of protein extracts from RCC4 cells (renal cell carcinoma) treated 
for 4 h with different doses of R- and S-2HG compared to a DMSO-treated negative control and DMOG or 
DMOG  + BIQ positive controls (1 mM). (C) Representative immunoblots of the R- and S-2HG treated (10 
mM × 8) samples. R-and S-2HG were tested in their dimethyl ester forms. Signals of total HIF-1α and 
hydroxylated NODD (Hyp402), CODD (Hyp564) and CAD (HyAsn803) were analysed. (D) Quantification 
of data from (C) and two other independent experiments (data not shown) by densitometry; band intensities 
were normalized to HIF-1α signals. Vertical bars represent standard errors (n > 3). 
 



!

 
 

! ! Chapter(3( !
! !

67 

These results suggest that R-2HG, the enantiomer over-produced by IDH1 mutants,109 did 

not effectively inhibit the HIF prolyl hydroxylation and would therefore likely be 

relatively ineffective in upregulating HIF-1α. To test this directly, R-/S-2HG dimethyl 

esters were applied to various VHL-competent cells including RCC4 re-expressing 

functional VHL (RCC4/VHL), human hepatoma Hep3B cells and breast cancer MCF7 

cells either at a single dose (20 mM) or multiple additions (8 x 10 mM additions, at 30 

min intervals). Neither dose of R-2HG induced HIF-1α. Modest HIF-1α induction was 

observed with S-2HG treated cells (see Fig. 3.3 A, lanes 6, 10, 11, and 14), consistent 

with the previous results which showed S-2HG modestly inhibited HIF prolyl 

hydroxylation in RCC4 cells (Fig. 3.2 C and D). Minimal HIF-2α accumulation was also 

observed in some samples (Fig 3.3 A, lanes 10 and 11). Since HIF asparaginyl 

hydroxylation is more 2HG-sensitive than prolyl hydroxylation (based on the assay in 

RCC4 cells), the HIF-1α induced by S-2HG was therefore anticipated not to be 

hydroxylated at Asn803. It was subsequently confirmed that this was the case (Fig 3.3 

B). 

 
Figure 3.3: (A) Effect of R-/S-2HG on HIF-1α protein levels in Hep3B (human hepatoma cell line), 
RCC4/VHL (renal cell carcinoma re-expressing functional VHL) and MCF7 (breast cancer cells). (B) 
Immunoblot analyses of HIF1α asparaginyl hydroxylation of selected samples from (A). RCC4 VHL-
defective protein extracts were used as positive controls for the HIF-1α/HIF-2α immunoblots in (A) and 
HyAsn803 immunoblots (lane 12-14) in (B).  
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3.2.2 R-/S-2HG inhibit histone Nε-methyl lysine demethylase JMJD2A in cells 

 

Evidence from epigenetic studies has started to change our view of cancer, which was 

previously thought primarily be a genetic disorder (i.e. resulting from mutation in DNA 

sequence). Chromatin modifications as a result of post-translational alterations to 

histones (i.e. acetylation, methylation, or demethlyation) have recently been associated 

with cancer progression in different types of tumours.187, 188189 Therefore, the effects of 

2HG on histone Nε-methyl lysine demethylase JMJD2A activity in cells were next 

investigated using an immunofluorescence assay (carried out by Dr L. Hillringhaus).  R-

/S-2HG dimethyl esters were added (5 mM or 10-mM x 8 additions, at 30 min intervals) 

to Hela cells transfected with JMJD2A expressing plasmid. DMOG (2.5mM) was used as 

a positive control and for comparison (Fig. 3.4 A). Surprisingly, both 2HG enantiomers 

were found to inhibit JMJD2A in a dose-dependent manner (Fig. 3.4 B), with R-2HG 

demonstrating slightly more potent inhibition (data analysed by Dr L. Hillringhaus).184   

 
 
Figure 3.4:  Inhibition of JMJD2A (KDM4A) activity revealed the immunofluorescence assay. N-
terminally Flag-tagged JMJD2A protein was overexpressed in Hela cells. Results with DMOG are shown 
as comparison. (A) Indirect immunofluorescence analyses using antibodies against H3K9me3 (left panels) 
or Flag (middle panels) were used to analyse the inhibition of ectopically expressed JMJD2A. DAPI (4´,6-
diamidino-2-phenylindole) staining (right panels) indicates location of nuclei. Rows represent control 
(0.5% DMSO), R-/S-2HG- and DMOG-treated cells. White arrows in the left and right panels indicate 
nuclei in which JMJD2A is overexpressed. Higher levels of H3K9me3 were detected in both R- and S-2HG 
and DMOG treated cells, indicating inhibition of JMJD2A, whereas the DMSO control shows only a level 
of H3K9me3 in nuclei in which JMJD2A is overexpressed. (B) Percentage inhibition of JMJD2A activity, 
using addition of doses of R- and S-2HG in their dimethyl ester forms (5 or 10 mM × 8); error bars 
represent standard error (n >50) (Data obtained from Dr L. Hillringhaus).184 
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3.2.3 In vitro biochemical studies 

 

Following these cell-based assays, the potential inhibitory effects of R- and S-2HG on 

HIF prolyl (PHD2) and asparaginyl (FIH) hydroxylase and a wider range of human 

histone lysine demethylases (JMJD2A, JMJD2C and FBXL11/JHDM1A) were further 

studied using in vitro biochemical methods. In vitro assays for PHD2 and FIH activities 

were carried out using matrix-assisted laser desorption/ionization mass spectroscopy 

(MALDI MS) hydroxylation assays.81, 166, 184 In the MALDI MS assays, hydroxylation of 

CODD (HIF-1α residues 556-574) and CAD (HIF-1α residues 786-826) peptides were 

monitored by an observation of a +16 Da mass shift in the mass spectra.194 

 

Inhibition of JMJD2A, JMJD2C, and FBXL11 was assessed using a formaldehyde 

dehydrogenase (FDH) coupled assay.166, 195 Fig. 3.5 shows the general mechanism of 

histone lysine demethylation catalysed by the 2OG dependent demethylases in which the 

reaction products include demethylated lysine residues and formaldehyde. In the FDH 

coupled assay, formaldehyde release was monitored by its oxidation to form formate, a 

reaction catalysed by FDH that concomitantly produces NADH which was measured by 

fluorescence spectroscopy.166, 195 The biochemical assays were conducted using a 2OG 

(co-substrate) concentration at or close to the 2OG Km values for the individual enzymes 

and the assay conditions are shown in Appendix 1. The half-maximal inhibitory 

concentration (IC50) values of R- and S-2HG for the HIF hydroxylases and histone 

demthylases are shown in Table 3.1. The biochemical assays were carried out by Dr N. 

Rose and Dr A. Kawamura. 

 

 

Figure 3.5: General mechanism of lysine demethylation catalysed by 2OG and Fe(II) dependent histone 
lysyl demethlyases (KDM). 2OG and oxygen are co-substrates, reaction products include demethylated 
lysine residues, formaldehyde (HCHO), carbon dioxide and succinate.  
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Table3.1: The IC50 values of R- and S-2HG for the HIF hydroxylases (PHD2 and FIH) and histone 
demethylases (JMJD2A, JMJD2C, and FBXL11). Italicised IC50 values in parentheses were determined at 
10-fold higher Fe(II) concentration than the standard assay conditions. All assays were performed in 
triplicate. IC50 values of N-oxalylglycine (NOG) were shown for comparison. *Partial dose–response curves 
(Data obtained from Dr N. R. Rose and Dr A. Kawamura).184 
 

Interestingly, R-/S-2HG demonstrated a wide range of IC50 values ranging from 

approximately 25 µM to more than 7 mM for the tested 2OG oxygenases (Table 3.1). 

Consistent with the HIF hydroxy-residue specific antibody assay results (Fig. 3.2 and 

3.3), R-2HG was shown to be an ineffective inhibitor for PHD with a notably high IC50 

value at approximately 7 mM. On the other hand, R-2HG displayed moderate inhibition 

on FIH with an IC50 value of approximately 1.5 mM.  In both cases, S-2HG was a more 

potent inhibitor (Table 3.1). The in vitro findings are therefore consistent with the 

observations in cells. 

 

Both R- and S-2HG effectively inhibit JMJD2A, for which the IC50 values (24 and 26 µM 

respectively) were close to that observed for NOG (17 µM) (Table 3.1). The findings are 

in keeping with the JMJD2A cell-based results in which both the 2HG enantiomers show 

similar inhibitory potencies. However, much higher concentrations of 2HG were needed 

to see the inhibitory effect in cells (see Fig 3.4 B). In addition, R-/S-2HG also 

substantially inhibited the activities of two other histone demethylases JMJD2C and 

FBXL11 with IC50 values ranging from 50 -100 µM. In the case of FBXL11, 2HG was 

more potent than the generic 2OG oxygenase inhibitor NOG (IC50 > 250 µM). To rule out 

a possible iron chelating effect by 2HG, assays (for JMJD2A) were next carried out using 

higher (10-fold) iron concentrations (Table 3.1, IC50 values in parentheses). The lack of 

Enzyme IC50 ± s.e.m. (µM) 

 R-2HG S-2HG NOG 

 

FIH 

 

1500 ± 400* 

 

189 ± 34 

 

46 ± 8 

PHD2 7300 ± 3300* 419 ± 150 0.8 ± 0.2 

JMJD2A 24 ± 2 (17 ± 4) 26 ± 3 (33 ± 5) 17 ± 2 (20 ± 3) 

JMJD2C 79 ± 7 97 ± 24 14 ± 3 

FBXL11 106 ± 22 48 ± 15 252 ± 50 
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substantial increase in the JMJD2A IC50 values indicates that the mode of inhibition by 

R-/S-2HG is not predominantly iron sequestration. 

 

In conclusion, both R- and S-HG were found to be more potent inhibitors of the tested 

histone demethylases than the HIF hydroxylases. The highest potency was observed 

against JMJD2A. Furthermore, both in vitro and cell-based studies show no evidence of 

PHD inhibition by the tumour derived R-2HG. However, caution must be taken when 

comparing IC50 values determined with different assay conditions for the 2OG 

oxygenases.  

 

 

3.2.4 2HG binds to the same site as 2OG in FIH and JMJD2A 

 

Structural analysis was then carried out (by Dr R. Chowdhury) to investigate the 

mechanistic actions of R-/S-2HG inhibition in human 2OG oxygenases. FIH or JMJD2A 

was co-crystallized with 10 equivalents of R- and S-2HG by vapor diffusion and the 

crystals were cryo-cooled as previously described.196 The crystal structures of FIH and 

JMJD2A with R- or S-2HG were then solved. The JMJD2A.2HG structures were co-

crystallised with a histone H3K36me3 substrate fragment, which bound similarly to 

previously reported structures.184, 195, 197, 198  

 

Both enantiomers were shown to bind bidentately to the catalytic site iron or surrogate 

nickel (Fig. 3.6) in FIH and JMJD2A. Similarly to 2OG and NOG,196, 198 they coordinate 

the metal with the 2-hydroxyl group trans to D201FIH/E190JMJD2A and one oxygen of the 

C1-carboxylate trans to H199FIH/H188JMJD2A (Fig. 3.5 A, B, D and E). The other oxygen 

atom of the 2HG C1-carboxylate is positioned to form a hydrogen bond with N205FIH 

(Fig. 3.5 A and B) or  S288JMJD2A (Fig. 3.6 D and E); whereas the 2HG C5-carboxylate is 

positioned to form a hydrogen bond to K214FIH, Y145FIH and T196FIH (Fig 3.6 A and B) 

and to K206JMJD2A and Y132JMJD2A (Fig. 3.6 D and E) (data analysed by Dr R. 

Chowdhury).184  
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Overall, the crystallographic analyses demonstrate that as have been observed for the 

crystal structures of FIH and JMD2A in complex with succinate (Fig. 3.6 C and F),81 

both R- and S-2HG occupy the same catalytic site as 2OG in FIH and JMJD2A, 

indicating that 2HG has the potential to compete with 2OG for binding.184  

 

 

 
 
Fig. 3.6: Crystal structures of FIH and JMJD2A in complex with R- and S-2HG indicate binding of 2HG to 
the 2OG binding site. FIH/JMJD2A folds were similar to those reported. Dotted lines indicate apparent 
hydrogen bonds and polar interactions. (A) View of the FIH.Fe(II).R-2HG complex (2.1 Å) . (B) 
FIH.Fe(II).S-2HG complex (2.3 Å). (C) Overlay of views from structures of FIH in complex with 2OG or 
succinate. (D) View from the active site of the JMJD2A.Ni(II).R-2HG.H3K36me3 structure; Kme3=Nε-
trimethylated lysine substrate residue; Ni(II) substitute for Fe(II) (2.0 Å). (E) JMJD2A.Ni(II).S-
2HG.H3K36me3 structure (2.3 Å). (F) Overlay of views from structures of JMJD2A in complex with 2OG 
or succinate. Resolution (Å) was shown in parentheses. (Data obtained from Dr R. Chowdhury).184  
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3.3 Discussion 
 

By employing cellular, biochemical and structural studies, the work in this chapter 

describes investigation on 2HG inhibition of 2OG dependent HIF hydroxylases and 

histone demethylases.  Board concordance between the cell-based and in vitro results was 

observed. Because IDH mutations produce only R-2HG (not S-2HG),109, 111 its inhibition 

is thus of more pathological relevance. However, for most of the human 2OG oxygenases 

tested in vitro and in cells, R-2HG is significantly less potent than S-2HG.  

The HIF hydroxy-residue specific antibody assays indicated that HIF prolyl  

hydroxylation (i.e. Pro402 and Pro564) were poorly inhibited by high concentrations of 

R-2HG in VHL-defective RCC4 cells (Fig. 3.2). Consistent with this, R-2HG was also 

ineffective in stimulating HIF-1α in VHL competent cells (Fig. 3.3). These cell-based 

results were further supported by the in vitro biochemical data which confirmed R-2HG 

was an ineffective inhibitor for recombinant PHD2. Therefore, the high HIF activity 

observed in IDH-associated tumours is most probably not a direct result of competitive 

inhibition of R-2HG on PHDs.   

Increased HIF activity in IDH-associated gliomas and IDH1 knockdown cells has been 

proposed to be caused by intracellular 2OG depletion due to the defective function of the 

IDH (mutant) in conversion of isocitrate to 2OG.103, 192 It is possible that the depleted 

2OG levels might synergize with R-2HG, inactivating HIF prolyl hydroxylases (or other 

2OG oxygenases) and upregulating HIF by an unknown mechanism.184 R-2HG in turn 

might potentially regulate HIF transcriptional activity by suppressing the FIH activity as 

elevated R-2HG was shown to suppress HIF aspraginyl hydroxylation in cells (Fig. 3.2). 

The potential effect of R-2HG mediated FIH inhibition could be further investigated in 

IDH mutant cell-lines. 

Notably, both R- and S-2HG were shown to inhibit the histone Nε-methyl lysine 

demethylase JMJD2A at potencies similar to NOG (a 2OG competitive inhibitor) (IC50 

values ~ 20 µM) (Table 3.1). Defective JmjC histone demethylase genes have been 

correlated with multiple myeloma (a type of cancer arising from plasma cells in bone 
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marrow), glioblastoma multiforme (malignant primary brain tumour) and several other 

cancers.199-201 Given the structural similarity of JMJD2A to some other JmjC family 

histone demethylases, it is possible that R-2HG will inhibit other demethylases. A recent 

study by Xu et al.192supports this proposal; the investigators reported that 2HG inhibits 

several histone demethylases including C. elegans histone demethylase CeKDM7A and 

human histone demethylases FBXL11 and KDM5B/JARID1B, with the S-enantiomer 

being the more potent inhibitor, consistent with the findings in this chapter.  

The reported cell-based studies employing addition of exogenous 2HG (octyl-2HG, a 

cell-permeable 2HG derivative) or overexpression of the mutated IDH1R132H gene (both 

increase cellular R-2HG), demonstrated substantial inhibition on multiple human histone 

demethylase activities (e.g. H3K4me3, H3K9me2, H3K27me2, H3K79me2).192 Together, 

these findings suggest the candidacy of histone demethylases as potential targets for 

2HG-mediated tumourgenic progression. However, they by no means exclude other 2OG 

oxygenases or other mechanisms of 2HG-associated oncogenesis.184 The elevated R-2HG 

levels (> 10 mM) that have been observed in malignant brain tumours and leukaemias,109-

111, 192 might be sufficient to inhibit even the less-susceptible 2OG oxygenases.184  

 

Finally, excessive accumulation of D(R)-2HG or L(S)-2HG as a result of germline 

mutations in mitochondrial D/L-2HG dehydrogenases which catalyse the reversible 

reaction of 2OG from 2HG has been associated to a rare neurometabolic disorder, 2-HG 

aciduria202-205. Therefore, the findings of 2HG-dependent inhibition of 2OG dependent 

oxygenenases (i.e. FIH and histone demethylases) in this chapter also suggest their 

candidacies as potential therapeutic targets for 2HG aciduria therapy.  
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3.4 Conclusions and future directions 
 

Overall, the findings in this chapter argue against HIF upregulation through the direct 

action of R-2HG inhibition on PHDs being a major factor in IDH1/2-mediated 

tumuorgenesis. However, excessive accumulation of R-2HG in IDH-associated gliomas 

might potentially regulate HIF transcriptional activity by inhibiting FIH. Notably, 2HG 

inhibition was found to regulate the activities of 2OG-dependent chromatin-modifying 

histone lysine demethylases, therefore suggesting oncogenic pathways mediated by 2HG 

elevation might involve epigenetic chromatin alterations. Future studies may involve 

direct analysis of the activities of histone demethylases and FIH using IDH1/2 mutant 

cell models.103, 192  
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Chapter 4: 2-Oxoglutarate Elevation Stimulates 
HIF-1α Induction in Cells 

 
 

4.1 Background and Objectives 

Krebs cycle intermediates, including 2-oxoglutarate (2OG), act both as carbon sources 

for macromolecular and small-molecule biosynthesis and energy sources for 

proliferating/tumour cells. 2OG is replenished into the Krebs cycle primarily through the 

glutaminolysis pathway (see Introduction in Section 1.3.1). Due to a high flux of 

glutaminolysis being a common feature in tumour cells;91, 92, 206 fluctuation of 

intracellular 2OG levels relative to normal cells can therefore be expected.   

Glycolytic and Krebs cycle intermediates including pyruvate, oxaloacetate, malate, 

fumarate and succinate have been reported to inhibit the HIF prolyl hydroxylases (PHDs 

1-3) in vitro.80, 81, 100 Accumulation of some of these metabolites has also been reported to 

upregulate HIF-1α activity in cells.80, 100, 102, 207 The PHDs have been reported to have 

high affinities for 2OG. Binding constant for 2OG for purified PHD2 is < 2 µM157 and Km 

values for 2OG for purified PHDs 1-3 are < 1 - 12 µM).100, 208 (Km values for 2OG of 55-

60 µM have been reported for PHDs 1-3 obtained from soluble cell extracts).26 

Recombinant PHD2 can also be copurified with endogenous levels of 2OG.157 Given the 

high affinities of PHDs for 2OG, it was considered possible that the PHDs may also be 

susceptible to 2OG fluctuation (i.e. their activities regulated by 2OG levels) in the tumour 

growth environment.   

Although an elevated level of 2OG has not been commonly associated with oncogenesis, 

a 2.3-fold increase in urinary 2OG has been reported in a human gastric cancer mouse  

model.209 High levels of plasma and urinary 2OG have also been associated with DOOR 

(deafness, onycho-osteodystrophy, and mental retardation) syndrome, a rare genetic 

disease resulting from a defective 2OG dehydrogenase complex which inefficiently 

catalyses the conversion of 2OG to succinyl-coA in the Krebs cycle.210, 211 On the other 

hand, relatively high cellular 2OG concentrations (0.6 – 2.7 mM) have been reported in 
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healthy human liver and brain tissues208, 212, 213 Given that the physiological 2OG  levels 

in certain human tissues and cancer cells are well above the reported Km values for PHDs 

1-3 (<1-12 uM),100, 208 the feasibility of a 2OG-mediated HIF transcriptional response 

may therefore be pathophysiologically relevant.  

In this study, the potential 2OG inhibition of PHDs in cells was investigated. Using 

cellular and biochemical assays, the work described in this chapter demonstrates that 

HIF-1α can be upregulated by elevated 2OG levels in some cells, possibly as a result of 

substrate (2OG) inhibition of the PHDs. The work in this chapter was carried out in 

collaboration with Dr Y-M Tian, Andrew M. C. Chan, and Dr E. Flashman. 
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4.2 Results  

4.2.1 PHD activity is inhibited by high concentrations of 2OG in vitro 

High concentrations of the 2OG co-substrate have been reported to inhibit various 2OG-

dependent oxygenases in vitro; including deacetoxycephalosporin C synthase,214 

thymine-7-hydroxylase,215 DNA demethylase AlkB,216 HIF prolyl hydroxylases,80 and 

histone demethylases JMJD2A and FBXL11 (Schofield laboratory, unpublished data).  

 

In the in vitro assays using cell lysate as a PHD source and a HIF-1α fusion protein 

(prepared using an in vitro transcription/translation system) as substrate, Pan et al.80 

demonstrated that when 2OG (5 mM) was added together with ascorbate (5 mM), HIF 

prolyl hydroxlation was increased by approximately 30%. However, when added alone, 

2OG (0.1 mM and 1 mM) was found to suppress the prolyl hydroxylation by about 6%.80 

The investigators also showed that an addition of 3 mM 2OG reversed the inhibitory 

effect of 1 mM succinate on HIF prolyl hydroxylation, however, similar treatment further 

increased the inhibitory effects (6-14%) of 1 mM fumarate and 1 mM malate on HIF 

prolyl hydroxylation.80 The reasons for these differences are unclear.  

Ascorbate is normally used as a stimulant in assays for PHD activity.26, 80, 157 Although 

ascorbate has been reported to increase the initial rate and promote activity of the 

recombinant PHDs, its contributions in vivo remain unclear.26, 194 However, a recent in 

vivo study employing ascorbate-deprived L-gulonolactone oxidase knockout (Gulo-/-) 

mice and ascorbate-free culture media showed that ascorbate is dispensable for cellular 

oxygen sensing in vivo.217  

To study the hypothesis that 2OG may inhibit PHD activity, experiments were first 

carried out using the AlphaScreen PHD2 hydroxylation assay described in Chapter 2 

(Section 2.2.4.1). 2OG was titrated exponentially from 0.1 nM to 100 mM into a reaction 

mixture which contained PHD2 (1 nM), Fe(II) (20 µM), and 19-mer biotinylated-CODD 

peptide (60 µM), in the presence or absence of ascorbate (200 µM) (experiments were 

performed by Andrew M. C. Chan).  
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The AlphaScreen results show that PHD2 activity was significantly inhibited at high 2OG 

concentrations (Fig. 4.1 A). In the absence of ascorbate, PHD2 reached its maximal 

activity at 10 µM 2OG, and the activity was substantially suppressed at higher 

concentrations (> 100 µM). On the other hand, higher doses (>1 mM) of 2OG were 

required for 2OG inhibition to take place in the presence of 200 µM ascorbate, possibly 

due to increased enzyme activity (Fig. 4.1 A).  

Given the effects seen with 200 µM ascorbate, further assays were carried out with mixed 

concentrations of 2OG  at 20 mM and 100 mM and titration of ascorbate into the reaction 

mixtures.  Addition of ascorbate at 0.1-0.3 mM was found to effectively reverse the 2OG-

mediated PHD2 inhibition as observed by increasing hydroxylation activity of the CODD 

peptide. However, at high concentrations (> 1mM), ascorbate was found to suppress PHD 

activity under the standard assay conditions (Fig. 4.1 B).  
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Figure 4.1: Inhibition of PHD2 by 2OG. (A) PHD2 activity was inhibited at increased 2OG concentrations. 
2OG was titrated exponentially at concentrations: 0.1 nM, 1 nM, 10 nM, 100 nM, 1 µM, 10 µM, 100 µM, 1 
mM, 10 mM, and 100 mM. The reaction mixtures contained PHD2 (1nM), Fe(II) (20 µM), biotinylated-
CODD peptide (60 nM), in the presence or absence of ascorbate (200 µM). The reaction mixtures were 
incubated at 37oC for 10 min. (B) 2OG inhibition is reversed to some degree by ascorbate. Ascorbate was 
titrated (no ascorbate, 0.1 mM, 0.3 mM, 1 mM, 3 mM, 10 mM, 30 mM, 100 mM, 300 mM and 1 M) to the 
reaction mixtures which contained  PHD2 (1nM), Fe(II) (20 µM), biotinylated-CODD peptide (60 nM), and 
2OG (20 or 100 mM) and incubated at 37oC for 10 min. (Data obtained from Andrew M. C. Chan). 
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4.2.2 Ascorbate is important to maintain stability of PHD2.Fe.2OG complex in vitro 

The effects of ascorbate on 2OG mediated inhibition of PHD2 were further investigated 

using two different biochemical assays: (i) matrix-assisted laser desorption/ionization 

mass spectrometry (MALDI MS) hydroxylation assay, and (ii) ultraviolet (UV) 

absorbance assay (experiments were carried out by Dr E. Flashman).   

In the MALDI MS hydroxylation assay, PHD2 activity was measured by monitoring the 

hydroxylation of a 19-mer CODD (residues 556-574) peptide as observed by an addition 

of a +16 Da mass shift in the mass spectrum.194 Mixtures containing recombinant PHD2, 

Fe(II), and 2OG were pre-incubated at room temperature for 0, 15, 30, 45, 60 min in the 

presence or absence of ascorbate. The incubation was then followed by the addition of 

the CODD peptide and a subsequent standard 5 min hydroxylation assay. Where 

ascorbate had not been added in the incubation, it was introduced to the assay mixture at 

this point. Interestingly, pre-incubation of the PHD2.Fe.2OG mixture in the absence of 

ascorbate was shown to substantially inactivate the enzyme over the period of 1 h, 

contrary to the observation that the PHD2.Fe.2OG.ascorbate mixtures retained optimal 

activity after 1 hr. The inactivation cannot be reversed by the later addition of ascorbate 

(Fig. 4.2 A).  

In the UV absorbance assays, the stability of the PHD2.Fe.2OG complex was monitored 

by UV absorbance at 250-800 nm (wavelength). Interestingly, in the absence of ascorbate, 

the broad increase in absorbance over the whole spectrum indicates precipitation of the 

PHD2.Fe.2OG complex over the period of 1 h (compare Fig. 4.2 B and C). In contrast, 

the UV absorbance was shown to persist over the 1 h incubation when the reaction 

mixture contained ascorbate. Precipitation of the PHD2.Fe.2OG complex could possibly 

be the reason for the inactivation observed in the MALDI MS hydroxylation assay. 

However, this in vitro observation might not be relevant in the in vivo system. 
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Figure 4.2: Ascorbate is important to maintain the activity and stability of PHD2.Fe.2OG complex. (A) 
The MALDI MS hydroxylation assay for PHD2 activity suggests inactivation of PHD2.Fe.2OG complex in 
the absence of ascorbate.  (Assay conditions: PHD2 = 4 µM, Fe(II) = 50 µM, CODD peptides = 100 µM, 
2OG = 300 µM, ascorbate = 4 mM) (B) UV absorbance time course experiments indicate the 
PHD2.Fe.2OG complex forms precipitation over time in the absence of ascorbate. (C) Ascorbate was 
clearly shown to protect against the precipitation of the PHD2.Fe.2OG complex.  Assay conditions: PHD2 
= 100 µM, Fe(II) = 1.25 mM, 2OG = 7.5 mM, ascorbate = 100 mM; replicating the ratios used in (A). 
(Data obtained from Dr E. Flashman) 
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4.2.3 2OG ester derivatives are ineffective PHD inhibitors in vitro  

The in vitro results described above demonstrate that PHD2 can be inhibited by high 

concentrations of 2OG in the presence or absence of ascorbate. This was then further 

investigated in cells. 2OG is a hydrophilic molecule, therefore it cannot efficiently 

penetrate the cell membrane and achieve sufficiently high intracellular concentrations.104 

Therefore, a series of potential cell-penetrating mono- and di-esters 2OG derivatives were 

synthesised (Fig. 4.3, compounds were prepared by Armin Thalhammer). Among these 

2OG analogues, dimethyl-2OG (DM-2OG),102, 218-221 octyl-2OG (MO-2OG), and 3-

trifluoromethylbenzyl-2OG (MTF-2OG)104 have previously been reported as precursors 

of 2OG in cell-based studies.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3: (A) Structures of the 2-oxoglutarate (2OG) ester derivatives tested in the cell-based assays; 
dimethyl-2OG (DM-2OG), monomethyl-2-OG (MM-2OG), diethyl-2OG (DE-2OG), monoethyl-2OG 
(ME-2OG), di-(3-trifluoromethylbenzyl)-2OG (DTF-2OG), 3-trifluoromethylbenzyl-2OG (MTF-2OG), 
and octyl-2OG (MO-2OG). 
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To exclude the possibility of direct PHD inhibition by the 2OG esters, their inhibitory 

potencies were first tested in vitro using the AlphaScreen PHD2 hydroxylation assay (by 

Andrew M. C. Chan). The results demonstrated no inhibition of recombinant PHD2 

activity by the 2OG ester derivatives; except for DTF-proctecting 2OG which may lead 

to weak inhibition (Fig. 4.4).  

 

2OG is expected to bind to PHD2 in a bidentate manner by chelating the active site iron, 

in a similar (but not necessarily identical) manner to the unreactive 2OG analogue N-

oxalylglycine (NOG) (Fig. 4.5).34  A crystal structure of PHD2 in complex with NOG 

(see Section 2.2.3, Fig. 2.4) suggests that the C-1 carboxylate and C-2 oxo groups of 

2OG coordinate the iron whereas the C-5 carboxylate oxygens of 2OG are positioned to 

form a salt bridge with the nearby Arg383 residue in the PHD2 active site34. In these 

2OG ester analogues, C-1 or/and C-5 oxygen atoms were used in the formation of mono- 

or di-ester bonds which caused the oxygen atom to be more electropositive, therefore 

likely preventing or hindering the salt bridge formation or iron coordination.  Structural 

studies also indicate that the 2OG binding pocket in the PHD2 is relatively narrow and 

small,31 thus steric factors might also prevent the binding of these 2OG esters to  PHD2.  

 

Interestingly, incubation of PHD2 with the C-1 mono-esters MM-2OG, ME-2OG and 

MTF-2OG resulted in higher enzyme activity compared to (no compound) controls. This 

may be a result of non-enzymatic (or enzymatic) hydrolysis of the C-1 alkyl-esters 

leading to increased 2OG (substrate) concentration and enhanced enzyme activity. This 

view is supported by a previous study which showed that C-1 mono-methyl and mono-

ethyl esters of N-oxalylglycine (NOG) were hydrolysed to form NOG in reaction 

mixtures, therefore forming a PHD2.Fe.NOG complex which was detected by non-

denaturing mass spectrometry.222 However, no complex was formed when C-5 mono-

methyl NOG was incubated with PHD2.222  
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Figure 4.4: 2OG ester derivatives did not inhibit PHD2 in vitro. Assay conditions: DM-2OG (1 mM), MM-
2OG (1 mM), DE-2OG (1 mM), ME-2OG (1 mM), DTF-2OG (50 µM), MTF-2OG (1 mM), MO-2OG (1 
mM), NOG (20µM) was used as positive control for comparison.  AlphaScreen PHD2 assay conditions: 
PHD2 (1 nM), Fe2+ (20µM), and COOD peptides (60 µM). (Data obtained from Andrew M. C. Chan) 

 

 

 

Figure 4.5: Proposed outline binding mode of 2OG in the PHD active site.34 
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4.2.4 Exogenous 2OG stabilises HIF in cells 

It was proposed that if elevated 2OG levels could lead to PHD inhibition in cells, 

increased HIF-1α activity might be detected. To test this hypothesis, RCC4 re-expressing 

functional VHL (RCC4/VHL) cells were incubated with the 2OG ester derivatives at 2 

and 10 mM. After 4 h, extracts were prepared and analysed by immunoblotting. The 

immunoblots are shown in Fig. 4.6 A and B. Surprisingly, DM-2OG, but not the other 

2OG ester derivatives, was shown to substantially upregulate HIF-1α in cells (Fig. 4.6 A 

lanes 2 and 3). DM-2OG was also shown to induce HIF-1α in a concentration-dependent 

manner (Fig. 4.6 A lanes 2, 3). Weak HIF-1α induction was observed for diethyl-2OG 

(DE-2OG) and monoethyl-2OG (ME-2OG) treated cells. Some morphological 

changes/cell-detachment were observed in the DE-2OG, MTF-2OG, DTF-2OG and MO-

2OG treated cells, indicating that the compounds may be toxic (possibly due to their 

acylating potential).  

 

When the cells were exposed to increased concentrations of methanol (the 2OG dimethyl 

ester hydrolysis product), no HIF-1α upregulation was observed (Fig. 4.6 C), arguing 

against the possibility of HIF-1α stabilisation by the ester hydrolysis product. DM-2OG 

was therefore selected as a candidate cell-penetrating 2OG analogue in subsequent cell-

based experiments. In the cells, DM-2OG can be cleaved to produce either, or both of, C-

1 or C-5 mono-methyl 2OG, and subsequently 2OG, by the activity of esterases in the 

cell cytosol.218 Previous in vitro studies and structural analyses suggest that the C-1 and 

C-5 mono-methyl 2OG esters are probably ineffective as PHD inhibitors (see above).    
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Figure 4.6: 2OG elevation leads to HIF-1α upregulation in cells. (A-B) 2OG ester analogues were 
incubated with RCC4/VHL cells for 4 h; the resulting cell extracts were probed with HIF-1α antibody. 
(2OG analogues were prepared as 20 mM and 1 M stock solutions in DMSO and added to cells at 1% 
DMSO) (C) Ester hydrolysis product methanol (MeOH) did not upregulate HIF-1α in RCC4/VHL cells.  
 
 

High concentrations of exogenous succinate, fumarate and S-2-hydroxyglutarate (S-2HG) 

(Chapter 3) have also been shown to upregulate HIF-1α in cells.100, 104, 192 Therefore, the 

HIF induction potency of DM-2OG was next compared with dimethyl succinate (DM-

Succ), dimethyl fumarate (DM-Fuma) and dimethyl S-2HG (DM-S-HG). Surprisingly, in 

all cases, HIF stabilisation by DM-2OG elevation was significantly higher (> 5 fold) than 

that with DM-Fuma, DM-Succ, or DM-S-2HG treated cells (Fig. 4.7 A and B), 

suggesting that application of 2OG derivatives is as potent a method as, if not stronger, 

than addition of fumarate or succinate, at HIF-1α stabilisation, at least in the tested cell-

types.  

 

Interestingly, exogenously applied 2OG (using MO-2OG at 1-3 mM104 or DM-2OG at 2 

mM102) has been reported to alleviate HIF-1α levels and restore the PHD enzyme activity 

of succinate- or fumarate-mediated PHD inhibition in cells.102, 104 Pharmacological 

elevation of intracellular 2OG has therefore been proposed as a potential therapeutic 

target for dysfunctional Krebs cycle associated tumorigenesis.104 However, the current 
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work shows that at these concentrations (2 mM or higher), exogenous 2OG (i.e. DM-

2OG) can in fact upregulate HIF (MO-2OG at 2 mM was shown to be cytotoxic under the 

standard assay conditions in this study, Fig. 4.6 B), at least in the tested cell-lines. 

Therefore, the dose-dependent effects of 2OG on HIF-1α levels should be taken into 

consideration in any therapeutic approaches involving application of 2OG derivatives 

aimed at elevated 2OG levels in cells. It is also worth noting that physiological 

concentrations of 2OG in certain human tissues/cells (e.g. brain) are well above 2 mM.208  

 

 

Figure 4.7: (A-B) HIF-1α accumulation induced by dimethyl-2-oxoglutarate (DM-2OG) in comparison to 
dimethyl S-2-hydroxyglutarate (DM-S-2-HG), dimethyl fumarate (DM-Fuma) and dimethyl succinate 
(DM-Succ). RCC4/VHL cells were treated with the compounds at the indicated concentrations at single or 
multiple additions (2.5 mM x 8, at 30 min intervals) for 4 h.  
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4.2.5 Evaluation of 2OG dependent inhibition of PHDs in cells 

To investigate whether the increase in HIF-1α protein levels caused by 2OG elevation 

could be a result of inhibition of HIF hydroxylases, RCC4/VHL cells were exposed to 

DM-2OG in the presence of the proteasome inhibitor MG132. RCC4-VHL defective cells 

(RCC4 cells) were also treated with DM-2OG (Fig. 4.8 A-B). Proteasomal-inhibited or 

VHL-deficient cells have constitutive HIF-1α as a result of defective ubiquitin-

proteasome dependent proteolysis pathways.223 By employing hydroxy-residue specific 

antibodies, the potential 2OG-dependent inhibition on Pro402 (NODD), Pro564 (CODD) 

and Asn803 (CAD)-hydroxylation could then be measured simultaneously (Chapter 2).   

