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Transcription of nearly all yeast RNA Polymerase II-transcribed genes is dependent on transcription factor TFIID

Previous studies suggested that expression of most yeast mRNAs is dominated by either transcription factor TFIID or SAGA. We reexamined the role of TFIID by rapid depletion of S. cerevisiae TFIID subunits and measurement of changes in nascent transcription. We find that transcription of nearly all mRNAs is strongly dependent on TFIID function. Degron-dependent depletion of Tafs 1,2,7,11, and 13 showed similar transcription decreases for genes in the Taf1depleted, Taf1-enriched, TATA-containing and TATA-less gene classes. The magnitude of TFIIDdependence varies with growth conditions, although this variation is similar genome-wide. Many studies have suggested differences in gene regulatory mechanisms between TATA and TATA-less genes and these differences have been attributed in part to differential dependence on SAGA or TFIID. Our work indicates that TFIID participates in expression of nearly all yeast mRNAs and that differences in regulation between these two gene categories is due to other properties.

INTRODUCTION

TFIID and SAGA are two widely used RNA polymerase II (Pol II) transcription factors that together regulate transcription of nearly all Pol II-transcribed genes [START_REF] Hahn | Transcriptional regulation in Saccharomyces cerevisiae: transcription factor regulation and function, mechanisms of initiation, and roles of activators and coactivators[END_REF]. Yeast (y) TFIID is comprised of TATA binding protein (TBP) and 14 TBP associated factors (Tafs) [START_REF] Berger | Structural insights into transcription complexes[END_REF][START_REF] Sainsbury | Structural basis of transcription initiation by RNA polymerase II[END_REF]. Although transcription at TATA box-containing promoters can be reconstituted with only TBP and other basal transcription factors, the TFIID Tafs are thought to be critical for promoter recognition at the ~80% of eukaryotic promoters lacking a TATA box. TFIID is structurally organized into three lobes with lobe C (Tafs 1, 2, and 7) binding several promoter DNA elements found in higher eukaryotes (e.g., Inr, DPE, MTE) (Cianfrocco and Nogales, 2013;[START_REF] Louder | Structure of promoter-bound TFIID and model of human pre-initiation complex assembly[END_REF][START_REF] Theisen | Three key subregions contribute to the function of the downstream RNA polymerase II core promoter[END_REF][START_REF] Verrijzer | Binding of TAFs to core elements directs promoter selectivity by RNA polymerase II[END_REF]. TFIID also binds transcription activators, acetylated nucleosomes, the universally required coactivator Mediator and probably other components of the basal transcription machinery [START_REF] Müller | Chromatin and DNA sequences in defining promoters for transcription initiation[END_REF]. These functions allow TFIID to respond to regulatory inputs from both UAS elements and the chromatin state and to act as a platform for assembly of the transcription preinitiation complex (PIC).

SAGA contains 19 subunits and is structurally organized into 5 modules that function in histone acetylation and deubiquitylation, and in the binding of TBP and transcription activators [START_REF] Hahn | Transcriptional regulation in Saccharomyces cerevisiae: transcription factor regulation and function, mechanisms of initiation, and roles of activators and coactivators[END_REF]. Five of the ySAGA subunits are shared with yTFIID and seven of the SAGA subunits, including four common Tafs, contain histone fold domains that likely form a structural module at the center of SAGA [START_REF] Bieniossek | The architecture of human general transcription factor TFIID core complex[END_REF][START_REF] Grant | A subset of TAF(II)s are integral components of the SAGA complex required for nucleosome acetylation and transcriptional stimulation[END_REF][START_REF] Han | Architecture of the Saccharomyces cerevisiae SAGA transcription coactivator complex[END_REF][START_REF] Setiaputra | Conformational flexibility and subunit arrangement of the modular yeast Spt-Ada-Gcn5 acetyltransferase complex[END_REF]. Although SAGA and TFIID share a set of subunits and both bind activators and TBP, SAGA has no known DNA binding activity or interactions with other components of the basal transcription machinery.

Earlier studies using the yeast S. cerevisiae, have classified the TFIID and SAGAdependence of genes based on genome-wide mapping of TFIID binding and transcriptional changes observed in strains with mutations in TFIID and SAGA subunits. First, formaldehyde-based ChIP and ChIP-exo methods have mapped the relative ratio of the TFIID subunit Taf1 versus TBP at yeast promoter regions, identifying Taf-enriched versus Taf-depleted genes [START_REF] Kuras | TAF-Containing and TAF-independent forms of transcriptionally active TBP in vivo[END_REF][START_REF] Li | Distinct classes of yeast promoters revealed by differential TAF recruitment[END_REF][START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF]. Second, steady-state mRNA levels were measured before and after heat shock inactivation of temperature-sensitive Taf proteins [START_REF] Huisinga | A genome-wide housekeeping role for TFIID and a highly regulated stressrelated role for SAGA in Saccharomyces cerevisiae[END_REF][START_REF] Lee | Redundant roles for the TFIID and SAGA complexes in global transcription[END_REF][START_REF] Li | Distinct classes of yeast promoters revealed by differential TAF recruitment[END_REF][START_REF] Shen | Systematic analysis of essential yeast TAFs in genome-wide transcription and preinitiation complex assembly[END_REF]. In parallel, steady state mRNA levels were measured in strains with mutations in SAGA subunits and in strains with both TFIID and SAGA mutations [START_REF] Huisinga | A genome-wide housekeeping role for TFIID and a highly regulated stressrelated role for SAGA in Saccharomyces cerevisiae[END_REF][START_REF] Lee | Redundant roles for the TFIID and SAGA complexes in global transcription[END_REF][START_REF] Shen | Systematic analysis of essential yeast TAFs in genome-wide transcription and preinitiation complex assembly[END_REF]. Combined, these studies suggested that TFIID and SAGA likely contribute to the expression of nearly all genes, but that expression of most genes is dominated by either TFIID or SAGA.

Many studies suggest that there are at least two broad classes of genes: housekeeping and highly-regulated genes [START_REF] De Jonge | Molecular mechanisms that distinguish TFIID housekeeping from regulatable SAGA promoters[END_REF][START_REF] Eisenberg | Human housekeeping genes, revisited[END_REF][START_REF] Huisinga | A genome-wide housekeeping role for TFIID and a highly regulated stressrelated role for SAGA in Saccharomyces cerevisiae[END_REF][START_REF] Mencía | Activator-specific recruitment of TFIID and regulation of ribosomal protein genes in yeast[END_REF][START_REF] Ohtsuki | Different core promoters possess distinct regulatory activities in the Drosophila embryo[END_REF][START_REF] Zabidi | Regulatory Enhancer-Core-Promoter Communication via Transcription Factors and Cofactors[END_REF]. These two gene classes differ in their response to transcription activators, chromatin organization and modifications, and in promoter sequence elements. In yeast, promoters lacking a consensus TATA box are typically in the housekeeping class, have the +1 nucleosome adjacent to the site of PIC formation, are enriched in H4 acetylation, and nearly always classified as Taf1enriched and TFIID-dominated [START_REF] Basehoar | Identification and distinct regulation of yeast TATA box-containing genes[END_REF][START_REF] Huisinga | A genome-wide housekeeping role for TFIID and a highly regulated stressrelated role for SAGA in Saccharomyces cerevisiae[END_REF][START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF]. On the other hand, TATA-containing promoters are often highly regulated by stress, are typically modulated by chromatin remodeling and/or covalent histone modifications and are often classified as Taf1-depleted and SAGA-dominated.

Recent results, however, have raised questions about the TFIID and SAGA specificity at these two classes of genes. First, a formaldehyde-independent method for mapping genomewide binding termed ChEC-seq mapped apparent equal occupancy of TFIID at promoters of both gene classes [START_REF] Grünberg | Mediator binding to UASs is broadly uncoupled from transcription and cooperative with TFIID recruitment to promoters[END_REF]. Second, mapping SAGA-dependent histone modifications showed that SAGA associates with all transcribed genes [START_REF] Bonnet | The SAGA coactivator complex acts on the whole transcribed genome and is required for RNA polymerase II transcription[END_REF]. Third, inactivation of SAGA was found to decrease Pol II recruitment and the rate of transcription from several genes previously characterized as TFIID-dominated [START_REF] Bonnet | The SAGA coactivator complex acts on the whole transcribed genome and is required for RNA polymerase II transcription[END_REF]. Finally, it was demonstrated that yeast mRNA levels are largely buffered to major transcriptional perturbations [START_REF] Haimovich | Gene expression is circular: factors for mRNA degradation also foster mRNA synthesis[END_REF][START_REF] Munchel | Dynamic profiling of mRNA turnover reveals gene-specific and system-wide regulation of mRNA decay[END_REF][START_REF] Sun | Global analysis of eukaryotic mRNA degradation reveals xrn1-dependent buffering of transcript levels[END_REF]2012). For example, inhibition of Pol II activity by several approaches led to a corresponding increase in mRNA stability for most genes. Therefore, using steady state mRNA levels to determine the role of widely used transcription factors is problematic. Based on these findings, we have reexamined the TFIID-dependence of yeast genes and find that, for cells grown in rich media, nearly all Pol II-transcribed genes are strongly dependent on TFIID. The magnitude of TFIID dependence can change in different growth conditions. However, even under different growth conditions, genes in the Taf1-depleted, Taf1-enriched, TATA-containing and TATA-less categories respond similarly to depletion of TFIID-specific subunits such as Taf1, 2, 7, 11 and 13. Our findings have important implications for the mechanism of gene regulation and the nature of the PIC at both housekeeping and highly regulated genes.

