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SUPPLEMENTARY METHODS
Plasmids and constructs – pGFP-EXO1 and pTXB1-EXO1 were previously described. 
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 Single- and multiple-point mutations were introduced in pEGFP-EXO1 and pTXB1-EXO1 by site-directed mutagenesis using Phusion DNA polymerase (Finnzymes/Thermo Scientific) and primers described in Supplementary Table 1. pcDNA3.1-HA-ubiquitin, pCMV4-HA-UBC9, pCMV-Flag-SENP6 and pET28a-His-SENP6 (628-1112) were purchased at Addgene (Cambridge, MA, USA). pCMV-Myc-SUMO1 and pCMV-Myc-SUMO2 were kindly provided by P. Macchi (CIBIO, University of Trento, Italy). pET23a-His-RanGAP-tail was kind gift of F. Melchior (University of Heidelberg, Germany). The human E2-Conjugating Enzyme siRNA library was purchased from Qiagen.

Antibodies and chemicals – The antibodies used in this study were either previously described 1

 or purchased from NeoMarkers (mouse monoclonal anti-EXO1); Abcam (rabbit polyclonal anti-GFP, ab290); Calbiochem (mouse monoclonal anti-RPA2); Cell Signaling Tech. (rabbit monoclonal anti-γH2AX, anti-CHK1-pS345, anti-ATM-pS1981); Biorbyt (rabbit polyclonal anti-PIAS1 and anti-PIAS4); Bethyl Laboratories (rabbit polyclonal anti-RPA2-pS4/8); Sigma (mouse monoclonal anti-(-tubulin and anti-FLAG); S. Cruz Biotech. (rabbit polyclonal anti-TFIIH and mouse monoclonal anti-UBC9, anti-HA, anti-GFP and anti-Myc tags). Monoclonal antibodies to SUMO1 (21C7) and SUMO2 (8A2) were purchased at DSHB, Iowa.

Secondary HRP-conjugated anti-mouse and anti-rabbit antibodies were form GE-Healthcare. Alexa Fluor-488, -594 and -647 conjugated secondary antibodies were from Invitrogen.

Camptothecin (Sigma) and aphidicolin (Sigma) were dissolved in DMSO at 10 mM stock concentration. Hydroxyurea and Thymidine (Sigma) were dissolved in water at 1 M or 0.1 M stock concentration, respectively, and filter-sterilized. N-ehtylmaleimide (Sigma) was dissolved in ethanol at 1 M stock concentration. MG-132 (Calbiochem) was prepared as 10 mM stock solution in DMSO and added to cells at 10 (M final concentration 30 min before additional treatments.

Preparation of 96-well library plates with pooled siRNAs and transfection. Each well of a 96-well plate contained a pool of 4 siRNAs targeting one gene (Qiagen, 20 nM final concentration for each siRNA). siRNAs were diluted in Optimem and mixed with transfection reagent (Invitrogen, Lipofectamine 2000, 0.1 μl in 9.9 μl of Optimem per well). Reverse transfection was performed by seeding 2,000 cells/well in 80 μl of complete medium (DMEM +10%FCS) on the siRNA mix. After 48 h of growth in complete medium to allow efficient knockdown of the targeted genes, cells were either left untreated or treated with HU for 16 h and visualized using an automated-systems for liquid handling. The medium was removed, cells were washed twice in PBS, permeabilized for 5 min with 0.1% Triton-X100 at RT and stained with a mouse monoclonal antibody against the GFP-tag. DAPI was used to stain nuclei. 

