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The origin and evolution of a distinct mechanism
of transcription initiation in yeasts

Zhaolian Lu and Zhenguo Lin
Department of Biology, Saint Louis University, St. Louis, Missouri 63104, USA

The molecular process of transcription by RNA Polymerase Il is highly conserved among eukaryotes (“classic model”). A
distinct way of locating transcription start sites (TSSs) has been identified in a budding yeast Saccharomyces cerevisiae (“scan-
ning model”). Herein, we applied genomic approaches to elucidate the origin of the scanning model and its underlying ge-
netic mechanisms. We first identified TSSs at single-nucleotide resolution for 12 yeast species using the nAnT-iCAGE
technique, which significantly improved the annotations of these genomes by providing accurate 5 boundaries for pro-
tein-coding genes. We then inferred the initiation mechanism of each species based on its TSS maps and genome sequences.
We discovered that the scanning model likely originated after the split of Yarrowia lipolytica and the other budding yeasts.
Species that use the scanning model showed an adenine-rich region immediately upstream of the TSS that might facilitate
TSS selection. Both initiation mechanisms share a strong preference for pyrimidine—purine dinucleotides surrounding the
TSS. Our results suggest that the purine is required to accurately recruit the first nucleotide, thereby increasing the chances
of a messenger RNA of being capped during mRNA maturation, which is critical for efficient translation initiation during
protein biosynthesis. Based on our findings, we propose a model for TSS selection in the scanning-model species, as well as a

model for the stepwise process responsible for the origin and evolution of the scanning model.

[Supplemental material is available for this article.]

Transcription of protein-coding genes is an essential process in the
“central dogma” of molecular biology that describes the conver-
sion of genetic codes from the DNA into functional products. A
crucial step of transcriptional regulation occurs at the level of tran-
scription initiation, as it determines not only the number of tran-
scripts produced but also the locations of the transcription start
site (TSS). Therefore, transcription initiation has been a focus of
many studies of gene regulation (Roeder 1996). Genome-wide
studies in eukaryotic organisms revealed that transcription initia-
tion is highly dynamic (The FANTOM Consortium and RIKEN
Genome Exploration Research Group and Genome Science
Group 2005; Carninci et al. 2006; Hoskins et al. 2011; The
ENCODE Project Consortium 2012; Lu and Lin 2019). Transcrip-
tion can be initiated from multiple TSSs in most genes, and alter-
native usage of TSSs in different cell types or growth conditions
is prevalent in mammals, the fruit fly, and yeast (Davuluri et al.
2008; Batut et al. 2013; Lu and Lin 2019). Limited TSS shift was ob-
served in studies based on different yeast strains or growth condi-
tions, suggesting a role of genetic and environmental factors in
controlling alternative TSS usage (Borlin et al. 2019; Policastro
et al. 2020). Switching between TSSs appears to be associated
with differential gene expression (Lu and Lin 2019). Transcript iso-
forms produced by alternative TSS usage tend to have different
translation efficiencies (Cheng et al. 2018). From an evolutionary
perspective, changes in TSSs were thought to be associated with
the divergence of gene expression patterns and phenotypic traits
(Lin and Li 2012).

Most studies of the RNA Polymerase II (Pol II) transcription
machinery have focused on promoters containing a TATA box
(Patikoglou et al. 1999), which was the first identified core promot-
er element (Smale and Kadonaga 2003). The process of transcrip-
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tion initiation from TATA-containing promoters is highly
conserved from archaea to eukaryotes. The first step in transcrip-
tion initiation is the binding of TATA binding protein (TBP) to
the TATA box. Other general transcription factors (GTFs) bind
to the TBP-TATA complex in a defined order and recruit Pol II to
form a preinitiation complex (PIC) that allows Pol II to reach a
TSS directly (Bernard et al. 2010; Li et al. 2015; Blombach et al.
2016). Therefore, most TSSs locate ~30 bp downstream from the
TATA box, in what we refer to as the “classic model” herein. The
model budding yeast species Saccharomyces cerevisiae appears to
use a distinct mechanism of transcription initiation (Choi et al.
2002; Hahn and Young 2011). Specifically, the PIC in S. cerevisiae
scans for favorable TSSs and initiates transcription mainly 40-120
bp downstream from the TATA box, designated here as the “scan-
ning model” (Giardina and Lis 1993; Kuehner and Brow 2006;
Fishburn and Hahn 2012). A recent study revealed that the scan-
ning model is used at all promoters in S. cerevisiae, suggesting
that it serves as a global transcriptional initiation mechanism
(Qiu et al. 2020). In contrast, Schizosaccharomyces pombe, a fission
yeast that is distantly related to S. cerevisiae, follows an initiation
pattern similar to that of classic-model species in TATA-containing
promoters (Choi et al. 2002). Thus, the most parsimonious expla-
nation posits that the scanning model may have originated during
the evolution of S. cerevisiae after it diverged from S. pombe more
than 500 million years ago (MYA) (Rhind et al. 2011). However,
more accurate timing of the origin of the scanning model, as
well as its underlying genetic basis, has yet to be determined.
Studying the evolution of transcription initiation will provide
a better understanding of the molecular mechanisms underlying
the identification of TSSs by the PIC. For instance, in both
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classic-model and scanning-model species, transcription is mostly
initiated from a purine (the +1 site) on the coding strand, with a
pyrimidine immediately upstream of it (the -1 site), which
forms a pyrimidine-purine (PyPu) dinucleotide (The FANTOM
Consortium and RIKEN Genome Exploration Research Group
and Genome Science Group 2005; Hoskins et al. 2011). It has
been shown that the —1 pyrimidine facilitates the stacking of the
first nucleotide by Pol II (Zhang et al. 2014). However, it remains
unclear why a purine serves as the first transcribed nucleotide. In
addition, most TSSs show an adenine nucleotide 8 bp upstream
of their position (abbreviated as —8A hereafter) in S. cerevisiae
(Zhang and Dietrich 2005; Lu and Lin 2019). A structural study
showed that the B-reader helix of TFIIB recognizes the —8A and
that —8A is critical for TSS selection (Kostrewa et al. 2009).
Whether the preference for —8A exists in other scanning-model
species is not known. A better understanding of the sequence con-
text required for the identification of favorable TSSs in scanning-
model species should provide insights into the genetic mecha-
nisms of transcription initiation.

