
   

Supplementary Material 

1 Supplementary Materials and Methods 

1.1 Quantitative real-time PCR-based analysis (qPCR) 

Mitochondrial transcript levels are calculated relative to a nuclear transcript to determine the effect of 

ethidium bromide treatment on mtRNA. RNA was isolated from ethidium bromide treated and 

untreated control HEK293e cells by TRIzol (Invitrogen) extraction according to manufacturer’s 

guidelines. A total of 1 μg of RNA was treated with DNase I Amplification Grade (Invitrogen, 

18068015) to remove potential mtDNA contamination prior to cDNA synthesis using the 

SuperScript™ II Reverse Transcriptase (Invitrogen, 18064014) according to manufacturer’s protocol 

with random primers (Promega, C1181), dNTP Mix (Promega, U1515) and with 1 μL Recombinant 

Rnasin Ribonuclease Inhibitor (Promega, N2515) instead of RNaseOUT™. A minus reverse 

transcriptase control was taken along for each sample. Absence of mtDNA contamination is tested by 

a 25 μL regular PCR with DyNAzyme II DNA Polymerase (Thermo Scientific, F501L), dNTP Mix 

(Promega, U1515) and D-loop or 16S primers (Supplementary Table S2) on 25 ng cDNA or minus 

reverse transcriptase control followed by 1% agarose gel electrophoresis. Absence of a D-loop PCR 

band in the cDNA samples and absence of a 16S band in the minus reverse transcriptase samples 

confirmed that the generated cDNA sample is clean. 

Each 20 μL qPCR reaction consists of 25 ng of cDNA, 2.5 mM of forward and reverse primers and 

1x SYBR Green Master Mix (Biorad). Measurements were performed in triplicate in Hard-Shell 96-

Well PCR Plates (Biorad) within the CFX96 Real-Time System (Biorad). The PCR program 

consisted of an initial denaturation step at 95°C for 10 minutes followed by 40 cycles of denaturation 

at 95°C for 15 seconds, primers annealing and extension at 60°C for 60 seconds and fluorescence 

measurements. The program was followed by a melt-curve analysis to confirm the absence of non-

specific amplicons. Primers are listed in Supplementary Table S2. Relative quantities of 

mitochondrial-encoded transcripts were determined in relation to that of the nuclear-encoded 

reference gene TATA box binding protein. Changes in the transcripts levels relative to an untreated 

control were calculated using the 2-ΔΔCT method. CT values of technical repeats that varied by more 

than 0.5 units from the others were removed prior to analysis.  

1.2 Mass spectrometry sample preparation 

Slightly different tryptic digestion protocols were used for MXL and WCXL approaches. MXL 

protein samples were subjected to in-solution tryptic digestion as described elsewhere (Wessels et al., 

2011). In short the protein sample was diluted 1:1 with 8 M urea, reduced by the addition of 1 μL 10 

mM dithiothreitol (30 min at room temperature (RT)) and alkylated by the addition of 1 μL 50 mM 

chloroacetamide (20 min at RT in dark). Initial digestion with 1 μg LysC (Wako) (3 hours, 37 0C) 

was followed by 1:4 dilution with 50 mM ammonium bicarbonate and further digestion with 1 μg 

sequencing grade modified trypsin (Promega) (overnight, 37 0C). 

WCXL protein samples were subjected to tryptic digestion according to the FASP protocol 

(Wisniewski et al., 2009) with minor adjustments. In short, all steps (except the DTT step) were 

performed in one Amicon 3K filters (Merck Millipore, UFC500396) per sample. Concentration or 
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buffer-exchange steps were performed using centrifugation (16000g for 30 minutes at RT) and flow-

through was discarded unless otherwise stated. The WCXL protein sample was reduced in 0.1 M 

DTT (5 min at 95 0C), mixed with 200 μL 8 M urea, transferred to and concentrated in a 3K filter. 

Sample was alkylated with 100 μL 50 mM chloroacetamide (20 min at RT in dark), concentrated and 

subsequently buffer-exchanged three times with 100 μL 8 M urea. Initial digestion with 1 μg LysC 

(Wako) in 40 μL 8 M urea (overnight at RT), was followed by digestion with 0.25 μg sequencing 

grade modified trypsin (Promega) in 120 μL 50 mM ammonium bicarbonate (4 hours at 37 0C). 