As expected, immunoblots of the MG132 treated cells demonstrate high levels of HIF-1α 

and HIF-2α, and the HIF-1α hydroxylation sites (Pro402, Pro564, and Asn803) were also 

hydroxylated (Fig. 4.8 A, lane 2). Interestingly, in the presence of DM-2OG, HIF prolyl 

hydroxylation (i.e. Pro402 and Pro564) were substantially inhibited, whereas asparaginyl 

hydroxylation remained almost unaffected (Fig. 4.8 A, lanes 3 and 4), clearly 

demonstrating selectivity in the effects of 2OG addition (compare with DM-S-2HG-

mediated HIF-1α stabilisation in which HIF-1α was substantially inhibited on both prolyl 

and asparaginyl hydroxylation; Chapter 3, Fig. 3.4). The presence of slower-mobility 

species (higher molecular weight protein) is a common feature in HIF-1α immunoblots223  

(believed to be ubiquitinated HIF-1α). The detection of a lower level of the slower-

mobility species in DM-2OG treated cells (Fig. 4.8 A right, long exposure film, compare 

lanes 2 and 4) is consistent with the observed decrease in prolyl hydroxylation.    

In contrast, however, the results from DM-2OG treated RCC4 cells did not demonstrate 

any convincing inhibition of prolyl hydroxylation or asparaginyl hydroxylation (Fig. 4.8 

B, there is perhaps some weak evidence for inhibition of Pro564 hydroxylation at 20 mM 

DM-2OG; compare lanes and 4 to lane 1). The lack of substantial inhibition by DM-2OG 

observed in RCC4 cells may be a result of the elevated HIF prolyl hydroxylase activity in 

these cells. In RCC4 cells, HIF-1α is constitutively activated, and PHD2 and PHD3 are 

present in high abundance relative to other VHL competent cell lines.223, 224 PHD2 and 

PHD3 are themselves transcriptional targets of HIF-1α and are significantly upregulated 
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by hypoxia.17, 179 However, in RCC4 cells, no further induction of PHD2 and PHD3 

protein levels was observed under hypoxia.142, 224 It has also been reported that HIF-1α 

hydroxylation in RCC4 cells is close or almost close to completion in normoxia.142 As a 

result, 2OG (substrate) inhibition on HIF hydroxylation might not be conveniently 

demonstrated in these VHL-defective cells.  

 

It was considered that addition of low concentrations of 2OG may activate PHD activity, 

whereas high concentrations of 2OG may inhibit the hydroxylase activity. The work 

therefore investigated whether DM-2OG could potentially reverse the effect of DMOG-

induced HIF-1α in human embryonic kidney 293T cells. DM-2OG at lower 

concentrations (1 mM) was shown to modestly decrease the inhibitor-induced HIF-1α 

level (Fig. 4.8 C, lane 3). On the other hand, at high concentrations (5 and 10 mM), DM-

2OG was demonstrated to induce HIF-1α in 293T cells showing that the HIF-stabilisation 

by elevated 2OG is not cell-type dependent. The level of DM-2OG-induced HIF-1α at 10 

mM was shown to be similar to DMOG-stabilised HIF-1α at 0.5 mM (Fig. 4.8 C, 

compare lanes 2, and 7). 
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Figure 4.8: (A) RCC4/VHL cells were exposed to DM-2OG for 5 h; MG132 was added in the last 4 h. 
Pro402- and Pro564-hydroxylation were substantially inhibited in the DM-2OG treated cells, in the 
presence and absence of proteosome inhibitor MG132. (B) Increased concentrations of DM-2OG were 
added to RCC4 cells for 5 h. No significant inhibition on HIF prolyl and asparaginyl hydroxylation was 
observed, DM-2OG was found to be cytotoxic at concentrations > 50mM. (C) DM-2OG was shown to 
modestly decrease the DMOG-induced HIF-1α levels in human embryonic kidney 293T cells. 293T cells 
were first exposed to DMOG (0.5 mM, 5 h), DM-2OG was added for the last 4 h.  
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4.2.6 2OG-induced HIF-1α stabilisation is alleviated by ascorbate 

 

The in vitro findings demonstrate that 2OG mediated PHD2 inhibition could be reversed 

by the addition of ascorbate (Fig. 4.1). Ascorbate (as a reducing agent) has been proposed 

to promote PHD activity by maintaining and replenishing Fe(II) in the enzyme active site. 
225 Therefore, the potential effects of ascorbate on the stability of 2OG-induced HIF-1α in 

cells were further examined.  

 

Human osteosarcoma U2OS cells were first exposed to DMOG controls and DM-2OG at 

different concentrations in the presence or absence of ascorbate. The DMOG/DM-2OG 

treatment increased HIF-1α levels and these were strikingly suppressed in the presence of 

ascorbate (1 mM) (Fig. 4.9 A). Ascorbate was also shown to be more effective in 

alleviating the DMOG-induced HIF levels compared to the addition of DM-2OG (Fig. 

4.9 A, lanes 3, 4 and 9). Similar observations were also demonstrated in RCC4/VHL cells 

exposed to DM-2OG, DMOG, and BIQ (a specific PHD inhibitor, see Chapter 2) in the 

presence of ascorbate, however the ascorbate alleviation effect was slightly weaker in the 

BIQ treated cells (Fig. 4.9 B).  

 

The ability of ascorbate to prevent the induction of HIF-1α by DM-2OG in cells may be 

due to increased PHD activity mediated by the presence of ascorbate. To study this, 

RCC4 cells were exposed to DMOG, BIQ, and DM-2OG in the presence or absence of 

ascorbate. As expected, in the absence of ascorbate, DMOG modestly suppressed HIF 

prolyl hydroxylation, and BIQ strongly restricted PHD activity in RCC4 cells. DM-2OG 

was again found to have no apparent effect on the prolyl hydroxylation status in RCC4 

cells. Interestingly, in the presence of ascorbate, the prolyl hydroxylation status of the 

inhibitor-treated cells (especially in the case of BIQ) was modestly increased (Fig. 4.9 C, 

compare lanes 5 and 11), which is an indication of increased PHD activity. However, it is 

worth noting that the concentration of ascorbate tested in the cell-based experiments (i.e. 

1 mM) is well above the reported Km values for ascorbate for PHDs 1-3 (140-180 µM)26 

and the reported physiologically relevent levels of ascorbate (~ 25-50 µM).225  
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In conclusion, the combined findings from the in vitro and cell-based studies show that 

ascorbate can alleviate the 2OG-mediated elevation of HIF-1α levels in cells, possibly by 

promoting PHD activity in cells. Cellular ascorbate concentration may therefore be a 

determinant factor in potential regulation of PHD activity by 2OG fluctuation in cells. 

However, it should be noted that the role of ascorbate in PHD catalysis and the HIF 

system is unclear, with the available evidence being that it is not essential.   

 

 
   

 
                  
Figure 4.9: The effect of ascorbate on PHD inhibitor- and 2OG-mediated HIF induction. (A-B) Ascorbate 
alleviated 2OG-induced HIF stabilisation in U2OS and RCC4/VHL cells. (C) Ascorbate increased PHD 
activity in RCC4 cells as shown by Hyp564 immunoblot. Cells were exposed to DMOG, BIQ, and DM-
2OG in the presence or absence of ascorbate at indicated concentrations for 4 h.  
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4.3 Discussion 
 

The combined in vitro and cell-based results provide evidence that high 2OG levels can 

inhibit both recombinant PHD2 and endogenous PHD activity in cells. 2OG elevation (> 

2 mM) substantially upregulates HIF-1α (and HIF-2α) in VHL-competent cells. Further 

elevated 2OG levels were shown to significantly suppress the HIF-1α prolyl 

hydroxylation (but not the asparaginyl hydroxylation) in the proteasome inhibitor treated 

cells, showing a higher degree of selectivity for PHD over FIH. This finding is supported 

by the in vitro findings which show purified recombinant PHD2 has a high affinity for 

the 2OG co-substrate.157  

 

However, the cell-based studies employing (VHL-defective) RCC4 cells did not support 

the proposal of 2OG inhibition of PHDs. No apparent suppression on HIF prolyl 

hydroxylation was observed in the DM-2OG treated RCC4 cells. It can be argued that 

PHD enzyme abundance is an important determinant factor in the case of 2OG  

inhibition. As previously discussed, PHD2 and PHD3 are themselves positively regulated 

by HIF-1α,17, 223 constitutive activation of  HIF-1α in RCC4 is expected to result in higher 

rates of catalysis (PHDs 1-3 specific activities are approximately 20 mol/mol/min).226 It 

is possible that the exogenously applied 2OG (co-substrate of the PHDs) may be 

effectively turned over by the PHDs (or other HIF regulated 2OG oxygenases present in 

RCC4 cells), resulting in little or no suppression of HIF-1α prolyl hydroxylation in these 

VHL-defective cells.   

 

Other cellular mechanisms of 2OG-mediated PHD inhibition/HIF stabilisation are also 

possible. It is possible that the artificial increase in intracellular 2OG level may promote 

the production of the downstream Krebs cycle intermediates (Fig. 4.10) or other related 

metabolites. Given that high concentrations of succinate, fumarate, malate, oxaloacetate, 

and pyruvate have been shown to inhibit the PHDs in vitro and upregulate HIF-1α in cells, 
80, 81, 100, 102, 207 the observed 2OG-mediated HIF stabilisation in VHL-competent cells 

may be the result of the collective effects of these downstream metabolites (especially 

succinate (PHD2 IC50 85 µM)165 and fumarate (PHD2 IC50 19 µM)165). This proposal is 
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supported by a previous report which demonstrated that addition of 2OG (3 mM) 

increased the inhibitory effects of fumarate and malate on HIF prolyl hydroxylation, in an 

in vitro experiment using cell-lysate as PHD source80.  

 

 

 

 
 
Figure 4.10: Elevation of the intracellular 2OG level is expected to result in increased downstream 
metabolic intermediates including succinate, fumarate, malate, oxaloacetate and pyruvate which have all 
been shown to inhibit HIF prolylhydroxylases. Aco, aconitase; IDH, isocitrate dehydrogenase; KD, α-
ketoglutarate dehydrogenase; SDH, succinate dehydrogenase; FH, fumarate hydratase; MD, malate 
dehydrogenase; CS, citrate synthase; ME, malic enzyme; LDH-A, lactate dehydrogenase-A; GDH, 
glutamate dehydrogenase, PDG, phosphate-dependent glutaminase. 
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The work in this chapter indicates that HIF-1α levels induced by exogenous 2OG are in 

fact many times higher than those stabilised by cell-penetrating derivatives of fumarate 

and succinate (Fig. 4.7 B). The reason for this is unclear. One possibility is that it is due 

to the differing cell-permeability of the 2OG, fumarate, and succinate ester derivatives.  

Beside the PHDs, there are many other enzymes which employ 2OG as substrate/co-

substrate (e.g. 2OG dehydrogenases, 2OG decarboxylases and other 2OG dependent 

oxygenases).20, 227, 228 It is therefore possible that 2OG inhibition of these other 2OG-

dependent enzymes may be affecting the HIF-pathway. It is worth noting that 

physiological concentrations of 2OG (Ki value of 0.32 mM) have been reported to 

competitively inhibit the purified rat liver phosphoenolpyruvate carboxykinase (PEPCK) 

that catalyses the conversion of oxaloacetate to phosphoenolpyruvate in 

gluconeogenesis.229 

 

Other pathways can influence HIF-1α induction. Stimulation of endothelin-1 (a 21-

amino-acid vasoconstrictor peptide that is involved in regulation of blood pressure) has 

been shown to stabilise HIF-1α by suppressing PHD2 mRNA and protein levels.230 

Growth factors such as insulin, insulin-like growth factor-1 and -2, and heregulin have 

also been proposed to activate HIF-mediated responses through the PI3K/Akt/mTOR 

pathways (see Introduction in Section 1.3.4) by stimulating HIF-1α translation/protein 

synthesis.1, 231, 232 (Interestingly, DM-2OG was also reported to stimulate insulin secretion 

from β-cells in isolated pancreatic islets).219, 220 The possible involvement of these 

pathways in 2OG-mediated PHD inhibition/HIF stabilisation needs further investigation.  
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4.4 Conclusions and future directions 
 

In conclusion, the research in this chapter shows that, when present at high 

concentrations, cellular 2OG can negatively regulate PHD activity and stimulate HIF-1α 

activity in various VHL-competent cells. The in vitro results suggest that inhibition of the 

PHD is a possible mechanism; however, it is unclear if this is the case in cells. In addition, 

the findings also suggest that ascorbate availability and PHD enzyme abundance in the 

cellular environment are potential determinants for 2OG-mediated PHD inhibition/HIF 

stabilisation.  

 

To further investigate if 2OG-mediated HIF-stabilisation is indeed a direct effect of PHD 

inhibition, future studies may involve quantitative measurement of 2OG cellular levels 

and the changes in the concentrations of downstream metabolites after compound 

treatments by employing spectroscopic methods. Experiments could be carried out to 

investigate the potential effects of 2OG elevation on both the mRNA and protein 

expression of PHDs, HIF-1α and other HIF-α target genes.  
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Chapter 5: Towards Selective Inhibition of  
Variant of the HIF Prolyl Hydroxylase-2 Isoform 

 
 
5.1 Background and Objectives 
 

By combining protein engineering and small-molecule based methods, Shokat and co-

workers have developed a ‘chemical-genetic approach’ in their studies on the roles of a 

range of kinases including tyrosine and serine/threonine kinases SAD-1 (synapses of 

amphids defective-1) and CDK-1 (cyclin-dependent kinase Cdc28).233-238 In these studies, 

active site variants of kinases are engineered by substituting naturally occurring residues 

with smaller residues (typically glycine or alanine) in order to create unique binding 

pockets that could be selectively inhibited by chemically modified bulkier analogues that 

did not inhibit the wild-type enzyme. This strategy has been applied in yeast, C. elegans, 

mammalian cell lines, and mice.233-238 

 

The chemical-genetic approach enables functional studies which allow the variant 

enzyme be inhibited selectively. Their initial work employed substitution of the Ile338 

residue in the ATP binding site of v-Src tryrosine kinase with glycine. This newly created 

pocket conferred unique inhibitory-sensitivity to chemically modified analogues of PP1, 

a Src-family selective inhibitor.239-242 The corresponding ‘gate-keeper’ residues (i.e. Ile 

338 in v-Src) for other protein kinases including SAD-1 were later identified and 

equivalent mutations were introduced. In this way, a series of kinase-active analogue-

sensitive alleles of protein kinases were systematically generated and functionally 

characterised.233, 235, 236, 243, 244  

 

In a demonstration of the ‘chemical-genetic’ approach, the activity of the SAD-1 kinase 

was shown to be important for neuronal polarization and synapse formation.236 This 

approach has been proposed to have potential for identifying proteins involved in a wide 

range of human diseases and which may therefore be targets for drug development.64, 245-

248  
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Inspired by these studies, it was proposed to apply this strategy in functional studies of  

human PHD isoforms. By combining molecular biology (protein design) and a small-

molecule based method (chemical design), the aims of the project were to design and 

synthesise specific small-molecule inhibitors which do not inhibit wild-type PHD2, but 

do inhibit PHD2 variants with specially engineered mutations of targeted amino acid 

residues (Fig. 5.1). This chapter demonstrates the feasibility of specific inhibition of the 

PHD2 variants by the designed inhibitors in vitro, and reports an attempt to test this 

system in mammalian cells.  

 

 
Figure 5.1: Schematic presentation of the ‘bump-pocket’ approach employed in this work. The wild-type 
enzyme inhibitor inhibits both the wild-type and variant enzyme but the variant enzyme inhibitor ‘bumps’ 
into the wild-type enzyme and preferentially inhibits the variant enzyme.  
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5.2 Results and Discussion 
 

5.2.1 Generation of the PHD2 variants 

 

PHD2 has been identified as the most important isoform of the human PHDs in hypoxia 

response under normoxic conditions,22 and was therefore chosen as the subject of 

investigation in this study. It was hoped that specific inhibition of PHD2 may reveal 

information about its specific function. A crucial consideration for the success of this 

research is the choice of PHD2 active site residues for site directed mutagenesis;249 one 

reason is that the PHD2 variants should retain similar activity to the wild-type enzyme. 

Four potentially variable residues in the active site of wild-type PHD2 (WT-PHD2) were 

initially selected for single point substitutions. The relatively large side chains of these 

residues, Ile327, Leu343, Phe366, and Val376, were substituted for smaller side chains. 

For example, Ile327 was substituted for alanine, thus creating a new ‘hole’ in the active 

site. Four single point PHD2 variants were created, produced in E. coli, and purified; they 

were I327A-, L343A-, F366L-, and V376A-PHD2. Fig. 5.2 shows the active site residues 

chosen for substitution. Crystallographic analyses suggest that these residues may play a 

structural role at the active site, but they do not directly bind to substrates or iron,31, 34 

therefore it was considered possible that this alteration might not directly affect the 

function of the PHD2 variants.   

 
Figure 5.2: View from crystal structure of PHD2 in complex with Fe(II) and bicyclic isoquinoline (BIQ) 
inhibitor (PDB ID 3HQU) showing the active site residues selected for single point mutations (highlighted).   
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Pre-designed primers were used to generate the point mutations encoding for I327A, 

L343A, F366L, and V376A variants in a pET-28a(+) phd2(181-426) plasmid (previously 

generated by Dr K. Hewitson)31 using the site-directed mutagenesis Polymerase Chain 

Reaction (PCR) method (Stratagene). The corresponding plasmids were transformed into 

E. coli BL21 (DE3) competent cells. Expression trials were carried out to determine the 

conditions under which the greatest soluble production of the variants could be achieved. 

The results showed that the highest soluble expression for all the four variant proteins 

was obtained when bacteria were grown at 15°C for 20 h, following induction with 

0.5 mM IPTG (isopropyl β-D-1-thiogalactopyranoside). Sodium dodecyl sulphate 

polyacrylamide gel electrophoresis (SDS-PAGE) gels of the expression trials of L343A-

PHD2 are shown in Fig. 5.3 as representative examples.  

 
 
Figure 5.3: SDS-PAGE gels showing protein expression trials of L343A-PHD2. (A) Lane 1: Marker; 
Lanes 2 and 3: Controls (uninduced sample); Lane 4 and 5: 37oC, 3 h; Lanes 7 and 8: 28oC, 3 h; Lane 8 and 
9: 15oC, 3 h. (B) Lane 1: Marker; Lanes 2 and 3: 37oC, 20 h; Lane 4 and 5: 28oC, 20 h; Lane 6 and 7: 15oC, 
20 h. I = Insoluble phase, S= Soluble phase. Temperature and time shown are following 0.5 mM IPTG 
induction.   
 

Following the expression trials, large scale protein purifications were carried out. Ion 

exchange chromatography was then used for initial purification of the PHD2 variants. 

WT-PHD2181-426 has a calculated isoelectric point (pI) of 8.46,157 the variants are 

expected to have a similar value, as there is no change in charge relative to WT-PHD2. 

The purifications were carried out in pH 5.8 buffers, in which the proteins have an overall 

positive charge. The column used contained cross-linked beaded agarose with 

sulfopropyl (sulfonic acid) functional groups (negatively charged) attached, which bind 

positively charged proteins via electrostatic interactions.250 A gradient of NaCl was then 

run over the column to elute proteins. Na+ ion exchange with the positively charged 
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protein causes its release from the column, allowing it to be collected by fractionation. 

SDS-PAGE analysis was then used to determine fractions containing the highest levels of 

pure PHD2; these were then combined and concentrated. Fig. 5.4 shows the fractions 

containing the highest levels of I327A-PHD2 and L343A-PHD2. The pET-28a(+) vector 

in which the PHD2 variants were cloned contained 6 consecutive histidine residues, 

known as a His6 tag at the N-terminus.25 The His-tag was removed by cleavage with the 

protease thrombin.  

 

 
 
Figure 5.4: SDS-PAGE gels showing fractions containing highest levels of protein (A) I327A-PHD2 and 
(B) L343A-PHD2 after cation exchange chromatography. Fractions in red boxes were combined and 
concentrated. 
 

 

Gel filtration chromatography was then carried out to further purify the proteins, 

including removal of thrombin. Concentrated fractions containing a PHD2 variant were 

loaded onto a gel filtration column containing cross-linked dextran and agarose. The 

principle of gel filtration is that protein particles of different sizes will elute through the 

stationary phase at different rates. Small protein molecules flow at a lower rate, as a large 

volume is available to them, while larger protein molecules flow at a faster rate and 

therefore are eluted in earlier fractions.251 Protein fractions of highest purity were further 

identified by UV/Vis spectroscopy and SDS-PAGE analysis.  They were then combined, 

concentrated and buffer exchanged into 50 mM Tris pH 7.5. In this manner, I327A-PHD2, 

8 mg; L343A-PHD2, 7 mg; F366L-PHD2, 11 mg, and V376A-PHD2, 18 mg were 

prepared with approximately 90% purity. The proteins were then stored at -80oC in small 

aliquots and used for future tests.  Fig. 5.5 shows the selected gel filtration fractions of 

the PHD2 variants. 



!

 
 

! ! Chapter(5( !
! !

103 

 

 
 
Figure 5.5: SDS-PAGE gel analyses of fractions from gel filtration column purifications of (A) I327A-
PHD2, (B) L343A-PHD2, (C) F366L-PHD2, and (D) V376A-PHD2.  L: Marker ladder; C: Control, 
partially pure protein applied to column. (Purified fraction proteins in red boxes were combined and 
concentrated). 
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5.2.2 The PHD2 variants are active in vitro 

 

The enzymatic activities of the PHD2 variants were then compared with the WT-PHD2 

(previously expressed and purified by Dr E. Flashman) using an in vitro hydroxylation 

assay. The WT-PHD2 and PHD2 variants used in this study were the N-terminally 

truncated constructs comprising residues 181-426. (Note: PHD1 and PHD3 are difficult 

to produce in E. coli probably due to solubility problems. However, tagged recombinant 

PHD1 and PHD3 have been successfully expressed in insect cells).49 The truncated 

construct of PHD2 does not contain the N-terminal MYND-containing region (MYND: 

Myeloid translocation protein 8, Nervy, and DEAF1: deformed epidermal autoregulatory 

factor-1))-type zinc finger domain. However, loss of the N-terminal domain has not been 

proven to have deleterious effect on the hydroxylation activity of PHD2.157  

 

PHD2 has been reported to have relatively high selectivity both in vitro and in vivo for 

CODD (Pro564) hydroxylation than NODD (Pro402) hydroxylation,13, 30, 36, 142 this work 

therefore began by focusing on hydroxylation of CODD. The activities of the four PHD2 

variants (I327A-, L343A-, F366L-, and V376A-PHD2) were compared with WT-PHD2 

by carrying out activity assays that monitored a 19-mer CODD (HIF-1α residues 556-574) 

peptide substrate hydroxylation using matrix-assisted laser desorption/ionization mass 

spectrometry (MALDI MS) (hereafter MALDI MS PHD2 hydroxylation assay).194 The 

CODD hydroxylation was detected by an observation of a +16 Da mass shift in the mass 

spectrum. It has previously been identified that the shortest effective CODD substrates 

for the PHDs are 17-mer peptides,26 thus the 19-mer peptide used in the in vitro PHD2 

assays in this work should be sufficient for the catalytic reactions.   

 

The assays were first carried out for 10 min at 37oC using 4 µM PHD2, 100 µM CODD, 

300 µM 2OG, 4 mM ascorbate and 50 µM Fe(II). The MALDI MS spectra of the 

products (Fig. 5.6 B) showed that the F366L variant was inactive, with no CODD 

hydroxylation being observed. Although the F366 residue is expected to have no direct 

contribution to the catalytic Fe(II) or substrate binding,31, 34 the phenylalanine residue at 

this position might contribute to the stability of the enzyme. The other three PHD2 
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variants all catalysed hydroxylation of the CODD substrate (non-hydroxylated CODD ~ 

2247 Da, hydroxylated CODD ~ 2263 Da), as compared to the negative control without 

enzyme (Fig. 5.6 A).  

 

In the initial MALDI MS PHD2 hydroxylation assays (using 4 µM of enzymes), the 

activities of L343A-PHD2 and V376A-PHD2 were observed to be comparable to WT-

PHD2, with I327A-PHD2 being slightly less active. To investigate whether the reaction 

conditions were not limiting, further assays were carried out to compare the degree of 

hydroxylation of CODD at different enzyme concentrations. Fig. 5.6 C shows that under 

the standard conditions, WT-PHD2 and all the tested variants (with the exception of 

F366L) at 4 µM hydroxylated CODD to ~ 50-70%. When the enzyme concentration was 

reduced to 2 µM, there were significant decreases in CODD hydroxylation levels 

catalyzed by I327A- and V376A-PHD2 variants. However, the CODD hydroxylation 

levels catalysed by WT-PHD2 and L343A-PHD2 remained at ~~ 50-70%. When the 

concentration of the enzyme was further reduced to 1 µM. At 0.5 µM, all the activities of 

PHD2 variants were markedly reduced to less than 10% of original activity, whereas the 

activity of WT-PHD2 also significantly reduced, but to a lesser extend (~30% of original 

activity).  

 

It was also observed that a small percentage (5-8%) of ‘CODD hydroxylation’ is always 

present in the negative controls (without enzyme), these + 16 Da peaks are likely due to 

methionine residue oxidation (the CODD peptide contains two methionine residues 

corresponding to Met561 and Met568 in wild-type HIF).13, 194 All the CODD 

hydroxylation data shown have been normalised to the negative controls.  
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Figure 5.6: (A) Scheme showing hydroxylation reaction catalysed by PHD enzyme. (B) The representative 
MALDI MS spectra show hydroxylation of a CODD 19-mer peptide substrate by wild-type PHD2 (WT-
PHD2) and the PHD2 variants (I327A-, L343A-, and F366L-, and V376A-PHD2) (at 4 µM enzyme 
concentration). (B) Hydroxylation activities of the PHD2 variants compared with WT PHD2 at different 
enzyme concentrations. The MALDI MS PHD2 hydroxylation assays were carried out for 10 min at 37oC 
at the indicated enzyme concentrations, in the presence of CODD (100 µM), 2OG (300 µM), ascorbate 
(4mM), and Fe(II) (50 µM). Values have been normalized to negative controls (no enzyme). Error bars 
represent standard deviations, n > 3) 
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5.2.3 Kinetic parameters of the PHD2 variants  

 

Further studies were carried out to determine the kinetic parameters of the I327A-, 

L343A- and V376A-PHD2 variants compared to the WT-PHD2 using the previously 

described MALDI MS PHD2 hydroxylation assays. Time course experiments were 

carried out under the standard conditions (Fig. 5.7). Two sets of kinetic parameters 

(Table 5.1) were obtained measuring initial velocity for WT-PHD2 and the PHD2 

variants at varying 2OG or CODD substrate concentrations. The corresponding 

Michaelis-Menten curves for the kinetic experiments are shown in Figure 5.8 and 5.9.  

 
Figure 5.7: Amount of CODD hydroxylation (µM) over time as catalysed by WT-PHD2, L3343A-, I327A-, 
and V376A-PHD2 variants. The MALDI MS PHD2 hydroxylation assays were carried out at 2 µM enzyme, 
100 µM CODD, 300 µM 2OG, 4 mM ascorbic acid, and 50 µM Fe(II). Error bars represent standard 
deviations, n = 3. 
 
 

Enzyme 
 

Substrate Reaction 
time (min) 

Km (µM) Vmax (µMs-1) kcat  (s-1) kcat/Km (M-1s-1) 

WT-PHD2 2OG 5  15.5 (± 2.9) 0.094 (± 0.005) 0.047 (± 0.003) 3.03 (± 1.0) x 103 
L343A-PHD2 2OG 5  18.2 (± 2.4) 0.068 (± 0.002) 0.034 (± 0.001) 1.87 (± 0.4) x 103 
I327A-PHD2 2OG 10 16.0 (± 2.7) 0.037 (± 0.002) 0.019 (± 0.001) 1.19 (± 0.4) x 103 
V376A-PHD2 2OG 10  13.0 (± 1.8) 0.050 (± 0.002) 0.025 (± 0.001) 1.92 (± 0.6) x 103 
 

Enzyme 
 

Substrate Reaction 
time (min) 

Km (µM) Vmax (µMs-1) kcat  (s-1) kcat/Km (M-1s-1) 

WT-PHD2 CODD 1.5  21.1 (± 4.6) 0.106 (± 0.009) 0.053 (± 0.005) 2.51(± 1.0) x 103 
L343A-PHD2 CODD 1.5  23.3 (± 5.0) 0.092 (± 0.008) 0.046 (± 0.004) 1.97 (±0.8) x 103 
I327A-PHD2 CODD 4  20.0 (± 2.5) 0.040 (± 0.002) 0.020 (± 0.001) 1.00 (± 0.4) x 103 
V376A-PHD2 CODD 4  20.8 (± 3.7) 0.049 (± 0.003) 0.025 (± 0.002) 1.20 (± 0.5) x 103 
 
Table 5.1: Kinetic parameters obtained measuring initial velocity for WT-PHD2 and the PHD2 variants at 
varying 2OG (top) or CODD (bottom) substrate concentrations. n = 3, values in parentheses represent 
standard errors.  
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Figure 5.8: Michaelis-Menten curves for the kinetic experiments carried out using 2 µM PHD2 (wild-type 
or variants), 100 µM CODD, 4 mM ascorbate, 50 µM Fe(II) at 2OG concentrations ranging from 0-300 µM. 
Error bars represent standard deviations, n = 3. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.9: Michaelis-Menten curves for the kinetic experiments carried out using 2 µM PHD2 (wild-type 
or variants), 300 µM 2OG, 4 mM ascorbate, 50 µM Fe(II) at CODD concentrations ranging from 0-110 µM. 
Error bars represent standard deviations, n = 3. 
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The kinetic assays measuring initial velocity at varying substrate concentrations gave a 

Km value for 2OG of 15.5 µM for WT-PHD2, whilst Km values for 2OG of 18.2 µM, 16.0 

µM, and 13.0 µM, respectively, were obtained for L343A-, I327A-, and V376A-PHD2. 

These results show that the PHD2 variants have 2OG Km values similar to WT-PHD2 and 

within the error ranges (Table 5.1). Similar Km values for CODD were also observed for 

WT-PHD2 (21.1 µM) and the PHD2 variants (20.0 – 23.3 µM) (Table 5.1). Previously, a 

wide range of 2OG Km values (< 1 – 60 µM)25, 26, 100, 208 and  CODD Km values (2- 80 

µM)25, 26, 35 have been reported for PHD2 obtained from purified proteins or crude cell 

lysates. The 2OG and CODD Km values for PHD2 obtained in this study are within the 

reported ranges. The variations inµ Km values may reflect differences in assay conditions 

used to determine the kinetic parameters. Table 5.2 compares some of the reported 2OG 

and CODD Km values for PHD2 obtained from different assays.  

 
Assays PHD2 Km for 2OG Km for CODD 

MALDI MS Purified PHD2181-426  15.5 (± 2.9) µM 21.1 (± 4.6) µM 

2OG turnover26, 35 Purified PHD2181-426 N.D. 36.7 (± 9.0) µM35 

Oxygen consumption25  Purified PHD2181-426 55.0 (± 11.0) µM25 21.6 (± 7.0) µM25 

2OG turnover soluble cell extract 10 µM26 7 µM26 

pVHL capture208, 226  Purified PHD21-426 0.4 µM208 N.D. 

 

Table 5.2: Comparisons of the 2OG and CODD Km values for PHD2 obtained in this study (using MALDI 
MS assays) with the reported Km values. N. D., not determined. 
 

Broad concordance between the Vmax values (and thus kcat values; kcat = Vmax/[E]0, where 

[E]0 = 2µM) for WT-PHD2 and the PHD2 variants was also observed in the kinetic 

experiments using varying 2OG or CODD substrate concentrations (Table 5.1). 

Substitutions of the active site residues with smaller amino acid side chains in I327A-

PHD2 and V376A-PHD2 variants were shown to result in an approximately two-fold 

decrease in kcat values for both 2OG and CODD compared to WT-PHD2 (Table 5.1) (i.e. 

an ~ 50% decrease in the number of substrate molecules converted to product per enzyme 

molecule per second). However, small differences were observed for the kcat values for 

2OG and CODD for L343A-PHD2 (0.034 µM and 0.046 µM, respectively) in 

comparison to WT-PHD2 (0.047 µM and 0.053 µM, respectively). L343A-PHD2 also 
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exhibits the highest catalytic efficiency (as shown in the kcat/km values for 2OG, and 

CODD, Table 5.1) of the PHD2 variants tested. 
 

In summary, the MALDI MS results demonstrate that L343A-PHD2 shows the closest 

kinetic paramenters to WT-PHD2. (L343A-PHD2 was later shown to catalyse NODD 

hydroxylation to a similar degree as WT-PHD2 (see Section 5.2.6)). Because it is 

important to select a variant with catalytic activity as close as possible to the wild-type 

enzyme, the L343A-PHD2 variant was selected as the preferred candidate for subsequent 

studies.  
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5.2.4 Selective inhibition of the PHD2 variants by NOG analogues    
 
McDonough et al. have previously tested a series of amino acid side chain N-

oxalylglycine (NOG) analogues as PHD inhibitors161 (NOG is a generic non-reactive 

2OG analogue inhibitor for most of the 2OG oxygenases).20 The investigators found that 

PHD inhibition was markedly decreased as the size of the amino acid side chains 

increased. It was considered that some of these NOG analogues may be potential 

candidates for this study, as the analogues with larger substituents may ‘bump’ into the 

residues present in the active site of WT-PHD2; however they may complement ‘pockets’ 

engineered into the active site of the L343A-PHD2 variant as shown in the schematic 

presentation in Fig. 5.1. A series of NOG analogues (Fig. 5.10, compounds 1-13) 

(prepared by M. Tilliet (1-11)161and Dr Esther C. Y. Woon (12-13)) were initially tested 

in the PHD2 variant models to investigate the feasibility of applying the proposed ‘bump-

pocket’ approach to selectively inhibit PHD2.  

 

The potential inhibitory effects of these NOG analogues (1-13) on the catalytic activities 

of the PHD2 variants (i.e. I327A-, L343A-, and V376A-PHD2) were compared with WT-

PHD2 using MALDI MS PHD2 hydroxylation assays. The concentrations of the 

inhibitors and 2OG co-substrate were kept constant at 300 µM, while the concentrations 

of the enzymes were varied when necessary. Other assay conditions comprised Fe(II) (50 

µM), CODD substrate (100 µM), and ascorbate (4 mM). The reaction mixtures were 

incubated at 37oC for 10 min. Fig. 5.11 shows the percentage of inhibition of CODD 

hydroxylation catalysed by the WT-PHD2 and the PHD2 variants in the presence of the 

NOG analogue inhibitors (values were normalised by comparison to the no inhibitor 

control which was set as 0% inhibition). 
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 Figure 5.10: N-Oxalylglycine (NOG) analogues tested in the in vitro MALDI MS PHD2 hydroxylation 

assays.  

 

Consistent with the previous results obtained using a 2OG turnover assay,161 NOG 1 and 

NO-L-Ala 3 were shown to substantially inhibit WT-PHD2 activity (>90% inhibition); 

other amino acid side chain analogues demonstrated weak inhibitory potencies (ranging 

from 0-30% inhibition) as their size increased (Fig. 5.11 A). (NOG 1 and NO-L-Ala 3 

have also been previously reported to inhibit the collagen prolyl-4-hydroxylase (C-

P4H).)252, 253 Notably, NO-D-Ala 2 is a weak inhibitor for WT-PHD2, clearly 

demonstrating the D/L stereoselectivity on WT-PHD2 inhibition, consistent with previous 

work.161  
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Figure 5.11: Percentage inhibition of CODD hydroxylation catalysed by (A) WT-PHD2 (1 µM), (B) 
I327A-PHD2 (2 µM), (C) L343A-PHD2 (1 µM) and (D) V376A-PHD2 (2 µM) in the presence of N-
oxalylglycine (NOG) analogue inhibitors (1-13, Fig 5.10).  The MALDI MS PHD2 hydroxylation assays 
were carried out for 10 min at 37oC at indicated enzyme concentrations. The reaction mixture comprised of 
PHD2 enzyme, CODD (100 µM), 2OG (300 µM), Fe(II) (50 µM), inhibitor (300 µM), and ascorbate 
(4mM). Values are normalised to negative controls (no enzyme). Error bars represent standard deviations, 
n > 3. 
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NOG 1 and NO-L-Ala 3 were also shown to substantially inhibit the PHD2 variants 

including I327A-PHD2 and L343A-PHD2 (Fig. 5.11 B and C). In contrast, the N-oxalyl 

Val, Leu, and Cys L-enantiomers (i.e. 5, 7, and 13, respectively) which are weak 

inhibitors for WT-PHD2, were shown to substantially inhibit the I327A-variant (>90% 

inhibition) (Fig. 5.11 B). The NOG analogues 5-9 were shown to preferentially suppress 

the activity of L343A variant (>90% inhibition) (Fig. 5.11 C) over the WT-PHD2 (Fig. 

