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ABSTRACT OF DISSERTATION

REGULATION OF TRANSCRIPTION BY FACTORS INTERACTING WITH THE
TATA BINDING PROTEIN

Transcription is an essential cellular process to maintain cell growth, 

differentiation and development. Most of these developmental processes require 

proteins and thus the process of decoding proteins from DNA (transcription) is a 

critical phenomenon. Several factors and multi-subunit complexes play essential 

functional roles in transcription. Among all these factors, the TATA binding 

protein (TBP) has a central and essential function. The binding of TBP to the 

TATA box of the DNA is the first and often the rate-limiting step of transcription 

initiation. There for this step is highly regulated.

TFIID is a transcription factor that is constituted of TBP and 14 different 

TBP associated factors (TAFs). TAFs are known to have gene specific functions. 

In yeast, TFIID is approximately 1.2 MDa in size. To get a better understanding 

of the molecular organization of TFIID, we used a yeast two-hybrid approach to 

detail the TBP-TAF and TAF-TAF interactions. Every TAF exhibited a unique 

interaction profile. This study furthered our understanding of the organization of 

TFIID. Finally we delineate the TAF interaction regions within the scaffolding 

TAF, TAF1.

Ill
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TFIID interacts with TFIIA. However, the specifics of this interaction were 

not clear until we establish that TAF11 makes functional contacts between the 

rest of TFIID and TFIIA functioning as an essential link between these two 

transcription factors. Using point mutants of TAF11 and TFIIA, we show an in 

vivo compensatory interaction between these two factors thus establishing that 

TAF11 acts as a mediator between TFIID and TFIIA.

M0T1 is a TAF known to have activation and repression function in 

transcription regulation. Not much is known about this intriguing protein and how 

it accomplishes this dual function. We tethered M0T1 to the DNA binding domain 

of a transcription factor and recruited it to the DNA to study its effects on 

transcription. Our findings clearly establish the repressive function of M0T1 in 

vivo.

The studies presented here give us a better understanding of various 

facets of transcription regulation by factors that associate with TBP.

Gayatri Yatherajam 
Department of Biochemistry 
And Molecular Biology 
Colorado State University 
Fort Collins, CO 80523 
Spring 2004
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Chapter I

Introduction to eukaryotic RNA polymerase II mediated

transcription

1.1 Eukaryotic RNA polymerase II mediated transcription

Eukaryotes have evolved elaborate mechanisms to control the spatial and 

temporal patterns of transcription, which maintain cell growth, differentiation and 

development. Proteins are the fundamental molecules that control many 

processes of development. Expression of protein-coding genes is carried out by 

the RNA polymerase II (Pol II) mediated system (42, 97, 204). Studying 

transcription helps us to understand any aberrations that might result in diseases 

like cancer. It is essential to have a clear view of transcription and the functions 

of multiple factors that are involved in this mechanism.

Since the purification of RNA Pol II, much has been discovered in this 

area. Transcription can be loosely classified into three different stages: Initiation, 

elongation and termination. Transcription activators, which bind specific 

upstream activating sequences (UAS) on the promoter of protein coding genes, 

specifically bind and recruit the general transcription machinery and Pol II (98, 

142, 162). Transcription initiation can occur in a stepwise fashion (17, 70, 298) or 

in a single step, since most of the transcription factors were found associated
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with Pol I! (27, 34, 142, 148, 158). A conflict in opinion is prevalent among 

researchers regarding the theories of stepwise assembly and the holoenzyme 

concept. Gene activation at any given promoter might involve the entire spectrum 

of these two mechanistic possibilities. However, for simplicity we will adopt the 

concept of stepwise assembly of transcription factors.

Transcription by RNA Pol II requires a set of at least six general 

transcription factors (TFIID, TFIIA, TFIIB, TFIIE, TFIIF and TFIIH) in addition to 

the Pol II enzyme itself (298). Binding of TFIID to the TATA box sequence is the 

first and often the rate-limiting step in transcription initiation (17, 45, 269). This 

complex nucleates the assembly of the pre-initiation complex (PIC) (figure 1.1) 

(45, 70, 173). The PIC melts a 12-15 bp region in the promoter DNA and initiation 

continues with the formation of the first few phosphodiester bonds. After a few 

probable abortive initiation attempts, the polymerase eventually generates longer 

RNA and these stages are followed by progressive elongation and termination. 

This RNA is further processed including the addition of a 5’ cap and a 3’ Poly-A 

tail resulting in a fully mature messenger RNA (mRNA). This mRNA is 

translocated to the cytoplasm and translated into a protein. Thus, sequence 

information from DNA is decoded into a protein.

A typical promoter regulating region, encompasses upstream activator 

sequences (UAS), enhancer and repressor sequences, and transcription 

silencers. A core promoter generally contains a transcription initiation site (Inr), 

and a TATA box (AT rich) that is located 25-30 bp upstream of the initiation site 

in higher eukaryotes or 40-120 bp in yeast (250).
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T F U D L

Figure 1.1: Schematic of pre-initiation complex assembly in RNA Pol II 
mediated transcription. Basal transcription factors TFIIA, TFIIB, TFIID, 
TFIIE, TFIIF and TFIIH are indicated. Polymerase II (Pol II) is also shown. 
TATA sequence, transcription initiator sequence and nucleosomes are 
represented on the DNA.
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In most cases, a transcription initiation site has initiator elements (243, 244), 

which are the RNA start site and also encompasses sites that are bound by 

regulatory factors (129, 225, 270). These core promoter elements affect the 

lineage-specific, temporal and spatial regulation of gene expression (60, 76, 99, 

236). In addition to transcription regulation by these core promoter elements, the 

activator and repressor sequences, silencers and enhancers by interaction with 

the transcription activators and other regulators mediate transcription.

A more recent focus in the field of transcription is chromatin (DNA 

packaged into a nucleo-protein complex), which is an essential component for 

fitting the DNA into the confines of the nucleus. The organization of the 

nucleosomes into higher order structures, restrict the access of proteins involved 

in transcription to the DNA. Thus, chromatin generally acts as a negative 

regulator of gene expression (135, 170, 218, 287).

Eukaryotic transcription is one of the most highly regulated processes. 

Gene regulation broadly consists of activation and repression, wherein regulators 

effect the recruitment of transcription machinery and chromatin modifying 

complexes (11, 21, 97, 138, 181, 214, 271, 289). These factors now further 

influence the activity of transcription apparatus (8, 222, 291) and also modify the 

re-initiation of the transcription (94, 244, 297).

In spite of having such abundance of knowledge in the area of 

transcription initiation and regulation there is much to be learned about how 

various transcription factors and other multi-subunit complexes modulate
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transcription. Further detailed studies will provide insights into combinatorial 

control and regulatory mechanisms that result in differential gene expression.

1.2 Pol I! basal transcription machinery In Saccharomyces cerevisiae

S. cerevisiae is an extraordinary tool for the study of transcription. RNA Pol II is 

highly conserved among eukaryotes and so we can take advantage of this fact 

and pursue studies in much smaller and easily cultivatable organism like S. 

cerevisiae. The information we gather from here can be applied directly to more 

complex eukaryotes. Yeast provides us the advantage of powerful genetics for 

investigating many fundamental issues. In the thesis a special emphasis shall be 

placed on discussing the yeast system as all the studies were done in yeast. 

However, an effort shall be made to integrate the information from yeast and 

metazoans. Special mention to ‘eukaryotes,’ shall be made, when I make general 

statements. Since, the transcription mechanism and machinery is highly 

conserved from lower to higher eukaryotes, information provided here is pertinent 

to all species except for minor differences.

Initial attempts to reconstitute promoter directed transcription in vitro by 

Pol II alone resulted in no transcription (224, 280). Selective initiation was 

achieved upon the addition of crude cell extracts (176). Since then, several 

factors required for basal transcription (general transcription factors- GTFs) have 

been identified and biochemically purified from a wide variety of organisms and 

were named based on their chromatographic elution profiles and order of 

identification as TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH (176). Based on the
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order of recruitment and binding to the core promoter of these GTFs, arose the 

concept of stepwise assembly for the formation of PIC. Many of the GTF’s and 

Pol II subunits and their functions are conserved from lower to the higher 

eukaryotes. Subunits from human Pol II can replace the yeast Pol II in 

transcription assays (179). Although yeast TBP can replace human TBP in in 

vitro experiments (18, 26, 96), yeast TFIIB cannot replace human TFIIB (240). 

TFIIB determines the spacing between TATA and accurate start site selection 

(210). Therefore, the differential spacing between TATA and start sites in human 

(25-30 bp) and yeast (40-120 bp) accounts for the incompatibility of human TFIIB 

in yeast. Each of the general transcription factors has a certain defined role in 

transcription (please refer to the table 1.1 on Pol II basal transcription machinery 

in S. cerevisiae).

1.3 Transcription factors NO and IIA, and TAFs as interaction mediators

RNA Pol II cannot accurately function without the assistance from a large group 

of auxiliary general transcription factors. Of all the transcription factors, TFIID and 

TFIIA command much attention. The reason being that, not only are they 

involved in the rate-limiting step of transcription initiation (exception HSP1 and 

CYC1, e.t.c.) and in co-activation of transcription. In addition, TFIIA influences 

the way TFIID binds at the core promoter and the formation of the PIC. So in 

short these two are important because one (TFIID) is a rate limiting factor and 

other (TFIIA) influences this rate limiting step in transcription.
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Table 1.1: Pol II basal transcription machinery in S. cerevisiae

Factor Subunit 
molecular 
weights

TFIIA

TFIIB

TFIID

Toal (32 KDa) 
Toa2 (13.5 
KDa)

Monomer 
38 KDa

TBP (27 KDa) 
TBP-associated 
factors (TAFs)
(45, 59. 70,
173)

Genes Protein-Protein
Protein-DNA  
interactions

TOA^ TFIID
T0A2 TBP-DNA

(48, 137, 164)

SUA7 TFIID-DNA(17, 173)
(210) TFIIF (69)

Pol II (62, 93) 
TBP-DNA (197) 
Promoters (149)

SPT15 TFIIA (48, 137, 164}
and other
genes

Functions & Characteristics

Transcription activator (16 /) 
Anti-repressor (6, 78. 87, 121, 185) 
Transcription initiation (48, 137, 164)

Links TFIID to the promoter with 
Pol II/IIF Specification of start site
(101, 163, 210, 252)

Rate limiting step in transcription 
initiation
Co-activator properties 
Recognition of TATA 
Recruitment of GTF’s 
Nucleation of PIC

TFIIE

TFIIF

TFIIH

Pol II

a, p
dimer in yeast 
tetramer in 
human (156)

105KD3 
54 KDa 
SOKDa (non- 
essential)
(40. 132, 213)

95 KDa 
85 KDa 
73 KDa 
59 KDa 
50 KDa 
47,45 KDa 
37 KDa
32 KDa
33 KDa

12 subunits 
(refer to (97))

TFA1
TFA2
(63)

TGF1
TGF2
TFG3
(102,
103)

SSL2
RAD3
7FS1
TFB2
SSL1
CCL1
TFB4
TFB3
KIN28

RPB
(1-12)

Pol II (71. 177) 
TFIIF (71, 177) 
TFIIH (202)

Pol II (42, 90)

TFIIF

Recruits TFIIH to the PIG 
Stimulates TFIIH dependent 
phosphorylation of Pol II CTD
(171. 202. 203)

Suppression of non-specific binding 
of pol II to DNA and PIC stabilization
(42. 90)
Escorts Pol II (42, 90)
Increases the rate of elongation
(12, 71, 124)
Inhibits spurious initiation sites
(41, 130)

DNA dependent ATPase activity
(43, 226)
ATP helicase activity (125, 276)
CTD kinase activity (63, 171, 238) 
Open promoter complex formation 
(58, 114, 125, 276)
Phosphorylation of CTD (47, 267) 
Stable elongation stage (57) 
Nucleotide excision repair &
Cell cycle progression 
(64, 83, 277, 295)

Enzymatic property for transcription 
Transcription activation (14) 
Pre-mRNA processing 
5’ Capping & 3’end formation (33, 
178, 296)

Modified from reference (97). All the references are shown in red lettering.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TFIID is constituted of TBP and 14 different TBP associated factors (45,

59, 70, 173). Not much was known about the TFIID architecture, but recent surge 

of literature has given us important insights as to its appearance and the 

organization of the sub-units in this 1.2 MDa complex. Three-dimensional 

imaging performed by using electron microscopy and image analysis software 

shows the structure of TFIID to be tri-lobed (2, 15). Using immuno-localization, a 

few of the TAFs that contain histone fold domain (HFD) have been mapped in 

this structure (155). Several studies have identified TBP-TAF and TAF-TAF 

interactions in TFIID to better understand its structure and organization (155,

231, 237, 292). The functional role of TFIID can be ascertained to the individual 

roles of its sub-components. To get a better understanding of the molecular 

organization of TFIID, I chose to study the protein-protein interactions using two- 

hybrid analysis of its sub-components and develop an interaction map (292). This 

study gave us insights into TBP and TAF organization .It was interesting to note 

that each subunit had a unique interaction profile. This study is further discussed 

at length in chapter II.

TFIIA is generally known as a co-activator of transcription. It was originally 

identified as a general transcription factor that is necessary for accurate 

transcription initiation. Yeast TFIIA is composed of two subunits, Toal and Toa2, 

which are 32 and 13.5 KDa in molecular weights respectively. The two subunits 

form a heterodimeric structure (80, 279). TFIIA is known to make extensive 

contacts with TBP and DNA upstream of the core promoter (126, 167). TFIIA 

stabilizes TFIID on the TATA element (137), which is critical for gene activation
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(167). TFIIA is important for accurate transcription initiation in vitro as well (220).

It activates transcription in vitro in presence of TAFs (45, 52, 99, 206). TFIIA acts 

as an anti-repressor by inhibiting certain repressors associated with TBP (6, 78, 

87, 121, 185).

TFIIA is required for the stimulation of transcription (52, 206, 251, 293). 

TFIIA functions as a co-activator of transcription by interacting with activators and 

it facilitates the recruitment and stable formation of the TFIIA-TFIID-DNA 

complex (48, 137, 164). The association of TFIID with DNA is TFIIA-dependent 

(232). TFIIA contacts TFIID via its interactions with TAFs (91, 145, 294). TFIIA is 

also known to remove the inhibitory interactions of certain TAF’s and other 

factors associating with TBP (7, 91, 141, 205). Thus, it is also known as an anti­

repressor.

Our laboratory has identified a direct interaction between TFIIA and 

TAF11 (145). In chapter III, TAF11 is shown to enhance the TFIIA-TBP-DNA 

complex formation, TFIIA mutants defective for interaction with TAF11 were 

shown to have conditional growth defects and phenotypes associated with 

activated transcriptional defects (145). We also show compensatory interactions 

between TAF11 and TFIIA. The significance of the N-terminal domain of TAF11 

for its interaction with TFIIA is also discussed at length.

1.4 TBP, a universal transcription factor

Eukaryotic transcription is controlled by three different polymerases I, II and III, 

all of which are dedicated to transcribe different sets of genes. Genes transcribed
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by these three different polymerases have different promoter structures, which 

attract the appropriate basal transcription machinery specific to them and further 

aid in recruitment of the correct polymerases (176, 230). In spite of the wide 

variability in transcription factors and polymerases in these three systems, a 

commonality is the TATA binding protein (TBP). In yeast TBP was first identified 

in a genetic screen looking for suppressors of retrotransposon TY insertion at 

certain promoter elements (61, 95). In Pol II mediated systems, the transcription 

factor TBP was first shown to be present at a large number of promoters (19,

234, 298). In yeast, TBP could be purified to a single polypeptide of 27 KDa (24, 

95, 116, 117). It was isolated from many other species as well (107, 110, 112, 

127, 192, 208). TBP mediates transcription in vivo but does not support activator- 

mediated transcription (107, 112, 208, 215, 245). Later biochemical analysis 

revealed that TBP was present in a large complex that is constituted of TBP and 

a number of TBP associated factors (TAFs) (59, 257). This complex can be 

isolated by using less stringent conditions than used earlier. After the initial 

discovery and isolation connecting TBP to Pol II, it was subsequently shown both 

by biochemistry and genetics that TBP is involved in RNA Pol I and RNA Pol III 

systems as well. TBP plays a major role in transcription of Pol I as a subunit of 

SL1 transcription factor (39) and in the Pol III mediated transcription of the TATA 

less promoters as a subunit of TFIIIB (119, 128, 168, 242, 254, 284). Mutations 

in TBP affected the transcription of genes by all the three polymerases (44, 235). 

TBP plays a role in all the three transcription systems, both at TATA containing

10
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and TATA-less promoters by its presence in TFIID, SL1 and TFIIIB. Thus, it is a 

true universal transcription factor.

1.5 TBP, its functions and characteristics

In higher eukaryotes, promoters of the genes transcribed by Pol II either have a 

conventional TATA box and initiator or just the initiator sequences. TBP 

contained in TFIID is recruited to these promoters. TBP can replace TFIID in 

directing basal levels of transcription from TATA containing promoters in vivo.

TBP is a highly conserved protein and plays a major role in transcription. It 

has a bipartite structure with a highly conserved C-terminal domain, which is 

more than 75% identical across species. The core domain contains a large DNA 

binding domain that interacts with DNA as a monomer (118) in minor groove of 

the DNA helix (152, 248). The crystal structure of TBP has provided us with 

important clues towards its appearance. TBP resembles a horse saddle (198). 

The symmetric structure differs in sequences on either side, the half concave 

underside of the saddle fits into the minor groove of the DNA.

TBP is a target for both positive and negative regulation. In spite of its 

small size, it has the ability to bind many proteins like the GTFs, TAFs, activators 

and inhibitors. These interactions are mostly accomplished by interaction with its 

large convex surface. TBP generally has a positive role in transcription. However, 

via its interactions with some factors like NCI, NC2, Dri and M0T1, the activity 

of TBP can also affect transcription negatively (6, 121, 180). Most of the factors

11
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interacting with TBP are likely to be dynamic and not all the possible partners will 

be engaged in interactions at any one time.

The N-terminus of TBP is well conserved in vertebrates where it has 

characteristic glutamine repeats that are subject to allelic variations in humans. 

The expansion of the glutamine repeats from 28-42 in normal individuals to 47-56 

lead to cerebellar ataxia and other neurodegenerative diseases (72, 194). The N- 

terminus of TBP also influences DNA binding by the core domain. N-terminus 

inhibits the formation of a stable bent DNA complex by interacting with the 

inhibitory DNA binding surface on the TBP saddle (IDB) (299). In spite of this 

inhibitory role, it was surprising that the deletion of the first 24 residues resulted 

in embryonic lethality in mice (105). The molecular mechanism underlying this 

observation is still unclear but this observation uncovers a specialized role for 

TBP in fetal development. In some vertebrates, TBP levels were shown to control 

cell cycle and apoptosis (266). Thus, TBP has a multifaceted role in overall cell 

growth and development.

In yeast, Pol II mediated transcription has two additional TBP containing 

complexes in addition to TFIID. In B-TFIID, TBP is associated with BTAF1 (268). 

In TBP -TFIIA containing complex (TAG), TBP is associated with an 

unprocessed form of general transcription factor TFIIA (187). The TBP containing 

complexes were identified biochemically. Little is really known about their in vivo 

functionality.

Universal requirement for TBP in transcription was questioned, when first 

TBP related factor (TRF1) was identified in Drosophila (46). The TRF1 primary

12
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structure is highly related to the conserved core domain of TBP and is expressed 

in embryos, adult nervous system and male germ cells. TRF-1 localizes to Pol III 

transcribed loci and also has a role in transcription of Pol II transcribed genes 

(113). Later, TRF-2 was identified and was shown to participate and have a role 

in chromatin remodeling (106, 201, 217, 264).

TBP can be dispensable under some circumstances (285). A complex 

which was termed as TBP free TAF containing complex’ (TFTC) was isolated. 

