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Abstract

The transition between transcriptional initiation and elongation by RNA polymerase (Pol) II is

associated with phosphorylation of its C-terminal tail (CTD). Depletion of Kin28, the TFIIH

subunit that phosphorylates the CTD, does not affect elongation but causes Pol II occupancy

profiles to shift upstream in a FACT-independent manner indicative of a defect in promoter

escape. Stronger defects in promoter escape are linked to stronger effects on preinitiation complex

formation and transcription, suggesting that impairment in promoter escape results in premature

dissociation of general factors and Pol II near the promoter. Kin28 has a stronger effect on genes

whose transcription is dependent on SAGA as opposed to TFIID. Strikingly, Kin28 depletion

causes a dramatic increase in Mediator at the core promoter. These observations suggest that

TFIIH phosphorylation of the CTD causes Mediator dissociation, thereby permitting rapid

promoter escape of Pol II from the preinitiation complex.

INTRODUCTION

Transcription by RNA polymerase II (Pol II) requires the association of the TATA-binding

protein (TBP) and general transcription factors to form a pre-initiation complex (PIC) at

core promoters. PIC formation is the rate-limiting step for transcription at the vast majority

of yeast promoters (Kuras and Struhl, 1999; Li et al., 1999). It can be stimulated by activator

proteins via co-activator complexes (SAGA, Swi/Snf nucleosome remodeling complex,

Mediator) or inhibited by repressor proteins via co-repressor complexes (Cyc8-Tup1 or

Rpd3 histone deacetylase complex). PIC composition appears to be essentially identical at

all yeast promoters (Rhee and Pugh, 2012).
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After PIC formation, Pol II initiates mRNA synthesis, but productive transcription requires

Pol II to escape from the PIC and transit into transcription elongation. The transition

between initiation and elongation is associated with phosphorylation at the serine 5 (Ser5)

residues within the hepta-peptide repeats in the C-terminal domain (CTD) of the largest Pol

II subunit. Ser5 phosphorylation is mediated primarily by Kin28, the kinase subunit of the

general transcription factor TFIIH (Feaver et al., 1994).

The role of Kin28 and its kinase activity in Pol II transcription has been unclear. From early

in vitro studies, it was suggested that Kin28 stimulates Pol II escape from the PIC, and

therefore, is important for transcription (Akoulitchev et al., 1995; Svejstrup et al., 1997; Liu

et al., 2004). In accord with such a general function, loss of Kin28 activity in vivo via

temperature-sensitive or degron mutations results in a loss of mRNA comparable to that

observed upon loss of Pol II itself (Cismowski et al., 1995; Valay et al., 1995; Holstege et

al., 1998). However, under these conditions, there is only a very modest effect on TBP

occupancy at promoters, and presumably PIC formation (Kuras and Struhl, 1999), or

transcription mediated by strong activator proteins (Lee and Lis, 1998; McNeil et al., 1998).

Specific inactivation of Kin28 kinase activity via a kin28-analog-sensitive (as) mutant has

led to conflicting results with respect to whether Kin28-mediated phosphorylation is (Hong

et al., 2009) or is not (Kanin et al., 2007) important for global mRNA synthesis. It is

important to note that these studies analyzed mRNA levels upon loss of Kin28 function, and

hence are unable to distinguish effects on transcription per se as opposed to post-

transcriptional events relevant for mRNA stability.

Analysis of transcription in vivo is best done by measurements of Pol II occupancy at

promoters and coding regions. Genome-wide analysis of Pol II occupancy in a kin28-as

mutant shows that Kin28-mediated phosphorylation of Ser5 has only a modest effect on

transcription in vivo (Hong et al., 2009; Kim et al., 2010; Bataille et al., 2012). Thus, the

strong effect of Kin28 on mRNA production presumably reflects its role in recruiting factors

for chromatin modification, transcription termination, and mRNA processing.

It was reported that, in the kin28-as mutant strain, Pol II occupancy increases at the 5′ ends

of long genes, suggesting a potential role of Kin28 in transcriptional elongation (Kim et al.,

2010). As Kin28 associates with promoters and not coding regions, any effect on elongation

is presumably due to recruitment of “elongation factors” via Kin28-mediated Ser5

phosphorylation. Based on biochemical experiments (Akoulitchev et al., 1995; Liu et al.,

2004; Sogaard and Svejstrup, 2007), the Pol II occupancy profile in the kin28-as strain was

also interpreted in terms of Kin28 stimulating the transition between initiation and

elongation (Bataille et al., 2012). However, due to the limited resolution of the analysis, it

was not possible to distinguish effects of Kin28 on elongation or promoter escape. Thus, it is

unclear whether Kin28 mediates promoter escape in vivo.

Mediator, a 24-subunit complex, associates with Pol II via the CTD, and it is recruited to

enhancer regions by activator proteins under appropriate environmental conditions (Boube

et al., 2002; Bourbon et al., 2004). Mediator stimulates basal Pol II transcription in vitro

(Kim et al., 1994; Takagi and Kornberg, 2006), and several subunits of Mediator are

essential for general Pol II transcription in yeast cells (Thompson and Young, 1995;
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Holstege et al., 1998), leading to the view that Mediator is a general and essential

component of the Pol II machinery. Furthermore, Mediator association with Pol II in vitro is

strongly inhibited by phosphorylation of the CTD by Kin28 (Sogaard and Svejstrup, 2007),

suggesting that Mediator is a component of the PIC and that its phosphorylation is linked to

promoter escape (Guidi et al., 2004). However, in yeast cells, Mediator has never been

found to associate with core promoters, and hence PICs, whereas it shows robust association

with enhancers (Fan et al., 2006). One proposed explanation for these apparently discordant

results is that Mediator presence in the PIC, though critical for transcription in vivo, is very

transient, thereby precluding detection in standard chromatin immunoprecipitation

experiments (Fan et al., 2006). Evidence for this suggestion is lacking.

