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Supplementary Materials and Methods 

Overview of data analysis 

DDA or DIA MS data were first analysed by PEAKS Studio (Bioinformatics Solutions) or Spectronaut 

(Biognosys) software, respectively (details are described below). Subsequent analyses were 

performed using R (4.0.0)1 with the following packages (data.table (1.12.8)2, dplyr (1.0.0)3, stringr 

(1.4.0)4, magrittr (1.5)5, and Biostrings (2.56.0)6); The computational analysis pipeline used for this 

study is available from

(https://github.com/YoichiroSugimoto/20211110_JMJD6_K_hydroxylation). The data were 

visualised using either Microsoft Excel, Graphpad Prism (9.3),  pheatmap (1.0.12)7, 

ComplexHeatmap (2.4.3)8 and ggplot2 (3.3.1)9. 

Initial analyses of BRD4 hydroxylation in publicly available data were performed on deep 

proteome datasets (PXD002395, PXD003977, PXD004452) downloaded from the PRIDE repository 

and processed with PEAKS Studio (v10). Processing parameters were as follows: Precursor ion 

tolerance was 10 ppm; Fragment ion tolerance was 0.5 Da for Ion Trap acquisitions and 0.02 Da  

for Orbitrap; trypsin cleavage rules were specific with a maximum of 2 missed cleavages; 

Carbamidomethylation (C) was selected as a fixed modification and variable modifications (up to 

3 permitted) were deamidation (N,Q), acetylation of protein N-termini, oxidation (C, D, F, H, K, M, 

N, P, R, W, Y) and dioxidation (F, M, W, Y).  Data were matched against the canonical human 

Uniprot database proteome (retrieved 24th September 2019). 

Quantitation of fragment ions from PRM acquisitions were performed by manual extraction and 

area integration in Qualbrowser (Xcalibur v4.1; Thermo Scientific).  

Database analyses of DDA data 

Processing of “in-house” DDA data used PEAKS Studio (v10.5 and 10.6). The following parameters 

were applied to non-derivatised tryptic data acquired by Higher-energy C-trap dissociation (HCD): 

15 ppm mass error tolerance for precursor ions and 0.02 Da tolerance for fragment ion masses; 

trypsin cleavage rules were specific with a maximum of 2 missed cleavages; 

carbamidomethylation (C) was selected as a fixed modification and variable modifications (up to 

3 permitted) were: deamidation (N,Q), acetylation of protein N-termini, oxidation (M,W,K) and 

dioxidation (M,W). Data were matched against the appropriate species-specific (human/mouse) 

canonical Uniprot database (retrieved 8th February 2021) with a list of common contaminants 

appended (cRAP database; http://crapome.org). Peptide false discovery rate (FDR) was set to 1% 

https://github.com/YoichiroSugimoto/20211110_JMJD6_K_hydroxylation
http://crapome.org/
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using a target-decoy method and PTM site determination was informed by a probability-based 

ambiguity score (Ascore; -10lgP). The number of variable modifications was increased to 5 for 

Asp-N digestion (cleavage before D, E) in order to monitor hydroxylation of lysine-rich sequences. 

To analyse data from propionylated samples, the DDA workflow was adapted for processing 

incompletely derivatised tryptic peptides. It was not possible to modify the in-silico specificity of 

trypsin toward propionylated lysine within the PEAKS DB search engine. Thus, a large number 

(n=5) number of missed cleavage occurrences was specified in order to detect derivatised lysine-

rich polypeptides. A maximum number of 5 variable modifications were considered, specifically: 

deamidation (N,Q), acetylation of protein N-termini, oxidation (M,W,K), propionylation (K) and 

oxidised propionylation (K); note, carbamidomethylation (C) was considered a fixed modification 

only in preparations that were treated with iodoacetamide. To reduce prohibitively long search 

times, precursor mass error tolerance was reduced from 15 ppm to 7.5 ppm and, where 

appropriate, custom databases curated from DDA searches of non-derivatised experiments were 

specifically interrogated (e.g., JQ1 PD and FLAG-JMJD6 interactome PD). Peptides meeting the 

significance filter (-10lgP >15) and MS2 ion intensity filter (>1%) were exported as “protein-

peptides.csv” files. 

