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Abstract
The Saccharomyces cerevisiae ATPase Mot1 regulates transcription by
impacting the distribution and activity of TATA-binding protein (TBP). In vitro,
Mot1 forms a complex with TBP and DNA, and uses ATP hydrolysis to dissociate
TBP from DNA. To gain insight into the Mot1 mechanism, we employed a DNA
tethered cleavage approach to map regions of Mot1 in proximity to DNA under
different conditions.

We present evidence for two conformations of the Mot1

ATPase, the detection of which can be modulated by ATP analogs as well as DNA
sequence. We also show using purified complexes that Mot1 dissociation of TBPDNA is inefficient, suggesting how other transcription factors that bind to TBP
may compete with Mot1. In addition, Mot1 and the Spt16 component of the FACT
histone chaperone complex, have been shown to physically interact. Here we
demonstrate that Mot1 and Spt16 regulate a largely overlapping set of genes in S.
cerevisiae and physically and genetically interact. Mot1 controlled TBP levels at
co-regulated promoters, whereas Spt16 did not. Both Mot1 and Spt16 contribute
to TFIIB localization, indicating a convergence on preinitiation complex formation.
Globally, Spt16 was required for Mot1 promoter localization, and Mot1 also
affected Spt16 localization.

Interestingly, we found that Mot1 has a role in

establishing or maintaining the occupancy and positioning of nucleosomes at the
5’ ends of genes. Spt16 has a broad role in regulating chromatin organization,
including those nucleosomes affected by Mot1. These results suggest that Spt16
is required for Mot1 localization to the promoter by establishing a permissive
chromatin environment for Mot1. Overall these results suggest that the overlap in
Mot1 and Spt16 function arises from a combination of their unique and shared
functions in transcription complex assembly.
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Chapter I
Introduction
An organism’s genetic information is contained within DNA which must be
compacted and contained within the nucleus of each cell. DNA has to be converted into
RNA through the process of transcription (Nikolov and Burley 1997, Hampsey 1998,
Hahn 2004). RNA can be further converted into protein through translation (Jackson et
al. 2010). The pathway of DNA being transcribed into RNA and translated into proteins
is known as the central dogma of molecular biology (Crick 1970). This dogma has been
complicated by the discovery that not all RNA is converted into protein and can instead
be functional as non-coding RNA (Kung et al. 2013, Cech and Steitz 2014). Regardless
of this, the initial conversion of DNA to RNA is an integral point and undergoes many
layers of regulation. Some of the complexities of transcription regulation will be the
focus of this dissertation.
Transcription is normally thought of in three phases: initiation, elongation, and
termination. The transcription machinery must accurately identify a gene’s start site to
initiate transcription, elongate through the gene body, and finally terminate at the proper
site.

A model organism widely used in the transcription field is budding yeast,

Saccharomyces cerevisiae, a single-celled eukaryote with a conserved transcriptional
apparatus.

In S. cerevisiae there are approximately 6,000 genes that all must be

accurately transcribed to enable the yeast cell to properly grow and adapt to its
environment (Mackiewicz et al. 2002).

RNA polymerases I, II, and III are collectively

responsible for transcription of all of these genes, but each polymerase is relegated to a
specific group of genes. RNA polymerase I is responsible for transcription of ribosomal
RNAs (rRNAs), RNA polymerase II (Pol II) transcribes all messenger RNAs (mRNAs)
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and some small nuclear RNAs (snRNAs), while RNA polymerase III transcribes all
transfer RNAs (tRNAs) (Vannini and Cramer 2012).

The mRNAs transcribed by Pol II

will be further translated into proteins, and thus transcription by Pol II is a fundamental
area of research.

Assembly of the Preinitiation Complex
Before Pol II can initiate transcription, the assembly of a preinitiation complex
(PIC) is required at the promoter of a gene (Hahn 2004). But first, what defines a gene
promoter? A gene promoter is the area of DNA where transcription initiation starts
(Figure 1.1; Butler and Kadonaga 2002). Promoters in yeast are typically divided into
two groups based on the presence or absence of a specific DNA sequence called the
TATA box. TATA boxes, consisting of the sequence “TATAWAWR” (W = A/T, R = A/G),
are only found at 10-20% of genes in yeast (Basehoar et al. 2004), though a recent
study has identified TATA-like elements with up to two mismatches from the TATA
consensus sequence (Rhee and Pugh 2012). The TATA box is usually located within
40-100 bases upstream of the TSS, and there can be multiple start sites within this
region (Struhl 1987, Guarente 1987, Butler and Kadonaga 2002). Higher eukaryotes
have more diversity at the promoter. Promoters of higher eukaryotes can contain other
elements such as the initiator, the TFIIB recognition element, or the downstream
promoter element (Butler and Kadonaga 2002).
Promoters are not only defined by the underlying DNA sequences but also by the
specific patterns of chemical modifications on histones. In yeast, promoter-proximal
nucleosomes are typically modified with H3K4me3 or acetylation on either histone H3 or
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H4 (Li et al. 2007). Acetylation of the histone tails neutralizes the positive charge of the
highly basic histones, which is thought to loosen the contacts between the histones and
the DNA backbone, thereby allowing for transcription factors to bind the exposed DNA
(Eberharter and Becker 2002). Methylation does not affect the charge of the lysines on
histones, and is thought to act by recruiting transcription factors with specific binding
domains instead of directly repelling DNA (Li et al. 2007).

Along with histone

modifications, the first nucleosome downstream of the transcription start site (TSS),
denoted as the +1 nucleosome, has been found to be enriched for the histone variant
H2A.Z (Li et al. 2007). This variant has been shown to have different interactions with
DNA when compared to the canonical H2A. This includes loosening the DNA around
the octamer, allowing for easier eviction of this nucleosome and enabling transcription to
occur.
Now to initiate transcription, the PIC has to identify the promoter and assemble
properly. The PIC consists of the general transcription factors (GTFs) TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, and TFIIH and Pol II (Hahn 2004). The GTFs were identified in
fractionations from HeLa nuclear extracts to identify the basal elements required for
transcription initiation (Matsui et al. 1980, Dignam et al. 1983, Sawadogo and Roeder
1985, Flores et al. 1989, Flores et al. 1992). They were further characterized by in vitro
studies to understand their assembly order and functions. The canonical pathway of PIC
assembly starts with TFIID or more minimally TATA-binding protein (TBP) binding and
bending the promoter DNA (Buratowski et al. 1989). TBP is essential for transcription by
all three polymerases even at genes that do not contain a TATA box or TATA-like
element (Cormack and Struhl 1992, Joazeiro et al. 1996, Comai et al. 1992). Higher
eukaryotes even have multiple forms of TBP or TBP-related factors (Gasch et al. 1990,
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Crowley et al. 1993, Rabenstein et al. 1999). After TBP binds the promoter DNA, TFIIA
and TFIIB are recruited and stabilize TBP by binding either side of the TBP-DNA
complex (Figure 1.2). At this point Pol II is recruited along with TFIIE, TFIIF, and TFIIH
and is able to initiate transcription. The GTFs excluding TFIIH are shown in Figure 1.2
from a recent cryo-EM structure of the PIC in complex with Pol II (Plaschka et al. 2016).

Figure 1.1. Histone modifications and promoter elements associated with
an active gene. A cartoon illustration of a “typical” gene is depicted with the
promoter

(purple

box)

and

open reading frame (ORF;

orange

box).

Nucleosomes are depicted by the gray ovals with the +1 nucleosome specifically
labeled.

Yeast promoters either contain a TATA box or not, although more

recent studies have shown a TATA-like element at previously termed TATA-less
promoters. The promoter is typically depleted for nucleosomes and thus termed
the nucleosome depleted region (NDR) with the -1 and +1 nucleosomes as
boundaries. The promoter-proximal nucleosomes of an active gene are highly
acetylated on H3 and H4 and contain H3K4me3. Histones within the ORF have
H3K36me3 and H3K4me2, whereas the 3’ nucleosomes have H3K4me.
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TBP was first crystallized from Arabidopsis thaliana as a dimer, secondly from
Saccharomyces cerevisiae as a monomer, and thirdly from S. cerevisiae in complex with
DNA (Nikolov et al. 1992, Chasman et al. 1993, Kim et al. 1993).

These crystal

structures allowed unique insight into how the first component of the PIC actually bound
to the promoter DNA. TBP is saddle-shaped and symmetrical and in the absence of
DNA can form a dimer. In the presence of DNA, TBP directly binds to the minor groove
of the TATA box. TBP has four phenylalanine residues that intercalate between the
DNA bases, thus causing two kinks in the DNA and bending the promoter approximately
90° (Horikoshi et al. 1992, Kim et al. 1993). This bending of the DNA is required for the
remaining GTFs to assemble along with TBP to form the complete PIC. It is important to
note that in vitro studies looking at TBP binding to the DNA all use TATA-containing
sequences. Analyses of TBP binding to sequences with one mismatch from the TATA
sequence have been performed and determined that TBP binding to these sequences
was similar to the consensus sequence (Hahn et al. 1989b, Blair et al. 2012). In vitro
studies have so far been unable to determine the binding affinity of TBP to TATA
sequences with more than one mismatch to the consensus, which encompasses the
majority of promoters in yeast (Kamenova et al. 2014, Rhee and Pugh 2012, Venters
and Pugh 2013).
Both TFIIA and TFIIB bind to TBP-DNA and help to stabilize this interaction by
recruitment of the other GTFs and preventing the removal of TBP by other
factors(Nikolov et al. 1995, Geiger et al. 1996, Tan et al. 1996), which will be discussed
more later. Both domains of TFIIB have been shown to bind to Pol II to help recruit it to
the PIC (Pardee et al. 1998, Chen and Hahn 2003). Furthermore, TFIIB is required for
proper selection of the start site (Pinto et al. 1992, Berroteran et al. 1994, Li et al. 1994,
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Pinto et al. 1994, Bangur et al. 1997). TFIIA specifically enhances interaction of the
TAFs with DNA by preventing the interaction of Taf1 with the concave portion of TBP
(Weideman et al. 1997, Kokubo et al. 1998, Liu et al. 1998). The interaction between
Taf1 and the concave side of TBP would prevent TBP from binding DNA.

Figure 1.2. Structure of the preinitiation complex. The structures of
the general transcription factors (GTFs) that form the preinitiation
complex (PIC) are shown (PDB = 5FZ5). TBP (green), TFIIA (yellow),
TFIIB (purple), TFIIE (red), TFIIF (blue), and TFIIH (not shown) bind to
the promoter DNA (orange and blue) and recruit RNA Polymerase II (Pol
II, cyan).
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TFIIF and Pol II are subsequently recruited to the TBP-TFIIB-TFIIA-DNA
complex. TFIIF interacts with TFIIB, Pol II, and DNA. The interaction with DNA helps to
position the DNA in the Pol II active site (Sun and Hampsey 1995, Chung et al. 2003,
Forget et al. 2004, Ghazy et al. 2004). TFIIE and TFIIH bind after Pol II and TFIIF have
already bound. TFIIE stimulates the activities of TFIIH (Ohkuma et al. 1995, Lee et al.
2000, Okuda et al. 2008). TFIIH has both helicase and kinase activities which are
necessary for transcription. The helicase activity of TFIIH helps in promoter melting, the
separation of the double stranded DNA to form the transcription bubble (Coin and Egly
1998, Douziech et al. 2000, Takagi et al. 2003). The kinase activity (sometimes referred
to as TFIIK) phosphorylates serine 5 of the Pol II CTD, which is required for transcription
elongation (Lu et al. 1992).
After transcription has properly initiated, not all of the GTFs dissociate from the
promoter.

Those remaining behind form the initiation scaffold, which helps for

subsequent rounds of reinitiation. Those GTFs that form the scaffold are TFIIA, TFIID,
TFIIE, and TFIIH (Yudkovsky et al. 2000). A larger complex known as Mediator is also
part of the scaffold.

Mediator has several interactions with the GTFs, Pol II, and

transcription activators (Kim et al. 1994, Myers and Kornberg 2000, Baek et al. 2006).

Regulation of TBP Localization
As an essential factor required by all three RNA Polymerases, TBP has been
widely characterized.

TBP can be regulated by multiple factors including TBP

associated factors (TAFs), SAGA (Spt-Ada-Gcn5-Acetyltransferase), Mot1, and NC2
(Figure 1.3; Pugh 2000, Auble 2009). Originally, TBP was identified as a large protein
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called TFIID, but was further fractionated into TBP and TAFs (Buratowksi et al. 1989,
Dynlacht et al. 1991, Pugh and Tijan 1991, Takada et al. 1992). TBP can be recruited
and stabilized by these TAFs at sites that lack a TATA box, whereas SAGA recruits TBP
to TATA box containing sites (Van Werven et al. 2009).

Modifier of transcription 1

(Mot1) and Negative Cofactor 2 (NC2) were both initially characterized as negative
regulators of TBP, though further studies have shown that they can have positive effects
on TBP recruitment (Davis et al. 1992, Auble et al. 1993, Auble et al. 1994, Meisterernst
and Roeder 1991, Muldrow et al. 1999, Collart 1996, Lemaire et al. 2000, Auble 2009,
Viswanathan and Auble 2011).
As already mentioned, the original TFIID protein identified in human extracts
consisted of TBP and TAFs (Buratowksi et al. 1989, Dynlacht et al. 1991, Pugh and
Tijan 1991, Takada et al. 1992). The various TAFs were identified by fractionating
extracts from Drosophila and human cells (Dynlacht et al. 1991, Pugh and Tijan 1991,
Takada et al. 1992). TFIID has been shown to be the predominant form of TBP at
TATA-less promoters which are typically the housekeeping genes (Huisinga and Pugh
2004). The TAFs help to stabilize TBP binding to promoters that lack TATA boxes,
including through interactions with the Initiator element and the downstream promoter
element in Drosophila (Verrijizer et al. 1994, Burke and Kadonaga 1997). The various
TAFs have been shown to interact with several activators (Goodrich et al. 1993, Hoey et
al. 1993, Chiang and Roeder 1995). The Taf1 subunit can also have a repressive effect
on transcription by binding to the concave portion of TBP preventing it from binding DNA
(Liu et al. 1998). Taf1 has also been shown to compete with TFIIA for binding to TBP
(Lieberman and Berk et al. 1994, Kokubo et al. 1998, Ozer et al. 1998, Bagby et al.
2000).
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Figure 1.3. Regulators of TBP. TATA-binding protein (TBP) is an integral part
of transcription by all three polymerases and thus has many proteins that
regulate its localization. SL1 (Pol I), TBP associated factors (TAFs) (Pol II), and
TFIIIB (Pol III) are the complexes that TBP forms for transcription by the various
polymerases. SAGA localizes TBP to TATA-containing promoters, while TAFs
localize TBP to TATA-less promoters.

Mot1 and NC2 work cooperatively to

remove TBP from TATA-containing promoters and shuttle TBP to TATA-less
promoters. Various activators help to localize TBP to promoters including Gal4.
Finally, Spt16 indirectly regulates TBP localization by either depositing
nucleosomes in the promoter or removing nucleosomes so that TBP can bind.

There is another multi-subunit complex known as SAGA that is important for TBP
recruitment to TATA-containing genes (Madison and Winston 1997, Grant et al. 1997,
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Bhaumik and Green 2002). These genes are typically stress response genes. The Spt3
subunit of SAGA directly binds TBP and recruits it to promoters (Sterner et al. 1999,
Mohibullah and Hahn 2008).

The SAGA complex has two enzymatic functions:

acetylation and deubiquitination (Roth et al. 2001, Henry et al. 2003). Interestingly,
SAGA and TFIID share a subset of TAFs (Grant et al. 1998). The structure of the SAGA
complex was solved using electron microscopy (Wu et al. 2004). However, coupling of
crosslinking and mass spectrometry depicted a slightly different structural organization of
SAGA (Han et al. 2014). These structures were important in understanding how the
various subunits fit together to form the whole SAGA complex and perform its various
functions (Wu et al. 2004, Han et al. 2014). While initially it was suggested that SAGA
only affected a small proportion of genes (i.e. those containing TATA-boxes), there is
recent evidence suggesting that SAGA has a wider role in transcriptional regulation (Lee
et al. 2000, Bonnet et al. 2014). The HAT activity of SAGA is responsible for histone
acetylation at promoters, which is a mark of transcription activation (Robert et al. 2004,
Roh et al. 2004, Pokholok et al. 2005, Durant and Pugh 2006, Rosaleny et al. 2007).
Furthermore, SAGA deubiquitinates H2B within the coding region of expressed genes
(Kohler et al. 2008, Bonnet et al. 2014).

Finally the Spt3 subunit was shown to

genetically interact with Mot1 through their roles in TBP regulation (Madison and
Winston 1997).
In the early fractionations of TAFs, the Negative Cofactor 2 (NC2) complex was
first identified (Meisterernst and Roeder 1991). This complex consists of two proteins:
NC2α (Bur6) and NC2β (Ydr1/Ncb2). Originally NC2 was found to repress transcription
(hence the name) by preventing the binding of TFIIA and TFIIB to TBP (Inostroza et al.
1992, Yeung et al. 1994, Mermelstein et al. 1996, Goppelt et al. 1996).

The NC2
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complex requires both subunits to bind DNA (Goppelt and Meisterernst 1996), though
there is some evidence that the subunits can have different functions (Creton et al. 2002,
Van Werven et al. 2008).

The Drosophila homolog was shown to repress TATA-

containing promoters and activate promoters with a downstream promoter element (Willy
et al. 2000, Hsu et al. 2008).

Footprinting analysis showed that addition of NC2

lessened the protection of DNA by TBP (Schluesche et al. 2007). Furthermore, Förster
resonance energy transfer (FRET) analysis showed that NC2 moved TBP on DNA,
which suggested that NC2 could act as a TBP shuttle (Schluesche et al. 2007). In
conjunction with NC2, Modifier of transcription 1 (Mot1) also regulates TBP localization
to the promoter (Auble and Hahn 1993, Auble et al. 1994). The Mot1 ATPase can bind
to NC2-TBP-DNA and more will be discussed on Mot1 in the next section (Butryn et al.
2014).
Finally, it was also mentioned that TBP is required by all three RNA
Polymerases. While TBP can function as a monomer or in the TFIID complex for Pol II
transcription, TBP forms the SL1 complex for RNA Polymerase I transcription and the
TFIIIB complex for RNA Polymerase III transcription (Pugh 2000).

For Pol II

transcription, the GTFs TFIIA and TFIIB strengthen the TBP-DNA interaction which is
necessary for PIC formation.
Although the majority of promoters in yeast are TATA-less and therefore TFIIDregulated, TBP has different dynamics than the TAFs as assayed by the Taf1 subunit
(Sprouse et al. 2008a). The mobility of TBP was increased by mutation of Taf1, which is
consistent with the TFIID complex stabilizing TBP-DNA interactions. TBP’s dynamic
nature was decreased by mutation of Mot1, which indicates that Mot1 is responsible for
the highly mobile property of TBP (Sprouse et al. 2008a). This was specific to Mot1 and
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was not shown by mutation of NC2, which was previously shown to shuttle TBP on DNA
in vitro. TBP dynamics were further explored in vivo using crosslinking kinetic analysis
(CLK), which showed that mutation of Mot1 decreased the dynamics of TBP (Poorey et
al. 2013). This observation was counter-intuitive, since Mot1 removes TBP from DNA.
The increase in TBP dynamics was explained by the observation that promoter-bound
TBP did not form an active PIC as observed by the decrease in TFIIB (Poorey et al.
2013). Mot1 therefore dissociates TBP bound to weak, spurious, or incorrect locations
rather than stably bound TBP incorporated into an active PIC.

The Role of Mot1 in Transcriptional Regulation
Mot1 is a member of the Swi2/Snf2 family of ATPases (Davis et al. 1992, Auble
et al. 1994). Initially it was identified genetically as a repressor of transcription in several
different yeast genetic screens (Davis et al. 1992, Piatti et al. 1992, Karnitz et al. 1992,
Jiang and Stillman 1996, Munn and Reizman 1994, Munn 2000, Voronkova et al. 2006).
Biochemically it was originally identified as an ATP-dependent inhibitor of TBP (ADI) and
was shown to use ATP hydrolysis to remove TBP from DNA, which was thought to be
the mechanism in which Mot1 repressed transcription in vivo (Auble and Hahn 1993,
Auble et al. 1994).

Separately Mot1 was characterized as a TBP-associated factor

(Taf170) which interacted with TBP and was independent of the other TAFs that formed
TFIID (Poon et al. 1994). It was also shown to be necessary for repression of LEU2
through its interaction with TBP and the co-repressor Leu3 (Wade and Jaehning 1996).
Furthermore, Mot1 was identified in both Drosophila melanogaster (helicase 89B) and
humans (BTAF1) and has been biochemically characterized in both (Goldman-Levi et al.
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1996, Timmers and Sharp 1991, Timmers et al. 1992, Van der Knaap et al. 1997, Chicca
et al. 1998). Interestingly, while the ATPase activity of Mot1 was shown to be stimulated
by TBP, the ATPase activity of human BTAF1 was only stimulated by TBP-DNA (Auble
et al. 1997, Chicca et al. 1998). Adamkewicz et al. 2001). Mot1 was purified as a single
polypeptide and was able to function as such (Adamkewicz et al. 2000). This is in
contrast to other members of the Swi2/Snf2 ATPase family which are known to function
as multi-subunit complex (Eisen et al. 1995, Ryan et al. 2011, Viswanathan and Auble
2011). MOT1 is an essential gene and the ATPase activity is also required for viability
(Davis et al. 1992, Auble et al. 1994).
The NTD was determined to be the portion of Mot1 that interacted with TBP
(Figure 1.4; Auble et al. 1997, Darst et al. 2003).

This portion of Mot1 contains

tetratricopeptide repeats, which were later determined to be a subclass called
Huntington-elongation factor 3-protein phosphatase 2A-target of rapamycin (HEAT)
repeats (Davis et al. 1992, Wade and Jaehning 1996, Andrade et al. 2000, Darst et al.
2003). While the ATPase activity of Mot1 is required for viability, it is not required for
TBP binding (Dasgupta et al. 2002, Adamkewicz et al. 2001).

A C-terminal Mot1

deletion mutant exhibited a dominant-negative phenotype most likely due to
sequestering TBP through the still intact NTD-TBP interaction (Auble et al. 1994, Auble
et al. 1997). To further characterize the Mot1-TBP interaction, mutagenesis of TBP was
performed in the temperature sensitive strain mot1-42 to identify bypass alleles (Sprouse
et al. 2008c). As previously mentioned, TBP requires two phenylalanine residues to
intercalate into DNA and bend it (Kim et al. 1993). Mutation of one of these residues
(F207L) was able to bypass the need for Mot1, suggesting that loosening of the TBPDNA interaction was responsible for this (Sprouse et al. 2008c). The other mutated
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residue (Y185C) is potentially a residue that interacts with TBP and the Negative
Cofactor 2 (NC2) complex (Sprouse et al. 2008c).
Crystal structures of Mot1-TBP and Mot1-TBP-NC2-DNA have shed more light
on how Mot1 interacts with TBP and DNA (Wollman et al. 2011, Butryn et al. 2015). As
already mentioned the N-terminus of Mot1 consists of HEAT repeats that bind to the
convex surface of TBP, which was confirmed by both structures. A helical portion of the
N-terminus known as the latch can bind to the concave portion of TBP preventing it from
binding DNA (Wollman et al. 2011). This interaction with the concave surface of TBP
had previously been suggested by a study using BTAF1, which determined that part of
the NTD was able to bind to the concave portion of TBP (Pereira et al. 2001).
A recent unpublished crystal structure of the entire Mot1 protein from the Hopfner
lab showed the C-terminal Swi2/Snf2 ATPase domain (Butryn and Hopfner
unpublished), which was consistent with the previous structure of the Mot1 NTD and the
EM structure of the ATPase domain (Wollmann et al. 2011). Previously, the ATPase
domain had been shown to come into contact with the upstream DNA and required a 17
base pair handle to remove TBP (Darst et al. 2001, Wollmann et al. 2011). Crystal
structures of the related SsoRad54 ATPase domain suggest that the ATPase can adopt
two conformations: open, in which there is no ATP-binding pocket; and closed, in which
there is an ATP-binding pocket formed (Dürr et al. 2005). These two conformations
would require a 180° rotation of the ATPase domain in order to form the ATP-binding
pocket. This conformational change had been previously suggested by an experiment
that showed that when Mot1-TBP complexes were incubated with an ATP analog ADPAlF4, the complex was able to bind to DNA (Darst et al. 2003). This was also suggested
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by the observation of two different Mot1-TBP complexes with different kinetics (Sprouse
et al. 2008b). More on this will be discussed in Chapter II.
Because MOT1 is an essential gene, in vivo studies utilized temperaturesensitive (ts) mutants to understand the effects of Mot1 (Davis et al. 1992). Locusspecific and genome-wide analyses using various ts alleles of Mot1 showed that Mot1
was necessary for both repression and activation of genes (Timmers et al. 1992, Collart
1996, Madison and Winston 1997, Dasgupta et al. 2002, Geisberg and Struhl 2004,
Poorey et al. 2010). Interestingly, the majority of genes that Mot1 represses have a
TATA box, while the majority of genes activated by Mot1 lack a canonical TATA box
(Collart 1996, Zanton and Pugh 2004, Poorey et al. 2010, Venters et al. 2011). While
the biochemical activity of Mot1 suggested a straight-forward mechanism for Mot1 to
repress transcription by removing TBP and inhibiting transcription (Auble and Hahn
1992, Auble et al. 1993), the mechanism for Mot1-mediated gene activation was unclear.
The results from the in vivo analyses indicated that HIS4 was a Mot1-activated gene,
and this was confirmed in vitro (Collart 1996, Muldrow et al. 1999).

These results

showed that when Mot1 was approximately present at a stoichiometric ratio to TBP that
it could activate HIS4 transcription, whereas if Mot1 was present in excess it led to
repression (Muldrow et al. 1999).

16

Figure 1.4. Structure of Mot1. A, Schematic of the two major domains of Mot1:
the N-terminal domain (NTD) comprises roughly two-thirds of the protein (dark
red box, residues 1-1258), while the C-terminal Swi2/Snf2 ATPase (yellow box,
residues 1258-1807) comprises the remainder.