Protein expression and purification – Recombinant wild-type or mutant forms of EXO1 and the catalytic domain of SENP6 (628-1112) were expressed and purified as described in 
3

, respectively. The yeast SUMO machinery proteins (GST-Aos1/Uba2, His-Ubc9, His-Flag-Smt3, His-Flag-Smt3-KR, His-Siz1 (1-465), and Siz2) were purified as described. 
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 Expression of human SUMO machinery from plasmids pET23a-UBC9, pET11a-SUMO1(1-97), and pET11a-SUMO2 (a kind gift from Frauke Melchior) was performed as described. 7

6

 RanGAP-tail was purified as described. 
The S. cerevisiae Exo1 protein with a C-terminal intein tag was expressed in E. coli BL21 (DE3)-RIPL cells. After the cells reached OD600~ 0.6, protein expression was induced by IPTG (1mM) for 24 h at 12°C. The cell pellet (18 g) was resuspended in 150 ml of cell breakage buffer (CBB: 50 mM Tris-HCl pH 7.5, 10% sucrose, 10 mM EDTA, 1 mM β-mercaptoethanol, 0.01% Nonidet P-40) containing 100 mM KCl and protease inhibitors. Suspensions were sonicated and cleared by ultracentrifugation. The supernatant was loaded onto a 20 ml SP-Sepharose column. The column was developed with 200 ml gradient of 125–1000 mM KCl in buffer K (20mM KH2PO4, 10% glycerol, 1 mM EDTA, 1 mM β-mercaptoethanol, 0.01% Nonidet P-40). Peak fractions were pooled, diluted to 100 mM KCl and loaded onto a Heparin column (1 ml). The column was developed with 15 ml gradient of 150–1000 mM KCl in buffer K. Peak fractions were pooled, concentrated, frozen in liquid N2 and stored at -80°C.
The plasmid pGEX-4T-SAE2/SAE1 (a kind gift from Ronald T. Hay) expressing human E1 enzyme was introduced into Escherichia coli strain BL21 (DE3). Protein expression was induced by 1 mM IPTG at 37°C for 4 h. The cell pellet (20 g) was resuspended in 70 ml of CBB buffer, sonicated and cleared by ultracentrifugation. The resulting supernatant was applied onto a 7-ml Q-Sepharose column (GE Healthcare). The column was developed with 70 ml gradient of 100-900 mM KCl in buffer K. Peak fractions were pooled and incubated with 1.5 ml Glutathione Sepharose 4B beads (GE Healthcare) for 1 hour at 4°C. The resin was washed with 20 ml of buffer K containing 100 mM KCl and proteins were eluted in steps with 10-100 mM glutathione in buffer K. Fractions containing GST-SAE2/SAE1 were applied onto a 1-ml MonoQ column (GE Healthcare), and eluted using 100-800 mM KCl in buffer K. The peak fractions were concentrated to 15 µg/µl in a Vivaspin-2 concentrator.

Identification of SUMOylation sites by LC-MS/MS – SDS-PAGE protein bands were reduced with dithiothreitol (DTT), alkylated by incubation with iodoacetamide and subsequently digested by addition of proteomics grade trypsin (Roche) over night at 37°C. Digests were separated on an UltiMate 3000 RSLCnano (Dionex/Thermo Fisher Scientific) with a trapping column (PepMap C18, 5µm particle size, 300 μm i.d. x 5mm, Dionex/Thermo Fisher Scientific) equilibrated with 0.1% TFA and an analytical column Acclaim PepMap RSLC C18, 50 cm × 75 μm × 2 μm, 100 Å, Dionex/Thermo Fisher Scientific) applying a 1.6% to 30% acetonitrile (ACN) linear gradient in 30 min. The HPLC was directly connected to an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) via a nano-electrospray ionization source (Proxeon/Thermo Fisher Scientific) set to 2 kV. The mass spectrometer was operated in data-dependent mode: 1 full scan in the orbitrap (m/z: 350-2000, resolution 60000) with lock mass (m/z 445.120025) enabled was followed by maximal 6 HCD and 6 CID scans. Monoisotopic precursors were selected, singly charged signals were excluded from fragmentation. For CID, normalized collision energy was set at 35% or 30%, Q-value at 0.25 and the activation time at 10 ms. HCD parameters were 0.1 ms activation time and 35% normalized collision energy. Fragmented precursors were excluded from further selection for 30 s.