For the calculation of site-specific PTM stoichiometry, analyses were restricted to JQ1 and JMJD6 

peptide pulldown datasets to enable direct comparison between wild-type and JMJD6-defective 

HeLa cells. PEAKS export files were filtered to remove peptides that were not uniquely assigned 

to a protein and peptides with an AUC (area under the curve, LC-MS/MS data) of 0. Peptides that 

were unlikely to be products of trypsinolysis were also filtered out. For this purpose, we assumed 

that trypsin cleaves C-terminal to lysine, hydroxylysine, arginine, and mono-methyl arginine, but 

not propionyl lysine and di-methyl arginine. Thus, peptides with a modified C-terminal amino acid 

incompatible with cleavage by trypsin were excluded. In addition, peptides that had more than 

one “genuine” tryptic cleavage site were filtered out; we did not consider lysine or arginine 

followed by a proline a tryptic cleavage site. We only considered PTMs that passed the PEAKS MS2 

ion intensity filter (>1%). Based on the filtered data, the stoichiometry of a PTM at a specific 

residue of a protein was calculated using the following formula: 

∑ 𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤ℎ
 𝑡𝑡ℎ𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

∑ 𝐴𝐴𝐴𝐴𝐴𝐴 +  ∑ 𝐴𝐴𝐴𝐴𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤ℎ
 𝑡𝑡ℎ𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑜𝑜𝑜𝑜𝑜𝑜 
𝑡𝑡ℎ𝑒𝑒 𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎 𝑡𝑡ℎ𝑒𝑒 𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
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Note, these measurements are relative values, which are not corrected for any effect of 

propionylation and/or hydroxylation on ionisation efficiency. Filtered data comparing peptide 

identifications between wild-type and JMJD6-defective preparations were used to shortlist 

JMJD6-dependent hydroxylations that were verified by manual inspection of MSMS spectra.  

De novo sequencing 

De novo sequencing results, which assist the PEAKS DB search algorithm, were also analysed to 

identify hydroxylysines in peptides irrespective of protein assignment. The sequencing results 

were exported from PEAKS studio as a “de novo peptides”.csv file and pre-processed as follows: 

(1) tryptic peptides that did not have a C-terminus amino acid compatible with cleavage by trypsin, 

and peptides which had more than one “genuine” missed trypsin cleavage site were filtered out,

as described above; (2) peptides with low sequence quality (average local confidence score < 50%) 

were filtered out. The local confidence score is reported by the PEAKS Studio software, and

indicates the likelihood of the correct sequence assignment at a specific residue within a peptide.

For heatmap visualization of hydroxylysine assignments (Fig. S11) peptides were aligned so that

the hydroxylysine residues were clustered around the centre of the display (i.e. position 0). To

this end, the sum of the local confidence scores for hydroxylysine residues within a 6-residue

sliding window along the peptide was calculated. The position of the sliding window (4th residue

from the start of the window) giving the highest aggregated score was defined as the position 0

of the peptide.

DIA data 

DIA data corresponding to the FLAG-JMJD6 interactome were processed using Spectronaut (v14; 

Biognosys). DIA data were searched against a spectral library that was created by combining DIA 

plus DDA search results (DpD search) of FLAG-JMJD6 pulldowns obtained with the Spectronaut 

Pulsar search engine. DpD data were searched against the human proteome (Canonical Uniprot; 

downloaded August 2019) with the following modifications considered: fixed, carbamidomethyl 

(C); variable, oxidation (M), acetyl (N-terminal protein) and a maximum of 5 variable modifications 

and 2 missed cleavages permitted. A 1% FDR filter was applied at the peptide and protein level to 

yield a spectral library containing 14,996 precursors in 1517 protein groups determined by 

Spectronaut protein inference. DIA data were subsequently searched against the DpD library 

using default Spectronaut analysis settings, with the following modifications; (1) exclusion of 
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protein identities based on less than 2 peptides; (2) quantitation: median peptide and precursor 

quantity, MS2 level area counts; (3) data filtering: Q-value percentile (fraction 0.16); (4) run-wise 

imputing strategy; (5) cross-run normalisation: no filter, local normalisation strategy and 

automatic selection. Protein level quantitation data were exported from Spectronaut as a pivot 

report for statistical analysis in R.  

