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Supplemental Methods

Strain construction, plasmid generation and genomic integration of point mutants

All S. pombe strains used in this study are listed in Supplemental Table S1. The strains were

constructed by electroporation (Biorad MicroPulser program ShS) with a PCR-based gene

targeting product  leading to  deletion  or  epitope-tagging of  specific  genes.  Plasmids were

cloned by enzyme digestion and subsequent DNA-ligation. Point mutations were introduced

with inverse PCR (Ulrich et al. 2012). The point mutations for Caf1D53AD243AD174A were

chosen  according to  Jonstrup  et  al  (Jonstrup  et  al.  2007). D50A corresponds  to  D53A

according to a new pombase annotation. The Ccr4 activity mutant, Ccr4H665A, was taken

corresponding to the homologous Ccr4H818A mutant in S. cerevisiae (Chen et al. 2002). For

genomic integration of the point mutants, a PCR with long overhang primers according to

Bähler  et  al. (Bähler  et  al.  1998) was  performed  and  the  product  transformed.  Positive

transformants were selected on YES plates containing 100 – 200 mg/ml antibiotics and were

confirmed by PCR and sequencing. 

Generation of over-expression strains

One half each of tlh1 (5'tlh: 1-2800 bp; 3'tlh: 2801-5664 bp) or LEU2 (from S. cerevisiae; from

start codon to stop codon without 3’ UTR) was cloned into pFA6a-kanMX6-nmt3-Tadh (adh

Terminator). To improve the recombination efficiency, upstream of kanMX6 and downstream

of Tadh ~700 bp of the sequence upstream and downstream of SPNCRNA.70 were cloned,

respectively. The PCR product spanning “620 bp up SPNCRNA.70 – kanMX6 – Pnmt1 – ½

tlh or LEU2 – Tadh – 759 bp down SPNCRNA.70” was transformed into a wild type S. pombe

strain.  To  insert  the  ade6 reporter  the  strains  were  transformed  with  a  PCR  construct

harboring 80 nt overhangs complementary to the sequence upstream of SPNCRNA.70 and to

the nmt promoter, respectively. In between was the ade6 gene, a 1.7 kb long spacer spanning

two bla sequences without startcodon and promoter, and the hphMX6 cassette. A PCR was

performed with the forward primer binding upstream of SPNCRNA.70 and a reverse primer in

Tadh and sequenced.
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Ago1-bound siRNA sequencing

Endogenous  3xFLAG-tagged  Ago1  was  purified  from different  mutants  by  protein  affinity

purification (Marasovic et al. 2013). The pellet of a 2.5 l culture with OD600 between 2.0 – 2.5

was resuspended 1:1 in lysis buffer (50 mM HEPES (pH 7.5), 1.5 M NaOAc, 5 mM MgCl2, 2

mM EDTA pH 8, 2 mM EGTA pH8, 0.1% Nonidet P-40, 20% Glycerol) containing 1 mM PMSF,

0.8 mM DTT and Complete EDTA free Protease Inhibitor Cocktail (Roche). Cells were lysed

with  0.25-0.5  mm glass  beads  (Roth)  using  the  BioSpec FastPrep-24  bead  beater  (MP-

Biomedicals) (4 cycles of 30 s at 6.5 m/s then 5 min on ice). The lysate was spun at 13000 x

g for 15 min to remove cell debris. The supernatant was incubated with 30 µl Flag-M2 affinity

gel (Sigma, A2220) for 1.5 h at 4°C. The resin was washed 5 times with lysis buffer. Ago1 was

eluted with 1% SDS, 300 mM NaOAc. The protein-bound RNA was recovered by phenol-

chloroform-isoamylalcohol (25:24:1, Roth) extraction and ethanol precipitation. Small RNAs

with  the  length  20-30  nt  were  excised  from  an  18%  acrylamide  urea  gel.  2  pmol  of  a

preadenylated 3' adaptor oligonucleotide (miRNA Cloning Linker-1 from IDT, 5'-App CTG TAG

GCA CCA TCA AT/ddC/-3') were ligated in a 10 µl reaction with 5 U T4 RNA ligase (TaKaRa),

ligation buffer without ATP and 5 U RNasin (Promega) at 20°C for 2 hours. The 3' ligated

products were purified on an 18% acrylamide urea gel with subsequent phenol-chloroform

purification and ethanol purification. The 5' adaptor ligation was performed in a 10 µl reaction

with 2 pmol 5' adaptor oligonucleotide (5'-GUU CAG AGU UCU ACA GUC CGA CGA UC-3'),