TFTC, both in crude as well as highly purified forms, could support transcription 

of a promoter from both TATA containing and TATA less promoter and also 

responded to transcription activators. However, if TFTC is a bonafide complex it 

would be present in crude transcription extracts and also would support the 

activity of promoters mutated at the TATA (3). To reconcile the facts that TBP 

can be dispensable at least under certain circumstances, and at the same time 

play essential roles in promoter recognition and pre initiation complex assembly 

at most of the promoters, the following arguments are proposed. Several of the 

TBP associated factors-TAFs could be making essential contacts with promoter 

and initiator sequences at genes where TBP is dispensable (199). Such 

interactions between TAFs and the core promoter may also be the basis by 

which TAFs can directly select for core promoters in vivo (97). At promoters that 

lack a conventional TATA where there is a larger role for the TAFs and TBP 

might perhaps play part in assembly of the PIC complex rather than promoter 

recognition.

13
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Transcription is controiled not by any one single factor or a multi-subunit 

complex, but is a combined effort by many factors, which precisely bring about 

differential gene expression by a combinatorial effect. This reinforces the fact that 

each of these complexes represents a precise combination of common and 

unique components and that much more research has to be conducted to answer 

many major questions in the area of transcription.

1.6 TBP associated factors (TAFs)

TBP, in most of the cases is associated with other protein factors. In metazoans 

the TBP containing complexes include TFIID, SL1 (in yeast; CF), TFIIIB, B-TFIID, 

and SNARc (absent in yeast). Since our primary interest is on Pol II mediated 

transcription we shall discuss in detail the TAFs that are specific to this system.

Historically, TBP was thought to be able to replace TFIID in transcription 

assays (208). While TBP could replace TFIID as the nucleating factor for PIC 

formation (208), it was unable to respond to most upstream regulatory activators 

similar to TFIID. Further biochemical fractionation of TFIID revealed that at least 

some of the proteins were tightly associated with TBP to form a large stable 

multi-subunit complex (59). These TBP containing complexes could replace 

TFIID for activated transcription (191, 211, 255, 257, 301). Later, several groups 

cloned these TBP associated factors (TAFs) from Drosophila, humans and yeast. 

It is interesting to note that they were all conserved from lower to the higher 

eukaryotes (21, 153). Collectively there are now 14 different TAFs in TFIID alone 

and 13 of them have essential functions. In yeast, the molecular weights of these

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TAFs range from about 17-170 KDa. Initially, the nomenclature was based on 

their electrophoretic mobility. Recently, a unified nomenclature for the TAFs has 

been derived to accommodate cross species comparisons and avoid confusion 

(263).

1.7 TAFs, as transcription regulators

The majority of TAFs are shown to be essential. Nearly all the yeast TAF 

mutations are lethal (211, 219) and a few undergo cell cycle arrest (4). In spite of 

this essentiality, some studies have shown that TAFs are dispensable for 

transcription in yeast at certain promoters (4, 189, 274). However, recent 

microarray analysis has shed much light on the requirement for TAFs (241). In 

this study the researchers made temperature sensitive mutations in all the TAFs 

and did a global check for the genes being affected. This study shows that in 

yeast the genes have TAF dependence from 2%-80%. It was interesting to note 

that TAF2 has a very small impact factor on genes (2%) in comparison to TAF9, 

which has a larger effect (59-61%) on genes. The general contention is that 

TAFs have gene specific functions and their requirement is not universal, but is 

broadly required.

TFIID is the principle TAF containing complex in Pol ll-mediated 

transcription. Immunodepletion of yeast TFIID by TAF-specific antibodies blocks 

in vitro transcription by RNA Pol II but not by RNA Pol I or Pol III. In many purified 

in vitro transcription systems, it was shown that TAFs are essential for stimulation 

of transcription by activators. Evidently, TAFs have direct sites of interaction for
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activation domains of various targets (271). These TAFs serve as co-activators 

targeted by DNA binding transcription factors (59, 108, 257). Several studies 

have shown that specific TAF-DNA contacts occur within the context of 

assembled TFIID (20, 253, 270).

Certain TAFs like, TAF4, TAF6, TAF9 and, TAF12, have histone fold 

domains and thus resemble core histones. Studies show that the histone-like 

TAFs have more central roles in transcription activation than others (5, 186, 190, 

195). A few TAFs, like TAF1, have more specialized roles in transcription. TAF1 

has enzymatic activities like FIAT and kinase activities and is also generally 

referred to as scaffolding TAF. More importantly, TAF1 is required for 

transcription from promoters lacking consensus TATA sequences (154). To 

summarize, the important TAF functions include acting as co-activators, coupling 

activator-mediated signals to the basal transcription machinery, acting as 

promoter selectivity factors, and stabilizing TFIID on the core promoter. Flowever, 

not all TAFs have every function mentioned above and they do not elicit their 

effects at all the promoters.

1.8 TAFs and their presence in different multi-subunit complexes

In conjunction with the Pol II mediated transcription, subsets of Pol II TAFs are 

also present in yeast SAGA (Spt6, Ada, Gcn5 and acetyl transferase complex) 

and the human PCAF (histone acetylase complexes) (88, 200). Interestingly 

SAGA has five TAFs, four of which are the histone fold containing TAFs. This 

discovery opened new functional avenues for TAFs outside of the context of
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TFIID, since both these complexes have been implicated in chromatin 

modifications. There is another TBP free TAF containing complex known as 

TFTC, which has a subset of TAFs (285). This TFTC complex was shown to 

support transcriptional activation on both TATA containing and TATA less 

promoters. It was interesting to note that TAF1, and Gcn5 of TFIID and SAGA 

respectively affect the expression of overlapping fractions of yeast genes that 

can be regulated through either complexes, indicating that in vivo these two 

complexes might have redundant functions (241). The TFIID and SAGA-shared 

TAFs are required for normal expression of 70% of the yeast genome (241).

The presence of TAFs in several complexes like SAGA, STAGA (Spt3- 

Taf31-Gcn5) (175), PCAF (200), TFTC (15), has complicated our interpretation of 

the functional significance of the TAFs. If a TAF is found to have a particular 

activity, it is difficult to interpret the TAFs functional activity from the perspective 

of a single multi-subunit complex. It also raises questions regarding the 

uniqueness of the TAFs and whether they have overlapping functions. However, 

so far we know the answer for the TFIID and SAGA complexes and further 

microarray analysis will also reveal new insights into TAF functions in different 

sub-complexes. Recent studies on TAF function specific to a particular complex 

use mutations which disrupt the complex in question, but have no affect on the 

other complexes containing TAFs. Thus, the specific function of a TAF particular 

to a complex can be addressed.

1.9 TAF and its Interactions with the basal transcription machinery
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TAFs make essential contacts with the basal transcription machinery. TAF-GTF 

interactions might be useful for the formation of the PIC, recruitment of the G IFs 

and Pol II, and also induce conformational changes in TFIID. Several studies 

have identified direct interactions between TAFs and GTFs by both biochemical 

and genetic methods. The TAF-GTF interactions include dTAF4 (and its 

homologs), and yTAF11 with TFIIA (145, 294), dTAFQ (and its homolog in 

human) with TFIIB (85, 134), dTAF5 and hTAF6 with TFIIE (104, 211, 219), and 

yTAFISwith TFIIF(102).

It is clear that many of the TAFs have direct interactions with the general 

transcription factors but not in all cases is there a definite correlation between 

their interaction and functional significance. The general contention is that these 

interactions help in recruiting the GTFs and aid in the formation of the PIC.

1.10 TAF-DNA interactions

In yeast, promoters have been grouped into two classes: TAF-dependent 

promoters and TAF-independent promoters (147, 159). More recently a new 

class of promoters has been identified that have an intermediate requirement for 

the TAFs (241). At TAF-dependent promoters TBP and TAFs are present at 

comparable levels. The DAS seems to mediate the selective recruitment of TAFs 

to these promoters (160). Flowever, at TAF-independent promoters, TAFs are not 

present or present at levels far below to that of TBP. A variety of studies have 

suggested interaction between TAFs and DNA. TBP gives rise to a discreet 

footprint that just covers the TATA box, while DNAse I footprint of TFIID on some
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core promoters was substantially larger (21). This occurs only at certain 

promoters, suggesting the DNA specific contacts made by TAFs are not general. 

There have been several studies showing direct interactions by the TAFs with 

DNA both upstream and downstream of the TATA box. In particular, studies have 

shown that TAF1 makes essential and critical contacts with the promoter 

upstream of the DNA binding site (183), whereas TAF2 was shown to make 

contacts with DNA downstream of the TATA box and the initiator elements (272). 

Depletion of individual TAFs resulted in reduction of transcription from promoters 

lacking a canonical TATA box (189,190). Thus, it is clear that a few TAFs have 

essential roles in promoter recognition and stabilization of TFIID at the core 

promoter.

1.11 M0T1, an unusual TBP associated factor

There are several transcription repressors that form complexes with TBP or 

interact with TBP and that repress activated as well as basal transcription (121, 

180,184). M0T1 belongs to the category of repressors that does interact with 

TBP causing it to dissociate from the DNA.

M0T1 stands for Modifier Of Transcription 1 (51). M0T1 was isolated in 

genetic screens as a mutation that led to an increase in the basal level 

expression of several pheromone responsive genes in the absence of a trans­

activator and pheromones (51). In another genetic screen, it was isolated as a 

trans-acting factor that affects DNA polymerase genes (209). M0T1 is an
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essential gene and in yeast it encodes a 210 KDa protein, which is conserved 

from yeast to mammals (51).

M0T1 belongs to the Snf2/Swi2 family of ATPases (51), all of which 

contain a large conserved domain of approximately 550 amino acid residues. 

Snf2/Swi2 proteins are present in highly diverse organisms from bacteria to 

humans. Many studies in yeast show that Snf2/Swi2 affect the expression of 

genes by counteracting adverse effects of the nucleosomes (22, 100) and their 

ATPase activity is essential for their function. In spite of M0T1 being grouped 

into this family of genes, it affects transcription not by nucleosome remodeling 

but by interaction with TBP. M0T1 utilizes its ATPase activity to dissociate TBP 

from DNA (7) whereas Snf2 primarily utilizes its ATPase energy to model 

nucleosomes on DNA (286).

Biochemically, M0T1 was identified as a factor in nuclear extracts that 

inhibited TBP binding to the DNA in an ATP-dependent fashion (6). The In vitro 

activity of M0T1 could be counteracted by TFIIA and to a small extent by TFIIB. 

In vitro studies also show that the displacement of TBP by M0T1 was not 

promoter specific (6). Over-expression of M0T1 resulted in negative growth 

effects, which could be suppressed by over-expression of TBP and TFIIA (7). 

Thus, a connection between M0T1 function, TBP and TFIIA was established.

A functional connection between M0T1, N0T1 (negative on TATA) and 

SptS was also shown. M0T1 was also identified in genetic screens looking for 

factors that functionally interact with SptS (172). M0T1 and N0T1 (37, 38) seem 

to exert opposite effects on transcription from TATA less promoters. At a TATA
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less promoter N0T1 mutation increased transcription, whereas M0T1 mutation 

decreased transcription. Thus, N0T1 has negative and M0T1 has positive 

affects at transcription from TATA less promoters. However, if this is true it does 

not fall in line with the general contention that M0T1 dissociates TBP from non- 

conventional TATA elements and thus redistributes the limiting pool of TBP to 

TATA containing promoters and negatively affecting the TATA-less promoter 

transcription.

1.12 M0T1 in B-TFIID

In mammalian cell extracts, an alternate form of TFIID was isolated known as B- 

TFIID (261, 262). In contrast to TFIID, B-TFIID did not respond to transcription 

activators (262). This B-TFIID complex possessed ATPase activity (261). Upon 

sequence analysis it was shown that one component in the complex resembled 

yeast M0T1. Thus B-TFIID is a mammalian homolog of yeast TBP-M0T1 

complex. To avoid confusion M0T1 was renamed as B-TAF1 along with other 

TAFs in the new nomenclature (263). However, in this thesis I shall call this 

factor as MOT 1, which very aptly describes its functional role in vivo.

1.13 MOT1 interactions with TBP and its implications for transcription 

regulation

In vitro studies have shown that M0T1 forms a stable complex with TBP in 

solution and on promoter DNA (6). M0T1 utilizes the energy from ATP hydrolysis 

to dissociate TBP from DNA (7). This ability to dissociate TBP is associated with
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repression of basal and activated Pol II gene transcription (7). Classical role of 

MOT 1 is of a transcription repressor. However, recent microarray analyses 

suggest that M0T1 regulates transcription both positively and negatively (50, 82). 

In addition to these large scale profiling studies, others have also shown that at 

lower levels M0T1 activates transcription (193). A few genetic studies have 

shown that mutations in MOT 1 resulted in decreased transcription of certain 

genes. Even more exciting are chromatin immunoprecipitation analysis that show 

M0T1 co-localized along with TBP at the genes which it regulates both positively 

and negatively (82). It seems like there is no simple ‘yes’ or ‘no’ answer for the 

presence of TBP at genes both positively and negatively regulated by MOTI. 

However, these studies do tell us that both positive and negative functions of 

MOTI are direct effects of its action (50, 82). I focus on studying the in vivo 

function of MOTI in chapter IV to further investigate its function. This chapter 

also provides much more information from the MOT 1 literature and has been 

written in the format of a manuscript.

1.14 Statement of significance and thesis layout

For my dissertation research, I have chosen to answer separate but related 

questions concerning factors that are physically associated with TBP or factors 

that are genetically shown to interact with TBP in S.cerevisiae. First, TFIID is 

constituted of TBP and 14 different TBP associated factors known as TAFs.

TFIID exists as a 1.2 MDa complex in yeast. Not much is known about the 

structure or organization of TFIID. I chose to study the organization of sub-units
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within TFIID, by systematically identifying all the protein-protein interactions using 

yeast two-hybrid analysis. We used the results to create a TFIID interaction map 

(292). This study provides us with a better understanding of TFIID complex and 

its organization. It also tells us that each one of the TAFs had a unique 

interaction profile which was non-overlapping.

In addition to identifying all the TBP-TAF and TAF-TAF interactions, I have 

specifically focused on TAF1, a 130 KDa protein in yeast. TAF1 was interesting 

for several reasons. One, it is known as the scaffolding TAF in TFIID. Two, it has 

several interesting enzymatic activities. We wanted to utilize TAF1 for 

understanding two different questions. First, to identify a smaller region in TAF1 

that would encompass most of the interactions representative of the full-length 

protein. This would allow us to do more biochemical manipulations to understand 

TAF1 further. Second, a few TAFs in humans were shown to contact TAF1 at 

specific domains and modify the enzymatic activities of TAF1. We wished to 

known if these specific interactions were also conserved in yeast. We identified 

smaller regions of TAF1 that were active ‘interaction wise’ and we show that the 

most of the interactions previously identified in humans are conserved in yeast. 

This study has provided valuable information regarding TAF1 function and its 

interactions with other TAFs has been mapped to specific domains within it.

There is a large body of work suggesting that there are functional contacts 

between TFIID and TFIIA. However, not much is known about the manner of 

these contacts and their significance. Our laboratory has previously shown that 

TAF11 makes functional contacts with both TFIID and TFIIA, thus acting as a
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mediator for these two transcription factors. To further understand the functional 

correlation between this mediator function of TAF11 between TFIID and TFIIA, I 

looked at a specific allele of TAF 11 known as AN-TAF11. This allele exhibited 

temperature sensitive phenotype. More importantly it was defective for 

interactions with TFIIA. I was also interested in another allele of TAF11 known as 

E182G that exhibited several interesting phenotypes and was isolated in a 

screen to suppress the defects of TFIIA. By looking at these two alleles in closer 

detail we have learned about TA FU ’s functional significance in mediating 

interactions between TFIID and TFIIA. This was a collaborative project with a 

previous graduate student in the laboratory and is being submitted as a 

manuscript for publication (described in chapter III).

MOT 1 is a very interesting TBP associated factor. It interacts with TBP to 

regulate its function negatively. Most other TAFs have positive roles in 

transcription. Flowever, M0T1 is not present in the conventional TFIID complex 

but is present with TBP in a separate complex known as B-TFIID. M0T1 

regulates transcription both positively and negatively. Up to now there has been 

no direct in vivo assays that could differentiate the functional ability of MOT 1 to 

activate and repress transcription. We developed an in vivo assay allowing us to 

focus on the repression function of M0T1. We recruit M0T1 to the test promoters 

and study its effect on TBP and transcription. This study has provided us with 

valuable insights into the function of M0T1 action and particularly on 

transcription repression. This work was done in collaboration with Dr. David
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Auble (Virginia Medical School), a pioneer in the area of M0T1. The work done 

in chapter IV is presented in a manuscript form and is ready for submission.

So far, I have looked at TBP associated factors, which were present along 

with TBP in a complex. However, in the appendix of my dissertation, I focus on 

SPN1, which was shown by our laboratory to genetically interact with TBP and 

was isolated as suppressor for post recruitment defects in TBP. Not one or few 

factors carry out regulation of transcription. Several factors either individually or 

present in complexes do so. I probe deeper into the question of occupancy of 

transcription factors at a gene that is post recruitment regulated and whose 

transcription is affected by SPN1. This study is done as an extension of the 

technique (chromatin immunoprecipitation assays) that I had learned and have 

applied to understand some pertinent question regarding an ongoing project 

about SPN1 in our laboratory. This study gives us valuable insights not only on 

SPN1 function but also how the transcription factors and chromatin remodeling 

factors occupy genes in general. This section is included in appendix of my 

dissertation, as it is still an ongoing effort in our laboratory to understand SPN1 

function.

In chapter V, I highlight the future directions for each of the projects that I 

have been involved in. I see a lot of potential work, which can be started up from 

these future directions, especially in the case of M0T1 and SPA/1
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Chapter II

Protein-Protein interaction map for TFIID

This chapter was published in Nucleic Acids Research. The text of this 

manuscript is present as it appears in the journal and is formatted to fit the 

guidelines in this dissertation. All the figures included are the same. This work 

was done in collaboration with Lei Zhang and Susan M. Kraemer from our 

laboratory. Sue Kraemer created some of the clones and Lei Zhang and I created 

the rest. I wrote the manuscript and created all the figures. Literature citation for 

this chapter is:

Yatherajam,G., Zhang,L., Kraemer,S.M., and Stargell,L.A. Proteln-Protein 
Interaction map for TFIID, Nucleic Acids Res. 2003 Feb 15;31(4):1252-60.
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11.1 Abstract

A major rate-limiting step in transcription initiation by RNA polymerase II is 

recognition and binding of the TATA element by the transcription factor TFIID. 

TFIID is composed of TATA binding protein (TBP) and approximately a dozen 

TBP-associated factors (TAFs). Emerging consensus regarding the role of TAFs 

is that TFIID assumes a gene specific activity that is regulated by interaction with 

other factors. In spite of many studies demonstrating the essential nature of 

TAFs in transcription, very little is known about the subunit contacts within TFIID. 

To understand fully the functional role of TAFs, it is imperative to define TAF-TAF 

interactions and their topological arrangement within TFIID. We performed a 

systematic two-hybrid analysis using the thirteen essential TAFs of the 

Saccharomyces cerevisiae TFIID complex and TBP. Specific interactions were 

defined for each component, and the biological significance of these interactions 

is supported by numerous genetic and biochemical studies. By combining the 

interaction profiles presented here and the available studies utilizing specific 

TAFs, we propose a working hypothesis for the arrangement of components in 

the TFIID complex. Thus these results serve as a foundation for understanding 

the overall architecture of yeast TFIID.
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11.2 Introduction

Transcription initiation by eukaryotic RNA polymerase I! (pol I!) requires the 

concerted action of various general transcription factors (GTFs) like TFIIA, TFIIB, 

TFIID, TFIIE, TFIIF and TFIIH in addition to pol II (204, 221, 223). The first step 

in forming a functional pre-initiation complex is the interaction of TFIID with the 

promoter. TFIID is a multi-protein complex that contains TATA binding protein 

(TBP) and over a dozen different TBP associated factors (TAFs) (21, 86, 89, 233, 

271). In yeast, 13 of these TAFs are essential for cell viability, and as such, must 

play critical and non-redundant roles in the regulation of gene expression.