5.11 A). The results suggest that the bulkier NOG analogues can bind to the newly 

created pocket in the active site of the alanine substituted PHD2 variants, probably as a 

result of reduced steric constraints. Interestingly, the V376A variant was shown to be less 

susceptible to inhibition by the NOG analogues (1-13). This result suggests that Val376 

may be important for hydrophobic interaction with the NOG analogues.  

 

The NOG analogue inhibition data clearly demonstrate the feasibility of selective 

inhibition of the PHD2 variants over the WT-PHD2; however, these compounds may not 

be suitable for functional studies of the PHD isoenzymes as they may potentially inhibit 

other 2OG oxygenases. Several D/L-amino acid analogues including 2-8 and 10 were 

shown to inhibit HIF asparaginyl hydroxylase FIH161, and histone demethylases (e.g. 

JMJD2A and JMJD2E) (Schofield lab unpublished results). Therefore, the next aim of 

the project was to develop more potent variant-sensitive analogue inhibitors employing 

the bicyclic isoquinoline (BIQ)77 as a template for inhibitor design.  
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5.2.5 Selective inhibition of the PHD2 variants by the BIQ analogues 

 

BIQ 14 (IC50 73 nM)165(Fig. 5.13) is a more potent and more specific PHD2 inhibitor 

than NOG (IC50 18.5 µM)165. BIQ was previously shown to selectively inhibit the HIF 

prolyl hydroxylation and has no apparent effect on HIF asparaginyl hydroxylation in cells 

(Section 2.2.4)142. The isoquinoline moiety in BIQ has been proposed to contribute to the 

stability of the PHD2165 and to block the conformation change in PHD2 which is required 

for HIF-substrate binding.34 BIQ analogues were therefore expected to be more potent 

candidates for the variant-sensitive inhibitors. The inhibition data described above 

demonstrates that NOG analogues with D/L-alanine, valine, and phenylalanine amino acid 

side chains could potentially inhibit the PHD2 variants, therefore a series of BIQ 

analogue inhibitors with these amino acid substituents (14-20, Fig. 5.13 A) were 

synthesised. Fig. 5.12 describes the reaction steps and reagents used in the synthesis. 

 

 

 
 
Figure 5.12: Schematic presentation of the reaction steps in the synthesis of BIQ analogue inhibitors. 
Reagents and conditions: (i) POCl3, reflux, 2h; 21, 98%; (ii) EtOH: NaOH 1:1, reflux, 2h; 22, 90%; (iii) 
benzotriazole-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), Et3N, CH2Cl2, r.t, 20h; 
23, 75%; 24, 67%; 25, 59%; 26, 66%; 27, 59%; 28, 50%; 29, 55% (iv) MeOH: NaOH 1:1, r.t, 2h; 14, 94%; 
15, 98%; 16, 93%; 17, 95%, 18, 92%; 19, 88%; 20, 94%.  
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The inhibitory potencies of these newly designed BIQ analogues against WT-PHD2 and 

the PHD2 variants were then investigated. The BIQ analogues (14-20) were tested in the 

previously described MALDI MS PHD2 hydroxylation assays under the standard 

conditions and the results are shown in Fig. 5.13 B. 

 

 

 

                                                 

 
Figure 5.13: (A) Bicyclic isoquinoline (BIQ) analogue inhibitors. (B) Percentage inhibition of CODD 
hydroxylation catalysed by WT-PHD2 and PHD2 variants in the presence of BIQ analogue inhibitors (14-
20).  The MALDI MS PHD2 hydroxylation assays were carried out for 10 min at 37oC at indicated enzyme 
concentrations. The reaction mixture comprised of PHD2 enzyme, CODD (100 µM), 2OG (300 µM), Fe(II) 
(50 µM), inhibitor (300 µM), and ascorbate (4mM). Values are normalised by comparison to negative 
controls (no enzyme). Error bars represent standard deviations, n > 3. 
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The BIQ analogues were shown to inhibit CODD hydroxylation catalysed by WT-PHD2 

with a range of different potencies (Fig. 5.13 B). BIQ 14 substantially inhibited WT-

PHD2 activity (>90% inhibition), as did L-Ala-BIQ 16 (~90% inhibition). In contrast, the 

D-enantiomer 15 appeared to have no apparent effect on WT-PHD2 activity. Consistent 

with the results of the N-oxalyl derivatives, the D/L-Phe analogues (17 and 18) displayed 

modest inhibition of WT-PHD2 (40-70% inhibition), despite having a bulky aromatic 

side chain which was anticipated to preclude binding to the wild-type enzyme active site. 

The inhibition could at least in part be due to iron chelation in solution (in the absence of 

enzyme, 17 and 18 formed coloured solutions with Fe(II) in reaction mixtures). The D/L-

Val analogues (19 and 20) were poor inhibitors for WT-PHD2, possibly due to steric 

clash of the valine side chains with residues in the WT-PHD2 active site.  

 

Interestingly results were obtained for the BIQ analogues on the PHD2 variants over the 

WT-PHD2 (Fig. 5.13 B). L-Ala-BIQ 16 was shown to substantially inhibit WT-PHD2 

and all the PHD2 variants, in a manner similar to BIQ 14.  L-Ala-BIQ 16 was determined 

to be a potent PHD2 inhibitor with an IC50 value of 1.1 µM (Section 2.2.4). A crystal 

structure of PHD2 in complex with 16 has also been solved (Section 5.2.8).  

 

Notably, when Leu343 in the PHD2 active site was substituted with alanine (a smaller 

amino acid residue, thus creating a ‘pocket’ in the active site), the activity of the variant 

(i.e. L343A-PHD2) decreased significantly in the presence of D-Ala-BIQ 15, i.e. D-Ala-

BIQ 15 is capable of inhibiting the activity of L343A-PHD2, but does not inhibit the WT-

PHD2. The D-Ala analogue 15 was also shown to moderately inhibit the V376A variant 

(Fig. 5.13 B). It is therefore anticipated that the alanine side chain of the D-enantiomer 15 

clashes with the Leu343 and/or Val376 residue in the WT-PHD2 2OG binding pocket, 

therefore hindering 15 binding to WT-PHD2.161 In the L343A and V376A variants, there 

is more space for 15 to bind. Subsequent structural and docking studies support this 

proposal (see Section 5.2.8).   

  

The differential inhibition of PHD2 variant over WT-PHD2 was also displayed in I327A-

PHD2 inhibition. L-Val-BIQ 20, which is a moderate inhibitor of WT-PHD2 (< 30% 
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inhibition), was shown to substantially suppress the hydroxylation catalysed by I327A-

PHD2 (> 90%), in contrast to its D-enantiomer 19 which did not have any apparent effect 

on the activities of either the I327A-PHD2 or WT-PHD2 (Fig. 5.13 B).  
 
The enantiomeric pair D-Phe-BIQ 17 and L-Phe-BIQ 18 were found to inhibit the 

activities of the PHD2 variants to a greater extent than the WT-PHD2 (Fig. 5.13 B).  

Given that 17 and 18 also inhibit WT-PHD2, they are not suitable candidates for the 

variant-sensitive inhibitors. On the other hand, the BIQ analogues were also shown to be 

better inhibitors of V376A variant compared to the NOG analogues under the standard 

conditions (compare Fig. 5.11 D and Fig. 5.13 B). However, most of the BIQ analogue 

inhibitors suppressed the WT-PHD2 and the V376A-PHD2 activities with similar 

potencies, indicating that V376A-PHD2 is not a suitable candidate for an analogue-

sensitive variant.  
 
 
5.2.6 The effects of the BIQ analogue inhibition on NODD hydroxylation 

 

Because HIF-1α has two prolyl hydroxylation sites (i.e. NODD (Pro402) and CODD 

(Pro564),12-14 the effects of the BIQ analogue inhibitors on NODD hydroxylation were 

then examined. MALDI MS PHD2 hydroxylation assay conditions were similar to those 

described above, except CODD peptide was replaced with NODD (HIF-1α residues 395-

413) in the assays and all enzymes were tested at 4 µM.   

 

First the ability of the variants to catalyse NODD hydroxylation was examined. WT-

PHD2 and the PHD2 variants were previously shown to hydroxylate CODD to around 

60-70% at 4 µM (Fig. 5.6 B). Interestingly, whilst WT-PHD2 and L343A-PHD2 were 

shown to catalyse hydroxylation of NODD to ~70%, the I327A and V376 variants only 

catalysed hydroxylation of NODD to 20-30% (Fig. 5.14 A). These observations indicate 

that the Ile327 and Val376 residues in the PHD2 active site may have distinct roles in 

NODD substrate binding/hydroxylation.   
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The BIQ analogue inhibitors were then introduced to the assays to determine whether 

they could inhibit NODD hydroxylation in addition to CODD hydroxylation. The results 

show similar inhibitory patterns for NODD hydroxylation by the WT-PHD2 and the 

PHD2 variants in comparison to CODD hydroxylation, perhaps with the exception of 

V376A variant (compare Fig. 5.13 B and Fig. 5.14 B). NODD hydroxylation catalysed 

by V376A-PHD2 was shown to be most susceptible to BIQ analogue inhibition. With the 

exception of L-Val-BIQ 7, all the BIQ analogues (14-20) were shown to substantially 

inhibit NODD hydroxylation (>80% inhibition) catalyzed by V376A-PHD2 (Fig. 5.14 B). 

 

Consistent with the inhibition data of CODD hydroxylation, BIQ 14 and L-Ala-BIQ 16 

were shown to be non-selective inhibitors for the WT-PHD2 and the PHD2 variants. The 

D-/L-Phe analogues 17 and 18 were shown to substantially inhibit NODD hydroxylation 

catalysed by the PHD2 variants and WT-PHD2, however, to a lesser degree in the latter. 

Notably, D-Ala-BIQ 15 was shown to selectively inhibit NODD hydroxylation catalysed 

by the L343A-PHD2 over WT-PHD2. Comparison with its effect on CODD 

hydroxylation suggests that D-Ala-BIQ 15 is the most potent L343A-variant-sensitive 

inhibitor in this ‘bump-pocket’ approach. 

 

Interestingly, when the NODD hydroxylation assays were carried out in the presence of 

the same concentration of CODD peptide (i.e. both substrates were present in a 

competitive experiment), all the WT-PHD2 and PHD2 variants were shown to be totally 

selective for CODD hydroxylation under the standard conditions, as there was no 

hydroxylated-NODD peak detectable in the MS spectra (data not shown). Similar 

observation (i.e. CODD over NODD substrate selectivity of PHD2) has previously been 

reported.35 Therefore, to simplify the analysis, subsequent studies focused primarily on 

CODD hydroxylation.  
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Figure 5.14: (A) Percentage of NODD hydroxylation in the presence of BIQ analogue inhibitors (structures 
refer to Fig. 5.13 A). (B) Data from (A) were plotted as percentage of inhibition on the enzyme activity; 
values were normalized to no inhibitor control which was set to 0 %. The MALDI MS PHD2 hydroxylation 
assays were carried out for 10 min at 37oC at 4 µM enzyme, in the presence of NODD (100 µM), 2OG 
(300 µM), inhibitor (300 µM) ascorbate (4 mM), and Fe(II) (50 µM). (B) Values have been normalized to 
negative controls (no enzyme). Error bars represent standard deviations (n > 3). NODD peptide peak 
appears on MS spectra at ~ 1916 m/z, NODD hydroxylation peak at ~ 1933 m/z (+ 16 Da). 
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5.2.7 Potential combination: L343A-PHD2 variant and D-Ala-BIQ (15) 

 

Although the MALDI MS hydroxylation assay is often used for inhibitor screening, its 

requirement for relatively high concentrations of enzyme (1-4 µM) places a lower limit 

on the IC50 values that can be determined, making it a less desirable assay for the 

determination of  IC50 values. The IC50 values of the BIQ analogues in the presence of 

WT-PHD2 or L343A-PHD2 variant were therefore obtained using the AlphaScreen 

PHD2 hydroxylation assay described in Chapter 2.  

 

Time course experiments were first carried out to determine the reaction time in which 

L343A-PHD2 shows similar CODD hydroxylation activity to WT-PHD2 under the 

standard assay conditions. The results show for a standard reaction time of 10 min using 

1 nM WT-PHD2, an equimolar amount of L343A-PHD2 requires 18 min to achieve 

similar hydroxylation activity (Fig. 5.15). Subsequent experiments were therefore carried 

out at these reaction times. The IC50 values for the BIQ analogues for WT-PHD2 and 

L343A-PHD2 obtained from the AlphaScreen hydroxylation assays are summarised in 

Table 5.3.  
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Figure 5.15: Time course experiments for WT-PHD2 and L343A-PHD2 carried out under the standard 
AlphaScreen hydroxylation assay conditions. Reaction mixtures consisted of 1 nM PHD2, 20 µM Fe(II), 
200 µM ascorbate, 60 nM biotinylated CODD peptide, and 2 µM 2OG.  
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 BIQ (14) D-Ala-BIQ 

(15) 

L-Ala-BIQ 

(16) 

D-Phe-BIQ 

(17) 

L-Phe-BIQ 

(18) 

D-Val-BIQ 

(19) 

L-Val-BIQ 

(20) 

WT-PHD2 1.4 µM > 300 µM 1.1 µM > 300 µM > 300 µM > 300 µM > 300 µM 

L343A-

PHD2 

4.3 µM 47.9 µM 3.9 µM 241.6 µM > 300 µM > 300 µM > 300 µM 

 
Table 5.3: IC50 values for the BIQ analogues (14-20, Fig. 5.14 A) for WT-PHD2 and L343A-PHD2 
obtained from AlphaScreen PHD2 hydroxylation assays.   
 
 

The AlphaScreen inhibition data for the WT-PHD2 and L343A-PHD2 (Table 5.2) are in 

broad concordance with the results obtained from the above MALDI MS hydroxylation 

assays (Fig. 5.13 B). Whilst both BIQ 14 and L-Ala-BIQ 16 exhibit similar IC50 values 

for WT-PHD2 and L343A-PHD2, D-Ala-BIQ 15 selectively inhibited L343A-PHD2 with 

an IC50 value of 47.9 µM (IC50 for 15 for WT-PHD2 > 300 µM). Considering the results 

obtained from the above kinetic and inhibition studies, L343A-PHD2 and D-Ala-BIQ 15 

was considered the best combination of variant and inhibitor of those tested in this study, 

and therefore evaluated further in cell-based experiments. 

 

(Note: The differential selectivities of the D-Ala-BIQ 15 (IC50 > 300 µM) and L-Ala-BIQ  

16 (IC50 1.1 µM) against WT-PHD2 have been employed in two separate studies 

involving the development of (i) a proteolysis/mass spectrometry method165 which allows 

screening of inhibitors based on their stabilising/destabilising effects with respect to 

nature and rate of proteolysis and (ii) an NMR solvent water relaxation method254 which 

enables quantitative determination of ligand binding and mechanistic investigations of  

enzymes. These works have been published in Journal of Medicinal Chemistry (2009)165 

and (2010).254) 
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5.2.8 Crystallographic and docking studies  

 
Extensive efforts have been carried out to obtain structural information on the WT-PHD2 

and the PHD2 variants in complex with the BIQ analogues. The proteins were co-

crystallised with 10 equivalents of the inhibitors using vapor diffusion methods.31 Under 

these conditions, none of the PHD2 variants formed crystals, however, hexagonal rod 

crystals (Fig. 5.16 A) were obtained for WT-PHD2 co-crystallised with L-Ala-BIQ 16. A 

high resolution (1.2 Å) crystal structure of the catalytic domain of WT-PHD2181-426 in 

complex with 16 was later solved by Dr M. McDonough and refined by Dr R. 

Chowdhury. To date, this is the first PHD2 crystal structure solved in complex with an 

inhibitor with an L-alanine side-chain. The isoquinoline nitrogen atom and the amide 

carbonyl oxygen of L-Ala-BIQ 16 bind in a bidentate fashion to metal in the PHD2 

catalytic site, in a manner similar to its parent compound, BIQ 14 and the 8-iodo bicyclic 

isoquinoline inhibitior (see also Section 2.2.4).31, 162 The carboxylic acid side chain of 16 

occupies the 2OG binding pocket and is positioned to form a salt bridge with  the Arg383 

residue, wheares the 3-hydroxy group in the bicyclic moiety hydrogen bonds with the 

nearby Try303 residue in WT-PHD2 active site. The crystal structure also indicates that 

the methyl group in the L-Ala analogue 16 points in the opposite direction to the Leu343 

and Val376 residues in the active site (Fig. 5.16 B).  

 

Docking studies overlaying D-Ala-BIQ 15 and L-Ala-BIQ 16 in the PHD2 crystal 

structure (Fig. 5.17) clearly show that the D-alanine substituent may clash with the 

Leu343 or Val376 residues in the WT-PHD2 active site, explaining why D-Ala-BIQ 15 is 

a poor inhibitor for WT-PHD2 and the I327A variant. D-Ala-BIQ 15 was shown to be a 

potent inhibitor of the L343A variant and a modest inhibitor for the V376A variant in the 

MALDI MS hydroxylation assays.   
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Figure 5.16: (A) WT-PHD2 co-cyrstallises with L-Ala-BIQ 16 to form hexagonal rod crystals. (B) View of 
the crystal structure of the WT-PHD2 catalytic domain in complex with 16 shows the compound binds in a 
bidentate manner to the active site metal (Mn), in a manner similar to the previously reported PHD2 crystal 
structure in complex with BIQ 14 (PDB ID 2HBT). 
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Figure 5.17: Modeling studies of D-Ala-BIQ 15 (cyan) overlaying with L-Ala-BIQ 16 (yellow) show the 
D-alanine substituent of 15 may clash with Leu343 and Val376 active site residues.  
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5.2.9 Cell-based studies  

 

From the in vitro findings, L343A-PHD2 was identified as a potential variant for 

functional assignment work. D-Ala-BIQ 15 and several NOG analogues 5-9 were shown 

to selectively inhibit the L343A variant but not the WT-PHD2 in vitro. In Chapter 2 

(Section 2.2.4), compounds 15, 8, and 9 (and their di-ester forms of the NOG analogues) 

were shown to be ineffective inhibitors of WT-PHDs in cells. Therefore, the work next 

aimed to investigate whether L343A variant is active (i.e. able to catalyse the CODD and 

NODD hydroxylation in cells) and can be inhibited by these variant-sensitive analogue 

inhibitors in mammalian cells. WT-PHD2 was used as a control in the cell-based 

experiments. 

 

The chemical-genetic strategy has been widely used as a versatile and effective tool for 

dissecting kinase function in yeast,243, 255, 256 however its application to mammalian cells 

and animal models has been limited. Due to the simple physiology of yeast, the target 

enzyme of interest can relatively easy to replace with a variant using basic genetic-

microbial techniques.243 In contrast, labour intensive specially tailored transgenic cells or 

‘knock in’ mice are usually required for the successful application of this approach in 

higher organisms.234, 235 However, there is a study demonstrating the successful 

application of the chemical-genetic strategy in natural mammalian cell-system employing 

overexpression of the kinases.242  

 

 

5.2.9.1 L343A-PHD2 variant is functionally active in the cells 

 

With the lack of a suitable transgenic cell-system, it was attempted to test the ‘bump-

pocket’ approach using a natural cell-line, human fibrosarcoma HT1080. In HT1080 cells, 

all three PHDs and HIF are present at endogenous levels. HIF-α is continously 

hydroxylated by the PHDs under normoxia and targeted for proteasomal degradation. 

However, in the presence of a proteasome inhibitor or under hypoxia, HIF-α is stabilised 

and the activities of the PHDs can be directly probed using hydroxy-residue specific 
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antibodies (Chapter 2). The latter condition was excluded because the PHDs were 

expected to be inactive (or less active) at low oxygen availability; therefore a proteasome 

inhibitor was used to maintain high HIF levels.  

 

Exogenous source of HIF-1α was required to increase substrate concentrations because 

endogenous HIF-1α was expected to be substantially hydroxylated (i.e hydroxylation 

close to a saturated level) by the activities of the PHDs in the presence of proteasome 

inhibitor. High concentrations of HIF-1α were to ensure an excess of substrates was 

present for the catalytic activities of the endogenous and exogenous expressed PHDs. 

Increased levels of HIF prolyl hydroxylation were therefore expected to be detected for 

cells with overexpressed WT- or L343A-PHD2. Introduction of variant-sensitive 

inhibitor analogues were anticipated to suppress the activities of the L343A variant but 

not the wild-type enzyme.  

 

In the cell-based experiments, L343A-PHD2 was first engineered into a human (full 

length) PHD2-pcDNA3 plasmid (previously prepared by Dr J. M. Gleadle)17 using site-

directed mutagenesis PCR (Stratagene). The PHD2 plasmids bearing the L343A mutation 

and WT-PHD2 were then transiently transfected into HT1080 cells using Fugene HD 

Transfection reagent14. The full-length WT-PHD2 or L343A-PHD2 were overexpressed 

in the presence of high (plasmid) concentrations of a truncated form of HIF-1α (HIF-

1α/PK) (HIF-1α residue 344-826, with a nine amino-acid C-terminal PK-epitope tag 

(prepared by Dr Y-M Tian)) as an exogenous source of HIF-1α in HT1080 cells. 24 h 

after transfection, cells were treated for 5 h with the proteasome inhibitor MG132 and in 

the presence or absence of the PHD inhibitors (i.e. BIQ or NOG analogues). Cells were 

then lysed and analysed by immunoblotting. The proteins were probed by HIF-1α and 

hydroxy-residue specific antibodies; allowing simultaneous detection of endogenous 

HIF-1α (~105 kDa) and exogenous HIF-1α/PK (~76 kDa) and their hydroxylation states 

(Fig. 5.18).  
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Figure 5.18: Summary of initial cell-based experiments carried out in human fibrosarcoma HT1080 and 
PHD null mouse embryonic fibroblast (TKO MEF).  WT- or L343A-PHD2 were overexpressed in the 
presence of a truncated form of HIF-1α (HIF-1α/PK) using transient transfection. The transfected cells 
were then treated with PHD or variant-sensitive inhibitors in the presence of proteasome inhibitor MG132 
for 5 h. (NOG analogues 12-16 were tested in their corresponding di-ester forms) Immunoblots probed with 
indicated antibodies (A-E HT1080 cells. F-G TKO MEF). Brackets ( ) showing amount of HIF-1α/PK and 
WT- or L343A-PHD2 plasmid DNA used per well (1 mL) in the transfection experiments. Control A 
represents untreated sample. Control B represents sample trasnfected with HIF-1α/PK but in the absence of 
PHD2-overexpression.  
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In agreement with the in vitro findings, the L343A-PHD2 variant was shown to catalyse 

the hydroxylation of NODD (Pro402) and CODD (Pro564) in HIF-1α in HT1080 cells at 

a level comparable to WT-PHD2. As observed from the hydroxy-residue specific 

immunoblots (Hyp564 and Hyp402) (Fig. 5.18 A, compare lanes 1, 3, 6, and Fig 5.18 E), 

WT-PHD2 and L343A-PHD2 transfected cells have significantly higher levels of CODD  

and NODD hydroxylation on HIF-1α/PK compared to the negative controls (without 

PHD2 overexpression) despite the samples having similar levels of HIF-1α/PK (HIF-1α 

immunoblots, lower band). Furthermore, the levels of prolyl hydroxylation were also 

shown to increase when higher L343A-PHD2 plasmid concentration was used in the 

transfection (Fig. 5.18 B, compare lanes 6 and 10), thus further confirming that the 

hydroxylation was a result of the L343A-PHD2 variant activity.  

 

Although experiments were carried out at similar conditions, variable HIF-1α/PK 

hydroxylation levels were observed in the negative controls (without PHD2 transfections) 

(Fig 5.18 A-D, shown in red box) in more than ten independent experiments (some data 

not shown). In some experiments (e.g. Fig 5.18 C), the hydroxylation status of exogenous 

substrates (i.e. HIF-1α/PK) were much lower than the endogenous HIF-1α; the 

endogenous PHDs appeared to preferentially hydroxylate the natural substrates despite 

the presence of excess HIF-1α/PK. However, in other cases, high levels of HIF-1α/PK 

hydroxylation were observed in the negative controls (Fig. 5.18 B and D). One of the 

major disadvantages of transient transfections is the variable transfection efficiencies 

between experiments which lead to different degrees of protein expression. It cannot be 

ruled out that this is the reason for the differences observed in the hydroxylation status of 

HIF-1α/PK controls between experiments.  

 

In the first instance, both BIQ 14 (a potent PHD inhibitor) and D-Ala-BIQ 15 (L343A-

variant-sensitive analogue) (1 and 2 mM) appeared to have little or no effect on the 

hydroxylase activities of the WT-PHD2 or L343A-PHD2 transfectants (plasmid 

concentrations ~7.5 - 20 ng/100 µL media) i.e. similar levels of HIF-1α and Hyp564 

signals were observed in the immunoblots (Fig. 5.18 A and B). It was therefore proposed 

high concentrations of inhibitors might be required to observe inhibition, given that 
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overexpression of the exogenous PHD2 enzymes in these cells markedly increased the 

hydroxylase activities. Lower levels of PHD2 overexpression would therefore be 

expected to result in inhibition of hydroxylation.  

 

To achieve this, HT1080 cells were then transfected at lower plasmid concentrations (i.e. 

4 ng/100 µL media) of WT-PHD2 and L343A-PHD2. However, under these conditions, 

the PHD2 protein levels of both the endogenous and exogenous were observed to be 

similar (Fig 5.18 C), meaning dissection of the endogenous and exogenous enzyme 

activities is almost impossible. High background levels of endogenous PHD activity 

might lead to a wrong interpretation of the results. This could be the reason why BIQ 14 

was observed to substantially inhibit the activities of the WT-PHD2 and L343A-PHD2 

transfected cells (Fig. 5.18 C, Hypro564 immunoblot, lanes 3, 5, 8), whereas the L343A-

variant-sensitive analogue inhibitors 15, 5, 7, and 9 appeared to have no apparent effect 

on the activity of L343A-PHD2 transfectants (Fig. 5.18 C, lanes 9-12). This may be 

because BIQ 14 not only inhibits the exogenous trasnfected PHD2s, but also the 

endogenous PHDs (as demonstrated in Chapter 2 Section 2.2.4 in RCC4 cells), resulting 

in the observation of significant inhibition in these samples. Conversely, the variant-

sensitive inhibitors did not inhibit the wild-type PHDs. The hydroxylation signals 

observed might be contributed to by the activities of endogenous PHDs. In addition, the 

inhibitor-treated transfectants were found to be highly susceptible to compound toxicity 

(observed from reduced HIF-1α levels and cell-morphological changes, for instance, D-

Ala-BIQ 15 > 0.5 mM was found to gradually reduce the HIF-1α level (Fig. 5.18 D)), 

adding extra complexity to this system.   

 

 

5.2.9.2 PHD null cell-system 

 

Given that interference from the activity of endogenous PHDs was the major concern in 

HT1080 cells, it was judged that a PHD null cell-line (i.e. PHD1-2-3 triple-knockout 

(TKO) mouse embryonic fibroblast (MEF)) might be a better option for this study (the 

TKO MEF cell-line was obtained from Dr J. Adam.257) These cells stabilise HIF-1α due 
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to the absence of endogenous PHDs. Re-expressing PHD was expected to destabilise 

HIF-1α, while treatment of the PHD transfected cells with inhibitor was expected to 

increase HIF-1α activity.  

 

Surprisingly, these PHD null cells have relatively low levels of HIF-1α compared to the 

wild-type cells (Fig. 5.18 F), making protein measurements difficult. Therefore, WT-

PHD2 or L343A-PHD2 was overexpressed concurrently with the truncated version HIF-

1α/PK. The PHD2 and HIF-1α/PK transfected PHD null cells were exposed to PHD 

inhibitors in the presence of proteasome inhibitor MG132 for 5 h. Under these assay 

conditions, BIQ analogues 14 and 15 and NOG analogues 8 and 9 (tested in their di-ester 

forms) were all shown to cause HIF-1α reduction, while DMOG (dimethyl ester of NOG) 

showed no apparent effect on the  HIF-1α protein level (Fig. 5.18 G). The reasons for 

these differences are not clear. It may be compounds 14, 15, 8, and 9 exerted greater 

toxicity effects or other possible mechanisms that promoted HIF-1α degradation under 

the tested conditions. Although extensive work has been carried out to optimise the cell-

based experiment conditions. However, the PHD triple-knockout cells were found to 

have low transfection efficiencies and the transfected cells were highly susceptible to 

compound toxicity. 

 

In conclusion, the presence of multiple endogenous PHDs makes dissection of the 

endogenous and exogenous PHD activity difficult in HT1080 cell-line, meaning that at 

least this natural mammalian cell-line (and possibily other natural mammaliam cell-lines) 

is probably not suitable to be used to determine PHD variant-analogue selectivity. PHD 

null cells were found to be resistant to further genetic alterations and highly susceptible to 

drug-induced toxicity. Therefore, without a suitable cell-system, this work is not yet able 

to demonstrate PHD variant-analogue selective inhibition in mammalian cells.   
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5.3 Conclusions and future directions 
 

The work in this chapter demonstrates the feasibility of selective inhibition of PHD2 

employing analogue-sensitive variants in vitro. Of the tested PHD2 variants, L343A-

PHD2 was identified as the most active variant, retaining similar activity to WT-PHD2. 

D-Ala-BIQ (15) (IC50 47.9 µM) was identified as a potent inhibitor which selectively 

inhibits the L343A-PHD2, but not the WT-PHD2. Attempts to test this ‘bump-hole’ 

(chemical-genetic) approach in mammalian cells have not been successful, possibly due 

to the lack of a suitable cell-system. Therefore, future research may focus on the further 

development of variant-sensitive analogue inhibitors and the generation of stable cell-

lines expressing WT-PHD2 and L343A-PHD2 in PHD null cells.   
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5.4 Synthesis and characterisation of the BIQ analogues   
 
Methyl 1-chloro-4-hydroxyisoquinoline-3-carboxylate (21)77 
 

 
 
Methyl 1,4-dihydroxyisoquinoline (1.30 g, 5.9 mmol) was added to phosphorus 

oxychloride (10 mL, excess). The resulting mixture was stirred under reflux at 80oC. TLC 

analysis indicated that the reaction was complete after 2 h. The excess phosphorus 

oxychloride was then removed under reduced pressure and the crude residue dissolved in 

EtOAc (30 mL). The organic layer was then washed with sodium hydrogen carbonate (3 

x 30 mL) and brine (30 mL), dried (MgSO4), filtered, and concentrated in vacuo to give 

methyl 1-chloro-4-hydroxyisoquinoline-3-carboxylate 21 (1.39 g, 98%) as a white solid; 

mp 137-140oC; Rf  (hexane: EtOAc, 4:1) 0.5; νmax (KBr)  3454 (OH), 1619 (C=O), 1566, 

1467, 1407, 1335 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.08 (3H, s, CH3O),  7.82-7.86 

(2H, m, 2 x Ar-H), 8.27-8.30 (1H, m, Ar-H), 8.39-8.42 (1H, m, Ar-H), 11.76 (1H, s, 

ArOH); 13C NMR (125 MHz, CDCl3) δ 53.1 (CH3O), 119.3 (ArC), 123.7 (ArCH), 126.5 

(ArCH), 129.6 (ArC), 129.7 (ArC), 131.0 (ArCH), 131.5 (ArCH), 140.9 (ArC), 156.5 

(ArC), 170.2 (C=O) ; MS (ES-) m/z 236.1 (60) [M-H]-; HMRS (ESI) calcd. for 

C11H7ClNO3 [M-H]- 236.0120; found 236.0113. 
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1-Chloro-4-hydroxyisoquinoline-3-carboxylic acid (22)77 

 

 
 
A mixture of compound 21 (1.30 g, 5.5 mmol) and 1 N NaOH: EtOH (1:1) (50 ml, excess) 

was stirred under reflux at 85oC. TLC analysis (hexane: EtOAc, 4:1) indicated complete 

consumption of starting material (Rf 0.5) after 2 h. The reaction mixture was then washed 

with EtOAc (3 x 50 mL). The aqueous layer was acidified with 1 N HCl to pH 1 and then 

extracted with EtOAc (3 x 50 mL),  dried (MgSO4), filtered and concentrated in vacuo to 

give  1-chloro-4-hydroxyisoquinoline-3-carboxylic acid 22 (1.10 g, 90%) as a white solid; 

mp 318-320oC; νmax (KBr)  3403 (OH), 1660 (C=O), 1570, 1475, 1315, 1235, 1173, 774 

cm-1; 1H NMR (500 MHz, DMSO-d6) δ 7.96-8.01 (2H, m, 2 x Ar-H), 8.21-8.25 (1H, m, 

Ar-H), 8.31-8.36 (1H, m, Ar-H); 13C NMR (125 MHz, DMSO-d6 ) δ 119.5 (ArC), 123.2 

(ArCH), 125.9 (ArCH), 128.8 (ArC), 129.1 (ArC), 131.8 (ArCH), 132.1 (ArCH), 138.8 

(ArC), 156.0 (ArC), 171.5 (C=O) ; MS (ES-) m/z 222.0 (100) [M-H]-; HMRS (ESI) calcd. 

for C10H5ClNO3 [M-H]- 221.9963; found 221.9955. 

 
Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)acetate (23)77 
 

 
 

To a solution of glycine methyl ester hydrochloride (336 mg, 2.7 mmol, 1.2 equiv) and 

triethylamine (0.8 mL, 5.6 mmol, 2.5 equiv.) in CH2Cl2 (50 mL) were added compound 

22 (500 mg, 2.2 mmol, 1 equiv.) followed by benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (1.28 g, 2.45 mmol, 1.1 equiv.). The 

resulting mixture was then stirred at room temperature. TLC analysis indicated that the 

reaction was complete after 20 h. The organic solvents were removed and the residue was 
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purified by flash chromatography (hexane: EtOAc, 4:1) to afford methyl 2-(1-chloro-4-

hydroxyisoquinoline-3-carboxamido)acetate 23 (490 mg, 75%) as a white solid, mp 101-

103oC; Rf (hexane: EtOAc, 4:1) 0.3; νmax (KBr) 3401 (NH), 2955 (C-H), 1743 (C=O), 

1636 (C=O), 1569, 1538, 1401, 1344, 981, 770 cm-1; 1H NMR (500 MHz, CDCl3) δ 3.82 

(3H, s, CH3O),  4.29 (2H, d, J 5.5,  CH2), 7.76-7.81 (2H, m, 2 x Ar-H), 8.20-8.25 (2H, m, 

Ar-H, NH), 8.33-8.46 (1H, m, Ar-H), 12.83 (1H, s, ArOH); 13C NMR  (125 MHz, CDCl3) 

δ 40.7 (CH), 52.5 (CH3O), 120.3 (ArC), 123.4 (ArCH), 126.4 (ArCH), 129.4 (ArC), 

130.1 (ArC), 130.8 (2 x ArCH), 139.4 (ArC), 154.5 (ArC), 169.1 (C=O), 169.6 (C=O) ; 

MS (ES-) m/z 293.1 (90) [M-H]-. 

 
 
 
2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)acetic acid (14)77 
 

 
 

A mixture of compound 23 (470 mg, 1.6 mmol) and 1 N NaOH: MeOH (1:1) (20 ml, 

excess) was stirred at room temperature. TLC analysis (hexane: EtOAc, 4:1) indicated 

complete consumption of starting material (Rf 0.3) after 2 h. The reaction mixture was 

then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 N HCl to 

pH 1 and then extracted with EtOAc (3 x 10 mL),  dried (MgSO4), filtered, and 

concentrated in vacuo to give 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)acetic 

acid 14 (420 mg, 94%) as a white solid; mp 222-225oC; νmax (KBr)  3400 (NH), 2913 (C-

H), 1712 (C=O), 1640 (C=O), 1586, 1568, 1530, 1355, 1255, 954, 794 cm-1; 1H NMR 

(500 MHz, MeOD) δ 4.20 (2H, s, CH2), 7.91-7.94 (2H, m, 2 x Ar-H), 8.33-8.35 (1H, m, 

Ar-H), 8.41-8.43 (1H, m, Ar-H); 13C NMR  (125 MHz, MeOD) δ 41.5 (CH2), 122.0 

(ArC), 124.3 (ArCH), 127.4 (ArCH), 130.6 (ArC), 131.4 (ArC), 132.3 (2 x ArCH), 140.6 

(ArC), 155.8 (ArC), 170.8 (C=O), 172.8 (C=O) ; MS (ES-) m/z 279.0 (100) [M-H]-. Anal. 