Here, we use the anchor-away technique (Haruki et al., 2008) to effectively remove Kin28

from the nucleus, and examine the role of Kin28 on Pol II occupancy using ChIP-

sequencing (ChIP-seq). This approach differs from previous work that employed a kin28-as

mutant and tiling arrays that afforded less resolution than ChIP-seq (Kim et al., 2010;

Bataille et al., 2012). Our results provide strong evidence that Kin28 stimulates promoter

escape in vivo and differentially affects SAGA- and TFIID-dependent transcription.

Strikingly, depletion of Kin28 results in a dramatic increase in Mediator occupancy at the

core promoter, suggesting Kin28 stimulates rapid promoter escape via dissociation of

Mediator from the PIC.

RESULTS

Kin28 function can be effectively removed by the anchor-away technique

We used the anchor-away (AA) method (Haruki et al., 2008) to conditionally remove Kin28

from the nucleus. In an AA-strain, rapamycin, which causes a strong tri-partite interaction

with the FRB and FKBP12 domains, induces rapid export of the FRB-fused target protein

from the nucleus to the cytoplasm, where the target protein is anchored to ribosome via

Rpl13A-FKBP12. As expected from the essential role of Kin28, a Kin28-AA strain is unable

to grow in media containing rapamycin (Figure 1A). Chromatin immunoprecipitation

analysis shows that Kin28-FRB binding at all highly active promoters analyzed is reduced to

background level after rapamycin treatment (Figure 1B). Thus, the anchor-away method can

rapidly and effectively remove Kin28 from the nucleus, thereby permitting an analysis of the

in vivo role of Kin28 on transcription.

Kin28 function is important, but not essential, for Pol II transcription

To assess the role of Kin28 in transcription, we measured Pol II occupancy upon rapid

depletion of Kin28. Effects observed upon rapid depletion are highly likely to be directly

due to Kin28, and measurements of Pol II occupancy avoid problems related to RNA

stability. Upon Kin28 anchor-away, Pol II occupancy at coding regions of the three highly

active genes analyzed are reduced. However, the reduction of Pol II occupancy occurs to a

much lesser extent than observed upon depletion of TBP (Spt15; Figure 1C).

To analyze the level of Pol II transcription throughout the entire gene on a genome-wide

basis, we performed ChIP-seq using antibodies against the Rpb3 subunit or un-
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phosphorylated CTD of the Rpb1 subunit of Pol II (8WG16). Consistent with a previous

report (Bataille et al., 2012), Pol II ChIP-seq profiles measured by the two antibodies are

highly comparable (Figure S1A), indicating that the 8WG16 antibody can be used to reliably

measure Pol II occupancy and that not all of the 26 heptad-repeats within the Rpb1 CTD are

phosphorylated. As the antibody against Rpb1 CTD gives much stronger ChIP-seq signal

than the Rpb3 antibody, we focused on the Rpb1 CTD dataset for more accurate

measurement of transcription in subsequent analyses.

We determined the level of Pol II transcription by measuring Pol II ChIP-seq signal at the

last 200 bp window of coding region for each gene. Before Kin28 removal, Pol II occupancy

is indistinguishable between a parental control strain and the Kin28-AA strain (correlation

coefficient, r = 0.96), suggesting that the FRB domain does not affect Kin28 function. For

all subsequent analyses, we focused on 460 genes whose Pol II levels before Kin28

depletion are at least 5-fold higher than the background (see Experimental Procedures),

thereby avoiding sensitivity issues related to sequencing depth. While rapamycin does not

affect transcription in the control strain, anchor-away of Kin28 reduces genome-wide Pol II

occupancy about 2-fold on average, although some genes appear unaffected (Figure 1D; see

below). In contrast and as expected, depletion of TBP strongly reduces transcription of

essentially all genes (Figure 1D and S1B). Anchor-away of an essential nuclear replication

factor, Mcm2, has minimal effect on Pol II transcription (Figure S1B), indicating that the

transcription effects in the Kin28 and TBP anchor-away strains are not caused indirectly by

the loss of an essential cellular function. These results are in accord with previous studies

(Kanin et al., 2007; Hong et al., 2009; Kim et al., 2010; Bataille et al., 2012), and they

confirm that Kin28, unlike other general transcription factors, is not essential for Pol II

transcription.

Kin28 depletion causes a defect in promoter escape, but not elongation

On a genome-wide basis, depletion of Kin28 does not simply reduce transcription, but rather

causes an altered pattern of Pol II occupancy throughout transcribed regions (Figure 2A).

First, Pol II occupancy near the promoter shows an upstream shift in the Kin28-depleted

strain as compared to the control strain. Second, a small peak of Pol II occupancy appears in

the vicinity of the promoter; i.e. when proceeding downstream from the promoter, there is a

noticeable increase in Pol II occupancy followed by a decrease near the beginning of the

coding region. This peak is not observed in the control strain, in which Pol II occupancy

progressively increases from the promoter through the beginning of the coding region.