RESULTS

A dramatic decrease in genome-wide Pol II transcription upon TFIID inactivation

Since all TFIID subunits are essential for viability, previous studies in yeast utilized heat shock of temperature sensitive mutants to inactivate TFIID followed by steady state mRNA analysis [START_REF] Huisinga | A genome-wide housekeeping role for TFIID and a highly regulated stressrelated role for SAGA in Saccharomyces cerevisiae[END_REF][START_REF] Shen | Systematic analysis of essential yeast TAFs in genome-wide transcription and preinitiation complex assembly[END_REF]. As an alternative approach to TFIID inactivation, we used the auxin-inducible degron system [START_REF] Nishimura | An auxin-based degron system for the rapid depletion of proteins in nonplant cells[END_REF] to rapidly deplete selected TFIID subunits. First, a yeast strain was constructed containing both a triple Flag epitope tag at the C-terminus of the Pol II subunit Rpb3 and constitutively expressing the plant-specific F-box protein OsTIR1. Next, the degron, auxin repressor protein IAA7, was integrated at the C-terminus of the TFIID-specific subunits Taf1, Taf2, Taf7, Taf11 and Taf13, (Cianfrocco et al., 2013;[START_REF] Hahn | Transcriptional regulation in Saccharomyces cerevisiae: transcription factor regulation and function, mechanisms of initiation, and roles of activators and coactivators[END_REF][START_REF] Leurent | Mapping key functional sites within yeast TFIID[END_REF]2002;Louder et al., 2016) (Fig 1A, left panel). Taf1, Taf11 and Taf13 have been implicated in TFIID-TBP binding [START_REF] Anandapadamanaban | High-resolution structure of TBP with TAF1 reveals anchoring patterns in transcriptional regulation[END_REF][START_REF] Lavigne | Synergistic Transcriptional Activation by TATA-Binding Protein and hTAFII28 Requires Specific Amino Acids of the hTAFII28 Histone Fold[END_REF][START_REF] Shen | Systematic analysis of essential yeast TAFs in genome-wide transcription and preinitiation complex assembly[END_REF]. IAA7 was also fused to Med14, the Mediator subunit that connects the head, middle and tail modules [START_REF] Plaschka | Mediator Architecture and RNA Polymerase II Interaction[END_REF][START_REF] Tsai | Subunit architecture and functional modular rearrangements of the transcriptional mediator complex[END_REF] with the reasoning that depletion of this subunit will inactivate Mediator. The control strain, designated as wild type, was identical except for lacking an IAA7 degron tag. Western blot analyses showed that all of these subunits fused to IAA7 were efficiently and rapidly degraded 30 min after addition of the auxin 3-IAA (Fig 1A,right panel). After auxin addition for 30 min, all strains were ≥88% viable, although prolonged exposure was lethal. Without 3-IAA, the Taf1,2,7, and 13 degron tagged strains grew normally at 25, 30 and 37 C°, while the Taf11-degron strain grew normally at 25 and 30 C° but slowly at 37 C°. Analysis of Pol II transcription in the absence of 3-IAA at 30 C° (see below) showed that wild type and all degron strains had highly similar transcription profiles across the 4,808 genes used for genome-wide analysis (Pearson correlation coefficient ≥0.88; Fig S1A).

The integrity of TFIID after Taf depletion was monitored by immune precipitation of TFIID core subunit Taf4 followed by Western analysis of co precipitated proteins (Fig 1B). Our results show that, upon degradation of Taf1, 2, 7, 11, or 13, the tested TFIID subunits (Tafs 1, 12, 3 and TBP) still co precipitated with Taf4, showing no obvious disruption in subunit association of the remaining TFIID complex. We note that ~2-fold lower levels of TBP co precipitated upon depletion of Taf1 or Taf11, which is expected since both subunits have been implicated in TBP binding [START_REF] Anandapadamanaban | High-resolution structure of TBP with TAF1 reveals anchoring patterns in transcriptional regulation[END_REF][START_REF] Lavigne | Synergistic Transcriptional Activation by TATA-Binding Protein and hTAFII28 Requires Specific Amino Acids of the hTAFII28 Histone Fold[END_REF][START_REF] Shen | Systematic analysis of essential yeast TAFs in genome-wide transcription and preinitiation complex assembly[END_REF].

To monitor genome-wide nascent transcription we used native Pol II ChIP to analyze the position of Pol II-DNA complexes before and after 3-IAA addition. Exponentially growing cells in rich media were treated with either 500 μM 3-IAA or DMSO for 30 min. Cells were collected by filtration and quick frozen. For a spike-in control to allow comparison of different samples, frozen cells were mixed with 10% by weight of frozen S. pombe cells, also containing a Rpb3-triple flag tag. Cells were broken under conditions to preserve both chromatin and Pol II elongation complexes, treated with Micrococcal nuclease (MNase), and Pol II complexes isolated by IP. Short DNA fragments associated with Pol II were isolated and sequenced. Assays were performed in biological duplicate. The duplicates were highly similar, hence we performed all further analyses using data combined from the duplicates.

Next we analyzed metagene profiles of Pol II elongation complexes aligned relative to the transcription start site (TSS) and overlaid on histone H3 profiles generated from previously published histone H3 ChIP-seq data (Thurtle and Rine, 2014) (Fig 2A). As previously observed under these growth conditions [START_REF] Churchman | Nascent transcript sequencing visualizes transcription at nucleotide resolution[END_REF], the average level of Pol II-DNA complexes is highest near the TSS and gradually declines toward the 3′ end of genes (Fig 2A,WT). Addition of either 3-IAA or DMSO to cells lacking a degron gave nearly identical profiles. In contrast, depletion of TFIID subunits TAF7 and TAF11 showed dramatic decreases in genome-wide transcription (Fig 2A,Taf7 and Taf11). Similarly, depletion of the Mediator subunit Med14 resulted in a dramatic decrease in genome-wide Pol II transcription, confirming the essential role of Mediator in transcription (Fig 2A,Med14).

Similar TFIID dependence of Taf-enriched and Taf-depleted genes

To quantitate transcriptional changes at individual genes, the levels of Pol II ChIP (25-140 bp DNA fragments) was averaged over the interval from 1-100 bp downstream from the TSS. This analysis showed that transcription from nearly all Pol II-transcribed genes is dependent on TFIID (Fig 2B; Table S3). The median fold changes in Pol II ChIP levels upon 3-IAA addition were: -7.8 (Med14), -4.1 (Taf13) -3.7 (Taf11) -3.4, Taf7, -3.3 (Taf1) and -2.3 (Taf2). We chose 1-100 bp from the TSS since it captured the highest peak of RNAPII downstream of TSS. We also performed the same analysis on tiling windows of 100 bp in the first 1000 bp downstream of the TSS (or transcription end site (TES), whichever was shorter) and found the fold changes in Pol II upon 3-IAA addition to be similar throughout the gene body (not shown).

While nearly all genes show decreased transcription upon TFIID inactivation, Fig 2B shows that there are a small number of genes with little or no apparent expression changes upon depletion of individual Tafs. One possibility is that these non-responsive genes are enriched in genes previously characterized as Taf-depleted and/or SAGA-dominated [START_REF] Huisinga | A genome-wide housekeeping role for TFIID and a highly regulated stressrelated role for SAGA in Saccharomyces cerevisiae[END_REF][START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF]. To test this hypothesis, genes were grouped by the previously defined Taf1-enriched and Taf1-depleted categories and analyzed as above (Fig 3A). While the Taf1-depleted gene class shows slightly more sensitivity to Med14 depletion compared to the Taf1-enriched class, genes in both categories show very similar responses to depletion of Tafs 13, 11, and 7. This behavior was also observed for Taf1 and Taf2 (Fig S1B). Previous analyses showed that genes lacking a consensus TATA correlated with Taf1enriched genes [START_REF] Basehoar | Identification and distinct regulation of yeast TATA box-containing genes[END_REF][START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF]. However, in agreement with the above analysis, we found that both TATA-containing and TATA-less genes showed nearidentical responses to Taf depletion (Fig 3B). We conclude that, for cells grown in rich media, transcription of nearly all Pol II-transcribed yeast genes is dependent on TFIID.