The NTD contains 13 HEAT

repeats (bright red boxes; Wollmann et al. 2011) and the latch (pink box). The
ATPase domain can be divided into the subdomains 1A (orange box), 2A (green
box), 1B, and 2B (blue boxes) B, The Mot1 NTD has been crystallized in complex
with TBP (picture above; PDB = 3OC3) and also TBP-NC2-DNA (see Appendix
A) from Encephalitozoon cuniculi. The EcNTD consists of 16 HEAT repeats (red)
which bind to the convex surface of TBP (green). C, The modeled structure of
the Mot1 Swi2/Snf2 ATPase domain. More on the modeling and the ATPase
domain will be discussed in Chapter II.
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Several models have since been proposed to suggest how Mot1 activates
transcription, including remodeling chromatin, forming a unique PIC, removing TBP from
improper locations, and removing TBP from high affinity sites to enable a dynamic pool
of TBP that is able to bind to lower affinity sites (Topalidou et al. 2004, Geisberg and
Struhl 2004, Sprouse et al. 2008a, Zentner and Henikoff 2013). Studies at the GAL1
gene have shown that Mot1 is required for remodeling of the promoter nucleosomes in
order for transcription initiation (Topalidou et al. 2004). However, footprinting analysis at
URA1 showed that mutation of Mot1 did not affect the chromatin structure at this Mot1activated gene (Sprouse et al. 2008b). URA1 has also been shown to have a TATA box
on the antisense strand of DNA oriented away from the sense direction of transcription
that TBP preferentially binds.

Therefore, it has been proposed that Mot1 removes

incorrectly oriented TBP to enable it to properly bind and initiate transcription (Sprouse
et al. 2008b).
It was shown genome-wide that mutation of Mot1 led to a redistribution of TBP
from low affinity sites to the high affinity TATA boxes (Zentner and Henikoff 2013), which
had been previously suggested by earlier experiments (, Collart 1992, Muldrow et al.
1999, Zanton and Pugh 2004). Analysis of TBP dynamics showed that in the absence of
Mot1, TBP is more dynamic. This increase in TBP dynamics in mot1 cells suggested that
Mot1 removed TBP from weak-binding sites and therefore stabilized TBP bound to highaffinity sites(Poorey et al. 2013). Locus-specific and genome-wide localization of Mot1
showed a peak of Mot1 at the promoter of genes, regardless of whether Mot1 activates
or represses the gene, and an absence of Mot1 in the coding region of genes (Andrau et
al. 2002, Dasgupta et al. 2002, Geisberg et al. 2002, Zanton and Pugh 2004). To date
only one study has identified Mot1 in coding regions of genes in the absence of TBP
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(Geisberg et al. 2002). Due to the lack of corroborating results for Mot1 binding in the
ORF, it is possible that this finding has no biological significance.
Separately, both Mot1 and NC2 had been shown to be necessary for repression
or activation of genes (Meisterernst and Roeder 1991, Auble and Hahn 1993, Collart
1996, Madison and Winston 1997). Locus-specific experiments showed that Mot1 and
NC2 both regulated HIS3 and HIS4, and later genome-wide experiments showed they
had a significant overlap in gene regulation (Collart 1996, Madison and Winston 1997,
Lemaire et al. 2000, Andrau et al. 2002, Dasgupta et al. 2002, Hsu et al. 2008). ChIP
studies also showed that both factors had similar genomic localizations (White et al.
1994, Geisberg et al. 2001, Dasgupta et al. 2002, Geisberg et al. 2002).
Characterization of NC2 showed that both subunits were required for binding of NC2 to
TBP-DNA (Inostroza et al. 1992, Yeung et al. 1994, Mermelstein et al. 1996, Goppelt et
al. 1995, Van Werven et al. 2008). NC2 was able to move TBP along as detected by
FRET, which suggests that NC2 could shuttle TBP to promoters of activated genes and
move TBP away from repressed genes (Schluesche et al. 2007). NC2 is also perfectly
shaped to prevent TFIIA and TFIIB from binding to TBP and forming the PIC, which
explains its repressive function (Meisterernst and Roeder 1991, Kamada et al. 2001).
The crystal structure of the Mot1 NTD-NC2-TBP-DNA complex confirmed that
this quaternary complex could form (Butryn et al. 2015).

Previously it had been

suggested that Mot1 and NC2 were antagonistic in binding to the same region of DNA
(Geisberg et al. 2001). Though the genome-wide localization profiles and an intact
Mot1-NC2-TBP complex purified from whole cell extracts suggested otherwise (Darst et
al. 2003). Since the structure of NC2-TBP had previously been solved and Mot1 was
known to bind to the convex surface of TBP, it made sense that Mot1 and NC2 could
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bind to TBP at the same time (Kamada et al. 2001, Darst et al. 2003, Wollmann et al.
2011). The Mot1 NTD-NC2-TBP-DNA complex demonstrates that TFIIA, TFIIB, SAGA,
and TFIID would not be able to bind to TBP, since Mot1 and NC2 bind to the same
regions of TBP that those factors bind. (Butryn et al. 2015).

Figure 1.5. Model of Mot1 removal of TBP. A, TBP (dark green) binds and
bends DNA (black lines). B, The Mot1 N-terminal HEAT repeats (red) bind to the
convex surface of TBP with the latch (gray) not bound to TBP.

The Mot1

ATPase (orange, blue, light green ovals) is positioned in the open conformation
on the upstream DNA. C, Upon addition of nucleotide (black oval), the Mot1
ATPase transitions to the closed conformation towards TBP. D, After several
rounds of ATP hydrolysis, TBP is removed from DNA and the Mot1 latch binds to
the concave surface of TBP.

The FRET technique allowed for a unique insight into understanding how Mot1
removed TBP from DNA. As previously shown by the crystal structure of TBP-DNA,
TBP bends the promoter DNA approximately 90° (Kim et al. 1993). When Mot1 binds to
TBP-DNA the FRET study showed that Mot1 straightened the bent DNA somewhat,
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potentially priming the TBP for dissociation (Moyle-Heyrman et al. 2012). Importantly,
this unbending of the DNA is in the absence of ATP. A model was proposed that after
the unbending of DNA that Mot1 then went through multiple rounds of ATP hydrolysis to
remove TBP from DNA (Sprouse et al. 2008b, Moyle-Heyrman et al. 2012). The current
model of Mot1-mediated removal of TBP from DNA is illustrated in a simple cartoon in
Figure 1.5.

Transcription Elongation and the Nucleosomal Obstacle
After transcription has initiated, Pol II has to “escape” the promoter to proceed
into productive elongation. The largest subunit of Pol II, Rpb1, has a long flexible tail
called the C-Terminal Domain (CTD) that consists of repeats of YSPTSPS (Buratowksi
2009).

This CTD plays an integral role in transcription elongation by accumulating

modifications, which help to signal that Pol II is now elongating through the gene and
recruits proteins that are essential to this process. Serine 5 is first phosphorylated by
the TFIIK subunit of TFIIH (Lu et al. 1992). As Pol II progresses through the gene body,
Ctk1 phosphorylates serine 2 (Ahn et al. 2004, Smith-Kinnaman et al. 2014). Next,
serine 5 is dephosphorylated by Rtr1 (Mosley et al. 2009). These are the two most
widely studied modifications of the CTD, however, it is also known that tyrosine 4 and
serine 7 can also be phosphorylated, and the prolines can be isomerized (Kouzarides

2007). The roles these modifications play in elongation are not as well defined as
serines 2 and 5.
Before serine 5 is dephosphorylated, there is a time when both serine 5 and 2
are

phosphorylated.

This

is

essential for

the recruitment

of

the

histone
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methyltransferase Set2, which requires phosphorylation of both sites for binding (Vojnic
et al. 2006). Set2 has been shown to methylate H3K36, which is a mark associated with
active transcription (Strahl et al. 2002, Kizer et al. 2005, Kouzarides 2007). It has also
been demonstrated that Set2 and H3K36me3 help to suppress cryptic initiation within a
gene (Lickwar et al. 2009, Venkatesh et al. 2012). H3K36me3 recruits the Rpd3 histone
deacetylase complex, which would then help to reassemble histones on DNA, thereby
preventing PICs from inappropriately forming within a gene (Keogh et al. 2005).
The nucleosomes located within the ORF are essential for preventing
inappropriate transcription from occurring. However, these nucleosomes also have to be
removed in order for Pol II to passage through the ORF to produce the transcript. This is
a complex issue that the cell has evolved multiple pathways of regulating. The many
layers of nucleosomal regulation include the canonical histones, histone variants,
histone modifications, histone chaperones, chromatin remodelers, transcription factors,
and finally Pol II. The canonical histones, the H2A.Z variant, and histone modifications
have already been introduced previously.
Histone chaperones are a class of proteins that have a high affinity for the
histone subunits and have no enzymatic activity (De Koning et al. 2007).

These

chaperones are specific to the H2A-H2B dimer, the H3-H4 tetramer, or histone variants
such as H2A.Z or CENP-A. On the other hand, there are ATP-dependent chromatin
remodelers that are members of the Swi2/Snf2 family of ATPases similar to Mot1 (Ryan
and Owen-Hughes 2011). Unlike Mot1, the chromatin remodelers utilize ATP hydrolysis
to reposition nucleosomes or insert a histone variant into an already established
nucleosome.
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Two commonly studied histone chaperones in yeast are Nap1 and Asf1. This is
because these chaperones have clearly defined histone cargoes; Nap1 binds H2A-H2B
and Asf1 binds H3-H4 (Mosammaparast et al. 2001, Mosammaparast et al. 2002,
English et al. 2006). Interestingly, while H3-H4 forms a tetramer (Luger et al. 1997), the
interaction with Asf1 prevents the tetramer from forming and instead binds H3-H4 as a
dimer (English et al. 2006). H2A-H2B normally forms a dimer; however a dimer of Nap1
is able to form an H2A-H2B tetramer, potentially explaining how Nap1 prevents
reincorporation of H2A-H2B into the nucleosome (D’Arcy et al. 2013). This could be a
feature specific to Nap1 or other H2A-H2B histone chaperones could also function like
this.
Another well-characterized histone chaperone is Spt6, which was identified in a
yeast genetic screen (Winston et al. 1984, Duina 2011).

Spt6 has been shown to

assemble nucleosomes in vitro and preferentially bind H3-H4 (Bortvin and Winston
1996, Hartzog et al. 1998).

In vivo experiments showed that at genes with high

transcription rates, Spt6 was required for replacement of nucleosomes after Pol II
passage, thereby preventing intragenic transcription (Kaplan et al. 2003, Cheung et al.
2008, Jensen et al. 2008). Spt6 binds to the CTD of Pol II specifically phosphorylated at
serine 2, which starts accumulating on the CTD during productive elongation (Sun et al.
2010). While Spt6 is required for transcription elongation, it has also been shown to be
necessary for nucleosome reassembly at the promoters of some genes after initiation
has occurred (Adkins and Tyler 2006, Ivanovska et al. 2011). Spt6 requires the high
mobility group (HMG) protein Nhp6 to bind to nucleosomes (Bortvin and Winston 1996).
Furthermore, Spt6 also binds to another protein, Spn1, which prevents the association of
Spt6 with nucleosomes (McDonald et al. 2010, Diebold et al. 2010). A protein very
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similar in function to Spt6 is the histone chaperone Spt16, which will be discussed more
in the next section (Duina 2011).
Another important elongation regulator is the PAF complex (Polymerase
Associated Factors) (Wade et al. 1996). This complex consists of 5 subunits in yeast:
Paf1, Rtf1, Leo1, Cdc73, and Ctr9 (Shi et al. 1996, Shi et al. 1997, Mueller and Jaehning
2002, Squazoo et al. 2002). It has been shown by ChIP to localize to the entire coding
region of active genes (Krogan et al. 2002, Pokholok et al. 2002). Unlike Set2 which
requires the Pol II CTD to be phosphorylated at serines 5 and 2, the PAF complex
associates with all forms of Pol II regardless of the phosphorylation status through
interactions with the Cdc73 and Rtf1 subunits (Rozenblatt-Rosen et al. 2005). However,
it seems that phosphorylation of another elongation factor Spt5 is required for
recruitment of the PAF complex to Pol II (Liu et al. 2009, Zhou et al. 2009). The PAF
complex is required for transcription elongation due mostly to two functions: recruitment
of Rad6/Bre1 and the full phosphorylation of serine 2 of the Pol II CTD (Jaehning 2010).
Rad6/Bre1 ubiquitinates H2BK123 which recruits the Set1 methyltransferase that
subsequently methylates H3K4 (Krogan et al. 2003, Ng et al. 2003). The mechanism in
which the PAF complex contributes to serine phosphorylation is not fully understood
(Mueller et al. 2004); however, this phosphorylation is required for the recruitment of
Set2 and subsequent tri-methylation of H3K36 (Krogan et al. 2003). The PAF complex
has also been shown to physically and genetically interact with Spt16, indicating the
need for cooperation of elongation factors in transcriptional regulation (Krogan et al.
2002, Squazzo et al. 2002, Rondón et al. 2004).
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Spt16 Regulates Transcription, Replication, and DNA Repair
Spt16 is a histone chaperone that is part of the FACT (facilitates chromatin
transcription) complex (Formosa 2012). Spt16 (or Cdc68) was first identified in a genetic
screen in yeast as a suppressor of transposable elements (Malone et al. 1991, Rowley
et al. 1991). Genes with transposons integrated into the coding region would normally
not be able to be properly transcribed, however mutations of SPT16 and other SPT
genes enable these genes to be properly transcribed. Other SPT genes include the
histone chaperone SPT6, the histone genes, and even SPT15 which encodes TBP
(Clark-Adams and Winston 1987, Eisenmann et al. 1989, Hahn et al. 1989a, Malone et
al. 1991).
Spt16 forms a heterodimer with Pob3 and together they loosely associate with
Nhp6 to form the complete yeast FACT complex (Brewster et al. 1998, Formosa et al.
2001, Formosa 2012). Multiple copies of Nhp6 are required for Spt16-Pob3 to bind to
nucleosomes (Ruone et al. 2003). Early in vitro studies showed that FACT was required
for productive transcription elongation through a nucleosomal template (Orphanides et
al. 1998). Many labs have gone on to dissect the roles of both Spt16 and Pob3 in
transcription elongation.

The domain organization of Spt16 is shown in Figure 1.6.

Spt16 consists of an N-terminal domain (NTD; VanDemark et al. 2008), an
aminopeptidase-like domain (Stuwe et al. 2008), a dimerization domain, a middle
domain, and the C-terminal domain (CTD; O’Donnell et al. 2004). So far only the NTD,
peptidase domain, and middle domain have been crystallized (Figure 1.6B, C;
VanDemark et al. 2008, Kemble et al. 2013).
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Figure 1.6. Structure of the histone chaperone Spt16. A, Schematic of the
domains of Spt16. Only the N-terminal domain (NTD, green), peptidase domain
(red), and middle domain (blue) have been crystallized so far. The dimerization
domain (Dimer, purple) and C-terminal domain (CTD, yellow) are the other two
domains in Spt16.

B, The crystal structure of the Spt16 NTD (green) and

peptidase domains (red; PDB = 3BIP). C, The crystal structure of the Spt16
middle domain (blue; PDB = 4IOY).

Originally it was thought that Spt16 was a histone chaperone specific to the H2AH2B dimer (Belotserkovskaya et al. 2003, Ransom et al. 2010, Formosa 2012).
However, further biochemical analyses have shown that Spt16 can bind both H2A-H2B
dimers and H3-H4 tetramers (Stuwe et al. 2008, VanDemark et al. 2008). The domains
which bind to these subunits differ (Winkler et al. 2011, Tsunaka et al. 2016). The NTD
and middle domains both bind to H3-H4 tetramers, whereas the acidic CTD binds to
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H2A-H2B dimers. The dimerization domain is required for dimerization to Pob3 to form
the FACT complex (Formosa 2012).
The genome-wide localization profile of Spt16 showed that Spt16 mostly
associates with actively transcribed genes (Mason and Struhl 2003, Saunders et al.
2003). Spt16 peaks immediately downstream of the TSS and continues through the
coding region eventually dropping off before the transcription termination site (Mayer et
al. 2010). This is unique in comparison to other elongation factors, which typically peak
further downstream of Spt16 and exit at the transcription termination site. This has
caused some speculation that Spt16 may have a role earlier in elongation and potentially
even in late initiation by regulating the +1 nucleosome (Mayer et al. 2010,
Belotserkovskaya et al. 2003, Stuwe et al. 2008).
Mutation of Spt16 caused a phenomenon known as cryptic or intragenic initiation
(Kaplan et al. 2003, Cheung et al. 2008). This occurs when a promoter element within
the ORF is exposed and a PIC is able to assemble within the gene. There are several
genes that are widely studied for cryptic initiation including FLO8 (Duina et al. 2007).
This exposure of a cryptic promoter is enabled by the absence of functional Spt16 to
replace histones evicted in the wake of Pol II passage (Formosa et al. 2002,
Belotserkovskaya et al. 2003, Kaplan et al. 2003, Cheung et al. 2008, Jamai et al. 2009,
Xin et al. 2009). Since a PIC forms at this cryptic site, Spt16 can indirectly function in
TBP localization. Spt16 has also been implicated in TBP localization to the promoter at
a subset of genes (Mason and Struhl 2003, Shimojima et al. 2003, Biswas et al. 2005).
In spt16 cells, TBP localization was decreased at the promoters of genes, potentially
through the relocalization of TBP to other exposed sites (Biswas et al. 2005). There is
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no evidence that Spt16 directly interacts with TBP and since Spt16 is predominately
localized to the coding region, this is most likely an indirect effect of Spt16 on TBP.
The histone variant H2A.Z is enriched at the promoter of active genes (Li et al.
2007). This histone variant has the specific histone chaperone Chz1 (Luk et al. 2007).
On top of that, the Swr1 chromatin remodeler is also specific for H2A.Z deposition
(Mizuguchi et al. 2003, Korber and Horz 2004). Two independent studies identified
Spt16 as another histone chaperone for H2A.Z (Mahapatra et al. 2011, Liu et al. 2014).
The first study demonstrated that Spt16 was necessary for the deposition of H2A.Z at
tRNA genes (Mahapatra et al. 2011). The second study showed that Spt16 actually is
prevented from binding H2A.Z while Chz1 is present, but in strains lacking Chz1 Spt16
was able to bind to H2A.Z nucleosomes (Liu et al. 2014). While Spt16 is linked more to
elongation, it is apparent that Spt16 has some roles in transcription initiation as well.
Along with FACT regulating transcription, both Spt16 and Pob3 have been
implicated in DNA replication. Originally, this was shown through physical interactions
with both proteins to the replicative polymerase DNA Polymerase α in whole cell extracts
(Wittmeyer and Formosa 1997). After DNA has been newly synthesized, the immediate
problem is that histones have to be replaced along the DNA and new histones also have
to be deposited (Annunziato 2005). Several histone chaperones have been shown to be
involved in this replication-dependent histone assembly, including the chromatin
assembly factor 1 (CAF-1) complex, Asf1, and Rtt106 (Stillman 1996, Tyler et al. 1999,
Huang et al. 2005). It was shown that the interaction between Spt16 and H3-H4 was
required for deposition of new histones onto DNA during replication, indicating that this is
how FACT regulates replication (Foltman et al. 2013, Yang et al. 2016). This interaction
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of FACT with the replicative enzymes is mediated by ubiquitination of Spt16 by Rtt101
(Han et al. 2010).
Finally, the FACT complex has been shown to be involved in DNA repair. When
DNA is damaged, histones have to be removed to allow for the DNA repair machinery to
get to the damaged site of DNA. Histone chaperones are important in replacing histones
after the DNA has been properly repaired (Soria et al. 2012). These histone factors
include the CAF-1 complex, Asf1, and Spt16 (Polo et al. 2006, Dinant et al. 2013).
Spt16 is necessary for the replacement of H2A-H2B dimers specifically, whereas Pob3
is not required for the reassembly of nucleosomes after DNA repair (Dinant et al. 2013).
However, both subunits are recruited to the damaged site. In higher eukaryotes, the role
of Spt16 in DNA repair has been further characterized. FACT interacts with the histone
variant H2A.X, which has been shown to be a marker of DNA damage (Heo et al. 2008,
Redon et al. 2002). FACT is involved in the deposition and removal of H2A.X. This
interaction with H2A.X is reduced when Spt16 is poly(ADP)-ribosylated by PARP1(Heo
et al. 2008). It was demonstrated that the PARP1-dependent poly(ADP)-ribosolyation of
Spt16 reduces Spt16’s affinity with all chromatin, not just H2A.X (Huang et al. 2006).

Summary
Mot1 and Spt16 are conserved and essential regulators of transcription. Initially,
Mot1 was thought to repress transcription by removing TBP from DNA and preventing
PIC formation. However, it has been shown that Mot1 is also required for activation of
transcription and several models have been suggested. Experiments have shown that
Mot1 may have a role in elongation through the prevention of premature termination,
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although the predominant localization of Mot1 is to promoters and not coding regions.
The Spt16 histone chaperone is part of the FACT complex and has been widely
characterized as an elongation factor. Spt16 associates with RNA Polymerase II and
reassembles nucleosomes after RNA Polymerase II passages through the coding
region. Spt16 is thus important for preventing cryptic initiation. Spt16 has also been
implicated in regulation of initiation through its interaction with promoter-proximal
nucleosomes, H2A.Z, and effects on TBP localization to the promoter.

Scope of this study
While there have been substantive advances in understanding the mechanism in
which Mot1 functions, we still do not understand how the ATPase domain specifically
interacts with the upstream DNA. To date there is no published crystal structure of the
Mot1 ATPase domain in complex with the upstream DNA, which is important since the
upstream DNA is

required for Mot1-mediated dissociation of TBP.

We previously

reported mapping of the ATPase domain to this region of DNA (Wollmann et al. 2011);
however, we more clearly defined the subdomains in relation to the DNA. The crystal
structure of the related SsoRad54 ATPase domain led to the suggestion that Swi2/Snf2
ATPases could form two different conformations which could be important for their
mechanism of action (Dürr et al. 2005). Therefore, we hypothesized that Mot1 could
also form these conformations, which would be important for hydrolysis of ATP and
subsequent removal of TBP from DNA. All of this will be discussed in Chapter II.
Mot1 and Spt16 have both been widely characterized independently; however,
there have been no studies exploring their relationship. It was previously demonstrated
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that these two proteins physically interact (Arnett et al. 2008).

Mot1 and Spt16 had

been separately shown to regulate transcription initiation and elongation (Auble and
Hahn 1993, Auble et al. 1994, Poorey et al. 2010, Biswas et al. 2005, Belotserkovskaya
et al. 2003), and in order to understand how Mot1 influenced elongation we determined
their effects on gene expression. Therefore, we used single mutants and created a
double mutant to determine their effects on gene expression using tiling arrays.

We

also determined their roles in RNA synthesis precision, since Mot1 prevents premature
termination (Poorey et al. 2010) and Spt16 prevents cryptic initiation (Cheung et al.
2008). Since both factors have been implicated in TBP localization and PIC formation
(Auble and Hahn 1993, Auble et al. 1994, Biswas et al. 2005), we hypothesized that they
would overlap in transcription regulation. We determined their effects on components of
the PIC and their preferences for promoter elements. All of this will be discussed in
Chapter III.
Mot1 and Spt16 have different genomic localization profiles; Mot1 localized
predominately to the promoter, whereas Spt16 localized to the coding region of active
genes.

We hypothesized that these two factors could affect the genome-wide

localization of each other based on their physical interaction and overlap in transcription
regulation. Spt16 is a bona fide histone chaperone, and Mot1 belongs to a family of
proteins that are all chromatin remodelers. One study demonstrated that Mot1 was
required for chromatin remodeling at a specific gene (Topalidou et al. 2004), while
another study showed it was not required for chromatin organization at another gene
(Dasgupta et al. 2005).

Therefore we determined if Mot1 had a global role in

nucleosome organization and how it compared to Spt16 to determine if they overlapped
in nucleosomal regulation. These results will be discussed in Chapter IV.
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Chapter II
The Activity and Specificity of Mot1 in Purified Complexes
Most of the data from this Chapter was published in Viswanathan et al. 2016.

The essential Saccharomyces cerevisiae ATPase Mot1 globally regulates
transcription by impacting the genomic distribution and activity of the TATAbinding protein (TBP). In vitro, Mot1 forms a ternary complex with TBP and DNA,
and can use ATP hydrolysis to dissociate the TBP-DNA complex.

Prior work

suggested an interaction between the ATPase domain and a functionally
important segment of DNA flanking the TATA sequence.

However, how ATP

hydrolysis facilitates removal of TBP from DNA is not well understood and several
models have been proposed.

To gain insight into the Mot1 mechanism, we

employed a DNA tethered cleavage approach to map regions of Mot1 in proximity
to the DNA under different conditions. We present biochemical evidence for two
distinct conformations of the Mot1 ATPase, the detection of which can be
modulated by ATP analogs as well as DNA sequence flanking the TATA sequence.
We also show using purified complexes that Mot1 dissociation of a stable, high
affinity TBP-DNA interaction is surprisingly inefficient, suggesting how other
transcription factors that bind to TBP may compete with Mot1. Taken together,
these results suggest that TBP-DNA affinity as well as other aspects of promoter
sequence influence Mot1 function in vivo.
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Introduction
Biochemical Analyses of Mot1-Mediated Dissociation of TBP
As discussed in Chapter I, Mot1 was biochemically identified as an ATPdependent inhibitor of TBP (ADI; Auble and Hahn 1993). It was shown to be a single
polypeptide that belonged to the family of Swi2/Snf2 ATPases (Auble et al. 1994, Poon
et al. 1994, Adamkewicz et al. 2000). It was capable of binding TBP-DNA complexes,
and the association with DNA is dependent on TBP (Auble and Hahn 1993, Auble et al.
1994).

Mot1, TBP, and DNA form a 1:1:1 complex that upon addition of ATP is

dissociated to the single components (Auble and Hahn 1993, Auble et al. 1994, Poon et
al. 1994).

Electrophoretic mobility shift assays (EMSAs)

allow for detection of the

different complexes and dissociation when ATP is added.
Mot1 has been characterized in other eukaryotes, including Drosophila
melanogaster (dMot1 or 89B helicase; Goldman-Levi et al. 1996) and humans (BTAF1;
Timmers and Sharp 1991, Timmers et al. 1992). Interestingly, while the ATPase activity
of Mot1 is stimulated by TBP, BTAF1 requires TBP-DNA (Chicca et al. 1998). This
indicated some biochemical difference between Mot1 and BTAF1, which could impact
their function. In Drosophila, it was also shown that 89B helicase could not only bind to
TBP but also to the TBP-related factor TRF1 (Adamkewicz et al. 2001). Although there
are differences in some of the biochemical properties of the Mot1 orthologs, since Mot1
is well-conserved, understanding its function in one system will provide a framework for
Mot1 action in all organisms.
The removal of TBP from DNA is an obvious explanation for the repressive
mechanism of Mot1, which would prevent the PIC from forming (see Chapter I).
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However, studies also showed that Mot1 was able to activate transcription at certain
genes including HIS4 (Collart 1996, Muldrow et al. 1999). It was shown that these in
vivo results of gene activation could be recapitulated in vitro using low levels of Mot1 that
were approximately stoichiometric to TBP (Muldrow et al. 1999). In contrast, higher
levels of Mot1 led to repression of the HIS4 gene (Muldrow et al. 1999). URA1, another
Mot1-activated gene, was extensively analyzed to understand the Mot1 activation
mechanism.

