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ABSTRACT OF THE DISERTATION 

 

     TAF1 Regulation of Gene Expression: 
Genome-Wide Localization and Transcription Profiling 

 
by  

Pei-Fang Tsai 

Doctor of Philosophy, Graduate Program in Biochemistry and Molecular Biology 
University of California, Riverside, March, 2010 

Dr. Frank Sauer, Chairperson 
 

The general transcription factor II D (TFIID) nucleates the assembly of general 

transcription factors (GTF) and RNA polymerase II at the promoters to form the pre-

initiation complex (PIC). TBP-associated factor I (TAF1), the scaffold of TFIID, not only 

interacts with other factors to stabilize the protein complex but also has several enzymatic 

activities. 

 

In this study, genome-wide ChIP-on-chip analysis revealed that TAF1 recognizes and 

binds in vivo to more than 1,800 core promoters. From the transcription profiling, 4,531 

genes have been identified with more than a 1.25 fold change in the transcriptional level, 

including 2,780 genes with reduced transcription and 1,751 with an enhanced 

transcription level. Among TAF1 target genes, 53% of genes were up-regulated by TAF1, 

especially the cyclins and cell cycle regulators. Genes such as members of the heat shock 

protein family were associated direct with TAF1 down-regulation. This study suggests 
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that TAF1 is an essential transcription factor and is involved in various biological 

processes including cell cycle progression and the stress response. 
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Chapter 1 

Introduction 
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Eukaryotic cells carry a marvelous amount of genetic information that encodes up to 

several tens of thousands of proteins involved in all biological processes, such as growth, 

division, movement, respiration, and even death. To keep cells alive and functional, gene 

expression has to be precisely regulated. Transcriptional regulation is well-known as one 

fundamental mechanism involved in the control of gene expression. The very basic 

principles of transcription are similar in prokaryotes and eukaryotes. However, in 

eukaryotic cells, transcription is localized to the nucleus, mediated by three types of RNA 

polymerases (I-III) and more complex control DNA sequences (Struhl, 1999; Sadhale, 

2007). Eukaryotic transcription is a highly coordinated procedure executed by RNA 

polymerases: RNA polymerase I synthesizes pre-rRNAs; RNA polymerase II synthesizes 

nascent mRNAs, most snRNA and microRNAs; RNA polymerase III synthesizes 

tRNAs, 5S rRNA and other small RNAs found in the nucleus and cytosol (Weiss 

and Gladstone, 1959; Grummt, 1999; Lee, et al., 2004; Willis, 1993). Eukaryotic RNA 

polymerase does not directly bind DNA.  

In the nucleus DNA of eukaryotic cells is tightly bound to small basic proteins (histones) 

that package and compact the DNA. The resulting DNA-protein complex is termed 

chromatin and has a strong influence on the transcription and cells have evolved various 

proteins to support transcription at chromatin-packaged genes (Lemon and Tjian, 2000; 

Levine and Tjian, 2003). 
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Chromatin 

Chromatin is the complex combination of chromosomal DNA and proteins. In 1974, the 

‘‘nucleosomal’’ subunit structure of chromatin was discovered (Olins and Olins, 1974; 

Kornberg, 1974). The basic structural unit of chromatin is the nucleosome, which is 

formed by DNA wrapped around histone octamers. The histone octamer consists of two 

copies of each core histone -H2A, H2B, H3 and H4,- (Luger, et al., 1997). A ~146 bp 

piece of DNA is wrapped in 1.67 left-handed superhelix around the histone octamer to 

form the nucleosome. Linker histones H1 and its isoforms bind at the base of the 

nucleosome near the DNA entry and exit site. Recent reports demonstrated that H1 is 

involved in chromatin compaction although the association of H1 with chromatin is 

highly dynamic (Thomas, 1999; Travers, 1999; Robinson and Rhodes, 2006; Catez et al., 

2006; Maier, 2008). Two types of chromatin can be distinguished: heterochromatin and 

euchromatin. Heterochromatin is highly condensed and genes in heterochromatin are not 

transcriptionally active. Euchromatin is a relaxed chromatin structure, which can support 

transcription in reponse to developmental or environmental signaling.  

 

Transcription of protein coding genes 

During transcription, a DNA sequence is read by RNA polymerase II, which produces a 

complementary, antiparallel nascent RNA strand. Transcription is divided into 3 stages: 

initiation, elongation and termination. At initiation statge, RNA polymerase II binds to 

DNA with the support of general transcription factors (GTFs), transcription factors, and 

coactivators. Inititaion involves unwinding of DNA to create an initiation bubble, which 
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grants RNA polymerase access to a single strand of the DNA molecule. The completed 

assembly of transcription factors and RNA polymerase results in the formation of the 

general transcription machinery (GTM) at the promoter of target genes (Thomas, et al., 

2006).  The phosphorylation at Pol II C-terminus domain (CTD) initiates the productive 

transcription initiation and elongation, and transcription stops at the termination sites 

(Saunders et al, 2006).  

 

General transcription machinery 

The initiation step of nascent RNA synthesis is a complex and highly regulated process 

that requires the assembly of general transcription factors (GTFs) and RNA polymerase II 

(Pol II) into a pre-initiation complex (PIC) at the core promoter of target genes. A stable 

PIC can form on TATA-dependent core promoters by association of the factors in the 

following order: TFIID/TFIIA, TFIIB, RNA polymerase II/TFIIF, TFIIE, and then TFIIH. 

However, these factors are not able to mediate transcription at all core promoters (Willy 

et al., 2000; Lewis. et al., 2005; Hsu et al., 2008). There are two modes to modulate 

eukaryotic gene expression at the transcription stage: to control the initiation of 

transcription at the DNA level and to overcome the physical barrier which is formed by 

the genes packaged with histone and related proteins (Lemon and Tjian, 2000; Lee and 

Young, 2000; Näär et al., 2001). 

 

Transcription Regulation by DNA sequences 

Eukaryotic genes consist of several regions, including cis-regulatory elements (enhancers, 
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silencers, and insulators), promoter, transcription start site (TSS), open reading frame 

(exons and introns), and transcription stop signal. Cis- regulatory elements play the key 

role in controlling gene transcriptioin. An enhancer or silencer can be located upstream or 

downstream or even within the gene that it regulates (Khoury and Gruss, 1983). Enhancer 

or silences can be separated by several thousand base pairs from the promoter of the gene, 

but are geometrically close to the promoter and gene when DNA is folded (Li et al., 

1991). Trans-regulatory elements mediate binding of proteins bound to DNA, such as 

transcription factors which contain specific DNA binding domains. Transcription factors 

activate or repress trasncription by supporting or hindering the assembly of the PIC at 

target promoters. General transcription factors, TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and 

TFIIH, are involved in the formation of the PIC at DNA core promoter regions, which is 

a critical DNA element required for accurate transcription and regulation of transcription. 

 

Core promoter elements 

The core promoter region is paramount in transcription initiation. Studies on eukaryotic 

promoters have identified seven core promoter elements (Figure 1), which are 

characteristic DNA sequences required for promoter function and for proper assembly 

and orientation of PIC (Thomas and Chiang, 2006). The core promoter motifs contain the 

upstream TFIIB-recognition element (BREu), TATA box (TATA), the downstream 

TFIIB-recognition element (BREd), the initiator (Inr), the downstream promoter element 

(DPE), motif ten element (MTE) and downstream core element (DCE).  

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4BJK582-B&_user=4427&_coverDate=01%2F23%2F2004&_rdoc=1&_fmt=full&_orig=search&_cdi=7051&_sort=d&_docanchor=&view=c&_acct=C000059604&_version=1&_urlVersion=0&_userid=4427&md5=b150cd06a04c653569229b8e36c62a45#bbib59�
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Initiator (Inr) 

The initiator motif encompasses the transcription start site (TSS) and is present in the 

most core promoter motifs (FitzGerald et al., 2006; Gershenzon et al., 2006).  The Inr 

contains a pyrimidine-rich sequence, YYANWYY (IUPAC nucleotide code) in humans 

and TCAKTY in Drosophila, which encompassed an A nucleotide at the transcription 

start site (+1) (Arkhipova, 1995; Ohler et al., 2002; Smale and Kadonaga, 2003; Kutach 

and Kadonaga, 2000). The Inr can support transcription initiation either alone or in 

conjunction with a TATA box and/or other core promoter elements, such as the MTE and 

DPE (Burke and Kadonaga, 1997; Kutach and Kadonaga, 2000; Lim et al., 2004; Juven-

Gershon et al., 2008). 

TATA box (TATA) 

TATA box is the first identified core promoter motif and it is probably the best known 

core promoter element (Goldberg, 1979). It is an A/T-rich DNA sequence and usually 

found in the promoter region of genes in eukaryotes and Archaea. It locates 

approximately –31 or –30 base pairs upstream relative to the transcription start site (+1) 

(Carninci et al., 2006; Ponjavic et al., 2006). The consensus sequence 5'-TATAAA-3' or 

variants thereof can be recognized by the TATA-binding protein (TBP), which is a 

subunit of the The GTF TFIID involved in PIC formation (Smale and Kadonaga, 2003). 

However, only about one-third of the identified core promoters contain a TATA box 

(Carninci et al., 2006; Kim et al., 2005; Cooper et al., 2006; Yang et al., 2007, Juven-

Gershon and Kadonaga, 2009). The promoters lacking a TATA box (TATA-less 

promoters) contain a DPE which supports transcription (Jones, 2007; Reina and 
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Hernandez, 2007; Torres-Padilla and Tora, 2007; Butler and Kadonaga, 2001; Lewis et al, 

2005). 

Downstream Promoter Element (DPE) 

The downstream promoter element (DPE) is conserved from Drosophila to humans 

(Burke and Kadonaga, 1996). It is located 28 to 34 nucleotides downstream of the 

transcription start site in many Drosophila TATA-less promoters and has the consensus 

sequence (A/G)G(A/T)CGTG (Burke and Kadonaga, 1997). The DNA region separating 

the Inr and DPE is very important for transcriptional activity of DPE-dependent 

promoters (Kutach, A.K. and Kadonaga, J.T., 2000). DPE-dependent promoters typically 

contain only a DPE and Inr motif. Nevertheless, in some cases, TATA, Inr, and DPE 

motifs can be found in the same core promoter (Burke and Kadonaga, 1997).  

Motif Ten Element (MTE) and Downstream Core Element (DCE) 

The two other core promoter elements, the motif ten element (MTE) and downstream 

core element (DCE), are located downstream of the transcription start site. The MTE has 

a consensus sequence CSARCSSAAC, is located precisely at positions +18 to +27 

relative to the TSS, and is conserved from Drosophila to humans (Ohler et al., 2002; Lim 

et al., 2004). Transcription of MTE promoters requires the Inr, but the MTE functions 

independently of the TATA-box and DPE. Particularly, the loss of transcriptional activity 

upon mutation of a TATA-box or DPE can be compensated by the addition of an MTE. 

Additionally, the MTE can work together with the TATA-box as well as the DPE in 

transcription (Lim et al., 2004). Unlike the other core promoter elements, a consensus 

sequence for the DCE remains to be discovered, The DCE contains three discontinuous 
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subelements: SI, SII, and SIII, with a core sequence of CTTC, CTGT, and AGC, 

respectively, located between positions +6 to +34 (Lee et al., 2005b). 

Upstream TFIIB-Recognition Element (BREu) and Downstream TFIIB Recognition 

Element (BREd) 

Several previous studies had suggested that TFIIB engages in extensive DNA contacts 

upstream and downstream of the TATA box of promoters (Malik, S., et al., 1993; 

Coulombe, B., et al. 1994; Lee, S. and Hahn, S., 1995). In contrast to other core promoter 

elements, the BRE (TFIIB Recognition Element) was identified as a binding sequence for 

a second sequence-specific general transcription factor, TFIIB, in addition to 

transcription factor IID (Lagrange et al., 1998). The upstream TFIIB-recognition element 

(BREu) with a consensus sequence (G/C)(G/C)(G/A)CGCC, directly upstream of TATA 

box elements, is contacted by the helix-turn-helix (HTH) DNA-binding motif of TFIIB 

(Lagrange et al., 1998). This TFIIB-BREu complex synergizises with TBP to determine 

the orientation of the PIC on promoters (Tsai and Sigler, 2000). The second TFIIB 

recognition site, the downstream TFIIB recognition element (BREd), was found 

immediately downstream of the TATA box with a consensus sequence G/A-T-T/G/A-

T/G-G/T-T/G-T/G. TFIIB binds to BREd via its recognition loop that includes the 

evolutionarily conserved G153 and R154 residues (Deng and Roberts, 2005). Both the 

BREu and BREd function in conjunction with a TATA box, and have been found to act as 

a negative or positive factor in basal transcription (Lagrange, 1998; Evans, 2001; Deng 

and Roberts, 2005). Although originally found in TATA-containing promoters, both 

BREu and BREd can also be found in many TATA-less promoters based on 



 

 9 

bioinformatics analysis (Gershenzon and Ioshikhes, 2005). TFIIB is likely to improve 

TFIID binding to the core promoter region by providing additional contact points. 

 

Transcription regulation by proteins 

In eukaryotes, the accessibility of large regions of DNA can depend on its chromatin 

structure transcription intiitaion is regulated at two different levels. First, proteins activate 

or repress transcription by altering the structure and chromatin, whereas the second group 

of proteins controls the initiation and elongation steps of transcription.  

General transcription machinery in transcription 

The GTM consists of RNAP II, general transcription factors (GTFs), and associated 

cofactors. RNA Pol II binds to promoters with the assistance of GTFs (Tjian and 

Maniatis, 1994; Roeder, 1996). The GTFs (TFIIA, -B, -D, -E, -F and -H) are involved in 

transcription by RNA Pol II. The pathways leading to productive PIC assembly at the 

promoter region has been intensively studied for over 25 years and uncovered the role of 

GTFs in transcription.  

TFIID 

TFIID binding to the core promoter is thought to be the first step in transcription 

initiation. In humans, TFIID consists of a DNA binding subunit named TATA-binding 

protein (TBP), which recognizes the TATA box DNA promoter element, as well as 

approximately 14 TBP-associated factors (TAFs) (Woychik and Hampsey, 2002; Tora, 

2002; Tomase and Chiang, 2006). TBP also participates in transcription by RNA 

polymerase I and III (Shen et al., 1998). The biochemical and genetic studies showed that 
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the core composition of TFIID is highly conserved in yeast, mammals, S. cerevisiae, S. 

pombe, C. elegans, and D. melanogaster (Burley and Roeder, 1996; Albright and Tjian, 

2000; Gangloff, 2001). TFIID can nucleate PIC assembly (Wassarman, D.A. and Sauer, 

F., 2001).  TFIID harbors various activities, which are involved in the nucleating function 

of TFIID in transcription. These activities are as follows. 

DNA binding: TAF6 and TAF9 in Drosophila melanogaster cross-link to the 

downstream promoter element (DPE) (Burke, T.W. and Kadonaga, J.T., 1997). This 

indicates that TFIID is the primary GTF recognizing the DPE. TFIID contacts the Inr via 

TAF1/TAF2, and the downstream core element (DCE) via TAF1, highlighting the 

importance of TFIID in core promoter recognition. Moreover, a histone-like TAF9-

TAF6-TAF12-TAF4 octamer is uncovered in Drosophila, human and yeast (Burley and 

Roeder, 1996; Xie et al., 1996; Selleck et al., 2001). Furthermore, it has been shown that 

a histone fold domain (HFD) is composed in 9 TAFs (Gangloff, 2001). Presence of a 

histone-like octamer within TFIID suggests TFIID binds DNA (DPE) in an octamer-like 

manner and implies the enhancement from both sequence-specific and non-specific 

DNA-binding ability of TAF9-TAF6 and TAF4b-TAF12 pairs (Leurent et al., 2002; Shao 

et al., 2005).  

Coactivator: Many transcriptional activators interact directly with specific TAFs (Burley 

and Roeder, 1996). For example, the activation domain of Sp1 was found to interact with 

TAF4 in human; however, the DNA-binding domain of Sp1 was shown to contact TAF7, 

which is able to interact with other different transcriptional activators, including YY1, 

USF, CTF, adenovirus E1A, and HIV-1 Tat proteins through its NH2-terminal domain 



 

 11 

(Hoey et al., 1993; Chiang and Roeder, 1995). The association of other activators NTF-1, 

Bicoid, Hunchback and p53, also stimulates transcription in vitro (Chen, J.L. et al. 1994; 

Sauer, F. et al. 1995; Thut et al. 1995). The finding supports the coactivator model. 

Activator-TAF interaction nucleates PIC formation by recruiting TFIID to the promoter 

(Chiang and Roeder, 1995). Therefore, TFIID offers an alternative transcriptional 

regulatory stage between activators and the core transcriptional machinery. (Burley and 

Roeder, 1996; Verrijzer and Tjian, 1996; Albright and Tjian, 2000; Näär et al., 2001). 

Intercation with GTFs: TFIID nucleates the transcription complex by direct interaction 

with several GTFs, including TFIIA, TFIIB, TFIIE, the RAP74 subunit of TFIIF, and 

both the RPB1 and RPB2 subunits of pol II (Yokomori et al., 1993; Goodrich et al., 1993; 

Hisatake  et al., 1995; Ruppert and Tjian, 1995; Wu and Chiang, 2001).  

 

TAFs containing-complexes different from TFIID: Presence of TAFs subunits are not 

restricted to TFIID. TAFs have been found in other TAFs-containing complexes involved 

in transcription. TAFs are present in distinct complexes such as TBP free TAFII-

containing complex (TFTC), TFTC-related PCAF (p300 and CBP associated factor), Spt-

Ada-Gcn5 acetyltransferase (SAGA), Spt3-TAF9-GCN5L acetylase (STAGA), and 

polycomb repressive complex 1 (PRC1) (Brand et al., 1999; Ogryzko et al, 1998; 

Martinez et al., 1998;, Muratoglu et al., 2003). These TAF-containing complexes have 

various features affecting RNA pol II-dependent transcription. Most of these TAF-

containing complexes are implicated in activator-dependent transcription likely because 

of the HAT activity inherent to each complex, except PRC1 whose role is mainly 
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involved in gene silencing. The primary function of the SAGA complex, which has been 

extensively studied in S. cerevisiae, is to help in the delivery of TBP onto promoters. In 

addition, SAGA also acts as an adapter in making contacts with other complexes of 

transcription machinery  to form proper PIC similar to σ factor in bacteria (Larschan and 

Winston, 2001; Martinez, 2002; Barbaric et al., 2003). Higher organisms also have 

complexes similar to SAGA complex, such as TFTC, PCAF, and STAGA (human 

homologs of SAGA complex). TFTC can replace TFIID or TBP both on TATA-

containing and TATA-less promoters in in vitro transcription assays (Wieczorek et al., 

1998; Brand et al., 1999). 

Enzymatic activities: TFIID has several enzymatic activities involved in 

posttranslational modifications of histones and GTFs. These enzymatic activities of 

TFIID are mainly from TAF1, which not only modulates DNA binding by TBP but also 

modifies histones and transcription factors (see TAF1 modifications). 

Consequently, TFIID serves as a core promoter-binding factor in the context of 

chromatin and as a coactivator mediating activator response. 

 

Variants of TBP: In addition to TBP eukaryotic cells express various TBP-related 

factors (TRFs). Four TRFs have been identified: TRF1, TRF2, TRF3, and TRF4. TRF1, 

so far only identified in neuronal and germ cells of Drosophila, shares 63% amino acid 

sequence identity to TBP at the C-terminal domain, which is the DNA binding core, and 

keeps most of the conserved residues important for interactions with the TATA box, 

TFIIA and TFIIB (Crowley et al., 1993; Berk, 2000). It is expected that TRF1 can 
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partially substitute for TBP in directing pol II-dependent transcription from some TATA-

containing promoters in vitro (Hansen et al., 1997). However, it has been found that a 

distinct protein complex from TFIID is formed by TRF1 (Holmes and Tjian, 2000). It has 

been proposed that TRF1 and TBP are not interchangeable at certain promoters. TRF1 

plays an important role in pol III mediated transcription by interacting with the TFIIB-

related factor, BRF, and the TRF1-BRF complex restores pol III-dependent transcription 

in vitro (Takada et al., 2000). Most eukaryotes contain at least two genes encoding for 

TBP family members: one encodes TBP and the other encodes TRF2 (also known as TLF, 

TLP, TRF, and TRP), which is involved in transcription by RNA polymerase II. 