Data processing for heatmap visualisation 

The display of proteins interacting with FLAG-tagged transgenes encoding: wild-type JMJD6, a 

catalytically-inactive form, or empty vector control, which are represented in Figure 3B, comprises 

all proteins manifesting: (i) differential interaction with wild-type JMJD6 versus empty vector or 

enzyme-dead JMJD6 or (ii) differential interaction with wild-type JMJD6 in the presence or 

absence of DMOG, as identified using an empirical Bayes moderated t-statistic on log2 

transformed protein abundance data with the limma package (3.44.1)10. The heatmap illustrates 

the Z-score of log2 transformed abundance data for each protein relative to all replicates and 

experimental conditions. Proteins were ordered according to the results of hierarchical clustering 

using Spearman’s rank correlation for the calculation of distance and applied Ward’s algorithm 

for clustering. 

Analysis of sequence and biophysical features of proteins 

Protein disorder was predicted using IUPred2A software11 with default parameters. The local 

charge in a protein was calculated using the idpr package (1.2.0)12 by considering the sequence 

from -5 to +5 residues. K-score was calculated as the maximum number of lysine residues in a 10-

residue sliding window along a protein sequence. Stoichiometry was only calculated for sites with 

more than two assigned peptide features (Figure 4E; bubble plot). 
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Supplementary Data Legends 

Table S1: Summary of hydroxylation assignments on BRD4(520-537) from analysis of large-scale 

proteomic datasets. Counts relating to the oxidation site assignment of singly- (Δ mass: +15.99) 

and doubly-oxidised (Δ mass: +31.99) forms of the tryptic BRD4(520-537) peptide in publicly 

deposited proteome datasets using PEAKS software. The numbers of assigned peptide spectra 

(FDR 1%) were counted using stringency filters for PTM assignment confidence (AScore: >0) and 

fragment ion intensity (>5%), applied separately and in combination. Most of the singly-oxidised 

peptides failed to pass the combined stringency filter. In contrast, secure assignments were seen 

on doubly-oxidised peptides with all such assignments (i.e., passing both Ascore and Ion Intensity 

filters) supporting hydroxylation of the lysyl (K535 and K537) residues. 

Table S2: Summary of all hydroxylation assignments from this study. List of all hydroxylation 

sites defined in this study; sites are presented in alphabetical order referenced to gene name, 

Uniprot accession, site of modification and representative MSMS assignment (Figure S14). † 

Denotes non-unique peptide shared between proteins that were expressed at similar levels. 

Table S3: Summary of hydroxylation site sequence context. Reference table detailing the 

sequence context of all assigned hydroxylation sites. Sites are presented in alphabetical order 

referenced to gene name, Uniprot accession and site of modification. Site context is defined as 

residues -5 to +5 of the targeted lysine residue, which is indicated in bold font. † Denotes 

hydroxylation assignment from non-unique tryptic peptide shared between indicated proteins 

that were expressed at similar levels. 
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Figure S1: Triple Knockout Mouse Embryonic Fibroblasts are defective for HIF hydroxylase 

activity. Validation of PHD1,2,3 defective (TKO) MEFs used in Fig 1A. Wild type and TKO MEFs 

were treated with proteasomal inhibitor (MG132, 12.5 μM for 4 hours) in the presence or absence 

of the hydroxylase inhibitor DMOG (1 mM for 24 h). Hydroxylated HIF1α was detected by 

immunoblot (anti-Hyp564) in lysates derived from proteasomally-blocked wild type but not TKO 

MEFs. 