Filters were transferred to clean collection tubes and the peptides collected by centrifugation (16000g 

for 30 minutes at RT). An additional 50 μL 0.5 M sodium chloride was added to the filter and left-

over peptides collected by a second round of centrifugation (16000g for 30 minutes at RT).  

Both MXL and WCXL digested samples were acidified with trifluoroacetic acid to a final 

concentration of 1%. Thereafter, the peptide sample was desalted and concentrated by “STop And Go 

Extraction (STAGE) tips” (Rappsilber et al., 2003) and the peptide sample was further purified by 

Pierce Detergent Removal Spin Columns (Thermo Scientific) before injection in at least triplicate in 

the mass spectrometer. 

1.3 Mass spectrometric measurements 

Measurements were performed by nanoLC 1000 (Thermo Scientific) chromatography coupled online 

to Q Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific). Chromatography 

was performed with an Acclaim PepMap 0.3 x 5 mm 5μm 100Å trap column (Thermo scientific) in 

combination with a 15cm long x 100μm ID fused silica electrospray emitter (New Objective, PicoTip 

Emitter, FS360-100-8-N-5-C15) packed in-house with ReproSil-Pur C18-AQ 3 μm 140Å resin 

(Dr. Maisch, GMBH) (Ishihama et al., 2002). Tryptic peptides were loaded onto the trap column 

using 0.1% formic acid and separated by a linear 50 minutes gradient of 5–35% acetonitril containing 

0.1% formic acid at a flow rate of 300 nl/min. For MXL a 30 minutes gradient was enough as the 

MXL samples were less complex. The mass spectrometer was set to positive ion mode. Full MS 

events were performed at 70.000 resolving power (FWHM) at m/z 200 using 1E6 ions or after 200 

ms of maximal injection time (for MXL 20 ms). Data-dependent MS/MS spectra were performed 

using 1E5 ions at 17.500 resolving power (FWHM) at m/z 200 or after 250 ms maximal 

injection time (for mMXL 50 ms)  for the top 6 precursor ions (for MXL top 10) with an isolation 

width of 3.0 Th (for MXL 4.0 Th) and fragmented by higher energy collisional dissociation (HCD) 

with a normalized collision energy of 30%. Dynamic exclusion is set to 10.0 s (for MXL 30.0 s). 

1.4 Protein identification  

Data analysis was performed with the MaxQuant software (version 1.5.0.25) (Cox and Mann, 2008) 

applying default settings with minor modifications. The precursor mass tolerance for Q Exactive 

measurements was set to 4.5 ppm. The multiplicity was set to 1 and Trypsin was chosen as the 

proteolytic enzyme allowing for 2 miscleavages. Default MaxQuant normalizations were applied. 

Database searches were performed on the human reference proteome including isoforms in which the 

reversed database is used to calculate the false discovery rate (FDR) which was set to 1%. Isoleucine 

and leucine were forced to be treated equally. Between samples the option “Match between 

runs” was enabled to detect sequenced peptides which were not subjected to sequencing event in 

other samples and Label-Free Quantification (LFQ) calculation was applied. 
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1.5 Statistics for Volcano Plots 

For statistical analysis the label-free-quantification (LFQ) intensities from the MaxQuant 

ProteinGroups.txt output file are log2-transformed and included in the analysis when there is a 

positive LFQ value for at least two of the technical repeats and when the razor and unique peptide 

count is two or more. Infinite intensities (from missing values) are replaced with the lowest 

log2(LFQ) measured and the mean of technical repeats is calculated. The difference in log2(LFQ) 

intensity between crosslinking and non-crosslinking conditions is calculated and statistical tests are 

performed to produce volcano plots.  
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3  Supplementary Figure Captions and Tables 

Supplementary Figure 1. Yield of known mitochondrial RNA interacting proteins after poly(A) 

RNA isolation is increased when cells are treated with 4-thiouridine prior to whole-cell crosslinking 

and for some proteins decreased when cells are treated with ethidium bromide. Scans of uncropped 

representative western blots (used to create Figure 2) showing the effect on protein yield of (A), 18 

hour treatment with 100 mM 4-thiouridine (4SU) (n=2), and (B), 4SU treatment either without or 

with 24 hour treatment with 80 ng/mL ethidium bromide (EtBr) (n=2 for LRPPRC, SUV3 and 

GRSF1, n=1 for POLRMT). To visualize that we start the poly(A) RNA isolation with mitochondrial 

lysates of equal protein concentration, the mitochondrial lysates prior to poly(A) RNA isolation are 

shown next to the isolated poly(A) RNA samples. Samples of untreated cells are shown as negative 

control. For this figure the scans were merged with an epiwhite picture of the blot to visualize the 

edges of the blot and the used marker, for Figure 2 the non-merged scans were used. The order of the 

pictures matches with the order of probing the blot with the specific antibodies.  

