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TBP related factors: 
A family of proteins with specialized 

and redundant functions 





Transcription is the process by means of which genetic information encoded m the 

DNA is copied in an RNA form to be subsequently utilized by the cellular machinery. 

Eukaryotic cells have various RNA polymerases t o transcribe different types of genetic 

information. So far, five different RNA polymerases have been described in eukaryotic 

nuclei. RNA polymerase I (RNAP-I) is localized within nucleoli and is primarily involved 

in the transcription of 18S and 28S ribosomal RNAs. It consists of 12 subumts and is 

insensitive to a-amanitm (Russell and Zomerdijk, 2006). RNA polymerase II (RNAP-

II) transcribes mRNAs, long non-coding RNAs, small nuclear RNAs and microRNAs 

(Kornberg, 1999; Lee et al., 2004). It consists of 14 subunits and is highly sensitive to 

α-amanitin. RNA polymerase III (RNAP-III) consists of 17 subunits and is responsible 

for the synthesis of 5S rRNA, tRNAs, small nucleolar RNAs, some microRNAs, short 

interspersed nuclear element-encoded or tRNA-derived RNAs and novel classes of 

ncRNAs (Dieci et a/., 2007). It is also sensitive t o a-amanitm but at a concentration 

ten times higher than that for RNAP-II. RNAP-IV, present only m plants, is resistant to 

α-amanitin and facilitates the generation of small interfering RNAs (si-RNAs) involved 

in an RNA-directed heterochromatinization pathway (Herr et al., 2005; Onodera et 

al., 2005). Single polypeptide RNA polymerase IV (sp-RNAP-IV) is a unique nuclear 

RNA polymerase consisting of only one polypeptide. It is derived from an alternative 

transcript of the mitochondrial RNA polymerase, lacks the mitochondrial targeting 

sequence and localizes to the nucleus. It is also resistant to α-amanitin and transcribes 

a relatively small subset of protem-codmg genes with promoter features distinct from 

those of RNAP-II transcribed genes (Kravchenko et al., 2005). 

Basal transcription factors 

The RNA polymerases do not have the ability to recognize and thus guide 

themselves to the proper sites of transcription initiation. For the recruitment of each 

RNA polymerase to its target promoter and site of initiation, an additional set of 

polypeptides is required. These proteins, called basal transcription factors recognize 

specific sequence signatures at the promoters and facilitate the recruitment of RNA 

polymerase to their corresponding target promoters. The basal transcription factors 

for RNAP-II include Transcription Factor MA (TFII A), TFIIB, TFIID, TFIIE, TFIIF and TFIIH 

(reviewed in Thomas and Chiang, 2006). Transcription initiation at RNAP-II promoters 

takes place through the formation of a large pre initiation complex (PIC) consisting 

of RNAP-II and basal transcription factors at the core promoter. The core promoter is 

- 1 0 0 b p sequence around the transcription start site required for basal transcription. 

It possesses specific sequence features called core promoter elements which are 

recognized by basal transcription factors (reviewed m Chapter 2). PIC formation usually 

involves the recognition of the TATA box by TFIID which consists of TATA box binding 

protein (TBP) and up to 14 other polypeptides called TBP-associated factors (TAFs) 

(Thomas and Chiang, 2006). After the discovery of TFIID and other basal transcription 

factors it was considered that these factors represent a general set of proteins which 

are involved in transcription at all RNAP-II promoters. However, with the passage of 



Figure 1. Structure of core domain of human TBP bound to the TATA element of the adenovirus 
major late promoter. The saddle-shaped core domain is shown with its secondary structure 
elements colored differently. Helices are green, sheets are brown and coils are colored light blue. 
The DNA strands are shown in pink and blue. 

time it was realized that basal transcription machinery harbors substantial diversity. 

TFIID is present in many variant forms in different tissues and cell types. These forms 

have different variants of TAFs as well as distinct additional polypeptides (Muller and 

Tora, 2004 and references therein). Similarly, TBP, which once thought to be the only 

TATA box binding activity present in eukaryotic cells, has now expanded into a family 

of four distinct proteins; TBP, TRF1, TLF and TBP2 (Muller et al., 2007; Reina and 

Hernandez, 2007). In this introductory chapter we review evolution, structure and 

function of TBP family members. We also discuss how these proteins accommodate 

specialized as well as redundant gene regulatory roles in the context of eukaryotic 

transcription. 

TATA box binding protein (TBP) 

TBP is the founding member of this family and is involved in transcription by all of the 

three major RNA polymerases (I, II and III) in eukaryotes (Hernandez, 1993; Nikolov 

and Burley, 1994). It is conserved from archea to man. The primary structure of TBP 

consists of two major domains. The core domain, which is highly conserved (80% 

identical between yeast and mammals) consists of two direct pseudo repeats and 

folds into a saddle-shaped structure with a convex and a concave surface (Fig. 1-2). 

The convex surface of this saddle binds to the minor groove of the TATA box via an 

induced fit model (Burley, 1996). The N-terminal domain is relatively more variable in 

sequence and size between species. 
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Figure 2. Comparison of primary structures of vertebrate family of TATA binding factors. 
The bipartite core domain is shown in blue whereas the N-terminal domain is colored grey. Qs 
represent stretch of poly-glutamine whereas green arrows represent PXT repeats. 

Structure of TBP 

High resolution crystal structures of the core domain of TBP from different species 

have been solved (Nikolov et ai, 1992; Chasman et al., 1993; Kim et al., 1993a; Kim 

et al., 1993b; Kim and Burley, 1994; Nikolov and Burley, 1994; Nikolov et ai, 1996). 

These structural studies illustrate that the core domain folds into a bipartite saddle like 

structure with approximate dimensions of 32 χ 45 χ 60 angstroms. The saddle consists 

of two quasi-symmetric halves each consisting of a five-stranded, anti-parallel curved 

β sheet and two α helices that lie perpendicular to each other (Fig. 1). Four β strands 

from each half of the saddle form the concave underside that binds to DNA. The four 

α helices, two from each half of the saddle, the basic pept ide that links the two quasi-

symmetric domains and parts of two β strands make up the convex upper side of the 

saddle. This surface harbors the binding interfaces for many proteins involved in the 

process of transcription initiation. 