Although TRF2 shares 60% sequence homology and 41% identity within the C-terminal 

core with that of TBP, TRF2 does not bind to TATA box sequences and cannot replace 

TBP in vitro (Dantonel et al., 1999; Berk, A.J., 2000; Hochheimer and Tjian, 2003). But 

TRF2 still associates with TFIIA and TFIIB (Maldonado, 1999; Moore et al., 1999; 

Rabenstein et al., 1999; Teichmann et al., 1999) and be assembled into a functional PIC 

to some TATA-less promoters via an undefined TRF2-binding element (Ohbayashi et al., 

2003; Chong et al., 2005). Drosophila histone H1 gene is one of the genes regulated by 

TRF2 instead of TBP (Isogai et al., 2007). The TATA-less H1 linker histone gene is in a 

cluster of genes that also includes the four TATA-containing core histone genes, which 

are transcribed with TBP. These findings show the different transcriptional mechanisms 

responsible for genes even in the same cluster. TRF2 also functions as a repressor to 

prevente PIC formation initiated by TBP or TFIID on TATA-containing promoters by 

competiting for limiting amounts of TFIIA and TFIIB (Moore et al., 1999; Teichmann et 
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al., 1999; Chong et al., 2005). TRF3 (also known as TBP2 and TBPL2), which shows 

93% amino acid sequence identity to TBP at the C-terminal core region and has the same 

sequence as TBP at all of the conserved residues involved in TATA binding and 

interactions with TFIIA and TFIIB, appears to be present only in vertebrates. TRF3 is 

most closely related to TBP (Persengiev et al., 2003). TRF3 is important for embryonic 

development and can bind to TATA boxes and support TATA-dependent transcription 

(Bártfai et al., 2004; Jallow et al., 2004). TRF4, the only TRF found in the unicellular 

human parasite Trypanosoma brucei (Tb), contains only 31% amino acid sequence 

identity to Drosophila TBP at the C-terminal core domain (Ruan et al., 2004). According 

to it conserved amino acid residues, TRF4 may interact with TFIIA but fails to bind the 

TATA box. It is suggested that TRF4 may functionally replace the classically defined 

TBP in these human parasites since it has been found that TRF4 is universally required 

for transcription by all three nuclear RNA polymerases (Schimanski et al., 2005).  

Negative cofactor 2 (NC2 or Dr1-Drap1), originally described as a TBP-inhibitory factor, 

has also been shown to facilitate transcription from DPE-driven Drosophila promoters 

(Meisterernst, M. and Roeder, R.G., 1991; Inostroza, J.A. et al., 1992; Goppelt, A. et al., 

1996; Mermelstein, M. et al., 1996; Willy P.J. et al., 2000). Additionally, the model 

elucidated that TBP activates TATA-dependent transcription and represses DPE-

dependent transcription, whereas NC2 blocks TBP function and thus represses the gene 

transcription of TATA-dependent promoter and activates DPE-dependent gene 

transcription, has been proposed (Hsu, J.Y. et al., 2008). 
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Tissue-specific TAFs: Some components of TFIID have paralogue genes and these 

TAFs are often expressed in cell-specific or tissue-specific manner, such as TAF4b, 

TAF5L, and TAF7L. TAF4b originally identified in TFIID purified from B cells and 

found enriched in the testes and ovary (Freiman et al., 2001; Falender et al., 2005). 

Similarly, TAF5L and TAF7L involve in male gametogenesis (Hiller et al., 2001; 

Pointud et al., 2003). Drosophila melanogaster has homologues of TAF4 (nohitter, Nht) 

and TAF5 (cannonball, Can), which are expressed only in testis and regulate the 

expression of specific target genes (Hiller et al., 2001; Hochheimer and Tjian, 2003). 

TAF12 homologue (ryan express, rye) and TAF6 homologue (meiosis I arrest, mia) are 

also found in Drosophila (Aoyagi and Wassarman, 2000; Veenstra and Wolffe, 2001). 

Additionally, Drosophila TAF10 and TAF10b have been shown to be differentially 

expressed during embryogenesis (Georgieva et al. 2000). This suggested that expression 

of paralogues TAFIIs may contribute to tissue-specific transcripiton in metazoan 

organisms.  

 

TFIIA 

TFIIA has been shown to interact with components of TFIID, including TBP (Maldonado 

et al., 1990; Yokomori et al., 1993), TAF1 (Solow et al., 2001), TAF4 (Yokomori et al., 

1993), TAF11 (Kraemer et al., 2001), and other GTFs, such as TFIIEα, TFIIEβ, and 

RAP74 (Langelier et al., 2001). TFIIA does not bind DNA, nevertheless, TFIIA interacts 

with TFIID via association with TBP and TAF11 and aids in the binding of TBP 

to TATA-box containing promoters. This interaction with TBP allows it to stabilize and 
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facilitate formation of the PIC and is essential for high-level transcription mediated by 

various activators (Kraemer, S.M. et al., 2001). Assembly of the Pol II pre-initiation 

complex coincides with dynamic changes in chromatin structure and confirmation. It has 

been revealed that DNA has a conformational change when TFIIA-TBP complex binds to 

TATA box and at the end, this alteration leads to increase the kinetic stability of this 

complex (Høiby et al., 2007). Modulation of the TFIIA-TBP interaction is a likely target 

of transcriptional regulation. Except TBP, TAF11 and TAF4, TFIIA interacts with TAF1, 

which is the largest subunit in TFIID. TFIIA is phosphorylated by TAF1, and this 

phosphorylation stabilizes the TFIIA-TBP-DNA complex and is required for high-level 

transcription (Solow, S.P. et al, 2001). Dephosphorylation facilitates the ability of RAP74 

to support transcription in vivo, thus indicating that phosphorylation of RAP74 by TAF1 

may be an important mechanism for regulating transcription (Ruppert and Tjian, 1995, 

Kitajima et al., 1994). Endogenous RAP74 is hyperphosphorylated. Dephosphorylation 

of RAP74 reduces its ability to support transcription elongation (Kitajima et al., 1994; 

Solow et al., 2001). On the other hand, the observed interaction between TFIIA and TBP-

related proteins, including TRF1, TRF2, and TRF4, promotes that TFIIA facilitates PIC 

assembly and substitutes for TBP in directing transcription in vitro by RNA polymerase 

II (Hansen et al., 1997; Rabenstein et al., 1999; Teichmann et al., 1999; Schimanski et al., 

2005). 

 

TFIIB 

The general transcription factor TFIIB plays a central role in PIC, by providing a bridge 
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between promoter-bound TFIID and RNA polymerase II. TFIIB is essential for RNA Pol 

II to enter the PIC (Parvin and Sharp, 1993; Tyree et al. 1993; Cho and Buratoski, 1999; 

Bell and Jackson, 2000). TFIIB binds to TFIID through TBP and TAF9 and directly 

interacts with the RPB1, RPB2, and RPB9 subunits of RNA Pol II and TFIIF (RAP30 

and RAP74, both subunits) (Ha et al., 1993; Goodrich et al., 1993; Fang and Burton, 

1996; Sun et al., 1996; Pappas and Hampsey, 2000; Chen and Hahn., 2004). As described 

before, TFIIB can make DNA sequence-specific contact with the promoter upstream 

and/or downstream of the TATA box, BREu and BREd, and enhances the formation of a 

TFIIB–TBP–promoter complex (Deng and Roberts, 2007). Recently, it has been 

proposed that the BREs directs the selective recruitment of TFIIA and NC2 to promoters 

TFIIA preferentially associates with BRE containing promoters while NC2 is recruited to 

promoters that lack the  BRE (Deng et al., 2009). Moreover, it has been demonstrated 

that the positive role of NC2 in PIC formation involves TFIIB (Masson et al., 2008). 

Morover, another study has uncovered a new role for TFIIB in transcriptional regulation. 

It shows that at human dihydrofolate gene, PIC formation is disrupted at the second 

promoter because TFIIB specifically binds to the inhibitory non-coding RNA, which is 

the product directed by the first promoter (Martianov et al., 2007). This finding shows 

that TFIIB can interact with RNA and suggest that TFIIB–RNA interaction may play a 

genral role in transcription initiation.  

 

TFIIF 

TFIIF is composed by two subunits that are conserved among human, insects and yeast, 
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named Rap74 and Rap30 in humans, and binds Pol II as a heteromer. The interaction 

between TFIIF and RNA Pol II facilitates the recruitment of RNA Pol II to the promoter-

bound TFIID-TFIIB complex (Flores et al., 1990). In addition, it has been found that 

TAF1 interacts with RAP74 (Ruppert and Tjian, 1995). Furthermore, TFIIF dramatically 

alters the distribution of RAP30, TFIIE, and Pol II along promoter DNA between 

positions -40 and +26 by inducing changes in DNA topology which causes the promoter 

to wrap around RNA Pol II (Robert et al., 1998). This TFIIF-induced conformational 

change creates a stable TBP-TFIIB- RNA Pol II -TFIIF promoter DNA complex.  

 

TFIIE and TFIIH 

TFIIE and TFIIH function in steps after the formation of TFIID-TFIIB- RNA Pol II -

TFIIF-promoter complex. They are essential for the transition from initiation to 

elongation but not necessary for transcription from premelted promoter templates 

(Holstege et al., 1996).  TFIIE interacts directly with both subunits of TFIIF, TFIIB, 

TFIID, RNA Pol II, promoter DNA, and helps to recruit TFIIH to the PIC (Flores et al., 

1989; Maxon et al., 1994; Hisatake et al., 1995; Watanabe et al., 2003; Forget et al., 

2004). TFIIE is thought to stimulate the kinase, ATPase and DNA helicase activities of 

TFIIH (Ohkuma, 1997). The CDK7, subunit of TFIIH, has kinase activity which is 

responsible for the phosphorylation of serine 5 residue of the CTD of RNA Pol iI. 

Phosphorylation of serine 5 will recruit RNA-5’ capping enzyme (Cho et al., 1997; 

Komarnitsky et al., 2000) and is implicated in promoter clearance. It has been observed 

that RNA Pol II enters PIC assembly as the hypophosphorylated IIA form and escapes 
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the promoter as the hyperphosphorylated IIO form (Hampsey, 1998). This supports that 

CTD phosphorylation regulates the transition from transcription initiation to elongation 

Besides phosphorylating CTD, TFIIH has been shown to phosphorylate transcriptional 

activators, such as p53 (Lu et al., 1997). TFIIH is also involved in nucleotide excision 

repair (Schaeffer et al., 1993). 

 

Regulation of chromatin structure 

Chromatin structure is another mechanistic level to regulate trasncription. Chromatin is 

composed of DNA and proteins, including histones and other non-histone proteins. Each 

core-histone consists of a globular domain, which mediates histone/histone- and 

histone/DNA-interactions within the nucleosome, and a flexible amino terminal region, 

called the NH2-terminal tail (Arents et al. 1991; Luger et al. 1997, Suto et al. 2000). The 

histone tails represent up to 30% of the total mass of histones, but are not visible in the 

crystal structures of nucleosomes due to their high intrinsic flexibility and have been 

thought to be largely unstructured (Zheng and Hayer, 2003). The highly basic nature of 

histones facilitates DNA-histone interactions. The helix-dipoles from alpha-helices in 

H2B, H3, and H4 causing a net positive charge; hydrogen bonds between the DNA 

backbone and the amide group; non-polar interactions between the histone 

and deoxyribose sugars on DNA; salt bridges and hydrogen bonds between side chains of 

basic amino acids (especially lysine and arginine) and phosphate oxygens on DNA. H3 

and H2B NH2-terminal tails inserts into two minor grooves each on the DNA (Johns, 

2008). Chromatin can restrict the accessibility of DNA and hinders trasncription. To 
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execute trasncripotion in the context of chromatin, cells have evolved specific proteins 

involved in the reorganization of chromatin Among the protiens involved  in regulating 

the dynamic structure of chromatin are chromatin remodeling complexes and the 

enzymes responsible for posttranslational modifications of histones.  

 

ATP-dependent chromatin remodeling 

Chromatin-remodeling complexes (CRC) can “slide”, relocate, or disassemble 

nucleosomes on DNA to expose or occlude DNA sequences, CRCs can disrupt histone-

DNA contacts to the extent of destabilising the H2A/H2B dimmer and generate negative 

superhelical torsion in DNA and chromatin (Whitehouse et al., 1999; Kassabov et al., 

2003; Bruno et al., 2003; Havas et al., 2000). These changes can facilitate or inhibit the 

interaction of DNA-binding proteins with DNA (Becker and Hörz, 2002; Becker, 

2002). A number of distinct reactions are associated with the term ATP-dependent 

chromatin remodeling, in which the multi-protein ATP-dependent CRCs use ATP-

hydrolysis to overcome the considerable energy barrier for remodeling nucleosomes 

within chromatin (Becker and Hörz, 2002). Four families of CRCs have been identified: 

the SWI/SNF (switching defective/sucrose nonfermenting) which transiently exposes 

DNA regulatory sites “breathing” on the nucleosome surface by creating DNA loops; 

ISWI (imitation switch) move nucleosomes “sliding” laterally to expose or cover DNA 

regulatory sites; histone chaperones like FACT (facilitates chromatin transcription), Asf1 

(anti-silencing function 1) and chz1 (H2A.Z-specific chaperone 1) can remove and 

disassemble nucleosome; CHD (chromatin-helicase-DNA-binding 1, also called Mi-2 
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family) and INO80 (inositol requiring 80) family have histone substitution function. CHD 

can replace histone subunits H3 with H3.3 and INO can replace H2A with H2A.Z 

(Narlikar et al. 2002; Khorasanizadeh, 2004; Smith and Peterson. 2005; Eisen, 1995; 

Cairns, 2005; Kobor et al., 2004; Mizuguchi et al., 2004; Krogan et al., 2003; Konex, 

2007). 

 

Histone modifications and the histone code 

Histones are subject to an enormous number of posttranslational modifications, including 

acetylation and methylation of lysines (K) and arginines (R), phosphorylation of serines 

(S) and threonines (T), ubiquitylation and sumoylation of lysines, as well as ribosylation 

(Zhang, Y. and Reinberg, D., 2001; Khorasanizadeh, S., 2004). Most of the recent 

research efforts have focused on post-translational histone modifications occurring at the 

histone tails and have revealed that histone modifications play an essential role for 

chromosome function (Lennartsson and Ekwall, 2009). The modifications occur near the 

nucleosome lateral surface, close to where the DNA is wrapped around the histones, 

indicating that these modifications may affect the interaction between the histone octamer 

and the DNA (Cosgrove et al. 2004). Recently, modifications of histones have been 

discovered within the structured globular domain (Zhang et al. 2003; Freitas et al., 2004; 

Kouzarides, 2007.). Histone modifications are likely to control the structure and/or 

function of the chromatin fiber, with different modifications yielding distinct functional 

consequences: histone modifications control the formation of euchromatin and 

heterochromatin and thereby control the trasncriptional competence of DNA 
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(Peterson and Laniel, 2004; Kouzarides, 2007; Liu et al., 2008). The correlation of 

specific histone modifications with the execution of specific biological events gave rise to 

the histone code hypothesis, which proposes that specific histone modifications 

determine soecififc biological function (Strahl and Allis, 2000). Specifically modified 

amino acid residues are also referred to as “marks”, containing the information for the 

specific functional code of a histone and the packaged DNA. These site-specific 

combinations of histone modifications correlate well with particular biological functions, 

like DNA repair or chromosome condensation. Recently diseases, like cancer and 

rheumatoid arthritis, have been associated with aberrant modification pattern (Hirst and 

Marra, 2008; Bártová et al., 2009; Iacobuzio-Donahue, 2009) 

Acetylation 

The reversible histone acetylation on lysine residues is so far the best characterized of all 

modifications and is almost invariably associated with the transcription activation 

(Grunstein 1997, Jenuwein and Allis 2001, Berger 2002, Kurdistani and Grunstein 2003). 

Acetylation of the lysine residues at the N-terminus of histone proteins removes positive 

charges, thereby reducing the affinity between histones and DNA that RNA polymerase 

and transcription factors can access the promoter region easier. Therefore histone 

acetylation supports transcription while histone deacetylation represses transcription 

(Sterner and Berger, 2000; Bulger, 2005). Histone acetyltransferases (HATs) are divided 

into three main families: GNAT (Gcn5-related N-acetyltransferase), MYST, and 

CBP/p300 (Sterner and Berger, 2000). Besides transcription, histone acetylation 

contributes to other biological processes. HATs are present in transcription factors and 
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CRCs (Roth et al. 2001). HAT domains contain a central conserved core unit that is 

important for acetyl-coenzyme-A (acetyl-CoA) binding and a cleft, used for substrate 

recognition, which lies directly over the cofactor-binding pocket. Acetyl-CoA will be 

transfered to the ɛ-amino group of certain lysine side chains within a histone's basic N-

terminal tail region (Loidl, 1994; Khorasanizadeh, 2004). The majority of these post-

translational marks occur on the amino-terminal and carboxy-terminal histone tail 

domains. Recent studies have identified acetylation in the central domain of histones: for 

example, a lysine within the core domain of H3 (K56) has recently been found to be 

acetylated and interestingly, SPT10-mediated acetylation of H3K56 is at the promoter 

region, wherase this acetylation modified by Rtt109 is global (Xu et al., 2005; Han et al., 

2007; Driscoll et al., 2007; Schneider et al., 2006). The reversal of acetylation correlates 

with transcriptional repression and is directed by three distinct families of histone 

deacetylases (HDAC): the class I and class II histone deacetylases and the class III NAD-

dependant enzymes of the Sir family (Moazed, 2001). Contrary to HATs, HDACs are 

considered DNA-binding repressors or corepressors (Pazin and Kadonaga, 1997). They 

are also involved in multiple signaling pathways and they are present in numerous 

repressive chromatin complexes (Lee, 2007; Kim et al., 2006; Vermeulen et al., 2006; 

Parker et al., 2007).  

Methylation 

Histone methylation is the modification of lysines and arginies in a histone protein by the 

addition of one, two, or three methyl groups. Lysine methylation displays the highest 

degree of complexity among known covalent modifications, and each site of methylation 
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can influence gene activity independently (Hublitz et al, 2009). The ε-aminogroup of 

lysine residues can be mono-, di- or tri-methylated. The addition of methyl-groups is 

correlated with an increase in the basicity of the lysine side chain. Histone 

methyltransferases (HMTs) contain a SET domain, which consists of 130 amino acids 

folding into three discrete β-sheet regions flanked by α-helices, is responsible to add 

methyl-groups to a single residue (Khorasanizadeh, 2004). The cofactor S-adenosyl-L-

methionine (SAM) binds to HMTs for providing methyl groups for modification (Zhang 

and Reinberg, 2001; Khorasanizadeh, 2004). Like acetylation, methylation and 

demethylation regulates the gene expression; however one histone methylation can be 

linked to both transcriptional activation and repression (Roth et al. 2001; Zhang 

and Reinberg, 2001; Kouzarides, 2007). Five well studied lysine residues on the tails of 

histone H3 and H4 (H3K4, H3K9, H3K27, H3K36 and H4K20) and H3K79 located in 

the core of histone H3 have been shown to play key roles in transcription. Methylation at 

these sites has been linked to transcriptional activation (H3K4, H3K36 and H3K79) and 

repression (H3K9 and H3K27), as well as the DNA-damage response (H3K79 and 

H4K20), demonstrating a widespread role for histone methylation in various aspects of 

chromatin function (Shi and Whetstine, 2007; Klose et al., 2006; Lee, et al. 2007; Agger 

et al. 2007; De Santa et al., 2007). Repression involves the recruitment of methylating 

enzymes and heterochromatin protein 1 (HP1) to the promoter of repressed genes 

(Danzer and Wallrath, 2004). Histone demethylation is performed by LSD1, which was 

the first found histone demethylase in 2004 and opened the way for the discovery of 

many other enzymes such as JHDM2A, JMJD2A/JHDM3A, JMJD2B, JMJD2C/GASC1, 
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and JMJD2D (Shin and Janknecht, 2006; Shi et al., 2004; Shi, 2007; Yamane et al., 2006; 

Tsukada et al., 2006; Whetstine et al., 2006; Fodor et al., 2006). . 