(C12H9ClN2O4) requires: C, 51.35; H, 3.23; N, 9.98%; found C, 51.26; H, 3.19; N, 9.89%.   
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(R)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)propanoate (24) 
 

 
 

To a solution of D-alanine methyl ester hydrochloride (98 mg, 0.7 mmol, 1.2 equiv.) and 

triethylamine (0.2 mL, 1.5 mmol, 2.5 equiv.) in CH2Cl2 (10 mL) were added compound 

22 (130 mg, 0.6 mmol, 1 equiv.) followed by benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (332 mg, 0.6 mmol, 1.1 equiv.). The 

resulting mixture was then stirred at room temperature. TLC analysis indicated that the 

reaction was complete after 20 h. The organic solvents were removed and the residue was 

purified by flash chromatography (hexane: EtOAc, 4:1) to afford (R)-methyl 2-(1-chloro-

4-hydroxyisoquinoline-3-carboxamido)propanoate 24 (110 mg, 67%) as a white solid, 

mp 116-118oC; Rf (hexane: EtOAc, 4:1) 0.5; [α]D 
22 - 20.2 (c, 1.0 in CH2Cl2); νmax (KBr) 

3394 (NH), 2941 (C-H), 1740 (C=O), 1638 (C=O), 1568, 1531, 1329, 955, 772 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 1.61 (3H, d, J 6.9, CH3), 3.82 (3H, s, CH3O),  4.78-4.84 (1H, 

m, CH), 7.80-7.85 (2H, m, 2 x Ar-H), 8.20 (1H, d, J 7.5, NH), 8.27-8.31 (1H, m, Ar-H), 

8.39-8.42 (1H, m, Ar-H), 12.96 (1H, s, ArOH); 13C NMR  (125 MHz, CDCl3) δ 18.2 

(CH3), 47.9 (CH), 52.6 (CH3O), 120.4 (ArC), 123.4 (ArCH), 126.5 (ArCH), 129.5 (ArC), 

130.2 (ArC), 130.8 (2 x ArCH), 139.5 (ArC), 154.9 (ArC), 168.5 (C=O), 172.7 (C=O) ; 

MS (ES-) m/z 307.1 (100) [M-H]-; HMRS (ESI) calcd. for C14H12ClN2O4 [M-H]- 

307.0491; found 307.0493. 
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 (R)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)propanoate (25) 
 

 
 

To a solution of L-alanine methyl ester hydrochloride (98 mg, 0.7 mmol, 1.2 equiv.) and 

triethylamine (0.2 mL, 1.5 mmol, 2.5 equiv.) in CH2Cl2 (10 mL) were added compound 

22 (130 mg, 0.6 mmol, 1 equiv.) followed by benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (332 mg, 0.6 mmol, 1.1 equiv). The 

resulting mixture was then stirred at room temperature. TLC analysis indicated that the 

reaction was complete after 20 h. The organic solvents were removed and the residue was 

purified by flash chromatography (hexane: EtOAc, 4:1) to afford (R)-methyl 2-(1-chloro-

4-hydroxyisoquinoline-3-carboxamido)propanoate 25 (105 mg, 59%) as a white solid, 

mp 178-180oC; Rf (hexane: EtOAc, 4:1) 0.5; [α]D 
22 + 21.6 (c, 1.0 in CH2Cl2); νmax (KBr) 

3394 (NH), 2941 (C-H), 1740 (C=O), 1638 (C=O), 1568, 1530, 1328, 955, 771 cm-1; 1H 

NMR (500 MHz, CDCl3) δ 1.61 (3H, d, J 7.5, CH3), 3.82 (3H, s, CH3O),  4.78-4.84 (1H, 

m, CH), 7.79-7.85 (2H, m, 2 x Ar-H), 8.20 (1H, d, J 7.5, NH), 8.27-8.30 (1H, m, Ar-H), 

8.38-8.41 (1H, m, Ar-H), 12.97 (1H, s, ArOH); 13C NMR  (125 MHz, CDCl3) δ 18.2 

(CH3), 47.9 (CH), 52.6 (CH3O), 120.4 (ArC), 123.4 (ArCH), 126.4 (ArCH), 129.5 (ArC), 

130.2 (ArC), 130.8 (2 x ArCH), 139.5 (ArC), 154.9 (ArC), 168.5 (C=O), 172.7 (C=O) ; 

MS (ES-) m/z 307.1 (100) [M-H]-; HMRS (ES-) calcd. for C14H12ClN2O4 [M-H]- 

307.0491; found 307.0495. 
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(R)-2(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)propanoic acid  (15) 
 

 
 

A mixture of compound 24 (90 mg, 0.3 mmol) and 1 N NaOH: MeOH (1:1) (10 ml, 

excess) was stirred at room temperature. TLC analysis (hexane: EtOAc, 4:1) indicated 

complete consumption of starting material (Rf 0.5) after 2 h. The reaction mixture was 

then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 N HCl to 

pH 1 and then extracted with EtOAc (3 x 10 mL),  dried (MgSO4), filtered, and 

concentrated in vacuo to give (R)-2(1-chloro-4-hydroxyisoquinoline-3-

carboxamido)propanoic acid  15 (84 mg, 98%) as a white solid; mp 116-118oC; [α]D 
22 - 

26.8 (c, 1.0 in MeOH); νmax (KBr)  3441 (OH), 3372 (NH), 2942 (C-H), 1737 (C=O), 

1619 (C=O), 1586, 1573, 1547, 1359, 1286, 771 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 

1.50 (3H, d, J 7.3, CH3),  4.54-4.60 (1H, m, CH), 7.98-8.03 (2H, m, 2 x Ar-H), 8.29-8.32 

(1H, m, Ar-H), 8.34-8.37 (1H, m, Ar-H), 9.08 (1H, d, J 8.0, NH), 13.67 (1H, s, OH); 13C 

NMR  (125 MHz, DMSO-d6) δ 16.9 (CH3), 47.6 (CH), 120.4 (ArC), 123.0 (ArCH), 126.1 

(ArCH), 128.6 (ArC), 129.5 (ArC), 131.7 (ArCH), 131.8 (ArCH), 138.5 (ArC), 154.4 

(ArC), 168.2 (C=O), 173.2 (C=O) ; MS (ES-) m/z 293.0 (100) [M-H]-; HMRS (ES-) calcd. 

for C13H10ClN2O4 [M-H]- 293.0335; found 293.0342. Anal. (C13H11ClN2O4) requires: C, 

52.98; H, 3.76; N, 9.51%; found C, 52.93; H, 3.83; N, 9.40%.   
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(S)-2(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)propanoic acid  (16) 
 

 
 

A mixture of compound 25 (85 mg, 0.3 mmol) and 1 N NaOH: MeOH (1:1) (10 ml, 

excess) was stirred at room temperature. TLC analysis (hexane: EtOAc, 4:1) indicated 

complete consumption of starting material (Rf 0.5) after 2 h. The reaction mixture was 

then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 N HCl to 

pH 1 and then extracted with EtOAc (3 x 10 mL),  dried (MgSO4), filtered, and 

concentrated in vacuo to give (S)-2(1-chloro-4-hydroxyisoquinoline-3-

carboxamido)propanoic acid  16 (77 mg, 93%) as a white solid; m.p. 178-180oC; [α]D 
25  

+ 25.0 (c, 1.0 in MeOH); νmax (KBr)  3441 (OH), 3372 (NH), 2942 (C-H), 1737 (C=O), 

1618 (C=O), 1586, 1574, 1547, 1360, 1286, 771 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 

1.50 (3H, d, J 7.3, CH3),  4.54-4.60 (1H, m, CH), 7.98-8.02 (2H, m, 2 x Ar-H), 8.28-8.31 

(1H, m, Ar-H), 8.33-8.36 (1H, m, Ar-H), 9.07 (1H, d, J 7.5, NH), 13.66 (1H, s, OH); 13C 

NMR  (125 MHz, DMSO-d6) δ 16.9 (CH3), 47.6 (CH), 120.4 (ArC), 123.0 (ArCH), 126.1 

(ArCH), 128.6 (ArC), 129.5 (ArC), 131.7 (ArCH), 131.8 (ArCH), 138.5 (ArC), 154.4 

(ArC), 168.2 (C=O), 173.2 (C=O) ; MS (ES-) m/z 293.0 (100) [M-H]-; HMRS (ES-) calcd. 

for C13H10ClN2O4 [M-H]- 293.0335; found 293.0335. Anal. (C13H11ClN2O4) requires: C, 

52.98; H, 3.76; N, 9.51%; found C, 52.95; H, 3.65; N, 9.43%.  
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 (R)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoate (26) 
 

 
 

To a solution of D-phenylalanine methyl ester hydrochloride (151 mg, 0.7 mmol, 1.2 

equiv.) and triethylamine (0.2 mL, 1.5 mmol, 2.5 equiv.) in CH2Cl2 (10 mL) were added 

compound 22 (130 mg, 0.6 mmol, 1 equiv.) followed by benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (332 mg, 0.6 mmol, 1.1 equiv.).The 

resulting mixture was then stirred at room temperature. TLC analysis indicated that the 

reaction was complete after 20 h. The organic solvents were removed and the residue was 

purified by flash chromatography (hexane: EtOAc, 4:1) to afford (R)-2-(1-chloro-4-

hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoate 26 (147 mg, 66%) as yellow 

oil; Rf (hexane: EtOAc, 4:1) 0.4; [α]D 
22 - 16.8 (c, 1.0 in CH2Cl2); νmax (KBr disc)  3384 

(N-H), 2925 (C-H), 1745 (C=O), 1638 (C=O), 1568, 1531, 1323, 943, 718 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 3.25 (1H, dd, J 14.0, 6.9, PhCH2), 3.31 (1H, dd, J 14.0, 6.0, PhCH2), 

3.77 (3H, s, CH3O),  5.02-5.06 (1H, m, CH), 7.23-7.34 (5H, m, 5 x Ph-H), 7.77-7.81 (2H, 

m, 2 x Ar-H), 8.21 (1H, d, J 8.0, NH), 8.23-8.26 (1H, m, Ar-H), 8.34-8.37 (1H, m, Ar-H), 

12.85 (1H, s, ArOH); 13C NMR  (125 MHz, CDCl3) δ 37.9 (PhCH2), 52.2 (CH3O), 52.9 

(CH), 120.4 (ArC), 123.1 (ArCH), 126.1 (ArCH), 127.0 (PhCH), 128.5 (2 x ArCH), 

128.9 (2 x PhCH), 129.1 (ArC), 130.0 (ArC), 130.5 (2 x PhCH), 135.9 (PhC), 139.3 

(ArC), 154.5 (ArC), 168.2 (C=O), 171.0 (C=O) ; MS (ES-) m/z 383.1 (100) [M-H]-; 

HMRS (ESI) calcd. for C20H16ClN2O4 [M-H]- 383.0804; found 383.0805. 
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(S)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoic acid (27) 
 

 
 

To a solution of L-phenylalanine methyl ester hydrochloride (151 mg, 0.7 mmol, 1.2 

equiv) and triethylamine (0.2 mL, 1.5 mmol, 2.5 equiv.) in CH2Cl2 (10 mL) were added 

compound 22 (130 mg, 0.6 mmol, 1 equiv.) followed by benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (332 mg, 0.6 mmol, 1.1 equiv.). The 

resulting mixture was then stirred at room temperature. TLC analysis indicated that the 

reaction was complete after 20 h. The organic solvents were removed and the residue was 

purified by flash chromatography (hexane: EtOAc, 4:1) to afford (S)-2-(1-chloro-4-

hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoate 27 (130 mg, 59%) as yellow 

oil; Rf (hexane: EtOAc, 4:1) 0.4; [α]D 
22 - 17.5 (c, 1.0 in CH2Cl2);  νmax (KBr disc)  3384 

(N-H), 2925 (C-H), 1745 (C=O), 1639 (C=O), 1568, 1531, 1323, 943, 719 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 3.25 (1H, dd, J 13.9, 6.9 Hz, PhCH2), 3.31 (1H, dd, J 13.9, 6.0 Hz, 

PhCH2), 3.77 (3H, s, CH3O),  5.02-5.06 (1H, m, CH), 7.23-7.34 (5H, m, 5 x Ph-H), 7.77-

7.81 (2H, m, 2 x Ar-H), 8.21 (1H, d, J 8.0, NH), 8.25-8.26 (1H, m, Ar-H), 8.35-8.37 (1H, 

m, Ar-H), 12.86 (1H, s, ArOH); 13C NMR  (125 MHz, CDCl3) δ 38.0 (PhCH2), 52.2 

(CH3O), 52.9 (CH), 120.1 (ArC), 123.1 (ArCH), 126.2 (ArCH), 127.0 (PhCH), 128.5 (2 x 

ArCH), 128.9 (2 x PhCH), 129.2 (ArC), 130.0 (ArC), 130.5 (2 x PhCH), 135.4 (PhC), 

139.3 (ArC), 154.5 (ArC), 168.2 (C=O), 171.1 (C=O) ; MS (ES-) m/z 383.1 (100) [M-H]-; 

HMRS (ESI) calcd. for C20H16ClN2O4 [M-H]- 383.0804; found 383.0804. 

 
 
 
 
 
 
 



!

 
 

! ! Chapter(5( !
! !

142 

(R)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoic acid (17) 
 

 
 

A mixture of compound 26 (110 mg, 0.3 mmol) and 1 N NaOH: MeOH (1:1) (10 ml, 

excess) was stirred at room temperature. TLC analysis (hexane: EtOAc, 4:1) indicated 

complete consumption of starting material (Rf 0.4) after 2 h. The reaction mixture was 

then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 N HCl to 

pH 1 and then extracted with EtOAc (3 x 10 mL),  dried (MgSO4), filtered, and 

concentrated in vacuo to give (R)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-

phenylpropanoic acid 17 (100 mg, 95%) as a pale yellow solid; mp 184-186oC; [α]D 
22 – 

13.0 (c, 1.0 in MeOH); νmax (KBr)  3448 (OH), 3362 (NH), 2930 (C-H), 1736 (C=O), 

1637 (C=O), 1570, 1540, 1323, 1258, 941, 771 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 

3.28-3.33 (2H, m, PhCH2), 4.79-4.84 (1H, m, CH), 7.16-7.20 (1H, m, Ph-H), 7.26-7.27 

(4H, m, 4 x Ph-H), 7.93-7.96 (2H, m, 2 x Ar-H),  8.22-8.24 (1H, m, Ar-H), 8.29-8.27 (1H, 

m, Ar-H), 8.93 (1H, d, J 8.0, NH), 13.49 (1H, s, ArOH); 13C NMR  (125 MHz, DMSO-d6) 

δ 35.9 (PhCH2), 53.2 (CH), 120.3 (ArC), 123.0 (ArCH), 126.1 (ArCH), 126.6 (PhCH), 

128.3 (2 x PhCH), 128.6 (ArC), 129.1 (2 x ArCH), 129.4 (ArC), 131.7 (PhCH), 131.8 

(PhCH), 137.5 (PhC), 138.5 (ArC), 154.3 (ArC), 168.4 (C=O), 172.1 (C=O); MS (ES-) 

m/z 369.1 (100) [M-H]-; HMRS (ES-) calcd. for C19H14ClN2O4 [M-H]- 369.0648; found 

369.0651. Anal. (C19H15ClN2O4) requires: C, 61.55; H, 4.08; N, 7.56%; found C, 61.45; 

H, 4.00; N, 7.63%.   
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(S)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-phenylpropanoic acid (18) 
 

 
 

A mixture of compound 27 (100 mg, 0.3 mmol) and 1 N NaOH: MeOH (1:1) (10 ml, 

excess) was stirred at room temperature. TLC analysis (hexane: EtOAc, 4:1) indicated 

complete consumption of starting material (Rf 0.4) after 2 h. The reaction mixture was 

then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 N HCl to 

pH 1 and then extracted with EtOAc (3 x 10 mL),  dried (MgSO4), filtered, and 

concentrated in vacuo to give (S)-2-(1-Chloro-4-hydroxyisoquinoline-3-carboxamido)-3-

phenylpropanoic acid 18 (90 mg, 92%) as a pale yellow solid; mp 185-188 oC; [α]D 
22 + 

12.9 (c, 1.0 in MeOH); νmax (KBr)  3448 (OH), 3362 (NH), 2929 (C-H), 1736 (C=O), 

1637 (C=O), 1570, 1540, 1322, 1259, 941, 773 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 

3.27-3.32 (2H, m, PhCH2), 4.79-4.83 (1H, m, CH), 7.17-7.21 (1H, m, Ph-H), 7.26-7.27 

(4H, m, 4 x Ph-H), 7.97-7.99 (2H, m, 2 x Ar-H),  8.26-8.28 (1H, m, Ar-H), 8.30-8.32 (1H, 

m, Ar-H), 8.94 (1H, d, J 8.0, NH), 13.50 (1H, s, ArOH); 13C NMR  (125 MHz, DMSO-d6) 

δ 35.9 (PhCH2), 53.2 (CH), 120.3 (ArC), 123.0 (ArCH), 126.1 (ArCH), 126.6 (PhCH), 

128.3 (2 x PhCH), 128.6 (ArC), 129.1 (2 x ArCH), 129.5 (ArC), 131.7 (PhCH), 131.8 

(PhCH), 137.4 (PhC), 138.5 (ArC), 154.3 (ArC), 168.4 (C=O), 172.1 (C=O); MS (ES-) 

m/z 369.1 (100) [M-H]-; HMRS (ES-) calcd. for C19H14ClN2O4 [M-H]- 369.0648; found 

369.0651. Anal. (C19H15ClN2O4) requires: C, 61.55; H, 4.08; N, 7.56%; found C, 61.61; 

H, 4.01; N, 7.62%.   
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(R)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanone 
(28) 
 

 
 

To a solution of D-valine methyl ester hydrochloride (118 mg, 0.7 mmol, 1.2 equiv.) and 

triethylamine (0.2 mL, 1.5 mmol, 2.5 equiv.) in CH2Cl2 (10 mL) were added compound 

22 (130 mg, 0.6 mmol, 1 equiv.) followed by benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (332 mg, 0.6 mmol, 1.1 equiv.). The 

resulting mixture was then stirred at room temperature. TLC analysis indicated that the 

reaction was complete after 20 h. The organic solvents were removed and the residue was 

purified by flash chromatography (hexane: EtOAc, 9:1) to afford  (R)-methyl 2-(1-chloro-

4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanone 28 (97 mg, 50%) as yellow oil; 

Rf (hexane: EtOAc, 9:1) 0.4; [α]D 
22 - 19.5 (c, 1.0 in CH2Cl2); νmax (KBr disc) 3390 (NH), 

2965 (C-H), 1745 (C=O), 1640 (C=O), 1568, 1531, 1321, 965, 718 cm-1; 1H NMR (500 

MHz, CDCl3) δ 1.07 (6H, d, J 6.9, 2 x CH3), 2.32-2.38 (1H, m, CH(CH3)2), 3.81 (3H, s, 

CH3O),  4.71 (1H, dd, J 5.5, J 9.0, α-CH), 7.79-7.84 (2H, m, 2 x Ar-H), 8.21 (1H, d, J 9.0, 

NH), 8.26-8.30 (1H, m, Ar-H), 8.37-8.41 (1H, m, Ar-H), 13.00 (1H, s, ArOH); 13C NMR  

(125 MHz, CDCl3) δ 18.1 (CH3), 19.1 (CH3), 31.4 (CH(CH3)2), 52.3 (CH3O), 57.1 (α-

CH),  120.5 (ArC), 123.4 (ArCH), 126.5 (ArCH), 129.5 (ArC), 130.2 (ArC), 130.8 (2 x 

ArCH), 139.5 (ArC), 154.9 (ArC), 168.8 (C=O), 171.7 (C=O) ; MS (ES-) m/z 335.1 (100) 

[M-H]-; HMRS (ESI) calcd. for C16H16ClN2O4 [M-H]- 335.0804; found 335.0802. 

 

 

 

 

 

 



!

 
 

! ! Chapter(5( !
! !

145 

(S)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanone 
(29) 
 

 
 

To a solution of L-valine methyl ester hydrochloride (118 mg, 0.7 mmol, 1.2 equiv.) and 

triethylamine (0.2 mL, 1.5 mmol, 2.5 equiv.) in CH2Cl2 (10 mL) were added compound 

22 (130 mg, 0.6 mmol, 1 equiv.) followed by benzotriazol-1-yl-

oxytripyrrolidinophosphonium hexafluorophosphate (332 mg, 0.6 mmol, 1.1 equiv).The 

resulting mixture was then stirred at room temperature.  TLC analysis indicated that the 

reaction was complete after 20 h. The organic solvents were removed and the residue was 

purified by flash chromatography (hexane: EtOAc, 9:1) to afford  (S)-methyl 2-(1-chloro-

4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanone 29 (108 mg, 55%) as yellow 

oil; Rf (hexane: EtOAc, 9:1) 0.4; [α]D 
22 +17.4 (c, 1.0 in CH2Cl2); νmax (KBr disc) 3389 

(NH), 2964 (C-H), 1744 (C=O), 1641 (C=O), 1568, 1531, 1321, 965, 719 cm-1; 1H NMR 

(500 MHz, CDCl3) δ 1.07 (6H, d, J 7.0 Hz, 2 x CH3), 2.30-2.40 (1H, m, CH(CH3)2), 3.81 

(3H, s, CH3O),  4.71 (1H, dd, J 5.5, 9.0, α-CH), 7.78-7.83 (2H, m, 2 x Ar-H), 8.21 (1H, d, 

J 9.0, NH), 8.26-8.29 (1H, m, Ar-H), 8.37-8.40 (1H, m, Ar-H), 13.00 (1H, s, ArOH); 13C 

NMR  (125 MHz, CDCl3) δ 18.1 (CH3), 19.1 (CH3), 31.4 (CH(CH3)2), 52.3 (CH3O), 57.1 

(α-CH),  120.5 (ArC), 123.4 (ArCH), 126.5 (ArCH), 129.5 (ArC), 130.2 (ArC), 130.8 (2 

x ArCH), 139.5 (ArC), 154.9 (ArC), 168.8 (C=O), 171.7 (C=O) ; MS (ES-) m/z 335.1 

(100) [M-H]-; HMRS (ESI) calcd. for C16H16ClN2O4 [M-H]- 335.0804; found 335.0810. 
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(R)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanoic 
acid (19) 
 

 
 

A mixture of compound 28 (80 mg, 0.2 mmol) and 1 N NaOH: MeOH (1:1) (10 ml, 

excess) was stirred at room temperature. TLC analysis (hexane: EtOAc, 9:1) indicated 

complete consumption of starting material (Rf 0.4) after 2 h. The reaction mixture was 

then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 N HCl to 

pH 1 and then extracted with EtOAc (3 x 10 mL),  dried (MgSO4), filtered, and 

concentrated in vacuo to give (R)-methyl 2-(1-chloro-4-hydroxyisoquinoline-3-

carboxamido)-3-methylbutanoic acid 19 (69 mg, 88%) as a white solid; mp 178-180oC; 

[α]D 
22 – 31.1 (c, 1.0 in MeOH); νmax (KBr)  3449 (OH), 3373 (NH), 2965 (C-H), 1758 

(C=O), 1619 (C=O), 1572, 1544, 1325, 1259, 970, 778 cm-1; 1H NMR (500 MHz, 

DMSO-d6) δ 1.00 (6H, dd, J 7.0, 5.5, 2 x CH3), 2.28-2.36 (1H, m, CH(CH3)2), 4.44 (1H, 

dd, J 5.7, 8.5, α-CH), 7.98-8.02 (2H, m, 2 x Ar-H), 8.28-8.31 (1H, m, Ar-H), 8.33-8.37 

(1H, m, Ar-H), 8.50 (1H, d, J 8.5, NH), 13.40 (1H, s, ArOH); 13C NMR  (125 MHz, 

DMSO-d6) δ 18.1 (CH3), 19.1 (CH3), 30.1 (CH(CH3)2), 57.1 (α-CH),  120.1 (ArC), 123.0 

(ArCH), 126.2 (ArCH), 128.6 (ArC), 129.5 (ArC),  131.8 (ArCH), 131.9 (ArCH), 138.7 

(ArC), 154.3 (ArC), 168.2 (C=O), 172.1 (C=O); MS (ES-) m/z 321.1 (100) [M-H]-; 

HMRS (ES-) calcd. for C15H14ClN2O4 [M-H]- 321.0648; found 321.0635. Anal. 

(C15H15ClN2O4) requires: C, 55.82; H, 4.68; N, 8.68%; found C, 55.93; H, 4.73; N, 

8.74%.   
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(S)-Methyl 2-(1-chloro-4-hydroxyisoquinoline-3-carboxamido)-3-methylbutanoic 
acid (20) 
 

 
 

A mixture of compound 29 (78 mg, 0.2 mmol) and 1 N NaOH: MeOH (1:1) (10 ml, 

excess) was stirred at room temperature. TLC analysis (hexane: EtOAc, 9:1) indicated 

complete consumption of starting material (Rf 0.4) after 2 h. The reaction mixture was 

then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 1 N HCl to 

pH 1 and then extracted with EtOAc (3 x 10 mL),  dried (MgSO4), filtered, and 

concentrated in vacuo to give (S)-methyl 2-(1-chloro-4-hydroxyisoquinoline-3-

carboxamido)-3-methylbutanoic acid 20 (70 mg, 94%) as a white solid; mp 178-180oC; 

[α]D 
22 + 29.5 (c, 1.0 in MeOH); νmax (KBr)  3449 (OH), 3373 (NH), 2965 (C-H), 1758 

(C=O), 1619 (C=O), 1572, 1544, 1325, 1259, 970, 778 cm-1; 1H NMR (500 MHz, 

DMSO-d6) δ 1.00 (6H, dd, J 5.5., 7.0, 2 x CH3), 2.28-2.36 (1H, m, CH(CH3)2), 4.44 (1H, 

dd, J 5.5, 8.5, α-CH), 7.98-8.02 (2H, m, 2 x Ar-H), 8.28-8.31 (1H, m, Ar-H), 8.33-8.36 

(1H, m, Ar-H), 8.50 (1H, d, J 8.5, NH), 13.40 (1H, s, ArOH); 13C NMR  (125 MHz, 

DMSO-d6) δ 18.1 (CH3), 19.1 (CH3), 30.2 (CH(CH3)2), 57.1 (α-CH),  120.2 (ArC), 123.0 

(ArCH), 126.2 (ArCH), 128.7 (ArC), 129.5 (ArC),  131.9 (2 x ArCH), 138.7 (ArC), 154.3 

(ArC), 168.2 (C=O), 172.1 (C=O); MS (ES-) m/z 321.1 (100) [M-H]-; HMRS (ES-) calcd. 

for C15H14ClN2O4 [M-H]- 321.0648; found 321.0648. Anal. (C15H15ClN2O4) requires: C, 

55.82; H, 4.68; N, 8.68%; found C, 55.74; H, 4.78; N, 8.58%.   
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Chapter 6: Dual-Action HIF Prolyl Hydroxylase 
Inhibitors That Induce Binding of a Second Iron Ion 

 

6.1 Background and Objectives 
 

Most, if not all, of the reported PHD inhibitors likely bind to the single active site iron in 

a bidentate manner and compete with 2OG co-substrate for binding to the active sites of 

PHDs.32, 74, 222, 258 Representative examples of 2OG-competitive inhibitors include the 

generic 2OG oxygenase inhibitor N-oxalylglycine (NOG), its cell-penetrating prodrug, 

dimethyloxalylglycine (DMOG) and the bicyclic isoquinoline inhibitors BIQ (Fig. 6.1 A) 

and L-Ala-BIQ described in Chapter 2. Iron chelators and transition metal ions also 

inhibit PHD activity, both in vitro and in cells, likely due to chelation in solution and 

competition with iron for binding to the enzyme active sites (see also Chapter 2).2, 66 

 

PHD inhibition can therefore be achieved by limiting iron availability (e.g. as in the case 

of iron chelators) or by specific binding of the inhibitors to the active sites of the PHDs 

(i.e. PHDs 1-3). Given that the natural hypoxic response may potentially involve 

contributions from oxygenases other than the HIF hydroxylases, from a therapeutic 

perspective, it may be that relatively non-specific inhibitors may better mimic the natural 

hypoxic response. 

 

The aim of the work described in this chapter was to identify compounds that both bind 

to the PHD active site and simultaneously deplete cellular iron levels, i.e. have specific 

and non-specific components to their mode of action. In this chapter, the design, 

synthesis, structure-activity analysis and cell-based evaluation of such dual-function 

inhibitors is reported. Non-denaturing electrospray ionization mass spectrometry (ESI-

MS), which has previously been shown to be a useful tool for assaying ligand binding to 

PHD2,222, 259 was employed as a lead analytical tool to identify inhibitors leading to the 

desired metal binding stoichiometry. The work in this chapter was carried out in 
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collaboration with Dr J. Mecinovic (who pioneered the development of this new class of 

PHD inhibitors) and A. Thalhmmer. Synthesis of some of the diacylhydrazine 

compounds, some ESI-MS binding studies, and part of the cell-based results (see text) 

were reported in Dr J. Mecinovic’s D. Phil thesis (Oxford University, 2009).260  
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6.2 Results and Discussion 

6.2.1 Inhibitor design and synthesis 
 

The objective of this work was to design inhibitors that bind specifically to the PHDs, 

and additionally deplete cellular iron levels by promoting the binding of a second iron in 

the active site. Reports on the crystal structures of diacylhydrazine-iron complexes 

demonstrate that diacylhydrazine compounds can form octahedral complexes with iron, 

characterised by a tridentate chelation mode (Fig. 6.1 B and C).261, 262 Notably, the studies 

also revealed that when appropriately functionalized with metal-chelating groups (e.g. 

phenolic hydroxyl groups or heteroaromatic sp2 nitrogens), the diacylhydrazines are 

capable of simultaneously chelating a second transition metal ion (Fig. 6.1 D and E).263 It 

was therefore anticipated that the diacylhyrazine moiety might be a potential template for 

PHD inhibitor design.  

 

Initial docking studies suggested that the diacylhydrazine succinate derivative 1 (Fig. 6.2) 
might bind to the PHD2 active site.  Diacylhydrazine 1 and a set of analogues of 1 were 

therefore prepared and tested for their binding affinities and inhibitory potencies against 

PHD2. The compounds were obtained from the monoacylhydrazines either via a single-

step ring-opening reaction of the corresponding carboxylic acid anhydrides (Method 

A),260 via coupling with the monomethyl adipate in the presence of 1-

hydroxybenzotriazole (HOBt) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDCI) followed by basic hydrolysis (Method B) (Fig. 6.3),260 or by 

nucleophilic substitution with ethyl pentafluorophenyl fumarate followed by basic 

hydrolysis (Method C) (Fig 6.4). 
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Figure 6.1: Structural considerations for the design of diacylhydrazines as potential ‘dual-action’ PHD 
inhibitors (A) Structures of reported PHD inhibitors.  N-oxalylglycine (NOG) and bicyclic isoquinoline 
compound (BIQ) compete with 2OG co-substrate for binding to the PHD active sites.32, 258 
Dimethyloxalylglycine (DMOG) is a cell-penetrating form of NOG. Desferrioxamine (DFO) acts via 
generic iron chelation.66 Ligand atoms involved in Fe(II) chelation are shown in red (or blue). (B, C) Views 
derived from a crystal structure of a diacylhydrazine-iron complex with tridentate iron chelation (CSD ID 
OKUGIK).264 (D, E) Views derived from a crystal structure of a diacylhydrazine-iron complex with 
concomitant bidentate and tridentate iron chelation (CSD ID QEVBEY).263 (Fig. B-E were prepared by A. 
Thalhmmer) 
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Figure 6.2: Diacylhydrazine derivatives tested as potential PHD2 inhibitors. Cell-based activity assays 
were carried out for selected diacylhydrazines (in their methyl or ethyl ester forms, compounds highlighted 
in blue). In vitro potency and cell-based activity data are summarized in Table 3.1. Some compounds were 
not tested, including those with limited solubility or due to interference with biochemical assays. 
Compounds (with the exception of fumarate derivatives 5,9,14,20,24,25,29,30,32,35,42,43,46) were 
synthesised by Dr J. Mecinovic and reported in his D.Phil thesis (University of Oxford, 2009).260  
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Figure 6.3: Synthetic procedures for the preparation of some of the diacylhydrazine derivatives. Method 
A: carboxylic acid anhydride, EtOAc. Method B: monomethyl adipate, 1-hydroxybenzotriazole (HOBt), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI), Et3N, THF; then NaOH, THF. See Fig. 6.2 for 
compound structures. Compounds were synthesized by Dr J. Mecinovic and reported in his D.Phil thesis 
(University of Oxford, 2009). 

 

 
 
6.2.1.1 Synthesis of diacylhydrazine fumarate derivatives   
 
With the exception of the diacylhydrazine fumarate derivatives, other diacylhydrazine 

compounds were synthesized by Dr J. Mecinovic and reported in his D.Phil thesis 

(University of Oxford, 2009).260 The diacylhydrazine fumarate derivatives were prepared 

in three steps (Method C). The precursor ethyl pentafluorophenyl fumarate (47) was first 

prepared via a nucleophilic substitution of ethyl fumaryl chloride with 

pentafluorophenol265 The diacylhydrazine fumarate compounds (5, 9, 14, 24, 29) were 

then obtained from the corresponding monoacylhydrazines (48-52) via an acylation 

reaction with the reactive intermediate ethyl pentafluorophenyl fumarate, followed by 

basic hydrolysis (Fig. 6.4). Characterisation of the fumarate derivatives is described in 

Section 6.4. 
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Figure 6.4: Schematic presentation of the reaction steps used in the synthesis of the diacylhydrazide 
fumarate derivatives (Method C). Reagents and conditions: i) Et3N, THF, RT, overnight; 47, 70%; ii) 
DMF: EtOAc, 1:1, RT, overnight; 30, 43%; 32, 63%; 35, 62%; 42, 51%; 46, 95%; iii) LiOH.H2O, THF, RT, 
overnight; 5, 98%; 9, 65%; 14, 88%; 24, 63%, 29, 76%.   
 

 

6.2.2 Binding affinities and inhibitory potencies of the diacylhydrazines 
 

6.2.2.1 Monocyclic diacylhydrazines 
 

Non-denaturing ESI-MS222was used as an analytical method to investigate the binding 

affinities and potential abilities of the diacylhydrazines to induce a second iron binding to 

PHD2. In the ESI-MS assays, the diacylhydrazine compounds were incubated with the 

catalytic domain of PHD2/pET-24a(+) (residues 181-426) (expressing with pET-24a(+) 

vector in E. coli and purified by cation exchange method by Dr E. Flashman)25 in the 

presence of two equivalents of Fe(II) ions. The inhibitory potencies of the 

diacylhydrazines towards PHD2 catalysis were studied using a time resolved 

fluorescence resonance energy transfer (FRET) turnover assay46, 266 (The FRET 
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experiments were conducted by Dr L. A. McNeill and Dr J. Mecinovic).260 The structure-

activity data (i.e. ESI-MS and FRET-based results) are summarised in Table 6.1. 

 

Interestingly, the ESI-MS results implied that diacylhydrazide 1 formed a PHD2·Fe2·1 

complex as the only observed new species under the standard assay conditions (Fig. 6.5 

A). The PHD2·Fe2·1 complex peak (27990 Da, peak D, Fig. 6.5 A) has a molecular mass 

of 290 Da larger than that of the no inhibitor control (PHD2.Fe, 27700 Da, peak B, Fig. 

6.5 A). The molecular mass of 290 Da thus corresponds to the intact masses of 

diacylhydrazide 1 (237 Da) and a second iron (56 Da). Note that there is a small peak 

(27755 Da, peak C, Fig. 6.5 A) corresponding to a PHD2.Fe2 complex in the no inhibitor 

control which may result from non-specific binding of Fe(II) ions to the PHD2 protein 

under the standard assay conditions. (In a separate ESI-MS experiment carried out by Dr 

J. Mecinovic260 using catalytic domain of PHD2/pET-28(a) (residues 181-426, expressing 

with pET-28a(+) vector in E. coli and purified using His-tag affinity column by Dr R. 

Chowdhury)259 under similar conditions, this PHD2.Fe2 peak is almost undetectable in the 

control). However, 1 was shown to significantly increase the ability of PHD2 to bind to a 

second iron. Diacylhyrazide 1 was later found to inhibit PHD2 activity with a half-

maximal inhibitory concentration (IC50) of 93 µM.  

 

The binding affinities of diacylhydrazines were shown to gradually decrease with 

increased size of the side chains (Fig. 6.5 A). Glutarate derivative 2 (IC50 108 μM) 

formed a two-iron complex with PHD2 (PHD2.Fe2.2, peak E, Fig. 6.5 A); however, no 

detectable complex was observed with adipate derivative 3, possibly due to the extended 

aliphatic side chain of 3 which might hinder efficient binding of the compound into the 

PHD2 2OG binding pocket. Interestingly, the maleate derivative (4, IC50 84 μM) was able 

to induce binding of a second iron to PHD2 (PHD2·Fe2·4, peak G, Fig. 6.5 A), whereas 

the isomeric fumarate derivative (5, IC50 20 μM) only bound to one iron (PHD2·Fe·5, 

peak H, Fig. 6.5 B), revealing the stereochemistry of the olefinic side chain  affects the 

binding of the second iron ion.  
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Of the tested 2-pyridyl diacylhydrazines, variations to the aliphatic side-chain also 

suggested a trend of decreasing potencies in the order of fumarate (5, IC50 20 μM) > 

maleate (4, IC50 84 μM) > succinate (1, IC50 93 μM), glutarate (2, IC50 108 μM) >> 

adipate (3, IC50 227 μM) (Table 6.1). Therefore, the results suggest the ability of a 

compound to induce the binding of a second iron to PHD2 active site (e.g. 1, 2, 4) does 

not generally make it a more potent inhibitor. Modest inhibition exhibited by 3 (IC50 227 

μM) may be due to iron chelation in solution.  

