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ABSTRACT

Background

The majority of eukaryotic promoters utilize multiple transcription start sites (TSSs). How
multiple TSSs are specified at individual promoters across eukaryotes is not understood for
most species. In S. cerevisiae, a preinitiation complex comprised of Pol Il and conserved
general transcription factors (GTFs) assembles and opens DNA upstream of TSSs. Evidence
from model promoters indicates that the PIC scans from upstream to downstream to identify
TSSs. Prior results suggest that TSS distributions at promoters where scanning occurs shift in a
polar fashion upon alteration in Pol Il catalytic activity or GTF function.

Results

To determine extent of promoter scanning across promoter classes in S. cerevisiae, we
perturbed Pol Il catalytic activity and GTF function and analyzed their effects on TSS usage
genome-wide. We find that alterations to Pol Il, TFIIB, or TFIIF function widely alter the initiation
landscape consistent with promoter scanning operating at all yeast promoters, regardless of
promoter class. Promoter architecture, however, can determine extent of promoter sensitivity to
altered Pol Il activity in ways that are predicted by a scanning model.

Conclusions

Our observations coupled with previous data validate this scanning model for Pol Il initiation in
yeast — which we term the “shooting gallery”. In this model, Pol Il catalytic activity, and the rate
and processivity of Pol Il scanning together with promoter sequence determine the distribution
of TSSs and their usage. Comparison of TSS distributions and their relationship to promoter
sequence among other eukaryotes suggest some, but not all, share characteristics of S.
cerevisiae.
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BACKGROUND

Gene expression can be regulated at all levels, and its proper control is critical for cellular
function. Transcription regulation has been of intense interest for decades as it determines how
much RNA is synthesized for a given gene or locus. Much regulation occurs at the first step in
transcription, initiation. A multitude of signals can be integrated with the activities of
transcriptional regulators that converge on individual gene promoters. Subsequent to the
integration of regulatory information, RNA Polymerase Il (Pol 1) and general transcription
factors (GTFs) must recognize core promoters to together initiate transcription at specific
seqguences, transcription start sites (TSSs). As with any biochemical process, the efficiency of
individual steps will shape the overall output. Thus, determinants of core promoter output during
initiation, both overall expression level and the exact position of transcription start sites (TSSs),
will be affected by the efficiency of biochemical events during initiation. How different core
promoters modulate biochemical steps in initiation, and the nature of their functional interactions
with the initiation machinery, are not fully understood.

Classes of eukaryotic core promoters can be distinguished by DNA sequence motifs and
chromatin structure (reviews of the core promoter over time [1-6]). These features together
comprise a promoter’s architecture, which may also correlate with differential recruitment or
requirement for particular GTF complexes. A theme across eukaryotes is that core promoters
can be broadly separated into two main classes by examination of architectural features and
factor requirements. A number of studies indicate that the most common eukaryotic promoters
are nucleosome-depleted regions (NDRs) flanked by positioned nucleosomes, which can
support divergent transcription through assembly of pre-initiation complexes (PICs) proximal to
flanking nucleosomes (with exceptions)[7-18]. We will adhere to the definition of “core promoter”
as representing the DNA elements and chromatin structure that facilitate transcription in one
direction, to avoid definitional confusion that a “promoter” inherently drives divergent
transcription [19-21]. In yeast, promoter classes have been distinguished in many ways with the
end result generally being two main classes of promoter are recognized [9-11, 22]. These
classes are distinguished by the presence or absence of a consensus TATA element [23, 24],
presence or absence of stereotypical nucleosome organization [11], enrichment for specific
transcription factor binding [7, 25, 26], enrichment for non-TATA sequence motifs [27, 28], and
differential sensitivity to mutations in GTFs or transcription coactivators [23, 25, 26]. Core
promoters attached to defined NDRs tend to lack canonical TATA-elements. Conversely, in
yeast and other eukaryotes, core promoters with TATA elements can lack stereotypical
nucleosome organization and may have nucleosomes positioned over the TATA box in the
absence of gene activation. While there have been a number of additional core promoter
elements identified in other organisms, especially Drosophila melanogaster [29], we will focus
on the distinction provided by presence or absence of TATA-elements.

The TATA element serves as a platform for core promoter binding of the TATA-Binding Protein
(TBP). TBP recognition of promoter DNA is assumed to be critical for PIC formation and Pol Il
promoter specificity. Functional distinction in promoter classes is supported by studies showing
differential factor recruitment and requirements between them, with TATA promoters showing
higher SAGA dependence and reduced Tafl (a TFIID subunit) recruitment [23-26], though more
recent data have been interpreted as both SAGA and TFIID functioning at all yeast promoters
[30, 31]. Conversely, TATA-less promoters show higher Tafl recruitment and greater
requirement for TBP-Associated Factor (TAF) function. Given differences in reported factor
requirements and promoter architectures, it is important to understand the mechanistic
differences between promoters and how these relate to gene regulation.

TSS selection in Saccharomyces cerevisiae has been used as a model to understand how
initiation factors collaborate to promote initiation [32, 33]. The vast majority of yeast core
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promoters specify multiple TSSs [34-36], and multiple TSS usage is now known to be common
to the majority of core promoters in other eukaryotes [37-41]. Biochemical properties of RNA
polymerase initiation lead to TSSs selectively occurring at a purine (R=A or G) just downstream
from a pyrimidine (Y=C or T) — the Y_;R.; motif [42]. Y.;R+1 motifs may be additionally embedded
in longer sequence motifs (the Inr element)[43, 44]. In yeast, the initiation factor TFIIB has been
proposed to “read” TSS sequences to promote recognition of appropriate TSSs, with structural
evidence supporting positioning of TFIIB to read DNA sequences upstream of a TSS [45, 46].

Yeast differs from other model eukaryotes in that TSSs for TATA-containing core promoters are
generally dispersed, and are found ~40-120 nt downstream from the TATA [47]. Conversely,
TSSs at TATA promoters in other organisms are tightly associated ~31 nt downstream of the
TATA (with the first T in “TATA” being +1)[48]. As TATA promoters represent ~10% of
promoters across well-studied organisms, they are the minority. Classic experiments using
permanganate footprinting of melted DNA showed that promoter melting at two TATA promoters
in yeast, GAL1 and GAL10, occurs far upstream of TSSs, at a distance downstream from TATA,
where melting would occur in other eukaryotes that have TSSs closer to the TATA element [49].
This discovery led Giardina and Lis to propose that yeast Pol Il scans downstream from TATA
boxes to find TSSs. A large number of mutants have been found in yeast that perturb TSS
selection, allowing the genetic architecture of Pol Il initiation to be dissected, from those in Pol Il
subunit encoding genes RPB1, RPB2, RPB7, and RPB9, to GTF encoding genes SUAY (TFIIB),
TFG1 and TFG2 (TFIIF), and SSL2 (TFIIH), and the conserved transcription cofactor SUB1 [50-
70]. Mutants in GTFs or Pol Il subunits have been consistently found at model promoters to alter
TSS usage distributions in a polar fashion by shifting TSS distributions upstream or downstream
relative to WT. These observations coupled with analysis of TSS mutations strongly support the
directional scanning model for Pol Il initiation (elegantly formulated in the work of Kuehner and
Brow)[53].

Previous models for how initiation might be affected by Pol 1l mutants suggested that Pol I
surfaces important for initiation functioned through interactions with GTFs within the PIC. We
have previously found that altering residues deep in the Pol Il active site, unlikely to be directly
interacting with GTFs, but instead altering Pol Il catalytic activity had strong, allele-specific
effects on TSS selection for model promoters [71-73]. Observed effects were polar in nature,
and consistent with the Pol Il active site acting downstream of a scanning process but during
TSS selection and not afterwards. In other words, Pol Il catalytic efficiency appears to directly
impact TSS selection. For example, it appeared that increased Pol Il catalytic activity increased
initiation probability, leading to an upstream shift in TSS usage at candidate promoters because
less DNA needs to be scanned on average prior to initiation. Conversely, lowering Pol Il
catalytic activity results in downstream shifts to TSS usage at candidate promoters, because
more promoter DNA has to be scanned prior to initiation. In general, candidate promoters
examined for TSS selection have mostly been TATA containing (for example ADH1, HIS4), thus
it is not known how universal Pol Il initiation behavior or mechanisms are across all yeast core
promoters, which likely comprise different classes with distinct architectures. To examine
initiation by promoter scanning on a global scale in yeast, we perturbed Pol Il or GTF activity
genetically to examine changes to TSS usage across a comprehensive set of yeast promoters
that likely represent all promoter classes in yeast. We have found that promoter scanning
appears to be universal across yeast core promoters. Furthermore, we find that core promoter
architecture correlates with sensitivity of core promoters to TSS perturbation in Pol Il and
initiation factor mutants. Our results have enabled formulation a model where Pol Il and GTF
function together in initiation to promote Pol Il initiation efficiency at favorable DNA sequences.
Finally, initiation by core promoter scanning makes predictions about the relationship between
usable TSSs in a core promoter and the distribution of TSS usage. We compare yeast TSS
distributions to a number of other eukaryotes and find that some, but not all, examined
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eukaryotic model organisms have TSS distributions consistent with predictions of the “shooting
gallery” scanning model.

RESULTS
Initiation mutants affect TSS selection globally in Saccharomyces cerevisiae

We previously found that yeast strains mutant for Pol 1l key active site residues important for
normal catalysis showed polar effects on TSS selection at the model ADH1 promoter in addition
to some other promoters [72, 73]. ADH1 is a TATA-containing promoter with major TSSs
positioned at 90 and 100 nucleotides downstream of its TATA box. A number of mutants in Pol
Il and initiation factors also show TSS selection effects at ADH1. TSS selection effects have
been hypothesized to relate to alterations in initiation sequence specificity, while the
stereotypical polar effects of TSS-altering mutants are consistent with effects on scanning and
not necessarily sequence specificity. These are not mutually exclusive models, and to
understand better how Pol Il activity and GTFs cooperate to identify TSSs, we mapped capped
RNA 5’ ends genome-wide in S. cerevisiae using TSS-seq for WT, a series of Pol Il catalytic
mutants, a TFIIB mutant (sua7-58A5)[71], and a TFIIF mutant (tfg2A146-180)[74]. Positions of
capped RNA 5’ ends are taken to represent positions of TSSs as Pol ll-initiated RNA 5’ ends
are capped shortly after emerging from the enzyme after initiation. We first determined how
reproducible our pipeline (Figure 1A) was across the yeast genome, examining correlation of
read positions corresponding to 5’ ends across all genome positions containing at least three
mapped reads in each library being compared (Figure 1B, Supplemental Figures 1,2).
Examples of correlations between biological replicates are shown in Figure 1B for WT, one
catalytically fast Pol Il allele (rpbl E1103G)[75-77], and one catalytically slow Pol Il allele (rpbl
H1085Y)[73]. We refer to fast Pol Il alleles as “gain of function” (GOF) alleles and slow Pol Ii
alleles as “loss of function” (LOF) alleles [78]. Correlation plots for all other strains are shown in
Supplemental Figure 1. Clustering analysis of Pearson correlation coefficients among libraries
aggregated from biological replicates for each strain indicates that Pol 1l and initiation mutant
classes can be distinguished based on RNA 5’ end mapping alone (Figure 1C). Supplemental
Figure 2 shows clustering of Pearson correlation coefficients of individual biological replicates
for reads in promoter regions.

We focused our analyses first on promoter windows predicted from the localization of PIC
components by Rhee and Pugh [7] and anchored on TATA or “TATA-like” elements (core
promoter elements or CPE underlying PIC assembly points) at the +1 position of the promoter
window (Figure 1D). RNA 5’ ends mapping to the top genome strand of these putative promoter
windows indicates that these windows are associated with putative TSSs as expected. The
majority of observed TSSs are downstream of predicted CPE/PIC locations from Rhee and
Pugh, with TSSs originating from a range of distances from predicted CPE/PIC positions. We
note that a fraction of promoter windows has TSSs arising from positions suggesting that the
responsible PICs for those TSSs assemble at additional positions, either upstream or
downstream.