Transcription of several Taf1-independent genes is dependent on other TFIID subunits

Early work on yeast TFIID function identified several individual genes with low ChIP ratios of Taf1/TBP and for which steady state mRNA levels were insensitive to Taf1 inactivation by heat shock [START_REF] Kuras | TAF-Containing and TAF-independent forms of transcriptionally active TBP in vivo[END_REF][START_REF] Li | Distinct classes of yeast promoters revealed by differential TAF recruitment[END_REF]. We analyzed our genome-wide data and found that several of these genes (PGK1, CDC19/PYK1, ADH1) were in fact insensitive to Taf1 depletion (Fig 4). However, all of these genes showed greater than a two-fold decrease in Pol II ChIP upon degradation of Taf13 showing that most transcription from these genes is TFIID-dependent.

To further verify the role of TFIID in transcription, we next examined the effect of Taf1, Taf7 and Med14 depletion on nascent transcription [START_REF] Bonnet | The SAGA coactivator complex acts on the whole transcribed genome and is required for RNA polymerase II transcription[END_REF][START_REF] Duffy | Tracking Distinct RNA Populations Using Efficient and Reversible Covalent Chemistry[END_REF][START_REF] Sun | Global analysis of eukaryotic mRNA degradation reveals xrn1-dependent buffering of transcript levels[END_REF]. 30 min after 3-IAA or DMSO addition, RNAs were metabolically labeled for 6 min with 4-thio Uracil and nascent RNAs purified and quantitated by RT qPCR. Selected genes in each of three previously defined classes were analyzed: Taf1-enriched, TFIID-independent, and Taf1-depleted. In agreement with the Pol II ChIP analysis, expression of all genes tested except PGK1, ADH1, and CDC19 were highly sensitive to Taf1 and Taf7 depletion while transcription of all tested genes was dependent on Med14 (Fig S2). From these results we conclude that, while nearly all genes are sensitive to TFIID inactivation, there is a small set of genes that show little change upon inactivation of subunits in TFIID lobe C.

Comparison of genome-wide Taf dependence and TFIID binding

To compare global changes in transcription between the degron strains, we converted the change in Pol II ChIP signals to Z-scores. This ensured that the distribution of changes in Pol II ChIP upon addition of 3-IAA was similar across all five Taf degron strains. K-means clustering of the Z-scores was used to separate genes into 5 clusters (Fig 5A ,B, Table S4). Cluster 1 (with 342 genes) has the lowest decrease in Pol II ChIP after depletion of Taf1, Taf2, Taf7, Taf11, and Taf13 while Cluster 5 (with 683 genes) has the largest decrease in Pol II ChIP after 3-IAA addition. Clusters 2, 3, and 4, which make up ~85% of the genes, have a mean Pol II ChIP change within 1 Z-score in all five experiments, implying that majority of genes have similar changes in all five degron strains.

To understand the magnitude of changes in transcription in the different clusters, we plotted a heat map of the changes in Pol II ChIP signals after and the mean of these signals for each cluster (Fig 5D). We observed that even for Cluster 1, which features the lowest decrease in transcription upon Taf depletion, the mean Pol II ChIP score decreased for all five degron strains. In Cluster 2, which featured slightly different Z-scores for Taf7 and Taf11 compared with Tafs 1, 2 and 13, the log2 fold change in Pol II ChIP was between -1.5 and -2.3 (Fig 5D ), indicating that the Z-scores were highlighting differences in experiments that translated to minor differences in the Pol II ChIP scores. We also checked for enrichment of Gene Ontology (GO) terms in the different clusters. We found many metabolic processes to be enriched in Cluster 1, and RNA processes including tRNA, rRNA and ncRNA metabolism enriched in Clusters 3 and 5. All GO terms with false discovery rate < 5% are listed in Table S5.

We next compared the levels of TFIID bound at Pol II promoters to the TFIID-dependence clusters. ChEC-seq was recently used to map genome-wide TFIID binding and we had found that TFIID was localized to nearly all yeast promoters [START_REF] Grünberg | Mediator binding to UASs is broadly uncoupled from transcription and cooperative with TFIID recruitment to promoters[END_REF]. We next asked whether changes in Pol II ChIP signals observed in clusters 1-5 corresponded to sets of genes with different levels of TFIID. We analyzed the average distribution of Taf1 ChEC-seq signal across the clusters (Fig 5E ) and found Cluster 1 to be the only outlier in Taf1 distribution, with Taf1 promoter binding being lower for Cluster 1 compared to other Clusters. It is important to note, however, that genes in Cluster 1 have significant levels of bound TFIID (Fig 5E). Cluster 1 features the weakest decrease in Pol II transcription upon degradation of the Tafs, implying that the genes in this cluster depend less on TFIID for transcription compared to the other clusters. We then asked how these clusters compare to previously identified Taf-enriched and Taf-depleted gene lists. We found Cluster 1 to have a 1.8-fold enrichment of Taf-depleted genes compared to all genes, indicating some correspondence with the published Taf depleted list. However, only 111 genes out of 870 total Taf-depleted genes were part of Cluster 1. Thus, we conclude that, upon Taf depletion, genes in Cluster 1 have smaller decreases in Pol II transcription compared to the global average and this group is enriched for genes that were defined as Taf-depleted in previous studies. Nevertheless, these genes are still TFIID-dependent.

Consistent with these findings, the genes with little or mild Taf1 and Taf7-dependence from reveals that genes in Cluster 1 seem less sensitive to depletion of Taf1, Taf2 and Taf7, suggesting that genes in Cluster 1 are less dependent on TFIID subunits in lobe C. Further analysis showed that genes with previously characterized strong TFIID-dependence (RPL25 and RPS5) are in Cluster 5, while most genes previously characterized as Taf1-depleted (e.g., SSB1, VTC1, SSH1, SED1, and ETF2) are clearly TFIID-dependent and found in clusters 2,3,4.

TFIID subunit Taf4 and TFIID/SAGA subunit Taf5 are required for genome-wide Pol II transcription

In an orthogonal approach to test TFIID-dependence of Pol II transcription, the TFIIDspecific subunit Taf4 and shared TFIID/SAGA subunit Taf5 were depleted using the anchoraway method in which proteins are rapidly exported from the nucleus to the cytoplasm upon rapamycin addition. Taf4 and Taf5 were fused to FRB in a strain expressing RPL13A-FKBP12 to induce anchoring of Taf4-FRB or Taf5-FRB at ribosomes upon rapamycin treatment [START_REF] Haruki | The anchor-away technique: rapid, conditional establishment of yeast mutant phenotypes[END_REF]. Both strains grew normally in the absence of rapamycin (Fig S3A ) and both steady state and newly-synthesized mRNA levels are similar to wild-type at 16 assayed genes (Fig S3C,D). As observed for the Taf-degron strains, nuclear depletion of Taf4 or Taf5 for 30 min was not lethal (Fig S3B) but prolonged exposure was lethal. Fractionation of cells after rapamycin treatment showed efficient change in localization of the tagged subunit from the nucleus to the cytoplasm (Fig S3E). Under these conditions, the other TFIID subunits were stable but a portion mislocalized to the cytoplasm. For example, upon Taf5 anchor-away, Taf11 was mostly cytoplasmic while Taf4 stayed mostly nuclear and upon Taf4 anchor-away Taf5 and Taf11 were mostly, but not entirely, nuclear.

Preliminary time course experiments showed that strong transcriptional effects without any detectable growth delay were already observable following 15 min of rapamycin exposure. Thus, anchor-away strains growing in log phase were exposed to rapamycin for 30 min and pulse labeled with 4-thiouracil. Labeled cells were mixed in a fixed ratio with labeled S. pombe cells for spike-in normalization. Purified labeled (newly-synthesized) and total (steady-state) RNA were hybridized to Affymetrix microarrays containing probes for both S. cerevisiae and S. pombe transcriptome.

For all yeast genes with a positive signal on microarrays, we measured the ratio of mRNA levels between the TAF4-FRB strain treated and untreated with rapamycin. Newlysynthesized mRNA levels of a large number of genes (3423 out of 5657) were found to be decreased by at least two-fold whereas only 38 genes were upregulated by two-fold (Fig. 6A). We used comparative dynamic transcriptome analysis (cDTA) [START_REF] Sun | Global analysis of eukaryotic mRNA degradation reveals xrn1-dependent buffering of transcript levels[END_REF], to measure changes in both synthesis and decay rates upon nuclear depletion of Taf4 for this gene set. This analysis revealed that, for the vast majority of genes, a decrease in synthesis rate was compensated by a decrease in decay rates (Fig. 6B). However, this compensation was sub-optimal with a median decrease in synthesis rate by 2.7-fold and a median decrease of decay rate by 1.8-fold, leading to partial buffering of steady state mRNA levels.

