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Figure S1, Related to Figure 1. 
 

 

 



	  

 

 

 

 

 

 
 
 
Figure S2, Related to Figure 2. 
 
 

	  	  	  	  	  

	  



	  

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
Figure S3, Related to Figure 3. 
 
 

	  	  	  	  	  	   	  



	  

Supplemental Figure Legends 
 
Figure S1, Related to Figure 1: (A) Diagram comparing abundance changes 

between Mec1/Tel1-dependent and Mec1/Tel1-independent phosphopeptides. 
From 142 proteins found to have a Mec1/Tel1-dependent phosphorylation we 

found 92 representative Mec1/Tel1-independent phosphopeptides. Red and blue 

bars correspond to Mec1/Tel1-dependent phosphopeptides containing S/T-Q or 

S/T-ψ motifs, respectively. Black bars correspond to Mec1/Tel1-independent 

phosphopeptides. Dotted line represents the 6-fold threshold to establish 

Mec1/Tel1-dependent events. For detailed information see Supplemental Table 

S1. Dotted rectangles highlight Rad9 and Rtt107 phosphopeptides. (B) 

Representative examples for Rad9 and Rtt107 showing the abundance changes 

of theirs Mec1/Tel1-dependent and independent phosphopeptides. 

 
Figure S2, Related to Figure 2: QMAPS comparing wild-type vs 

pph3∆ptc2∆ptc3∆ mutant cells. Cells were released from α-factor arrest in SILAC 

media for 45 minutes. Abscissa shows relative fold change in phosphopeptide 

abundance (linear scale). Each dot corresponds to a different phosphopeptide 

identified at least 2 times out of 3 independent biological replicates. 

 

Figure S3, Related to Figure 3: QMAPS comparing wild-type vs dna2-AA 

ddc1∆ mutant cells. Cells were released from α-factor arrest in SILAC media for 

45 minutes. Abscissa shows relative fold change in phosphopeptide abundance 

(linear scale). Each dot corresponds to a different phosphopeptide identified at 

least 2 times out of 3 independent biological replicates. 
 

 

 

  



	  

Supplemental Tables 
 
Table S1. All Quantified Phosphopeptides Related to Figure 1 
Separate Excel file 
 
Table S2. QMAPS Related to Figure 2 
Separate Excel file 
 
Table S3. QMAPS Related to Figure 3 
Separate Excel file 
 
Table S4. QMAPS Related to Figure 4 
Separate Excel file 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



	  

Table S5: Yeast strains used in this study 

#	   Strain Genotype Source 

1 KHSY4729 MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2∆Bgl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3, ddc1::HIS3, sml1::TRP1 

Schmidt 
Lab 

2 KHSY4732 MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2∆Bgl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3, dna2-WY-AA::kanMX6 , sml1::TRP1 

Schmidt 
Lab 

3 KHSY5024 MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2∆Bgl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3, ddc1::HIS3, sml1::TRP1,	  tel1::natMX 

Schmidt 
Lab 

4 KHSY5025 MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2∆Bgl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3, ddc1::HIS3, dna2-WY-AA::kanMX6, sml1::TRP1 

Schmidt 
Lab 

5 KHSY5027 MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2∆Bgl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3, sml1::TRP1,	  tel1::NatMX 

Schmidt 
Lab 

6 KHSY5028 MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2∆Bgl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3, ddc1::HIS3, dna2-WY-AA::kanMX6,  sml1::TRP1,	  tel1::natMX 

Schmidt 
Lab 

7 KHSY5035 MATa, ura3-52, trp1Δ63, his3Δ200, leu2Δ1, lys2B∆gl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3, dna2-WY-AA::kanMX6,  sml1::TRP1,	  tel1::natMX 