Transcription within a core promoter is commonly initiated
from a cluster of nearby TSSs, instead of a single TSS (The
FANTOM Consortium and RIKEN Genome Exploration Research
Group and Genome Science Group 2005). The width of a TSS clus-
ter (TC) and the distribution of transcription activities among its
TSSs may vary substantially from one core promoter to another,
forming different shapes of distribution of transcription signals,
which are called promoter shapes (Carninci et al. 2006). Core pro-
moters are generally divided into “sharp” and “broad” classes
based on their promoter shapes (Carninci et al. 2006, Hoskins
etal. 2011). Transcription initiation at sharp core promoters main-
ly occurs from a single predominant TSS, whereas initiation is
more dispersed at broad core promoters. In mammals, sharp core
promoters are often associated with genes showing tissue-specific
expression, whereas broad core promoters are enriched in ubiqui-
tously expressed genes, suggesting that the promoter shape reflects
the different regulatory needs of a gene (Carninci et al. 2006). It
was found that sharp core promoters are more likely to contain a
TATA box (Carninci et al. 2006; Hoskins et al. 2011), indicating
an influence of the presence of TATA box on promoter shape. By
examining the TSS maps for 81 lines of Drosophila melanogaster,
Schor et al. (2017) identified thousands of genetic variants that
may influence transcription level and core promoter shape.
However, the major genetic determinants behind promoter shape
are not entirely understood.

In this study, we conducted comparative analyses of the TSS
maps and genomic sequences for 12 yeast species. We have pin-
pointed the origin of the scanning model, inferred key genetic in-
novations associated with its evolution, identified the sequence
context required for transcription initiation, and hypothesized
their functional consequences on transcription initiation and pro-
moter shape. These findings contributed to our understanding of
the evolutionary divergence of transcription initiation mecha-
nisms and the functional roles of sequencing elements in this
key process of the central dogma of molecular biology.

Results
Evolutionary dynamics of transcription initiation landscapes
in yeasts

We generated high-resolution TSS maps for 10 budding yeast spe-
cies and two fission yeast species, including S. cerevisiae, S. pombe,

and otherimportant species, with estimated divergence times rang-
ing from four million years to more than 500 million years (Fig. 1A;
Supplemental Table S1). We obtained these TSS maps using the no-
amplification nontagging cap analysis of gene expression (nAnT-
iCAGE) technique (Murata et al. 2014). A total number of 838 mil-
lion CAGE tags from the 12 yeast species were produced, providing
an ultrahigh sequencing depth (Supplemental Table S2). We ap-
plied the Poisson model to remove candidate TSSs that were likely
because of technical artifacts, or stochastic transcription from non—
bona fide core promoters (see Methods). On average, each species
used 286,433 TSSs when grown in rich medium (Supplemental
Table S3), supporting the pervasive nature of transcription initia-
tion in yeasts, given their small genome size (~12 million bp) and
gene numbers (approximately S000—6000).

We developed a peak-based clustering method, called “Peak-
clu,” to identify TCs, representing core promoters (Supplemental
Fig. S1). We assigned TCs to Pol II transcribed genes as their core
promoters based on their position proximity (see Methods). We
identified core promoters for 83.7% protein-coding genes for these
species (ranging from 4571 genes in Schistosomiasis japonicus to
5348 genes in S. cerevisiae). We defined the representative TSS of
a protein-coding gene as the TSS with the highest CAGE signal
within the promoter region. Our core promoter and TSS data im-
prove the annotations of these genomes by providing 5’ boundar-
ies for most genes at single-nucleotide resolution. We provided the
updated genomes annotation files for the 12 yeast species in gene-
ral feature format (GFF) as Supplemental Datasets S1-S12. Only
TCs with tags per million (TPM) greater than one were considered
as qualified core promoters for subsequent analyses (Supplemental
Dataset S13).

To better characterize the evolutionary patterns of core pro-
moters, we delineated protein-coding genes of the 12 yeast species
into 6614 orthologous groups using OrthoDB (Supplemental
Dataset S14; Kriventseva et al. 2019). We observed that core pro-
moters between orthologous genes tended to have distinct fea-
tures, including transcription activities, length of 5" UTR, and
core promoter shape, as illustrated by the orthologous group of
FLC2 as an example (Fig. 1A). These features are most similar be-
tween the closely related species, such as S. cerevisiae and Saccharo-
myces paradoxus, which have diverged ~4 MYA. In contrast, these
features showed reduced similarity with increasing divergence
times. For example, we detected larger differences between S. cere-
visiae and its second-most related species Saccharomyces mikatae,
suggesting that these features may be related to genetic factors.
However, these differences do not show a simple linear correlation
with their divergence times on a broader scale, probably because
changes in these features were not directional, or they might
have diverged at a much higher rate than their respective genomic
sequences.

One of the most significant differences related to TSSs be-
tween budding yeasts and fission yeasts is the 5-UTR length.
The budding yeasts have a shorter median length of 5" UTR than
that of fission yeasts (Fig. 1B; Supplemental Dataset S15). The me-
dian 5'-UTR length in fission yeasts is more similar to that of high-
er eukaryotes, such as 106 bp in tomato and 111 bp in cow (Leppek
et al. 2018). Exonization from introns in 5" UTR regions has been
observed (Hooks et al. 2014). Elongation of 5" UTR by exonization
is more likely to occur in genomes with a higher intron density.
Because budding yeasts show a significantly lower intron density
than fission yeasts (Fig. 1C), we hypothesize that the massive
loss of introns in budding yeast genomes largely eliminates the
possibility of 5 UTR elongation through the exonization process.
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Figure 1.

Generation of TSS maps at single-nucleotide resolution for 12 yeast species. (A) An example of TSS maps of orthologous FLC2 genes from 12

yeast species. We inferred the phylogenetic tree of the 12 yeast species based on RPB2 protein sequences, the largest subunit of the Pol Il complex, using the
maximum likelihood method. The full species names are provided in Supplemental Table S1. The estimated divergence times and 95% confidence intervals
for all branching points in the tree are provided as numbers and horizontal bars, respectively. The tree was drawn to scale. In the TSS map of each species,
the top track illustrates the distributions of TSS signals. The second track shows the locations and boundaries of core promoters (orange arrow) and the
locations of gene coding regions (green bar). (B) Violin plot showing the distribution of 5-UTR lengths in each species. (C) Number of introns per

gene in each of the 12 yeast genomes.