Additionally, we addressed whether changes in synthesis rates for different genes were correlated to their previously proposed dependence on either TFIID or SAGA or the existence of a TATA consensus sequence in their promoters. Although the transcription of all gene classes was affected by the nuclear depletion of Taf4, the overall synthesis rates of the genes previously designated as TFIID-dominated (or TATA-less genes) decreased more than that of previously designated SAGA-dominated (or TATA-containing) genes (Fig. 6C,D). "SAGA-dominated" gene class had a median fold change of -1.86 whereas the "TFIIDdominated" class had a median fold change of -2.88, suggesting that genes from this latter group are more sensitive to Taf4 depletion. Interestingly, the sensitivity of transcription to Taf4 depletion was not significantly correlated with the level of gene transcription (Fig. 6E and Fig. S4B).

Nuclear depletion of Taf5 had very similar effects on transcription as Taf4 depletion but with a broader effect which might be explained by a combined inactivation of both TFIID and SAGA (see Discussion) (Fig. S4C-I). Indeed, the newly-synthesized mRNA levels of 4238 genes (~75% of analyzed genes) were decreased by at least two-fold (Fig. S4D). However, as observed above with anchor-away of Taf4, our analysis showed that genes of the "TFIIDdominated" and TATA-less gene classes were more sensitive to Taf5 depletion (see Discussion). Nevertheless, our combined results using several different approaches demonstrate that TFIID is required for transcription of the vast majority of yeast genes regardless of previous gene classification.

Genome-wide TFIID dependence can vary with growth conditions

One possible reason for the differences in our findings compared to published studies is a change in cell growth conditions. For example, some previous studies cultured cells in synthetic media and all earlier studies of yeast Taf-dependence involved heat shock of temperature sensitive strains. To test whether these alternative growth conditions altered TFIID-dependence, we repeated the above TFIID depletion experiment with cells grown in synthetic complete glucose media (SC) and with YPD-grown cells that had been subjected to a 30 min heat shock followed by 3-IAA addition. The degron system worked efficiently under these two growth conditions with <10% Taf11 and 13 remaining after 30 min of 3-IAA treatment (Fig S5).

Surprisingly, the Pol II ChIP profile from wild type cells grown in SC (Fig 7A, left panel, red line) was different from YPD-grown cells (left panel, purple line), with the peak of Pol II density over the middle of the coding sequence in SC compared to the peak density of Pol II near the TSS in YPD. This suggests a difference in the rates of initiation and/or elongation in the two growth conditions [START_REF] Ehrensberger | Mechanistic interpretation of promoter-proximal peaks and RNAPII density maps[END_REF] ). However, the magnitude of TFIID-dependence was again less than observed for growth at 30 deg (Fig 7C). Under heat shock stress, the median Taf13-dependence was -1.8fold. However, TFIID dependence in both synthetic media and heat shock conditions were reflected nearly equally in both the SAGA and TFIID-dominated gene classes (Fig S6 ). For example, Taf13 depletion in synthetic media and heat shock conditions had near equal effects on Taf1-depleted and Taf1-enriched genes as well as genes with or without a consensus TATA box.

Genome-wide comparisons of transcription after Taf-degradation in the three growth conditions are shown in Fig S7 . We found that relative Pol II ChIP signals after degradation of individual Tafs are highly correlated between cells grown in YPD and SC at 30 deg and in cells ± heat shock. Therefore, the overall magnitude of TFIID-dependence for genome-wide expression can vary with environmental conditions but the relative dependence on TFIID for expression of individual genes is similar in all tested growth conditions.

DISCUSSION

Previous studies suggested that transcription from most Pol II-transcribed genes can be classified as either dominated by the transcription factors TFIID or SAGA. Here we have used orthogonal approaches to deplete TFIID-specific subunits and measure effects on nascent Pol II transcription. In contrast to earlier conclusions, in rich media, we found a striking genome-wide dependence on TFIID with nearly all genes showing greater than 2fold decreases in transcription upon TFIID inactivation. Importantly, defects in gene expression observed after degron-dependent Taf 1,2,7, 11 and 13 depletion were similar in the previously defined classes of "Taf1-depleted", "Taf1-enriched", TATA-containing and TATA-less genes. This genome-wide TFIID-dependence was observed under three different growth 15 conditions, although the magnitude of TFIID contribution to total Pol II transcription varied with environmental conditions.

Anchor-away depletion of both the TFIID-specific subunit Taf4 and the shared SAGA/ TFIID subunit Taf5 also showed decreased transcription from all classes of genes. However, depletion of these two Tafs gave stronger effects at the "TFIID-dominated" and TATA-less gene classes. One possibility is that both of these Tafs are more important for transcription of the TATA-less gene class compared to TATA-containing genes. Alternatively, anchoraway depletion may not be as severe as the degron method or it may result in some partial TFIID and/or SAGA complexes that differentially function at the two gene classes. We attempted to generate an IAA7-tagged Taf4 strain to compare anchor-away and degron depletion of Taf4. However, we were unable to construct this strain, suggesting that the IAA7 tag is detrimental to Taf4 function. In any case, our combined results clearly show that transcription of nearly all genes of both classes is dependent on TFIID.

Several factors likely contribute to the differences between earlier work and the results reported here. First, formaldehyde crosslinking was used in earlier studies to map the location of TFIID subunits. Many studies have shown that, for most proteins in close contact with DNA, formaldehyde crosslinking is a reliable way to map protein-DNA locations. However, the factors Mediator, TFIID and SAGA all show striking differences in genomewide location when comparing formaldehyde-based methods versus the nuclease-based ChEC-seq method and other functional assays. For example, ChEC-seq analysis of TFIID suggested that TFIID occupies both the "Taf1-depleted" and "Taf1-enriched" classes of genes to the same extent [START_REF] Grünberg | Mediator binding to UASs is broadly uncoupled from transcription and cooperative with TFIID recruitment to promoters[END_REF]. Similarly, monitoring chromatin modifications and Pol II occupancy suggested that SAGA functions at all expressed genes [START_REF] Bonnet | The SAGA coactivator complex acts on the whole transcribed genome and is required for RNA polymerase II transcription[END_REF]. While the reasons for these differences in TFIID mapping are not understood, one possible explanation may be the proximity of nucleosomes to PICs at these two promoter types. Genome-wide mapping showed that PICs at TATA-less, "TFIIDdominated" yeast promoters are usually adjacent to the +1 nucleosome while PICs at TATAcontaining promoters are usually located upstream from the +1 nucleosome [START_REF] Rhee | Genome-wide structure and organization of eukaryotic pre-initiation complexes[END_REF]. Perhaps protein-protein crosslinking of TFIID to the adjacent nucleosome contributes to stronger ChIP signals at TATA-less versus TATA-containing PICs. It is important to note that, at most so-called Taf1-depleted genes, low but detectable ChIP signals from Taf1 and other Tafs were detected [START_REF] Kuras | TAF-Containing and TAF-independent forms of transcriptionally active TBP in vivo[END_REF][START_REF] Rhee | Comprehensive Genome-wide Protein-DNA Interactions Detected at Single-Nucleotide Resolution[END_REF]. A second difference with earlier work is the measurement of newly synthetized transcription instead of steadystate RNA levels. The cDTA analysis here clearly shows that, although some effects are already visible in total levels of RNA, inactivation of TFIID causes a genome-wide stabilization of steady state mRNAs, masking the effects of TFIID depletion. Finally, earlier studies used heat shock to inactivate temperature sensitive TFIID subunits followed by measurement of steady state mRNA levels. We show here that heat shock causes a general genome-wide decrease in Pol II transcription and that transcription under these repressed conditions is somewhat less dependent on TFIID.

