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Figure S1  Overview of hydroxylation assays of V5-tagged ASPP proteins and FIH variants in 
U2OS cells. Recombinant V5-tagged full-length ASPP1 / ASPP2 / iASPP were produced in U2OS cells 
or U2OS FIH KO cells bearing an empty pEF6 vector or vectors encoding for production of FIH WT or 
FIH D201A. Proteins were immunoprecipitated with an anti-V5 antibody and digested with elastase. 
Blue lines indicate identified peptides of the digested protein. A red background indicates an annotated 
hydroxylation site. Data were analysed using PEAKS7 software (Bioinformatics Solutions). 
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Figure S2  FIH mediated hydroxylation of full-length V5-iASPP in U2OS cells. LC-MS/MS analysis 
of iASPP-V5 in U2OS FIH CRIPSR KO cells co-transfected with pcDNA3 (ThermoFisher) vectors 
encoding for iASPP-V5 and FIH-HA. The spectrum shows fragments from the elastase catalysed 
digestion of iASPP providing evidence for hydroxylation at Asp-685 and Asp-687. Conditions: The 
vectors encoding for iASPP-V5 and FIH-HA were transfected, then overexpressed for 24 h in U2OS 
FIH CRISPR KO cells. Immunoprecipitation employed an anti-V5 antibody. Proteins were separated by 
SDS-PAGE;  the band corresponding to iASPP-V5 was excised and the protein digested using elastase 
(16 h, 37 °C). 
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Figure S3  FIH mediated hydroxylation of full-length ASPP1-V5 in U2OS cells. LC-MS/MS analysis 
of ASPP1-V5 in U2OS FIH CRIPSR KO cells co-transfected with pcDNA3 (ThermoFisher) vectors 
encoding for ASPP1-V5 and FIH-HA. The spectrum shows fragments from the elastase catalysed 
digestion of ASPP1 Asp-946 and Asp-948. Conditions: The vectors encoding for ASPP1-V5 and FIH-
HA were transfected, then overexpressed for 24 h in U2OS FIH CRISPR KO cells.  Immunoprecipitation 
employed an anti-V5 antibody. Proteins were separated by SDS-PAGE;  the band corresponding to 
ASPP1-V5 was excised and the protein digested using elastase (16 h, 37 °C). 
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Figure S4  FIH mediated hydroxylation of full-length ASPP2-V5 in U2OS cells.  LC-MS/MS analysis 
of ASPP2-V5 in U2OS FIH CRIPSR KO cells co-transfected with pcDNA3 (ThermoFisher) vectors 
encoding for ASPP1-V5 and FIH-HA. The spectrum shows fragments from the elastase catalysed 
digestion of ASPP2 providing evidence for hydroxylation at Asp-984 and Asp-986. Conditions: ASPP1-
V5 in pcDNA3. The vectors encoding for ASPP2-V5 and FIH-HA were transfected, then overexpressed 
for 24 h in U2OS FIH CRISPR KO cells. Immunoprecipitation employed an anti-V5 antibody. Proteins 
were separated by SDS-PAGE; the band corresponding to ASPP2-V5 was excised and the protein 
digested using elastase (16 h, 37 °C).   
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Figure S5  FIH hydroxylates an iASPP derived peptide (residues 670-693). MS-MS spectra from 
MALDI LIFT-TOF-TOF analysis of the FIH catalysed hydroxylation iASPP (670-639) shows evidence 
for hydroxylation of Asn-687. Conditions: 50 μM peptide, 4 μM FIH, 1 mM ascorbate, 1 mM 2OG, 200 
μM Fe(II), 50 mM Tris-HCl pH 7.5, incubation for 30 min at 37 °C. 
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Figure S6  Sequence alignments of human ankyrin repeats containing a “VNVN” tetrapeptide 
sequence motif. A Sequence alignment of human “VNVN” ankyrin repeats illustrates the position of 
the putative hydroxylation sites within the ankyrin domain sequence. B View from a crystal structure of 
the C-terminus of ASPP2 (2) (generated from PDB 4A63, 2.27 Å) illustrating inter-domain and intra-
domain interactions of the hydroxylated residues within the ASPP2 protein. C Domain architecture of 
protein constructs used for protein hydroxylation studies. 
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Figure S7  FIH catalysed hydroxylation of recombinant iASPP (625-828) protein. LC-MS/MS of 

recombinant iASPP (625-828) incubated with FIH. The spectrum shows fragments from the elastase 

catalysed digestion of iASPP providing evidence for hydroxylation at Asp-687 and Asp-685. Conditions: 

