Research

Divergence of a conserved elongation factor and
transcription regulation in budding and fission yeast

Gregory T. Booth,' Isabel X. Wang,? Vivian G. Cheung,? and John T. Lis'

7Department of Molecular Biology and Genetics, Cornell University, Ithaca, New York 14853-2703, USA; 2Life Sciences Institute,

University of Michigan, Ann Arbor, Michigan 48109, USA

Complex regulation of gene expression in mammals has evolved from simpler eukaryotic systems, yet the mechanistic fea-
tures of this evolution remain elusive. Here, we compared the transcriptional landscapes of the distantly related budding and
fission yeast. We adapted the Precision Run-On sequencing (PRO-seq) approach to map the positions of RNA polymerase
active sites genome-wide in Schizosaccharomyces pombe and Saccharomyces cerevisiae. Additionally, we mapped preferred sites of
transcription initiation in each organism using PRO-cap. Unexpectedly, we identify a pause in early elongation, specific to S.
pombe, that requires the conserved elongation factor subunit Spt4 and resembles promoter-proximal pausing in metazoans.
PRO-seq profiles in strains lacking Spt4 reveal globally elevated levels of transcribing RNA Polymerase Il (Pol II) within
genes in both species. Messenger RN A abundance, however, does not reflect the increases in Pol Il density, indicating a glob-
al reduction in elongation rate. Together, our results provide the first base-pair resolution map of transcription elongation
in S. pombe and identify divergent roles for Spt4 in controlling elongation in budding and fission yeast.

[Supplemental material is available for this article.]

Budding and fission yeast are both widely used model organisms
for the study of transcription, yet their genomes are as distantly
related as metazoans and budding yeast (Dujon 2010). Details
of transcription and its regulation have been characterized
through a variety of high-resolution and genome-wide studies
for Saccharomyces cerevisiae (Hahn and Young 2011; Pelechano
and Steinmetz 2013). However, although location and production
of genomic RNA has been investigated in fission yeast (Wilhelm
et al. 2008; DeGennaro et al. 2013), various aspects of the tran-
scriptional landscape of Schizosaccharomyces pombe remain more
vague. Through our investigation of elongating RNA polymerase
distributions in S. pombe, we unexpectedly found evidence of pro-
moter-proximal pause-like distributions of RNA polymerase across
the S. pombe genome. These findings prompted our inquiry into
the mechanistic differences between budding and fission yeast at
the level of transcription.

Unlike most well-studied metazoans, budding yeast displays a
relatively uniform distribution of elongating Pol Il across transcrip-
tion units (Steinmetz et al. 2006). The lack of significant barriers to
elongation in S. cerevisiae supports a model in which Pol II recruit-
ment and initiation are the predominant steps regulating gene ac-
tivity (Stargell and Struhl 1996; Ptashne and Gann 1997). In
contrast, the majority of genes in metazoans, including mammals
and flies, are intricately regulated at a promoter-proximal pausing
step during elongation (Fuda et al. 2009; Adelman and Lis 2012).
Characteristics of transcription elongation also differ between
metazoans and S. cerevisiae beyond the cleavage and polyadenyla-
tion signal (CPS) (Porrua and Libri 2015). In contrast to budding
yeast, elongating Pol II in mammals experiences post-CPS slowing
or pausing while continuing to transcribe for several kilobases pri-
or to termination (Proudfoot 1989; Gromak et al. 2006; Core et al.
2008; Laitem et al. 2015). These differences in Pol II dynamics
reflect distinct mechanisms for controlling gene transcription
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that likely reflect the vast evolutionary distance separating these
organisms.

How promoter-proximal pausing evolved into a ubiquitous
mechanism regulating transcription in mammals is unknown.
Metazoans with pervasive pausing possess a four-subunit complex
termed negative elongation factor (NELF) with no known ortho-
logs in yeast, C. elegans, or plants (Hartzog and Fu 2013). NELF co-
operates with DRB-sensitivity inducing factor (DSIF), composed of
the highly conserved Spt4 and Spt5 subunits, to induce stable
pausing of RNA polymerase shortly after initiation (Wada et al.
1998; Wu et al. 2003). However, studies in which NELF was highly
depleted in vivo have shown that cells still retain substantial pro-
moter-proximal pausing (Brannan et al. 2012; Core et al. 2012),
consistent with the idea that DSIF is sufficient to induce promot-
er-proximal pausing (Wada et al. 1998). In fact, recent studies
found that, despite lacking NELF homologs, some C. elegans genes
are paused under nutrient-limiting conditions (Kruesi et al. 2013;
Maxwell et al. 2014). Nonetheless, it remains unknown whether
such pausing in vivo is dependent on Spt4-SptS5.

Pause release in metazoans is modulated by the kinase activity
of cyclin dependent kinase 9 (CDK9), a complex referred to as pos-
itive transcription elongation factor b (pTEFb) (Wada 1998). CDK9
phosphorylates NELF, DSIF, and Pol II to permit pause release and
elongation into the gene body (Peterlin and Price 2006). This tran-
sition coincides with the release of NELF from the complex, at
which point phosphorylated DSIF is converted into a positive
elongation factor (Ping 2000). In all eukaryotes, DSIF stably associ-
ates with transcribing Pol II throughout the duration of transcrip-
tion. Mutations in either DSIF subunit (Spt4-SptS) in S. cerevisiae
have been found to result in elongation defects (Swanson et al.
1991; Keogh et al. 2003), but how Spt4-Spt5 evolved an additional
role in promoter-proximal pausing remains unknown.
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Our understanding of pausing as
well as numerous other transcription-
coupled phenomena has been greatly en-
hanced through the use of nuclear-run
on approaches (Love et al. 1985). More
recently, Global and Precision Run-On
sequencing (GRO/PRO-seq) have provid-
ed genome-wide views of the distribu-
tion of engaged RNA Polymerases with
strand specificity in metazoan organisms
(Core et al. 2008; Kwak et al. 2013).
Despite the use of various run-on-based
approaches in S. cerevisiae (Pelechano
et al. 2010; Rodriguez-Gil et al. 2010;
McKinlay et al. 2011; Jordan-Pla et al.
2014), neither GRO-seq nor PRO-seq
has been fully demonstrated in yeast.
Here, we use a yeast-optimized, Precision
Run-On sequencing approach to assay
elongating RNA polymerases genome-
wide in distantly related budding and fis-
sion yeast, providing the first base-pair
resolution transcription analysis in
S. pombe. We further apply this tech-
nique to investigate the importance of
the Spt4-SptS complex in global tran-
scription elongation. Comparing the ef-
fect of Spt4 deletion in both S. cerevisiae
and S. pombe provides insight into the
evolution of its role in regulating Pol II
transcription elongation in eukaryotes.