Phosphorylation 

Serine, threonine, and tyrosine residues are subject to phosphorylation that occurs at the –

COOH moiety of these residues and leads to the formation of O-phosphoserine, O-

phosphothreonine, and O-phosphotyrosine. Phosphorylation/ dephosphorylation events 

are generally transient. Reversible histone phosphorylation contributes to transcription, 

chromosome condensation, DNA repair and apoptosis (Cheung et al. 2000). 

Phosphorylation of histones can change the electrostatic charge of the modified and 

surrounding amino acids and may promote interactions of histones with DNA, other 

histones, or chromatin-associated factors. It has been shown that phosphorylation 

regulates transcription presumably through altering higher-order chromatin structure by 

changing the charge via reversible phosphorylation in the linker histone H1 (Dou and 

Gorovsky, 2000). H3 phosphorylation during gene expression was discovered in 

mammalian cells as an immediate early response to mitogenic stimulation (Mahadevan et 

al., 1991; Thomson et al., 1999). MSK1/2 and RSK2 in mammals, and SNF1in budding 

yeast, have been shown to target H3S10. A role for H3S10 phosphorylation has been 

demonstrated for the activation of NF-кB-regulated genes and also ‘‘immediate early’’ 

genes such as c-fos and c-jun (Macdonald et al., 2005). Except transcription, histone 

phosphorylation has been shown the response to cellular processes, such as DNA damage 

response (Vidanes et al., 2005). In yeast, phosphorylation of the corresponding serine 129 

has been found in association with DNA damage (Rogakou, 1998, 1999 and 2000). 
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Moreover, the histone H2B serine 32 is phosphorylated in apoptotic mammalian cells and 

this phosphorylation event coincide with nucleosomal DNA fragmentation (Ajiro, 2000). 

Phosphorylation of histone H3 at serine 14 is uniquely associated with apoptotic 

chromatin in species ranging from frogs to humans (Cheung et al. 2003). H2A.X, the 

H2A variant of mammalian cells, is rapidly phosphorylated at its C-terminal serine 139 to 

response to the ionizing radiation or apoptosis-induced signals. Recently, a global ChIP-

on-chip analysis of many kinases in budding yeast has shown that they are present at 

specific genes (Pokholok et al., 2006). This result has important implications regarding 

signal transduction as it suggests that the mainly cytoplasmic protein phosphorylation 

cascades that have dominated signal transduction processes for many years may have a 

more direct effect on gene expression through the phosphorylation of chromatin. 

Ubiquitination 

Ubiquitination is the process of marking a protein with ubiquitin and consists of a series 

of steps: activation of ubiquitin which is a 79 amino acid polypeptide; transfer of 

ubiquitin from ubiquitin-activating enzyme E1 to the active site cysteine of a ubiquitin-

conjugating enzyme E2 via a trans(thio)esterification reaction; ubiquitylation cascade 

creates an isopeptide bond between a lysine of the target protein and the C-terminal 

glycine of ubiquitin. It is often associated with the degradation of proteins through the 

proteasome pathway (Varshavsky, 1997). In contrast, histones are mono-ubiquitinated 

and transcriptionally active chromatin has been linked to ubiquitination. Ubiquitination of 

H2A (K119) is mediated by the Bmi/Ring1A protein, which is found in the human 

polycomb complex but not in yeast, and this modification is associated with 
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transcriptional repression (Wang et al., 2006). H2B (K20 in human and K123 in yeast) 

also has the ubiquitynation modification. In human, it is mediated by RNF20/RNF40 and 

UbcH6, and in budding yeast, Rad6/Bre1 is responsible for this modification and leads to 

transcription activation (Zhu et al., 2005). 

 

TATA-box associating factor 1 (TAF1) interacts GTFs and TAFs and has several 

histone modification activities 

TAF1, the largest subunit of TFIID, is essential in transcription initiation. TAF1 

contributes to the nucleating function of TFIID in transcription by interacting directly 

with TBP and other TAF subunits GTFs TFs and has enzymatic functions involved in 

transcription (Chen et al. 1994, Weinzierl et al. 1993, Verrijzer and Tjian, 1996). TAF1 

contributres to the nucleating function of TFIID in transcription by; interctaing with 

activators; promoter recognition; interaction with GTFs and histone modifictaion 

modifying histones. 

TAF1 is essential for the nucleating function of TFIID 

TAF1 interacts with TBP, TAF12, TAF11, TAF6, TAF5, TAF4 and TAF2 (Chen et al. 

1994, Weinzierl et al. 1993, Verrijzer and Tjian 1996). Immobilized TAF1 can serve as a 

scaffold for assembly of partial TFIID complexes and holo-TFIID from recombinant 

subunits, which suggests that assembly and integrity of TFIID are dependent on TAF1 

(Chen et al. 1994). Moreover, it is larval lethal essential and null alleles of TAF1 

(Wassarman et al. 2000). Inactivation of TAF1 in yeast leads to degradation of other 

TFIID subunits and inactivation of all yeast TAFs has the similar effect, which suggests 
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that every TAF is necessary for the integrity of TFIID in vivo in yeast (Walker et al. 

1996, Michel et al. 1998, Moqtaderi et al. 1998). Recent study implies that TAF1 

contributes to the activity of TFIID in trasncription by mediating activated transcription 

from a TATA-less, downstream core promoter element (DPE)-containing promoter but 

not from a TATA-containing, DPE-less promoter (Wright et al., 2006). 

TAF1 cooperates with transcription fcators 

TAF1 interacts with enhancer-bound activator to help the recruitment of TFIID, to 

increase promoter occupancy and to modulate TAF1 regulatory and enzymatic activities 

(Wassarman and Sauer, 2001). Interactions between TAF1 and activators are essential 

and play the critical role in these mechanisms. For example, TAF1 binds activators like 

the HIV transactivator of viral transcription Tat (Fig.2), an activator and repressor of viral 

gene transcription, or the viral activator protein ICP4 of the herpes simplex virus type 1, 

transcriptional repressors such as the retinoblastoma tumor suppressor protein RB (Fig.2) 

and other proteins such as Cyclin D (Weissman et al., 1998; Carrozza and DeLuca, 1996; 

Siegert and Robbins, 1999; Siegert et al., 2000). These TAF1-activator interactions may 

promote the recruitment of TFIID to specific target promoters for TAF1 as the promoter 

occupancy of TFIID is elevated in response to an activation signal and is reduced after 

removal of enhancer sites in yeast (Kuras et al. 2000, Li et al. 2000). Taf1-activator 

interactions can enhance formation or stability of the PIC by modifying TAF1 activities. 

Binding of HIV Tat to TAF1 inhibits TAF1 HAT activity (Weissman et al. 1998). 

Similarly, binding of RB to TAF1 inhibits TAF1 kinase activity (Siegert and Robbins 

1999, Solow et al. 2001). In contrast, cyclin D1 suppresses the TAF1-kinase-inhibitory 
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effect of RB (Siegert et al. 2000). This shows that regulation of TAF1 activities by 

interactions with activators, repressors and cell cycle regulators is an integral part to the 

process of transcriptional activation. After recruited to a promoter, TAF1 could 

participate in PIC assembly by binding to the GTFs (see below). The TAF1 interactions 

with both activators and GTFs imply that TAF1 functions as a classically defined 

coactivator that bridges activators to PIC assembly. 

 

TAF1 plays an essential role in promoter recognition 

TAF1 contacts the INR, thus activating transcription on TATA-box- as well as TATA-

less-promoters (Wu et al. 2001). A minimal complex containing TBP and TAF1 directs 

basal but not activator-responsive transcription (Chen et al. 1994). TAF1/TAF2 complex 

can bind INR and has been implicated in INR recognition (Chalkley, G.E. and Verrijzer, 

C.P., 1999). A recombinant TBP-TAF1-TAF2 complex efficiently binds INR-containing 

promoters in vitro (Verrijzer et al. 1995). In addition, a TAF1-TAF2 complex can support 

INR-mediated transcription and specifically binds sequences that match the INR 

consensus sequence from a pool of random sequence oligonucleotides (Chalkley and 

Verrijzer 1999), indicating that TAF1, together with TAF2, mediates binding of TFIID to 

the INR. In addition, TAF1 interctas with TBP, which binds to the TATA-box specific 

promoters. 
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TAF1 modifies GTFs and other proteins 

TAF1 has intrinsic protein kinase activity, histone acetyltransferase activity and 

ubiquitin-activating and conjugating activity E1/E2 (Dikstein et al., 1996; Mizzen et al., 

1996; Pham and Sauer, 2000) (Fig.2). 

TAF1 has an NH2 terminal kinase domain (NTK) and COOH-terminal kinase domain 

(CTK). Both kinase domains might belong to a novel class of kinases as they do not show 

high similarities to other known kinases (Dikstein et al. 1996). NTK interacts with the 

transcription regulator RB and this interctaion inhibits NTK activity is inhibited, 

suggesting that RB regulates the activity of the NTK (Siegert and Robbins, 1999). 

However, transcription regulators EA1 and Cyclin D1 can suppress the RB-induced 

inhibition of the NTK (Shao et al. 1995; Siegert et al. 2000). Among the known 

substrates of the NTK are the 74 kDa subunit (RAP74) of TFIIF, the β-subunit of TFIIA 

or tumor suppressor p53 (Dikstein et al. 1996, Solow et al. 2001, Li et al. 2004). The 

Drosophila NTK has autophosphorylation activity and transphosphorylates RAP74. The 

phosphorylation of RAP74 is a cell-cycle-depentent process, in which RAP74 is 

phosphorylated more highly by the S/G2 phase TFIID fraction than by the early G1 phase 

TFIID fraction (Yonaha, M. et al., 1997). TFIIA is another substrate for TAF1 kinase 

activity. Phosphorylation of TFIIA stimulates TFIIA-TBP-TATA-element complex 

formation in vitro (Kitajima et al. 1994, Solow et al. 2001). 

Both human and Drosophila TAF1 contain a histone acetyl transferase (HAT) domain 

that acetylates TFIIEβ, the smaller subunit of the GTF TFIIE, in vitro (Imhof et al. 1997). 

Additionally, cells expressing HAT-inactive TAF1 mutants arrest in the late G1-phase of 
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the cell cycle, suggesting that TAF1 HAT-activity regulates the expression of genes 

involved in cell cycle progression (Dunphy et al. 2000).  

TAF1 modifies histones 

The enzymatic activities of TAF1 also recognize histones as substrates: 

The CTK of human TAF1 contains autokinase-activity (Dikstein et al. 1996).. Previous 

studies advancing this work showed that hTAF1 and the CTK of Drosophila TAF1 are 

able to phosphorylate histone H2B, a new substrate for TAF1, in vitro (Kwoczynski, 

2002, Maile, T. et al. 2004). Serine 33 (H2B-S33) is a conserved serine/threonine-

phosphorylation site within H2B of several organisms. Phosphorylation of H2B-S33 at 

the promoter of the cell cycle regulatory gene string and the segmentation gene giant 

coincides with transcriptional activation (Maile, T. et al. 2004). 

TAF1 is a histone acetyltransferase and binds to acetylated histones. The HAT domain of 

TAF1 can acetylate NH2-terminal-tail lysines in H3 preferentially lysine 14, H4 and H2A 

(Mizzen et al. 1996, Wassarman et al. 2000). TAF1-dependent histone acetylation 

facilitates transcription factor binding to the Sp1 sites, thereby activates cyclin D1 

transcription and ultimately G1-to-S-phase progression in ts13 cells (Hilton, T.L. et al., 

2005). 

TAF1 is also an ubiquitin-activating/conjugating (ubac) enzyme. TAF1 mediates mono-

ubiquitination of the linker histone H1 in vitro. Mono-ubiquitination requires the 

sequential activity of ubiquitin-activating (E1) and ubiquitin-conjugating (E2) enzymes 

(Ciechanover et al., 2000). TAF1 contains both of these activities and it does not require 

an E3 ubiquitin-ligase to mono-ubiquitinate histone H1 in vitro: it links ubiquitin 
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covalently via a thioester bond in an ATP-dependent manner (E1 activity) and it transfers 

activated ubiquitin to histone H1 via an isopeptide bond (E2 activity). The E1 and E2 

activities of Drosophila and human TAF1 reside in the central region of the protein 

(Pham and Sauer, 2000, Wassarman and Sauer, 2000). Inactivation of the TAF1 E1/E2 

activity in vivo reduces the cellular level of mono-ubiquitinated histone H1 and the 

expression of genes targeted by the maternal activator Dorsal (Pham and Sauer, 2000). 

 

TAF1 regulates transcription of the cell cycle regulators. 

TAF1 is required for the regulation of a subset of RNA Pol II-transcribed genes (16%–

18%), most of which are involved in G1-to-S progression and cell growth (T. O'Brien 

and R. Tjian, 2000). Defects in TAF1 result in the down regulation of key cell cycle 

proteins: TAF1 is identical to CCG1, a cell cycle regulatory protein found to be important 

for G1 cell cycle progression (Sekiguchi et al. 1991, Wassarman et al. 2000). A single 

base pair is replaced in the hamster gene encoding TAF1 (ts form of TAF1, glycine to 

aspartatic acid at position 690) in the hamster ts13 cell line and leads to cell cycle arrest 

in G1 phase, followed by apoptosis of the cells at the restrictive temperature (Hayashida 

et al. 1994, Sekiguchi et al. 1995). The mutant form of TAF1 in the defected TFIID also 

affects the cyclin A and cyclin D genes that transcription from these promoters is reduced 

in the ts13 cells when it is shifted from permissive to the restrictive temperature (Wang et 

al. 1997). Transient expression of human TAF1 in ts13 cells rescued the G1-specific cell 

cycle arrest (Wang and Tjian, 1994). DNA microarray gene expression profiling in the 

ts13 cell line showed that the transcription of 18% of all protein-coding genes transcribed 
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by Pol II is affected more than twofold at the non-permissive temperature (O’Brien and 

Tjian 2000). In Drosophila cells lacking TAF1 through RNAi arrest in G2/M phase of 

cell cycle. In G2-M phase cell cycle arrest coincides with repression of essential cell 

cycle regulator stg/cdc25, which promotes G2M progression. The result indictates TAF1 

regulates stg. TAF1 may regulate G2-M progression by activating stg 

transcription (Maile, T. et al., 2004). 
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CHAPTER TWO 

TAF1 regulation of gene expression: genome-wide localization and transcription 

profiling 
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Abstract 

Eukaryotic genes are controlled by sequence-specific DNA-binding proteins, chromatin 

regulators, transcription factors, and general transcription machinery. The general 

transcription factor TFIID plays a central role in transcriptional initiation, TFIID is 

composed of the TATA-box binding protein (TBP) and several TBP-associated factors 

(TAFs). TAF1, which is the largest subunit of TFIID, mediates the binding of TFIID to 

promoters and interacts with other transcription factors. Moreover, TAF1 contains four 

essential enzymatic activities which are responsible for the posttranslational 

modifications of GTFs and histones. To analyze the target genes regulated by TAF1 in 

Drosophila melanogaster, I have used genome-wide chromatin immunoprecipitation 

(ChIP)-on-chip analyses coupled with RNA interference (RNAi)-mediated functional 

studies to dissect the role of TAF1 in transcription. My results revealed that TAF1 targets 

1,807 promoters. Gene Ontology (GO) analyses revealed that TAF1 prefertially interacts 

with genes involved in metabolic function. From the transcription profiling of Drosophila 

melanogaster S2 cells, 2,543 genes were identified to be up-regulated by TAF1 and 883 

genes down-regulated from genes with 1.25 fold changes or more in mRNA level. The 

comparison revealed that TAF1 up-regulating 770 of the identified target genes, 

especially cyclins and cell cycle regulators. 283 genes were associated with TAF1 down-

regulation, such as members of the heat shock protein family. The study suggests that 

TAF1 is essential protein and involved in various biological processes including cell 

cycle progression and stress reponses.  
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Introduction 

Regulation of transcriptioin initiation in metazoans involves the assembly of an elaborate 

multi-protein pre-initiation complex, which consists of the general transcription factors, 

various coactivators, and RNA polymerase II, at promoters. The general transcription 

factor II D (TFIID) nucleates the assembly of general transcription factors (GTF) and 

RNA polymerase II at the promoters (Wassarman, D.A. and Sauer, F., 2001). TFIID is a 

multiprotein complex composed of the TATA box–binding protein (TBP) and numerous 

TBP-associated factors (TAFs) (Chen, B. S., and Hampsey, M., 2002; Tomase, M.C. and 

Chiang, C.M, 2006). TAF1 (formerly TAFII250), the largest subunit of the general 

transcription factor TFIID, plays a central role in the transcription of most protein-coding 

genes in eukaryotes (Kim, T. H. et al., 2005; Kim, T.H. et al., 2005; Matangkasombut, O., 

et al., 2004; Weinzierl, R. O. et al., 1993). TAF1 is important in pre-initiation complex 

(PIC) formation at the promoter regions and it is believed to serve as the scaffold for 

TFIID assembly through its interactions with TBP and several other TAFs (Chen, J.L. et 

al., 1994 Weinzierl, R.O. et al. 1993, Verrijzer, C.P. and Tjian, R., 1996). TAF1 has 

several enzymatic activities, such as protein kinase, histone acetyltransferase, and 

ubiquitin-activating/conjugating activity. The HAT activity of TAF1 possesses substrate 

specificity similar to that of Gcn5 (Mizzen, C. A. et al., 1996). A naturally occurring 

mutation in the TAF1 HAT domain renders cells temperature sensitive for both cell cycle 

progression and expression of the cyclin D1 and cyclin A genes. Additional mutations 

that eliminate TAF1 HAT function have been defined, and expression of these mutant 

TAF1 proteins in vivo leads to defects in H3 acetylation at the cyclin D1 promoter 
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(Hisatake, K. et al., 1993; Ruppert, S. et al., 1993; Wang, E.H., and R. Tjian., 1994; 

Wang, E.H. et al., 1997; Hilton, T.L. et al., 2005). TAF1 has a NH2-terminal kinase 

actvity (NTK) and a COOH-terminal kinase activity (CTK) function. General 

transcription factor TFIIF (RAP74) and TFIIA are the substrates for the NTK (Dikstein, 

R. et al. 1996; Solow, S. et al. 2001). Interestingly, tumor suppressor p53 is 

phosphorylated by NTK as well (Li, H.H. et al. 2004). Drosophila melanogaster NTK 

also autophosphorylates TAF1 and transphosphorylates RAP74 in a cell-cycle-dependent 

fashion (Yonaha, M. et al., 1997). The CTK of Drosophila TAF1 phosphorylates histone 

H2B at serine 33 (H2B-S33) in vitro (Maile, T. et al. 2004). TAF1 mediated 

phosphorylation of H2B-S33 is involved in transcriptional activation of the cell cycle 

regulator string/cdc25   

Drosophila is a good model system to study the mechiasms involved in transcription, as 

the fly genome encodes homologs for 60% of the human genes associated with human 

diseases and the genetic redundancy is observed in vertebrates (Rubin, G.M., 2000). 