1 μM iASPP, 0.5 μM FIH, 1 mM sodium ascorbate, 1 mM 2OG disodium salt, 200 μM, iron(II) 

ammonium sulfate, 50 mM Tris-HCl pH 7.5, incubation for 3 h at 37 °C. 
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Figure S8  FIH catalysed hydroxylation of recombinant ASPP1 (883-1090) protein. LC-MS/MS of 
recombinant ASPP (883-1090) incubated with FIH. The spectrum shows fragments from the elastase 
catalysed digestion of ASPP1 providing evidence for hydroxylation at Asp-948 and Asp-946. 
Conditions: 1 μM iASPP, 0.5 μM FIH, 1 mM sodium ascorbate, 1 mM 2OG disodium salt, 200 μM, 
iron(II) ammonium sulfate, 50 mM Tris-HCl pH 7.5, incubation for 3 h at 37 °C. 
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Figure S9  FIH catalysed hydroxylation of recombinant ASPP2 (889-1128) protein. LC-MS/MS of 
recombinant ASPP2 (889-1128) incubated with FIH. The spectrum shows fragments from the elastase 
catalysed digestion of ASPP2 providing evidence for hydroxylation of Asp-986 and Asp-984. Note the 
elastase digest yields apparently hydroxylated peptides not covering the canonical FIH site supporting 
a second hydroxylation. Conditions: 1 μM iASPP, 0.5 μM FIH, 1 mM sodium ascorbate, 1 mM 2OG 
disodium salt, 200 μM iron(II) ammonium sulfate, 50 mM Tris-HCl pH 7.5, incubation for 3 h at 37 °C. 
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Figure S10 ASPP proteins compete with HIF- for FIH catalysed reactions.                                                                                                                                                      
Top: representative MALDI MS spectra for FIH mediated hydroxylation of HIF-1α (789-822) in the 
presence of ARD proteins. Bottom: Time course of FIH mediated hydroxylation of HIF-1α (789-822) 
and HIF-2α (832-866) in the presence of ARD proteins (ASPP2889-1128-Avi-His6 and iASPP625-828-
Avi-His6, 3CA sequence according to Hardy et al. (1)). Conditions: 4 μM FIH, 100 μM HIF-α 35mer, 
100 μM ARD protein, 1 mM sodium ascorbate, 1 mM 2OG disodium salt, 200 μM Fe(II), 50 mM Tris-
HCl pH 7.5, with incubation for the indicated times at 37 °C. 
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Figure S11  Competition of ARD proteins with HIF-1α for recombinant isolated FIH activity. 
Reaction conditions: 0.1 μM FIH, 100 μM sodium ascorbate, 10 μM 2OG disodium salt, 10 μM Fe(II), 
50 mM Tris-HCl pH 7.5, 50 mM NaCl, 5 μM HIF-1α (789-822), 1 μM ankyrin repeat domain (ARD) 
proteins, incubated at ambient temperature. ARD constructs used: ASPP2 (889-1128), ASPP1 (883-
1090), iASPP (625-828), ASB11 (64-287), mNotch1 (1899-2106) (3). Note the change in efficiency of 

inhibition of HIF-1 inhibition changes with temperature; the reason for this is unclear, but may in part 
relate to temperature dependent conformational changes or temperature dependent differences in O2 
solubility. 
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Figure S12  Half maximal inhibitory concentration (IC50) measurements of ASPP1 (883-1090) and 
mNOTCH1 (1899-2106) competition for FIH mediated HIF-1α (789-822) hydroxylation. Conditions: 
0.1 μM FIH, 100 μM sodium ascorbate, 10 μM 2OG disodium salt, 10 μM Fe(II), 50 mM Tris-HCl pH 
7.5, 50 mM NaCl, incubated at ambient temperature. IC50’s were determined from an 11-point titration 
and each point represents the mean ± SD of three determinations. The data represent the IC50 ± lower 
and upper 95% confidence intervals (in parentheses). 
 

 
 
  



21 

 

 

 

Figure S13  FIH hydroxylation assays of consensus ankyrin repeat domain (1CA)(1) derived 
peptides bearing a “VNVN”, “ANVN” or “VNAN” motif. A End point hydroxylation assays of 
1CA_VNVN, 1CA_ANVN and 1CA_VNAN. B MALDI LIFT-TOF MS/MS analysis of hydroxylated 1CA 
derived peptides. Conditions: 50 μM peptide, 50 μM FIH, 1 mM ascorbate, 1 mM 2OG, 200 μM Fe(II), 
incubation for 30 min at 37 °C. 
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Figure S14  FIH catalysed hydroxylation of recombinant full-length p18-INK4C protein. LC-
MS/MS analysis of recombinant full-length p18-INK4C incubated with FIH. The spectrum shows 
fragments from the elastase catalysed digestion of p18-INK4C, providing evidence for hydroxylation at 
Asp-32 and Asp-30. Conditions: 1 μM p18-INK4C, 0.5 μM FIH, 1 mM sodium ascorbate, 1 mM 2OG 
disodium salt, 200 μM, iron(II) ammonium sulfate, 50 mM Tris-HCl pH 7.5, incubation for 3 h at 37 °C. 
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Figure S15  FIH catalysed hydroxylation of recombinant ASB11 (64-287) protein. LC-MS/MS 
analysis of recombinant full-length ASB11 (64-287) incubated with FIH. The spectrum shows fragments 
from the elastase catalysed digestion of ASB11 providing evidence for hydroxylation at Asp-92 and 
Asp-90. Conditions: 1 μM ASB11, 0.5 μM FIH, 1 mM sodium ascorbate, 1 mM 2OG disodium salt, 
200 μM, iron(II) ammonium sulfate, 50 mM Tris-HCl pH 7.5, incubation for 3 h at 37 °C. 
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Figure S16  FIH catalysed hydroxylation of recombinant ASB11 (64-287) protein at Asn-125. LC-
MS/MS analysis of recombinant full-length ASB11 (64-287) incubated with FIH. The spectrum shows 
fragments from the elastase catalysed digestion of ASB11 providing evidence for hydroxylation at Asp-
125. Conditions: 1 μM ASB11, 0.5 μM FIH, 1 mM sodium ascorbate, 1 mM 2OG disodium salt, 200 μM, 
iron(II) ammonium sulfate, 50 mM Tris-HCl pH 7.5, incubation for 3 h at 37 °C. 
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Table S1  Ion tables for MS-MS spectra from MALDI LIFT-TOF-TOF analysis of the FIH 