Schmidt 
Lab 

8 KSHY4726 MATa, ura3-52, leu2Δ1, trp1Δ63, his3Δ200, lys2∆Bgl, hom3-10, ade2Δ1, ade8, 
hxt13::URA3	  sml1::TRP1 

Schmidt 
Lab 

9 MBS164 MATa, ura3-52, leu2∆1, trp1-63, his3-200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRP1 bar1::HIS3 

Smolka 
Lab 

10 MBS188 MATa, ura3-52, leu2∆1, trp1-63, his3-200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRP1, bar1::HIS3, rad53::URA3 

Smolka 
Lab 

11 MBS189 MATa, ura3-52, leu2∆1, trp1-63, his3-200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRP1, bar1::HIS3, mec1::URA3 

Smolka 
Lab 

12 MBS1964 MATa, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRIP1, bar1::HIS3, ddc1::kanMX6 

Smolka 
Lab 

13 MBS2035 MATa, ura3-52, leu2∆1, trp1-63, his3-200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRP1, bar1::HIS3, tel1::URA3 

Smolka 
Lab 

14 MBS2042 ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, ade8, arg4∆, 
sml1::TRIP1, bar1::HIS3, mec1::URA3, tel1::kanMX6 

Smolka 
Lab 

15 MBS2220 MATa, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRIP1, DNA2 WY-AA::kanMX6, ddc1::HIS3, bar1::URA3 

Smolka 
Lab 

16 MBS2223 MATa, ura3-52, leu2∆1, trp1∆63, his3∆200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRIP1, DNA2 WY-AA::kanMX6, bar1::URA3 

Smolka 
Lab 

17 MBS2411 MATa, ura3-52, leu2∆1, trp1-63, his3-200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRP1, bar1::HIS3, pph3::kanMX6, ptc2::URA3, ptc3::natMX 

Smolka 
Lab 

18 MBS2653 ura3-52, trp1-63, his3-200, lys2-Bgl, hom3-10, ade2∆1, ade8,YEL069C::URA3, 
DNA2 WY-AA::kanMX6, ddc1::HIS3, DPB11(aa1-600)::TRP1 

Smolka 
Lab 

19 MBS2654 MATa, ura3-52, leu2∆1, trp1-63, his3-200, lys2∆Bgl, hom3-10, ade2∆1, ade8, 
arg4∆, sml1::TRP1, bar1::HIS3, clb5::URA3, clb6::kanMX6 

Smolka 
Lab 

 
 
 
 
 
 
 
 



	  

Supplemental Experimental Procedures 
 
Plasmid 
 
DNA2 sequence was amplified from genomic DNA and cloned into pFA6a 

plasmid (pMBS 538) followed by site-directed mutagenesis reactions for W352A 

and Y544A mutations. The plasmid generated contains a 50bp upstream region 

of DNA2 (from positions -50bp to -1bp of start codon), the DNA2-AA ORF and a 

214bp downstream region of DNA2 (from positions +1bp to +214bp of stop 

codon) cloned with PacI and AscI. Plasmid pMBS 538 also contains a 500bp 

downstream region of DNA2 (from positions +215bp to +715bp of stop codon) 

(cloned with PmeI and EcoRI) for subsequent integration into the endogenous 

DNA2 locus. DNA2-AA was integrated into the endogenous DNA2 locus in a 

diploid strain preserving the DNA2 promoter and 3’ UTR sequences. After 

sporulation, haploid strains containing DNA2-AA mutant were isolated by tetrad 

dissection and genotyped based on PCR and analysis of auxotrophic markers. 

Plasmid pMBS 538 is available upon request. 

 
 
Cell Synchronization 
 

For synchronization, yeast cells were arrested in G1 with α-factor and released in 

α-factor-free media for allowing cells to progress into S-phase. Efficiency of cell 

cycle arrest and release was monitored by FACS analysis.  

 

 

FACS analysis  
 
Cells sample were collected at appropriate time points, fixed in 70% ethanol and 

stored at -20°C. Yeast cells were harvested by centrifugation, ethanol was 

removed, cell pellet was resuspended in 50mM sodium citrate followed by 



	  

treatement with 200µg/ml of RNase A (Qiagen) for 1h at 37°C and 500µg/ml of 

proteinase K (Invitrogen) for 1h at 42°C. Finally, cells were incubated in the 

presence of Sytox Green (Molecular Probes) for 2h at 4°C. FACS profiles were 

analyzed using a BD Accuri C6 - Flow cytometer and CFlow® software. 

