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The core promoter is defined as the minimal sequence of DNA surrounding the
transcription start site that is required for transcription of mMRNA genes by the eukaryotic RNA
Polymerase Il (Pol 11). Multiple core promoter elements exist in higher eukaryotes, and these
DNA elements make distinct contributions to the combinatorial control of gene expression. The
TATA box is the most ancient and conserved core promoter element, yet it is present in no more
than 20% of Pol 1l promoters. To address the need for in vitro models of TATA-less genes, |
used the Saccharomyces cerevisiae Ribosomal Protein gene promoter RPS5, which lacks a
TATA box, to develop an in vitro transcription system. Using this system to characterize the
requirements of yeast TATA-less promoters, | found that the RPS5 promoter was dependent on
the coactivactor complex TFIID in addition to requiring the TATA-binding protein TBP for
transcription. The general transcription factors (I1A, TBP/TFIID, 11B, IIF, I1E, IIH) and Pol 11
were insufficient to drive transcription from the RPS5 promoter, suggesting that additional
proteins are needed for transcription of TATA-less genes. | further examined the requirement for

DNA binding by TBP both in vitro and in vivo, demonstrating that TATA-less promoters can be



transcribed by TBP deficient in DNA binding. TBP binds to two distinct sites on the RPS5
promoter. Mutational analysis of these binding sites revealed that they are dispensable for in
vitro transcription, while replacement with GC-rich DNA is detrimental. My work has
established an in vitro system with a TFIID-dependent TATA-less promoter and implicated a

more relaxed mechanism of TBP binding on this type of promoter.
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GENERAL INTRODUCTION
Pre-initiation complex formation at the Pol Il core promoter

Transcription of mMRNA in eukaryotic cells is an intricately regulated process that is
initiated by the binding of sequence-specific activator proteins to unique regulatory DNA
elements. Transcription activators orchestrate downstream events leading to mMRNA synthesis by
recruiting chromatin modifying enzymes, coactivator complexes and ultimately RNA
Polymerase Il and its accessory factors termed General Transcription Factors (GTFs). The
transcription cycle progresses through many steps: chromatin remodeling and nucleosome
eviction, preinitiation complex (PIC) formation, promoter melting, promoter escape, productive
elongation, and termination (Fuda et al. 2009). All of these events are the subject of tight
regulatory control.

The recruitment of Pol Il is accomplished by the formation of a stable preinitiation
complex (PIC) consisting of Pol Il and the general transcription factors (GTFs), TBP, TFIIA,
TFIIB, TFIF, TFIIE, and TFIIH on the core promoter (Hahn et al. 2011). The core promoter is
an ~60 base pair DNA sequence surrounding the transcription start site, which is defined as the
minimal promoter element required for correct initiation of transcription in vitro (Smale et al.
2003). Assembly of the PIC takes place in a sequential manner. The first event in core promoter
recognition is the binding of TATA-binding protein (TBP) to the highly conserved TATA box
sequence (Hahn et al. 2011, Thomas et al. 2006). The sequence-specific interactions between
TBP and the minor groove of the TATA box introduce a sharp 90 degree bend in the promoter
DNA, which is critical for the subsequent recognition of this complex by other GTFs (Nikolov et
al. 1994, Nikolov et al. 1996). Other factors, namely TFIIA and TFIIB, recognize the platform

formed by the TBP-TATA complex and enter the PIC. TFIIB is crucial for the recruitment of Pol



Il and the correct positioning of the DNA strands in proximity with the Pol 11 active center.
TFIIF, a heterodimer of Tfgl and Tfg2, joins the PIC along with Pol Il, and has important
functions in proper transcription start site determination and transcription elongation. TFIIE, also
a heterodimer, consists of the Tfal and Tfa2 subunits, and is recruited later (Hahn et al. 2011).
Its complete array of functions is not fully understood yet, but TFIIE is thought to play a role in
stabilizing the open complex, and it also makes important contacts with TFIIH (Grunberg et al.
2012) and Mediator (Esnault et al. 2008). TFIIH is a multi-subunit complex composed of 3
modules with structural and enzymatic activities (Gibbons et al. 2012). It is the last GTF
recruited to the PIC and it plays critical roles in transcription by 1) unwinding the DNA strands
surrounding the transcription start site to form the open complex, and 2) phosphorylating the C-
terminal tail of the largest Pol Il subunit, Rpb1, thus facilitating the transition to promoter escape

(Hahn et al. 2011).

TBP-TATA Box Interactions

Crystal structures of TBP from different species bound to the TATA box DNA have
revealed the fine molecular details of how this factor interacts with and shapes the promoter
DNA (Nikolov et al. 1994, Nikolov et al. 1996, Geiger et al. 1996). TBP is a saddle-shaped
molecule with a concave surface lined with hydrophobic residues. This hydrophobic surface
interacts with the minor groove of the 8-bp TATA box sequence, altering the shape of the
traditional B-form DNA. Importantly, two pairs of conserved phenylalanine residues positioned
on either side of the saddle insert within the DNA strands flanking the TATA box and deform it
into the 90° bend characteristic of the TBP-TATA complex (Pardo et al. 2000). Crystal

structures of TBP with ten naturally existing TATA elements of various transcriptional strengths



demonstrate that the TATA-TBP complex adopts the same conformation in all cases examined.
While TBP can recognize a variety of TATA sequences that differ from the optimal recognition
element, a C or a G in specific positions of the TATA box would result in a steric clash with
residues in the TBP concave surface (Patikoglou et al. 1999). The significance of the TATA-TBP
interaction in transcription activation is underscored by the results of a screen for TBP mutants
deficient in response to activators. Surprisingly, the majority of TBP mutations mapped to the

DNA binding surface and interfered with its ability to recognize the TATA box (Lee et al. 1995).

Diversity of Core Promoter Elements

Aside from the TATA box, the core promoter in metazoan cells contains a number of
other elements that are involved in directing PIC assembly (Smale et al. 2003, Juven-Gershon et
al. 2008b, Juven-Gershon et al. 2006b, Butler et al. 2002). The first indication for this came from
the observation that the TBP-Taf complex TFIID gives an extended DNase | footprint
downstream from the transcription start site of certain promoters, suggesting that there are
elements besides the TATA box that can interact with the transcription machinery in a sequence-
specific manner (Sypes et al. 1994, Nakatani et al. 1990). Further investigation led to the
discovery of the Inr (Initiator), DPE (Downstream Promoter Element), DCE (Downstream Core
Element), and the MTE (Motif 10 element), all of which are conserved from Drosophila to
humans and directly interact with various TFIID subunits (Burke et al. 1996, Burke et al. 1997,
Burke et al. 1998, Kadonaga 2002, Kutach et al. 2000, Lim et al. 2004). Additionally, the BRE
elements, located upstream and downstream of the TATA box (independently or together) are
recognized by the general transcription factor TFIIB (Deng et al. 2005, Deng et al. 2006, Deng et

al. 2007). These and other studies have shown that despite the evolutionary conservation of the



TATA box, it is utilized by a limited number of promoters (approximately 20%), and other

elements are equally important for PIC assembly (Basehoar et al. 2004, Yang et al. 2007).

Core promoters are important regulators of transcription

There is ample evidence that the core promoter is more than a static platform to which the
transcription machinery is recruited; it can contribute to the combinatorial regulation of gene
expression. One of the first indications for this comes from a screen in Drosophila for enhancer
elements that exhibit specificity toward either a TATA- or a DPE-containing promoter. The
results indicated that while the majority of regulatory elements can work in either promoter
context, some enhancers can only activate DPE-containing promoters or TATA-containing
promoters (Butler et al. 2001). A different example using the murine terminal
deoxynucleotityltransferase (TdT) gene, which is essential for early lymphocyte development,
demonstrates that its Inr-containing promoter is strengthened by the insertion of a canonical
TATA element. However, the inserted TATA element is unable to substitute for a nonfunctional
Inr, indicating that these two elements can work together but are not functionally redundant
(Martinez et al. 1995). Another study of the Drosophila Hox cluster, which is a key determinant
of the segment identity of the embryo, provides evidence for promoter selectivity by the ANT-C
enhancer, which preferentially activates a TATA-containing promoter over an equidistant DPE-
containing gene. The insertion of a TATA element in the DPE promoter resulted in its
inappropriate activation by the enhancer, thus showing that core promoter elements are important
players in developmental gene regulation (Ohtsuki et al. 1998). Finally, it was shown that
Caudal, a master regulator of the predominantly DPE-containing Hox genes, has a high

specificity for DPE versus TATA-containing promoters. Caudal’s inability to activate TATA-



containing promoters is determined by the presence of BRE elements flanking the TATA motif
(Juven-Gershon et al. 2008a). It is thus likely that diverse core promoter elements are utilized

differentially during complex developmental pathways to fine-tune gene regulation.

Targeting of TBP to the core promoter by SAGA and TFIID

In addition to its association with the TATA box, TBP is targeted to promoters via its
interaction with coactivator complexes. Coactivators are protein complexes that bridge the
interaction between activators and the basal transcription machinery, and they are essential for
gene expression in vivo and in vitro. In the eukaryote Saccharomyces cerevisiae, two multi-
subunit protein assemblies, TFIID and SAGA, both conserved in higher eukaryotes, are
responsible for delivering TBP to the promoter (Hahn et al. 2011). SAGA stands for Spt-Ada—
Gcenb—acetyltransferase, referring to its multi-modular composition, consisting of activator
binding, enzymatic, Taf-containing, and TBP-binding subdomains (Samara et al. 2011).
Importantly, the SAGA subunits involved in TBP interaction are Spt3 and Spt8, although TBP
does not associate tightly with SAGA (Mohibullah et al. 2008). Yeast TFIID is composed of 14
Tafs and TBP and the overall three dimensional structure and subunit organization of the
complex is conserved from yeast to humans (Hahn et al. 2011). It consists of three major lobes
arranged in a horseshoe shape, with TBP nestled in the inner surface formed by the different
lobes (Leurent et al. 2004). Recent cryo-EM structures of human TFIID have revealed the
structural association between the Tafs which form the core of TFIID (Bieniossek et al. 2013), as
well as the flexibility of the lobes and the interaction of TFIID with promoter DNA (Cianfrocco

et al. 2013).



While both TFIID and SAGA interact with TBP and they share a number of common Taf
subunits, their roles in transcription are not interchangeable. Individual depletion of Tafs
(Moqtaderi et al. 1996), followed by later genome-wide assessment of the effects of Taf
depletion and bioinformatics studies (Shen et al. 2003) have demonstrated that yeast genes have
a preference for TFIID or SAGA: many genes can use either TFIID or SAGA, some can use
both, and a class of genes can use exclusively TFIID or SAGA (Huisinga et al. 2004, Lee et al.
2000). Genes requiring SAGA function are usually classified as strong, inducible promoters,
rapidly activated during conditions of stress. On the other end of the spectrum, a large number of
yeast genes with steady expression during exponential growth are TFIID-dependent (Huisinga et

al. 2004). A similar classification has been made for human genes (Yang et al. 2007)

TFIID is a coactivator and a core promoter recognition factor

TFIID contains the TATA box-binding subunit TBP and a number of Tafs which bind to
other core promoter elements (Hahn et al. 2011, Thomas et al. 2006). Studies with Drosophila
and human TFIID have shown that the binding of Tafs to the Initiator and DPE can occur
independently of binding of TBP to the TATA box, and that all three interactions can synergize
to result in higher than expected levels of transcription when all three elements are combined in
one promoter (Cianfrocco et al. 2013, Parry et al. 2010, Juven-Gershon et al. 2006a). Specific
TFIID-recognition motifs have not yet been defined in yeast (Smale et al. 2003), although this
does not exclude their potential existence. Complementing the in vitro studies defining TFIID-
core promoter interactions, a recent EM structure showing the path of promoter DNA along
human TFIID has solidified the view of TFIID as a complex with many core promoter

recognition modules (Cianfrocco et al. 2013).



In addition to the promoter-binding role of TFIID, its function as a coactivator has been
well documented in studies with different organisms. In vitro studies in mammalian systems
have demonstrated the requirement for TFIID during attempts to obtain activated transcription
using purified GTFs (Dynlacht et al. 1991). Further support for the notion that TFIID interacts
with activators comes from EM structures of yeast and human TFIID in complex with different
activator proteins (Papai et al. 2010, Liu et al. 2009). However, the details of how activators
interact with and bring TFIID to the promoter are not well understood.

Finally, TFIID makes important contacts with chromatin via the interactions of some of
its subunits with modified histone tails. The human Taf3 has a Phd finger domain, which binds to
trimethylated H3K4, and this association is important for recruitment of TFIID during
transcription activation of specific promoters (Lauberth et al. 2013). Along the same lines,
human Tafl has a double bromodomain capable of recognizing acetylated lysines (Jacobson et
al. 2000). These two chromatin binding domains are absent from yeast TFIID (van Ingen et al.
2008, Vermeulen et al. 2007). However, the TFIID-associated protein Bdfl is homologous to the
double bromodomain of higher eukaryote Tafl and binds to acetylated nucleosomes, thus
offering a potential link between TFIID and chromatin (Matangkasombut et al. 2000). A recent
detailed map of yeast transcription factor occupancies places Tafl and Bdf1 in overlapping

regions of the promoter, thus strengthening this claim (Rhee et al. 2012).

The TATA box is not a feature of most core promoter elements
Despite the prevalence of the TATA box as a feature of most promoters studied in
isolation, several high throughput sequencing and bioinformatics studies in yeast and higher

eukaryotes have shown that it is not a widely used DNA element. Extensive mapping of



transcription start sites and promoter elements in humans and mice revealed that the majority of
promoters of genes with constitutive levels of expression lack a well-defined transcription start
site or a TATA box (Yang et al. 2007, Carninci et al. 2006). The class of promoters which
initiate from a single well-defined nucleotide is much smaller and is enriched in highly expressed
tissue-specific genes regulated by a TATA box (Carninci et al. 2006). Studies in yeast have
uncovered a similar trend, with only 10-20 % of promoters classified as TATA-containing.
Interestingly, these promoters are also characterized by high levels of expression induced by
stress and a dependence on the SAGA coactivator. On the contrary, the majority of genes fall
into the TATA-less category and overlap extensively with the class of genes that are TFIID-
dependent and have steady levels of expression (Basehoar et al. 2004). A more recent study of
general transcription factor binding in yeast has questioned the validity of this classification by
determining that in nearly all yeast genes, the location of TBP with reference to the transcription
start site is identical and the sequence utilized has one or two nucleotide differences with the
consensus TATA element (Rhee et al. 2012). However, these results do not speculate whether
the so called “TATA-like” elements found in TATA-less genes function equivalently to a

classical TATA box.