Results

PRO-cap and PRO-seq capture sites
of transcription initiation and
elongation in S. cerevisiae and S. pombe

We first set out to map positions of all
elongation competent RNA polymerases
in both budding and fission yeast using
the Precision Run-On sequencing (PRO-
seq) protocol, which we adapted for use
in yeast. Furthermore, we used Precision
Run-On 5" cap sequencing (PRO-cap),
a modification to the PRO-seq proto-
col which includes selection for short,
capped nascent RNAs, to precisely identi-
fy the initiation sites for transcription
units in both species (Supplemental
Table S2, S. cerevisiae; Supplemental
Table S3, S. pombe; Kwak et al. 2013).
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Figure 1. PRO-seq and PRO-cap capture transcription elongation and initiation genome-wide in
S. pombe. (A) Browser tracks of PRO-seq (plus strand: red; minus strand: blue) and PRO-cap data (plus
strand: green; minus strand: olive) derived from S. pombe. Green gene models below the data tracks
show the reannotated, “observed” transcription start-sites based on PRO-cap data. Blue gene models
correspond to the available annotations of genes. (B) Heatmaps of S. pombe PRO-cap signal for each
base within £250 bp around the annotated TSS (left) and PRO-cap observed TSS (right) for all active
and filtered genes (n=3214). Genes within heatmaps are sorted by increasing downstream distance
of observed TSS relative to annotated TSS. (C) Sequence logos of 10-bp sequence centered on either an-
notated TSS (left) or observed TSS (right) generated using WebLogo (Crooks et al. 2004). (D) PRO-cap
signal from samples prepared either with or without Tobacco Acid Pyrophosphatase (TAP) treatment
centered on annotated TSS. The TAP-minus samples represent empirical levels of background for each
genomic position. (E) Median PRO-cap signal from samples prepared either with or without TAP treat-
ment centered on observed TSS. (F) Median MNase-seq coverage centered on annotated TSSs (blue)
or observed TSSs (brown). For the metagene plots, the y-axis shows the median read counts for each
base-pair (D,E), or median read coverage within 10-bp bins (F). In D, E, and £, the 12.5% and 87.5%
quantiles are shown in lightly shaded regions.

PRO-seq signal in S. pombe is observed across the transcription
unit of active genes, providing the direction, relative amount
and distribution of elongating polymerases (Fig. 1A, top track).
In contrast, PRO-cap signal is largely confined to the 5’ regions
near annotated TSSs, indicating a successful enrichment of na-
scent RNA 5’ cap sites (Fig. 1A, lower track).

To more precisely define the initiation sites of transcription
units, we identified the base with the most PRO-cap reads above
background within 250 bases upstream of or downstream from
the annotated TSS (Fig. 1A; Supplemental Fig. S1A, green models).

We refer to the selected base as the “observed TSS,” and to previous
annotations as the “annotated TSS.” Heatmaps of PRO-cap read
depth surrounding previously “annotated TSSs” in S. pombe
show that initiation is distributed around the annotated TSS, but
that the annotation rarely matches the base-pair resolution mea-
surement of initiation that we make with PRO-cap (Fig. 1B, left
panel). In contrast, the distribution of PRO-cap reads is centered
and highly focused at our “observed TSSs” in S. pombe, indicating
a narrow window within which start-site selection occurs (Fig. 1B,
right panel). Moreover, a moderate sequence preference for
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initiating at an adenosine, two bases downstream from a thiamine,
was revealed under the observed TSS, whereas no base preferences
underlie the PomBase annotations for the same genes (Fig. 1C).
More recently, groups have used other approaches to reannotate
transcription units across the fission yeast genome (Li et al.
2015; Eser et al. 2016). Comparing our PRO-cap-defined annota-
tions in S. pombe with TSSs determined by Eser et al. (2016) re-
vealed a much closer agreement between these two independent
approaches than with PomBase annotations, although some dif-
ferences still remained (Supplemental Fig. S2A,B).

For S. cerevisiae, we compared our PRO-cap observed TSSs with
the 5’ ends of the longest major transcript isoforms identified by
Pelechano et al. (2013) (Supplemental Fig. S1). Although a striking
enrichment of PRO-cap signal occurred directly over expected
5" ends of these transcript isoforms (Supplemental Fig. S1B,D),
we found many preferred TSSs to be more downstream, consistent
with the existence of many shorter major transcript isoforms in S.
cerevisiae (Supplemental Fig. S1B; Pelechano et al. 2013).

To assess the amount of signal attributable to background in
our PRO-cap experiments, we simultaneously prepared PRO-cap li-
braries from the same starting material in which nascent RNAs
were not treated with Tobacco Acid Pyrophosphatase (TAP) prior
to 5" adaptor ligations. These sequenced RNAs represent molecules
lacking a 5’ cap structure and therefore are unlikely to represent
true transcription start sites. Looking at a 100-bp window around
annotated or observed TSSs in S. pombe, we observed a highly fo-
cused enrichment of reads over background centered on the ob-
served TSS (Fig. 1E), a trend that does not exist when centering
previous annotations (Fig. 1D). The same analysis in S. cerevisiae re-
vealed PRO-cap signal highly consistent with the transcript iso-
form 5" ends used, suggesting good agreement of our data with
previous work (Supplemental Fig. S1D; Pelechano et al. 2013).
Nonetheless, we attained an even greater reduction in signal dis-
persion by centering PRO-cap signal around the most preferred
base (Supplemental Fig. S1E). Plotting PRO-seq signal relative to
TSSs confirms that average 5’ boundaries’ global RNA polymerase
profiles more closely reflect the observed TSS compared with previ-
ous annotations in both fission and budding yeast (Supplemental
Fig. S3). Moreover, PRO-cap signal in S. cerevisiae was found to be
strictly enriched downstream from previously characterized
TATA-like motifs and TFIIB positions (Supplemental Fig. S4; Rhee
and Pugh 2012).

To further evaluate our observed TSSs, we assessed the effect
of centering available MNase-sequencing data around the pre-
ferred base (DeGennaro et al. 2013; Hu et al. 2014). Composite
MNase-seq profiles around the observed TSSs in S. pombe show a
more highly phased pattern when compared with annotated
TSSs (Fig. 1F). Centering MNase-seq data from S. cerevisiae around
the observed TSSs produced a modest reduction in phasing pattern
of the MNase-seq reads, relative to the longest TIF-seq isoform
5" ends (Supplemental Fig. S1F). Together, our results indicate
that PRO-cap-defined TSSs are truly an accurate representation of
transcriptional start sites in S. pombe and S. cerevisiae that can im-
prove our analysis of early transcription elongation in yeast, espe-
cially in S. pombe, where less mapping has been performed to date.

Budding and fission yeast exhibit vastly different polymerase
distributions across genes
Using PRO-seq-based maps of RNA Pol II in Saccharomyces cere-

visiae and Schizosaccharomyces pombe, we sought to identify gene-
ral features of transcription that are species specific. To minimize

the effects of transcription emanating from neighboring genes,
we identified a set of filtered genes at least 1 kb from any other
genes on the same strand (S. pombe: n=874; S. cerevisiae: n=
1101). We then generated scaled composite profiles in which the
region between 300 bp downstream from the observed TSS and
300 bp upstream of the cleavage and polyadenylation signal
(CPS) is scaled to the same number of bins, while everything out-
side this gene-center region is not scaled (10 bp bins). Importantly,
PRO-seq signal increases immediately downstream from the ob-
served TSS (Fig. 2A,B), further indicating PRO-cap-based observed
TSSs are genuine start sites for these genes.