In each examined species, 5'-UTR lengths vary greatly
among individual genes. We measured the coefficient of varia-
tion (CV) of 5-UTR lengths among orthologous genes for each
KEGG pathway to quantify their evolutionary divergence. We de-
termined that KEGG groups with the most divergent 5-UTR
length are generally related to metabolism pathways, such as
ether lipid metabolism and riboflavin metabolism (Supplemental
Fig. S2A). The median lengths of 5 UTR among genes in the ribo-
flavin metabolism pathway range from 21-294 bp across our 12
species (Supplemental Fig. S2B). In contrast, the KEGG groups
with the most conserved 5'-UTR length are enriched in essential
cellular function pathways, such as ribosome and RNA transport
(median 5'-UTR lengths ranging from 37-63 bp) (Supplemental
Fig. S2C). These results support the hypothesis that 5-UTR
length, which is primarily determined by the location of TSSs, re-
lates to gene functions and their expression profiles (Lin and Li
2012), although the underlying mechanism remains to be inves-
tigated further.

The scanning model emerged during the evolution of
budding yeasts

A distinct feature distinguishing the classic model from the scan-
ning model is the distance between the TATA box and TSS.
Therefore, we used this feature to infer the transcription initiation
mechanism of a given species. We searched for TATA box motifs
using the consensus sequence TATAWAWR (Basehoar et al. 2004;
Rhee and Pugh 2012) in promoter regions in each species exam-
ined. We observed a binary pattern of TATA box positioning
among the 12 species (Fig. 2). In one group, including a known
classic-model species S. pombe, as well as the other fission yeast ex-
amined S. japonicus and a budding yeast Yarrowia lipolytica, TATA
box motifs are well positioned ~30 bp upstream of TSS, similar
to that of human, supporting the notion that they all use the “clas-
sic model.” In the other group, which includes the known scan-
ning-model species S. cerevisiae and all other budding yeasts
except Y. lipolytica, TATA boxes are mainly distributed over a broad
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Figure 2. Inference of transcription initiation mechanisms using TATA-containing promoters. The /eft
panel displays phylogenetic relationships of the 12 yeast species with human as an outgroup. The middle
panel shows the distributions of distances between the TATA box (TATAWAWR) and TSS in each species.
The numbers of TATA-containing promoters and genes in each species are provided in Supplemental
Table S4. The blue dashed line indicates the location of the —50 position. The names of the scanning-
model species are shaded in cyan, and classic-model species are shaded in salmon. The right panel shows
the distribution of promoter shape score (PSS) of TATA-containing promoters in each species. The gray
dashed line indicates the median PSS value of Y. lipolytica, S. pombe, and S. japonicus.

range from 50-120 bp upstream of the TSS, suggesting that these
species use the scanning model for transcription initiation (Fig.
2). Y. lipolytica, which diverged ~200 MYA, is the earliest branch-
ing species among budding yeasts examined. These results support
the hypothesis that the origin of the scanning model occurred af-
ter the divergence of Y. lipolytica during the evolution of budding
yeasts.

In classic-model species, transcription from TATA-containing
promoters tends to be initiated from a narrow range of TSSs, result-
ing in core promoters with a sharper shape than those from TATA-
less promoters (Carninci et al. 2006). We calculated the promoter
shape score (PSS) for both classes of core promoters in all examined
species (see Methods). The sharpest promoters have a PSS of zero,
whereas the PSS increases as core promoters become broader. This
analysis revealed two significant findings. First, PSS values for
TATA-containing promoters in the three classic-model species
are significantly lower (sharper) than those from scanning-model
species (Fig. 2). Such a difference is probably because of different
mechanisms of locating TSSs between the two classes of species:
Indeed, in scanning-model species, the PIC scans DNA sequences
downstream from a TATA box to select favorable TSSs instead of
starting from a fixed distance, leading to a broader distribution
of TSSs. These results also corroborate our robust inference of tran-
scription initiation mechanisms based on distributions of TATA
box locations. Second, the PSS values of TATA box—containing pro-
moters are significantly lower than those of TATA-less promoters

]
Promoter Shape Score (PSS)

30 all species (Supplemental Table S$4;
Supplemental Fig. S4), highlighting the
robustness of our conclusions. As we ob-
tained the TSS maps for these species
from cells grown in rich medium and giv-
en that TSS activities can significantly
change under different growth condi-
tions (Lu and Lin 2019), we sought to
determine whether physiological regula-
tion might influence transcription initia-
tion. Therefore, we generated a set of
distributions for TATA-TSS distances based on published TSS
maps derived from nine distinct growth conditions in S. cerevisiae
(Lu and Lin 2019) and from five growth conditions in S. pombe
(Thodberg et al. 2019). We observed highly similar distributions
across samples within each species (Supplemental Fig. S5). These
observations support that the molecular machinery of transcrip-
tion initiation is independent of physiological regulation or
growth conditions in both scanning-model and classic-model
species.

Purine as the first recruited nucleotide is critical for accurate
transcription initiation and efficient 5" capping

We retrieved sequences surrounding the dominant TSS (10 bp) of
all core promoters from all yeast species (Supplemental Dataset
S13). The consensus sequence showed a strong preference of
PyPu dinucleotide at TSSs in all species examined (Fig. 3A;
Supplemental Fig. S6). Unlike the pyrimidine at the -1 site, the
functional role of purine at the +1 site remains elusive. In contrast
to DNA replication, transcription initiation does not require an
RNA primer, and Pol II adds the first nucleotide to the template
strand without the formation of a phosphodiester bond. Owing
to the difference between transcription initiation and extension,
we speculated that the mismatch rate at the +1 site might be higher
than at other sites. The strong preference for a single type of
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nucleotide for transcription initiation may theoretically reduce
the probability of transcription errors.

The raw CAGE sequencing reads from the 12 yeast species al-
lowed us to test our hypotheses by comparing transcript sequences
and their genomic templates (see Methods). As predicted, we dis-
covered that the mismatch rate at the +1 site was about six times
higher than at the next four sites (Fig. 3B). We then examined
the consequences of different dinucleotides at the [—1,+1] sites
on initiation fidelity. Transcripts initiated from PyPu (0.003) and
PuPu (0.026) dinucleotides showed drastically lower proportions
of mismatched nucleotides than from PyPy (0.405) or Puly
(0.740) dinucleotides. This result showed that a purine at the +1
site is critical for recruiting the correct nucleoside triphosphate
to the first site, whereas the nucleotide at the —1 site has a minimal
effect (Fig. 3C; Supplemental Fig. S7A). We noticed that a purine,
particularly adenine, was frequently incorporated by Pol Il among
those mismatches initiated from a pyrimidine site (Fig. 3D;
Supplemental Fig. S7B). For instance, if the +1 site on the coding
strand was a thymine, Pol Il then tended to recruit an adenine rath-
er than a thymine, suggesting that purines are strongly preferred
by Pol II for the +1 site, regardless of the template nucleotide.