Given the distinct and polar alterations of TSS distribution at model genes by Pol Il GOF and
LOF mutants, we asked if attributes of RNA 5’ end distributions within promoter windows could
also distinguish mutant classes. To do this, we examined two attributes of TSS usage: the
change in position of the median TSS usage in the promoter window from WT (TSS “shift”), and
the change in the width between positions encompassing 80% of the TSS usage distribution
(from 10% to 90%, the change (A) in TSS “spread”, Figure 1A). Promoter regions were two-
dimensionally hierarchically clustered for both attributes across all TSS libraries and TSS
libraries were subsequently clustered for each attribute individually (left of Figure 1E shows
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TSS shift and right shows ATSS spread). First, we observed that profiles of shift in TSS position
or alteration in TSS spread were sufficient to distinguish GOF rpb1 mutants from LOF rpbl
mutants. Second, Pol Il and GTF mutants showed widespread directional shifting of TSSs
across nearly all promoters. Pol Il GOF and tfg2A146-180 strains exhibited primarily upstream
shifts in TSS distributions within promoter windows, while Pol Il LOF and sua7-58A5 exhibited
primarily downstream shifts. Directional shifts are consistent with previously observed shifts at
individual promoters, such as ADH1, suggesting that promoter scanning is operating across all
yeast promoter classes.

We examined changes in TSS distribution relative to promoter class and Pol Il mutant strength
to determine how each relates to magnitude of TSS changes. To visualize changes, we
separated promoters using classification by Tafl-enrichment or depletion as done previously.
While recent work indicates that TFIID (containing Tafl) functions at all yeast promoters[30],
differential recruitment of Tafl correlates with promoter nucleosome organization, underlying
DNA sequence composition, and DNA element enrichment (TATA etc) [7, 11, 23, 24, 27],
suggesting this metric is a useful proxy for promoter class. Figure 2A shows example heat
maps of the difference of normalized TSS distributions between WT and a Pol Il GOF or a Pol Il
LOF mutant. The stereotypical patterns of polar changes to TSS distributions where distribution
of TSSs shift upstream (increases upstream and decreases downstream, such as rpb1 E1103G,
or shift downstream (increases downstream and decreases upstream, such as rpb1l H1085Y,
are observed across essentially all promoters, and for all mutants examined including GTF
mutants (Supplemental Figure 3). By determining the shift in median TSS position in promoter
windows, we can see that mutants exhibit different strengths of effects on TSS distributions
(Figure 2B). A double mutant between tfg2A146-180 and rpb1l E1103G shows enhancement of
TSS defects across promoter classes (Figure 2B, 2C), similarly to what has been observed at
for defects ADH1 [71]. Examination of average TSS shift and measured in vitro elongation rate
for Pol Il mutants shows a correlation between the strength of in vivo TSS selection defect and
in vitro Pol Il elongation rate [72, 73] (Figure 2D). These results are consistent with TSS
selection being directly sensitive to Pol Il catalytic activity.

Altered TSS motif usage in TSS-shifting mutants

To understand the basis of directional TSS shifting in Pol Il mutants, we asked how changes to
TSS selection relate to potential sequence specificity of initiation (Figure 3). Earlier studies of
TSS selection defects in yeast suggested that mutants might have altered sequence
preferences in the PIC[32]. Our identified TSSs reflect what has been observed previously for
Pol Il initiation preferences, i.e. the simplest TSS motif is Y.;R.; as in most eukaryotes, with the
previously observed budding yeast specific preference for A g at strongest TSSs [34](Figure
3A). Preference for Y_;R.; is common across RNA polymerases and likely reflects the stacking
of an initiating purine (R, A/G) triphosphate onto a purine at the -1 position on the template
strand (reflected as pyrimidine (Y, C/T) on the transcribed strand)[42]. Within the most strongly
expressed promoters, preference for Ag is greatest for the primary TSS, and is reduced from
secondarily to tertiarily preferred TSSs, even though these sites also support substantial
amounts of initiation. Examination of the most focused, expressed promoters — promoters that
contain the majority of their TSSs in a narrow window — reveals potential preferences at
additional positions. We analyzed TSS usage within promoter windows by dividing all TSSs into
64 motifs based on identities of the -8, -1, and +1 positions (Figure 3B). We asked if Pol Il or
GTF mutants altered apparent preferences among these 64 motifs. Based on aggregate usage
of sequences across our promoter set, we found that the top 4 used motifs were AgY_;R.1, with
the next preferred motifs found among B.g(not A)Y.;R.;. Pol Il and GTF mutants have clear
effects on motif usage distribution concerning the -8A position. Upstream TSS shifting mutants
(Pol Il GOF and tfg2A146-180) show a decreased preference for AgY_;R.; motifs concomitant
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with a gain in relative usage of BgY.;R.; motifs, while downstream TSS shifting mutants (Pol Il
LOF and sua7-58A5) have the converse effect, though primarily increases in AgC_1A.; and AgC.
1G.1. Total TSS usage might be affected by strong effects at a subset of highly expressed
promoters, therefore we also examined motif preference on a promoter by promoter basis
(Supplemental Figure 4A,B). rpbl E1103G TSS preferences illustrate that the reduction in
preference for AgY.1R.; motifs is observed across yeast promoters (Supplemental Figure 4A)
while H1085Y shows the converse (Supplemental Figure 4B).

Different models might explain why initiation mutants alter apparent TSS sequence selectivity,
and in doing so lead to polar changes to TSS distribution or vice versa (Figure 3C). First,
relaxation of a reliance on As would allow, on average, earlier initiation in a scanning window
because non-A_ sites would be more accessible to the PIC, whereas increased reliance on A
would have the opposite effect. Alternatively, altered Pol Il catalytic activity or GTF function may
broadly affect initiation efficiency across all sites. In this case, for there to be an apparent
change to TSS selectivity, there would need to be a corresponding polar distribution in TSS
motifs within promoter regions. It has already been observed that yeast promoter classes
sequence distributions deviate from random across promoters. Here, we examined sequence
distributions for individual nucleotides and for select AgY_1R+1 motifs relative to median TSS
position for yeast promoters (Figure 3D, Supplemental Figure 4C). As noted previously, yeast
promoter classes differ based on their distributions of A/T [27, 79]. In Wu and Li, promoters
were classified based on their nucleosome structure. Our classification based on Tafl-
enrichment similarly divides yeast promoters with Tafl-depleted promoters highly enriched for T
and depleted for A on the top DNA strand (Supplemental Figure 4C). Furthermore, the extent
of depletion or enrichment correlates with promoter expression level in vivo, fitting with
prediction based on reporter promoter analyses [80]. Enrichment or depletion of individual
nucleotides would also be expected to potentially alter distributions of N.gY_1R.; TSS motifs.
Therefore, we extended our analyses to NgY 1R+, motifs (Figure 3D). We find that A gC.;A.4, the
apparent preferred TSS motif for Pol Il in yeast, is markedly enriched at median TSS and
downstream positions with a sharp drop off upstream, with enrichment also showing correlation
with apparent promoter expression level. A less preferred motif, T gT.1A.1, shows the opposite
enrichment pattern (enriched upstream of median TSS, depleted downstream). This biased
distribution in promoter sequence for TSS sequence motifs makes it difficult to determine
whether apparent altered sequence specificity is a cause or consequence of altered TSS
distributions.

TSS motif efficiency and usage altered across a number of TSS motifs

To examine further, we looked at TSS distributions by a method that allows us to determine if
the average shapes of distributions are changed or merely shifted. We examined the efficiency
of TSS usage by individual TSS motifs, with efficiency determined as the ratio of observed
reads for a particular TSS to the sum of those reads and all downstream reads, as defined by
Kuehner and Brow [53]. This calculation allows the probability of usage of TSSs to be compared
within the framework of the polar scanning process. Scanning from upstream to downstream will
create greater apparent usage for upstream TSSs relative to a downstream TSS, even if they
are identical in initiation efficiency. If Pol Il mutants primarily affect initiation efficiency across
TSSs we have specific expectations for how efficiency will be affected. For example, if Pol 1l
LOF alleles decrease efficiency across sequences we predict that median observed efficiency of
TSS usage will be lower on average over all promoter positions relative to WT, except at the
most downstream positions. This would reflect a spreading out of the usage distribution to
downstream positions as more Pol 1l would continue to scan to downstream relative to WT.
Conversely, if Pol Il GOF alleles increase efficiency across sequences, we might expect the
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median efficiency to increase for upstream promoter positions but return to baseline efficiency
sooner than WT.

To partially account for innate sequence differences among TSS motifs, we examined TSS
usage and efficiency across promoters for specific N.gY_;R+; motifs (Figure 4). Usage is defined
as the reads found in particular TSS relative to the total reads for that promoter, whereas
efficiency is an estimate of the strength of a TSS, assuming a polar scanning process. As an
example, Figure 4A focuses on H1085Y and E1103G effects on TSSs containing the AgC.1A+;
motif. Median % usage (median % reads for AC.;A.; motifs found at each promoter position for
promoter class) shows that E1103G increases AgC.;A.; motif usage at upstream positions
relative to WT usage for each promoter class, even though aggregate AsC.1A.; motif usage is
lower for this mutant. Conversely, H1085Y decreases A sC.;R.; motif usage at almost all
promoter positions except for the most downstream motifs for each promoter class. Examining
AC_ A, motif efficiency, which is another way to consider the distribution of reads, we find that
E1103G essentially shifts the efficiency curve upstream relative to a WT strain, or to H1085Y,
which shifts TSS usage distribution downstream, but appears to do so by reducing AgC.1R.q
motif efficiency at almost all promoter positions. This reflects a “flattening” of the usage
distribution and would be expected from an overall reduction in initiation efficiency across TSS
motifs. Extending this motif analysis to a range of NgY_;R.; motifs used at different levels
(Figure 4B, 4C) we observe that upstream shifting mutants shift usage upstream for all
examined motifs (Figure 4B) while downstream shifting mutants have the opposite effects on
motif usage. In contrast, when examining N.gY_;R.; motif efficiencies across promoter positions,
downstream shifting mutants tend to reduce efficiencies across promoter positions while
upstream shifting mutants shift TSS efficiencies upstream (Figure 4C). These analyses are
consistent with upstream shifting mutants exhibiting increased efficiency across TSS maoitifs,
which shifts both usage and observed efficiency curve to upstream positions, while downstream
mutants reduce the efficiency curve and essentially flatten the usage distributions, as would be
expected from reduced initiation efficiency across promoter positions.

Non-TATA promoter sequence motifs do not appear to function like TATA-elements

High-resolution TSS data allow us to evaluate promoter features relative to observed median
TSS positions instead of using annotated TSS (one per gene and not necessarily accurate) from
the Saccharomyces Genome Database. As has previously been determined, a minority of yeast
promoters contain consensus TATA elements (TATAWAWR) and these are enriched in Tafl-
depleted promoters (illustrated in Figure 5A) within ~50-100 basepairs upstream of TSS
clusters but not in Tafl-enriched promoters. Furthermore, TATA enrichment tracks with
apparent expression level determined by total RNA 5’ reads within promoter windows. On the
basis of finding TATA-like elements within ChiP-exo signal for GTFs along with a stereotypical
pattern to the ChiP-exo signal, it has been proposed by Rhee and Pugh that promoters lacking
consensus TATA elements can use TATA-like elements (TATAWAWR with one or two
mismatches) for function analogous to a TATA element [7]. Evidence for the function of such
TATA-like elements is sparse. In vitro experiments suggested that a TBP footprint is positioned
over potential TATA-like element in RPS5 promoter, but the element itself is not required for this
footprint [81]. In contrast, more recent results have suggested modest requirement for TATA-like
elements at three promoters (~2-fold) in an in vitro transcription system [82]. Examination of the
prevalence of elements with two mismatches from TATA consensus TATAWAWR within
relatively AT-rich yeast promoter regions suggests that there is a high probability of finding a
TATA-like element for any promoter (Figure 5A). Tafl-enriched promoters show enrichment for
an alternate sequence motif, a G-capped A tract (sequence GAAAAA), also called the GA-
element (GAE) [27, 28]. This positioning of GAEs approximately 50-100 bp upstream of TSSs is
reminiscent of TATA positioning (Figure 5A), and the GAE has been proposed to function as a
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core promoter element at non-TATA promoters [28]. Other studies describe the relationship of
this element to nucleosome positioning and suggest that these elements may function
directionally in nucleosome remodeling at NDR promoters as asymmetrically distributed poly
dA/dT elements [83, 84]. To understand how these potential elements function in gene
expression, we cloned a number of candidate promoters upstream of a HIS3 reporter and
deleted or mutated identified TATA, TATA-like, or GAE elements and examined effects on
expression by Northern blotting (Figure 5B, Supplemental Figure 5). As expected, in general,
identified consensus TATAs positioned upstream of TSSs were important for normal expression
of the HIS3 reporter. In contrast, neither TATA-like or GAE elements in general had strong
effects on expression, though some individual mutations affected expression to the same extent
as mutation of TATA elements in the control promoter set. We conclude that GAE or TATA-like
elements do not generally function similarly to consensus TATASs for promoter expression.