Importance of the UAS for Specifying Coactivator Preferences

There are different views regarding the specification of coactivator preferences of yeast
promoters. One possibility is that the upstream activating sequence (UAS), where transcription
factors bind, is dominant because the activators that bind to it favor the recruitment of one
coactivator complex over another. Support for this model comes from both in vivo and in vitro

studies showing that the yeast acidic activators Gal4 and Gen4 preferentially interact with SAGA



(Bhaumik et al. 2001, Bhaumik et al. 2004, Li et al. 2002, Fishburn et al. 2005, Reeves et al.
2005). In yeast, the ribosomal protein gene (RPG) cluster has served as a useful system for
studying coactivator requirements. These genes are highly expressed in exponentially growing
cells and they are coordinately regulated by a Rap1-containing activator (Mencia et al. 2002).
The majority of RPGs are TATA-less and depend on TFIID for expression (Basehoar et al.
2004). It has been proposed that the UAS, and the Rap1l binding sites in particular, are essential
for the recruitment of TFIID to RPG promoters. Several studies showed that the fusion of a
minimal element from the RPS8A UAS containing just the Rapl sites upstream of a TAF-
independent core promoter is sufficient to confer TFIID-dependence (Mencia et al. 2002, Garbett
et al. 2007). Further evidence for the activator-dependent recruitment of TFIID comes from in
vitro experiments demonstrating the direct interaction between Rapl and several TFIID-specific
Tafs (Garbett et al. 2007, Papai et al. 2010, Layer et al. 2010).The converse has also been
demonstrated by one group who reported that upstream sequences from Taf-independent genes
such as ADH1 and GAL1 cannot recruit Tafs when fused to the TFIID-dependent RPS5 core
promoter, resulting in failure to transcribe the chimeric construct (Li et al. 2002). Finally, several
groups have demonstrated that Tafs are recruited to RPG promoters in vivo in the absence of
functional TBP, suggesting that the interaction between activators and Tafs is direct (Mencia et

al. 2002, Shen et al. 2003).

Role of the Core Promoter in Determining TFIID or SAGA Dependence
However, a different interpretation of the TBP-independent recruitment of Tafs is that
they can interact directly with core promoter elements other than the TATA box, thus allowing

for their independent recruitment. Evidence that the core promoter determines coactivator
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preferences in yeast comes from studies performed in the Ptashne and Green labs. Cheng and
coworkers used in vivo reporter assays to demonstrate that fusions of a Taf-independent UAS
and the TFIID-dependent RPS5 core promoter are TFIID-dependent (Cheng et al. 2002). Shen
and Green came to the same conclusion (Shen et al. 1997). One group found that insertion of a
canonical TATA box in the RPS5 promoter did not alter coactivator requirements when the
endogenous UAS was used, but that a combination of a Taf-independent UAS and a canonical
TATA box converted the RPS5 core promoter to TFIID-independence. Most likely, both the
UAS and the core promoter, including sequences other than the TATA box are important for

specifying the optimal coactivator.

Structure models of the transcription preinitiation complex gleaned from TATA-containing
promoters

Biochemical and structural studies of PICs formed on TATA-containing promoter DNA,
as well as structural studies of GTFs, have generated exquisite models of the PIC structure and
the path of promoter DNA (Miller et al. 2006, Grunberg et al. 2012, Sainsbury et al. 2013,
Lariviere et al. 2012, Kostrewa et al. 2009, He et al. 2013). The positions of the GTFs TBP,
TFIIB, TFIIF, and TFIIE relative to Pol Il have been revealed for the yeast PIC assembled on
HIS4 DNA. Some of the most recent findings are that TFIIE spans the Pol 1 cleft and its
interaction with the SsI2 subunit of TFIIH is important for the positioning of the TFIIH complex
close to the transcription start site in the PIC (Grunberg et al. 2012). Combined with EM
structures outlining the organization of yeast TFIIH (Gibbons et al. 2012), there results pose
intriguing questions about the placement and orientation of the entire TFIIH complex within the

PIC. Other key recent discoveries include the crystallization of the mediator head module
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(Robinson et al. 2012, Lariviere et al. 2012) and the creation of models for the interaction of this
complex with Pol 11 and the rest of the PIC (Cai et al. 2012, Bernecky et al. 2011). These studies
have opened the field for probing the interactions of GTFs with Mediator and ultimately creating

a PIC model that includes the structures of Mediator and TFIIH.

Description of Dissertation

The focus of this work is predominantly on the study of yeast TATA-less promoters. In
chapter one, | describe my initial attempts to use different yeast TATA-less promoters to develop
an in vitro transcription system. | narrow down my efforts to the core sequence of the Ribosomal
Protein gene RPS5 and show that it can be used successfully to isolate active PICs with
transcription start sites corresponding to the in vivo mapped initiating sequences. | further
demonstrate that this promoter requires TFIID for transcription in vitro and it also needs TBP,
despite lacking a TATA box. I show that the requirements for active transcription from this
promoter are different from those of the TATA-containing HIS4 promoter, as RPS5 requires
more than the general transcription factors. The in vitro assembled immobilized transcriptional
templates formed with RPS5 also have unique requirements and the search for these additional
proteins is still ongoing. I also describe results suggesting that the position of the N-terminal
portion of TFIIB might be identical between the RPS5 and HIS4 PICs.

Chapter two explores the position and function of TBP on the TATA-less promoter
RPS5, taking advantage of the developed in vitro transcription system as well as techniques for
in vivo analysis of gene expression. | describe the phenotypes of a panel of TBP mutants along
its hydrophobic DNA-binding surface. | found that the majority of these mutations were able to

support viability of yeast, but show a range of sensitivities to the drug SM (sulfometuron
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methyl), implicating a defect in transcription of genes activated by Gen4. SM is a drug often
used to mimic amino acid starvation and ability to grow in the presence of SM requires a
functional Gen4 pathway. | explore the observed SM phenotypes further by introducing the DNA
binding mutants into a cell that has a temperature sensitive copy of TBP. Upon heat shock, many
of the TBP mutants are able to rescue transcription defects specifically on the TATA-less
Ribosomal Protein genes, but not on the TATA-containing Gen4-dependent genes. These results
correlate with the SM sensitivity phenotypes of the TBP mutants, with SM-sensitive mutants
generally failing to activate transcription of Gen4-dependent genes.

| further characterize the TBP-TATA-less promoter DNA interactions by demonstrating
that TBP can bind to RPS5 and possibly other TATA-less promoters. Mapping the TBP binding
sites on the RPS5 promoter revealed two distinct sites. Surprisingly, deletion of both of these
sequences had no effect on in vitro transcription from the RPS5 promoter, while mutation of both
sites with GC-rich DNA lead to a measurable decrease in transcription.

Chapter three differs from the previous two chapters, as it looks at PIC interactions
formed on the TATA-containing HIS4 promoter. My goal was to find proteins that are in close
proximity to the Rpb5 subunit of Pol 11, testing the hypothesis that the lower jaw of Pol I, close
to the transcription start site, is near the TFIIH complex. | created amber mutations covering the
surface of Rpb5 and used the amber codon suppression system (Chen et al. 2007) to incorporate
the photocrosslinker Bpa at each of these positions. Crosslinking experiments revealed two
positions in the N-terminal domain of Rpb5, Q101 and K122, to crosslink to multiple
polypeptides in the PIC. | also showed that Rpb5 Q101-bpa crosslinks to the small subunit of
TFIIE in a PIC formed with purified factors and | demonstrated that Q101 crosslinks to multiple

polypeptides in vivo. | developed a method to purify Rpb5-Q101 from in vivo crosslinked cells
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and from PICs. While multiple tests failed to detect crosslinking of Rpb5 to TFIIH subunits,

studies are ongoing to identify the crosslinked proteins by mass spectrometry.
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CHAPTER 1: IN VITRO CHARACTERIZATION OF TATA-LESS PROMOTERS

INTRODUCTION

Transcription from most Pol Il promoters rarely involves the use of a classical TATA box
or other well-defined TFIID binding sites (Basehoar et al. 2004, Carninci et al. 2006, Yang et al.
2007), yet in vitro transcription systems tend represent this relatively small fraction of all
promoters. The most convincing examples of in vitro transcription from TATA-less promoters
come from work in Drosophila, where promoters with different elements known to bind TFIID,
such as the Initiator (Inr), Downstream Promoter Element (DPE), and an element which does not
bind TFIID such as the TCT element, have been used successfully in cell-free transcription
systems (Parry et al. 2010). Some human promoters containing an Inr (Martinez et al. 1995), or a
more recently described element, the XCPE2 (Anish et al. 2009), have also been demonstrated to
work in vitro. However, in the yeast Saccharomyces cerevisiae, where the discovery and
characterization of core promoter elements other than the TATA box have proven elusive, no in
vitro transcription system based on a TATA-less promoter has been developed yet. This is a
problem that needs to be addressed, because while yeast is a useful model organism for studying
eukaryotic transcription, most of the current structural and biochemical data has been generated
from TATA-containing promoters, which represent a small class of all yeast genes (20%)
(Basehoar et al. 2004).

The ribosomal protein (RP) gene cluster in yeast is the group of genes which ranks
highest in a genome-wide classification of TATA-less promoters (Basehoar et al. 2004). These
genes are transcribed at very high levels in exponentially growing cells and their levels of

expression are synchronously regulated by the upstream activity of the TOR nutrient sensor
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pathway (Klein et al. 1994). RP gene transcription is rapidly down regulated as a result of
different types of stress. Most RP promoters have upstream binding sites for the transcriptional
activator-repressor Rapl, and Rapl binding has been shown to be essential, but insufficient for
activation (Wade et al. 2004, Zhao et al. 2006). Two other transcription factors, Fhl1 and Ifh1 are
recruited to RP gene upstream sequences in a Rap1-dependent manner and function to activate
transcription from these promoters (Wade et al. 2004, Schawalder et al. 2004, Zhao et al. 2006).
In addition to Rap1l, Fhi1, and Ifh1, a number of other factors have demonstrated roles in RP
gene transcription (Hall et al. 2006, Marion et al. 2004, Jorgensen et al. 2004) and a consensus
for the minimal number of activators needed for transcription from this major class of genes is
yet to be reached.

An important feature of RP genes is that they are among the most dependent on the
general transcription factor TFIID (Huisinga et al. 2004, Shen et al. 2003, Lee et al. 2000). Work
in vivo and in vitro has demonstrated that Rapl binding sites are critical for the recruitment of
TFIID to these promoters and that Rap1 directly binds to several TFIID subunits (Mencia et al.
2002, Papai et al. 2010, Layer et al. 2010, Garbett et al. 2007). While an in vitro transcription
system using an RP upstream activating sequence (UAS) containing Rapl binding sites has been
successfully implemented (Garbett et al. 2007), an in vitro transcription system using a TATA-
less core promoter has not been developed in yeast. In this chapter, | describe my attempts to use
a number of yeast RP and other TATA-less promoters to establish such a system and | show that
the RPS5 core promoter can recapitulate many of the features of TATA-less RP promoters
observed in vivo. | further demonstrate that the requirements for TATA-less transcription differ

significantly from those of TATA-containing promoters.
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MATERIALS AND METHODS

Transcriptionally-competent whole cell extract preparation

Twelve liters of cells were grown in YPAD (1% w/v Difco Yeast Extract, 2% w/v Difco
Peptone, and 3% w/v Dextrose) supplemented with 0.004% w/v Adenine if needed to an ODeoo
of ~2-3. After harvesting by centrifugation, cells were washed once with distilled water and the
combined pellet was transferred to 50 ml conical tubes, frozen in liquid nitrogen and kept at -
80°C until further processing. Cell pellets were thawed in a room temperature water bath,
transferred to ice and resuspended in ~1ml/1g cell pellet cold lysis buffer supplemented with
DTT and protease and phosphatase inhibitors. The lysis buffer composition was as follows: 200
mM Tris-acetate, pH 7.9, 390 mM ammonium sulfate, 20% glycerol, 1 mM EDTA. 1mM DTT,
and inhibitors (0.1 mM PMSF, 2 mM Benzamidine, 2.5 pg/ml leupeptin, 1.5 pg/ml pepstatin, 10
pg/ml TPCK, 10 pg/ml TLCK, 0.2 mM NaF, 0.2 mM B-glycerophosphate, 0.2 mM activated
sodium orthovanadate, 300nM Trichostatin A) were added immediately before use. The
resuspended cell pellets were placed in the chilled chamber of a bead-beater (BioSpec products)
filled half-way with chilled 0.5 mm glass beads (approximately 175 ml beads per 350 ml
chamber) and the slurry was topped off with additional buffer to minimize air bubbles. Cells
were lysed with twelve 30 second pulses and 2 min breaks and kept cold throughout the
procedure. Crude extracts were collected and additional proteins extracted by washing the beads
with 50 ml cold lysis buffer. The combined crude extract was clarified by centrifugation (30 min
16,000xg) to remove cell debris, then spun at 4°C for 3 hours at 200,000xg in a Beckman 50.2
Ti rotor. The clarified extract was transferred to a glass beaker, solid ammonium sulfate ground
to a fine powder was added to 0.337 g/ml and the mixture was stirred 30 min at 4°C. The

precipitated proteins were harvested by ultracentrifugation (15 min at 200,000xg in a Beckman
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50.2Ti rotor at 4°C) and resuspended slowly in a minimal amount of cold dialysis buffer (20mM
Hepes, 7.9, 20% glycerol, 10 mM magnesium sulfate, 10 mM EGTA, 5 mM DTT, inhibitors),
approximately 1 ml/L culture. The whole cell extract was dialyzed against three 1L changes of
dialysis buffer until the conductivity of the extract diluted at 1:200 was less than 100 uS/cm. The
resulting whole cell extract was clarified at 27,000xg and stored at -80°C. For the preparation of
TFIID-depleted whole cell extracts, yeast strain Shy343 (Taf11ts) and the isogenic wild type
strain Shy 342 were grown at 25°C until reaching the correct OD. Upon harvesting, the cells
were resuspended in the equivalent amount of 37°C YPAD media and incubated in a 37°C

shaker for 1 hour. The remainder of the whole cell extract procedure was unmodified.

Immobilized template assay

DNA templates were generated by PCR from pNM2 or pSH515 (containing the RPS5 core
promoter and HIS4 core promoters respectively, cloned between the Xhol and BamHI restriction
sites of pSH515) with primers pBi0965 (biotin-TAATGCAGCTGGCACGACAGG) and pNOT
(GGCCGCTCTAGCTGCATTAATG). The 651 and 629-bp products were used to generate
immobilized templates as described previously by (Ranish et al. 1999) For transcription from the
immobilized RPS5 promoter, the protocol was modified slightly: PICs were formed using 240 pg
whole cell extract supplemented with 30 — 120 pg nuclear extract per 2x PIC (50 pl reaction).

The rest of the protocol was identical for HIS4 and RPS5.