TAFs are not restricted to the TFIID complex, and can also be found in the 

yeast SAGA complex (88) and mammalian PCAF complex (200). In vivo 

depletion of these shared TAFs results in broad defects on transcription by pol II 

(5, 186, 190). In contrast, depletion of TAFs specific to the TFIID complex 

appears to affect transcription in a promoter-specific manner (4, 5, 189, 190). In 

keeping with gene-specific roles in transcriptional regulation, certain TAFs are 

critical for TATA-less promoter transcription due to important TAF interactions 

with initiator and downstream promoter elements (20, 25). Finally, although 

activated transcription is not generally dependent on TAFs in the yeast system 

(4, 189), activator-specific recruitment of TFIID is important for the regulation of 

ribosomal protein gene transcription in yeast (182), as well as the derepression 

of DNA damage-regulated genes (157). Likewise, activated transcription in 

higher eukaryotic systems can be dependent on TAFs, presumably due to direct
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interactions between TAFs and activators (111, 204, 223, 301). Thus, TAFs play 

important roles in many different aspects of the regulation of gene expression.

Although the stoichiometry of the various TFIID components has been 

characterized (231, 232), very little is known about the overall architecture of the 

TFIID complex. Electron microscopy and digital image analyses of single TFIID 

particles indicate a C-shaped form with a central cavity (2, 15), and some of the 

individual TAFs have been mapped within the complex using TAF-specific 

antibodies (155), However, a complete understanding of the TFIID complex 

necessitates a cataloging of the specific TAF-TAF interactions within the 

complex. Here we describe an extensive two-hybrid analysis of protein-protein 

interactions between all of the essential components of yeast TFIID. A majority of 

these interactions are consistent with previously reported biochemical and/or 

genetic data dealing with the individual components. The two-hybrid results, 

coupled with the large volume of biochemical and genetic data regarding the 

individual subunits of TFIID, were used to construct a model of the topological 

arrangement of TAFs in the TFIID complex. This TFIID interaction map serves as 

an important step in a comprehensive analysis of TFIID.

11.3 Materials and Methods

[1.3a DNA constructs; Activation domain (AD) hybrids were cloned into the 2p 

LEU2 marked vector, pACT2.2 (55), which contains the ADH1 promoter, a 

nuclear localization sequence, the hemagglutinin (HA) epitope, and the Gal4 

activation domain (residues 768 to 881). All the AD-TAF constructs were created 

using PCR and homologous recombination cloning in yeast. Full length DNA
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binding domain (DB)-TAF hybrids were created by subcioning from the 

respective AD construct into the pPC97-TRP1 vector (CEN, TRP1), which 

contains the ADH1 promoter, a nuclear localization sequence, and the Gal4 DB 

(residues 1 to 147) (273). For those DB-TAF fusions that were positive for 

transcriptional activation when expressed in yeast cells (i.e. that could artificially 

recruit the transcription machinery), deletions in the open reading frame of the 

particular TAF were cloned into the DB fusion vectors. Three derivatives were 

designed forTAFI, corresponding to amino acids 1-208, 208-367 and 367-1066. 

For TAF12, two regions containing amino acid residues 1-280 and 280-539 were 

tested. Deletions for TAF3 were created by cloning amino acids 1-81 and 81-353 

into pPC97-TRP1 vector.

11.3b Yeast strains: All Saccharomyces cerevisiae strains used were 

transformants of either MaV103 (273) or CGI 945 (Clontech). MaV103 contains 

the GAL1 promoter (with four Gal4 binding sites) fused to the HIS3 TATA 

element and coding sequence; GAL4 and GAL80 are both deleted in the strain. 

C G I945 contains the GAL1 promoter and the GAL1 TATA element fused to the 

HIS3 coding sequence; GAL4 and GAL80 are both deleted in the strain. C G I945 

cells have much tighter control of background levels of expression from the HIS3 

gene.

11.3c Protein expression of two-hybrid constructs: Extracts were prepared 

from strains harboring the indicated TAF fusion constructs essentially as 

described in (44). Approximately 25-30 )xg of protein was loaded onto the SDS- 

PAGE gels. Immunoblots were performed using monoclonal antibodies directed

30

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



against HA (BAbCO) at 1:1000 dilution, and the anti-mouse secondary antibody 

(Promega) was prepared at 1:20,000. Signals were developed using a 

chemiluminiscence kit (Pierce).

Il.3d Artificial recruitment and two-hybrid assays: Each DB-TAF fusion was 

transformed into yeast strain MaV103 or C G I945 using a standard lithium 

acetate transformation. The ability to activate transcription by each DB-TAF 

fusion was tested by streaking the strain onto media containing 3-aminotriazole 

(AT), at a concentration of 40 mM for MaV103 or 5 mM for C G I945. Cells were 

grown at 30 °C for 3-7 days. Growth on this media indicated the ability to 

artificially activate the transcription of a HIS3 reporter gene. For those DB-TAF 

hybrids that were positive for artificial recruitment in both MaV103 and CGI 945, 

truncations were designed in the open reading frames of the TAF and these 

constructs were tested in the artificial recruitment assay. Fusions that were 

negative in the artificial recruitment assay were transformed with the AD-TAF 

fusions and assayed for two-hybrid interactions by streaking to media containing 

AT. Cell growth on AT-containing media indicated a positive two-hybrid 

interaction between the two TAFs that were assayed. Scoring from + to +++ was 

based on the relative amount of cell growth for each DB-TAF strain containing 

the different AD-TAF derivatives. One plus (+) indicates growth in the primary 

streak only, and denotes a weak two-hybrid interaction which was significantly 

more than the growth level observed with the AD vector alone. Two pluses (++) 

indicates intermediate level of growth which is indicative of a stronger interaction, 

whereas three pluses (+++) indicates robust growth and the strongest interaction.
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TAF2 and the deletion constructs for TAF1 and TAFS were assayed in the strain 

MaV103 for the two-hybrid studies. The remaining TAFs were assayed in the 

strain CG1945.

11.4 Results

[[.4a Characterization of TFIID components In an artificial recruitment 

assay: Two-hybrid analysis is a useful tool for mapping protein-protein 

interactions between subunits of transcription-related complexes (68), and 

defining and disrupting interactions between transcription factors (273). We set 

out to map the protein-protein interactions in the yeast TFIID complex using a 

systematic two-hybrid assay with all of the essential components of this complex. 

The thirteen essential yeast TBP-Associated Factors (TAFs; table 11.1) and TBP 

were individually fused to the Gal4 DNA binding domain (DB; residues 1-147 of 

Gal4) and the Gal4 activation domain (AD; residues 768-881). The fusions were 

tagged with the HA epitope and expression of each was confirmed by 

immunoblot analyses (figure 11.1).

DB-fusions were tested for activation by artificial recruitment in the strain 

MaV103 (273), in which binding sites for Gal4 control the transcription of the 

HIS3 gene. Cells can be assayed for HIS3 expression by growth on 3- 

aminotriazole (AT), a competitive inhibitor of the HIS3 gene product. Like DB- 

TBP (28, 133, 290), 11 of the DB-TAF constructs conferred the ability to grow on 

AT (table 11.2 and figure 11.2).
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Table 11.1: Pol II TAF nomenclature used In the present study

Name S.
cerevisiae

H. sapiens

TAF1 TAF 145/130 TAF250
TAF2 TAF150 TAF 150
TAFS TAF47 TAF 140
TAF4 TAF48 TAF130/135
TAFS TAF90 TAF 100
TAF6 TAF60 TAF80
TAF7 TAF67 TAF55
TAF8 TAF65 (BAB71460)
TAF9 TAF 17 TAF32/31
TAF10 TAF25 TAF30
TAF11 TAF40 TAF28
TAF12 TAF61/68 TAF20/15
TAF13 TAF 19 TAF 18

Reference (263)
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Figure 11.1: Expression of two-hybrid fusion constructs. (A) Expression of 
AD-TAF fusions in vivo. Protein extracts (25|xg) from strains harboring the 
indicated derivatives were loaded on 10% SDS-PAGE gels, and AD fusions 
were detected using antibodies directed against the HA epitope. Lanes (1-14) 
show the AD-TAF fusion constructs in descending order of molecular weight.
(B) Expression of DB-TAF fusions in vivo. Protein extracts (25 pg) from strains 
harboring the indicated derivatives were loaded on 12% SDS-PAGE gels, and 
the DB fusions were detected using antibodies directed against the HA epitope. 
Lanes (1-14) show the DB-TAF fusion constructs in ascending order of 
molecular weight.
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Table 11.2: Results of artificial recruitment assays

DB
constructs

MaV103 CGI 945

DB a
-

DB-TBP -

DB-TAF 1 + +
DB-TAF2 - -

DB-TAF3 + +
DB-TAF4 + -

DB-TAF5 + -

DB-TAF6 + -

DB-TAF7 + -

DB-TAF8 + -

DB-TAF9 + -

DB-TAF10 + -

DB-TAF 11 + -

DB-TAF12 + +

DB-TAF13 - -

® (-) Denotes no growth on aminotriazole and thus was negative for activated 
transcription from the HIS3 reporter gene.

(+) Denotes that DB-TAF fusion construct was positive for growth on 
aminotriazole and thus could activate transcription from the HIS3 reporter gene.
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MaV103
40mMAT

CG1945
3mMAT

DBTAF3

DBTAF5

DBTAF1

DBTAF

Figure 11.2: Representative study of the artificial assay. Two strains of yeast, 
MaV103 and CG1945, that differ in promoter context for HIS3 reporter gene, were 
transformed with each of the indicated DB-TAF fusion constructs and assayed for 
the ability to grow on aminotriazole (AT) containing media. Cell growth on AT 
(40mM for MaV103 and 5mM for CG1945) is indicative of activated expression of 
HIS3 reporter gene. Yeast growth in each panel is a serial dilution of slashes from 
a single colony. All strains grew robustly on control plates of synthetic complete 
media lacking leucine and trytophan (not shown).
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Thus, tethering these particular TAFs to a promoter allows for artificial 

recruitment of the transcription machinery, and expression of the HIS3 gene. 

Although very useful for demonstrating functional activity of the DB-TAF fusions, 

inherent activation precludes the use of this strain background in a two-hybrid 

assay, since the DB-fusions are positive for growth in the absence of a Gal4 

activation domain (AD) fusion.

We have previously shown that the activity of artificially recruited TBP is 

dependent on the reporter promoter (246). Others have also demonstrated that 

activation by artificial recruitment is highly sensitive to promoter sequence and 

context (77, 196, 229). Forejxample, in MaV103 cells, in which the Gal4-driven 

promoter contains the HIS3 TATA element and the HIS3 structural gene, DB- 

TBP activates transcription (Table 2 and (246)). In contrast, DB-TBP fails to 

activate transcription in the yeast strain CGI 945 (Clontech), which contains a 

Gal4-driven promoter with the GAL1 TATA element fused to the HIS3 structural 

gene. Due to the differential function of DB-TBP in the two strains, we tested the 

DB-TAF fusions in CGI 945. Like TBP, ten of the TAFs failed to activate HIS3 

gene expression when recruited to the promoter in this strain (table 11.2). Thus, 

these DB-TAF fusion strains were appropriate for use in a systematic two-hybrid 

analysis.

Il.4b Delineation of regions competent for artificial recruitment in TAF1, 

TAFS and TAF12: Three of the DB-TAF derivatives remained competent for 

activation in the yeast strain CGI 945. In order to define, and attempt to excise, a 

region of each of these TAFs that conferred the potent artificial recruitment
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function, we designed a set of deletion derivatives for each (figure 11.3). Yeast 

TAF1 corresponds to an open reading frame of 1066 amino acids, and has 

several interesting domains including a TBP-interacting domain (9, 136, 141, 

144), a central conserved region containing the histone acetyltransferase activity 

(HAT domain) (188) and a promoter-interacting region near the C-terminus (183). 

We found that the artificial recruitment function for TAF1 was restricted to the N- 

terminal 208 amino acids, whereas the more C-terminal regions (encompassing 

residues from 208 to 367 or from 367 to 1066) were negative for artificial 

recruitment. Yeast TAF3 is encoded by an open reading frame of 353 amino 

acids, and has a histone fold domain (MFD) located near the N-terminus (74). 

The artificial recruitment competent region of TAF3 was mapped to the region 

containing residues from 81-353, while the DB fusion to residues 1 to 81 of TAF3 

failed to activate transcription. TAF12, a protein of 539 amino acids, has a non­

conserved N-terminus, and a C-terminal region that is essential for cell viability 

and also contains a MFD (191). DB fusions to an N-terminal region (residues 1- 

280) and a C-terminal region (residues 280-539) of TAF12 were tested. We 

found that the N-terminal domain was positive for the artificial recruitment where 

as the C-terminal region containing the histone fold motif was negative in the 

artificial recruitment assays. Interestingly, the HFDs of TAF3 and TAF12 were 

negative for artificial recruitment, which could be a common characteristic of 

HFDs, since none of the other TAFs containing the HFDs (TAF4, TAF6, TAF8, 

TAF9, TAF10, TAF11, and TAF13) were positive in the artificial recruitment 

assay in the C G I945 strain background.
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Figure 11.3: Artificial recruitment assay for deletion derivatives of TAF1, TAF3 and TAF12. (A) Linear representation 
of each of the TAFs with the regions indicated that were used in the deletion constructs. For TAF1, the N-terminal TBP 
binding domain, a central conserved domain and a C-terminal promoter binding region are indicated. For TAFS and 
TAF12, the location of histone fold domain (HFD) is indicated. The black box in each panel denotes the region that was 
positive in an artificial recruitment assay. (B) Artificial recruitment assay for deletion derivatives of TAF1. Strains 
containing vector alone with the DNA binding domain of Gal4 activator (DB) (control), full length DB-TAF1 (residues 1-1066) 
as well as DB fused deletions constructs of TAF1 as indicated were assayed for their ability to grow on aminotriazole (AT). 
Cell growth on AT is indicative of activated expression of HIS3 reporter gene. (C) Artificial recruitment assay for deletion 
derivatives of TAFS. Strains containing the vector alone (control), full length DB-TAF3 (residues 1-353) as well as DB 
fused deletion constructs of TAFS as indicated were assayed for their ability to grow on AT, indicative of activated 
expression of HIS3 reporter gene. (D) Artificial recruitment assay for deletion derivatives of TAF12. Strains containing 
the vector alone (control), full length DB-TAF12 (residues 1-539) as well as DB fused deletions constructs of TAF12 as 
indicated were assayed for their ability to grow on AT, indicative of activated expression of HIS3 reporter gene.



11.4c Mapping yeast TFIID Interactions using a comprehensive two-hybrid 

approach: Strains expressing the DB-TAF derivatives (either full length or 

deletions) that were negative for activated transcription alone were independently 

transformed with each of the 13 AD-TAF fusion constructs, AD-TBP and the AD 

vector. These strains were assayed for expression of HIS3 by growth on AT 

(figure 11.4) and the results were scored for each individual strain. A total of 196 

combinations were assayed (table 11.3). We observed a total of 33 strong and 

intermediate interactions, which represents 17% of the interactions tested. If 

weak interactions are also included, 49 positive interactions were detected, which 

represents 25% of the assays. It is quite clear from the results that each TAP 

exhibited a unique interaction profile.

TAPI showed strong interactions with a number of TAPs (TAP4, TAP5, 

TAPS, TAP7 and TAP9), which is concordant with its portrayal as a critical 

scaffolding TAP forTPIID architecture in higher eukaryotes (278). In addition, we 

found that the 208-367 region of TAPI exhibited both distinct and overlapping 

interaction profiles when compared to the 367-1066 region. Residues 208-367 

specifically interacted strongly with TAPs: TAP4, TAPS and TAP9, whereas TAPS 

interacted with both this region and the more C-terminal region of TAPI (residues 

367-1066). Interestingly, a TAPI derivative with most of this region deleted 

(residues 208 to 303) is not competent for interactions in vivo with TBP or other 

TAPs (183), suggesting that the integrity of the TPIID complex is dependent on 

interactions specific to this region. TAP7, interacted exclusively with the more C- 

terminal region of TAPI (residues 367-1066).
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Figure 11.4: Representative panel for the systematic two-hybrid assay.
Yeast strains expressing DB-TAF6 were independently transformed with 
different AD-TAF constructs and their ability to interact and activate the reporter 
HIS3 gene was assayed by growth on media containing amino triazole (5mM). 
Yeast growth in each panel is a serial dilution of slashes from a single colony. 
TAF6-TAF11 was scored as strongly positive (+++) and TAF6-TAF12 interaction 
was scored as (++). An interaction between TAF6 and TAF10 was detectable (+) 
when strains were streaked for single colony growth (data not shown).
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Table 11.3: Summary of two-hybrid interactions
Interaction Phenotype^ 

AD fusions
DB
Fusions AD TAF1 TAF2 TAF3 TAF4 TAF5 TAF6 TAF7 TAFS TAF9 TAF10 TAF11 TAF12 TAF13 TBP

DB - - - - - - - - - - - - - -
TAFl" + na na na na na na na na na na na na na
(1-208) + na na na na na na na na na na na na na na
(208-367) ig g g ij j j +++ ++ +++ ++ i i m i m i
(3671066) - - + - +++ +++ - - + - - -
DBTAF2 +++ g ii lM l i iiiipiiiiiiii
DBTAF3" + na na na na na na na na na na na na na na
(1-81) B I S I p g ^ l i i l i i i g i i i ii ii ii ii ii i iiiiiiilliiil +++
(81-353) + na na na na na na na na na na na na na na
DBTAF4 11181 l i i i i i g i i i i i m i ? ® m i i l iiiiiiiiiiiigiiiiiiiiiiiiiiiii Miii— 1 +++ +++ ii i i ig g iM  

..... .
lUsiiii

DBTAF5 - - +++ .. - - +++ +++ -
DBTAF6 l lW ll i l I l i l B l i l I B W il l flilHiilMilig ii lB I iiii— ill +++ ++ U f i;
DBTAF7 - +++ + - ++ - - + + - - + - - +
DBTAF8 ii^ p n IIB IB li +++ ++ iiii ii i i i i iMiiiiiiiiî HMMliiiiiiiiijiliiiiiIIIIISSS i l l i l
DBTAF9 - +++ +++ ....... - ....... ................ +
DBTAF10 l^ p  ipi l i i B l i i1 8 8 6 1 1 + ++ +++ ++ iliiiiiliiiiii^ +++ ++ +++ B iliim iB i li ip i
DBTAF11 - - - - + - - - . - + +++ -
DBTAFia’"
(1-280)

I H I1  
+

na
na na na na na na na na na na na

na
na

na
na

na
na

(280-539) H U H i i i H i i B I I H I I iB i lH l i i +++ B H I I l l i i j l i i i i i i j i i i i i i i ++ ++ ++ M iiiiiigiiili i i i i i
DBTAF13 - - - - - - - - - - - +++ - - -

TBP na na na na na na na na na na na na na na

■ D
CD

(/)(/)

® Relative growth rate on AT of strains harboring the indicated AD and DB fusions. Robust grovrth on AT is scored as 
'+++’ and is result of activation of H/S3 reporter gene. Intermediate and weak growths on AT are represented a s '++’ and 
■+’, respectively.

Deletion constructs were used instead of the full length TAFs. Numbers in the parenthesis indicate the amino acid 
residues that were used in the construct for the two-hybrid analysis.
“̂ The DB-TAF fusion constructs that were not appropriate for use in the two-hybrid assay since these constructs themselves 
activated transcription in the absence of the AD-TAF fusions.



An intact C-terminal region of TAF1 is essential for interaction with promoter DNA 

(183), and it is interesting to speculate that interaction with this TAF may be 

important for the functional role of TFIID in promoter interactions. It should be 

noted that TAF1 interactions with TAF4, TAFS, and TAF7, have also been 

reported for their higher eukaryotic homologues (150, 259, 281).

The distinctive nature of the interaction profile for each TAF was especially 

striking for a few of the TAFs with a histone fold domain (HFD). For example, 

HFD-containing TAF13, interacted strongly with HFD-containing TAF11. The 

TAF11-TAF 13 interaction is supported by genetic studies in yeast (143) and 

structural studies of the human homologues of these two TAFs (13). In contrast 

to the specificity of TAF13 for TAF11, TAF11 exhibited strong interactions with 

several other HFD-containing TAFs: TAF6, TAF10 and TAF12 and at least in the 

case of TAF12, this interaction maps to the region (residues 280-539) that 

contains the HFD (table 11.3).

