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Materials and Methods

Generation of the 3D12 monoclonal antibody

The antibody was generated as previously described (7). For immunization we used the
CTD-specific phosphopeptide YSPTSPKme2Y (P)SPTSPSC (PSL GmbH, Heidelberg,
Germany, (P) refers to the phosphate at the preceding Y residue) coupled to ovalbumin.
The rat monoclonal antibody 1C7 (IgG2a) recognizes unphosphorylated and different
phosphorylated forms of the CTD (fig. S1).

Characterization of the 3D12 antibody

For further characterization of specificity, antibodies were analyzed in ELISA
experiments using CTD-like peptides with different modification patterns (Peptide
Specialty Laboratories GmbH, Heidelberg, Germany) coupled to 96-well maleimide
plates (Thermo Fisher Scientific Inc., Rockford, IL USA) as antigen (fig. S1). Peptides
were incubated with the monoclonal antibodies and biotinylated, subclass-specific
antibodies respectively. After incubation with horseradish peroxidase (HRP)-coupled
avidin, H,O,and TMB (3,3’,5,5’-tetramentylbenzidine) was added. Absorbance of each
well was measured at 650 nm after color change and quantitated with an ELISA reader.

Immunoprecipitation (IP) for antibody validation

HeLa cells were washed twice with cold PBS and lysed in 100 pl lysis buffer per
3x10° cells (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% NP-40 (Roche), 1x PhosSTOP
(Roche), 1x protease inhibitor cocktail (Roche) for 30 min on ice. All samples were
sonicated on ice using a BRANSON Sonifier 250 (15 sec on, 15 sec off, 50% duty) and
centrifuged at 16,400 rpm (FA-45-24-11 rotor) for 20 min at 4°C. The supernatant was
incubated with antibody-coupled protein G-Sepharose beads (2.5 pg of antibodies for 4 h
at 4 °C, followed by 3 washes with 1 ml IP buffer) rotating overnight. Beads were
washed 5 times with 1ml lysis buffer before continuative experiments. For IPs from
yeast, logarithmically grown cells (ODggo = 0.8) were pelleted, washed and lysed in 1 ml
lysis buffer (50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-
100, 0.1% sodium deoxycholate) with phosphatase/protease inhibitors per 50 ml cells.
After centrifugation (13,000 rpm, FA-45-24-11 rotor for 30 min at 4°C) the supernatant
was added to the antibody-precoupled beads respectively. After overnight incubation, the
beads were washed 5 times with lysis buffer (+ inhibitors) and proteins were boiled off
Sepharose beads in Laemmli buffer (2% SDS, 10% glycerol, 60 mM TrisHCI, pH 6.8, 10
mM EDTA, 1 mM PMSF, 100 mM DTT, 0.01% bromophenol blue) for SDS-PAGE.

In vitro c-Abl kinase assay

Immuno-purified Pol 1l from whole cell extracts with an antibody recognizing
unphosphorylated CTD (1C7) was used as substrate for kinase assays. 10 ul of the
substrate coupled Sepharose G beads were incubated with 40 pl tyrosine kinase buffer
(5x kinase buffer A: 300 mM HEPES, pH 7.5, 15 mM MgCl;, 15 mM MnCl,, 6 mM
DTT, 15 mM Na3VQ,, 12.5 uM PEG 20,000) or serine kinase buffer (5x kinase buffer B:
250 mM HEPES, pH 7.9, 50 mM MgCl,, 500 mM KCI, 5 mM DTT, 1 mM EGTA, 500
MM EDTA), 200 uM ATP, 1 pg BSA and 200 ng of the recombinant kinase (ProQinase
GmbH, Freiburg, Germany) at 30°C for 30 minutes. 10 pl of 6x Laemmli buffer was




added and samples were boiled for 7 minutes at 95°C followed by SDS-PAGE and
western analysis.