The next question raised by our results was why Pol II would
prefer purines, especially adenines, as the initiation nucleotide.
The first nucleotide of the primary mRNA receives a cap structure
(e.g., N7-methylated guanosine [m7G]) as a post-transcriptional
modification, which then allows for cap-dependent initiation of

protein synthesis and prevention of exonuclease cleavage (Both
et al. 1975; Muthukrishnan et al. 1975). To determine the effect
of different nucleotides at the 5’ end of mRNAs on 5’ capping,
we examined the raw CAGE sequencing reads to calculate the pro-
portion of m7G caps for transcripts with different types of nucleo-
tides at the 5 end (see Methods). Our analysis revealed that
transcripts with a purine at the 5 end had much higher rates of be-
ing capped by m7G (73.2%) compared with those with a pyrimi-
dine (49.2%) (Fig. 3E; Supplemental Fig. S7C).

Some uncapped transcripts could be generated by premature
reverse transcription (RT) stops or 5'—3" decay of mRNA, generating
“false TSSs.” If uncapped transcripts have more pyrimidines than
purines at their first site, it could introduce bias in quantifying
5’ capping rates. To minimize the impacts of these truncated
transcripts, we calculated 5’ capping rates using TSSs with more
stringent support. First, we examined 5’ capping rates for TSSs iden-
tified by different techniques, such as transcript leader sequencing
(TL-seq), which replaces m7G with a linker by 5’ ligation (Arribere
and Gilbert 2013). A recent study (Spealman et al. 2018) used
TL-seq to generate TSS maps for four budding yeast species, two
of which (S. cerevisiae and S. paradoxus) we included in this study.
As TL-seq does not sequence the m7G cap, we could not infer cap-
ping rates based on TL-seq reads. Instead, we used our CAGE reads
to calculate capping rates for TSSs identified by both techniques,
which were considered as “high-confidence” TSSs. To further filter
those possibly originating from technical artifacts, we selected TSSs
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transcript and located within assigned
core promoters yielded a similar result
(Supplemental Fig. S8C). Therefore,
quantifications of 5’ capping rates based
on three different sets of TSSs reached
the same conclusion. Our results suggest-
ed that the strong preference for a purine
at the +1 site of transcripts provides their
best chance to be capped by m7G, there-
by increasing the probability of success-
ful protein biosynthesis and reducing mRNA cleavage by
exonucleases.

Figure 4.

12 species.

The gain of an adenine-rich region immediately upstream of TSS
during the evolution of scanning-model yeasts may have
facilitated TSS selection

An adenine is present at 8 bp upstream of most TSSs (—8A) in S. cer-
evisiae (Zhang and Dietrich 2005; Lu and Lin 2019). We confirmed
the predominance of —8A in other budding yeast species that have
experienced an ancestral whole-genome duplication (WGD) (Fig.
3A; Supplemental Fig. §9). By conducting a sliding-window analy-
sis of nucleotide frequency, we determined the existence of an ad-
enine-rich (A-rich) region immediately upstream of the TSS, with a
peak close to the —8 position, in all scanning-model yeasts except
Candida albicans (Fig. 4A; Supplemental Fig. S9). We also detected a
similar A-rich region at the same location in §. cerevisiae in all
growth conditions examined based on published TSS maps (Lu
and Lin 2019), suggesting its independence from physiological
regulations (Supplemental Fig. S10). As an opportunistic pathogen
of humans, C. albicans is the earliest diverging lineage among the
scanning-model species. All classic-model species lacked the TSS-
proximity A-rich region. Instead, they showed an AT-rich region
~30 bp upstream of the TSS, corresponding to the location of the
TATA box (Fig. 4A; Supplemental Fig. S9). Based on the phyloge-
netic distribution of the A-rich region, the most parsimonious
explanation suggests that the enrichment of the TSS-proximity
A-rich region originated after the divergence of C. albicans during
the evolution of budding yeasts. In addition, the common ances-
tor of WGD yeasts gained a strong preference for adenine at a

-120 -80
Distance to TSS (bp)

.
1
U/

Presence of an adenine-rich (A-rich) region in the scanning-model species and its functions.
(A) Sliding-window analysis of A/T frequencies in the region from —120 to +10 bp surrounding the dom-
inant TSS of all core promoters in the 12 yeast species and human (Supplemental Dataset S13). The win-
dow size is 5 bp with a step size of 1 bp. Blue dashed line refers to the —8 site. The gray dashed line refers
to the TSS position (the +1 site). (B) Frequency of expected and observed A-rich (at least two adenines)
region in the window from —9 to —3 bp. (***) P=0, chi-square test. (C) Proportions of transcripts initiated
from TSSs with and without an A-rich region. This figure was generated based on all core promoters in the

specific location (-8A) within the A-rich region. The gain of
the —8A in WGD species suggests that these species may show a
more stringent requirement for the distance between adenine
and TSS for transcription initiation.

If the A-rich region indeed plays a key role in transcription ini-
tiation in scanning-model species, we hypothesized that it should
be overrepresented immediately upstream of TSSs in scanning-
model species but not in classic-model species. We first aimed to
enumerate the number of adenines in the 7-bp window (from
-9 to —3) between the two types of species. We then expressed
the results as frequencies for minimum adenine numbers from
one to seven between the two types of species (Supplemental
Fig.S11). We determined that promoters with at least two adenines
showed significantly higher frequencies in scanning-model spe-
cies compared with classic-model species. Therefore, we defined
A-rich as the presence of two or more adenines within the 7-bp
window. Based on this definition, we observed the presence of
the A-rich region in 91.80% of TSSs in S. cerevisiae, compared
with an expected frequency of 69.1% based on nucleotide frequen-
cies, supporting the claim that A-rich regions are overrepresented
in the 7-bp window (P=1.8x107%%7, chi-square test) (Fig. 4B).
We detected such enrichment in all scanning-model species, ex-
cluding C. albicans. In contrast, the A-rich region was not enriched,
or even underrepresented, in all classic-model species (Fig. 4B).
Because one PyPu dinucleotide should be detected in every 5-bp
window by chance, this observation also explains why TSSs locate
a few base pairs downstream from A-rich regions in scanning-mod-
el species.

Transcription initiation from a core promoter may occur from
an array of nearby TSSs, and some TSSs may lack an upstream

56 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.264325.120/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on January 4, 2021 - Published by Cold Spring Harbor Laboratory Press

Evolution of transcription initiation mechanisms

A-rich region. If the A-rich region is required for efficient transcrip-
tion initiation in the scanning-model species, we might expect
that most transcripts within a core promoter would be initiated
from TSSs associated with an A-rich region. As shown in Figure
4C, we discovered that the proportion of transcripts initiated
from A-rich-associated TSSs was much higher than that from A-
rich-less TSSs in all scanning-model species except C. albicans, sup-
porting our hypothesis. In C. albicans, we observed a thymine-rich
region upstream of TSSs (Supplemental Fig. S9), suggesting that the
molecular mechanisms of transcription initiation in C. albicans
might differ from other scanning-model species.