TSS-shifting initiation mutants alter PIC-component positioning consistent with promoter
scanning model

Given results above suggesting that TATA-like or GAE elements may not generally function as
core promoter elements and therefore may lack value as potential PIC landmarks, we
performed ChiP-exo for GTFs TFIIB (Sua7) and TFIIH (Ssl2) to directly examine PIC
component localization in WT, rpb1l H1085Y, and rpb1l E1103G cells. ChiP-exo [85] was
performed in duplicate for all strains, examined for reads per promoter window correlation
(Supplemental Figure 6) and reads from replicate libraries aggregated. We reasoned that
ChiP-exo would allow us to determine where the PIC localizes for all promoter classes and,
moreover, how PIC localization may be altered by Pol Il mutants that alter TSS utilization.
Previous work anchored ChiP-exo signal for PIC components over TATA or TATA-like
sequences and identified a stereotypical overall pattern for crosslinks relative to these anchor
positions, which were interpreted as relating to potential structure of the PIC open complex [7].
Subsequent work has identified that crosslinking in ChiP-exo can have some sequence bias [86]
and this sequence bias may reflect partially the stereotypical crosslinking patterns observed
around TATA/TATA-like sequences. Because the PIC must access TSSs downstream from the
site of assembly, it is likely that observed ChiP-exo signal reflects the occupancies of PIC
components across promoters and not just the site(s) of assembly. Using TATA-like sequences
as anchors, Tafl-enriched promoters were found to have PIC components on average closer to
TSSs than they were for Tafl-depleted promoters [7]. Here, we used our high resolution TSS
mapping data coupled with determination of median position of ChiP-exo signal for SsI2 or Sua?
within promoter windows to examine distance between putative PIC position and initiation zone
as reflected by observed median TSSs (Figure 5C). We confirm that on average, ChiP-exo
signal for PIC components is closer to median TSS position for Tafl-enriched promoters versus
Tafl-depleted promoters.

We reasoned that if ChiP-exo signal for PIC components at least partially reflects promoter
scanning, i.e. the interaction of PIC components with downstream DNA between PIC assembly
position and zone of initiation, then Pol Il mutants that alter TSS usage distribution should also
alter PIC component distribution across promoters. As illustrated in Figure 5C, ChiP-exo signal
for Sua7 (TFIIB) appears furthest upstream on the top DNA strand while signal for Ssl2 appears
furthest downstream on the bottom DNA strand as expected for factors positioned at the
upstream and downstream edges of the PIC. We observed modest changes to the aggregate
distribution of ChiP-exo signal for both Tafl-enriched and Tafl-depleted promoter classes, with
effects most obvious on the downstream edge of the PIC as detected by Ssl2 signal on the
bottom strand of promoter DNA (Figure 5D). In single molecule experiments examining putative
promoter scrunching in the Pol Il PIC, scrunching behavior was similar regardless of whether all
NTPs (to allow initiation) were present [87]. This observation suggested the possibility that
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putative promoter scanning driven by TFIIH-mediated scrunching might be uncoupled to
initiation, meaning that TFIIH translocation might continue independently of whether Pol 1l had
initiated or not. However, we observed altered PIC component localization in Pol Il mutants
predicted to directly alter initiation efficiency but not necessarily other aspects of PIC function
such as scanning (directly). Thus, there may in fact be coupling of initiation and scanning in
vivo. Apparent coupling has been observed in magnetic tweezers experiments where a short
unwinding event that is strictly TFIIH-dependent can be extended to a larger unwinding event by
addition of NTPs, presumably reflecting Pol Il transcription [88].

Relationships of TSS-selection altering initiation mutants with promoter architectural
features

TSSs evolve at certain distances from the site of PIC assembly. This means that TSSs will be
found at a range of distances from sites of initial assembly and will theoretically require
scanning of different distances. We asked whether presumed scanning distance correlated with
sensitivity to Pol Il mutants for either TSS shifting or apparent promoter expression (Figure 6).
We observed a modest correlation for TSS shifting extent based on where TSSs are relative to
PIC location for Tafl-enriched promoters (Figure 6A), but a stronger correlation for Tafl-
depleted promoters (Figure 6B) and the subset of Tafl-depleted promoters with consensus
TATA boxes (Figure 6C). These latter promoters have putative PIC assembly points at greater
distances from TSSs on average. Within the range of distances where most of these promoters
have their TSSs, promoters with TSSs evolved at downstream positions show the greatest
effects of upstream-shifting mutants on the TSS distribution (the TSS shift). Conversely,
promoters with TSSs evolved at upstream positions show the greatest effects of downstream
shifting mutants. These results are consistent with a facet of promoter architecture correlating
with altered initiation activity but with potential upstream and downstream limiters on this
sensitivity (see Discussion for more). We also asked if initiation mutants’ effects on apparent
expression, as measured by differential expression analysis for total TSS-seq reads within
promoter windows could be related to promoter architecture. We used DEseq2 [89] to examine
initiation mutant effects on putative expression relative to TSS-PIC distance (Figure 6D, 6E).
That said, we observe divergent trends depending on class of initiation mutant, independent of
promoter class, where Pol Il LOF mutants exhibit a negative relationship on expression relative
to WT as TSSs get closer to the position of the PIC while GOF initiation mutants (Pol Il and tfg2)
have the opposite trend (Figure 6D, 6E). Interestingly, sua7-58A5 does not behave for gene
expression similarly to Pol Il LOF mutants, even though they are similar for other aspects of
TSS defects. This correlation only explains a fraction of the changes in apparent RNA levels,
but this is not unexpected. There are many reasons why gene expression will be altered in
transcription factor mutants in addition to consequences directly from initiation defects
(elongation or termination defects or secondarily from changes in cellular signaling and RNA
stability). Our results suggest that either PIC-TSS distance or a correlated variable with
promoter architecture may determine sensitivity of promoters to how initiation defects may
contribute to gene expression defects. To examine if a strongly co-regulated gene class such as
ribosomal protein genes might have an unequal distribution across TSS-PIC distances and thus
drive some of the observed trend, we examined effects on gene expression for RP genes
(Supplemental Figure 8). RP genes show the same trends as promoters overall for apparent
expression vs. PIC-TSS distance even though they would be expected a priori to be co-
regulated [90].

The majority of yeast promoters, especially the Tafl-enriched class, are found within a
nucleosome depleted region (NDR) and flanked by an upstream -1 and a downstream +1
nucleosome. Previous work showed association between ChiP-exo for GTFs and +1
nucleosomes [7], and our data illustrate this as well (Figure 7A). We find that ChiP-exo for PIC
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components track with nucleosome position with some flexibility. How the PIC recognizes these
promoters in the absence of a TATA-box is an open question. Our results are consistent with
the fact that TFIID has been found to interact with nucleosomes [91] and with the possibility that
the +1 nucleosome may be instructive for, or responsive to, PIC positioning. Nucleosomes have
previously been proposed as barriers to Pol Il promoter scanning to explain the shorter distance
between PIC-component ChiP-exo footprints and TSSs at Tafl-enriched promoters [7].
Nucleosomes can be remodeled or be moved by transcription in yeast [8, 92], likely during
initiation as even for promoters with NDRs, TSSs can be found within the footprints of the +1
nucleosome. We do not observe a differential barrier for downstream shifting in Pol Il or GTF
mutants at Tafl-enriched promoters, which have positioned nucleosomes (Figure 2B), thus it
remains unclear whether the +1 nucleosome can act as a barrier for Pol 1l scanning or TSS
selection from the existing data.

To determine if altered initiation and PIC positioning of Pol Il mutants, especially downstream
shifting rpb1 H1085Y, occurs in conjunction with altered +1 nucleosome positioning, we
performed MNase-seq in rpb1l H1085Y and E1103G mutants along with a WT control strain
(Figure 7B-I). Determination of nucleosome positioning by MNase-seq can be sensitive to a
number of variables (discussed in [93]), therefore we isolated mononucleosomal DNA from a
range of digestion conditions and examined fragment length distributions in MNase-seq libraries
from a number of replicates (Supplemental Figure 9A) to ensure we had matched digestion
ranges for WT and mutant samples. We asked if +1 nucleosome midpoints were affected in
aggregate, if array spacing over genes was altered, or if individual +1 nucleosomes shifted on
average in Pol Il mutants vs. WT. For H1085Y, we observed a slight but clear shift for the
aggregate +1 position (Figure 7B). Aligning genes of Tafl-enriched promoters by the +1
nucleosome position in WT suggests that H1085Y nucleosomes show increased spacing at the
+3, +4, and +5 positions relative to WT (Figure 7B). The downstream shift in aggregate +1
position also is reflected at the individual nucleosome level across H1085Y replicates (box plots,
Figure 7C). To ask if this effect on nucleosomes reflected a global defect across genes or
instead correlated with transcription (whether it be initiation or elongation), we performed the
same analyses on the top (Figure 7D,E) and bottom expression decile Tafl-enriched promoters
(Figure 7F,G). The downstream shift was apparent in top expression decile promoters but not in
bottom expression decile promoters, as would be predicted if the alteration were coupled to
transcription. For rpb1l E1103G, we did not observe the same trend and effects were either
reduced or not present among all replicates (Figure 7H,1). To potentially identify subpopulations
of nucleosomes, we employed a more sophisticated analysis of nucleosomes using approach of
Zhou et al [93] (Supplemental Figure 9B). This approach recapitulated a similarly slight effect
of H1085Y on shifting the +1 nucleosome downstream across most H1085Y datasets relative to
WT.

Comparisons of TSS distributions and properties in eukaryotes

Properties of TSS distributions have been examined in a number of species and linked to
aspects of promoter architecture or expression behavior of underlying genes. Promoters are
termed “broad” or “dispersed” when many TSSs are utilized and “narrow” or “focused” when
TSSs are tightly clustered. The evolution of promoter sequence coupled with the mechanism of
TSS selection will be expected to shape TSS distributions at promoters, with potential outcomes
on promoter properties or transcript diversity. The broad preference for Y.;R.; initiator elements
in eukaryotes is one defining factor for TSS selection. The presence and quality (consensus Inr
[1, 44], for example) or absence of these sites will contribute to TSS distributions at promoters.
The density of TSS usage will also be dependent on the mechanism of initiation. Promoter
scanning, which has only been strongly posited as an initiation mechanism in S. cerevisiae,
makes predictions about the density of observed TSSs relative to the density of potential Y 1R+,
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initiator elements. Scanning predicts that YpR dinucleotides within a scanning window will be
“seen” as potential initiators and potentially used by a scanning PIC. Conversely, if TSSs are
individually specified by distinct, non-scanning PICs, YpR dinucleotides unlinked to PIC
assembly will not be used, therefore Y_.;R.; usage relative to YpR dinucleotide density should be
distinct for species utilizing different initiation mechanisms. To state differently, the density of
TSS used to potential TSS motifs observed will be predictably different between a scanning
mechanism a direct specification of an individual TSS or a small group of TSSs by an individual
PIC. To determine if there were any commonalities between TSS distributions of S. cerevisiae
and other eukaryotes, we compared them by a set of simple metrics (Figure 8).