Similar to previous studies of transcription in S. cerevisiae
(Steinmetz et al. 2006; Churchman and Weissman 2011), we
observed a relatively uniform distribution of RNA Pol II across
transcription units, with transcription extending ~200-300 bp be-
yond the CPS on average (Fig. 2A). Notably, NET-seq profiles exhib-
itamodestdecline in read density downstream from the TSS, which
was not present in our PRO-seq data (Supplemental Fig. S5A). This
distinction may reflect differences in the forms of nascent RNA cap-
tured by each technique. For instance, NET-seq captures all Pol II-
associated RNAs with a 3’ OH, such as those in backtracked com-
plexes. Pol Il backtracking may occur more frequently during early
elongation (Churchman and Weissman 2011) and not be captured
by PRO-seq, which requires complexes capable of running on.
Nonetheless, in contrast to the Pol II distributions of S. cerevisiae
measured by either technique, our composite RNA Pol II profiles
across genes in S. pombe show two more prominent peaks of Pol I
density. The first peak is immediately downstream from the TSS,
whereas a second, broader peak occurs downstream from the
3" CPS. Furthermore, Pol Il in S. pombe appears to transcribe much
farther beyond the CPS when compared with S. cerevisiae (Fig.
2B). Visualization of PRO-seq density for representative genes,
YBRO78W in S. cerevisiae and SPBC32F12.10 in S. pombe, illustrates
these same characteristics (Fig. 2C,D). Regarding intron-exon junc-
tions, Pol II density around fission yeast splice sites exhibited fea-
tures similar to those described in Drosophila (Kwak et al. 2013),
whereas the rarity of introns in budding yeast precluded a more
thorough comparison (Supplemental Fig. S6A,B).

To compare the enrichment of RNA Pol II density down-
stream from the TSS between S. pombe and S. cerevisiae, we calculat-
ed a 5 pausing index for each gene considered in the composite
profiles. The 5’ pausing index was defined as the ratio of read den-
sity within the first 100 bp downstream from the TSS over the gene
body (TSS + 200 to CPS). On average, S. pombe genes exhibited sig-
nificantly higher pausing indexes when compared with S. cerevi-
siae (Fig. 2E). Similarly, to assess the amount of pausing or
slowing beyond the 3" CPS, we computed a 3’ termination index
for these filtered genes. The post-CPS termination index was de-
fined as the ratio of the highest density 100 bp window within
500 bp downstream from the CPS to the gene body (defined
above). We found that S. pombe genes on average also have a signif-
icantly higher termination index than §. cerevisiae.

To investigate the significance of promoter-proximal pause-
like distributions observed in S. pombe, we systematically classitied
genes as being paused or not paused. Genes classified as paused
were required to show a significant enrichment (Bonferroni cor-
rected P<0.01) of mappable reads within the promoter-proximal
region (TSS to +100 bp) relative to the gene body, as assessed by
Fisher’s exact test. Not paused genes were required to have a P-val-
ue >0.99, suggestive of no enrichment of promoter-proximal
reads. Based on the criteria above, of the 3214 filtered S. pombe
genes (Methods), we identified 901 genes as being paused and
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yeast (DeGennaro et al. 2013). Both data

types showed broad Pol II enrichment
downstream from the CPS for all gene
types (Supplemental Fig. SSB, right). Fur-
thermore, consistent with our gene classi-
fication based on PRO-seq, highly paused
genes also showed a promoter-proximal
Pol II ChIP-seq peak that was greater

than that of the other gene groups,
further suggesting an enrichment of

elongating Pol II downstream from the

TSS for these genes (Supplemental Fig.
S5B, left).

To assess whether the observed
pause peaks are specific to the promot-
er-proximal region, we repeated the
calculation of pausing index and signifi-

cance using a sliding 100-bp window

starting every 50 bases between the TSS

J_ and 1000 bp downstream (20 measure-

ments per gene). We then tallied the
number of genes that were identified as

-T- significantly paused within each window

relative to the remaining gene length. In
S. pombe, we found that the most pro-
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Figure 2. PRO-seq reveals distinct transcription elongation profiles in S. cerevisiae and S. pombe. (A,B)

Median PRO-seq read count across all active and filtered genes in S. cerevisiae (A) or S. pombe (B) that are
separated from neighboring genes on the strand by at least 1 kb (S. cerevisiae: n=1101; S. pombe: n=
874). Bins between the +300 and —300 bp marks are scaled based on gene length, whereas upstream
of and downstream from this center region, 10-bp bins were used. The shaded regions around the curves
represent the 12.5% and 87.5% quantiles. (C,D) Representative genes from S. cerevisiae (C) and S. pombe
(D) with PRO-seq read counts plotted above. (E,F) Box plots of pausing index (E) or termination index (F)
values calculated for all genes that were included in A and B. P-values represent results of Student’s t-test.
(G) A test for enrichment of pausing near the promoter versus other gene regions. Reads were counted
within a sliding 100-bp window from 0 to 1000 bp from the TSS of all filtered, active genes and divided by
the counts within the remaining mappable gene length. Fisher’s exact test was used to determine the

number of significantly paused genes (adjusted P<0.01).

2133 not paused. The relative amount of active genes identified as
paused in S. pombe (28%) is thus lower than that observed for hu-
mans (41%), using the same criteria (Core et al. 2008). Although
there were few functional class (Thomas et al. 2003) enrichments
for paused or not paused genes, highly paused genes (defined
below) were significantly enriched for structural constituents of
the ribosome (P=3.84 x 10~*), which are often highly paused in
other species (Min et al. 2011).

Broad peaks of RNA Pol II have been observed beyond the
3" CPS of many genes in S. pombe (Coudreuse et al. 2010; Sans6
et al. 2012; Castel et al. 2014); yet to our knowledge, no group
has identified a prominent peak downstream from the TSS. We
thus compared PRO-seq profiles for highly paused, not paused,
and all genes with publicly available Pol II ChIP-seq data in fission

moter-proximal regions have signifi-
cantly larger number of genes identified
as paused, but in S. cerevisiae, there is
not a significant difference in any given
window (Fig. 2G). These results strongly
indicate the existence of a previously
undescribed form of promoter-proximal
pausing in S. pombe that is absent in S.
cerevisiae.

Average Pol II density across tran-
scription units of fission and budding
yeast reveals large, previously uncharac-
terized, differences in transcription
mechanisms between these divergent
yeast. Although our data in S. cerevisiae
corroborate the wealth of available infor-
mation describing Pol II distributions in
this system (Churchman and Weissman
2011; Jordan-Pla et al. 2014), applying
the same technique in S. pombe has iden-
tified Pol II dynamics that resemble
mechanisms pervasive in metazoans.

Paused and not paused genes in S. pombe exhibit distinct
Pol Il patterns around their +I nucleosome

Having observed the distribution of RNA Pol II in fission yeast, we
further investigated differences between paused and not paused
genes. Paused and not paused genes, identified using the com-
bined replicate data, were further refined as high-confidence
paused and not paused genes by requiring that they are also sig-
nificantly paused (P<0.05) or not paused (P>0.95) in each bio-
logical replicate (paused: n=656; not paused: n=2088). An
example of PRO-seq profiles for a highly paused gene and a not
paused gene are displayed in Figure 3, A and B, respectively.
Average PRO-seq profiles centered on the observed TSS in S. pombe
show a striking signal enrichment, specific to paused genes,
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Figure 3. Pol Il distributions at paused genes in S. pombe are coupled with increased nucleosome oc-

cupancy or positioning. (A4, B) Browser images of PRO-seq read counts across S. pombe genes classified as
either high-confidence paused (A) or not paused (B). (C) Median PRO-seq read counts within 1 kb up-
stream of and downstream from the observed TSS of paused and not paused genes. (D) Median
MNase-seq read coverage within 1 kb upstream of and downstream from the observed TSS of paused
and not paused genes. (E F) PRO-seq signal around gene-body nucleosome centers for paused (£) and
not paused genes (F). (G,H) PRO-seq signal around +1 nucleosome centers for paused (G) and not
paused genes (H). For metagene plots in C—H, medians reflect 5-bp bins, and the 12.5% and 87.5%
quantiles are shown as shaded regions. All panels represent profiles of combined wild-type biological

replicates.

largely confined within the first 100 bp downstream from the TSS
(Fig. 3C).