HFD-containing TAF4 (H2A-like) and TAF12 (H2B-like), and TAF9 (H3- 

like) and TAF6 (H4-like), exhibited strong reciprocating interactions. These 

interactions are entirely consistent with the predictive specificity from their 

histone counterparts (21), biochemical data describing an octamer complex 

containing these particular TAFs (237), and studies on their human counterparts 

(109, 283). Our results yield further information in that we detected cross 

interactions between TAFs that resemble core histones other than their predicted 

heterodimeric partners. We show that TAF4 interacts with TAF9, and TAF6 

interacts with TAF12. In fact, the region of TAF12 harboring the HFD not only
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interacts with its histone-like partner TAF4 (75, 283) but also with HFD-containing 

TAF10 and TAF11. Interestingly, the TAF12-TAF6 interaction appears to map to 

the N-terminal region of TAF12 lacking the HFD since elimination of this region 

results in elimination of the interaction observed when the two full-length TAFs 

are utilized. This result underscores the important consideration that just 

because two HFD-containing TAFs interact, this does not indicate that the 

interaction is mediated via the HFD.

Il.4d TBP makes very few TAF interactions: Although DB-TBP does not 

artificially recruit the transcription machinery in the CG1945 strain, co­

expressions of the Gal4 AD vector resulted in robust growth on AT (table 11.3).

We presume this effect is the result of an interaction between TBP and the 

activation domain. Since activation domains can interact with multiple targets (for 

review see (84), it is likely that a second surface of the AD is then recruiting the 

remainder of the transcription machinery. Because of this background activation, 

DB-TBP could not be assayed with the AD-TAF fusion constructs. When TBP 

was fused to the activation domain of Gal4 (AD-TBP) and assayed with the DB- 

TAF derivatives, an interaction was observed with TAF7 and no other DB-TAF 

derivatives. This suggests that TBP may not make extensive contacts within 

TFIID and/or that the truncation derivatives of certain TAFs have removed TBP- 

interacting regions (discussed below).

11.5 Discussion

We have used a systematic two-hybrid approach to map the interactions within 

the yeast TFIID complex. Each TFIID component has a unique interaction profile.
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and a majority of these interactions have supporting evidence from other studies. 

For example, we observed interactions between yeast TAFS and three other 

TAFs (TAF1, TAF4 and TAF12). In keeping with our observations, a number of 

studies with human TAFS show that it interacts with human TAF1, TAF4, TAFS, 

TAF9, TAF11 and TAF12 (73, 2S9). Thus the human homologue appears to 

share some of the interaction properties of the yeast counterpart. A functional 

interaction between yeast TAFS and TAF1 is also supported by biochemical 

studies in which temperature sensitive mutations in TAFS exhibit a concomitant 

depletion of TAF1 (S6). As another example, we found that yeast TAFS interacts 

with yeast TAF1, TAF9 and TAF12 in the two-hybrid assay. Biochemical studies 

on the metazoan counterpart of yeast TAFS show that it interacts with human 

TAF9 and TAF12 as well (104). Further support for the veracity of the interaction 

profiles we observed is also garnered from biochemical and genetic studies on 

the histone-fold domain (HFD) containing TAFs (13, 21, 109, 143, 237). The 

corroboration of existing genetic and biochemical data with our interaction 

profiles strongly supports the robustness of utilizing the two-hybrid assay to 

define the protein-protein interactions within the TFIID complex.

However, there are possible limitations of the two-hybrid assay for 

exploring the protein-protein interactions within the TFIID complex. As is common 

with this assay, there is a potential for false positives and/or false negatives. 

Since this is an in vivo assay and all the endogenous TAFs (and other 

transcription factors) are present, false positives might arise by the presence of 

bridging molecule acting between the two TAFs being tested. In this case, the
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interaction between the two fusions would not be direct. For a number of 

reasons, we think this unlikely. Firstly, if bridging molecules play a major role 

then we would expect to see a plethora of TAF-TAF interactions. In fact, out of 

196 combinations, we only observed 33 strong and intermediate interactions, 

which represents only 17% of those tested. Secondly, if bridging is a major 

confounding factor, we would predict to observe it when analyzing two TAFs for 

which there is a known intermediate. For example, we show that TAF11 interacts 

with TAF6, TAF12 and TAF13. An interaction between TAF11 and TAF13 has 

also been reported in other genetic and biochemical studies (13, 143). If bridging 

were a common occurrence, we would expect that endogenous TAF11 would act 

as an intermediate to facilitate TAF13 and TAF6, or TAF13 and TAF12 

interactions. Yet, we detect no interactions between TAF13 and TAF6, or TAF13 

and TAF12, in the assay. Thus we see no evidence supporting the contention 

that bridging is a major factor in the interpretation of our results. With regard to 

false negatives, there are certain to be interactions that are not detectable in the 

two-hybrid assay. These interactions could be too weak for detection or they may 

be transient. In addition, our fusion design, which places the DB or the AD at the 

N-terminus of the TAF, could interfere with certain TAF-TAF interactions. This 

could explain the observation that some of the reciprocal interactions are not 

detected in the two-hybrid assays. In spite of these limitations, our interaction 

profiles are a useful step in understanding the overall organization of the TFIID 

complex.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It is interesting to note that TBP interacts only with TAF7 in this assay. 

Interestingly, TAF7 is specific to the TFIID complex and not found in other TAF- 

containing complexes (32, 232). As such, this interaction would contribute to the 

specificity of the association of TBP with TFIID. One possibility for the paucity of 

interactions for TBP is that our truncation derivatives have eliminated not only the 

artificial recruitment competent regions of three of the TAFs, but these also may 

be direct interaction sites with TBP. For example, it is well established that there 

is an association between the N-terminus of TAF1 and TBP (9, 10, 183). We 

observed that this N-terminal region of TAF1 harbored the artificial recruitment 

functions of the full length TAF, thus we had to eliminate this region from the DB- 

TAF1 derivative used in the two-hybrid assay. Likewise, it is possible that the 

regions of TAF3 and TAF12, which were positive for activated transcription, may 

interact directly with TBP. Finally, since TBP-free TAF-containing complexes 

(285), and TAF-independent TBP-containing complexes have been described 

(147, 159, 187), it is also possible that TBP does not make extensive and strong 

contacts with TAFs in the yeast TFIID complex. This hypothesis is consistent with 

recent observations indicating that TBP dynamically associates with the stable 

TFIID-TAF complex and is freely exchanged with excess competitor TBP (231).

In a comparison of the interaction profiles, it is evident that several TAFs 

appear to occupy key positions in the TFIID complex. For example, HFD 

containing TAFs, TAF4, TAF6, TAF9, TAF10 and TAF12, make multiple and 

strong interactions with a significant number of other TAFs. Others have also 

shown multiple two-hybrid interactions for a subset of these TAFs (265), as well
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as TAF10 interactions with TAFS and TAFS (74). Consistent with the pivotal role 

of these HFD-containing TAFs in the TFIID complex, previous studies have 

shown that mutations in TAFS, TAF9 orTAF12 (186), orTAFlO (131), result in 

defects in the overall integrity of TFIID.

Based on the results presented here and evidence from other biochemical 

and genetic studies, we present an interaction map for TFIID of Saccharomyces 

cerevisiae (figure 11.5). Since in vitro studies have indicated the presence of a 

core octamer-like substructure formed by TAFs that resemble histones (109,

237), we nucleated our model using these TAF-TAF interactions, and formed the 

rest of the map using the strong and intermediate interactions observed.

There are several striking aspects of the proposed TFIID model. First, 

though we found no interactions between TBP and TAF1 in the two-hybrid assay, 

these two components fall in close proximity to each other in the interaction map. 

Thus, the known interaction between TBP and the N-terminal domain of TAF1 (9, 

136, 141, 144), can be easily accommodated in the model. In fact, since the 

more C-terminal regions of TAF1 interact with TAF4, TAF6 and TAF9, this further 

orients the N-terminal domain of TAF1 toward the proposed location of TBP. It is 

important to note that we did not consider the interaction between the N-terminal 

domain of TAF1 and TBP when building the map since this domain of TAF1 

activated transcription on its own, which precluded its use in the two-hybrid 

assay. A second interesting feature of the interaction map is that TBP interacts 

with TAF7, and TAF7 interacts strongly with TAF1.
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Figure 11.5: TFIID Interaction map. Each oval represents a different TAF as indicated. 
The histone-like TAFs implicated in an octamer-like complex are represented in pink. 
Other histone fold domain containing TAFs are shown in tan, except for TAF10 (shown 
in green). TAFs in the background are represented in light blue, TBP in dark blue. To 
keep the model simple, homodimeric interactions forTAFlO and TAF12 were excluded. 
The strongest interactions (denoted by +++ or ++) were most heavily weighted for 
inclusion in the interaction map. Exceptions to this were in the cases where reciprocal 
interactions were strong, or for interactions with TBP. For TBP there were few total 
interactions, thus all interactions were accomodated in the model.
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Thus, there is the potential for three-way interactions between TAF1, TAF7 and 

TBP. Since TAF1 and TAF7 are specific to the TFIID complex (32, 232), this 

would ensure that TBP is specific for TFIID and not other TAF-containing 

complexes. In keeping with this idea, TAF7 interacts with HFD-containing TAF4, 

and although it is partnered with TAFs shared between TFIID and SAGA, TAF4 

itself is TFIID-specific (233). Third, TAF2 is also situated nearby TBP, and it is 

tempting to speculate that this would be the region of TFIID that contacts the 

promoter. Studies have shown that in addition to TBP, both TAF1 and TAF2 

make intimate contacts with the promoter DNA, play roles in core promoter 

discrimination, and aid in recognizing the initiator sequences (25, 253, 270, 272).

There were challenges in deriving the TFIID interaction map. For example, 

TAF10 was a complicated TAF to incorporate in the model. It interacts strongly 

with five other TAFs, and it also self-associates. In addition, it is known to be 

present in more than one copy in the TFIID complex (231), and appears to be 

located in two distinct lobes of TFIID (155). Thus, two copies of TAF10 were 

placed in the map to accommodate all of the strong interactions forTAFlO. The 

fact that TAF10 has unique interaction properties is also evidenced by the 

observation that different mutations in TAF10 result in loss of distinct TAFs from 

the TFIID complex (131). As such, further studies regarding this particular TAF 

and its interaction partners will be required to understand fully the functional role 

of TAF10 in the TFIID complex.

In spite of the recent advances in biological techniques used to decipher 

microdetails of a protein complex, the organization of TFIID remains an enigma
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to date. There is a growing understanding of the components within the TFIID 

complex (231, 232), and low-resolution images (35 A) have been determined for 

TFIID (2, 15). Furthermore, the nine histone fold domain containing TAFs have 

been mapped on this image (155). However, there are some apparent 

differences between the stoichiometry of the individual subunits (231, 232), and 

the mapping results (155), as some TAFs appear to be present in multiple copies 

via one method but not the other. These minor differences simply serve to 

illustrate the point that multiple approaches using distinct techniques will be 

critical for a complete understanding of the TFIID complex. The study presented 

here provides a level of detail regarding the subunit interactions in TFIID that is 

novel and lacking from previous studies, and offers a unique insight into the 

overall architecture of the yeast TFIID complex.

11.6 Acknowledgements: We thank Karen Lehman for technical assistance with 

several of the two-hybrid assays. This work was supported by a grant to LAS 

from the National Institutes of Health (GM56884).
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Supplement to Chapter II (S.II) 

Delineation of TAF interacting surfaces on TAF1

This chapter was done in collaboration with an undergraduate student, Laurel

Respicio, in our laboratory. This work was conducted to search for a region of

TAF1, which would potentially encompass most of the functional region of the

full-length protein. Our previous studies show that TAF1 participates in several

TAF-TAF interactions. Present study is an effort to delineate a smaller region that

would encompass most of the functional interactions of TAF1 and thus provide

further insights into the domain nature of this large TAF. This study will be

potentially submitted as a small research communication to either ‘Yeast’ or

‘Gene’. When published, the literature citation would be as follows:

Delineation of TAF1 interaction surfaces for other TAFs and TBP. 
Yatherajam.G, Respicio.L and Stargell.LA.
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S.II.1 Abstract

Transcription factor IID is a multi-subunit complex and is involved in core 

promoter recognition and activation of transcription by RNA polymerase II (Pol II) 

mediated gene expression. TAF1 is known as the scaffolding TAF and it interacts 

with several other factors including TBP, TBP associated factors, transcription 

regulators and other components of the basal transcription machinery. We have 

identified a smaller region of TAF1, which encompasses most of the interactions 

of full length TAF1. In addition to this, we show that the region of TAF1 that 

interacts with TAF7 in humans is also conserved in yeast. This region harbors 

the HAT activity in the human protein. Previous studies have shown that hTAF7 

interacts with this region and inhibits its HAT activity. Here we establish that 

TAF1 and TAF7 interaction is conserved in yeast. Whether its function is also 

conserved requires further experimentation to show conclusively.
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S.II.2 Introduction

TBP associated factors (TAFs) are important co-factors that mediate activated 

transcription by providing critical interaction sites for distinct activators as well as 

for the basal transcription machinery. As such, each TAF has a unique 

interaction profile with regards to TBP, TAFs, co-activators or basal transcription 

machinery. One such TAF, which is highly engaged in interactions with other 

factors, is TAF1. TAF1 interacts with TBP (104, 140, 228, 255, 281, 282, 300), 

transcription regulators (23, 81, 239), with other TAFs (139, 272, 281, 282, 292), 

and it also contributes to the PIC assembly (227). The N-terminus of TAF1 is 

sufficient for its interaction with TBP (9, 141, 166), and the C-terminus of TAF1 

makes critical contacts with the promoter regions (183). TAF1 interacts with 

initiator sequences in both TATA box containing and TATA less core promoters 

(216, 253, 270, 288). TAF1 clearly has essential and non-redundant functions in 

transcription initiation and regulation either directly or indirectly.

Gene expression analysis has shown that, of the 5441 genes scored, 16% 

of the genes exhibited dependence for TAF1 (115). TAF1 encodes a 130 KDa 

protein in yeast and is also known as the scaffolding TAF. It harbors several 

enzymatic activities, like kinase activity (53) and FIAT activity (188). TAF1 plays a 

critical role in the G1/S transition of cell cycle in yeast (275) and the FIAT activity 

seems to be essential for this transition (54).

Yeast TAF1 is 1066 amino acids long protein. Previously, we showed that 

TAF1 maintains several interactions with other TAFs (292). Not only does it 

interact with other TAFs but also studies have shown that it maintains
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interactions with several other factors and DNA thus regulating transcription (for 

a review see (278)). Clearly TAF1 accomplishes most of these multiple 

interactions by domains that are non-overlapping. We set out to delineate the 

TAF interaction regions within TAF1, thus our plan was to identify a smaller 

region of TAF1, which harbored most of its functional interactions. We 

hypothesized that such a region of TAF1 would be more amenable to 

biochemistry for furthering our understanding of TAF1. To accomplish this we 

designed deletions in the open reading frame of TAF1 and tethered these 

regions to the activation domain (AD) and DNA binding domain (DB) of a 

transcription activator. We utilized yeast two-hybrid analysis to identify 

interactions between the deletion regions of TAF1 and 12 other essential TAFs. 

Our study yielded several interesting and unexpected results. Studies so far on 

TAF1 have only delineated its interaction domains with other basal transcription 

factors and co-activators of transcription. This is the first study to clearly 

delineate the interaction surfaces on TAF1 for other TBP associated factors, 

which is novel and lacking from previous studies.

S.II.3 Results and Discussion

TAF 1 is an essential protein in yeast and other eukaryotes (211, 278). In spite of 

TAF1 being half the size of the human counter part the functional domains are 

mostly conserved (figure S.11.1 A for comparison between yeast and human 

TAF1). We made deletions in the open reading frame of TAF1 (figure S.II.1 B) 

and tethered it to the DB and AD of the GAL4 activator.
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All the conserved domains of TAF1 between human and yeast have been marked. Specific functional 
domains have also been represented. (B) Linear representation of TAF1 with the regions indicated used 
in the construction of deletion fusions.



Since the two-hybrid assays are done in presence of endogenous TAF1, these 

deletions would not be deleterious for cell viability. An advantage of using the 

two-hybrid system for identifying such kind of interactions is that they are done in 

vivo, still maintaining the wild type copy, thus the interactions are studied under 

normal physiological state of the cells.

We sought out to study the interaction profile of each of these deletion 

constructs with other TBP-associated factors and TBP. First, we transformed the 

AD-TAF1 deletion constructs into the CG1945 strain and assayed for interactions 

with itself and rest of the factors that were fused to the DNA binding domain of 

the GAL4 activator. Strains harboring any given AD-TAF1 deletion and individual 

DB-TAFs were assayed for growth on media containing 3-Aminotriazole (AT) 

(figure S.II.2). The interactions were scored from weak (+), to intermediate 

strength (++) to strong (+++) based on the robustness of the cell growth on the 

media containing AT (table S.II.1). We saw several interactions between TAF1 

and TAF2, TAFS, TAF6, TAF9 and most strongly with TAF7 (figure S.II.2). It was 

interesting to note that the deletion constructs did not disclose any new 

interactions from the full length TAF1 (table S.II.1). This probably indicates that 

there were no inhibitory domains within TAF1 that would abolish certain 

interactions with other TAFs. However, this strategy was definitely useful to 

delineate the interaction domain within TAF1 for TAF7. The central conserved 

region in yeast that extends approximately from 440-830 amino acids (9) when 

used in our interaction studies was most competent for interaction with TAF7. It is 

interesting to note that not only is this region significantly conserved between
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Figure S.11.2: Representative panei for the two-hybrid assays with the deletion 
constructs of TAF1. Yeast strains expressing DB-TAF7 in CG1945 strain background 
were independently transformed with different AD-TAF1 deletion constructs and their 
ability to interact and activate the reporter HIS3 gene was assayed by growth on media 
containing amino triazole (5mM and 10mM). Yeast growth in each panel is from a single 
colony. Growth on control media has been indicated (SC-LT). TAF7-TAF1 (301-840) 
was scored as strongly positive (+++).
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Table S.II.1: Interaction of AD-TAF1 deletion constructs with DB-TAFs

Interaction phenotype*

DB AD AD AD AD AD AD AD AD AD
Fusions 1-208 208-303 208-367 301-512 301-840 512-840 840-1066 1-10
DB . : MSiJiiiliiB®™™PPUpPPPP™iPPPPP:vP- - , - - P'i-PPP
DB TAF1" IlîHna*-- na na na na na na na
DB 1-208 na na na na na na na na
DB 208-367 Mil liiiiiiii!IPIjjljllIIIMIIIIW MilB
DB 367-1066 - - :P̂̂:;FfP|PP:P:.i: - - '::'r -■■■■■
DB TAF2 Hill IIIIIIIIIIIlilll̂ H iilililililllillli +
DB TAF3'’ + na na na na na na na na
DB 1-81 na na na na na na na na
DB 81-353 - - - p-ptpp:; ppp- .  .. P,.,pp̂ -
DB TAF4 iliilllH IIIIIIIIIIIIIIB H
DB TAFS - - + - - +
DB TAF6 Hill liiililiig iiiiiiiiiii +
DB TAF7 -ptPpPpPPiPiPPPPPPP:PSPh:TPPPp“Pp- +++ "- ' P- +++
DB TAF8 IlillĤ1111IIIIIIIIIIIillilllH —
DB TAF9 -- - + - + . . - - + P:
DB TAF10 ; 11̂ îiiiii Biiliill lil̂ t
DBTAF11 - J:|.PPPPP p: PPlPiPPPl“p|Ki“i™pipp'̂̂p̂l'pppppp- ■ ■■ ■■■ - . -
DBTAF12'’ na na na na na na na na
DB 1-280 W|-PPT|:IP';-P̂p|p|];;;|P- - - - -
DB 280-539 i Mjill n a . na na na na na na na
DBTAF13 - - p:|pppPppPPiPpPPPpiPpPijiPMiplppp'Pr - iP;H:p1[ nPpiliPpPi - - -
DB TBP + na na na na na na na na

® Relative growth rate on aminotriazole (AT) of strains harboring the indicated AD and DB fusions. 
Robust growth on AT is scored as '+++’ and is result of activation of HIS3 reporter gene. 
Intermediate and weak growths on AT are represented as ‘++’ and respectively.
Deletion constructs were used instead of the full length TAFs. Numbers in the parenthesis 

indicate the amino acid residues that were used in the construct for the two-hybrid analysis.
“̂ The DB-TAF fusion constructs that were not appropriate for use in the two-hybrid assay since 
these constructs themselves activated transcription in the absence of the AD-TAF fusions, ‘na’ 
indicates not applicable.
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yeast to human, but also harbors the HAT activity (188). It was previously shown 

in humans that TAF7 interaction with TAF1 is particularly localized to this region 

and inhibits its HAT activity thus affecting the transcription from a particular class 

of genes (79). It is exciting to note that this interaction between TAF1 and TAF7 

is conserved in spite of the yeast TAF1 being almost half the size of its human 

counter part.