Furthermore, this altered pattern is specific to depletion of Kin28, as depletion of other

TFIIH subunits (Rad3, Ssl1, and Ssl2) via anchor-away results in a general decrease in

transcription (Figure S2A). In addition, considerable, but somewhat reduced, levels of

TFIIH subunits remain associated with the core promoter upon loss of Kin28, whereas

depletion of another TFIIH subunit (Ssl2) results in loss of all TFIIH subunits tested (Figure

S2B, C). These and other observations to be discussed below strongly suggest that the loss

of Kin28 kinase, rather than the TFIIH complex, results in a defect in promoter escape, such

that Pol II spends relatively more time at or near the PIC in the Kin28-depleted strain than in

the control strain.
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To investigate the effect of Kin28 depletion on Pol II elongation, we measured Pol II

processivity, as defined by relative Pol II levels throughout coding regions. Reduced Pol II

processivity is a hallmark of a defect in transcription elongation, which can be caused by an

intrinsically slow Pol II, a reduced level of nucleotide precursors, or reduced function of an

“elongation factor” (Mason and Struhl, 2005). To avoid complications due to effects at or

near promoters, we analyzed downstream portions of coding regions (0.5 to 1 kb

downstream of the ATG codon) of genes longer than 1 kb. As shown in Figure 2B, Pol II

processivity in the Kin28-depleted strain is not significantly different (p-value = 0.88) from

that occurring before Kin28 removal or in the wild-type control strain. Taken together, the

observed Pol II profile suggests that, in the absence of Kin28 function, Pol II is less

efficiently released from PIC, but once released is not defective for elongation.

Kin28 affects PIC levels and transcriptional initiation

Given that transcription initiation and Pol II promoter escape are coupled, one might predict

that a slower release of Pol II from PIC in the absence of Kin28 might increase PIC

association with promoters. In contrast to this prediction, Kin28 depletion results in

concomitant reduction of TBP (Figure 3A), TFIIA, and TFIIB (Figure S3) occupancies, and

hence PIC levels, at all promoters analyzed. The kinetics of Kin28 depletion and the effects

on TBP and Pol II occupancies are comparable (Figure 3B), strongly indicating that Kin28

directly affects PIC levels and Pol II transcription. The reduction in TBP occupancy is

roughly comparable to the reduction in Pol II occupancy at individual genes (Figure 3A), in

accord with the strong relationship between TBP occupancy and transcription observed in

wild-type cells (Kuras and Struhl, 1999; Li et al., 1999).

Differential transcriptional effects upon loss of Kin28

Although, Kin28 is a component of the general transcription factor TFIIH, depletion of

Kin28 has diverse effects on Pol II occupancy of individual genes. For some genes, Pol II

accumulates at the PIC (as defined by Kin28-FRB binding) with a substantial loss of Pol II

at the coding region (Figure 4A), indicating a prominent role of Kin28 in the release of Pol

II from PIC at these genes and subsequent transcription. In contrast, other genes display

little or no effect on Pol II occupancy, and hence transcription, throughout the coding region

(Figure 4B). At such genes, there is an upstream shift of Pol II in the vicinity of the

promoter and the adjacent part of the coding region, suggesting a mild defect in promoter

escape.

Previous studies suggested that Kin28 function is more important for mRNA levels of

strongly transcribed genes (Hong et al., 2009) and elongation through long (>2 kb) genes

(Kim et al., 2010). However, we found no relationship between the levels of Kin28

occupancy before its removal and effects on Pol II occupancy after Kin28 depletion (data

not shown), and Kin28 depletion had comparable effects on the Pol II profiles of genes with

high, medium, and low transcriptional activity (Figure S4A). In addition, the composite Pol

II profile of long genes (> 2kb) shows no sign of a Pol II processivity defect (Figure S4B),

and there is no correlation between gene length and Kin28 effect on Pol II occupancy at

promoter and gene body (Figure S4B). While the transcriptional effects of Kin28 depletion

appear slightly less pronounced for genes < 1 kb, this is due to the predominance of

Wong et al. Page 5

Mol Cell. Author manuscript; available in PMC 2015 May 22.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



ribosomal protein genes that are less significantly affected (see below). Thus, differences in

transcriptional activity and gene length do not account for diverse gene-specific effects that

occur upon depletion of Kin28.

Kin28 is more important for PIC levels, promoter escape, and transcription of SAGA-
dependent genes than TFIID-dependent genes

To address the basis of differential effects mediated by Kin28, we performed Gene Ontology

analysis of genes that are rank-ordered with respect to their effects on Pol II occupancy

within the coding region upon Kin28 depletion. Interestingly, genes encoding ribosomal

proteins (RP) are highly enriched among genes with increased occupancy at 5′ ends and

minimal effect at 3′ ends. As transcription of RP genes is TFIID-dependent, we asked

whether the observed enrichment is specific to RP genes or to TFIID-dependent genes in

general.

Indeed, there is a striking pattern that distinguishes TFIID-dependent genes from SAGA-

dependent genes (Figure 5A). When analyzed separately, transcription (Pol II occupancy at

the 3′ end of coding region) of SAGA-dependent genes is significantly (p-value = 10−15)

more affected by Kin28 depletion as compared to TFIID-dependent genes. Analysis of

published Pol II ChIP-chip data in the kin28-as strain under conditions in which Kin28

kinase activity is specifically inactivated (Kim et al., 2010), also shows this differential

effect (Figure 5B), suggesting that the effect is caused by the lack of Kin28 kinase activity

rather than the loss of Kin28 protein. Additionally, the difference is independent of Kin28

levels at promoters (Figure S5A), indicating that SAGA-mediated transcription is more

strongly dependent on Kin28 function than TFIID-dependent transcription. Lastly, upon

Kin28 depletion, SAGA-dependent promoters show a subtle but statistically significant (p-

value = 0.003) stronger reduction in TFIIB occupancy, and hence PIC levels as compared to

TFIID-dependent promoters (Figure 5C), suggesting that the differential transcription effect

is partially mediated by Kin28’s role in transcription initiation.