TATA box recognition by TBP 

TBP binds to the TATA box via an induced-fit mechanism of protein-DNA recognition 

(Kim et ai, 1993a; Kim et ai, 1993b; Kim and Burley, 1994; Juo et ai, 1996; Nikolov 

et ai, 1996). The DNA gets highly bent after TBP binding and TBP also goes through 

a conformational change. The DNA enters the C-terminal portion of TBP as a regular 

B-DNA conformation (corresponding to the 5'-end of DNA) but then undergoes a 

transition into a unique partially unwounded right-handed double helix by a kink. 

This kink in DNA is caused by the insertion of two phenylalanine residues (Phe284/ 

Phe301 in human TBP) into the minor groove between the first two base pairs of the 

TATA box. A similar kink is produced at the exit of the DNA from the other side by the 

insertion of two other phenylalanine residues (Phe193/Phe210) between the 7 t h and 

the 8th base pairs of the TATA box. The second kink restores the DNA back to its usual 

B-DNA conformation. In this way, while bound to TBP, the middle six base pairs of the 



TATA box are in a partially unwound right-handed double helical conformation with a 

widened minor groove which fits in an energetically favored manner to the concave 

surface. TBP binding to a canonical TATA box proceeds via a two-step pathway; first 

an unstable complex with unbent DNA is established. Second this complex is slowly 

converted into a stable complex in which the DNA is bent. The second step is greatly 

accelerated by TFIIB in cooperation with an inhibitory DNA binding surface of TBP 

(Zhao and Herr, 2002). 

TBP complexes 

TBP is part of a number of complexes which function with different RNA polymerases. 

To function at RNAP-I promoters, TBP joins the Selectivity factor 1 (SL1) complex 

together with at least three RNAP-I specific TAFs (reviewed in Russell and Zomerdijk, 

2006). TBP together with two RNAP-III specific TAFs (Brfl and Bdpl) assembles into 

the TFIIIB complex, which is involved in RNAP-III transcription (reviewed in Schramm 

and Hernandez, 2002). Besides TFIIIB, TBP also interacts with the snRNA activating 

protein complex (SNAPc) at the human U6 promoter (Ma and Hernandez, 2002). At 

many RNAP-II promoters TBP works in a large complex called TFIID, which contains 

in addit ion to TBP approximately 14 evolutionarily conserved distinct RNAP-II specific 

TAFs (reviewed in Chen and Hampsey, 2002; Matangkasombut et al., 2004). The TFIID 

complex recognizes the RNAP-II core promoter as a result of recognition of different 

core promoter elements by its various subunits and starts the nucleation of the PIC. In 

addit ion, it also serves as a targeting interface for the binding of many transcription 

activators. However, the activity of TBP at RNAP-II promoters is also modulated 

through the formation of alternative complexes as discussed in the next paragraph. 

Negative modulation of TBP activity 

TATA boxes and AT-rich sequences are scattered over the genome and TBP has 

a relatively low specificity for binding to the TATA box. The affinity for its DNA 

element is -1000 times lower than the proteins that bind the major groove of DNA 

(Coleman and Pugh, 1995). In addit ion, TBP has a very low dissociation rate after 

it has bound to DNA. This implies that there should be mechanisms m place to 

negatively modulate the ability of TBP to bind DNA as well as to actively remove TBP 

from its DNA-bound state. One of such mechanisms involves the homodimenzation 

of TBP mediated through extensive hydrophobic contacts between the concave 

surfaces of both monomers (Coleman et a / , 1995; Jackson-Fisher et al., 1999; Kou 

et al., 2003). Expression of dimerization defective mutants of TBP in yeast results in a 

substantial elevation of activator-independent transcription which can be suppressed 

by the overexpression of wild type TBP. Inability to make dimers also destabilizes 

TBP suggesting that dimerization is also a mechanism to stabilize endogenous TBP 

(Jackson-Fisher et al., 1999). In vitro studies show that TBP dimerization is a dynamic 

process that is influenced by many physical parameters as well as by the N-termmal 



domain of TBP (Daugherty et al., 1999; Campbell et al., 2000; Daugherty et al., 2000). 

TBPdimerization also leads to the formation of TFIID dimers (Taggart and Pugh, 1996). 

Two distinct domains in the N-termmal region of TAF1, the largest subunit of 

TFIID, interact with TBP and negatively modulate its ability to bind to the TATA box 

(Kokubo et al., 1994). TAF N-termmal domain 1 (TAND1) binds to the concave surface 

of TBP and thus directly blocks DNA binding (Liu et al., 1998). Additionally, the TAND1 

binding surface also overlaps with the binding site of transcriptional activator VP16 

resulting in a competit ion between the two proteins to bind TBP (Nishikawa et a/., 

1997). TAND2 binds to an interface on the convex surface of TBP that is crucial for 

TFIIA binding. Thus, TAND2 negatively influences the binding of TBP with TFIIA 

(Kokubo et al., 1998), which otherwise would stabilize binding of TBP to the TATA box. 

TBP also forms a distinct complex involved in RNAP-II transcription called B-TFIID, 

in which TBP interacts with a unique TAF called BTAF1 (reviewed in Pereira et a/., 

2003). It is also called Mo t i in yeast and is a Swi2/Snf2-related ATPase that exerts 

both positive and negative effects on transcription (Dasgupta et al., 2002, Geisberg 

et ai, 2002). Very much like TAF1, it also binds to the concave and convex surface 

of TBP and thus modulates TBP binding to DNA and TFIIA respectively (Pereira et 

ai, 2001). An important function of BTAF1 is to dissociate the TBP-DNA complex 

using the energy of ATP hydrolysis executed by its ATPase domain (Chicca et ai, 

1998). In this way BTAF1 can also clear TBP from spurious TATA boxes and redistribute 

it to bona fide promoters, which partially accounts for BTAFI's ability to positively 

affect transcription at some promoters (Dasgupta et ai, 2002, Geisberg et ai, 2002). 

Another well known TBP complex is formed by its association with negative cofactor 

2 (NC2). NC2 consists of two subunits called NC2a (Drl) and NC2ß (Drapl) which are 

bound with each other via histone-fold domains (Goppelt et ai, 1996). NC2 binds to 

free TBP as well as TBP bound to DNA. The NC2-TBP-DNA ternary complex locks 

the TBP in a state that is resistant to binding with TFIIA and TFIIB (Pugh, 2000). NC2 

and Mot i were shown to inhibit transcription from TATA-contaming promoters but 

stimulated the transcription from DPE-dependent promoters (Willy et ai, 2000; Hsu 

et ai, 2008). Interestingly, the presence of a functional initiator sequence can provide 

resistance against NC2-mediated transcriptional repression (Malecova et ai, 2007). 