The transcription process is tightly coupled to the chromatin
environment (Venkatesh and Workman 2015), and nucleosomes
are known to form a barrier to transcriptional elongation, slowing
or stalling RNA polymerases as they unwind the coiled DNA
around the histone octamer (Hall et al. 2009). We analyzed an ex-
isting MNase-seq data set to explore the organization of nucleo-
somes relative to Pol II initiation and pause sites. Interestingly,
average MNase profiles relative to the observed TSSs revealed a
more highly phased nucleosome pattern for paused genes than
for not paused genes (Fig. 3D). The largest difference in MNase-
seq signal was at the +1 nucleosome position, possibly suggesting
that this nucleosome is more precisely positioned or maintains
higher occupancy within paused genes.

To assess the distribution of elongating polymerases around
nucleosomes in S. pombe, we displayed average PRO-seq density

ing may be independent of the nucleo-
some barrier, but restrict movement of
the +1 nucleosome (Struhl and Segal
2013), inducing a more rigid positioning
of downstream nucleosomes also (Jiang
and Pugh 2009). The Pol II distributions
around the +1 and gene-body nucleo-
somes (+2 to +4) indicate a general
difference between the way Pol II negoti-
ates its transit through the first and sub-
sequent nucleosomes, as well as an interplay between paused Pol
II and the +1 nucleosome that distinguishes paused and not
paused genes.

Deletion of Spt4 increases Pol Il density genome-wide in both
budding and fission yeast

The striking resemblance of Pol II distributions in S. pombe to pro-
moter-proximal pausing in metazoans led us to postulate that
there is a pausing factor conserved in yeast playing a role in this
process. Because both S. cerevisiae and S. pombe lack NELF subunits,
the next logical candidate was the Spt4-Spt5 complex. To investi-
gate functional divergence of this complex between S. cerevisiae
and S. pombe, we prepared PRO-seq libraries from strains lacking
Spt4. Wild-type and spt4A PRO-seq libraries from each species
were prepared from two biological replicates. The absence of all
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added to each sample. After preparing
and sequencing PRO-seq libraries from
the mixed samples, we aligned sequenc-
ing reads to a combined genome of S. cer-
evisiae and S. pombe with the requirement
that sequences align to only one location
to remove any ambiguous reads. The pro-
portion of spike-in to experimental reads was highly similar
between biological replicates (Supplemental Fig. S7G,H), and nor-
malization factors were calculated from the relative number of
uniquely mapped reads from the spiked-in genome between sam-
ples (Supplemental Table S1). To verify that this approach accu-
rately scales the sequencing depth of each sample, we compared
the normalized gene-body read densities between biological repli-
cates, resulting in Spearman’s p>0.97 (Supplemental Fig. S7C-F).
Importantly, replicate comparisons are nearly symmetrical about
the diagonal line, x =y, indicating this normalization accurately
accounts for any technical differences in library preparation and
sequencing.

To assess the effects of deletion of Spt4 on transcription in S.
cerevisiae and S. pombe, we performed a differential expression
analysis using read counts within the gene-body region. After
spike-in normalization, we observed a global increase in the
gene-body read density in spt4A strains in both yeasts. Using the
DESeq2 R package (Love et al. 2014), we identified 1572 genes in
S. cerevisiae (46% of filtered, active genes) and 2291 genes in S.
pombe (67%) as having significantly higher gene-body Pol II levels
(P<0.01) (Fig. 4A,B). In contrast, only 47 (1.4%) and 156 (4.8%)
genes were found to have significantly lower read counts in S. cer-
evisiae and S. pombe, respectively. On average, Pol II density within
gene bodies of S. pombe and S. cerevisiae transcription units in-
creased by a factor of 1.81 and 1.47, respectively. Looking more
specifically at the YGR204W locus in S. cerevisiae (Fig. 4C) and
the SPCC622.18-1 locus in S. pombe (Fig. 4D), we clearly observed
a reproducible increase in the signal intensity within the gene
body in spt4A biological replicates compared with wild type.
Thus, the use of spike-in controls in the preparation of these
data is invaluable. This approach circumvents the assumptions

ding and fission yeast.

Figure 4. Deletion of Spt4 results in genome-wide increase in Pol Il density within gene bodies of .
cerevisiage and S. pombe. (A,B) MA plots showing the DESeq2-based differential expression analysis of
spike-in normalized PRO-seq read-counts within the gene bodies of . cerevisiae (A) and S. pombe genes
(B). (C,D) Example of spt4A affected genein S. cerevisiae (C) and S. pombe (D). Browser tracks correspond
to PRO-seq data derived separately from two biological replicates of WT (green) and spt4A (red) in bud-

of an equal number of RNA sequence reads per cell or that genes
on average are unchanged, both of which are violated in mutants
globally affecting transcription (Sun et al. 2012).

Our spike-in-normalized PRO-seq data also lends itself to a
precise analysis of noncoding RNA. Antisense transcription within
the gene body, as well as upstream, divergent transcription at pro-
moters has become increasingly appreciated in yeast with the ad-
vent of high-throughput assays of RNA (Wilhelm et al. 2008;
Neil et al. 2009; Xu et al. 2009). Evidence for alterations in such
noncoding transcription have been reported for mutations in
the elongation factor, Spt6, in S. pombe (DeGennaro et al. 2013).
Subsets of genes used in the analysis of upstream, antisense or in-
tragenic, antisense transcription were filtered to remove possible
influence of nearby functional transcription. Unlike what has
been observed in mammals (Core et al. 2008), composite profiles
of PRO-cap and PRO-seq density around transcription start sites
showed little indication of widespread upstream, divergent tran-
scription at promoters in either yeast (Supplemental Fig. S8A,B,E,
F), although S. cerevisiae tended to have higher ratios of upstream,
antisense to downstream, sense transcription than S. pombe (cf.
Supplemental Fig. S8C,G). Interestingly, intragenic, antisense to
sense transcription ratios were more affected in S. pombe than in
S. cerevisiae by the deletion of Spt4 (cf. Supplemental Fig. S8D,H).
Indeed, we found that most levels of antisense transcription in fis-
sion yeast were unchanged (71%) or decreased (19%) in spt4A, sug-
gesting that in S. pombe, antisense Pol II transcription may not
depend on Spt4 in the same manner.

The general increase in sense-transcribing Pol II levels within
a large proportion of genes likely reflects the ubiquitous role of
Spt4 in positively affecting transcription processivity and elonga-
tion rate in these divergent yeasts (Wada et al. 1998; Rondon
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et al. 2003; Hartzog and Fu 2013). Elevated levels of RNA abun-
dance are often interpreted as a higher level of gene activity or in-
creased initiation rates. However, increases in Pol II density could
also reflect a reduction of Pol Il elongation rate in the case of a fixed
initiation rate (Danko et al. 2013; Jonkers et al. 2014).

Genome-wide increases in nascent transcription in spt4A
are not reflected in mRNA abundance

To test the possibility of a global elongation rate defect in S. cere-
visiae and S. pombe lacking Spt4, we investigated the effects of
the mutation on mRNA abundance. We postulated that under
conditions in which Pol II experiences a compromised elongation
rate, with little change in recruitment and initiation, messenger
RNA would continue to be made at roughly the same rate. To assay
the relative abundance of all expressed transcripts, we prepared
strand-specific poly-A selected RNA-seq libraries from the same
wild-type and spt4A strains of budding and fission yeast. Again,
to control for the possibility of genome-wide differences in tran-
script abundance per cell, we used the same culture-level divergent
yeast spike-in approach as used for the PRO-seq experiments
(Supplemental Table S1). The deletion of Spt4 was confirmed by
absence of any reads from the locus (Supplemental Fig. S7A,B),
and mRNA levels were found to be highly reproducible between bi-
ological replicates (Supplemental Fig. S9A-D).