Genetic basis underlying the evolutionary conservation
and divergence of core promoters

Our results suggest the critical roles of PyPu and the A-rich region
(or —8A in WGD species) in transcription initiation. We then ex-
amined the evolutionary patterns associated with these sequence
elements and how they may influence the divergence of TSSs
and core promoters. We focused on the three closely related spe-
cies, S. cerevisiae, S. paradoxus, and S. mikatae, which allowed us
to align their entire genomes for the accurate identification of
orthologous core promoters. By using S. mikatae as an outgroup
because it diverged from the other two species earlier, we divided
orthologous core promoters into three groups (see Methods) (Fig.
SA; Supplemental Dataset S16). The Conserved group included
orthologous core promoters present in both S. cerevisiae and S. par-
adoxus, with the same positions for the dominant TSSs. We de-
fined the Shifted group as those core promoters in which the
dominant TSS changed in one or both species. We classified lost
or newly gained core promoters in S. cerevisiae or S. paradoxus as
the Turnover group.

Overall, we discovered the prevalence of core-promoter turn-
over. S. cerevisiae gained 670 and lost 229 core promoters since its
divergence from S. paradoxus, accounting for 10.3% and 3.5% of its
core promoters, respectively (Supplemental Fig. S12A). We detect-
ed similar patterns in S. paradoxus. When compared with
Conserved and Shifted core promoters, Turnover core promoters
tended to show lower transcriptional activity (Fig. 5B) and usually
were located at further upstream of the translation start codons
(Fig. 5C).

We examined the genomic sequences from —20 to +20 bp sur-
rounding the dominant TSSs for each group of core promoters to
infer their associated genetic changes. We observed distinct pat-
terns of genetic divergence at the —8, —1, and +1 sites between
the three types of core promoters. In Conserved core promoters,
the rates of nucleotide substitutions, particularly transversions,
were nearly depleted at the —8, —1, and +1 sites (Fig. 5SD-E), sug-
gesting that the nucleotide type at these positions is critical for
maintaining core promoter activities. In contrast, we observed el-
evated transversion rates at the —1, +1 sites in the Shifted and
Turnover groups (P<0.001, chi-square test) (Fig. 5D). For example,
the core promoter of YDL182W locus in S. cerevisiae changed the
position of its dominant TSS since its divergence from S. paradoxus
(Fig. SF). S. cerevisiae lost the ancestral dominant TSS owing to a
transversion mutation that replaced adenine with thymine at
the +1 site, converting PyPu to PyPy. Concomitantly, S. cerevisiae
gained a new dominant TSS 13 bp upstream of the ancestral TSS
by replacing guanine to cytosine, generating a new PyPu dinucleo-
tide (Fig. SF). Moreover, active core promoters in the Turnover
group had a significantly higher frequency of PyPu and —8A
than their inactive counterparts (silent core promoters)

(Supplemental Fig. S12B). However, both groups showed similar
frequencies of TATA box, supporting that nucleotide turnovers at
the -8, —1, and +1 sites played an important role in the evolution-
ary divergence of core promoter activities.

We then evaluated the consequence of transversions at the
—1 and +1 sites on transcription initiation activity. When the nu-
cleotide at the —1 site changed from the preferred pyrimidine to
purine, most core promoters experienced significantly reduced
transcriptional activity. We observed the opposite pattern in core
promoters where pyrimidine replaced purine (Fig. 5G). In contrast,
achange from a purine to pyrimidine at the +1 site significantly re-
duced promoter transcriptional activities because purine is the pre-
ferred nucleotide, and again, we noted the opposite pattern when
purine replace pyrimidine (Fig. SH). These results further support
the importance of PyPu dinucleotides in transcription initiation.
When we sorted TSSs based on their fold-changes in transcription
activity between S. cerevisiae and S. paradoxus, we discovered that
the proportion of TSSs with transversion mutations at the [-1,
+1] sites increased as the fold-change in transcriptional activity in-
creased. Within the group of TSSs with the largest fold-changes,
56.7% showed an association with transversion mutations at the
[-1,+1] sites (Fig. SI), suggesting that the TSSs with the most signif-
icant evolutionary divergence in transcriptional activities are more
likely owing to transversion mutations at the [—-1,+1] positions.

Other common motifs in yeast core promoters

A GA element (GAAAAA) was identified as a conserved promoter
element in most TATA-less promoters in S. cerevisiae (Seizl et al.
2011). Notably, the GA element was enriched in promoter regions
in all scanning-model yeast species, at a position similar to that of
the TATA box in TATA-containing promoters (Supplemental Fig.
513). These findings suggest that the GA element might function
as binding sites for GTF in scanning-model species, supporting
the presence of two distinct Pol II transcription initiation machin-
ery in yeasts.

Our TSS maps allowed us to predict other putative core pro-
moter motifs in yeasts using de novo motif discovery methods.
We showed that, besides the TATA box, eight motifs were signifi-
cantly enriched in promoter regions in at least three yeast species
(Supplemental Fig. S14A). These shared motifs generally mapped
to similar locations relative to the TSS within each type of tran-
scription initiation mechanism (Supplemental Fig. S14B), further
supporting the presence of two models of Pol II initiation. For ex-
ample, motifs that match to the binding sites of REB1p, ABF1p,
and TOD6p were detected in most scanning-model species, and
they located at similar positions as the TATA box. These motifs,
as well as the GA element, manifested very little co-occurrence
with the TATA box (Supplemental Fig. S15), indicating that these
motifs might play an important role in transcription initiation
from TATA-less promoters.