A recent genome wide occupancy analysis in yeast has shown that TBP, NC2, and 

Mot i colocalize at transcriptionally active RNAP-II core promoters. ATP hydrolysis by 

Mo t i disassembles this complex resulting in dissociation of TBP from DNA suggesting 

that NC2 and Mo t i cooperate to control the dynamics of TBP turnover in vivo (van 

Werven et ai, 2008). Interestingly, this turnover of TBP at TATA containing promoters 

(often associated with tightly regulated genes) is faster in comparison to TATA-less 

promoters (van Werven et ai, 2009). 

Role of N-terminal domain of TBP 

TBPs from vertebrates contain a highly conserved N-termmal domain. In vitro 

studies have shown that this domain is important for TATA-containmg RNAP-II and 



Ill promoters but dispensable for TATA-less transcription (Lescure et al., 1994) 

Furthermore, this domain negatively modulates the binding of the TATA box by the 

core domain as well as mediates cooperative binding with SNAPc at the U6 promoter 

(Mittal and Hernandez, 1997; Zhao and Herr, 2002). Contrary to these in vitro findings, 

homozygous loss of most of the N-termmal domain has no apparent effect on either cell 

growth or transcription by RNAP-II and RNAP-III (Schmidt et al., 2003). However, the 

N-termmal domain plays an important role in post-transplantation embryos to evade 

rejection by the maternal immune response by repressing a ß2 microglobm mediated 

process (Hobbs et al., 2002). The mechanism underlying this phenomenon remains 

to be elucidated The N-termmal domain is also clinically important as it features a 

glutamme repeat region the expansion of which results in spino-cerebellar ataxia and 

other neurodegenerative disorders (reviewed in van Roon-Mom et al., 2005). 

TBP function through the cell cycle 

Changes in TBP levels selectively affect the transcription of genes involved in the 

cell cycle. TBP expression is often elevated in Ras oncogene-transformed cells. 

Concordantly, stable over-expression of TBP leads to transformation of cells (Johnson 

et al., 2003a; Johnson et ai, 2003b). Inversely, reduction of TBP levels to 50% by 

inactivating one of its alleles in chicken DT40 lymphoid cells results m a decrease in 

the expression of cdc25B phosphatase. This leads to an increase in phosphorylated 

Cdc2 resulting in delayed cell cycle and enhanced apoptosis (Urn et al., 2001). In 

addit ion, TBP plays an important role during mitosis in the transmission of active gene 

memory to daughter cells (Christova and Oelgeschlager, 2002; Xing et al., 2008). The 

underlying mechanism involves TBP-mediated recruitment of protein phosphatase 

2A, which locally inactivates condensin via dephosphorylation and thus inhibits 

compaction of transcriptionally active gene loci during mitosis (Xing et a/., 2008). 

TBP related factor 1 

TRF1 was the first TBP paralog to be described. It was discovered in a genetic screen 

of Drosophila and was reportedly associated with a shaker phenotype generally 

attributable to defects in central nervous system (Crowley et al., 1993). TRF1 is 

specific to insects and is highly expressed in embryonic central nervous system and 

male germ cells (Hansen et al, 1997). It is 63% identical to TBP in the core domain, 

can associate with the TATA box and stimulate basal transcription in vitro (Holmes 

and Tjian, 2000), whereas in vivo it can direct transcription from one of the tudor 

gene promoters (Hansen et al., 1997). The majority of TRF1 is associated with the 

Drosophila homolog of RNAP-III specific transcription factor Brfl (Takada et a/., 2000) 

and TRF1-depleted Drosophila Schneider line-2 cell extracts are unable to support 

RNAP-III transcription. These observations were further confirmed by genome-wide 

chromatin immunoprecipitation (ChIP) analysis which shows that TRF1 is recruited to 

a majority of RNAP-III and some RNAP-II promoters in the fly genome (Isogai et al., 

2007b). Thus, m Drosophila cells, TFIIIB activity (an essential ingredient of RNAP-III 



mediated transcription) is accommodated by Brfl and TRF1, which is in clear contrast 

to the situation m yeast and vertebrates where Brfl is in a complex with TBP 

TBP like factor 

TBP-like factor (TLF, also known as TBPL1 and TRF2) is a more distant paralog of TBP 

that is found in all metazoans. It has only - 4 0 % identity with the TBP core domain 

(Dantonel et al., 1999) (Fig. 2). It is the only member of TBP family which lacks the 

ability to bind the TATA box. It however, interacts with TFIIA and TFIIB (Moore et al, 

1999; Rabenstein et a/., 1999; Teichmann et al., 1999). Evolutionarily, TLF is much less 

conserved as compared to TBP. The core domains of TLF are only 40-45% identical 

in metazoans, whereas the TBP core domain is 80% identical from yeast to human 

(Dantonel et al., 2000). TLF forms a complex with TFIIA in HeLa cells but can also 

interact with TFIIA-like factor (ALF), which is a germ cell specific paralog of TFIIA 

(Teichmann et ai, 1999; Catena et ai, 2005; Kopytova et ai, 2006). TLF was also 

shown to negatively modulate transcription by sequestering TFIIA (Ohbayashi et ai, 

2003; Chong et al, 2005; Tanaka et ai, 2007). Surprisingly, the ability of TLF to interact 

with TFIIA activates the transcription of the TATA-less neurofibromatosis type 1 gene 

(Chong et ai, 2005). On a similar note, chicken TLF was shown to inhibit transcription 

from TATA-containing promoters but activate transcription from TATA-less promoters 

(Ohbayashi et a/., 2003). 