Chromatin immunoprecipitation (ChIP) upon kinase inhibition

ChlIP experiments were performed as described (31), but with the following
modifications. First, analog-sensitive (as) kinase yeast strains (32) were grown in 100 ml
YPD medium at 30°C to ODgy ~ 0.6. Then the culture was split in two 50 ml cultures.
One culture was treated with the respective kinase inhibitor (dissolved in DMSQO) and the
other one with DMSO only, serving as a solvent control. For kinase inhibition the
following inhibitors were applied: 20 uM of 3-MB-PP1for Burl inhibition, 10 uM 1-
NM-PP1 for Ctk1 and Srb10 inhibition, and 5 uM 1-NA-PP1 for Kin28 inhibition. After
addition of the kinase inhibitor or the solvent control, cultures were further grown to an
ODggo of ~0.8 (45 min) and crosslinked as described recently. Second, cell lysis and
chromatin preparation was conducted in the presence of phosphatase inhibitors (1 mM
NaN3, 1 mM NaF, 0.4 mM NazVOy,). Third, for chromatin immunoprecipitation
monoclonal antibodies with strong specificity and affinity against different
phosphorylation states of the Pol 1l CTD, Ser5-P (3E8), Ser2-P (3E10) and Tyr1-P
(3D12) as well as an antibody against the Pol Il subunit Rpb3 (1Y26, NeoClone
Biotechnology) were applied. 700 pl chromatin were immunoprecipitated with 25 pl
3ES, 20 ul 3E10, 100 pl 3D12 and 5 pl 1Y26 for 18 h at 4°C. Next, 25 pl of Protein G
and Protein A Sepharose 4 Fast Flow (GE Healthcare) were added and incubated for
another 1.5 h at 4°C. Immunoprecipitated chromatin was further processed and analyzed
by quantitative realtime PCR essentially as described recently (14).

Genome-wide signal profiling

Chromatin immunoprecipitation was performed as described (14). Briefly, 600 ml of
yeast were grown in YPD medium to mid-log phase and treated with 1% (v/v)
formaldehyde for 20 min at 20°C. Cells were lysed by bead beating with silica-zirconia
beads for 60 min. Chromatin was resolubilized and sheared by sonication (Bioruptor
UCD-200, Diagenode) for 35 min at 4°C. For TAP-tagged proteins, immunoprecipitation
(IP) was performed with IgG Sepharose beads (GE Healthcare) for 3 h at 4°C. For the
Tyrl and Thr4 Pol 11 phospho-isoforms, IP was performed with 100 pl 3D12 and 100 pl
6D7 monoclonal antibodies, respectively. IP was conducted in the presence of the
respective monoclonal antibody over-night at 4°C and then incubated with Protein A and
G Sepharose beads (GE Healthcare) for 1.5 h at 4°C. After several washing steps and the
elution from Sepharose beads, crosslinks were reversed by heating with Proteinase K
over-night. DNA was purified and RNA was digested by RNase A. DNA was amplified
with the Whole Genome Amplification 2 Kit (Sigma) according to the manufacturer’s
instructions. 5.5 ug of DNA was hybridized onto a custom-made Affymetrix tiling array
that covers the yeast genome at 4 nts resolution (33). At least two biological replicates
were analyzed. ChIP-chip of the Tyrl and Thr4 Pol 1l phospho-isoform was carried out in
the presence of phosphatase inhibitors (1 mM NaNs;, 1 mM NaF, 0.4 mM NazVO,).

ChlIP-chip data normalization
Normalization of ChIP-chip data was performed as described recently (14). First, we
performed quantile normalization between replicate measurements (not between non-




replicate measurements). Second, for each condition (including the reference
measurements) we averaged the signal for each probe by calculating the geometric
average over the replicate intensities. Third, IP data from all factors and Pol 1l phospho-
isoforms were normalized by dividing through genomic input intensities. Data was
smoothed using running median smoothing with a window half size of 75 bp.