 

When the 2-pyridyl group of the parent compound 1 (IC50 93μM) was replaced by a 

phenyl (6, IC50 > 1000 μM), 3-pyridyl (8, IC50 195 μM), or 4-pyridyl (10, IC50 202 μM) 

group, the analogues lost their ability to chelate a second iron (Fig. 6.5 B), suggesting a 

specific regiochemical requirement of the pyridyl-N to bind a second iron. These 

replacements were also found to generally result in reduced inhibitory potencies of the 

compounds (Table 6.1). The above observations generally consistent with the results 

obtained from a separate set of ESI-MS experiments by Dr J. Mecinovic.260  

 

Introduction of an electron-donating dimethylamino group to the para-position of 

aromatic ring of 1 (compound 7) was speculated to increase its binding affinity for a 

second iron. However, this substitution actually led to a decreased formation of the two 

iron binding complex (PHD2.Fe2.7, peak K, Fig. 6.5 B) and an increased formation of a 

single iron complex (PHD2.Fe.7, peak J, Fig. 6.5 B) (however, this single iron peak was 

only weakly detectable in a seperate experiment carried out by Dr J. Mecinovic).260 7 

(IC50 133 μM) was also found to be slightly less potent than 1 (IC50 93 µM). Due to its 

larger molecular size, it is possible that 7 binds in a different orientation and binds less 

tightly to the PHD2 active site compared to 1.   
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Figure 6.5: (A, B) Non-denaturing ESI-MS studies of PHD2 in the presence of 2 equiv. of Fe(II) ions and  
1 equiv. of monocyclic diacylhydrazine derivatives 1-10. There is a small peak (peak C) in the control 
(without inhibitors) corresponding to a PHD2.Fe2 complex which may result from non-specific binding of 
Fe(II) ions to the PHD2 under the standard assay conditions.  
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6.2.2.2 Bicyclic and tricylic diacylhydrazines 
 

Appropriately functionalised bicyclic PHD inhibitors generally appear to be more potent 

compared to their monocyclic analogues, partly because the second ring of the inhibitors 

can form hydrophobic interactions with the amino acid residues located at the entrance of 

the PHD2 active site.31, 34, 74 A series of bicyclic (11-24, Fig. 6.2) and tricyclic (26-29, Fig. 
6.2) diacylhydrazide derivatives were therefore prepared and tested as above (Table 6.1).  

 

Consistent with the ESI-MS results of the monocyclic derivatives, most of the bicyclic 

and tricyclic (11-29) compounds were able to induce a second iron binding to the PHD2 

(Fig. 6.6 and 6.7). In contrast, fumarate derivatives (24, 29) and 3-quinolinyl derivatives 

(21-23) (scaffold G, Fig. 6.2) were observed to bind to PHD2 with a single iron under 

standard conditions (see also Table 6.1). Substantial single iron complex peaks (e.g. 

PHD2.Fe.15, peak G, Fig. 6.6 A; PHD2.Fe.26, peak D, Fig. 6.7; PHD2.Fe.29, peak G, 

Fig. 6.7) were detected in some of the two iron binding compounds (i.e. succinates 15, 26 

and maleate 29) (however, the formation of PHD2.Fe.15 and PHD2.Fe.26 peaks were 

again not substantially present in Dr J. Mecinovic’s experiments),260 showing that their 

abilities to induce a second iron binding are not only affected by their side chains, but are 

also strongly affected by the orientation and size of the aromatic rings.  

 

The results show that binding affinities and inhibitory potencies of the bicyclic 

compounds also substantially depend on the position of the second aromatic ring (i.e. in 

the isomeric scaffolds D, E and F, Fig. 6.2). Compounds with scaffolds E (15, 16) and F 

(18, 19) tend to give weaker complexes compared to compounds with scaffold D (11, 12) 

(Fig. 6.6 A and B). As exemplified in the series of relatively potent maleate derivatives, 

the isoquinoline-3- (13, scaffold D), quinoline-2- (17, scaffold E) and isoquinoline-1-

derivatives (20, scaffold F) exhibited IC50 values of 9 µM, 84 µM and 149 µM, 

respectively. The tricyclic compounds 26-29 were shown to display similar inhibition 

potencies to their bicyclic analogues 11-14 with IC50 values ranging from 10-40 μM 

(Table 6.1).  
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Beside the descrepencies observed in the detection of the PHD2.Fe2 complex peak in the 

no inhibitor control, and the formation of single iron complex peaks in some of the two-

iron binding compounds (e.g. 7, 15, 26) (as discussed above), the ESI-MS results 

obtained in this study are in great concordance with the results obtained by Dr J. 

Mecinovic (reported in his D. Phil thesis).260 It is possible that the differences observed 

are due to the different PHD2 proteins (i.e. PHD2/pET24(a) and PHD2/pET28(a)) used in 

the tests.  
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Figure 6.6: (A, B) Non-denaturing ESI-MS studies of PHD2 in the presence 2 equiv. of Fe(II) ions and 1 
equiv. of bicyclic diacylhydrazine derivatives 11-23. Compound 14 was not tested because it was not very 
soluble.   
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Figure 6.7: Non-denaturing ESI-MS studies of PHD2 in the presence 2 equiv. of Fe(II) ions and 1 equiv. of 
bicyclic diacylhydrazine 24 and tricylic diacylhydrazines 26-29. Compound 25 was not tested because it 
was not very soluble.   
 
 
 

6.2.3 N-Oxalylglycine (NOG) competition studies 

 

 Further studies were carried out to compare the binding affinities towards PHD2 of 

selected diacylhydrazide derivatives to the unreactive 2OG analogue N-oxalylglycine 

(NOG, IC50 18.5 μM).165 ESI-MS assays were carried out in the presence of equimolar 

quantities of the diacylhydrazides and NOG, and two equivalents of Fe(II). Interestingly, 

the competition experiments revealed that in the presence of equimolar NOG, the 

relatively potent  2-pyridyl derivatives 1-5 (IC50 20-90 μM) did not give rise to any 

detectable complexes with PHD2 (Fig. 6.8 A). The results show that NOG substantially 
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competes these compounds for binding to the PHD2 active site (i.e. the NOG and the 

diacylhydrazides bind to the same site).  

In contrast, despite their generally weak potencies in PHD2 inhibition and the lack of 

abilities to induce the binding of a second iron, diacylhydrazides with 3-pyridyl (8, 9) and 

3-quinolinyl moieties (21, 24) (IC50 200-300 μM) effectively compete with NOG (IC50 

18.5 μM)165 to bind to the PHD2 (Fig. 6.8 B). Compound 9 was also shown to 

substantially compete with the potent PHD inhibitor, bicyclic isoquinoline compound 

(BIQ, IC50 0.073 μM)165 to bind to the PHD2 active site (Fig. 6.8 B); however, its ethyl 

ester 32 (cell-penetrating prodrug of 9) was later found to be an inefficient PHD inhibitor 

in the cell-based experiments (Section 6.2.7). 

 

Overall, the binding studies indicate that the affinities of the diacylhydrazines to bind to 

the PHD2 and their abilities to induce the binding of a second iron to the enzyme active 

sites may at least to a certain extent reflect their inhibitory potencies (i.e. a stronger 

ligand is generally expected to be a more potent inhibitor); however, it is not always the 

case (as demonstrated by compounds 8, 9, 21, 24). The differences observed in the 

binding affinities and inhibitory potencies of the inhibitors may be due to the different 

assay conditions used in the ESI-MS (i.e. gas phase) and FRET-based (i.e. aqueous 

phase) experiments.   
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Figure 6.8: (A, B) Non-denaturing ESI-MS competitive experiments in the presence of equimolar amounts 
of PHD2, N-oxalylglycine (NOG), and diacylhydrazine compounds, and 2 equiv. of Fe(II) ions. (B, f) 
Equimolar amounts of PHD2, bicyclic isoquinoline inhibitor (BIQ), and diacylhydrazine 9 and 2 equiv. of 
Fe(II) ions. 
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6.2.4 Docking studies 

 

Docking studies were performed (by A. Thalhmmer) to investigate the potential binding 

modes of the diacylhydrazines to PHD2 using GOLD program.267, 268 Fig. 6.9 A shows the 

proposed binding mode of dual-action diacylhydrazine inhibitor that induces a second 

iron binding to the active site. In the docking studies, succinate (1), maleate (3) and 

fumarate (4) diacylhydrazine derivatives display at least one predicted binding mode, 

with bidentate coordination to the active site iron of PHD2 and salt bridge formation with 

Arg383 (Fig. 6.9 B-D), similar to NOG and BIQ binding seen in crystal structures of 

PHD2 (see Chapter 2, Fig. 2.4 A and Fig. 2.10, respectively).   

 

The docking models for the compounds that are capable of chelating a second iron 

suggest that at least three ligand atoms of the diacylhydrazine (typically an sp2-hybridized 

nitrogen atom, a diacylhydrazine nitrogen atom and a diacylhydrazine oxygen atom) are 

required to enable tridentate coordination with a second iron, as exemplified by succinate 

(2) and maleate (3) derivatives (Fig. 6.9 B and C). It is possible that the binding of the 

first active site iron by the diacylhydrazine motif might facilitate structural pre-

organization that supports the chelation of a second iron.  

 

Interestingly, the trans-geometry side chain in the fumarate derivative 4 gave rise to 

docking models with the amide carbonyl group of the fumarate side chain directed 

towards the entrance of the PHD2 active site (Fig. 6.9 D), so preventing the arrangement 

proposed to be required for second iron binding. This proposal is consistent with the ESI-

MS results, demonstrating that none of the fumarate derivatives (5, 9, 14, 29) are able to 

induce second iron binding (Table 6.1). 
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Figure 6.9: Possible binding modes of the diacylhydrazine inhibitors that induce binding of a second iron 
in the PHD2 active site. The models were derived from structure-activity data (Table 3.1) followed by 
docking analyses using the GOLD software.267, 268 Note that experimental results revealed that the 
succinate-(6) and maleate-(9) derivatives induce the binding of a second iron, but the fumarate-(10) 
derivative binds with only one iron. (A) Graphical presentation of the proposed binding mode. (B, C and 
D): Representative binding modes for diacylhydrazines 6, 9 and 10. Selected residues and the active site 
catalytic iron atom of PHD2 (red) are highlighted. For docking studies, protein coordinates were derived 
from the crystal structure of PHD2 in complex with the bicyclic isoquinoline (BIQ) inhibitor (PDB ID 
2HBT). Proposed locations for binding of the second iron (green) are indicated. (Figures obtained from A. 
Thalhmmer) 
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6.2.5 Cell-based studies  
 

The potencies of selected diacylhydrazide compounds were then investigated in cells by 

examining their abilities to induce HIF-1α as an indicator of cellular PHD2 inhibition 

(Figure 6.10). Initially, it was considered possible that at least some of the compounds 

might be cell-permeable in their free acid forms due to their structural similarities to the 

known cell-permeable PHD inhibitor BIQ (see Section 2.2.4.1). However, 

diacylhydrazine derivatives bearing a free carboxylate group that showed inhibition of 

PHD2 activity in vitro (4, 13, 28, Table 6.1) failed to upregulate HIF-1α levels in human 

hepatoma Hep3B cells (data not shown), possibly because the diacylhydrazine or 

carboxylic acid moieties negatively affect cell-penetrating ability. Ester derivatives which 

in general are more cell-penetrating than the respective free acids were therefore 

synthesised and used in the cell-based experiments. The requisite methyl or ethyl esters 

(30-46, Fig. 6.2) were obtained from the corresponding monoacylhydrazines by acylation 

(Fig. 6.3, final step and Method C).  

 

Human hepatoma Hep3B cells were treated with the esters 30-46 at two concentrations 

(0.1 mM and 1 mM) for 6 h and the resulting cell extracts were probed using a HIF-1α 

antibody (these experiments were carried out by Dr I. Stolze and reported in Dr J. 

Mecinovic’s D. Phil thesis).260 The cell-based HIF hydroxylase inhibitor DMOG was 

used as a positive control for HIF-1α induction and DMSO as a negative control. In 

agreement with in vitro inhibition data of their corresponding acids (i.e. 7, 11, 12, 15, 16, 

18, and 19) (Table 6.1), compounds 31, 33, 34, and 36-39 clearly caused HIF-1α 

induction in a concentration-dependent manner (Fig. 6.10 A and B); (compounds 44 and 

45 were not tested in cell-based assays due to their low solubilities in DMSO). The esters 

40-41 failed to cause HIF-1α accumulation (Dr J. Mecinovic’s D. Phil thesis),260 

consistent with the weak in vitro potencies of the corresponding acids (21-22) (Table 

6.1). 
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For selected compounds, the contribution of iron chelating ability to their cellular 2OG 

oxygenase inhibitory potencies were then investigated. For this purpose, Hep3B cells 

were incubated with iron chelator DFO (which inhibits PHD by limiting iron availability) 

or DMOG (which inhibits PHD by competitive inhibiton) as controls and compound 31, 

in the presence (or absence) of equimolar amounts of Fe(II), which were added either at 

the beginning or during the final 2 h of the 6 h incubation period (these experiments were 

carried out by Dr I. Stolze and reported in Dr J. Mecinovic’s D. Phil thesis).260 

 

As anticipated, DFO, DMOG and 31 substantially induced HIF-1α accumulation (Fig. 

6.10 B). However, in the presence of an equimolar amount of Fe(II), HIF-1α 

accumulation was not observed with DFO or 31 (Fig. 6.10 B). Titrations using different 

Fe(II) concentrations demonstrate that induction of HIF-1α by 31 was reduced as the 

Fe(II) concentration was increased (Fig. 6.10 C). These observations suggest that, at least 

in part, the cellular activity of 31 is due to iron chelation. Interestingly, however, the 

addition of an equimolar amount of Fe(II) with DMOG also resulted in a reduction in 

HIF-1α stabilization, compared to DMOG alone. NOG and DMOG are relatively poor 

iron chelators, hence these results suggest a more complex relationship between iron 

availability and the HIF system than currently understood. The possibility that the 

addition of iron may shift the equilibrium between uncomplexed compound and 

(charged) compound-Fe(II) complexes, thus altering the amount of compound that is 

available for cellular uptake cannot be ruled out.261, 264  

 

Diacylhydrazine derivatives containing the fumarate sidechains (30, 32, 35, 42, and 46) 

were then tested in Hep3B cells. In contrast to non-olefinic derivatives which stabilised 

HIF-1α in a concentration-dependent manner (Fig. 6.10 A), the fumarate derivatives, 30 

and 35, displayed better HIF-1α stabilization at a lower concentration (i.e. HIF-1α 

stabilization at 0.1 mM compound >> HIF-1α stabilization at 1 mM compound) (Fig. 

6.10 D), possibly due to cytotoxic effects or the interaction of these compounds with 

factors working to destabilize HIF-1α at higher concentrations. Notably, 35 gave rise to 

detectable HIF-1α induction at concentrations as low as 25 µM, and HIF-1α levels 

obtained at 50 μM of 35 were in fact greater than those obtained with the established cell-
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active HIF hydroxylase inhibitor DMOG at 100 μM. On the other hand, 30 showed a 

similar level of HIF-1α stabilization with DMOG at 100 μM (Fig. 6.10 E). Compounds 

32 and 42 were inactive in the tested cells; compound 46 was not very soluble and 

precipitated in the cell media. 

 

Notably, in RCC4/VHL cells (renal carcinoma RCC4 cells re-expressing functional 

VHL), some compounds including 31 displayed better HIF-1α induction at a higher 

concentration (1mM), while the fumarate derivatives 30 and 35 again gave rise to higher 

HIF-1α levels at a lower concentration (200 µM) (consistent with the observation in 

Hep3B cells). In the RCC4/VHL cell line, 30 displayed better HIF-1α induction than 35; 

in contrast in Hep3B cells where these compounds displayed similar potencies (Fig. 6.10 
B), suggesting the cell-type dependent effect of these compounds. The free acid of 30 (5) 

at 1mM, also stabilised HIF-1α, but to a lesser extent than its ester, possibly due to 

reduced cell permeability. Similarly, the free acid of 35 (14) was ineffective in causing 

HIF-1α induction (Fig 6.10 F). On the other hand, the ethyl ester form of diacylhydrazine 

derivative of BIQ (43) substantially stabilised HIF-1α in RCC4/VHL cells (Fig. 6.10 G). 

However, morphological evidence of toxicity (i.e. detachment of cells) was observed 

when 43 was used at higher concentrations (>200 µM).  

 

To test the specificities of the diacylhydrazine derivatives againts HIF prolyl and 

asparaginyl hydroxylases, selected compounds were then tested in the HIF hydroxy-

residue specific antibody assay described in Chapter 2. Experiments were performed in 

VHL-defective renal carcinoma cells (RCC4) using compounds 30, 31, and 43, along 

with DMOG and BIQ serving as positive controls (Fig. 6.10 H and I). In contrast to 

DMOG, which clearly showed selectivity for inhibition of FIH over the PHDs, and BIQ, 

which specifically inhibited HIF prolyl hydroxylation, 30 and 43 substantially inhibited 

both HIF prolyl hydroxylation (Hyp564) and asparaginyl hydroxylation (HyAsn803). 31 

showed partial selectivity against HIF prolyl hydroxylation over asparaginyl 

hydroxylation (Fig. 6.10 H).  
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Interestingly, despite the similar level of HIF-1α induction by DMOG (1mM), 30 (0.2 

mM) and 31 (1 mM) (Fig. 6.10 F) in RCC4/VHL cells, these compounds showed 

different levels of inhibition on HIF prolyl hydroxylation (Hyp564) in RCC4 cells (Fig. 
6.10 H). HIF prolyl hydroxylation was only partially inhibited by 31 at high 

concentrations (1 mM and 2 mM), compared to 30, which inhibited HIF prolyl 

hydroxylation almost completely at lower concentrations (0.2 and 0.5 mM). Therefore, it 

was speculated that the upregulation of HIF-1α 31 may not solely be due to the inhibition 

of HIF prolyl hydroxylation.   
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 Figure 6.10: Effects of diacylhydrazine-based compounds on cellular HIF-1α levels. (A, D) Immunoblots 
demonstrating HIF-1α stabilisation in the presence of diacylhydrazine derivatives (1 mM and 0.1 mM) in 
Hep3B cells after 6 h incubation. (B, C) Effects of the addition of Fe(II) ions on the HIF-1α induction 
caused by 31 after 6 h incubation. (E) Dose-dependent HIF-1α induction caused by 30 and 35 after 6 h 
incubation. (F) Concentration-dependent stabilisation of HIF-1α in RCC4/VHL cells by diacylhydrazine 
derivatives 5, 14, 43, 30 and 35. (G) Stabilization of HIF-1α caused by 43 in RCC4/VHL cells. (H, I) 
Effects of 30, 35, and 43 on HIF prolyl and asparaginyl hydroxylation in VHL-defective RCC4 cells after 
5 h incubation (HIF-1α band intensities were used to normalize hydroxylation signals, tubulin/β-actin 
protein levels were used as loading controls). DMSO (1%) was used as a negative control and 
dimethyloxalylglycine (DMOG) and bicyclic isoquinoline inhibitor (BIQ) were used as positive controls in 
the cell-based experiments. (Figures A-C were obtained from Dr I. Stolze and reported in Dr Mecinovic’s 
D. Phil thesis).260 
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Compd. Structure  PHD2 
FRET 

IC50 (μM)a 

Cell-based 
activityb 

HIF-1α 
induction 

PHD2·Fen·Cmpd
. Complexes in 

ESI-MSc 

n=1 n=2 

NOG 

(DMOG)  

18.5165 Active +  

BIQ 

 

0.073165 Active +  

1 

 

93 -  + 

2 

 

108 -  + 

3 

 

227 - no binding 

4 

 

84 -  + 

5 

(30)  

20 Active +  

6 

 

>1000 - +  

7 

(31)  

133 Active  + 

8 

 

195 - +  

9 

(32)  

ND Inactive +  

10 

 

202 - +  

11 

(33)  

24 Active  + 
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Compd. Structure  PHD2 
FRET 

IC50 (μM)a 

Cell-based 
activityb 

HIF-1α 
induction 

PHD2·Fen·Cmpd
. Complexes in 

ESI-MSc 

n=1 n=2 

12 

(34)  

34 Active  + 

13 

  

9 -  + 

14 

(35)  

ND Active ND  

15 

(36) 
 

106 Active  + 

16 

(37) 
 

141 Active  + 

17 

 

84 -  + 

18 

(38)  

166 Active  + 

19 

(39)  

205 Active  + 

20 

 

149 -  + 

21 

(40)  

350 Inactive +  

22 

(41)  

>1000 Inactive +  

23 

 

340 - +  
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24 

(42)  

ND Inactive +  

25 

(43) 
 

ND Active ND  

26 

(44) 
 

27 ND  + 

27 

(45) 

 
 

27 ND  + 

28 

 

10 - +  

29 

(46) 
 

ND ND +  

 

 

Table 6.1: Summary of the in vitro and cell-based potencies of the diacylhydrazines as PHD inhibitors. 
aDetermined by FRET-based turnover endpoint assay in the presence of 20 nM recombinant PHD2 enzyme 
and 750 nM of 2OG co-substrate46, 266. Data for DMOG and BIQ have been reported.165 bThe corresponding 
methyl or ethyl esters (compound numbers in parentheses) of the diacylhydrazines were tested in the cell-
based assays. ND, not determined (including compounds that were not well soluble, or interfered with the 
assay). cNumber of iron ions bound in the most abundant PHD2·Fen·compound complex in non-denaturing 
protein ESI-MS experiments (n=1, 2). 
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6.3 Conclusions and future directions 

 Following structure-activity studies and application of non-denaturing protein mass 

spectrometry to assess PHD2 : iron : inhibitor stoichiometry, a set of diacylhydrazine-

based compounds were identified as a new class of dual-action HIF prolyl hydroxylase 

inhibitors in which they can bind specifically to the enzyme active site and 

simultaneously induce the binding of a second iron ion. The results show that the 

inhibitory potencies and the ability of these inhibitors to promote second iron binding 

strongly depend on the substitution pattern on the aromatic rings and the side chain 

structures of the aryl-diacylhydrazines.  

The mode of action of these diacylhydrazine inhibitors is related to that of a family of 

serine protease inhibitors (e.g. 5-amidino-2-benzimidazolyl)methane, BABIM) that 

inhibits activity by inducing the binding of a zinc ion that is not normally present at the 

active site of the target enzyme (Fig. 6.11).269 The inhibitory potency of BABIM against 

trypsin was reported to increase by a factor of over 1000 in the presence of Zn(II) ions.269 

In the case of the HIF hydroxylases, depletion of cellular iron levels has functional 

consequences causing HIF-1α accumulation and thereby activation of the HIF-mediated 

response, as demonstrated by iron chelators and metal ions.2, 3, 66, 270 Therefore, the 

diacylhydrazine-based PHD inhibitors have the potential to act as dual-action inhibitors 

in cells, by both directly inhibiting the HIF hydroxylases and generally depleting the 

cellular iron levels by chelating an additional iron at the enzyme active sites. However, 

there is no clear evidence that shows the two-iron binding inhibitors are more potent than 

the single-iron binding inhibitors in vitro or in cells.  
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Fig. 6.11: A view derived from a crystal structure of trypsin in complex with BABIM (yellow). BABIM 
induced the binding of a Zn(II) ion (orange) in the enzyme active site (PDB: 1XUG). Active site residues 
that coordinate the Zn(II) ion (His57, Ser195) and hydrogen bond (Asp189) with BABIM are highlighted.  
 

The cell-based results indicate that these diacylhydrazine-based PHD inhibitors also 

inhibit the activity of FIH. It is most likely that they may also inhibit other 2OG 

oxygeneses, given that these enzymes also require Fe(II) for their catalysis and have a 

conserved (but not identical) Fe(II) and 2OG binding domain.32 However, as discussed 

previously, the natural hypoxic response may involve other 2OG oxygenases, the action 

of these dual-action HIF hydroxylase inhibitors may be physiologically more relevant. 

The potential application of these inhibitors for therapeutic manipulation of HIF-

mediated response could be further investigated. Further structure-activity studies should 

enable the development of dual-action diacylhydrazine-based inhibitors that target other 

2OG oxygenases.   

 

Finally, non-heme iron-dependent oxygenases can be classified into mono- or di-iron 

oxygenases (i.e. those employ one or two active site irons),271 the identification of 

diacylhydrazines as compounds that induce the binding of a second iron to a mono-iron 

oxygenase (i.e. PHD2) presents a link between the two subfamilies, and may provide 

insights to future studies that are aimed at the development of di-iron oxygenase 

inhibitors.  
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6.4  Synthesis and characterisation of the diacylhydrazine fumarate   
       derivatives   
 
 

Ethyl perfluorophenyl fumarate (47)265 
 

 
 
47 was prepared according to the reported method265. To a stirred suspension of 

pentaflurophenol (3.87 g, 21.0 mmol) and ethyl fumaryl chloride (3.45 g, 21.0 mmol) in 

THF was added triethylamine (3.2 mL, 23.1 mmol) over 10 min. The resulting mixture 

was then stirred at room temperature overnight. The reaction mixture was filtered, 

concentrated in vacuo, and the residue was purified by flash chromatography (hexane: 

EtOAc, 4:1) to afford ethyl perfluorophenyl fumarate (47) as colourless oil (4.5 g, 70%); 

Rf (hexane: EtOAc, 4:1) 0.5; FT-IR (film) 2990, 2360, 1775, 1731, 1520, 1286, 1005, 

762 cm-1; 1H NMR (500 MHz, CDCl3) δ 1.36 (3H, t, J 7.0, CH3),  4.33 (2H, q, J 7.0,  

OCH2), 7.07 (1H, d, J 16.0, =C-H), 7.13 (1H, d, J 16.0, =C-H); 13C NMR  (125 MHz, 

CDCl3) δ 14.0 (CH3), 62.0 (OCH2),  130.0 (=C), 137.0 (Ar-C), 138.8 (=C), 140.0 (Ar-C), 

140.8 (ArCH), 142.0 (ArC), 160.7 (C=O), 164.2 (C=O); 19F NMR (376 MHz, CDCl3) δ  -

152.3 - - 152.4 (2F, m, Ar-F), -157.1- -157.2 (1F, m, Ar-F), -161.9 - -162.0 (2F, m, Ar-F). 

 
Isoquinoline-3-carbohydrazide (50)272 
 

 
 
50 was prepared according to the reported method272. A stirred solution of methyl 

isoquinoline-3-carboxylate (1 g, 5 mmol) and hydrazine monohydrate (1.06 g, 20 mmol) 

in MeOH (40 mL) was heated under reflux for 6 h and then cooled to room temperature. 

The organic solvent was removed under vacuo and the resulting residue was 

recrystallised withµ EtOH to afford isoquinoline-3-carbohydrazide (50) as a yellowish 
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white solid (710 mg, 71%), mp 114-117oC 260; Rf (CH2Cl2:MeOH, 9:1) 0.5; FT-IR (KBr)  

3292, 1673, 1607, 1503 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 4.61 (2H, bs, NH2),7.78-

7.81 (1H, m, ArCH), 7.86-7.79 (1H, m, ArCH), 8.18 (1H, d, J 8.0, ArCH), 8.23 (1H, J 8.0, 

ArCH), 8.51 (1H, s, ArCH), 9.35 (1H, s, ArCH), 10.0 (1H, bs, NH); 13C NMR (125 MHz, 

DMSO-d6 ) δ 119.4 (ArCH), 127.8 (ArCH), 127.9 (ArCH), 129.0 (ArCH), 129.1 (ArC), 

131.3 (ArCH), 135.4 (ArC), 143.5 (ArC), 151.6 (ArCH), 162.8 (ArCO); MS (ES-) m/z 

186.1 (100) [M-H]-.  

 

Quinoline-3-carbohydrazide (51)272 
 

 
 

51 was prepared according to the reported method272. A stirred solution of methyl 

quinoline-3-carboxylate (1 g, 5 mmol) and hydrazine monohydrate (1.06 g, 20 mmol) in 

MeOH (40 mL) was heated under reflux for 6 h and then cooled to room temperature. 

The organic solvent was removed under vacuo and the resulting residue was 

recrystallised with absolute EtOH to afford quinoline-3-carbohydrazide (51) as a 

yellowish white solid (988 mg, 100%), mp 176-178oC260, 272; Rf (CH2Cl2:MeOH, 9:1) 0.5; 

FT-IR (KBr)  3308, 1655, 1618, 1314 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 4.65 (2H, 

bs, NH2), 7.79 (1H, dd, J 1.0, 7.0, ArCH), 7.86 (1H, dd, J 7.0, 7.0, ArCH), 7.87 (1H, dd, J 

7.0, 7.0, ArCH), 8.07-8.11 (2H, m, 2 x ArCH), 8.80 (1H, d, J 2.0, ArCH), 9.26 (1H, d, J 

2.0, ArCH), 9.26 (1H, d, J 2.0, ArCH), 10.12 (1H, bs, NH); 13C NMR (125 MHz, DMSO-

d6 ) δ 126.1 (ArC), 126.6 (ArC), 127.4 (ArCH), 128.7 (ArCH), 129.1 (ArCH), 131.1 

(ArCH), 135.3 (ArCH), 148.4 (ArC), 148.5 (ArCH), 164.5 (C=O); MS (ES-) m/z 186.1 

(100) [M-H]-. 
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9H-pryrido[3,4-b]indole-3-carbohydrazide (52)273 
 

 
 
52 was prepared according to the reported method273. A stirred solution of ethyl β-

carboline-3carboxylate (1 g, 4.2 mmol) and hydrazine monohydrate (1.06 g, 20 mmol) in 

MeOH (40 mL) was heated under reflux for 6 h and then cooled to room temperature. 

The organic solvent was removed under vacuo and the resulting residue was 

recrystallised with absolute EtOH to afford 9H-Pryrido[3,4-b]indole-3-carbohydrazide 

(52) as a brown solid (900 mg, 96%), mp 272-276oC260, 273; Rf (CH2Cl2:MeOH, 9:1) 0.4; 

FT-IR (KBr)  3245, 1648, 1618, 1496, 1457, 1340, 721 cm-1; 1H NMR (500 MHz, 

DMSO-d6) δ) 4.55 (2H, bs, NH2), 7.29-7.32 (1H, m, ArCH), 7.58-7.61 (1H, m, ArCH), 

7.66 (1H, d, J 8.0, ArCH), 8.41 (1H, d, J 8.0, ArCH), 8.82 (1H, s, ArCH), 8.88 (1H, s, 

ArCH), 9.65 (1H, bs, NH), 11.93( 1H, bs, indole NH);13C NMR (125 MHz, DMSO-d6 ) δ 

112.2 (ArCH), 113.8 (ArCH), 120.0 (ArCH), 120.9 (ArC), 122.3 (ArCH), 128.0 (ArC), 

128.6 (ArCH), 132.5 (ArCH),137.0 (ArC), 139.4 (ArC), 141.0 (ArC), 164.0 (C=O); MS 

(ES-) m/z 225.1 (100) [M-H]-.  

 
 
 
(E)-Ethyl 4-oxo-4-(2-picolinoylhydrazinyl)but-2-enoate (30) 
 

 
 
Compound 47 (1.24 g, 4.0 mmol) was added to a stirred suspension of 2-picolinyl 

hydrazide (500 mg, 3.6 mmol) in THF: EtOAc (1:1) (50 ml) and the reaction mixture was 

stirred at room temperature overnight. The organic solvents were removed in vacuo, the 

resulting solid residue washed with EtOAc (50 mL), filtered, and co-evaporated with 

diethyl ether to give (E)-ethyl 4-oxo-4-(2-picolinoylhydrazinyl)but-2-enoate (30) as a 

white solid (411 mg, 43%); mp 188-192oC; Rf (EtOAc:MeOH, 4:1) 0.6; FT-IR (KBr)  

3357, 3188, 3115, 1717, 1665, 1570, 1368, 749 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 
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1.27 (3H, t, J 7.0, CH3), 4.22 (2H, q, J 7.0, OCH2), 6.71 (1H, d, J 16.0, =C-H), 7.12 (1H, 

d, J 16.0, =C-H), 7.66-7.68 (1H, m, ArCH), 8.04-8.05 (2H, m, 2 x ArCH), 8.69-8.70 (1H, 

m, ArCH), 10.75 (1H, bs, NH), 10.79 (1H, bs, NH); 13C NMR (125 MHz, DMSO-d6 ) δ 

14.1 (CH3), 60.8 (OCH2), 122.4 (ArCH), 127.1 (ArCH), 129.8 (=CH), 134.8 (=CH), 

137.9 (ArCH), 148.8 (ArCH), 149.0 (ArC), 161.5 (C=O), 162.3 (C=O), 164.7 (C=O); MS 

(ES-) m/z 262.1 (100) [M-H]-; HMRS (ESI) calcd. for C12H13N3O4Na [M+Na]+ 286.0798; 

found 286.0802. Anal. (C12H13N3O4) requires: C, 54.75; H, 4.98; N, 15.96%; found C, 

54.69, H, 4.98, N, 15.87%.  

 

 

(E)-Ethyl 4-(2-nicolinoylhydrazinyl)-4-oxobut-2-enoate (32) 
 

 
 
 
Compound 47 (1.24 g, 4.0 mmol) was added to a stirred suspension of nicotinic 

hydrazide (500 mg, 3.6 mmol) in THF: EtOAc (1:1) (50 ml) and the reaction mixture was 

stirred at room temperature overnight. The organic solvents were removed in vacuo, the 

resulting solid residue washed with EtOAc (50 mL), filtered, and co-evaporated with 

diethyl ether to give (E)-ethyl 4-(2-nicolinoylhydrazinyl)-4-oxobut-2-enoate (32) as a 

white solid (600 mg, 63%); mp 177-180oC; Rf (EtOAc:MeOH, 4:1) 0.6; FT-IR (KBr)  

3256, 2992, 1724, 1636, 1506, 1367, 700 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 1.27 

(3H, t, J 7.1, CH3), 4.23 (2H, q, J 7.1, OCH2), 6.73 (1H, d, J 15.5, =C-H), 7.12 (1H, d, J 

15.5, =C-H), 7.56-7.58 (1H, m, ArCH), 8.23 (1H, dt, J 2.0, 8.0, ArCH), 8.78 (1H, dd, J 

2.0, 5.0, ArCH), 9.04 (1H, d, J 2.0, ArCH), 10.74 (1H, bs, NH), 10.90 (1H, bs, NH); 13C 

NMR (125 MHz, DMSO-d6 ) δ 14.1 (CH3), 61.0 (OCH2), 123.8 (ArCH), 128.0 (ArC), 

130.0 (=CH), 134.6 (=CH), 135.3 (ArCH), 148.5 (ArCH), 152.6 (ArCH), 162.0 (C=O), 

163.9 (C=O), 164.7 (C=O); MS (ES-) m/z 262.1 (100) [M-H]-; HMRS (ESI) calcd. for 

C12H12N3O4 [M-H]- 262.0833; found 262.0827. Anal. (C12H13N3O4) requires: C, 54.75; H, 

4.98; N, 15.96%; found C, 54.79, H, 4.97, N, 15.95%.  
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(E)-Ethyl 4-(2-(isoquinoline-3-carbonyl)hydrazinyl)-4-oxobut-2-enoate (35) 
 

 
 
Compound 47 (726 mg, 2.3 mmol) was added to a stirred suspension of compound 50 

(400 mg, 2.1 mmol) in THF: EtOAc (1:1) (50 ml) and the reaction mixture was stirred at 

room temperature overnight. The organic solvents were removed in vacuo, the resulting 

solid residue washed with EtOAc (50 mL), filtered, and co-evaporated with diethyl ether 

to give (E)-ethyl 4-(2-(isoquinoline-3-carbonyl)hydrazinyl)-4-oxobut-2-enoate (9) as a 

off-white solid (410 mg, 62%); mp 230-233oC; Rf (EtOAc:MeOH, 4:1) 0.5; FT-IR (KBr)  

3359, 3215, 1712, 1663, 1503, 1304 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 1.27 (3H, t, 

J 7.0, CH3), 4.23 (2H, q, J 7.0, OCH2), 6.73 (1H, d, J 15.5, =C-H), 7.15 (1H, d, J 15.5, 

=C-H), 7.84-7.87 (1H, m, ArCH), 7.90-7.93 (1H, m, ArCH) 8.24 (1H, d, J 8.0, ArCH), 

8.29 (1H, d, J 8.0, ArCH), 8.61 (1H, s, ArCH), 9.43 (1H, s, ArCH), 10.87 (1H, bs, NH), 

10.93 (1H, bs, NH); 13C NMR (125 MHz, DMSO-d6 ) δ 14.1 (CH3), 61.0 (OCH2), 120.5 

(ArCH), 127.9 (ArCH), 128.1 (ArCH), 129.4 (ArC), 129.5 (ArCH), 130.0 (=CH), 131.5 

(ArCH), 135.0 (=CH), 135.2 (ArC), 142.5 (ArC), 151.9 (ArCH) 161.3 (C=O), 162.4 

(C=O), 164.8 (C=O); MS (ES-) m/z 312.1 (100) [M-H]-; HMRS (ESI) calcd. for 

C16H15N3O4Na [M+Na]+ 336.0955; found 336.0960. Anal. (C16H15N3O4) requires: C, 

58.95; H, 3.89; N, 14.73%; found C, 59.03, H, 3.88, N, 14.70%.  