TFIID purification via TAP tag
TFIID complex was purified from yeast strain Shy626 expressing a TAP-tagged Taf13. 12 L of

culture was grown in YPD (3% Dextrose) to OD600 ~ 2.0 and harvested by centrifugation. The
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cell pellet was washed in 200 ml cold TAP extraction buffer (40 mM HEPES 7.5, 10% glycerol,
150 mM NacCl, 0.1% Tween 20) without protease inhibitors or DTT, and resuspended in 150 ml
cold TAP extraction buffer with DTT and protease inhibitors. Cells were lysed in a bead beater
(BioSpec Products) as described for WCE preparation and the supernatant clarified by
centrifugation in FL14 rotor (~ 15,000 x g 30 min at 4°C). The clarified supernatant was
subjected to ultracentrifugation in a fixed angle 50.2 Ti rotor (Beckman) at 150,000 x g for 90
min at 4°C. The supernatant was either quick frozen in liquid nitrogen and stored at -70°C until
further processing, or directly used for 1gG purification. 2.5 ml 1gG Sepharose beads (GE
Healthcare) were washed 3 times with 14 ml TAP extraction buffer and resuspended in TAP
extraction buffer to a total volume of 8 ml. The IgG bead slurry was added to the whole cell
extract and incubated on a roller at 4°C overnight. The beads were collected by centrifugation
and the volume was brought down to ~10 ml by dumping the flow through whole cell extract.
The slurry was transferred at 4°C to a 5/8” diameter by 5 length econocolumn connected to
PE160 tubing attached to the bottom of the column. After draining the depleted extract, the 1gG
beads were washed with 5 x 10 ml TAP extraction buffer, followed by 4 x 10 ml TEV cleavage
buffer (10 mM Tris pH 8, 150 mM NaCl, 0.1% NP-40, 0.5 mM EDTA, 10% glycerol). The IgG
beads were resuspended in 4 ml TEV cleavage buffer and transferred to a 15 ml screwcap tube.
25 ug TEV protease were added and the slurry was incubated overnight on a roller at 4°C. 1 ml
Calmodulin agarose beads (Stratagene) were equilibrated by washing 3 times with 14 ml
Calmodulin binding buffer (15 mM HEPES pH8, 1 mM MgOAc, 1 mM Imidazole (high purity),
2 mM CaCly, 0.1% NP-40, 10% glycerol, 150 mM NacCl). The IgG resin suspension cleaved
overnight was transferred to the econocolumn described above and the supernatant collected in a

screwcap tube. The column was washed with 3 column volumes (~ 7.5 ml total) of calmodulin
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binding buffer and the wash was combined with the supernatant obtained from TEV cleavage.
8.6 ul 1M calcium chloride was added to the combined flow through and wash fractions and the
pooled TEV eluate was added to 1 ml equilibrated calmodulin agarose beads. After a 4 hour
incubation at 4°C (or overnight), the beads were washed twice with 14 ml calmodulin binding
buffer, centrifuging each time to pellet the beads and incubating each wash ~5 min at 4°C. The
beads were then washed 3 times with 14 ml each calmodulin wash buffer and resuspended in 3
ml calmodulin wash buffer (identical to calmodulin binding buffer, but detergent and protease
inhibitors can be omitted if needed). The resultant slurry was transferred to a 10 ml disposable
column (BioRad) with the flow rate adjusted to ~0.5 ml/min. The bound TFIID complex was
eluted by sequential addition of 11 0.5 ml fractions of room temperature calmodulin elution
buffer (15 mM HEPES pH8, 1 mM MgOAc, 1 mM Imidazole (high purity), 2 mM EGTA, 10%
glycerol, 150 mM NacCl). The elution procedure was carried out at room temperature. Fractions
were analyzed by silver staining and the desired peak fractions pooled. Unless otherwise
specified, DTT (1 mM final concentration) and protease inhibitors (same as used in nuclear

extract preparation) were added to all buffers immediately before use.

TFIID purification by Flag affinity resin

TFIID was purified from yeast strain Shy763 with a 3 x Flag epitope on Tafl and Taf3. 4 L of
culture grown to OD600 3-5 were used and the method for “Large-scale minichromosome
preparation for MS analysis” described in (Akiyoshi et al. 2009) was followed. TFIID was eluted
from the Flag Dynabeads competitively in 3 elutions (15 min at room temperature with nutation)

using 150 pg/ml 3 x Flag peptide (Sigma) diluted in BH150 buffer.
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Crude TFIID purification by Flag-agarose affinity resin

~ 500 pl of whole cell extract prepared from yeast strain Shy763 expressing 3 x Flag-tagged
Tafl and Taf3 was dialyzed for 1 hour at 4°C into WCE dialysis buffer (described in WCE
preparation) supplemented with protease inhibitors to remove DTT. 120 ul of Flag M2 agarose
bead slurry (Sigma) equilibrated in dialysis buffer were added and the extracts incubated for 1.5
hours at 4°C. The depleted WCE was added to a fresh batch of M2 beads (120 ul) and the 1.5
hour incubation was repeated. The beads from the two consecutive depletions were combined
and washed twice in 1 ml dialysis buffer supplemented with protease inhibitors. Bound TFIID
was eluted competitively by incubation with 120 pl 3 x Flag peptide (Sigma) at 0.25 pg/ul for 20
min at room temperature with nutation. The elution was repeated once and the eluates were

frozen on dry ice and stored at — 70 °C.

TBP purification

TBP core (A aa 2-60) or full length TBP were expressed as N-terminal SUMO-fusion proteins
from pIK8 (6 x HIS-SUMO-TBP in pET 21a) and pIK12 (6 x HIS-SUMO- A2-60 TBP in pET
21a) in E. coli strain BL21(DE3)RIL. 2 L of cells were grown at 37 °C in 2xYT media
supplemented with 50 pg/mL Ampicillin until reaching OD600 ~ 0.7. Expression was induced
with 1 mM IPTG for 3 hours at 37 °C. Cells were collected by centrifugation, washed in 50 ml
lysis buffer (30 mM Tris-HCI, pH 7.5, 500 mM KCI, 40 mM imidazole, 10% glycerol),
resuspended in 30 mL lysis buffer, quick frozen in liquid nitrogen and stored at -70°C until
further use. DTT and PMSF were added to the thawed pellet to a final concentration of 1 mM
each and cells were lysed by sonication. The resulting lysates were clarified by centrifugation

and incubated with 2 ml equilibrated nickel-sepharose beads (GE Healthcare) for 1 hour at 4°C.
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After collection, the beads were washed 4 times with lysis buffer (10 minutes at 4°C per wash)
and the bound protein eluted in 4 x 4 ml fractions (elution buffer: 30 mM Tris 7.5, 500 mM KClI,
500 mM imidazole, 10% glycerol). After pooling the appropriate fractions, the protein was
dialyzed into SUMO cleavage buffer (30 mM Tris-HCI 7.5, 300 mM KCI, 10% glycerol) over
the course of 3 hours at 4°C with 3 x 1L buffer changes. The dialyzed protein was spun to
remove precipitated material, recombinant SUMO protease was added to a final concentration of
~2.2 pg/ml, and digestion was carried out for 3 hours at 4 °C. The SUMO tag and protease were
removed by incubating the cleaved protein with nickel-Sepharose beads (reserved from nickel-
Sepharose purification step) for 1 hour at 4°C. The flow through and a 4 ml wash in lysis buffer
were pooled. The salt concentration of the digested protein sample was reduced to 100 mM and
the protein was purified on a Source 15S column equilibrated in 5% Buffer B (20 mM Tris-HCI
pH 7.8, 100 mM KCI, 10% glycerol) over a gradient from 100 mM to 500 mM KCI. Fractions
were analyzed by Coomassie staining, pooled and concentrated in Amicon Ultra or YM-10
concentrators with 10K molecular weight cutoff (Millipore). 1 mM DTT was added to all buffers

immediately before use.

In vitro transcription and primer extension

In vitro transcription reactions were performed in a 25 pl reaction containing 20 mM HEPES
(pH 7.6), 100 mM potassium acetate, 1 mM EDTA, 5 mM magnesium acetate, 3 mM
dithiothreitol (DTT), 1 pl nucleoside triphosphates (NTPs) (10 mM each) 38 mM creatine
phosphate, 0.03 units creatine phosphokinase, and 4 units RNase Out (Invitrogen). One
microliter of supercoiled plasmid DNA template (150 ng for pSH515, 300 ng for all TATA-less

promoter constructs) was added to each reaction mixture, along with 24 ng recombinant Gal4-
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VP16 activator, and the activator and DNA were allowed to interact for 10 min at room
temperatures. Transcription was initiated by addition of 150 -250 pg whole cell extract or
purified factors (68 ng TBP, 26 ng TFIIB, 54 ng TFIIF, 12 ng TFIIE, 85 ng TFIIH, and 280 ng
Pol I1) and allowed to proceed for 40 min at room temperature. 180 pl stop mix consisting of 100
mM sodium acetate, 10 mM EDTA, 0.5% SDS, and 17 pg/ml tRNA (Sigma) was added to stop
the reaction. Reaction mixtures were phenol-chloroform (2:1) extracted once, and the RNA was
ethanol precipitated, washed in 80% ethanol, and dried in a speed vac. The pellets were
resuspended in 10 pl primer annealing mix containing 5 mM Tris (pH 8.3), 75 mM potassium
chloride, 1ImM EDTA, and either 32P-labeled lacl primer (~5 x 10° cpm) or 65 uM 700IR
fluorescently labeled lacl (Li-Cor Biosciences). Reaction mixtures were incubated for 45 min at
48°C (32P-labeled lacl) or 55°C (700IR-lacl). Next, 20ul cDNA synthesis mix (25 mM Tris pH
8.3, 75 mM potassium chloride, 4.5 mM magnesium chloride, 15 mM DTT, 150 uM
deoxynucleoside triphosphates (ANTPs), and 100 units MMLV-RT (Invitrogen)) was added to
each reaction mixture, and the mixture was incubated for 30 min at 37°C. Reactions were
stopped by ethanol precipitation. The pellets were washed with 80% ethanol, dried, resuspended
in 3 pl RNase A (40 pg/ml), and incubated for 3 min at room temperature before the addition of
3 ul formamide loading dye containing bromophenyl blue. Just before electrophoresis, samples
were heated for 1 min at 90°C, transferred to ice, and run on denaturing 8% acrylamide gels.
Gels were visualized with a Phosphorimager (32P; Molecular Dynamics) or with an Odyssey

scanner (700-IR; Li-Cor).

FeBABE cleavage assays
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TFIIB-FeBABE derivatives were assembled into PICs by using immobilized template DNAS
derived from pSH515 (HIS4) and pNM2 (RPS5) essentially as described in (Chen et al. 2004). A
mixture of whole cell extract and nuclear extract was used in the formation of PICs on the RPS5
immobilized template. Cleavage assays and analysis of cleavage products were performed as

described previously (Eichner et al. 2010).

Sequencing analysis of transcription start sites

In vitro transcription / primer extension was carried out using the pNM2 plasmid template as
described in In vitro transcription and primer extension. The resulting single-stranded DNA was
resolved on a denaturing 8% acrylamide urea gel. A sequencing reaction using the pNM2
plasmid template and 32-P-labelled lac | primer was carried out using a Sequenase 2.0 DNA
sequencing kit (USB) following the manufacturer’s protocol and run adjacent to the primer

extension reactions.

RESULTS
Initial attempts for in vitro transcription with different TATA-less promoters

The biochemical characterization on TATA-less promoters has been hindered by a lack
of a model promoter with strong activity in vitro. My initial work focused on establishing a
robust in vitro transcription assay with a TATA-less promoter that could serve as a model for this
promoter type. | tested a number of different TATA-less promoters, designated as such by
computational methods (Basehoar et al. 2004) (Table 1). The majority are ribosomal protein
genes, which are characterized by high levels of expression in vivo (Warner 1999), thus making

them good potential candidates for strong promoter activity. The upstream regulators necessary
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for the expression of these genes are poorly understood, which is why we tested two types of
promoter constructs: core (-200 bp to ATG translation start site) and UAS+core (-500 bp to ATG
translation start site). All the constructs summarized in Table 1 were inserted into a vector
backbone with a single Gal4 binding site 37 bp upstream of the point of insertion. This allowed
us to assay the activity of the different promoters in the presence or absence of recombinant
Gal4-VP16 activator. Of all the promoters tested, only three showed promising in vitro
transcription activity: RPS5, RPL25, and HIS3.

The HIS3 promoter has been characterized previously as having a canonical TATA box,
which drives transcription from a downstream transcription start site, +13, and a non-canonical
TATA-like element which drives transcription independently from an upstream +1 start site (lyer
et al. 1995). While I was able to observe these in vivo characterized start sites in an in vitro
transcription with the HIS3 promoter, when | mutated the canonical HIS3 TATA box, activity
from both sites was abolished completely (data not shown). My result suggested that the HIS3
transcription that | observed in vitro was driven by a canonical TATA element, thus yielding this
promoter inappropriate for studying TATA-less transcription. | chose to focus on the RPS5 core

promoter, because the results obtained with it were the most consistent.

The yeast TATA-less promoter RPS5 functions in vitro

The RPS5 promoter construct used throughout this work is shown as a schematic in
Figure 1A. The majority of the in vitro transcription assays were performed with a supercoiled
plasmid template containing this promoter and a single upstream Gal4 binding site and assayed
by primer extension. Transcription using this promoter and a standard nuclear extract resulted in

poor activity (Neeman Mohibullah, Steve Hahn, unpublished results). However, | was able to
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adapt a published procedure for yeast whole cell extract preparation (Garbett et al. 2007) that
resulted in high activity from the RPS5 promoter when recombinant Gal4-VP16 activator was
included (Figure 1B, lanes 2-4). The basal transcription levels from this promoter were very low
or undetectable (Figure 1B, lane 1). Addition of a-amanitin inhibited transcription,
demonstrating that the observed transcripts were due to Pol Il activity.

In order to verify that the observed primer extension products are indeed initiating from
the correct transcription start sites, primer extension reactions of RPS5 plasmid transcription
were resolved on a high-resolution sequencing gel and the start sites were mapped to base pair
accuracy (Figure 1C). These start sites matched the start sites from this promoter mapped in vivo
using high throughput sequencing technologies (Zhang et al. 2005). In addition, I carried out in
vivo primer extension on the RPS5 promoter and found that the primer extension products from
this reaction matched the in vitro detected start sites (not shown). There results suggest that in
vitro transcription from the RPS5 core promoter models the in vivo activity.

Biochemical assays to characterize the structure and assembly mechanism of a PIC on a
TATA-less promoter require the isolation of a stable complex. | was able to show that PICs
isolated on immobilized RPS5 promoter DNA retain their activity after washing away unbound
proteins (Figure 1D). The immobilized HIS4 promoter serves as a control for a stable TATA-
driven promoter. For either promoter, washing immobilized PICs before initiating transcription
resulted in minimal loss of activity (compare lanes 1, 2 to 3 ,4 for HIS4 and 5,6 to 7, 8 for RPS5)
and the intensity of the bands suggest comparable levels of transcription from both promoters.
Thus, the RPS5 core promoter can serve as a useful biochemical tool for in vitro studies of

TATA-less promoter organization.
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The RPS5 core promoter is TFIID-dependent and SAGA-independent in vitro

Coactivator requirements for the RPS5 promoter have been studied extensively in vivo,
providing convincing evidence that TFIID-specific Tafs are enriched on this promoter and
required for transcription, while SAGA inactivation has modest to no effect (Shen et al. 1997,
Huisinga et al. 2004). To test whether these observations held through in the in vitro
transcription system, | used a yeast strain harboring a Taf11 temperature-sensitive mutation
(Komarnitsky et al. 1999). Shifting this mutant to the restrictive temperature results in severe
defects in the expression of TFIID-dependent genes. Whole cell extracts prepared from the
Tafl1ts strain grown at 37°C were deficient in transcription from the RPS5 promoter (Figure 2A,
lane 3). Addition of TFIID, highly purified via TAP tag, restored transcription to wild type
levels, (Figure 2A, lane4), while addition of purified TBP or SAGA did not (not shown),
suggesting that the transcription defect is due to depletion of TFIID-specific Tafs. Interestingly,
when a crudely purified TFIID, immunoprecipitated from a whole cell extract via Flag tag, was
used to rescue transcription, it resulted in transcription levels much higher than observed in the
wild type extract. A mock-purified TFIID from an untagged strain had no effect. This strong
stimulation of transcription by a crude TFIID fraction was observed repeatedly with different
TFIID preparations, implying that a TFIID-interacting factor may be responsible for enhancing
transcription from the RPS5 promoter.