URA1 has two TATA boxes in opposite orientations in its promoter

(Sprouse et al. 2008b). Hydroxyl radical experiments were employed to demonstrate
that TBP preferentially bound to the TATA box that was facing in the opposite direction
from the TSS of URA1 (Sprouse et al. 2008b). Using a mutated version of TBP that was
able to bind to either TATA box in addition with the Mot1-42 ts protein, it was
demonstrated that activation of URA1 expression could be restored, indicating that Mot1
functioned to reorient TBP at the URA1 promoter (Sprouse et al. 2008b).
As mentioned in Chapter I, when TBP binds to DNA it bends it approximately 90°
which is necessary for PIC formation (Starr and Hawley 1991, Lee et al. 1991, Kim et al.
1993). Using FRET it was demonstrated that when Mot1 binds to TBP-DNA, it unbends
the DNA (Moyle-Heyrman et al. 2012). The extent to which it unbends the DNA is
uncertain. This occurred in the absence of ATP, which could prime the TBP for removal.
In the time it takes for Mot1 to remove TBP from DNA, approximately 12-13 molecules of
ATP are hydrolyzed (Sprouse et al. 2006, Viswanathan and Auble 2011).
Since it was known that Mot1 removed TBP from DNA using ATP hydrolysis, the
next step was to understand how Mot1 performed this function.

Other Swi2/Snf2

enzymes had been shown to productively translocate along DNA (Pazin and Kadonaga
1997), which was a provocative model for Mot1 (Auble and Steggerda 1999). However,
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with a series of “roadblock” experiments, it was demonstrated that Mot1 did not require a
long stretch of DNA in order to translocate and remove TBP, although it still could
translocate over a short distance (Auble and Steggerda 1999). Mot1 was also able to
remove TBP even when the DNA duplex was crosslinked with psoralen, indicating that it
did not require strand separation like helicases (Darst et al. 2001). Furthermore, it was
shown that Mot1 did not change the conformation of the DNA by utilizing DNA in minicircles on which Mot1 was still able to remove TBP (Darst et al. 2001).
Mot1 required ~17 base pairs of double stranded DNA upstream of the TATA box
in order to remove TBP (Darst et al. 2001). In addition, it was shown that Mot1 binding
to DNA was not affected by removal of the nucleosides from upstream DNA (Darst et al.
2001).

However, fluorescence polarization experiments by another lab showed that

Mot1 could remove TBP without the requirement for the upstream DNA (Gumbs et al.
2003). This apparent contradiction for the requirement of upstream DNA for Mot1 will be
elaborated upon in the discussion.

A Swi2/Snf2 ATPase Rad54 from Sulfolobus

solfataricus was crystallized in complex with DNA showing its requirement for the
upstream DNA (Dürr et al. 2005). In addition, it showed that the ATPase domain could
interact with the phosphate backbone of the DNA indicating that the ATPase domain did
not require a specific sequence to bind (Dürr et al. 2005).

The Two Conformations of Swi2/Snf2 ATPases
As a member of the Swi2/Snf2 family of ATPases, Mot1 has a conserved Cterminal ATPase domain (Gorbalenya et al. 1988, Singleton et al. 2007, Flaus et al.
2006, Davis et al. 1992). This domain can be further classified into four subdomains:
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1A, 2A, 1B, and 2B (Dürr et al. 2005).

Subdomains 1A and 1B are similar to the

domains in the RecA helicase and are therefore called RecA-like subdomains (Singleton
et al. 2001).

The subdomains 2A and 2B are specific to the Swi2/Snf2 family of

ATPases (Dürr et al. 2005). Perhaps the first biochemical evidence of a conformational
change in Mot1 was demonstrated when a transition state ATP analog, ADP-AlF4 was
utilized (Darst et al. 2003). When Mot1 was preincubated with TBP, it was unable to
bind to DNA. However, addition of ADP-AlF4 to the Mot1-TBP complex enabled it to
bind to DNA suggesting that the binding of the analog changed the conformation of Mot1
in some manner (Darst et al. 2003).
The first tangible evidence of two conformations of Swi2/Snf2 ATPases was
discovered when the Sulfolobus solfataricus Rad54 ATPase domain was crystallized in
complex with DNA (Dürr et al. 2005).

This structure showed the ATPase in a

conformation where the catalytic residues of the ATPase domain were not close
together. In this manner the ATP pocket could not form to bind ATP. Thus it was
proposed that this was an “open” conformation and that the domain had to rotate 180° to
properly form the ATP binding pocket and the “closed” conformation (Dürr et al. 2005).
This also worked well with the “inchworm” mechanism, which suggested that the
ATPase moved like an inchworm along DNA in small steps (Velankar et al. 1999).
Translocation over such a short distance is difficult to detect, so this model does not
contradict the earlier observation that Mot1 does not translocate over a long distance.
The first crystal structure of Mot1 from Encephalitozoon cuniculi was only of the
Mot1 NTD in complex with TBP (Wollmann et al. 2011). However, negative stained
electron micrographs enabled a more complete picture of Mot1 in complex with TBP.
This allowed for Mot1-TBP to be superimposed upon DNA showing that the ATPase
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domain would come into contact with the upstream DNA as shown by earlier
biochemical analyses. Furthermore, the FeBABE hydroxyl radical cleavage assay was
employed to show that the Mot1 ATPase domain came into contact with the upstream
DNA (Wollmann et al. 2011).

Scope of this Study
Mot1 has been biochemically characterized and the structure of the NTD in
complex with TBP-DNA and NC2-TBP-DNA has been solved (Auble et al. 1994, Poon et
al. 1994, Adamkewicz et al. 2000, Wollmann et al. 2011, Butryn et al. 2015). However,
there are still some parts of the mechanism that are not fully understood.

The

biochemical characterization has been done mostly using ensemble reactions such as
EMSAs. Therefore, we determined how Mot1 functioned in purified complexes to better
understand the efficiency of the ATPase. Mot1 had previously been shown to require a
17 base pair handle upstream of the TATA box, although there was some conflicting
evidence (Darst et al. 2001, Gumbs et al. 2003). This requirement of the upstream DNA
was further supported by FeBABE experiments that showed that the Swi2/Snf2 ATPase
domain contacted the upstream DNA (Wollmann et al. 2011).

An ATP analog was

shown to capture a conformational intermediate in the Mot1 hydrolytic cycle
(Viswanathan 2013, Viswanathan et al. 2016). Previously, we had proposed that Mot1
binding to the upstream DNA could be affected by the DNA sequence (Sprouse et al.
2008b). We tested if another ATP analog and various DNA sequences would affect the
conformation of Mot1 binding. Overall, this chapter focuses on these mechanistic steps
in the Mot1-mediated dissociation of TBP from DNA.
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Materials and Method
TBP and Mot1 Purification
Full-length recombinant Saccharomyces cerevisiae (Sc) TBP was obtained by
purification from a bacterial overexpression strain as described previously (Darst et al.
2002, Gupta et al. 2007) and quantified as described previously (Sprouse et al. 2006).
Full-length recombinant Sc Mot1 was isolated by affinity purification using a yeast
overexpression strain as described previously (Darst et al. 2002, Gupta et al. 2007).
DNA Probes
The synthetic deoxyoligonucleotides (oligos) used in this study are listed in Table
2.1. The gapped DNA probes were prepared by annealing combinations of the oligos
corresponding to the sequences shown in Figure 1A. The oligos used for FeBABE
assays (obtained from Life Technologies) were biotinylated on the 5’ end of the top
strand and hybridized to unmodified bottom strand oligos. The duplexes were formed in
25 mM Tris-Cl pH 8, 10 mM EDTA, 0.1 M NaCl by heating to 100°C for 5 minutes and
then slow cooling overnight to room temperature. A two-fold excess of the bottom strand
was used during annealing to increase the yield of the duplex product. For testing the
catalytic activity of Mot1, oligonucleotides were biotinylated at the 5’ end (upstream) or 3’
end (downstream) of the TATA box. A two-fold excess of the unmodified strand was
added and annealing conditions were the same as those for the FeBABE DNAs. A 20
nucleotide stretch of single-stranded DNA was added to the 5’ end of the 5’ Bio duplex to
create the 5’ Tail duplex.
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Table 2.1. Oligonucleotides used in this chapter. The phosphorothioates of A, C, G and T
are represented by F, O, E and Z respectively.
Name
Sequence
5’-GGG CGC GAA TTC ACG CGC CAC CCC CTT TTA TAG CCC CCC TTC AGG AAC
FeB
ACC CGG TCG GGG ATC CCG GGC C-3’
5’-BIO-GGC CCG GGA TCC CCG AOC EGG TGT TCC TGA AGG GGG GCT ATA AAA
6FeT
GGG GGT GGC GCG TGA ATT CGC GC-3’
5’-BIO-CGG GGA TCT GTC GAC CZC EAG AAC AGT AGT ATA CTG TGT ATA TAA
HIS4 6FeT
TAG ATA TGG AAC-3’
5’-GTT CCA TAT CTA TTA TAT ACA CAG TAT ACT ACT GTT CTC GAG GTC GAC
HIS4 6FeB
AGA TCC CCG-3’
Moyle
5’-BIO-CGA GAC ACA GAC GTA CGG OCE GGC GCC CCG GAT GGG GGC CTA
6FeT
TAA AAG GGC TGG GCG-3’
Moyle
5’-GCT CTG TGT CTG CAT GCC GGC CCG CGG GGC CTA CCC CCG GAT ATT TTC
6FeB
CCG ACC CGC-3’
5’-BIO-GGC CCG GGA TCC CCG ACC GGG TGT TCC TGA AGG GGG GCT ATA AAA
5’BioT
GGG GGT GGC GCG TGA ATT CGC GC-3’
5’-BIO-CGA GAC ACA GAC AGA CAG ACG GCC CGG GAT CCC CGA CCG GGT
5’TailT
GTT CCT GAA GGG GGG CTA TAA AAG GGG GTG GCG CGT GAA TTC GCG C-3’
5’-CAC GGG GTA CGG CCG GGC GCC CCG GAT GGG GGG CTA TAA AAG GGG
EMSA T
CGC-3’
5’-GCG CCC CTT TTA TAG CCC CCC ATC CGG GGC GCC CGG CCG TAC CCC GTGEMSA B
3’

FeBABE-mediated hydroxyl radical cleavage assay
Six millimolar Fe(III) (s)-1-(p-bromoacetamidobenzyl) ethylenediamine tetraacetic
acid (FeBABE) (Dojindo, F279-10) was coupled to 0.7 μM of oligonucleotide hybrid (via
specific phosphorothioate modifications) in 20 mM MOPS pH 7.9 for 16 hours at 50°C.
The FeBABE-coupled oligonucleotide hybrid was then bound to streptavidin beads
(Dynabeads M-280 Streptavidin, 112.05D, Invitrogen) using the biotin linker on the 5’
end of one strand. The beads were then washed twice with 20 mM MOPS pH 7.9 and
once with the reaction buffer (4% glycerol, 4 mM Tris-Cl pH 8, 60 mM KCl, 5 mM MgCl2,
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100 mg/mL BSA). Mot1-TBP-DNA complexes were formed using buffer conditions
identical to those used for EMSA described below. TBP was added to 20 nM final
concentration and incubated on a rotator at room temperature for 20 minutes. The beads
were then pulled down using a magnet and the supernatant (containing unbound TBP)
was removed. The beads were then resuspended in reaction buffer and Mot1 was added
to a final concentration of 8 nM, followed by incubation at room temperature for 30
minutes. After this incubation, the beads were pulled down again and washed with
reaction buffer without DTT. The beads were then resuspended in 7.5 μL reaction buffer
without DTT, and 2.5 μL of 50% glycerol was added as described by Chen and Hahn
2003. To the reactions that contained ADP-AlF4, 1 μL of 2 mM ADP, 0.5 μL of 50 mM
NaF and 0.1 μL of 9 mM AlCl3 were pre-mixed and the mixture was added. To the
reactions that contained ADP-BeF3, 1 μL of 2 mM ADP, 0.1 μL of 50 mM NaF, and 0.12
μL of 9 mM BeCl2 were pre-mixed and the mixture was added. The addition of either
analog mixture was followed by a 30 second incubation before initiating the hydroxyl
radical cleavage reaction. Hydroxyl radical cleavage was initiated by the addition of 1.25
μL of 50 mM ascorbate to reduce the Fe3+ to Fe2+, followed by the addition of 1.25 μL of
50 mM H2O2/10 mM EDTA. After incubating for 5 minutes at 37°C, the reaction was
stopped using 6 μL of 4X Laemmli protein gel sample buffer and 1 μL of 1M DTT. The
products of the cleavage reaction were then resolved on 14% denaturing gels and
Western blotted using an antibody specific for the C-terminus of Mot1 (Auble et al. 1997,
Darst et al. 2001, Sprouse et al. 2006).
Mapping FeBABE cleavage sites
The molecular weights of the bands on the Western blots were calculated by
measuring their migration distance from the well of the gel relative to molecular weight
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standards. The average molecular weight of a band was estimated from at least 3
independent blots and the cleavage sites were mapped to the primary sequence using
these molecular weight estimates.

Electrophoretic Mobility Shift Assays (EMSAs)
Detection of TBP and Mot1 binding to DNA by native gel electrophoresis was
conducted as described (Darst et al. 2001) using a fluorescently labeled fragment of the
Adenovirus Major Late Promoter (< 1 nM) and the concentrations of TBP and Mot1 as
indicated in the figure legends. Where indicated, ATP was added to 50 µM. Band
intensities were quantified using a Typhoon PhosphorImager and ImageQuant software
(GE Healthcare). The data presented were obtained by averaging the results of at least
two independent experiments.

Immobilized template assays
Oligonucleotide duplexes were coupled to streptavidin magnetic beads and
washed as described above for the FeBABE experiments. TBP-DNA and Mot1-TBPDNA complexes were formed under the same reaction conditions as described above.
The complexes were washed once with reaction buffer and split into separate reaction
tubes. Each reaction was then resuspended in 20 μL reaction buffer (the same
conditions as described for EMSAs). For reactions in which additional Mot1 was added
in solution, 2 μL of 382 nM Mot1 was added. ATP was added to the indicated reactions
to a final concentration of 100 μM for 5 minutes at room temperature. Where indicated, a
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31 bp competitor DNA fragment containing a TATA box sequence was added to a final
concentration of 7.5 ng/μL. Then the reactions were again pulled down using a magnet
and the supernatant was carefully removed. The beads were resuspended in 20 μL of
reaction buffer and half the volume was used for the gel. The beads and supernatant
were then added to 2X sample buffer, boiled, and loaded onto 12% or 10% SDS gels
and Western blotted for TBP and Mot1 using α-TBP (Reddy and Hahn 1991) and α-Py
(Auble et al. 1997) antibodies, respectively.

Molecular Modeling
To visualize the biochemical results in the context of the TBP-DNA complex,
several molecular models were developed. Models of the Mot1 ATPase in the ‘open’ and
‘closed’ forms were obtained by threading the Mot1 ATPase sequence through
published structures of Snf2/Swi2 ATPase domains. The open form model was obtained
using the SsoRad54 structure (1Z6A) and CPHmodels (Nielsen et al. 2010). The closed
form model was obtained using the Danio rerio Rad54 structure (1Z3I) and PROTEUS2
(Montgomerie et al. 2008). Images shown in Figure 2.6 were obtained using MacPyMol
2 (Schrodinger, LLC).

Results
As already mentioned, Mot1 removes TBP from DNA using the energy from ATP
hydrolysis (Auble et al. 1994, Poon et al. 1994, Adamkewicz et al. 2000). This has been
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studied mostly using EMSAs. Mot1 can remove close to 100% of TBP in the typical
EMSA setup, which consists of all the components together in solution. We determined
how Mot1 functioned in a purified complex rather than in a mixture in order to
understand its catalytic efficiency.

In order to do this we utilized the immobilized

template assay, which we more commonly refer to as the bead-bound assay. Using this
approach, we can assemble the DNA, TBP, Mot1 complex in a stepwise manner, and
importantly, only have the bound components remaining when we start the ATPase
reaction.
Double-stranded DNA containing a TATA box was biotinylated on one strand of
the upstream DNA. The biotinylated DNA could then be bound to streptavidin beads to
ensure that only duplex DNA was bound and everything else was washed away. Then
TBP could be incubated with the bead-bound DNA and bind to it. The unbound TBP is
washed away.

Next, Mot1 is incubated with the TBP-DNA-bead complexes and

unbound Mot1 is washed away. The end result is a purified DNA-TBP-Mot1 complex
attached to streptavidin beads. ATP can then be added to this complex to activate Mot1
and dissociate both Mot1 and TBP.
Figure 2.1 shows a schematic of the duplex DNAs used in these experiments.
Both duplexes consist of the same promoter region with a TATA box as indicated,
except the 5’ Tail duplex has an extra 20 nucleotide single-stranded tail on the 5’ end of
the top strand. The binding of TBP to the beads was DNA-dependent and the binding of
Mot1 to the beads was dependent on TBP-DNA (not shown.) As shown in Figure 2.1B
(lane 1), TBP bound to the beads in the presence of the 5’ Bio duplex. Lanes 2-8 show
the TBP that was present in the supernatant after dissociation. Unbiotinylated TATAcontaining DNA was used as competitor DNA and did not remove TBP from the beads in
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the absence or presence of Mot1 (lanes 2 and 4).

TBP was not present in the

supernatant when Mot1 was bound to the TBP-DNA complexes (lane 3). Surprisingly,
when ATP was added to the TBP-Mot1-DNA complexes, there was no TBP detected in
the supernatant. This is in contrast to the large amount of TBP that was dissociated
from DNA by Mot1 in the EMSAs. Since TBP can rebind to the bead-bound DNA, we
determined if this was the cause of the lack of TBP detected. Competitor DNA was
added to the TBP-Mot1-DNA complexes along with ATP, which allowed for detection of
TBP in the supernatant. This result suggests that the competitor DNA was able to
prevent the displaced TBP from rebinding to the bead-bound DNA. Next, we added
excess Mot1 in solution to these reactions to see if increasing the local concentration of
Mot1 would increase dissociation of TBP. In fact, the maximal observed dissociation of
TBP was achieved when we added ATP, competitor DNA, and excess Mot1 in solution
to the Mot1-TBP-DNA complexes. Quantification of this band allowed us to determine
that under maximal conditions only ~40% of TBP was removed from DNA. This is in
contrast to nearly complete dissociation of TBP detected by EMSAs.
We also determined whether or not Mot1 dissociated from TBP-DNA when we
added ATP. Mot1 binding to the beads was dependent on TBP-DNA, and Mot1 was not
detected in the supernatant (Figure 2.1C, lanes 1 and 4). When ATP was added, Mot1
was detected in the supernatant (lane 5) but some still remained bound to the TBP-DNA
beads (lane 2). Excess Mot1 in solution somewhat increased the amount of Mot1 that
dissociated from the beads (lane 3) and was present in solution (lane 6).
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Figure 2.1. Mot1 is inefficient in purified complexes. A, Schematic of the
oligonucleotide duplexes used for this experiment. The only difference between
the 5’ Bio duplex and the 5’ Tail duplex is the presence of the 20 nucleotide
single-stranded tail at the 5’ end of the 5’ Tail duplex. B, Western blot for TBP
showing the presence of TBP on the beads or in the supernatant under the
various conditions as indicated by the pluses and minuses above the blot for the
5’ Bio duplex C, Western blot for Mot1 similar to B for the 5’ Bio duplex. D,
Western blot for TBP similar to B except using the 5’ Tail duplex. E, Western blot
for Mot1 similar to C except using the 5’ Tail duplex.
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Since it had been demonstrated by several studies that Mot1 requires upstream
DNA to remove TBP (Auble et al. 1994, Auble and Steggerda 1999, Darst et al. 2001,
Wollmann et al. 2011), we were concerned that the presence of the streptavidin bead
might impact the activity of Mot1. Therefore, we introduced a 20 nucleotide singlestranded tail to the 5’ end of the top strand to put some distance between the Mot1-TBP
complex and the bead. As already stated, the remaining sequence was exactly the
same as the 5’ Bio duplex. We then repeated the experiment to determine if TBP or
Mot1 dissociation was affected. When the Mot1-TBP-DNA complex was formed and
ATP was added, there was no detectable TBP in the supernatant. When competitor
DNA was added along with ATP, TBP was detected in the supernatant similar to the
results for the 5’ Bio duplex. This indicates that the streptavidin bead did not impact the
activity of Mot1 and that the inefficiency of Mot1 is intrinsic to the purified complex.
Interestingly, when ATP, competitor DNA, and excess Mot1 in solution were added to
the 5’ Tail duplex, there was no additional increase in TBP dissociation as observed for
the 5’ Bio duplex. Since the only difference was the presence of the single-stranded tail,
it is possible that the excess Mot1 only increases the TBP displacement on shorter DNA
duplexes. This will have to be further explored to understand exactly what this means.
Previously we had used the bead-bound assay along with the chemical FeBABE
to demonstrate that the ATPase domain of Mot1 came into contact with the upstream
DNA (Wollmann et al. 2011). Our lab also used this approach to more specifically map
cleavages to the subdomains of the ATPase domain and identify a conformational
intermediate trapped by the ATP analog ADP-AlF4 (Maruta et al. 1993, Viswanathan
2013, Viswanathan et al. 2016). We determined if there was any change in the ATPase
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conformation between binding of ATP (as mimicked by the ground state ADP-BeF3) and
hydrolysis (as mimicked by the transition state ADP-AlF4) (Fisher et al. 1995, Liu et al.
2008). We also determined if this was a DNA sequence specific effect since we had
only used one DNA sequence.

Figure 2.2. ATP analogs prevented ATP from binding to Mot1 and ~50% of
TBP-DNA dissociation.

Fluorescently labelled DNA was mixed with the

indicated components to form complexes. Each complex is marked to the right.
ATP analogs were added before ATP to allow for binding to the ATP binding
pocket. Reactions were run on a non-denaturing gel to allow for separation of
the various complexes.

The DNA was visualized using a Typhoon

PhosphorImager and ImageQuant software (GE Healthcare).
First, we determined if the ATP analogs bound to the ATPase domain of Mot1
and prevented ATP from binding.

To do this we used the EMSA approach which

allowed us to quickly identify if there was dissociation of TBP in the presence of the
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analogs. As shown in Figure 2.2, when ATP was added to the Mot1-TBP-DNA complex
there was ~80% dissociation of the complex. When either ADP-AlF4 or ADP-BeF3 was
added to the complexes, there was only 18% or 26% dissociation of the Mot1-TBP-DNA
complex respectively. When ATP was added after the analogs, there was 37% (ADPAlF4) or 45% (ADP-BeF3) dissociation which was not as great as ATP alone.

This

indicates that the analogs prevented ATP from binding and ~50% of Mot1 dissociation of
TBP.
Now that it was apparent that the ATP analogs would in fact prevent TBP
dissociation, we analyzed their effects on the binding of Mot1 to various DNA
sequences. The original sequence that we used was based on the Adenovirus Major
Late Promoter sequence with phosphorothioates at positions 20 and 22 upstream of the
TATA box (6Fe). We decided to use a sequence that we had used in a previous study
(Moyle 6Fe; Moyle-Heyrman et al. 2012) and also the HIS4 promoter sequence (HIS4
6Fe) with the phosphorothioates at the same positions, so that we could detect any
changes strictly due to the sequence. As shown in Figure 2.3, the cyan arrow points to
the unique cleavage product that had been previously observed in the presence of ADPAlF4 on the 6Fe probe. The same cleavage product was present in the presence of
ADP-BeF3, although it was present at a lesser amount compared to ADP-AlF4.As shown
in the EMSA (Figure 2.2), there was more dissociation of TBP when ADP-BeF3 and ATP
were added compared to when ADP-AlF4 and ATP were added together. This could
indicate that ADP-BeF3 did not bind to Mot1 as well as ADP-AlF4.
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Figure 2.3. DNA sequence affects the binding of the ATPase domain of
Mot1 to DNA. Western blots showing the FeBABE-mediated cleavage of Mot1
in

reactions

containing

streptavidin

beads,

phosphorothioate-conjugated

biotinylated DNA, FeBABE, sodium ascorbate, H202, TBP, and Mot1. ADP-AlF4
and ADP-BeF3 were added as indicated. The DNA duplexes used are marked
on top. The molecular masses of the cleavage products are marked on the right.
The cyan arrow marks a unique cleavage product at ~34 kDa, whereas the
purple arrows mark cleavage products at ~40 and 54 kDa.
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Figure 2.4.

DNA sequence affects the conformation of Mot1 that binds

upstream DNA.

A, The primary structure of Mot1 is shown above with the

Swi2/Snf2 ATPase blown up below. The seven classical helicase motifs are
marked as I-VI (with I encompassing both I and Ia). The subdomains are marked
below with the stars indicating the cleavage products from the FeBABE
experiments. The cyan star corresponds to the cyan arrow and the purple stars
correspond to the purple arrows in Figure 2.3. B, Summary of the FeBABE
results from the three DNA sequences with a cartoon illustrating the organization
of the ATPase domain in the open and closed forms; subdomain 1A (orange), 2A
(green), and both 1B and 2B (blue).
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Surprisingly, both the HIS4 6Fe probe and the Moyle 6Fe probe had different
abundances of cleavage products. The cleavage product marked by the cyan arrow was
absent for the HIS4 6Fe probe in the absence or presence of both ATP analogs. In
contrast, this product was present for the Moyle 6Fe probe in the absence or presence
of both ATP analogs. This was reproducible as illustrated by the Westerns in A and B.
The purple arrows mark two different cleavage products that differed between the HIS4
6Fe probe and the 6Fe and Moyle 6Fe probes (Figure 2.3). This suggests that the DNA
sequences can affect how the ATPase domain of Mot1 binds to the upstream DNA.
When these cleavage products were mapped onto the primary sequence of
Mot1, they all mapped to the ATPase domain, which was similar to our previous
FeBABE results (Figure 2.4A; Wollmann et al. 2011). Specifically, the cleavage product
marked by the cyan arrow mapped to the 2B subdomain and the cleavage products
marked by the purple arrows mapped back to subdomains 1A and 1B.