Gene-averaged occupancy profiles

Gene-averaged profiles were generated as described recently (14). Briefly, the
normalized ChIP-chip signal (log, IP/Input) at each nucleotide was calculated as the
median signal of all probes overlapping this position. To average profiles over genes,
yeast genes were filtered. Of 4,366 yeast genes with annotated TSS and pA sites (34), we
examined the 50% most highly expressed genes (15) that were at least 200 nts away from
neighboring genes (ALL gene set, 1140 genes). Three ORF length classes were defined,
Short (S, 512 to 937 bp), Medium (M, 938 to 1537 bp), and Long (L, 1538 to 2895 bp),
comprising 266, 339, and 299 filtered genes, respectively. Profiles within these groups
were scaled to median gene length and the gene-averaged profiles were calculated by
taking the median over genes at each genomic position.

Pairwise profile correlations

Correlation analysis was done using 4,366 genes with TSS and pA annotations (34).
Pairwise Pearson correlations over factor occupancy profiles were calculated between
concatenated gene profiles ranging each from TSS-250 bp to pA+250 bp.

Singular value decomposition (SVD)

SVD analysis was performed as described recently (14). Briefly, for each of the Pol
I1 phospho-isoforms f and for each of the 4,366 genes g for which we had TSS and pA
annotations (34), we calculated 90%-quantiles of ChIP-chip signals within a region [TSS-
250bp, pA+250bp] as a robust proxy for peak occupancies. This resulted in a 3x4,366
matrix. From each matrix element, we subtracted the average over its row. The resulting
matrix Xt was subjected to SVD, yielding singular values 01>0,>63>0 and unit-length,
orthogonal, singular vectors uy,uz,Us, V1,V2,V3, such that Xig= Zi=1, 3 0iXUisxVig. The K'th
term in this sum, aXukXVvig, can explain a fraction /% 072 of the data variance.

Protein sample preparations

The DNA sequence coding for the S. cerevisiae Nrd1-CID (residues 6-151 (16)),
Pcf11-CID (residues 1-140 (22)) and Rtt103-CID (residues 1-131 (23)) was cloned into a
pET28b plasmid, resulting in an N-terminal hexahistidine tagged protein version.
Proteins were expressed in E. coli BL21 (DE3) RIL cells (Stratagene) in 1 L LB medium
for 16 h at 18°C. Cells were harvested, washed with PBS buffer, and lysed by sonication
in the presence of buffer A (50 mM Tris-HCI, pH 8.0, 300 mM NacCl, 10 mM -
Mercaptoethanol). The lysate was cleared by centrifugation and the supernatant was
loaded on a Ni-NTA column (Qiagen). The Pcf11-CID was further purified as previously
described (22). For further purification of the Nrd1-CID the eluate of Ni-NTA column
was applied to cation exchange chromatography (Mono S, GE Healthcare). The column
was equilibrated with buffer B (50 mM MES, pH 6.5, 50 mM NaCl, 1 mM DTT), and
Nrd1-CID was eluted with a linear gradient of 20 column volumes from 50 mM to 1 M




NaCl. After concentration, the sample was applied to a Superose 12 size exclusion
column (GE Healthcare) equilibrated with buffer C (50 mM HEPES, pH 7.5, 100 mM
NaCl, 1 mM DTT). For further purification of the Rtt103-CID, the eluate of the Ni-NTA
column was concentrated and the sample was applied to a Superdex 75 size exclusion
column (GE Healthcare) equilibrated with buffer C. The Spt6 tandem SH2 domain
(residue 1250-1444) from Candida glabrata was recombinantly expressed in E. coli cells
and purified essentially as described recently (24). Pooled peak fractions of Nrd1-, Pcf11-
, Rtt103-CID and of the Spt6 tandem SH2 domain were concentrated to 5-10 mg/ml and
stored at -80°C.