When a reciprocal experiment was performed by fusing the derivatives of 

TAF1 to the DNA binding domain of the GAL4 activator and transformed 

individually with AD-TAF constructs, we identified much stronger interactions 

than earlier. We show that TAF1 derivatives interact with TAF2, TAF4, TAFS, 

TAFS, TAF9, TAF7 and TBP (table S.II.2). The only novel interaction obtained in 

this orientation was with TAF4 that was absent in the previous case. The reason 

could be that the AD domain fusions could be less active as the AD might be 

interacting with other protein factors and dilute the effect that we observe with 

TAFs in particular. Nevertheless, we were excited that all the interactions we 

observed were positive when present in both the orientations.

We observed several interesting interactions of TAF1 with TAF4, TAFS, 

TAF6, TAF9 and TBP that can be localized within the 208-367 amino acids of 

TAF1 (table S.II.2). This region is particularly interesting because, in a previous 

study, deletion within residues 208-303 were unable to support cell viability (9). 

When the same study checked several sequential deletions for interaction with 

TBP, they noticed that the extreme N-terminus of TAF1 is required for interaction 

with TBP.
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Table S.II.2: Interaction of DB-TAF1 constructs with AD-TAFs

Interaction phenotvpe*

AD DB DB DB DB DB DB DB DB
Fusions 1-208“ 208-303 208-367 301-512 367-1066 840-1066 1-1066
AD - + liiiiiNiNt;..:. 3ln-- - +
AD TAF1 Bill na" Illjjlllllll 1 I Ijii 1 iiiijllBiiiiiii na
AD TAF2 - na - - na
AD TAFS Mill na miiiiiiiiii I liWiiiiiiii na
AD TAF4 - na + . +++ - + na
AD TAFS Bill na iliilliiiip ++ na
AD TAFS - na - +++ +++ na
AD TAF7 Mil na iiiiiiiiiig 1 BIBliiiiiiii +++ m
AD TAFS - na na
AD TAF9 Sill na iiiilHiiiill 1 iiiiiiilliiil na
ADTAF10 - na - - - na
ADTAF11 H I na iiiiiiiiiii 1 piiiiiiiiiiii na
ADTAF12 - na - ■ ifflliy na
ADTAF13 s i l l na . iliiiiiiiiiiiiil j iliiiiiiiiiii 1 ||WiM|Mi| na
AD TBP na - .. - na

® Relative growth rate on aminotriazole (AT) of strains harboring the indicated AD and DB fusions. 
Robust growth on AT is scored as '+++’ and is result of activation of HIS3 reporter gene. 
Intermediate and weak growths on AT are represented as '++’ and respectively.
Deletion constructs were used instead of the full length TAFs. Numbers in the parenthesis 

indicate the amino acid residues that were used in the construct for the two-hybrid analysis.
“̂ The DB-TAF fusion constructs that were not appropriate for use in the two-hybrid assay since 
these constructs themselves activated transcription in the absence of the AD-TAF fusions, ‘na’ 
indicates not applicable.
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It Is interesting to note that the extreme N-terminus deletion construct in our 

study harbors residues 1-208 and we saw that it was able to activate 

transcription on its own. This could most probably be attributed to its direct 

interactions with TBP. However in the same study, upon carefully scrutinizing 

their published results we noticed that the deletion of regions 300-367 resulted in 

a slight decrease (fig 4, lane 10: (9)) in binding with TBP. This observation is also 

consistent with our results as we show that fragment 208-367 has a weak 

interaction with TBP. This interaction was not identified in our previous published 

study. The reason could be that we performed the present assay in a different 

strain background MaV103 in comparison to C G I945 strain in our previous 

study. We identified interactions of TAF1 with TAF9 in both the orientations that 

can be mapped to residues 300-367. We also identified interactions of TAF1 with 

TAF2, which was again specific to residues 303-512. Other novel interactions 

mapped were of TAF4 and TAF5 to regions 208-367. By further extrapolating our 

information, we can assume that the region 300-367 seems to be the most active 

region, which harnesses most of the full-length TAF1 interactions. Previous 

studies have shown that residues 300-367 are most important within the N- 

terminus of TAF1, since deletion of this small region was unable to support cell 

viability (9). In light of present studies, this can be attributed to the fact that loss 

of the region 300-367 results in loss of its interactions with most of the TAFs thus 

resulting in destabilized TFIID and cell death.

In the present study we show a level of detail in understanding the 

functional domains of TAF1 that is novel and lacking from other studies. We
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show that the most important interactions of TAF1 can be attributed to the N- 

terminal 300-367 amino acids, where as the functional interaction of TAF7 can be 

mapped to the whole central conserved region of TAF1. The smaller region of 

TAF1 (300-367), can be used in future studies to understand the functional role 

of TAF1 much better. It is interesting to note that TAF1, a 1066 amino acid long 

protein, also famously known as a scaffolding protein, harbors most of its TAF 

interactions within this small region.
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Chapter III 

TAF11 as a mediator of TFIID-TFIIA Interaction

This chapter focuses on TAF11, which has been shown to functionally act as a 

mediator between TFIID and TFIIA. TFIIA interacts with TFIID via association 

with TBP and TAF11. This work was done as a collaborative effort with Dr. Mary 

Robinson, former student in the Stargell laboratory. The work done here is in 

conjunction with my primary interest on TBP associated factors. Some of the 

sections have been excised from the written manuscript. However, to keep this 

chapter compact, only the work performed by me is explained in detail. This work 

has been written and is ready for submission by Dr. Robinson as the first author. 

For the purpose of the manuscript as well as the thesis, I created the figures III.2, 

III.3, III.5, III.6 & III.7 in the thesis. Figures III.1 and III.3 were created by Drs. 

Mary Robinson and Ryan Ranallo. Once published the literature citation would 

be as follows for the paper:

TAF11 interacts with TFIIA via two distinct domains to promote stable 
association of TFIIA-TBP-DNA complexes: Robinson, M.M., A. Brie, G. 
Yatherajam, R.T. Ranallo, A. Borland, M.R. Paule and L.A. Stargell
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III.1 Abstract

TFIIA interacts with TFIID via association with TATA binding protein (TBP) and 

TAF11. The importance of the TFIIA-TBP interaction and its contributions to 

transcription has been well characterized. However, TAF11 also provides an 

additional functional link between TFIIA and TFIID. To further understand the 

functional connection made by TAF11, an earlier study in our laboratory identified 

compensatory mutations in TAF11 that were competent for interaction with a 

mutant allele of TFIIA that is defective for its interaction with TAF11. Analysis of 

compensatory mutations revealed that the interaction with TFIIA requires two 

distinct regions of TAF11, the conserved histone fold domain (MFD) and the N- 

terminal region. In the present study we show that the N-terminus of TAF11 is 

specifically required for an interaction with TFIIA. Cells lacking the N-terminus of 

TAF11 are temperature sensitive and exhibit defects in transcription. However, 

deletion of the N-terminus of TAF11 does not compromise the stability of TFIID 

suggesting that the TAF11-TFIIA interaction is essential for normal cell growth. 

Here we also establish that interaction between TAF11 and TFIIA are 

compensatory in vivo, thus a functional connection is established for TAF11 as a 

mediator of interactions between TFIID and TFIIA. This study provides additional 

evidence for the molecular organization of the TAF11-TFIIA interaction.

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



III.2 Introduction

Transcription factor IIA (TFIIA) enhances the pre-initiation complex (PIC) 

assembly by increasing the affinity of TBP for DNA (17, 120, 126, 152) and 

stabilizes the TBP-TATA association through direct interactions with both DNA 

and TBP (80, 256). TFIIA influences TFIID promoter functions through 

associations with TAFs (91, 145, 294). Studies show that TFIID association with 

promoters is TFIIA dependent (231). In higher eukaryotes, addition of TFIIA 

alters the DNA protection pattern of TFIID (30, 31, 164). In UV crosslinking 

experiments, addition of TFIIA induces a rearrangement within TFIID, enhancing 

additional DNA contacts downstream of the TATA element (199). These 

changes likely contribute to the overall affinity and stability of TFIID promoter 

associations. In addition, TFIIA can relieve TAF mediated repression by 

competing with the N-terminal region of TAF1 for TBP binding (141).

Our previous studies demonstrated that TFIIA interacts directly and 

specifically with TFIID specific TAF11 (145). The functional significance of this 

interaction is demonstrated by the observations that TFIIA strains expressing 

mutations that disrupt interaction with TAF11 exhibit conditional growth 

phenotypes and defects in transcription (145). Our studies also show that TAF11 

interaction with TFIIA enhances TFIIA-TBP-DNA complex formation, suggesting 

this protein association has important core promoter functions (145).

To better understand the molecular organization of TFIIA-TFIID 

associations, studies in our laboratory extended the characterization of the 

TAF11-TFIIA interaction to define regions of TAF11 required for this interaction.
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Yeast TFIIA has two subunits, Toa1 and Toa2, which are 32 and 13.5 KDa in 

molecular weights respectively. Previously, we identified mutations in the small 

subunit of TFIIA, Toa2, that affect interaction with TAF11. Specifically, a toa2 

allele containing a single lysine substitution at isoleucine 27 (toa2-l27K) is 

defective for interaction with TAF11 (145). The location of the 127 residue within 

the four-helix bundle domain of Toa2, a region that projects away from the TBP- 

TFIIA-DNA complex, implicates this region as important for interaction with 

TAF11. To further define the TAF11-TFIIA interaction surfaces, toa2-l27K allele 

was employed in a genetic screen to isolate mutants in TAF11 that suppress the 

toa2-l27K interaction defect in a two-hybrid reporter gene context. The objective 

of this study was to isolate TAF11 compensatory mutations that restore 

interaction with toa2-l27K and thus reveal the surface(s) of TAF11 required for 

interaction with TFIIA. A two-hybrid approach was used to exploit the loss of 

interaction exhibited by toa2-l27K to isolate TAF11 compensatory alleles that 

suppress the toa2-l27K interaction defect. In such a screen we identified several 

potential compensatory alleles. From this pool, one of the alleles that had a 

single substitution at the residue E l82 was able to suppress the interaction 

defect of toa2-l27K most strongly in the two-hybrid context. Some times the 

artificial nature of the two-hybrid assay can magnify or diminish protein 

interactions, the use of this assay for isolation of compensatory mutant allowed 

direct isolation of alleles, which specifically restore the interaction with toa2-l27K. 

However, it is essential to establish a compensatory interaction outside the 

context of this artificial reporter gene system. Thus, in the present study we
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employed E182 allele, and integrated it at a chromosomal locus and establish a 

compensatory interaction with toa2-l27K in vivo outside the context of the 

reporter gene.

Out of the 14 TAFs, 9 of them have histone fold domains and 

TAF11/TAF13 pair is one of the well-characterized HFD partner pairs. In 

mammalian system it was established that TAF11 interacts with TAF13 and this 

interaction is mediated through their histone fold domains (HFD) (13). A recent 

study proposes that TAF11 and its dimerization partner TAF13 are required for 

TBP recruitment, and potentially facilitate primary contacts with TBP during 

activator-mediated recruitment (241). In yeast it was also shown that over­

expression of TAF13 could rescue temperature sensitive phenotypes of TAF11 

(143). Thus, there is a strong and functional interaction between TAF11 and 

TAF13. In the present study we show that all the three a helices of TAF11 are 

essential for a functional interaction with TAF13.

It is obvious that TAF11 maintains functional contacts with TFIID either 

via TAF13 or other TAFs. It was pertinent to understand how the alleles isolated 

in the genetic screen affect the interaction capabilities of TAF11 with its 

dimerization partner TAF 13. Thus, all the alleles of TAF11 were subjected for 

interaction test with TAF13 in two-hybrid assays. It was interesting to note that 

none of the alleles were defective for interactions with both TAF13 and Toa2. 

Upon further analysis of all the alleles it was suggested that perhaps TAF11 

interaction with Toa2 and TAF13 is mediated by separate surfaces. Since TAF11 

is highly conserved throughout evolution, the three-dimensional structure of the
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human TAF13/TAF11 heterodimer (13) was used as a template to model the 

location of residues involved in the compensatory interaction. The residue E182 

mapped to a solvent exposed surface within the a-2 helix of the histone fold 

domain (HFD), a surface not involved in dimerization with TAF13 (figure III.1). 

Thus, the region encompassing these residues within the a-2 helix of the HFD 

defines a distinct region of TAF11 important for interaction with Toa2.

The genetic screen clearly implicated a-2 helix of the HFD as the TAF11- 

TFIIA interaction surface. However, it is possible that other regions of TAF11 

might also be required to facilitate the interaction. When the pool of alleles was 

further investigated, some mutations of TAF11 were also contained in a region at 

a distinct distance from the HFD in the N-terminus. Loss of the N-terminus 

resulted in loss of interaction with Toa2. This suggested that a second region of 

TAF11 might also be required for interaction with TFIIA. When the N-terminus of 

TAF11 was deleted, the cells resulted in temperature sensitive phenotypes and 

severe transcriptional defects. Thus suggesting that this region might be 

important for interaction with TFIIA. To attribute the phenotypes to loss of 

interaction with TFIIA, it is essential to establish it is not due to loss of A N 

association with TFIID. To show that a loss of functional interaction between 

TAF11-TFIIA results in conditional growth phenotypes and defects in 

transcription, in the present study we present evidence corroborating that the N- 

terminus is indeed essential for these contacts and removal of residues in N- 

terminus does not result in a destabilized TFIID complex.
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Figure III.1 Crystal structure of human TAF11/ TAF13 heterodimer. TAF11 is 
shown in blue ribbon and TAF 13 is shown in yellow ribbon. The location of the 
residue homologous to the yeast E182 is shown in red.
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III.3 Materials and Methods

lll.3a DNA constructs: Activation domain (AD) hybrids of TAF11 mutant 

derivatives were constructed using primers designed to incorporate changes and 

subcloned using in vivo recombination to the 2^ LEU2 marked vector pACT2.2- 

LEU2 described previously (55, 145, 292). All PCR derived AD plasmids were 

completely sequenced. The DNA-binding domain (DB) hybrid constructs used in 

this study were constructed as previously described (145, 292) using the pPC97- 

TRP1 vector (273). TAPI 1-YCP22 constructs containing the TAP11 derivatives 

driven by the TAP11 native promoter and terminator were generated by PCR 

from genomic DNA. An E00R I site was engineered at the ATG start codon and 

utilized for inserting three Myc epitopes (GEQKLISEEDLN), creating Myc-TAP11- 

YCP22.

Ill.3b Yeast strains: All Saccharomyces cerevisiae strains used in the yeast two- 

hybrid assays and for genetic selection of compensatory mutants and interaction 

studies were transformants of either MaVI 03 (273) or CGI 945 (65). Both strains 

contain the HIS3 reporter but in different promoter contexts as described 

previously (292). The compensatory interaction (in vivo) assay was performed in 

the T0A2 deletion strain expressing Toa2 derivative toa2-l27K described 

previously (145). However, integrating the taf11-E182G derivative at the 

chromosomal locus of TAP11 using a PCR derived fragment containing the 

URA3 gene modified the strain. Viability testing and phenotypic characterization 

of TAP11 mutant derivatives were conducted in YSB366, a derivative of YSB373, 

(relevant genotype MATa, ura3-52, Ieu2, his3 A200, taf11A::LEU2) (143). Co-
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immunoprecipitation experiments were performed In YSB366 that was modified 

by chromosomal Integration of sequences encoding HA epitope at the 3’ end of 

the coding sequence for TAF1. The HA tag was amplified from pFA6a -3HA- 

TRP1 construct using corresponding primers as previously described (169).

111.3c Two-hybrid assays and phenotypic studies: Gal4 DB plasmids and Gal4 

AD plasmids were transformed Into yeast strains CG1945 or MaVI 03 using 

standard lithium acetate transformation. The resulting strains were spotted In 10- 

fold serial dilutions or streaked onto the appropriate selection media that either 

contained or lacked 3-amlnotrlazole (AT) and grown at 30° C for 4-7 days. For 

temperature sensitivity assays, yeast strains were streaked to the appropriate 

media and Incubated at either 30°C or 38°C.

111.3d Protein expression of integrated TAF11 deletion strain YSB366:

Extracts were prepared from strains growing on media containing no histidine 

essentially as described In (44). Approximately 25-30 pg of protein was loaded 

onto the SDS-PAGE gels. Immunoblots were performed using monoclonal 

antibodies directed against HA (BAbCO) at 1:1000 dilution, and the anti-mouse 

secondary antibody (Promega) was prepared at 1:20,000. Signals were 

developed using a chemllumlnlscence kit (Pierce).

Ill.3e Co-immunopreciptiation assays: Co-lmmunopreclpltatlon experiments 

were essentially performed as described previously (66, 191) with a few 

modifications. The TAF11 deletion strain YSB366 was modified by Integration of 

a PCR-derlved HA tag to the C-termlnus of the chromosomal copy of TAF1. 

Modified TAF11 deletion strains expressing epitope-tagged TAF11 derivatives
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were grown in rich medium containing 2% glucose to optical density (600 nm) of 

approximately 1.0. Protein extracts were prepared immediately and precleared 

using 50 pi of protein A- sepharose beads (Pharmacia) for 1 hr at 4°C. Anti-TBP 

or anti-myc antibodies were coupled to protein A-sepharose beads, and protein 

extracts were incubated with 50 pi of antibody-coupled beads at room 

temperature for 2 hrs. Following six washes, the beads were boiled in loading 

buffer, and 15 pi was loaded for SDS-PAGE followed by immunoblot.

III.4 Results

lll.4a Functional interaction between TAF11 and TFIIA: To establish a 

functional interaction between TAF11 and TFIIA, our previous study identified 

taf11-E182G allele that suppresses the interaction defect of toa2-l27K with 

TAF11 (manuscript in preparation). This allele was identified in the context of a 

artificial reporter gene based assay (two-hybrid assay). Flowever, to see if the 

interaction between the two alleles of TAF11 and TFIIA is compensatory in vivo, 

we need to establish this in their natural context in vivo. In which case, taf11- 

E182G should suppress the phenotypes associated with toa2-l27K. To do this, 

we improvised a ‘gene knock in’ technique to replace the chromosomal copy of 

the wild type TAF11 with E182G mutation in a strain harboring the toa2-l27K 

allele. To follow the integration of the point mutant at the chromosomal locus, we 

also integrated a URA3 marker gene at the C-terminus of TAF11 along with the 

point mutant (scheme: figure III.2A). Cells that have the integrated point mutant 

of TAF11 can be selected by the strains ability to grow on media containing no 

uracil.
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TAF 11

URM3.
taf11-E182G
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LEU2 URA3

taf11-E182G

Temp sensitive 
Can grow on SC- URA
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Figure lil.2; Scheme for integration of the taf11-E182G at the chromosomal locus 
in strain harboring toa2-l27K. (A) The compensatory interaction in vivo assay was 
performed in the T0A2 deletion strain expressing Toa2 derivative toa2-l27K, This strain 
was modified by integrating the taf11-E182G derivative at the chromosomal locus of 
TAF11 using a PCR derived fragment containing the URA3 gene. (B) The integration 
of taf11-E182G at the chromosomal locus was identified by PGR amplifying the 
region of TAF11 from 125 aminoacids to the terminator. Lane 0 is a control lane with 
the PCR reaction performed using water as the template. Lane I is the integrated strain. 
Lane NI is non-integrated strain where the product size is smaller, as there is no 
taf11-E182G with URA3 integration.
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The integration was reconfirmed by PCR (figure III.2B). Cells from yeast strains 

expressing either toa2-l27K, which has a wildtype copy of the TAF11 at the 

chromosomal locus or toa2-l27K with taf11-E182G were spotted onto the 

appropriate selection media and incubated at 30°C and 38°C. Consistent with our 

previous observations, the yeast strain expressing toa2-l27K does not grow at 

38°C (figure III.3), however when taf11-E182G is co-expressed with toa2-l27K, 

growth is restored at 38°C (figure III.3). Thus, we conclude that the TAF11 

mutation E182G confers a functional compensatory interaction with toa2-l27K in 

vivo, resulting in the suppression of the temperature sensitive phenotype. Such a 

study is strong evidence for a functional interaction between TAF11 and TFIIA 

via this region.