Figure S2: MSMS fragmentation spectra and ion tables for BRD4 peptides depicted in Figure 1A. 

HCD fragmentation spectra were acquired in the orbitrap of: (a) unoxidised; (b) singly-oxidised; 

(c) doubly-oxidised forms of the tryptic BRD4(521-538) peptide. Figure header indicates: 

peptide sequence ([O] site of hydroxylation) and MS-related information including peptide 

significance score (-10 lgP value) and MSMS scan number with raw data file reference, 

provided in parentheses. Ion tables give the theoretical mass of each fragment ion; assigned 

fragment ions (within the defined mass tolerance of 0.02 Da) are displayed in colour; b-ions in 

blue, y-ions in red.  

Figure S3: MSMS fragmentation spectra and ion tables for BRD4 peptides depicted in Figure 1B. 

HCD fragmentation spectra acquired in linear ion trap of: (a) unoxidised; (b) singly-oxidised; (c) 

doubly-oxidised forms of the tryptic BRD4(520-537) peptide; [O] site of hydroxylation. Additional 

peptide information is provided for each MSMS, including peptide significance score (-10 lgP 

value) and MSMS scan number with raw data file reference. Ion tables give the theoretical mass 

of each fragment ion; assigned fragment ions (within the defined mass tolerance of 0.5 Da) are 

displayed in colour; b-ions in blue, y-ions in red.  

Figure S4: Assignment of K535 and K537 hydroxylation by parallel reaction monitoring (PRM). 

(A) DDA-derived XIC depicting precursor ion (MS1) intensities of m/z 663.0288, m/z 668.3605, and 

m/z 673.6921 corresponding to unoxidised (yellow-green), singly-oxidised (orange), and doubly-

oxidised (red) forms of BRD4(520-537) derived from SH-SY5Y cells by LC-MSMS. (B) High 

resolution MS2 spectra were continually acquired from isolated BRD4(520-537) precursor ions 

(upper panels, i-iii for different hydroxylated forms) using the PRM methodology. Chromatograms
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of fragment ions, including ions of discriminatory mass for lysine and proline oxidation (see inset 

for schematic representation of fragment ions: dotted line, no mass adduct; dashed line, single 

oxidation; solid line, double oxidation) were extracted at 5 ppm mass tolerance and presented 

below the indicated precursor ion. The presence of m/z 163.1077 (dashed red line; K[O]) and 

absence of m/z 147.1128 (dotted red line; K) in the MS2 XIC for the singly-oxidised peptide (middle 

panel, ii), reliably assign K537ox and exclude P536ox, at least to the limit of detection. For the 

doubly oxidised peptide, the only diagnostic fragment ions detected were: m/z 163.1077 (dashed 

red line; K[O]); m/z 260.1605 (dashed yellow-green line; imputed from y1 as: PK[O]) and; m/z 

404.2503 (solid green line; K[O]PK[O]).   

Figure S5: Hydroxylation of BRD2 and BRD3 by JMJD6 (A) Extracted ion chromatograms (XIC) 

show peptide ion intensities corresponding to unoxidised (green-yellow) and singly-oxidised 

(turquoise) forms of the tryptic BRD2(529-546) ([M+3H]3+) peptide isolated from HeLa cells. 

Hydroxylated BRD2(529-546) peptide ions are absent from JMJD6-defective HeLa cell 

preparations (right panel). (B) Extracted ion chromatograms (XIC) show peptide ion intensities 

corresponding to unoxidised (green-yellow) and singly-oxidised (pink) forms of the tryptic 

BRD3(472-489) ([M+3H]3+) peptide isolated from HeLa cells. Hydroxylated BRD3(472-489) peptide 

ions are absent from JMJD6-defective HeLa cell preparations.  