5 U RNasin (Promega), 0.06 µg BSA, 5 U T4 RNA ligase (Thermo Scientific) and 1x ligation

buffer with ATP (Thermo Scientific) for 2 h at 20°C. The ligated products were gel purified and

reverse transcribed with 10 pmol primer (RT primer: 5'- GTG ACT GGA GTT CAG ACG TGT

GCT CTT CCG ATC GAT TGA TGG TGC CTA CAG-3') and the SuperScript III First Strand

Synthesis System (Thermo Scientific). The cDNA was PCR-amplified with Q5 High-Fidelity 2x

Master Mix (NEB) for 14-20 cycles using the Illumina P5 5' primer (5' -AAT GAT ACG GCG

ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC G -3') and the Illumina P7 3' primer

with inserted barcode (5'-CAA GCA GAA GAC GGC ATA CGA GAT XXXXXX GTG ACT GGA

GTT  CAG  ACG  TG  -3').  Single  end  sequencing  was  performed  on  an  Illumina  GAIIX

sequencer at the LAFUGA core facility of the Gene Center, Munich. The Galaxy platform was

used to demultiplex the obtained reads with Je-Demultiplex-Illu. (Goecks et al. 2010).
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total RNA isolation 

Total RNA was isolated of a 2 ml (qRT-PCR) or 10 ml (Northern Blot) yeast culture with OD 600

of 1.0 applying the hot phenol method. The pellet was resuspended in 500 µl lysis buffer (300

mM NaOAc pH 5.2, 10 mM EDTA, 1% SDS) and 500 µl phenol-chloroform-isoamylalcohol

(25:24:1,  Roth)  and incubated at  65°C for  10 min with  constant  mixing. The organic and

aqueous fractions were separated by centrifugation at 20 000 x g for 10 min. Nucleic acids in

the aqueous fraction were precipitated with ethanol and then treated with DNAse I (Thermo

Scientific)  for  1 h or  2  h at  37°C. DNAse was removed by a second phenol-chloroform-

isoamylalcohol extraction and ethanol precipitation.  

Reverse Transcription and quantitative Real-Time PCR (qRT-PCR)

50 ng of total RNA was reverse transcribed with SuperScript III First Strand Synthesis System

(Thermo Scientific) and 0.2 pmol of either specific primers if not stated in the figure legend, or

a poly(dT) primer (Supplemental Table S2). Real-time PCR was performed with 1 ng of cDNA,

DyNamo Flash SYBR Green qPCR Master Mix (Thermo Scientific), and specific  primers in

the Toptical thermocycler (Biometra), according to the manufacturer’s instructions. qRT-PCR

was performed in duplicate or triplicate for each cDNA sample and primer. A non reverse-

transcribed sample was used as control for DNA contamination. 

total RNA and poly(A) RNA sequencing 

rRNA of 1 µg total RNA was degraded with Terminator nuclease  (Epicentre)  in buffer A at

30°C for 2 h. For p(A) RNA sequencing, poly-adenylated RNA was extracted from total RNA

with oligo d(T)25 magnetic beads (NEB). The RNA library was obtained using the NEBNext

Ultra  Directional  RNA Library  Prep  Kit  for  Illumina  (NEB).  Single  end  sequencing  was

performed on an Illumina GAIIX sequencer at the LAFUGA core facility of the Gene Center,

Munich.  The  Galaxy  platform  was  used  to  demultiplex  the  obtained  reads  with  Je-

Demultiplex-Illu.

Northern Blot 

10 µg of total RNA were run on an 0.8% agarose MOPS gel and transferred to a positively

charged nylon membrane according to GE Healthcare Amersham Hybond N+ instructions for
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Northern blotting with capillary transfer. The RNA was UV-cross-linked to the membrane with

Spectrolinker XL-1500 (Spectroline, ”optimal crosslink”). Prehybridization was performed with

Church Buffer (0.5 M NaH2PO4/ Na2HPO4 pH 7.2, 1 mM EDTA, 7% SDS) at 40°C for at least 8

hours. 10 pmol of DNA probes were labeled with T4 PNK (NEB) and 10 pmol [γ-32P]-ATP

(Hartmann Analytic) at 37°C for 60 min. The labeled probes were purified with an Illustra

MicroSpin G-25 column (GE Healthcare), mixed with 5 ml Church Buffer, and incubated with

the membrane for at least 2 h at 40°C. The membrane was rinsed twice with 2x SSC buffer

(0.3 M NaCl, 0.03 M sodium citrate, pH 7.0) and then washed three times with 2x SSC buffer

for 15 min at 40°C each. The membrane was wrapped in cling film and exposed to a storage

phosphor screen (BAS MS 2025 - Fujifilm Corporation) overnight up to 2 days at -80°C. The

screen was scanned with a Typhoon FLA 9500 (GE Healthcare). For a second labeling of the

same  membrane,  the  membrane  was  stripped  in  boiling  0.1%  SDS  for  5  min  and

subsequently prehybridized. 