First we examined the relationship between TSS spread and expression level in yeast (Figure
8A). Recent analyses in mouse and human have indicated that highly expressed promoters
have more focused TSS distributions [94], beyond association with TATA elements, which can
be associated with a single TSS. This relationship was suggested previously in yeast from
analysis of a subset of native yeast promoters [80]. We find a similar correlation for both yeast
promoter classes (Figure 8A) as found in mouse and human. We next asked whether promoter
TSS spread distributions were similar between S. cerevisiae, S. pombe [95], D. melanogaster
[39, 96], D. rerio (Zebrafish)[97], or Human (K562 cells)[98] (Figure 8B). With the caveat that
detection method (steady state RNA analysis methods like TSS-seq or CAGE vs. nascent
methods such as PRO-cap) might bias distributions, we find similar distributions for 101 nt
promoter windows in all species with S. pombe being an outlier, where promoters are on
average much narrower. The difference in distributions between CAGE [39] and PRO-cap [96]
datasets in Drosophila could reflect source of RNA, but more likely reflect enrichment for lowly
expressed promoters and enhancers in the PRO-cap dataset relative to highly expressed,
focused promoters in the CAGE dataset. Within analyzed promoters across species, we wished
to determine the relationship between YpR dinucleotide density on the top promoter strand and
Y.1R+1 TSS usage (Figure 8C-E). We examined each dataset for fraction of TSSs that were Y.
1R+1 on a promoter by promoter basis as well as fraction of sequencing reads that were YR+,
(Supplemental Figure 10A). While our dataset showed the strongest Y_;R., preference,
median Y _1R.; site fraction was ~50% while median Y_;R.; sequencing read fraction was = 75%
across species. We find that YpR dinucleotide density relative to promoter spread is similar
across species (Figure 8C). The TSS usage relative to this density did differ among species
indicating differences in TSS distributions within spreads (Figure 8D). For this analysis, we
considered a Y.;R,; site “used” if its usage was 22% of reads for that promoter. Zebrafish
zygotic promoters were at least superficially similar to S. cerevisiae while Zebrafish maternal
promoters and other species showed a lower rate of Y_;R.; usage relative to YpR density. This
is especially interesting because Zebrafish maternal and zygotic promoters can be closely
positioned in the genome but maternal promoters are distinguishable by WW motif enrichment
~30 nt upstream of individual TSSs [97]. This positioning for individual TSSs is reminiscent of
TATA-box positioning to TSSs in metazoans [1] and is consistent with individual TSS
specification for maternal promoters. In contrast, Zebrafish zygotic promoters lack these WW
elements. Promoters in a number of metazoans, especially mammals, can be CpG rich. While
CpG is a YpR dinucleotide, it does not appear to be preferred — for most species the fraction of
reads deriving from C_;G., sites was lower than fraction of TSSs deriving from CpGs
(Supplemental Figure 10B). Therefore, we examined fraction non-CpG site used/present
relative to promoter spread (Figure 8E). In this analysis, S. cerevisiae, human, and Zebrafish
zygotic promoters were distinguished from Drosophila, S. pombe, and Zebrafish maternal
promoters. These analyses suggest that TSS distributions in some eukaryotes beyond S.
cerevisiae share attributes consistent with being derived from a scanning mechanism.

DISCUSSION
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Budding yeast has been a powerful model for understanding key mechanisms for transcription
by Pol 1l. An early identified difference in promoter behavior for yeast TATA-containing
promoters from classically studied TATA-containing human viral promoters such as adenovirus
major late led to proposals that initiation mechanisms were fundamentally different between
these species [47, 99]. TSSs for yeast TATA promoters were found downstream and spread
among multiple positions while TSSs for viral and cellular TATA promoters were found to be
tightly positioned ~31 nt downstream of the beginning of the element [48]. This positioning for
TSSs at TATA promoters holds for many species including S. pombe [95] but not budding yeast.
This being said, genome-wide studies of initiation indicate that the vast majority of promoters
use multiple TSSs, though evolution appears to restrict TSS usage at highly expressed
promoters in multiple species, including budding yeast (our work, [79, 94]. How these TSSs are
generated and if by conserved or disparate mechanisms is a critical unanswered question in
gene expression.

We have shown here that Pol Il catalytic activity, as determined by mutations deep in the active
in the essential “trigger loop”, confer widespread changes in TSS distributions across the
genome regardless of promoter type. Mutants in core Pol Il GTFs TFIIB (sua7 mutant) or TFIIF
(tfg2 mutant) confer defects of similar character to downstream shifting or upstream shifting Pol
Il alleles, respectively. The changes observed are consistent with a model wherein TSSs are
displayed to the Pol Il active site directionally from upstream to downstream, with the probability
of initiation controlled by the display or scanning rate, and by Pol Il catalytic rate. This system is
analogous to a “shooting gallery” where targets (TSSs) move relative to a fixed firing position
(the Pol Il active site)[100]. In this model, Pol Il catalytic activity, the rate of target movement,
i.e. scanning rate, and the length of DNA that can be scanned i.e. scanning processivity, should
all contribute to initiation probability at any particular sequence. Biochemical potential of any
individual sequence will additionally contribute to initiation efficiency. Our results suggest that
Pol Il and tested GTF mutants affect initiation efficiency across sequence motifs and that
differential effects in apparent motif usage genome-wide likely result from skewed distributions
of bases within yeast promoters. Our in vivo results are consistent with elegant in vitro
transcription experiments showing reduction of ATP levels (substrate for initiating base or for
bases called for in very early elongation) confers downstream shifts in start site usage [101].
Reduction in substrate levels in vitro, therefore, is mimicked by reduction of catalytic activity in
Vivo.

How template sequence contributes to initiation beyond positions close to the template
pyrimidine specifying the initial purine, and how they interact with scanning, is an open question.
For models employing a scanning mechanism such as the “shooting gallery”, it can be imagined
that bases adjacent to the TSS affect TSS positioning to allow successful interaction with the
first two NTPs, while distal bases such as the -8T on the template strand (-8A on the non-
template strand) stabilize or are caught by interaction with the yeast TFIIB “reader” to hold TSSs
in the active site longer during scanning [45]. Critical to this model are the structural studies just
cited of Sainsbury et al on an artificial initial transcribing complex showing direct interaction of
Sua7 D69 and R64 and -8T and -7T on the template strand. There are a number of ways TFIIB
may alter initiation efficiency beyond recognition of upstream DNA. TFIIB has also been
proposed by Sainsbury et al to allosterically affect Pol Il active site Mg®* binding and RNA-DNA
hybrid positioning [45, 46]. Direct analysis of Kuehner and Brow [53] found evidence for lack of
effect of sua7 R64A on efficiency of one non--8A site, while -8A sites were affected, consistent
with this residue functioning as proposed. We isolated individual motifs to examine efficiency
(Figure 4C), and our tested sua7-58A5 allele reduced efficiencies of both -8A and non--8A
motifs alike. This allele contains a five-alanine insertion at position 58 in Sua7, likely reducing
efficiency of the B-reader but possibly leaving some R64 interactions intact. Specific tests of
Sua7 R64 mutants under controlled promoter conditions will directly address whether this
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contact confers TSS selectivity. Additionally, altered selectivity alleles of Sua7 would be
predicted if interactions with the template strand were altered.

Core transcriptional machinery for Pol Il initiation is highly conserved in eukaryotes leading to
the general expectation that key mechanisms for initiation will be conserved. While it has long
been believed that budding yeast represents a special case for initiation, this has not
systematically been addressed in eukaryotes. The question of how broadly conserved are
initiation mechanisms in eukaryotic gene expression is open for a number of reasons. There are
examples of diverse transcription mechanisms within organisms across development, for
example tissues, cells, or gene sets using TBP-related factors to replace TBP in initiation roles.
For example, in zebrafish, distinct core promoter “codes” have been described for genes that
are transcribed in oocytes (maternal transcription) versus those transcribed during zygotic
development (zygotic transcription) [97]. The maternal code is proposed to utilize an alternate
TBP for initiation, while zygotic promoters utilize TBP. Distinct core promoters are used to drive
maternal and zygotic expression. For genes transcribed both maternally and zygotically, distinct
TSS clusters specific to each phase of development can be quite close to one another in the
genome and may have superficially similar distribution characteristics, for example promoter
widths or spreads. However, individual maternal TSSs are each stereotypically positioned
relative to an upstream sequence motif, while individual zygotic TSSs are not. This difference
can be detected in the densities of TSSs used in a cluster. Our analysis indicates that
differential density between maternal and zygotic does not relate to differential YpR dinucleotide
density, and that zygotic TSS usage density in zebrafish appears similar to TSS usage density
in budding yeast, while maternal TSS usage density is distinct. The conservation of scanning
between organisms or for subsets of promoter classes within other eukaryotes is an open
guestion.

Another major question is how promoters without TATA-elements are specified. Organization of
PIC components is relatively stereotypical within a number of species, as detected by ChIP
methods for Pol Il and GTFs [7, 102, 103], with the caveat that these are population-based
approaches. The most common organization for promoters across examined eukaryotes is a
NDR flanked by positioned nucleosomes. Such NDRs can support transcription bidirectionally,
reflecting a pair of core promoters with TSSs proximal to the flanking nucleosomes [13, 14, 17-
19, 104-106]. While sequence elements have been sought for these promoters, an alternate
attractive possibility is that NDR promoters use nucleosome positioning to instruct PIC
assembly. The association of TSSs with the edges of nucleosomes is striking across species,
though in species with high levels of promoter proximal pausing, nucleosomes may be
positioned downstream of the pause. Transcription itself has been linked to promoter
nucleosome positioning, turnover, or exchange in yeast. Given that MNase analyses reflects
bulk nucleosome populations, and depending on kinetics of initiation and the duration of
chromatin states supporting initiation (expected to be relatively infrequent), the nature of
initiating chromatin is unclear.

Finally, how does initiation interact with nucleosomes? In a scanning model, Pol Il activity will
not be expected to control the interactions with the downstream nucleosome. Instead, TFIIH
bound to downstream DNA and translocating further downstream to power scanning, will be
expected to be the major interaction point of the PIC and the +1 nucleosome. This model
explains why downstream nucleosomes may not limit changes to scanning incurred by
alterations to Pol Il activity, because Pol Il will be acting downstream of the TFIIH-nucleosome
interaction. DNA translocation by TFIIH is expected to be competitive with the +1 nucleosome
for DNA as scanning proceeds into the territory of the nucleosome. Indeed, transcription and
TFIIH activity are proposed to drive H2A.Z exchange in the +1 nucleosome [92]. How TFIIH
activity is controlled to either allow scanning in addition to promoter opening or be restricted to
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promoter opening is a major question in eukaryotic initiation. The S. cerevisiae CDK module of
TFIIH has been implicated in restricting initiation close to the core promoter in vitro, but no in
vivo evidence has emerged in vivo for this mechanism [107]. TFIIH components have long been
implicated in controlling activities of the two ATPases — Ssl2 and Rad3 in yeast, XPB and XPD
in humans — to enable or promote transcription or nucleotide excision repair [108-110]. These
inputs may regulate activity of ATPases and their ability to be coupled to translocation activity
analogous to paradigms for DNA translocase control in chromatin remodeling complexes [111].

METHODS

Yeast strains, plasmids, and oligonucleotides

Yeast strains used in this study were constructed as described previously [71-73]. Briefly,
plasmids containing rpo21/rpbl mutants were introduced by transformation into a yeast strain
containing a chromosomal deletion of rpo21/rpb1 but with a wild type RPO21/RPB1 URA3
plasmid. GTF mutant parental strains used for GTF single or GTF/Pol Il double mutant analyses
were constructed by chromosomal integration of GTF mutants into their respective native locus
by way of two-step integrations [71]. Strains used in ChiP-exo were TAP-tagged at target genes
(SSL2, SUAT) using homologous recombination of TAP tag amplicons (Puig et al., 2001)
obtained from the yeast TAP-tag collection [112] (Open Biosystems) and transferred into our lab
strain background [113]. All strains with mutations at chromosomal loci were verified by
selectable marker, PCR genotyping, and sequencing. rpo21/rpb1l mutants were introduced to
parental strains with or without chromosomal locus mutation by plasmid shuffling [114],
selecting for cells containing rpo21/rpb1 mutant plasmids (Leu®) in absence of the RPB1 WT
plasmid (Ura"), thus generating single rpo21/rpb1l mutation strain or double mutant strains
combining mutations in GTF and rpo21/rpbl alleles. Yeast strains in all experiments were grown
on YPD (1% yeast extract, 2% peptone, 2% dextrose) medium unless otherwise noted. Mutant
plasmids for yeast promoter analyses were constructed by Quikchange mutagenesis
(Stratagene) following adaptation for use of Phusion DNA polymerase (NEB) [115]. All
oligonucleotides were obtained from IDT. Yeast strains, plasmids, and oligonucleotide
sequences are described in Additional File 1.

Sample preparation for 5-RNA sequencing

Yeast strains were diluted from a saturated overnight YPD culture and grown to mid-log phase
(~1.5x10/ml) in YPD and harvested. Total RNA was extracted by a hot phenol-chloroform
method [116], followed by on-column incubation with DNase | to remove DNA (RNeasy Mini kit,
Qiagen), and processing with a RiboZero rRNA removal kit (Epicentre/lllumina) to deplete
rRNA. To construct the cDNA library, samples were treated with Terminator 5' phosphate-
dependent exonuclease (Epicentre) to remove RNAs with 5" monophosphate (5' P) ends, and
remaining RNAs were purified using acid phenol/chloroform pH 4.5 (Ambion) and precipitated.
Tobacco acid pyrophosphatase (TAP, Epicentre) was added to convert 5' PPP or capped RNAs
to 5' P RNAs. RNAs were purified using acid phenol/chloroform and a SOLID 5' adaptor was
ligated to RNAs with 5' P (this step excludes 5' OH RNAS), followed by gel size selection of 5'
adaptor ligated RNAs and reverse transcription (SuperScript lll RT, Invitrogen) with 3' random
priming. RNase H (Ambion) was added to remove the RNA strand of DNA-RNA duplexes,
cDNA was size selected for 90-500 nt lengths. For SOLID sequencing, these cDNA libraries
were amplified using SOLID total RNA-seq kit (Applied Biosystems) and SOLID Barcoding kit
(Applied Biosystems), final DNA was gel size selected for 160-300 nt length, and sequenced by
SOLID (Applied Biosystems) as described previously [117, 118].