Given that Kin28 is required for the release of Pol II from the PIC, we addressed whether

Kin28 anchor-away differentially affects the transition of Pol II at these two classes of

promoters. Indeed, the averaged Pol II profiles show that Kin28 depletion causes distinct Pol

II accumulation at SAGA-regulated PICs (defined by the Kin28 profile) with significant

reductions of Pol II at coding regions (Figure 5D). By contrast, although Kin28 depletion

also causes Pol II to shift upstream near the 5′ end of TFIID-dependent genes, which is

indicative of a defect in promoter escape, distinct Pol II accumulation is not observed at the

PIC and high levels of Pol II are still observed at coding regions (Figure 5D). Moreover, it is

worthy of note that Kin28 depletion does not cause Spt16, an essential subunit of FACT that

travels with elongating Pol II (Mason and Struhl, 2003), to shift upstream near the 5′ end of

either SAGA or TFIID-dependent genes (Figure 5E), suggesting that observed upstream-

shifted Pol II is not in the elongating form.

We used a theoretical treatment of Pol II occupancy profiles (Ehrensberger et al., 2013) to

estimate the extent of the promoter escape defect in SAGA- and TFIID-dependent genes.

Specifically, we varied the escape rate (i.e. “elongation rate” for the initial 20 bp region of

the promoter) and examined the predicted Pol II occupancy profile (Figure S5B).
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Interestingly, a >70% reduction of the escape rate results in a Pol II profile similar to the

observed profile of SAGA-dependent genes. A smaller reduction of 30% results in a profile

similar to TFIID-dependent genes. Taken together, these results indicate that Kin28 function

is relatively more important for PIC levels, promoter escape, and subsequent transcription at

SAGA-regulated genes than at TFIID-dependent genes.

Pol II Ser5 phosphorylation are equally affected at SAGA- and TFIID-dependent genes
upon Kin28 depletion

The differential effect of Kin28 depletion on SAGA- and TFIID-dependent transcription

raises the question of whether Kin28 acts differently at these promoters or if it performs the

same molecular function (i.e. Pol II Ser5 phosphorylation) but somehow differentially

affects the two classes of promoters. It is also possible that Pol II promoter escape at the

TFIID-dependent promoters might be facilitated via Pol II Ser5 phosphorylation by a

redundant kinase in the absence of Kin28 function. However, while the overall level of Pol

II Ser5 phosphorylation near the promoter is dramatically reduced when Kin28 is removed,

the extent of decrease is indistinguishable for SAGA- and TFIID-dependent genes (Figure

S6). Downstream Pol II Ser2 phosphorylation is also reduced (Figure S6), presumably due

to impaired Ser5-dependent recruitment of the Ser2 kinases Ctk1 and Bur1/Bur2 (Qiu et al.,

2009; Bataille et al., 2012). These observations not only indicate a common function of

Kin28 at all promoters, but also eliminate the possibility that a redundant kinase is

responsible for the TFIID-dependent transcription in the absence of Kin28 function.

Kin28 depletion causes dramatic accumulation of Mediator at pre-initiation complexes of
active genes

Mediator is recruited much more strongly by activators of stress-responsive genes (typically

SAGA-dependent) than the activator of ribosomal protein genes (typically TFIID-

dependent) (Fan et al., 2006). In addition, the tail module of the Mediator complex is

functionally more important at SAGA-dependent genes than TFIID-dependent genes (Ansari

et al., 2012). Moreover, Kin28 phosphorylation of the CTD facilitates Pol II dissociation

from Mediator in vitro (Sogaard and Svejstrup, 2007). These findings lead us to hypothesize

that the observed difference between TFIID- and SAGA-dependent genes upon Kin28

depletion is related to different levels of Mediator function at these two classes of promoters.

To test this hypothesis, we compared Mediator binding (Rgr1, Med7, and Srb6 subunits) at

core promoters of SAGA- and TFIID-dependent genes before and after Kin28 depletion.

Consistent with our previous studies (Fan et al., 2006; Fan and Struhl, 2009), we could not

detect significant Mediator association at the core promoters of highly expressed SAGA-

and TFIID-dependent genes before Kin28 depletion. Strikingly, upon Kin28 depletion,

Mediator very strongly associates with the core promoter region of several active genes

analyzed (Figures 6A, S7A). Genome-wide analysis shows that Mediator occupancy

increases at core promoters of all active genes irrespective of whether they are SAGA- or

TFIID-dependent (Figure 6B). The Mediator binding profile upon Kin28 depletion is

indistinguishable from that of TFIIB at core promoters (Figure 6C), indicating that Mediator

associates with the PIC under these conditions. Increased Mediator association is strongly

correlated with increased Pol II occupancy at the core promoter (Figure S7B), suggesting a
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mechanistic connection between Mediator dissociation and Pol II promoter escape.

Interestingly, we noted a modest but statistically significant higher Mediator-to-Pol II ratio

for SAGA-dependent genes as compared to TFIID-dependent genes (Figure 6D), which may

be related to the differential Kin28 effect between the two classes of genes.

Mediator association with the core promoter is strongly increased upon specific inactivation

of Kin28 kinase activity (via the analog-sensitive allele; Figure 6E, S7C). We note that

Mediator occupancy in the kin28-as strain is lower than in the Kin28-depleted strain; this

might reflect differences in strain backgrounds or growth conditions, extent of Kin28

inactivation/loss, or an indirect effect on TFIIH function. Although a non-kinase function of

Kin28 on Mediator association cannot be excluded, any such function has minimal effect on

transcription, because the Pol II occupancy profile in Kin28-depleted cells is very similar to

that inkin28 -as cells.

Taken together, these observations indicate that Mediator dissociation from PIC is severely

inhibited in the absence of Kin28-mediated phosphorylation. Conversely, the fact that

Mediator cannot be detected at the PIC under normal conditions suggests that Mediator

association with the PIC is extremely transient. Thus, Kin28 facilitates efficient Mediator

dissociation and Pol II release from the PIC in vivo.

DISCUSSION

Kin28 stimulates promoter escape, but not elongation, in vivo

In vitro, Kin28-mediated phosphorylation of Ser5 can stimulate the escape of Pol II from the

PIC into an elongation competent form (Akoulitchev et al., 1995; Liu et al., 2004).