 

 
(E)-Ethyl 4-oxo-4-(2-(quinoline-3-carbonyl)hydrazinyl)but-2-enoate (42) 
 

 
 
Compound 47 (520 mg, 1.6 mmol) was added to a stirred suspension of compound 51 

(280 mg, 1.5 mmol) in THF: EtOAc (1:1) (50 ml) and the reaction mixture was stirred at 

room temperature overnight. The organic solvents were removed in vacuo, the resulting 

solid residue washed with EtOAc (50 mL), filtered, and co-evaporated with diethyl ether 
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to give (E)-Ethyl 4-oxo-4-(2-(quinoline-3-carbonyl)hydrazinyl)but-2-enoate (42) as a off-

white solid (240 mg, 51%); mp 223-226oC; Rf (EtOAc:MeOH, 4:1) 0.5; FT-IR (KBr)  

3209, 1714, 1605, 1486, 1300, 1186 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 1.27 (3H, t, 

J 7.0, CH3), 4.23 (2H, q, J 7.0, OCH2), 6.75 (1H, d, J 16.0, =C-H), 7.16 (1H, d, J 16.0, 

=C-H), 7.74 (1H, dd, J 7.5, 7.6, ArCH), 7.92 (1H, dd, J 7.5, 7.6, ArCH), 8.10-8.16 (2H, m, 

2 x ArCH) 8.91 (1H, d, J 2.0, ArCH), 9.30 (1H, d, J 2.0, ArCH), 10.93 (2H, bs, 2 x NH); 
13C NMR (125 MHz, DMSO-d6 ) δ 14.1 (CH3), 61.0 (OCH2), 125.0 (ArC), 126.4 (ArC), 

127.6 (ArCH), 128.8 (ArCH), 129.3 (ArCH), 130.1 (=CH), 131.7 (ArCH), 134.7 (=CH), 

136.3 (ArCH), 148.6 (ArCH), 148.7 (ArC) 161.9 (C=O), 163.9 (C=O), 164.7 (C=O); MS 

(ES-) m/z 312.1 (100) [M-H]-; HMRS (ESI) calcd. for C16H15N3O4Na [M+Na]+ 336.0955; 

found 336.0949. Anal. (C16H15N3O4) requires: C, 61.34; H, 4.83; N, 13.41%; found C, 

61.35, H, 4.81, N, 13.43%.  

 

 
(E)-Ethyl 4-(2-(9H-pyrido[3,4-b]indole-3carbonyl)hydrazinyl)-4-oxobut-2-enoate (46) 
 

 
 
Compound 47 (454 mg, 1.5 mmol) was added to a stirred suspension of compound 52 

(400 mg, 1.3 mmol) in THF: EtOAc (1:1) (50 ml) and the reaction mixture was stirred at 

room temperature overnight. The organic solvents were removed in vacuo, the resulting 

solid residue washed with EtOAc (50 mL), filtered, and co-evaporated with diethyl ether 

to give (E)-ethyl 4-(2-(9H-pyrido[3,4-b]indole-3carbonyl)hydrazinyl)-4-oxobut-2-enoate 

(46) as a white solid (447 mg, 95%); mp > 330oC; Rf (EtOAc:MeOH, 4:1) 0.5; FT-IR 

(KBr)  3350, 3262, 1719, 1611, 1490, 1459, 741 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 

1.28 (3H, t, J 7.0, CH3), 4.23 (2H, q, J 7.0, OCH2), 6.73 (1H, d, J 15.5, =C-H), 7.17 (1H, 

d, J 15.5, =C-H), 7.33 (1H, dd, J 7.5, 8.0, ArCH), 7.62 (1H, dd, J 7.5, 8.0, ArCH), 7.69 

(1H, d, J 8.0, ArCH), 8.44 (1H, d, J 8.0, ArCH), 8.89 (1H, s, ArCH), 8.95 (1H, s, ArCH), 

10.64 (1H, bs, NH), 10.94 (1H, bs, NH), 12.05 (1H, bs, indole NH); 13C NMR (125 MHz, 

DMSO-d6 ) δ 14.0 (CH3), 61.0 (OCH2), 112.3 (ArCH), 114.8 (ArCH), 120.2 (ArCH), 
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120.9 (ArC), 122.4 (ArCH), 128.0 (ArC), 128.8 (ArCH), 129.7 (=CH), 132.6 (ArCH), 

135.0 (=CH), 137.4 (ArC), 138.1 (ArC), 141.0 (ArC) 161.2 (C=O), 163.0 (C=O), 164.8 

(C=O); MS (ES-) m/z 351.1 (100) [M-H]-; HMRS (ESI) calcd. for C18H16N4O4Na 

[M+Na]+ 375.1064; found 375.1071.  

 
 
(E)- 4-Oxo-4-(2-picolinoylhydrazinyl)but-2-enoic acid (5) 
 

 
 
 
Compound 30 (150 mg, 0.6 mmol) was added to a solution of LiOH.H2O (75 mg, 1.8 

mmol) in H2O:THF (1:2) (15 ml) and the mixture was stirred at room temperature. TLC 

analysis (EtOAc: MeOH, 4:1) indicated complete consumption of starting material (Rf 

0.6) after 3 h. The reaction mixture was then washed with EtOAc (3 x 10 mL). The 

aqueous layer was acidified with 1 N HCl to pH 3, and the white precipitate formed was  

filtered, washed with H2O, and dried under vacuo to give (E)- 4-oxo-4-(2-

picolinoylhydrazinyl)but-2-enoic acid (5) as a white solid (130 mg, 98%); mp 272-275oC;  

FT-IR (KBr)  3400-3100 (br), 3317, 3213, 1724, 1630, 1153 cm-1; 1H NMR (500 MHz, 

DMSO-d6) δ 6.66 (1H, d, J 15.5, =C-H), 7.04 (1H, d, J 15.5, =C-H), 7.65-7.68 (1H, m, 

ArCH), 8.02-8.06 (2H, m, 2 x ArCH), 8.69-8.70 (1H, m, ArCH), 10.73 (1H, bs, NH), 

10.75 (1H, bs, NH); 13C NMR (125 MHz, DMSO-d6 ) δ 122.4 (ArCH), 127.1 (ArCH), 

131.2 (=CH), 134.2 (=CH), 138.0 (ArCH), 148.7 (ArCH), 148.8 (ArC), 161.8 (C=O), 

162.4 (C=O), 166.1 (COOH); MS (ES-) m/z 234.1 (100) [M-H]-; HMRS (ESI) calcd. for 

C10H8N3O4 [M-H]- 234.0520; found 234.0512.  
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(E)- 4-(2-Nicolinoylhydrazinyl)-4-oxobut-2-enoic acid (9) 
 

 
 
Compound 32 (150 mg, 0.6 mmol) was added to a stirring solution of LiOH.H2O (75 mg, 

1.8 mmol) in H2O:THF (1:2) (15 ml) at room temperature. TLC analysis (EtOAc: MeOH, 

4:1) indicated complete consumption of starting material (Rf 0.6) after 3 h. The reaction 

mixture was then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 

1 N HCl to pH 3, and the white precipitate formed was  filtered, washed with H2O, and 

dried under vacuo to give (E)- 4-oxo-4-(2-picolinoylhydrazinyl)but-2-enoic acid (9) as a 

white solid (87 mg, 65%); mp 274-276oC;  FT-IR (KBr) 3400-3100 (br), 3206, 3076, 

1702, 1619, 1596, 1153  cm-1; 1H NMR (500 MHz, DMSO-d6) δ 6.68 (1H, d, J 15.5, =C-

H), 7.05 (1H, d, J 15.5, =C-H), 7.68-7.71 (1H, m, ArCH), 8.36-8.40 (1H, m, ArCH), 

8.83-8.85 (1H, m, ArCH), 9.10 (1H, d, J 2.0, ArCH), 10.76 (1H, bs, NH), 10.99 (1H, bs, 

NH); 13C NMR (125 MHz, DMSO-d6 ) δ 124.3 (ArCH), 128.5 (ArC), 131.4 (=CH), 

134.1 (=CH), 137.0 (ArCH), 147.2 (ArCH), 151.1 (ArCH), 162.3 (C=O), 163.3 (C=O), 

166.1 (COOH); MS (ES-) m/z 234.1 (100) [M-H]-; HMRS (ESI) calcd. for C10H8N3O4 

[M-H]- 234.0520; found 234.0514.  

 
 
(E)- 4-(2-(Isoquinoline-3-carbonyl)hydrazinyl)-4-oxobut-2-enoic acid (14) 
 

 
 
Compound 35 (150 mg, 0.5 mmol) was added to a stirring solution of LiOH.H2O (63 mg, 

1.5 mmol) in H2O:THF (1:2) (15 ml) at room temperature. TLC analysis (EtOAc: MeOH, 

4:1) indicated complete consumption of starting material (Rf 0.5) after 3 h. The reaction 

mixture was then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 

1 N HCl to pH 3, and the white precipitate formed was  filtered, washed with H2O, and 

dried under vacuo to give(E)- 4-(2-(isoquinoline-3-carbonyl)hydrazinyl)-4-oxobut-2-

enoic acid (14) as a yellow solid (120 mg, 88%) ; mp > 330oC;  FT-IR (KBr)  3209, 1714, 
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1605, 1486, 1300, 1186 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 6.67 (1H, d, J 15.5, =C-

H), 7.05 (1H, d, J 15.5, =C-H), 7.84-7.87 (1H, m, ArCH), 7.90-7.93 (1H, m, ArCH) 8.24 

(1H, d, J 8.0, ArCH), 8.29 (1H, d, J 8.0, ArCH), 8.61 (1H, s, ArCH), 9.43 (1H, s, ArCH), 

10.85 (1H, bs, NH), 10.89 (1H, bs, NH); 13C NMR (125 MHz, DMSO-d6 ) δ 120.5 

(ArCH), 127.9 (ArCH), 128.1 (ArCH), 129.4 (ArC), 129.5 (ArCH), 131.1 (=CH), 131.6 

(ArCH), 134.3 (=CH), 135.2 (ArC), 142.8 (ArC), 151.9 (ArCH) 161.7 (C=O), 162.5 

(C=O), 164.8 (COOH); MS (ES-) m/z 284.1 (100) [M-H]-; HMRS (ESI) calcd. for 

C14H10N3O4 [M-H]- 284.0677; found 284.0670.  

 

 

(E)- 4-Oxo-4-(2-(quinoline-3-carbonyl)hydrazinyl)but-2-enoic acid (24) 
 

 
 
Compound 42 (90 mg, 0.3 mmol) was added to a stirring solution of LiOH.H2O (38 mg, 

0.9 mmol) in H2O:THF (1:2) (15 ml) at room temperature. TLC analysis (EtOAc: MeOH, 

4:1) indicated complete consumption of starting material (Rf 0.5) after 3 h. The reaction 

mixture was then washed with EtOAc (3 x 10 mL). The aqueous layer was acidified with 

1 N HCl to pH 3, and the white precipitate formed was  filtered, washed with H2O, and 

dried under vacuo to give (E)- 4-oxo-4-(2-(quinoline-3-carbonyl)hydrazinyl)but-2-enoic 

acid (15) as a yellow solid (50 mg, 63%) ; mp > 330oC; FT-IR (KBr)  3450 (br), 3186, 

1698, 1607, 1487 cm-1; 1H NMR (500 MHz, DMSO-d6) δ 6.70 (1H, d, J= 15.5 Hz, =C-H), 

7.08 (1H, d, J 15.5 Hz, =C-H), 7.75 (1H, dd, J 7.5, 7.6 Hz, ArCH), 7.93 (1H, dd, J 7.5, 

7.6, ArCH), 8.12-8.17 (2H, m, 2 x ArCH) 8.93 (1H, d, J 2.0, ArCH), 9.31 (1H, d, J 2.0, 

ArCH), 10.79 (H, bs, NH), 11.06 (H, bs, NH); 13C NMR (125 MHz, DMSO-d6 ) δ 125.0 

(ArC), 126.4 (ArC), 127.7 (ArCH), 128.6 (ArCH), 129.3 (ArCH), 131.3 (=CH), 131.7 

(ArCH), 134.1 (=CH), 136.5 (ArCH), 148.5 (ArCH), 148.6 (ArC) 162.4 (C=O), 163.9 

(C=O), 166.1 (COOH); MS (ES-) m/z 284.1 (100) [M-H]-; HMRS (ESI) calcd. for 

C14H12N3O4 [M-H]- 286.0822; found 286.0822.  
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(E)-4-(2-(9H-Pyrido[3,4-b]indole-3-carbonyl)hydrazinyl)-4-oxobut-2-enoic acid (29) 
 

 
 
Compound 42 (340 mg, 1.0 mmol) was added to a stirring solution of LiOH.H2O (125 

mg, 3.0 mmol) in H2O:THF (1:2) (30 ml) at room temperature. TLC analysis (EtOAc: 

MeOH, 4:1) indicated complete consumption of starting material (Rf 0.5) after 3 h. The 

reaction mixture was then washed with EtOAc (3 x 10 mL). The aqueous layer was 

acidified with 1 N HCl to pH 3, and the white precipitate formed was  filtered, washed 

with H2O, and dried under vacuo to give (E)-4-(2-(9H-pyrido[3,4-b]indole-3-

carbonyl)hydrazinyl)-4-oxobut-2-enoic acid (29) as a yellow solid (240 mg, 76%); mp > 

330oC; Rf (EtOAc:MeOH, 4:1) 0.5; FT-IR (KBr) 3425 (br), 1688, 1611, 1493, 1458 cm-1; 
1H NMR (500 MHz, DMSO-d6) δ 6.67 (1H, d, J 15.5, =C-H), 7.10 (1H, d, J 15.5, =C-H), 

7.33 (1H, dd, J 7.5, 8.0, ArCH), 7.62 (1H, dd, J 7.5, 8.0, ArCH), 7.69 (1H, d, J 8.0, 

ArCH), 8.44 (1H, d, J 8.0, ArCH), 8.89 (1H, s, ArCH), 8.95 (1H, s, ArCH), 10.62 (1H, d, 

J 2.0, NH), 10.91 (1H, d, J 2.0, NH), 12.09 (1H, bs, indole NH); 13C NMR (125 MHz, 

DMSO-d6 ) δ 112.3 (ArCH), 114.8 (ArCH), 120.2 (ArCH), 120.9 (ArC), 122.4 (ArCH), 

128.0 (ArC), 128.8 (ArCH), 130.9 (=CH), 132.7 (ArCH), 134.5 (=CH), 137.4 (ArC), 

138.1 (ArC), 141.0 (ArC) 161.5 (C=O), 163.0 (C=O), 166.1 (COOH); MS (ES-) m/z 

323.1 (100) [M-H]-; HMRS (ESI) calcd. for C18H16N4O4Na [M-H]- 323.0786; found 

323.0794. 

 

 

 

 

 

 

 

 

 



!

 
 

! ! Chapter(7( !
! !

186 

Chapter 7: Aspirin Metabolites Suppress HIF-α Levels 
in von Hippel-Lindau (VHL)-Defective Renal Cell 
Carcinomas 
 
 
7.1 Introduction 
 
7.1.1 Aspirin and salicylic acid 
 
Acetylsalicylic acid, more commonly known as aspirin (ASA, Fig. 7.1), remains the most 

widely used medicine of all time. It was first synthesised by the German chemist Felix 

Hoffmann in 1897.274 At one or two grams a day, aspirin is used to relieve fever and 

minor aches and pains whereas at high prescription dosages between four and eight 

grams daily, it is used to reduce swelling and to treat gout, rheumatoid arthritis, and 

inflammatory ailments.275, 276 Many people also take low dosages (below 100 mg) of 

aspirin daily to prevent recurrent stroke or cardiovascular events such as heart attack.277-

280  

 

It is worth noting that synthetic aspirin is not the only source of salicylic acid (SA, direct 

metabolites of aspirin, Fig. 7.1) and salicylate derivatives. Natural salicylates are 

commonly found in our daily diet; food products such as berries, fresh orange, vegetables, 

tea, honey, curry powder and many others all contain salicylates. The average daily 

intake of salicylates from food alone is estimated to be in a range of 10-200 mg/day in the 

Western diet.281, 282  

 

 
Figure 7.1: Aspirin (ASA) and its immediate metabolite salicylic acid (SA). 
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7.1.2 Aspirin and cancers 
 

Aspirin has also been associated with cancer prophylaxis (i.e. prevention of cancers). 

Evidence shows that moderate or high doses of aspirin can decrease the risks of 

colorectal and lung cancer, and possibly breast cancer and other cancers.283-288 However, 

long term use of aspirin (> 10 years) may be necessary to see the protective effects.289-291 

The dosages used for cancer prevention vary substantially across the studies. Two reports 

have suggested that 80 mg of daily aspirin is the optimum dose,292, 293 whereas some 

investigators demonstrated increased benefits with larger daily doses (300-1200 mg).283, 

285, 294 

 

A recent large scale long term follow-up study on patients from eight randomised trials 

(25 570 patients, 674 deaths) has shown that daily aspirin intake (taken at daily doses of 

at least 75 mg for several years) can reduce deaths caused by several common cancers 

including colorectal, stomach, pancreatic, lung and prostate cancer. Its benefits are also 

found to increase with duration of treatment.295 The biological processes by which 

healthy cells are transformed into cancer cells are highly complex and despite substantial 

research, the mechanisms in which aspirin (or salicylates) might directly affect 

tumorigenesis remain undetermined.296  

 

 

7.1.3 Inhibition of cyclooxygenases 

 

Non-steroidal anti-inflammatory drugs (NSAIDs), including aspirin, Ibuprofen, Naproxen, 

and many others, are cyclooxygenase (COX) inhibitors. Aspirin inhibits COX-1 and 

COX-2 in prostaglandin (PG) synthesis via inhibition of the enzymatic oxidation of 

arachidonic acid.297, 298 Many kinds of prostaglandins are produced by the body to serve 

different physiological functions, some of which are beneficial, others deleterious.275, 296, 

299 
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COX-1 is constitutively produced in the endoplasmic reticulum and is responsible for 

normal homeostatic functions including platelet aggregation, vascular homoeostasis, and 

renal blood flow, whereas COX-2 is rapidly induced in response to mediators such as 

inflammation, growth factors and endotoxins, and is associated with cell proliferation and 

tumour growth.299-301 Inhibition of COX-2 is proposed to be responsible for the therapeutic 

effects of aspirin in reducing pain, inflammation and fever and prevention of cancers whereas 

inhibition of COX-1 is associated with the drug’s undesirable side effects including severe 

stomach irritation, gastrointestinal bleeding, and promotion of peptic ulcers.275, 302, 303  

 

The therapeutic effect of aspirin in preventing myocardial infarction (heart attack) is 

attributed to COX-1 inhibition in platelets. Aspirin at low dosages irreversibly inhibits 

COX-1 activity by acetylating serine-530 in the enzyme active site. This modification 

hinders substrate (arachidonic acid) binding and inhibits thromboxane generation, thus 

inhibiting platelet aggregation.304 It has been proposed that inhibition of COX-2 by 

aspirin might not be caused by acetylation of its catalytic site.304  

 

Despite the structural similarities between the COX-1 and COX-2 isoforms, aspirin is 

reported to be 160 times more specific at inhibiting COX-1 whereas its major metabolite 

SA is reported to be 100 times more potent at inhibiting COX-2 in vitro.305, 306 SA at 

therapeutic concentrations has been reported to inhibit COX-2 expression by suppressing 

COX-2 messenger RNA (mRNA) and protein synthesis in human endothelial cells. 

Similar effects were observed in mice fed with salicylate-rich diets.307, 308 Because COX-

2 has been associated with carcinogenesis, pharmaceutical salicylates and salicylate-rich 

diets are therefore suggested to be beneficial for cancer prevention.296, 309    

 

The therapeutic effects of aspirin vary with the doses used, of which three dose ranges  

are commonly examined.310 Low dosages (≤ 80 mg/day) of aspirin irreversibly inhibit 

COX-1 and are anti-thrombotic. Medium dosages (2-4 g/day) inhibit both COX-1 and 

COX-2, and are analgesic and anti-pyretic. At millimolar range of serum concentrations 

(6-8 g/day), aspirin is effective in the treatments of rheumatic disorders; however, the 

mechanisms underlying these different effects remain uncertain.310  
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7.1.4. Other possible mechanisms  
 
Evidence has shown that the acquired ability of cells to resist apoptosis is a hallmark of 

most cancers, whilst the pro-apoptotic effects of aspirin are commonly attributed to 

inhibition of COX-2.311, 312 However, the chemopreventive effects of aspirin and other 

NSAIDs cannot be solely associated with inhibition of prostaglandin synthesis, as several 

NSAIDs also demonstrate anti-proliferative effects in cells lacking of COX-activity.296 

High concentrations of aspirin and SA have been shown to stimulate apoptosis via COX-

independent pathways by upregulation of several pro-apoptotic genes such as 15-LOX-1 

(15-lipoxygenase-1)313 and Par-4 (prostate apoptosis response-4)314 and the activation of 

the p38 MAPK (mitogen-activated protein kinase) pathway.315 In addition, the pro-

apoptotic effects of aspirin have also been associated with the upregulation of several 

tumour suppressor genes and the downregulation of anti-apoptotic genes.316   

 

NFKB (nuclear factor kappaB) transcriptional activities include the inflammatory 

responses which are associated with solid tumours and the induction of survival genes 

(which protect the cells from apoptosis). High doses of aspirin or SA (4 -10 g/day) have  

been shown to inhibit the activation of the NFKB transcriptional pathway by preventing 

phosphorylation (possibly through inhibition of the kinase IKKβ) and subsequent 

degradation of its inhibitory factor IKBα.317, 318 However, the effects of aspirin on NFKB 

response have been shown to be cell-type specific.319, 320  

 

 

7.1.5 Metabolism of aspirin 

 

Most drugs are metabolised in the liver in where enzymes catalyse various biochemical 

reactions (most commonly oxidations, catalysed by oxidase enzymes mainly from the 

cytochrome P450 family) to produce water soluble and less lipid-soluble molecules. 

Metabolites which are insufficiently water soluble for excretion by the kidney will 

undergo conjugation reactions with endogenous amino acids present in the liver in which 

the formation of glycine adducts is common. The resulting compounds are then excreted 
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by the kidney. Less water soluble metabolites can be excreted in the bile, which contains 

sufficient cholesterol to dissolve the lipid soluble molecules for further breakdown. Drug 

metabolism may also take place in the intestine, plasma, lungs and skin. Similarly to 

many other drugs, aspirin undergoes intensive biotransformation after oral administration; 

different metabolites have been detected in patients under treatment.276, 321, 322   

 

The formation of aspirin metabolites such as salicyluric acid (SUA), SA, 2,3-

dihydroxybenzoic acid (2,3-DHBA), 2,5-dihydroxybenzoic acid (2,5-DHBA or gentisic 

acid), 2,5-dihydroxybenzoylglycine (or gentisuric acid, GUA) and the acyl and phenolic 

glucuronide conjugates have been extensively characterised.321-324 A recent study has also 

reported the detection of 2,3-dihydroxybenzoylglycine (DHBG) (Fig. 7.2) as an aspirin 

metabolite.82, 276 

 

 
 

Figure 7.2: Aspirin and its reported metabolites. 
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Aspirin is first converted into SA by the activity of esterases in the intestine, or by trans-

acylation of targeted proteins, which then undergoes glycine coupling via mitochondrial 

glycine-N-acyltransferase in the liver and kidney to form SUA (Fig. 7.3).325, 326 Aspirin or 

SA are also metabolised into 2,3- and 2,5-DHBA by the reactions of hydroxyl radicals 

generated by activated neutrophils (the most abundant white blood cells and commonly 

found at inflammatory sites) or by enzymatic oxidation catalysed by cytochrome P450 in 

the liver.276, 324, 327  

 

DHBG and GUA are expected to be formed either by glycine coupling to the 

corresponding acids or by hydroxylation of SUA.82, 328 Glucuronate and sulphate 

conjugates of the 2,3- and 2,5-DHBA, trihydroxybenzoates and quinones have also been 

proposed as potential metabolites.327 In addition, SUA and GUA have been shown to be 

converted to salicyamide, gentisamide, and glyoxylate by the bi-functional 

peptidylglycine α-amidating monooxygenase (PAM) (Fig. 7.3), however their 

proportions are very low (< 5%) compared to the unconverted SUA and GUA.276, 329   

 

Discrepancies have been reported in the identification and abundance of metabolites in 

patients who undergo aspirin treatment. However, SA and its glycine conjugate, SUA 

(ranging between 10-65% and 22-75% of total recovered salicylates, respectively) have 

consistently been reported as the major metabolites in the urinary samples of volunteers 

who took therapeutic doses (< 1 g/day) or high doses (4-8 g/day) of aspirin for different 

durations.276, 322, 330  

 

Proportions as high as 75% and as low as 2% of GUA of total recovered salicylates have 

been detected in the urine samples of patients under intensive treatment.328, 331 A later 

report suggested GUA may also remain for a long time in a living body.332 A single oral 

therapeutic dose (600 mg) has been reported to result in plasma SUA concentrations of 

10-25 µM for up to 10 h.333, 334 For patients on long-term treatment (4 x 600 mg/day for 3 

months), plasma concentrations of 2,5-DHBA and 2,3-DHBA were detected at about 2 

µM, while SA was estimated to be at least a hundred times higher and SUA at least 

fifteen times more than the concentrations of 2,5-DHBA and 2,3-DHBA.324  
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Figure 7.3: Possible metabolic pathways leading to the formation of different aspirin metabolites. PAM, 
peptidylglycine α-amidating monooxygenase.276 
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7.2 Background and Objectives  
 

Renal cell carcinoma (RCC) accounts for approximately 2% of adult malignancies 

worldwide335 and is resistant to radiation and chemotherapy.336 A common feature found 

in renal cancer patients is somatic mutation of the von Hippel-Lindau (VHL) tumour 

suppression gene.337 pVHL (VHL protein) recruits an E3 ubiquitin ligase complex and 

targets HIF-α for proteasomal degradation under normoxic conditions (see also Chapter 

1).338 pVHL mutants, however, are defective in this regard, leading to excessive 

accumulation of HIF-α and thus elevated levels of VEGF (vascular endothelial growth 

factor), which promote tumour progression and result in poor outcomes of RCC patients 

despite current treatments.339, 340 Elevated HIF-α levels are commonly found in cancers, 

in contrast to the undetectably low levels observed in most normal human tissues341. 

Suppression of HIF mediated gene expression has therefore been proposed as a potential 

therapeutic strategy for the treatments of RCC and other cancers.1, 342-344  

 

The aspirin metabolite 2,3-dihydroxybenzoylglycine (DHBG) has previously been 

identified as a HIF prolyl hydroxylase (PHD) inhibitor that causes HIF-1α accumulation 

in cells.82 Surprisingly, when DHBG was tested in the HIF hydroxy-residue specific 

antibody assays developed in Chapter 2, the compound was found to substantially 

destabilise HIF-1α in the RCC4 cells. This interesting observation prompted me to further 

evaluate aspirin, its metabolites and other structurally related compounds as potential 

HIF-1α inhibitors in this chapter. (HIF-1α inhibitors are defined as agents which suppress 

HIF-1α activity via one of the following or other mechanisms:345 (i) inhibiting HIF-1α 

mRNA expression, (ii) inhibiting HIF-1α protein translation, (iii) promoting HIF-1α 

protein degradation, (iv) inhibiting HIF-1α DNA binding to hypoxia responsive element 

(HRE), (v) inhibiting HIF-1α transcriptional activity.) The work in this chapter was 

carried out in collaboration with Dr Y-M Tian at the Centre for Cellular and Molecular 

Physiology, University of Oxford. 
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7.3 Results and Discussion 
 

7.3.1 Aspirin metabolites DHBG and GUA are HIF-1α Inhibitors 

 

Whilst the anti-inflammatory and analgesic effects of aspirin are apparently attributed to 

the mechanisms of the inhibition of cyclooxgenases COX-1 and COX-2 (Section 7.1.3), 

its preventive effects on heart disease and various cancers are still under intensive 

investigation. It is possible that salicylate metabolites (Fig. 7.2) may also contribute 

substantially to the observed therapeutic effects of aspirin.  Lienard et al. have previously 

evaluated these metabolites as PHD inhibitors; DHBG (1) (Fig. 7.4) was identified as a 

PHD inhibitor with an IC50 value of 27.4 µM82 using a fluorescence-based assay.   

 

 
 
Figure 7.4: 2,3-Dihydroxybenzoylglycine (DHBG) 1 and its ethyl ester derivative 2 have been previously 
identified as PHD inhibitors in vitro and in cells respectively.82 Structure in blue indicates the compound is 
an aspirin metabolite. (Compounds 1 and 2 were synthesized by Dr A. Conejo-Garcia).  
 
 

The work in this chapter first investigated the effect of DHBG on HIF prolyl and 

asparaginyl hydroxylation in RCC4 cells. (Unless otherwise stated, all compounds were 

tested in their methyl or ethyl ester forms in the cell-based experiments). Consistent with 

the previous results which demonstrated the HIF-1α accumulation effect of DHBG,82 the 

compound at 0.2 mM substantially inhibited HIF-1α Pro564 hydroxylation (and 

moderately inhibited Asn803 hydroxylation) in RCC4 cells (Fig. 7.5 A). Unexpectedly, 

at a higher concentration (0.5 mM), DHBG reduced HIF-1α levels in RCC4 cells, 

therefore suggesting DHBG may inhibit HIF-1α expression or induce HIF-1α degradation 

via a VHL-independent pathway.  
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When DHBG was used to treat RCC4 VHL-competent cells (i.e. RCC4 re-expressing 

functional VHL, RCC4/VHL), the compound was shown to induce HIF-1α accumulation 

as anticipated (Fig. 7.5 B). Interestingly, at 0.5 mM (Fig. 7.5 B, but not 0.1 or 0.2 mM), a 

slower-mobility HIF-1α species (higher molecular weight protein) was clearly detected, 

indicating DHBG at high concentrations may promote HIF-1α modification and 

eventually lead to its degradation. (A slower-mobility HIF-1α species was also detected 

in RCC4 cells treated with DHBG, however at relatively low abundance (Fig. 7.6 A, lane 

3)). It is also possible that the DHBG mediated reduction of HIF-1α levels observed in 

the cells could be due to the potential inhibitory effects of DHBG on the HIF-1α mRNA 

transcription or protein translation. In this regard, ‘HIF-1α suppression’ will be used in 

the following to refer to reduced HIF-1α activity caused by HIF-1α degradation or 

inhibition of HIF-1α expression.  

 
 

 
 
Figure 7.5: (A) DHBG 2 substantially inhibits Pro564 hydroxylation at 0.2 mM, and induces HIF-1α 
suppresion at 0.5mM in RCC4 cells.  (B) DHBG 2 promotes HIF-1α accumulation in RCC4/VHL cells. 
The formation of a slower-mobility species (lane 4) indicates DHBG promotes HIF-1α modification at high 
concentrations. Dimethyloxaylgylcine (DMOG) was used as a positive control.  

 

 

These cell-based results demonstrate that DHBG displays concentration-dependent 

dichotomous effect on HIF-1α stabilisation and HIF-1α suppression in RCC4/VHL cells. 

Furthermore, DHBG was also shown to suppress HIF-1α protein levels in RCC4 cells at 

high concentrations.  The work next sought to investigate whether other DHBG 

derivatives would also exhibit similar effects. A number of DHBG derivatives with 
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hydroxyl groups at different positions (i.e. 2,4-, 2,5-, and 2,6-) in the aromatic ring (Fig. 

7.6, compounds 4, 6, 8,) and different amino acid side chains (D/L-alanine, and D/L-valine, 

Fig. 7.6, compounds 10, 12, 14, 16) were tested in RCC4 and RCC4/VHL cells (Fig. 7.7 

A-D).  

 

While the 2,4- and 2,6-dihydroxybenzoylglycine derivatives 4 and 8 did not have 

apparent effects on HIF-1α levels in the RCC4 cells, the 2,5-dihydroxybenzoylgylcine 6 

(GUA, a known aspirin metabolite) significantly reduced HIF-1α levels in this VHL-

defective cell-line (Fig. 7.7 A). This observation suggests that the position of the 

hydroxyl group in the aromatic ring is an important determinant of suppression in HIF-α 

activity. Unlike DHBG which exerted its suppressive effects at high concentrations (Fig. 

7.7 A, lane 3), GUA reduced HIF-1α levels at both concentrations (0.2 and 1 mM) (Fig. 

7.7 A lanes 7 and 8).  

 

GUA was also shown to weakly induce HIF-1α accumulation in RCC4/VHL cells at 0.2 

mM (Fig. 7.7 B, lane 8, HIF-1α long exposure film), however, the induction was 

relatively weak compared to DHBG (Fig. 7.7 B, lanes 4 and 8). This observation is 

consistent with previous data indicating that GUA is an inffective PHD inhibitor82. In 

RCC4 cells, the HIF-1α suppression effect of GUA (at 0.2 mM) is expected to be greater 

than its stabilising effect. Suprisingly, when the 5-hydroxyl group in the GUA aromatic 

ring is replaced with a chloro- (17) or methyl-group (18), the compound instantly lost its 

ability to suppress HIF-1α in RCC4 cells (Fig. 7.7 E), indicating the important role of the 

hydroxyl group at the C-5 position.  
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Figure 7.6: The structures of DHBG and salicylate derivatives tested in the in vitro and cell-based assays. 
Structures in blue indicate the corresponding acids are aspirin metabolites (see introduction). (Compounds 
3-8, 17-18, 23-24 were synthesized by Dr A. Conejo-Garcia; compounds 9-16 were synthesised by Dr 
Esther C.Y. Woon; other compounds were from Sigma) 
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Interestingly, a glycine side-chain was not required for the observed HIF-α suppression 

effects. Compounds with a D/L-alanine (10, 12) or D/L-valine (14, 16) side-chain were all 

found to display concentration-dependent dichotomous effects similar to DHBG. At 0.2 

mM, the D/L- alanine and D/L-valine derivatives substantially inhibited prolyl 

hydroxylation in RCC4 cells (Fig. 7.7 C), and induced HIF-1α accumulation in 

RCC4/VHL cells (Fig. 7.7 D); while at 1.0 mM, they promoted HIF-1α suppression in 

both cells. On the other hand, the compounds were also shown to moderately inhibit the 

Asn803 hydroxylation in RCC4 cells. The IC50 values of the corresponding free acids (9, 

11, 13, 15) for PHD2 were later determined using the AlphaScreen PHD2 hydroxylation 

assay (Table 7.1) described in Chapter 2. The PHD2 hydroxylation assays were carried 

out by Andrew M. C. Chan. 

 

 In keeping with the cell-based data, the D/L- alanine and valine derivatives (9, 11, 13, 15)  

inhibited the purified PHD2 with IC50 values ranging from 20 – 90 µM (Table 7.1). The 

inhibition by the D-alanine and D/L-valine derivatives (9, 13, 15) was rather unexpected 

because the corresponding N-oxalylglycine (NOG) and bicyclic isoquinoline compound 

(BIQ) analogues were shown to be ineffective in inhibiting PHDs activity (see Chapter 2 

Section 2.2.3.1). The results suggest that these DHBG derivatives may inhibit PHD via a 

different inhibition mode.  

 

Given that the glycine side-chain was not required for the observed HIF-1α suppression 

effects, it was considered that aspirin (ASA, 19, Fig. 7.6) and other salicylate derivatives 

(20-28, Fig. 7.6) (especially the 2,3- and 2,5-dihydroxybenzoate derivatives (25, 27)) 

may exhibit similar effects. Therefore, these compounds were then tested in the cell-

based assays. Compared to DHBG and GUA which substantially suppressed the HIF-1α 

levels in RCC4 cells, the salicylates 19-28 exhibited little or almost no effects, at least at 

the tested concentrations (0.2 and 1 mM) (Fig. 7.7 F and G). Interestingly, the major 

aspirin metabolite salicylurate (SUA, 24) moderately reduced the HIF-1α level at high 

concentration (2 mM) (Fig. 7.7 F, lane 14). It is possible that SUA (24) was metabolised 

to DHBG or GUA by the enzymatic reactions of oxidases in the cells (Section 7.1.4 and 

Fig. 7.3).   
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Figure 7.7: (A, C, E-G) The effects of DHBG and salicylate derivatives on HIF-1α levels in RCC4 cells. 
(B, D) The dichotomous effects of DHBG derivatives on HIF-1α levels in RCC4/VHL cells. 
Dimethyloxalygylcine (DMOG) (1 mM or at indicated concentration) was used as controls.   
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Compound no. PHD2 IC50  (µM) Compound no. PHD2 IC50 (µM) 

NOG 4.6 BIQ 1.4 

DHBG (1) 18.4 9 19.1 

3 > 1000 11 64.6 

GUA (5) 598 13 90.1 

7 > 1000 15 48.2 

 
Table 7.1: The IC50 values of the DHBG derivatives (acids) obtained using the AlphaScreen PHD2 
hydroxylation assays. IC50 values of N-oxalylglycine (NOG) and bicylic isoquinoline compound (BIQ) 
obtained from the same assay were shown for comparison. (Data obtained from Andrew M. C. Chan).   