A summary of

the results from the three DNA sequences is shown in Figure 2.4B. Overall, Mot1 binds
to the HIS4 6Fe probe in the open conformation regardless of presence of nucleotide,
whereas it binds in the closed conformation to the Moyle 6Fe probe. The 6Fe probe
favors the open conformation in the absence of nucleotide and the closed conformation
in the presence of nucleotide. The differences in the preference for the conformations of
Mot1 will be discussed more in the Discussion section of this chapter.
Though Mot1 bound in the open conformation to the HIS4 6Fe probe, previous
experiments demonstrated that Mot1 was capable of removing TBP from this DNA
sequence. Therefore, we predicted that the closed conformation would be able to form
on this probe in the presence of nucleotide. We exposed the Western blots for the HIS4
6Fe (Figure 2.5A) and 6Fe (Figure 2.5B) probes longer to determine if we could detect
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the presence of the closed conformation.

After exposure of the Western blot for 1

minute, the cleavage product marked by the cyan arrow was not detected. However,
exposure for 2.5 minutes yielded detection of this cleavage product in the presence of
ADP-AlF4. Further exposure (5 minutes) enabled detection of this band in the presence
of ADP-BeF3. This cleavage product was also detectable in the absence of nucleotide
after exposure for 5 minutes, although the other bands are overexposed, indicating that
this is a very small fraction of protein. Results were similar for the 6Fe probe (Figure
2.5B) showing that this cleavage product was detectable at higher exposures (2.5 and 5
minutes) even in the absence of nucleotide.
Finally, we used the information discovered from the FeBABE experiments and
combined it with structural information to better understand the conformational change.
So far the only structures of Mot1 that have been published have only included the Nterminal domain in complex with TBP and in complex with TBP, NC2, and DNA
(Wollman et al. 2011, Butryn et al. 2015). Thus, the published literature is currently
lacking a structure of the ATPase domain of Mot1 and the full Mot1 protein. However,
previously similar Swi2/Snf2 ATPase domains have been crystallized.

The Rad54

ATPase from Sulfolobus solfataricus has been crystallized in the open conformation
(Dürr et al. 2005), and the Rad54 ATPase from Danio rerio has been crystallized in the
closed conformation (Thoma et al. 2005). Since the Swi2/Snf2 ATPase domains are
extremely well conserved, we used these structures to model the Mot1 ATPase domain
in both the open and closed conformations (Figure 2.6).

52

Figure 2.5. Mot1 preferentially binds to HIS4 6Fe and 6Fe probes in the
open conformation but a small proportion can bind in the closed
conformation. A, Western blot similar to Figure 2.3. Increasing exposures of
Western blots showed cleavage products for the HIS4 6Fe probe show the
cleavage product marked by the cyan arrow gradually increase indicating that a
proportion of Mot1 can bind in the closed conformation on this template in the
presence or absence of nucleotide. B, Western blot similar to A but for the 6Fe
probe. Increasing exposures show that the cleavage product marked by the
cyan arrow is present in a lower proportion even in the absence of nucleotide.
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Figure 2.6. Models of the ATPase domain of Mot1 in the open and closed
conformations without and with DNA. Molecular models of the Mot1 ATPase
domain were generated to better understand the two conformations of Mot1. A,
The open conformation was modeled on Rad54 from Sulfolobus solfataricus in
the open conformation (1Z63) using CPHmodels.

Subdomains are colored

according to Dürr et al. 2005. The catalytic residues of the ATP-binding pocket
are marked by the cyan and red spheres and arrows.

B, The closed

conformation was modeled on Rad53 from Danio rerio in the closed conformation
(1Z3I) using PROTEUS2. The subdomains are colored similar to A. C, The
modeled open structure of the ATPase domain is colored in gray and docked
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onto DNA. The cyan region corresponds to the cleavage product marked by the
cyan arrow in Figures 2.3 and 2.5. D, The closed model docked on DNA similar
to C. The cyan region now comes into contact with the upstream DNA labeled
with phosphorothioates in the 6Fe duplexes. The models were generated by
David Auble.

In Figure 2.6A,B the subdomains are colored differently; subdomain 1A is
orange, subdomain 2A is green, and subdomains 2B and 2B are both blue. Three of the
residues important for the active site have been highlighted in both models of the
ATPase (red and cyan spheres; Dürr et al. 2005). In the open conformation (Figure
2.6A), the cyan active site residues are apparent in subdomain 1A, whereas the red
spheres are hidden behind subdomain 2A. After subdomain 2B rotates (along the black
arrow; Figure 2.6B), the red residues are now visible and located next to the cyan
residues forming the pocket of the active site.
In Figure 2.6C,D, the ATPase domain is colored gray and has been docked onto
DNA (orange and blue). Since the ATPase domain is known to contact the upstream
DNA (Wollmann et al. 2011), this docking allows for easy visualization of how the
subdomains rotate along the DNA. We determined where the cleavage site indicated by
the cyan arrows in Figures 2.3 and 2.5 mapped to in the Mot1 sequence and the
standard deviation from two experiments; this cleaved area is indicated by the cyan color
in Figure 2.6.

This site is located in subdomain 2B as previously mentioned, and

docking it on the DNA allows for a better understanding of why this area was cleaved by
the FeBABE reaction.

In the open conformation (Figure 2.6C), the cyan region is
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located further away from the DNA. After subdomain 2B rotates down, the cyan region
is now perfectly located along the upstream DNA in the region where the FeBABE was
conjugated to the DNA in the 6Fe probes. This provides a clear explanation for why this
region is cleaved when the ATPase domain is in the closed conformation instead of the
open conformation.

Discussion
Mot1 Activity in a Purified Complex

Mot1 was originally identified biochemically

as the ATP-Dependent Inhibitor of TBP (ADI; Auble and Hahn 1993, Auble et al. 1994).
Since then, several labs have gone on to biochemically ascertain the properties of Mot1
in vitro.

Among these labs commonly EMSAs were utilized to detect the various

complexes of Mot1, TBP, DNA, and other factors. When ATP was added to the Mot1TBP-DNA complex there was almost complete dissociation of the ternary complex
yielding the separate components (Auble et al. 1994, Poon et al. 1994, Adamkewicz et
al. 2000). Our setup differs from the typically used EMSA, in that we used purified
complexes instead of having a mixture of the protein components during the reaction.
Since the stepwise assembly of the Mot1-TBP-DNA complex is well-documented, we
assembled it in the proper order to yield the Mot1-TBP-DNA complex bound to the
streptavidin beads. Surprisingly, the addition of ATP did not yield detection of any TBP
removed from the complex. However, an earlier study suggested that TBP could rebind
to DNA, thus preventing our detection of TBP in the supernatant (Sprouse et al. 2006).
Nevertheless, addition of a competitor DNA and excess Mot1 in solution only yielded
~40% of the TBP being removed from DNA. As shown in Figure 2.1, I was able to get
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~80% of TBP removed from DNA in the typical EMSA format, whereas others are able to
produce near complete dissociation of TBP.
So why would Mot1 behave differently using the purified component approach
versus using a mixture of the proteins? One possibility is illustrated by the requirement
for the additional Mot1 in solution. It has been previously shown that Mot1 requires
multiple molecules of ATP to remove TBP (Sprouse et al. 2008b). Upon hydrolysis of
ATP, Mot1 falls off the DNA even if it has not removed the TBP. This suggests that
increasing the local concentration of Mot1 in solution with certain DNA templates
enabled rebinding of Mot1 to the DNA enabling multiple rounds of ATP hydrolysis
resulting in TBP being dissociated from the DNA.
Another possibility is that more than one molecule of Mot1 is required to
adequately remove TBP from DNA. An unpublished crystal structure of a Mot1 dimer
has also led to speculation that Mot1 could function as a dimer (Butryan and Hopfner,
unpublished results).

As mentioned in Chapter I, Mot1 can function as a single

polypeptide, whereas the other members of the Swi2/Snf2 ATPase family require other
subunits to perform their functions (Auble et al. 1994, Poon et al. 1994, Eisen et al.
1995, Adamkewicz et al. 2000). Is it possible that more than one molecule of Mot1 is
required to remove TBP from DNA rather than a requirement for additional proteins?
We could not identify the requirement for multiple molecules of Mot1 using the typical
EMSA approach where Mot1 removed almost all of the TBP.

The bead-bound

approach, however, allowed for us to demonstrate that multiple molecules of Mot1 were
required. More work would need to be performed to determine if this idea is correct or
not.

EMSAs and bead-bound experiments use purified Mot1, TBP, and DNA;

however, Mot1 is exposed to other proteins in vivo, which means that other proteins
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could affect Mot1. Recently, a Mot1-NC2-TBP-DNA structure was published which had
been previously demonstrated biochemically by other experiments (Darst et al. 2003,
Butryn et al. 2015). These experiments and this structure suggest that the NC2 complex
can bind TBP-DNA and allow for Mot1 to bind. Thus it is a possibility that Mot1 does not
function solely on TBP-DNA complexes but also on NC2-TBP-DNA complexes.
Experiments have been performed to determine if NC2 affects the activity of Mot1 in any
way, but so far there have been no definitive results suggesting that NC2 modulates
Mot1 activity (Butryn et al. 2015). Even though NC2 does not affect Mot1 activity, Mot1
does interact with other proteins in vivo, which leaves other interactions to be explored
for their effects on Mot1 (Arnett et al. 2008).

DNA Sequence Affecting Mot1 Conformational Change
Here we showed the presence of two conformations of Mot1 based on our
FeBABE approach (Viswanathan et al. 2016). Earlier it was suggested that Mot1 could
adopt two different conformations based on results that showed two different types of
Mot1-TBP-DNA complexes (Sprouse et al. 2008b). It was proposed that one of these
conformations could even act in an ATP-independent manner to dissociate TBP from
DNA. The results shown in this chapter further show evidence that Mot1 forms the open
and closed conformation similar to other ATPases. The conversion from the open to the
closed conformation is required to form the pocket required to bind ATP. Our previous
identification of both conformations utilized an ATP analog, ADP-AlF4, which mimics ATP
having been hydrolyzed but not released from the binding pocket (Viswanathan et al.
2016).
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The results shown here demonstrate that the ground state ATP analog, ADPBeF3, led to similar conformational changes as ADP-AlF4 (Maruta et al. 1993, Fisher et
al. 1995, Liu et al, 2008). This indicates that the binding of nucleotide and hydrolysis do
not have significant differences in conformation of the ATPase domain.

However,

interestingly we observed different proportions of the conformations of the ATPase
domain using various DNA templates. The original template, 6Fe, is a TATA-containing
sequence based on the Adenovirus Major Late Promoter. The other two templates we
used had the same TATA box sequence and phosphorothioates positioned at the same
positions upstream of the TATA box.

A difference between the templates was the

composition of the DNA sequence upstream of the TATA box, which comes into contact
with the ATPase domain and could influence the conformation in which this domain
binds DNA.
Cleavage of Mot1 on the Moyle 6Fe template in the absence or presence of ATP
analogs resulted in a cleavage pattern similar to 6Fe in the presence of ATP analogs.
This suggests that Mot1 binds to the Moyle 6Fe template in the closed state regardless
of the presence of nucleotide. In contrast, the cleavage pattern of Mot1 on the HIS4 6Fe
template in the absence or presence of ATP analogs was similar to 6Fe in the absence
of ATP analogs. This suggests that Mot1 binds to the HIS4 6Fe sequence in the open
conformation. More on the HIS4 6Fe sequence will be discussed in the next section.
As already mentioned, the three templates differ in the upstream DNA
sequences. So how and why would Mot1 binding differ at these various sequences? It
is possible that Mot1 has some sequence selectivity that is being illustrated by these
different sequences, though previous experiments suggest otherwise (Darst et al. 2001).
Moreover, the SsoRad54 ATPase domain interacted with the phosphate backbone of the
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DNA, which indicates that the Mot1 ATPase does not have sequence specificity (Durr et
al. 2005).

It is more likely that Mot1 does not require a specific sequence in the

upstream DNA but rather favors different properties of the DNA to determine which
conformation binds.

This idea is supported by the fact that the GC content of the

upstream DNA differs between the three sequences; HIS4 6Fe has a GC content of
37%, 6Fe has 68% GC, and Moyle 6Fe has 89% GC. This increase in GC content
corresponds to the increase in the closed conformation of Mot1; HIS4 6Fe shows no/little
of the closed conformation, 6Fe shows the closed conformation in the presence of
nucleotide, and Moyle 6Fe shows the closed conformation regardless of nucleotide. The
GC content of DNA is well known for decreasing the flexibility of DNA (Travers 2004), so
it seems plausible that this is what is affecting the conformation of Mot1. The open
conformation could favor more flexible regions of DNA, whereas the closed conformation
could favor less flexible regions.
The next question is why these sequences would affect Mot1 binding to DNA.
We know that Mot1 preferentially represses TATA-containing promoters and activates
TATA-less promoters (Collart 1996, Dasgupta et al. 2002, Poorey et al. 2010, Venters et
al. 2011, Zentner and Henikoff 2013). But could the difference in conformational binding
also play in to the mechanism of Mot1 in vivo and explain how Mot1 distinguishes
between gene activation and repression? Previously it was shown that the two types of
Mot1-TBP-DNA complexes had different kinetics, with the ATP-independent complex
being less stable (Sprouse et al. 2008b).

It is possible that the less stable ATP-

independent complex is the closed conformation that does not require ATP to cause the
transition between open and closed. The closed complex could already be primed for
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removal of TBP, thereby potentially decreasing the stability of the ternary complex and
increasing dissociation.

Differences in Mot1 Binding and Activity at the HIS4 Promoter
In EMSAs it has been demonstrated that Mot1 can remove almost all of the TBP
bound to the HIS4 promoter (Auble and Hahn 1993). However, the FeBABE experiment
utilizing the HIS4 promoter (Figure 2.3) showed that Mot1 bound in the open
conformation even in the presence of nucleotide. As Mot1 was capable of removing
TBP from this DNA sequence, Western blots were exposed longer (Figure 2.5) to
determine if the cleavage site indicated by the cyan arrow would show up. In fact, using
longer exposures, this cleavage site was eventually detected. This indicates that Mot1
preferentially bound to the HIS4 sequence in a purified complex in the open
conformation regardless of nucleotide. The addition of nucleotide did allow for a small
proportion of Mot1 to transition to the closed conformation which could be responsible
for the removal of TBP.
But why is there a difference between the EMSAs and the FeBABE results? This
has already been demonstrated by the near complete removal of TBP by Mot1 as
detected by EMSAs; whereas only 40% of TBP is removed using the 6Fe sequence in
the bead-bound experiment.

There are obviously differences between the two

experimental setups that we do not fully understand how they impact Mot1 activity in
vitro. The HIS4 EMSA experiments allowed for multiple rounds of Mot1 to bind and
hydrolyze ATP, whereas we did not perform a bead-bound using the HIS4 sequence to
see if excess Mot1 in solution would increase the amount of TBP dissociated. These
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results could be compared to those from other sequences to determine if there was a
difference specific to the HIS4 sequence. A better quantification of the proportions of
Mot1 in the open and closed conformation could be determined too. This would enable
a better comparison of the ATPase conformations bound to the various sequences.
Longer exposures of the Westerns in Figure 2.5 showed that the closed conformation of
Mot1 is detectable on the HIS4 template in the presence of nucleotide, which was not
apparent in Figure 2.3.

While

differences in Mot1 activity between various DNA

templates have not been observed using EMSAs, the bead-bound setup allows for
detection of differences in Mot1 binding to the different sequences. Since the FeBABE
results demonstrate differences in how Mot1 binds to various sequences, this could
enable a better understanding of how Mot1 distinguishes between different promoters to
either activate or repress transcription.
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Chapter III
Mot1 and Spt16 Co-Regulate Transcription
Data from this Chapter was published in True et al. 2016.

Mot1 is a conserved and essential Swi2/Snf2 ATPase that can remove
TATA-binding protein (TBP) from DNA using ATP hydrolysis and in so doing
exerts global effects on transcription.

Spt16 is also essential and functions

globally in transcriptional regulation as a component of the FACT histone
chaperone complex. Here we demonstrate that Mot1 and Spt16 regulate a largely
overlapping set of genes in Saccharomyces cerevisiae.

The two factors

physically and genetically interact indicating a functional relationship.

As

expected, Mot1 was found to control TBP levels at co-regulated promoters. In
contrast, Spt16 did not affect TBP recruitment. However, bothMot1 and Spt16
contribute to TFIIB localization, indicating a convergence on the formation of the
preinitiation complex. These results suggest that the large-scale overlap in Mot1
and Spt16 function arises from a combination of both their unique and shared
functions in transcription complex assembly.

Introduction
Mot1 Regulates Initiation and Elongation
Genome-wide analyses of expression changes in Mot1 mutants show that Mot1
is required for repression and activation of transcription as discussed in Chapter I
(Collart 1996, Dasgupta et al. 2002, Dasgupta et al., 2005, Poorey et al. 2010, Zentner
and Henikoff 2013). Repression of transcription by Mot1 is easily explained, since in
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vitro it has been demonstrated that Mot1 removes TBP from DNA using ATP hydrolysis
(Timmers et al. 1992, Auble and Hahn 1993, Auble et al. 1994, Adamkewicz et al. 2000).
Removal of TBP would prevent the PIC forming at the promoter, thereby preventing
transcription initiation. Several models have been put forward to explain how Mot1 could
activate transcription (Collart 1996, Madison and Winston 1997, Muldrow et al. 1998,
Gumbs et al. 2003, Topalidou et al. 2003, Zentner and Henikoff 2013). The current
favored model of Mot1-mediated activation is that Mot1 removes TBP from strong TBPbinding sites (TATA boxes) and allows them to be reallocated to weaker binding sites
(TATA-less) (Zentner and Henikoff 2013). Other models include Mot1 participating in
formation of an alternative PIC or even Mot1 directly or indirectly affecting chromatin
organization. Recently it was shown that mutation of Mot1 leads to TBP being more
dynamic on DNA as shown by the Crosslinking Kinetics analysis (CLK) (Poorey et al.
2013). This suggests that Mot1 stabilizes TBP at promoters. Genome-wide localization
has also shown that Mot1 is predominately localized to promoters of genes it represses
and activates, suggesting that Mot1 has a direct role in both types of regulation. This
localization coincides with TBP localization at the promoters, and Mot1 has been shown
to approach TBP from the upstream DNA, which is consistent with studies showing that
the upstream DNA is required for Mot1 function and the results from Chapter II (Darst et
al. 2001, Wollmann et al. 2011, Zentner and Henikoff 2013, Viswanathan et al. 2016).
Our lab developed a Matlab-based pipeline to identify four different classes of
transcription length defects in mutant cells using data from tiling array analysis (Poorey
et al 2010). The four length defects are shown in Figure 3.1 and include upstream
initiation (UI), downstream initiation (DI), premature termination (PT), and downstream
termination (DT). These defects are based on where the transcript starts and ends
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compared to the normal transcript annotations. Mutation of Mot1 was shown to lead to a
prominent transcription length defect of premature termination.

Because of Mot1’s

regulation of TBP and localization to the promoter, it is interesting that Mot1 would be
necessary for promoting productive Pol II elongation.

One study did identify Mot1

localized to the coding regions of certain genes upon activation (Geisberg et al. 2002);
however other studies have not yet corroborated this observation (Dasgupta et al. 2002,
Zanton and Pugh 2004, Zentner and Henikoff 2013). It is possible that Mot1 indirectly
regulates early elongation through an interaction with another protein, or even that it
directly regulates elongation even though we do not detect high levels of Mot1 in the
coding region.
In order to determine how Mot1 regulates transcription elongation and chromatin
organization, we looked for another protein that might overlap with Mot1 and elucidate
these functions.

Spt16, an Elongation Factor, Also Regulates Initiation
Spt16, a subunit of the FACT histone chaperone complex, has been implicated in
both transcription initiation and elongation (Wittmeyer and Formosa 1997, Brewster et al.
1998, Formosa et al. 2002, Biswas et al. 2005, Jamai et al. 2009, Han et al. 2010,
Foltman et al. 2013).

Spt16 forms a dimer with Pob3 and together they loosely

associate with multiple Nhp6 proteins to bind to a nucleosome (Formosa et al. 2001,
Ruone et al. 2003). As mentioned in Chapter I, Spt16 has been widely studied as an
elongation factor necessary for Pol II passage and replacement of histones to prevent
cryptic initiation (Orphanides et al. 1998, Saunders et al. 2003, Mason et al. 2003,
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Kaplan et al. 2003, Cheung et al. 2008, Formosa 2012). However, other studies have
suggested that Spt16 also plays an important role in transcription initiation (Mason et al.
2003, Shimojima et al. 2003, Biswas et al. 2005).

Figure 3.1. Classification of transcription length defects. A gene transcript
starts at the transcription start site (TSS) and ends at the poly(A) site. Mutation
of transcription factors can cause the transcript to start or end at an improper
location leading to transcription length defects. The four classes of defects that
we have categorized are upstream initiation (UI), downstream initiation (DI) or
cryptic initiation, premature termination (PT), and downstream termination (DT).
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One study showed that TBP localization to a subset of promoters was perturbed
in spt16-197 cells (Biswas et al. 2005). Spt16 could indirectly regulate the PIC due to
its role in preventing the exposure of cryptic initiation sites. Spt16 has also been shown
to be important for reorganization of the promoter-proximal nucleosomes (specifically the
+1 nucleosome) necessary for proper transcription initiation (Shimojima et al. 2003,
Jimeno-González et al. 2006, van Bakel et al. 2013, Liu et al. 2014). Furthermore,
Spt16 has a unique localization pattern compared to other elongation factors such as
Bur1 and Spt6.

Spt16 peaked immediately downstream of the +1 nucleosome,

continued through the coding region, and occupancy declined before the termination site
where the other elongation factors exited (Mayer et al. 2010). It is therefore possible
that the unique genomic localization pattern of Spt16 is due to Spt16’s role in initiation
and early elongation.
Interestingly enough, a previous study using mass spectrometry identified Spt16
as a Mot1-associated factor (Arnett et al. 2008).

The Mot1-Spt16 interaction was

confirmed using a co-immunoprecipitation experiment.

The proteomics screen also

identified Pob3 as interacting with Mot1; however it was below the statistically significant
threshold. The final component of the FACT complex, Nhp6, was not identified in this
screen. This could indicate that Mot1 and Spt16 have a tighter association than Mot1
does with the other FACT components, and that Pob3 and Nhp6 are not required for the
Mot1-Spt16 interaction. However, since Spt16 is not known to function in a complex
separate from Pob3, it is also possible that Pob3 plays a role in the Mot1-Spt16
interaction.
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Scope of this study
Transcription is a complex process requiring various points of regulation to
ensure that the genome is properly transcribed. Mot1 and Spt16 are essential factors in
yeast that share a regulatory role in TBP localization to the promoter. Mot1 was initially
studied as an initiation factor due to its localization to the promoter; however, the
discovery that mot1-42 cells display premature termination defects suggests that Mot1
also regulates early elongation. Spt16 was considered to be an elongation factor only
until it was shown that Spt16 not only regulates TBP localization but also promoterproximal nucleosomes. It is therefore possible that these two essential factors overlap in
transcription regulation, and this interaction could help to explain how Mot1 regulates
elongation and how Spt16 regulates initiation. A previous mass spectrometric analysis
that identified Spt16 as a Mot1-interacting factor showed that Spt16 and Pob3 both
physically associate with Mot1.

We hypothesized that Mot1 and Spt16 functioned

together in regulating gene expression through their combined actions on initiation and
elongation.

This chapter focuses on the transcriptional overlap between these two

factors and defining their effects on PIC components.

Materials and Methods
Yeast strains and growth conditions
Saccharomyces cerevisiae strains used in this study are listed in Table 1. The
wild type (WT) strain AY51 is referred to as MOT1-WT, since it was used to generate the
mot1-42 (AY87) strain; these strains were described previously (Sikorski and Hieter
1989, Darst et al. 2003).

FY56 is referred to as SPT16-WT, since it was used to
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generate the spt16-197 strain (L577); both of these strains were provided by Fred
Winston (Malone et al. 1991). The mot1-42 spt16-197 double mutant was constructed
by mating the spt16-197 strain with a MOT1 shuffling strain (AY138). Diploids were
sporulated, and tetrads were dissected and screened for temperature sensitivity and
resistance to kanamycin.

Candidates from the screen were then transformed with

plasmid pMOT221 (Darst et al. 2003) containing the mot1-42 allele, and the MOT1-WT
plasmid was shuffled out by plating on synthetic complete medium without leucine and
containing 5-fluoroorotic acid (FOA). MOT1-WT, mot1-42, SPT16-WT, and spt16-197
cells were all grown at 30°C in yeast extract, peptone, dextrose media (YPD), while
mot1-42 spt16-197 cells were grown at 25°C in YPD. For the RNA isolation and ChIP
experiments, all strains were grown at their permissive temperatures to an optical
density (OD) ~1.0, heat-shocked with addition of an equal volume of 42°C pre-warmed
YPD, and incubated at 35°C for 45 minutes. For spot assays, strains were grown to an
OD ~1.0 at their permissive temperatures and then 10-fold serial dilutions were plated on
YPD and incubated at 25°C, 30°C, or 35°C for three days.

Table 3.1
Yeast strains used in this chapter
Strain name
YPH499
AY51
AY87
AY138
FY56
L577
YMW066
YMW070

Genotype
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1. mot1Δ::TRP1 pAV20(EE-MOT1, LEU2, CEN ARS)
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1. mot1Δ::TRP1 pMot221(mot1-42, LEU2, CEN ARS)
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1. mot1Δ::kanMX pMR13(MOT1, URA3, CEN ARS)

Reference
Sikorski et al. 1989
Dasgupta et al.
2005
Dasgupta et al.
2005

MATα, his4-912δ, lys2-128δ, ura3-52

Malone et al. 1991

MATα, his4-912δ, lys2-128δ, ura3-52, spt16-197
MATa, ura3-52, trp1-Δ63, his3-Δ200, spt16-197,
mot1Δ::kanMX, pMOT221(mot1-42, LEU2,CEN ARS)
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1, MOT1-13XMYC(HIS3), SPT16-HA(TRP1)

Malone et al. 1991

Auble et al. 1997

This study
This study
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Co-Immunoprecipitation
Yeast strains were grown as above to an OD ~1.0, and cells were then collected
and lysed in BA/150 lysis buffer (20 mM HEPES-KOH pH 7.6, 2 mM EDTA, 2 mM
EGTA, 0.25% NP-40, 150 mM potassium acetate, 5 mM DTT, and a protease inhibitor
cocktail tablet (one tablet per 25 mL buffer) (Roche)). A total of 1 mg protein was
immunoprecipitated overnight at 4°C with 15 μL α-myc (9E10, 1 mg/mL), 2.5 μL α-Spt16
(rabbit polyclonal from Tim Formosa), 2.5 μL α-Pob3 (rabbit polyclonal from Tim
Formosa), or 2.5 μL α-Nhp6 (rabbit polyclonal from Tim Formosa). Immunoprecipitated
samples were incubated with Protein A Sepharose beads (GE Healthcare) and washed
with BA/250 lysis buffer (same as BA/150 lysis buffer but with 250 mM potassium
acetate). Samples were separated on 4-15% pre-cast Bio-Rad SDS-PAGE gels. After
transfer to nitrocellulose membranes, samples were blocked in tris-buffered saline with
tween (50 mM Tris HCl, pH 7.6; 150 mM NaCl, 0.05% Tween 20) plus 5% nonfat milk,
then incubated with either α-myc (9E10, 1 mg/mL), α-HA (12CA5 Abcam), or α-Spt16
(rabbit polyclonal antibody), followed by incubation with secondary antibody, and
developed using the ECL Prime kit (GE Healthcare).