Supplementary Figure 2. The effect of ethidium bromide treatment. (A) Quantitative RT-PCR 

analysis of mitochondrial transcripts levels after 18 hour ethidium bromide treatment relative to 

untreated cells (n=1). (B) Proportional Venn diagram showing the overlap of proteins that are 

identified with a LFQ-intensity fold-change larger than 3 in the three mitochondrial oriented 

approaches MXL, WCXL and WCXL_EtBr. Only proteins that have a RNA GO-term (GO:0003723) 

and are part of MitoCarta2.0 (Calvo et al., 2016) are included in the diagram. The fold-changes per 

proteins were calculated by dividing the average LFQ-values (n=3 for MXL, n=6 for WCXL and n=2 

for WCXL_EtBr) of crosslinking with 4SU by non-crosslinking, or by crosslinking with ethidium 

bromide and 4SU in case of WCXL_EtBr. 

Supplementary Figure 3. MXL approach enriches better for mitochondrial as well as mitochondrial 

RNA interacting proteins compared to WCXL approach. Volcano plots showing significant detected 

proteins (two-sided t-test with μ=0, corrected for multiple testing with Benjamini Hochberg, FDR 

10%) in the MXL approach (A, n=3) and WCXL approach (B, n=6) compared to non-crosslinking 

samples (NoXL). All proteins above the red dotted lines are significant. Light green round dot 

represent proteins that are associated with the molecular function RNA GO-term (GO:0003723) and 

are part of the MitoCarta2.0 compendium (Calvo et al., 2016), dark green triangles represent 
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remaining proteins that are part of MitoCarta2.0, black squares represent remaining proteins that have 

the RNA GO term and grey plus signs represent remaining proteins.  

Supplementary Figure 4. Correlations between the five input datasets used for the final Bayesian 

prediction. Heatmaps depict pairwise Spearman’s rank correlation coefficients. 

Supplementary Figure 5. Prediction with MXL and WCXL as input dataset enriches best for 

proteins that are mitochondrial. Barplot plot showing the fraction and absolute number of proteins 

predicted to interact with mtRNA that are annotated as being mitochondrial (Calvo et al., 2016) 

and/or interacting with RNA (GO:0003723). Results for the predictions with either the combination 

of MXL and WCXL or Castello and Baltz as mtRNA interaction input dataset are shown. As a 

reference the numbers for the complete human proteome are included.  
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Supplementary Table S1. Positive training set proteins are listed with the reference(s) showing 

interaction with mtRNA. 

Gene Uniprot Description Reference 

KIAA0391 O15091 Mitochondrial ribonuclease P catalytic 

subunit 

(Sanchez et al., 2011) 

ELAC2 Q9BQ52 elaC ribonuclease Z 2  (Brzezniak et al., 2011; Rossmanith, 

2011; Sanchez et al., 2011) 

MRM2 Q9UI43 mitochondrial rRNA methyltransferase 2  (Lee et al., 2013; Lee and Bogenhagen, 

2014) 

MRM3 Q9HC36 mitochondrial rRNA methyltransferase 3  (Lee et al., 2013; Lee and Bogenhagen, 

2014) 

MRM1 Q6IN84 mitochondrial rRNA methyltransferase 1  (Lee et al., 2013; Lee and Bogenhagen, 

2014) 

MTPAP Q9NVV4 mitochondrial poly(A) polymerase  (Tomecki et al., 2004; Nagaike et al., 

2005) 

TBRG4 Q969Z0 transforming growth factor beta regulator 4  (Wolf and Mootha, 2014) 

LRPPRC P42704 leucine rich pentatricopeptide repeat 

containing  

(Sasarman et al., 2010; Chujo et al., 

2012; Wolf and Mootha, 2014; Lagouge 

et al., 2015) 