Discussion

In this study, we generated quantitative TSS maps for 10 budding
yeasts and two fission yeasts, representing the most comprehen-
sive TSS atlas in yeasts to date. These TSS maps improve genome
annotations for these species by providing 5 boundaries for
most protein-coding genes at single-nucleotide resolution. Most
importantly, our study contributed to the field of transcription
regulation by providing a better understanding of the functions
of several key sites surrounding the TSS and by unraveling the
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Figure 5. Genetic basis underlying the evolutionary divergence of core promoters and TSSs in budding yeasts. (A4) A schematic diagram of three types of
core promoters based on their evolutionary patterns. (B) Different transcriptional activities among the three types of core promoters. (C) The Turnover core
promoters tended to locate more upstream from the ATG codon than the other groups. (D) The rate of transversion substitution at each site in the region
surrounding the dominant TSS (from —20 to +20 bp), which were calculated between orthologous core promoters in S. cerevisiae and S. paradoxus. The
sites with significantly higher or lower substitution rates are indicated by asterisks (chi-square test). (*) P<0.01; (**) P<0.001; (***) P=0. (E) The rate of
transition substitution at each site in the region centered around the TSS (from —20 to +20 bp). (F) An example of Shifted core promoters (upstream of
YDL182W) and their genomic sequences in three closely related budding yeasts. New mutations in S. cerevisiae and S. paradoxus are indicated by arrows.
(G) Volcano plot illustrating that mutations from pyrimidine to purine (Py — Pu) and from purine to pyrimidine (Pu — Py) at the —1 site have the opposite
impacts on transcriptional activities of TSSs. The horizontal dashed line refers to the adjusted P-value of 0.05, and the vertical dashed lines indicate >1 or
<-1 log, fold-changes. (H) Volcano plot illustrates that mutations from pyrimidine to purine (Py — Pu) and from purine to pyrimidine (Pu — Py) at the +1
site have the opposite impacts on transcriptional activities of TSSs. (/) The TSSs with larger fold-changes in transcriptional activities are more likely to be
associated with transversion mutation at the [-1,+1] sites.

origin and evolutionary process that led to the scanning-model of supporting their importance in transcription initiation.
transcription initiation. Furthermore, these results uncover a key genetic mechanism un-
derlying the evolutionary divergence of TSSs and core promoters.
We discovered that disruption of the PyPu sites was sufficient to

Functional roles of the PyPu and A-rich region in transcription eliminate its transcriptional initiation activities (Fig. 5D).

Initiation However, other factors likely play a more important role in gaining
Our study improves our understanding of the role of PyPu during anew TSS. In most cases, the birth of a new TSS in a promoter re-
transcription initiation. The strong preference for purine as the gion does not require mutations to obtain a PyPu dinucleotide ow-
first base of transcripts likely stems from the intrinsic preference ing to its prevalence (1 PyPu in every S bp). A study on the human
of Pol II and from positive influences subsequent post-transcrip- genome showed that most new TSSs emerged from transposable el-
tional modification and protein biosynthesis. We determined ements owing to retrotransposon activities (Li et al. 2018).
that transversions at the [-1,+1] sites, which disrupt PyPu dinucle- However, yeasts are known for their scarcity in active transposable
otides, result in remarkable changes in TSS activities and TSS shifts, elements (Bleykasten-Grosshans and Neuvéglise 2011). We
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speculate that evolutionary innovations in trans- or cis-regulatory
factors probably play a more important role in the birth of new
TSS in yeasts.

Another sequence signature of the TSS in scanning-model
species is the presence of an A-rich region in the —9 to —3 window.
Particularly, WGD species displayed a strong preference for ade-
nine at the -8 position (-8A). Structural studies indicated that
the —8A in S. cerevisiae is recognized by the B-reader helix of
TFIIB, which is required for TSS selection (Kostrewa et al. 2009;
Sainsbury et al. 2013). It is reasonable to postulate that adenines
in the A-rich region might serve as binding sites for a PIC compo-
nent, probably TFIIB, for the scanning model of transcription ini-
tiation. The interaction between TFIIB and the A-rich region might
temporarily pause the scanning process and direct Pol II to initiate
transcription from its downstream PyPu. Therefore, the A-rich re-
gion in scanning-model species might have a similar role as the
TATA box in classic-model species, serving as an anchor point
for PIC to initiate transcription. In addition, because one PyPu is
expected to be present by chance in each 5-bp window, a require-
ment for the presence of an A-rich region immediately upstream of
PyPu largely eliminates initiation from many other PyPu sites, re-
ducing the production of undesired transcript isoforms. This hy-
pothesis is consistent with a previous study in which mutation
at the —8A in S. cerevisiae led to almost complete loss of its corre-
sponding transcription activity (Kostrewa et al. 2009). However,
how PIC components interact with the A-rich region requires fur-
ther interrogations.

A proposed model for transcription initiation
in the scanning-model species

Based on what we learned about the functional roles of PyPu and
the A-rich region, we propose a model to describe how transcrip-
tion is initiated in scanning-model species (Fig. 6A). In brief, the
assembly of PIC on the TATA box occurs similarly in both clas-
sic-model and scanning-model species. In the classic model, tran-
scription initiation would occur if PyPu is present near the location

A B
“scanning model” | -GA
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[RI20e0) [-9,-8][-1,+1] Origin of “scanning model”
PIC scans downstream DNA E::::’
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in MRCA

' S. japonicus

of the Pol II catalytic center. In the scanning model, the PIC scans
downstream from the TATA box for the combination of an A-rich
region and PyPu in a 10-bp window (from -9 to +1 bp). The A-rich
region might serve as an anchor point for PIC. If a PyPu is available
within a few base pairs downstream from the A-rich region, tran-
scription can be initiated by Pol II. Otherwise, the PIC continues
to scan the promoter sequence until it reaches a favorable se-
quence combination.

It is worth mentioning that the presence of a favorable se-
quence combination appears to be a necessary, but not sufficient,
for efficient transcription initiation. Multiple lines of evidence
suggested that other factors are also required for active transcrip-
tion initiation from a potential TSS. A recent study showed the
presence of distance constraint between TSS and PIC (Qiu et al.
2020). If TSSs are too close to where the PIC assembles, transcrip-
tion initiation will be repressed. One possible factor is the Mot1-
Ino80-NC2 (MINC) complex, which is involved ATP-dependent
nucleosome sliding (Shen et al. 2000; True et al. 2016). It has
been shown that MINC binds to TBP and suppresses transcription
of cryptic transcripts and upstream antisense RNAs (uaRNAs) (Xue
et al. 2017). Gene-specific transcription factors may also play key
roles in the regulation of TSS activity once the PIC is assembled
at the promoter, because our previous study showed that only a
portion of TSSs are active under one given growth condition (Lu
and Lin 2019). From an evolutionary perspective, our data showed
that TSS turnover does not necessarily require mutations at these
sites (Fig. SD,E), supporting the involvement of other factors for
gain or loss of transcription activities from a potential TSS.