To test the effect of SAGA depletion on RPS5 transcription in vitro, | prepared a whole
cell extract from an Spt7 deletion strain. Deletion of this SAGA subunit has been shown to
disrupt the integrity of the complex (Wu et al. 2002). Therefore, we thought that extracts
prepared from an Spt7A strain would be deficient in SAGA activity. We observed that the Spt7A

extract was functional on the RPS5 promoter and that addition of purified SAGA did not
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promote transcription and was inhibitory at high levels (Figure 2C). It is, however, likely that the
inhibition by SAGA is due to high amounts of salt in the buffer, as transcription from RPS5
appears to be more sensitive to salt concentration. In addition, experiments done at a later time
demonstrated that Spt7 deletion does not lead to loss of SAGA activity on naked DNA templates
in vitro (Yan Han, unpublished). Therefore, this approach to testing the requirement of RPS5 for
SAGA is inconclusive. Deletion of another SAGA subunit and assessing the effects on SAGA

depletion in the context of chromatin might be more appropriate.

TBP is required for transcription from RPS5

Because the RPS5 promoter lacks a well-defined TATA box, it was important to
investigate whether TBP is required for transcription. To answer this question, | used a whole
cell extract from a TBP mutant strain, 1143N, which has been demonstrated previously to be
deficient for in vitro transcription on the HIS4 promoter (Ranish et al. 1999). This extract was
unable to transcribe the RPS5 promoter either (Figure 3, lane 2). Supplementing reactions with
recombinant purified TBP restored transcription (Figure 3, lanes 3-6), as did the purified TBP
core (Figure 3, lanes 7-10), which has a 60 amino acid deletion in the N-terminal portion of the
protein. The truncated version of TBP was used, because it had been shown previously to have
comparable activity to the full length protein (Zhou et al. 1995) and TBP mutants used in
subsequent experiments were found to be more stable in TBP core. These in vitro transcription
results demonstrate that even though RPS5 lacks a TATA box, it still requires TBP to initiate

transcription.

General transcription factors are insufficient for RPS5 transcription
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In vitro transcription from promoters with a canonical TATA box, such as the HIS4
promoter, can be accomplished by a minimal set of highly purified general transcription factors
(TFs): TBP, TFIIB, TFIIF, TFIIE, TFIIH, and Pol 11 (Fishburn et al. 2012). Therefore, we asked
whether this was true for the RPS5 promoter. Attempts to use purified factors on the RPS5
promoter demonstrated that the general transcription factors alone are insufficient to generate
transcripts from RPS5 (Figure 4A lanes 3 and 7). Supplementing the purified factors with
recombinant TFIIA or purified TFIID did not promote transcription either. Only upon addition of
whole cell extract (WCE) and Gal4-VP16 was active transcription achieved. These results imply
that (a) critical factor(s) required for RPS5 transcription is(are) missing from the set of purified
factors, or that an important post-translational modification is lost during the recombinant
expression.

Additional attempts were made to uncover the requirements for basal transcription from
the RPS5 promoter. When TFIID and TFIIA were added to a TFIID-depleted extract,
transcription was restored (Figure 4B top, lanes 2-4). However, a combination of the general
transcription factors, TFIID, and another coactivator, Mediator, did not produce transcripts from
RPS5 (Figure 4B top, lane 7). It is interesting to note that the extracts and purified transcription
factors tested on RPS5 show very different activities when used on the HIS4 promoter. Purified
TFIID is active on the HIS4 promoter, but TBP alone is even more efficient (Figure 4B, bottom,
lanes 7 and 8), while TBP alone is not sufficient for transcription from RPS5. These results
suggest that there is an additional factor other than the general transcription factors, TFIID, and
Mediator, which is needed for RPS5 transcription. The above experiments highlight the fact that

TATA-less and TATA-dependent promoters have different transcription requirements.
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Characterizing in vitro transcription from RPS5 immobilized promoter DNA

Exploring the requirements for transcription from PICs formed on immobilized RPS5
promoter DNA provided further evidence that TATA-less promoters have distinct biochemical
features. When a HIS4 immobilized template is used to form PICs with a nuclear extract, these
complexes are highly stable to washes and retain their ability to function as active transcription
complexes. In contrast, my first attempts to form PICs on the RPS5 promoter using a whole cell
extract, determined to be more active on this promoter, resulted in loss of activity upon washing
(Figure 5A). I also found that the addition of actinomycin c1 during the primer extension step of
the reaction resulted in lower activity on either promoter, thus discontinuing its use.

To find conditions that supported stable PIC formation on RPS5, | tested a variety of
factors for the ability to stabilize PICs on this promoter. | found that addition of purified factors
or TFIID before washing the PICs had no effect on their stability, and neither did supplementing
PICs with those factors after washing (Figure 5B and not shown). This eliminated the possibility
that loss during washing steps or insufficient amounts of these proteins are the reasons why
RPS5 PICs are unstable to washes. Surprisingly, adding a small amount of nuclear extract to
RPS5 PICs, in addition to the whole cell extract, resulted in transcription activity that was stable
to washes (Figure 5B, lanes 3, 6, and 7). It is also interesting to point out that when a nuclear
extract was used to form PICs on RPS5, these complexes had no transcription activity unless
they were washed, which rendered them somewhat active (Figure 5B, lanes 1 and 2). It is unclear
why this effect was seen repeatedly, but one possibility is that the washing steps remove an
activity present in nuclear extracts that is inhibitory to RPS5 transcription. Finally, | observed
that including Mediator in the PIC formation reactions had a small, but reproducible positive

effect on PIC stability (Figure 5B, lane 9).
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Comparing the immobilized template results obtained with RPS5 to the HIS4 promoter
further supports the claim that these two promoters have different requirements for formation of
stable active PICs. Like RPS5 PICs, complexes formed on HIS4 with a whole cell extract were
not stable. However, in contrast to RPS5, addition of whole cell extract to HIS4 PICs did not
enhance their stability (Figure 5C). Another observed difference was that the activity of HIS4
complexes formed with a nuclear extract was not enhanced by washing the PICs, as was
observed with RPS5.

| used the immobilized template assay to ask whether the general transcription factors
were stably associated with the RPS5 promoter. Western blots of washed PICs eluted from RPS5
demonstrate that all factors tested, namely Rpb1 (Pol I1), Rpb2 (Pol Il), Tfg2 (1IF), Tfa2 (I1E),
Kin28 (I1H), TBP, and Toa2 (TFIIA), were associated with RPS5 (Figure 6). The recruitment of
these proteins to the promoter was enhanced by the presence of VP16 activator. Since multiple in
vivo reports have demonstrated that TFIID is found in higher levels at the RPS5 promoter than at
the promoters of TATA-dependent genes (Mencia et al. 2002, Huisinga et al. 2004), | was
hoping to observe this difference in vitro as well. However, results were obscured by any
background binding to the DNA and by the fact that high levels of cofactors are recruited by the
VP16 activator.

With these experiments, | demonstrated that the RPS5 promoter can be used to isolate
active transcription complexes in vitro and that there are significant differences in the

biochemistry of PICs formed on HIS4 and RPS5 that need to be explored.

Position of the TFIIB N-terminal region is maintained in the RPS5 PIC
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After developing a method for the isolation of active transcription complexes on the
RPS5 promoter, it became possible to ask questions about the structural organization of the PIC.
| used a previously established hydroxyradical cleavage (FeEBABE) assay (Chen et al. 2004) to
compare the position of TFIIB in the HIS4 and RPS5 PIC. Cleavage induced by probes that were
attached to unique residues in TFIIB was detected by western blotting of specific PIC
components. Residues positioned in the zinc ribbon (R37 and S53) and B-finger (S61 and S67),
the two N-terminal regions of TFIIB, cleaved Rpbl1 and Rpb2 at identical positions whether the
PIC was formed on the HIS4 or RPS5 promoter (Figure 7). However, residues in the core domain
of TFIIB (M135 and 1145) only cleaved Rpbl and 2 in the HIS4 PIC ((Chen et al. 2004), Table
2). These results raise the possibility that the interaction between Pol 1l and the TFIIB N-terminal
domains, which is very well conserved among species and other RNA polymerases which use a
B-type factor (Chen et al. 2003), has remained unchanged in the RPS5 PIC. The position of the
core domain of TFIIB may still be different, because it is unclear what the path of the promoter
DNA is in this TATA-less gene. However, due to unresolved difficulties with the immobilized
template assay on the RPS5 promoter, it is not possible to draw such a conclusion without

additional experiments.

CONCLUSIONS

The results presented in this chapter demonstrate that the RPS5 core promoter can be used
successfully to study TATA-less transcription in vitro. Transcription observed from this
promoter is dependent on TFIID and TBP, while the general transcription factors, TFIID, and
Mediator are insufficient for transcription. The RPS5 promoter can be used to purify stable

transcription complexes formed with a combination of nuclear and whole cell extracts. Initial
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probing of PICs formed on the RPS5 core promoter using hydroxyradical cleavage probes in the
N-terminal regions of TFIIB suggests that at least part of the Pol 11-1IB interface is identical to

what was observed in TATA-containing promoters.



Table 1 List of TATA-less promoters used for in vitro transcription studies

Promoter Type Gal4 binding site In vitro
transcription
RPS5 | Core Yes Yes
Core+UAS Yes No
RPL5 | core Yes Very weak
RPL9a | Core Yes No
Core+UAS Yes No
RPL25 | Core Yes Yes
RPL37a | CoretUAS Yes No
RPL40a | Core Yes No
Core+UAS Yes No
RPS11b | Core Yes No
Core+UAS Yes No
TUB2 | Core Yes No
TRP3 | Core Yes No
HIS3 | Core Yes Yes (TATA-

driven)



Table 2 Summary of cleavage experiments performed with different TFIIB FeBABE derivatives

in PICs formed on the HIS4 and RPS5 promoters.

Cleavage products were detected in the Rpbl and Rpb2 subunits of Pol Il. NR* indicates an
interesting cleavage pattern which was observed, but could not be reproduced. It may be
interesting to repeat with an optimized immobilized template on the RPS5 promoter.

Cleavage detected: | IIB-FeBABE: HIS4 RPS5
Rpb1 C-terminal R37C + +
S53C + +
S61C + +
1145C - -
Rpbl1 N-terminal R37C + +
S53C + +
S61C -1+ -1+
1145C - -
Rpb2 N-terminal R37C + +
S67C + -1+
Rpb2 C-terminal R37C + -[+
S53C + -
D88C + -
D103C + NR*
M135C + NR*
1145C + NR*
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CHAPTER 2: POSITION AND FUNCTION OF TBP ON THE YEAST TATA-LESS

PROMOTER RPS5

INTRODUCTION

Some of the major unanswered questions regarding transcription from TATA-less
promoters concern the role of TBP. Does TBP bind to TATA-less promoters? If so, where does it
bind? Is the binding as important for transcription as it is in TATA-containing promoters? Is
TBP even near the DNA of TATA-less promoters? There is some experimental evidence which
suggests that the DNA binding role of TBP may not be critical for transcription from TATA-less
promoters and that other factors, namely the Taf subunits of TFIID are involved in the initial
recognition of TATA-less promoters. Early work in the human system showed that a TBP
mutant defective in TATA box binding fails to transcribe a TATA-containing promoter, yet is
active on a TATA-less Inr-containing promoter in the context of the TFIID complex (Martinez et
al. 1995). In addition, chromatin immunoprecipitation experiments in yeast have made the case
that the TATA-less TFIID-dependent RP promoters have a high occupancy ratio of Tafs to TBP,
while TATA-containing TFIID-independent genes have a low Taf to TBP ratio (Mencia et al.
2002). These results lead us to hypothesize that the DNA-binding function of TBP is not required
for transcription from TATA-less promoters. | tested this idea by generating a panel of mutations
in the DNA binding surface of TBP and assessing their ability to function in transcription on
TATA-less and TATA-containing promoters. In addition, | made the surprising discovery that
while TBP can bind to the TATA-less RPS5 promoter at two distinct sites in vitro, deletion of

these binding sites had no effect on transcription.
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MATERIALS AND METHODS

Yeast strains

All strains used for viability assays and qPCR analysis are derivatives of the TBP shuffle strain
SHY737. Strains were constructed by transformation by lithium acetate followed by plasmid

shuffling by 5-FOA selection.

Yeast culture and manipulations

Yeast were grown under standard conditions in rich media (YPD, 3% Dextrose) or Glucose
Complete (GC) media with 2% dextrose and lacking the appropriate amino acids. For inductions
of Gen4-dependent genes, cells were grown in GC media lacking isoleucine and valine and
induced with 0.5 pg/ml sulfometuron methyl (SM) in dimethyl sulfoxide (DMSO) for one hour.
Experiments with TBP* mutants were carried out by growing cells to ODeoo ~ 0.8 at 25°C and
shifting cells to 37°C for 30 minutes, followed by a one hour SM induction at 37°C. Viability
assays were carried out on GC plates lacking isoleucine and valine with or without 3 pg/ml SM.
Five-fold serial dilutions were spotted and plates were incubated at 30°C for 2 days before being

photographed, with the exception of SM plates which were photographed after 5 days.

Design and generation of mutations on the DNA-binding surface of TBP

Mutations in the DNA-binding surface of TBP were based on previously published reports of
conserved residues involved in DNA binding (Kim et al. 1993, Tan et al. 1996, Lee et al. 1995,
Reddy et al. 1991). We selected specific residues based on their position along the TBP-TATA
interface, which was analyzed using the visualization tools PyMol and Unix 3D. The selected

residues were changed to alanine, under the assumption that more drastic changes such as
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insertion of bulky aromatic residues or radical mutations might disrupt the overall structure of
the protein. Mutants were generated by Quickchange mutagenesis in plasmids pIK12 (6xHIS-
SUMO-TBPcore (A2-60)) for recombinant expression, plK25 (3 x Flag-TBP in PRS314) for in
vivo expression, and pSH227 (TBP ORF under control of SP65 promoter) for in vitro

transcription/translation.

Analysis of mMRNA levels by RT-gPCR

The total MRNA extraction and RT-qPCR procedures used are described in (Knutson et al.
2011). Due to decrease in the levels of many genes typically used as normalization controls in
TBP mutants ts-1 and ts-2, relative levels were not normalized to a reference gene. RNA

amounts used for cONA synthesis served as a normalization control instead.

Expression and purification of TBP mutants
Recombinant expression and purification of TBP mutants followed the procedure outlined in
Chapter 1 “TBP purification. ” All mutant TBP proteins were in the context of

TBP core.

In vitro translation of TBP mutants

In vitro transcription and translation of TBP mutants was carried out using 2ug Accl-linearized
plasmid template. The procedure outlined in (Hahn Cell 1989) was followed, the only difference
being the method of visualization of translated proteins: instead of S35-labelled methionine,

western blotting with polyclonal TBP antisera was used.
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Electrophoretic Mobility Shift Assays (EMSA)

Binding assays were performed in 20 pl reactions containing binding buffer (final concentration:
20 mM Tris-HCI pH 8.0, 60 mM KCI, 5 mM MgCI2, 4% glycerol), ~6000 cpm double stranded
promoter DNA probe (5’ end-labelled by PCR and gel purified using Qiagen gel extraction Kit),
0.5% Brij58, 0.3 ug/ml BSA (NEB), 0.125 pg poly[dG-dC], and proteins diluted in protein
dilution buffer (20 mM Tris, pH 7.9, 150 mM KCI, 1 mM DTT, 10 % glycerol, 50 pg/ml BSA
(NEB)). The proteins were added last and the reactions incubated for 30 min at room temperature
before loading to native acrylamide gels (6 % acrylamide; 0.2 mM MgOAc was included in the
gel and in the 1XTGOE running buffer). Electrophoresis was carried out for 1 hour at 4°C. Gels

were vacuum dried on Whatman paper and analyzed by Phosphorimager.