GRSF1 Q12849 G-rich RNA sequence binding factor 1  (Antonicka et al., 2013; Antonicka and 

Shoubridge, 2015) 

DHX30 Q7L2E3 DExH-box helicase 30  (Antonicka and Shoubridge, 2015) 

DDX28 Q9NUL7 DEAD-box helicase 28  (Antonicka and Shoubridge, 2015) 

FASTKD2 Q9NYY8 FAST kinase domains 2  (Antonicka and Shoubridge, 2015) 

FASTKD5 Q7L8L6 FAST kinase domains 5  (Antonicka and Shoubridge, 2015) 

ERAL1 O75616 Era like 12S mitochondrial rRNA 

chaperone 1  

(Akiyama et al., 2001; Dennerlein et al., 

2010) 

POLRMT O00411 RNA polymerase mitochondrial  (Schwinghammer et al., 2013; Kuhl et 

al., 2014) 

PNPT1 Q8TCS8 polyribonucleotide nucleotidyltransferase 1  (Piwowarski et al., 2003; Chen et al., 

2006; Portnoy et al., 2008; Das et al., 

2010; Wang et al., 2010) 

SUPV3L1 Q8IYB8 Suv3 like RNA helicase  (Minczuk et al., 2005; Szczesny et al., 

2010; Jedrzejczak et al., 2011) 

NOA1 Q8NC60 nitric oxide associated 1  (He et al., 2012; Al-Furoukh et al., 2013) 

TFAM Q00059 transcription factor A, mitochondrial  (Brown et al., 2015) 

HSD17B10 Q99714 hydroxysteroid 17-beta dehydrogenase 10, 

mitochondrial RNase P subunit  

(Bogenhagen et al., 2014; Beckmann et 

al., 2015) 

TRMT10C Q7L0Y3 tRNA methyltransferase 10C, 

mitochondrial RNase P subunit  

(Sanchez et al., 2011; Vilardo et al., 

2012) 

SLIRP Q9GZT3 SRA stem-loop interacting RNA binding 

protein  

(Hatchell et al., 2006) 

PTCD1 O75127 pentatricopeptide repeat domain 1  (Rackham et al., 2009; Sanchez et al., 

2011)  

PTCD3 Q96EY7 pentatricopeptide repeat domain 3  (Davies et al., 2009) 
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Supplementary Table S2. Primers used in this manuscript. 

Primer Sequence (5' → 3') 

35L (D-loop, F) GGA GCT CTC CAT GCA TTT GG 

611H (D-loop,R) CAG TGT ATT GCT TTG AGG AGG 

TATA box binding protein, F GCT GGC CCA TAG TGA TCT TT 

TATA box binding protein, R TCC TTG GGT TAT CTT CAC ACG 

h16S-F GGT AGA GGC GAC AAA CCT ACC G 

h16S-R CAG GCG GGG TAA GAT TTG CCG AG 

hND2-F GGC CCA ACC CGT CAT CTA C 

hND2-R GGG TTT GGT TTA ATC CAC 

hCOXI-F GGC GCA TGA GCT GGA GTC 

hCOXI-R GCT GTG ATT AGG ACG GAT C 

hND5-F CAG TCT CAG CCC TAC TCC AC 

hND5-R GAA GCG AGG TTG ACC TGT TAG 

 

Supplementary Table S4. Bin borders, amount of genes in that respective bin and the corresponding 

mtRNA score 

Dataset Bin_borders mtRNA score (log-likelihood) Total number of genes 

RNA interaction 

[NA,-5.19] -3.728798273 18705 

(-5.19,3.5] -1.27462238 1149 

(3.5,11.1] 4.157729704 275 

Mitochondrial 
localization 

[-13,-3] -3.438121112 16045 

(-3,5] 0.614346308 1942 

(5,44] 0.848976998 978 

RNA binding domain 
[0,0.99] -1.718229032 18589 

(0.99,1] 1.331759104 1520 

Co-expression  with 
mtRNA interactors 

[0,1.5e+03] 0.816964916 1500 

(1.5e+03,3e+03] -0.801356181 1481 

(3e+03,2.2e+04] -2.195635121 15230 

PPI with mtRNA 
interactors 

[0,0.99] -1.324253148 18729 

(0.99,35] 2.011681805 1400 
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