Ill.4b The N-terminus of TAF11 is important for interaction with Toa2: To

determine if interaction with TFIIA requires additional regions of TAF11 than the 

HFD (figure III.4A), we constructed a series of deletion derivatives encompassing 

TAF11 domains (figure III.4B). Using the yeast two-hybrid assay, TAF11 deletion 

derivatives were tested for interaction with TFIIA (Toa2) and TAF13 (figure

III.4B). As expected, disrupting the HFD by deletion of the a-3 helix, (AC), is 

detrimental for TAF11 interaction with TAF13. Moreover, the AC derivative is 

also defective for interaction with TFIIA further indicating the importance of this 

domain for interaction with TFIIA. In contrast, the TAF11 derivative AN, which 

includes the HFD but is missing the first 73 N-terminal amino acids, can interact 

with TAF13 but is not sufficient for interaction with TFIIA suggesting the N- 

terminal region of TAF11 is also required for interaction with TFIIA.
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Parent strain 
wlthWtTAFU  
& Toa2 (I27K)
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locus & Toa2 (127K)
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Figure ili.3: Compensatory mutant taf11-E182G can suppress conditional 
phenotypes in ceils expressing toa2-l27K. Cells from strains expressing toa2- 
I27K and taf11-E182G were spotted in serial dilutions on the appropriate selection 
media and incubated at 30°C and 38 0. Growth on plates incubated at 38°C 
indicates suppression of the temperature sensitive phenotype.
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Figure III.4: Interaction with TFIIA requires both the N-termlnus and HFD 
of TAF11. (A) Sequence alignment of human and yeast TAF11. The conserved 
regions, which comprise the helices of the HFD are indicated by black boxes. 
(B) The N and C terminal residues are numbered for each deletion construct. 
The ability of deletion constructs to interact with TFIIA and TAF13 are denoted 
with a "+" o r V i a b i l i t y  denotes the growth (+) or no growth (-) phenotype 
of cells when indicated derivative is tested for its ability to cover a genomic 
deletion of TAF11 gene in a plasmid shuffle experiment.

77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Furthermore neither the HFD nor the N-terminus alone is sufficient for TFIIA 

interaction since both AN and AHFD derivatives fail to interact with TFIIA. Taken 

together, we conclude that the HFD is necessary and sufficient for interaction 

with TAF13. However, TAF11 requires both the N-terminus and the HFD for 

interaction with TFIIA.

In order to determine how loss of specific interactions affects TAF11 

function in vivo, we next tested deletion derivatives for their ability to support cell 

viability. TAF11 deletion derivatives were expressed (under the control of an 

endogenous TAF11 promoter and terminator) in a strain in which the 

chromosomal copy of TAF11 had been deleted. There was a strong correlation 

between cell viability and the ability of TAF 11 to interact with TAF13 and TFIIA 

(figure III.4B). That is, TAF11 deletions that disrupt interaction with both TAF13 

and TFIIA were unable to support cell viability. Of particular interest was the 

TAF11 derivative, AN, which supported cell viability yet exhibited a temperature- 

sensitive phenotype. Because this derivative was specifically defective for 

interaction with TFIIA, the inability to grow at the elevated temperature could 

result from loss of this interaction.

111.4c The N-terminus of TAF11 is not required for TFIID integrity: Although 

deletion of the N-terminus of TAF11 does not affect interaction with TAF13 in the 

two hybrid assay, it is possible that the N-terminus is necessary for functional 

contacts within TFIID and the observed conditional phenotype is due to loss of 

the TFIID function. To examine if TFIID integrity is affected by this mutation, co- 

immunoprecipitation assays were performed in yeast strains expressing the wild
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type or the AN TAF11 derivatives first at permissive temperatures. We used 

TAF1 as a marker for TFIID since it is also known as scaffolding TAF and its 

presence in a TFIID preparation is indicative of an intact TFIID complex. 

Availability of antibodies specifically recognizing the TAF1 were not handy and 

developing antibodies to a particular protein would have been a time consuming 

effort. So, we employed a more economical and versatile technique to tag the 

genes of our interest with markers recognized by commercially available 

monoclonal antibodies (169). We integrated a HA tag along with the HIS3 marker 

at the C-terminus of TAF1 at the genomic locus in strains that were expressing 

either the full length or TAF11 deletion strains that had a Myc tag (scheme: figure

III.5A). The integration of the tag is confirmed by the ability of the cells to grow on 

media lacking histidine and also by western blot analysis (figure III.5B). Whole 

cell extracts were prepared from TAF11 strains expressing HA-tagged TAF1 and 

Myc-tagged TAF11 derivatives. Polyclonal antibodies directed at TBP were used 

for immunoprecipitation, and the precipitated complexes were analyzed by 

immunoblot, using monoclonal antibodies against the Myc or HA epitopes. 

Immunoprecipitation by antibodies directed to TBP indicates that wild type TAF11 

associates with both TBP and TAF1 (figure III.6 A and B). In addition, 

immunoprecipitates from the TAF11 strain expressing the AN derivative also 

show association with TBP and TAF1 indicating that the intactness of TFIID is 

not affected by loss of the N- terminus (figure III.6A and B). These results 

indicate that deletion of the N-terminus of TAF11 does not affect TFIID integrity.
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PAGE gel (7.5%)

Figure III.S; Chromosomal integration of HA-tag and HIS3 marker at the 
C-terminus of TAF1. (A) Representation of the strains used to tag the markers 
at the chromosomal location of TAF1 in strains expressing wild type or N-terminus 
deleted TAF11. For the purpose of co-immunoprecipitation experiments, YSB 366 
strain was used, which has TAF11 deleted from the chromosomal location and was 
supported by either full length TAF11 (Myc) of deletion N derivative (Myc) on a plasmid 
copy. These strains were modified by chromosomal integration of sequences 
encoding the HA epitope at the 3' end of the coding sequence of TAF1. The HA 
tag was amplified from pFA6a-3HA-TRP1 construct using corresponding primers 
as described earlier. (B) The integration of the HA tag in the YSB 366 strain was 
confirmed by western blot analysis. Protein extracts (25 pg) from strains harboring 
the integrated HA tag were loaded on the gels and signals were detected using 
antibodies directed against the HA epitope. Lanes (1-4) show four different strains 
that have integrated tags. Lane 5 is a control strain showing no integration of HA.
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Figure III.6: TAF11 N-terminal deletion (74-347) is stably associated 
with TFIID in vivo at 30 C. (A) Co-immunoprecipitation was performed on 
cell extracts from strains expressing HA-tagged TAF1, Myc-tagged TAF11 
derivatives or untagged vector alone. Complexes were immunoprecipitated 
(IP) by using polyclonal antibodies to TBP. Immunoprecipitated complexes 
were resolved by SDS-PAGE and probed by using antibodies to detect signals 
for TAF1 and TAF11. Input from each extract (Load) and sample of antibody 
conjugated protein-A beads (beads) are indicated. (B) Co-immunoprecipitation 
w as performed In a similar fashion as above. Here Myc antibodies were used 
for immunoprecipitation. A similar immunoblot analysis detects the signals 
for TAF 1.
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Therefore, the phenotype exhibited by strains expressing AN-TAF11 derivative is 

very likely due to loss of its interaction with TFIIA.

Ill.4d The N-terminus of TAF11 does not affect the stability of TFIID at 

elevated temperatures: We observed that the AN derivative of TAF11 had a 

temperature sensitive phenotype. It was essential to see the stability of the TFIID 

complex at elevated temperatures (38°C). To do this assay we collected the 

whole cell extracts from the TAF11 strains expressing FIA-tagged TAF1 and Myc- 

tagged TAF11 derivatives in the same fashion as indicated above. However, one 

hour prior to collecting the cells for the whole cell extraction process, the strains 

were subjected to growth at 38°C for 60 minutes. The immunoprecipitations were 

followed in similar fashion as above and further subjected to western blot 

analysis. At higher temperatures (38°C) we show that the TFIID integrity is not 

compromised (figure III.7A and B). Thus, even at higher temperatures, it is clear 

that the conditional growth defect of AN-TAF11 can be attributed to the loss of its 

interaction with TFIIA and not due to a destabilized TFIID complex.

111.5 Discussion

Previous isolation of TAF11 compensatory mutants confirmed that toa2-l27K is 

specifically defective for interaction with TAF11 and it effectively maps the TAF11 

interaction surface to the four-helix bundle domain of TFIIA, a surface not 

involved in interaction with TBP or DNA. In addition, TAF11 compensatory 

mutants identified regions of TAF11 required for the TFIIA interaction. Through 

the analysis of over- represented mutations, this study identified single 

substitutions that restore interaction with toa2-l27K and function in vivo by
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Figure ili.7: TAF11 N-terminal deletion derivative (74-347) is stably associated 
with TFIID in vivo at ZtPc. (A) Co-immunoprecipitation was performed on 
cell extracts from strains expressing HA-tagged TAF1, Myc-tagged TAF11 
derivatives or untagged vector alone. Complexes were immunoprecipitated 
(IP) by using polyclonal antibodies to TBP. Immunoprecipitated complexes 
were resolved by SDS-PAGE and probed by using antibodies to detect signals 
for TAF1 and TAF11. Input from each extract (Load) and sample of antibody 
conjugated protein-A beads (beads) are indicated. (8) Co-immunoprecipitation 
was performed in a similar fashion as above. Here Myc antibodies were used 
for immunoprecipitation. A similar immunoblot analysis detects the signals 
for TAF 1.
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suppressing the temperature sensitive phenotype caused by loss of interaction 

between TFIIA and TAF11. Moreover, mapping the location of these 

compensatory mutations to the surface of the structurally defined a-2 helix within 

the HFD implicates the involvement of this region for interaction with TFIIA.

The predominance of HFD in TAFs and the identification of TAF-TAF 

dimers has led to the proposal that, like histones, the HFD of TAFs dictate 

dimerization specificity. Recently, we, as well as others, demonstrate that this 

domain provides an accessible surface for other TAF-TAF interactions, which are 

important for transcription (74, 292). In this study, we also show that the HFD of 

TAF11 can mediate interactions with both TAF13 and TFIIA. Furthermore, this 

data suggests that the accessibility of HFDs in TFIID may extend to additional 

protein interactions required for efficient initiation complex assembly. These 

findings are further supported by studies of human TAF11, which show that 

mutations in residues on the solvent exposed surface of the a-2 helix abolish 

synergistic transcription activation by nuclear receptors (151). Interestingly, the 

residues implicated for this activity correspond to the same residue we identified 

as important for interaction with TFIIA (E l82), indicating the functional 

importance of this interaction surface in the human system.

In addition to the HFD, TAF11 mutational analysis indicated that the N- 

terminus also provides an important surface for TFIIA interaction. Mutations at 

specific N-terminal residues and deletion of the first 73 N-terminal residues result 

in loss of interaction with TFIIA. Cells that expressed the TAF11 derivative AN 

(lacking the 73 N-terminal residues), were temperature sensitive and exhibited
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transcription defects at a number of Pol II transcribed genes. We confirmed that 

deletion of these N-terminal residues does not alter TAF11 interactions within 

TFIID, since cells expressing this TAF11 derivative can associate with TAF1 and 

TBP. In addition, two-hybrid analysis determined that interaction with TAF13 was 

not affected by this mutation. Although we cannot rule out that other TAF11 

interactions might be affected by the N-terminal deletion, loss of interaction with 

TFIIA could contribute to the conditional growth defects and impaired 

transcription observed. These findings are consistent with the defects observed 

when TAF11-TFIIA interaction was disrupted by mutations in Toa2 (145).

The characterization of the TAF11-TFIIA interaction presented here clearly 

defines regions within both proteins important for this association. Combined 

with structural information presented in a number of studies, this new data 

provides the foundation for understanding the molecular architecture and 

organization of TFIIA-TFIID-promoter complexes. We have demonstrated in an 

earlier study that TAF11 interaction with TFIIA has a mechanistic role during 

complex formation, and loss of interaction results in molecular defects that affect 

cell growth and transcription in vivo. In the present study we precisely show that 

TAF11 via two distinct regions interacts with TFIIA. We also show that there is an 

in vivo mechanistic functional correlation between TAF11 and TFIIA. Taken 

together, the data presented in this study provides further evidence that TAF11 

can serve as a functional link between TFIIA and TFIID.

III.6 Acknowledgements: Drs. Ryan Ranallo and Mary Robinson, both 

performed the study presented in figure 111.3. Dr. Mary Robinson performed the
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Chapter IV

Functional characterization of M0T1 i n  v iv o .

This chapter focuses on M0T1, a known regulator of transcription. Previous in

vitro experiments on M0T1 show that It Interacts with TBP and dissociates it from

DNA, thus M0T1 was generally assigned a negative function with regard to

transcription. However, recent gene array analysis has shown that M0T1 can

affect transcription both positively as well as negatively. Chromatin

Immunoprecipitation analyses have shown that M0T1 Is localized to genes that It

both positively and negatively regulates. Thus, the role of M0T1 in vivo Is still

unclear. To understand the in vivo function of M0T1 more clearly, we have

tethered It to a DNA binding domain and recruited It to test promoters and studied

Its effects. The work presented In this chapter has provided us Insights Into

MOT 1 function and furthered our understanding of Its mechanistic role. This

work was done In collaboration with Dr. David Auble, a pioneer In the area of

MOT 1 research and Is a co-author on our manuscript. This work Is In conjunction

with my primary Interest on TBP associated factors. I have performed all the

experiments, created all the figures, and written the manuscript. Once published

the literature citation would be as follows for the paper:

MOT1 represses transcription when recruited to a promoter in vivo. 
Yatherajam.G, Auble. DT and Stargell.LA.
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IV. 1 Abstract

MOT 1 is an essential TBP associated factor that belongs to the Snf2/Swl2 

ATPase family of proteins. In vitro, M0T1 utilizes its inherent ATPase activity to 

dissociate TBP from DNA, suggesting a role in repression in vivo. Studies have 

established that M0T1 regulates transcription both positively as well as 

negatively. Previously, there has been no direct in vivo assays that could 

differentiate MOTTs functional ability to repress transcription. Here we present 

an in vivo system to further investigate M0T1 function. We demonstrate that 

artificial recruitment of M0T1 to a test promoter results in repression of 

transcription. In addition, this effect is independent of the DNA-binding domain 

used to target M0T1, as well as the test promoter. We also show that repression 

by MOT 1 is dependent on its inherent ATPase function and the ability to 

physically interact with TBP. Surprisingly, the occupancy of TBP is not 

substantially altered at the promoter when M0T1 is targeted and is repressing 

transcription. This indicates that TBP occupancy does not correlate with the 

transcriptional output at these test promoters in the presence of M0T1. Thus, 

M0T1 does not necessarily repress transcription by occluding the binding of TBP 

or dissociating the TBP that is already bound. Repression at these test promoters 

could in fact be a more direct effect of M0T1 compromising the functional ability 

of TBP to promote transcription. Thus our studies provide further insights into the 

mechanism of M0T1 action.
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IV.2 Introduction

TBP is a global factor required for eukaryotic transcription. Binding of TBP to the 

TATA element is the first and a major rate-limiting step in transcription initiation 

(17, 45, 269). In addition to TBP participation at this initial stage of transcription, 

TBP associated factors (TAFs) also regulate transcription initiation. TAFs have 

both positive and negative roles in the regulation of transcription initiation. TBP 

associated factors present in B-TFIID and NC2-TBP complexes are known to 

effect transcription negatively. M0T1 (Modifier Of Transcription 1, (51)) is a TAF 

present as a component of an alternate form of TFIID, B-TFIID (212, 261). M0T1 

was isolated in genetic screens as a mutation that led to an increase in the basal 

level expression of several pheromone responsive genes in the absence of a 

trans-activator as well as pheromones (51). In an additional genetic screen,

M0T1 was also isolated as a trans-acting factor that affects DNA polymerase a 

and 6 essential genes (209). M0T1 is an essential gene and in yeast it encodes 

a 210 KDa protein, which is conserved from yeast to mammals (51).

In vitro studies have shown that M0T1 forms a stable complex with TBP in 

solution and on promoter DNA (6). M0T1 utilizes ATP hydrolysis to dissociate 

TBP from DNA (7). This ability to dissociate TBP is associated with repression of 

basal and activated Pol II gene transcription (7). As such, the classical role of 

M0T1 has been as a transcription repressor, however recent microarray 

analyses have shown that M0T1 regulates transcription both positively and 

negatively (50, 82). In addition to these large scale profiling studies, others have
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also shown that when used In small amounts, MOT 1 activates transcription in 

vitro (193). A few genetic characterization studies on M0T1 have shown that 

mutations in M0T1 resulted in decreased transcription of certain genes (36, 172) 

thus positively effecting the Pol II mediated gene transcription.

It is puzzling that M0T1 is associated with genes that are both positively 

as well as negatively regulated (82). This indicates that M0T1 may participate 

directly in both transcription activation as well as repression (50, 82). ATPase 

function of M0T1 seems to be inherent for its dual functions in vivo (50, 92). It is 

very important to separate transcription activation function from repression of 

M0T1 in vivo, to better understand how it accomplishes these two independent 

tasks and to see if one is a more direct effect than the other.

In an effort to understand M0T1 function more precisely in vivo, we 

targeted M0T1 to a test promoter by tethering it to a DNA binding domain of a 

transcription factor. Using this system we establish that targeting M0T1 to DNA 

results in repression of transcription. This repression is independent of the 

context of the test promoters as well as the fusion construct designs. In addition, 

repression is dependent on the ATPase function of M0T1 and ability of M0T1 to 

interact with TBP. Strikingly, we see that TBP is occupied/present at these test 

promoters in the presence of M0T1 even though transcription is repressed. It is 

interesting to note that in the case of wild type and M0T1 alleles defective for 

ATPase function and ability to interact with TBP, the transcriptional output does 

not correlate with TBP occupancy. Based on these results we hypothesize that 

MOT 1 compromises the functional ability of TBP. Thus resulting in repression of
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transcription by affecting the TBP activity. This system provides us insights into 

M0T1 function and also is a technique to identify factors that might be involved in 

this pathway.

IV.3 Materials and methods

IV.3a DNA constructs: Full length M0T1 (cloned by homologous recombination 

from the genomic DNA) and the mutants of M0T1 (subcloned from PRS 

backbone vector) were made as fusions to the DNA binding (DB) region of GAL 4 

activator (residues from 1-147) in a pPC97-TRP1. The vector pPC97 (CEN, 

TRP1) also contains an ADH1 promoter and a nuclear localization sequence. 

Mutants of M0T1 (K1303A (7) and M0T1 allelel-260 (49)) were subcloned into 

the pPC97 vector backbone. LexA fusions of the full length M0T1 were 

subcloned into a BTM116 (2fx, TRP1) (122) as fusions to the E.coli protein LexA. 

BTM116 also has an ADH1 promoter and terminator. For the plasmid based 

artificial recruitment assays, a YCP111 vector which contains a LEXA operator 

fused to the HIS3 gene was used.

IV.3b Yeast Strains: MaV103 strain (273) is essentially a two-hybrid strain 

having two reporter genes {HIS3 and URA3) fused upstream with the DAS of 

GAL that contains the binding sites for the GAL4 activator. GAL4 and GAL80, 

which are the regulators of this region have been deleted from the strain.

CG1945 (Clontech) is also a similar two-hybrid strain with two reporter genes a 

H/S3 and a LACZ gene. BY4741 strain, which was used for our artificial 

recruitment assays that were plasmid driven for the reporter gene had a 

genotype of (MATa his3A1, leu2A0, metlSAO, ura3A0).
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IV.3c Protein expression: Extracts were prepared from strains harboring the 

indicated plasmid constructs essentially as described (44). Approximately 20-25 

pg of the protein was loaded onto SDS-PAGE gels. Immunoblotting was 

performed using monoclonal antibodies directed against the HA (BabCO) epitope 

tag present in the vectors at 1:1000 dilution. The blot was further probed with 

anti-mouse secondary antibody (Promega) at a dilution of 1:20,000. Signals were 

further developed using a chemiluminiscence kit (Pierce).