Growth assay and ade6 reporter spot assay

Tenfold serial dilutions of cultures with OD600 between 0.7 and 1.5 were made so that the

highest density spot contained 105 cells. Cells were spotted on non-selective YES medium or

not supplemented YE (low adenine) medium or EMMC low adenine (10 mg/l adenine, 226

mg/l leucine, 226 mg/ uracil). The plates were incubated at 32ºC for 2-3 days and imaged.

Cells with a silenced ade6 gene are red, cells expressing ade6 are white. In pink colonies the

ade6 gene is partially de-repressed.

tlh over-expression ade6 reporter assays

For investigating maintenance of heterochromatin at the ade6 gene in the nmt1-tlh and nmt1-

LEU2 strains, a 50 ml culture of one red colony in YES was grown to an OD600 of 1-2 and ca.

200 - 500 cells were plated on a YE (low adenine, thiamine +) and an EMMC 10 mg/l adenine

(low adenine, thiamine -) plate. The plates were grown at 32°C until the color of the colonies

was  clearly  visible.  The  plates  were  imaged  and  different  cell  colors  were  quantified  by

counting. 
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Chromatin immunoprecipitation (ChIP). 50 ml yeast cultures with an OD600 of 1.2 were

cross-linked with 1% formaldehyde (Roth) for 15 min at room temperature. The reaction was

quenched with 125 mM glycine for 5 min. The frozen pellet was resuspended in 500 µl lysis

buffer (250 mM KCl, 1x Triton-X, 0.1% SDS, 0.1% Na-Desoxycholate, 50 mM HEPES pH 7.5,

2 mM EDTA, 2 mM EGTA, 5 mM MgCl2, 0.1% Nonidet P-40, 20% Glycerol) with 1 mM PMSF

and Complete EDTA free Protease Inhibitor Cocktail (Roche). Lysis was performed with 0.25-

0.5 mm glass beads (Roth) and the BioSpec FastPrep-24 bead beater (MP-Biomedicals), 8

cycles at  6.5 m/s for  30s and 3 min on ice.  DNA was sheared by sonication (Bioruptor,

Diagenode) 35 times for 30 s with a 30 s break. Cell debris was removed by centrifugation at

13 000 x g for 15 min. The crude lysate was normalized based on the RNA and Protein

concentration  (Nanodrop,  Thermo  Scientific)  and  incubated  with  1.2  µg  immobilized

(Dynabeads Protein A, Thermo Scientific) antibody against dimethylated H3K9 (H3K9me2,

Abcam AB1220), H3 (ab1791, abcam), H3S10P (ab5176, abcam),  anti-FLAG M2-Magnetic

Beads (Sigma-Aldrich) or 5 µl agarose conjugated Pierce HA Epitope Tag Antibody (#26181,

Thermo Scientific) for at least 2 h at 4°C. The resin with immunoprecipitates was washed five

times with each 1 ml of lysis buffer and eluted with 150 µl of elution buffer (50 mM Tris HCl pH

8.0, 10 mM EDTA, 1% SDS) at 65°C for 15 min. Cross-linking was reversed at 95°C for 15

min and subsequent RNase A (Thermo Scientific) digest for 30 min followed by Proteinase K

(Roche)  digest  for  at  least  2  h  at  37°C or  ON at  65°C.  DNA was recovered by phenol-

chloroform-isoamylalcohol (25:24:1, Roth) extraction with subsequent ethanol  precipitation.

DNA  levels  were  quantified  by  qRT-PCR  and  normalized  to  tdh1 background  levels.

Oligonucleotides used for quantification are listed in Supplemental Table S2. For sequencing,

a ChIP-seq library was made using the NEBNext Ultra II DNA Library Prep Kit for Illumina kit

(NEB). 

DNA-RNA hybrid immunoprecipitation (DRIP) sequencing. 