Our results suggest that the scanning model is likely used in
both TATA-containing and TATA-less promoters in these budding
yeast species, which is consistent with the findings of another
study (Qiu et al. 2020). In metazoans, the assembly of PIC on
TATA-less promoters was thought to be mediated by bindings of
TFIID to other promoter elements such as INR, MTE, and DPE
(Theisen et al. 2010). However, these TFIID recognition elements
appear to be absent in S. cerevisiae. It was found that TBP occupies
both TATA-containing and TATA-less promoters, suggesting other
factors might stabilize TBP binding
(Basehoar et al. 2004). Our de novo pre-
diction of motifs in promoter regions
provides several candidates for future
identification of such factors, which
would be of great potential interest, as
~80% of S. cerevisiae genes lack a TATA
box in their promoters.

S. cerevisiae
S. paradoxus
S. mikatae
S. bayanus
N. castellii

L. Kluyveri

L. waltii

K. lactis

C. albicans
Y. lipolytica

The origin and stepwise evolution of the
scanning model in budding yeasts

600 500 400 300 200 100 0
Divergence Time (MYA)

Figure 6. The origin and evolution of the scanning model of transcription initiation mechanism.
(A) Schematic illustration of two distinct mechanisms of transcription initiation: classic model and scan-
ning model. Both initiation mechanisms share a strong preference for PyPu dinucleotides at the [-1,+1]
sites. In the classic model, transcription initiates at ~30 bp downstream from the TATA box, where PIC is
assembled. In contrast, the PIC in scanning-model species scans DNA downstream from the TATA box for
TSSs with favorable genomic context, which includes a PyPu and an A-rich region immediately upstream
of it. (B) Schematic illustration of the origin of the scanning model and associated genetic innovations
during the evolution of budding yeasts. The most recent common ancestor (MRCA) of the budding
yeasts and fission yeasts was the classic-model species. The scanning model originated after the split be-
tween Y. lipolytica from the other budding yeasts. An A-rich region in the region from -9 to —3 bp up-
stream of the TSS appeared during the evolution of scanning-model species after the divergence of C.
albicans. The gaining of specific —8A preference occurred in ancestral WGD species.

One of the most significant findings of
this study is that the shift of transcription
initiation from the classic model to the
scanning model occurred after the split
of Y. lipolytica during the evolution of
budding yeasts. Our study indicates that
the transition from the classic model to
the scanning model was likely a stepwise
process that involved multiple genetic
innovations in both PIC genes and pro-
moter sequences that occurred at differ-
ent evolutionary stages (Fig. 6B).
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The first major evolutionary event was the switch of the TSS
selection process in the ancestral budding yeast after its split
from the Y. lipolytica lineage. This switch may be caused by genetic
innovations in GTFs, such as TFIIB, and Pol II, resulting in a dis-
tinct transcription initiation machinery. Li et al. (1994) construct-
ed an RNA Pol II transcription system that was reconstituted from
S. pombe extracts. By swapping its TFIIB and Pol Il with their coun-
terparts of S. cerevisiae, transcription initiation of the in vitro tran-
scription system shifted to 40—120 bp downstream from the TATA
box, in contrast to 30 bp downstream as in S. pombe, suggesting
that TFIIB and Pol II play key roles in determining the TSS (Li
et al. 1994). Another contributing factor may be the divergence
of nucleosome occupancy patterns in promoter regions. S. cerevi-
siae showed a wider nucleosome depletion region (NDR) immedi-
ately upstream of the TSS than S. pombe does (Moyle-Heyrman
et al. 2013). We observed a similar pattern for the group of TATA
box-containing core promoters between the two species based
on published nucleosome occupancy data (Supplemental Fig.
S16; Brogaard et al. 2012; Moyle-Heyrman et al. 2013).
Therefore, the wider NDR in §. cerevisiae provides a longer naked
DNA that would facilitate the scanning process. Comparative stud-
ies of sequences of each PIC component will be necessary to infer
other critical genetic changes associated with the origin of the
scanning model.

The second evolutionary event is the gain of the A-rich region
in ancestral budding yeasts after their divergence from C. albicans.
In the scanning model, a different mechanism of TSS selection
should be involved for the PIC to pause the scanning process
and initiate transcription. Here, we showed that an A-rich region
sits immediately upstream of TSSs in all scanning-model species af-
ter their divergence from C. albicans.

The most recent evolutionary event is the origin of the prefer-
ence of —8A in the A-rich region in the WGD species. Our results
show that the —8 position was nearly depleted of any types of sub-
stitutions in the group of conserved core promoters (Fig. 5D,E).
The positional preference of adenine in WGD species might be
because of the divergence in a PIC component that directly inter-
acts with adenines. Comparative analyses of sequence and struc-
tural features for each PIC component between the WGD and
non-WGD species will be critical to better understand the function
of the A-rich region and the genetic mechanism underlying the
changes of positional preference of adenine in the A-rich region.

Methods

Yeast strains and CAGE sequencing

Twelve yeast species, including 10 budding yeast species and two
fission yeast species, were used in this study (Supplemental Table
S1). Strains were grown to log-phase in rich medium (YPD liquid
medium) at 30°C. We collected samples in two biological dupli-
cates, and total RNA was extracted with TRIzol (Invitrogen) from
each sample. Two biological replicate sequencing libraries were
constructed for each yeast species following the nAnT-iCAGE
protocol from total RNA (Murata et al. 2014), and all nAnT-
iCAGE libraries were sequenced using the Illumina NextSeq system
(single-end, 75-bp reads) at DNAFORM.

Inference of phylogenetic relationships and divergence times for
the 12 yeast species

The phylogenetic relationships of the 12 species were inferred us-
ing the maximum likelihood method based on the LG model with

the largest subunit of Pol IT RPB2 protein sequences. A discrete
gamma distribution was used to model evolutionary rate differenc-
es among sites (five categories [+G, parameter=0.4419]). The
divergence times for all branching points in the phylogenetic
tree were calculated by the RelTime method (Tamura et al. 2012)
and were calibrated by the estimated divergence times obtained
from TimeTree (Kumar et al. 2017).

TSS calling and identification of core promoters based
on CAGE data

The sequenced tags were mapped to each respective reference ge-
nome (Supplemental Table S1) using HISAT2 (Kim et al. 2015)
with the “--no-softclip” option to avoid false TSSs. We identified
reads mapping to rRNA sequences (28S, 18S, 5.8S, and 5S) with
rRNAdust (http://fantom.gsc.riken.jp/5/sstar/Protocols:rRNAdust),
which changes the FLAG column in SAM files to “not passing fil-
ters.” The modified SAM files were then converted into BAM for-
mat and sorted using SAMtools (Li et al. 2009) for subsequent
TSSs calling. We merged the CAGE reads from biological replicates
to calculate the numbers of reads supporting each TSS for all
species.