Pol Il CTD phosphopeptide interaction assay

Fluorescence anisotropy measurements were carried out with a HORIBA Jobin-
Yvon Fluoromax 3 spectrofluorometer as described in the Methods Summary. The CTD
peptides used are listed in Table S1. For Pcf11-CID measurements were performed in the
presence of 10 mM NaCl (Fig. 3A) and 150 mM NaCl (fig. S7). For Rtt103-CID (Fig.
3B) and Nrd1-CID (Fig. 3C) fluorescence anisotropy was determined in the presence of
150 mM NacCl, and for the Spt6 tandem SH2 domain (Fig. 3D) in the presence of 10 mM
NaCl. A fixed amount of the respective N-terminally fluorescein labeled CTD peptide
(500 nM) was titrated with the protein of interest. After equilibration was reached (2 min)
the fluorescence anisotropy values (technical triplicates) were measured at each
concentration and used, if possible, to generate a binding isotherm. The binding isotherm
was generated by non-linear regression analyses (Hill curve fit) with the software
package OriginPro 8G (OriginLab Corporation, Northampton). Based on this binding
curve, the dissociation constant (Kp) was calculated as the protein concentration where
AAnisotropy was half maximal (uM range). This was also carried out in OriginPro 8G.




Phospho- Phospho- aTyr1-P oThr4-P

peptide site 3D12 1C7 6D7
CTD-1  YSPTSPSYSPTSPSC - - e )
CTD-2  YSPTSPSYSPTSPSC Ta ; + +++
CTD-3  YSPTSPSYSPTSPSC T4,Ss ; ) ]
CTD-4  YSPTSPSYSPTSPSC S5 ; ; )
CTD-5 YSPTSPSYSPTSPSC s7 ; s )
CTD-6  YSPTSPSYSPTSPSC Y4 ++ i ]
CTD-7  YSPTSPSYSPTSPSC S2 ; i ]
CTD-8  YSPTSPSYSPTSPSC $5,82 . ) i
CTD-9  SPSYSPTSPSYSPTC 2,85 ; ; )
CTD-10 YSPTSPSYSPTSPSC Y1,S2 ++ i ]
CTD-11  YSPTSPSYSPTSPSC S5,57 ; ) ]
CTD-12 YSPTSPEYEPTSPSC S$7,82 - +++ -
CTD-13 YSPTSPSYSPTSPSC Y1,Ta ; s e
CTD-14 YSPTSPSYSPTSPSC Y1,S5 : i ]
CTD-15 YSPTSPSYSPTSPSC Ta,Y1 ; ] 4
CTD-16 YSPTSPSYSPTSPSC S5,Y1 ; ; ]
CTD-17 YSPTSPSYSPTSPSC S7,Y1 ; it )
CTD-18 YSPTSPSYSPTSPSC S2,T4 ; 4 '
CTD-19 YSPTSPSYSPTSPSC T4,S7 : ] +

Fig. S1

Specificity of a-Tyrl-P antibody 3D12, 1C7 and a-Thr4-P antibody 6D7. Panel of CTD
phosphopeptides used for antibody characterization. The phosphosites and the reactivity
in ELISA assays are indicated (High “+++”, medium “++”, low “+” and no “-”
reactivity).
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Fig. S2

Co-occurrence of Pol 11 CTD phosphorylation marks. Western blot analysis of whole cell
extract from proliferating yeast (Input). Pol 11 was immunoprecipitated with antibodies
8WG16, 3D12 and 1C7 (IP Pol II) and probed with 3E10 (aSer2-P), 3E8 (aSer5-P), 4E12
(aSer7-P) and 1C7. Isotype controls are shown. Please also refer to Fig. 1B.
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Fig. S3
Tyrl phosphorylation ChIP-chip signal averaged over snoRNA genes.
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Fig. S4

CTD Tyrl phosphorylation, like Ser2 and Ser5 phosphorylation, is a general type of CTD
modification. (A) Singular value decomposition (SVD) analysis of Ser2-P, Ser5-P, and
Tyrl-P genome-wide ChlIP signals. The contributions of the first three singular vectors to
the variance (red) are shown in comparison to a control with randomly permuted matrix
elements (gray). SVD reveals that 83.8% of the variance is explained by covariation. (B)
Coefficients of first left singular vector for the SVD of the occupancy matrix for the three
Pol Il phospho-isoforms. The first eigenvector with its similar-sized coefficients
describes the co-variation of all three Pol Il phospho-isoforms.
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Fig. S5