 

 

Gross Chromosomal Rearrangements (GCR) assay 
 
Rates of accumulating GCRs were determined by fluctuation analysis by taking 

the median rate of at least 15 cultures from at least two isolates (Lea and 

Coulson, 1949; Schmidt et al., 2006) and 95% confidence intervals were 

calculated according to (Nair, 1940). Cells with GCRs were identified by their 

resistance to canavanine and 5-fluoro-orotic acid (Canr 5-FOAr), which is 

indicative of simultaneous inactivation of the CAN1 and URA3 genes on the 

modified chromosome V. Selective media for the GCR assay was prepared as 

previously described (Schmidt et al., 2006). 

 

 

Protein Extraction and Sample Preparation 
 
"Light" and "heavy"-labeled cultures were combined, harvested by centrifugation 

in TE buffer pH 8.0 containing protease inhibitors and stored frozen at -80°C until 

cell lysis. Approximately 0.4 g of yeast cell pellet was lysed by bead beating at 

4°C in 4 mL of lysis buffer containing 50 mM Tris-HCl, pH 7.5, 0.2% Tergitol, 150 

mM NaCl, 5 mM EDTA, complete EDTA-free protease inhibitor cocktail (Roche), 

5 mM sodium fluoride and 10 mM β-glycerophosphate. Protein lysates were 

denatured in 1% SDS, reduced with DTT, alkylated with iodoacetamide and then 

precipitated with three volumes of a solution containing 50% acetone and 50% 

ethanol. Proteins were solubilized in a solution of 2 M urea, 50 mM Tris-HCl, pH 

8.0, and 150 mM NaCl, and then TPCK-treated trypsin was added. Digestion was 

performed overnight at 37°C, and then trifluoroacetic acid and formic acid were 



	  

added to a final concentration of 0.2%. Peptides were desalted with Sep-Pak C18 

column (Waters). C18 column was conditioned with 5 column volumes of 80% 

acetonitrile and 0.1% acetic acid and washed with 5 column volumes of 0.1% 

trifluoroacetic acid. After samples were loaded, column was washed with 5 

column volumes of 0.1% acetic acid followed by elution with 4 column volumes of 

80% acetonitrile and 0.1% acetic acid. Elution was dried in a SpeedVac 

evaporator and resuspended in 1% acetic acid. 

	  

	  

Phosphopeptide Enrichment  
 
After protein extraction and trypsin digestion, desalted peptides were 

resuspended in 1% acetic acid and loaded in a tip column containing 30µl of 

immobilized metal affinity chromatography (IMAC) resin prepared as previously 

described (Albuquerque et al., 2008). After loading, the IMAC resin was washed 

with 1 column volume of 25% acetonitrile, 100 mM NaCl, and 0.1% acetic acid 

solution followed by 2 column volumes of 1% acetic acid, 1 column volume of 

deionized water and finally, eluted with 3 column volumes of 12% ammonia and 

10% acetonitrile solution.	  

	  

	  

HILIC Fractionation 
 
After phosphopeptide enrichment, samples were dried in a SpeedVac, 

reconstituted in 80% acetonitrile and 1% formic acid and fractionated by 

hydrophilic interaction liquid chromatography (HILIC) with TSK gel Amide-80 

column (2 mm x 150 mm, 5 µm; Tosoh Bioscience). One-minute fractions were 

collected between 10 and 22 min of the gradient. Three solvents were used for 

the gradient: buffer D (90% acetonitrile); buffer E (80% acetonitrile and 0.005% 

trifluoroacetic acid) and buffer F (0.025% trifluoroacetic acid). The gradient used 

consists of a 100% buffer D at time = 0 min; 98 % of buffer E and 2 % of buffer F 



	  

at time = 5 min; 82 % of buffer E and 18 % of buffer F at time = 15 min; and 5 % 

of buffer E and 95 % of buffer F from time = 25 to 27 min in a flow of 150 µl/min. 
 