The function of TLF has been studied in worm, frog and fish using knockdown and 

dominant negative strategies (Dantonel eta/., 2000; Kaltenbach eta/., 2000; Veenstra et 

ai, 2000; Muller et ai, 2001). In these organisms, ablation of TLF function results in an 

early arrest of embryonic development and down regulation of a subset of genes. TLF 

knockdown combined with transcriptome profiling in frog embryos showed that about 

three quarters of the genes are affected (Jacobi et ai, 2007). A significant proportion of 

these genes are preferentially expressed in embryos and show functional specialization 

in catabolismi. Interestingly, a subset of TLF-dependent genes is also affected by TBP 

ablation. Neither the reason nor the mechanism of this apparent dependence on two 

distinct basal transcription factors is entirely clear. In a striking contrast to fly, frog and 

fish, TLF is dispensable for normal embryogenesis in mice (Martianov et ai, 2001 ; Zhang 

et ai, 2001) It is however, required for proper spermatogenesis because male TLF-

null mice are sterile indicating a functional specialization of TLF during the course of 

evolution. In these mice, spermatogenesis is arrested as round spermatids mature into 

elongating spermatids Among other things, TLF is required for proper chromocenter 

formation in haploid round spermatids (Martianov eta/. , 2002a). In addition to this study 

on mouse spermatogenesis, there are several other lines of evidence which advocate 

a link of TLF to germ cell differentiation and proper chromatin formation. In Drosophila 

embryos TLF is part of a large protein complex containing components of nucleosome 

remodeling factor (NURF) complex and the fly-specific DNA replication element 

binding factor (DREF) (Hochheimer et ai, 2002). TLF promotes the transcription from 

an upstream promoter of proliferating cell nuclear antigen (PCNA). The promoter has 



a DRE motif which is bound by DREF and hence promoter selectivity is brought about. 

Intrigumgly, the DRE is among the most prevalent core promoter elements in Drosophila 

genome (Ohler et al., 2002; Tomancak et al., 2002). Partial inactivation of TLF in flies 

leads to impaired premeiotic chromosome condensation and defective differentiation 

of male and female germ cells (Kopytova et al., 2006; Shima et ai, 2007) Furthermore, 

TLF depletion in Drosophila salivary glands causes severe disruption of chromatin 

structure in polytene chromosomes again suggestive of a link between TLF expression 

and proper chromatin function (Isogai et al., 2007a). In Drosophila TLF controls the 

transcription from histone HI gene, whereas the other histone genes in the cluster 

are TBP dependent (Isogai et al., 2007a). Considering the observation that changes in 

histone H1 levels cause global chromatin structural alterations (Fan et al., 2005), this 

may explain the afore said link between TLF and chromatin structure. Additionally, this 

appears to be a cellular mechanism to regulate the relative levels of histone HI and 

other histones. A genome-wide TLF occupancy analysis m Drosophila S2 cells revealed 

that TLF is bound to more than thousand sites (Isogai et a/., 2007a). About 80% of these 

sites are not overlapping with TBP binding regions suggesting that a fair number of 

genes in Drosophila are controlled independent of TBP. Interestingly, TLF binding sites 

are enriched for DREs and are mostly lacking TATA boxes (Isogai et ai, 2007a). 

TBP2 

TBP2 (also known as TBPL2, TRF3) is the most recently identified member of TBP family 

and is the most closely related TBP paralog sharing 95% sequence identity m the core 

domain (Persengiev et ai, 2003; Bartfai et ai, 2004; Jallow et ai, 2004). It can bind to 

the TATA box, interacts with TFIIA and TFIIB and promotes basal transcription in vitro 

In addition, knockdown studies in fish and frog showed that TBP2 is indispensable for 

embryonic development (Bartfai et ai, 2004, Jallow et ai, 2004) and is preferentially 

required for the transcription of vertebrate specific genes and those involved in ventral 

specification during frog development (Jacobi et ai, 2007). Although, some TBP2 is 

expressed in early embryos of frog and fish, it is most abundant in oocytes (Bartfai et 

al, 2004; Jallow et ai, 2004; Gazdag et ai, 2007; Akhtar and Veenstra, 2009). A couple 

of recent studies have shown that TBP2 is essential m specific differentiation pathways 

in zebrafish and mouse (Deato and Tjian, 2007; Hart et ai, 2007). During zebrafish 

embryogenesis, TBP2 binds and promotes transcription of a gene mespa, which encodes 

a transcription factor that initiates a pathway required for the commitment of mesoderm 

to the haematopoietic lineage (Hart et ai, 2007) This function of TBP2 is dependent on 

its interaction with TBP-associated factor 3 (TAF3) (Hart eta/ . , 2009) Very much like the 

story of TLF, the picture in mouse is different from frog or fish. TBP2 knockout mice are 

perfectly viable with no defect in embryogenesis. However, the loss of TBP2 severely 

affects folhculogenesis rendering female Jbp2/ mice sterile (Gazdag et ai, 2009). 



TBP family members: specialized or redundant? 

The presence of functional TBP paralogs in metazoans raises the question why more 

than one TATA binding factor is required in these organisms while only one such protein 

is sufficient for proper execution of transcriptional program in yeast. One plausible 

hypothesis, supported by microarray gene expression analysis, is the requirement of 

additional components of the basal transcription machinery in order to accommodate a 

relatively more elaborate gene regulatory framework m these organisms that is linked to 

development (Jacobi et a/., 2007). Another question is how these proteins accommodate 

this role. One would think that each of these proteins is involved in transcription from 

specific subset of genes, in specific tissues or during specific stages of development. 

However, these proteins can also function redundantly on many genes and under many 

conditions. For instance, in early Xenopus embryos TBP, TBP2 and TLF are all required 

for proper development showing that each of these factors is essential for a specific 

subset of genes (Veenstra et al., 2000; Jallow et a/., 2004, Jacobi et al., 2007). But for 

a number of other genes these factors are redundant. Moreover, TBP ablated embryos 

can be at least partially rescued by overexpression of TBP2 suggesting a significant level 

of redundancy between the two proteins (Jallow et a/., 2004). 

Additionally, it has also been observed that different promoters of the same 

gene are controlled by different TBP family members. An example is tudor gene of 

Drosophila a promoter of which is TBP-responsive whereas the other is controlled by 

TRF1 (Holmes and Tjian, 2000). Similarly, TLF and TBP work on two different promoters 

of PCNA gene (Hochheimer et al., 2002). In addit ion to these specific examples, 

other data is also suggestive of more than one TBP family members working on the 

same gene. In ChlP-chip assays in Drosophila S2 cells, it was observed that 20% of 

TLF binding sites overlap with TBP binding sites (Isogai et al., 2007a). Furthermore, 

on many genes m early frog embryos both TBP and TBP2 can be located on same 

genes by similar assays (Jacobi et a/., 2007). These examples highlight the regulatory 

complexity in higher organisms. 