Binding of TFIID to Pol II promoters is one of the first steps on the pathway to PIC formation. TFIID interacts with some transcription activators, binds promoter DNA and likely interacts with other basal transcription factors. In metazoans, TFIID (including its TBP subunit) interacts with promoter elements including TATA, Inr, MTE, and DPE. These latter interactions are thought to recruit and stabilize TBP to the ~80% of promoters lacking a consensus TATA. Since ChEC-seq mapping showed that TFIID is present at nearly all promoters, the promoter-binding function of TFIID likely explains the viability of yeast with TBP mutations that disrupt specific TBP-TATA binding [START_REF] Kamenova | Mutations on the DNA binding surface of TBP discriminate between yeast TATA and TATA-less gene transcription[END_REF]. Paradoxically, no conserved promoter elements analogous to the Inr, MTE, and DPE have been identified in yeast so the basis for yeast TFIID promoter recognition is not clear. Lobe C in human TFIID interacts with these downstream promoter elements so it is expected that lobe C subunits, especially Taf1, should be critical for TFIID function [START_REF] Louder | Structure of promoter-bound TFIID and model of human pre-initiation complex assembly[END_REF]. However, we found a small number of genes where transcription is less sensitive to Taf1, 2 and 7 depletions compared to dependence on Taf11 and Taf13 (Cluster 1). Thus, the downstream promoter DNA binding function of yeast TFIID may not be as critical as in metazoans. Alternatively, other partial TFIID assemblies, such as the core TFIID, the 7TAF or 8TAF complexes [START_REF] Bieniossek | The architecture of human general transcription factor TFIID core complex[END_REF][START_REF] Trowitzsch | Cytoplasmic TAF2-TAF8-TAF10 complex provides evidence for nuclear holo-TFIID assembly from preformed submodules[END_REF][START_REF] Wright | TAF4 nucleates a core subcomplex of TFIID and mediates activated transcription from a TATA-less promoter[END_REF], may carry out partial functions at these promoters, which are less sensitive to Taf1 and/or Taf7 depletions.

A popular view is that TFIID and SAGA can replace each other, each functioning independently of the other at different classes of genes. Results shown in the accompanying paper (Baptista et al, in press) also contradict this view as yeast SAGA was shown to localize to the UAS regions of nearly all yeast genes and to be important for nearly all Pol II transcription, regardless of TATA presence, or Taf1 enrichment measured by ChIP. Our combined results lead to the view that (i) most active yeast promoters have SAGA localized to UASs and TFIID localized at promoters and (ii) that SAGA and TFIID are not alternative factors but both make independent major contributions to expression of nearly all genes. It is important to note that we found newly synthetized transcription more sensitive to Mediator inactivation compared with TFIID inactivation. Therefore, in yeast there may be a low level of transcription at many genes that is TFIID-independent and derives from PICs assembled with TBP, but lacking Tafs. Since the magnitude of TFIID dependence varies with growth conditions, it may be that the level or function of TBP relative to Tafs also varies with environmental conditions. An alternative explanation is that auxin-dependent protein degradation is not complete and that more residual TFIID or partial TFIID complexes (see above) compared with Mediator remains after 3-IAA addition. These scenarios are also plausible when using anchor-away strains, leaving some residual subunits or partial complexes that could replace canonical complexes for transcriptional regulation by holo-TFIID as previously suggested in metazoans [START_REF] Indra | TAF10 is required for the establishment of skin barrier function in foetal, but not in adult mouse epidermis[END_REF][START_REF] Tatarakis | Dominant and Redundant Functions of TFIID Involved in the Regulation of Hepatic Genes[END_REF][START_REF] Wright | TAF4 nucleates a core subcomplex of TFIID and mediates activated transcription from a TATA-less promoter[END_REF].

Finally, many studies showed at least two broad classes of Pol II-transcribed genes: housekeeping and highly regulated genes. Highly regulated genes are usually TATAcontaining, modulated by chromatin rearrangement and/or modifications, are sensitive to levels of transcription activators, and are repressed by the regulators NC2 and Mot1. In contrast, the housekeeping class is generally TATA-less, associated with high levels of H4 acetylation in promoter regions, are responsive to a different set of activators and generally activated (or derepressed) by an NC2/Mot1 interplay. These two gene classes are often characterized as TFIID or SAGA-dominated. Our new findings show that these two gene classes are not distinguished by TFIID and SAGA requirements as both these factors make important contributions to expression of nearly all genes. This suggests that some or all of the other properties described above are likely responsible for the differences in regulation observed between these different gene categories. 
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METHOD DETAILS

Strain Construction-S. cerevisiae and S. pombe strains were constructed using standard yeast methods. Proteins were chromosomally tagged by high efficiency yeast transformation and homologous recombination of PCR-amplified DNA. Plasmid pFA6a-3V5-IAA7-KanMX6 (from the Karstein Weiss laboratory, UC Berkeley -a gift from M. Miller, FredHutch) was used as the template for generating the IAA7 degron tags. The C-terminal tag contains three copies of the V5 epitope tag followed by the IAA7 degron (32 kDa total).

Yeast Cell Growth, Harvesting, and Breakage of Frozen Cells for Modified Pol II ChIP-seq For each yeast strain and condition, two liters of S. cerevisiae were grown at 30 deg in YPD (+ 100 μl Antifoam 204) to an absorbance of ~0.7-1.0. Cells were then induced for protein degradation by the addition of 10 ml 200X 3-IAA (500 μM final working concentration) dissolved in DMSO, or 10 ml DMSO for the no 3-IAA controls, for 30 minutes at 30 deg. Cells were rapidly harvested by vacuum filtration through a 90 mm diameter 0.45 micron nitrocellulose filter, followed by a 100 ml wash with the cell culture media. The cell paste was scraped off with a pre-chilled spatula and plunged into liquid nitrogen to flash freeze cells. For spike-in normalization, an 8 liter batch of S. pombe was grown in YE (+ Antifoam 204) to a similar absorbance and harvested as described above. 2.5 g S. cerevisiae were combined with 0.25 g S. pombe in a mortar pre-chilled on dry ice and liquid nitrogen.

Frozen cells were lysed with a 4.5″ OD mortar and large pestle. Cells were ground for 1 min, liquid nitrogen was then added to the cells and ground for 1 min. The grinding and addition of liquid nitrogen was repeated for a total of 6 minutes. The frozen powdered ground cells were transferred to a cold conical tube and stored at -80 deg.

For the minimal media growth conditions, two liters of S. cerevisiae were grown at 30 deg as above, except in synthetic complete media containing 2% glucose and lacking isoleucine and valine (+ 100 μl Antifoam 204). For heat shock conditions, two liters of S. cerevisiae were grown at 30 deg in YPD as above, except when cells reached an absorbance of ~0.7-1.0 two liters of YPD prewarmed to 44 deg was added and cells were transferred to a 37 deg C shaker for 30 min before the addition of 3-IAA for 30 min. Cells were then harvested and processed as described above.

Chromatin Extract Preparation and MNase Digestion-0.5 g frozen cells were added to a pre-chilled 15 ml conical tube and kept on dry ice until all cell preps were weighed. Tubes containing frozen cells were placed on ice for 5 min to slowly warm. 2.5 ml cold lysis buffer + protease inhibitors (50 mM HEPES, 150 mM NaCl, 0.5 mM EDTA, 0.05% TritonX-100, pH 7.4, cOmplete Mini protease inhibitor tablet (Roche)) was added to the cells and the cells were allowed to resuspend with occasional mixing on ice for ~ 5-10 min. These resuspended, lysed cells were incubated in a 37 deg water bath for 5 min, then 2.5 mM CaCl 2 and 5 μl 100 U/μl MNase were added and mixed by inversion. Chromatin was MNase digested for 5 min in a 37 deg C water bath, then the reaction was stopped by addition of EGTA to a final concentration of 12 mM. Reactions were incubated on ice for at least 10 minutes while other samples were processed. Extracts were spun at 3K x g for 2 min at 4 deg., then the supernatant transferred to a new tube and spun at 17K x g for 15 min at 4 deg. Supernatant was used immediately for IP.

IPs to Recover Elongation

Complexes-1 ml of MNase-treated chromatin extract from above was incubated with 100 μl magnetic anti-Flag beads (prewashed 3 times in lysis buffer + 5 mg/ml BSA + 1.5 mM EDTA + cOmplete Mini protease inhibitor tablet Roche) overnight at 4 deg with rotation. Beads were washed 4 times with 1.5 ml lysis buffer + 1.5 mM EDTA and resuspended in 400 μl same buffer. DNA was eluted by the following: add 20 μg RNaseA and additional NaCl and EDTA so that the final concentrations increase by 100 mM (NaCl) and 10 mM (EDTA). Samples were incubated at 37 deg for 10 min with mixing. 0.5% SDS (final concentration) and 80 μg Proteinase K (Invitrogen) were added and samples incubated at 65 deg for 20 min with mixing. Supernatant was phenol/CHCl3/IAA extracted and DNA precipitated with 30 μg glycogen (Roche), 1/10 vol 3 M NaOAc, and 0.7 vol isopropanol. DNA was resuspended in 0.1X TE and quantitated by PicoGreen assay (Thermo Fisher).