 
Mass Spectrometry Analysis and Data Acquisition 
 
HILIC fractions were dried in a SpeedVac, reconstituted in 0.1% trifluoroacetic 

acid and subjected to LC-MS/MS analysis using a 20-cm-long 125-µm inner-

diameter column packed in-house with 3 µm C18 reversed-phase particles (Magic 

C18 AQ beads, Bruker). Separated peptides were electrosprayed into a Q-

Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific). Xcalibur 2.2 

software (Thermo Fischer Scientific) was used for the data acquisition and the Q 

Exactive was operated in the data-dependent mode. Survey scans were acquired 

in the Orbitrap mass analyzer over the range of 380 to 2000 m/z with a mass 

resolution of 70.000 (at m/z 200). MS/MS spectra was performed selecting up to 

the 10 most abundant isotopes with a charge state ≥ than 2 within an isolation 

window of 2.0 m/z. Selected isotopes were fragmented by Higher-energy 

Collisional Dissociation (HCD) with normalized collision energies of 27 and the 

tandem mass spectra was acquired in the Orbitrap mass analyzer with a mass 

resolution of 17.500 (at m/z 200). Repeat sequencing of peptides was kept to a 

minimum by dynamic exclusion of the sequenced peptides for 30 seconds. Some 

analyses were performed in an Orbitrap XL mass spectrometer (Thermo Fisher 

Scientific) as previously described (Ohouo et al. 2013). 

 

 

Peptide Identification and Quantitation 
 
Raw MS/MS spectra were searched in a SORCERER (Sage N Research, Inc.) 

system using SEQUEST software and a composite yeast protein database, 

consisting of both the normal yeast protein sequences and their reversed protein 

sequences as a decoy to estimate the false discovery rate (FDR) in the search 



	  

results. To increase the confidence of phosphopeptide identification, we 

performed a parallel search on Proteome Discoverer 1.4 software (Thermo 

Fisher Scientific) running SEQUEST and Percolator. Only phosphopeptides 

identified with high confidence in both SORCERER and Proteome 

discoverer/percolator searches were considered, which resulted in the complete 

elimination of any hits from the decoy database (FDR < 0.02%). Searching 

parameters included a semi-tryptic requirement, a mass accuracy of 15 ppm for 

the precursor ions, differential modification of 8.0142 daltons for lysine, 10.00827 

daltons for arginine, 79.966331 daltons for phosphorylation of serine, threonine 

and tyrosine and a static mass modification of 57.021465 daltons for alkylated 

cysteine residues. XPRESS software, part of the Trans-Proteomic Pipeline 

(Seattle Proteome Center), was used to quantify all the identified peptides. The 

phosphorylation localization probabilities were determined using PhosphoRS 

within Proteome Discoverer (version 1.4.1.14, Thermo Fisher Scientific). All 

checkpoint-dependent phosphopeptides were manually inspected for phospho 

site assignment and quantitation. The mass spectrometry data have been 

deposited to the Peptide Atlas.  

 

 

Criteria for establishing kinase-dependency 
 

As we were interested in defining phospho-events that are highly-dependent on 

MEC1 and TEL1, we began by arbitrarily assigning a high cutoff value (> or = to 

6-fold WT/mec1∆tel1∆) to establish Mec1/Tel1-dependent events. This helped 

eliminate phospho events whose regulation is partially affected by the lack of 

MEC1 and TEL1 and that are more likely to reflect indirect events. In addition, by 

establishing a high cutoff for defining MEC1/TEL1-dependent events, we were 

able to employ a low cutoff for defining Rad53-dependent events (which are 

already highly pre-filtered by the high cutoff in MEC1/TEL1). Furthermore, as the 

high cutoff was previously used to stringently assign Mec1/Tel1-dependent 

events, we were also able to apply a rather lower cutoff of > or = to 2.5 fold to 



	  

establish which phosphopeptides were highly dependent on either Mec1 or Tel1. 