TAF1 is an important subunit of TFIID and its enzymatic activities play a role in 

transcription activation. TAF1 is structurally and functionally conserved from Drosophila 

to human (Matangkasombut, O. et al., 2000). Recent studies indicate in Drosophila other 

promoter recognition complexes such as TRF1 and TRF2 play a role in governing 

transcription than previously appreciated (Isogai et al., 2007). In order to identify genes 

regulated by TAF1 and to gain a more comprehensive map of potential TAF1-dependent 

promoters, I conducted a genome-wide analysis of the TAF1 recognition sites in 

Drosophila by using chromatin immunoprecipitation coupled DNA microarray analysis 
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(ChIP-on-chip). ChIP-on-chip is a computational tool to accurately discover, in an 

unbiased manner, genome-wide targets of core-promoter recognition factors. To identify 

TAF1 dependent transcription events, I have applied this methodology to the mapping of 

specific promoters targeted by the TAF1. RNA interference (RNAi) provides a tool to 

analyze gene function (Gönczy, P., et al., 2000; Somma, M.P. et al., 2002). RNAi 

technology is adapted in this study to dissect the role of TAF1 in transcription in 

Drosophila cells. I have used RNAi in combination with genome-wide ChIP and 

transcription profiling assays to identify target genes for TAF1. 
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Results 

Selection and generation of TAF1-RNAi S2 cells 

As the first step towards the dissection of the role of TAF1 in Drosophila Schneider 2 (S2) 

cells by RNAi, I designed several short interfering RNAs (siRNA) and long double 

stranded dsRNAs tested the ability to knock down TAF1 expression in S2 cells targeting 

TAF1 mRNA for destruction. S2 cells were transfected with siRNA or dsRNA by using 

oligofectamine. 96 hours after transfection, S2 cells were collected and used for Western-

blotting assay, reverse transcription PCR assay, and XChIP assay. In Western-blot assays, 

the TAF1 protein level is reduced in S2 cells treated with TAF1 dsRNA and the TAF1 

siRNA1-5 (Fig. 3A). I asked whether TAF1 can be silenced successfully in S2 cells 

without oligofectamine as S2 cells express a transmembrane transporter protein, which 

can import dsRNA (Saleh et al., 2006). The results showed that TAF1 expression was 

reduced in S2 cells, which had been incubated with medium containing siRNAs or 

dsRNA (Fig. 3B). Because TAF1 siRNA2 can efficiently reduce TAF1 expression at low 

concentration, I selected the TAF1 siRNA2 for RNAi of TAF1. For ChIP assays, 

chromatin was isolated from TAF1-RNAi S2 cells and wild type S2 cells. For 

transcription profiling, total RNA was isolated from TAF1-RNAi S2 cells and wild type 

S2 cells and treated with RNase-free DNaseI to remove DNA. TAF1 phosphorylates 

H2B-S33 at string (stg, cdc25) promoter and this phosphorylation is essential for 

transcriptional activation of stg/cdc25. I used TAF1-dependent regulation of stg as a 

means of to detect the success of the RNAi treatment.  Reduction of stg transcription and 

loss of TAF1 and H2BS33P with the stg promoter uncover that TAF1 expression is 
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significantly reduced by RNAi (Fig. 3C). Thus, TAD1-RNAi S2 cells with reduced TAF1 

and stg in mRNA level and protein amount are used for ChIP-on-chip and gene profiling 

experiments.  

 

Coupling ChIP-on-chip with genetic and experimental manipulation 

ChIP-on-chip assays require antibodies that recognize a target protein with high affinity 

and selectivity in formaldehyde cross-linked chromatin. I generated a monoclonal anti-

TAF1 antibody for the detection of TAF1 in Drosophila. The generated antibody 

recognizes the central hydrophilic region. Chromatin immunoprecipitation is performed 

with this anti-TAF1 antibody to uncover TAF1-target promoters. More than 100 clones 

of antibody serum were generated from two immunized rats (Dr. Elizabeth Kremmer) 

and I examined the ability to recognize TAF1 recombinant protein in Western blot. Four 

clones 1A3, 5A6, 6A2, and 8F10 were purified and concentrated by protein G-Sepharose. 

Clone 8F10 efficiently immunoprecipitated TAF1 protein from Drosophila nuclear 

extract and was used for ChIP experiments. 

TAF1-RNAi or mock treated cells (5 x 107) were harvested and treated with 1.5% 

formaldehyde to crosslink DNA and proteins. Cells were broken with denaturation buffer 

and sonified. Moreover, sonication is the step for breaking chromatin into small DNA 

fragments with the size range from 100 bp -500 bp. Chromatin was precipitated with 

antibodies to TAF1 or incubated with protein-G magnet beads only (mock). 

Imunoprecipitated DNA was purified. The DNA purified from ChIP was examined by 

PCR with primers detecting the stg promoter. The results revealed a reduced association 
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of TAF1 at stgg promoter in chromatin from TAF1 RNAi cells (Fig. 4B). 

Immunoprecipitated DNA was further amplified, fragmented, labeled and hybridized to 

Drosophila Tiling microarrays.  Because one ChIP experiment yields approximately 500 

ng of DNA, DNA were collected from at least 3 ChIP experiments and amplified to 

saturate tiling DNA microarrays and achieve sufficient signal intensity. The tiling arrays 

were scanned by using an Affymetrix Scanner 3000, which scans high-density arrays and 

contains Affymetrix GeneChip Operating Software (GCOS). GCOS is an operating 

system software that controls Affymetrix instruments, acquires data, and executes gene 

expression analysis GCOS that generates the pixelated .DAT files, which are processed 

into single intensity data stored as .CEL files. The .CEL files were used to produce signal 

and p-values for each interrogated genomic probe position by the analysis function 

provided within Affymetrix® Tiling Analysis Software (TAS). The P value is a 

probability, with a value ranging from zero to one. In microarray assays, p value is the 

probability to observe a false positive signal. Analyzed raw data by TAS produced 

intensity signal and p value and this information was stored as .BED and .BAR files. 

Both .BED and .BAR files were imported into applications Integrated Genome Browser 

(IGB, Affymetrix; 

http://www.affymetrix.com/partners_programs/programs/developer/tools/download_igb.a

ffx) or UCSC Genome Browser (http://genome.ucsc.edu/) for visualization against 

genomic annotations. The .BED file is further analyzed by Genomatrix® RegionMiner  

The definition of a promoter in Genomatrix is defined as a 500 bp DNA fragment 

upstream from TSS.  

http://www.affymetrix.com/partners_programs/programs/developer/tools/download_igb.affx�
http://www.affymetrix.com/partners_programs/programs/developer/tools/download_igb.affx�
http://genome.ucsc.edu/�
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The comparison of the results of ChIP-on-chip experiments obtained with antibodies to 

Taf1 and mock uncovered a total of 5,814 potential TAF1 target promoters in wild type 

S2 cells. The score (-10log10(P value) scale) of hybridization intensities between TAF1 

and mock assyas of higher than 20 is considered significant. The analysis of all three 

independent ChIP-on-chip experiments of wild type S2 cells, uncovered 1,807 TAF1-

bound promoters (Fig. 4A). For example, TAF1 associated with promoter of cyclin A 

(cycA), string (stg) and heat shock protein 70 (hsp70Aa) (Fig. 4C).  

ChIP-on-chip experiments using chromatin from TAF1-RNAi S2 cells uncovered no 

significant binding of TAF1 with promoters. RNAi prevented the association of TAF1 

with 98% of the identified putative TAF1 target promoters. Only 52 promoters did bind 

TAF1 in both wild type and TAF1-RNAi S2 cells. The analysis uncovers 1,807 putative 

target promoters for TAF1 in S2 cells. To further chracterize the putative TAF1 target 

genes, I sorted the genes by Gene ontology (Go). The analysis revealed that multicellular 

organismal process, which containes genes maintaining cell functions, has the highest 

score (Fig. 5A). In addition, several developmental related processes such as multicellular 

organismal development and anatomical structure development are in the top 20 list. Cell 

structure processes such as cellular structure morphogenesis are in the list as well.  This 

result indicates that TAF1 plays a role in the transcription of metabolic genes, 

developmental genes and cell structure genes.  

To assess whether TAF1 binds to the promoter of putative target genes, I analyzed the 

binding of TAF1 relative to the transcription start site (TSS) (Fig. 5B). The TAF1-

binding sites are located 5’ upstream relative to TSS and the signals are found within 400 
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bp of the putative TSS.  

The signal peak indicates the TAF1 binding between -300 to +100 relative to TSS. 

Considered the sonication limitation and DNA protected by transcription factors and 

cofactors, micrococcal nuclease (MNase) was used in one of the microarray experiments 

to precisely detect the TAF1 binding site. Micrococcal nuclease (MNase) is an endo-

exonuclease that preferentially digests single-stranded nucleic acids and also active 

against double-stranded DNA and RNA to cleave all sequences ultimately (Heins et al., 

1967). 50μl of sonicated chromatin (100 x 106 cells per 1 ml) was treated with 100 units 

of MNase for one hour in 37°C. The supernatant containing mono-nucleosomes was used 

in ChIP-on-chip assays. In this assays TAF1 binding was detected between -100 to -1 

upstream of the TSS and the signal peak is at -25 bp relative to TSS (Fig. 5B). These 

results indicate that TAF1 is strongly associated with the promoter of target genes. 

However, ChIP-on-chip experiment using DNA material from MNase treated chromatin 

identified fewer genes (673 genes). To saturate signal is the critical point in TAF1 ChIP-

on-chip experiment. MNase treatment digested DNA into small fragments, which were 

easily lost during ChIP purification.  

Genomatrix® RegionMiner provides a tool to identify transcription factor DNA binding 

sites in DNA fragments. I used this tool to analyze the identified TAF1 target DNA 

regions.  The results reveal that 93.33% of the identified regions contain a TATA box 

binding protein (O$VTBP) matrix family, which includes several TATA box motifs (Fig. 

5C). 55.31% of the regions have a match to the core promoter initiator elements matrix 

family (O$INRE), which is a Drosophila initiator motif. 30.65% of regions have a match 
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to the core promoter initiator elements matrix family (O$TF2D), which is an initiator 

(INR) and downstream promoter element (DPE) with strictly maintained spacing motif. 

These results indicate that TAF1-preferentially binds promoters containing a TATA-box. 

The investigation provides more information about the promoter apparatus in the TAF1-

bound promoters.  

To confirm the obtained results, I used conventional ChIP to detect TAF1 at identified 

target promoters (Fig. 5D).  

 

Genome-wide expression profiling of TAF1-RNAi S2 cells- 

To assess whether TAF1 is involved in transcriptional regulation of the identified 

putative target genes, I investigated the transcription of the putative target genes in S2 

cells and TAF1 RNAi cells by using DNA microarray transcription profiling.  Cells were 

harvested after 5 days. Western blot and RT-PCR assays were used to confirm 

knockdown of TAF1. Total RNA was isolated from S2 cells and TAF1 siRNA2 cells. 

The intergity of the purfied RNA was further analyzed by capillary electrophoresis in 

Core Instrumentation Facility (CIF) of UCR Institute for Integrative Genome Biology. 

The qualified RNA was applied for 1st and 2nd strand cDNA synthesis. cDNA was 

amplified and labeled with biotin. Labeled cDNA was hybridized with Affymetrix 

GeneChip Drosophila 2.0 Array system to generate TAF1 transcription profiling. I used 

DNASTAR® ArrauStar v3.0, software to identify genes, whose transcription in TAF1-

dependent. Heat Maps and scatter plot illustrated the different mRNA level between wild 

type and TAF1-RNAi S2 cells (Figure. 6A), and the detected genes were analyzed by 
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gene ontology (Fig. 6B). Metabolic and cellular related processes have the highest score 

with both p value and z score, which indicates how many standard deviations an 

observation is above or below the mean.  

12634 genes are transcribed in S2 cells. From the 12634 genes, the transcription of 6953 

genes was decreased in TAF1-RNAi S2 cells. 86 genes were transcribed at the same level 

sin wild type and TAF1-RNAi S2 cell, while the transcription of 6428 genes was down-

regulated in TAF1-RNAi S2 cells. However, from the heat map, the transcription level of 

most genes did not significantly change. Especially 80% of genes showed a low 

transcription level with the score lower than 3. The score is a fold-enrichment score in 

Log2-scale ratios of enrichment intensity signal for each probe of known location. To 

further investigate the change of transcriptional level in S2 cells, I set the threshold at 3.5 

and genes with score higher than 3.5 are considered with significant transcription (Fig. 

6C). 3426 genes have been identified with more than 1.25 folds (~20%) change in 

transcriptional level, including 2543 genes with reduced transcription and 883 with an 

enhanced transcription level. More than 10,000 genes had less than 20 % transcriptional 

change and most of these genes had scored lower than 3.5. These results imply that since 

many genes are transcribed in low level or not active. 

GO analysis revealed that genes with attenuated transcription in TAF1-RNAi S2 cells are 

more clustered into cell process function, especially cell cycle progression. This result 

shows that knock-down of TAF1 affects many cell cycle related genes (see cyclins and 

cyclin-related genes). Genes related to cell structure and stress response showed an 

increased transcription level in TAF1-RNAi S2 cells (Fig. 7B). This result suggests that 
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TAF1 silencing is considered a stress to S2 cells, resulting in increased transcription of 

stress response  

To confirm these discoveries in TAF1-RNAi, I performed several reverse transcription 

PCR and real-time PCR to confirm the findings and provide more evidence (Fig. 7C).  

 

Genes regulated by TAF1 

To explore the genes directly regulated by TAF1, TAF1 target genes obtained by ChIP-

on-chip experiments were compared with the target genes identified by transcription 

profiling assays. 73% (770 genes) of all putative TAF1 target genes identified by Chip-

on-chip assays showed TAF1-dependent transcription, whereas 27% (283 genes) were 

activated by TAF1. Genes were sorted into three groups according to if TAF1 bound to 

the promoter and the transcriptional level of change: direct down-regulation of TAF1, 

direct up-regulation of TAF1 and indirect regulation.  

TAF1 upregulation 

More than 1,800 genes were identified as TAF1 target genes and TAF1 silencing caused 

the decreased transcriptional level in 770 genes. Genes targeted by TAF1 had the most 

functional similarity in metabolic process. Other genes involved in different processes 

were TAF1-dependent genes as well. For example, ATP synthase, which synthesizes 

adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic 

phosphate; Adipose (adp), an obesity gene in Drosophila with crucial functions in fat 

metabolism; eukaryotic initiation factor 4E (eIF4E), which is the subunit of eIF4F that 

binds to the cap structure at the 5′ end of messenger RNA and is a critical component for 
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the regulation of translation initiation (Table.1). These metabolic process genes are 

important to keep the cell in function and maintain the cell life. Genes involved in 

developmental process were also identified as TAF1 target genes: asense, which is a 

neural precursor gene; fuzzy, which is important for the development of wing hairs; hairy, 

which regulates embryonic segmentation and adult bristle patterning. Other genes related 

to different functions are directly up-reulated by TAF1, such as kayak, which is a 

Drosophila fos gene and a key regulator of epithelial cell morphogenesis during dorsal 

closure of the embry, and Lamin, which is the structural protein of the nuclear 

lamina and related with anchoring of nuclear pore complexes. These genes are 

important to maintain the cell functions and TAF1 silencing affects cell in many different 

aspects. Since more than 1,000 genes were identified, I analyzed the identified genes and 

found that many genes associated with cell cycle progression were identified as TAF1 

target genes. Many of these cell cycle regulators had decreased mRNA level, for example, 

Cyclin A and Cdk1 had a 50 % of reduced transcription. Cell cycle regulator genes are 

considered as a major up-regulation gene cluster of TAF1 (see following). 

TAF1 is involved in the transcription of different biological processes: 

Cell cycle-associated genes were directly up-regulated by TAF1 

The analysis of the transcription level alterations in each of the identified gene clusters 

revealed several interesting results. Most of cell cycle related genes had reduced mRNA 

level (Fig.8B). Cyclins are a family of proteins controlling the cell cycle progression by 

activating cyclin-dependent kinase (Cdk) enzymes. The four major cyclins are Cyclin A, 

Cyclin B, Cyclin D, and Cyclin E and they control the cell progression.  
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Cyclin A is active in G1 phase and reaches the maximum concentration in G2 phase 

whereas Cyclin B regulates progression from the S to M phase. The transcription 

profiling assays revealed that Cyclin A and Cyclin B were reduced more than Cyclin D 

and Cyclin E. This result indicates that TAF1 plays an important role in cell cycle 

progression, especially in G2/M phase. Moreover, the transcription of other cell cycle 

related genes, including cyclin dependent kinase 1 (Cdk1, also named cdc2) and cyclin 

dependent kinase 2 (Cdk2) is TAF1-dependent (Fig. 8C). Cdk1, which binds to Cyclin B 

to form the essential Cyclin B/Cdk1 complex for G2/M phase, had 55% decreased mRNA 

level. This result further supports the great influence by TAF1 in cell cycle regulation and 

G2/M phase arrest. Other evidence to support the result is Wee1, CAK (Cyclin H/ Cdk7/ 

MAT1) and string/cdc25 are the regulators to activate Cyclin B/ Cdk1 for in G2 phase. 

The transcription levels of these genes were decreased in TAF1-RNAi S2 cells. 

Cyclin A, cyclin C, cyclin E, cyclin G, cyclin K, cyclin T, cdk1, stg and wee1 were 

identified as TAF1 target genes (Fig. 9-11). Therefore, these cell cycle related genes were 

directly up-regulated by TAF1. TAF1 silencing in S2 cells has a considerable effect on 

cell cycle related genes. 

 

Genes whose expression is activated by TAF1 

Interestingly, depletion of TAF1 caused activation of transcription of a significant 

number of genes. The transcription of heat shock protein family was activated in the 

absence of TAF1, while TAF1 binds HSP promoters in S2 cells.  
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Heat shock protein genes were directly down-regulated by TAF1 

The transcription profiling assays uncovered genes whose transcription is directly or 

indirectly upregulated by TAF1. Most of cell cycle related genes had reduced mRNA 

levels (Fig.8A, 8B). Among them are genes involved in stress process, especially the heat 

shock protein (HSP) family such as Hsp70. Except the stress response, heat-shock 

proteins also occur under non-stressful conditions. They play the role as chaperones to 

carry old proteins to the cell's proteasome and they help newly synthesized proteins fold 

properly (Fenton, 2003). HSP proteins also have the function in regulatory pathways 

(Walter, 2002; Parcellier, 2003; Borges, 2005). The HSP family showed the increased 

mRNA level to response TAF1 silencing (Fig. 8C). HSP family genes were down-

regulated by TAF1. 

From ChIP-on-chip results, many HSP genes were the TAF1 target genes (Fig. 12-14). 

Thus, HSP genes were directly down-regulated by TAF1. 

 

Genes in other biological process indirectly regulated by TAF1 

p53 and genes in apoptosis and cell cycle regulation 

p53 protein functions as a tumor suppressor by controlling cell cycle progression and cell 

survival. p53 works as stress response gene, especially to DNA damage. In Drosophila, it 

is required in vivo to respond to certain cellular stresses (Brodsky, 2000). From ChIP-on-

chip experiment, p53 was not the target gene for TAF1 and the mRNA level was induced 

in TAF1-RNAi S2 according to transcription profiling (Fig. 15A). Apaf-1-related-killer 

(Ark) regulated by p53 is a caspase activator and Diablo promotes caspase-9 by 
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interacting with a caspase-9 inhibitor XIAP. Both of Ark and Diablo had TAF1 binding 

signal at the promoters and had reduced mRNA level in TAF1-RNAi S2 cells. Gadd45, 

p21 and 14-3-3 are genes activated by p53 and related with cell cycle regulation, 

especially G2/M phase. The gene transcription levels of these three genes were increased. 

This implies that TAF1 may affect the cell apoptosis through this pathway. The increased 

mRNA level of p53 related cell cycle regulators promotes the consequence from cell 

cycle related genes and trends to arrest cell cycle at G2/M phase. This result shows that 

even TAF1 does not regulate p53 directly, TAF1 silencing might cause a stress signal for 

p53. Therefore, TAF1 may not only play a role in cell cycle but also regulate cell 

apoptosis.  

 

Transcription factors 

Since more genes transcription had decreased in TAF1-RNAi S2 cells (Fig. 6D), it is 

motivating to investigate if the general transcription factors were affected. TFIIA-L, 

TFIIB and TFIIE alpha had increased mRNA level while the transcription of TFIIA-S, 

TFIIE beta, TFIIH and both subunits of TFIIF decreased. Both subunits of TFIIF had 

strongly reduced transcription level compared to other general transcription factors (Fig. 

15B). To scrutinize TFIID components, most of TAFs showed the decreased mRNA level, 

except TAF6. From the TAF1 ChIP-on-chip result, only TFIIE beta and TAF 10 had 

TAF1-bound promoter in all of these general transcription factors. Therefore, most of the 

TAFs were not the direct up-regulations by TAF1. Strikingly, while TBP had 35% of 

decreased mRNA level, TRF1 had 25% of increased level and TRF2 had 10%. These two 
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TBP-related factors did not contain the TAF1-bound promoters and they showed the 

down-regulation to TAF1.  