Preparation of DNA Libraries for NGS-DNA isolated from IPs was prepared for sequencing as previously described [START_REF] Skene | An efficient targeted nuclease strategy for high-resolution mapping of DNA binding sites[END_REF], except for the following changes. End Repair and A-tailing was performed in a 20 μl volume containing up to 50 ng DNA and the following final concentrations: 1X T4 DNA ligase buffer (NEB #B0202S), 0.5 mM each dNTP, 0.25 mM ATP, 2.5% PEG 4000, 2. Nascent RNA Labeling and Purification for RTqPCR-S. cerevisiae and S. pombe cells were grown and newly synthesized RNAs were labeled as previously described [START_REF] Bonnet | The SAGA coactivator complex acts on the whole transcribed genome and is required for RNA polymerase II transcription[END_REF], except that S. cerevisiae strains at an A600 of 1.0 were treated with 500 μM 3-IAA or DMSO for 30 minutes immediately prior to RNA labeling. Labeled S. cerevisiae and S. pombe cells were mixed in a 3:1 ratio before total RNA was extracted using the RiboPure yeast kit (Ambion, Life Technologies). RNA was then biotinylated essentially as described [START_REF] Duffy | Enriching s(4) U-RNA Using Methane Thiosulfonate (MTS) Chemistry[END_REF][START_REF] Duffy | Tracking Distinct RNA Populations Using Efficient and Reversible Covalent Chemistry[END_REF] using 40 μg total RNA and 4 μg MTSEA biotin-XX (Biotium). Unreacted MTS-biotin was removed by phenol/ CHCl3 extraction and RNA was precipitated by isopropanol precipitation. Biotinylated RNA was purified also as described [START_REF] Duffy | Enriching s(4) U-RNA Using Methane Thiosulfonate (MTS) Chemistry[END_REF] using MyOne Streptavidin C1 Dynabeads (Invitrogen) and RNAs eluted into 50 μl streptavidin elution buffer (100 mM DTT, 20 mM HEPES 7.4, 1 mM EDTA, 100 mM NaCl, 0.05% Tween-20). At this point, 10% input RNA (4 μg) was diluted into 50 μl streptavidin elution buffer and processed the same as the labeled RNA samples. 50 μl each input and purified RNA was adjusted to 100 μl with nuclease-free water and purified on RNeasy columns (Qiagen) using the modified protocol as described [START_REF] Duffy | Enriching s(4) U-RNA Using Methane Thiosulfonate (MTS) Chemistry[END_REF]. RNAs were eluted into 14 μl nuclease-free water.

cDNA Synthesis and Quantitative PCR of Nascent RNA-Eleven microliters RNA was used to generate cDNA using Transcriptor (Roche), random hexamer primer, and the manufacturer's instructions. cDNA was used either undiluted, 1/20, or 1/100 for quantitative PCR (qPCR) depending on the gene analyzed. Gene specific qPCR was performed as previously described (Herbig et al., 2010) except that primers were designed near the 5′ end of the gene and reactions were run on the QuantStudio5 Real-Time System (ABI). Relative amounts of transcript were normalized to S. pombe tubulin transcripts.

cDTA analysis-Comparative dynamic transcriptome analysis (cDTA) is an approach that allows analysis of newly-synthesized RNA in order to determine transcriptional defects at much higher sensitivity than those methods solemnly relying on evaluation of steady-state levels of RNA. This method relies on a short, non-perturbing metabolic labeling of newlysynthesized RNAs with 4-thiouracil for 6 min. After microarray hybridization or RNA sequencing, it is possible to determine synthesis and decays rates simultaneously for every transcript.

For each yeast strain and condition, 200mL of S. cerevisiae cells were grown in YPD medium at 30°C to an OD 600 ≈ 0.8. At that point, the culture was divided into two equal volumes of 100mL each and to one of those cultures rapamycin was added (+RAPA) until a final concentration of 1μg/mL, for 30 min, to allow nuclear depletion of either Taf4 or Taf5.

To the other half of the culture, the control samples (-RAPA/minus rapamycin), only the vehicle (DMSO) was added. Newly synthesized RNAs were labeled for 6 min by adding 4thiouracil (Sigma-Aldrich) until a final concentration of 5mM. In parallel, wild-type S. pombe cells were similarly grown in YES medium, at 31°C, and labeled for 6 min to be used as a spike-in across all samples. Cells were immediately pelleted and flash-frozen in liquid N 2 and stored at -80°C until further use. Immediately before freezing the cells, a small aliquot was collected for cell counting purposes. S. cerevisiae and S. pombe cells were mixed in a ratio of 3:1. Total RNAs were extracted using RiboPure yeast kit (Ambion, Life Technologies) according to the description provided by the manufacturer.

Prior to biotinylation, RNA samples were heated for 10 min at 60°C and cooled down on ice for another 5 min. Subsequently, RNA biotinylation was carried out on 200μg of total RNA using 200μL of 1mg/mL EZ-link HPDP-Biotin (Pierce) in 100μL of biotinylation buffer (100mM Tris-HCl at pH 7.5, 10mM EDTA) and adjusted to a final volume of 1000μL with DEPC-treated RNase-free water (Sigma-Aldrich) for 3 h at room temperature, protected from light and gentle agitation. After chloroform extraction and isopropanol precipitation (1/10 vol 5M NaCl and 2.5 vol isopropanol), purified RNAs were suspended in 100μL of DEPC-treated RNase-free water (Sigma-Aldrich).

Recovered RNA samples were incubated at 65°C for 10 min and allowed to cool down on ice for 5 min. Newly synthesized biotinylated RNAs were bound to 100μL of μMACS streptavidin microbeads (Miltenyi Biotec) for 90 min at room temperature with gentle shaking. Purification of labeled RNA was then carried out using μMACS streptavidin starting kit (Miltenyi Biotec). Columns were first equilibrated with 1mL of washing buffer (100mM Tris-HCl at pH 7.5, 10mM EDTA, 1M NaCl, 0.1% Tween20). Samples were passed through the columns twice and washed five times with increasing volumes of washing buffer (600, 700, 800, 900, and 1000μL). Ultimately, labeled RNAs were eluted twice with 200μL of 100mM DTT. Following ethanol precipitation (overnight precipitation in 1/10 vol of 3M NaOAc, 3 vol of 100% ethanol and 20μg of RNA-grade glycogen), RNAs were washed in ice-cold 70% ethanol and resuspended in 20μL of DEPC-treated RNase-free water (Sigma-Aldrich). The quality of the samples was ascertained and finally hybridized to GeneChip Yeast Genome 2.0 microarrays following the instructions from the supplier (Affymetrix). All experiments were done using two independent biological replicates.

Raw data were normalized to S. pombe signal and used to calculate fold-changes in total and newly-synthesized RNA levels, as represented in volcano plots. Further calculations of synthesis and decay rates, based on mathematical model as described in Sun et al., were performed using a pipeline and R/Bioconductor package publicly available [START_REF] Schwalb | Measurement of genome-wide RNA synthesis and decay rates with Dynamic Transcriptome Analysis (DTA)[END_REF].

Cell fractionation, growth curve and cell viability-150 ml cell culture (OD600 ≈ 0.5) was harvested and treated with 0.1M Tris, pH 9.4, 10mM DTT for 5 min at room temperature. Cells were pelleted and resuspended in YPD/S (YPD with 1M Sorbitol) and collected by centrifugation. Cells were resuspended in 1mL YPD/S and 750μL 2M sorbitol. Zymolyaze 100T was added until a final concentration of 0.3mg/mL. Cells were incubated at 30°C for 30min (progress of spheroplasting every was checked every 10min). After this treatment, spheroplasts were washed and resuspended in room temperature YPD/S for 30 min at 30°C. Cells were quickly cooled down in ice, centrifuged, washed and resuspended in 1.5 ml lysis buffer (20 mM K-phosphate pH 6.5, 0.5 mM MgCl2, 18% Ficoll, 1XPIC). Spheroplasts were lysed three times with a B dounce and shortly centrifuged at 4500g to remove unbroken cells. The precleared whole cell lysate (Total lysate fraction) was centrifuged at 21000g for 45 min resulting into a crude nuclear pellet (nuclear fraction) and post-nuclear supernatant cytosol fraction (cytoplasmic fraction). 200μl of each fraction was TCA precipitated, washed with ice-cold acetone and resuspended in SDS-sample buffer.

For growth curve analysis, the anchor-away (TAF4-FRB and TAF5-FRB) and parental strains were grown overnight and then diluted to OD 600 ≈ 0.1 in pre-heated YPD (200mL).

To the culture, rapamycin was added until a final concentration of 1μg/mL (+ RAPA). To the control samples (-RAPA), only the vehicle (DMSO) was added. Every 30min, OD 600 was measured until saturation of the culture.