DNase | footprint assays

DNase | footprint analysis of protein-DNA interactions followed a standard protocol (Brenowitz,
Current Protocols in Molecular Biology, 1989) with several modifications. The conditions for
protein-DNA binding were identical to the ones described in Electrophoretic Mobility Shift
Assays (EMSA). ~20,000 cpm of end-labelled double-stranded DNA probe was used (same probe
used for EMSA). After 30 minute incubation of DNA and proteins, 2 pl of DNase | (USB,
diluted to the appropriate concentration ) were added and the reaction was stopped after
incubating exactly one minute at room temperature by the addition of 160 ul stop mix (20 mM
EDTA, 31 pg/ml tRNA (Sigma) final concentration). Reactions were ethanol precipitated, the
pellets resuspended in formamide loading buffer and loaded on a denaturing acrylamide-urea

sequencing gel. Gels were analyzed by Phorphorimager. A range of DNase I concentrations and
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digestion times were assayed to determine the optimal conditions for the particular protein-DNA

complex.

In vitro transcription assays

In vitro transcription assays were performed as described in Chapter 1.

RESULTS
Mutants in the DNA-binding surface of TBP support viability of yeast

One of the important questions regarding TATA-less promoters is what the function of
TBP is on these promoters. It is especially interesting to investigate whether the DNA-binding
function of TBP is utilized on promoters lacking a distinct binding site for TBP and whether TBP
is even in contact with the DNA on these genes. In order to address these questions
experimentally, | created a series of mutations along the DNA-binding surface of TBP, which
were intended to disrupt its binding to the TATA box, and assessed the effects of these mutations
in vivo and in vitro.

| transformed a panel of eleven TBP DNA-binding mutants (Figure 8A) into a TBP
shuffle strain and removed the wild type copy of TBP by 5-FOA selection. Surprisingly the
majority of mutants were able to support viability of yeast, with the exception of V71A, T112K,
and V161A, which were inviable. The rest of the mutant TBPs displayed a range of growth
phenotypes: R105A had growth defects, L205A and F207A had a mild phenotype, and the rest
were indistinguishable from the wild type. These result support my hypothesis that the DNA

binding function of TBP is not required for the expression of most genes that support the growth
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of yeast under optimal conditions, as these genes tend to lack a TATA box (Basehoar et al.
2004).

On the contrary, | hypothesized that the ability of TBP to bind tightly to a TATA box
sequence will be critical for the expression of genes turned on during conditions of stress. The
drug SM is often used to mimic amino acid starvation and induce a cluster of TATA-driven
genes regulated by the activator Gend (Knutson et al. 2011). Inability to grow in the presence of
SM can be an indicator of failure to express sufficient levels of genes in this pathway. | tested the
same panel of TBP mutants for their ability to grow on SM plates and found that most of them
were sensitive to the drug: R105A and L205 were inviable, R196 and F207 had severe growth
defects, and F116A and S118L had an intermediate phenotype. The inability of most TBP DNA-
binding mutants to grow on SM provides indirect support for the hypothesis that the ability of
TBP to bind to a TATA sequence is much more important for the expression of genes which are

dependent on this DNA element.

TATA-less and TATA-dependent genes require TBP for expression in vivo

It was my goal to compare the extent to which TBP DNA-binding mutants can function
on TATA-less and TATA-dependent genes. However, TBP is an essential gene and some of the
DNA-binding mutants that | created were inviable. To circumvent this problem and any potential
complications arising from indirect effects of TBP mutants with compromised growth, |
designed a system in which two copies of TBP are present in the cell: a previously published
temperature sensitive TBP (Cormack et al. 1992) and a TBP DNA-binding mutant. By growing

cells at the restrictive temperature, TBP® should cause gene expression levels to decrease
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dramatically, allowing for the extent to which each TBP DNA-binding mutant rescues
transcription to be measured (Figure 9).

| tested the expression levels of many different classes of genes in two TBPts mutants,
T1111 and S136N, during a time course of growth at the restrictive temperature. Both mutants
caused very low levels of expression of both TATA-less and TATA-containing genes after as
early as 30 minutes of heat shock treatment (Figure 10). | chose the 90 minute time point for
subsequent experiments, since the levels of Ribosomal Protein genes decrease as a result of heat
treatment in a wild type TBP context, as well as in TBP mutants. In the wild type, however,
levels start to go back up after 30 minutes (Figure 10A and not shown). The levels of HIS4 were
dependent on TBP for expression under basal conditions (Figure 10B), and also for SM-

dependent induction (not shown).

Mutants in the DNA-binding surface of TBP preferentially support transcription on TATA-less
promoters

| used RT-qPCR to assess the ability of the panel of eleven TBP DNA-binding mutants to
rescue transcription of both TATA-less and TATA-containing promoters using the scheme
described in Figure 9. Upon treatment with SM, the expression levels of the Gen4-dependent
genes HIS4 and SNZ1 were induced five- and ten-fold respectively in wild type cells. A wild
type copy of TBP expressed from a plasmid was able to rescue this level of induction fully, while
the majority of DNA-binding mutants failed to do so (Figure 11A). Two exceptions were V203A
and K218A, which rescued transcription levels to 60% and 50% of the wild type, respectively.

In contrast to the observations made at TATA-containing genes, the expressions levels of

all TATA-less genes tested (RPS5, RPL9a, RPL5) were rescued by the majority of TBP DNA-
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binding mutants. Mutants V71A, F116A, S118L, R196A, and L205A all supported mRNA levels
approximately 80% of wild type (Figure 11B). T112K and V203A were the only mutants that
couldn’t rescue transcription to at least 50% of wild type levels. The inability of T112K to rescue
transcription on both TATA-less and TATA-containing genes could be due to its low protein
expression, while all other mutant TBPs were expressed normally (Figure 12). It is interesting
that mutations which caused SM-sensitivity, such as F116A, S118L, R196A, were efficient at
rescuing transcription on the RP, but not on the Gen4-dependent promoters. The gPCR data
obtained with TBP DNA-binding mutants provides further support to the idea that the ability of

TBP to bind TATA box DNA is less critical for transcription from TATA-less promoters.

Mutants on the DNA-binding surface of TBP function in transcription of the RPS5
promoter in vitro

The in vivo analysis of the effects of TBP mutants on transcription is one way to address
the question whether TBP’s DNA-binding role is required for the transcription of different
classes of genes. However it has the disadvantage of potential nonspecific effects. To gain a
more complete picture, | measured at the ability of purified TBP DNA binding mutants to
function in transcription on the RPS5 and HIS4 promoters. Interestingly, the mutant T112K,
which was purified as a recombinant protein (Figure 13C), was able to rescue transcription on
the RPS5 promoter with a TBP-deficient whole cell extract. The same TBP mutant was inactive
on the HIS4 promoter (Figure 13A). The results obtained with TBP mutant V161A were
surprising, as it was very active on both RPS5 and HIS4 (Figure 13A), but unable to support cell
grown in vivo. These results are, however, consistent with the fact that V161A appears to bind

DNA according to a gel shift assay performed with a fragment of the HIS4 promoter spanning
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the TATA box (Figure 13B). T112K, on the other hand, did not bind to the TATA box of HIS4,

thus confirming it as a good choice for a DNA-binding mutant of TBP.

Mutants on the DNA binding surface of TBP fail to bind both the HIS4 and RPS5 promoter
sequences in vitro

To supplement the in vivo transcription analysis of TBP DNA-binding mutants with
information about their ability to bind TATA box DNA, | performed gel shift assays using in
vitro translated TBP mutants and the HIS4 promoter probe described above. This method was
chosen over recombinant purification, as most of the mutants were insoluble. Ten of the eleven
TBP mutants were tested for their ability to bind to the HIS4 promoter and only the in vitro
translated wild type TBP and mutant V203A were able to form a complex with DNA (Figure
14). Surprisingly, V161A, which was found to bind DNA when expressed as a recombinant
protein, did not bind DNA as an in vitro translated full-length TBP. It is possible that some of the
mutants’ DNA-binding activity may be sensitive to deletion of the N-terminal portion of TBP.
The observation that V203A binds to the HIS4 promoter is notable, as this mutant had the
highest level of transcription rescue on HIS4 and SNZ1 in vivo.

Finally, I was interested in testing the ability of the TBP mutants to bind to the RPS5
promoter, because it was important to show that they fail to interact with this promoter. |
performed gel shift assays with an RPS5 promoter probe and purified TBP DNA-binding
mutants. Surprisingly, my results indicate that TBP core is able to bind the RPS5 promoter,
although much less strongly than it binds to HIS4, and addition of purified TFIIA shifts the
complex further and stabilizes it (Figure 15). Similarly to my observations on the HIS4 promoter,

mutants T112K and F116A failed to bind to RPS5, while V161A did. The presence of TFIIA
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caused a weak shift with the F116 A mutant, which may be important for the stabilization of TBP

on TATA-less promoters in vivo.

TATA-less promoter sequences may bind TBP

It has been shown previously that TBP can bind to a wide variety of TATA sequences
with high affinity, and it binds to DNA nonspecifically, but the binding is weaker by a few
orders of magnitude (Hahn et al. 1989). However, the ability of TATA-less promoter DNA to
bind TBP had not been addressed. Therefore, | tested the ability of different TATA-less promoter
sequences to compete with the HIS4 TATA box for binding to TBP. Using a gel shift assay with
a labelled HIS4 promoter probe, | showed that addition of cold unlabeled HIS4 or RPS5
competitor, but not HIS4 competitor with a mutated TATA box was able to reduce the detectable
levels of TBP binding. Importantly, the molar amounts of wild type HIS4 and RPS5 probes
needed to accomplish this competition were comparable, suggesting that the affinity of TBP core
to these sequences might be similar (Figure 16). Experiments with the TATA-less promoters
RPL9a and RPL25 demonstrated similar results (Figure 17). These findings collectively lead to
the surprising conclusion that TBP is capable of binding to TATA-less promoters as strongly as

to TATA-containing DNA.

TBP forms a complex with TFIIA on the RPS5 promoter and binds to RPS5 at two distinct sites
To extend the findings that wild type TBP can bind to TATA-less promoter DNA, |

characterized its binding sites on the RPS5 promoter. Side-by-side gel shift assay comparing the

binding of TBP to RPS5 and HIS4 promoters revealed that TBP core, but not full length TBP,

binds to RPS5 in the absence of TFIIA (Figure 18). In contrast, full length TBP was able to bind



45

to the HIS4 promoter when TFIIA was omitted from the reaction, albeit more weakly than the
core of TBP. When TFIIA was included, both the core and full length versions of TBP bound to
the RPS5 promoter, suggesting that TFILA might have an important role in stabilizing TBP on
this TATA-less promoter.

A DNase | footprint assay performed with the same RPS5 sequence used for the gel shift
studies described above revealed that TBP binds to this promoter at two distinct sites (Figure 19).
The upstream binding site was positioned approximately 60 bp away from the transcription start
site, and the downstream site was approximately 30 bp away. This binding was observed both in
the presence and in the absence of TFIIA and the amount of TBP used was equivalent to the
amount needed to footprint the HIS4 TATA box (Figure 19 right). Unfortunately, attempts to
obtain a footprint of TFIID over the RPS5 promoter were unsuccessful. A representative attempt
is shown here (Figure 19 middle) and the preparation of TFIID used was demonstrated to be

active in transcription both on the RPS5 and HIS4 promoters (Figure 4B).

The TBP binding sites on the RPS5 promoter are redundant

The discovery of two distinct binding sites on the RPS5 promoter prompted the question
whether they make a functional contribution to transcription. | created a series of mutant RPS5
transcription plasmids designed to answer this question. I made single 8 base pair deletions in the
middle of each binding site, as well as a construct with both sites deleted (Figure 20). I also
replaced the middle 8 base pairs of each binding site with a sequence from the HIS4 promoter
which does not bind TBP, also in single and double combination (Figure 20). Surprisingly, all of
these mutant promoters, with the exception of the double replacement mutant, had wild type

levels of activity in an in vitro transcription assay (Figure 21). The positions of the starts sites
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were not altered in any of the mutant promoters. The findings that mutating significant portions
of the RPS5 promoter had a minimal effect on transcription are consistent with in vivo results,
which showed a similar phenomenon (Sugihara et al. 2011). DNase | footprints with the double
deletion and double replacement RPS5 mutant promoters demonstrated that TBP is still bound
despite removal of its binding sites, although the location and number of sites where TBP binds
is altered (Figure 22). It appears that removal of both TBP binding sites prompts the protein to
use another site on the RPS5 promoter, which can still lead to productive transcription, but
somehow replacement of both sites with GC-rich HIS4 sequences leads to TBP binding that is

not conducive to transcription.

Insertion of a canonical TATA box sequence in the RPS5 promoter enhances in vitro
transcription

It is also interesting to explore the effect of introducing a canonical TBP binding site into
the TATA-less RPS5 promoter. Changing a single base pair in the sequence from TCTAAAAT
to TATAAAAT creates a TATA box in RPS5, just upstream of the FP1 binding site defined in
the footprinting analysis. The in vitro transcription activity of this construct was stronger than the
activity of the wild type RPS5 promoter. This RPS5-TATA sequence supported levels of
transcription comparable to those observed with the HIS4 promoter (Figure 23). It would be
interesting to explore the reason for this increase in activity and to test whether this new RPS5

promoter is dependent on TFIID for its activity.
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CONCLUSIONS

In this chapter I have presented in vivo evidence that the DNA-binding function of TBP
may not be required for transcription from the TATA-less ribosomal protein genes. | showed that
several TBP mutants which fail to bind TATA-box DNA in vitro can rescue defective
transcription on the RP promoters but not on the TATA-containing Gen4-dependent genes. |
further demonstrated that at least one DNA-binding mutant, TBP T112K, was able to rescue in
vitro transcription on the RPS5 promoter when a TBP-deficient extract was used. This same
mutant did not support transcription on the TATA-containing HIS4 promoter. Gel shift
experiments showed that TBP can form a complex on the RPS5 promoter in the presence of
TFI1A and competition experiments with other TATA-less promoters suggested that different
TATA-less promoters interact with TBP. DNase | footprint mapping of the TBP binding sites on
the RPS5 promoter revealed two distinct positions. However, deleting both sites had no effect on
transcription from the RPS5 promoter, and footprinting analysis of mutant promoters showed
that TBP is still capable of binding. These experiments suggest that the DNA binding
requirements of TBP on TATA-less promoters are flexible, contrary to the case at TATA-

containing genes.