We calculated the probability of observing k number of CAGE
reads from one site given the sequencing depth in a species using
the Poisson distribution by applying the formula

puras
k!

where X is the expected number of CAGE reads per site. As tran-
scription initiation can be initiated from both strands of DNA, A
was calculated as the total number of uniquely mapped reads di-
vided by 2 x genome size in base pairs. We considered TSSs with
a significantly larger than expected number of supporting CAGE
reads (P<0.01) as biologically significant TSSs for use in subse-
quent analyses. We normalized the transcriptional activity of
each TSS as TPM uniquely mapped tags.

TSSs in a proximate region are likely regulated by the same
set of promoter elements and give rise to a functionally equivalent
set of transcripts, which can be grouped into a single TC, repre-
senting a candidate core promoter. We developed the Peakclu al-
gorithm to identify TCs in each species. Briefly, we first applied a
sliding-window approach (window size =100 bp with step size=1)
to scan CAGE signals from the 5 end for both strands of each
chromosome. In each window, the TSS with the highest TPM val-
ue was identified as a peak, representing the dominant TSS of a
TC. We grouped the surrounding TSSs with the peak into the
same TC, unless a TSS was >30 bp away from the nearest one.
To infer the width of TC, we first calculated the cumulative distri-
bution of CAGE signals within the TC. Because some outliers may
significantly increase the width, we used the positions of the 10th
and 90th percentile of CAGE signals as its boundaries and desig-
nated the distance between the two positions as its width. We as-
signed a TC to its immediate downstream gene as its core
promoter if the distance of its dominant TSS and the translation
start codon of that gene was <1000 bp. The detailed descrip-
tions of TC assignments are available in our previous study (Lu
and Lin 2019).

We reanalyzed CAGE sequencing data from other studies fol-
lowing the same criteria as this study. The CAGE sequencing data
for S. cerevisiae (nine growth conditions) and for S. pombe (five
growth conditions) were retrieved from Lu and Lin (2019) and
Thodberg et al. (2019), respectively. Human CAGE sequencing
data was downloaded from Adiconis et al. (2018). We obtained
raw TL-seq data for S. cerevisiae and S. paradoxus from Spealman
etal. (2018). TL-seq reads were aligned to their respective reference

Pr(X =k =
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genomes using HISAT2, with the “softclip” option to ignore the
17-bp linker sequence at the 5" end.

Calculation of 5-UTR length and core promoter shape

Transcription is usually initiated from an array of TSSs, instead of a
single TSS, and gives rise to a set of functionally equivalent tran-
scripts with slightly different 5'-UTR lengths (Kodzius et al.
2006). In many cases, multiple core promoters are concurrently
used that generate significantly different lengths of 5" UTRs (Lu
and Lin 2019). Using one TSS to calculate 5’-UTR length therefore
cannot accurately represent the uncertainty and complexity of
transcription initiation. We thus calculated the 5'-UTR length of
a gene X (Ly) as the weighted average 5'-UTR lengths in all its tran-
scripts based on the formula

Ly = Z?=1 (t; x d;)
Y, ti

where 7 is the total number of TSSs identified for gene X, ¢; is the
number of CAGE tags mapped to the ith TSS, and d; is the length
of 5 UTR in transcripts generated from the ith TSS.

We revised the equation for calculating PSS described in our
previous study (Lu and Lin 2019) by reversing the negative values
to positive:

L
PSS = —logaw Zpilogzpi,
i

where p is the probability of observing a TSS at ith TSS within a core
promoter, L is the total number of TSSs that pass filtrations by the
Poisson distribution, and w is the core promoter width defined as
the distance between 10th and 90th quantiles. According to the re-
vised equation, the sharpest promoter has a PSS of zero, and the
PSS increases as a core promoter becomes broader.

Analysis of consensus transcription initiation sequence and
estimation of capping rate

We plotted sequence motifs with the seqLogo package in R
(Bembom 2019; R Core Team 2020). We calculated the frequency
of mismatched nucleotide at the TSS position (+1 site) with G-
capped reads only. CAGE was designed to only capture transcripts
with an m7G cap through biotinylation and binding to magnetic
beads, which yields a G at the first position of sequencing reads.
However, ~25% of CAGE reads start without a G. This is mainly
because the wash step during library preparation does not
completely remove cDNA fragments that are not captured by
streptavidin beads. Another source of uncapped transcripts could
be products of premature RT stops or 5'—3’ decay of mRNA, result-
ing in “false TSSs.” These false TSSs are expected to be located
downstream from bona fide TSS or core promoters. We therefore
applied two filtering steps to minimize these technical artifacts
and to increase the accuracy of capping rate calculation. First,
we filtered TSSs with supporting reads that are not significantly
more than expected based on the Poisson model (P<0.01).
Second, we excluded TSSs locate outside the boundaries of as-
signed core promoters for our analysis of capping rates.

Analysis of orthologous core promoters

Orthologous core promoter analyses were conducted among S. cer-
evisiae, S. paradoxus, and S. mikatae. We performed pairwise ge-
nome alignments with wgVISTA (Frazer et al. 2004). To
minimize background noise, we used only the sequences of core
promoters with TPM > 1 as queries to search for their orthologous

core promoters. We later discarded orthologous core promoter
groups if they were not associated with protein-coding genes
(Supplemental Dataset S16). We also excluded Turnover core pro-
moters in subsequent analyses when generated by insertion and
deletions.

Identification of TATA box motifs and de novo motif discovery

To determine the presence of the TATA box in a promoter region,
we first generated a TATA box matrix based on the consensus se-
quences TATAWAWR and TATAWAW by seq2profile.pl in the
HOMER package (Heinz et al. 2010) with zero mismatches allowed.
We then used each generated TATA box matrix to search against
promoter sequences (from —150 to +10 bp) for TATA box motifs
in all yeast species using findMotifs.pl in HOMER. To identify nov-
el sequence motifs enriched in promoter regions, we performed de
novo motif discovery for the same set of promoter sequences by
HOMER. We identified the occurrence and locations of the pre-
dicted motifs from each species using findMotifs.pl.

Data access

The raw sequencing data generated in this study have been submit-
ted to the NCBI BioProject database (https://www.ncbi.nlm.nih
.gov/bioproject/) under accession number PRJNAS510689. The
quantitative maps of TSSs and core promoters generated in this
study can be visualized and downloaded from the YeasTSS data-
base (McMillan et al. 2019; http://www.yeastss.org). The
source code for analyses of CAGE data in this study is available on
GitHub (https://github.com/Linlab-slu/TSSr) and as Supplemental
Code.
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