Histone subunits 

The process of transcription is affected by the composition and the position of the histone 

octamer conjugating of 2 copies of H2A, H2B, H3, and H4. Investigating the 

transcription level these genes showed the noticeably increased intensity in all of these 

four subunits, up to 300% (Fig. 16A). From the TAF1 ChIP-on-chip result, TAF1 bound 

to all of these four of these histone promoters (Fig. S4). This result was similar to heat 

shock proteins, which were found to have TAF1-bound promoters and had the increased 

transcription levels after cells were treated with TAF1 siRNA. These genes showed the 

down-regulation of TAF1 in S2 cells. Another histone protein, histone H1, showed a 

different effect from TAF1. Histone H1 did not have TAF1- binding signal at the 

promoter region and the transcription level decreased in TAF1-RNAi S2 cells. This 

indicated an indirect up-regulation from TAF1 to histon H1. On the other hand, histones 

can have different compositions that some histone component can be replaced by histone 

H2A variant and histone 3.3 variant. To explore the transcriptional condition of these two 

genes, both of them had the decreased mRNA level. Without the TAF1-bound promoter, 

the reducing was an indirect up-regulation by TAF1. From these results, to build the 

histone octamers had the trend to use more basic histone subunits and less histone 

variants in response to the TAF1 shortage in S2 cells. 
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Histone modification enzymes 

Histone modifications are the markers to recruit protein and leads to the chromatin 

structure change. Analysis of the TAF1 silencing influence to histone modification 

enzymes showed the increased mRNA level of histone acetyltranferase Pcaf and Ada2b 

whereas the decreased result was found in histone deacetylases HDAC3, HDAC4 and 

Rpd3 (Fig. 16B). The reduced transcription level was found in histone methyltransferases 

G9a, eggless and Suv4-20. The genes related with heterochromatin formation including 

Heterochromatin Protein 1 Su(var)205 (HP1), HP1 related protein Su(var)2-HP2, HP1b, 

HP1c, and HP1 facilitating protein complex ACF subunits Acf1 and Iswi, had the 

decreased gene transcription level as well. None of these genes were found TAF1-

binding signal in the promoter regions. Thus, Pcaf and ada2b were down-regulation to 

TAF1 and the many of histone methyltransferases and HP1 related genes were indirectly 

up-regulated by TAF1. 
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Discussion 

Signal peaks and the distribution map of TAF1 ChIP-on-chip experiments 

A key point to achieve a successful ChIP-on-chip experiment is the large amount of cells 

necessary for immunoprecipitation. ChIP-on-chip experiments require a large number of 

cells. Especially TAF1 is considered an important subunit for the general transcription 

factor TFIID; to saturate the microarray for obtaining enough intensity is an extremely 

essential step. 5 x 107 S2 cells were used in the study per biological replicate. Therefore, 

obtaining a sufficient cell population often renders ChIP-on-chip experiments more time 

consuming and expensive to prepare enough material for microarrays. 

My studies identified 1,807 genes were found TAF1 target genes. -. From the distribution 

map, the binding site covered from +50 to -300 relative to TSS (Fig. 6B). The size of 

binding signal peak of approximatly 500 bp is based on the fact that the DNA used for 

ChIP-on-chipo assays was obtained from sheared chromatin containing fragments from 

250 to 500 bp DNA (Fig. 4B). The obtained results are similar to the binding profile 

obtained for RNA pol II in ChIP-on-chip assays (Gilchrist, D.A. et al., 2009). 

Alternetively, considering TAF1 and RNA pol II cooperates with many other proteins to 

form the general transcription machinery, the huge protein complexes at promoters may 

prevent the breakdown of DNA and in larger DNA fragments were precipitated in ChIP 

experiments. To improve the resolution of ChIP-on-chip, micrococcal nuclease (MNase) 

was used to digest DNA into small fragments. Compared to the signals from the DNA 

sonicated only, signals from MNase-treated DNA reduced the peak region and 

background noise (Fig. 6B). TAF1-binding distribution map clearly showed the TAF1-
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binding is at 25 bp upstream relative to TSS. Nevertheless, MNase-treated ChIP-on-chip 

experiment provided less intensity and signal. DNA in small size might be easily lost 

during purification and hard for amplification. Thus, inadequate DNA fragments caused 

the intensity and the promoter number diminished in the detection.  

 

Compared TAF1 ChIP-on-chip result to other research 

TAF1 interacted with 1807 promoters. Drosophila, contains approximatly 14,000 genes 

(Adams, M.D. et al., 2000). Thus, TAF1 binds around 13% of all described promoters in 

S2 cells. RNA Pol II-binding sites in S2 cells were detected by ChIP-on-chip experiments 

(Gilchrist, D.A. et al., 2009). Pol II binds 4,363 promoters in S2 cells The Rpb3 subunit 

of RNA pol II identifies RNA Pol II-bound a promoter-proximal region between -250 to 

+500 bp relative to the TSS  (Gilchrist, D.A. et al., 2009). The same study revealed, about 

30% of genes were transcribed in S2 cells reference. Although the original microarray 

data is not available, the paper provides information about the RNA Pol II binding sites. 

The RNA pol II binding sites were compared with the TAF1 binding sites from the ChIP-

on-chip data (Fig. S1). RNA Pol II binding genes Tl, Hsp70Ab, Timp, smi35A and kay 

were TAF1 target genes. RNA pol II binds to genes between +1 to +50 downstream of 

TSS. This comparison indicated TAF1 participates in the regulation of genes transcribed 

by RNA Pol II. TAF1 binds to these genes at the promoters to regulate the transctiption 

initiation whereas RNA Pol II is downstream of transcription start site to precede the 

transcription elongation. 
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TFIID (TAF1) ChIP-on-chip experiments were performed in human IMR90 fibroblast 

cells. TAF1 bound 6763 genes known genes and 1,199 un-annotated transcription units. 

According to Human Genome Project, the human genome contains abut 23,000 protein-

coding genes (International Human Genome Sequencing Consortium, 2001; International 

Human Genome Sequencing Consortium, 2004). Therefore, 34% of all genes were 

controlled by TAF1 in IMR90 fibroblast cells. The promoter about 24% of all human and 

yeast genes contain a TATA-like element in the promoters (Yang, C. et al., 2007). In X. 

leavis and X. tropicalis, 69% of the expressed genes were unaffected when TBP was 

depleted by RNAi (Jacobi, U.G. et al, 2007). Similarly, 65% trasncription events were 

TBP-independent in zebrafish (Ferg, M. et al., 2007). Collectively these studies suggest 

that TBP is involved in 30% of all transcription events-. Moreover, in Drosophila, TRF1 

and TRF2, which share extensive homology with TBP,  can direct both RNA Pol II and 

RNA Pol III transcription in vitro and play a role in the selecting gene promoters (Isogai 

(1) et al., 2007; Isogai (2) et al., 2007). In one study, TRF1 was identified as a 

transcription factor responsible for the initiation of all known classes of Pol III dependent 

transcriptions for small noncoding RNAs such as tRNAs and small non messenger RNAs. 

In another study, TRF2 targeted several classes of TATA-less promoters of 1265 genes 

(Isogai (1) et al., 2007). TRF2 directs RNA Pol II to bind to genes involving those 

driving transcription of essential chromatin organization and protein synthesis genes 

Gene ontology analysis showed that many TAF1 target genes are involved in metabolism 

and development (Fig. 6A). These surprising observations suggest that—contrary to the 

textbook dogma—TAF1-TBP dependent transcriptions only take place in 30% of Pol II 
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transcription sites, and TBP related factors, especially TRF2, are shown to have 

important roles in Pol II transcription than previously anticipated. 

 

Direct down-regulation and up-regulation 

12634 genes were detected in the Drosophila cDNA array. This number is much more 

than the genes transcribed by RNA pol II in S2 cells from previous study (Gilchrist, D.A. 

et al., 2009). To answer this question, I investigated the gene number in different fold 

changes (Fig. 7C). 3,426 genes were found more than 1.25 fold change of the expression 

level in TAF1-RNAi S2 cells. Therefore, more than 8,000 genes had less than 1.25 fold 

changes in the expression. To focus on genes with 1.25 fold changes and more in mRNA 

level, 2,543 genes were up-regulated by TAF1 and 886 genes were down-regulating 

TAF1. Analysis of these genes by gene ontology showed the similarity that cell cycle 

related genes were reduced and stress response genes were induced to response to the 

TAF1-knockdown in S2 cells. This result showed that many genes were detected in 

expression profiling; however, most of them were transcribed in low amounts. The reason 

refers to Drosophila S2, which is the embryonic cell and has less than average gene 

expression.  

770 TAF1-bound promoters of genes had decreased transcription levels, but 2,543 genes 

had 25% reduced mRNA level. This result suggests that at least 2,543 genes are up-

regulateed by TAF1: at least 1,773 genes are up-regulated indirectly by TAF1. Cyclins 

and cell cycle related genes are the major group of genes, which are up-regulated by 

TAF1. TAF1 controls trasncription of cyclin A, cyclin B and Cdk1. The reduced mRNA 
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level of cyclin A, cyclin B and Cdk1 in TAF1-RNAi S2 cells, provides a possible 

explanation for the observed cell cycle arrest of TFA1 RNAi cells in the G2/M phase 

(Maile, T. et al., 2004). Generally, stress leads to cell cycle G2/M arrest and apoptosis, 

such as the disruption of intracellular Ca2+ homeostasis and mitochondrial dysfunction. 

The obtained results support the role of TAF1 in cell cycle regulation. In contrast, TAF1 

does not directly control apoptosis (see following). 

String is the activator of mitosis and a positive regulator of cdc2 kinase in Drosophila. 

From previous studies, stg promoter is phosphorylated by TAF1 and this phosporylation 

is essential for the transcripton activation. I used stg as the quality control for both ChIP-

on-chip and transciption profiling. From the result, stg promoter was bound by TAF1 and 

the transcription level was reduced by 45 % in TAF1-RNAi S2 cells (Fig. 4D, 7B). This 

result indicated that TAF1 directly regulates the transcription of string and string can act 

as a marker to monitor TAF1 activity.  

More than one thousand genes were identified as TAF1 target genes and their gene 

transcription was dependent on whether TAF1 bound to the promoter regions. These 

genes sorted by gene ontology had the function similarity in metabolic process. 

Eukaryotic translation initiation factor 4E (eIF4) was one of the TAF1 target genes. 

eIF4E is a very important eukaryotic translation initiation factor involved in directing 

ribosomes to the cap structure of mRNA. eIF4F, which is compoased by eIF4E, eIF4G 

and poly(A) binding protein (PABP), involves in circularization of the mRNA and up-

regulates in mTOR pathway to response to hormones and growth factors (Yang and 

Guan, 2007). This implies translation process in the cell will be affected by TAF1-RNAi. 
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Many ATP synthase subunits were TAF1-dependent genes. ATP is a multifunctional 

nucleotide that plays important roles in cell biology as a substrate for protein kinases in 

signal transcription pathways and transporting chemical energy for metabolism such as 

biosynthetic reactions and cell division (Knowles, 1980; Campbell et al., 2006). ATP 

synthase is crucial important in the cell as an energy supplier, and TAF1-RNAi may 

cause several pathways shut down due to the reduced ATP synthesis. This suggests TAF1 

regulates housekeeping genes. Genes such as asense, fuzzy, and hairy involved in several 

developmental processes were TAF1-dependent. This result indicates TAF1 is involved 

in cell development by regulating developmental genes in S2 cells. Moreover, TAF1 is 

involved in signal transduction by regulating kinases and phosphatases, especially MAP 

kinase kinase. MAP kinase kinase 4 (MKK4) is a direct activator of MAP kinases and is 

involved in the JNK pathway in response to various environmental stresses or mitogenic 

stimuli (Yoshizawa et al., 2008). Signals are communicated to the JNK pathway MAP4 

kinases by the tyrosine kinase receptors associated adapter and effector molecules and/or 

by G-protein mediated signaling (Matsukawa et. al. 2004). These results indicate that 

TAF1 regulates the gene transcription of housekeeping genes and balances many cell 

biological pathways by modulating the key enzymes in the pathways. 

On the other hand, genes responsive to stress were induced in TAF1-RNAi S2 cells. 

Especially heat shock proteins, although they had TAF1-bound promoters, the gene 

transcription was still increased. This phenomenon was also found in RNA Pol II ChIP-

on-chip experiment and Hsp70Ab was transcribed in negative transcription elongation 

factor NELF-depleted S2 cells (Gilchrist, D.A. et al., 2009). There are several possible 
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reasons to explain this result. First, heat shock proteins have multiple copies and their 

transcription is increased when the cell faces a stressed environment, including RNA 

interference for TAF1 (Dorner, S. et al, 2006). Second, RNA interference can only knock 

down gene expression but not completely knock it out. Therefore, it is possible that a few 

TAF1 proteins are surviving from the RNA interference and are sufficient to keep the 

highly expressed genes functionally, like Hsp70. Third, other transcription factors, like 

heat shock factors, respond to TAF1 shortage and restore the transcription level. 

Additionally, it is proposed that TAF1 as the largest subunit in TFIID is used for 

promoter selection and TAF4 contributes to the TFIID stability more than other TAFs 

(Wright, K.J. et al., 2006). This finding implies that TAF1 and TAF4 mediate 

transcription from a TATA-less, downstream core promoter element (DPE)-containing 

promoter, whereas a TATA-containing, DPE-less promoter is less dependent, like the 

promoter of Hsp70 in Drosophila (Wu, C.H. et al., 2001). Thus, without TAF1, TFIID 

and RNA pol II can still perform the ability normally on heat shock protein gene 

promoters, which have to be transcribed increasingly to response to the stress in TAF1-

RNAi S2 cells. Fifth, it has been reported that TBP and heat shock factor (HSF) are 

competitive protein interactions at the Hsp70 promoter (Mason, 1997). This implies that 

TAF1/TFIID plays a role as an inhibitor. Once in the stressed environment, HSF triggers 

hsp70 transcription by freeing the hsp70 promoter-paused Pol II from the constraints on 

elongation caused by the affinity of Pol II for general transcription factors. Therefore, 

TAF1 silencing unstabilizes TFIID at the promoter and liberates RNA Pol II from the 

initiator. 
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The same phenomenon was also observed on histone H2A, H2B, H3 and H4. These four 

histone subunits have many copies in the cells and their promoters contain the TATA-box 

in S2 cells (Fig. S2). When TAF1 was reduced, the expressions of the histones was 

increased. These results imply that TAF1 participates at many TATA-containing gene 

transcription site but is not essential for some of the down-regulated genes. However, 

most of the TAFs, TBP and many general transcription factors, had decreased transcribed 

mRNA (Fig. 11B). The attenuated transcription level in these transcription factors 

suggests the overall transcription was affected by TAF1-silencing and regulated indirect 

by TAF1. 

 

Gene expression of chromatin structure related genes 

Many genes showed the indirect down-regulation by TAF1. These genes analyzed by 

gene ontology indicated several gene clusters with the same trend of decreased level in 

most of their genes. Results from several histone modification enzymes in Drosophila S2 

cells are very interesting. The gene transcription level of histone acetylase Pcaf and Ada2 

increased in response to TAF1 silencing, whereas histone deacetylase HDAC3, HDAC4 

and Rpd3 had the reduced mRNA level. This result implies more acetylaed histones are 

needed and kept on the histone. Histone acetylation usually leads to an open stage for 

DNA to allow proteins access to the genes. The decresed transcription level was also 

indentified in histone methyltransferases, including eggless, Suv4-20 and G9a, which has 

H3-K9 dimethylation activity and is important for the recruitment of HP1 in the 

euchromatic region. Moreover, the similar decreased transcription was found in 
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Heterochromatin Protein 1 Su(var)205 (HP1), HP1 related protein Su(var)2-HP2, HP1b, 

HP1c, and HP1 facilitating protein complex ACF composed by Acf1 and Iswi decreased 

in gene expression (Clough, E. et al., 2006; Kato, Y. et al., 2008; Ito, T. et al., 1999). 

Heterochromatin Protein 1 (HP1) was first discovered in Drosophila as a dominant 

suppressor of position-effect variegation and a major component of heterochromatin. In 

addition to heterochromatin packaging, HP1 proteins have diverse roles in the nucleus, 

including the regulation of euchromatic genes (Lomberk, 2006). Since HP1 and 

heterochromatin formation related genes were less transcribed in TAF1-RNAi S2 cells, it 

implies that heterochromatin state is not preferred. Combining all of the results from 

histone modification enzymes, histone modifications have the tendency to accumulate 

more markers to keep the chromatin away from heterochromatin state. Chromatin 

condensing together into a highly ordered structure called a chromosome is necessary at 

the early M phase. Therefor, this consequence also offers an evidence to prove the cell 

cycle arrest at G2/M phase.  

 

The role of TAF1 in cell cycle regulation 

Previous studies showed that TAF1 plays an important role in cell cycle regulation: 

TAF1 acetyltransferase activity is required for cell cycle progression at G1/S phase, and 

TAF1 kinase activity phospharylates string/cdc25 and it is required for G2/M phase 

(Dunphy, E.L. et al., 2000; Maile, T. et al. 2004; Hilton, T. L.et al., 2005). From the 

expression profiling of Drosophila S2 cells, the cyclin genes were found less transcribed 

in TAF1-RNAi S2 cells (Fig. 8B). Many cell cycle-related genes were found with a 
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decreased mRNA level as well (Fig. 8C). ChIP-on-chip data provides the direct evidence 

that TAF1 modulates cell cycle by binding to the promoter regions of cyclin A, cyclin E 

and Cdk1 (Fig. 9). Thus, the cyclin-CDK complexes were reduced by TAF1 silencing 

and cell cycle phases from G1/S, S/G2, to G2/M were affected. This result indicates that 

TAF1 not only participates in the preinitiation complex formation at the promoter regions 

but also directly regulating cell cycle related genes. In addition, wee1 and string are two 

genes up-regulating the activation of Cyclin B/ Cdk1 (Stumpff, 2004; Edgar, 1994). The 

reduced mRNA level of these two genes showed that TAF1 affected cell cycle at multiple 

steps.  

 

On the other hand, p53 with induced mRNA level in TAF1-RNAi S2 cells implies it up-

regulates TAF1 and responds to the stress from TAF1 silening. Numerous studies have 

established that growth arrest and apoptosis are independent functions of p53. P53 down-

regulated genes for cell cycle arrest were found with the increased mRNA level whereas 

the cell apoptosis related genes had reduced transcription level. p53-dependent G1 arrest 

occurs largely through transcriptional induction of p21WAF1 (Drosophila 

homolog: Dacapo), which prevents entry into S phase by inhibiting G1 cyclin-dependent 

kinase activity (Ollmann, 2000). Lepnardo (14-3-3) and GADD45 are both down-

regulated by p53 to arrest cell cycle at G2/M phase (Boda, 2000; Zimmermann, 2002). 

Moreover, Hsp70 was found the ability to inhibit apoptosis by preventing recruitment of 

procaspase-9 to the Apaf-1 apoptosome (Beere, H.M. et al., 2000). Thus, the model of 

TAF1 participating in cell cycle regulation is summerized (Fig. S3). Genes bound by 
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TAF1 at the promoter regions and had reduced expression in TAF1-RNAi S2 cells are in 

green. Thus, TAF1 regulates the cell cycle check point directly. Without TAF1 

expression, the cells were arrest from G1/S to G2/M phases. Futhermore, p53 and its 

down-regulated genes for cell cycle arrest were found to have a raised expression level in 

TAF1-RNAi S2 cells, and this increase can help to arrest the same cell cycle phases. 