CTD Tyrl phosphorylation levels correlate with mRNA expression in proliferating yeast.
(A) Gene-wise correlation analysis between the logarithm of the average Tyr1-P ChIP-
chip signal and the logarithm of mMRNA levels. (B) Gene-averaged profiles for genes in
three different mMRNA expression level classes. The genes were partitioned into three
groups: low (25-50% quantile), medium (50-75% quantile) and high (>75% quantile)
expression according to published data (15). From this set of genes, those with ORF
lengths between 938 and 1538 were selected.
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Additional evidence that CTD Tyrl phosphorylation occurs in the transcription cycle.
Gene-averaged Tyrl phosphorylation ChIP-chip signals of three gene length classes
(*“small/S”: 725 + 213 nt, 266 genes; "medium/M”: 1,238 + 300 nt, 339 genes; “long/L”:
2,217 £ 679 nt, 299 genes;) aligned at their TSS. The point where Tyrl phosphorylation
levels start to increase depends on the distance to the TSS.
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Genome-wide occupancy of CTD-binding termination factors for different gene length
classes. (A) Gene-averaged profiles for Pol Il termination factors Nrd1, Pcf11 (14) and
Rtt103 at “small” gene-length class genes (725 £ 213 nt, 266 genes). ChlP-chip
occupancy of Nrd1 and Rtt103 is on the left y-axis, the occupancy of Pcfl11 is on the right
y-axis. (B) Gene-averaged profiles as in (A) but for “long” genes (2,217 £ 679 nt, 299
genes). The color code is as in Fig. 2.
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Fig. S8

Pcf11-CID binds to Ser2-phosphorylated CTD peptide, but not to a CTD peptide that is
doubly phosphorylated at Ser2 and Tyr1, under high-salt conditions. The fluorescence
anisotropy measurement was carried out in the presence of 150 mM NaCl (instead of

10 mM). The Pcf11-CID still binds to the Ser2-P CTD peptide at high salt conditions, but
with a slightly reduced affinity (Kp = 70£18 uM instead of 54 + 6 uM). However, the
slight increase in the AAnisotropy that was detected for the Tyr1-P+Ser2-P CTD peptide
at 10 mM NacCl (Fig. 3A), disappeared at higher salt conditions. This indicates that
Pcf11-CID associates specifically with the Ser2-phosphorylated form of the Pol 11 CTD.

Fig. S9

Structural data explain how Tyrl phosphorylation blocks CID-CTD interaction. (A)
Cutaway view of the Pcf11-CID (gray) complex with a Ser2-phosphorylated CTD
peptide (blue) (22). The Tyrl residue of the CTD peptide forms a hydrogen bond (dashed
yellow line) with the carboxyl group of the highly conserved Asp68 residue side chain in
a-helix 4 of Pcf11-CID. (B) Structural model of Pcf11-CID (22) bound to Tyr1-
phosphorylated CTD peptide. The modeled phosphate group on Tyr1 results in a steric
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clash (yellow arrow) with Pcf11-CID. The phosphogroup on Ser2 was removed for
clarity. Structural modeling and generation of Figures was done with PyMOL version

1.4.1. The surface charges were calculated with APBS. Positively and negatively charged

surface areas are colored blue and red, respectively.
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Fig. S10

ChlIP-chip profiling of Tyrl- and Thr4-phosphorylated Pol Il. Shown are gene-averaged

profiles for the ‘medium’ gene-length class (1,238 = 300 nt, 339 genes).
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Fig. S11