Lysis was performed like in ChIP from a 50 ml pellet without crosslinking in 350 mM KCl lysis

buffer.  The R-loop free RNA was degraded adding 80 µg of Rnase A (Thermo Scientific)

incubating  at  37°C  for  1  hour.  DNA was  recovered  by  phenol-chloroform-isoamylalcohol

(25:24:1,  Roth)  extraction  with  subsequent  ethanol  precipitation.  The  samples  were
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normalized measuring the solution absorbance at 260 nm.  Displaced ssDNA of R-loops was

digested  by  S1  nuclease  (Thermo  Scientific)  treatment  (Wahba  et  al.  2016).  DNA was

sheared in lysis buffer (250 mM KCl) by sonication (Bioruptor, Diagenode) 35 times for 30 s

with a 30 s break. DNA was recovered by phenol-chloroform-isoamylalcohol extraction with

subsequent ethanol precipitation. The sample was divided into two aliquots to be treated and

not  to  be treated with  50 U RNase H (NEB) overnight.  The two aliquots were incubated

overnight with 1.2 µg immobilized (Dynabeads Protein A, Thermo Scientific) antibody against

DNA:RNA hybrids  (S9.6,  Kerafast).  The  resin  with  immunoprecipitates  was  washed  and

eluted as  done for  ChIP,  followed by an overnight  treatment  at  50°C with  RNase A and

Proteinase K (Roche). DNA was recovered by phenol-chloroform-isoamylalcohol extraction

and ethanol precipitation.  The DRIP library was obtained using the NEBNext Ultra II  DNA

Library Prep Kit for Illumina (NEB). 

RNA IP / Pol II bound nascent RNA / H3-bound RNA. RNA IP was performed like ChIP but

without  RNase  A  digest,  with  anti-RNA polymerase  II  CTD  repeat  YSPTSPS  antibody

[8WG16]  (ab817,  abcam),  anti-H3  antibody  (ab1791,  abcam)  or anti-FLAG  M2-Magnetic

Beads (Sigma-Aldrich). After phenol-chloroform-isoamylalcohol extraction, DNA was digested

with DNAse I (Thermo Scientific) for 2 h at 37°C. RNA was recovered with a second phenol-

chloroform-isoamylalcohol  purification and ethanol  precipitation.  RNA was either  taken for

making a sequencing library using the NEBNext Ultra Directional RNA Library Prep Kit for

Illumina (NEB) or it was reverse transcribed into cDNA with specific primers with subsequent

qRT-PCR. 

ChIP-exo sequencing

ChIP-exo was performed similarly as described before with minor modifications  (Rhee and

Pugh 2012; Serandour et al. 2013). Starting material was the frozen pellet of a 100 ml yeast

culture with an OD600 of 1.2, cross-linked with 1% formaldehyde (Roth) for 30 min. Sonication

was  performed  with  the  Branson  Sonifier,  40.4  setting,  five  times  for  30  s.  For

immunoprecipitation  6  µl  anti-FLAG  M2-Magnetic  Beads  (Sigma-Aldrich)   or  anti-RNA

polymerase II CTD repeat YSPTSPS antibody [8WG16] (ab817, abcam) coupled to Protein G
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Dynabeads (Thermo Scientific) were used overnight. The salt buffers written in the protocol

were  only  used  for  washing  after  immunoprecipitation  and  adaptor  ligation.  Otherwise

washing was done twice with a general wash buffer (10 mM Tris HCl pH 8, 2 mM EDTA pH 8,

300 mM NaCl, 0.1% Triton X-100) and once with TE. Elution was also done with a different

Elution buffer (25 mM Tris HCl pH 8, 10 mM EDTA pH 8, 200 mM NaCl, 1% SDS). PCR

amplification was performed with NEBNext® Q5® Hot Start HiFi PCR Master Mix, NEB. 

Chromatin fractionation

The frozen pellet of a 10 ml culture with an OD600 of 1.0 was resuspended in 250 µl lysis

buffer (250 mM KCl, 1x Triton-X, 0.1% SDS, 0.1% Na-Desoxycholate, 50 mM HEPES pH 7.5,

2 mM EDTA, 2 mM EGTA, 5 mM MgCl2, 0.1% Nonidet P-40, 20% Glycerol) and lysed with

0.25-0.5  mm  glass  beads  (Roth)  and  the  BioSpec FastPrep-24  bead  beater  (MP-

Biomedicals), 8 cycles at 6.5 m/s for 30s and 3 min on ice. (Under the microscope it was

analyzed that 99% of the cells were broken.) The lysate was spun at 21,000 x g for 20 min.