RNA isolation for tiling array analysis and RT-PCR
Strains were grown as above in duplicate for tiling array analysis and in triplicate
for RT-PCR.

Total RNA was isolated and samples were prepared for tiling array

analysis as previously described (Poorey et al 2010).

The University of Virginia

Microarray Core Facility hybridized the samples to S. cerevisiae 1.0 Tiling Arrays
(Affymetrix) and generated the raw data. After the total RNA was isolated for RT-qPCR
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analysis, the RNA was reverse transcribed with the iScript Select cDNA Synthesis kit
(Bio-Rad) according to the manufacturer’s instructions, with the exception that twice the
amount of starting RNA and reagents were used. Real-time PCR was carried out as
previously described (Poorey et al. 2010). Oligonucleotides used are listed in Table 2.

Table 3.2
Primer sequences used in this study
Primer Name

Sequence

RPS23B Promoter F

5' TGC TAA GCA CTA CCG CAT TG 3'

RPS23B Promoter R

5' GAA AGC GTG GAG ACA AGG AG 3'

TRX1 Promoter F

5' CCA AAA CCC TGA AAC TGC AT 3'

TRX1 Promoter R

5' ATT CGC TGG CAG TTT TGA AT 3'

ACT1 Promoter F

5' CAG CTT TTA GAT TTT TCA CGC TTA 3'

ACT1 Promoter R

5' TTT TCG ATC TTG GGA AGA AAA A 3'

INO1 Promoter F

5' GTT GGC GGC AAT GTT AAT TT 3'

INO1 Promoter R

5' CGA CAA CAG AAC AAG CCA AA 3'

GAD1 Promoter F

5' CAC TGA ACT GCA ACG CAC TC 3'

GAD1 Promoter R

5' TTT TAG CAT CGC CAA AAG GT 3'

GND2 Promoter F

5' CGT CAG AAA TTG AAC GTT TCC 3'

GND2 Promoter R

5' GGC ACT CGT GGT TAA AGA GC 3'

RPS23B ORF F

5' GAA CCA CCG AAT GGA GAA GA 3'

RPS23B ORF R

5' GTT GGG CCG AAA ACA ACT AT 3'

TRX1 ORF F

5' GAA GTT GCA AAG GTT GTT GG 3'

TRX1 ORF R

5' TTA GCA GCA ATG GCT TGC TT 3'

LEU9 ORF F

5' AGA AAT TGA ACC CAG AGC GT 3'

LEU9 ORF R

5' TTC AGT AAA TTG GAT AGC GCA 3'

ACT1 ORF F

5' GCA AAA GGA AAT CAC CGC TT 3'

ACT1 ORF R

5' AAG CCA AGA TAG AAC CAC CAA 3'

PCF11 ORF F

5' GGT TGA ATC CTA ATG ACA CCG 3'

PCF11 ORF R

5' TTG CTT GCA GGT TTT TCT GG 3'

INO1 ORF F

5' GGC TGA GCA TGA GGG TAC AT 3'

INO1 ORF R

5' CAA CTT GGT TTG TCC CGA CT 3'

GAD1 ORF F

5' AAC GGA TGG ATC CGA TGA GAA 3'

GAD1 ORF R

5' CAT CTC CGA TCT GAA AAC CA 3'

GND2 ORF F

5' AAT GTG GAG AGG TGG CTG TAT 3'

GND2 ORF R

5' GAA GCG AAG AAC TCG TTG AA 3'

71
Tiling Array Data Analysis
Integrated Genome Browser compatible files were produced from the raw tiling
array data using Tiling Analysis Software (TAS; see Appendix B). Signal profiles were
smoothed over a 50 base pair (bp) bandwidth (101 bp sliding window), and differential
profiles were smoothed over a 250 bp bandwidth (501 bp sliding window). The Mot1
differential signal was generated by subtracting mot1-42 signal (log2 scale) by MOT1-WT
signal. The Spt16 differential signal was generated by subtracting spt16-197 signal by
SPT16-WT signal. Two double mutant differentials were generated by subtracting the
mot1-42 spt16-197 signal by each of the two WT signals. Two types of analysis were
conducted with the differential profiles: unbiased and biased. The unbiased analysis
considered genome-wide differential expression, whereas the biased analysis
considered only the 6,685 annotated genes. For the biased analysis, median differential
expression was calculated for each gene, and for the 309 intron-containing genes only
the longest exon was considered. Because each mutant produces different magnitudes
of changes in transcript levels, different thresholds were applied to each differential
profile for classifying genes as under-expressed or over-expressed. These thresholds
were determined by comparing the distributions of median differential expression to a
normal distribution, and identifying the levels above or below which median gene
expression deviated from the normal distribution using quantile-quantile plots. Because
both WT strains had relatively high correlations between the datasets (r = 0.74), further
analyses for the single and double mutants were conducted using comparisons to
MOT1-WT.
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Chromatin Immunoprecipitation
Yeast strains were grown as described above. After cultures reached an OD
~1.0 and were heat shocked, cells were collected, lysed, and sonicated as previously
described (21).

Immunoprecipitations were conducted using 1 mg of protein as

previously described with either 2.5 µL α-TFIIB (Sua7 rabbit polyclonal) or 5 µL α-TBP
(58C9 Abcam).

After immunoprecipitation and crosslink reversal, DNA was purified

using a Qiagen PCR Purification kit according to the manufacturer’s instructions.
Purified DNA was then quantified by qPCR using the oligonucleotides (Life
Technologies) listed in Table 2 and SYBR Green master mix (Bio-Rad). The mock
values were subtracted from the IP values and then normalized to the input.

Analysis of RNA length precision
Categories of RNA length defects were assigned to genes using our previously
published method (Poorey et al. 2010). Intron-containing genes were excluded from the
analysis. For the spt16-197 and mot1-42 spt16-197 differential RNA signals compared
to WT, the signal cutoff was raised from 0.30 to 0.36 to account for overall greater
magnitudes of differential expression, and to reduce the likelihood of calling false
positives. The other parameters were held constant.
All of the genome-wide datasets from this study have been submitted to the
NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under SuperSeries
accession number GSE80235.
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Results
In order to validate the Mot1-Spt16 interaction, identified in a previous study
(Arnett et al. 2008), a strain was engineered containing MOT1-myc and SPT16-HA.
Mot1-myc or Spt16-HA was immunoprecipitated from the whole cell extracts (WCEs)
from these strains. The immunoprecipitated samples were separated on SDS-PAGE
gels, transferred to nitrocellulose membranes and probed with antibodies for either myc
or HA. Both Mot1-myc and Spt16-HA were detectable in the WCE (Fig. 3.2A). The
previous study showed that Mot1 and Spt16 co-associate and we were able to
recapitulate that result (Fig. 3.2A). We also performed a reciprocal IP using a polyclonal
Spt16 antibody in WCEs containing Mot1-myc and Spt16-HA.

Though this experiment

validated the physical association between Mot1 and Spt16 in WCEs, this does not
necessarily indicate a direct interaction, since there could be an intermediate factor
bridging the two factors.
We next determined if Mot1 interacted with the entire FACT complex or with
Spt16. The previous proteomics study showed that Pob3 does indeed interact with
Spt16, though this interaction was below their significance threshold (Arnett et al. 2008).
Nhp6 was not identified as a Mot1-interacting factor previously. We immunoprecipitated
for either Pob3 or Nhp6 which led to pulldown of Mot1-myc, indicating that Mot1
associated with the entire FACT complex (Figure 3.3). Unfortunately, the reciprocal IP
for Mot1-myc probed for Pob3 or Nhp6 did not verify this interaction. It is possible that
there were some technical problems that could have precluded this experiment from
working. It is intriguing that the proteomics study reported that immunoprecipitating for
Mot1 yielded a less than significant interaction between Mot1 and Pob3, similar to our
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problem showing this interaction. This could indicate that Mot1 and Spt16 are more
closely associated than Mot1 is with Pob3 and Nhp6.

Figure 3.2. Mot1 and Spt16 physically interacted. A, Co-immunoprecipitation
(Co-IP) of Spt16 and Mot1 in whole cell extracts (WCEs) obtained from the
strains with HA-tagged Spt16 and/or myc-tagged Mot1 as indicated. IPs were
performed using the myc antibody, and blots were probed with the antibody
indicated to the left of each panel. WCE lanes show results with whole cell
extracts used as input in the IPs. Western was performed by Melissa Carver. B,
A similar experiment as A using a polyclonal Spt16 antibody in the IP.

Next, we determined if there was a genetic interaction between the two genes in
order to identify a functional significance in the physical association between the two
proteins. Both MOT1 and SPT16 are essential genes and thus warrant the use of the
temperature sensitive (ts) alleles mot1-42 and spt16-197.

The single mutants were

crossed to generate a mot1-42 spt16-197 double mutant. All three mutants grew on
YPD at 25°C comparably (Fig. 3.4 left). However, spt16-197 cells grew slightly better
than the other strains presumably due to a difference in genetic background. Both mot1-
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42 and spt16-197 cells were previously shown to be ts at 35°C, consistent with Fig. 3.4
(right). While the single mutants grew well at 30°C, the double mutant was synthetically
sick (Fig. 3.4 middle). This synthetic sickness indicated a genetic interaction between
MOT1 and SPT16 suggesting that the gene products are required for similar functions.

Figure 3.3. Mot1 physically interacted with FACT components Pob3 and
Nhp6. Co-immunoprecipitation (Co-IP) of Mot1 and Pob3 or Nhp6 in whole cell
extracts (WCEs) obtained from the strains with myc-tagged Mot1 as indicated.
IPs were performed using a myc antibody for Mot1, a polyclonal Pob3 antibody,
or a polyclonal Nhp6 antibody. Blots were probed with the myc antibody as
indicated to the left of each panel. WCE lanes show results with whole cell
extracts used as input in the IPs.
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Figure 3.4. Mot1 and Spt16 genetically interacted. Ten-fold serial dilutions of
the indicated strains were plated on rich media (YPD) and incubated at the
indicated temperatures for three days. The mot1-42 spt16-197 strain exhibited
synthetic sickness at 30°C compared to the other strains.

After confirming the physical and genetic interaction between Mot1 and Spt16,
next we determined if there was an overlap in transcription regulation. A previous study
used tiling arrays to identify cryptic initiation events in spt16-197 cells (Cheung et al.
2008). We compared this data to the data generated from our previous tiling array
analysis of expression defects in mot1-42 cells (Poorey et al. 2010). There was a weak
correlation between the two datasets, and due to the differences in analysis performed
we compared the expression changes between the mutants. The original analysis used
sparsely placed probes throughout coding regions for the purpose of identifying cryptic
initiation sites. Our mot1-42 analysis used oligonucleotide probes spaced at 8 base
pairs (bp) throughout the entire yeast genome.

We thus repeated the spt16-197

analysis this time using the same tiling arrays from our previous mot1-42 study which
enabled a higher resolution of detection of transcriptional changes. We verified that the
results from our spt16-197 analysis were similar to the results from the previous analysis
(Figure 3.5A, r = 0.72, p << 1x10-277). Next we determined that there was a significant
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overlap in expression changes in mot1-42 and spt16-197 cells (Figure 3.5B, r = 0.34, p =
1x10-277). Finally, we determined the effects on expression in the mot1-42 spt16-197
double mutant.

Because the mot1-42 and spt16-197 strains have different parental

backgrounds, we compared the double mutant expression to both wildtype strains to
determine if there were any significant differences between the comparisons. Fig. 3.5C
shows that the two comparisons have a high correlation (r = 0.74, p << 1x10-277). Since
the results from the two wildtype strains were similar to each other, we used the MOT1WT data (AY51) for further comparisons.
After obtaining the expression data, we determined which genes were
underexpressed (down-regulated) or overexpressed (up-regulated) in the mutants.
Comparing the differential expression for each mutant to a standard normal quantile
allowed us to identify where the data deviated from the standard normal quantile (Fig
3.6). These points of deviation were chosen as the thresholds for underexpression and
overexpression.
Based on these thresholds, we determined that 1,670 genes were downregulated and 1,653 genes were up-regulated in mot1-42 cells. A total of 1,650 genes
were down-regulated and 1,668 genes were up-regulated in spt16-197 cells. There was
an overlap of 684 genes that were down-regulated and 623 genes that were upregulated in both mot1-42 and spt16-197 cells (Fig. 3.7A). The effects on expression in
each mutant are shown in Fig. 3.7B for all genes. The differential expression is colored
based on the key with genes that are down-regulated the most indicated by dark green
and up-regulated by dark red. Genes that were similarly affected in either mot1-42 or
spt16-197 cells tended to show exacerbated defects in the mot1-42 spt16-197 cells,
which agrees with the synthetic lethality.
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Figure 3.5. Genome-wide expression changes in mot1-42 and spt16-197
cells were correlated. A, Comparison of differential expression (spt16-197 cells
versus WT) in this study with previously published data (Cheung et al. 2008). The
Pearson correlation coefficient r = 0.72 (p << 1 x 10-277) indicates a high
correlation. B, Comparison of expression changes in mot1-42 cells (Poorey et al.
2010) and spt16-197 cells (this study) versus WT. The expression changes are
significantly correlated (r = 0.34; p < 1x10-277). C, The mot1-42 spt16-197 double
mutant strain was obtained via a cross of the two single mutants, which are
derived from different strain backgrounds. The plot shows that differential RNA
levels in mot1-42 spt16-197 cells obtained by comparison to RNA from each of
the parental WT strains are highly correlated (r = 0.74; p << 1x10-277). RNA was
purified by Joseph Muldoon, the RNA was hybridized to the tiling arrays by the
UVA Microarray Core, and figures were generated by Joseph Muldoon.
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Figure 3.6. Thresholds for overexpression and underexpression were
determined using deviation from standard normal quantiles.

A-C,

Differential gene expression thresholds in mot1-42, spt16-197 and double mutant
strains. Distribution of log2 fold median differential expression in each mutant
(blue) is compared to a normal distribution (red line) by plotting standard normal
quantiles. Due to differences in magnitudes of expression changes in each
mutant, different thresholds were determined for each strain at deviation from the
normal distribution (green dots). A, Differential expression in mot1-42 cells, and
thresholds for overexpression and underexpression of 0.1100 and -0.3245. B,
Differential expression in spt16-197 cells, and thresholds of 0.3540 and -0.3910.
C, Differential expression in mot1-42 spt16-197 cells, and thresholds of 0.5705
and -0.5010. Figures were generated by Joseph Muldoon.
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Figure 3.7. Mot1 and Spt16 co-regulate gene expression. A, Mot1 and Spt16
co-regulate approximately 1,300 genes. The Venn diagrams show the numbers
of genes and their overlaps classified as activated (repressed in the mutants; p <
10-65) or repressed (overexpressed in the mutants; p < 10-40). P-values were
determined by a one-tailed Fisher’s exact test. B, Comparison of expression in
the single and double mutants. The heat map shows log2 median differential
expression for 6,685 genes, with vertical lines as genes and colored as in the
key. Genes regulated by both factors generally showed similar expression
changes in the single mutants that were exacerbated in the double mutant.
Analysis was performed by Joseph Muldoon.
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Figure 3.8.

Screenshot from the Integrated Genome Browser for

expression changes at selected genes in all mutants.

A-D, Log2 median

differential expression is shown for all three mutants for four selected genes.
Each mutant is colored similar to Figure 3.7: mot1-42 (blue), spt16-197 (red),
and mot1-42 spt16-197 (green). All mutants are on the same scale but each
gene is scaled to show the appropriate expression changes.

A, Expression

changes for the Mot1-Spt16 co-activated gene RPS23B. B, Expression changes
for the co-repressed INO1 gene. C, Expression changes for ACT1, which was
considered unaffected by the thresholding approach. D, Expression changes for
PCF11, an unaffected control gene.
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Next, we selected genes using the Integrated Genome Browser (IGB) to better
understand the functional relationship between Mot1 and Spt16.

Figure 3.8 shows

examples of the different classification of genes: co-activated (RPS23B), co-repressed
(INO1), and unaffected (ACT1 and PCF11). RNA was extracted from heat-shocked cells
from all three strains and quantified by RT-qPCR to validate the expression changes
visualized in IGB.

As shown in Fig. 3.9 all three of the co-activated genes were

significantly down-regulated in the mutants and the co-repressed genes were upregulated as was expected.

Figure 3.9. Confirmation of RNA expression changes in mutants. A, Validation of
gene expression effects at selected co-activated genes. The bar graph shows the
relative levels of RNA for each gene relative to the level in the WT strain. The RNA
levels for the Mot1 and Spt16 co-activated genes RPS23B, TRX1, LEU9, and ACT1
decreased compared to their levels in WT cells. PCF11 is an unaffected control gene. B,
RNA levels for the Mot1 and Spt16 co-repressed genes INO1, GAD1, and GND2. In A
and B, error bars show one standard deviation from at least three biological replicates,
and asterisks denote p < 0.05 by Student’s t-test.
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ACT1 was initially chosen as a control gene unaffected by mutation of either
MOT1 or SPT16 according to the tiling array data. However, RT-qPCR showed that
ACT1 was down-regulated in all three mutants, though only reaching statistical
significance in spt16-197 cells. Extensive searching through the tiling array data yielded
several candidate control genes:

PDA1, MIS1, CET1, and PCF11.

RT-qPCR

demonstrated that only PCF11 was unaffected in all three mutants and was selected as
the control. This difference in tiling array analysis and RT-qPCR is not surprising, since
there will be variations in the sensitivity of either approach, which stress the importance
of validation.
Mot1 preferentially represses genes that contain TATA boxes and activate genes
that lack a TATA box (Collart 1996, Dasgupta et al. 2002, Poorey et al. 2010, Venters et
al. 2011, Zentner and Henikoff 2013). Because Mot1 and Spt16 co- regulate of ~1,300
genes, we determined if Spt16 had a similar preference for TATA vs TATA-less
promoters. In order to do this, we used a previous classification system from with the
strict interpretation of TATA box genes as containing the consensus sequence
“TATAWAWR” (W = A/T and R = A/G) and all other genes as TATA-less (Basehoar et
al. 2004). The genes were categorized and then sub-divided based on whether they
were activated (down-regulated in the mutant) or repressed (up-regulated in the mutant)
by each factor. Using a Chi-squared analysis we determined that there were more
genes than expected by chance that contained a TATA box and were repressed by
either factor (Figure 3.10). Genes that lacked a canonical TATA box and were activated
by either factor were also enriched. This indicates that Spt16 has a similar preference
as Mot1 for promoters with or without a TATA-box. To further emphasize this point, the
same analysis was performed for Set2, which is a histone methyltransferase and a
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known elongation factor (Venkatesh et al. 2012). The pattern of enrichment is strikingly
different than that for Mot1 or Spt16, showing that Set2 has no preference for promoter
elements, which is unsurprising for a bona fide elongation factor.

The difference

between Spt16 and Set2 suggests that Spt16 has more of a role in transcription initiation
than previously appreciated.

Figure 3.10. Mot1 and Spt16 have similar preferences for promoter
elements.

Genes are grouped by promoter attribute and proportioned by

category of differential expression: co-repressed (yellow), co-activated (blue), or
unaffected (gray). The set2Δ data (Poorey et al. 2010) is a control that
demonstrates a different relationship of TATA-containing and TATA-less genes
to a regulatory factor. P-values were calculated using a chi-squared test.
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We aimed to understand how Mot1 and Spt16 contribute to TBP recruitment at
co-regulated promoters. Before examining this though it was necessary to understand
some of the conflicting data for TBP recruitment in mot1 cells. It has been shown
previously that TBP levels increased at all promoters in mot1 cells (Dasgupta et al.
2005), meanwhile another study indicated that TBP levels increased at TATA boxes and
decreased at lower affinity sites (Biswas et al. 2006). Normally, ChIP-based methods
use formaldehyde to crosslink proteins to DNA in order to lock the proteins in place.
Recently, studies have taken a native approach without crosslinking, suggesting that
artifacts of formaldehyde crosslinking could hinder the interpretation of results (Zentner
and Henikoff 2013). Notably, native IPs showed that TBP levels in mot1 cells vary
depending on the affinity of the binding site for TBP (Dasgupta et al. 2005, Biswas et al.
2006). Formaldehyde-based approaches mostly showed that TBP levels increased at all
sites (Dasgupta et al. 2005), potentially due to trapping of weakly bound TBP in mot1
cells (Poorey et al. 2013). This interpretation would be straight-forward except for the
discrepancy still between formaldehyde-based studies.

In order to overcome this

discrepancy, we examined data from a previous study (Biswas et al. 2006) that yielded
contradictory results to our own (Dasgupta et al. 2005). A standard method to normalize
ChIP signal is by subtracting the mock signal and dividing by the input DNA. The study
that contradicted our data normalized their data to a region on chromosome V that
contained no genes, which they termed “Intergenic V” (Biswas et al. 2006) Using our
previous TBP ChIP-chip results, we examined the TBP levels at this intergenic V
location to determine how TBP was affected here in mot1 cells (Poorey et al. 2010).
Interestingly, we saw a dramatic increase in TBP levels in mot1 cells compared to WT
cells, which we confirmed by ChIP followed by qPCR (4.56-fold). Figure 3.11 shows the
ChIP signal obtained from this previous study for three different promoters. In order to
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directly compare the values from both studies, we multiplied the ChIP signals from the
previous study by the 4.56 increase in TBP at intergenic V to take out this erroneous
normalization metric.

After correcting the ChIP signals from both studies are

comparable showing that there is an increase in TBP at these sites in mot1 cells. This
difference shows the importance of using the correct normalization methods and how it
can affect the results.

Figure 3.11. TBP levels increased at the “Intergenic V” region in mot1-42
cells. TBP ChIP was performed in MOT1-WT and mot1-42 cells to determine if
there was a change in TBP levels at the Intergenic V region previously used for
normalization (Biswas et al. 2006). TBP levels increased 4.56-fold in mot1-42
cells compared to WT cells. Normalization to this region would therefore perturb
the results.
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Figure 3.12. Previous contradictory results in TBP localization are
consistent

with

our

results

after

correcting

the

erroneous

normalization. The previous study (Biswas et al. 2006) reported that
TBP levels at URA1, SER3, and ELP3 all decreased in mot1-42 cells
compared to WT cells after normalization to the Intergenic V region. After
removing this incorrect normalization metric, the results for these three
genes are consistent with our previously published data (URA1; Dasgupta
et al. 2005) and new results (SER3 and ELP3).

Next, to determine the effects on TBP localization in mot1-42, spt16-197, and
mot1-42 spt16-197 cells, we used six of the genes that we validated as Mot1-Spt16 coregulated genes and an equal number of co-activated (RPS23B, TRX1, ACT1) and corepressed (INO1, GAD1, GND2). Similar to our previous study (Poorey et al. 2010),
TBP levels were increased compared to wildtype at all six genes analyzed (Figure
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3.13A) in mot1-42 cells and also in mot1-42 spt16-197 cells (Poorey et al. 2010).
However, TBP levels were unaffected at any of these genes in spt16-197 cells. This
suggests that though Spt16 may regulate TBP recruitment at some genes, Mot1 is
responsible for TBP regulation at co-regulated genes.
Next we examined the effects of Mot1 and Spt16 on TFIIB localization to the
promoter. Previously, TFIIB has been shown to correlate with expression, whereas TBP
does not always correlate with expression (Poorey et al. 2010). Based on this, it was no
surprise that TFIIB levels decreased compared to wildtype in all three mutants at coactivated genes and increased compared to wildtype at co-repressed genes (Figure
3.13B). Taken together, at co-activated genes in mot1-42 or mot1-42 spt16-197 cells
there was an increase of TBP and a decrease of TFIIB, indicating that the TBP is nonfunctional due to improper orientation/positioning.
After analyzing the effects on expression and components of the PIC, we
explored the effects on elongation. Using the tiling arrays not only can the magnitude of
expression changes be detected but so can transcription length defects as previously
explained (Figure 3.1). Previous studies have shown that in spt16 cells there is an
abundance of cryptic initiation (Kaplan et al. 2003, Cheung et al. 2008). When we
analyzed the expression data from spt16-197 cells, we were surprised by the abundance
of length defects observed (Figure 3.15). Similar to previous studies we identified DI as
the predominant effect in spt16-197 cells, but there were ~500 genes that had the other
three classes of transcription defects. This indicates that Spt16 has a larger role in RNA
synthesis precision than previously observed. We also performed this analysis for mot142 spt16-197 cells. The two most predominant classes of defects were PT (736 genes)
and DI (774 genes) which were the main defects in the single mutants. This suggests
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that Mot1 and Spt16 do not function together in transcription elongation and regulation of
transcription length; however both are important in the overall fidelity of RNA synthesis
precision.

Figure 3.13.

Mot1 and Spt16 differentially affected PIC component

localization.

A, To examine effects of Mot1 on TBP levels at co-regulated

promoters relative TBP levels in WT and mutant strains were examined at three
co-activated and three co-repressed genes. TBP in mot1-42 cells increased at
promoters regardless of promoter attribute, was unaffected in spt16-197 cells,
and in the double mutant cells resembled mot1-42 cells. B, TFIIB recruitment
was affected in mot1-42 and spt16-197 cells at co-regulated promoters. Changes
in TFIIB levels correlated with changes in RNA in each mutant. In A and B, error
bars are one standard deviation from at least three biological replicates, and
asterisks indicate p < 0.05.
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Figure 3.14.

Screenshot of transcription length defects in the

Integrated Genome Browser.

Log2 median differential expression is

shown for the mot1-42 analysis as an example. Length defects were
called using the previous analysis pipeline described (Poorey et al. 2010).
A, Upstream initiation (UI) and downstream termination (DT) were called
for this gene NCA3.