CTD Tyrl phosphorylation levels are not changed upon inhibition of the canonical Pol Il
CTD kinases. Kinase inhibition and ChlIP experiments were performed with analog-
sensitive (as) yeast strains (32) (Table S2) as described in the Supplementary Methods.
(A) Burlas strain was inhibited with the small molecule inhibitor 3-MB-PP1. Burl
inhibition slightly reduces Ser2-P phosphorylation levels at the coding region (“ORF”) of
ADHL1 (p-value: 0.02; T-test) and the 5’ region of PMAL (p-value: 0.05; left panel). These
results agree with earlier observations (35). However, Burl inhibition did not change
Tyrl-P levels (right panel). (B) Ctklas strain was inhibited with 1-NM-PP1. Ctk1
inhibition significantly reduces Ser2-P occupancy levels as expected (p-values < 0.05;
left panel), serving as a positive control, whereas Tyr1-P levels were not altered (right
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panel). (C) Srb10as strain was inhibited with 1-NM-PP1. Srb10 inhibition neither
changes Ser5-P occupancy levels nor the corresponding levels of Tyrl-P. (D) Kin28as
was inhibited with 1-NA-PP1. Kin28 inhibition leads to a reduction of Tyr1-P levels over
the whole length of the transcribed region (left panel). However, this was apparently due
to an overall reduction of Pol 1l occupancy upon Kin28 inhibition as the ratios between
Tyrl-P and Pol 11 subunit Rpb3 ChIP occupancies do not change within the range of the
standard deviation (right panel). ChIP occupancies of Pol Il and of its different
phosphorylated forms before and after kinase inhibition are indicated as black and gray
bars, respectively. Results are shown for three different regions of the ADH1 and PMA1
gene. Fold enrichment values refer to a heterochromatic region on chromosome V that is
not transcribed by Pol Il. Standard deviations refer to at least two biological replicate
measurements

Termination Re-Initiation

3"-mRNA processing Ser5-P Ser2-P Tyr1-P

and termination factors

Pcf11, Rtt103 5-mRNA capping enzyme
and Nrd1
Productive
elongation
Elongation factors such as Spté
(termination factor recruitment impaired)
Fig. S12

Extended CTD code for transcription cycle coordination. During the cycle, levels of CTD
phosphorylation at Tyrl, Ser2, and Ser5 residues change differently, as illustrated by
gradients of red (Ser5-P), blue (Ser2-P) and violet (Tyr1-P) in three semicircles. Color
code as in Fig. 2.
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Table S1.

Synthetic CTD peptides used for in vitro binding studies. All CTD peptides were N-
terminally labeled with fluorescein aminocaproic acid. Phosphorylated residues are

highlighted on black ground.

Name Amino acid sequence Company
No-P S7Y1S,P3T4S5PsS7Y1S,P3T4S5Pg S5 PANATecs
1,1 PeS7 Nl S2P3T4Ss Ps S/ BAIS2Ps T4SsPsS7 PSL

2,2 S; Y1 PsT4SsPsS; Yi B PaT4S5Ps S, PANATecs
5,5 PeS7Y1S,Ps Ta BB PsS;Y1S,Ps T, BPsS;  PSL
1,2,1,2 Pe S NP T,Ss P S MBI P TS5 Ps S, PSL
1,5,1,5 PsS7hNB S, P TSl Ps S/ N8BS, Ps T.BPsS;  PSL

Table S2.

Analog-sensitive yeast strains (32) used in this study. All analog-sensitive yeast strains

were kindly provided by the Hahn laboratory (Fred Hutchinson Cancer Research Center,

Seattle).

Name Genotype

Burlas Mat a, his341, leu2A0 met1540, ura3A0, Burl L149G —
Flag3::KanMX

Ctklas Mat a, dade?2::hisG, his34200, leu2A0, lys240, met1540, trpl463,

ura340, Ctkl F260G - Flag3::KanMX

Kin28as Mat a, dade?2::hisG, his34200, leu2A0, lys240, met1540, trplA63,

ura3A0, Kin28 L83G

Srb10as Mat a, dade?2::hisG, his34200, leu2A0, lys240, met1540, trplA63,
ura340, stb10A::KanMX, pSH599 (ars cen TRP1 srb10as-1

(Y236G))
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