Switching of TBP family members during development 
and differentiation 

Another intriguing explanation for the existence of multiple TATA binding factors in 

metazoans is spatio-temporal control of gene expression where different factors control 

gene expression in different tissue types or in different stages of development. The idea 

is that when for example cells differentiate, the expression levels of one TATA binding 

factor decrease whereas that of another relatively increase, effectively switching the 

gene-regulatory control from one factor to the other A prime example is TBP2, which 

is highly expressed m oocytes m the absence of detectable TBP, which therefore was 

suggested to be a TBP-replacement factor in oocytes (Jallow et al, 2004). Likewise, it 

was reported that the canonical TFIID complex is largely replaced by a smaller 150 to 

200 Kd complex consisting of TBP2 and TAF3 when mouse myoblasts differentiate into 



myotubes (Deato and Tjian, 2007) Using in vitro re-constituted transcription systems, 

it was shown that a TBP2 TAF3 complex can specifically promote transcription from 

the MyoD promoter (MyoD is an important marker of muscle differentiation) whereas a 

TFIID complex substoichiometric for TAF3 could not (Deato et al, 2008) A recent knock 

out study in mice, however, shows that muscle differentiation does not require TBP2 

(Gazdag et a/ , 2009) This study, along with our findings reported in this thesis describes 

a new type of core factor switching that takes place between oocytes and somatic cells 

of mouse and frog (Gazdag et a / , 2009, cf Chapter 3) 

OVERVIEW OF THESIS 

The mam goal of the studies described in this thesis was to improve our understandings 

on two important fronts of transcription biology, namely the functional interplay 

of TATA binding proteins and core promoter architecture Both topics were mainly 

studied in the context of oogenesis and early development using Xenopus species as 

model organism The observations reported in this thesis strengthen some recently 

emerging ideas as well as provide some useful new insights into the understanding of 

enormously complex regulation of transcription in vertebrates 

In chapter 2, our current understanding of the structure and function of RNA 

polymerase II core promoters is reviewed in detail In chapter 3, structural and functional 

evidence for the role that TBP2 plays in Xenopus oocyte transcription is presented We 

show that TBP is absent m this cell type and TBP2 is associated with transcriptionally 

active loci in oocyte nucleus This association between active promoters and TBP2 is lost 

as oocyte transcription shuts down during meiotic maturation In addition to establishing 

TBP2 as a major TATA binding activity in frog oocytes, our observations described in 

chapter 3 also identify proteolytic degradation of TBP2 as a mechanism participating in 

partial switching of TATA binding factors between oocytes and embryos 

Chapter 4 reports the computational identification of most frequently occurring 

DNA sequence elements in the core promoters of Xenopus This is the first genome 

wide analysis of frog core promoters Acorn parison of these motifs with those frequently 

present in human core promoters provides some new insights into the conserved and 

divergent aspects of core promoter architecture in vertebrates In chapter 5 we study 

in more detail one of the core promoter elements identified in Xenopus By using a 

combination of mutagenesis and Xenopus egg extract based transcription assays, we 

show that this motif is indeed a bona fide core promoter element that can recruit basal 

transcription machinery by itself 

In chapter 6, we report on the purification of TBP2 from Xenopus oocyte extracts 

Immunoprecipitation combined with mass spectrometry showed that TBP2 physically 

associates with Br f l , a key component of RNAP III transcription machinery Finally, all 

the major findings of this thesis are discussed in more detail in chapter 7, a model of 

regulation of TATA binding factors in early frog development is presented and a future 

perspective on the subject is given 









ABSTRACT 

Initiation of transcription in eukaryotes takes place through the assembly of a pre 

initiation complex at the core promoters of genes This assembly is mediated by the 

recognition of core promoter elements by the components of this large complex 

Core promoters are exceedingly diverse A limited number of core promoter elements 

have been characterized and many promoters lack any of the known elements The 

highly diverse nature of core promoters contributes to the fine control of transcription 

regulation in eukaryotes This is usually done through the recognition of core promoters 

by a non-universal and structurally and compositionally versatile core transcription 

machinery A great deal of scientific work has shed considerable light on the structure 

and architecture of core promoters However, our understanding of how core promoters 

function is far from complete and recent advances in the transcriptome analysis pose 

additional challenges to our state of understanding and demand a réévaluation of our 

concepts about transcription initiation 
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INTRODUCTION 

Transcription regulation in eukaryotes is an extraordinarily complex process with many 

layers of regulation orchestrating a complex network of signals and responses. Usually 

this involves the action of activators and repressors on distant enhancers and silencers 

(Zhao and Dean, 2005), chromatin remodelers (Clapier and Cairns, 2009), epigenetic 

modifications (Klose and Bird, 2006; Li et al., 2007), site specific transcription factors 

(Kadonaga, 2004) and components of basal transcription apparatus (Thomas and 

Chiang, 2006). These signals ultimately converge on transcription initiation which 

requires the recruitment of RNA polymerase II (RNAP-II) and a set of basal transcription 

factors to the core promoter in the form of a pre initiation complex (PIC) (Fig. 1). The 

core promoter comprises - 1 0 0 bp sequence around the transcription start site (TSS) 

that is minimally required for the correct initiation of transcription from a promoter 

(Juven-Gershon et a/., 2006b). A rapidly growing body of evidence indicates that there 

is a substantial diversity in core promoter structure and function, which gives rise to an 

important aspect of gene regulation. 

Core promoter function is usually carried out by one or more short sequences, the 

core promoter elements. A number of core promoter elements have been identified 

and experimentally characterized. They work individually as well as in synergistic 

combinations with each other. However, there are many promoters which do not 

Figure 1. The basal transcription machinery and the core promoter is the ultimate target of 
action of a great variety of gene regulatory mechanisms mediated by numerous transcription 
factors, enzymes and protein complexes. Bent arrow indicates the transcription start site. TF; 
transcription factor, MBD; methyl CpG binding protein, TFBS; transcription factor binding site. 



feature any of these known elements, suggesting that analyses of core promoter 

elements have not been saturating. In this essay we provide an overview of the current 

status of core promoter biology. We especially focus on core promoter elements, their 

structure, function and interaction with each other. Finally we give a perspective on 

the emerging trends of core promoter function in the light of recent high throughput 

studies of mammalian promoters and discuss possible mechanisms by which core 

promoters contribute to transcription regulation. 