IV.3d 81 nuclease transcription assays: 81 nuclease analyses were 

conducted as described (123). Cultures were grown to an optical density (600 

nm) close to 1.0 and RNA was prepared by hot phenol extraction and quantitated 

spectrophotometrically at 260 nm. Hybridizations with excess probe were 

normally done with 25-30 pg of RNA overnight at 55°. 81 nuclease digestion was 

performed on the hybridized samples for 3 0 ^ 5  min at 37°. Band intensity was 

normalized to the intensity of the tRNA band of each panel. Quantitation of the 

signals was done by using Image Quant software.

iV.3e Co-lmmunopreclpitation assays: Co-immunoprecipitation experiments 

were performed essentially as described previously (189) with a few 

modifications. Cultures were grown to an optical density (600 nm) of 1.0 in rich 

medium containing 2% dextrose. Cell extracts (300 pg) were used immediately 

following preparation and were precleared by incubation with 50 pi plain protein 

A-sepharose beads (Pharmacia) for 1 hr at 4°. A small sample was taken after 

the preclear step to provide a load control. Anti-TBP antibodies were coupled to 

protein A-sepharose beads, and the remaining extract was incubated with 50 pi
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of these coupled beads for 2 hr at room temperature. After six washes, the beads 

were boiled in loading buffer and 15 pi was loaded for SDS-PAGE, followed by 

immunoblot analysis.

IV.3f Chromatin Immuncpreclpitaticn assays: Chromatin 

immunoprecipitations were performed as described in (249) with few 

modifications. Cells (150 ml) were grown to an O.D between (0.8-1.0) at 600 nm. 

Cells were treated with a final concentration of 1% formaldehyde for 15 minutes 

with occasional swirling of the flasks at intervals of 5 minutes. Glycine was added 

to a final concentration of 125 mM at room temperature for 5 minutes to stop 

crosslinking. Cells were collected and washed twice in ice cold TBS. Cells were 

resuspended in lysis buffer (500 pi of Lysis buffer for a total of 50 ml of cell 

culture). Chromatin was sheared by sonication using a Branson W-350 model of 

sonifier (10 times at 10 seconds each on continuous pulse at a microtip power 

setting of 6). Input controls were 10% of the chromatin material used for the 

immunoprecipitation and were processed after reversing the cross-links and 

purifying the DNA. 500 pi of the chromatin material was incubated with 

approximately 5 pi of TBP antibodies by rotation overnight at 4°C. Protein-A 

sepharose beads (Pharmacia-prepared as slurry as per the manufacturers 

directions) was further incubated with the chromatin material for 2 hours at 4°C. 

The beads were spun down and the antigen-antibody complexes bound to the 

beads were recovered and further treated with TE/SDS buffer for 15 minutes at 

65°C to elute the complexes. Protein-DNA cross-links were reversed by 

incubation overnight at 65° and the DNA was purified by phenol-chloroform
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extraction and used for the PCR analysis.

PCR reactions were carried out in a total volume of 50 pi. Different template 

amounts from the immunoprecipitated material was used to determine the linear 

range of the PCR reaction. The samples were run on 1% agarose gels and 

ethidium bromide stained. Image was captured on to the computer and quantified 

using Image Quant software analysis to detect the strengths of various signals. 

No antibody samples and strains with no plasmid transformation were used as 

controls. Primers for the PCR were designed at the promoter region of the 

reporter gene encompassing the start site of the HIS3 gene and 250 bases away 

from the start site. As a control promoter of the ADH2 gene was amplified. Since 

the cells were grown in presence of glucose, there should be essentially no 

signal for the ADH2 promoter.

IV.4 Results

IV.4a M0T1 represses transcription when targeted to a test promoter: A

system was designed to determine the effect on transcription of directly targeting 

M0T1 to a promoter in vivo. To accomplish this, M0T1 was fused to the DNA 

binding domain (DB) of the GAL4 transcription factor (DB-M0T1). DB-M0T1 was 

recruited to a test promoter, via binding sites for DB. MaV103 strain (273) has a 

HIS3 reporter gene fused with the binding sites for DB (67). Thus, the HIS3 gene 

is completely under the control of the plasmid driven DB or DB-M0T1. Proper 

expression of these proteins was confirmed by performing western blot analysis 

with antibodies directed against the HA epitope tag (figure IV. 1).
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Figure IV.1: Expression of MOT1 fusion constructs in vivo.
Protein extracts (25|j.g) from strains harboring the indicated 
derivatives were loaded onto 7.5% SDS-PAGE gels. Expressions 
were detected using antibodies directed against the HA epitope tag.
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The ability of this fusion construct to affect the expression of HIS3 was checked 

by growth on media containing the competitive inhibitor of the HIS3 gene 

product, 3-Amino triazole (AT) (figure IV.2A). The construction of this reporter 

gene allows for a very minimal amount of HIS3 gene expression in the presence 

of DB (control). In the case of DB-M0T1, this strain was unable to grow on AT 

containing media (figure IV.2A). This suggests that when M0T1 is targeted to 

this promoter it represses the expression of the gene. This is in contrast to the 

results obtained with the majority of the TAFs in TFIID, which when targeted to a 

test promoter in similar fashion were capable of positively effecting the 

expression of the reporter gene (292). However, in the present study a similar 

targeting of M0T1 that is also a TAF, albeit present in a different complex of 

TFIID (212, 261) affected the expression of the reporter gene in a negative 

fashion.

To determine if the growth on AT is mirrored at the level of transcription, 

SI nuclease assays were performed and the abundance of the transcripts was 

measured directly. We observed two-three fold decrease in the transcription of 

HIS3 in the case of DB-M0T1 in comparison to the DB alone (figure IV.2B). This 

clearly established that targeting M0T1 to a test promoter resulted in repression.

To determine that the repression effect was a direct result of targeting 

MOT 1 to the HIS3 gene and not due to a non-specific binding effect or a general 

effect by DB-MOT1, levels of transcription from the PGK1 gene that did not 

harbor any upstream binding sites for DB was measured.
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Figure IV.2: Repression by M0T1 upon targeting to the test promoters.
(A) Growth phenotypes of strains bearing plasmids DB and DB-M0T1 in 
MaV103 strain. These strains were assayed for ability to grow on AT containing 
media (5 mM). Cell growth on AT is indicative of expression of the HISS reporter 
gene. Yeast growth in each panel is a serial dilution of same amount of cells.
Growth on regular media for selection of plasmids is also shown. (B) Transcription 
analysis of the HIS3 reporter gene. HIS3 mRNA levels of the strain harboring 
indicated plasmids was analyzed by the 81 nuclease method using 25 pg of the 
total RNA. The total RNA was hybridized to th ^ ^  labeled HISS probe and tRNA 
probe. This was further treated with SI nuclease enzyme to digest the single strand 
nucleic acids and the undigested DNA was further resolved on denaturing PAGE 
gel."tRNA was used as a load control. (0) Transcription analysis of the PGK1 gene. 
Similar to panel B, transcription analysis was performed at the PGK1 gene using the 
probes directed against it. The strains harboring the indicated plasmids were 
processed for the total RNA and using SI nuclease assay the transcript levels of the 
PGK1 gene was detected.lRNA was used as a load control.
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There was no decrease in transcript levels of PGK1 from DB-MOT 1 strain in 

comparison to DB (figure IV.2C). Thus the repression effect we saw earlier at our 

test promoter was specifically due to the targeting of MOT 1.

IV.4b Repression Is recruitment dependent: One might argue that expressing 

a DNA binding domain tethered M0T1 in normal cells would result in additional 

copies of M0T1 overall, thus, resulting in deleterious effects on cell growth and 

adverse effects on transcription by sequestering TBP in vivo. To determine if that 

was the case and if over expression of MOT 1 resulted in any non-specific effects 

on transcription, we removed the DNA binding domain from the fusion construct 

and expressed M0T1 in the cells. The expression level was similar to the fusion 

construct (figure IV.1). Such a M0T1 was checked for cell growth on AT (figure

IV.3A). Growth on AT is indicative of no repressive effect on HIS3 expression. 

There was no change in the transcript levels of HIS3 and PGK1 (figure IV.3B and 

3C). It was clear that the specific targeting of the M0T1 directly affected the 

transcription repression and this was not due to any other indirect effects or over 

expression of MOT 1.

IV.4c Targeted repression by M0T1 Is not promoter or fusion construct 

specific: Previous studies have shown that effect of M0T1 on transcription was 

variable based on the strength of the TATA and the gene (36, 82). To see if the 

repression effect is test promoter or fusion construct specific, first, we targeted 

M0T1 to a HIS3 gene (CG1945-Clontech), which contains the promoter element 

derived from the GAL gene instead of the HIS3. Similar to earlier case and as we 

predicted, we see that M0T1 was still able to repress transcription (figure IV.4A).
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Figure IV.3: Overexpression of M0T1 does not result in repression.
(A) Growth phenotypes of strains bearing piasmids DB and M0T1 in 
MaV103 strain. These strains were assayed for ability to grow on AT containing 
media (5 mM). Cell growth on AT is indicative of expression of the HISS reporter 
gene. Yeast growth in each panel is a serial dilution of same amount of cells.
Growth on regular media for selection of plasmids is also shown. (B) Transcription 
analysis of the HIS3 reporter gene. HIS3 mRNA levels of the strain harboring 
indicated plasmids was analyzed by the 81 nuclease method using 25 pg of the 
total RNA. The total RNA was hybridized to the^^ labeled HISS probe and tRNA 
probe. This was further treated with Si nuclease enzyme to digest the single strand 
nucleic acids and the undigested DNA was further resolved on denaturing PAGE 
gel.*tRNA was used as a load control. (0) Transcription analysis of the PGK1 gene. 
Similar to panel B, transcription analysis was performed at the PGK1 gene using the 
probes directed against it. The strains harboring the indicated plasmids were 
processed for the total RNA and using SI nuclease assay the transcript levels of the 
PGK1 gene was detected.*tRNA was used as a load control.
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Figure iV.4: M0T1 repression is a generai effect. (A) Growth phenotypes 
of strains bearing plasmids DB, DB-M0T1 in CG1945 strain that has a HIS3 
reporter gene with binding sites for GAL4 DNA binding domain and GAL TATA. 
These strains are assayed for ability to grow on media containing no histidine.
Cell growth on media with no histidine is indicative of expression of the HIS3 
reporter gene. Yeast growth in each panel is a serial dilution of same amount 
of cells. Growth on regular media for selection of plasmids Is also shown.
(B) Growth phenotypes of strains bearing plasmids LEXA and LEXA-MOT1 
in strain that has plasmid driven HISS reporter gene with LEXA operator upstream. 
These strains were assayed for ability to grow on AT containing media (20mM). 
Cell growth on AT is indicative of expression of the HIS3 reporter gene.

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To see if the repression effect is fusion construct specific, we have also used a 

LexA (bacterial protein) fusion of the wild type M0T1 instead of the DB fusion 

and targeted it to a plasmid based reporter gene. This reporter gene, unlike the 

previous two reporter genes, is plasmid based and contains a LexA operator 

upstream of the HIS3 gene. When LexA or LexA-M0T1 were transformed into a 

strain containing the LexA operator fused to the HIS3 and were assayed for the 

cells ability to grow on AT containing media, it was clear that similar to previous 

case we see repression of transcription by DB-M0T1 (figure IV.4B). Thus, M0T1 

dependent repression of transcription was independent of the test promoter 

context or the fusion domain.

IV.4d ATPase function of MOT1 is required for transcription repression:

M0T1 belongs to a Swi2/Snf2 family of the ATPase dependent proteins (51). 

Several studies since have shown that ATPase activity of M0T1 is inherent for its 

functional ability to dissociate TBP from DNA in vitro. However it is unclear if the 

ATPase function is required for transcription repression. To test if the ATPase 

function of M0T1 is required for repression function in vivo, we made a DB fusion 

of a point mutant of MOT 1 -K1303A (7) similar to the wild type. MOT 1 -K1303A 

was shown to be inactive for dissociating the TBP from DNA in vitro (7). DB- 

MOT 1 (K1303A) when targeted to the test promoter was incompetent for 

repressing transcription, indicating that repression effect is ATP dependent 

(Figures IV.5A, B and C).
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Figure IV.5: No repression of transcription by M0T1 (K1303A), upon targeting 
to the test promoters. (A) Growth phenotypes of strains bearing plasmids DB and 
DB-MOT1 (K1303A) in MaV103 strain. These strains were assayed for abiiity to grow 
on AT containing media (5mM). Cell growth on AT is indicative of expression of the HIS3 
reporter gene. Yeast growth in each panel is a serial dilution of same amount of ceils. 
Growth on regular media for selection of plasmids is also shown. (B) Transcription 
analysis of the HIS3 reporter gene. HIS3 mRNA levels of the strain harboring 
indicated plasmids was analyzed by the S1 nuclease method using 25 pg of the 
total RNA. The total RNA was hybridized to the^^’ labeled HIS3 probe and tRNA 
probe. This was further treated with SI nuclease enzyme to digest the single strand 
nucleic acids and the undigested DNA was further resolved on denaturing PAGE 
geftRNA was used as a load control. (C) Transcription analysis of the PGK1 gene. 
Similar to panel B, transcription analysis was performed at the PGK1 gene using the 
probes directed against it. The strains harboring the indicated plasmids were 
processed for the total RNA and using S1 nuclease assay the transcript levels of the 
PGK1 gene was detected*tRNA was used as a load control.
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We also performed co-immunopreclpitation assays with DB-M0T1 and DB- 

M0T1 (K1303A) to see their interaction profiles with TBP. Protein-A Sepharose 

beads were conjugated to TBP and incubated with the whole cell protein extracts 

of the strains harboring the wild type and the mutant of M0T1. It was interesting 

to note that both wild type and K1303A mutant were enriched in the 

immunoprecipitated samples for their presence in comparison to the load 

controls (figure IV.6). This indicates that both the wild type and the K1303A 

fusion constructs were competent for interactions with TBP.

To compare our results of M0T1 and M0T1 (K1303A) with known 

transcription factors like FOS and TAF2, we made similar fusion constructs and 

targeted them to the test promoter. When we compare the level of activation we 

get from these factors (figure IV.7) it was clear that the expression of HIS3 by 

DB-M0T1 (K1303A) is reversed for the repression of transcription but does not 

activate transcription as DB-FOS or DB-TAF2. DB-M0T1 (K1303A) behaves 

essentially like DB, thus, was dead for any effects on transcription in our system.

IV.4e Repression Is dependent on the ability of M0T1 to Interact with TBP:

It has been well characterized that the ability of MOT 1 to dissociate TBP from 

DNA is dependent on its interaction with TBP (1, 8, 207). We used a mutant of 

MOT 1 that was deleted for 94 amino acids towards the N-terminus, which was 

shown to be incompetent for supporting the cell viability (49). The same study 

shows that this allele was defective for interaction with TBP and also the 

dissociation of the TBP-DNA-M0T1 ternary complex in vitro.
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Figure iV.6: interaction of M0T1, MOT1(K1303A) and MOT1(1-260) alieies 
with TBP. Co-immunoprecipitation assay was performed on celi extracts from 
strains expressing DB (vector), DB-M0T1, DB-M0T1 (K1303A) and 
DB-M0T1 (1-260) by using antibodies directed against TBP. immuno­
precipitated complexes (IP) were resolved by SDS-PAGE and probed by 
immunoblot analysis using moclonal antibodies specific to HA. Input 
from each extract (Load) is indicated. Immunoblot analysis for the 
presence of TBP was performed as a control.
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Figure IV.7: Comparisorr of fusion constructs of M0T1 and fusion constructs 
of other known transcription activators. Growth phenotypes of MaV103 
strains bearing plasmids DB, DB-M0T1, DB-M0T1 (K1303A), DB-TAF2 and 
DB-FOS. These strains were assayed for ability to grow on AT containing media 
(5mM). Cell growth on AT is indicative of expression of the H/S3 reporter gene. 
Yeast growth in each panel is a serial dilution of same amount of cells. Growth on 
regular media for selection of plasmids is also shown.
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We tethered this particular mutant to the DB and targeted it to DNA to check its 

effect at the test promoter. The advantage of our system is that, we can still use 

this allele in our in vivo assay and essentially not disturb the normal physiology of 

the cell. Expression of this fusion construct was also confirmed by performing 

western blot analysis (figure IV.1).

We assayed for cell growth on media containing AT (figure IV.8A). We 

show that this allele is defective for the repression of transcription. We also 

measured the transcription levels of the HIS3 gene to make sure that the 

repression is at the transcription level and specificity (figure IV.8B and IV.8C).

We see that similar to the case of M0T1 (K1303A) mutant, the M0T1 (1-260) 

was unable to repress transcription. This indicates that a physical association 

between M0T1 with TBP is essential for repression of transcription function.

When co-immunoprecipitation assays were performed with DB-M0T1 (1- 

260), there was no enrichment of the signals in the IP samples (figure IV.6). In 

comparison to DB-M0T1 and DB-M0T1 (K1303A), DB-M0T1 (1-260) does not 

show an enrichment of signals when immunoprecipitated with TBP antibody 

bound beads. An enrichment of signal in the IP sample compared to the load is 

indicative of an association between TBP and the M0T1 constructs. Previous 

studies have shown that three regions in the N-terminus of MOT 1 are involved in 

interaction with TBP (207). The small interaction signal that we see may be due 

to some weak interactions still maintained by other regions of M0T1 (figure IV.6).
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Figure IV.8: No repression of transcription by M0T1 (1-260) allele on targeting to 
the test promoter. (A) Growth phenotypes of strains bearing plasmicis DB and 
DB-M0T1 (1-260) in MaV103 strain. These strains were assayed for ability to grow on 
AT containing media (5mM). Cell growth on AT is indicative of expression of the HIS3 
reporter gene. Yeast growth in each panel is a serial dilution of same amount of cells. 
Growth on regular media for selection of plasmids is also shown. (B) Transcription 
analysis of the HIS3 reporter gene. HIS3 mRNA levels of the strain harboring 
indicated plasmids was analyzed by the SI nu^ease method using 25 pg of the 
total RNA. The total RNA was hybridized to the P labeled HIS3 probe and tRNA 
probe. This was further treated with 31 nuclease enzyme to digest the single strand 
nucleic acids and the undigested DNA was further resolved on denaturing PAGE 
gel.lRNA was used as a load control. (C) Transcription analysis of the PGK1 gene. 
Similar to panel B. transcription analysis was performed at the PGK1 gene using the 
probes directed against it. The strains harboring indicated plasmids were 
processed for the total RNA and using SI nuclease assay the transcript levels of the 
PGK1 gene was detected.^tRNA was used as a load control.
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IV.4f TBP occupancy at genes targeted by M0T1 : To further shed light on 

mechanism of M0T1 action at these test promoters, chromatin 

immunoprecipitation assays were performed in strains harboring the DB and DB 

fusion constructs of M0T1. Upon immunoprecipitation using TBP antibodies, the 

DNA protein cross-links were reversed and the reporter gene was amplified. 

Efforts to amplify the binding sites of GAL4 to the start site of HIS3 failed. These 

attempts resulted in amplification of several random and non-specific products. 

Thus, we used primers to amplify the reporter gene from HIS3 start site to 250 

bases downstream of the start site. Since, we were in the window of 500 bp from 

the GAL4 binding site, the quantitation should provide us an approximate 

measure of TBP binding within this region.

In strains harboring DB alone, the TBP occupancy at the reporter gene 

was minimal, reminiscent of low levels of transcription. Based on the in vitro 

studies one would hypothesize that DB-M0T1 would cause lower occupancy of 

TBP compared to DB, since M0T1 would dissociate TBP from DNA. However, 

quite contrary to this hypothesis, we see that strains harboring DB-M0T1 did not 

have diminished TBP occupancy compared to DB alone (figure IV.9). This result 

indicates that the tethered MOT 1, when targeted to DNA was repressing 

transcription in a way that did not correlate directly with TBP dissociation from 

DNA. Owing to the fact that DB-M0T1 exhibited 2-3 fold decreased transcription 

compared to DB alone and no decrease in TBP occupancy we reached at a 

probable conclusion for the mechanism of MOT 1 action at these test promoters. 