 

 
7.3.2 Concentration-dependent effects of DHBG and GUA  

 

The aspirin metabolites DHBG and GUA were identified as potent HIF-1α inhibitors in 

the above cell-based assays. The work then further investigated their concentration-

dependent effects on HIF-1α suppression. For this purpose, DHBG (2) and GUA (6) were 

incubated in RCC4 cells at various concentrations and times (Fig. 7.8). Immunoblots in 

Fig. 7.8 A and B clearly show that DHBG gradually suppressed HIF-1α levels at 

increased concentrations; high concentrations (> 0.5 mM) are required to achieve 

complete suppression in 5 h in both RCC4 and RCC4/VHL cells.  

 

Gradual decrease of HIF-1α levels was demonstrated by RCC4 cells treated with 1 mM 

DHBG over time. Complete (or close to complete) suppression was achieved at 

approximately 2 h (Fig. 7.8 C, lane 10). Previous reports showed that HIF-1α protein in 

RCC4 cells was still clearly detected after 3 h of cycloheximide (100 µg/ml) (a 

biosynthesis inhibitor) treatment and HIF-1α half-life in RCC4 cells has been estimated 

at the region of 1 h.142, 346 On the other hand, concentrations lower than 100 µM of 

DHBG were shown to be ineffective in suppressing HIF-1α levels even over 24 h of 

incubation time (Fig. 7.8 D).  
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It is interesting to note that the extent of formation of the slow-mobility HIF-1α species in 

DHBG treated in RCC4/VHL cells is much more abundant than in RCC4 cells (Fig. 7.8 

A and B), which may suggest the HIF-1α suppression effects in these cells involves 

different in vivo mechanisms. This observation strongly suggests the mechanism involved 

in the VHL-competent cells may utilise the VHL-ubiquitination proteasomal degradation 

pathway.   

 

GUA was shown to be a more potent HIF-1α suppressor than DHBG at low 

concentrations. Substantial suppression was achieved at GUA concentrations of ~ 0.2 

mM in 5 h. Lower concentrations of GUA were shown to be less effective on suppressing 

HIF-1α at this time point (Fig. 7.8 C). In cells exposed to GUA for 24 h, 100 µM (but not 

lower than 50 µM) of the compound was found to substantially suppress the HIF-1α 

levels (Fig. 7.8 D). Concentrations higher than 100 µM of DHBG and GUA were 

observed to cause severe morphological changes in cells in 24 h, which indicate toxic 

effects.  

 

 
 

 
Figure 7.8: Concentration and time-dependent effects of DHBG and GUA. (A-D) DHBG and GUA were 
treated at indicated concentrations and times in RCC4 or RCC4/VHL cells. (E) The potencies of DHBG 
and GUA were compared to the Hsp90 inhibitors 17-allylaminogeldamycin (17-AAG) and geldamycin 
(GELD).  
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7.3.3 DHBG and GUA are ineffective Hsp90 inhibitors in vitro 
 
 

The molecular chaperone heat shock protein 90 (Hsp90) is one of the most abundant 

proteins expressed in cells. Hsp90 is important in maintaining the conformation, stability 

and function of a large numbers of client proteins, many of which are key oncogenic 

proteins including HIF-1α.347 Inhibition of Hsp90 has been reported to lead to O2/VHL-

independent HIF-1α degradation in RCC4 cells by promoting the binding of the receptor 

of activated protein kinase C (RACK1) to HIF-1α.348 RACK1 recruits Elongin-C and 

other components of E3 ligase complex, in a manner mechanistically similar to pVHL, 

which eventually leads to ubiquitination and proteasomal degradation of HIF-1α348(Fig. 

7.9). On the other hand, the Copper Metabolism MURR1 Domain 1 protein (COMMD1) 

has also been associated with promotion of O2/VHL/ubiquitin-independent proteolysis of 

HIF-1α by competition with Hsp90.349  

 

 
Figure 7.9: Receptor of activated protein kinase C (RACK1) is a crucial component of the O2/VHL-
independent HIF-1α proteasomal degradation pathway. RACK1 regulates HIF-1α stability through 
competition with Hsp90, and recruitment of E3-ligase-ubiquitin complex. Inhibition of Hsp90 promotes 
RACK1 binding to HIF-1α, therefore promotes HIF-1α degradation.348  
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17-Allylaminogeldamycin (17-AAG) and geldamycin (Fig. 7.10) are commonly used as 

Hsp90 inhibitors and have been reported to induce HIF-1α degradation in RCC4 cells.348-

350 The potencies of DHBG and GUA on HIF-1α suppression were then compared to 17-

AAG and geldamycin in RCC4 cells (Fig 7.8 E). The results demonstrate substantial 

HIF-1α suppression for the 17-AAG and geldamycin treated cells at 10 µM for 24 h, 

indicating that DHBG and GUA were at least 10 times less potent in this regard (compare 

Fig. 7.8 D and E). (17-AAG and geldamycin at high doses (> 100 µM) and short 

incubation times were found to be ineffective in HIF-1α suppression and toxic to the cells 

(data not shown).)  

 

 
 
Figure 7.10: Structures of Hsp90 inhibitors and benzoic acid scaffolds used for inhibitor design. Structure 
of GUA is shown for comparison.  
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The Hsp90 chaperone cycle consists of turnover of ATP to ADP through an intrinsic 

ATPase activity associated with the N-terminal domain of Hsp90.351 Inhibition of Hsp90 

has been shown to lead to destabilisation of its client proteins (e.g. HIF-1α).352 

Crystallographic studies revealed that most of the inhibitors including 17-AAG, 

geldamycin, and radicicol (Fig. 7.10) inhibit Hsp90 by binding to its ATP binding site.280, 

351, 353  

 

Recently, two 6-alkylsalicylic acid analogues, salaceyin A and salaceyin B (Fig. 7.10) 

(natural products extracted from Streptomyces), have been identified as Hsp90 inhibitors 

with IC50 values of 68.3 and 65.2 µM, respectively.354 Furthermore, benzoic acid and 

salicylic acid scaffolds have also been widely used for Hsp90 inhibitor design (Fig. 

7.10).355-357 Given the structural similarities of DHBG and GUA to the Hsp90 inhibitors, 

and their similar effects on promoting VHL-independent HIF-1α suppression, it was 

considered that the DHBG and GUA mechanisms of action may involve Hsp90 inhibition.  

 

To investigate the above proposal, the work next sought to investigate the binding 

potencies of DHBG and GUA (and other salicylates) to Hsp90 using thermal shift protein 

assay (Hsp90 preparation and thermal shift experiments were carried out by Dr E. P. 

Williams).355 In this assay, Hsp90 protein solution (i.e. full-length Hsp90 (2 µM) in 10 

mM HEPES buffer at pH 7.5) was heated at a constant rate in the presence or absence of 

a ligand (compound was added to the protein solution at 10 µM final concentration), and 

the denaturing process was then monitored by fluorescence. Ligand binding normally 

leads to stabilisation (sometimes destabilistation) of the protein which results in higher 

denaturation temperature Tm  in the termal shift assay (as shown in Fig. 7.11).358  
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.  
Figure 7.11: Thermal shift assay (Hsp90) protein melting curves. The midpoint of denaturation (Tm) is shifted 
to higher temperature upon ligand binding. Figure adapted from Petrikaite et. al.358 
 

 

The results of the Hsp90 thermal shift assay are shown in Fig. 7.12. The rise of 

fluorescence close to 50oC (Fig. 7.12) indicated the protein unfolding and the binding of 

the fluorescent compound (i.e. 8-anilinonaphthalene-1-sulfonate) to the hydrophobic 

patches of the Hsp90 interior.358 Addition of 17-AAG (positive control) was shown to 

shift the midpoint of denaturation (Tm) by about 6oC, however, neither DHBG (1) nor its 

ethyl ester (2) or GUA (5) or other salicylate derivatives (2, 3, 18, 19, 21, 23, 24) were 

demonstrated to have any effect on the unfolding processes of Hsp90 (Fig. 7.12) (i.e. 

causing no significant shift in Tm). The thermal shift results therefore indicate that the 

salicylate derivatives may not be effective Hsp90 ligands/inhibitors. However, negative 

thermal shift assay results do not always indicate a lack of ligand binding.   
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Figure 7.12: The results from the thermal shift assay suggest that the salicylate derivatives may be 
ineffective ligands of Hsp90 (at least judging by this assay). (A) Hsp90 melting curves in the presence of 
compounds or DMSO control. (B) Graphic representation of Tm shift data in experiments (A). (Data 
obtained from Dr E. P. Williams) . 
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 To further investigate this, the compounds were characterised according to competition 

for the Hsp90 ATPase site using nuclear magnetic resonance (NMR) water-LOGSY 
(water-Ligand Observed via Gradient SpectroscopY) method based on the reported 
protocols356 (experiments were carried out by Ivanhoe K. H. Leung). The competition 
experiments were carried out in the presence of ADP (Fig. 7.13), which binds weakly to 

the ATPase site of Hsp90 under the screening conditions (i.e. 10 µM Hsp90; 200 µM 

ADP; 1 mM compound; 50 mM Tris-D11; 150 mM NaCl; pH 8.0; 95% H2O + 5% D2O 

(<1% DMSO) at 280 K). A compound that binds to the nucleotide binding site (therefore 

causing displacement of ADP) would be reflected in the reduction of the ADP water-

LOGSY signal. In the water-LOGSY experiments, the large bulk water magnetisation is 
partially transferred via the protein-ligand complex to the free ligand in a selective 
manner. The resonance of the non-binding compound appears with opposite sign and 
tends to be weaker than those of the binding compound in the NMR spectrum (Fig. 
7.14).275, 359 The results of the ADP competition experiments in the presence of 5-fold 

excess of the salicylates are summarised in Table 7.2.  

 

 
 

Figure 7.13: The structure of adenosine diphosphate (ADP).  
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Figure 7.14: (A) and (B) show examples of the NMR spectra of the Hsp90 water-LOGSY ADP 
competition experiments in the presence of salicylates. Assay conditions: 10 µM Hsp90; 200 µM ADP; 1 
mM compound; 50 mM Tris-D11; 150 mM NaCl; pH 8.0; 95% H2O + 5% D2O (<1% DMSO) at 280 K. In 
the water-LOGSY NMR experiments, resonance of a non-binding compound (ASA (18), A) appears with 
opposite sign in comparison to binding compound (2,4-dihydroxybenzoylglycine (3), (B)). Compound 3 
substantially competed with ADP to bind to the ATPase binding domain of Hsp90 (reflected by the 
reduction of the ADP water-LOGSY signal). The NMR peaks are corresponding to the aromatic hydrogens 
of the ADP and the salicylates (only NMR peaks at the region of 7.0- 8.7 ppm are shown). 

A%

B%
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Consistent with the thermal shift data, most of the tested salicylates show weak binding 

to the Hsp90 ATPase domain, with the exception of 2,4-dihydroxybenzoylglycine (3) 

which substantially displaced the ADP (42 ± 2.8% reduction of ADP waterLOGSY 

signal, n = 3 and with a dissociation constant KD ~ 1.2 mM). DHBG (1) was only found 

to weakly substitute the active site ADP (11.3 ± 7.6% reduction of ADP waterLOGSY 

signal remaining, n =3). All other salicylates including GUA (5) and the D/L- alanyl and -

valinyl derivatives (9, 11, 14, 15) which substantially suppress HIF-1α levels in the cells 

show little change (< 5%, n = 1) in the ADP waterLOGSY signal.  

 
 
Table 7.2:  Summary of the Hsp90 water-LOGSY ADP competition assay results. Assay conditions: 10 
µM HSP90; 200 µM ADP; 1 mM compound; 50 mM Tris-D11; 150 mM NaCl; pH 8.0; 95% H2O + 5% 
D2O (<1% DMSO) at 280 K. a KD of 17-AAG was obtained from reported value in Zurawska et al.360  
 
 

The weak binding of 2,4-dihydroxybenzoylglycine (3) to the Hsp90 ATPase binding site 

is not entirely unexpected as the natural product radicicol and a number of synthetic 

Hsp90 inhibitors355, 356 contain the 2,4-OH benzoic acid scaffold (Fig. 7.10), whereas 2,3- 

and 2,5-OH benzoic acid analogues have not been reported (to date) as Hsp90 inhibitors. 

Interestingly, in this study, compound 3 (4) was not shown to suppress HIF-1α in the 

cells, whereas DHBG and GUA (with the 2,3- and 2,5-OH benzoic acid scaffolds, 

respectively) were shown to be potent HIF-1α inhibitors (Fig. 7.7). 

 

Compound Binding to Hsp90 

ATPase  domain 
Compound Binding to Hsp90 

ATPase domain 
17-AAG Strong (KD = 0.3 µM)a 13 Weak/No  

DHBG (1) Weak 15 Weak/No  

DHBG (2) Weak/No  ASA (18) Weak/No 

3 Moderate (KD ~ 1.2 mM) ASA (19) Weak/No  

GUA (5) Weak/No  SA (21) Weak/No  

9 Weak/No  SUA (23) Weak/No 

11 Weak/No SUA (24) Weak/No 
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In conclusion, the thermal shift and water-LOGSY results indicate that DHBG and GUA 

are probably ineffective inhibitors for Hsp90, suggesting that DHBG and GUA-mediated 

HIF-1α suppression effects may not involve the Hsp90 pathway.  

  

 
7.3.4 HIF-1α degradation or modification?  

 

The nonsteroidal anti-inflammatory drugs (NSAIDs) including indomethacin361 and 

sodium salicylate (a metabolite of aspirin)362 have been shown to inhibit angiogenesis by 

increasing VHL expression (through an unknown mechanism) and thus downregulating 

HIF-1α and VEGF in hypoxia-induced VHL-competent cancer cell-lines. Both the 

O2/VHL-dependent (i.e. dependent on prolyl hydroxylation state of HIF-1α) and 

O2/VHL-independent (e.g. RACK-1 mediated) HIF-1α degradation pathways involve the 

actions of 26S proteasome (Fig. 7.9).12, 348, 349 It was considered that if the aspirin 

metabolites DHBG and GUA suppress HIF-1α by promoting its degradation, inhibiting 

the proteasome activity could substantially reduce the drug effects.  

 

To study the above hypothesis, cells were treated with DHBG/GUA in the presence or 

absence of a proteasome inhibitor (i.e. MG132 (25 µM) (a potent and specific inhibitor to 

26S proteasome, Ki  4 nM)363, 364 or ALLnL (25 µM) (a general proteasome inhibitor; Ki 

value of 670 nM for 26S proteasome)363, 365 (Fig. 7.15 A-C). Surprisingly, the results 

shown blocking the proteasomal degradation pathways did not significantly affect the 

HIF-1α suppression effects of DHBG and GUA. The compounds were shown to 

substantially reduce the HIF-1α levels in the presence of proteasome inhibitor in both 

RCC4 and RCC4/VHL cell-lines (Fig. 7.15 A-C).  

 

DHBG also demonstrated similar suppression effects on HIF-2α accumulation in RCC4 

cells (Fig. 7.15 D). Furthermore, the DHBG and GUA were shown to substantially 

suppress the HIF-1α levels in a PHD null mouse embryonic fibroblast (MEF) cell-line 

(HIF-1α was constitutively activated in this cell-line due to the lack of PHD activity) (Fig. 
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7.15 E), which further suggests the compounds’ suppression effects are PHD-

independent (and therefore independent of prolyl hydroxylation state of HIF-1α).  

 

 
Figure 7.15: (A-D) DHBG and GUA suppressed HIF-α levels in the presence of proteasome inhibitor. 
RCC4 or RCC4/VHL cells were either pretreated with the proteasome inhibitor or DHBG/GUA at 
indicated times. (E) DHBG (1 mM) and GUA (1 mM) substantially suppressed HIF-1α levels in the PHD 
null mouse embryonic fibroblast cells (PHD null MEF). ALLnL, N-acetyl leucyl-leucyl norlucinal. 
 
 

It has been reported that the RACK-1 mediated HIF-1α degradation pathway (through 

Hsp90 inhibition, see Fig. 7.9) involves binding of RACK-1 to the PAS-A domain of 

HIF-1α. The loss of function of RACK-1 abolished HIF-1α degradation.348 It was 

considered that if the suppression effects of DHBG and GUA on HIF-1α involved the 

action of RACK-1 (and therefore Hsp90), the suppression effects would at least be 

reduced in cell-lines expressing a truncated version of HIF-1α without the PAS domain. 

For this purpose, DHBG and GUA suppression effects were investigated using the 

Clone3 human osteosarcoma (C3 U2OS) stable cell-line.183 In this cell-line, truncated 
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HIF-1α protein (residues 344-826, without the PAS domain) was heterologously 

expressed under the control of a doxycyline-inducible promoter. The effects of this was 

then compared to the results obtained using WT4 U2OS stable cell-line142 with 

doxycyline-inducible wild-type (full length) HIF-1α.  

 

The C3 and WT4 U2OS cell-lines were first induced with doxycyline at indicated doses 

24 h prior to compound treatments (5 h). The doxycyline-induced controls clearly 

demonstrated higher levels of HIF-1α compared to the untreated controls (Fig 7. 16 A, 

lanes 2 and 8). Interestingly, in the absence of the HIF-1α PAS domain (C3 U2OS cell-

line) which is crucial for the interaction of HIF-1α and RACK-1, DHBG at 1 mM still 

strongly suppressed the accumulation of the inducible truncated HIF-1α, in a manner 

similar to the inducible full-length HIF-1α (WT4 U2OS cell-line) (Fig. 7.16 A, compare 

lanes 3 and 9). This result further suggests that DHBG suppression effects may not 

directly involve Hsp90-RACK-1 pathway, in keeping with the in vitro results which 

demonstrated that DHBG and GUA are ineffective Hsp90 inhibitors.  

 

Consistent with the RCC4/VHL results which demonstrated DHBG dichotomous effect, 

DHBG (at 0.2 mM) was shown to elevate the HIF-1α levels in both C3 and WT4 U2OS 

cell-lines (Fig. 7.16 A, lanes 4 and 10). GUA at both tested concentrations (0.2 and 1 mM) 

was also found to moderately suppress the inducible HIF-1α levels in both the U2OS 

cell-lines.  

 

The effects of DHBG and GUA were further studied in the PHD inhibitor treated (i.e. 

DMOG (general) and BIQ (specific), Chapter 2) and hypoxia treated wild-type U2OS 

cells. Wild-type U2OS cells were pre-incubated in the presence of PHD inhibitor (1 mM) 

or hypoxia (1% oxygen),  DHBG (1 mM) and GUA (1 mM) were later added at the 

indicated times (Fig. 7.16 B). (MG132 treated samples (Fig. 7.16 B, lanes 8-10) were 

shown for comparison). Both DHBG and GUA were found to substantially suppress the 

PHD inhibitor-induced HIF-1α accumulation in U2OS cells, however, to a lesser extent 

for the latter (Fig. 7.16 B). These results further support the observations in the PHD null 
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cells (Fig. 7.15 E) which shown the DHBG and GUA suppression effects are largely 

independent of the prolyl hydroxylation state of HIF-1α in VHL-competent cells.  

 

 
 Figure 7.16: (A) DHBG (1 mM) significantly suppressed the doxycyline-inducible truncated 
(residues344-826, without the PAS-domain) and full-length HIF-1α in these modified U2OS cells. (B) 
DHBG (1 mM) and GUA (1 mM) substantially suppressed the PHD inhibitor-induced HIF-1α levels, 
whereas their effects are partially abolished at low oxygen availability. DMOG, dimethyloxalylglycine; 
BIQ, bicyclic isoquinoline compound. 
 

 

Interestingly, hypoxia (1% oxygen) treatment was observed to partially abolish the HIF-

1α suppression effect of DHBG, whereas in the case of GUA, its suppression effect was 

almost completely ablated (Fig. 7.16 B, compare lanes 11, 12 and 13, long exposure film). 

As it was shown above (in PHD null cells (Fig. 7.15 E) and in PHD inhibitor treated cells 

(Fig. 7.16 B)), the hydroxylation state did not significantly affect the HIF-1α suppression; 

the partial loss of the compound’s functions at low oxygen levels is therefore expected to 

be attributed to the intrinsic chemical nature of the compounds.  
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DHBG is a catechol (2-hydroxyphenol) derivative which has been shown to undergo 

auto-oxidation to form its corresponding ortho-quinone under atmospheric oxygen levels 

(t½ = 9 hr)366 (Fig. 7.17). In cells, catechol oxidation is reported to be  accelerated in the 

presence of polyphenol oxidase (PPO) (i.e. tyrosinase or catechol oxidase), a copper-

containing enzyme found in plants and animals and known to catalyse the conversion of 

phenols and catechols to quinones using molecular oxygen (dioxygen) (Fig. 7.17).366-369  

 

GUA which contains a hydroquinone (4-hydroxyphenol) scaffold is also expected to be 

highly susceptible to oxidation (Fig. 7.17).370 The proposal is supported by the 

observation of the naturally occurring hydroquinone metabolite, homogentisic acid (a key 

component in the development of inflammatory arthritis disorder).  Homogentisic acid 

has been reported to undergo rapid auto-oxidation to produce its corresponding para-

quinone under physiological conditions, in an oxygen dependent manner (Fig. 7.17).371 In 

addition, the oxidation reaction generates oxygen radicals, superoxide, and hydrogen 

peroxide (Fig. 7.17, lower panel); these reactive oxygen species (ROS) have also been 

shown to have a regulatory role in the HIF pathway.30, 372  

 

Quinones are both biological active and highly susceptible to modifications in 

physiological systems. A large number of nucleophilic amino acid residues including 

cysteines, lysines, and histidines can react with quinones leading to protein covalent 

modifications (Fig. 7.18).366, 373, 374 Both the enzymatic or auto-oxidation of DHBG and 

GUA require molecular oxygen, and their suppression effects are largely reduced at low 

oxygen availability. It was proposed  that the mechanisms of action of these aspirin 

metabolites may involve their conversion to quinones. This subsequently leads to protein 

modifications and results in HIF-1α suppression. This hypothesis is further supported by 

the observations that only the 2,3- and 2,5-OH DHBG derivatives (i.e. 2, 6, 10, 12, 14, 16) 

which bear a reactive catechol or hydroquinone scaffold (and are therefore susceptible to 

be converted to ortho- and para-quionones), but not the 2,4- or 2,6-OH DHBG 

derivatives (i.e. 4, 8) which bear a stable resorcinol (3-hydroxyphenol) scaffold, are 

active in the cells (Fig. 7.7).  
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It is also worth noting that some protein modifications may lead to protein aggregation 

which results in insoluble complexes that cannot be separated by SDS PAGE 

electrophoresis, or cannot be detected by the HIF-1α antibody and therefore leads to false 

interpretations of immunoblot results.  
 

 
Figure 7.17: Upper panel: the enzymatic reaction or auto-oxidation of catechol and hydroquinone 
derivatives under physiological conditions, PPO, polyphenol oxidase. Lower panel: reaction schemes of 
auto-oxidation of hydroquinone. QH2, QH·, and Q represent the three oxidation states of hydroquinone (see 
discussion in text).   
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Figure 7.18: Possible protein modification by quinone derivative in the physiological system.  

 

 

7.3.5 Precursors of DHBG and GUA exhibit HIF-1α suppression effects 

 

In the human body, it seems likely that the oxidation and glycine coupling reactions that 

lead to the formation of DHBG and GUA take place largely in the liver (the major organ 

for drug metabolism) (see Section  7.1.4).325, 326 It was thus considered that the oxidation 

and glycine coupling reactions may occur in hepatic cell-lines. Therefore, it may be 

possible to observe similar suppression effects by incubating the potential precursors of 

DHBG and GUA (Fig. 7.3) (i.e. aspirin (19) and its ethyl ester (20); and ester derivatives 

of SUA (24), 2,3-DHBA (25), and 2,5-DHBA (27), Fig. 7.6) in human hepatoma (Hep3B) 

cell-line at higher doses. A human epithelial (Hela) cell-line was used for comparison. 

The cells were first pretreated with the generic 2OG oxygenase inhibitor DMOG (0.5 

mM) to induce HIF-α accumulation, the salicylates were then added at the indicated 

concentrations and times (Fig. 7.19 A and B).  

 

Interestingly, aspirin (20), SUA (24), 2,3-DHBA (25), 2,5-DHBA (27) substantially 

suppressed the HIF-1α accumulation induced by DMOG in Hep3B and Hela cell-lines. 

However, the effects are slightly more prominent in Hep3B which may indicate a better 

turnover rate of drug metabolism in the Hep3B cell-line. The HIF-1α suppression effects 

of these precursors might be due to the subsequent formation of DHBG or GUA in the 
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cells; however, this proposal does not exclude the potential involvements of other  

mechanisms.  

 

The HIF-1α suppression potencies of the salicylate derivatives (precursors of DHBG and 

GUA) at 2 mM in both Hep3B and Hela cell-lines were ranked as 27 > 20 > 24 > 25 > 19. 

Given that DHBG requires higher concentrations (> 0.5 mM, Fig. 7.8) to exhibit its HIF-

1α suppression effect, it could be the reason why 2,3-DHBA (25) (non-gylcinated 

precursor of DHBG) was less potent on HIF-1α suppression compared to the precusors of 

GUA (20, 24, and 27) which possibly metabolised to GUA in cells (GUA exhibits HIF-

1α suppression effect at lower concentrations, Fig. 7.8). The ethyl ester analogue of 

aspirin (20) was clearly more potent than its acid (19) for HIF-1α suppression, suggesting 

better cell-permeability of the ester derivative.  

 
Figure 7.19: The effects of the precursors of DHBG and GUA (19, 20, 24, 25, and 27, see Fig. 7.6 for 
structures) in the DMOG-induced HIF-1α accumulation in human hepatoma (Hep3B) and epithelial (Hela) 
cell-lines.  
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7.3.6 Effects of DHBG and GUA on HIF-α mRNA expression 

 

Induction of tumour hypoxia and chemotherapy have been commonly used in the 

treatment of various cancers (e.g hepatocellular carcinoma).375 Oxygen deprivation 

arrests cancer progression which leads to cell necrosis and apoptosis;376 whilst chemo-

cytotoxicity of drugs “kills” the cancer cells.377 Overexpression of HIF-1α (which leads 

to upregulation of VEGF and multidrug resistance gene (MDR1)) resulting from hypoxia 

and chemotherapy treatments has been associated with poor tumour response rate to these 

treatment protocols.362, 375, 378 Interestingly, high doses of sodium salicylate (5 mM) have 

been demonstrated to suppress HIF-1α (and VEGF) mRNA and protein expression levels 

in the hypoxia (by hepatic artery ligation) and chemotherapy drug (i.e. cisplatin) treated 

rat orthotopic hepatoma models.362 HIF-1α transcriptional blockage achieved by 

administration of high dosage of sodium salicylate (mechanism unknown) has also been 

associated with decreased tumour progression and improved therapeutic efficacy of 

hypoxia and chemotherapy treatments in the rat hepatoma models.362  

It was considered possible that the HIF-1α transcriptional blockage by sodium salicylate 

(sodium salt of salicylic acid) may be a direct action of DHBG and/or GUA, given that 

salicylic acid itself is a potential precursor of DHBG and GUA (Fig. 7.3). Therefore, the 

effects of DHBG and GUA on the mRNA levels of HIF-1α, HIF-2α and several HIF 

target genes including pyruvate dehydrogenase kinase-1 (PDK1), glucose transporter-1 

(GLUT1), carbonic anhydrase-9 (CA9), vascular endothelial growth factor-A (VEGFA), 

cyclin D1 (CCND1) and transforming growth factor-α (TGFα) were therefore 

investigated in RCC4 cells.4, 379-381  

 

DHBG, GUA and a DMSO control were first incubated in RCC4 cells for 6 h. RNA was 

extracted from confluent cells using a total RNA isolation reagent (i.e. TRI Reagent 

(Sigma)). The mRNA levels of the targets of interest were then determined by 

quantitative reverse transcription-polymerase chain reactions (qRT-PCR). The method of 

log (-ΔCT) was used for quantification calculations and the results  are summarised in 
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Fig. 7.20. (The qRT-PCR experiments were carried out by Dr P. J. Pollard, Centre for 

Cellular and Molecular Physiology, University of Oxford). Interestingly, DHBG and 

GUA were shown to demonstrate some differential regulatory effects on the mRNA 

expression of HIF-1α, HIF-2α and their downstream genes.  

 

Overexpression of HIF-2α has been reported to be relatively more common in RCC4 

cells. The pro-tumourigenic genes encoding VEGFA, CCND1, and TGFα, and the 

glycolitic gene GLUT-1 were shown to be preferentially regulated by HIF-2α RCC4 cells, 

whereas PDK1 and CA9 were shown to be preferentially regulated by HIF-1α in this cell-

line.346, 382, 383 In contrast, some investigators have reported that HIF-1α does play a 

predominant role in VEGF secretion in renal cell carcinomas (RCC) expressing both 

HIF-1α and HIF-2α.343  

 

DHBG, which is a PHD inhibitor,82 was shown to suppress HIF-1α and HIF-2α 

accumulation in RCC4 cells (Fig. 7.15 D), and demonstrated a concentration-dependent 

dichotomous effect on HIF-1α regulation in VHL-competent cells (Fig. 7.5 B). 

Surprisingly, the qRT-PCR results show that DHBG moderately elevated the HIF-1α 

mRNA expression in RCC4 cells despite its HIF-1α suppression effect observed at 0.5 

mM (Fig. 7.8 A). In contrast, DHBG moderately suppressed the HIF-2α mRNA 

expression (Fig. 7.20 A and B). The decrease of HIF-2α mRNA level may be a direct 

result of increased HIF-1α mRNA and vice versa, as these HIF-α isoforms have been 

demonstrated to display reciprocal suppressive interactions in RCC4 cells.346, 383  

 

The above observation may suggest that the HIF-1α stabilisation by DHBG in VHL-

competent cells is not solely a result of PHD inhibition, because DHBG can also regulate 

HIF-1α transcription (i.e. mRNA expression). It is possible that DHBG first increased the 

HIF-1α expression (as observed in the RCC4/VHL cells) and the HIF-1α was 

subsequently targeted for modification which eventually resulted  in HIF-1α suppression.  

 

The suppression effects on HIF-2α by DHBG were also reflected in the downregulation 

of GLUT1 and TGFα mRNA expression, as HIF-2α has been shown to specifically 
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regulate these genes in RCC4 cells.346 Furthermore, DHBG was shown to upregulate the 

PDK1, CA9, and VEGFA mRNA levels, which are HIF-1α downstream targets. However, 

the compound did not have any apparent effect on the LDHA and CCND1 mRNA 

expression (Fig. 7.20).  

 

Unlike DHBG, GUA (which is an ineffective HIF-upregulator in VHL-competent cells), 

displayed no apparent effect on the mRNA expression of HIF-1α and HIF-1α target genes 

(i.e. PDK1, CA9, VEGFA) in RCC4 cells. However, GUA was demonstrated to 

moderately inhibit the HIF-2α mRNA expression. GUA was also shown to suppress the 

mRNA expression of its target genes GLUT1 and TGFα to a certain extent and had no 

apparent effect on LDHA and CCND1 mRNA expression (Fig. 7.20). It is also worth 

noting that the degree of mRNA regulation of a particular gene does not always correlate 

to its protein synthesis; therefore this point has to be taken into consideration in 

interpreting the results. For instance, despite having no apparent effect on HIF-1α mRNA 

levels, the DNA damaging inducing agents campthothecin and mitomycin C have been 

reported to suppress HIF-1α accumulation by specifically inhibiting HIF-1α protein 

translation384. Therefore, further investigation should be carried out to examine the 

potential regulatory effects of DHBG and GUA on HIF-1α protein synthesis. 

 

Overall, the results indicate that DHBG and GUA moderately inhibited the HIF-2α, but 

not HIF-1α, mRNA expression in RCC4 cells. Therefore, the HIF-1α protein suppression 

effects observed in the cell-based experiments may not be a direct result of inhibition of 

HIF-1α transcription. The dual functionality of DHBG appears contradictory in that it 

suppresses HIF-1α at high concentrations, and yet promotes the transcription of some of 

its key target genes. In this regard, DHBG may provide a measure of selectivity by 

enhancing the activation of only a subset of HIF-1α downstream targets while 

suppressing HIF-1α. On the other hand, given that HIF-2α has been regarded as an 

important therapeutic target for RCC therapy (particularly in HIF-1α defective renal 

cancer cells),343, 346 DHBG and GUA suppression effects on HIF-2α may make these 

aspirin metabolites potential drug candidates for RCC treatment.  
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Figure 7.20: The effects of DHBG and GUA on the mRNA levels of (A) HIF-1α, (B) HIF-2α, (C) PDK1, 
(D) VEGFA, (E) CA9, (F) GLUT1, (G) TGFα, (H) LDHA, and (I) CCND1 in RCC4 cells. HIF-1α direct 
target genes in RCC4: PDK1, and CA9; HIF-2α direct target genes in RCC4 cells: VEGFA, GLUT1, TGFα 
and CCND1.346, 382, 383 PDK1, pyruvate dehydrogenase kinase-1; VEGFA, vascular endothelial growth 
factor-A; CA9, carbonic anhydrase-9; GLUT1, glucose transporter-1; TGFα, transforming growth factor-α, 
LDHA, lactate dehydrogenase-A; and CCND1, cyclin D1. (Results obtained from Dr P. J. Pollard) 
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7.3.7 DHBG can regulate multiple potential cancer targets 

 

The specificity of DHBG on HIF-α suppression was then investigated by probing the 

protein levels of several non-HIF downstream targets including MINA53 (Myc-Induced-

Nuclear Antigen 53 kDa), FIH (Factor Inhibiting HIF), nucleophosmin/B23, Hsp90, 

PKCλ (atypical isoform of protein kinase C), Akt/PKB (protein kinase B), and NFKB-

p105 (nuclear factor kappaB 105kDa) using their corresponding antibodies. Fig. 7.21 

shows the immunoblot results, DMOG treated samples are shown for comparison.  

 

Interestingly, DHBG (1 mM) displayed no apparent effect on the protein levels of 

MINA53, FIH, and nucleophosmine/B23. In contrast, the drug substantially suppressed 

PKCλ, Akt and NFKB-p105 levels (Fig. 7.21). Similar to most reported HIF-α 

inhibitors,345 the results indicate DHBG suppression effect is not limited to HIF-α, 

however, DHBG does confer a certain degree of specificity.   

 

The detection of the observed slower-mobility species (upper band) on the Hsp90 and  

NFKB-p105 immunoblots (Fig. 7.21, lane 4) was particularly interesting (which might 

indicate the formation of higher molecular weight protein complexes via protein 

modifications as speculated). However, these slower-mobility species were unable to be 

detected when the experiments were repeated.   

 

As discussed previously (Section 7.3.3), inhibition of Hsp90 activity has been reported to 

promote HIF-1α degradation.348, 349 Although the in vitro results (Section 7.3.3) indicate 

DHBG (and other aspirin metabolites) are probably not direct competitive Hsp90 

inhibitors, the results did not exclude the possibility of in vivo Hsp90 inhibition via 

another cellular mechanism (e.g. protein modification or by an unidentified metabolite of 

DHBG).  

 

Beside HIF-1α, Akt is a major client protein of Hsp90. Inhibition of Hsp90 has been 

shown to lead to direct downregulation of Akt activity.385, 386 In addition, Hsp90 has also 

been associated with the regulation of the PKC and NF-KB signaling pathways.387-389 
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Therefore, it is unclear whether the observed suppressions of PKCλ, Akt and NFKB-p105 

levels are the direct effects of DHBG or via the inhibition of other associated proteins 

including Hsp90.  

 

Interestingly, Akt suppression by siRNA (a small interfering RNA) has been shown to 

suppress hypoxia or DMOG-induced HIF-1α accumulation by inhibiting HIF-1α protein 

translation.118 Furthermore, inhibition of the Akt-dependent PI3K/Akt/mTOR pathway 

(see Introduction in Section 1.3.4) has been associated with decreased HIF-1α activity 

and shown to have therapeutic effects in RCC therapy.390-393 Genetic inhibition of Akt has 

also been reported to inhibit NFKB transcriptional activity, whereas inhibition of NFKB 

has been demonstrated to block HIF-1α protein expression.394, 395 Therefore, it is not 

impossible that DHBG may inhibit HIF-α expression via acting on PI3K/Akt/mTOR or 

NFKB pathways, given the observations that DHBG also reduced Akt and NFKB-p105 

protein levels (Fig. 7.21).  