Core Promoter Elements 

Among the most studied core promoter elements are the TATA box, the initiator 

(Inr), the downstream promoter element (DPE) and the TFII6 recognition elements 

(BREs). More recently other functional core promoter motifs have also been described 

namely the downstream core element (DCE), motif ten element (MTE) and X core 

promoter element I(XCPEI) and 2 (XCPE2) (Fig. 2). In addition to these experimentally 

characterized core promoter elements, many potential core promoter elements have 

been mdentified in a number of computational analyses of eukaryotic promoters 

(Ohler et al., 2002; FitzGerald et ai, 2004; Molina and Grotewold, 2005; Xie et al., 

2005; FitzGerald et al., 2006; Gershenzon et ai, 2006; Ohler, 2006; Χι et al., 2007; 

Frith et ai, 2008). These studies used a collection of core promoter sequences and 

identified over-represented motifs using different algorithms (reviewed in Das and 

Dai, 2007). For most of these elements, the function remains to be elucidated by 

experimentation. Nevertheless these motifs are g o o d candidates for novel core 

promoter elements, to be verified by mutagenesis fol lowed by transcription assays. 

An example of an element that was identified and characterized this way is the MTE 

(Ohler et ai, 2002; Lim et ai, 2004). 

The TATA box 

The TATA box (also named the Goldberg-Hogness box) was the first eukaryotic core 

promoter element to be identif ied and experimentally characterized (Grosschedl and 

Birnstiel, 1980; Wasylyk et ai, 1980; Breathnach and Chambon, 1981 ; Grosveld et ai, 

1981; Hu and Manley, 1981). The TATA box and the BREs along with their recognizing 

protein factors (TATA box binding protein and TFIIB) are conserved from Archaea to 

human (Reeve, 2003). 

The initial investigations lead to the speculation that the TATA box might be essential 

for transcription initiation at all protein-coding genes m eukaryotes, but with increasing 

numbers of analyzed eukaryotic promoters the estimate of TATA box prevalence has 

progressively reduced. According to more recent estimates, about 10-20% of human 

promoters (Gershenzon et ai, 2005), 16 t o 19% of Drosophila promoters (Gershenzon et 

ai, 2006; Ohler, 2006), 28.8% of Arabidopsis (Molina and Grotewold, 2005) and about 

8% of Xenopus (Chapter 4) core promoters feature a TATA box. Usually, the TATA box is 

associated with sharply initiating tissue-specific promoters and is uncommon in broadly 

initiating ubiquitous promoters (discussed below). 
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Figure 2. Consensus sequence and relative positions of experimentally characterized core 
promoter elements in eukaryotes and factors binding to them. The consensus of Inr is shown 
separately for human (hlnr) and Drosophila (dlnr). Bent arrow indicates the transcription start site. 
The TFIID structure is a schematic approximation of recent structural studies and the numbers 
indicate the approximate positions of different TAFs within the complex. For the TAFs present in 
two copies, the number representing their second copy is primed. Core promoter elements and 
their cognate binding proteins are colored same. Even though here shown together, in reality 
these elements are seldom present together. Each of these elements is found in only a subset of 
core promoters with many core promoters not featuring any of those. 

Recognition of the TATA b o x 

The TATA box is recognized by the TATA box binding protein (TBP) and the fly and 

vertebrate paralogs TRF1 and TBP2 (Buratowski et al., 1988; Crowley et ai, 1993; 

Jallow et ai, 2004). Another TBP-like factor TLF, found in all multi-cellular organisms 

examined, does not interact with the TATA box (Rabenstein et al., 1999). The TATA 

box is bound by the C-terminal domain of TBP, which is highly conserved between 

different paralogs as well as orthologs of TBP (Persengiev et al., 2003). The overall 

structure of this domain is shaped like a saddle with a convex and a concave surface 

(Nikolov et al., 1992). The DNA binding is mediated by the concave surface (see 

Chapter 1 for details). 



Consensus o f t he TATA b o x 

Computational analysis indicated that TATAWAWR (NCIUB, 1986) is a commonly found 

sequence at TBP-dependent promoters in yeast (Basehoar et al., 2004). TBP, however, 

can bind and work with many variations of this sequence (Patikoglou et a/., 1999; 

Stewart and Stargell, 2001; Strahs et a/., 2003). Inherent flexibility in the TBP-DNA 

interaction is suggested by the observations that yeast TBP binds similarly to TATAAA 

and CATAAA elements (Stewart and Stargell, 2001), and Arabidopsis TBP binds 10 

variations of the adenovirus major late promoter TATA element in a structurally similar 

manner (Patikoglou et al., 1999). The variant forms of the TATA box not only play a 

fundamental role in the proper expression of many eukaryotic genes but also have 

some specific regulatory roles (discussed below). 

The Initiator (Inr) 

The first evidence for the importance of DNA sequences around the transcription start 

site came from an observation that an adenosine at the transcription start site (+1) 

and a cytosme at the -1 position surrounded by small stretches of pyrimidines was a 

frequently occurring feature in many genes (Corden et ai, 1980). Subsequent studies 

reinforced the notion that sequences in close proximity to the transcription start site 

play an important role in start site selection as well as the strength of transcription 

(Talkmgton and Leder, 1982; Dierks et a/., 1983; Concino et al., 1984; Tokunaga et 

ai, 1984; Chen and Struhl, 1985; Hahn eta/ . , 1985; McNeil and Smith, 1985; Nagawa 

and Fink, 1985; Hultmark et al., 1986; Struhl, 1987; Javahery et ai, 1994). The Inr 

predominantly has a role in selecting the transcription start site, though it can support 

a very low level of transcription by RNAP-II all by itself (Smale and Baltimore, 1989; 

Smale et a/., 1990). Its contribution to promoter strength is more pronounced when 

it functions in cooperation with the other core promoter elements. In general, the Inr 

is incapable of altering the location of the start site dictated by a TATA box within a 

promoter containing both core elements (O'Shea-Greenfield and Smale, 1992). 

Consensus a n d prevalence of the Inr 

The consensus of Inr in Drosophila is TCA+1KTY with +1 representing the transcription 

s tar ts i te(Ohlereta/ . , 2002; Gershenzon eta/ . , 2006). An analysis of 10,914 Drosophila 

promoters, however, has shown that the central CA di-nucleotide of this consensus 

is more frequently present with variant flanking sequences (FitzGerald et a/., 2006). 