200  µl  of  the  supernatant  were  taken  as  “unbound”  fraction.  Residual  supernatant  was

removed by washing twice with 800 µl lysis buffer and centrifugation at 21,000 x g for 10 min.

The  pellet  was  resuspended  in  250  µl  lysis  buffer.  200  µl  of  the  suspension  built  the

“chromatin” fraction. The fractions were divided in half, respectively, to separate between RNA

and DNA. The DNA samples were treated with RNaseA and Proteinase K before Phenol-

Chloroform-Isoamylalcohol  treatment  and  Ethanol  precipitation.  qRT-PCR  was  performed

without normalization of DNA amount to analyze if chromatin fractionation worked. RNA was

recovered by Phenol-Chloroform-Isoamylalcohol treatment, Ethanol precipitation and DNase

digest like described for total RNA isolation. Reverse transcription was performed with 100 ng

RNA for each sample and specific primers for tlh and tdh. qRT-PCR was performed using also

non-reverse transcribed sample as control to be sure that no DNA was amplified. In each

fraction, tlh RNA was normalized to tdh1 RNA and presented as foldchange compared to “wild

type unbound”. 

3xFLAG-Caf1 RNA IP with chromatin fractionation. Caf1-associated RNA in the chromatin

and the non-chromatin fraction were isolated like the RNA IP described before. Just before

sonication, the sample was centrifuged for 20 min at 21 000 x g at 4°C. The supernatant was
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taken  as  “non-chromatin  fraction”,  the  pellet  was  washed  twice  with  lysis  buffer,  then

resuspended in lysis buffer, which formed the “chromatin fraction”. IP was performed with anti-

FLAG M2-Magnetic Beads (Sigma-Aldrich). 

Analysis of sequencing data

Single end sequencing of the libraries was performed on an Illumina GAIIX sequencer at the

LAFUGA core  facility  of  the  Gene  Center,  Munich.  The  Galaxy  platform  was  used  to

demultiplex the obtained reads with Je-Demultiplex-Illu (Goecks et al. 2010).

Demultiplexed illumina reads were mapped to the S. pombe genome, allowing 2 nucleotides

mismatch  to  the  genome  using  Novoalign  (http://www.novocraft.com).  Small  RNA reads

mapping  to  multiple  locations  were  randomly  assigned.  Using  custom  perl  scripts,  the

datasets were normalized to the number of reads per million (rpm) sequences for small RNA-

seq or reads per million mapping to coding sequences for total RNA-seq, p(A) RNA-seq, Caf1

RIP-seq  and  H3  RIP-seq. ChIP data  were  either  normalized  by  rpm if  variation  in  read

amounts was low, if centromeric heterochromatin was lost for example, ChIP-seq data were

normalized to regions which were not changed in different mutants. Caf1 ChIP and DRIP

reads were summed in a window of 100 nt and divided by the corresponding control to display

the fold-change using the Integrative Genomics Viewer (IGV) (http://www.broad.mit.edu/igv).

Sequenced strains are listed in Supplemental Table S3. 

Box plot generation of wild type H3 RIP-seq over Pol II RIP-seq, or caf1Δdcr1Δ H3 RIP-seq

over wild type H3 RIP-seq: The foldchange of reads of every gene from sample 1 (e.g. wild

type H3 RIP-seq) over sample 2 (e.g. wild type Pol II RIP-seq) was calculated using perl. The

classification  of  genes  was  done  with  the  linux  “grep”  command to  separate  SPNCRNA

annotated genes and genes with the feature protein_coding (introns included).  Genes which

are located in constitutive heterochromatic regions (except for tRNA and rRNA: Chr1 0 -37 kb,

3753 – 3790 kb, 5532 kb – end; Chr2: 0 – 15 kb, 1600 – 1645 kb, 2114 – 2122 kb, 2129 kb –

2137 kb, 4497 kb – end; Chr3: 1068 kb – 1140 kb) were extracted with a script written in perl.

Overlaps between classifications were in general excluded. Euchromatic genes exclude all

heterochromatic genes as well as rRNA transcripts.  
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Statistical Analysis

Two sided t-test for two independent datasets with high variance was used to calculate the p-

value. The p-value was displayed with stars: P-value < 0.05 *, < 0.01 **, < 0.001 ***.
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