Using the gene-body region to quantify gene activity
from PRO-seq or mRNA-seq data, we observed a moderate cor-
relation between nascent transcription and mRNA abundance in
wild-type strains (S. cerevisiae: Spearman’s p=0.572; S. pombe:
Spearman’s p=0.574) (Supplemental Fig. SOE,F). We next asked
if changes in transcription, resulting from the deletion of Spt4,
consequently affect mRNA abundance. Here, we compared the dis-
tribution of fold changes in gene-body read-density from spt4A to
wild-type libraries between PRO-seq and mRNA-seq experiments.
Although PRO-seq signal increases within gene bodies upon dele-
tion of Spt4 in both species, changes in mRNA levels were either
largely unchanged (S. cerevisiae) or slightly reduced (S. pombe)
(Fig. 5A,B). Although the deletion of Spt4 altered mRNA abun-
dance of some genes in both species (Supplemental Fig. S10A,B),
these changes in gene-body read density were poorly correlated
with changes in PRO-seq density (S. cerevisiae: Spearman’s p =
0.248; S. pombe: Spearman’s p=0.359) (Supplemental Fig. S9G,
H). Overall, the effects of deleting Spt4 on Pol II density within a
gene is in stark contrast with the messenger RNA abundance, sup-

porting a model in which Spt4 increases the elongation rate of
RNA Pol II transcription in vivo without necessarily altering Pol
II recruitment or initiation.

To determine whether the effects of Spt4 deletion in S. pombe
depended on the extent of observed promoter-proximal pausing,
we binned genes in deciles based on the magnitude of their paus-
ing index. Gene characteristics, such as expression level and ter-
mination index, appeared to be unrelated to pausing index
(Supplemental Fig. S11A,B,E). Furthermore, there were no consid-
erable relationships between how paused a gene is and the effect of
Spt4 deletion on gene-body Pol II density (Supplemental Fig.
S$11C) or mRNA abundance (Supplemental Fig. S11D). We surmise
that Spt4, as a complex with SptS5, influences various transcription-
al features independent of the degree of promoter-proximal
pausing.

Deletion of Spt4 reduces promoter-proximal pausing
and elongation beyond the cleavage and polyadenylation
signal in S. pombe

Although in metazoans, the Spt4-Spt5 complex acts as a pausing
factor as well as a positive elongation factor (Wada et al. 1998;
Wau et al. 2003), most research in yeast has focused on its role in
positively influencing transcription (Hartzog and Fu 2013). To as-
sess the existence of additional roles for the Spt4-Spt5 complex in
yeast, we investigated the effect of Spt4 deletion on the distribu-
tion of Pol II at gene 5’ and 3’ ends in both species. To limit the ef-
fects of nearby genes, we restricted all analyses in this section to
genes >1 kb in length and at least 1 kb away from neighboring
genes on the same strand (S. pombe: n=714; S. cerevisiae: n=
816). Plotting the median PRO-seq signal around the observed
TSS of S. pombe genes for wild-type and spt4A strains revealed a dra-
matic shift of the Pol II density downstream in mutants (Fig. 6A).
Whereas wild-type PRO-seq profiles display the pause-like distribu-
tions immediately adjacent to the TSS, spt4A strains lack this fo-
cused, promoter-proximal peak. Instead, they display a more
gradual accumulation of density that is much greater than that
of the wild type within the gene body. To evaluate the generality
of this phenotype for all 714 genes, we generated heatmaps dis-
playing the fold change in PRO-seq read density (logx[spt4A/
WT]) within 10 bp bins from —1 kb to +1 kb around the observed
TSS (Fig. 6B). We found that the majority of genes in the mutant
show a decreased level of Pol II relative to wild type solely within
the first ~150 bases. Beyond this promoter-proximal region,
spt4A strains showed heightened PRO-
seq density compared with wild type.
Furthermore, this mutant enrichment is
most pronounced early within the gene
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body, as if early elongation complexes
were leaking into the downstream re-
gions rather than undergoing a pause.
To quantify the significance of this shift
in Pol II density, we calculated a pausing
! index for each gene in wild-type and
sptdA strains. Consistent with the chang-
es in average PRO-seq profiles in Figure
. 6A, we observed a highly significant
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Figure 5. Global increase in Pol Il density in spt4A does not result in increased transcript abundance in
S. cerevisiae or S. pombe. (A, B) Box plots comparing the fold change in gene-body PRO-seq density result-
ing from the deletion of Spt4 with the corresponding change in poly-A selected RNA-seq in S. cerevisiae

(A) and S. pombe (B). P-values represent the results of Student’s t-test.

mRN'A_seq decrease in average pausing index for all
genes used in this analysis (Fig. 6C).

In light of the fact that Spt4-Spt5
tracks with elongating Pol II across the
entire length of genes in eukaryotes
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Figure 6. 5’ and 3’ ends of genes exhibit a loss of Pol Il density as a result
of Spt4 deletion in S. pombe. (A,D) Median PRO-seq signal around the ob-
served TSS (A) or CPS (D) of active, filtered genes longer than 1 kb and sep-
arated from the boundaries of neighboring genes on the same strand by at
least 1 kb. Medians reflect 10-bp bins, and the 12.5% and 87.5% quantiles
are shown in light shaded regions. (B,E) Heatmaps of log, fold change of
mutant versus wild type per 10-bp bin around the TSS (B) or CPS (E) for all
genes used in A and D. Genes within heatmaps are sorted by decreasing
amount of wild-type PRO-seq reads within the first 500 bp downstream
from the TSS. (C) Box plots showing the distribution of pausing index val-
ues for WT and spt4A in S. pombe. (F) Box plots showing the distribution of
termination index values for WT and spt4A in S. pombe. P-values represent
the results of Student’s t-test.

(Mayer et al. 2010; Rahl et al. 2010), we were curious about the ef-
fect of Spt4 deletion on transcription around the cleavage and pol-
yadenylation signal (CPS). Similar to our analysis of PRO-seq signal
around the observed TSS, we calculated the median read density
around the annotated CPS for all 714 genes. Strikingly, although
the spt4A S. pombe strain shows elevated levels of elongating Pol
1T leading up to the CPS, immediately after this element, we begin
to observe a much more rapid decline in polymerase density in the
mutants relative to wild type (Fig. 6D). Looking at fold change in
polymerase density across this surrounding region for each indi-
vidual gene shows that this decreased transcription beyond the
CPS in spt4A is broadly observable (Fig. 6E). Finally, we assessed
the significance of this change in post-CPS transcription by calcu-
lating a termination index for each gene in wild-type and spt44
S. pombe strains. The combined effect of higher read density within
the gene body and lower signal beyond the CPS in spt44, produced
a significantly lower average termination index relative to wild

type (Fig. 6F). Thus, in fission yeast, transcription beyond the
CPS is dramatically reduced in the absence of Spt4.