48

CHAPTER 3: MAPPING THE POSITION OF RNA POL Il SUBUNIT RPB5 IN THE

TRANSCRIPTION PRE-INITIATION COMPLEX

INTRODUCTION

The eukaryotic Pol Il enzyme is composed of 12 subunits termed Rpb 1-12, ten of which
are essential for viability. These subunits are arranged in a globular core, which contains the
DNA cleft, the nucleotide triphosphate entry pore and the active center (Cramer et al. 2008).
Two subunits, Rpb4 and Rpb7 form a heterodimer located at the base of Pol Il. This region is
termed the stalk and can dissociate from Pol Il under certain conditions (Jasiak et al. 2008). The
Rpb5 subunit is also part of the Pol I and pol 11l enzymes and is located on the lower jaw of Pol
[, the bulk of which is formed by the largest Pol Il subunit, Rpb1. The jaw is a mobile region of
the polymerase which changes conformations during transcriptional elongation (Cramer et al.
2008). The position of Rpb5 close to the transcription start site suggests a function in stabilizing
the transcription bubble or interactions with factors responsible for holding the open DNA
strands (Zaros et al. 2007). Experiments with archaeal transcription factors have indeed
demonstrated that the C-terminal domain of Rpb5 functions in open complex formation and this
role can be performed interchangeably between the yeast and archaeal proteins (Grunberg et al.
2010). Yeast Rpb5 contains an additional N-terminal domain, absent in archaea, but conserved
among eukaryotes, which has an unknown function and a more peripheral position on the surface
of Pol Il (Zaros et al. 2007).

Recent findings have defined the position of the SsI2 subunit of TFIIH in the PIC, placing
it close to Rpb5 (Grunberg et al. 2012). This model has led to speculations of what other TFIIH

subunits might be located in proximity to Rpb5. TFIIH is a ten subunit complex required to
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generate the transcription bubble. It has three distinct domains that show great flexibility and
contain three different enzymatic activities: Rad 3 helicase activity, required for the
transcription-coupled DNA repair function of TFIIH, Kin28 (Cdk7 in humans) kinase activity
necessary for Pol 11 CTD phosphorylation at Serine 5, and the putative DNA translocase activity
of Ssl2 essential for open complex formation (Gibbons et al. 2012, Hahn et al. 2011). In addition
to the described interactions of TFIIH with TFIIE and promoter DNA (Kim et al. 2000, Miller et
al. 2006, Grunberg et al. 2012), some studies have also suggested that it interacts with the
Mediator complex (Imasaki et al. 2011). However, the Mediator-TFIIH interface is not well
defined.

Given the likelihood of finding an interaction between Rpb5 and TFIIH, we introduced
the photoreactive crosslinking amino acid Bpa at surface-exposed residues in Rpb5 and asked
whether Rpb5 crosslinks to TFIIH in PICs assembled in vitro or in living cells. The results
presented here show that Bpa substitutions at residues Q101 and K122 of Rpb5 crosslink to

multiple polypeptides in PICs, and experiments to identify these proteins are underway.

MATERIALS AND METHODS

Yeast strain construction and growth conditions

All Rpb5 amber strains generated for this study are derived from IKY30 (Rpb5 shuffle strain
with 6xHis-linker-RPB3) by plasmid shuffling/5-FOA selection. The amber mutations in Rpb5
were generated in pRS425/Adh1p-13xMyc-Rpb5 and this plasmid was co-transformed with
pLH157 (Chen et al. 2007) by Lithium acetate transformation. Transformants were grown on GC
plates lacking appropriate amino acids and supplemented with 1 mM Bpa before 5-FOA

selection and 1 mM Bpa was included in the media from this point. Amber strains were grown as
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starter cultures in GC media lacking tryptophan and leucine and inoculated into YPD (3 %

Dextrose) for nuclear extract preparation.

Generation of Rpb5 amber mutations

Surface-exposed residues in Rpb5 were selected using Naccess software (S. Hubbard and J.
Thornton 1992-6) and chosen to have low conservation among species based on T-coffee protein
sequence alignment. The low degree of conservation criterion was used in order to minimize the
chance of introducing Bpa at residues with important function. Mutagenesis was carried out

using Quickchange.

Nuclear extract preparation

Yeast nuclear extract preparation from amber mutant strains was as described in (Chen et al.
2007). Due to poor growth of the amber strains used in these experiments, 150 ml of saturated
overnight culture per liter YPD was used to inoculate 4 L of YPD (3 % glucose). Cells were

incubated at 30 °C for 2 days until reaching an OD600 ~3-4.

Pol Il purification

Purification of Pol Il was carried out as described in (Fishburn et al. 2012). Pol Il was purified
from yeast strain IKY 39 (derived from IKY30 by plasmid shuffle; pRS425/Adh1p-13x-Myc-
Rpb5 [Q101amber]; pLH157) inoculated into 12 L of YPD (3 % Dextrose) supplemented with 1

mM Bpa.

Bpa crosslinking and analysis of crosslinking results
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UV crosslinking of PICs formed with a nuclear extract was performed as described in (Chen et
al. 2007). For crosslinking of PICs using purified factors, proteins were added in the amounts
specified in Chapter 1 In vitro transcription and primer extension during the PIC formation step
and the rest of the procedure was identical to the one for PICs formed with nuclear extracts. In
vivo crosslinking was carried out by harvesting 200 ml of ODgoo ~ 1 culture grown in GC media
supplemented with 1mM Bpa. Cells were resuspended in 30 ml GC media and half were
reserved for a—UV control. The other half was plated in three wells of a 6-well cell culture dish
and irradiated using the same instrument and setting used for PICs. Both the control and the
irradiated culture were washed in deionized water and the cell pellets frozen on dry ice and
stored at -70 °C. Whole cell extracts were prepared using a mini bead beater in RIPA buffer (50
mM Tris-HCI, pH 8.0, 150 mM NacCl, 10 % glycerol, 1 % NP-40 0.5 % Sodium deoxycholate, 1
% SDS). Approximately 1 mg of WCE diluted 3 fold in RIPA buffer lacking SDS was used to
immunoprecipitate Rpb5 with 10 pl Myc-agarose slurry (SIGMA). The IP reaction was allowed
to proceed for at least 2 hours (or overnight) at 4 °C and the beads were washed 3 times with
RIPA buffer containing 0.1 % SDS. The Myc-tagged protein was eluted by boiling the beads in
2XNUPAGE sample buffer (Life Sciences) for 5 min at 95 °C, or in 0.1 M ammonium hydroxide,
following the Myc-agarose beads manufacturer’s protocol (Sigma). Protease inhibitors (same as
for nuclear extract preparation) were included in the WCE and IP buffers, but DTT was only

added before gel electrophoresis.

RESULTS

Incorporation of Bpa on the surface of Rpb5
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The peripheral position of Rpb5 in the lower jaw of Pol Il makes it an attractive candidate
for testing interactions with proteins whose location in the PIC has not been determined yet. We
used the amber codon suppression system, described in detail in (Chen et al. 2007), to
incorporate the photoactive crosslinking amino acid Bpa into surface exposed residues of the
Rpb5 protein (Figure 24). Since a large portion of the C-terminal domain of Rpb5 is buried in the
interface with Rpbl, we placed the majority of amber mutations in the eukaryote-specific N-
terminal domain of Rpb5. After transforming the Rpb5 mutants into an Rpb5 yeast shuffle strain
and eliminating the wild type copy of Rpb5 by 5-FOA selection, | found that most of the amber
mutants, with the exception of Rpb5 M121, were viable in the presence of the suppressor tRNA
and tRNA synthetase (Table 3). All of the amber mutants grew better in the presence of Bpa in
the media and the protein levels of the full-length protein product was higher in cells grown in

Bpa-supplemented media (not shown).

Rpb5 residues Q101 and K122 crosslink to a number of proteins in the PIC

To determine which proteins are positioned near Rpb5 in the Pol Il PIC, | prepared
nuclear extracts from the Rpb5 amber cells amenable to such large scale growth (Table 3). These
extracts were used to form PICs on the HIS4 promoter. After washing PICs to remove
nonspecifically bound proteins, half of each PIC reaction was treated with UV to induce
crosslinking. The PIC components were resolved on SDS PAGE gels, followed by western
blotting against an N-terminal Myc tag on Rpb5 revealed distinct high molecular weight
products which were present only in the +UV lanes.

Attachment of Bpa to two Rpb5 residues situated in the back portion of Pol 11, F29 and

Q32, generated weak a crosslinking band of high molecular weight (Figure 25). Given the
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proximity of these amino acids to Rpb2, it is possible that the crosslinking product is an Rpb5-
Rpb2 fusion protein. Alternatively, it could represent an interaction between Rpb5 and a Pol | or
Pol I11 subunit, as Rpb5 is a component of all three RNA Pols (Cramer et al. 2008). Inserting
Bpa at positions H99 and F135, both somewhat buried into the surface of Rpb5, did not result in
any detectable crosslinks (Figure 25). Most notably, Bpa at residues Q101 and K122, which are
located close to each other in an alpha helix region of Rpb5 (Zaros et al. 2007), generates a
number of strong crosslinking bands, ranging in estimated molecular weights from 30 t0140 kDa
(Figure 26 and Table 3). The fact that these two amino acids reside close to each other and
produce a similar crosslinking pattern suggests that they share interactions with the same

target(s).

Attempts to identify proteins crosslinking to Rpb5 Q101 by candidate approach

Identifying the proteins crosslinked to a Bpa-labelled protein requires estimation of the
molecular weight of the crosslinked protein, followed by predicting its identity and testing
potential candidates by epitope tagging and western blotting. Given our hypothesis that inserting
Bpa into Rpb5 will help us define the position of additional subunits of TFIIH and that several of
the crosslinked proteins were of the correct size to be TFIIH components, we explored the idea
that Rpb5 crosslinks to TFIIH. | tested this prediction using multiple methods: mixing nuclear
extracts with epitope tags on TFIIH subunits along with Q101-bpa extract, probing western blots
from crosslinking against TFIIH proteins, immunodepleting TFIIH to see if the crosslinked
bands would disappear or decrease in intensity, and ultimately, Flag-tagging individual TFIIH
subunits in the context of Q101-amber and preparing nuclear extracts from these new strains.

None of these approaches suggested crosslinking of TFIIH to Rpb5. | also predicted that the
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largest crosslinking product may be Rpb1, because Q101 and K122 are both very close to Rpbl.

However, probing with Rpb1 anti-sera did not reveal crosslinking to the largest subunit of Pol II.

Rpb5: Q101-bpa crosslinks to the small subunit of TFIIE in minimally assembled PICs on the
HIS4 promoter

Due to the difficulties of identifying a crosslinking target among the hundreds of proteins
in a nuclear extract, | decided to try purifying Pol Il with the crosslinker attached to position
Q101, which had yielded the strongest crosslinks, and use this purified Pol Il to crosslink PICs
assembled with only the minimal set of required transcription factors. | was able to successfully
purify RNA Pol Il from the Rpb5: Q101 amber strain and to demonstrate its ability to stimulate
transcription in a minimal transcription system consisting of the purified general transcription
factors and the HIS4 promoter (Figure 27).

Crosslinking the purified polymerase separately from other proteins yielded a novel
crosslink corresponding to a 16 KDa protein (not shown). Based on the crystal structure of the
Pol 11 enzyme and the known molecular weights of the individual subunits (Cramer et al. 2008), |
predict this protein to be Rpb6, although this crosslink could be attributed to a contaminant in the
Pol 1 prep.

| tested the crosslinking of Pol 1l to various GTFs by excluding them from the PIC
reaction when PICs were assembled on the HIS4 promoter. If one of the GTFs is responsible for
the crosslink, the high molecular band should disappear from the UV-treated reaction when the
protein is omitted. TFIIH is the last of the GTFs to join the PIC during assembly (Hahn et al.
2011, Thomas et al. 2006). When | left it out of the PIC reaction, the recruitment of the other PIC

components was unaffected and surprisingly, the crosslinking pattern was identical to the one
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observed when all the GTFs were present (Figure 28). TFIIE enters the PIC before TFIIH and
helps to recruit and stabilize TFIIH (Hahn et al. 2011). Excluding TFIIE from the crosslinking
reaction led to unexpected loss of crosslinking (Figure 28, left). When | probed the PICs with an
antibody against Tfa2, the small subunit of TFIIE, there was a signal that overlapped with the
crosslinking band detected with a-Myc antibody and this signal was only present in the UV-

treated samples that had TFIIE (Figure 28 right).

In vivo crosslinking in the Rpb5: Q101-amber strain

In addition to crosslinking transcription factors in PICs, which provides a way to isolate
transcriptionally active Pol 1l complexes, Bpa crosslinking can also be utilized to capture
protein-protein interactions in living cells. | was interested in probing the surroundings of Rpb5:
Q101 in vivo and comparing my observations with those made at isolated PICs. It is important to
note that Ppb5 is also a subunit of Pol I and Pol 111, therefore making it likely that any in vivo
crosslinks could be due to interactions made at the Pol I and 111 PICs. There are also many
polymerases engaged in active elongation, and in vivo crosslinking would also capture
interactions made by elongating polymerase. Finally, UV treatment most likely results in
activation of the DNA repair machinery, which could also contribute to the observed crosslinks.

Crosslinking cells carrying amber mutation at Rpb5 Q101 resulted in a very similar
crosslinking pattern to the one observed in vitro. However, the two smaller crosslinking products
were of slightly lower molecular weight (Figure 29). While I have not been able to reveal the
identity of these crosslinking proteins, | was able to show that they can be purified by
immunoprecipitation via a Myc epitope tag on Rpb5 (Figure 29). The ability to observe these

crosslinking bands by silver stain make the case that this method can be used for an unbiased
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identification of crosslinking products by mass spectrometry (Majmudar et al. 2009, Guerrero et

al. 2006).

CONCLUSIONS

Introducing Bpa at positions Q101 and K122 of Rpbb5 resulted in crosslinks to a number
of proteins ranging from ~30to 140 kDa when crosslinking was performed in the Pol 11 PIC
using a nuclear extract. Additionally, Q101-bpa crosslinked to the small subunit of TFIIE, Tfa2,
in PICs formed using purified general transcription factors. Crosslinking cells carrying Q101-
Bpa in vivo resulted in a slightly altered but similar crosslinking pattern to the one observed in
vivo. While multiple attempts to test TFIIH subunits as candidate crosslinking proteins did not
succeed, experiments to identify the crosslinking targets of Rpb5 using mass spectrometry are

under way.
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Rpb5 amber GC-LW GC- NE Cross- Size of
mutant LW+1mM linking cross-linked
Bpa protein
pRS315 - - - - -
Adhlp-13XxMYC- | +++ +++ v X -
RPB5 wt
N8 - ++ ND ND
F29 +/- ++ v v > 140 KDa
Q32 +/- +++ v v > 140 KDa
E40 +/- +++ ND ND
E85 ND ND ND ND
H99 +/- ++ v X
Q101 - ++1% v v 130-140
KDa
55 Kda
<55 Kda
(Tfa2)
Y112 - +++ ND ND
M121 - - ND ND
K122 -1+ ++ v v 130-140
KDa
55 KDa
F135 -+ +++ v X
1154 - +1 ND ND
R180 -/+ ++ ND v 130-140
KDa
55 KDa
R192 -/+ ++ ND v

Table 3 Summary amber mutations introduced in Rpb5 and crosslinking products that were

detected.

ND stands for Not Determined, due to extremely slow growth of these strains. NE stands for

nuclear extract.
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DISCUSSION
Why are the majority of TATA-less promoters inactive in vitro?