For cell viability, strains were grown until log-phase (OD600 ≈ 0.7). To the culture, rapamycin was added until a final concentration of 1μg/mL (+ RAPA). To the control samples (-RAPA), only the vehicle (DMSO) was added. After 30min an aliquot was collected, stained with methylene blue and counted using a neubauer chamber.

TFIID Immunoprecipitations and Western Blot Analysis-For each yeast strain, 400 ml of S. cerevisiae was grown at 30 deg in YPD to an absorbance of ~0.7-1.0. Cultures were then split into two 200 ml flasks and were treated by addition either 1 ml of 200X 3indoleacetic acid (3-IAA) (500 μM final working concentration) dissolved in DMSO, or 1 ml DMSO for the no 3-IAA controls, for 30 minutes at 30 deg. Cells were collected by centrifugation, washed with 25 ml IP buffer (40 mM HEPES, 150 mM NaCl, 10% glycerol, 0.1% Tween-20) supplemented with 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.31 mg/ml benzamidine, 0.3 μg leupeptin, 1.4 μg/ml pepstatin, and 2 μg/ml chymostatin, and then resuspended in ~750 μl of the same buffer. Cells were transferred to a 2 ml tube containing 1.5 ml 0.5 mm zirconia beads and small scale whole cell extracts were prepared in a mini bead beater-96 (BioSpec products) by shaking 5 times for 3 min each with 1 min chill in ice water between each lysis step.

Lysates were clarified by a 3000 x g spin for 5 min followed by a high speed spin in a microfuge at 20K x g for 15 min. Concentrations of extracts were determined by Bradford assays. For IP experiments, 5 mg of extracts were incubated at 4°C overnight with 30 μl Protein G Dynabeads which had been conjugated and crosslinked with α-Taf4 antibody or no antibody as a control. For antibody conjugation, Protein G Dynabeads were washed twice with PBS, then resuspended in PBS keeping the beads at 30 mg/ml, and either 10 μl rabbit polyclonal α-Taf4 or 10 μl PBS then rotated at room temp for 45 min. Beads were washed 3X in PBS, 1X in 0.2M triethanolamine pH 8.2, then resuspended in 0.2M triethanolamine pH 8.2 containing 25 mM dimethyl pimelimidate (DMP), rotated at room temp for 30 min, then washed 1X in PBS. The DMP incubation and PBS wash were repeated for a total of 3 times. Beads were washed 1X in 0.1M ethanolamine and rotated for 5 min, then washed 1X in PBS. Beads were washed in 1M glycine pH 3.0 and rotated for 10 min at room temp and then repeated. Beads were finally washed 3X in IP buffer supplemented with 1 mM DTT and protease inhibitors listed above. Following the overnight IP step, beads were washed 3X with IP buffer, then proteins were eluted by incubating beads in 15 μl 1 M glycine pH 2.5 for 10 min at room temperature. The elution step was repeated and elutions combined. 10 μl 1M Tris pH 8.5 was added to the combined eluate. Eluted proteins were separated by SDS-PAGE and analyzed by Western blot using rabbit polyclonal antibodies. Protein signals were quantified using Odyssey scanner software (Li-Cor) by generating a standard curve using a titration from WT IP. Each protein analyzed was normalized to the amount of the Taf4 protein obtained by IP.

Yeast Viability Following 3-IAA Treatment-For each yeast strain, 15 ml of S. cerevisiae were grown at 30 deg in YPD to an absorbance of ~0.5-0.7. Cultures were split into two 5 ml cultures and were then induced for protein degradation by the addition of 25 μl 200X 3-IAA (500 μM final working concentration) dissolved in DMSO, or 25 μl DMSO for the no 3-IAA controls, for 30 minutes at 30 deg. Cultures were diluted in H 2 O and plated to YPD plates for recovery at 30 deg. Colonies were counted after 3 days, and the percent viability was calculated for cells treated with 3-IAA versus DMSO only treatment. Each strain was grown and assayed in duplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of ChIP-Seq Data-Paired-end reads were independently aligned to S. cerevisiae reference genome (sacCer3) and S. pombe reference genome (ASM294v2.20).

Coverage at each base-pair of the S. cerevisiae reference genome was calculated as number of reads of given length (25-140 bp for the analyses presented here) that mapped at that position normalized by the factor N:

Here 10,000 is an arbitrarily chosen number. The normalized coverage at each base-pair from each replicate was averaged when combining multiple replicates. TSS positions were obtained from [START_REF] Park | Simultaneous mapping of transcript ends at singlenucleotide resolution and identification of widespread promoter-associated non-coding RNA governed by TATA elements[END_REF]. Only those genes were considered which had no overlap in with other genes in the TSS -50 bp to TSS + 50% of gene length interval, which resulted in a list of 4808 genes. For quantifying changes in Pol II levels upon 3-IAA addition to various strains, first, total normalized signal per bp in the interval TSS to TSS+100 bp was calculated for each gene in the +DMSO and +3-IAA datasets. Then, a log ratio of +3-IAA to +DMSO was calculated as the net effect of depletion of different factors in the degron strains. For nucleosome profiles shown in Fig. 2, 140-155 bp fragments from published H3 ChIP-seq paired-end data (SRA Accession: SRR1105662) was used and coverage at each position of a gene was normalized to the average reads over TSS ± 1000 bp interval of that gene.

For determining clusters of genes that change concordantly due to Taf degradation across the 5 Taf degron experiments (Taf1, Taf2, Taf7, Taf11, and Taf13), we first converted the log2 changes in spike-normalized Pol2 enrichment to Z-scores using the mean and standard deviation calculated by fitting a Gaussian function to the log2 distributions. We then performed k-means clustering on the Z-scores across five distributions using Cluster 3.0 (de Hoon et al., 2004) using Euclidean distance as the similarity metric and organizing the genes into 5 clusters. Published Taf1 ChEC-seq data (GEO: GSM2149798) [START_REF] Grünberg | Mediator binding to UASs is broadly uncoupled from transcription and cooperative with TFIID recruitment to promoters[END_REF] was used in Figure 4E. S3. Several previously characterized Taf1-independent genes are dependent on other TFIID subunits. Plotted is a hexagonally binned 2d-histogram of Log 2 fold change in Pol II ChIP upon 3-IAA addition vs. spike-normalized Pol II ChIP signal (a measure of transcription) averaged over the 1-100 bp from the TSS of each gene (4807 genes). The blue points are genes used in pre genome-wide studies to examine TFIID-dependence [START_REF] Kuras | TAF-Containing and TAF-independent forms of transcriptionally active TBP in vivo[END_REF][START_REF] Li | Distinct classes of yeast promoters revealed by differential TAF recruitment[END_REF]. See also Figs S1, S2 and Table S3. 

  Fig 4 and Fig S2 (PGK1, CDC19, ADH1) are found in Cluster 1. The heat map in Fig 5C

  . After Taf depletion in SC, genomewide Pol II transcription decreased (Fig 7A, middle and right panels), but the magnitude of TFIID-dependence was somewhat lower compared to growth in rich media (Fig 7C). For example, the median Taf11 and Taf13-dependence was -3.7 and -4.1-fold in YPD compared with -2.1 and -1.8-fold in SC. Heat shock of wild type cells results in a general ~1.3-fold decrease in genome-wide transcription, (Fig 7B, left panel, purple line vs red line). Depletion of Taf13 after the 30 min heat shock resulted in a further strong decrease in genome-wide Pol II transcription (Fig 7B, right panel

  5 U T4 PNK (NEB #M0201S), 0.05 U T4 DNA polymerase (Invitrogen #18005025), and 0.05 U Taq DNA polymerase and reactions were incubated at 12 deg 15 min, 37 deg 15 min, 72 deg 20 min, then put on ice and immediately used in adapter ligation reactions. Adapter Ligation was performed in a 50 μl volume containing 100:1 adapter:insert molar ratios, 1X Rapid DNA ligase buffer (Enzymatics #B101L) and 3000 U DNA ligase (Enzymatics #L6030-HC-L) and reactions were incubated at 20 deg for 15 min. A single post-ligation cleanup was performed using 0.4X vol AMPure XP reagent (Beckman Coulter #A63881) and DNA eluted in 40 ul 0.1X TE. Library Enrichment was performed in a 25 μl volume containing 16.25 μl DNA from previous step and the following final concentrations: 1X KAPA buffer, 0.3 mM each dNTP, 0.5 μM each P5 and P7 PCR primer, and 0.5 U KAPA HS HIFI polymerase (#KK2502). DNA was amplified with the following program: 98 deg 45 sec, [98 deg 15 sec, ramp to 60 deg @ 1 deg/sec, 60 deg 20 sec, ramp to 98 deg @ 1 deg/sec] 8-10X, 72 deg 1 min. A post-PCR cleanup was performed using 1.4X vol AMPure XP reagent and DNA was eluted into 40 μl 0.1X TE. Libraries were sequenced on the Illumina HiSeq2500 platform using 25 bp paired-ends at the Fred Hutchinson Cancer Research Center Genomics Shared Resources facility.
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 1 Figure 1.Auxin-dependent depletion of yeast TFIID subunits. (A) Listed at left are yeast TFIID subunits in lobe C, the shared or similar TFIID/SAGA core subunits and other auxiliary subunits. * indicates subunits tagged with the 3xV5-IAA7 degron tag and # indicates subunits tagged with FRB for anchor-away. Blue indicates subunits shared with SAGA and Orange indicates that SAGA contains a related but SAGA-specific subunit. Shown at right is Western analysis of cells treated with 3-IAA for the indicated time. Western blot was probed with anti V5 antibody. (B) Analysis of TFIID subunits after Taf depletion. After 30 min treatment with 3-IAA, whole cell extracts were made and immune precipitated with anti Taf4 antibody. Shown is quantitative Western analysis of the IP, probing for Tafs 1, 3, 4, 12 and TBP. * indicates a non-specific signal observed with the anti Taf1 antibody.