Peptide identification was performed either by Sequest or Mascot 2.1 (Matrix Science) through the Proteome Discoverer 1.4 or by MassMatrix 2.4.2. 9

. For the search with MassMatrix, SUMO protein sequence was truncated at the last C-terminal glycine (..EQIGG) and this residue marked as the cross-linkage site to lysine residues. All spectra assigned to branched peptides were validated manually.
8

 Spectra were searched against a small database containing protein sequences plus proteases and contaminants. Search parameters were: tryptic specificity with max. 4 missed cleavages, peptide tolerance of 5 ppm, fragment ions tolerance of 0.8 Da for CID, 0.05 Da for HCD spectra. Carbamidomethylation of Cys was set as static modification, oxidation of Met as a variable modification. For the Sequest and Mascot search, the peptide mass of the linked fragment EQIGG (+484.2218) from the SUMO protein was set as a variable modification of lysines. Alternatively proteins of interest were digested in silico with trypsin and the resulting peptides were extended N-terminally with the sequence of EQIGG and added to the database as described in 
DNA nuclease assays – The hairpin substrate was prepared by annealing of 3‘ fluorescently labelled HL-1 oligonucleotide 
Indicated amounts of EXO1 protein were incubated with fluorescently labeled DNA substrate in 10 μl of buffer EN (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 2 mM MgCl2, 1 mM DTT, and 0.1 mg/ml bovine serum albumin) at 37°C for 20 min. The reactions were stopped by adding SDS (0.05 %) and proteinase K (0.5 mg/ml) at 30°C for 3 min. After adding loading buffer (10 mM Tris-HCl pH 7.4, 60 mM EDTA, 60% glycerol), samples were separated on native polyacrylamide gel (10%) in TBE buffer. DNA was visualized by FLA9000 Starion (Fujifilm) and quantified using MultiGauge software (Fujifilm).

Immunofluorescence staining and analyses - Cells grown on cover slips were either fixed directly in ice-cold methanol for 15 min or pre-extracted for 5 min on ice using 25 mM HEPES pH 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose and 0.5% Triton X-100 before fixation in 4% formaldehyde (w/v) in PBS for 15 min at room temperature (RT). Cover slips were incubated overnight at 4 °C with primary antibodies and Alexa–conjugated secondary antibodies for 1h at RT. The cover slips were mounted with Vectrashield® (Vector Laboratories) containing DAPI. Images were acquired using a Leica fluorescence microscope.

Sequence alignment – FASTA formatted sequences retrieved from http://www.ebi.ac.uk were aligned using T-Coffee software (http://tcoffee.crg.cat/apps/tcoffee/index.html) and publication-quality outputs were generated with Boxshade 3.21 software available from EMBnet   (http://www.ch.embnet.org/software/BOX_form.html).
Flow cytometric analysis – To quantify DNA-end resection in response to HU, the extent of chromatin-bound RPA was assessed by flow cytometry according to an established protocol. 
Chromosome analysis – Metaphase spreads were prepared as described in 
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 SUPPLEMENTARY FIGURE LEGENDS

Supplementary Figure 1 (related to Fig. 1) – Dose-response CPT treatment

HEK-293T cells ectopically expressing GFP-EXO1 were treated with increasing doses of CPT for 4h. WCEs were examined using the indicated antibodies.

Supplementary Figure 2 (related to Fig. 2) – RNAi-based screening of human E2 conjugating enzyme library

Distribution of local cell density (cell crowding), nuclear size and total intensity of the DAPI staining (indicative for cell cycle phases) were plotted for Ctrl and UBC9 (UBE2I) siRNA-depleted cells left untreated or treated with HU.

Supplementary Figure 3 (related to Fig. 2) – Quantification of green fluorescence in stable U2OS-GFP-EXO1 cells depleted for UBC9 
A. Representative IF images from siCTRL and siUBC9 cells left untreated or treated with CPT. Left: merge of DAPI (DNA) and GFP (EXO1) signals. Middle: DAPI images converted to binary colors. Right: EXO1-positive cells identified over the threshold applied. 