I have successfully developed an in vitro transcription system using the Saccharomyces
cerevisiae RPS5 TATA-less core promoter. However, most of the TATA-less promoters tested,
the majority of which are also RP promotes, were inactive in vitro and it is important to
understand why. The inability to obtain active transcription from many RP promoters in vitro,
even though these genes are some of the most active in vivo (Warner 1999), points to the fact
that there is still a great deal of mystery surrounding the transcription regulation of RP genes.
The full array of transcription activators required for RP promoters is yet to be determined.
While it has been demonstrated convincingly that RP genes depend on Rapl for their expression
(Wade et al. 2004, Mencia et al. 2002), and that Rap1l is important for the recruitment of TFIID
(Mencia et al. 2002, Garbett et al. 2007), it is unclear what specifies Rapl as an activator, as it
can act as a transcriptional repressor at other promoters . It is also well known that Rapl
activates the glycolytic genes which are not TFIID-dependent (Hu et al. 2007). The need for the
transcriptional activators Fhl1 and Ifh1, whose recruitment to RP promoters depends on Rapl,
has been established in vivo (Wade et al. 2004, Schawalder et al. 2004), but their role in vitro has
been difficult to dissect. One study demonstrated that the requirement for Fhl1 and Ifh1 can be
bypassed in vitro when the UAS from the RPS8A promoter was used to drive transcription
(Garbett et al. 2007), and this finding agrees with the result that a double deletion of Fhil and
Ifh1 is viable (Wade et al. 2004, Schawalder et al. 2004). Additional complications arise from
the identification of two other factors, Hmol and Sfp1, which bind to the upstream sequences of
RP promoters and are important regulators of transcription from this gene cluster (Hall et al.

2006, Jorgensen et al. 2004, Marion et al. 2004), but the mechanisms through which they
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modulate transcription are unknown. Therefore, the regulation of RP transcription is complex
and in vitro studies with these promoters will be greatly enhanced by a more thorough
understanding of the mechanisms by which transcription is activated from these genes.

It is possible to explain the inactivity of RP promoters by the presence of repressive
elements in the promoter sequences used in this study. There is at least one report which
demonstrates that the co-repressor Crfl can modulate transcription from RP promoters in vivo
(Martin et al. 2004), although these results appear to be strain-dependent (Zhao et al. 2006).
Even though the details of RP gene repression are not well understood, it is certainly possible
that this could be an explanation for the low activity of RP promoter constructs which include the
full UAS. It could be useful to deplete the levels of Crfl in an extract to see whether this results
in a higher activity.

In the case of constructs where the core region was used in combination with the Gal4-
VP16 activator, lack of activity could be due to incompatibility between the UAS and the core
promoter sequence. In vivo experiments with chimeric promoter constructs combining TFIID-
dependent and independent UAS and promoter constructs have resulted in somewhat
inconsistent results, with examples of both compatibility and incompatibility between core
promoter and UAS (Shen et al. 1997, Cheng et al. 2002, Li et al. 2002). Therefore, it seems
plausible that UAS sequences which recruit TFIID are best suited for transcription from TFIID-
dependent, TATA-less promoters.

Lastly, our construct using the RPS5 promoter included sequences downstream from the
ATG start of translation, while all the other promoter constructs were designed to end at the
ATG. It is possible that these downstream sequences make an important contribution to

transcription. However, in vivo deletion analysis of the RPS5 promoter did not indicate that the
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DNA sequence past the ATG is critical for transcription (Sugihara et al. 2011), and it is unlikely,
although still possible, that lack of these downstream DNA sequences is the reason why the other

RP promoters were inactive in vitro.

Utility of the RPS5 promoter as a model TATA-less TFIID-dependent gene

The transcription system described here is the first example of a yeast TFIID-dependent
TATA-less core promoter shown to be active in vitro. Several other examples of similar, though
not identical systems have been described by others. The upstream region from the TATA-less
RPSB8A core promoter, including two Rapl binding sites, has been used in conjunction with the
TATA-containing PGK1 core promoter. This construct requires TFIID, Rap1, and TFIIA for
transcription with a whole cell extract (Garbett et al. 2007, Layer et al. 2013), and as such is a
model of a TFIID-dependent TATA-containing promoter. More recently, an in vitro transcription
system using the yeast TATA-less TMT1 promoter, which is regulated by the Gen4 activator, has
been developed (Seizl et al. 2011). This core promoter forms a complex with TBP and TFIIB in
vitro, but it is unclear whether it requires TBP, TFIID, or either.

Our in vitro transcription system is dependent on TFIID, consistent with the in vivo
evidence (Tsukihashi et al. 2001, Huisinga et al. 2004). The use of VP16, rather than the natural
activators, to drive transcription from this promoter is a drawback that we have not been able to
overcome. However, in vivo experiments have shown that an acidic activator such as Gal4 can be
used to activate transcription from the RPS5 core promoter and the coactivator requirements of
the native promoter were preserved (Cheng et al. 2002). As an additional attempt to use the
native activators of the RPS5 promoter, we purified a minimal activation domain of Ifh1 fused to

the Gal4 DNA-binding domain. This construct was able to activate transcription both from the
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TATA-containing Gal genes and from the TATA-less RPS5 promoter in vivo (Zhong et al.
2010). In our in vitro experiments, however, this recombinant activator had poor activity on
RPS5, while it was very active on the TATA-containing HIS4 promoter. This result supports the
notion that a complementary combination of activator and DNA elements is needed for the full

activity of the RP promoters and these combinations need to be dissected in greater detail.

Transcription requirements of TATA-less promoters

There are no examples of in vitro transcription systems using a minimal set of purified
transcription factors and a TATA-less promoters such as the ones described for TATA-
containing promoters (Fishburn et al. 2012, Knuesel et al. 2009). Our attempts to develop such a
system using the GTFs that are sufficient for high levels of basal transcription from HIS4 did not
yield active transcripts. Addition of TFIID and TFIIA, which are particularly important for
transcription from TATA-less RP promoters (Layer et al. 2013), did not result in enhancement of
transcription, and neither did addition of Mediator. Some reports have suggested that the NC2
complex is important for transcription from TATA-less promoters (Hsu et al. 2008), but we have
not tested this hypothesis.

Attempts to identify novel or unsuspected proteins involved in transcription of TATA-
less promoters have included mass spectrometry analysis of PICs isolated on the RPS5 promoter.
These experiments did not reveal an obvious candidate. However, it is certainly reasonable to
suspect that the use of the Gal4-VP16 activator during PIC formation has obscured the results.
Collectively, these findings highlight the fact that TATA-less promoters have additional
transcription factor requirements and there is a need for more sophisticated ways of analyzing the

components of a TATA-less PIC. One such very promising technique is the isolation of native
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DNA elements along with their associated protein components, followed by subsequent analysis

by mass spectrometry (Dejardin et al. 2009).

Importance of DNA-binding function of TBP on TATA-less promoters

The transcription analyses of mutants in the DNA-binding surface of TBP extend on
previous findings which have proposed that TBP’s DNA binding role is important for
transcription from TATA-containing, but not TATA-less promoters (Martinez et al. 1995). My
findings support this hypothesis, by demonstrating that DNA-binding mutants are able to rescue
transcription from TATA-less, but not TATA-containing promoters, both in vivo and in vitro. It
would be interesting to compare the genomic localization of TBP deficient in DNA-binding on
TATA-less and TATA-containing promoters. According to our hypothesis, TBP can still be
recruited to TATA-less promoters via interactions of the Tafs with promoter DNA or the
nucleosomes surrounding the promoter region. If the interactions between TBP and Tafs are
solely responsible for bringing TBP to TATA-less promoters, disrupting the TBP-Taf interface
should result in decreased transcription levels from TATA-less promoters. At least one such
mutant is available (Ranallo et al. 1999) and can be used to test this idea experimentally.

Assuming that TBP’s DNA binding function is less critical for transcription from TATA-
less promoters, it is interesting to consider the possibility that TBP may be located farther away
from DNA in TATA-less promoters. Single molecule analysis of the TBP-TATA box
interactions and degree of bending caused by TBP has made the surprising discovery that
binding TBP to a mutant TATA box results in same degree of bend as observed with a canonical
TATA sequence, but lower percentage of bent complexes (Blair et al. 2012). This finding fits

with the idea that TBP would still be located on the TATA-less promoter DNA as opposed to
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away from it. Unfortunately, our experiments do not address this question directly, and neither
do in vivo chromatin immunoprecipitation experiments. Positioning of a crosslinking or
protein/DNA cleavage probe either on the TATA-less promoter DNA or TBP itself (Theisen et

al. 2010, Miller et al. 2006) would be one way to gain understanding on this intriguing question.

Proposed models for PIC formation on TATA-less promoters

One of the outstanding questions regarding TATA-less promoters is whether the PIC is
assembled at a well-defined location or it has a more flexible position. Results to support both
models exist. On one hand, most mammalian promoters of housekeeping genes are of the ‘broad’
type, meaning that transcripts originate from a region spanning 50-100 base pairs (Carninci et al.
2006). Because mammalian Pol Il initiates transcription at a specified distance downstream from
the site of PIC formation (Thomas et al. 2006), this observation suggests that multiple sites of
PIC formation are present on these promoters. In addition, many broad promoters lack any
recognizable core promoter elements and are often located in GC rich regions (Kadonaga 2012).
It is thought that the anchoring of TFIID via its interactions with modified nucleosomes is
important for placement of the PIC.

Yeast TATA-less promoters also lack any characterized DNA elements which could
serve as the site for PIC nucleation. However, TATA-less promoters in yeast are predominantly
AT-rich, which distinguishes them from mammalian promoters. One proposed model for PIC
formation involves the strategic positioning of nucleosomes. Fine mapping of nucleosomes
surrounding the transcription start sites of all yeast genes suggests that the +1 nucleosome is at
the border of the transcription start sites specifically of RP promoters, indicating that it may

somehow function to limit the site of PIC formation (Rhee et al. 2012). In further support of this
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idea, the same study found that the Taf1 subunit of TFIID, which interacts with the double
bromodomain protein Bdfl (Matangkasombut et al. 2000), has a binding site that overlaps with
the +1 nucleosome and Bdf1. It is plausible that the binding of Bdf1 to acetylated histones serves
to recruit TFIID to a specific position of TATA-less promoters, thus defining the site of PIC
formation.

My findings support the idea that TATA-less promoters may allow for greater flexibility
of the positioning of the PIC. | found two distinct sites on the RPS5 promoter where TBP resides
in vitro. However, deletion of both sites had no effect on transcription from this promoter. These
results are in agreement with the in vivo findings reported by (Sugihara et al. 2011),
demonstrating that large portions of the RPS5 promoter can be mutated with no loss of activity.
Interestingly, the upstream TBP binding site that | identified overlaps perfectly with the high
resolution TBP binding site found in vivo for this promoter (Rhee et al. 2012). These findings
suggest that TBP is positioned in vivo at a site that it has high affinity for in vitro, but there is
significant flexibility in the DNA sequences which can be used to form productive transcription

complexes.

Insights from Bpa crosslinking with Rpb5

I have identified a surface on the Rpb5 protein defined by the residues Q101 and K122
which is in close proximity to a number of proteins in the PIC. Q101 was found to crosslink to
the small subunit of TFIIE in PICs formed with purified transcription factors. According to the
most recent models of the yeast PIC structure (Grunberg et al. 2012), TFIIE is positioned far
away from the site of Bpa incorporation. However, only the positions of the structured domains

of TFIIE have been modeled and their interactions in the PIC mapped. Tfa2 has an N-terminal
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and a C-terminal unstructured region with undetermined locations in the PIC. Deletion analysis
has shown that the entire N-terminal unstructured domain of Tfa2 can be removed without any
phenotype in yeast, while deletion of the C-terminal unstructured region results in slow growth
(Grunberg et al. 2012). Making recombinant TFIIE mutants with deletions of each of these two
regions and testing them in crosslinking will help narrow down the segment of Tfa2 which is
close to Rpb5. Additional support for positioning parts of Tfa2 in this region of the PIC comes
from previous crosslinking results with Bpa incorporated in Rpb1, which crosslinked to Tfa2
(Chen et al. 2007).

My attempts to demonstrate crosslinking between Rpb5 and TFIIH did not show such an
interaction, despite many indications that TFIIH is positioned close to the transcription start site
(Kim et al. 2000, Miller et al. 2006, Grunberg et al. 2012). It is possible that subunits of other
complexes, such as Mediator or TFIIE are wedged in between Rpb5 and TFIIH. It will be
important to uncover the identity of the crosslinks generated by Rpb5, especially since the Q101
residue crosslinked to multiple polypeptides in vivo, highlighting the large number of proteins
positioned in this region of the PIC in all conditions tested. In this work, | have demonstrated
that crosslinked Rpb5 can be purified successfully and this strategy is the basis for developing an
unbiased method for crosslinked protein identification via mass spectrometry (Guerrero et al.

2006, Majmudar et al. 2009, Krishnamurthy et al. 2011)



66

FIGURES
B
A) ) o-amanitin
Gal4-VP16
-177 -140 +69
ey |
—_J
ol | ress A
LacI
GATC
®) ::ﬁ D)
e "
- Immobilized HIS4 RPS5
—i: promoter: | H |
BE‘,__: Wash: - - + + - - + +
e = | RessRVA
_—= 7 RPS5
S - . HIS4 S
- RNA

5'-ATACCAAGAAAAGAGACTAGAAATAACCGACCATTC-3' -
1 23456 78

Figure 1 The yeast TATA-less promoter RPS5 is active in an in vitro transcription system
A) Diagram of the RPS5 core promoter construct used for in vitro transcription assays. The core
promoter of RPS5 (-140 to +69 bp relative to the ATG) was inserted into pSH515 downstream
from a single Gal4-binding site. Primer extension was assayed using a lacl oligo. B) In vitro
transcription reactions with the RPS5 core promoter using a whole cell extract were visualized by
primer extension with 32P-labeled lacl oligo. Recombinant Gal4-VP16 activator and a-amanitin
were included where indicated. C) Primer extension of RPS5 plasmid transcription was resolved
on a sequencing 8% Acrylamide gel and in vitro transcription start sites are marked by red dots.
The red bases in the RPS5 promoter sequence correspond to in vitro mapped transcription start
sites. The coding strand is shown D) Immobilized template assay showing stability of transcripts
from immobilized HIS4 (lanes 1-4) or RPS5 promoters (lanes 5-8). A mixture of nuclear and

whole cell extracts was used to form the RPS5 PICs.
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Figure 2 The RPS5 core promoter is TFIID-dependent and SAGA-independent in vitro

A) In vitro transcription on an RPS5 plasmid template using a Taf11ts whole cell extract (lanes
3-6) supplemented with Tap-purified TFIID (lane 4), mock-immunoprecipitated TFIID from an
untagged whole cell extract (lane 5), or immunoprecipitated TFIID via triple Flag tag on Tafl
and Taf3. Lanes 1 and 2 show transcription using a whole cell extract from an isogenic strain. B)
TFIID used to supplement transcription reactions in A) purified via Tap-tag on Taf13 (left) or
crudely purified via Flag tag on Tafl and 3 (right). C) In vitro transcription on an RPS5 plasmid
template with a whole cell extract prepared from an Spt7 deletion strain. Tap-purified SAGA was
added where indicated.
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Figure 3 TBP is required for transcription from the RPS5 promoter

In vitro transcription from RPS5 plasmid template using a whole cell extract from a TBPts strain
harboring mutation 1143N. Purified recombinant full length TBP or wild type TBP core (A2-60)
were added where indicated.
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Figure 4 General transcription factors are insufficient for RPS5 transcription