Computational estimates show that around 65% of Drosophila core promoters feature 

an Inr (Ohler et a/., 2002; Gershenzon et al., 2006). In human the consensus is similar 

but more degenerate: YYA+1NWYY (Javahery et a/., 1994; Smale et a/., 1998). Recent 

genome wide analyses of mammalian promoters, however, show that there is a 

broader and more general preference for a pyrimidme purine dinucleotide (YR) at 

positions -1 +1 with respect to start sites. 58.9% of start sites analyzed in mouse 

and man feature this dinucleotide (Cammei et a/., 2006; Sandelin et al., 2007). Highly 

preferred initiating dmucleotides are CG, CA and TG. Similarly, a computational 



analysis of Arabidopsis TSSs revealed that 77% of start sites feature a YR dinucleotide 

(Yamamoto et a/., 2007). 

Recognition of the Inr 

A number of observations established the notion that one or more components of TFIID 

complex bind to the Inr. First, the TFIID complex is required for Inr function and isolated 

TBP cannot replace TFIID in Inr-dependent transcription (Kaufmann and Smale, 1994; 

Martinez et al., 1994). Second, TFIID footprints on TATA-contammg promoters extend 

well beyond the transcription start site (Nakajima et al., 1988; Purnell and Gilmour, 

1993). Third, mutations that disrupt Inr function also reduced the footprints of TFIID 

on Inr containing promoters (Kaufmann and Smale, 1994; Bellorim et al., 1996; Emami 

et ai, 1997). Fourth, in a binding site selection assay for TFIID, the preferred sequence 

(DYAKTG) closely resembles the Inr consensus sequence (Purnell et al, 1994) 

The first hint on which subumts of this complex interact with the Inr came from 

an in vitro transcription assay using a TFIID depleted extract; a trimeric subcomplex 

consisting of TBP, TAF1 and TAF2 (components of TFIID) was sufficient for Inr function 

(Vernjzereta/., 1995). Furthermore, a TAF1-TAF2 dimer prefers to bind the lnr(Chall<ley 

and Vernjzer, 1999). TAF1 binding to the Inr was further supported by the observation 

that it strongly and specifically UV-crosslmks to the Inr of Adenovirus major late (AdML) 

promoter (Oelgeschlager et a/., 1996). TFIIA seems to have an effect on the binding of 

TFIID to the Inr most likely by inducing a conformational change m the TFIID complex 

that stabilizes the TFIID-lnr interaction (Emami et al., 1997). Furthermore, a recent 

study suggests that sequence independent binding of TAF4 with promoter DNA 

facilitates this interaction (Gazit et a/., 2009). 

The in vitro reconstituted systems containing purified GTFs and RNA polymerase 

II are not sufficient to support Inr function (Martinez et al., 1998). Furthermore, the 

affinity of TFIID for the Inr is noticeably lower than that of TFIID for the TATA box. In 

synthetic promoters, however, the transcriptional activities of an isolated TATA box 

or an Inr are quite comparable, which raised the possibility that Inr binding activities 

other than TFIID might also be in play (Emami et a/., 1995, Smale, 1997) Indeed a 

number of other proteins have been implicated to bind the Inr. These proteins include 

RNAPII, transcription factor TFII-I and YY1 (Smale, 1997; Smale and Kadonaga, 2003) 

Highly purified RNAPII can execute a low level of accurate transcription initiation 

from an Inr containing promoter. Furthermore, a stable DNA-complex can be made 

by RNA polymerase II, TBP, TFIIB and TFIIF m an Inr-dependent manner (Weis and 

Remberg, 1997) These observations suggest that RNAPII has some preference for 

Inr-like sequences. This may reflect a subtle but essential step occurring after the PIC 

has already been assembled for the proper positioning of RNAP-II prior to the start of 

transcription. 

Initiator elements in other species 

In archaeal promoters, the TSS usually features a pyrimidme and although these 

promoters have a TATA box like motif upstream which mostly controls the strength 



of transcription, start site mutations result m either a decrease m transcription 

or alternative start site usage (Bell and Jackson, 1998, Soppa, 1999) In yeast the 

importance of initiator sequences becomes highly significant in the light of the fact 

that transcription initiation can occur over a wider range of distances from the TATA 

box (40-120 bp downstream) However, in contrast to Drosophila and human, yeast 

promoters contain a variety of functionally important sequences around their start 

sites In yeast several elements have been found including RRYR+)R (Mosch et a / , 

1992), TCR+1A or TC^RA (Hahn et al, 1985), YA+1W (Zhang and Dietrich, 2005) and 

CAC+1T (Ohishi-Shofuda et al, 1999) With the exception of CACT, all these yeast 

initiator motifs appear to contribute more to the selection of start site than to the 

strength of transcription as they work in a TATA-dependent manner and mutations in 

the start site mostly result in alternative start sites with little or no compromise to the 

strength of transcription (Mosch et al, 1992) The CACT motif, however, is unique in 

the sense that it works independently of the TATA box and m this way is closer to the 

Inr m metazoan promoters A nuclear protein designated as yeast initiator binding 

factor (ylF) has been suggested to interact with this element (Sakurai et a / , 1994, 

Ohishi Shofuda et a / , 1999) Functional significance of sequences around the start 

sites (though diverged from metazoan Inr elements) have also been appreciated m 

several protists (Smale and Kadonaga, 2003) 

Downstream promoter element (DPE) 

Very much like the Inr, the Downstream Promoter Element (DPE) was also discovered 

from an extended footprint of TFIID in Drosophila (Burke and Kadonaga, 1996) The 

DPE is also present in human promoters (Burke and Kadonaga, 1997, Zhou and Chiang, 

2001), but it has not been found in archaeal promoters (Soppa, 1999) It is commonly, 

though not necessarily, found in TATA-less promoters (Kutach and Kadonaga, 2000) 

It is mostly associated with the Inr and there are strict requirements of the spacing 

between the Inr and the DPE (Burke and Kadonaga, 1997, Kutach and Kadonaga, 

2000) Discovery of DPE as an element required for TFIID association with promoter 

DNA as well as strong cooperativity with the Inr strongly suggests that one or more 

subumts of TFIID are recognizing it Indeed, the photo cross-linking analysis and in 

vitro binding assays show that TAF6 and TAF9 are interacting with the DPE (Burke and 