B, Downstream initiation (DI) and premature

termination (PT) were called for this gene YDR131C.
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Figure 3.15. Mot1 and Spt16 have distinct and prominent roles in
maintaining transcriptional precision. Distributions of differential expression
for each length defect category: upstream initiation (UI), downstream or cryptic
initiation (DI), premature termination (PT), and downstream termination (DT). Plot
areas are proportional to the number of genes. Pairs of categories with similar
distributions and mean differentials overlap significantly in affected genes. UI and
DT co-occurred significantly in all mutants, as did DI and PT. Asterisks denote p
< 0.001 from a one-tailed Fisher’s exact test. Analysis was performed by Joseph
Muldoon.
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Discussion
Mot1 and Spt16 Co-Regulate Transcription
Mot1 and Spt16 are essential conserved proteins involved in transcription
regulation (Davis et al. 1992, Wittmeyer and Formosa 1997, Poorey et al. 2010.,
Formosa 2012). Both factors have separately been shown to regulate almost half of the
yeast genome (Cheung et al. 2008, Poorey et al. 2010). Our current study is the first to
demonstrate that these two factors overlap in regulation of a subset of genes.
Approximately 1,300 genes were similarly affected by both factors, and the expression of
these genes was further exacerbated in the double mutant. This indicates that at these
co-regulated genes both Mot1 and Spt16 are required for proper transcriptional
activation or repression. The synthetic lethality of the double mutant is also consistent
with this idea.

Yeast genetics utilizes growth defects in double mutants or

overexpression strains to show that two factors are in the same pathway, antagonize
each other, or share redundant roles (Guarente 1993). Synthetic lethality is classically
interpreted as the two gene products having a redundant role (Figure 3.16A), however,
the usage of ts alleles in this study complicates this interpretation, since gene deletions
are not able to be used. Both single mutants grow normally at 30°C; however these
mutations could still hinder the functions of Mot1 and Spt16 slightly. When both mutants
were combined, the synthetic lethality could be a product of hindering both proteins
which is enough to impact transcription and cause the decreased viability of the double
mutant. This could lead to the possibility of an epistatic interpretation (Figure 3.16B).
Finally, the two factors could have separate roles initially that converge on the same step
(Figure 3.16C). As discussed later, the evidence presented in this chapter favors this
last interpretation.
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Figure 3.16.

Possible pathways interpreted from the synthetic lethality

observed in mot1-42 spt16-197. A, The two proteins could have redundant
functions.

When one protein is hindered, the other can replace it.

absence of both, the cells would die.
epistatically in a pathway.

In the

B, The two proteins could function

Since temperature-sensitive alleles were used,

hindering one protein could still be acceptable for the cell to continue in the

94
pathway. Hindering both proteins would cause lethality. C, The two proteins
could have separate roles initially that converge on the same regulatory step.

Both Mot1 and Spt16 are required for activation or repression of specific genes.
The overlap in regulation is equally split between co-activated and co-repressed genes.
This is interesting because these factors were initially identified as repressive (Mot1) or
activating factors (Spt16; Davis et al. 1992, Auble et al. 1993, Orphanides et al. 1999).
Factors can have both positive and negative roles on transcription depending on various
circumstances including promoter context, the presence of other proteins, or the growth
conditions.
The physical interaction between Mot1 and Spt16 is perhaps the most intriguing
part of this chapter. Both proteins are thought to have specific chromatin localizations
that are separate from each other, however in whole cell extracts they are shown to
associate. This association does not necessarily mean that Mot1 and Spt16 are directly
binding each other, since there are other factors present in the extracts. To conclusively
prove that these two factors directly interact, purified proteins would need to be
incubated together and assayed. Regardless of whether this interaction is direct or
indirect, it is still interesting to hypothesize about what this association means. Both
Pob3 and Nhp6 were shown to associate with Mot1, however the previous proteomics
screen showed that both interactions were not as significant as Spt16 with Mot1 (Arnett
et al. 2008). It is possible that Mot1 interacts directly with Spt16 which could still be
bound to Pob3, explaining the difference in the statistical significance.

A previous

experiment showed that Mot1 could bind to nucleosomes and the interaction between
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Mot1 and Spt16-Pob3 actually prevented Spt16-Pob3 from interacting with Nhp6nucleosomes (Wells 2012).

However, these results have some caveats since the

proteins were from different species and may be artificial. It is important to repeat this
experiment with proteins from S. cerevisiae to understand how these proteins interact
with each other and nucleosomes. This same study showed that Mot1 does not directly
interact with Nhp6-nucleosomes. This could indicate that the association between Mot1
and Nhp6 is indirect in some manner. If Mot1 interacts with Spt16-Pob3, which prevents
them from binding Nhp6-nucleosomes, then another factor must bridge them all
together. Purified proteins from the same species need to be used to determine how
Mot1, Spt16, Pob3, Nhp6, and nucleosomes interact.
How does TBP play into the interaction between Mot1 and Spt16? This question
has not been explored yet. If Mot1 binds TBP, can Mot1 also bind to Spt16 or does the
TBP interaction prevent Mot1 from binding Spt16? Since the N-terminal HEAT repeats
of Mot1 bind to the convex surface of TBP and the C-terminal Swi2/Snf2 ATPase
domain binds upstream DNA, this leaves little room for Mot1 to associate with Spt16
while maintaining these other interactions (Wollmann et al. 2011, Butryn et al. 2015).
This again makes an argument for the requirement to determine exactly how Mot1 and
Spt16 interact, specifically which domains contribute to this interaction. This would thus
allow for a better understanding of how all of these proteins fit together and perform their
necessary functions.
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Mot1 and Spt16 Have Roles in Transcription Initiation
Mot1 regulates TBP localization genome-wide, however Spt16 has only been
implicated in TBP localization at a handful of genes (Gumbs et al. 2003, Biswas et al.
2005, Poorey et al. 2010, Zentner and Henikoff 2013). Mot1 controls TBP levels at
promoters and Spt16 plays no role in TBP recruitment at co-regulated genes. It is still
possible that Spt16 may be required for TBP localization at genes not regulated by Mot1.
It has been suggested that Spt16 plays an indirect role in TBP localization at the
promoter due to its role in preventing cryptic initiation within a gene (Saunders et al.
2003). At this point, our results cannot dispute this claim. Exposure of new PIC binding
sites could contribute to relocalization of TBP leading to a decrease of promoter-bound
TBP.
Further examination of Spt16’s role in TBP localization should be performed.
This study allows for classification of genes into different subsets based on regulation by
either Mot1 or Spt16. The promoters we examined in this study were all Mot1-Spt16 coregulated genes, so it would be worthwhile to look at promoters for genes that are
Spt16-regulated and not affected by Mot1. Furthermore, it would be useful to examine if
Spt16 and TBP directly interact by using purified proteins.

This would allow us to

determine if Spt16 plays a direct or indirect role in TBP recruitment.

As already

mentioned, an indirect role could be explained by the effect on chromatin organization by
mutation of Spt16, which will be discussed more in Chapter IV.
Mot1 and Spt16 affected TFIIB recruitment in a similar manner,
correlating with expression changes in the mutants. It is again difficult at this
point to determine if Spt16 is involved directly or indirectly in TFIIB localization.
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The same argument for an indirect role can be argued here similar to TBP.
Mot1’s effect on TFIIB is most likely a consequence of its role in TBP localization.
Co-activated genes have an increase in TBP levels while there is also a
decrease in TFIIB, suggesting that the PIC is not properly formed, preventing
proper initiation. In the absence of Mot1, TBP can bind to improper promoter
sites or even bind in the wrong orientation which would prevent the PIC from
forming.
At this point a simple interpretation of these results is that Mot1 and Spt16
regulate PIC formation albeit at different points at a subset of promoters. Mot1 regulates
TBP and downstream TFIIB, while Spt16 affects TFIIB only. Both TBP and TFIIB are
required for the PIC to form and transcription to initiate, so this shows how Mot1 and
Spt16 can regulate the same complex while maintaining different functions (Figure
3.16C and Figure 3.17).

Mot1’s Role in Elongation?
This study began in the pursuit of understanding how Mot1 was involved in
transcription elongation due to the premature termination defect in mot1-42 cells. The
hope was that looking at another protein with similar functions in both initiation and
elongation might lead to this elusive role for Mot1. Transcription length defects were
analyzed in spt16-197 cells and mot1-42 spt16-197 cells. While the predominant defect
in mot1-42 cells was premature termination, the main defect in spt16-197 cells was
cryptic initiation as previously reported. The double mutant showed prominent defects in
both premature termination and cryptic initiation, suggesting that these two proteins have
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different roles in elongation. Spt16 helps to replace nucleosomes after Pol II passage
thereby preventing intragenic PIC assembly and aberrant transcription (Mason et al.
2003, Saunders et al. 2003, Cheung et al. 2008).
The premature termination defect in mot1-42 cells is still puzzling. This defect
could be due to the cell sensing that transcription has not initiated properly due to
improper PIC formation and terminating transcription before it has proceeded too far.
This idea would allow Mot1 an indirect role in transcription elongation, since its effect on
the promoter could be somehow sensed and relayed to terminate transcription. Mot1
could also be directly involved in early elongation in some manner. Though Mot1 is
usually found at the promoter alongside TBP, one report (Geisberg et al. 2002) showed
that Mot1 was present in the coding region of certain genes.

It is clear that Mot1

functions in transcription initiation and elongation but the exact way in which it does so is
still not understood. Future work will be needed to determine specifically how Mot1
effects elongation.
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Figure 3.17. Model of Mot1 and Spt16 at the promoter. A, The promoter of a
gene (purple box) is upstream of the open reading frame (ORF, orange box).
Nucleosomes (gray ovals) are located around the promoter region but are
typically depleted at the promoter yielding a nucleosome depleted region. B,
TBP binds to the promoter. Mot1 can either remove TBP, thereby repressing
transcription, or help to position the TBP properly to activate transcription. Spt16
does not affect TBP at co-regulated promoters.

TFIIB is recruited by the

presence of TBP, potentially indirectly due to Mot1. TFIIB is also regulated either
positively or negatively by Spt16, most likely due to Spt16’s role in the chromatin
organization at the promoter.

C, The rest of the PIC (not shown) and RNA

Polymerase II are recruited to the promoter and initiate transcription.
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Chapter IV
How Mot1 and Spt16 Affect Localization of Each Other and Nucleosomes
Data from this Chapter was published in True et al. 2016.

The Mot1 ATPase globally regulates TBP localization and localizes to the
promoter of genes.

The Spt16 histone chaperone contributes to global

nucleosome organization and has been shown to be most abundant in the coding
region of active genes. Based on the overlap in transcription regulation between
these two factors, we determined if they affected the localization of each other.
On a global scale, Spt16 was required for Mot1 promoter localization, and Mot1
also affected Spt16 localization to genes. We also determined if Mot1 affected
nucleosome organization genome-wide since other members of the Swi2/Snf2
family are chromatin remodelers.

Interestingly, we found that Mot1 has an

unanticipated role in establishing or maintaining the occupancy and positioning
of nucleosomes at the 5’ ends of genes. Spt16 has a broad role in regulating
chromatin organization in gene bodies, including those nucleosomes affected by
Mot1. These results suggest that the Spt16 is required for Mot1 localization to the
promoter by establishing a permissive chromatin environment for Mot1 and that
both factors contribute to nucleosome organization genome-wide.
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Introduction
Mot1 and Spt16 Localization

As previously discussed in Chapter I, Mot1 and Spt16 have distinct genomic
localization profiles.

However, the results in Chapter III demonstrate that Mot1 and

Spt16 physically associate.

Previous studies have shown that Spt16 can regulate

promoter-proximal nucleosomes and TBP localization to the promoter (Mayer et al.
2010, Stuwe et al. 2008, Biswas et al. 2005). Therefore, we hypothesized that Spt16
and Mot1 could interact at the promoter and potentially affect the localization of each
other to co-regulated genes. In order to determine if either factor could regulate the
localization of the other factor, we employed ChIP-Seq of Mot1 in spt16-197 cells and
Spt16 in mot1-42 cells. Because, Mot1 localization to the promoter is dependent on
TBP (Auble and Hahn 1994), and TBP localization was unaffected in spt16-197 cells at
co-regulated genes, we hypothesized that there would be no effect on Mot1 localization
in spt16-197 cells.

By utilizing ChIP-Seq we were able to determine the effects on a

genome-wide scale rather than focusing on specific genes.

Nucleosome Organization and Key Regulators
Studies have been undertaken to determine what the key factors are in
determining nucleosome organization, which have identified various factors including
DNA sequence, transcription factors, and chromatin remodelers (Kaplan et al. 2009,
Zhang et al. 2009).

It is well known that poly(dA-dT) tracts disfavor nucleosome
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formation (Struhl 1985, Iyer and Struhl 1995, Mai et al. 2000, Anderson and Widom
2001). Two major studies showed that approximately 20% of nucleosome organization
in vivo is determined by the underlying genomic sequence (Kaplan et al. 2009, Zhang et
al. 2009). Transcription factors and chromatin remodelers help to properly position the
nucleosomes after they have been initially positioned by the sequence (Kaplan et al.
2009, Zhang et al. 2009).
Two important aspects of nucleosome organization are referred to
as nucleosome occupancy and nucleosome positioning (or fuzziness).

Nucleosome

occupancy refers to the density of histones within a region of DNA in a population of
cells (Pugh 2010). Nucleosome positioning on the other hand refers to the precise
position of the histone on the DNA (Struhl and Segal 2012). Therefore nucleosomes can
be well-positioned with high occupancy (Figure 4.1A), well-positioned with low
occupancy (Figure 4.1B), not positioned with high occupancy (Figure 4.1C), or not
positioned with low occupancy (Figure 4.1D). Nucleosomes can also vary in degrees
and have more intermediate occupancy or positioning. An example of a well-positioned
nucleosome is the +1 nucleosome immediately downstream of the TSS.

The

nucleosome depleted region (NDR) is an example of a low occupancy region.
Nucleosome occupancy typically anti-correlates with transcription, i.e. active genes have
lower nucleosome occupancy and repressed genes have higher nucleosome
occupancy. This is not always true since other factors can contribute to transcriptional
output.
Genome-wide nucleosome mapping was performed first utilizing microarrays and
more recently using deep sequencing (Yuan et al. 2005, Lee at al. 2007, Shivaswamy et
al. 2008, van Bakel et al. 2013). Maps have been generated for many different species,
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under different conditions, and utilizing different mutant strains to determine how specific
proteins affect nucleosome organization.

Some of these studies use the enzyme

micrococcal nuclease (MNase), which digests unprotected chromatin and leaves only
DNA that is bound by proteins. Proper titration of MNase can yield mononucleosomes
that allow for mapping to precise genomic locations (Yuan et al. 2005, Tsui et al. 2012,
Wal and Pugh 2012). The once-named nucleosome free region (NFR) actually contains
highly dynamic or “fragile” nucleosomes, which were detected using varying amounts of
MNase (Knight et al. 2014). Now the NFR is more appropriately called the nucleosome
depleted region (NDR) (Knight et al. 2014).

Scope of this study
In Chapter III, it was demonstrated that Mot1 and Spt16 co-regulated ~1,300
genes. But, it has been previously shown that both factors have distinct genome-wide
localization profiles. Therefore, we determined if these factors influenced the localization
of each other genome-wide. We hypothesized that Mot1 had a nucleosomal role at a
subset of genes, so we tested this genome-wide using MNase ChIP-Seq. We also
compared the effects on nucleosome organization in mot1-42, spt16-197, and mot1-42
spt16-197 cells to determine if they affected nucleosomes similarly, which we
hypothesized would contribute to their combined efforts in regulating gene expression.
Overall, this chapter focuses on the genome-wide localization of Mot1, Spt16, and
histone H3 in mot1 and spt16 mutants.
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Figure 4.1.

Nucleosome occupancy and nucleosome positioning.

Nucleosome occupancy refers to the density of histones in a region of DNA,
whereas nucleosome positioning refers to the exact location of nucleosomes on
the DNA. Examples of nucleosome with high or low positioning and high or low
occupancy are shown in A-D.

A, A population of nucleosomes with high

positioning and high occupancy.

B, A population of nucleosomes with high

positioning and low occupancy.

C, A population of nucleosomes with low
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positioning and high occupancy.

D, A population of nucleosomes with low

positioning and low occupancy.

Materials and Methods
Yeast strains and growth conditions
Saccharomyces cerevisiae strains used in this study are the same as listed in
Table 4.1. MOT1-WT, mot1-42, SPT16-WT, and spt16-197 cells were all grown at 30°C
in yeast extract, peptone, dextrose media (YPD), while mot1-42 spt16-197 cells were
grown at 25°C in YPD. For ChIP, ChIP-Seq, and MNase ChIP-Seq experiments, all
strains were grown at their permissive temperatures to an optical density (OD) ~1.0,
heat-shocked with addition of an equal volume of 42°C pre-warmed YPD, and incubated
at 35°C for 45 minutes.

Chromatin Immunoprecipitation
Yeast strains were grown as described above. After cultures reached an OD
~1.0 and were heat shocked, cells were collected, lysed, and sonicated as described in
Chapter III. Immunoprecipitations were conducted using 1 mg of protein as previously
described with either 5 µL α-myc (9E10, 1 mg/mL) or 5 µL α-Pol II (8WG16 Covance).
After immunoprecipitation and crosslink reversal, DNA was purified using a Qiagen PCR
Purification kit according to the manufacturer’s instructions.

Purified DNA was then

quantified by qPCR using the oligonucleotides (Life Technologies) listed in Tables 3.2
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and 4.2 and SYBR Green master mix (Bio-Rad). The mock values were subtracted from
the IP values and then normalized to the input.

Table 4.1
Yeast strains used in this chapter
Strain name
YPH499
AY51
AY87
L577
YJT001
YJT002
YMW054

YMW055
YMW066

Genotype
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1. mot1Δ::TRP1 pAV20(EE-MOT1, LEU2, CEN ARS)
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1. mot1Δ::TRP1 pMot221(mot1-42, LEU2, CEN ARS)
MATα, his4-912δ, lys2-128δ, ura3-52, spt16-197

Reference

MATα, his4-912δ, lys2-128δ, ura3-52, MOT1-13xMyc (kanMX)
MATα, his4-912δ, lys2-128δ, ura3-52, spt16-197, MOT113xMyc (kanMX)
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1, mot1Δ::kanMX, SPT16-13xMyc (HIS3), pAV20(EEMOT1, LEU2, CEN ARS)
a
o
MATa, ura3-52, lys2-801 , ade2-101 , trp1-Δ63, his3-Δ200,
leu2-Δ1, mot1Δ::kanMX, SPT16-13xMyc (HIS3),
pMot221(mot1-42, LEU2, CEN ARS)
MATa, ura3-52, trp1-Δ63, his3-Δ200, spt16-197,
mot1Δ::kanMX, pMOT221(mot1-42, LEU2,CEN ARS)

This study

Sikorski et al. 1989
Dasgupta et al.
2005
Dasgupta et al.
2005
Malone et al. 1991
This study
This study

This study
This study

Table 4.2
Primer sequences used in this chapter
Primer Name

Sequence

GAL10 ORF F

5' GCA GCC CTG CAA TAC CTA GA 3'

GAL10 ORF R

5' TTC CAC TCA CGA CAC AAA CC 3'

ChIP-Seq
Immunoprecipitated DNA was prepared as above for ChIP. The resulting purified
DNA was then processed using the TruSeq ChIP Library Prep Kit from Illumina (IP-202-
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1012) according to the manufacturer’s instructions. Briefly, DNA fragments were endrepaired and adenylated, adapter 6 was ligated onto the adenylated ends and gelpurified and purified products were enriched and quantified via Qubit. The DNA samples
were then analyzed using a Bioanalyzer to ensure that the samples mostly contained a
single peak of mononucleosomal DNA.

A total of 0.2 picomoles of DNA were

sequenced by the UVA Sequencing Core using an Illumina MiSeq instrument, yielding
25.6 +/- 1.6 million 150 bp raw reads per sample.

Data were obtained from two

independent replicate samples for each strain. ChIP-Seq was performed by Savera
Shetty.

Micrococcal Nuclease (MNase) ChIP-Seq
MNase ChIP-Seq

was performed as previously described with minor

modifications (Wal and Pugh 2012). Strains were grown as described above. After
collection, cells were lysed as described above for ChIP.

MNase titrations were

performed, and samples with the highest proportion of mononucleosomes and without
sub-nucleosomal fragments were selected for each sample. Cross-links were reversed
with heat, and protein was digested with proteinase K (Thermo Fisher). Samples were
then immunoprecipitated with 10 µg α-H3 (Abcam ab1791) overnight at 4°C, and then
incubated with protein A Sepharose, washed, and eluted as previously described. The
immunoprecipitated material was prepared for sequencing as described above and
sequencing data were obtained using the Illumina MiSeq instrument in the UVA
Sequencing Core, yielding 27.9 +/- 5.7 million 150 bp raw reads per sample. Data were
obtained from two independent replicate samples for each strain.
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ChIP-Seq and MNase ChIP-Seq Data Analysis
Reads were aligned to the SacCer3 reference genome using bowtie2-2.2.6 with
default mapping settings (Langmead and Salzberg 2012). More than 95% of the raw
reads from each dataset were mapped under these conditions. Unmapped reads and
reads with mapping quality scores < 30 were removed from the bowtie2-generated bam
file using samtools-0.1.19 (Li et al. 2009). This mapping quality threshold resulted in
removal of 10% or fewer of the mapped reads. For viewing the data in IGV (Robinson et
al. 2011, Thorvaldsdóttir et al. 2013), bam files were converted to BigWig by first sorting
and indexing using samtools, then creating .bed and .cov files using BEDTools 2.18.2
(Quinlan and Hall 2010), and finally converting the .cov files to BigWig using the
bedGraphToBigWig converter (Kent et al. 2010). Gene average plots were produced
using ngs.plot-2.4.7 (Shen et al. 2014).

Nucleosome mapping and differential

nucleosome analyses were performed using the dpos tool in the DANPOS-2.2.2
package with default settings that include fold-change normalization (multiplying each
sample by a scale factor to account for differences in mapped read coverage) rather
than quantile normalization as originally described (Chen et al. 2013). Dpos yielded
normalized wig files of the processed data.

We observed that the total signal

nonetheless varied among these normalized datasets by a small (~5%) but not
insignificant amount. For this reason, the dpos-generated wig data files were further
normalized globally based on the total signal. The gene average plots shown in Figure
4.9 were generated in R from the renormalized wig data by computing the mean signal
at base pair resolution for all genes, activated genes, or repressed genes (as indicated)
with respect to the TSS.

Other statistical analyses and data visualization were

performed using R v3.0.2. Data analysis was performed by David Auble.
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All of the genome-wide datasets from this study have been submitted to the
NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) under SuperSeries
accession number GSE80235.

Results
Because Mot1 and Spt16 regulate overlapping sets of genes, we obtained a
clearer picture of their localization patterns and if either protein affected the other’s
localization. First we performed ChIP-Seq of Mot1-myc in WT and spt16-197 cells to
determine if Spt16 affected Mot1 recruitment. Genes were divided into co-activated or
co-repressed to observe any differential effects between gene classes. Genes were
computationally aligned based on their transcription start site (TSS, 0 bp) and the
average profile was plotted +/- 1200 bp around the TSS (Figure 4.2). The average gene
profile showed a peak of Mot1 upstream of the TSS. This is consistent with previous
genome-wide and locus-specific experiments (Dasgupta et al. 2002, Geisberg et al.
2002, Zentner and Henikoff 2013). This Mot1 peak differed between co-activated and
co-repressed genes. At co-activated genes, Mot1 was more broadly distributed and
somewhat overlapping the TSS.

At co-repressed genes, the Mot1 peak was more

precise and centered at ~400 bp upstream of the TSS. Co-activated genes also had an
increase in Mot1 signal within the coding region of the gene. While most studies have
shown that Mot1 is absent in the coding region in WT cells, one study detected Mot1 in
the coding region of certain genes (Geisberg et al. 2002). It is possible that this signal is
due to an artifact from downstream genes or even from highly expressed genes, which
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are known to crosslink various proteins non-specifically (Teytelman et al. 2013).
However, this could indicate a role for Mot1 in elongation.

Figure 4.2. Spt16 affected Mot1 localization genome-wide. A, Mot1-myc
ChIP-Seq in SPT16-WT (black line) and spt16-197 (red line) cells at Mot1-Spt16
co-activated genes. The ChIP signal was plotted as the log 2 of the fold change
between the immunoprecipitated sample and the input.

Genes were aligned

based on their transcription start site (TSS, 0 bp) and signals were averaged +/1200 bp around the TSS. The transparent shading around the lines shows the
standard error of the mean. B, Similar profile for Mot1-myc ChIP-Seq at Mot1Spt16 co-repressed genes.

ChIP-Seq was performed by Savera Shetty and

analysis was performed by David Auble.
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In spt16-197 cells, the average gene profile showed that Mot1 localization
decreased upstream of the TSS. This could indicate a role for Spt16 in establishing
chromatin permissiveness at the promoter, which will be discussed more later. At coactivated genes, Mot1 levels decreased in the coding region, while at co-repressed
genes Mot1 levels increased in the coding region, consistent with expression changes
(Figure 3.9). Co-repressed genes which are enriched for TATA boxes are known to
harbor cryptic initiation sites in the coding region (Cheung et al. 2008). In spt16-197
cells it is therefore possible that these sites are exposed, recruiting TBP and Mot1 along
with it causing an increase in Mot1 signal. Recently it has been shown that Mot1 helps
to regulate cryptic initiation by preventing TBP from improperly binding to these exposed
intragenic sites (Koster et al. 2014).
Next we determined how Spt16 localization was affected by Mot1.

Spt16

localization is presented similarly to Mot1 localization, and the average profile at all
genes is consistent with previous studies on Spt16 (Figure 4.3; Kaplan et al. 2003,
Cheung et al. 2008, Mayer et al. 2010). Upstream of the TSS is a region that is devoid
of Spt16 which is approximately where the nucleosome depleted region (NDR) is found.
Since Spt16 is a histone chaperone, it makes sense that there would be a depletion of
the factor where there is a lack of nucleosomes. Spt16 peaked immediately downstream
of the TSS which could indicate a role for Spt16 in regulating the +1 nucleosome.
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Figure 4.3. Spt16 localized to the coding region and changed consistently
with expression changes in mot1-42 cells. A, Spt16-myc ChIP-Seq in MOT1WT and mot1-42 cells at Mot1-Spt16 co-activated genes plotted similarly to
Figure 4.2A. B, Spt16-myc ChIP-Seq signal at Mot1-Spt16 co-repressed genes
similarly to A. ChIP-Seq was performed by Savera Shetty and data analysis was
performed by David Auble.