However, it is unclear whether these in vitro experiments are physiologically relevant,

particularly given the artificial conditions (i.e. no nucleotide triphosphate precursors and no

Mediator) used to form a stable PIC. Here, we provide strong evidence that Kin28 stimulates

promoter escape in vivo. Due to the mapping resolution afforded by chromatin

immunoprecipitation, our definition of promoter escape requires sufficient movement of Pol

II from the location of PIC (estimated to be between 10 and 20 bp). As such, our results do

not address intermediate biochemical steps between PIC formation and promoter escape

such as true initiation (synthesis of the first few nucleotides).

Most definitively, in the absence of Kin28, many genes show a peak of Pol II occupancy

that coincides with the location of Kin28 in non-depleted cells. This peak of Pol II is not

observed in wild-type cells, indicating that loss of Kin28 function results in Pol II being

“stuck” at or very close (< 10 bp) to the position of the PIC. More generally, loss of Kin28

causes the Pol II profile to shift upstream of the profile observed in wild-type cells. This

upstream shift is the predicted profile of a modest defect in promoter escape, and it cannot

be due to a defect in Pol II processivity, which by definition occurs after the transition to

elongation. Furthermore, the upstream-shifted Pol II is not associated with FACT, an

H2A/H2B chaperone that travels with elongating Pol II but does not associate with the PIC

(Mason and Struhl, 2003). In addition, and in contrast to a previous study that did not

distinguish between processivity and promoter escape (Kim et al., 2010), we did not detect a

defect in Pol II processivity in the absence of Kin28. As reduced processivity is a hallmark
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of an elongation defect (Mason and Struhl, 2005), our results indicate that Kin28 does not

play a significant role in Pol II elongation. Thus, while less dramatic than the “stuck” Pol II

at some promoters, the upstream shift at most promoters indicates increased Pol II dwell

time in the immediate vicinity of the PIC, strongly indicating a broad defect in promoter

escape.

Kin28 stimulates rapid promoter escape via dissociation of Mediator from the PIC

The prevailing view of Mediator is that it is generally required for transcriptional initiation

in vivo (Thompson and Young, 1995; Holstege et al., 1998) and in vitro (Kim et al., 1994;

Takagi and Kornberg, 2006), presumably involving a direct interaction with the

unphosphorylated CTD (Svejstrup et al., 1997; Sogaard and Svejstrup, 2007) at the PIC. To

account for the apparently conflicting observation that Mediator was not detected at core

promoters by ChIP, we suggested that Mediator association with core promoters is very

transient in vivo (Fan et al., 2006; Fan and Struhl, 2009). A prediction of this suggestion is

that Mediator should be detected at core promoters if it is trapped there by conditions that

inhibit its dissociation. Indeed, depletion of Kin28 results in robust Mediator association at

essentially all active core promoters at a position coincident with the PIC. This observation

indicates that, in vivo, 1) Kin28-mediated phosphorylation is important for Mediator

dissociation, 2) Mediator is a component of the PIC, 3) Mediator association with the PIC is

very transient under normal conditions, 4) Mediator dissociation is mechanistically linked to

promoter escape, and 5) the transition between PIC formation and Pol II escape is very

rapid.

Our results in vivo and previous findings in vitro strongly suggest a model in which Kin28

phosphorylation of the CTD causes dissociation of Mediator from the PIC, thereby

facilitating promoter escape of Pol II (Figure 7). In the absence of Kin28-mediated

phosphorylation, Mediator dissociation and promoter escape are severely affected. The

transition between the PIC and the process of promoter escape must be rapid under normal

physiological conditions, because Mediator and a peak of Pol II is not easily detected at core

promoters. As CTD phosphorylation at Ser5 severely weakens the interaction of Pol II with

Mediator in vitro, it is highly likely that this is the major (and perhaps exclusive) role of

Kin28 in mediating promoter escape. However, other potential substrates of Kin28 may play

a role, and in this regard, Kin28 can phosphorylate the Med4 and Rgr1 subunits of Mediator

(Liu et al., 2004).

The model in Figure 7 is of interest with respect to a transcriptional reinitiation intermediate

that includes Mediator and is stable in vitro (Yudkovsky et al., 2000). In general, it is

difficult to assess the physiological significance or stability of complexes that are formed

under non-physiological conditions. However, a key feature of this intermediate is that it is

stabilized by a transcriptional activator protein, and presumably involves activator-mediated

recruitment of Mediator to activator binding sites. As the model of Figure 7 pertains to

events at the core promoter, it is likely that the proposed reinitiation intermediate

(Yudkovsky et al., 2000) reflects a different stage of the overall transcription process.
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Promoter escape is differentially limiting at yeast genes and can lead to premature
dissociation of Pol II

Kin28-mediated promoter escape is not essential for Pol II transcription, because we never

observe a gene in which Pol II remains associated at the position of the PIC and does not

traverse the coding region. As such, there must be a Kin28-independent mechanism that

contributes to, but is not sufficient for, the efficient promoter escape that occurs in wild-type

cells. Although Kin28 is presumably a general component of the PIC that phosphorylates

Ser5 of the CTD at all core promoters, Kin28-mediated promoter escape is differentially

limiting among genes. In the absence of Kin28, promoter escape is more limiting at genes

showing a peak of Pol II occupancy at the position of the PIC than at genes with an

upstream shift of Pol II. Interestingly, stronger defects in promoter escape are linked to

lower levels of Pol II association throughout the entire coding region. These observations

suggest that some Pol II molecules delayed in promoter escape prematurely dissociate from

the template, thereby resulting in reduced transcription. This putative premature dissociation

could occur at the level of the PIC and/or at an early stage of initiation.