Profiles of transcription elongation differ greatly between
budding and fission yeast, yet upon deletion of Spt4, both show
a similar increase in Pol II levels within gene bodies. To address
whether S. cerevisiae is similarly affected by deletion of Spt4 at
the 5" and 3’ gene boundaries, we performed the same set of anal-
yses on our PRO-seq samples from wild-type and spt4A strains
(Supplemental Fig. S12). Surprisingly, genes in S. cerevisiae exhibit
an enormous increase in PRO-seq density at the 5" ends of genes
upon deletion of Spt4 (Supplemental Fig. S12A,B). This is precisely
the opposite effect of that observed in S. pombe and results in a sig-
nificant increase in average pausing index (Supplemental Fig.
S12C). Beyond the CPS, somewhat similar to S. pombe, there ap-
pears to be a slight reduction in PRO-seq signal as a result of Spt4
deletion (Supplemental Fig. S12D,E). However, this modest reduc-
tion does not register as a significant reduction in average termina-
tion index (Supplemental Fig. S12F).

The highly contrasting effect of Spt4 deletion in budding and
fission yeast at the 5’ ends of genes indicates divergent roles for this
elongation factor in early transcription elongation. Whereas Spt4
appears to be solely required to enhance productive elongation
in S. cerevisiae, our results in S. pombe reveal an additional function
of Spt4 in promoting early Pol II pausing. Perhaps as evidence of
shared defects in elongation, Pol Il requires Spt4 for extended tran-
scription beyond the CPS in both species.

Discussion

We have adapted the Precision Run-On sequencing (PRO-seq) and
5’ cap sequencing (PRO-cap) protocols for use in both budding and
fission yeast. Precisely mapping 5’ ends of capped nascent RNAs re-
veals highly preferred transcription start sites for a large fraction of
coding genes and noncoding transcription units, enhancing cur-
rent annotations for many applications. Our PRO-seq profiles pro-
vide comprehensive base-pair resolution maps of elongating RNA
polymerases genome-wide in two evolutionarily distant yeast
strains. These data provide the highest resolution, strand-specific
look at transcription across the fission yeast genome to date.

The detailed transcriptional landscapes of S. cerevisiae and S.
pombe prove to be very dissimilar, with metazoan-like features of
transcription unique to fission yeast. Consistent with previous in-
vestigations of transcription in S. cerevisiae, Pol Il across annotated
genes is largely confined within the well-annotated 5" and 3’ gene
boundaries, with a relatively uniform distribution across transcrip-
tion units (Steinmetz et al. 2006). In contrast, we found S. pombe to
exhibit elongation continuing well beyond the 3’ cleavage and
polyadenylation signal of most genes. Immediately downstream
from the S. pombe 3’ CPS, Pol II appears to experience an elonga-
tion rate-reducing step, resulting in heightened polymerase densi-
ty over a broad region. Although delayed termination is less well
characterized in yeast, studies in a wide variety of metazoans
have revealed similar patterns (Core et al. 2008, 2012; Kruesi
et al. 2013; Jonkers et al. 2014). Our findings support the conclu-
sion that the kinetics of transcription termination and its regula-
tion in S. pombe is more similar to that of metazoans than
S. cerevisiae.

Another intriguing characteristic of transcription profiles in
fission yeast is the prominent enrichment in Pol II immediately
downstream from the TSS, resembling promoter-proximal pausing
in metazoans (Fuda et al. 2009; Adelman and Lis 2012). We found
that 28% of our filtered, actively transcribed S. pombe genes could
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be classified as significantly paused when considering the first 100
transcribed bases. These paused genes tend to show a much more
highly positioned or high-occupancy +1 nucleosome, with Pol II
density peaking near the dyad axis. Interestingly, this near-over-
lapping association of Pol Il with the +1 nucleosome dyad is unlike
that observed in Drosophila, in which most pausing occurs up-
stream of the +1 nucleosome (Kwak et al. 2013). This difference
could be the result of NELF, which might have evolved in metazo-
ans to capture Pol II rapidly in a more promoter-proximal paused
state (Li et al. 2013) and thereby strengthen the potential for up-
stream factor regulation. Considering the proximity of the +1 nu-
cleosome to the TSS and the tight relationship between the Pol II
and nucleosome occupancy within this region in S. pombe, it is
tempting to speculate that they are connected (Fig. 3G). On one
hand, the first nucleosome may act as a barrier to early transcrip-
tion elongation, causing a slower rate of transcription shortly after
initiation (Weber et al. 2014). Alternatively, a frequently paused
polymerase at this position could restrict the localization of the
+1 nucleosome (Struhl and Segal 2013). A rigidly positioned +1 nu-
cleosome could then restrict the mobility of downstream, gene-
body nucleosomes, resulting in the observed increase in phasing
(Fig. 3D; Jiang and Pugh 2009).

In metazoans, two complexes, NELF and DSIF (Spt4-Spt5), are
both critical for pausing (Wu et al. 2003). The observation of
pause-like distributions in fission yeast is thus curious because S.
pombe lack any recognizable NELF subunits that might help to es-
tablish a pause (Narita et al. 2003). Both S. pombe and S. cerevisiae,
however, possess Spt4-Spt5 and CDK9 (Burl) homologs (Hartzog
and Fu 2013). Intriguingly, deleting Spt4 in S. pombe causes a dra-
matic reduction in Pol II density within the promoter-proximal re-
gion. Moreover, heightened Pol II density shifts into the gene
body, suggesting Spt4, most likely in complex with SptS5, is neces-
sary for preventing the premature release of the Pol II from these
sites during early transcription elongation. This possibility is sup-
ported by findings in metazoans indicating pausing is only mod-
estly reduced upon RNAi knock down of NELF (Core et al. 2012;
Gilchrist et al. 2012).

The apparent similarities between S. pombe and metazoan
pausing raise many additional mechanistic and functional ques-
tions. As in metazoans, Spt4-Spt5-mediated promoter-proximal
pausing in S. pombe might provide a regulatory step or checkpoint
to ensure proper capping of the nascent RNA or modification of the
elongation complex (Pei and Shuman 2002; Schwer et al. 2009;
Viladevall et al. 2009; Schneider et al. 2010). Indeed, CDK9 and
its Cyclin partner Pch1 in fission yeast interact with nascent RNA
5’ capping machinery (Pei et al. 2003, 2006). Alternatively, paused
Pol II could be capable of holding certain S. pombe genes poised for
expression, synchronizing the expression of sets of genes, or allow-
ing the integration of regulatory signals at distinct steps of recruit-
ment and release of paused Pol II (Adelman and Lis 2012). In the
future, determining whether pause release in S. pombe relies on
the kinase activity of CDK9 will be imperative for comparing this
phenomenon with that of metazoans.