Therefore, we examined the Spt16 localization patterns at these subsets of
genes. When comparing co-activated genes to co-repressed genes, it is apparent that
there was an enrichment of Spt16 at co-activated genes while there was a depletion of
Spt16 at co-repressed genes. This could indicate that Spt16 is directly involved in gene
activation while a lack of Spt16 leads indirectly to repression.

Although solely an

absence of Spt16 at a gene does not indicate that it will be repressed, since other genes
are not Spt16-regulated. Upon mutation of Mot1, Spt16 localization was perturbed at
both subsets of genes. Co-activated genes showed a decrease of Spt16 in the gene
body compared to WT levels. This decreased level is comparable to the levels of Spt16
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at co-repressed genes in WT cells. Co-repressed genes showed an increase of Spt16 in
mot1-42 cells at the promoter and ORF, which is comparable to levels at co-activated
genes in WT cells.

This further supports the idea that Spt16 levels correlate with

expression levels and that Spt16 repression is due to an absence of the factor at
repressed genes. Most likely this also indicates that Mot1 does not directly affect Spt16
localization per se, but instead Spt16 is linked to the level of Pol II recruited to genes,
which will be explored shortly.
After examining the genome-wide pattern of Spt16 enrichment, we verified that
these general patterns were the same at the genes that we had previously examined for
expression, TBP, and TFIIB levels. We looked at Spt16 levels at a region towards the 5’
end of the ORF and a region closer to the 3’ end of the ORF at four co-activated genes
(RPS23B, TRX1, LEU9, and ACT1) and three co-repressed genes (INO1, GAD1, and
GND2). As shown in Figure 4.4, Spt16 levels were higher at co-activated genes at both
regions of the ORF when compared to co-repressed genes, which is consistent with the
ChIP-Seq data. Upon mutation of Mot1, Spt16 levels decreased at the 5’ ORF at coactivated genes but were not significantly affected at the 3’ ORF. Since Spt16 levels
declined towards the 3’ end of the ORF normally, it is possible that the Spt16 levels are
unaffected here in mot1 cells due to the lower levels present at the 3’ end. At INO1 and
GAD1, two of the co-repressed genes, Spt16 levels increased in mot1-42 cells
compared to WT cells consistent with the ChIP-Seq data. GND2 showed no significant
change in Spt16 levels, though the expression was increased in mot1-42 cells. This
could be due to insensitivity in the ChIP assay being unable to detect a minor change in
Spt16 levels. It is also possible that at GND2 and potentially other genes that Spt16
levels are not as tightly associated with expression changes. However, all three co-
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repressed genes had significant increases in Spt16 levels at the 3’ end of the ORF.
Mutation of Mot1 could lead to a delayed association of Spt16 in the coding region,
which is why Spt16 levels were unaffected at the 5’ end of the ORF and increased at the
3’ end of the ORF at GND2. Kinetics of Spt16 association with genes in mot1 cells could
be explored to test that possibility.
Because Spt16 localization is thought to be linked with the amount of Pol II
recruited to a gene (Mason and Struhl 2003, Saunders et al. 2003), we examined if Pol II
levels were affected in mot1-42 cells similar to Spt16 changes. At four co-activated
genes, levels of Pol II decreased in mot1-42 cells compared to WT cells (Figure 4.5A),
similar to the decrease in expression and Spt16 levels previously observed (Figures 3.9,
4.3, and 4.4). INO1 and GAD1 showed a significant increase in Pol II levels as expected
by our previous results, though the increase was not very large. GND2 showed no
change in Pol II occupancy in mot1-42 compared to WT cells consistent with the lack of
Spt16 change previously demonstrated. This is intriguing because GND2 expression
increased in mot1-42 cells due to depression of this gene, however it seems our ChIP
assay is not sensitive enough to detect very subtle changes at GND2..
To confirm that our ChIP assay could detect large changes in Pol II, we tested
the well-documented GAL10 gene upon induction. GAL10 is induced by addition of
galactose to the media, and thus would be expected to have an increase in Pol II
occupancy. We observed an increase in Pol II enrichment at the GAL10 ORF upon
induction (Figure 4.5B). This increase in Pol II levels was larger than the increase we
observed at the Mot1-Spt16 co-repressed genes. Overall, our ChIP assay could detect
a larger increase in Pol II levels at the GAL10 gene, which indicates that the increase at
the co-repressed genes is indeed modest, compared to the increase at GAL10.
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Figure 4.4.

Spt16 levels were affected by Mot1 at co-activated and co-

repressed genes at the 5’ ORF but only in the co-repressed at the 3’ ORF.
A, Spt16-myc ChIP was performed in SPT16-myc MOT1-WT and SPT16-myc
mot1-42 cells at the 5’ end of the open reading frame (ORF). Four Mot1-Spt16
co-activated genes and three co-repressed genes were analyzed. B, Experiment
similar to A but for enrichment at the 3’ end of the ORF. In A and B, asterisks
indicate p<0.05 as determined by a Student’s t-test using at least three
independent replicates.
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Figure 4.5.

RNA Polymerase II levels were consistent with expression

changes. A, ChIP of RNA Polymerase II (Pol II) in the open reading frame
(ORF) of Mot1-Spt16 co-activated and co-repressed genes. B, Pol II ChIP at the
GAL10 ORF during glucose repression and galactose induction. In A and B, the
asterisk indicates p < 0.05 from a Student’s t-test. The # indicates p = 0.055.

We hypothesized that Spt16 established a permissive chromatin environment at
gene promoters that allowed Mot1 to bind, and mutation of Spt16 caused a decrease in
Mot1 levels as detected by ChIP-Seq (Figure 4.2).

We determined the effects on

nucleosomes in the mutant strains with MNase ChIP-Seq (Wal and Pugh 2012).
Chromatin was digested by MNase to mononucleosomes, which were subsequently
IPed by an antibody to histone H3, enriching for DNA fragments wrapped around
histones.

It is important to titrate the cells with MNase to achieve ~80%

mononucleosomes in order to identify single nucleosomes without over digestion to
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subnucleosomal fragments (Tsui et al. 2012, Wal and Pugh 2012). The titration was
performed for all strains and replicates as shown in Figure 4.6. The samples with 400
units of MNase were selected as the optimal digestion for all strains and used for
producing libraries.

Figure 4.6.

Titration of micrococcal nuclease (MNase) to yield optimal

mononucleosomal levels in all four strains. Cells from all four strains were
treated with increasing amounts of MNase (0, 100, 200, 300, 400, and 500 units)
to digest the chromatin. Digested samples were run on a 2% agarose gel to
separate the bands. The arrow on the right indicates the mononucleosome band
at ~147 bp.

Before proceeding to the library preparation, we verified that the H3 IP had
worked. We examined previously published nucleosomal data for spt16-197 cells, which
used MNase-Seq, to determine a gene to use in qPCR analysis (van Bakel et al. 2013).
The GAD1 ORF has a well-positioned nucleosome in WT cells that is depleted in spt16197 cells, and this region of the ORF had already been used in the Spt16-myc qPCR
analysis (Figure 4.7). Therefore, we used this region of GAD1 to determine if the IP was
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successful in the strains and was depleted in the spt16-197 cells compared to WT. As
shown in Figure. 4.8A, there was a 13-fold enrichment of H3 over input and this
decreased to only 4-fold enrichment in spt16-197 cells. There was a 10-fold enrichment
in mot1-42 cells and 3-fold enrichment in mot1-42 spt16-197 cells.

This pattern of

enrichment was expected based on the expression levels at GAD1, since increased
expression correlates with loss of nucleosomes. After the ChIP-Seq library preparation,
the enriched samples were validated once again by qPCR at the GAD1 ORF, and the
patterns were the same indicating that the library preparation did not alter the relative
levels of DNA (Figure 4.8B).

Figure 4.7. The GAD1 ORF has a nucleosome that is depleted in spt16-197
cells compared to SPT16-WT cells. Publically available nucleosome data (van
Bakel et al. 2013) was used from SPT16-WT and spt16-197 cells to determine if
the H3 ChIP had worked properly.
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Nucleosomal reads were plotted similar to Mot1 and Spt16 ChIP-Seq data with
all genes lined up based on their TSS. The nucleosomal pattern for WT cells (Figure
4.9, green line) is similar to previously published data on wildtype nucleosomes (Yuan et
al. 2005, Lee at al. 2007, Shivaswamy et al. 2008, van Bakel et al. 2013). The NDR is
apparent upstream of the TSS, with well-positioned genic nucleosomes and to some
extent upstream nucleosomes. When subdivided into Mot1-Spt16 co-activated and corepressed genes, these patterns are still generally held. Co-repressed genes had more
nucleosomes in the NDR compared to co-activated genes, as expected. Co-activated
genes had a very striking peak for the +1 nucleosome compared to co-repressed genes,
potentially emphasizing the role of the +1 nucleosome in gene activation.

Figure 4.8. H3 ChIP signal in the GAD1 ORF in all four strains before and
after library preparation. A, H3 ChIP signal relative to wildtype (WT) input after
MNase digestion. B, H3 ChIP after ChIP-Seq library preparation from samples in
A.
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Figure 4.9. Mot1 and Spt16 regulated nucleosome organization genomewide. A, MNase ChIP-Seq signal in all four strains lined up based on the TSS of
all genes and extending +/- 600 bp from the TSS. WT nucleosomes (green line)
were well-defined, decreased in signal in mot1-42 cells (blue line), and lost
periodicity in spt16-197 and mot1-42 spt16-197 cells. B, Plot similar to A but with
only Mot1-Spt16 co-activated genes. C, Plot similar to A but with only Mot1Spt16 co-repressed genes. A-C, Data analysis was performed by David Auble.

The spt16-197 nucleosomal pattern has been well established already showing a
loss of well-defined nucleosomes (van Bakel et al. 2013). This is consistent with our
data showing that there is a loss of nucleosomal patterning genome-wide in spt16-197
cells. In mot1-42 cells the -2, -1, NDR, +1, and 2 nucleosomes all decrease, while the
remaining nucleosomes are similar to WT levels. Based on the localization pattern of
Mot1 with its enrichment in promoters, this is not surprising that Mot1 has an effect only
on promoter-proximal nucleosomes.

The double mutant cells showed a combined

exacerbated effect on nucleosomes; nucleosomal periodicity was lost in the spt16-197
cells and nucleosome intensity was decreased from both single mutants.

This is

consistent with the exacerbated effects on expression, TFIIB, and temperature sensitivity
in the double mutant as shown in Chapter III.
The average nucleosomal plots shown in Figure 4.9 are useful in understanding
general trends in nucleosomes affected by Mot1 and Spt16. However, these plots do
not compare individual nucleosomes.

To better dissect the roles of both factors in

nucleosome organization, we looked at two parameters of nucleosome organization:
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occupancy and positioning.

Nucleosome occupancy is defined as the amount of

histones in a specific location and usually correlates with gene expression. Nucleosome
positioning takes into account the exact location of nucleosomes on DNA and how much
they deviate from this midpoint, which is known as the fuzziness (Pugh 2010).

As

mentioned already, both parameters can be affected by DNA sequence and transcription
factors.
The program DANPOS allows for identification of nucleosomal peaks in all
strains (Chen et al. 2012). These peaks could then be compared for each mutant strain
to the WT to determine the change in occupancy or fuzziness. Approximately 67,000
nucleosomal peaks were identified in the mutant strains (Table 4.3).

Since each

nucleosome is approximately 146 base pairs, this accounts for 9.78 million base pairs of
the total yeast genome which is 12.1 million base pairs. Including the linkers means that
our average linker is ~34.6 base pairs for a total length of 180.6 base pairs. Our results
are consistent with the literature which shows that a nucleosome plus the linker is
approximately 200 base pairs (Zhang and Pugh 2011).

Table 4.3
Total number of nucleosomes detected and affected in each strain
Data analysis performed by David Auble

Comparison

mot1 vs WT
spt16 vs
WT
mot1 spt16
vs WT

Total
Peak
#

66,237
67,801
67,216

Occupancy
Δ (Peak #)

Fuzziness
Δ (Peak #)

3,763
(5.7%)
3,756
(5.5%)
4,460
(6.6%)

8,809
(13.3%)
11,359
(16.8%)
10,689
(15.9%)

Peaks with
Occupancy Δ
that also had
Fuzziness Δ

Peaks with
Fuzziness Δ
that also had
Occupancy Δ

41.80%

17.90%

36.40%

12%

52.20%

21.80%
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The total numbers of nucleosomes that had changes in occupancy or fuzziness
are listed in Table 4.3. There were approximately 2-3 times more differentially fuzzy
nucleosomes than nucleosomes with changes in occupancy in all three mutant strains.
This suggests that Mot1 and Spt16 contribute more to nucleosome positioning than
nucleosome occupancy. The lower number of nucleosomes with a change in occupancy
is consistent with the modest overall effects on expression in mot1 and spt16 cells.
About half of the nucleosomes that had a change in occupancy also had a change in
fuzziness. There was a lower overlap in nucleosomes that had a change in fuzziness
that also had a change in occupancy.

Table 4.4
Effects on nucleosomes in mutants compared to wildtype
Data analysis performed by David Auble
Occupancy Change
Increased in
mutant

Decreased
in mutant

Total

%
Decreased
in mutant

1,315
2,291

2,448
1,465

3,763
3,756

65.1
39

957

3,503

4,460

78.5

Increased in
mutant

Decreased
in mutant

Total

%
Increased
in mutant

mot1-42 vs WT

7,570

1,239

8,809

85.9

spt16-197 vs WT

11,023

336

11,359

97

mot1-42 spt16-197 vs
WT

10,484

205

10,689

98.1

Dataset Comparison
mot1-42 vs WT
spt16-197 vs WT
mot1-42 spt16-197 vs
WT

Fuzziness Change
Dataset Comparison
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The numbers in Table 4.3 only show changes in nucleosome occupancy and
fuzziness, but do not specify whether the changes were positive or negative. Table 4.4
shows the nucleosomes that were increased or decreased in occupancy and fuzziness.
The majority of nucleosomes in mot1-42 and mot1-42 spt16-197 cells decreased in
occupancy. The genes that had a decrease in nucleosome occupancy most likely would
be genes that are up-regulated in the mutants. However, the genes that are downregulated in the mutants do not necessarily have to have an increase in nucleosome
occupancy, because these genes would have less TBP and TFIIB bound to the promoter
and would be down-regulated at that step rather than requiring nucleosomes to shut off
transcription. The vast majority of differentially fuzzy nucleosomes had an increase in
fuzziness in all three mutant strains (85-98%). This shows that the dominant effect that
Mot1 and Spt16 have on nucleosomes is to properly position them.

Figure 4.10. Changes in nucleosomal occupancy and fuzziness overlapped
significantly among the mutants. The overlap in sets of nucleosomes affected
in mot1-42, spt16-197, and double mutant cells. FDR-corrected p-values are <
0.007 (*) and < 2.6x10-196 (**). Data analysis performed by David Auble.
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Figure 4.11.

Mot1 and Spt16 regulated nucleosome positioning.

All

nucleosomes with significant changes in fuzziness in each mutant were assigned
a nucleosome position based on the midpoint of the nucleosome in WT cells.
The position shift was calculated based on how much the midpoint changed in
the mutant cells compared to the WT cells in relation to the TSS.

Each

nucleosome position was grouped together, and the box plots show the
distribution of the position shifts. The median is shown by the black line in the
middle with the whiskers extending to 1.5X the interquartile range.

Since the focus of this project is to understand how Mot1 and Spt16 co-regulate
gene expression, it is necessary to look at the similarly affected nucleosomes in each
mutant (Figure 4.10). Only 6.6% of nucleosomes with changes in occupancy were the
same between mot1-42 and spt16-197 cells which is low but statistically significant.
There was a larger overlap in the differentially fuzzy nucleosomes between mot1-42 and
spt16-197 cells, again emphasizing the importance of both factors in nucleosome
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positioning. Both single mutants had significant overlaps with the double mutant, and
they had a larger overlap with differentially fuzzy nucleosomes compared to
nucleosomes with changes in occupancy.

Since Mot1 and Spt16 are important for nucleosome positioning, we next
determined if they specifically regulated nucleosomes with respect to the TSS. The
gene average profile in Figure 4.9 suggests that the +1 nucleosome was shifted away
from the TSS in all three mutants. This shift in the +1 nucleosome was previously
reported for spt16 cells (van Bakel et al. 2013). The differentially fuzzy nucleosomes
were designated -1, +1, +2, etc. based on the distance of the nucleosome midpoint to
the TSS. Then the position shifts relative to the TSS were calculated for each mutant
compared to WT. A +10 base pair median shift was detected at the +1 nucleosome in
spt16-197 cells, similar to published data (van Bakel et al. 2013). The +1 nucleosome
was also shifted 10 base pairs away from the TSS in mot1-42 and mot1-42 spt16-197
cells (Figure 4.11).

Thus both factors are required for properly positioning the +1

nucleosome and do so in independent manners. The +2 and +3 nucleosomes were
significantly shifted in all three mutants, and the -1, +4, and +5 nucleosomes were
shifted in spt16-197 cells.

While Spt16 has a more general role in regulating

nucleosome position, Mot1 seems to be restricted to promoter-proximal nucleosomes,
which makes sense based on its localization to the promoter.
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Discussion
Mot1 and Spt16 Have Distinct Localization Profiles but Affect Each Other’s
Localization
Mot1 and Spt16 have previously been implicated in transcription initiation and
elongation (Collart 1996, Muldrow et al. 1999, Poorey et al. 2010, Formosa et al. 2002,
Jamai et al. 2009, Biswas et al. 2005). However, their distinct localization profiles have
suggested that Mot1 is directly involved in initiation only and Spt16 is only directly
involved in elongation. Based on the physical interaction described in Chapter III and
the overlap in transcriptional regulation, we determined both factors’ genome-wide
localization and how they affected each other.
Several studies have utilized ChIP to determine if Mot1 interacted with specific
genomic regions and genes that were differentially affected by Mot1. These studies
showed that Mot1 localizes to the promoter alongside TBP and is present at the
promoters it represses and activates (Andrau et al. 2002, Dasgupta et al. 2002,
Geisberg et al. 2002, Zanton and Pugh 2004). Genome-wide ChIP studies have also
confirmed Mot1’s presence at the promoter of both types of genes (Geisberg and Struhl
2004, Zentner and Henikoff 2013). Our ChIP-Seq corroborates these previous results.
Interestingly, though we do see a difference in the peak height and width of Mot1 at the
promoter. At repressed genes Mot1 peaked sharply at ~300 base pairs upstream of the
TSS. At activated genes Mot1 had a broader peak that is closer to the TSS and even
continues somewhat downstream of the TSS. Activated genes also showed slightly
more Mot1 in comparison to repressed genes.
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As previously mentioned Mot1 preferentially represses TATA-containing
promoters and activates TATA-less promoters. It has also been shown that these two
classes of promoters have different chromatin landscapes. Furthermore, it has been
proposed that the PIC assembles differently at TATA and TATA-less promoters, with the
PIC competing with a nucleosome at TATA-containing promoters and assembling in
conjunction with the +1 nucleosome at TATA-less promoters (Rhee and Pugh 2012).
This could explain why Mot1 has a different pattern at these two classes of genes.
TATA-containing genes that are repressed by Mot1 would have a discrete location for
TBP to bind and thus Mot1 would bind in a specific location hence the sharp peak
upstream of the TSS. TATA-less promoters would have a more ambiguous region for
TBP to bind, since there is no defined promoter element for TBP to bind. If the PIC is
assembling on top of the +1 nucleosome, this also explains why the peak for Mot1 is
closer to the TSS and extends beyond it.
At repressed genes, Mot1 removes TBP by hydrolyzing ATP as discussed in
Chapter II. It has been suggested that Mot1’s action at activated genes is indirect,
however as already mentioned, Mot1 binds at activated genes and to a larger extent
than it does at repressed genes. This suggests that Mot1’s role at co-activated genes is
direct. Mot1 has been shown to help recycle TBP from the high-affinity TATA-binding
sites to allow a dynamic pool of TBP to reach the TATA-less promoters thereby allowing
for the activation of these genes (Zentner and Henikoff 2013). It has also been shown
that Mot1 is required at genes like URA1 to remove TBP from an improper orientation to
help activate the gene (Sprouse et al. 2008b).

A combination of Mot1 acting to

chaperone TBP from TATA promoters to TATA-less promoters and then properly
positioning TBP could explain Mot1’s direct role in activation.
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One surprising result from the Mot1 ChIP-Seq was the rather large, broad peak
of Mot1 in the ORF of activated genes. Previous studies show conflicting results for
Mot1 localizing to the ORF (Geisberg et al. 2002, Dasgupta et al. 2002). One study
discovered that Mot1 localized to active coding regions and that TBP was not present in
the intragenic regions where Mot1 was located. Genome-wide studies however have
not shown that Mot1 localizes to the coding regions. The genes that are activated by
Mot1 tend to be housekeeping genes or ribosomal genes which have higher
transcription rates (Dasgupta et al. 2002, Poorey et al. 2010). It has been shown that
almost any transcription factor can be cross-linked to a highly expressed gene without
having functional significance (Teytelman et al. 2013). On the other hand, we have
previously shown that Mot1 has an unexpected role in transcription elongation, so it is
possible that this Mot1 peak is actually real and could indicate Mot1’s elusive role in
elongation (Poorey et al. 2010). At this point, we cannot distinguish between these
alternative explanations for this peak.
First, we would need to divide the activated genes into groups based on
expression to determine if there is an effect on Mot1 signal that correlates with the
transcription rate. This could help to determine if this is indirect due to cross-linking to
highly expressed genes. We could also compare these results to those from the Mot1
ORGANIC-Seq study (Zentner and Henikoff 2013). ORGANIC-Seq takes into account
the problems with formaldehyde and instead uses a native approach without crosslinking. When the results from the native approach are divided similarly to our results,
we could see if there are any peaks in the ORF in their data that would corroborate our
data. We could also divide our data based on length of transcripts to determine if there
is enrichment in shorter transcripts. If there are more shorter transcripts in the activated
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class it is possible that we are seeing a peak of Mot1 at the beginning of the next gene.
If this peak of Mot1 in the ORF has biological significance , then we need to examine if
there is TBP located at these genes or cryptic TATA boxes. Finally, it is possible that
this peak of Mot1 is a true peak without TBP, as shown in the previous ChIP study that
first showed Mot1 in the coding region. This would then require further examination to
understand how Mot1 is binding without TBP and if it is associating with other proteins
that could lead to a better understanding of Mot1’s role in elongation.
Next we determined how the localization of Mot1 was affected by mutation of
Spt16. In the absence of Spt16, the Mot1 signal decreased in the coding region of
activated genes and increased in the coding region of repressed genes (Figure 4.2).
The decrease in activated genes was consistent with the decreased expression. Again,
this could be a decrease in non-specific cross-linking due to the decrease in expression,
or this could be a real decrease in Mot1 binding. The increase in Mot1 in the coding
region of repressed genes could be attributed to the increase in expression.

As

discussed in Chapter III, genes with TATA boxes in the promoter tend to have more
TATA boxes within the coding region. Therefore, the increased signal of Mot1 could be
due to exposure of cryptic binding sites. This could be examined further by looking to
see if there are cryptic binding sites in these genes and if TBP localizes to these coding
regions in the absence of Spt16.
Co-activated and co-repressed genes showed a decrease in Mot1 signal at the
promoter in spt16-197 cells (Figure 4.2), although activated genes had a much more
pronounced decrease in Mot1. We have previously proposed that Spt16 could affect the
chromatin organization at the promoter of genes it regulates. It is therefore possible that
Spt16 is required to set up a permissive landscape for Mot1 to be able to bind to the
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promoter.

This suggests that regardless of whether these factors are involved in

activation or repression of these genes, that Spt16 is involved in properly positioning the
nucleosomes. This will be expanded upon in the next section of this discussion.
A problem with this explanation is the fact that TBP recruitment to the promoter is
unaffected in spt16-197 cells as shown in Chapter III.

Since Spt16decreased Mot1

localization to the promoter of differentially expressed genes, TBP localization should
also change. Since the Mot1 localization was assayed using ChIP-Seq and the TBP
localization was examined by ChIP-qPCR it is possible there is a difference in sensitivity.
Therefore TBP localization should be examined genome-wide in spt16-197 cells to
determine with higher sensitivity how TBP is affected. This could also explain if cryptic
binding sites were exposed and if TBP was recruited intragenically in the absence of
Spt16.
Our results are very similar to the previously published results which show that
Spt16 was enriched in the coding region of genes and depleted at the promoter (Mayer
et al. 2010). It is understandable that Spt16 would be depleted at the promoter due to
the relative depletion of nucleosomes in this area. The relative enrichment of Spt16 at
activated genes compared to repressed genes is also not surprising, since Spt16 has
been linked with Pol Ii and highly expressed genes (Mason and Struhl 2003, Saunders
et al. 2003).

The largest peak of Spt16 was immediately downstream of the TSS.

Though Spt16 does not seem to be present at the promoter, the close proximity of this
Spt16 peak suggests that Spt16 is important for early elongation and potentially late
initiation. Spt16 levels started to increase ~300 bp upstream of the TSS which also
suggests that Spt16 could play a role in chromatin organization immediately upstream of
the NDR.
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In the absence of Mot1, Spt16 levels decreased at activated genes and
increased at repressed genes (Figure 4.3).

This is consistent with the expression

changes at these genes and also with the changes in Pol II levels in the ORF. We
verified these changes at a subset of activated and repressed genes which show slight
but significant changes in Spt16 levels at the 5’ end of the ORF and also at the 3’ end of
repressed ORFs (Figure 4.4). However, there was no significant change in Spt16 levels
at the 3’ end of activated genes when analyzed by ChIP-qPCR. This is in contrast to the
ChIP-Seq average plot shown in Figure 4.3.

Again, this could be due to lack of

sensitivity in ChIP-qPCR compared to ChIP-Seq. It is also possible that at some of the
activated genes, Spt16 levels are not affected towards the 3’ end of a gene and the
average plots hide these genes.
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Figure 4.12. Model for Mot1-Spt16 co-regulation of transcription. A, A gene
with a promoter (purple box), the open reading frame (ORF; orange box), and
nucleosomes (gray circles). B, Spt16 promotes Mot1 binding to the promoter by
reorganizing nucleosomes. Mot1-TBP bind to the promoter. Mot1 regulates the
promoter-proximal nucleosomes (black arrows). C, After assembly of the PIC,
Pol II elongates with Spt16. The purple box in the ORF represents a cryptic site
that is exposed when Pol II passages through the gene but is immediately
blocked by Spt16 replacing histones after Pol II has elongated.