Briefly, the following criteria was used for assigning Mec1/Tel1-dependent 

phosphopeptides: (1) At least 6-fold increase in phosphopeptide abundance in 

WT relative to mec1∆tel1∆ cells. (2) For Mec1 or Tel1 we established a threshold 

of 2.5-fold increase in WT relative to mec1∆ or tel1∆ cells. (3) For Rad53-

dependent phosphopeptides, we established a threshold of 2-fold increase in 

abundance in WT relative to rad53∆ cells. (4) Moreover, to be considered a 

Mec1/Tel1-dependent substrate, each phosphopeptide must be Mec1/Tel1-

dependent but not Rad53-dependent and to be considered a Rad53-dependent 

substrate, each phosphopeptide has to be Mec1/Tel1-dependent and Rad53-

dependent substrate. (4) Finally, we considered only phosphopeptides identified 

in at least 2 biological replicates.  

 

 

Fold change calculation and QMAPS generation 
 
Fold change calculation and QMAPS generation were done using custom-

designed web tool. The web tool allowed upload of data files generated by the 

SORCERER software. Using this data, it calculated the normalized 

protein/peptide abundances and appropriate abundance ratios. These fold 

changes were used to generate QMAPS using Matlab (Mathworks). To generate 

the QMAPS, results of the phosphoproteome analysis were filtered using a list of 

kinase checkpoint-dependent phosphopeptides identified in this study. For each 

QMAPS, we considered phosphopeptides that were identified at least 3 times in 

2 biological replicates. Phosphopeptides plotted on the QMAPS were manually 

inspected for phospho site assignment and quantitation. 

	  

	  

Immunoprecipitation (IP) followed by IMAC 
 



	  

For immunoprecipitation (IP), cell cultures were collected at 25, 30, 35 and 45 

minutes after release from alpha factor-arrested into S-phase. Cells collected at 

25, 30 and 35 minutes were cultured in “light” media while cells collected at 45 

minutes were cultured in “heavy” media. Cell pellet was lysed by bead beating at 

4°C in lysis buffer containing 50 mM Tris-HCl, pH 7.5, 0.2% Tergitol, 150 mM 

NaCl, 5 mM EDTA, 1 mM PMSF, Complete, EDTA-free Protease Inhibitor 

Cocktail (Roche), 5 mM sodium fluoride and 10 mM β-glycerophosphate. After 

adjusting protein concentrations to about 5 mg/ml, lysates were incubated with 

either EZview™ Red Anti-FLAG M2 agarose (Sigma) or acetyl lysine antibody 

agarose (Immunechem) for 2–3 h at 4°C. After three washes in lysis buffer, 

bound proteins were eluted with three resin volumes of elution buffer containing 

100 mM Tris-HCl, pH 8.0, 1% SDS. Eluted proteins from “light” or “heavy” 

medium were combined accordingly, reduced, alkylated and precipitated with 

three volumes of a solution containing 50% acetone and 50% ethanol. Proteins 

were solubilized in a solution of 2 M urea and 12 mM Tris-HCl, pH 8.0 and then 

trypsinized O.N. at 37°C with 1µg of Trypsin Gold (Promega). For acetylation 

analysis of histone H3, samples were desalted with a Sep-Pak C18 column 

(Waters), dried in a SpeedVac evaporator and resuspended in 0.1% 

trifluoroacetic acid. For phosphorylation analysis of Mec1 and Rfa1, samples 

were loaded in a tip column containing 15µl of immobilized metal affinity 

chromatography (IMAC) resin. After loading, the IMAC resin was washed with 1 

column volume of 25% acetonitrile, 100mM NaCl, and 0.1% acetic acid solution 

followed by 1 column volume of deionized water and finally, eluted with 3 column 

volumes of 12% ammonia and 10% acetonitrile solution. Samples were dried in a 

SpeedVac, and resuspended in 0.1% trifluoroacetic acid. Samples were 

subjected to LC-MS/MS quantitation analysis. 
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