5'-RNA sequencing data analyses
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698 SOLID TSS raw data for libraries 446-465 was based on 35 nt short reads. The data were

699 delivered in XSQ format and subsequently converted into Color Space csfasta format. Raw data
700 for libraries VV497-520 was in FASTQ format. Multiple read files from each library were

701 concatenated and aligned to S. cerevisiae R64-1-1 (SacCer3) reference genome from

702  Saccharomyces Genome Database. We explored the possibility that alignments might be

703 affected by miscalling of 5’ end base of the SOLID reads. We trimmed one base at the 5' end of
704  the reads of the TSS libraries VV497-520, and aligned the trimmed reads independently from
705 the raw reads for direct comparison. The alignment rates did not differ significantly, indicating 5'
706  end of our SOLID libraries reads were not enriched for sequencing errors more than the rest of
707 the reads. In addition, we asked if the alignment was affected by 5' micro-exons in some S.

708  cerevisiae genes by using TopHat to allow for potential splicing in alignment [119]. As we did
709 not observe such splicing, we proceeded with Bowtie [120] allowing 2 mismatches but only

710 retained uniquely mapped alignments. The aligned BAM files were converted to bedgraphs, and
711 5'base (start tag) in each aligned read was extracted using Bedtools (v2.25.0) for downstream
712  analyses [121]. Mapping statistics for TSS-seq, MNase-seq, and ChIP-exo libraries are

713  described in Additional File 2.

714

715 To assess the correlation between biological replicates and different mutants, base-by-base
716  coverage correlation between libraries was calculated for all bases genome-wide and for bases
717  up and downstream of the promoter windows identified by [7](408 nt total width, described

718  below). Given that Pearson correlation is sensitive to variability at lower coverage levels,

719  correlations for positions above arbitrarily chosen thresholds (3 reads or 10 reads per position)
720  were calculated and 3 read threshold correlations are shown. Heat scatter plots were generated
721  the LSD R package (4.0-0) (cite Schwalb, Bjoern, Achim Tresch, and Romain Francois. "LSD Lots of
722  Superior Depictions." The Comprehensive R Archive Network (2011)) and compiled in Adobe

723  Photoshop. Heatmaps were generated using Morpheus

724 (https://software.broadinstitute.org/morpheus/) or JavaTreeView [122] and Cluster [123].

725

726  To create base-by-base coverage in selected windows of interest, computeMatrix reference-
727  point() function from the deepTools package (2.1.0) was used [124]. There were two types of
728  windows of interest. First, the promoter windows were established by expanding 200 nt up and
729  downstream from the TATA/TATA-like elements identified by [7] (here we term them

730 TATA/TATA-like centered windows) (408 nt total width). Most of these windows (5945/6044)
731  were centered on TATA/TATA-like element annotated in [7], while 99 promoters did not have
732  annotated TATA/TATA-like element and were centered on the TFIIB ChiP-exo peak. Second,
733  we established windows centered on transcription start sites (TSSs) to investigate TSSs at

734  promoters in a core promoter element-independent manner (here we term them TSS-anchored
735 windows). For the TSS anchored windows, we first determined the 50th percentile (median)
736  TSS (see next paragraph for details) in the TATA/TATA-like centered promoter windows with
737  WT TSS reads derived from RPB1 WT libraries 446, 456, 497, and 499 (see below) and

738  expanded 200 nt upstream and 200 nt downstream from this “median” TSS position (401 nt total
739  width), adjusting this window one time based on new TSSs potentially present after shifting the
740  window, and then displaying 250 nt upstream and 150 nt downstream from the median TSS
741  position.

742

743  Several characteristics of TSS utilization were calculated as following: (1) The position of the
744  TSS containing the 50th percentile of reads in the window and was termed the “median” TSS.
745  (2) Distance between 10th percentile and 90th percentile TSS position in each promoter was
746  used to measure the width of the TSS distribution, termed the “TSS Spread”. Specifically, TSS
747  positions with 10th and 90th percentile reads were determined in a directional fashion (from
748  upstream to downstream), the absolute value of the difference between two positions by
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subtraction was calculated as “TSS Spread”. (3) Total reads in windows of interest were
summed as a measurement of apparent expression. (4) Normalized densities in windows were
calculated as fraction of reads at each TSS position relative to the total number of reads in the
window. The normalized densities were subsequently used for examination of TSS usage
distribution at each promoter independent of expression level, comparison among different
libraries, and start site usage pattern changes in mutants, and visualization. (5) Differential
expression analyses of promoter expression determined from (3) were computed by DESeq2
[89]. The log2 fold changes (log2FC) of the expression between mutant and wild type were
taken from the output of DESeq2 analysis and used to examine the dependency on TSS
distance to PIC. Lowly expressed promoters with fewer than 100 reads from the sum of four WT
replicates were filtered out given their high coefficient of variations. We observed that replicates
of each strain (WT or mutant) were highly correlated at the base coverage level as well as
primary characteristics of TSS usage (distance to core promoter element, apparent expression).
We therefore aggregated the counts from replicate strains for downstream analyses (i.e.,
aligned reads for all replicates of each strain were combined and treated as single “merged
library”). Mutant vs WT relative changes of median TSS (Figure 1E), TSS spread and
normalized TSS densities (Figure 2) in the indicated windows are calculated in R and visualized
in Morpheus or Graphpad Prism 8.

In the TSS motif analyses, two major characteristics were computed. First was TSS usage
defined by the number of reads at each TSS divided by the total number of reads in the
promoter window. Second, we calculated TSS efficiency by dividing TSS reads at an individual
position by the reads at or downstream of the TSS, as a proxy to estimate how well each TSS
gets utilized with regard to the available Pol Il (TSS efficiency)[53]. TSS positions with 220%
efficiency calculated with < 5 reads were excluded (which definitionally are only found at the
downstream edges of windows). The corresponding -8, -1, +1 position underlying each TSS
(N-gN-1N.1 motif) was extracted by Bedtools getfasta (v2.25.0). Start site motif compilation was
done by WebLogo for indicated groups of TSSs. Reads for each N_gN_;N.; motif of interest were
summed, and fraction of the corresponding motif usage in total TSS reads was calculated for
each library. Differences of fraction of start site motif usage in WT and mutants were calculated
by subtracting the WT usage fraction from that in each mutant.

ChiP-exo sequencing

ChiP-exo experiments were performed as described previously[85, 125]. Briefly, yeast strains
were amplified to mid-log phase (~1.5X10’/ml) in rich medium (YPD) from a saturated overnight
culture, crosslinked with formaldehyde (1% final concentration from 37% formaldehyde solution,
(Mallinckrodt)) for 20 min and then quenched by 0.25M glycine (from 2.5M stock, pH 7). Cells
were washed, lysed with glass beads by beat beating (30s on 60s off, 7-8 rounds), visually
inspected under microscope, followed by shearing of chromatin to ~200-500 nt fragments by
sonication at 4 °C (Diagenode Bioruptor, 30s on 30s off, high power, 18 cycles or until desired
size reached) in FA-lysis buffer without detergents. Solubilized chromatin was
Immunoprecipitated using lgG-bound sepharose resin and washed. Immunoprecipitated
chromatin on resin was end polished by T4 DNA polymerase (NEB). Adaptor sequences were
subsequently ligated on both ends of linker DNA, followed by nick repair using phi29
polymerase (NEB). A exonuclease (NEB) was used for 5' — 3' digestion of sonicated protein-
dsDNA and RecJ exonuclease for 5' — 3’ digestion of SSDNA to minimize background. Resin
was washed, DNA was eluted with TEV protease (Invitrogen), and crosslinks reversed by
incubation at 65 °C with Proteinase K (Roche). DNA was extracted by
phenol:chloroform:isoamyl alcohol (each overhang of dsDNA was different and corresponded to
one border of protein binding), denatured to ssDNA, amplified to dsDNA with oligos with -OH on
both ends to amplify exonuclease treated strand only. Adaptors were ligated only to A
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800 exonuclease digested ends of dsDNA, ligated DNA was then amplified, size selected for

801 120-160 nt and were sequenced by SOLID sequencing (Applied Biosystems)

802

803  First replicate of ChiP-exo reads were aligned to V56 reference genome by Corona Lite

804  software provided by SOLID allowing up to 3 mismatches. Only uniquely aligned reads were
805  kept. ChiP-exo reads alignments were converted to SacCer3 (V64) genome alignment using the
806  LiftOver tool (http://genome.ucsc.edu/) for downstream analyses. Second replicate of ChiP-exo
807 reads were aligned to V64 genome. 5' base of each aligned reads were extracted to a tabular
808 coverage file in a strand conscious way, and then converted to bed format. We separated the
809  ChiP-exo reads on two strands relative to the promoters in study: TOP strand (reads on the
810 same strand the direction of promoter transcription, thus TOP may map to either Watson

811  (forward) strand or Crick (reverse) strand on genome) and BOTTOM strand (opposite strand of
812  TOP strand). Replicates of ChiP-exo reads for each strain were compared by base-by-base
813  (after 10-read thresholding) correlation. Characteristics of ChiP-exo reads distribution (median
814  position, levels) in promoter windows were also compared, and we concluded that replicates
815 showed reasonable correlations, considering variability in ChiP-exo reads base-by-base

816  between replicates. Therefore, we merged aligned reads from replicates as a single library for
817 downstream analyses. For each promoter, ChiP-exo 5' tags were assigned to TOP or BOTTOM
818  strand at each promoter window and analyzed separately. Base-by-base read density in

819  selected windows of interest was computed by computeMatrix reference-point() function from
820 deepTools package (2.1.0)[124], similar to our TSS analyses above. The read density at each
821  position was subsequently normalized to total reads in the window (we termed normalized

822  density). ChiP-exo “median” position and total reads in each window were calculated similarly
823  with those of TSS reads, as described above. Median ChiP-exo position was used as a proxy
824  for core promoter element position in Tafl-enriched promoter classes where no proven

825  functional promoter motif has been identified and tested.

826

827 Nucleosome MNase sequencing

828 Nucleosomal DNAs were prepared by a method described elsewhere [126] with the following
829  modifications. Yeast strains were grown in rich medium (YPD) to mid-log phase (~1.5X10"/ml)
830 and cross-linked with methanol-free formaldehyde (1% final concentration, Polysciences Inc) for
831 30 min and quenched with 0.25M final concentration of glycine (from 2.5M stock, pH 7). Cells
832  were washed and digested with zymolyase-20T (Sunrise International) (6mg for 500ml culture)
833  for ~17 min or until ~90% cells appeared as spheroplasts, followed by MNase (Thermo Fisher
834  Scientific) digestion with different amount of MNase to generate “less” and “more” digested
835 nucleosomes (in general, digests were limited such that at least mono, di, and trinucleosomes
836  were still apparent after agarose gel electrophoresis). Crosslinks on nucleosomes were

837 reversed at 65 °C in the presence of Proteinase K (G-Biosciences) overnight. DNA was

838 extracted by phenol/chloroform, and digested with RNase A (Thermo Fisher Scientific) to

839 remove RNAs. Nucleosomal DNA was separated on 1.5% agarose gels containing SYBR gold
840 dye (Thermo Fisher Scientific) and mono-nucleosome bands were identified and selected under
841  blue light and gel purified (Omega Biotek). Mononucleosomal DNA fragments were sequenced
842  on an lllumina HiSeq 2500 instrument (2x125 paired-end sequencing). Paired-end nucleosome
843  reads were aligned to V64 (SacCer3) reference genome using Bowtie2 [127] allowing 1

844  mismatch, with only uniquely mapped alignments are kept. We used Samtools [128] to extract
845  the alignments to build genome coverage for visualization and start and end position of

846  sequenced DNA fragments. Using the start and end positions of each fragments, fragment
847 length and midpoint position of each fragment were calculated.