Because Spt4 is a subunit of a ubiquitous elongation factor
and can affect transcription broadly, we found that proper normal-
ization of our PRO-seq and mRNA-seq data was critical for accu-
rately assessing genome-wide changes in transcription between
wild-type and mutant yeast strains. Using a cell culture spike-in ap-
proach, we observed global increases in sense-transcribing RNA
polymerase density across genes in spt4A strains of S. cerevisiae
and S. pombe relative to wild type. However, effects on antisense
transcription appeared to be species specific. In S. cerevisiae, anti-

sense-to-sense ratios were minimally affected by the deletion of
Spt4. In contrast, the relative amount of antisense transcription
in S. pombe appeared to globally decrease, perhaps indicating little
influence of Spt4-Spt5 over cryptic, intragenic, antisense transcrip-
tion events in fission yeast. We found that mRNA levels in budding
and fission were largely either unchanged or slightly decreased in
the absence of Spt4, despite the increase in gene-body Pol II
(Supplemental Fig S9). One explanation could be that RNAs may
in fact be increasingly produced in spt4A strains, yet buffered
through surveillance mechanisms such as preRNA degradation.
However, in light of several lines of evidence, we favor a hypoth-
esis in which, in the absence of Spt4, Pol II exhibits a reduced
elongation rate. First, early experiments demonstrated that recom-
binant human Spt4 and Spt5, but not Spt5 alone, could increase
rates of in vitro transcription reactions (Wada et al. 1998).
Second, reduced elongation rates are known to decrease the dis-
tance transcribed by Pol II beyond the 3’ cleavage and polyadeny-
lation signal (CPS) (Fong et al. 2015). We found that in S. pombe,
transcription termination occurs within a much shorter distance
from the CPS in the absence of Spt4 (this was also observed to a
lesser extent in S. cerevisiae, but may be more difficult to detect
because termination occurs normally only a short distance from
the CPS). Compatible with the torpedo model of transcription ter-
mination (Connelly and Manley 1988), the 5'-3' exonucleases,
Dhpl1 (S. cerevisae: Ratl), may be better able to catch up to and dis-
place the slower Pol II from the DNA. Importantly, since Spt4 acts
in complex with Spt5 to affect elongation, we surmise that many
of the phenotypes we have observed in spt4A strains are a conse-
quence of perturbation of this elongation factor complex and its
association with Pol II, rather than the independent action of
Spt4. Further experiments are required to distinguish independent
roles of each subunit of the Spt4-spt5 complex in transcription
elongation.

Apart from having a role in maintaining transcription elonga-
tion rates, the Spt4-Spt5 complex is also thought to affect the proc-
essivity of Pol II (Mason and Struhl 2005; Hartzog and Fu 2013).
The increase in gene-body Pol II in spt4A strains does not preclude
the possibility of defects in Pol II processivity, but rather indicates
that the more dominant effect of Spt4 deletion is on Pol II elonga-
tion rate. The modest decreases in levels of many mRNAs in
S. pombe could reflect a combination of decreased rates of transcrip-
tion and reduced processivity by Pol II in the absence of Spt4.

Using PRO-seq, adapted for determining the transcription
profiles in budding and fission yeast, provides novel insight into
the evolution of mechanisms governing their transcriptional land-
scapes. In this study, we identified divergence in the role of Spt4-
Spt5 between budding and fission yeast. S. cerevisiae appears to
rely on Spt4 primarily to maintain a steady and rapid elongation
rate. In contrast, S. pombe additionally possesses a previously unde-
scribed role for this complex in slowing or stalling Pol II between
the TSS and the +1 nucleosome. The ability with which PRO-seq
can be applied in yeast ultimately enhances our ability to combine
genome-wide snapshots of transcription elongation with the pow-
erful genetic tools inherent to these model systems.

Methods

Yeast strains

S. cerevisiae strains, WT and spt4A, are in the background W303-1a
and W303-1a, respectively. WT and spt4A strains in S. pombe are in
the background 972 h-.

Genome Research 807
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.204578.116/-/DC1

Booth et al.

Precision Run-On sequencing in yeast

The protocol described in Kwak et al. (2013) was modified slightly
to accommodate the physiology of yeast (Garcia-Martinez et al.
2004). Instead of nuclei isolation, both S. cerevisiae and S. pombe
were permeabilized to allow for the efflux of endogenous NTPs
and uptake of biotin-11-NTPs (Epicentre). Yeast cultures, grown
overnight, were diluted to an ODgpo=0.1 and grown to mid-log
phase (ODgpo =0.5-0.6) in either YPD (S. cerevisiae) or YES media
(8. pombe). Ten-milliliter cultures of equal cell concentration
were spun down and media was removed. Cells were then resus-
pended in 10 mL cold H,0. Cultures were pelleted again, resus-
pended in 10 mL 0.5% sarkosyl at 4°C, and incubated on ice for
20 min. Cells were then spun at a reduced RCF (400g) for 5 min
at 4°C. After removal of permeablization buffer, yeast pellets
were resuspended in 120 pL of 2.5x transcription buffer (50 mM
Tris -HCI, pH 7.7, 500 mM KCL, 12.5 mM MgCl,) with 6 pL 0.1
M DTT and 3.75 pL of each 1 mM biotin-NTP added immediately
before use. After suspending yeast in the aforementioned tran-
scription mix, the volume was brought to 285 pL with DEPC-treat-
ed H0. Finally, 15 pL 10% sarkosyl was added, and the reaction
was placed at 30°C and allowed to run on for 5 min. RNA was ex-
tracted using a hot phenol approach (Collart and Oliviero 2001);
after the run-on reaction, cells were pelleted at 400g for 5 min at
4°C and quickly resuspended in 500 uL acid phenol. An equal vol-
ume of AES buffer (50 mM NaAc pH 5.3, 10 mM EDTA, 1% SDS)
was added and placed for 5 min at 65°C with periodic vortexing,
followed by 5 min on ice. Two hundred microliters chloroform
was added and mixed followed by centrifugation at 14,0008 for
5min (4°C). To the aqueous layer (200 mM), 3 M NaOAc was added
followed by ethanol precipitation with a 3x volume of 100% eth-
anol. The RNA pellet was air dried before being resuspended in
20 pL DEPC-treated water. The PRO-seq or PRO-cap protocol
(Kwak et al. 2013) was then followed, beginning with base-hydro-
lysis, through to sequencing.

Spike-in approach for Run-On (PRO-seq) or RNA isolation
(RNA-seq)

Preparation of libraries with a spiked-in reference organism was
carried out by first growing a culture of the reference organism sep-
arate from the experimental cultures to ODgoo=0.5. After experi-
mental samples had reached the desired ODgop and all samples
were adjusted to have precisely equal numbers of cells, a fixed
amount of the reference culture was added to each sample for a giv-
en experiment. All samples and biological replicates for a given ex-
periment were prepared side by side such that all replicates
received exactly the same amount of reference culture. In the
case of either RNA-seq or PRO-seq, the spike-in approach described
above was applied in order to control for every step of the sequenc-
ing library preparation during which technical variation may be
introduced, beginning with the pelleting of cell cultures.

PRO-seq/ cap sequencing alignment

Raw sequencing files were processed by first removing reads
that do not pass [llumina’s quality filter. Full-length or partial
adapter sequences (5-TGGAATTCTCGGGTGCCAAGG-3') were
then removed using FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/). Reads were then trimmed to a maximum length
of 36 nt (minimum: 15 nt) and, in the case of PRO-seq, reverse-
complemented using the FASTX-Toolkit. Finally, all nascent se-
quencing alignments were performed using Bowtie (version
1.0.0) (Langmead et al. 2009). Processed reads were aligned allow-
ing for two mismatches, while requiring a unique alignment to the
genome. For PRO-seq experiments, due to the existence of reads

originating from separate species resulting from our spike-in proce-
dure, reads were initially aligned to ribosomal DNA sequences
from each species. Because of the high level of conservation of
these sequences, ribosomal mapping reads were not considered
in a species-specific manner. The remaining reads were then
mapped to a combined genome consisting of all chromosomes
from both §. cerevisiae (sacCer3=S288C_reference_genome_R64-
1-1_20110203) and S. pombe (version: ASM294v?2) facilitating the
removal of reads with an ambiguous origin. Although we are align-
ing reads of various lengths (15-36 nt), the majority of reads in
each library were 36 nt long. The method of aligning to a com-
bined S. pombe and S. cerevisiae genome prevents genome-indistin-
guishable, shorter reads from being included in downstream
analysis. Unique reads were parsed based on their species of origin.
Bedgraph files were created by recording only the most 3’ base of
each read, which represents the position of the Pol II active site,
for PRO-seq data, or the most 5" base of reads from PRO-cap data.
The counts at each position in the bedgraph file were normalized
based on the relative amount of reads aligning to the spike-in ge-
nome (PRO-seq), or based on the number of reads per million
mapped reads (PRO-cap) (for displaying in genome browsers).
Bedgraphs were ultimately converted to bigWig-formatted files
for downstream analysis.