Moreover, Hsp70, which contained an increased mRNA level in response to knock down 

of TAF1, helped to inhibit apoptosis as well. Consequently, TAF1 plays an important and 

direct role in Drosophila S2 cells. 
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Figure. 1. Recognition of core promoter elements by TFIID and TFIIB 
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Figure. 2. Schematic diagram of metazoan TAF1 
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Figure. 3. Identification and characterization of TAF1 RNA inteference in Drosophila 
S2 cells. 
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Figure. 4. Identification and characterization of TAF-binding promoters in the 
Drosophila genome. 
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GENE_ID Gene Name GOTERM_BP_ALL 
43651 WARTS cell cycle progression 
43991 PTEN cell cycle progression 
33863 STATHMIN cytoskeleton 
45233 CAPULET cytoskeleton 
38995 HAIRY developmental process 
33782 LAMIN developmental process 
34166 FUZZY developmental process 
41605 ROSY developmental process 
43222 TOLL  developmental process 
32207 LIM-KINASE1 developmental process 
37073 ADIPOSE metabolic process 

3772082 KAYAK metabolic process 
31248 SHAGGY metabolic process 
31309 DUNCE metabolic process 
31442 SANS FILLE metabolic process 
31826 RETINAL DEGENERATION A metabolic process 
41225 MICAL metabolic process 
42226 FRUITLESS metabolic process 
43829 ATP SYNTHASE- metabolic process 
31239 EGGHEAD metabolic process 
45525 EUKARYOTIC INITIATION FACTOR 4E metabolic process 
40259 LIPOIC ACID SYNTHASE metabolic process 
31957 MANNOSIDASE I metabolic process 
42620 PYRUVATE KINASE metabolic process 
40325 SEX-LETHAL INTERACTOR metabolic process 
32007 STRESS-SENSITIVE B metabolic process 
36055 SUGAR TRANSPORTER 4 metabolic process 
43469 PROTEIN TRROSINE PHOSPHATASE 99A metabolic process 
41020 MAP KINASE KINASE 4 signal transduction 
34594 PHOSPHODIESTERASE 1C signal transduction 
35253 SPITZ signal transduction 
47877 TWINS signal transduction 
31221 POLE HOLE signal transduction 
31621 INACTIVE transport 

 Table. 1. Representive genes directly down-regulated by TAF1. 
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Figure. 8. Analysis of gene expression of genes with identified TAF1-binding promoters. 
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Figure. 9 . Signal distribution map of TAF1 target genes. 
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Figure. 10. Signal distribution map of TAF1 target genes. 
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Figure. 11. Signal distribution map of TAF1 target genes. 
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Figure. 12 . Signal distribution map of TAF1 target genes. 
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Figure. 13. Signal distribution map of TAF1 target genes. 
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Figure. 14. Signal distribution map of TAF1 target genes. 
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Figure. 15 Analysis of gene expression of genes without TAF1-binding promoters. 
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Figure. 16 Analysis of gene expression of genes without TAF1-binding promoters. 
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 Figure. S1. Comparison of TAF1 binding promoters to RNA Pol II binding sites. 
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Figure. S2. Comparison of TAF1 binding signals to DNA motif of histone subunit 
promoters. 
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Figure. S3. The cell cycle regulation map and the mRNA level change of these regulators. 
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Figure 1. Recognition of core promoter elements by TFIID and TFIIB. The upper figure 

depicts the interactions between TFIID and TFIIB with the seven core promoter elements 

discussed in this review. The table in the lower panel lists the consensus sequence and 

positions for each of these core promoter elements. n.a., not available. (Thomas and 

Chiang, 2006). 
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Figure. 2. Schematic diagram of metazoan TAF1. Locations of enzymatic domains 

[NH2-terminal kinase domain (NTK), COOH-terminal kinase domain (CTK), histone 

acetyltransferase domain (HAT), and ubiquitin-activating/conjugating domain (E1/E2)] 

and bromodomains (Bromo) are indicated within the linear TAF1 protein. Substrates for 

the enzymatic activities are indicated above the TAF1 protein, and interacting proteins 

are indicated below. Substrates and interacting partners are abbreviated as follows: TFIIA 

(A), TFIIE (E), TFIIF (F), TATAbinding protein (TBP), retinoblastoma protein (RB), 

HIV Tat (TAT) and TFIIFα (RAP74) (Wassarman and Sauer 2000). 
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Figure. 3. Identification and characterization of TAF1 RNA inteference in Drosophila S2 

cells. (A) The identified siRNA and dsTNA suppresses TAF1 gene. S2 cells were 

transfected with 2, 4 and 8 μg of TAF1 siRNA1, siRNA2, siRNA3, siRNA4 or 200μg of 

TAF1 dsRNA with oligofectamine. Cell lysates were examined by Western-blotting 

analysis with anti-TAF1 antibody. (B) Silencing of TAF1 expression after exposure of S2 

cells to dsRNA by socking. Adding dsRNA in the culture supernatant to transfect S2 cells 

with 1, 2, 3 and 4 μg of TAF1 siRNA1 or 200μg of TAF1 dsRNA. Cell lysates were 

examined by Western-blotting analysis and tubilin served as a loading control. (C) 

Agarose gel analysis of the transcriptional level. Total RNA from TAF1-RNAi S2 cells 

was subjected to RT–PCR analysis using primer sets for TAF1, of TAF1, string and actin 

gene.  
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Figure. 4. Identification and characterization of TAF-binding promoters in the 

Drosophila genome. (A) Outline of the strategy employed to map TFIID-binding sites in 

the genome. (B) To identify active promoters in S2 cells, DNA bound by the TAF1 was 

isolated from crosslinked wildtype and TAF1-RNAi S2 cells by chromatin 

immunoprecipitation (ChIP) with an antibody that specifically recognizes the TAF1. 

string (stg) promoter is used as the quality control to examine ChIP. (C) A representative 

view of the results from TAF1 ChIP-on-chip analysis and cyclin A (cyc A), string (stg) 

and heat shopck protein 70 Aa (Hsp70Aa) genes are shown. The logarithmic ratio (log10) 

of hybridization intensities between TAF1 ChIP DNA and the control DNA from wild 

type S2 cells, TAF1 ChIP DNA and the control DNA from TAF1-RNAi S2 cell, and 

RefSeq gene annotation is shown. 
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Figure. 5.  Classification of TAF-binding promoters and the binding map. (A) Statistics 

Pane of representative gene ontology analysis of the results from TAF1 ChIP-on-chip 

experiment. The top scored GO terms of Biological Processes are shown. P-values <.05 

and Z-scores that are >2.0 or <-2.0 are generally considered significant. (B) Distribution 

of TAF1-binding sites relative to the Transcription Strat Sites (TSS) in Drosophila. 

Replicate 1 and 2 were ChIP performed with sonicated only chromatin. Sonicated and 

MNase treated chromatin was applied in Replicate 3. (C) Investigation of TAF1 binding 

modules. O$VTBP represents the TATA box motif; O$INRE represents the initiator 

motif; O$TF2D represents the DPE motif. (D) Several TAF1 target promoters confirmed 

by PCR. 
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Figure. 6. GeneChip analysis for responsive gene modulated by transcription factor 

TAF1. (A) Heat Map illustrates expression levels of the genes across a number of 

experiments. Total RNA were isolated from wild type S2 cells and TAF1-RNAi S2 cells. 

Fold changes in gene expression (log2 scale) were clustered using Cluster software and 

visualized with DNASTAR ArrayStar 3. (B) Investigation of gene number in different 

transcription level change. (C) Statistics Pane of representative gene ontology analysis of 

the results from expression profiling. The top scored GO terms of Biological Processes 

are shown.  P-values provide information related to the likelihood that a given selection 

occurred randomly. P-values <.05 and Z-scores that are >2.0 or <-2.0 are generally 

considered significant.  
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Figure. 7. GeneChip analysis for responsive gene modulated by transcription factor 

TAF1 (A) Heat Map of genes with more than 2 folds of expression change (log2 scale) 

between wild type and TAF1-RNAi S2 cells. (B) Statistics Pane of representative gene 

ontology analysis of the genes with more than 2 folds of expression change. Left panel is 

the top scored GO terms of genes with reduced mRNA level in TAF1-RNAi S2 cells. 

Right panel is the the top scored GO terms of genes with increased mRNA level in 

TAF1-RNAi S2 cells. (C) Several transcription levels of TAF1 target genes were 

confirmed by reverse transcription PCR analysis. GADPH and Actin are the control 

genes. 
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Table. 1. Representive genes directly down-regulated by TAF1. 
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Figure. 8. Analysis of gene expression of genes with identified TAF1-binding promoters. 

(A) Expression level of  cyclin genes (B) Cdk and cdc genes and (C) heat shock protein 

genes is shown the expression change in percentage. 
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Figure. 9. Signal distribution map of TAF1 target genes. (A) cyclin A (B) cyclin C (C) 

cyclin E are shown the TAF1 binding signals at the promoters. The logarithmic ratio 

(log10) of hybridization intensities between TAF1 ChIP DNA and the control DNA from 

wild type S2 cells, 
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Figure. 10. Signal distribution map of TAF1 target genes. (A) cyclin G (B) cyclin K (C) 

cyclin T are shown the TAF1 binding signals at the promoters. The logarithmic ratio 

(log10) of hybridization intensities between TAF1 ChIP DNA and the control DNA from 

wild type S2 cells, 
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Figure. 11. Signal distribution map of TAF1 target genes. (A) Cdk1 (B) wee 1 (C) string 

are shown the TAF1 binding signals at the promoters. The logarithmic ratio (log10) of 

hybridization intensities between TAF1 ChIP DNA and the control DNA from wild type 

S2 cells, 
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Figure. 12. Signal distribution map of TAF1 target genes. (A) Hsp22 (B) Hsp26 (C) 

Hsp27 are shown the TAF1 binding signals at the promoters. The logarithmic ratio (log10) 

of hybridization intensities between TAF1 ChIP DNA and the control DNA from wild 

type S2 cells, 
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Figure. 13. Signal distribution map of TAF1 target genes. (A) Hsp67Ba (B) Hsp68 (C) 

Hsp70Aa are shown the TAF1 binding signals at the promoters. The logarithmic ratio 

(log10) of hybridization intensities between TAF1 ChIP DNA and the control DNA from 

wild type S2 cells, 
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Figure. 14. Signal distribution map of TAF1 target genes. (A) Hsp70Ba (B) Hsp70Bb (C) 

Hsp70Bc are shown the TAF1 binding signals at the promoters. The logarithmic ratio 

(log10) of hybridization intensities between TAF1 ChIP DNA and the control DNA from 

wild type S2 cells, 
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Figure.15. Analysis of gene expression of genes without TAF1-binding promoters. 

Expression level of  (A) p53 related genes (B) general transcription factor genes is shown 

the expression change in percentage. 
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Figure.16. Analysis of gene expression of genes without TAF1-binding promoters. 

Expression level of (A) histone subunit genes (B) histone modification enzyme genes is 

shown the expression change in percentage. 
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Figure. S1. Comparison of TAF1 binding promoters to RNA Pol II binding sites. RNA 

pol II was indentified binding to (A) Tl (B) Hsp70Ab (C) Timp (D) smi35A genes. These 

genes were identified bound by TAF1 at the promoter. The TAF1 binding signal is 

compared and shown at the bottom of each panel. 
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Figure. S2. Comparison of TAF1 binding signals to DNA motif of histone subunit 

promoters. Histone subunit H2A, H2B, H3 and H4 are identified containing TATA box at 

the promoter region; whereas Histone H1 are identified as a TRF2 regulated gene. The 

distribution of TAF1 binding signals is compared to this promoter motif. 
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Figure. S3. The cell cycle regulation map and the mRNA level change of these regulators. 

TAF1 target genes with reduced mRNA level in TAF1-RNAi S2 cells are labeled in 

green; non-TAF1 target genes with reduced mRNA level are labeled in blue; TAF1 target 

genes with induced mRNA level in TAF1-RNAi S2 cells are labeled in pink; non-TAF1 

target genes with induced mRNA level are labeled in red. 
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CHAPTER THREE 

Materials and Methods 
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Chemicals, Enzymes, Proteins and Molecular Weight Markers 

Chemicals not listed were of p. A. quality and were purchased from the companies Sigma 

(St. Louis, MO), Fisher Scientific (Hampton, NH) and VWR (West Chester, PA). 

 

Acrylamide (40% stock) Fisher 

Agarose (ultra pure) VWR 

APS (ammoniumpersulfate) Merck 

BCIP (5bromo-4chloro-3indolyl-phosphate) Boehringer Mannheim 

Bromophenol Blue (Na-salt) Sigma 

Cellfectin Invitrogen 

Citric Acid VWR/EMD 

Coomassie® R250 Brilliant Blue Serva 

Deep Vent Polymerase NEB  

DTT AppliChem GmbH 

EDTA VWR 

Ethanol 95% 
Biochemistry Dpt., UC 

Riverside 

Ethidiumbromide ICN Biomedicals Inc. 

GeneRuler 1kb DNA-Ladder MBI Fermentas 

GoTaq® Green Master Mix Promega 

Glucose MP Biomedicals 

Glycerine (Glycerol) VWR/EMD 

Glycogen (Molecular Grade) Roche 

Guanidine hydrochloride VWR/EMD 

Hepes (N-Cyclohexyl-2-aminoethanesulfonic acid) Fisher 

Histone-octameres F. Sauer 

Hotmaster Taq Polymerase  Eppendorf 

Isopropanol (2-propanol) VWR 

L-Arginine free base  VWR/EMD 
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L-Glutamin/Penicillin/Streptomycin-Mix Gemini Bioproducts 

LB Broth, Miller VWR 

LB-Agar VWR 

Lysozyme Roche 

Methanol VWR 

NBT (nitro blue tetrazolium chloride) Boehringer Mannheim 

NONIDET® P40 Calbiochem 

Nucleosomes F. Sauer 

Pipes (Piperazine-1,4-bis[2-ethanesulfonic acid]) Fisher 

Pluronic® F-68 Gibco 

PMSF Roche 

Ponceau-S protein staining solution Serva 

Potassium tetrathionate Pfaltz & Bauer Inc. 

Protein marker, broad range NEB  

Protein marker, prestained  NEB 

Proteinase K Roche 

Quick Ligase NEB  

Oligofectamine Invitrogen 

Restriction enzymes and buffers NEB  

RNasin, ribonuclease inhibitor Promega 

RNaseA Roche 

ROX reference QPCR dye Stratagene 

Salmon testis DNA Sigma 

SDS (sodiumdodecylsulfate) VWR 

Shrimp alkaline phosphatase  Boehringer Mannheim 

Sodiumchloride VWR 

sodiumdesoxycholate Fisher 

Skim milk powder SACO Foods Inc. 

SF900 II serum-free insect cell media Invitrogen 
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Sodiumhydroxide VWR/EMD 

Superscript RT Invitrogen 

SYBR-Green QPCR dye Molecular Probes 

TaKaRa ExTaq Polymerase TaKaRa 

TEMED Fisher 

Tryptone VWR/EMD 

Tween®20 Fisher 

Yeast extract Gibco 

 

 

 

Antibodies and Affinity Matrixes 

 

Anti-FLAG M2 affinity agarose Sigma 

Anti-H1,  

Anti-H2B, rabbit  

Anti-H3,  

Anti-H4,  

Anti-H2B-S33P, rabbit 
S. Kwoczynski / T. 

Maile 

Anti-dTAF1M 
S. Kwoczynski/ Pei-

Fang Tsai 

Anti-rabbit-IgG-AP-conjugate Sigma 

Anti-rabbit-biotinylated Amersham 

Immobilon-P (PVDF) Membrane Millipore 

Nitrocellulose membrane Millipore 

Optitran reinforced NC membrane Schleicher & Schüll 

Protein-A-Sepharose (PAS) Amersham 

Westran PVDF-Membrane Schleicher & Schüll 
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Bacteria Stocks 

 

XL-1 blue; Stratagene 

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZΔM15 Tn10 (Tetr)]. 

 

TOP10; Invitrogen 

F
- 

mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacΧ74 recA1 araD139 Δ(ara-leu) 

7697 galU galK rpsL (StrR) endA1 nupG λ- 

 

 

Insect Cells 

 

Schneider S2 cells (Schneider 1972); Invitrogen 

 

 

Oligonucleotides 

 

Oligonucleotides were produced by Sigma-Genosys in desalted purity grade. All 

sequences are shown in 5’-3’ orientation. 

 

 

Oligonucleotides for RNA interference 

 

5’-TAFII250-dsRNA TCGCAACGCTAGATGAGCAGCA 

3’-TAFII250-dsRNA TCGTCGTCCAGCAGCGGGTT 
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5’-TAFII250-siRNA1 CATTGGTTCCCTTTCCAAATT  

3’-TAFII250-siRNA1 TTTGGAAAGGGAACCAATGTT 

5’-TAFII250-siRNA2 CGTCGATTTAATAATAGGATT 

3’-TAFII250-siRNA2 TCCTATTATTAAATCGACGTT  

5’-TAFII250-siRNA3 GTGGAAGCTCCAAGCAGGGTT 

3’-TAFII250-siRNA3 CCCTGCTTGGAGCTTCCACTT 

5’-TAFII250-siRNA4 CGGGATGTGGAGAGGGATTTT 

3’-TAFII250-siRNA4 AATCCCTCTCCACATCCCGTT 

5’-TAFII250-siRNA5 GGGAATAATTGTTAGTTGTTT 

3’-TAFII250-siRNA5 ACAACTAACAATTATTCCCTT 

 

 

Oligonucleotides for RT-PCR-reactions 

 

Name of oligo 5’-oligo (5’-3’) 3’-oligo (5’-3’) 

18wheeler 
CGCAGTCGCTGCCTGCCTGT

T 

GGGCTGAGCCGGCACAGA

GTT 

actin5C 
CGTTCTGGACTCCGGCGATG

G 

GTACTTGCGCTCTGGCGG

GGC 

cactus 
AGCGCGCCCCCTCAAACGCG

G 

GCTGCTGGGCGGAGCGGA

TGA 

cdc2 
GCCATCGTCGGCGAGTACTT

C 

GGAATACCGGGGTGAACC

CAG 

cdc16  
CGCCCGCACAGAAAGTCCTG

G  

AGGCTGCCATTGCCTGCT

CG  

String/cdc25 GTGGATCTCGTCGTGCTCGCC TGCTGGCGGTTCCGGGCGCT
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T 

Twine/cdc25 
GCCCGCCTGGATGGCACTCC

C 

CTCGTATCCGCCCTGGCTT

CC 

cyclin A 
TTCCGTGACGTCAGAAATCT

T 

CTGAACCACTTCCAGGAA

C 

cyclin B GCTTCGGAGAACTTCAAGCA 
TGGGTTCTACAGTGGTCTT

GG 

cyclin D GGAAAATTGCCAGGAAGAG
G 

CGGAAAGTTTTTGCTGCC

TA 

cyclin E AGGTGATTCAGCCTTGTGCT 
CAGTGTTGCAGCATGTGG

TT 

eIF-4E 
ACCAGCGCCCCCAGCACCG

AG 

CCCAGCTTGATCTCTGAT

GGG 

GAPDH ATCGTCGAGGGTCTGATGAC 
CGACCTTAGCCTTGATTTC

G 

giant CGTCAGCGTGAAGATATAGC 
GTTGTTGCTGCTGACTGA

GG 

hsp60b GGGCCTCCAGGTGTGCGCCG 
GGCCGTACCGCCACCTGG

GACA 

hsp70aa 
TTCGCGAAAAGAGCGCCGG

A  

GCCGATCAGTCGCTTGGC

GT  

hsp70ab 
AAGCAGGCCGTGGAACAGG

C  

AAGTCTACAAAACATTAA

ATGACAAGT  

hsp68 TTGAGGTGCGCTCGACTGCG 
GCTGCCTGGATGGCTGCT

CC  

hsp22 
TCGTGCTCCGCCCCATAACT

  

TCTCGCTGTTGCGCCTTGG

G  

hsp26 CACTCAGCAGCGCCGTTCCA TGGGCGACGTCCATGCAC
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AC  

Histone h2a  
CCCTGTGGGCCGTATTCACC

G 

TGGTCGTCCTGAAAAGGA

CGGTT  

Histone h3 
GGCGCCACGCAAACAACTG

G  

CGCGAATGCGTCGCGCTA

AC  

Histone h2av 
CTCGCACGCTCCGGTTTCGT

  

GCGGAATGACACCGCCAC

CA  

Histone h3.3  
CGCGTAAACCACCCCGTCCC

  

GCTTGGCGTGAATGGCGC

AC  

 

 

Oligonucleotides for QPCR-reactions (5’-3’) 

 

cdc25-SYBR-5’ TACGCGTCGCGGTATAAAAGCTCG 

cdc25-SYBR-3’ ACCAATGTCCCGAGAAACGAGGAG 

 

 

Oligonucleotides for XChIP-reactions (all in 5’-3’ direction) 

 

5’-stg-promoter ATCATATGACTGCGGCCACTACC 

3’-stg-promoter CAGGATCATATGGACTCAGTTTTGGA 

5’-cyclinK-promoter ATAGTCAGATCGACTAGGATATTGGTCCT 

3’-cyclinK-promoter ACCACGACGATTTTGAGTATATGGAAC 

cdc25code-5’ (stg-coding) ATTTCTTCGGCTTCAGACTCGCCAGC 

cdc25code-3’ (stg-coding) GCTTTTGGGTCACACGTCACGCAAG 

Cyclin A forward GCGATTACCGTGGACATAATATATGG  
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Cyclin A reverse CAATTTCGTACGGAAGTTTGTGTCAC 

Cyclin E forward AATCATTTGAGTGACATCCGTTATTGTT  

Cyclin E reverse AAGACAGTATAGCCTCCTTTTTGTCACCT 

Cyclin D forward GATTTTGCTGGAGTAATTGGAACACTT 

Cyclin D reverse GGCTATGTACGATCAGCTCGAGAA 

Cyclin K forward ATAGTCAGATCGACTAGGATATTGGTCCT  

Cyclin K reverse ACCACGACGATTTTGAGTATATGGAAC 

Cyclin T forward AGGTCCTGGACATCATGGTTGTT  

Cyclin T reverse TGAGGTTTTCTGGAAACTGCGACT 

Hsp70ab forward TGCCGAATGGGCATTTATTGGT 

Hsp70ab reverse TGCGCTTGTTTGTTTGCTTAGCTTTC 

Kay D-1 forward  GCATGGATTTCATGTTTCGTTTTCG 

Kay D-1 reverse AACAGCCACAGCCGCAGCA 

 

 

Plasmids 

 

Cloning- and expression vectors: 

 

pBluescript II KS+ (pBS, Stratagene): 

Standard vector for cloning. 