Kin28 affects PIC formation/stability

One might predict that a defect in promoter escape would result in a longer-lived PIC and

hence an increase in TBP occupancy. In contrast to this prediction, TBP occupancy

decreases at many promoters upon Kin28 depletion, suggesting a defect in PIC formation/

stability and hence transcriptional initiation. The presence of Kin28 at promoters, the rapid

reduction in Pol II occupancy upon Kin28 depletion, and the strong relationship between

TBP occupancy and transcriptional activity (Kuras and Struhl, 1999; Li et al., 1999)

suggests that Kin28 plays an important role in transcriptional initiation. Any role in

transcriptional initiation would involve the kinase activity of Kin28, because a similar

transcriptional defect is observed in the kin28-as mutant strain (Hong et al., 2009; Kim et al.,

2010).

There are two potential mechanisms by which Kin28 could affect PIC formation/stability.

One possibility is that Kin28 directly stabilizes the PIC, presumably by phosphorylating a

component of the basal Pol II machinery. Alternatively, Kin28 might indirectly affect PIC

stability by virtue of its effects on promoter escape and premature Pol II dissociation.

Specifically, premature dissociation of Pol II might result in rapid destabilization of the PIC,

and hence a decrease in TBP occupancy. We favor this second model for two reasons. First,

depletion of Pol II (via anchor-away) results in a rapid and drastic reduction in TBP

occupancy (unpublished observations), indicating that Pol II is required for a stable PIC in

vivo. Second, the linkage of strong defects in promoter escape to strong effects on TBP

occupancy and Pol II transcription is easily explained by the model that invokes premature

Pol II dissociation due to Kin28 depletion. In contrast, if Kin28 directly stabilizes the PIC, it

is not obvious why Kin28 depletion would lead to gene-specific effects on promoter escape

that are linked to transcriptional activity.

Kin28 differentially affects SAGA- and TFIID-dependent transcription

Several observations indicate that Kin28 is more important for promoter escape at SAGA-

dependent genes as compared to TFIID-dependent genes. First, on an overall basis, SAGA-
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dependent genes show a peak of Pol II occupancy at the promoter, whereas TFIID-

dependent genes display a milder upstream shift of the Pol II occupancy profile. Second, in

comparison to TFIID-dependent genes, SAGA-dependent genes show a greater reduction of

Pol II occupancy across coding regions, and hence transcription. Third, as Ser5 and Ser2

phosphorylation levels are comparable between the two classes of genes upon Kin28

depletion, the differential affect is unlikely to reflect a redundant kinase functioning at

TFIID-dependent genes. Thus, while promoter escape is affected for both classes of genes in

the absence of Kin28, escape appears less efficient at SAGA-regulated promoters than at

TFIID-dependent promoters. As a consequence and as discussed above, Pol II would spend

more time at SAGA-dependent promoters, which would increase premature Pol II

dissociation and cause a more significant transcriptional effect.

Why does Kin28 differentially affect promoter escape and transcription at SAGA- and

TFIID-dependent genes? Although the mechanistic basis is unknown, we suggest that

Mediator-dependent inhibition of promoter escape is more pronounced at SAGA-dependent

genes than at TFIID-dependent genes. In this regard, Mediator is recruited much more

strongly by activators of stress-responsive genes (typically SAGA-dependent) than

activators of ribosomal protein genes (typically TFIID-dependent)(Fan et al., 2006), and the

Mediator tail module is functionally more important at SAGA-dependent genes (Ansari et

al., 2012). In addition, the ratio of Mediator to Pol II is higher at SAGA-dependent

promoters as opposed to TFIID-dependent promoters. Thus, the Kin28-mediated differences

between TFIID- and SAGA-dependent genes may simply reflect higher levels of Mediator

at SAGA-dependent genes, perhaps due to the stabilizing effects of activators that

preferentially recruit Mediator. Such relatively higher levels of Mediator would lead to

preferential inhibition of promoter escape at SAGA-dependent genes.

The transition between initiation and elongation in vivo

Based on our results and the assumption that formaldehyde crosslinking of an individual

factor is similar at all stages of the transcription process, we can estimate kinetic parameters

involved in the transition between initiation and elongation in vivo. As discussed previously

(Reppas et al., 2006), the apparent Pol II ChIP occupancy at a given location within the

coding region actually represents the sum of Pol II occupancies for ~150 different positions,

which corresponds to the mean fragment size in the ChIP samples (Fan et al., 2008). As the

Pol II elongation rate is ~30 nt/second (O’Brien and Lis, 1993; Iyer and Struhl, 1996; Mason

and Struhl, 2005), a given level of Pol II occupancy corresponds to ~5 seconds of

transcription. Under conditions with the most severe defect in promoter escape (SAGA-

dependent genes in Kin28-depleted cells), Pol II occupancy at the PIC is roughly

comparable to that observed in the downstream coding region. Thus, under these conditions

of defective promoter escape, we estimate that Pol II spends ~5 seconds at or very near the

position of the PIC.

Our results provide the first measurements of PIC levels in vivo, and they indicate that the

PIC is a very short-lived entity in vivo. We define the PIC as the entity that contains all the

general factors and Mediator, a definition supported by the facts that Mediator is generally

required for Pol II transcription in vivo (Thompson and Young, 1995; Holstege et al., 1998),
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physically associates with the initiating form of Pol II (Svejstrup et al., 1997; Sogaard and

Svejstrup, 2007), and stimulates basal transcription in vitro (Kim et al., 1994; Takagi and

Kornberg, 2006). As such, measurements of Mediator occupancy at the core promoter

represent measurements of PIC levels. At highly active promoters where Mediator

occupancy at core promoters can be measured in wild-type cells, Mediator occupancy

increases ~40-fold upon loss of Kin28. As Pol II spends ~5 seconds at promoters that are

defective in promoter escape and have high levels of Mediator, we estimate that Mediator

spends ~1/8 second in the PIC in wild-type cells (i.e. 40-fold less time to account for the 40-

fold lower observed occupancy). Although we don’t have specific information about the

time it takes between Mediator dissociation and Pol II escape, we infer that it must be < 1

second, because we would expect to see a small peak of Pol II occupancy at the PIC in wild-

type cells if promoter escape were slower. Taken together, the PIC exists for considerably

less than 1 second in vivo in wild-type cells, and promoter escape is very rapid. We note that

Mediator is readily detected at core promoters in mammalian cells (Kagey et al., 2010),

indicating that the PIC is longer-lived than in yeast cells.