Figure S6: Fragmentation spectra and ion tables for assignment of BRD4(523-541) peptides 

depicted in Figure 1C. Exemplar orbitrap HCD fragmentation spectra corresponding to the 

different oxidation [O] states of the Asp-N proteolyzed BRD4(523-541) in SH-SY5Y cells: (a) 

unmodified; (b) 1[O]; (c) 2[O]; (d) 3[O]; (e) 4[O]; (f) 5[O]. Additional peptide information is 

provided for each MSMS, including peptide significance score (-10 lgP value) and scan number (in 

raw data file). Ion tables are provided for each MSMS spectra depicting the theoretical mass of 

each fragment ion. Assigned fragment ions (matching within the defined mass tolerance of 0.02 

Da) are displayed in colour; N-terminal b-ions are blue, C-terminal y-ions are red.  

Figure S7: JMJD6-catalysed hydroxylation of BRD4 peptide substrate.  (A) A 40-residue synthetic 

peptide (20 μM) corresponding to residues 511-550 of BRD4 was incubated with recombinant 
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JMJD6 (2 μM) in the presence (i) or absence (ii) of an inhibitor, 2,4-pyridine-dicarboxylic acid (2,4-

PDCA, 100 μM). LC-MS spectra showing efficient hydroxylation of BRD4 peptide; 3 successive +16 

m/z shifts were observed following 60 min incubation with JMJD6 and co-factors (100 μM L-

ascorbic acid, 10 μM ferrous ammonium sulphate, 200 μM 2-oxoglutarate). (B) MSMS assignment 

of K547ox in (Aii). A mass identical to a hydroxylysine-containing fragment ion is observed in the 

JMJD6-reacted peptide ([M+9H]9+ = m/z 524.30) at the y4 position that assigns hydroxylation to 

Lysine-547. 

Figure S8: Comparison of quantitative assessments of hydroxylysine modification by orthogonal 

proteomic methods. Site specific stoichiometry of hydroxylysine as assessed by (i) non-

derivatised (Asp-N mediated proteolysis) and (ii) derivatised (propionic anhydride and trypsin) 

workflows was similar. BRD4 protein was immunopurified from HeLa cells.  

Figure S9: Comparison of JMJD6-dependent hydroxylation of BRD4 across multiple cell lines. 

BRD4 was purified from HEK293, MCF-7 and HeLa cell lines, prior to derivatisation, trypsinolysis 

and LC-MSMS analysis. Site specific stoichiometry of hydroxylation was similar across these cells, 

but not detected in JMJD6-defective HeLa cell preparations (lower panel).  

Figure S10: Assignment of BRD4 poly-lysyl hydroxylation in FLAG-JMJD6 pulldown. 

Fragmentation spectra of BRD4(547-553) obtained following FLAG-JMJD6 pulldown, 

derivatization with propionic anhydride and digestion with trypsin; * derivatised lysine, [O] site of 

hydroxylation. Additional peptide information is provided, including: peptide significance score (-

10 lgP value) and scan number (in raw data file). An Ion table is provided showing the theoretical 

mass of each fragment ion; note, +72.02 Da corresponds to the mass of oxidised propionylated 

lysine. Assigned fragment ions (matching within the defined mass tolerance of 0.02 Da) are 

displayed in colour; N-terminal b-ions are blue, C-terminal y-ions are red.  

Figure S11: De-novo MSMS sequencing indicate poly-lysine hydroxylation is a JMJD6-dependent 

property. Heatmap visualisation of lysine hydroxylation assigned by de novo sequencing of 
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derivatised tryptic peptides from wild-type (left panel) and JMJD6-defective (right panel) HeLa 

cells. Each row represents a single peptide; purple tone indicates the confidence of hydroxylysine 

assignment at the indicated position in the peptide. All other amino acid assignments are 

represented as white tiles, with transition to grey indicating the limits of the sequenced peptide. 