Figure 2 .

 2 Figure 2. Genome-wide decreases in transcription upon depletion of TFIID and Mediator subunits. (A) Metagene profile of native Pol II ChIP in wild type and cells containing the indicated IAA7 degron fusion (4807 genes). Results are aligned at the major TSS (Park et al., 2014). Blue line = cells treated with 3-IAA for 30 min prior to harvest; red line = cells treated equivalently but with DMSO. Data are averages of biological duplicates with samples normalized by spike-in with S. pombe Rpb3-Flag cells. Grey shows metagene profile of histone H3 plotted using published H3 ChIP-seq data (Thurtle and Rine, 2014). The degron fused strains are labeled in the upper right corner of the different panels. (B) Box plots show the change in native Pol II ChIP on a log2 scale from 4807 genes comparing DMSO and 3-IAA addition. Median fold-changes in ChIP signals are indicated below. See also Fig S1 and TableS3.
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 3 Figure 3. TFIID functions at genes previously thought to be less dependent on TFIID. (A) Box plots of data from Fig 3 split into "Taf1-enriched" and "Taf1-depleted" categories (Rhee and Pugh, 2012). (B) Box plots of data from Fig 3 split into TATA-containing and TATA-less promoter categories (Rhee and Pugh, 2012).
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 4 Figure 4.

Figure 5 .

 5 Figure 5. Analysis of genome-wide dependence on TFIID subunits. (A) Heatmap of genes ordered by clusters that were obtained after k-means clustering of the Z-scores from Taf-degron experiments. (B) The mean Z-scores of the 5 clusters for the 5 different Taf subunit degrons plotted as a heatmap. The mean values are indicated in each heatmap cell. (C) Same ordering of genes as (A), but the spike-normalized change in Pol II at the TSS is plotted. (D) The mean Spike-normalized change of the 5 clusters for the 5 different Taf subunit degrons plotted as a heatmap. (E) Average Taf1 ChEC-seq profiles (Grünberg et al., 2016) plotted for the 5 clusters shown in panel (A). See also TablesS3, S4, and S5.

Figure 6 .

 6 Figure 6. cDTA analysis of Taf4 anchor-away strain. (A) Volcano plot showing fold changes in newlysynthesized mRNA levels upon Taf4 nuclear depletion relative to their significance (pvalue). 5657 genes were analyzed in two biological replicates and thresholds of 2-fold change and 0.05 p-values were considered (genes upregulated by 2-fold are indicated in yellow and genes downregulated by 2-fold are indicated in blue). (B) Changes in mRNA synthesis rates for 5434 genes upon rapamycin treatment in a TAF4-FRB strain were plotted against the changes of the decay rates. Log 2 values of the average synthesis rate ratio and decay rate ratio are indicated. (C-E) Box plots showing the distribution of changes in synthesis rates upon Taf4 nuclear depletion according to the gene class (C, D) or to the gene expression levels (E) Dotted horizontal lines in panels C, D, E show the median of the synthesis rate ratio. See also Figs S3 and S4.

Figure 7 .

 7 Figure 7. TFIID-dependence of transcription in synthetic media and heat shock stress. (A) Metagene profile of native Pol II ChIP from cells grown in synthetic complete (SC) media and containing the indicated IAA7 degron fusion. Results are presented as in Fig 2. Purple line is Pol II ChIP data from YPD-grown cells (+DMSO) from Fig 2; Red and blue lines are cells grown in SC with or without 3-IAA for 30 min. (B) Same as in A but Pol II ChIP from cells under heat shock stress. Purple line is Pol II ChIP from YPD-grown cells (+DMSO) in Fig 2. Red and blue lines are from YPD-grown cells heat shocked for 30 min prior to 30 min addition of DMSO or 3-IAA as indicated. (C) Genome-wide changes in transcription upon TFIID subunit depletion from the data in panels A and B. Box plots show the change in native Pol II ChIP on a log2 scale from 4807 genes comparing DMSO and 3-IAA addition. For heat shock conditions, the plot indicates changes in Pol II ChIP in heat shocked WT and heat shocked degron-containing cells upon addition of 3-IAA. Median fold-changes in ChIP signals are indicated below. See also Figs S5, S6 and S7.

TABLE

  

	REAGENT or RESOURCE	SOURCE	IDENTIFIER
	Deposited Data		
	All sequencing datasets have been uploaded in GEO under accession GSE97081	
	Western blot original images	Mendeley Data file	http://dx.doi.org/10.17632/gwtwc4ndpj.1
	REAGENT or RESOURCE	SOURCE	IDENTIFIER
	Antibodies		
	Mouse monoclonal anti-V5 Experimental Models: Cell Lines	Invitrogen	Cat # 46-0705
	Anti-FLAG M2 Magnetic	Sigma-Aldrich	Cat # M8823
	Beads		
	Rabbit polyclonal anti-Taf1 Experimental Models: Organisms/Strains Hahn lab	Rabbit # 3506
	Rabbit polyclonal anti-Taf4 S. pombe: Strain background:	Hahn lab Laboratory of Gerald Smith	Rabbit # 4022 ATCC: 24843
	Rabbit polyclonal anti-Taf12 972h	Hahn lab	Rabbit # 3434
	Rabbit polyclonal anti-Taf3 S. cerevisiae: Strain	Hahn lab Laboratory of Dan Gottschling	Rabbit # 4045 ATCC: 200869
	background: BY4705		
	Rabbit polyclonal anti-TBP	Hahn lab	Rabbit # 7370
	Yeast strains, see Table S2	This paper	N/A
	Rabbit polyclonal anti-H3	Abcam	Cat # ab1791
	Rabbit polyclonal anti-Taf4	P. Anthony Weil	N/A
	Rabbit polyclonal anti-Taf5 Recombinant DNA	P. Anthony Weil	N/A
	Rabbit polyclonal anti-Taf11	P. Anthony Weil	N/A
	Biological Samples		
	Sequence-Based Reagents		
	Primers for RT-qPCR, see	This paper	N/A
	Table S1		
	Chemicals, Peptides, and Recombinant Proteins	
	3-Indoleacetic acid (3-IAA)	Sigma-Aldrich	I3750; CAS: 87-51-4
	Micrococcal Nuclease (MNase) Worthington Biochemical Corporation Software and Algorithms	Cat # NFCB
	cOmplete Mini, EDTA-free Protease inhibitor cocktail Bowtie2	Roche http://bowtie-bio.sourceforge.net/bowtie2/index.shtml N/A Cat # 11836170001
	tablets Shell Scripts for Sequence	This paper	
	4-thiouracil Alignment	Sigma-Aldrich	Cat # 440736; CAS: 591-28-6
	MTSEA biotin-XX Perl Scripts for analysis	Biotium This paper	Cat # 90066
	Dynabeads MyOne R Scripts for analysis	Invitrogen, ThermoFisher This paper	Cat # 65001
	Streptavidin C1		
	AMPureXP beads Other	Beckman Coulter	Cat # A63881
	EZ-Link HPDP Biotin	ThermoFisher	Cat # 21341
	Rapamycin	Euromedex	Cat # SYN-1185
	Dyanabeads Protein G	Thermo Fisher Scientific	Cat # 10004D
	0.5 mm zirconia disruption	Research Products International	Cat # 9834
	beads		
	Critical Commercial Assays		
	RiboPure yeast kit	Ambion, Life Technologies	Cat # AM1926
	RNeasy MinElute Cleanup Kit	Qiagen	Cat # 742040
	μMACS Streptavidin Kit	Miltenyi Biotec	Cat# 130-074-101
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