hydroxylation site of the iASPP (670-693) peptide (see Figure S5). 
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Table S2  Data collection and refinement statistics of FIH complexes with ASPP peptides 
substrates 

Datasets  FIH.Zn(II).NOG 
iASPP 

FIH.Zn(II).NOG 
ASPP1 

FIH.Zn(II).NOG 
ASPP2 

PDB code 6HL6 6HL5 6HKP 
Data Collection 

   

Beamline (Wavelength, Å) DLS I04-1 (0.9159) DLS I02 (0.9795) DLS I04-1 (0.9159) 

Detector Pilatus 6M-F Pilatus 6M-F Pilatus 6M-F 

Data Processing Xia2/ DIALS Xia2/ DIALS MOSFLM/SCALA 

Space group P41212 P41212 P41212 

Cell dimensions    

a,b,c (Å) 86.1, 86.1, 148.1 86.2, 86.2, 147.1 86.0, 86.0, 148.5 

α,β,γ(°) 90, 90, 90 90, 90, 90 90, 90, 90 

No. of molecules/ASU 1 1 1 

No. reflections 40372 (1980)* 39456 (2880)* 44748 (6404)* 

Resolution (Å) 74.51-1.97 (2.00-1.97)* 56.31-1.98 (2.03-1.98)* 86.02-1.90 (2.00-1.90)* 

Rmerge 0.079 (2.105)* 0.080 (2.35)* 0.180 (1.923)* 

I/σI 14.8 (1.3)* 17.0 (1.4)* 8.3 (1.5)* 

Completeness (%) 100 (98.9)* 100.0 (100.0)* 100 (100)* 

Multiplicity 8.5 (7.8)* 18.9 (17.9)* 16.0 (15.6)* 

Wilson B value (Å2) 33.8 40.7 38.8 
 

   

Refinement PHENIX PHENIX PHENIX 

Rwork/Rfree 0.1706/0.2055 0.1828/0.2013 0.1755/0.1948 

No. atoms    

 -Enzyme (A/B) 2711 2693 2709 

 -Ligand NOG (10) NOG (10) NOG (10) 

 -Substrate 115 94 98 

 -Water 235 139 177 

Avg. B-factors    

Enzyme 45.9 57.5 54.4 

Ligand 32.0 42.5 38.8 

Substrate 68.3 87.5 92.4 

Water 49.7 35.5 58.1 

R.m.s deviations    

 -Bond lengths (Å) 0.011 0.014 0.005 

 -Bond angles (°) 0.956 1.150 0.684 

* Highest resolution shell in parentheses. 
†Rfactor= Σhkl||Fobs(hkl)|-k|Fcalc(hkl)||/Σhkl|Fobs(hkl)|, Rfree is the Rfactor for ~5%of reflections excluded from the refinement. 
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Table S3  Buffer and vapour diffusion conditions used for FIH complex crystallisation. 

Protein complex Sample composition crystallisation 
conditions 

Vapour diffusion 
conditions 

FIH 
Zn(II)/NOG 
iASPP 

11 mg/mL FIH (0.27 mM) in 50 mM 
Tris-HCl pH 7.5, peptide (1-2 mM) 
zinc acetate (0.5 mM)  

0.1 M HEPES pH 7.5, 
1.6 M ammonium 
sulfate, 3.5% PEG400 

Sitting drop (300 nL) 
protein-to-well ratio 2:1, 
293K 

FIH 
Zn(II)/NOG 
ASPP1 

11 mg/mL FIH (0.27 mM) in 50 mM 
Tris-HCl pH 7.5, peptide (1-2 mM) 
zinc acetate (0.5 mM)  

0.1 M HEPES pH 7.5, 
1.2 M ammonium 
sulfate, 4.5% PEG400 

Sitting drop (300 nL) 
protein-to-well ratio 2:1, 
293K 

FIH 
Zn(II)/NOG 
ASPP2 

11 mg/mL FIH (0.27 mM) in 50 mM 
Tris-HCl pH 7.5, peptide (1-2 mM) 
zinc acetate (0.5 mM)  

0.1 M HEPES pH 7.5, 
2.0 M ammonium 
sulfate, 5.5% PEG400 

Sitting drop (300 nL) 
protein-to-well ratio 2:1, 
293K 
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