Peptides are aligned (x-axis) by the position of a 6-mer window giving the highest hydroxylysine 

score across the sequenced peptide so that hydroxylysines are clustered around the centre of the 

plot (i.e. position 0), and sorted (y-axis) by that score. Separate heatmaps give the results for 

peptides binned according to the maximum K-score of a 6-residue sliding window across the 

peptide. A much higher level of hydroxylysine is observed in wild-type cells in the bin representing 

the highest K-score (top left). In this bin, high hydroxylysine scores are observed at multiple 

positions, indicating multiple hydroxylations of adjacent lysine residues. Within this bin of lysine 

rich sequences, many (top, purple) but not all peptides (bottom, white) are multiply hydroxylated.  

In contrast, hydroxylysine is only modestly increased in JMJD6 wild-type cells in bins representing 

a K-score of 4/6 and not evident below this score.  

 

Figure S12: Analysis of sequence features surrounding sites of JMJD6-catalysed hydroxylation.  

Heatmap depicts enrichment or depletion of amino acids residues (y-axis) at positions (x-axis) 

adjacent to JMJD6-catalysed hydroxylated lysine residues.  All hydroxylysine sites defined in this 

study were analysed. Data are expressed as an odds ratio relative to all lysine residues in the total 

proteome identified in these experiments.  

 

 

Figure S13: Site-specific comparison of hydroxylysine and methylarginine PTM stoichiometry on 

derivatised tryptic peptides derived from wild-type and JMJD6-defective HeLa cells. Points 

represent the difference in (delta) stoichiometry (WT minus JMJD6-defective (KO) cells) x100 for 

each specific site of post-translational modification assigned as hydroxylysine (Hyl), mono-

methylarginine (mme-R) or di-methylarginine (dme-R) in JQ1 and JMJD6(81-96) peptide pulldown 

experiments. To improve the accuracy of the PTM assignments, database search results were 

filtered by (i) minimal significance score (-10lgP) of peptide >15; (ii) modification-specific fragment 

ion intensity > 1%; (iii) minimum of 2 independent MSMS assignments per cell line in each 

experiment; (iv) exclusion of hydroxylysine assignments that were likely confounded by 
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artefactual oxidation (i.e., within 2 residues of a methionine or tryptophan residue). Note, JMJD6-

dependent modifications would manifest as positive delta values for hydroxylation and negative 

delta values for demethylation at methylarginine sites. A clear positive bias is observed for Hyl, 

whereas no such negative bias is observed for mme-R or dme-R; apparently randomly scattered 

positive and negative values likely represent noise, in part due to stochastic sampling of low 

abundance peptides in DDA mode. 

Figure S14: MSMS assignment of JMJD6-dependent hydroxylations. Fragmentation spectra 

corresponding to sites of JMJD6-dependent lysyl hydroxylation defined in this study. Spectra are 

from protein pulldowns enriched by affinity to either: (i) JQ1; (ii) FLAG-JMJD6; or (iii) JMJD6(81-

96) peptide, and subject to derivatization with propionic anhydride and digestion with trypsin.

Sites are presented in alphabetical order referenced to gene name and target site (see Table S2

for summary). Figure header indicates: site assignment, peptide sequence (*derivatised lysine,

[O] site of hydroxylation) and MS-related information including peptide significance score (-10 lgP

value) and MSMS scan number with raw data file reference, provided in parentheses. An Ion table

is provided showing the theoretical mass of each fragment ion; note, +56.03 Da and +72.02 Da

corresponds to the mass of propionylated lysine and oxidised propionylated lysine, respectively.

Assigned fragment ions (matching within the defined mass tolerance of 0.02 Da) are displayed in

colour; N-terminal b-ions are blue, C-terminal y-ions are red.
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Table S1 
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Table S2 
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Figure S1 
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Figure S2
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Figure S3  



 
 

19 
 

Figure S4 
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Figure S5 
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Figure S6(A-C) 
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Figure S6(D-F) 
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Figure S7 
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Figure S8 
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Figure S9 
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Figure S10 
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Figure S14_1 
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Figure S14_2 
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Figure S14_3 
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Figure S14_4 
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Figure S14_5 
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Figure S14_6 
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Figure S14_7 
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Figure S14_8 
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Figure S14_9 
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