A) In vitro transcription from RPS5 plasmid template using purified general transcription factors
is visualized by primer extension with a fluorescently labelled lacl oligo. Wild type whole cell
extract and Gal4-VVP16 activator were added where indicated. B) In vitro transcription from
RPS5 and HIS4 plasmid templates performed as described in A). The whole cell extract added to
reactions 1 through 6 was from a Taf11ts strain. These experiments were performed by James
Fishburn.
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Figure 5 Characterizing in vitro transcription from RPS5 immobilized promoter DNA

A) Immobilized template transcription from HIS4 promoter (lanes 1-4) and RPS5 promoter
(lanes 5-8) performed as described in Figure 1. HIS4 PICs were formed with a nuclear extract
and RPS5 PICs were formed with a whole cell extract. Gal4-VP16 was included in all reactions.
Actinomycin c1 was added to indicated reactions during the primer extension steps. B)
Immobilized template transcription reactions on RPS5 template performed as in A). Different
combinations of nuclear extract (NE) and whole cell extract (WCE) were used to form PICs.
Purified transcription factors (TBP, TFIIB, TFIIF, TFIIE, TFIIH, TFs) were added to reaction 8
during PIC formation (before washing PICs). Purified TFs and Tap-purified Mediator (Med)
were included in the PIC formation mix for reaction 9. C) Immobilized template transcription
reactions on HIS4 template performed as in A) and B), using a combination of nuclear extract
(NE) and whole cell extract (WCE).
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Figure 6 General transcription factors associate with the immobilized RPS5 promoter

Immobilized PICs were formed on RPS5 template as described in Figures 1 and 5 and after
washing, PICs were split into two equal reactions. One was used to initiate transcription and
assayed by primer extension (top panel). The other reaction was digested with Pstl to release
PICs from the dynabeads and the elutions were analyzed by Western blotting. General
transcription factors were probed using polyclonal antibodies, as indicated in the bottom two
panels.
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Figure 7 Position of the TFIIB N-terminal region is maintained in the RPS5 PIC
Immobilized PICs were formed on HIS4 or RPS5 template as described in previous figures and
recombinant TFIIB labelled with FeBABE at the indicated position was included in the PIC
reaction. After washing PICs, FeBABE cleavage was performed and the resulting products were
eluted from the beads in NUPAGE sample buffer and analyzed by western blotting. A) Cleavage
products on Rpbl detected by probing with monoclonal antibody 8WG16 against the C-terminus
of Rpbl. B) Cleavage products on Rpb1 detected by polyclonal antibody against the Rpb1 N-
terminus. C) Cleavage on the N-terminus of Rpb2, detected by monoclonal Flag antibody. For
HIS4 PICs, a nuclear extract from an N-terminally Flag-tagged Rpb2 strain was used. For RPS5
PICs, a combination of nuclear and whole cell extracts from N-terminally Flag-tagged Rpb2
strain was used.
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Figure 8 Phenotypes of TBP DNA-binding mutants

A) Mutations made along the TBP DNA-binding surface are shown in cyan on a 3D model
generated from the x-ray structure of S. cerevisiae TBP (1YTB) using PyMol. B) Strains
expressing the indicated TBP mutants as the only source of TBP were grown to saturation and
spotted as five-fold serial dilutions on glucose complete plates lacking the appropriate amino
acids, with or without 3 pg/ml SM.
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Figure 9 Strategy for in vivo analysis of the transcription effects of TBP mutants

TBP DNA-binding mutants are transformed in a cell expressing a temperature-sensitive mutant
of TBP (T111l). Yeast are shifted to 37°C to remove TBP®, while simultaneously treated with
SM to induce expression of Gen4-dependent genes. At the 90 min time point, cells are harvested
for RNA and protein analysis.
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Figure 10 TBP is required for transcription from TATA-less and TATA-containing genes
in vivo

Time course expression analysis of cells incubated at 37°C. RNA levels were analyzed by RT-
gPCR and normalized to the level of the wild type TBP strain at time zero. Results are from
biological duplicates and error bars represent standard deviation from the mean. A) RPS5 levels
from wild type and TBP® mutant T1111 (ts-1) and TBP® mutant TS136N (ts-2). B) HIS4 levels
of uninduced cells.
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Figure 11 In vivo analysis of the ability of TBP DNA-binding mutants to rescue
transcription in TBPts yeast

RNA levels of TATA-less and TATA-containing genes following heat shock to inactivate the
temperature-sensitive allele of TBP (TBP T111l)). Yeast co-expressing TBP T111l and a TBP
DNA-binding mutant were grown to log phase at the permissive temperature of 25°C. Upon
reaching the desired OD, SM was added to 3 pg/ml SM and cells were shifted to 37°C for 90
min. Cells were harvested for RNA and protein expression analysis. Expression was quantified
by RT-qPCR and normalized to the wild type control. A) TATA-driven Gend-dependent genes
HIS4 and SNZ1. B) TATA-less ribosomal protein genes RPS5, RPL5, and RPL9a. All
experiments were performed in biological duplicates and error bars represent standard deviation
from the mean.
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Figure 12 Expression levels of TBP mutants at different temperatures

Protein expression levels of TBP DNA-binding mutants grown as described in Figure 9 before
and after 90 min of heat shock. Mutant TBP levels were detected by probing with Flag antibody
against N-terminally tagged TBP.
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Figure 13 TBP DNA-binding mutants rescue transcription on the RPS5 promoter

In vitro transcription assay with plasmid RPS5 and HIS4 templates. For RPS5, a whole cell
extract from a temperature sensitive strain harboring the mutation 1143N in TBP was
supplemented with the indicated TBP mutants, which were purified as recombinant proteins. B)
Gel shift assay with a radiolabelled double stranded probe containing the HIS4 TATA box and
the indicated recombinant TBP mutants, all in the context of core TBP (TBPc, Aaa 2-60). C)
Coomassie-stained SDS PAGE gel shows purified recombinant TBP mutants were used in
transcription and gel shift experiments.
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Figure 14 In vitro translated TBP DNA-binding mutants fail to bind the HIS4 TATA box
A) Gel shift assay with a double stranded HIS4 TATA box probe and TBP DNA-binding
mutants generated by in vitro translation. Recombinant core wild type TBP (TBPc) and wild type
full length TBP (rTBP) serve as positive controls. All TBP mutants are in the context of the full
length protein. The position of the TBP-DNA complex is marked by a red dot. B) Western blot
probed with polyclonal TBP antibody shows in vitro translated TBP mutants.
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Figure 15 TBP DNA-binding mutants fail to bind the RPS5 promoter
Gel shift assay with a double stranded RPS5 promoter probe and indicated recombinant TBP
mutants (described in Figure 13). TBPc-DNA complex is marked by a red dot.
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Figure 16 RPS5 promoter probe competes with HIS4 for binding to TBP

Gel shift assay using radio-labelled HIS4 TATA box probe and wild type TBP core. Incremental
amounts of competitor unlabeled promoter probe, ranging from a 10 to 100 fold molar excess,
were included in the reactions as shown. Competitor probes were respectively wild type HIS4
TATA box DNA (HIS4), HIS4 with a mutated TATA box (HIS4mut), and wild type RPS5
promoter. The results were quantified using ImageQuant software and normalized to the level of
TBP binding in the absence of competitor.
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Figure 17 Different TATA-less promoters compete with HIS4 TATA box for TBP binding
Gel shift assay using radio-labelled HIS4 TATA box probe and wild type TBP core and
unlabeled competitor probes. The RPL9a and RPL25 promoters were used as unlabeled
competitors, along with the wild type HIS4 TATA box fragment.
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Figure 18 TBP binds to the RPS5 promoter and forms a complex with TFI1A

Gel shift assay using a radio-labelled RPS5 or HIS4 promoter probe and recombinant full length
TBP or TBP core (TBPc). Recombinant TFIIA was included as indicated.



85

TBPc

TFIA GAT
: o

3 : i

|

=) P4

. 8

-

FP1 ’

'

RS S S U A L

'

W



86

Figure 19 TBP binds to two sites on the RPS5 promoter

DNase I footpinting assay performed with a 5’ radiolabeled RPS5 promoter DNA (same as used in gel shift assays) and recombinant
core TBP with or without TFIIA. Flag-purified TFIID with or without TFIIA was used in place of TBP where indicated. The HIS4
TATA box-containing promoter probe, also labeled on the 5” end, was included as a positive control for TBP binding. A sequencing
ladder generated from the RPS5 promoter is included on the right. A schematic diagram if the RPS5 promoter with TBP binding sites
shown as red boxes is displayed to the left of the DNase | footprint. FP1 refers to the upstream TBP binding site, FP2 to the
downstream TBP binding site, and +1 to the transcription start site.
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RPS5 promoter mutants

TCTAAAATATTTTGTACTTTTTATCAATACTTAAAATTTCATTTTGAATTAAAATTAC A AATTACACTCCTTI

ABbp
TCTAAAATATTTTGTAC ACTTAAAATTTCATTTTGAATTAAAATTAC A AATTACACTCCTTI

ABbp
TCTAAAATATTTTGTACTTTTTATCAATACTTAAAATTTCATTTTGAATTAAAATTAQTT T TTAT T TAATTACACTCCTTT

ABbp ABbp
TCTAAAATATTTTGTACTT[ T TATCAAJ ACTTAAAATTTCATTTTGAATTAAAAT TAQTTTTTATII TAATTACACTCCTTT

TCTAAAATATTTTGTACTTECTCGAGATACT TAAAATTTCATTTTGAATTAAAATTACTTTTTATTTTAATTACACTCCTTT

TCTAAAATATTTTGTACTTTTTATCAATACTTAAAATTTCATTTTGAATTAAAATTACCTCCGATGIT TAATTACACTCCTTT

TCTAAAATATTTTGTACTTECTCGAGAIACTTAAAATTTCATTTTGAATTAAAAT TACCTCCGATG TAATTACACTCCTTT
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Figure 20 RPS5 mutant promoter sequences
Sequence of wild type RPS5 promoter with TBP binding sites highlighted in red. Below the wild type sequence, a series of deletion

and substitution mutants are displayed, with the mutated sequence boxed. FP1 and FP2 refer to the upstream and downstream TBP
binding sites, respectively, as defined by the DNase | footprinting experiment in Figure 19.
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Figure 21 Deletion of TBP bindings sites from RPS5 promoter does not affect in vitro
transcription

RPS5 mutant promoter constructs (described in Figure 18) were used for in vitro plasmid
transcription, the products assayed by primer extension and resolved on a high resolution
sequencing gel. The major start sites are marked by a red dot (TSS2, downstream site) and a blue
dot (TSS1, upstream site) and quantified using ImageQuant software. Each mutant construct was
tested in duplicate and the results are expressed as a fraction of the wild type transcription levels.
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Figure 22 TBP binding to mutant RPS5 promoter probes is altered

DNase | footprinting assay as described in Figure 19. The RPS5 probes used are wild type (wt),
both TBP binding sites deleted (AFP1AFP2), and both TBP binding sites mutated

(FP1mutFP2mut). TBP binding to mutant RPS5 probes in marked by blue brackets.
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Figure 23 Insertion of a canonical TATA box in the RPS5 promoter results in higher
transcription levels

In vitro transcription assay with RPS5 promoter variants and HIS4 promoter, performed as
described in previous figures. The RPS5-TATA mutant has a single C—A mutation, resulting in
a canonical TATA box TATAAAAT. Lanes 7-12 explore the ability of whole cell extract (WCE)
or nuclear extract (NE) to transcribe the HIS4 promoter.
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Figure 24 Sites of Bpa incorporation on the Rpb5 surface

The surface-exposed residues shown on the left in the N- and C-terminal domains of Rpb5 were mutated to amber stop codons. Yeast
strains were generated in which each mutated residue was suppressed with Bpa, resulting in site-specific incorporation of the
photocrosslinker. Sites of Bpa attachment are displayed in orange and Rpb5 is pink, shown in the context of yeast RNA Polymerase I1.
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Figure 25 Rpb5 crosslinking results in the PIC

Western blots of PICs formed using Rpb5-Bpa nuclear extracts. The residue of Bpa attachment is
indicated above each panel. After washing unbound proteins, each PIC reaction was split in two
and one half was treated with UV, and the other used as a negative control. Blots were probed
with a-Myc antibody, which recognizes a 13xMyc tag on the N-terminus of Rpb5. The Rpb5-
crosslinked fusion proteins are marked with a red dot. The right panel displays the sites of Bpa
incorporation in the context of Pol 11 (grey) and Rpb5 in pink.
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Figure 26 Rpb5 crosslinking results in the PIC with residues Q101-bpa and K122-bpa
Western blots of PICs formed using Rpb5-Bpa nuclear extracts. The residue of Bpa attachment is
indicated above each panel. After washing unbound proteins, each PIC reaction was split in two
and one half was treated with UV, and the other used as a negative control. Blots were probed
with a-Myc antibody, which recognizes a 13xMyc tag on the N-terminus of Rpb5. The Rpb5-
crosslinked protein fusion proteins are marked with a red dot. The right panel displays the sites
of Bpa incorporation in the context of Pol 1l (grey) and Rpb5 in pink.
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Figure 27 Pol 11: Rpb5 Q101-Bpa purification and transcription activity

A) Silver stained gel of RNA Poll Il purified from yeast via 6xHIS tag on Rpb3. Wild type Pol Il
is shown on the left, and Pol Il from Rpb5 Q101-amber strain grown in the presence of Bpa is
shown on the right. B) In vitro transcription reaction using HIS4 promoter plasmid template and
purified transcription factors. Wild type Pol Il is used as a control and the activity of a titration of
Pol Il: Rpb5 Q101bpa is tested.
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Figure 28 Rpb5 Q101 cross-links to the small subunit of TFIIE

Western blots of PICs formed using purified general transcription factors (GTFs: TBP, TFIIB,
TFIF, TFIE, TFIIH, Pol I1). The Pol 11 used in these reactions contains Rpb5 Q101bpa (shown
on Figure 27). After washing unbound proteins, each PIC reaction was split in two and one half
was treated with UV, and the other used as a negative control. Some GTFs are omitted from the
PIC reactions as indicated. The blot on the left was probed with mouse a-Myc antibody, which
recognizes a 13xMyc tag on the N-terminus of Rpb5. The left right panel represents the same
membrane probed with rabbit a-Tfa2 polyclonal antibody. The Tfa2-Rpb5 crosslinked product is
marked with a red dot.
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Figure 29 IP of Myc-tagged Rpb5 from whole cell extracts of in vivo crosslinked yeast
containing Rpb5 Q101 Bpa

Yeast strain expressing Rpb5:Q101-amber was grown in Bpa containing media until log phase.
Upon harvesting, half of the cells were treated with UV and whole cell extracts were prepared
from these cells and the —UV control. Rpb5 along with any crosslinked polypeptides was
immunoprecipitated using Myc-agarose beads and eluted in NUPAGE sample buffer. A) Silver
stained gel of Rpb5 immunoprecipitated from yeast whole cell extracts via its N-terminal Myc
tag. 20 % of the elutions was run on 3-8% Tris-acetate gel. B) 10% of the elutions was run on 3-
8% Tris-acetate gel and probed with a-Myc antibody. Myc-Rpb5 is marked with a red dot,
crosslinked peptides are marked with blue dots.
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