B. Quantification of green fluorescent signal.  Image processing and analysis software (ImageJ) was used to calculate the percentage of green positive events from the DAPI stained cells examined.
Supplementary Figure 4 (related to Fig. 3) – Activity of the human sumoylation machinery
Recombinant Ran-GAP-tail was used as model substrate to assess the functionality of the in vitro reconstituted human sumoylation machinery. Samples were resolved by SDS-PAGE and visualized by Western blotting.

Supplementary Figure 5 (related to Fig. 4) – Efficiency of SENP6 depletion
Western blot analysis of WCEs obtained from HEK-293T ectopically expressing FLAG-SENP6 and transfected with CTRL or SENP6 siRNA oligonucleotides.

Supplementary Figure 6 (related to Fig. 5) – Identification of sumoylation sites in EXO1
A. LC-MS/MS identification of SUMO-K655. Annotated CID spectrum of the +5-charged branched peptide KSDSPTSLPENNM(ox)SDVSQLK(sumo)SEESSDDESHPLR proving SUMOylation at K655. b-ions are indicated in red and y-ions in blue. The peptide was identified with Sequest with an XCorr value of 4.47 and shows a mass deviation of 0.23 ppm.

B. LC-MS/MS identification of SUMO-K801. Annotated CID spectrum of the doubly charged branched peptide NFGFK(SUMO)K showing SUMOylation at K801. The assigned b-ions are indicated in red and y-ions in blue. The fragment ions `y and `b result from the dissociation along the SUMO-side chain (EQIGG) and are indicated in green. The peptide was identified with MassMatrix with a Score of 44 and 0.0018 Da mass deviation.
Supplementary Figure 7 (related to Fig. 5) – Nuclease activity of EXO1-3KR mutant
Exonuclease activity of purified EXO1-WT and EXO1-3KR mutant was determined using a hairpin substrate. 

Supplementary Figure 8 (related to Fig. 5) – Quantification of DNA resection by GFP-EXO1-WT and GFP-EXO1-3KR
A. HEK-293 cells stably expressing GFP-EXO1-WT or GFP-EXO1-3KR. WCEs were examined using the indicated antibodies.

B. The extent of chromatin-bound RPA as indicator of DNA resection 
Supplementary Figure 9 (related to Fig. 5) – Metaphase spreads
Representative images of metaphase spreads. HEK-293 stably transfected with empty vector (EV), GFP-EXO1-WT or GFP-EXO1-3KR were treated in the presence or the absence of CPT and metaphase spreads prepared as described in Materials and Methods. Examples of chromosome breaks (arrows) and fragments (arrowheads) used in the quantification are indicated.
SUPPLEMENTARY TABLE

Supplementary Table 1 – List and references for the oligonucleotides used in RNA interference studies, nuclease assays and generation of point mutations in EXO1, respectively.  

	siCTRL
	CGUACGCGGAAUACUUCGATT
	

	siUBC9
	CCACCAUUAUUUCACCCGATT
	This work

	siEXO1
	CAAGCCUAUUCUCGUAUUUTT
	

	siPIAS1
	CGAAUGAACUUGGCAGAAATT
	

	siPIAS4
	AGGCACUGGUCAAGGAGAATT
	

	siSENP5
	CAAGGTTTGCAAGCTAAGAAA
	This work

	siSENP6
	AAGGCGUAUGUAUUAAGUAAATT
	This work

	HL-1
	ATCATTGCCTATCCTGACAGTCCGACACATCGGACTGTCAGGATAGGCAATGATCTTTTTTTTT
	

	EXO1(R655)-for
	GTGTCGCAGTTAAGGAGCGAGGAGTCC
	This work

	EXO1(R655)-rev
	GGACTCCTCGCTCCTTAACTGCGACAC
	This work

	EXO1(R801/802)-for
	GGAAAAACTTTGGATTTAGAAGAGATTCTGAAAAGC
	This work

	EXO1(R801/802)-rev
	GCTTTTCAGAATCTCTTCTAAATCCAAAGTTTTTCC
	This work
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