848

849  Midpoints were analyzed in two main windows of interest. First was median TSS centered

850  window (—-250 upstream and +150 downstream based on median TSS position as above).
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Second, windows were identified based on determined WT +1 nucleosome peak position, as
described below using custom scripts (NucSeq v1.0)[129]. Midpoints were assigned to relative
coordinates of the window and smoothed using a triweight kernel (75 nt up/downstream total
width with a uniform kernel with 5 nt up/downstream width) to get a “smoothed” midpoints
profile. The nucleosome peak was called by identifying the local maximum using the smoothed
profile. This method enabled us to call a single peak position in ranges of 150 nt windows using
the smoothed nucleosome midpoints profiles, thus determining one peak per nucleosome.
Average chromosomal coverage (sum of raw midpoints divided by current chromosome length)
was calculated for each chromosome as a read threshold per position. The first peak
downstream of the median TSS position that had larger than or equal to 20% of chromosomal
average coverage and was also within a reasonable position range for a +1 nucleosome was
annotated as the +1 nucleosome peak at each promoter (if present). +1 nucleosome peaks
were separately identified in 4 WT libraries (replicates for “less” and “more” digested chromatin),
The replicates for “less” digested WT +1 nucleosome peaks showed greater correlation.
Therefore, we took the average of +1 nucleosome peaks between two “less” digested WT
libraries and used as the center for +1 nucleosome-based window. 500 nt up/downstream of
these base positions led to 5660 +1 nucleosome centered 1001 nt wide windows, allowing
observation of up to 8 nucleosomes surrounding +1 nucleosomes. Nucleosome midpoints were
subsequently assigned to this window using the same method as above. Aggregated
nucleosome midpoints analysis was done by sorting the promoters by promoter class,
expression level (TSS reads in window) followed by summing the nucleosome midpoint counts
at each position in the window.

Analysis of TSS usage in different species

Genome-wide TSS sequencing datasets analyzed for different eukaryotes were: CAGE
sequencing in Drosophila by the Celniker lab [39], PROcap sequencing in Drosophila by Lis lab
[96]; GROcap sequencing in human by the Lis lab [98]; CAGE sequencing in zebrafish by the
Lenhard lab [97]; and DeepCAGE sequencing in S. pombe by the Shao lab [95]. Aligned start
site reads data were retrieved from read archives or authors in various formats (tab, bigwig, wig
etc.). Replicate libraries were merged and treated as one library after determining they were
well-correlated with each other. Start site tags files were formatted to Bed6 format (UCSC) and
major start sites determined by authors were used to create 101 nt TSS centered windows for
each promoter in a strand conscious manner. When a major TSS cluster was identified instead
of single start site at each promoter by the authors’ respective analyses, the midpoint of the TSS
cluster was used as the center of the window. Start site tags were then mapped into TSS-
centered promoter windows using a custom R script. Separate files containing underlying
sequence in the same window of each promoter from appropriate reference genome were
created for each library.

Because Y_;R.; start site motifs are strongly preferred by Pol Il, we specifically analyzed each
YR motif separately and in aggregate. Y_;R,; usage and “spread” calculation were computed as
described above. Positions that had = 2% of the total reads in the window were considered as
meaningful TSSs, which were further classified into C_;G.;, non-CG Y_;R,; and non- Y_;R.;
based on TSS base and the preceding deoxynucleotide. Only TSSs within the “spread” (10" to
90™ percentile reads in the promoter windows) were used for subsequent analyses and plotting.
XY scatter plots and the linear regression fits were generated using GraphPad Prism 7.
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1281  Figure 1. Genome-wide analysis of TSS selection in S. cerevisiae. A. Overview of method
1282  and description of metrics used in analyzing TSS distributions at yeast promoters. B.

1283  Reproducibility of TSS-seq analysis demonstrated by correlation plots determine RNA 5’ ends
1284  across all genome positions with 23 reads in each library for biological replicates of WT, rpb1l
1285 E1103G, and rpb1 H1085Y libraries. C. Heat map illustrating hierarchical clustering of Pearson
1286  correlation coefficients between aggregate (combined biological replicate) libraries for all

1287  strains. Clustering distinguishes known reduced function rpb1l alleles (“slow” or LOF) and

1288 increased activity rpbl alleles (“fast” or GOF). D. TSSs generally map downstream of core
1289  promoters predicted by Rhee and Pugh from GTF ChiP-exo data. E. Basic metrics of TSS

1290 distribution changes distinguish classes of TSS-usage affecting alleles. Determination of change
1291 in median TSS position (upstream shift in median position is negative, downstream shift in

1292  median position is positive, see Methods) or change in width of TSS distribution (see A, “A TSS
1293  spread”) are sufficient to differentiate two main classes of rpb1 mutants and separate them from
1294  GTF mutants. Heat maps show individual yeast promoter regions on the y-axis and the

1295 measured TSS shift or ATSS Spread from TSS-seq data for TSS-usage affecting mutants on
1296 the x-axis hierarchically clustered in both dimensions.

1297  Figure 2. Pol Il and GTF mutants confer polar shifts in TSS-usage across all promoter
1298 classesin S. cerevisiae. A. Heat maps show TSS distribution changes in a fast (E1103G) or a
1299  slow (H1085Y) Pol Il mutant relative to WT. 401 nt promoter windows were anchored on

1300 measured median TSS position in our WT strain and TSS distributions in WT or mutant strains
1301 were normalized to 100%. Differences in distribution between WT and mutant TSS usage were
1302 determined by subtracting the normalized WT distribution from normalized mutant distributions.
1303 Promoters are separated into those classified as Tafl-enriched, Tafl-depleted, or neither and
1304 rank-ordered on the y-axis based on total reads in WT (from high to low). Gain in relative mutant
1305 TSS usage is positive while loss in relative mutant usage is negative. B. Significant polar shifts
1306 in TSS usage are apparent for examined rpb1l mutants (except rpbl F1084l) across promoter
1307 classes. All box plots are Tukey plots unless otherwise noted (see Methods). Promoters

1308 examined are n=3494 (>200 reads total expression in WT). C. Significant polar shifts in TSS
1309 usage are apparent for examined GTF mutants and an rpb1 tfg2 double mutant shows

1310 exacerbated TSS shifts relative to the single mutants (compare C to B). Promoters examined
1311 are asin (B). D. Average TSS shifts in Pol Il rpb1l mutants correlate with their measured in vitro
1312 elongation rates. Error bars on TSS shifts and elongation rates are bounds of the 95%

1313  confidence intervals of the means. Elongation rates are from [73, 75]. Mutants slower than WT
1314  in vitro exhibit downstream shifts in TSS distributions while mutants faster than WT in vitro
1315  exhibit upstream shifts in TSS distributions correlating with the strengths of their in vitro

1316 elongation rate defects and their in vivo growth rate defects. Promoters examined are as in
1317 (B,C).

1318 Figure 3. TSS motif usage and alterations in TSS-usage affecting mutants. A. Preferred Y-
1319 1R+1 motif usage observed in our data as expected. S. cerevisiae selective enrichment of A at -
1320 8 is apparent at the most highly used starts in promoters with higher expression (compare

1321  primary/top (1°) TSSs with secondary (2°) or tertiary TSSs from promoters within the top decile
1322  of expression). Promoters exhibiting very narrow TSS spreads (focused) show additional minor
1323  enrichments for bases near the TSS. B. Overall TSS motif usage in WT and TSS-usage

1324  affecting mutants. Motifs were separated by -8 -1 +1 identities (64 motifs) as the vast majority of
1325  TSS reads derive from N.gY.1R.1 sequences. (Top) Percent motif usage determined for

1326 individual strains and displayed in heat map hierarchically clustered on y-axis to group strains
1327  with similar motif usage distribution. (Bottom) Difference heat map illustrating relative changes
1328 in NgY.1 R, motif usage in heat map hierarchically clustered on y-axis to group strains with
1329 similar motif usage difference distribution. C. Alteration in motif usage and apparent changes to
1330 reliance on an Ag could arise from a number of possibilities. Alterations in TSS efficiencies in
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1331 mutants could result in upstream or downstream shifts in TSS distribution if mutants have
1332 decreased or increased reliance, respectively, on a particular motif. Conversely, alteration in
1333 initiation efficiency in general (increase or decrease) could alter TSS motif usage if TSS motifs
1334  are unevenly distributed across yeast promoters (example distribution for hypothetical motif N).
1335 D. TSS motifs are unevenly distributed across yeast promoters and differentially enriched
1336  correlating with steady state promoter expression levels. (Top) the apparent highest used AgY.
1337 1R motif (AsC.1A+1) and (bottom) the less preferred T.gT.1A.1 motif are compared for Tafl-
1338 enriched or Tafl-depleted promoters.

1339 Figure 4. TSS-usage mutants alter TSS usage efficiencies across TSS motifs consistent
1340 with promoter scanning initiation at all promoters. A. Median usage (left) or “efficiency”
1341  (right) for A,sC.;A,; sites across promoters in WT, rpb1 E1103G, or rpb1 H1085Y strains for
1342  Tafl-enriched (left pair of graphs) or Tafl-depleted promoters (right pair of graphs). Usage is
1343  defined as median percent reads found at any AC.1A.; sites by promoter position relative to a
1344  baseline position (the median TSS in WT). Efficiency is calculated from a model that assumes
1345  promoter scanning from upstream to downstream positions and is defined as number of TSS-
1346  seq reads mapping to a genome position divided by the sum of those reads and any

1347  downstream reads within a defined promoter window. rpb1l E1103G and rpb1l H1085Y both shift
1348 usage but alter efficiency differently. B. Altered usage across TSS motifs in TSS-usage affecting
1349 mutants. Heat maps show difference in aggregate usage normalized to promoter number for
1350 different NgY_1R.1 TSS motifs. Strains are ordered on the x-axis from left-to-right from strongest
1351 downstream shifter to strongest upstream shifter. Promoter positions from -100 (upstream) to
1352  +100 (downstream) flanking the median TSS position in WT Regardless or promoter class,
1353 TSS-usage affecting mutants cause polar effects on distribution of TSS usage when examining
1354  motifs separately. C. Motif efficiency calculated as in (A) for a subset of NgY_1R.; TSS motifs for
1355  all mutants. Heat maps are ordered as in (B). Downstream shifting mutants in (B) generally
1356 reduce TSS usage efficiencies across promoter positions. Upstream shifting mutants in (B)
1357 generally shift TSS efficiencies upstream.

1358 Figure 5. Attributes of core promoter classes and PIC positioning in TSS-usage affecting
1359 mutants. A. Enrichment by expression decile in WT of putative core promoter elements in Tafl-
1360 enriched and Tafl-depleted promoters. TATA consensus (TATAWAWR, W=A/T, R=A/G) is
1361 enriched in Tafl-depleted promoters while the GA-rich element (GAAAAA) is enriched in Tafl-
1362 enriched promoters. Yeast promoters are relatively AT-rich so there is a high probability of

1363 “TATA-like” elements differing from the TATA consensus by two mismatches. B. Tested GAE or
1364  TATA-like elements do not greatly contribute to expression from promoters where tested.

1365  Expression by Northern blotting for promoters or classes of promoter mutant fused to a reporter
1366  gene. Promoter mutants are normalized to the respective WT for each promoter. “Delete”

1367 mutants represent deletions of particular element types. “Mutant” elements represent elements
1368 where base composition has been altered. C. GTF positioning by promoter classes determined
1369 by ChiP-exo for Sua7 (TFIIB) or Ssl2 (TFIIH). For each promoter, the median position of ChiP-
1370 exo reads on the top (TOP) or bottom (BOT) DNA strand was used to estimate GTF positioning.
1371  Left graph shows histogram of estimated GTF positions for Tafl-enriched promoters while right
1372  graph shows histogram of estimated GTF positions for Tafl-depleted promoters. D. Pol I

1373  mutant effects on GTF positioning as detected by ChiP-exo for Sua7 (TFIIB) or Ssl2 (TFIIH).
1374  Aggregate ChiP-exo signal for Tafl-enriched or depleted promoters on top (TOP) or bottom
1375 (BOT) DNA strands in WT, rpb1 H1085Y, or rpb1 E1103G. Curves on graph indicate LOWESS
1376  smoothing of aggregate ChiP-exo reads for the top 50% of promoters determine by ChiP-exo
1377  reads in WT cells.