Preparation and alignment of RN A-seq libraries

Total RNA was isolated from each sample culture (with spike-in ref-
erence) using the hot phenol approach followed by ethanol precip-
itation. The integrity of each sample was assessed on a denaturing
poly-acrylamide gel (7 M urea PAGE), and the quantity of total
RNA was measured. Three micrograms of total RNA from each sam-
ple was used for library preparation. Sequencing libraries were pre-
pared using the TruSeq Stranded mRNA LT Sample Prep Kit
(Illumina). Raw sequencing of 75 nt reads was conducted, and
raw sequencing files were aligned using the STAR alignment
suite (version 2.3.0) (Dobin et al. 2013). Uniquely mapping
reads with no more than two mismatches were reported and
used in this analysis. Sequences were aligned to a combined
genome of S. pombe (version: ASM294v2) and S. cerevisiae
(sacCer3=S288C_reference_genome_R64-1-1_20110203.tgz), and
reads were separated by species-specific chromosome names.
Bedgraph files were created by recording only the most 3’ base of
each read. For calculating the number of reads within desired re-
gions, custom scripts were used to count the amount of read
3’ ends within provided coordinates. The counts at each position
in a bedgraph file were normalized based on the relative amount
of reads aligning to the spike-in genome.

Mappability tracks

When determining the read density for genes or other transcrip-
tion units, the length of the region was defined as the number of
“mappable” bases within the unit. Uniquely mappable positions
for 36-mer sequence alignments were determined by first comput-
ing all possible 36-mer sequences across the genome of interest
and then aligning them back to the genome. By restricting the re-
ported hits to perfect and unique alignments, we were able to gen-
erate mappability files that describe the mappable regions of the
genome. In the case of samples receiving spiked-in libraries (i.e.,
S. pombe cultures spiked into S. cerevisiae), mappability tracks
were created by taking all possible 36-mer sequences derived
from the S. cerevisiae genome and aligning them to a species-com-
bined genome. By aligning S. cerevisiae 36-mer sequences to a com-
posite genome and reporting only unique hits, we are able to
identify all 36-mer sequences that (1) uniquely align to the S.
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cerevisiae genome and are thus not repeat elements, and (2) are dis-
tinguishable from the spiked-in genome.

Gene sets

For S. cerevisiae, the original (annotated) gene list consisted of all
transcription units identified by Pelechano et al. (2013), consider-
ing only the longest major transcript isoform for each model.
For S. pombe, a general transfer format (version: ASM294v1.16)
file for gene annotations was downloaded from ftp://ftp.ensembl
genomes.org/pub/fungi/release-16/gtf/schizosaccharomyces_pombe/.
Gene models used in this study were filtered and refined based on
the following criteria. Genes had to be nonoverlapping with any
other annotated transcription units on the same strand. Gene tran-
scription was defined as the normalized read depth across mappa-
ble bases within the gene body. A background read depth was
estimated based on the read density within a set of intergenic re-
gions. Genes were only considered active if their gene-body read
density was greater than expected (P < 0.01) based on a Poisson dis-
tribution with a background sequencing rate. Inactive genes were
omitted from downstream analysis. Moreover, only genes for
which we were able to identify an observed TSS were used in our
analysis—S. cerevisiae: n=4398 (84% of not-overlapping tran-
scription units) and S. pombe: n=4674 (80% of not-overlap-
ping transcription units). In order to avoid instances in which
upstream transcription interferes with a gene’s perceived transcrip-
tion, we calculated a run-through index for each gene. The run-
through index was defined as the ratio of reads within the up-
stream window from —300 bases to TSS, relative to a downstream
region +250 to +550. Genes were only used if their upstream
run-through index was less than 1. Although the figures in this
work are based on PRO-cap-based reannotation of early annota-
tions (ASM294v1.16), we found no effect of using an updated
set of annotations for S. pombe (ASM294v2.30) on our results
and figures. Only 23 of the shared genes appear to have 5 or
3’ coordinate changes. All genes for which we called an observed
TSS are listed in Supplemental Table S2 (S. cerevisiae) and
Supplemental Table S3 (S. pombe). In Supplemental Tables S2
and S3, normalized, background-subtracted PRO-cap signal for
each gene is provided, and filtered genes used in this work are dis-
tinguished from unused genes.

Observed TSS identification

Our approach for calling transcription start sites with PRO-cap data
is modeled after a similar analysis used for Start-seq data in mouse
(Scruggs et al. 2015). Using the starting lists of TSS annotations, we
developed an algorithm to search for the position within +250
bases of each annotation possessing the highest PRO-cap read
count on the corresponding strand. Importantly, we assess the
background signal of our PRO-cap libraries with a TAP-minus rep-
licate experiment. Thus, to identify the true most preferred base
near the annotated TSS, we specifically looked for the position
with the highest background-subtracted signal. In cases in which
two or more bases shared the same signal intensity, the base closest
to the annotation was chosen. Although situations arose in which
multiple bases appeared to be used as TSSs, we restricted our anal-
ysis to the most preferred site to simplify downstream analysis. An
observed TSS was required to have at least five reads more than the
relative background signal.

Pausing and termination index analysis

Pausing index was quantified as the read density per mappable
base within the first 100 bp downstream from the observed TSS di-
vided by the read density per mappable base within the gene body

(TSS + 200 to CPS). The termination index was calculated by iden-
tifying the 100-bp window 0 to +500 bp downstream from the CPS
with the maximum read density per mappable base and dividing
by the read density per mappable base within the gene body. For
determining the number of paused genes within each WT yeast
strain, we used the combined data from biological replicates to cal-
culate pausing index. We further tested the significance of pausing
within each gene by using Fisher’s exact test to assess the likeli-
hood of obtaining each ratio by chance. Using Bonferroni’s correc-
tion, Fisher’s exact test P-values were adjusted based on the
number of genes analyzed. We called a gene paused if it had an ad-
justed P-value <0.01 and not paused if P> 0.99. For calling high-
confidence paused and not paused genes, we further restricted
the respective gene sets based on analysis of individual biological
replicates. For both biological replicates, a gene was required
to have an adjusted P-value<0.05 (high-confidence paused) or
P>0.095 (high-confidence not paused).

MNase data

Aligned and processed MNase-seq files were downloaded from
GEO (S. pombe accession: GSE49575; S. cerevisiae accession:
GSM1143089) for use in our analysis (DeGennaro et al. 2013; Hu
et al. 2014). Nucleosome centers were previously identified by in-
dependent groups, i.e., S. pombe (Givens et al. 2012) and S. cerevi-
siae (Weiner et al. 2010). To ensure that the nucleosome centers
used accurately reflected the distinct MNase-seq data, we assessed
average MNase profiles relative to the centers. We found that the
MNase-seq profiles of data used in this work corresponded nearly
perfectly (within ~5 bp from MNase peaks on average) to the lists
of nucleosome centers.

Data access

The raw and processed sequencing files from this study have been
submitted to the NCBI Gene Expression Omnibus (GEO; http://
www.ncbi.nlm.nih.gov/geo/) under accession number GSE76142.
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