In Kin28-depleted cells with high Mediator occupancy at the core promoter, the PIC is much

longer-lived than in wild-type cells. Nevertheless, under these conditions, TBP and TFIIB

occupancy levels actually decrease ~2 fold, such that the TBP/TFIIB:Mediator ratio is ~80-

fold higher in wild-type cells than in Kin28-depleted cells. As the relative occupancy values

of the various PIC components should be independent of PIC levels, this observation

indicates that TBP and TFIIB association in wild-type cells occurs primarily in the absence

of Mediator and Pol II. As a consequence, measurements of TBP and TFIIB occupancy in

wild-type cells largely reflect the amount of a complex in which Pol II has already escaped

but which is suitable for association of a new Pol II molecule and subsequent reinitiation

(Figure 7). As the half-life of TBP occupancy at Pol II promoters in yeast is estimated to be

1–5 minutes (Poorey et al., 2013), a “post-escape” complex is sufficiently stable to permit

multiple rounds of reinitiation (Struhl, 1996). By analogy to a biochemically defined

reinitiation intermediate (Yudkovsky et al., 2000), it is possible that this post-escape

complex could be stabilized by activator, thereby allowing increased activator-dependent

reinitiation. Taken together, our results suggest that although the PIC can be a stable

structure in vitro, it is very transient in vivo, in part because Kin28-dependent

phosphorylation of the CTD causes dissociation of Mediator from the PIC, leading to rapid

escape of Pol II from the promoter.

EXPERIMENTAL PROCEDURES

Yeast strains and growth conditions

Strains used in this study are listed in Table S1. Anchor-away strains were constructed as

previously described (Fan et al., 2011). For the spotting assay, yeast cells were grown to

mid-log phase, and 5-fold serial dilutions of cells were spotted on Synthetic Complete (SC)

solid media with or without 1 μg/ml rapamycin. Cells were grown at 30°C for 48 hours. For

anchor-away, strains were grown in SC liquid media to an OD600nm of 0.4, and rapamycin

was then added at a final concentration of 1 μg/ml for 1 hr. The analog-sensitive mutant,

kin28-as, and its isogenic WT strain were grown in SC liquid media to an OD600nm of 0.4,
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and NA-PP1 (or DMSO as mock treatment) was then added at a final concentration of 5 μM

for 1 hour.

Chromatin immunoprecipitation (ChIP)

Chromatin, prepared as described previously (Fan et al., 2008), from ~4 ml of cells

(OD600nm ~0.5) was immunoprecipitated with antibodies against Pol II unphosphorylated

CTD (8WG16, Covance), Rpb3 (W0012, Neoclone), CTD Ser5-P (3E8, Millipore), CTD

Ser2-P (3E10, Millipore), or FRB (Alexis), c-Myc (9E10, Santa Cruz), TFIIA, TFIIB, TBP,

Tfb1, or Tfb3. Quantitative PCR in real time was performed using primers listed in Table

S1.

ChIP-seq and data analyses

Barcoded sequencing libraries from ChIP DNA were constructed as described previously

(Wong and Struhl, 2011; Wong et al., 2013). Sequence reads were mapped using Bowtie

with the following options: -k 1 --best. The Integrated Genome Browser (Nicol et al., 2009)

was used for visualizing ChIP-seq data, and for the screenshots in Figure 4. Transcription

activity (Pol II level) of a gene was calculated by summing the number of Pol II ChIP-seq

reads within full coding region or the last 200 bp of coding region normalized to the

respective surveyed window size, and is expressed as counts per million mapped reads

(CPM).

To define the active-gene set, genes were first sorted according to their transcription

activities, and the median Pol II level of the bottom 5% of genes is set as the background

level. Genes with Pol II level at least 5-fold higher than the background level in the Kin28

anchor-away strain without rapamycin treatment were selected for subsequent analyses. Pol

II occupancy was calculated by first dividing the Pol II level at a given region over the

background level and then subtracting one from the ratio. For Pol II binding profiles, Pol II

occupancies for each gene were measured by read counts either in windows of 20 bp across

the respective promoter or in 20 windows across its entire coding region. For each window,

the median read count over all active genes was plotted in the overall Pol II binding profiles.

Gene clustering was performed using the Hierarchical Clustering algorithm with Pearson

Uncentered metric (Eisen et al., 1998; Bar-Joseph et al., 2001) from the MeV program

(Saeed et al., 2003). TFIID- and SAGA-dependent genes were defined as in a previous study

(Huisinga and Pugh, 2004). Pol II processivity change for each gene was determined by

comparing the gradient of a linear regression line of Pol II occupancy across 10 sliding

windows of 50 bp covering the coding region between +500 bp to +1 kb relative to the ATG

of the gene before and after rapamycin treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Kin28, the TFIIH kinase subunit, important for promoter escape but not

elongation

• Kin28 depletion dramatically increases Mediator occupancy at the core

promoter

• Stronger defects in promoter escape are linked to stronger transcriptional effects

• TFIIH phosphorylation of the CTD causes Mediator dissociation and promoter

escape
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Figure 1. Kin28 is important, but not essential for transcription
(A) Growth spotting tests for wild-type (WT) and Kin28 anchor-away (AA) strains on rich

YPD media with or without rapamycin at 30 °C for 2 days.