1378  Figure 6. Promoter architecture influences sensitivity to TSS-usage affecting mutants. A-
1379 C. Distance of TSS to GTF position or core promoter position can correlate with extent of TSS
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shift in TSS mutants. Dashed lines are linear regression plots for TSS shift vs. GTF to TSS
distance. GTF position determined by average of median ChiP-exo signal from top and bottom
DNA strands for Sua7 and Ssl for A. Tafl-enriched promoters or B. Tafl-depleted promoters. C.
Core promoter-TSS distance for Tafl-depleted TATA-element containing promoters correlates
with extent of TSS shifts in TSS-usage affecting mutants. Dashed lines are linear regression
plots for TSS shift vs. TATA-element to TSS distance for Tafl-depleted promoters with TATA
elements. D. Correlation of differential expression (log.(mutant/WT)) with TSS to PIC distance
for Tafl-enriched promoters. E. Correlation of differential expression (log.(mutant/WT)) with
TSS to PIC distance for Tafl-depleted promoters.

Figure 7. Relationship of promoter chromatin architecture to PIC position and effects of
TSS-usage affecting mutants on nucleosome positioning. A. Nucleosome midpoints as
determined by MNase-seq (dashed lines) and GTF ChiP-exo signals for Tafl-enriched
promoters (solid line smoothes of scatter plots) are aggregated by promoter quintiles
determined by TSS-+1 nucleosome midpoint position. Nucleosome midpoints are from WT
strain and the same data are shown as reference for each ChiP-exo plot. First to fifth quintiles
are promoters with the closest +1 nucleosome to furthest, respectively. Fifth quintile promoters
likely have a weak +1 nucleosome and thus the determined +1 nucleosome is in some cases
like the +2. ChiP-exo aggregate data shows correlation with +1 nucleosome-TSS distance. B.
Nucleosome positioning in WT and H1085Y for Tafl-enriched promoters aligned by +1
nucleosome in WT (left), over genes (-200 to +800 from +1 nucleosome position, right). C.
Determined +1 nucleosome position for WT and H1085Y Tafl-enriched promoters for individual
MNase-seq libraries relative to position determined by averaging the four WT libraries. Box plots
are Tukey plots (see Methods). D. and E. Nucleosome positioning analyses as in B, C for top
expression decile Tafl-enriched promoters for WT and H1085Y. F. and G. Nucleosome
positioning analyses as in B, C for bottom expression decile Tafl-enriched promoters for WT
and rpbl H1085Y. H. and I. Nucleosome positioning analyses as in B, C for Tafl-enriched
promoters for rpb1 E1103G. WT data from B, C shown as reference.

Figure 8. TSS distribution characteristics for select eukaryotes. A. TSS spread (distance
defining positions of 10%-90% percentile of the TSS distribution) plotted for Tafl-enriched (left)
or depleted (right) promoters separated by expression decile for WT yeast. Spread determined
here for 401 nt promoter windows. B. Distribution of promoter “widths” (TSS spread) for TSS-
seq for 101 nt promoter windows across a humber of eukaryotic TSS-seq or related
methodologies, including S. cerevisiae (WT data from this work), S. pombe (Li et al), D.
melanogaster (Hoskins et al CAGE or Kwak et al PRO-cap), Danio rerio Zebrafish Maternal
promoters (512 stage) or Zygotic (prim20) (Haberle et al), or Human PRO-cap data (Core et al).
C. Number of available YR dinucleotides within spread regions for promoters in (B) with the
following alterations. S. pombe promoter class limited to “notSP” (not single TSS promoters) as
defined by Li et al. M1 and M2 classes for human data as defined by Core et al are separated.
Hoskins et al CAGE data were not analyzed due to CAGE artifact potential for adding an extra
untemplated C during reverse transcription of RNA 5’ ends. D. Number of Y_;R.; dinucleotides
used at 22% of total reads for promoter region vs. spread width for promoters in (C). Fraction of
non-CpG Y_;R.; dinucleotides used at =2% of total reads for a promoter region relative to
available non-CpG Y.;R.; dinucleotides vs spread width for promoters in (C).

32


https://doi.org/10.1101/810127
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/810127; this version posted October 22, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

1427  FIGURES AND FIGURE LEGENDS

A Exponential growth g ;ff B Eg 3*
cultures ff § R o
¥ R 8¢ e
3 TSS usage/ |
Total RNA Promoter H " L] -
extraction element H l R aan g
1 D -
* o H Distance to S‘
DNAse treatment, i core promoter element '_:' - -
rRNA removal i TSS Spread! o o o :
& .' promoter width & 2 4 & & 10 12 14 2 4 & 8 W 12 14 2 4 & & 10 12 14
Rep 2 (log, reads/position) Rep 2 {log, reads/position) Rep 2 (log, reads/position)
o s - Fast Pol Il/GOF  Slow Pol II/LOF
(o]
o e 1l (rpb1 E1103G)  (rpb1 H1085Y)
\reatment, windows from
mRNA 5 cap removal, Rhee!;;‘dzrum
5" linker ligation,
cONA synthesis C
SOLID sequencing,
map to genome
determine §° positions of
reads genome-wide [ w- E!I“Duas'.’%
i L1101S 1.00
B F10841
TATAWAWR " wr R
=2 WT
D Consensus 2 mi h [ ] E1103G/tfg2/\146-180 0.55
TATA (up to +2 mismatches) m tfg2:146-180
- -200 +200 = F1086S
N = > | m H1085Q
S . B N1082S
S . “ _ | H1ossy
< 5 W sua7-58A5
X VongrEoo ngu>n
% 3 8585888 83382
) ) FTEFI2 ¥ S28E?®
) i wo-"=s << krzxf
E y e 3
v 22
E et L e
© . 1 @
= E . iR =
. 1 -
? o - - w
Z E g
g ¢ Oy -
3 ¢ o E TSS Shift ATSS Spread
] . \
= .
5 vl
° . \
£ . |
s : \
— . X L e
[ G ]
° X =
E ' A L
o .
a . = = = =
o 5
o + . =
i . —_— = — 20.0
2 - : 133 e — s
s S = = 67 E —— | ]33
E - . = 17
s o - . 0.0 — |
°© g * — fgs EL
7 - : i -33
T —— _— -20.0 «50
I = |+ 5 __==— e -
] . -
e F - = _
C— = = =
o 0.3 1.0 e
voEFUg>nweo v poxIRR>angan
852258888223 gagdcebiness
c357T8883822% SESPTSS883824%
mOpE“ITTEEIT G GLELILITZIIY
NN B NP
e 2
(o] (o]
© L]
o o
] b

1428

33


https://doi.org/10.1101/810127
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/810127; this version posted October 22, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444

1445

aCC-BY-NC-ND 4.0 International license.

Figure 1. Genome-wide analysis of TSS selection in S. cerevisiae. A. Overview of method
and description of metrics used in analyzing TSS distributions at yeast promoters. B.
Reproducibility of TSS-seq analysis demonstrated by correlation plots determine RNA 5’ ends
across all genome positions with 23 reads in each library for biological replicates of WT, rpb1l
E1103G, and rpb1 H1085Y libraries. C. Heat map illustrating hierarchical clustering of Pearson
correlation coefficients between aggregate (combined biological replicate) libraries for all
strains. Clustering distinguishes known reduced function rpbl alleles (“slow” or LOF) and
increased activity rpb1 alleles (“fast” or GOF). D. TSSs generally map downstream of core
promoters predicted by Rhee and Pugh from GTF ChiP-exo data. E. Basic metrics of TSS
distribution changes distinguish classes of TSS-usage affecting alleles. Determination of change
in median TSS position (upstream shift in median position is negative, downstream shift in
median position is positive, see Methods) or change in width of TSS distribution (see A, “A TSS
spread”) are sufficient to differentiate two main classes of rpb1l mutants and separate them from
GTF mutants. Heat maps show individual yeast promoter regions on the y-axis and the
measured TSS shift or ATSS Spread from TSS-seq data for TSS-usage affecting mutants on
the x-axis hierarchically clustered in both dimensions.
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1447  Figure 2. Pol Il and GTF mutants confer polar shifts in TSS-usage across all promoter
1448 classes in S. cerevisiae. A. Heat maps show TSS distribution changes in a fast (E1103G) or a
1449  slow (H1085Y) Pol Il mutant relative to WT. 401 nt promoter windows were anchored on

1450 measured median TSS position in our WT strain and TSS distributions in WT or mutant strains
1451 were normalized to 100%. Differences in distribution between WT and mutant TSS usage were
1452  determined by subtracting the normalized WT distribution from normalized mutant distributions.
1453  Promoters are separated into those classified as Tafl-enriched, Tafl-depleted, or neither and
1454  rank-ordered on the y-axis based on total reads in WT (from high to low). Gain in relative mutant
1455  TSS usage is positive while loss in relative mutant usage is negative. B. Significant polar shifts
1456 in TSS usage are apparent for examined rpbl mutants (except rpbl F1084l) across promoter
1457  classes. All box plots are Tukey plots unless otherwise noted (see Methods). Promoters

1458  examined are n=3494 (>200 reads total expression in WT). C. Significant polar shifts in TSS
1459  usage are apparent for examined GTF mutants and an rpb1 tfg2 double mutant shows

1460 exacerbated TSS shifts relative to the single mutants (compare C to B). Promoters examined
1461 are asin (B). D. Average TSS shifts in Pol Il rpbl mutants correlate with their measured in vitro
1462  elongation rates. Error bars on TSS shifts and elongation rates are bounds of the 95%