 

pTβSTOP (Jantzen et al. 1992) 

Derivate of pT7βSal (Norman et al. 1988), carries a multiple-cloning-site-(MCS)-

insertion followed by three STOP-codons in three separate coding-frames. 

 



 

 114 

Media, Buffers and Stock Solutions 

 

All solutions were prepared in Milli-Q dH2O unless otherwise mentioned below. 

Solutions which needed to be sterile were autoclaved or sterile-filtered depending on 

solution type. The pH of the solutions was adjusted with HCl and NaOH unless otherwise 

mentioned below. 

 

 

Media 

 

LB-media 1% peptone 

 0,5 % yeast extract 

 0,5 % NaCl 

LB-agar-media 1.50% 
agar-agar in LB-

media 

SOB-media: 20 g tryptone 

 5 g yeast extract 

 0.5 g NaCl 

 2.5 mM  KCl 

 pH 7.0  

 add dH2O to a final volume of 1 l  

 autoclave  

 add 5 ml sterile 2 M MgCl2 just before use  

 

Buffers 

 

AP-buffer:  100 mM Tris-HCl, pH 8.0 

  100 mM NaCl 

  50 mM MgCl2 
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10x PAGE-buffer:  2 M Glycine 

  250 mM Tris-HCl pH 8.3 

SDS-PAGE-runningbuffer 4.5 l dH2O 

  500 ml 10x PAGE-buffer 

  25 ml 20 % SDS 

Transferbuffer I:  3.5 l  dH2O 

  1 l Methanol 

  500 ml 10x PAGE-buffer 

  2.5 ml 20 % SDS 

Transferbuffer II:  50 mM Tris-HCl pH 8.3 

(proteins >150 kDa)  380 mM Glycine 

  0.10% SDS (w/v) 

  20% Methanol 

4x SDS-loadingbuffer: 125 mM Tris-HCl pH 6.8 

  10% β-Mercaptoethanol 

  6% SDS 

  20% Glycerol 

  1 grain/10ml Bromophenolblue 

TBjap-buffer:  10 mM Pipes 

(Transformationbuffer 

japanese) 
15 mM CaCl2 

  250 mM KCl 

  set pH to 6.7 (KOH) 

  55 mM MnCl2 

  filter-sterilization 

5x TBE-buffer :  54 g Tris-HCl pH 8.0 

  27.5 g Boric acid 

  20 ml 0.5 M EDTA 

  add dH2O (Milli-Q) to a total volume of 1 l 
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TBST-buffer:  100 mM Tris-HCl pH 8.0 

  150 mM NaCl 

  0.10% Tween®20 

TE-buffer:  10 mM  Tris-HCl, pH 8.0 

  1 mM  EDTA 

Plasmidprep-lysisbuffer: 7.8 ml 3.2 M LiCl 

(LiCl-method)  1.3 ml 0.5 M EDTA pH 8.0 

  0.4 ml 10% Triton X 100 

  0.25 ml 2 M Tris pH 7.5 

  0.25 ml dH2O 

  250 µl  
Lysozyme stock 

solution 

5x HEMG-buffer:  125 mM Hepes pH 7.6 

  62.5 mM MgCl2 

  0.5 mM EDTA 

  50% Glycerol 

0.5 – 1 M KCl-HEMG-buffer: 0.5 - 1 M KCl 

  0.2 M  PMSF 

  1% NONIDET® P40 

  20% 5x HEMG-buffer 

His-lysisbuffer:  25 mM  Hepes pH 7.9 

  1 M NaCl 

  10% Saccharose 

  5 mM Imidazol 

  0.2 mM PMSF 

Buffer A:  25 mM Hepes pH 7.9 

  200 mM NaCl 

  10% Saccharose 

  5 mM Imidazol 
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  0.2 mM PMSF 

Buffer B:  25 mM Hepes pH 7.9 

  200 mM NaCl 

  10% Saccharose 

  500 mM Imidazol 

  0.2 mM PMSF 

Guanidinium-lysisbuffer: 6 M Guanidinium 

  25 mM  Hepes pH 8.0 

  250 mM NaCl 

Buffer C1:  8 M Urea 

  25 mM Hepes pH 8.0 

  250 mM NaCl 

Buffer C2:  as C1 but with 50 mM imidazol 

    

Buffer D:  8 M Urea 

  25 mM Hepes pH 8.0 

  250 mM NaCl 

  1 M Imidazol 

Renaturationbuffer:  100 mM Tris-HCl pH 7.5 

  7.5 mM EDTA 

  100 mM NaCl 

  1 M Arginin 

  10 mM DTT 

  0.2 mM PMSF 

Kinasebuffer:  25 mM Hepes pH 8.0 

  12.5 mM MgCl2 

  100 mM KCl 

  0.1 mM EDTA 

  0.10% NONIDET® P40 
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  0.2 mM PMSF 

Membrane-renaturationbuffer: 140 mM NaCl 

  10 mM Tris-HCl pH 7.5 

  2 mM EDTA 

  0.10% NONIDET® P40 

  2 mM DTT 

Guanidine-denaturationbuffer: 7 M Guanidine-HCl 

  50 mM Tris-HCl pH 8.3 

  2 mM EDTA 

  50 mM DTT (added fresh) 

TBS (Tris buffered saline): 10 mM Tris-HCl pH 7.5 

  140 mM NaCl 

10x PBS:  1.4 M  NaCl 

  27 mM  KCl 

  100 mM  Na2HPO4 

  18 mM  KH2PO4 

  pH 7.3  

XChIP-lysisbuffer:  25 mM  Tris, pH 7.5 

  140 mM NaCl 

  1 mM  EDTA 

  1% Triton-X-100 

  0.10% SDS 

  filter-sterilization 

IP1:  as XChIP-lysisbuffer but with 500 mM NaCl  

IP2:  10 mM  Tris, pH 8.0 

  250 mM  LiCl 

  0.50% NONIDET® P40 

  0.50% Sodiumdesoxycholate 

  1 mM  EDTA 
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  filter-sterilization 

 

 

General stock solutions 

 

Ethidiumbromide solution: 10 mg/ml Ethidiumbromide in H2O 

Ampicillin stock solution: 100 mg/ml  Ampicillin (Na-salt) 

PMSF-stock:  100 mM  PMSF in dH2O 

Lysozyme stock solution: 10 mg/ml Lysozyme in dH2O 

Proteinase-K solution: 20 mg/ml Proteinase K in dH2O 

NBT-solution:  0.5 g Nitro-blue-tetrazolium-chloride 

  10 ml 70 % dimethylformamide 

BCIP-solution:  0.5 g 
5bromo-4chloro-3indolylphosphate 

(disodium salt) 

  10 ml 100 % dimethylformamide 

 

 

Protein gel solutions 

 

Coomassie-destainingsolution: 10% Acetic acid 

  45% Methanol 

  45% dH2O 

Coomassie-stainingsolution: 0.25% Coomassie® R250 Brilliant Blue 

  9.75% Acetic acid 

  45% Methanol 

  45% dH2O 

    

SDS-PAGE-resolving-gel: 25% 4x resolving-gel buffer: 

  6 – 18 % Acrylamide 
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  0.10% TEMED 

  0.60% APS 

SDS-PAGE-stacking-gel: 25% 4x stacking-gel buffer 

  4% Acrylamide 

  0.10% TEMED 

  0.60% APS 

4x resolving-gel buffer (lower tris buffer): 1.5 M Tris-HCl pH 8.8 

  0.40% SDS 

4x stacking-gel buffer (upper tris buffer): 0.5 M Tris-HCl pH 6.8 

  0.40% SDS 

 

Silverstaining-solutions 

Fixative 1:  400 ml  Ethanol 

  100 ml Acetic acid 

  
add dH2O (Milli-Q) to a total volume of 1 

l 

Fixative 2:  300 ml Ethanol 

  2.5 g Potassium tetrathionate 

  41 g  Sodium acetate, anhydrous 

  
add dH2O (Milli-Q) to a total volume of 1 

l 

Silvernitrate-solution:  2 g AgNO3 

  
add dH2O (Milli-Q) to a total volume of 1 

l 

  
add 250 µl 37 % formaldehyde just before 

use 

Developer-solution:  15 g Potassium carbonate 

  7.5 mg Sodium thiosulfate 

  add dH2O (Milli-Q) to a total volume of 1 
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l 

  
add 150 µl 37 % formaldehyde just before 

use 

Stop-solution:  50 g Tris base 

  20 ml Acetic acid 

  
add dH2O (Milli-Q) to a total volume of 1 

l 

 

 

Consumables and Kits 

 

10 cm cell culture dishes Greiner 

100 ml cell culture flask (with filter cap) Greiner 

15 cm cell culture dishes Greiner 

15 ml tubes Fisher 

50 ml tubes Fisher 

6-well plates for cell culture Greiner 

ECL-Plus Western Blotting Detection System Amersham 

Filter pipette tips (10, 20, 200, 1000 µl size) Axygen 

Filterpaper Whatman 

Parafilm “M” American National Can 

Perfectprep™ Gel Cleanup Kit Eppendorf 

Pipet tips (10, 20, 200, 1000 µl) Axygen 

Serological pipettes Falcon 

QiagenMaxi Kit Qiagen 

QiagenMini Kit Qiagen 

Quick Ligation Kit NEB 

QuikChange™ Site-Directed Mutagenesis Kit Stratagene 

RNA Midiprep Kit Qiagen 
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Scintillation fluid Betamax 

Sterile filters (20 µm and 45 µm) Millipore 

Sterile filtration units Nalgene 

Streptavidine BioRad 

X-OMAT™ autoradiography film Kodak 

 

 

Laboratory Equipment 

 

ABI 7700 QPCR-Cycler  CIF: Core Instrumental Facility, UCR 

Cell counting chamber  Neubauer 

Centrifuge 5415D Eppendorf 

Centrifuge 5810R Eppendorf 

Centrifuge Biofuge pico Heraeus 

Chromatography columns Pharmacia Biotech 

Class II A2 Biological Safety Cabinet  ThermoForma 

Computer, Hardware iMac, 800 MHz 

Computer, Software: Microsoft Excel 

Lasergene Navigator, DNAStar  

DNA Strider 1.3  

Eagle Eye II still video system  Stratagene 

Freezer -20°C Frigidaire 

Freezer -80°C ThermoForma 

Fridge 4-10°C Frigidaire 

Gel Dryer Vacuum system  Fisher Scientific 

Heatblock Techne Dri-block DB-2A 

Ice machine  Scotsman 

Ice-bath Neolab 

Innova 4230 refrigerated incubator shaker  New Brunswick Scientific 
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Intensification cassettes for autoradiography Suprema, Dr. Goos 

LB-122 β-γ-detector  Berthold 

Low Temperature Incubator  Fisher Scientific 

Magnetic stirrer / heatplate Fisher Scientific 

Microscope Nikon 

Microwave oven Sharp Carousel 

Milli-Q Synthesis water purification system  Millipore 

Mini Trans-Blot transfer cell  BioRad 

Nutator  Clay Adams Brand 

pH-meter (accumet® basic AB15) Fisher Scientific 

Pipettes (Pipetman: 2, 10, 20, 200, 1000 µl size) Gilson 

Electronic Pipettes  Brandt 

Power supplies Power Pac 300, BioRad 

Protean 3 minigel system  BioRad 

PTC-100 Peltier Thermal Cycler  MJ Research 

PTC-200 Peltier Thermal Gradient Cycler  MJ Research 

Quarz Cuvette (1 cm, Z = 8.5) Sarna Cells 

QuixSep Micro Dialyzer dialysis chamber  Membrane Filtration Products Inc. 

RC-5(B) refrigerated superspeed centrifuge  Sorvall 

Rocker/shaker Roto Shake Genie  Scientific Industries Inc. 

Scale  Fisher Scientific 

Scale (analytical) Fisher Scientific 

Scanner Epson 

Scintillation Counter Beckman 

Shaker (horizontal) GFL 3005 

SmartSpec™Plus spectrophotometer  BioRad 

Sonifier 450  Branson 

Spinner flasks for cell culture  Wheaton, Bellco 

Thermomixer Eppendorf 
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Vortex Genie 2  Scientific Industries Inc. 

Waterbath SUB 14  Grant 
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Methods 

ChIP-on-chip 

Immunoprecipitation 

Day1: Chromatin-X-link and antibody binding 

Protein-A-Sepharose (PAS) was incubated with Lysis-Buffer, BSA (1mg/ml) and salmon 

testis DNA (1mg/ml) for 2-3 hrs. and then washed 3x with Lysis-Buffer. 

The Schneider (S2) cells were added into an erlenmeyer flask to a concentration of 

around 400x106 cells. Formaldehyde (crosslinker) was added to a final concentration of 

1.8% and incubated 15 min. on a shaker at room temperature. Glycine was added to a 

final concentration of 125 mM and incubated 5 min. at room temperature. The cells were 

centrifuged at 1000 rpm and the pellet has been washed in precooled 1x PBS. The sample 

was then centrifuged again at 1000 rpm and the pellet was resuspended in Lysis-Buffer 

(3ml per 200 ml cell pellet). The suspension was frozen and thawed twice in liquid 

nitrogen, sonified (6x for 30 sec.) and afterwards centrifuged at 15000 rpm for 15 min. 

and the supernatant (x-linked-chromatin) has been taken off. 

25 µl treated PAS was added to each 1000 µl of the supernatant, incubated for 1.5 hrs. at 

4°C and then centrifuged at 1000 rpm for 1 min. These precleaned supernatants were 

pooled again and at same amounts incubated with the specific antibodies (5-25 µl 

depending on antibody, except control sample) at 4°C over night. 

Day2: PAS-binding and washing steps 
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25 µl treated PAS was added to the samples and incubated at 4°C for 3 hrs. The samples 

were centrifuged at 4000 rpm for 1 min. and washed 4x in Lysis-Buffer, 4x in IP1, 4x in 

IP2 and 4x in TE (pH 8.0). 

The PAS-complexes were resuspended in 100 µl TE, RNaseA was added (final conc. 50 

µg/ml) and incubated at 37°C for 30 min. SDS was added to a concentration of 0.5% and 

Proteinase K was added to a concentration of 0.5 mg/ml. 

The samples were then incubated over night at 37°C. 

Day 3: DNA extraction 

The samples were incubated at 65°C for 6 hrs. 100 µl TE and 200 µl Phenole were added 

and the samples were centrifuged at max. speed for 1 min. The upper (aqueous) phase 

was taken off and  another 100 µl TE were added and centrifuged again. The upper phase 

was taken off and combined with the previous one. Chloroform was added 1:1 to the 

samples, centrifuged and the upper aqueous phase was taken off. 100% ice-cold Ethanole 

and 1 µl Glycogen (20mg/ml) have been added to the samples which were incubated at -

80°C for 30 min. 

After centrifuging at max. speed for 20 min., the samples were washed with 70% ice-cold 

Ethanole. After the dna-pellet has been air-dried, it was resuspended in 30 µl dH2O and 

stored at -20°C or used for PCR. 

DNA amplificantion for microarray 

Immunoprecipitated DNA was amplified by Whole Genome Amplification (WGA) using 

Sigma GenomePlex Kit. After the first amplification, add 20ng purified amplification 

product in 10 μl volumn to individual thin walled 0.2ml PCR tubesprepare the master 
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mix like the first amplification, except the dNTP containing 8mM dTTP and 2mM dUTP 

and 10mM dATP, dCTP, dGTP instead of 10mM dNTP. After second amplification, the 

DNA is incorpotated with dUTp and ready for fragmentation.  

DNA fragmentation, labeling with biotin and hybridization 

After reamplification, DNA is fragmented and labeled with biotin by using GeneChip 

WT Double-Stranded DNA Terminal Labeling kit.From here, all the step follow 

Affymetrix Chromatin Immunoprecipitation Assay Protocol, especially for hybridization. 

 

Gene expression profiling 

Isolation of RNA out of S2 cells 

For isolation of RNA out of Schneider S2 cells, there are two methods. First, isolate total 

RNA by using TRIzol reagent. Spin cells for 5 min at 300 X g. Remove media and 

resuspend cells in ice cold PBS. Pellet cells by spinning at 300 X g for 5 min. Lyse cells 

with TRIZOL Reagent by repetitive pipetting or by passing through syringe and needle. 

Use 1 ml of the reagent per 5-10 X 10
6 
of animal cells. Incubate the homogenized sample 

for 5 minutes at room temperature to permit the complete dissociation of nucleoprotein 

complexes. Centrifuge to remove cell debris. Transfer the supernatant to new tube. Add 

0.2 ml of chloroform per 1 ml of TRIZOL Reagent. Vortex samples vigorously for 15 

seconds and incubate them at room temperature for 2 to 3 minutes. Centrifuge the 

samples at no more than 12,000 x g for 15 minutes at 2 to 8
0
C. Following centrifugation, 

the mixture separates into lower red, phenol-chloroform phase, an interphase, and a 

colorless upper aqueous phase. RNA remains exclusively in the aqueous phase. Transfer 
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upper aqueous phase carefully without disturbing the interphase into fresh tube. Measure 

the volume of the aqueous phase. Precipitate the RNA from the aqueous phase by mixing 

with isopropyl alcohol. Use 0.5 ml of isopropyl alcohol per 1 ml of TRIZOL Reagent 

used for the initial homogenization. Incubate samples at 15 to 30
o
C for 10 minutes and 

centrifuge at not more than 12,000 x g for 10 minutes at 2 to 4
o
C. The RNA precipitate, 

often invisible before centrifugation, forms a gel-like pellet on the side and bottom of the 

tube. Remove the supernatant completely. Wash the RNA pellet once with 75% ethanol, 

The second method is to use RNA midiprep kit from Qiagen. The experiment was done 

following the manufacturers protocol, the total amount of cells used per preparation was 

in between the recommended range of 3–4x107 cells. 

RNA used for GeneChip microarray 

The RNA was used for reverse transcription, ampliflication, labeling and hybridization 

with 3' IVT Express Kit. All of the steps were following the manufacturers protocol: 3' 

IVT Express Kit User Manual (pdf, 1.6 MB) 

 

TAF1 RNAi S2 cells 

Synthesis of dsRNA and siRNA 

The long TAF1 dsRNA is 1 kb and both strands of this cDNA sequence was cloned into 

pET vector. Before synthesis, the plasmid was treated with speI to linearlize the DNA. 

The in vitro transcription used MEGAscript® T7 Kit from Ambion. The ss RNA was 

annealed after adding two ssRNA together, incubating at 95°C for 5 min, and slowly cool 

down to 25°C in 4 hours. Store at -80°C or used to trat the cells immediately. 
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The siRNA was desged according to Silencer siRNA Construction Kit and followed the 

manufacturers protocol. 