 

High doses of aspirin and salicylate (from 5 mM up to 20 mM) have been reported to 

inhibit the activity of NFKB, Akt, mTOR, and PKC in cells.396, 397 It is conceivable that 

the mechanism of action maybe in part involve the aspirin metabolite DHBG (and GUA), 

therefore the work in this chapter may help to identify the actual ‘active compound’ in 

aspirin treatment. Furthermore, HIF-α, NFKB, PI3K/Akt/mTOR, and PKC signal 

transduction pathways have been proposed as potential therapeutic targets for RCC (and 

other cancers) treatment,344, 398-401 antitumour selectivity may derive from the 

simultaneous combinatorial effects of DHBG (and GUA) on multiple cancer targets and 

pathways.   
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Figure 7.21: Suppression effect of DFBG is not specific to HIF-α. DHBG is shown to directly regulate the 
potential therapeutic targets for RCC including NFKB-p105, and PKCλ. Howevr, DHBG  has no apparent 
effect on the levels of MINA53, FIH, and nucleophosmine/B23. The slow-mobility species in the (top 
bands) Hsp90 and NFKB-p105 immunoblots were unable to be detected when the experiments were 
repeated. (NFKB-p105 undergoes proteasomal processing to produce the mature NFKB-p50 subunit402 
detected in the lower band in the western blot)  
 

 

7.4  Conclusions and future directions  
 

This chapter has described investigations on the potential of two aspirin metabolites, 

DHBG and GUA, as HIF-α inhibitors in RCC4 VHL-defective and other VHL-competent 

cell-lines. DHBG was found to demonstrate concentration-dependent dichotomous effect 

on HIF-α regulation (i.e. DHBG stablises HIF-α at low concentrations (e.g. 0.2 mM) but 

suppresses HIF-α accumulation at high concentrations (> 0.5 mM), whilst GUA exhibited 

HIF-α suppression effect at concentrations higher than 0.1 mM.  
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Potential salicylate precursors of DHBG and GUA including aspirin, SUA, 2,3-DHBA, 

and 2,5-DHBA were also demonstrated to exhibit similar suppression effects on HIF-1α 

at high concentrations (> 2 mM). The findings suggest that the therapeutic effects of 

aspirin may in part be attributed to the formation and the abundance of its different 

metabolites including DHBG and GUA in a concentration-dependent manner.  

 

The results so far indicate that DHBG and GUA may exert their HIF-α suppression 

effects through multiple cellular pathways including regulation of HIF-α mRNA levels 

and gene expression or by interacting with other proteins that are involved in HIF-α 

regulation (e.g. PHDs, Hsp90, RACK-1). The possibilities of the formation of 

biologically active  quinones and subsequent covalent modifications to proteins or 

nucleic acids need further  investigations.  

 

At the concentration that substantially suppressed protein levels of HIF-1α, HIF-2α PKCλ, 

Akt and NFKB-p105 levels, DHBG (1 mM) was shown to have no apparent effect on 

MINA53, FIH, nucleophosmine/B23 and Hsp90 levels. The work in this chapter thus 

demonstrates that DHBG (and possibly GUA) can regulate multiple cancer targets (i.e. 

HIF-1α, HIF-2α, Akt and NFKB-p105). The antitumour selectivity of these aspirin 

metabolites (i.e. DHBG and GUA) warrants further studies. Future experiments may 

include: 

 

i) UV-visible spectrometry which allows investigation of potential conversion of 

DHBG/GUA to quinones (via auto-oxidation or enzymatic reaction) by 

monitoring the changes in the wavelengths of the parent compounds.   

ii) Mass spectrometry-based proteomic analyses which allow the studies of 

potential protein modifications.  

iii) The studies of potential effects of DHBG and GUA on the NFKB and 

P13K/Akt/mTOR pathways.  
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Chapter 8: Summary  
 
 
 
The work presented in this thesis first describes the development of cell-based antibody 

assays that employ immunoblotting and the HIF hydroxy-residue specific antibodies. 

These antibody assays enable the simultaneous measurement of the effects of chemical 

inhibition on the three known hydroxylation sites (i.e. Pro402, Pro564, and Asn803) of 

human HIF-1α. Unexpectedly, the results reveal substantial differences on the effects of 

the supposedly nonspecific hypoxia mimetic chemical reagents including iron chelators, 

transition metal ions, and the cell-permeable 2OG analogue DMOG on the inhibition of 

HIF prolyl and asparaginyl hydroxylation in cells. In contrast to the in vitro predictions, 

HIF prolyl hydroxylation was more susceptible to iron chelator and transition metal ion 

inhibition while asparaginyl hydroxylation was more sensitive to DMOG inhibition. The 

newly developed antibody assays were further used to provide biological selectivity data 

on both previously reported and novel HIF hydroxylase inhibitors. The work led to the 

identification of several specific cell-permeable PHD inhibitors and one specific FIH 

inhibitor (see Chapter 2). 

 

By employing the newly developed antibody assays and the cell-permeable 2HG ester 

derivatives, the current work also demonstrates that the oncometabolite R-2HG is an 

ineffective PHD inhibitor in cells. The results therefore argue against the hypothesis of 

HIF upregulation being the direct action of R-2HG inhibition on the PHDs in IDH-

associated cancers. However, R-2HG elevation was found to inhibit FIH activity, 

suggesting a possible pathway in which R-2HG could potentially regulate HIF 

transcriptional activity. Notably, 2HG elevation was demonstrated to inhibit the activities 

of 2OG-dependent histone lysine demethylases including JMJD2A and JMJD2C, 

therefore suggesting that IDH-mediated oncogenic pathways might involve epigenetic 

chromatin alterations. 
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Contrary to expectations, elevated cellular 2OG levels were demonstrated to result in 

HIF-1α upregulation in all of the tested VHL-competent cell-lines (i.e. RCC4/VHL, 

U2OS, and 293T cells). Initial cell-based results suggest that the 2OG-mediated HIF-1α 

upregulation may be the direct result of 2OG (co-substrate) inhibition of the PHDs in 

cells. This proposal is supported by the in vitro findings which show that recombinant 

PHD2 activity can be inhibited by high concentrations of 2OG. The 2OG-mediated PHD 

inhibition/HIF-1α upregulation can also be reversed by the addition of ascorbate (a PHD 

stimulant) which results in an increased PHD activity in vitro and in cells. However, the 

results by no means exclude other possible cellular mechanisms, including the possible 

involvement of 2OG direct metabolites such as succinate and fumarate, which have been 

shown to inhibit PHD activity in cells.  

 

A series of PHD2 variants and potential variant-sensitive analogue inhibitors were then 

prepared and investigated in the first attempts to apply the ‘bump-hole’ (chemical-genetic) 

approach for the functional studies of 2OG oxygenases. The kinetic parameters of the 

PHD2 variants were determined and the inhibitory potencies of the analogue inhibitors 

were evaluated using MALDI MS and AlphaScreen PHD hydroxylation assays. L343A-

PHD2 was identified as an active variant, which exhibits similar activity to wild-type 

PHD2. D-Ala-BIQ (IC50 47.9 µM) was demonstrated to selectively inhibit the L343A-

PHD2, but not the wild-type PHD2. The in vitro results clearly demonstrate the 

feasibility of selective inhibition of the PHD variants using the ‘bump-hole’ approach. 

These in vitro findings should assist in guiding future attempts at functional studies of the 

PHD isoforms in cellular systems. 

 

A series of aromatic diacylhydrazine-based PHD inhibitors were also developed. ESI-MS 

studies reveal that some these diacylhydrazine-based inhibitors are capable of specifically 

binding to the PHD active site and simultaneously chelating a second iron. The induction 

of second iron binding substantially depends on the position of nitrogen in the aromatic 

rings and the structures of the side chains of the diacylhydrazine-based inhibitors. The 

biochemical assay results indicate that some these diacylhydrazine-based compounds are 

potent PHD inhibitors (IC50 ~ 10 µM). These compounds were shown to upregulate HIF-
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1α in VHL-competent cells and inhibited HIF prolyl hydroxylation in VHL-defective 

RCC4 cells. However, they were also found to inhibit HIF asparaginyl hydroxylation.  

 

Lastly, the work in this thesis describes the evaluation of a series of aspirin metabolites 

including 2,3-dihydroxybenzoylglycine (DHBG) and gentisuric acid (GUA) as potential 

HIF inhibitors. DHBG, GUA and several DHBG derivatives were shown to substantially 

suppress the HIF-1α and HIF-1α levels in VHL deficient RCC4 cells. Thermal shift and 

NMR data suggest that the modes of action of DHBG and GUA on HIF-1α suppression 

may not involve the Hsp90-mediated HIF degradation pathway. Possible mechanisms of 

action of DHBG and GUA may involve the conversion of the compounds to bioactive 

quinones which then promote covalent modifications to proteins in cells. This hypothesis 

warrants further investigations. The findings of HIF-α suppression effect mediated by 

aspirin metabolites DHBG and GUA suggest that the therapeutic effects of aspirin in 

cancers may involve potential regulation of HIF-α activity, implying a novel mechanism 

of action for aspirin in cancer therapy.  
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Chapter 9: Materials and Methods 

 

9.1 Chemicals  

Desferrioxamine (DFO), 2,2′-dipyridine (DIP), and ethyl-3,4-dihydroxybenzoate (EDHB), 

dimethyl 2-oxoglutarate (DM-2OG) were from Sigma-Aldrich. 4-oxo-1,4-dihydro-1,10-

phenanthroline-3-carboxylic acid (DPCA) was synthesised by Dr A. Conejo-Garcia.147 

(Z)-2-(3-hydroxy-2-((naphthalene-2-ylmethyl)sulfonyl)acetyl)imino)-2,3-dihydrothiazol-

4-yl) acetic acid (BNS) was a kind gift from Amgen.178 Dimethyloxalylglycine (DMOG) 

was from Frontier Scientific. All other chemicals were from Sigma-Aldrich unless 

otherwise stated. 

 
 
9.2 General methods used in chemical synthesis 
 
Chemicals and solvents were purchased from Sigma. Melting points were recorded on a 

Kὄfler hot block. Proton and carbon nuclear magnetic resonance (δH, δC) spectra were 

recorded Bruker AVC 500 (500 MHz) or Bruker AMX 500 (500 MHz) spectrometers. 

Chemical shifts are quoted on the δ-scale in ppm using residual solvent as an internal 

standard. Coupling constant (J) is reported to the nearest 0.5 Hz. Low resolution mass 

spectra were recorded on a Micromass Platform 1 spectrometer using electrospray 

ionisation in either positive or negative ion modes (ES+ or ES-) or using a VG Micromass 

spectrometer. High resolution mass spectra were recorded using a Walters 2790-

Micromass LCT electrospray ionisation mass spectrometer. M/z values are reported in 

Daltons and are followed by their percentage abundance in parentheses. Optical rotations 

were measured using a Perkin-Elmer 241 polarimeter with a path length of 1 dm. 

Concentrations are given in g/100 mL. Microanalyses were performed by the Science 

Centre Elemental Analysis Service, London Metropolitan University, London. Thin 

Layer Chromatography (TLC) was carried out using Merck Kieselgel 60F254 pre-

coated glass-backed plates. Visualisation of the plates was achieved using a U.V. lamp 

(lmax = 254 or 365 nm), and/or ammonium molybdate (5% in 2 M sulphuric acid), or 
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sulphuric acid (5% in ethanol). Flash column chromatography was carried out using 

Sorbsil C60 40/60 silica. Figures of the crystal structures were drawn using PyMOL 

software.  

 

9.3 Cell-lines 

Cells were cultured in DMEM each supplemented with 10% fetal calf serum, 2 mM l-

glutamine, 50 U/mL of penicillin, and 50 µg/mL of streptomycin. Stable RCC4 

transfectants expressing empty vector alone (referred to here as RCC4) or C-

haemagglutinin-tagged functional (wild-type) VHL (RCC4/VHL) were previously 

prepared at Ratcliffe laboratory as reported.12 Human hepatoma Hep3B, breast cancer 

MCF7, human embryonic kidney 293T, and human bone osteosarcoma U2OS cells were 

obtained from European Collection of Cell Cultures (ECACC). C3 U2OS cell-line 

expressing doxycyline-inducible truncated HIF-1α (residues 344-826) was jointly 

prepared by Dr Y-M Tian and Dr N. Masson.183 WT4 U2OS cell-line expressing 

doxycyline-inducible wild-type HIF-1α was prepared by Dr Y-M Tian.142 PHD 1-2-3 

triple-knockout mouse embryonic fibroblast was prepared by Dr J. Adam.257 Cells were 

seeded at 40-60 % confluency 12-16 h prior to inhibitor treatments at 70-100% cell 

confluency in 12-well plate. DMSO or inhibitors were exposed to the cells for 4-6 h, at 0-

2% DMSO. All assays were performed at least in duplicate.  

 

9.4 Protein immunoblotting analyses 

Cells were lysed in urea/SDS buffer supplemented with 1 mM dithiothreitol and 

Complete Protease Inhibitor Mixture (Roche Applied Science). Extracts were resolved by 

SDS-PAGE, electroblotted onto PVDF membranes (Millipore), and probed with primary 

antibodies followed by HRP-conjugated secondary antibodies. SuperSignal 

Chemiluminescent Substrates (Pierce) were used to visualize immunoreactive species.  
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9.5 Antibodies 

Rabbit polyclonal anti-HIF-1α Hyp402 (Hyp402) was developed in collaboration with 

Millipore Biosciences (catalog number 07-1585). Mouse monoclonal anti-HIF-1α 

hydroxy-Asn803 (HyAsn803) was a gift from Dr S. H. Lee.143 Other antibodies were as 

follows: anti-HIF-1α Hyp564 (Hyp564) (clone-D43B5, New England Biolabs); pan-anti-

HIF-1α (clone-54, BD Transduction Laboratories), HRP(horseradish peroxidase)-

conjugated anti-β-Actin (clone-AC15, Abcam), anti-HIF-2α (clone-190b, Ratcliffe 

laboratory)403, anti-Hsp90 (clone-68, BD Transduction Laboratories), anti-Akt (clone-

9272, New England BioLabs), anti-nucleophosmin/B23 (clone-42, Santa Cruz 

Biotechnology), anti-MINA53(clone-M532, Invitrogen), anti-P105170, anti- FIH183, anti-

PKCλ404.  

 
9.6 Plasmids and transient transfections 

 

Expression vectors for full length human PHD2 (i.e. PHD2-pcDNA3)17and the truncated 

HIF-1α (residues 344-826)  (i.e. HIF-1α/PK) were prepared by Dr J. M. Gleadle and Dr 

Y-M. Tian, respectively. Transient transfections were performed following the reported 

method.14 In brief, for each well to be transfected 3 µl Fugene 6 (Roche, Mannheim, 

Germany) per µg plasmid DNA were suspended in 100 µl DMEM/well. After 5 min 

incubation at room temperature plasmid DNA was added. The mixture was incubated for 

another 30 min at room temperature and then added to the cell culture medium. Cells 

were incubated for 24 h and then subjected to the experimental conditions.  

 

 

9.7 Heat shock protein 90  

 

Full-length heat shock protein (Hsp90) was produced in E. Coli and purified by Dr E. P. 

Williams (The Structural Genomic Consortium, University of Oxford). 
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9.8 Preparation of the PHD2 variants 
 
Four active site residues of human PHD2 were identified for single point mutations i.e. 

I327A, L343A, F366L and V376A. The variants were cloned, expressed and purified to 

obtain I327A-, L343A-, F366L- and V376A-PHD2. Below are the materials and methods 

used in the preparation of the PHD2 variants in this study. 

 
 
9.8.1 Materials 
 
Water was from a Millipore Elix® 10 system, and purified further through a 0.22 µm 

filter by a Millipore Milli-Q system. All equipment and media used were sterilised prior 

to use by autoclaving at 121°C for 20 mins. E. Coli XL10-Gold and E.coli BL21 (DE3) 

competent cells were purchased from Strategene. Kanamycin and isopropyl β-D-1-

thiogalactopyranoside (IPTG) was obtained from Melford Laboratories Ltd. DNase used 

is from bovine pancreas; grade II, purchased from Roche. Agarose was purchased from 

Bioline. Tryptone, yeast extract and agar (bacteriological) for use in culture media were 

obtained from Oxoid. SYBR SafeTM DNA gel stain and 2-log DNA Ladder 0.1-10 kb 

were purchased from Invitrogen. Standard sterile practices were followed throughout, 

with procedures carried out in a Biological Safety Hood (Heraeus KJ12) where 

appropriate. 

 

 Bacterial growth media: LB media (per Litre): Tryptone (10 g), NaCl (10 g), Yeast 

extract (5 g). To obtain a solid medium, agar (20 g) was added to media before 

autoclaving. 2TY media (per Litre): Tryptone (16 g), NaCl (5 g), Yeast extract (10 g). The 

medium was adjusted to pH 7.0 before autoclaving. SOC media (per Litre):  2TY (980 

mL), 1 M MgCl2 (10 mL), 2 M glucose (10 mL). The final concentration of kanamycin in 

all media is 30 µg mL-1 and was added post-autoclaving.  
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Agarose Gel electrophoresis gel buffers: 50 x TAE (running buffer solution) – 2 M Tris, 

1 M acetic acid, 0.5 M EDTA, pH 8.0. 5 x sample loading buffer – glycerol (30%), 

xylene cyanol FF (0.25%), bromophenol blue (0.25%), TAE buffer (2%).  

SDS-PAGE buffers: Separating gel, 15% acrylamide  (per gel): 30% acrylamide (1.25 

mL), 2 x separating gel buffer (750 mM Tris-HCl, 0.2% SDS, pH 8.8) (1.25 mL), 

tetramethylethylenediamine (TEMED) (5 µL), ammonium persulfate (APS) (15 µL). 

Stacking gel, 4.5% acrylamide (per gel): Milli-Q H2O(700  µL), 30% acrylamide (300 

µL),  2 x stacking gel buffer (350 mM Tris-HCl, 0.2% SDS, pH6.8) (1 mL), TEMED 

(5 µL), APS (15 µL). (TEMED and APS were added to the mixture immediately prior to 

pouring of both gels). 10 x running buffer: 250 mM Tris, 1.92 M glycine, 10% SDS, 

pH 8.8. 2 x sample loading buffer: 10% 0.5 M Tris-HCl; pH 6.8, 0.5% bromophenol blue, 

2% SDS, 12% Glycerol, 0.5% β-mercaptoethanol, 53%-MilliQ H2O. Stain: 0.5% 

Coomassie Brilliant Blue, 50% methanol, 10% glacial acetic acid. Destain: 10% 

methanol, 10% glacial acetic acid. Molecular weight marker: SeeBlue® Plus 2 

(Invitrogen).  

 

FPLC buffers: S Buffer A: 0.1 M MES, pH 5.8. S Buffer B: 0.1 M MES, 1 M NaCl, 

pH 5.8.Gel filtration buffer: 100 mM NaCl, 100 mM Tris, pH 7.5. All buffers were 

freshly prepared with Milli-Q water and filtered with a 0.20 µm filter.  

 

 

9.7.2 Generation of PHD2 variant plasmids  

 

The methods used for the generation and purification of the PHD2 variant plasmids are 

described as follows: 

 

 (i) Polymerase chain reaction (PCR): Predesigned oligonucleide primers (Fig. 9.1 A) 

were synthesised to order by Sigma-Genosys and obtained as lyophilised samples. The 

primers were resuspended in sterile water to 100 µM. The forward (F) and reverse (R) 

primers were then mixed and used directly as F-R primer mixtures (10 µM) in the PCR 

reaction. DNA coding for the N terminally truncated PHD2181-426 construct had 
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previously been cloned by Dr K. S. Hewitson into the pET-28a(+)vector (Novagen) and 

was used as the plasmid template in the reactions. The PCR reactions were carried out in 

a Techne TC-312 PCR thermocycler. The thermal cycling used was shown in Fig. 8.1 B. 

All reactions were carried out according to the Stratagene QuikChange® site-directed 

mutagenesis protocol. Each reaction mixture contained: 

Reagent% Volume/μL!

pET/28a!PHD/2!Plasmid!template!(10!ng/μL)! 2!

F/R!primers!mixture!(10!μM)! 2.2!

10!x!reaction!buffer! 5!

dNTP!mix!(10!mM)! 5!

MgCl2!(2!mM)! 5!

Sterile!water! !!!!!!!!!!!!29.8!

Pfu$Turbo!polymerase! 1!

Total% 50!

 
(ii) Agarose gel electrophoresis: Agarose gel electrophoresis was then used for DNA 

plasmid separation and visualisation. 1.0% agarose gel was prepared by dissolving 

agarose (0.4 g) in TAE buffer (40 mL) by boiling. SYBR SafeTM DNA gel stain (2 µL) 

was added when the solution had cooled to 60 oC before pouring into a Bio-Rad agorose 

gel cast. 12µL PCR product was loaded onto the gel, and run on a Bio-Rad system at a 

constant potential of 80 V for approximately 30 minutes; bands were visualised with a 

UV transilluminator (Gel logic 200). Samples were run against a 2-log DNA Ladder 0.1-

10 kb, allowing molecular weight determination.  

 

(iii) Template plasmid digestion: DpnI (1 µL) was added to each PCR amplified 

plasmid mixture and incubated at 37 oC for 2 hours followed by transformation step.  

 

(iv) Transformation: E. coli XL10-Gold ultracompetent cells were thawed on ice and β-

mecaptoethanol (4 µL ) was then added and gently mixed with the cells (100 µL) . The 

mixture was allowed to chill on ice for 10 minutes.  25 µL cells were then added to the 

mutated DNA plasmid (2 µL) in a sterile eppendorf tube. This was incubated on ice for 

30 mins before the cells underwent heat shock at 42°C for another 30 min, followed by 

returning them to ice for 2 min. SOC medium (200 µL) was added to cells which were 

then incubated at 37°C for 1 h. The transformation mixture (100 µL) was then spread 
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onto a kanamycin LB agar plate and incubated overnight at 37oC in a Gallenkamp 

Duostat incubator.  

 

(v) Preparation of cell culture: A single colony was picked from the agar plate and 

inoculated into kanamycin 2TY medium (10 mL) in a 50 mL falcon tube. The tubes were 

incubated overnight at 37oC with vigorous shaking (250 rpm) in a New Brunswick 

Scientific G25 environmental shaker to allow cell growth. 

 
(vi) Preparation of glycerol stocks: A cell pellet was obtained from an overnight starter 

culture (1 mL). The pellet was resuspended in 2TY media (400 µL), glycerol stock 

solution (400 µL) added, and the mixture stored at -80°C. (Glycerol stock solution: 65% 

glycerol, 0.1 M MgSO4, 25 mM Tris, pH 7.5) 

 

 (vii) DNA Purification: A Qiagen Miniprep DNA purification kit was used for DNA 

extraction and purification from 8-10 mL cell culture of according to the manufacturer’s 

protocols.  

 

(viii) DNA quantification: Plasmid concentration was determined through measurement 

of light absorbance at 260 nm using a NanoDrop ND-1000 UV/Vis Spectrophotometer.  

Abs260 of 1.00 ≈ [dsDNA] = 50 mg mL-1.  

 

(ix) DNA sequencing: Determination of DNA sequences to ensure correct incorporation 

of each mutation, was carried by Geneservice Ltd., Department of Biochemistry, 

University of Oxford using T7 promoter and terminator sequence primers on a 48-

capillary AppliedBiosystems 3730 DNA Analyser.  
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!

(i)!I327A/PHD2!Primers!

Forward!!!!!5’!GA!TGT!GTG!ACA!TGT!GCA!TAT!TAT!CTT!AAT!AAA!G!3’%
Reverse!!!!!5’!T!ATT!AAG!ATA!ATA!TGC!ACA!TGT!CAC!ACA!TCT!TC!!3’!

%
(ii)!L343A/PHD2!Primers!

Forward!!!!!5’!GTA!AGT!GGA!GGT!ATA!GCT!CGA!ATT!TTT!CCA!GAA!G!!!3’%
Reverse!!!!!5’!C!TGG!AAA!AAT!TCG!AGC!TAT!ACC!TCC!ACT!TAC!CTT!G!3’!

%
(iii)!F366L/PHD2!Primers!

Forward!!!!!5’!T!AGA!CTG!CTG!TTT!CTC!TGG!TCT!GAC!CGT!CGC!3’%
Reverse!!!!!5’!G!ACG!GTC!AGA!CCA!GAG!AAA!CAG!CAG!TCT!ATC3’!

%
(i)!V376A/PHD2!Primers!

Forward!!!!!5’!GC!AAC!CCT!CAT!GAA!GCA!CAA!CCA!GCA!TAT!GCT!AC!3’%
Reverse!!!!!5’!GC!ATA!TGC!TGG!TTG!TGC!TTC!ATG!AGG!GTT!GCG!AC3’%

 
 

Segment% Cycles% Step% Temperature% Time%
1! 1! !Denaturation! !!!!!!95!oC! 1!minute!

2! 8! i)!!Denaturation!

ii)!Annealing!

iii)!Extension!
!

95!oC!

50!oC!

68!oC!
!

50!seconds!

50!seconds!

8!minutes!
!

3! 10! i)!!Denaturation!

ii)!Annealing!

iii)!Extension!
!

95!oC!

60!oC!

68!oC!
!

50!seconds!

50!seconds!

8!minutes!
!

4! 1! Final!extension! !!!68!oC! 10!minutes!

5! 1! Final!hold! !!!!!4!oC! /!
 

 

 
 
Figure 9.1: (A) Designed primers for the intended site directed mutagenesis. The DNA sequence of the 
corresponding amino acid residue selected for substitution is highlighted in red. (The primers were 
synthesised to order by Sigma-Genosys). (B) Thermal cycling used in the Polymerase Chain Reactions. (C) 
 A representative agarose gel showing amplification of L343A-PHD2 DNA plasmid in the PCR product. 
Gel sample mixture: Ladder: 2-log DNA Ladder 0.1-10 kb (2 µL), loading buffer (2 µL), sterile water (8 
µL); Control: pET-28a(+) phd2 plasmid template (2 µL), loading buffer (2 µL), sterile water (8  µL); 
Sample: PCR product mixture (10 µL), loading buffer (2 µL).   

Amplified!PHD2!DNA!

plasmid!

!!!!!Ladder!!!!!!!Control!!!!!!!!!Sample!

B%

C%

A%
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 9.7.3 Protein expression and fast protein liquid chromatography purification 

 
The methods used for the expression and purification of the PHD2 variants are described 

as follows: 

 

(i) Transformations: E. coli BL21 (DE3) competent cells were used for protein 

production of the PHD2 variant protiens. The cells were thawed on ice before added (25 

µL) to the corresponding mutated DNA plasmid (2.0 µL) in a sterile eppendorf tube. This 

was incubated on ice for 30 min before heat shock at 42°C for 30 s and returning to ice 

for 2 mins. SOC medium (200 µL) was added to cells which were then incubated in a 

37°C water bath for 1 h. The transformation mixture (100 µL ) was then spread onto a 

kanamycin LB agar plate and incubated overnight at 37 oC in a Gallenkamp Duostat 

incubator. 

 

(ii) Preparation of starter culture: A single colony was then picked from the LB plate 

and inoculated into kanamycin 2TY medium (10 mL) in a 50 mL falcon tube. The tubes 

were incubated overnight at 37oC with vigorous shaking (250 rpm) in a New Brunswick 

Scientific G25 environmental shaker.  

 

(iii) Expression trials: Starter culture (1 mL) of each PHD2 variant was then used to 

inoculate 4 x 500 mL flasks containing kanamycin 2TY media (100 mL). These flasks 

were then incubated at 37°C with vigorous shaking at 220 rpm in a New Brunswick 

Scientific G25 environmental shaker. Once an Optical Density (OD) 0.6-0.8 at 600 nm 

was reached (measured using a sample of bacterial culture (1 mL) compared to initial 

growth medium (1 mL) as a reference solution in a Novaspec II spectrophotometer, 

Pharmacia), 0.5 M IPTG (100 µL) was added to induce protein expression (except for the 

control). Flasks were then incubated at either 15°C, 28°C or 37°C, shaking at 220 rpm for 

3 hours and 20 hours. 50 mL of each culture was harvested at each stage in an S-4180 

rotor in a Beckman Allegra™ 21R bench top centrifuge at 4000 rpm and 4°C for 20 mins. 

Resulting cell pellets were stored at -20°C. Cell pellets were resuspended in 50 mM Tris 

pH 7.5 (5 mL), and lysed on ice using an MSE Soniprep 150 sonicator with two 30 s 
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pulses separated by a 30 s pause at an amplitude of 10 µm. 1 mL of the cell suspension 

was transferred to a sterile Eppendorf and spun at 13 000 rpm for 1 min in a Jouan A-14 

microcentrifuge. The supernatant (soluble protein) was removed and the remaining 

precipitate (insoluble protein) resuspended in 50 mM Tris pH 7.5 (1 mL). The samples 

were then used for SDS PAGE. 

 

(iv) SDS PAGE: Polyacrylamide gels were run for 60 mins at 200 V at room temperature 

on a Bio-Rad Mini-PROTEAN II system. Protein (5 µL), loading buffer (20 µL) and 50 

mM Tris (35 µM) were mixed in an eppendort tube. The protein samples were then 

denatured by heating at 100°C for 5 mins prior to loading (20 µL). The gels were stained 

for 10 mins, and destained overnight. SDS PAGE was carried out to determine conditions 

under which greatest soluble expression of PHD2 variants occurred. Negative (variant 

PHD2 without induction) control was run on the same gel for comparison. 

 

(v) Large scale growths: Starter culture (7 mL) of each PHD2 variant was used to 

inoculate 12 x 2L flasks containing kanamycin 2TY media (600 mL). Flasks were then 

incubated at 37°C with vigorous shaking at 220 rpm in a New Brunswick Scientific G25 

environmental shaker. Once an OD of 0.6-0.8 at 600 nm was reached, 0.5 M IPTG 

(600 µL) was added to induce protein expression. Cultures were further incubated at 15oC 

for 20 hours, then cells harvested by centrifugation in a JA-10 rotor in a Beckman Avanti 

J25 centrifuge at 9000 rpm and 4°C for 10 mins. The resulting cell pellet was weighed 

and stored at -80°C.  

 

(vi) Preparation of cell lysate: Cell pellets obtained from large scale growths were 

resuspended in Sepharose Buffer A (250 mL). 1 M MgCl2 (100 µL) and DNase (1 mg) 

were added and the mixture was stirred at 4°C until homogeneous. Cells were sonicated 

for 4 x 45 s separated by 45 s breaks with a Sonics VibraCell VCX-500 (13 mm probe at 

60% intensity). Insoluble cell debris was then removed by centrifugation in a JLA-16.250 

rotor in a Beckman Avanti J25 centrifuge at 15 000 rpm for 20 mins, then a JA-25.50 

rotor at 23 000 rpm for 10 mins, each at 4°C. The supernatant was filtered through a 

0.20 µm filter prior to purification. 
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(vii) Protein purification: Protein purification was carried out using AKTA FPLC 

systems at 4oC. Cation exchange column (SP sepharose fast flow 50) was equilibrated 

with Milli-Q water (2CV), 1 M NaCl (2CV) and S buffer A (2CV) prior to loading of the 

filtered supernatant (via a 50 mL superloop at 4 mL min-1). The column was washed with 

S buffer A until the UV trace returned to its initial level. A gradient of 0-100% S buffer B 

was then run over a period of 35 mins to elute the protein, and 5 mL fractions were 

collected. Following use the column was washed with 2CV each of Milli-Q water, 

1 M NaOH, water, 1 M NaCl, 1 M AcOH and water. UV trace analysis and SDS PAGE 

were used to determine fractions containing the required protein, which were then 

combined and concentrated to 2 mL using a 10 kDa MWCO concentrator in an S-4180 

rotor in a Beckman Allegra™ 21R bench top centrifuge at 4000 rpm and 4°C.  

 

Prior to use the 320 mL gel filtration Superdex 75 column (Pharmacia) containing S75 

gel filtration resin (Amersham Biosciences) was equilibrated by washing with Milli-Q 

water (1CV), and gel filtration buffer (1CV). The concentrated protein was then loaded 

onto the column via a 2 mL injection loop at 0.5 ml min-1, and subsequently run at 

1.5 mL min-1. The loop was washed with one volume each of Milli-Q water and gel 

filtration buffer before use. Protein was eluted with gel filtration buffer (1CV), with 5 mL 

fractions collected when the UV absorption exceeded 40 mAU. Following use, the 

column was washed with Milli-Q water (2CV). SDS PAGE was used to identify protein 

fractions with highest purity, they were then combined and concentrated. The resulting 

protein was desalted into 50 mM Tris pH 7.5 by further concentration. The concentration 

of the desalted protein was determined and stored at -80°C in appropriate aliquots for 

future use. 

 

(viii) Determination of protein concentration: Concentrated, desalted proteins were 

spun in a microcentrifuge at 13 000 rpm for 1 min to remove precipitate or dust prior to 

measurement. Concentration was determined using a NanoDrop ND-1000 UV/Vis 

Spectrophotometer by measurement of the absorbance at 280 nm. 50 mM Tris buffer was 

used as a blank, 3 µL of sample was used in each measurement.  
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9.8 AlphaScreen PHD2 hydroxylation assay163 

Inhibition assay was carried out in 384-well white ProxiPlates (PerkinElmer) in 10ul of 

reaction volume.  Standard reaction mixture consisted of the compound (in 2% DMSO 

final concentration), enzyme mix (1 nM of PHD2, 20 µM of Fe(II), 200 µM of ascorbate) 

and peptide mix (60 nM of biotinylated CODD peptide (HIF-1α residues 556-574) , 2 

µM of 2OG) in 50 mM HEPES pH7.5, 0.01% Tween-20 and 0.1% BSA buffer. 

Compound was pre-incubated with the enzyme mix for 15 min before being incubated 

with peptide mix for 10 min at 22°C. Each reaction was quenched with 5 ul of 30 mM 

EDTA. Bead mix containing AlphaScreen beads (AlphaScreen streptavidin-conjugated 

donor and ProteinA-conjugated acceptor beads; PerkinElmer) was pre-incubated with 

rabbit monoclonal HIF-1α hydroxy-Pro564 antibody (Cell Signaling) and were added to 

the wells for a further 1 h at 22°C. The plates were then analysed with an Envision 

(PerkinElmer) plate reader. 

 

9.9 MALDI MS PHD2 hydroxylation assay35 

Standard assay mixtures contained: 100 µM substrate (CODD (HIF-1α residues 556-574) 

or NODD HIF-1α residues 395-413)), 300 µM 2OG, 300 µM inhibitor, 4 mM ascorboate, 

50 µM FeSO4.7H2O (dissolved first to 250 mM with 20 mM HCl, then 2.5 mM with 

Milli-Q water) and enzyme (concentration was varied as necessary). Assay mixtures were 

made up to 100 µL with 50 mM Tris pH 7.5. Reagents were pipetted into the base of a 

5 ml tube as three separate spots: enzyme, substrate, and all other reagents prepared as a 

master mix. Assays were incubated at 37°C for 10 min in a shaking incubator then 

quenched by 1:1 addition of 0.1% formic acid and stored at -20°C. Samples were 

analysed by MALDI MS. For comparison, positive controls were without inhibitor, and 

negative controls without enzyme. Assays were carried at one time out as triplicate. 

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) was 

performed on a Waters Micromass™ MALDI micro MX™ mass spectrometer in 

negative ion reflectron mode with the following parameters: Laser energy 170, Pulse 
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2000, Detector 2700 and Suppression 700. Calibration was carried out using 1 µl 

PepMix4 (Trypsinogen Enolase BSA) in 9 µl CHCA (recrystallized α-cyano-4-hydroxy-

cinnamic acid) matrix, (both Laser BioLabs).  Samples were prepared by spotting 2 µL 

sample mixture of 1:1 quenched assay solution: CHCA matrix on a MALDI 96 well 

sample plate and allowing to air dry before measurements. 
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Appendix  
 

 
 FIH PHD2 JMJD2A JMJD2C FBXL11 

Enzyme (µM) 1 0.5 2 1 2 

2OG (µM) (Km
app, µM) 100 (143*) 60 (55*) 10 (6) 10 (4) 10 (6) 

Substrate (µM) (Km
app, µM) 100 (395*) 50 (22*) 100 (45) 100 (48) 200 (60) 

Fe(II) (µM) 10 10 10 10 10 

Ascorbate (µM) 100 100 100 100 100 

Buffer (mM) 50  

(Hepes-Na, pH 

7.5) 

50  

(Hepes-Na, 

pH 7.5) 

50  

(Hepes-Na, 

pH 7.5) 

50 

(Hepes-Na, 

pH 7.5) 

50  

(Hepes-Na, 

pH 7.5) 

Tween-20 (%) - - 0.01 0.01 0.01 

FDH (U) - - 0.025 0.025 0.025 

NAD (µM) - - 500 500 500 

Final reaction volume (µl) 20 20 25 25 25 

Assay method MALDI MALDI FDH FDH FDH 

 
Appendix 1: In vitro assay conditions used for assessing inhibition of 2OG oxygenases by R- and S-
2HG. Substrates used in the assays for JMJD2A/JMJD2C, FBXL11, PHD2, and FIH were histone H3 
fragment substrate H3(7-14)K9me3, H3(30-41)K36me2,  HIF-1αCODD (residues 556-574), and HIF-
1αCAD (residues 786-826) respectively. FDH = formaldehyde dehydrogenase. No inhibition was observed 
by FDH itself with R- and S-2HG. *Data from (Ehrismann et al., 2007)!
 