D, Pol II

continues to elongate and Mot1 can associate with the promoter once again.
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Chapter V
Conclusions and Future Directions
Overall, the biochemical and genome-wide studies described here explained
more about how Mot1 regulates transcription by itself or through interaction with Spt16.
While the general organization of the ATPase domain of Mot1 had been determined
using EM and FeBABE (Wollman et al. 2011), we demonstrated that the ATPase domain
transitions from an open complex to a closed complex (Figures 2.3-2.6).

This

conformational change in the ATPase domain is mediated by the presence of nucleotide
or the DNA sequence to which it binds (Figure 2.4). These results were the first to show
evidence of the two conformations of Mot1, which had been previously alluded to by
crystal structures of the SsoRad54 ATPase (Durr et al 2005). In addition to this, we
demonstrated that Mot1 and Spt16 similarly regulate a significant number of genes in S.
cerevisiae (Figures 3.5 and 3.7). Mot1 and Spt16 had different genomic localizations
(Figures 4.2 and 4.3); however, Spt16 was required for Mot1 recruitment to the promoter
(Figure 4.2), and Mot1 affected Spt16 recruitment to co-regulated genes (Figure 4.3 and
4.4). This was also the first time that Mot1 was demonstrated to affect nucleosome
organization at a genome-wide scale (Figures 4.9-4.11, Tables 4.3 and 4.4). While
these experiments helped us to better understand transcriptional regulation by Mot1,
there are new questions that need to be addressed in the light of these results.
Mot1 in solution increased dissociation of TBP from DNA on the shorter 5’ Bio
duplex but not on the longer 5’ Tail duplex (Figure 2.1).

The increase in TBP

dissociation in the presence of excess Mot1 led to the conclusion that either increasing
the local concentration of Mot1 enabled a rapid binding of multiple Mot1 molecules to
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dissociate TBP or that Mot1 dimerized to dissociate TBP. Both of these ideas should be
tested. We could vary the concentration of Mot1 in solution to determine if increasing
the Mot1 concentration was allowing for multiple Mot1 molecules to bind in succession to
dissociate TBP. Lesser concentrations of Mot1 should be less effective, while greater
concentrations should increase dissociation.

Since there is an unpublished crystal

structure of Mot1 forming a dimer, we could also test this experimentally. However, the
absence of dimers in gel filtration chromatography suggests that Mot1 does not form a
dimer in vivo.

A co-immunoprecipitation experiment should be performed with

differentially tagged forms of Mot1 to determine if it can form dimers. This would allow
for us to conclude if the Mot1 dimer crystal structure was an artifact or had biological
significance.

I think that Mot1 most likely does not form a dimer and that crystal

structure is artefactual.
The sequence dependence of the Mot1 conformational change is the most
intriguing part of Chapter II in my opinion (Figures 2.4 and 2.5).

Since the three

templates used had varying GC content in the upstream DNA, I propose experiments
using different combinations of GC content or templates with the same GC content and
different sequences. If the conformational change is affected by the structure of the
DNA which is impacted by the GC content, then I would expect similar results as we
have already shown. Lower GC content would favor the formation of the open complex,
whereas higher GC content would favor the formation of the closed complex. Since the
Mot1 ATPase interacts with the phosphate backbone of the upstream DNA (Dürr et al.
2005), I do not think the conformational change would be affected by changing the
sequences while maintaining the GC content. These experiments were done in vitro, but
they could be compared to the promoter sequences in vivo of Mot1-regulated genes. Do
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Mot1-regulated promoters have varying GC content? It is possible that activated and
repressed genes have different GC content that could affect the conformation in which
Mot1 binds to these promoters. If Mot1 binds in the open conformation and only a low
proportion can transition to the closed conformation, does that mean Mot1 is less
efficient at removing TBP at these promoters (HIS4)? Since HIS4 is a Mot1-activated
gene, this could indicate a difference between activated and repressed genes and how
Mot1 distinguishes between them.
Our results demonstrated biochemical evidence of a conformational change in
the Mot1 ATPase domain that was dependent on DNA sequence or nucleotide (Figures
2.3-2.6). However, we only show the appearance of a cleavage product that suggests
this conformational change. It would be more definitive if we could identify a cleavage
product in the open conformation that is lost when the ATPase rotates to form the closed
conformation.

Based

on

the

closed

conformation

being

cleaved

when

phosphorothioates are positioned at nucleotides 20 and 22 upstream of the TATA, I
would position new phosphorothioates at nucleotides 28 and 30 upstream of the TATA.
These positions are based on the model of SsoRad54 in the open and closed
conformations (Dürr et al. 2005).

This should enable for cleavage of the open

conformation, which would be lost when it transitions to the closed complex and provide
more support for this model.
Chapters III and IV focus on the functional interaction between Mot1 and Spt16.
However, as mentioned in Chapter I, Spt16 is part of the FACT complex. Mutations in
Spt16 and Pob3 can lead to different phenotypes (Formosa et al. 2002), but these two
factors physically interact and work together in transcription regulation. Therefore, we
focused only on the Spt16 component for our studies. We did demonstrate that Mot1
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can physically associate with Pob3 and Nhp6 (Figure 3.3). Furthermore, deletion of
MOT1 and both NHP6 genes is synthetically lethal (Biswas et al. 2006), indicating that
these two factors work in parallel pathways. We should determine if MOT1 and POB3
also genetically interact. This would further support Mot1 working with the entire FACT
complex instead of just functioning with Spt16.
The synthetic lethality observed in Chapter III (Figure 3.4) was not fully explained
by our data. However, we observed the synthetic lethality at 30°C and performed the
remaining experiments at 35°C. Since mot1-42 cells and spt16-197 cells are both ts at
35°C, this would complicate our results.

We should initially repeat the expression

analysis at 30°C to determine if there was an additive effect on transcription at the coregulated genes in Figure 3.9. We could then look at TBP and TFIIB levels at those
genes at 30°C also. I would expect that the effects on expression and TFIIB would be
additive at 30°C which would explain the synthetic lethality.
The physical association between Mot1 and Spt16 demonstrated in Chapter II
(Figure 3.2) does not indicate a direct interaction between the two factors. This would
need to be determined using purified proteins to observe if this interaction is direct. I
would expect that this interaction is direct based on a previous in vitro experiment that
suggested it was direct (Wells 2012). If this interaction is direct, different portions of the
proteins could be incubated together to determine which domains interact. I would also
suggest determining how this interaction affects the Mot1-TBP interaction and the Spt16Pob3-Nhp6-nucleosome interaction. I would hypothesize that the HEAT repeats of Mot1
would interact with Spt16 which prevent Mot1 from interacting with TBP. However, I am
unsure which domain of Spt16 would interact with Mot1. Since different domains in
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Spt16 are responsible for H2A-H2B and H3-H4 binding, I would expect that Spt16 would
still be able to bind some histones but not the entire octamer.
In Chapter IV, we demonstrated that Mot1 and Spt16 contribute to genome-wide
nucleosome organization (Figures 4.9-4.11, Tables 4.3 and 4.4).

This conclusively

demonstrates that Mot1 can affect nucleosome organization on the genomic scale.
Previously this was only shown at one gene with contradictory results at another gene
(Topalidou et al. 2004, Sprouse et al. 2008b).

While Mot1 is not necessary for

nucleosome organization at all genes, it does play a significant role in nucleosome
regulation. Since the nucleosomes affected by Mot1 were promoter-proximal, I would
suggest repeating the MNase ChIP-Seq experiment and using an antibody for Htz1
(H2A.Z). Htz1 is enriched at the +1 nucleosome, and since Mot1 was demonstrated to
regulate the positioning and occupancy of the +1 nucleosome, I would expect that it
regulates Htz1-containing +1 nucleosomes. The Mot1-Htz1 interaction could be further
explored to determine if Mot1 preferentially regulates these nucleosomes compared to
canonical nucleosomes.

If Mot1 does have a preference for Htz1-containing

nucleosomes, then experiments should be done in vitro to determine if these
nucleosomes are remodeled rather than the canonical octamers that have been studied
in these assays.
Finally, I would propose another experiment to better understand Mot1’s role in
nucleosome regulation.

In mot1 cells, TBP is more dynamic (Poorey et al. 2013),

binding and coming off of DNA.

This increase in TBP dynamics could affect the

nucleosomes in the promoter. If TBP is rapidly binding and coming off the DNA, this
could prevent nucleosomes from being able to bind stably. This suggests that the Mot1
effect on nucleosomes is indirect due to TBP dynamics. However, it is also possible that
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Mot1 has a direct effect on nucleosomes. I suggest utilizing the Mot1 bypass alleles of
TBP to distinguish between these two ideas. TBP F207L enabled cells with a MOT1
deletion to grow (Sprouse 2008c). I would repeat the MNase ChIP-Seq experiment in
this strain to determine the effects on nucleosome organization in the absence of Mot1.
While this strain has TBP F207L, it also has WT TBP present in the cell. Both the WT
and mutant TBPs should not hinder the results, since the cells can grow almost as well
as WT (Sprouse 2008c). The point of this experiment is to determine the effects on
nucleosomes in the absence of Mot1 while TBP is still present and functioning similar to
WT. If Mot1 directly regulated nucleosomes, I would expect the results to be the same
as shown in Chapter IV (Figure 4.9) for mot1-42.

However, if the Mot1 effect on

nucleosomes was indirect due to TBP, I would expect the results from this new
experiment to more closely resemble WT nucleosomal organization.
Overall, I would say my largest contribution to the field of transcription was
showing that Mot1 plays a genome-wide role in nucleosome organization. Before this
only two studies with contradictory results had been performed to determine if Mot1
affected nucleosome organization. Furthermore, in vitro experiments had not been able
to demonstrate that Mot1 was capable of remodeling a nucleosome (David Auble,
unpublished results). My other main contribution was showing that DNA sequence could
affect the conformation of Mot1 binding to DNA. This had been previously hypothesized
by our lab (Sprouse et al. 2008b). The results in Chapter II show that these various
sequences impact the conformation, however, whether it is due to differences in
flexibility of the upstream DNA or sequence selectivity for the ATPase domain is still not
known. I think that these differences in conformational binding could lead to a better

140
understanding of how Mot1 distinguishes between genes it activates or represses after a
thorough look at the GC content of Mot1-regulated promoters.
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Appendix A
Gel Detection of NC2 Effects on Mot1 Activity

This appendix serves to document the initial work done using SYPRO Ruby and
silver staining to detect the effects of the NC2 complex on Mot1 activity.
As discussed in Chapters I and II, the Mot1 ATPase regulates transcription by its
effects on TBP localization and dynamics (Auble et al. 1994, Poorey et al. 2013). The
Negative Cofactor 2 (NC2) complex was initially identified through its repressive function
on transcription, but was later shown to also be required for transcriptional activation
(Davis et al. 1992, Auble et al. 1994). Mot1 and NC2 preferentially repress TATAcontaining genes and activate TATA-less genes (Meisterernst and Roeder 1991, Collart
1996, Poorey et al. 2010). Both factors also regulate TBP localization; Mot1 binds TBP
and hydrolyzes TBP thereby removing it from DNA, while NC2 prevents TFIIA and TFIIB
from binding TBP (Meisterernst and Roeder 1991, Kamada et al. 2001). NC2 can also
act as a TBP shuttle to localize TBP to activated genes. Experiments using whole cell
extracts enabled isolation of a Mot1-TBP-NC2 complex which suggested that these
factors could physically interact. Locus-specific and genome-wide studies showed that
both Mot1 and NC2 could localize to promoters at the same time (White et al. 1994,
Geisberg et al. 2001, Dasgupta et al. 2002, Geisberg et al. 2002). Furthermore, a recent
crystal structure of Mot1-TBP-NC2-DNA was determined (Figure A.1; Butryn et al.
2015).

Because of the co-localization of Mot1 and NC2 and their association in a

complex, we tested whether NC2 affected the activity of Mot1.
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Figure A.1. Crystal structure of Mot1 NTD-NC2-TBP-DNA. A, The crystal
structure (PDB = 4WZS) of the N-terminal Domain (NTD) of Mot1 (red) in
complex with both subunits of NC2 (α, yellow, β, blue), TBP (green), and DNA
(orange and blue) is depicted. B, A different view of A to illustrate different sides
that Mot1 and NC2 contact of TBP-DNA.

Materials and Methods
Immobilized Template Assay and Gels
The immobilized template assay was performed in the same manner as
described in Chapter II with a few modifications. The biotinylated DNA duplex from
Chapter II was used for the initial experiments that are not shown in this dissertation due
to the difficulties with this assay as described later. The Mot1, NC2α, NC2β, and TBP
proteins were purified from Encephatlizoon cuniculi (Ecu) as previously described
(Wollmann et al. 2011). The reaction buffer used for the Ecu experiments was 50 mM
Tris-HCl pH 8, 100 mM NaCl, 10 mM MgCl2, 4% glycerol, and 1 mM DTT
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SYPRO Ruby and Silver Staining
After the gels were done running, they were stained either with SYPRO Ruby
fluorescent dye or silver stain. The SYPRO Ruby staining was done as suggested by
the manufacturer and is briefly described. The gel was incubated in fixing solution and
gently shaken for 15 minutes at room temperature twice. Approximately 60 mL SYPRO
Ruby was added to the gel, the dye and gel were microwaved for 30 seconds, shaken
for 30 seconds, microwaved again for 30 seconds, and then shaken gently for 5 minutes.
This was again microwaved for 30 seconds and shaken for 23 minutes. The gel was
washed in water for 30 minutes while shaking and finally washed twice with water. The
fluorescent gel was imaged using the Typhoon PhosphorImager (GE Healthcare) using
488 nm excitation and the 610BP30 emission filter. Quantification was done using the
ImageQuant software (GE Healthcare).

Results
In Chapter II, I used the immobilized template assay to provide a better
understanding of how Mot1 functioned in purified complexes and also to map the region
of Mot1 in contact with upstream DNA.

This assay utilized Western blots of the

components bound to the DNA-bead complex or in the supernatant.

For these

experiments we used antibodies specific to ScTBP and the C-terminal portion of ScMot1
(Reddy and Hahn 1991, Auble et al. 1997). However, the purified ScNC2 that we have
does not contain a tag and no antibody is specific to the protein or the two different
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components. Therefore, we adapted the immobilized template assay to work around
these problems.
The first change we made to the original assay was to use proteins from
Encephalitozoon cuniculi, which were used in the crystal structures of both the Mot1
NTD-TBP and Mot1 NTD-NC2-TBP-DNA (Wollmann et al. 2011, Butryn et al. 2015).
The EcNC2 complex was purified and had been biochemically shown to function, in
contrast to the ScNC2 protein that we had available. Since none of the Ecu proteins
were tagged or had antibodies specific to them, we decided to use a fluorescent protein
dye, SYPRO Ruby, which would allow for accurate quantitation of nanogram (ng) levels
of proteins (Lopez et al. 2000). The EcMot1 and EcNC2 proteins were run along a
denaturing gel, stained with SYPRO Ruby, and imaged using the Typhoon
PhosphorImager and ImageQuant software (GE Healthcare).

Figure A.2 shows an

example of a fluorescent gel with various concentrations of both EcMot1 and EcNC2.
Both proteins were detected at as low as 5 ng, however this was not as clear as we had
originally expected. Higher concentrations of both proteins were easily detected (25+
ng), but this could also be obtained with easier protein dyes such as Coomassie blue.
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Figure A.2. SYPRO Ruby can detect ~5 ng of NC2 and Mot1. EcNC2 and
EcMot1 were separated using a denaturing gel, which was then incubated in
SYPRO Ruby. Proteins were barely detected at 5 ng. EcMot1 is approximately
210 kDa and the NC2 complex consists of two subunits which are 10.8 kDa (α)
and 17 kDa (β). This gel only shows detection of the larger subunit.

One of the problems with the gel shown in Figure A.2 is that there was only
detection of the larger subunit of the NC2 complex. We decided to use a 16% SDSPAGE gel to enable separation of these two subunits and determine if both could be
identified using SYPRO Ruby. As shown in Figure A.3, both subunits of NC2 were well
resolved and detected. However, the lowest level detected shown here was 25 ng for
NC2B and 50 ng for NC2A. This was extremely troubling and perplexing.
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Figure A.3. NC2 subunits can be separated and detected via SYPRO Ruby.
A 16% SDS-PAGE gel was utilized to separate the two NC2 subunits. NC2α is
10.8 kDa and NC2β is 17 kDa as shown to the right of the gel.

Various

concentrations were loaded (as labeled on the top) to determine the range of
SYPRO Ruby detection. The lowest level of NC2β detected was 25 ng and
NC2α was 50 ng.

Over the course of using the SYPRO Ruby stain, it was evident that there was a
lot of variation in the detection of proteins. Because of these technical difficulties, we
decided to try another staining method that could potentially be more reliable. Silver
staining is commonly used to identify and quantify proteins run on gels. Therefore, I did
a comparison of the two staining techniques using the EcMot1 protein.

Figure A.4

shows a direct comparison of the same concentrations of EcMot1 stained by either silver
stain or SYPRO Ruby. Using silver staining we were able to detect 10 ng of EcMot1.
SYPRO Ruby was able to faintly detect 10 ng of EcMot1, but the 50 ng was the lowest
level that is more apparent. The SYPRO Ruby variability was again frustrating, whereas
silver staining was not able to yield lower levels of detection, which is what we wanted in
the first place.
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Regardless, we decided to compare the quantification capabilities of the two
stains. Using the Typhoon PhosphorImager and ImageQuant (GE Healthcare), we were
able to quantify the intensity of all the bands and get a best fit line (Figure A.5). While
the silver stain yields a clearer image of the protein bands, the R2 value for the best fit
line was only 0.8252. SYPRO Ruby provided a best fit line with an R2 value of 0.9999
showing its usefulness for protein quantification.

Figure A.4. Silver staining and SYPRO Ruby were able to detect similar
amounts of protein. EcMot1 was separated on two different gels in various
concentrations as listed on the top. The gels were then stained with either silver
stain (top gel) or SYPRO Ruby (bottom gel). The gels were imaged using the
Typhoon PhosphorImager (GE Healthcare). As shown both stains were able to
detect as low as 10 ng of EcMot1.
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Figure A.5. SYPRO Ruby yielded better quantification than silver staining.
The images in Figure A.3 were analyzed using ImageQuant (GE Healthcare) to
determine the intensities of the protein bands. Best fit lines were determined for
each gel. The silver stained gel yielded a best fit line with an R 2 = 0.8252,
whereas the SYPRO Ruby stained gel had a better fit with an R2 = 0.9999.

Overall, the SYPRO Ruby and silver staining techniques did not enable us to
detect the effects of NC2 activity on Mot1. However, I think a combination of these
techniques could be useful in future protein detection assays. While the silver staining
procedure requires more components, it is easier to see the lower amounts of protein in
the final image. SYPRO Ruby gels are not as clean and clear compared to the silver
stained gels; however the quantification from SYPRO Ruby is better than silver stained
gels.
Simultaneously while these experiments were underway, another approach was
being taken to understand the effects of NC2 on Mot1 activity. David Auble was able to
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show that Mot1 was able to dissociate a Mot1-TBP-NC2-DNA complex in the presence
of DNA on DNA templates that were blocked on either end with a digoxigenin antibody
(Butryn et al. 2015). This was done using the standard EMSA approach and suggests
that Mot1 does not require NC2 to move TBP along the DNA to dissociate it (Butryn et
al. 2015). Furthermore, this shows that the NC2-TBP-DNA complex is a target of Mot1mediated dissociation. In conjunction with these experiments, it was demonstrated that
NC2 does not affect the ATPase activity of Mot1 (Butryn et al. 2015).
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Appendix B
Methods for Computational Analysis of Mot1-Spt16 Co-Regulation
Some of the methods described here were described in brief in True et al. 2016 and
Chapter II
This appendix serves to document the various computational methods used for
Chapters III and IV in order to assist future computational work in the lab.

Tiling array analysis using Affymetrix TAS
The analysis of Affymetrix tiling arrays is straight-forward thanks to the
development of the Tiling Analysis Software (TAS) by Affymetrix.
available

online

for

This program is

free

at

http://www.affymetrix.com/estore/partners_programs/programs/developer/TilingArrayToo
ls/index.affx. The data originally obtained from tiling array analysis consists of CEL files
for each individual replicate. These files are intensities of the probes that were bound by
the transcripts. The CEL files have to be processed in order to visualize the results.
Along with the CEL files, Affymetrix also provides BPMAP files that contain the genomic
maps for various model organisms and the different builds. For multiple replicates for an
experiment, you want to include all of the CEL files for the intensity analysis.
Before running the analysis, we changed a few parameters that were specific to
our analyses. Only the signal values are required and can be saved in the BAR format,
which can be viewed in the Integrated Genome Browser (IGB). The normalization metric
should be changed to 100 with the signal scale set to the log 2 setting. We smoothed the
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signal profiles over a 50 base pair (bp) bandwidth (101 bp sliding window), whereas the
differential profiles were smoothed over a 250 bp bandwidth (501 bp sliding window).
Finally we performed a two-sided test plus or minus 0.3 with a 100 maximum gap and 50
bp minimum run. After these settings are selected, the intensities were analyzed and
generated signal files for each strain.
For comparison of two strains, we used this same program to generate
differential profiles. This will subtract the signal of one strain from another strain. To do
this you have to select two sample comparison analyses and input your treatment
replicates and control replicates. Use the settings as above to generate the differential
profiles. We generated the Mot1 differential signal in this manner by subtracting the
mot1-42 signal (log2 scale) from MOT1-WT signal. The Spt16 differential signal was
generated by subtracting spt16-197 signal from SPT16-WT signal. Two double mutant
differentials were generated by subtracting the mot1-42 spt16-197 signal from each of
the two WT signals.
The result is BAR files for each strain and each differential comparison that was
performed. These can be loaded into IGB. It is important to load the same genome in
IGB that was used for this analysis.

Statistical analysis using R
For portions of this dissertation I used RStudio for statistical analyses. For these
analyses I usually input an Excel file with the values that I was comparing for the
analysis. In order to do this, you must load the library “xlsx” shown by the following
code:
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library(xlsx)
Then you can enter the Excel file with the relevant data into R using this code:
nameoffile<-read.xlsx(“C://location of file/nameoffile.xlsx”,sheetnumber)
For Figures 3.9, 4.4, and 4.5, , I utilized a Student’s t-test. After the relevant data
were loaded into R, a Student’s t-test on the two variables that to be compared (i.e. WT
RNA at RPS23B to mot1-42 RNA at RPS23B) was used to determine if there was a
statistical difference using a cutoff of p<0.05. In this example I input the RNA expression
values into a variable (either WTRNA or mot1RNA) and then the column names were
that of the genes ($RPS23B). The $ calls a column from within the RNA expression lists
in this case.
t.test(mot1RNA$RPS23B~WTRNA$RPS23B)
Another example would be the Wilcoxon test which does not assume that the data is
normally distributed or has an equal variance.
wilcox.test(mot1RNA$RPS23B~WTRNA$RPS23B)
As a side note, there are other tools for determining if there is a significant difference
between

two

samples.

One

useful

calculator

is

available

at

http://www.graphpad.com/quickcalcs/ttest1.cfm.
In the comparison of TBP and TFIIB levels in Chapter III (Figure 3.13), I wanted
to compare the levels of these components among the mutants and the WT. In order to
do this I used a pairwise t-test. Input Excel data as described above. This time I
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included a column with the strain names (i.e. WT, mot1-42, spt16-197, double). Then I
called the pairwise t-test to compare the TBP levels in all 4 strains at the RPS23B gene:
pairwise.t.test(tbp$RPS23B, tbp$strains)
Or the Wilcoxon test can be applies as described above.
pairwise.wilcox.test(tbp$RPS23B, tbp$strains)

Average localization of Mot1 and Spt16 using Matlab
While the average localization profiles of Mot1 and Spt16 were done using
ngs.plot-2.4.7 (Shen et al. 2014), the original results were generated using Matlab.
For analysis in Matlab, I used Spt16 ChIP-chip data (Mayer et al. 2010) and Mot1
ORGANIC-Seq data (Zentner and Henikoff 2013) to map their respective localizations.
The original files were GFF (Spt16 ChIP-chip) and BED (Mot1 ORGANIC-Seq), which
were reformatted into an Excel sheet before proceeding.

Before proceeding, the

reformatted data should contain the chromosome number in the first column, the position
in the second column, and the signal in the third column. This was then imported into
Matlab using the import function.

Joseph Muldoon and Kunal Poorey generated a

custom Matlab function that can take the localization signals and generate an average
profile. This function requires another file that defines the direction of the TSS. Both the
function (plot_avg.m) and the file for the TSS direction (TSS_dir) are located on the
Auble lab Collab site under Jason’s folder.

This function will calculate an average

localization profile for whatever factor you chose.

You can also subdivide this into
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different categories based on expression defects, transcription rates, or whatever else
you have.
After importing the data into Matlab, you can call the function. We plotted the
data +/- 1000 bp from the TSS, which is specified by putting 1000 in for “a”. The window
in which the data was smoothed was 20 bp and was defined by “b”.
plot_avg(name of file, TSS_dir, a, b)
The function generated 101 numbers specifying the average signal in each
window, which were then saved into a variable (i.e. “spt16_graph”). This data could then
be plotted by calling the “plot_loc” function (located on Collab too). Be sure to change in
the function which variables are being plotted. The labels, axes, line color, and line
width can also be changed. This function generates the final average localization plot.

Nucleosome position shift analysis
This analysis required the DANPOS data (Chen et al. 2013).
nucleosomes were categorized based on their distance to the TSS.

First the

The canonical

designations are “-2, -1, +1, +2” etc. depending on whether the nucleosome is upstream
or downstream of the start site. We determined that for our data, the +1 nucleosome
was -50 to +100 bp from the TSS. Nucleosomes were then binned every 150 bps
upstream and downstream.

The 150 bp region immediately upstream of the +1

nucleosome was denoted as the nucleosome depleted region (NDR).
After the nucleosomes were grouped, the distance from the nucleosome dyad to
the TSS was determined for the WT and mutant cells. The position shift relative to the
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TSS was then determined by subtracting the dyad location in the mutant cells from the
dyad location in the WT cells. These position shifts can either be positive or negative.
Upon determining the position shifts for the nucleosomes, a separate Excel sheet was
made showing the shifts for each nucleosome position in the mutant cells. This data
was then imported into Matlab. These data were presented in a box and whisker plot,
which was generated using:
boxplot(nameoffile)
Notches were added to the median of the boxes to make them more visible and outliers
were removed by ‘Symbol’, k.

boxplot(nameoffile, ‘Notch’, on, ‘Symbol’, k)
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