 

Analysis and Manipulation of Nucleic Acids 

Photometric determination of DNA/RNA concentrations 

Nucleic acids absorb light in the ultraviolet range. The absorption-maximum of DNA is 

at 260 nm, RNA and proteins (aromatic residues) at 280 nm respectively. To determine 

the concentration of DNA, the sample was tested for absorption at 260 nm in a 

spectrophotometer. To determine the degree of impurities due to RNA and proteins the 

absorption (optical density or OD) at 280 nm was also measured. The quotient of 

OD260/OD280 is an indicator for the purity of DNA and lies within 1.8 to 2.0 for pure 

(column purification) solutions. For calculation of the DNA-concentration, following 

conventional unit was used: an OD260 of 1 resembles a concentration of 50 µg double-

stranded DNA per ml. 

 

Polymerase chain reaction (PCR) 

PCR for cloning of cDNA-fragments 

To amplify cDNAs out of template DNA-pools (Plasmidpreps, Libraries), primers 

containing specific restrictionenzyme cutting sites were created (XXX). The PCR 

reaction used 50-100 ng DNA template, 1-2 U DeepVent proofreading polymerase 

(NEB), 2 µl of 10x ThermoPol reaction buffer (NEB), 1 µl of 2.5 mM dNTP-Mix 

(TaKaRa) and 1 µM endconcentration of the corresponding 5’- and 3’-Primer. The 
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reaction was set to a total volume of 20 µl (ad dH2O). After initial denaturation of 95°C 

for 1.5 min. around 25 to 30 amplification cycles followed: melting temperature was set 

to 95°C (30 sec.), annealing around 5°C below the average melting temperature of the 

specific primerpair (45 sec.) and elongation was set to 75°C (1 min. per 1kb fragment 

length). The PCR ended with a final elongation at 75°C for 20 min. The amplified DNA 

was analyzed and purified afterwards via gelelectrophoresis. 

 

PCR for standard detection of specific DNA-sequences 

To detect primer specific DNA-sequences in a sample by amplification, a PCR-reaction 

was set up as described above, but with ExTaq-Polymerase (TaKaRa) using same 

amounts of ExTaq-buffer. Denaturation temperature was set to 94°C, elongation to 72°C.  

 

PCR for real-time quantitative detection of specific DNA-sequences (QPCR) 

Detection of amplified cDNA in real-time was performed using an ABI 7700 light cycler 

(CIF). The reaction (20 µl total volume) used 8 µl of HotMasterMix (Eppendorf), 2 µl of 

template DNA, 1 µM primers, SYBR-Green (Molecular Probes) as corresponding dye 

(final concentration 1:10000) and ROX (Stratagene) as reference dye (final concentration 

1:300). 40 cycles were performed and temperature steps were set as described in 

4.2.1.2.2. 

 

Reverse-Transcriptase-PCR (RT-PCR) 
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RNA, isolated with the midiprep kit from Qiagen, was measured on a spectrophotometer 

(Biorad) and used in a concentration of 10 µg per reaction. The RNA has been incubated 

at 65°C for 5 min and subsequently cooled down on ice. For the reverse transcriptase 

(RT) reaction 20 µl of 5x RT-buffer (Invitrogen), 10 µl 0.1M DTT, 10 µl random 

hexamer primers (Boehringer Mannheim [200ng/µl]), 10 µl of 10 mM dNTPs, 2.5 µl 

RNasin and 2 µl Superscript RT were added and the sample was set to a total volume of 

100 µl (dH2O). After incubation at 37°C for 1 h the sample was heated up to 95°C for 5 

min and then cooled down on ice. The cDNA produced with this reaction could be stored 

at -20°C or immediately analyzed via PCR. 

 

Annealing of single-strand DNA (ssDNA) 

To create double-strand DNA (dsDNA) out if ssDNA strands like linker-

oligonucleotides, 20 µg of each complementary oligonucleotide was added to a volume 

of 40 µl Milli-Q dH2O containing 4 µl NEB-buffer 3 and mixed by inversion. The 

sample was heated up to 95°C for 5 min and then cooled down at room temperature. The 

annealed dsDNA was then frozen at -20°C or immediately digested with restriction-

enzymes. 

 

Digestion of DNA with restrictionendonucleases 

The digestion of DNA with restrictionendonucleases was performed in a standard volume 

of 20 µl with sticky-end or blunt-end cutting restriction enzymes of bacterial origin. 

Single and double digest temperature, usage of BSA as a stabilizing agent and buffer 
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settings were chosen following the recommendations of the manufacturer (NEB). 2-5 U 

of enzyme were used for 2 h digest assays, overnight digests were performed using 5 U 

of enzyme. Digested DNA was either dephosphorylated or directly analyzed and purified 

via gelelectrophoresis. 

 

Dephosphorylation of linearised plasmids 

To prevent intramolecular religation with the 3’-hydroxy-ends of digested linearised 

vector-DNA in following ligation reactions, the free 5’-phosphate-groups of the vectors 

were removed using shrimp alkaline phosphatase (Boehringer Mannheim) directly after 

digestion. 2.3 µl of 10x dephosphorylation buffer and 1 U of shrimp alkaline phosphatase 

were added to 20 µl digestion sample and incubated at 37°C for 1 h. The sample was then 

purified from contaminants using gelelectrophoresis. 

 

Agarosegelelectrophoresis 

Depending on the size of the expected DNA-fragments, gels were used within 

concentrations of 0.7 - 2% agarose. The specific amount of agarose was solubilised in 1x 

TBE by melting in a microwave and poured into a gel tray after addition of 

ethidiumbromide-solution (0.1 µl / ml gel). 10x DNA-loadingbuffer has been added to 

the DNA samples 1/10 and the samples have been separated by electrophoresis. 0.1–1 µg 

DNA in 20-25 µl sample volume was separated, “Gene-Ruler™ 1 kb DNA ladder” 

(MBI) was used as DNA marker. The gel was then analyzed and documented using the 

“Eagle Eye” UV system (Stratagene). 
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Isolation of DNA-fragments out of agarose gels 

DNA was extracted of agarose gels using the Perfectprep Gel Cleanup Kit from 

Eppendorf. The fragment of interest is cut out of the gel, melted in a binding buffer and 

then bound to the column matrix by means of centrifugation. Following a washing step, 

the purified DNA can be eluted using water or buffer. 

 

Ligation of DNA-fragments 

Ligation of DNA-fragments was done using the Quick Ligation Kit from NEB. 

Dephosphorylated vector-DNA and insert-DNA were combined in a volume of 10 µl, 

containing at least five molar excess of insert. 10 µl of 2x ligation buffer (NEB) was 

added and the sample was vortexed shortly. 1 µl of Quick T4 DNA ligase has been 

added, the sample was incubated for 5 min. at 25°C and then cooled down on ice. The 

ligated DNA could be stored at -20°C or directly transformed into E.coli cells. 

 

Growing transformation-competent E.coli cells 

The establishment of transformation-competent cells followed a modified method of 

Stratagene’s Epicurian competent XL-1 blue (Inoue et al. 1990): 

E.coli XL-1 blue cells  were grown over night in 5ml SOB media. The culture was 

transferred afterwards into 250ml SOB media and grown at 18°C for approximately 31 h 

until it reached an OD600 of 0.6. It was then incubated on ice for 10 min and centrifuged 

in a precooled Sorvall GS3 rotor for 10 min with 2500 g at 4°C. Meanwhile 2 ml of 
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100% DMSO was added to 100 ml of TBjap. After centrifugation, the supernatant has 

been discarded and the cell pellet has been resuspended in 80 ml TBjap buffer with 

DMSO. The suspension was incubated on ice for 10 min and centrifuged again. The 

supernatant has been discarded and the pellet was resuspended in 18.6 ml of precooled 

TBjap (without DMSO). After adding 1.4 ml of DMSO to the suspension (final 

concentration of 7%), it was incubated again on ice for 10 min. After incubation the cell 

suspension was dispensed into 200 µl aliquots in cryotubes which have been frozen 

immediately in liquid nitrogen and were stored at -80°C. 

 

Transformation of competent E.coli cells 

Frozen competent XL-1 blue cells were slowly thawed on ice. Pre-chilled DNA sample 

(25 ng ligation-mixture-DNA or 100 ng plasmid-DNA) was added to 100 µl of cells, the 

sample was mixed gently and incubated on ice for 30 min. After the following heat shock 

of 37°C for 1.5-2 min, the sample was chilled on ice again for 5 min. 900 µl of SOB or 

LB media was added and the solution was incubated at 37°C for 1 h. 100 µl were spread 

on a 1:10 dilution LB-agar-plate containing ampicillin. The remaining 900 µl were 

centrifuged, the cell pellet was resuspended in 100 µl media and spread on a 1:1 plate. 

The plates were incubated at 37°C over night and checked for colonies the next day. 

Single colonies were picked with a pipet tip, transferred into a bacteria-culture vial with 5 

ml LB-media containing ampicillin and grown over night. 

 

Isolation of plasmid-DNA out of E.coli cells 
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Plasmid isolation with LiCl 

1.5 ml out of the 5 ml overnight culture (4.2.1.9) were centrifuged (5 min, 1000g, 

Eppendorf centrifuge) and the resulting cell pellet was resuspended in 200 µl 

plasmidprep-lysisbuffer (4.1.11.). After incubation for 5 min at room temperature, the 

sample was boiled at 100°C for 90 sec and immediately cooled on ice. Chromosomal 

DNA and denatured proteins were separated from the plasmid-DNA by centrifugation at 

16000g for 8 min and the formed pellet was removed from the plasmid containing 

supernatant using a pipet tip. The plasmid-DNA was precipitated then by adding 0.7 

volumes of isopropanol, incubated at room temperature for 10 min and centrifuged at 

16000g for 15 min. The supernatant was discarded, the DNA-pellet washed with 70% 

ethanol and centrifuged again at 16000 g for 5 min. The supernatant was pipetted off 

carefully and the pellet was dried in the speedvac concentrator. After the sample was dry, 

the DNA got resuspended in 20 µl dH2O. 

 

 

 

Plasmid isolation with the QIAGEN Miniprep kit 

To isolate plasmid-DNA with additional purification through a mini size column, the 

Qiagen miniprep kit was used. The isolation was performed following the protocol of the 

manufacturer. For each column DNA of 3 ml of the 5ml overnight culture was used. The 

DNA has always been eluated from the column using 30 µl eluation buffer of the 

manufacturer. 
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Plasmid isolation with the QIAGEN Maxiprep kit 

To isolate plasmid-DNA with additional purification through a maxi size column, 

Qiagens maxiprep kit was used. The 5 ml overnight culture was inoculated into a 250 ml 

LB-culture and again grown over night. The isolation was performed according to the 

protocol of the manufacturer, the plasmid-DNA was eluated in 100-500 µl TE-buffer. 

 

Phenole-chloroform extraction of DNA 

To purify DNA-samples from hydrophobic impurities like lipids or proteins the samples 

were treated with phenole and ethanole-precipitated: 

The total volume of the DNA-sample was set to 100 µl with TE-buffer (pH 8.0), 200 µl 

phenole was added and the sample was mixed (Vortex) and centrifuged at max. speed for 

1 min (Eppendorf microfuge). The upper aqueous phase was pipetted off into a new 

microcentrifuge tube and 100 µl TE were added to the remaining lower phenole phase to 

extract additional DNA. The two forming phases were mixed and centrifuged again and 

the aqueous phase was removed as before and combined with the first 100 µl of DNA-

fraction. After adding 200 µl chloroform to the sample, it was mixed and centrifuged as 

before and the upper phase was pipetted into a new centrifuge tube.  

To precipitate the DNA, 400 µl ice cold ethanol and 1 µl glycogen [20mg/ml] was added 

to the sample which was then incubated for 30 min at -80°C. After incubation, the sample 

was centrifuged at max speed for 20 min, and the ethanol was discarded. The DNA-

glycogen pellet was washed with 1 ml of 70% ethanol and the sample was centrifuged for 
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another 20 min at max. speed. The ethanol was carefully pipetted off and the DNA was 

air-dried at room temperature. After the DNA was dry, the pellet was resuspended in 30 

µl of dH2O. 

 

Analysis and Manipulation of Proteins 

SDS-polyacrylamide-gelelectrophoresis (SDS-PAGE) 

The separation of proteins according to their molecular weight was done via discontinual 

SDS-polyacrylamide-gelelectrophoresis following the method of Laemmli (Laemmli 

1970): 

Depending on the molecular weight of the separated proteins, matrixes of concentrations 

between 6 – 18% polymerised acrylamide were created:  

Two glassplates of specific size were assembled, which were divided from each other by 

two vertical spacers of specific width (0.75 – 1.5 mm) on the sides and sealed on the 

bottom by another spacer (custom maxigel system) or a rubber mat (BioRad Protean 

minigel system). The resolving-gel was then pipetted between the glassplates to 

polymerise at room temperature. Isopropanole was filled above the liquid resolving-gel 

solution before polymerisation to create a flat resolving-gel surface. After the gel was 

polymerised, the isopropanole was discarded, the gel surface was washed with MilliQ-

dH2O and the lower concentrated stacking-gel  was poured onto the resolving-gel. Before 

the stacking-gel could polymerise, a comb of the gel-specific length and width was stuck 

into the stacking-gel, creating slots for loading the proteins into the gel. Protein samples 

were boiled in SDS-loadingbuffer at 100°C for 5 min before they were loaded on the gel 
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to disrupt the spacial structure (secondary, tertiary and quartiary structures) of the 

proteins within the β-mercaptoethanole containing buffer and to anneal the SDS to create 

an overall negative charge according to the size of the protein for the electrophoretic 

separation in the gel. 

The electrophoresis was started at 80 V (minigels) to 100 V (maxigels) to stack the 

proteins within the stacking-gel and set to 150 V (minigels) to 200 V (maxigels) once the 

proteins entered the resolving-gel. 

 

Coomassie-staining of SDS-PAGE gels 

To visualize electrophoretically separated proteins in a SDS-gel, the gels were incubated 

for 30 min to overnight in Coomassie-stainingsolution. Afterwards the gels were 

incubated with several washes of destaining-solution  until bands became visible. The gel 

was washed with dH2O, documented and dried onto Whatman-paper with a vacuum-

geldryer at 80°C for 1-2 h. 

 

Silverstaining of SDS-PAGE gels 

Silverstaining allows a detection of proteins which is 10-100 x more sensitive than 

Coomassie staining: 

The gels were incubated in fixative 1 for 1 h and then again 1 h in fixative 2. After 

fixation of the protein bands, the gels were washed in Milli-Q dH2O 4x for 15 min. The 

gel was sensitized for 1 min in 0.1 mM sodium thiosulfate solution and rinsed 3x for 20 

sec in Milli-Q dH2O. To stain the gel, it was incubated in silvernitrate-solution for at 
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least 30 min and afterwards washed again in Milli-Q dH2O for 1 min. The gel was placed 

into developer-solution for up to 30 min to visualize faint protein bands. When the gel 

was stained at the desired intensity, the reaction was stopped placing the gel into stop-

solution for 10 min. The gels were documented afterwards and stored in 1% acetic acid 

(Milli-Q dH2O) at 4°C or dried onto Whatman-paper 

 

Immunodetection of SDS-PAGE proteins (western-blot) 

The power of the technique lies in the simultaneous detection of a specific protein by 

means of its antigenicity, and its molecular mass: proteins are first separated by mass in 

the SDS-PAGE, then specifically detected in the immunoassay step: 

SDS-PAGE separated proteins can be transferred out of the gel onto a membrane in an 

electrical field without changing the separation pattern of the bands. Once on the 

membrane, protein bands can be immunologically assigned to specific proteins using 

specific antibodies in various immunodetection methods. 

 

Western-blot and primary antibody 

Transfer-membranes used for the western-blot analysis were either nitrocellulose- or 

PVDF-membranes. PVDF-membranes needed to be activated by a short incubation in 

methanol before the blotting procedure and were then, like the nitrocellulose membranes, 

equilibrated in transferbuffer. Two different transferbuffers (blottingbuffers) were used, 

transferbuffer II (Harlow, E. 1999) for proteins above 150 kDa and transferbuffer I for 

smaller sized proteins. 
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Proteins were blotted using BioRad’s Mini Trans-Blot transfer cell, at 300 mA (around 5 

mA/cm2 gel-surface). The blotting setup (“blotting sandwich”, in blotting direction left to 

right) consisted of one fiber pad, 3 Whatman-filterpapers, SDS-PAGE gel, membrane, 3 

Whatman-filterpapers and the second fiber pad. If necessary, the blot was checked by 

staining the proteins on the membrane with Ponceau S and marking their position by 

piercing the membrane with a needle. The membrane was incubated in blocking-solution 

(5% skim milk powder in TBST-buffer) for 1 h at room temperature. The blocking-

solution was discarded, the membrane was washed 3x for 10 min in TBST and incubated 

in the primary-antibody-TBST-dilution (set according to the antibody manufacturers 

protocol) for 1 h at room temperature or at 4°C over night. To remove remaining primary 

antibody, the membrane was washed again in TBST as before. The membrane was now 

ready to be incubated with the secondary antibody. 

 

Immunodetection with alkaline phosphatase 

In this type of immunodetection, the secondary antibody was coupled to the enzyme 

alkaline phosphatase (AP) and was diluted in TBST according to the manufacturers 

protocol. After incubation with the secondary-antibody-TBST-dilution at room 

temperature for 1 h, the membrane was washed again 3x for 10 min with TBST and then 

incubated in AP-buffer  with 4.5 µl/ml NBT and 3.5 µl/ml BCIP until the bands became 

visible and the reaction was stopped by adding dH2O. 

 

Immunodetection with chemiluminescence (ECL-Plus-Kit) 
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The ECL-Plus-Kit (Amersham) uses biotinylated antibodies to detect proteins via 

chemiluminescence through the enzyme horse-raddish-peroxidase (HRP). After 

incubation with the secondary-antibody-TBST-dilution and washing in TBST 3x for 10 

min, the membrane was incubated in streptavidin-HRP solution (1:3000 in TBST) for 1 h 

at room temperature. The membrane was washed again in TBST as before and put in 

between two plastic foils with 1 ml of the ECL-solution (according to the manufacturers 

protocol). The fluorescence signals were detected using a Kodak X-Omat film in the 

darkroom within 5 min to 1 h.  
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CHAPTER FIVE 

Conclusion 
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In the beginning, I started to look for the best condition to achieve TAF1 silencing in 

Drosophila S2 cells. By testing several different siRNAs and dsRNA with/without 

oligofectamine, TAF1 can be knock down by TAF1 siRNA2 without oligofectamine after 

5 days. After working on amplifying DNA to gain sufficient signal, 1,807 genes were 

identified TAF1-binding at the promoters. GO analysis revealed these TAF1 target genes 

were involved in metabolic and developmental process.By compared to previous study, 

TAF1 regulated 40 % of genes, which were transcribed by RNA pol II. TAF1 binding 

regions were analyzed and highly related to TATA box. Transcriptioin profiling was 

performed with wild type S2 cells and TAF1-RNAi S2 cells. The result revealed that 

2,780 genes were identified down-regulated by TAF1 and 1,751 genes up-regulated from 

genes with 1.25 fold changes and more in mRNA level. More than 80% of genes were 

neither active nor response to TAF1 silencing. Comparison between ChIP-on-chip and 

transcription profiling identified 1,019 gene were directly down-regulated by TAF1. 

Strikingly, 874 genes were activated after TAF1 silening. This result implies several 

possibilities: first, these TAF1 up-regulations may be inhibited by TAF1/TFIID complex 

to hold RNA pol II and prevent transcription; second, other factors can compensate the 

loss of TAF1 at certain TATA-containing promoters.  

Analysis of these direcly regulations identified cell cycle regulators were considerable 

down-regulated by TAF1. Strongly decreased mRNA level of cyclin A, cyclin B and 

cdk1 leaded the cell cycle arrest at G2/M phase. Other evidence from inderect regulation 

implied the G2/M phase arrest: p53 regulated genes GADD45, p21 and 14-3-3 were 

indirected up-regulated by TAF1 and contributed to G2/M phase arrest. mRNA levels of 
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general transcription factors and histone modification enzymes were reduced and implied 

that cell cycle phase did not enter M phase and stopped at the checkpoint to wait for the 

repairment. The result indicateds TAF1 plays an important role in cell cycle regulation. 
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