1463  confidence intervals of the means. Elongation rates are from (XXX). Mutants slower than WT in
1464  vitro exhibit downstream shifts in TSS distributions while mutants faster than WT in vitro exhibit
1465  upstream shifts in TSS distributions correlating with the strengths of their in vitro elongation rate
1466  defects and their in vivo growth rate defects. Promoters examined are as in (B,C).
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1467
1468 Figure 3. TSS motif usage and alterations in TSS-usage affecting mutants. A. Preferred Y-
1469 1R+1 motif usage observed in our data as expected. S. cerevisiae selective enrichment of A at -
1470 8 is apparent at the most highly used starts in promoters with higher expression (compare
1471  primary/top (1°) TSSs with secondary (2°) or tertiary TSSs from promoters within the top decile
1472  of expression). Promoters exhibiting very narrow TSS spreads (focused) show additional minor
1473  enrichments for bases near the TSS. B. Overall TSS motif usage in WT and TSS-usage
1474  affecting mutants. Motifs were separated by -8 -1 +1 identities (64 motifs) as the vast majority of
1475  TSS reads derive from N.gY.1R.1 sequences. (Top) Percent motif usage determined for
1476  individual strains and displayed in heat map hierarchically clustered on y-axis to group strains
1477  with similar motif usage distribution. (Bottom) Difference heat map illustrating relative changes
1478  in NgY_1R.; motif usage in heat map hierarchically clustered on y-axis to group strains with
1479  similar motif usage difference distribution. C. Alteration in motif usage and apparent changes to
1480 reliance on an Ag could arise from a number of possibilities. Alterations in TSS efficiencies in
1481  mutants could result in upstream or downstream shifts in TSS distribution if mutants have
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decreased or increased reliance, respectively, on a particular motif. Conversely, alteration in
initiation efficiency in general (increase or decrease) could alter TSS motif usage if TSS motifs
are unevenly distributed across yeast promoters (example distribution for hypothetical motif N).
D. TSS motifs are unevenly distributed across yeast promoters and differentially enriched
correlating with steady state promoter expression levels. (Top) the apparent highest used AgY.
1R+1 motif (AgC_;A.;) and (bottom) the less preferred T.gT_;A.; motif are compared for Tafl-
enriched or Tafl-depleted promoters.
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1490 Figure 4. TSS-usage mutants alter TSS usage efficiencies across TSS motifs consistent
1491 with promoter scanning initiation at all promoters. A. Median usage (left) or “efficiency”
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(right) for A.gC.1A+; sites across promoters in WT, rpb1 E1103G, or rpb1 H1085Y strains for
Tafl-enriched (left pair of graphs) or Tafl-depleted promoters (right pair of graphs). Usage is
defined as median percent reads found at any A sC_;A.; sites by promoter position relative to a
baseline position (the median TSS in WT). Efficiency is calculated from a model that assumes
promoter scanning from upstream to downstream positions and is defined as number of TSS-
seq reads mapping to a genome position divided by the sum of those reads and any
downstream reads within a defined promoter window. rpb1 E1103G and rpb1l H1085Y both shift
usage but alter efficiency differently. B. Altered usage across TSS motifs in TSS-usage affecting
mutants. Heat maps show difference in aggregate usage normalized to promoter number for
different NgY_1R.1 TSS motifs. Strains are ordered on the x-axis from left-to-right from strongest
downstream shifter to strongest upstream shifter. Promoter positions from -100 (upstream) to
+100 (downstream) flanking the median TSS position in WT regardless or promoter class, TSS-
usage affecting mutants cause polar effects on distribution of TSS usage when examining
motifs separately. C. Motif efficiency calculated as in (A) for a subset of NgY.1R.; TSS motifs for
all mutants. Heat maps are ordered as in (B). Downstream shifting mutants in (B) generally
reduce TSS usage efficiencies across promoter positions. Upstream shifting mutants in (B)
generally shift TSS efficiencies upstream.
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Figure 5. Attributes of core promoter classes and PIC positioning in TSS-usage affecting
mutants. A. Enrichment by expression decile in WT of putative core promoter elements in Tafl-
enriched and Tafl-depleted promoters. TATA consensus (TATAWAWR, W=A/T, R=A/G) is
enriched in Tafl-depleted promoters while the GA-rich element (GAAAAA) is enriched in Tafl-
enriched promoters. Yeast promoters are relatively AT-rich so there is a high probability of
“TATA-like” elements differing from the TATA consensus by two mismatches. B. Tested GAE or
TATA-like elements do not greatly contribute to expression from promoters where tested.
Expression by Northern blotting for promoters or classes of promoter mutant fused to a reporter
gene. Promoter mutants are normalized to the respective WT for each promoter. “Delete”
mutants represent deletions of particular element types. “Mutant” elements represent elements
where base composition has been altered. C. GTF positioning by promoter classes determined
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by ChiP-exo for Sua7 (TFIIB) or Ssl2 (TFIIH). For each promoter, the median position of ChiP-
exo reads on the top (TOP) or bottom (BOT) DNA strand was used to estimate GTF positioning.
Left graph shows histogram of estimated GTF positions for Tafl-enriched promoters while right
graph shows histogram of estimated GTF positions for Taf1-depleted promoters. D. Pol Il
mutant effects on GTF positioning as detected by ChiP-exo for Sua7 (TFIIB) or Ssl2 (TFIIH).
Aggregate ChiP-exo signal for Tafl-enriched or depleted promoters on top (TOP) or bottom
(BOT) DNA strands in WT, rpb1 H1085Y, or rpb1l E1103G. Curves on graph indicate LOWESS
smoothing of aggregate ChiP-exo reads for the top 50% of promoters determine by ChiP-exo
reads in WT cells.
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Figure 6. Promoter architecture influences sensitivity to TSS-usage affecting mutants. A-
C. Distance of TSS to GTF position or core promoter position can correlate with extent of TSS
shift in TSS mutants. Dashed lines are linear regression plots for TSS shift vs. GTF to TSS
distance. GTF position determined by average of median ChiP-exo signal from top and bottom
DNA strands for Sua7 and Ssl for A. Tafl-enriched promoters or B. Tafl-depleted promoters. C.
Core promoter-TSS distance for Tafl-depleted TATA-element containing promoters correlates
with extent of TSS shifts in TSS-usage affecting mutants. Dashed lines are linear regression
plots for TSS shift vs. TATA-element to TSS distance for Tafl-depleted promoters with TATA
elements. D. Correlation of differential expression (log,(mutant/WT)) with TSS to PIC distance
for Tafl-enriched promoters. E. Correlation of differential expression (log,(mutant/WT)) with
TSS to PIC distance for Tafl-depleted promoters.
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1543 Figure 7. Relationship of promoter chromatin architecture to PIC position and effects of
1544  TSS-usage affecting mutants on nucleosome positioning. A. Nucleosome midpoints as
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determined by MNase-seq (dashed lines) and GTF ChiP-exo signals for Tafl-enriched
promoters (solid line smoothes of scatter plots) are aggregated by promoter quintiles
determined by TSS-+1 nucleosome midpoint position. Nucleosome midpoints are from WT
strain and the same data are shown as reference for each ChiP-exo plot. First to fifth quintiles
are promoters with the closest +1 nucleosome to furthest, respectively. Fifth quintile promoters
likely have a weak +1 nucleosome and thus the determined +1 nucleosome is in some cases
like the +2. ChiP-exo aggregate data shows correlation with +1 nucleosome-TSS distance. B.
Nucleosome positioning in WT and H1085Y for Tafl-enriched promoters aligned by +1
nucleosome in WT (left), over genes (-200 to +800 from +1 nucleosome position, right). C.
Determined +1 nucleosome position for WT and H1085Y Tafl-enriched promoters for individual
MNase-seq libraries relative to position determined by averaging the four WT libraries. Box plots
are Tukey plots (see Methods). D. and E. Nucleosome positioning analyses as in B, C for top
expression decile Tafl-enriched promoters for WT and H1085Y. F. and G. Nucleosome
positioning analyses as in B, C for bottom expression decile Tafl-enriched promoters for WT
and rpb1 H1085Y. H. and I. Nucleosome positioning analyses as in B, C for Tafl-enriched
promoters for rpbl E1103G. WT data from B, C shown as reference.
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Figure 8. TSS distribution characteristics for select eukaryotes. A. TSS spread (distance
defining positions of 10%-90% percentile of the TSS distribution) plotted for Tafl-enriched (left)
or depleted (right) promoters separated by expression decile for WT yeast. Spread determined
here for 401 nt promoter windows. B. Distribution of promoter “widths” (TSS spread) for TSS-
seq for 101 nt promoter windows across a humber of eukaryotic TSS-seq or related
methodologies, including S. cerevisiae (WT data from this work), S. pombe (Li et al), D.
melanogaster (Hoskins et al CAGE or Kwak et al PRO-cap), Danio rerio Zebrafish Maternal
promoters (512 stage) or Zygotic (prim20) (Haberle et al), or Human PRO-cap data (Core et al).
C. Number of available YR dinucleotides within spread regions for promoters in (B) with the
following alterations. S. pombe promoter class limited to “notSP” (not single TSS promoters) as
defined by Li et al. M1 and M2 classes for human data as defined by Core et al are separated.
Hoskins et al CAGE data were not analyzed due to CAGE artifact potential for adding an extra
untemplated C during reverse transcription of RNA 5’ ends. D. Number of Y_;R.; dinucleotides

44


https://doi.org/10.1101/810127
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/810127; this version posted October 22, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

1575
1576
1577

1578

1579

1580
1581

aCC-BY-NC-ND 4.0 International license.

used at 22% of total reads for promoter region vs. spread width for promoters in (C). Fraction of
non-CpG Y_;R.; dinucleotides used at 22% of total reads for a promoter region relative to
available non-CpG YR, dinucleotides vs spread width for promoters in (C).
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Supplemental Figure 1. Example correlation plots for biological replicate TSS-seq libraries.
Plots show all genome positions with = 3 reads in each library.
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1582

1583  Supplemental Figure 2. Correlation matrix for individual TSS-seq libraries for genome
1584  positions within promoter windows. Pearson r correlation coefficients for all TSS-seq library
1585 comparisons displayed in a hierarchically clustered heat map. Promoter windows in this analysis
1586  were defined by Rhee and Pugh predicted 8-mer TATA or TATA-like core promoter element
1587  position +/- 200 nucleotides upstream and downstream. Libraries VV446-465 represent one
1588 batch of libraries and VV497-520 represent a separate batch. Clustering distinguishes two major
1589 classes of TSS-seq libraries correlating with upstream TSS-shifting and downstream TSS-

1590  shifting.
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1592  Supplemental Figure 3. Polar effects on TSS distributions observed for majority of TSS-
1593 usage affecting mutants genome wide. Heat maps as in Figure 2A. H1085Y and E1103G
1594  maps from Figure 2A shown here for comparison with all other heat maps. Maps are arranged
1595 from strongly upstream shifting to strongly downstream shifting (top left to middle right).

1596  Downstream shifting sua7-58A5 and upstream shifting tf{g2A146-180 GTF mutants are shown in
1597  bottom row.

1598
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1601  Supplemental Figure 4. Effects of rpb1 H1085Y and rpb1 E1103G mutants on TSS motif
1602 usage for NgY.;R.; motifs at the individual promoter level. A and B. Heat maps illustrating
1603 differences in percent motif usage for individual promoters (y-axis) for the 64 NgY_1R.; motifs (x-
1604  axis) in rpb1 E1103G (A) or rpb1 H1085Y (B) are shown. Motifs are rank ordered based on
1605 overall usage across genome in WT yeast (high to low from left to right) and promoters are
1606  separated into Tafl-enriched and Tafl-depleted classes and rank ordered within class by

1607  expression (high to low from top to bottom). C. Distribution of bases on the top promoter strand
1608 for Tafl-enriched or depleted promoters, separated by expression decile in WT cells.
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1610 Supplemental Figure 5. Effects on expression level of putative core promoter element
1611 mutations. (Top) Schematic of reporter plasmids fusing promoters of interest (up to ATG) to a
1612 HIS3 ORF/CYC1 terminator reporter. (Bottom) Quantification of Northern blotting for control WT
1613  or promoters mutated (Tm) or deleted (Td) for consensus TATA elements (promoters shaded in
1614  blue), mutated or deleted for GAE (Gm or Gd, respectively) or mutated or deleted for TATA-like
1615 elements identified by Rhee and Pugh or our own analyses (TLm, TLd, respectively). Bars are
1616 mean +/- standard deviation of the mean (n==3).
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Supplemental Figure 6. Correlation between ChlIP-exo replicates. Promoter-mapped ChlIP-
exo tags compared for two biological replicates for WT, rpb1 E1103G, and rpb1 H1085Y in

SsI2-TAP and Sua7-TAP strains.
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1621
1622  Supplemental Figure 7. GTF positioning in rpb1 H1085Y and rpb1 E1103G mutants as
1623 determined by ChiP-exo. Graphs show determined median position of ChiP-exo sequencing
1624  reads for top (TOP) or bottom (BOT) DNA strands for Sua7 (TFIIB) or Ssl2 (TFIIH) in Tafl-
1625 enriched promoters (left two columns) or Tafl-depleted promoters (right two columns) for WT,
1626  rpbl H1085Y, or rpbl E1103G strains. Promoters analyzed represent the top 50% of promoters
1627  as determined by ChiP-exo reads for XXX in WT cells. Box plots indicate distribution of
1628 determined positions relative to median TSS position (negative values indicate upstream
1629 positioning). Box plots are Tukey plots (see Methods). Asterisks indicate p<0.05 as determined
1630 by Kruskal-Wallis test with Dunn’s correction for multiple comparisons in Graphpad Prism 7.0e.
1631 Line graphs indicate histogram of ChiP-exo position determinations in WT, rpb1 H1085Y, or
1632 rpbl E1103G strains (derived from data illustrated in box plot to left of each histogram).
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1633
1634  Supplemental Figure 8. Correlation of apparent expression changes for ribosomal
1635 protein (RP) genes with PIC to TSS distance. PIC to TSS distance determined as in Figure 6.
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Differential apparent expression determined by total read counts for promoter windows

attributed to adjacent RP genes using DEseq?2 analysis of individual TSS-seq libraries for WT
and mutant yeast strains. Lines indicate linear regression lines and dashed lines indicate 95%
confidence interval of the regression line.
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Supplemental Figure 9. MNase-seq analyses of nucleosome positions in WT, rpb1l
H1085Y, and rpb1l E1103G mutants. A. Paired-end sequencing fragment length distributions in
WT and H1085Y MNase-seq libraries (left) and in WT (as left, shown for reference) and

E1103G MNase-seq libraries (right). Libraries arranged within groups from most digested (top)
to least digested (bottom). B. Probability of nucleosome positioning (“Beta”) values determined
by method of Zhou et al for MNase-seq libraries arranged as in (A).
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1647

1648

1649  Supplemental Figure 10. Y_;R,; usage preferences for select eukaryotes. A. Box plots
1650 indicate fraction of Y.;R.; TSS sites (left boxes of paired data) or TSS reads (right boxes of
1651 paired data) relative to total TSS sites or reads observed for promoters with greater than 50
1652 reads in data sets. Data sets are described in Figure 8. Box plots are Tukey plots (see

1653 Methods). B. Box plots indicate fraction of C_;G.; TSSs (left boxes of paired data) or TSS reads
1654  (right boxes of paired data) relative to total TSS sites or reads observed for promoters with
1655 greater than 50 reads in data sets. Data sets are as in (A). C. Box plots indicate fraction of non-
1656 C.1G.; YR, TSS sites (left boxes of paired data) or TSS reads (right boxes of paired data)
1657 relative to total TSS sites or reads observed for promoters with greater than 50 reads in data
1658  sets. Data sets are as in (A).
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