(B) Kin28-FRB occupancy at the indicated promoters in the Kin28-AA and control strains

before and after 1 hour of rapamycin treatment. Averages and standard errors of three

individual experiments are shown.

(C) Percentage of Pol II occupancy remained at the indicated coding regions in the WT,

Spt15-AA and Kin28-AA strains after 1 hour of rapamycin treatment. Averages and

standard errors of three individual experiments are presented.

(D) Changes of Pol II occupancy (measured by Pol II ChIP-seq) at 3′ end of active genes in

the Kin28-AA and Spt15-AA strains upon rapamycin treatment. Numbers of genes are

plotted against the log2 ratios of Pol II levels after rapamycin treatment (+Rap) over Pol II

levels before rapamycin treatment (−Rap).

See also Figure S1.
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Figure 2. Kin28 depletion causes Pol II re-distribution to 5′ ends of genes, but does not affect Pol
II processivity
(A) Overall Pol II ChIP-seq binding profiles of active genes in WT, Kin28-AA, and Spt15-

AA strains before and after 1 hour of rapamycin treatment.

(B) Changes of Pol II processivity (measured between +500–1000) of active genes greater

than 1 kb in length in the indicated strains after 1 hour of rapamycin treatment. Changes of

Pol II processivity are expressed as log2 ratios of gradients of the linear regression lines after

and before rapamycin treatment.

See also Figure S2.
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Figure 3. Kin28 depletion affects PIC formation
(A) TBP and Pol II occupancies at the promoter and the coding regions of three

representative genes were analyzed before and after addition of rapamycin for 1 hour in the

WT and Kin28-AA strains. Results are expressed as percentage of TBP and Pol II

occupancies remained after the rapamycin treatment compared to those without the

treatment.

(B) Time course analysis of TBP, Pol II and Kin28-FRB occupancies at the promoter region

of highly expressed CCW12 upon rapamycin treatment. Values shown are occupancy levels

relative to those before rapamycin treatment (i.e. Time = 0 min). Averages and standard

errors of three individual experiments are presented.

See also Figure S3.
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Figure 4. Kin28 depletion causes heterogeneous transcription effects
(A, B) Pol II ChIP-seq binding profiles and genome-browser display of the indicated genes

in the Kin28-AA strain before (+Kin28) and after (−Kin28) 1 hour of rapamycin treatment.

See also Figure S4.
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Figure 5. Kin28 depletion affects SAGA-dependent transcription more than TFIID-dependent
transcription
(A, B) Cumulative frequency plots of transcription (Pol II occupancy) changes at SAGA-

and TFIID-dependent genes (Huisinga and Pugh, 2004) upon Kin28 depletion in the Kin28-

AA strain or inactivation of Kin28 kinase activity in the kin28-as strain.

(C) Cumulative frequency plots of TFIIB occupancy changes at SAGA- and TFIID-

dependent genes upon Kin28 depletion by anchor-away.

(D) Pol II (blue and red lines) and Kin28-FRB (black line) ChIP-seq binding profiles across

promoter regions (+/− 500 bp from ATG) of active SAGA- and TFIID-dependent genes in

the Kin28-AA strain before and after Kin28 depletion.

(E) Spt16 ChIP-seq binding profiles were plotted for the same regions, as in (D).

See also Figures S5 and S6.
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Figure 6. Kin28 depletion causes dramatic accumulation of Mediator at core promoters of all
active genes
(A) Mediator (Rgr1) occupancy at the core promoters of indicated genes in the Kin28-AA

strain before and after Kin28 depletion. Averages and standard errors of three individual

experiments are presented.

(B) Comparison between TFIIB levels and Mediator (Rgr1) binding changes in the Kin28-

AA strain upon Kin28 depletion. Promoter TFIIB level was determined by the total count of

TFIIB ChIP-seq reads within the 100 bp window centered on the transcription start site. For

Mediator (Rgr1) binding changes, normalized read counts of analyzed promoters after

Kin28 depletion were divided by those before Kin28 depletion and expressed as log2 ratios.
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Only promoters with more than 1000 TFIIB raw counts before Kin28 depletion were

included in the analysis.

(C) Mediator (Rgr1) and TFIIB ChIP-seq binding profiles of active genes in the Kin28-AA

strain before (blue line) and after (red line) Kin28 depletion.

(D) Boxplots of Mediator (Rgr1) to Pol II binding ratios at core promoter regions of active

SAGA- and TFIID-dependent genes in the Kin28-AA strain before (+Kin28) and after

(−Kin28) Kin28 depletion.

(E) Mediator (Rgr1) occupancy at the core promoters of indicated genes in the kin28-as

strain upon inactivation of Kin28 kinase activity by the inhibitor NA-PP1. Averages and

standard errors of three individual experiments are presented.

See also Figure S7.
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Figure 7. Model for the transition between initiation and elongation
The general transcription factors and Mediator assemble at a core promoter to form a pre-

initiation complex (PIC). Upon PIC formation, Kin28-dependent phosphorylation of Pol II

CTD inhibits the interaction between Pol II and Mediator, leading to a rapid dissociation of

Mediator from the PIC, facilitating Pol II escape from the PIC for productive elongation.

Although it is formally possible that Mediator dissociation and Pol II escape from the PIC

occur simultaneously or in the reverse order, we disfavor this possibility as CTD

phosphorylation destabilizes the direct Mediator-Pol II interaction in vitro, and there is no

evidence in vivo for direct stable Mediator-PIC association in the absence of Pol II. After

Pol II promoter escape, a “post-escape” transcription initiation complex, which is relatively

stable (minute time scale), remains bound at the core promoter such that transcription re-

initiation can occur upon reloading of Mediator and Pol II.
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