We propose that M0T1 at these test promoters compromises the activity of TBP
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Figure IV.9; Occupancy of TBP at the reporter gene . Chromatin immunoprecipitation 
from strains bearing the indicated plasmids was performed using polyclonal antibodies 
directed against TBP. Top panel indicates the amplification of the reporter gene product 
of the total input control, which was 10% of the chromatin used for immunoprecipitation. 
Middle panel is amplification of the reporter gene using no antibodies and the lower 
panel is for the IP material. Aprroximately a 250 base pair product is visualized by 
running a small amount of the total PCR reaction mixture on 1% agarose gel and further 
stained with ethidium bromide dye. Fold change in occupancy was calculated from the 
values obtained by IP/Input ratios in each category. The value obtained for the vector alone 
(DB) was subtracted from the value obtained by IP/Input ratios in each category to show 
the fold change in TBP occupancy.
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such that now there is repression of transcription. This may be one way by which 

M0T1 represses transcription and falls in line with the studies which show that 

TBP is still occupied both at promoters that are positively and negatively 

regulated by M0T1 (82).

In case of the DB-M0T1 (K1303A), we see a slightly increased TBP 

occupancy (figure IV.9). However, In spite of a difference in TBP occupancy 

levels between the strains harboring DB and DB-M0T1 (K1303A), their 

transcriptional outputs are similar. This further strengthens our prediction that 

probably M0T1 has an ability to inactivate TBP in a fashion so as to affect the 

transcriptional output. In case of DB-M0T1 (1-260), we see very less TBP 

occupancy similar to the DB control (figure IV.9). This would indicate that infact 

the N-terminus is essential for loading of TBP onto the DNA. We also checked 

the TBP occupancy of a known transcription activator, FOS. We saw that there is 

a high TBP occupancy (figure IV.9), and directly correlates with the 

transcriptional output (148, 161).

In an entirely different study it was shown that inactivation of MOT 1 

increased the TBP binding at a set of genes. However, at all these genes, TBP 

occupancy did not match with the transcriptional output (161). These studies are 

in line with the observations that we note here. By recruiting either the wild type 

or different alleles of M0T1 we see differential TBP occupancy, which does not 

exactly match with their transcriptional outputs. Chromatin immunoprecipitation 

assays use formaldehyde to crosslink the protein with DNA, which not only 

necessarily crosslink the protein-protein and protein-DNA but also those proteins
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that are in the proximity of DNA. The occupancy of TBP we see in the case of 

M0T1 might be an indirect indication of TBP dissociated from the DNA but still 

present in the proximity. Thus chromatin immunoprecipitation results need to be 

interpreted with caution. However, measurements of transcript levels from the 

reporter genes are true indication of the final outcome of the effects by wild type 

and alleles of M0T1.

IV.5 Discussion

There are several transcription repressors that either form complexes with TBP 

or interact with TBP and repress activated as well as basal transcription (121,

180, 184). M0T1 also belongs to this category of repressors which modulate 

TBP to effect transcription. M0T1 seems to be more complicated than many 

repressors as it has both transcription activation and repressor functions. In the 

present study, we have observed interesting facets of MOTTs mechanism of 

action in transcription regulation. Our study utilizes test promoters in vivo instead 

of in vitro techniques, hoping that we maintain the normal physiology of the cell to 

gain insights into M0T1 function. M0T1 relaxes the requirement for the UAS (51) 

indicating in our case that targeting of M0T1 to a test promoter should be 

indifferent to how an activator might modify transcription at these test promoters. 

By tethering M0T1 to DNA binding domains of transcription activators and 

targeting it to test promoters we show repression of transcription at these test 

promoters. Inherent ATPase function of M0T1 is essential for its repression 

function, as well as the ability of M0T1 to interact with TBP is required. We also
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show that repression function is independent of the test promoters or the fusion 

construct used.

We observed that TBP occupancy was not decreased in the case of 

MOT 1 at these test promoters, thus in the present setup, TBP occupancy does 

not parallel the effects on transcription. This indicates that when targeted to a 

gene, M0T1 represses transcription by forming an inactive complex with TBP 

that is now unable to activate transcription. Significant repression of transcription, 

when M0T1 is targeted to DNA irrespective effusion design and test promoter 

tells us that transcription repression is a more direct effect of MOTI. However, 

further experimentation along these lines would be required.

One would assume, based on in vitro assays, that ATPase function of 

MOT 1 is required for the removal of TBP from DNA at our test promoters. Once 

M0T1 defective for dissociating TBP is targeted to the DNA, we would predict 

that it should no longer repress transcription, since higher TBP directly correlates 

with transcription activation (148,161). However, we see that this is not the case.

Here, we present a novel in vivo technique that can be further used to look 

for factors that influence the way MOTI effects transcription. By using this in vivo 

technique, we can study constructs of MOTI that do not cover a knock out. By 

this technique we can specifically target the repression function of MOTI in vivo. 

There is a large possibility for MOTI to maintain a multitude of interactions with 

other transcription regulatory factors. It is also interesting to note that, not all 

MOTI present in the yeast extracts is in association with TBP (212) indicating 

that there could be several other factors that MOTI could associate with that
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potentially regulate M0T1 function. Our system allows us to conduct genetic 

screens to identify any such novel interacting factors.

Since its original discovery in genetic screens, M0T1 has been suggested 

to perform any of the several roles that would explain the requirement for such a 

factor in the cell. It was suggested to either properly position the TBP, render the 

TBP/TFIID binding as the rate limiting step in transcription initiation, remove the 

TBP/TFIID once the polymerase kicks off into elongation stage, or in a more 

positive sense remove the TBP from the strong TATA and help the limiting pool 

of the TBP to initiate transcription from weak or TATA less promoters (36). We 

would also like to suggest that M0T1 could inactivate TBP directly by either 

masking its interaction surfaces for other basal transcription machinery or 

activators or by forming an inactive/non-functional complex with TBP or 

importantly change the conformation of TBP at the DNA, as one of the 

mechanisms by which M0T1 can regulate transcription. We feel that our study 

provides an in vivo perspective to mechanistically gain insights into the M0T1 

mechanism of action, which is novel and lacking from previous studies.
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Chapter V 

Perspectives and Future directions

The work presented in this dissertation is focused on understanding 

various facets of TAF function. Initially, I utilized an in vivo approach to identify 

the interactions between all of the TBP associated factors and TBP. This 

information was used to develop an interaction map and model the structure of 

transcription factor IID in yeast. Many of the interactions have been shown 

previously via several genetic and biochemical methods, but over 50% of the 

interactions were novel (292). It was interesting to note that each TAF had a 

unique interaction profile in our study.

Every TAF has a unique functional role in transcription. It was shown in a 

gene array analysis that mutation of each TAF seems to differentially effect gene 

expression (241). Combined with our identification of novel interactions between 

TAFs and their significant participation in gene expression, the study of each TAF 

individually will provide us with more clues for their functional roles at different 

genes. Each TAF-TAF interaction profile might provide us with important clues to 

their involvement at different genes. By defining these TAF-TAF interactions, I 

feel that I have laid the groundwork for future studies in this area.
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As an extension of the TAF-TAF Interaction mapping studies, I looked at 

the interactions of TAF1 in further detail. TAF1 is known as the scaffolding TAF 

and aptly we found that it interacts with several other TAFs in our two-hybrid 

analysis. I delineated a smaller region within this TAF, which is functional and 

encompasses most of its TAF interactions. Isolating a small region (approx 100 

residues), within this large 1066 amino acids protein should allow future 

biochemical characterization of TAF1 function.

I have also made special contributions in understanding the functional role 

of TAF11 in mediating interactions between TFIID and TFIIA. Here, we 

specifically show that deletion of the first 73 N-terminal amino acids of TAF11 

(tafi 1-AN) abolishes interaction with TFIIA, but does not effect the TAF11-TAF13 

interaction. This particular allele of TAF11 was fully functional for TFIID integrity. 

This suggests that the conditional phenotypes and transcriptional defects 

previously observed could be attributed to the loss of its interaction with TFIIA 

and not due to instability of TFIID. Identifying and establishing a compensatory 

interaction between two different alleles of TAF11 and TFIIA was a significant 

finding that further establishes a functional connection between TAF11 and 

TFIIA. The tafi 1-AN allele can be further exploited in a genetic screen for 

suppressors of its phenotypes. We hypothesize that analysis of such suppressor 

strains would potentially identify factors that might be important for TAF11 

functions like chromatin remodeling factors and other transcription regulators.

I feel that I have established a sound base for M0T1 function in vivo. This 

is a very valuable tool, as many researchers so far could only study its function in
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vitro, in isolation from other factors that might have an impact on M0T1 function. 

In our studies, we show that tethering M0T1 to a DNA binding domain of a 

transcription factor and recruiting it to the DNA represses transcription from a test 

promoter. This effect was independent of the fusion design or the test promoter 

context. We also show that the inherent ATPase activity of M0T1 and its ability 

to interact physically with IB P  are essential features for its repression function in 

vivo. Thus, our fusion construct is a fully functional M0T1 in vivo. This system 

can be utilized to look for other factors that might interact with M0T1 and 

regulate its function.

First we plan to use a collection of mutant strains that have been deleted 

for a single non-essential factor. We intend to transform the M0T1 fusion 

construct along with the reporter gene into a set of these deletion strains. By 

doing so we hope that in the absence of a factor required for M0T1 to repress 

transcription, repression will be lost. This strategy should identify several factors 

like chromatin remodeling factors, other transcription regulators or general 

transcription factors that might affect the M0T1 function in vivo. Such a study 

will provide us valuable insights not only into M0T1 function but also will 

establish a functional connection between transcription regulators and other co­

regulators that modulate transcription.

Finally, I see great potential in SPN1 research. SPN1 is a novel factor 

identified in a screen looking for factors that genetically interact with TBP. SPN1 

was also shown to have post-recruitment functions in transcription. I applied the 

chromatin immunoprecipitation technique to understand the occupancy of SPN1
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and other factors that were found to interact with SPN1 (in a genetic screen) at 

the post recruitment regulated gene, CYC1. In this study I show that, the CYC1 

promoter is occupied by Spt6 and Snf2. This study has provided new functional 

insights into SPN1 mechanism of action in conjunction with known chromatin 

remodelers like Spt6 and Snf2.

Summary

The work presented in this dissertation provides a solid foundation for advancing 

our understanding of several TBP associated factors that regulate TBP function 

both positively and negatively. The experimental ideas proposed above will 

extend the analysis of these TAFs and will further our understanding of RNA Pol 

II mediated regulation of transcription.
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Appendix 

S P N 1 , a TBP interacting factor

It is clearly established that recruitment of TBP at the promoters can be 

the rate- limiting step for transcription initiation (28, 35, 133, 258, 290), and TBP 

occupancy at a promoter is known to correlate strongly with transcriptional output 

(148, 161). As such, many factors may either directly or indirectly interact with 

TBP to influence its activity.

Previous studies done by several groups show that by tethering TBP to 

LexA and recruiting it artificially to a reporter gene, overcomes the requirement 

for a transcription activator (28, 133, 247, 290). However, stages like promoter 

clearance and recruitment of Pol II, cannot be bypassed by tethered TBP. 

Previously, the TBP allele F237D was isolated, which was unable to initiate 

transcription upon recruitment to a reporter gene (66).

To identify factors that genetically interact with TBP, our laboratory 

conducted a spontaneous suppressor screen looking for factors that allowed 

lexA-F237D to transcribe a reporter gene containing a LexA operator. In this 

screen we identified a gene called ‘suppressor for post-recruitment defective 

gene number T {SPN1) (66). Further functional characterization of SPN1 shows 

that a mutation (K192N) alters transcription by Pol II and confers SPT
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phenotypes. Thus SPN1 is an spt gene along with TBP, which is SPT^5. SPN1 is 

essential and conserved throughout evolution (66). This initial report from our 

group shows that SPN1 has functional interactions with TBP and affects the Pol 

II mediated transcription (66). SPN1 was also identified in other studies and was 

called IWS1 (interacts with Spt6).

Many activators affect transcription by enhancing the PIC formation and 

stability by direct interactions with TBP, TAFs, GTFs, co-activators, mediators 

and chromatin remodeling complexes (147, 148, 161, 165, 260). In addition to 

affecting transcription at this initial step, activators also influence subsequent 

steps in transcription process. They play important roles in promoter clearance, 

release of Pol II pausing and elongation rates of Pol II (16, 146). Thus, activators 

affect both recruitment and post-recruitment steps in transcription.

SPN1 clearly has roles in post-recruitment stages of transcription, since it 

was identified in the screen for factors suppressing a post-recruitment defective 

TBP allele. CYC1 is a post-recruitment regulated gene that encodes isoform 1 of 

cytochrome C l (29, 174). CYC1 is unusual since it defies the general rule that 

recruitment of transcription machinery is rate-limiting step (148, 161). It was 

previously shown that both TBP and Pol II are occupied at the CYC1 promoter, 

under transcription inactivating states (29, 174). Thus activation at this gene is 

regulated in a post-recruitment step. At such a gene it was shown that its 

transcription is facilitated by a mutation in SPN1 under both partially activating 

and repressing conditions, thus providing further evidence for the involvement of 

SPN1 in post-recruitment functions. Recent studies in our laboratory have
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established a functional connection between Spn1 & Spt6 and Spn1 & Snf2.

Here, we look at the factor occupancy at the CYC1 gene under partially 

repressing and activating conditions. I hope that by determining the occupancy of 

these factors, we can establish a correlation between their known mechanistic 

functions.

Materials and Methods:

Yeast strains: Spn1-Myc tagged strain is in the background of BY4741. Ycp22 

plasmid vectors containing Wt SPA/f-Myc or SPN1 (K192N)-Myc were in the 

background of SK1 strain, which was deleted for SPN1 from its chromosomal 

location. In the same strain an HA epitope was integrated at the chromosomal 

location of the SPT6 gene. SPN1 was also deleted in the background of BY4741 

and supported by Ycp22 plasmid vectors containing Wt SPA/f-Myc or SPN1 

(K192N)-Myc where the SNF2 gene is tagged with a HA epitope at the 

chromosomal location. LZ and JF created all the strains.

Cell growth conditions: Cell growth conditions to induce partially repressed and 

activated conditions to perform chromatin immunoprecipitation analysis are as 

follows. In case of partially repressed conditions, cells were grown in YPD media

i.e. in the presence of glucose. For activated conditions, after growing overnight a 

small batch of culture in YPD, the cells were washed thrice in media containing 

no glucose and inoculated further into media containing 3% ethanol without any 

glucose and were grown for 6 hours. All the cells were cultivated at an OD of 1.0 

(600 nm).
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Chromatin Immunoprecipitation assays: Chromatin immunoprecipitations 

were performed as described (249) with few modifications. Cells (150 ml) were 

grown to an OD of 0.8-1.0 (600 nm). Cells were treated with a final concentration 

of 1% formaldehyde for 15 minutes with occasional swirling of the flasks at 

intervals of 5 minutes. Glycine was added to a final concentration of 125 mM at 

room temperature for 5 minutes to stop the crosslinks. Cells were collected and 

washed twice in ice cold TBS. Cells were resuspended in FA-lysis buffer (500 pi 

of FA-Lysis buffer for a total of 50 ml of cell culture). Chromatin was sheared by 

sonication using a Branson W-350 model of sonifier (10 times at 10 seconds 

each on continuous pulse at a microtip power setting of 6). Input was 10% of the 

chromatin material used for the immunoprecipitation and was processed as the 

after reversing the cross-links and purifying the DNA. 500 pi of the chromatin 

material was incubated with approximately 5 pi of either TBP, Spnl, Myc or FIA 

antibodies by rotation overnight at 4°C. 50 pi of protein-A sepharose beads 

(Pharmacia-prepared as slurry as per the manufacturers directions) was further 

incubated with the chromatin material for 2 hours at 4°C. The beads were spun 

down and the antigen-antibody complexes bound to the beads were recovered 

and further treated with TE/SDS buffer for 15 minutes at 65°C to elute the 

complexes. Protein-DNA cross-links were reversed by incubation overnight at 

65° C and the DNA was purified by phenol-chloroform extraction and used for 

PCR analysis.

PCR reactions were carried out in a total volume of 50 pi. Different template 

amounts from the immunoprecipitated material were used to determine the linear
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range of the PCR reaction. Primers for the PCR were designed at the promoter 

region of the CYC1 gene and amplified a product of 312 bp (174). DNA was run 

on 1% agarose gels, and scanned Into the computer. The Intensity of the bands 

was quantified by using Image Quant software. The signal strength ratio between 

the IP sample and the Input Is an Indication of the occupancy of the protein. 

Results and Discussion

Spnl was present at CYC1 gene under both partially repressing and activated 

conditions similar to TBP (figure A. 1). The Spnl mutant (K192N) has a 

diminished Spnl occupancy at this gene under both partially repressing and 

activated conditions (figure A.2). Several previous studies have shown that Spnl 

Interacts with Spt6 (Venugopal Pujarl: personal communications). Here, we show 

that Spt6 Is present at the CYC1 In the presence of wild type Spnl and absent In 

the presence of mutant Spnl (figure A.2).

A genetic Interaction between Spnl and Snf2 has been established 

previously (Lei Zhang; unpublished results). Here, we show that Snf2 has a 

diminished occupancy In Spnl wild type cells under partially repressing 

conditions and normal occupancy under activating conditions (figure A.3). 

However, In the Spnl mutant, Snf2 was present under both partially repressing 

and activated conditions (figure A.3). This observation probably suggests a 

negative regulation of Snf2 by Spnl. However, further experimentation and 

additional studies by other methods are required to develop a concrete model of 

Spnl mode of action at the post-recrultment regulated CYC1 gene.
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YPD

m-

0.1
3% Ethanol

1.0 Ip/Input

1.5 1.3 Ip/Input

Figure A.1: Spnl occupies CYC1 under both partiaiiy repressing and 
activated conditions. Chromatin immunoprecipitation was performed using 
no antibody (Ab) as control, an irrelevant IgG Ab, Polyclonal TBPAb and Spn1 
antibodies. Quantitative PCR was performed on the DNA material once the 
protein-DNA cross-links were reversed and DNA was extracted from the cell 
that were grown both in presence of YPD and 3% ethanol. 1/100 amount 
of the input DNA was amplified along with the IP samples. After ethidium bromide 
staining, images were captured and signals were quantified by using the image 
quant software. The signal strength ratio between the IP samples and corresponding 
input samples indicate the occupancy of the protein.
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Untagged strain

cS-

Wt Spn1 (Myc) 
Spt6 (HA)

K192N Spn1 (Myc) 
Spte (HA)

0.82 0.45 Ip/Input

Ip/input

Figure A.2: Diminished occupancy of Spnl (K192N) and Spt6 at the CYC1 under 
partiaiiy repressing conditions. Chromatin immunoprecipitation was performed using 
no antibody (Ab) as control, and monoclonal Myc and HA antibodies. Quantitative PCR 
was performed on the DNA material once the protein-DNA cross-links were reversed 
and DNA was extracted from the cells that were grown in YPD media. 1/100 amount of 
the input DNA was amplified along with the IP samples. After ethidium bromide staining, 
images were captured and signals were quantified by using image quant software. The 
signal strength ratio between the IP samples and corresponding input indicates the 
occupancy of that protein. Top panel shows a control strain, which has no tags, thus 
resulting in no signal. The two strains used have either Wt Spnl (Myc) or K192N Spnl- 
(Myc) with Spt6-HA.
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Input

3% ethanol

No-Ab

Snf2 (HA)

0.97 1.19 

YPD

Ip/Input

Input

No-Ab

Snf2 (HA)

0.06 0.84 Ip/Input
Figure A.3: Variable occupancy of Snf2 at the CYC1 under partiaiiy repressing 
and activating conditions. Chromatin Immunoprecipitation was performed using no 
antibody (Ab) as control, and monoclonal Myc and HA antibodies. Quantitative PCR 
was performed on the DNA material once the protein-DNA cross-links were reversed 
and DNA was extracted from the cells that were grown in 3% ethanol and YPD media. 
1/100 amount of the input DNA was amplified along with the IP samples. After ethidium 
bromide staining, images were captured and signals were quantified by using image 
quant software. The signal strength ratio between the IP samples and corresponding 
input indicates the occupancy of that protein. The two strains used have either Wt Spnl 
(Myc) or K192N Spnl (Myc) with Snf2-HA.
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