Kadonaga, 1997, Shao et al, 2005) 

By looking at the position of DPE and its cooperativity with the Inr, it appears 

to be a downstream counterpart of the TATA box Furthermore, insertion of DPE at 

its canonical position can compensate for the disruption of an upstream TATA box 

of a TATA-contammg promoter (Burke and Kadonaga, 1996) But a growing body of 

evidence is suggesting that the DPE is an element which functions in an antagonistic 

fashion with respect to the TATA box Negative cofactor 2 (NC2), a repressor of TATA-

dependent transcription stimulates DPE-dependent transcription in nuclear extract 

assays (Willy et al, 2000) According to a recently proposed model TBP inhibits DPE 

dependent transcription whereas M o t i and NC2, which suppress TATA dependent 



transcription, activate DPE-dependent transcription (Hsu eta/ . , 2008) The mechanism 

by which TBP might inhibit DPE-dependent transcription, however, awaits further 

experimental exploration. Another example of differential functions of the TATA 

box and the DPE is the sequence-specific transcription factor Caudal, which is a key 

regulator of Hox genes in Drosophila. It activates transcription from DPE-dependent 

promoters but not from TATA-dependent promoters that contain an upstream BRE 

(Juven-Gershon et al., 2008a). 

TFIIB Recognition Elements (BREs) 

Two distinct TFIIB recognition elements have been described, one upstream of the 

TATA box (BREu) and the other downstream of it (BREd) These elements can be present 

in promoters, individually or together, with or without a TATA box (Deng and Roberts, 

2005, Gershenzon and loshikhes, 2005). These core promoter elements are bound 

by TFIIB. Studies involving crystallography of TBP-TFIIB-DNA ternary complexes, 

protem-DNA photo-crosslmking, electrophoretic mobility-shift assays and hydroxyl-

radical footprinting revealed that TFIIB interacts with the major groove of DNA 

upstream of the TATA box and the minor groove downstream of the TATA box (Lee 

and Hahn, 1995; Nikolov et a/., 1995; Lagrange et ai, 1996; Tsai and Sigler, 2000). The 

evidence for the sequence specificity of this interaction came from two parallel studies 

in archaea and human (Lagrange et al., 1998; Qureshi and Jackson, 1998) The human 

study led to the identification of the upstream BRE. In vitro reconstitution experiments 

showed that the TFIIB-BREu interaction is important for TBP-TFIIB-DNA complex 

formation and transcription initiation. TFIIB recognizes the BREu through a canonical 

helix-turn-helix motif located in the second direct repeat of the C-termmal domain 

of TFIIB (Lagrange et al., 1998; Tsai and Sigler, 2000). The consensus of the BREu 

is 5'-SSRCGCC-3'. About one quarter of core promoters from eukaryotic promoter 

database (EPD) (Schmid et a/., 2006) and database of transcription start sites (DBTSS) 

(Wakaguri et a/., 2008) feature a BREu-like element. The BREu is especially enriched m 

TATA-less CpG island promoters with multiple start sites (Gershenzon and loshikhes, 

2005). The TFIIB-BREu interaction is conserved in archaea, though the sequence of 

archaeal BRE is different (Qureshi and Jackson, 1998; Littlefield et a/., 1999). 

Even though initial studies of the BREu involving in vitro reconstitution experiments 

proposed a role for the BREu in stimulation of basal transcription, subsequent studies 

involving crude nuclear extracts and in vivo transfection assays suggested a repressor 

function for the BREu. This repression could be relieved by disruption of TFIIB-BREu 

interaction by the strong activator Gal4-VP16, the net effect being a tight and steep 

transcriptional activation (Evans et a/., 2001; Chen and Manley, 2003) Another study 

demonstrated that some human promoters show increased basal and decreased 

activated transcription when TATA-flanking sequences of these promoters were 

swapped with those from AdML promoter (Wolner and Gralla, 2000). 

TFIIB also interacts downstream of the TATA box. The sequence specificity of this 

interaction was elucidated by methylation interference analysis of TFIIB-TBP complex 



formation on the adenovirus E4 (AdE4) promoter (Fairley et al, 2002) Detailed molecular 

characterization demonstrated that the BREd has a consensus sequence of 5'-RTDKKKK-

3' (Deng and Roberts, 2005) This motif is recognized by a loop present between the 

BH2 and BH3 helices of the first direct repeat of TFIIB C-termmal domain, which is highly 

conserved in all eukaryotes and archaea (Tsai and Sigler, 2000, Deng and Roberts, 2005) 

The BREd has positive as well as negative effects on transcription depending on the 

promoter context (Tsai and Sigler, 2000, Deng and Roberts, 2005, 2006) 

Downstream core element (DCE) 

The Downstream Core Element is a promoter motif with a unique architecture It is a 

discontinuous motif with three functionally important sub-elements It was discovered 

m the human ß-globm promoter and was subsequently characterized in detail in the 

AdML promoter (Lewis et al, 2000, Lee et al, 2005) The three sub-elements of the 

DCE are S, (CTTC) approximately located from +6 to +11 , S,, (CTGT) located from 

+ 16 to +21 and Sm (AGC) from +30 to + 34 with respect to transcription start site 

S,,, can also function as a separate element Analysis of human promoters in EPD and 

DBTSS revealed that more than 1 % of human promoters contain the DCE with all 

three sub-elements present, though the independent prevalence of individual sub-

elements is much higher S^nd SM| are predominantly present in promoters containing 

optimally spaced TATA box and Inr elements (Lee et al, 2005) On the other hand, their 

presence does not correlate with that of the DPE Photo-cross-lmking analysis revealed 

that TAF1 interacts with the DCE m a sequence-specific manner This observation 

seems paradoxical given that an earlier study with the DPE, which is present at a 

similar position in promoters, was shown to interact with TAF6 and TAF9 (Burke and 

Kadonaga, 1997) It was suggested that TFIID assumes a different conformation or has 

a different composition on DPE- and DCE-dependent promoters (Lee et al, 2005) 

TFIID complexes with different compositions have been described in various tissues 

and cell types (Muller and Tora, 2004) Furthermore, some recent studies show that 

variant TFIID complexes have distinct core promoter specificities (see below) 

Motif Ten Element (MTE) 

The Motif Ten Element was initially mdentified as a motif that was overrepresented in 

Drosophila core promoters (Ohler et al, 2002) Later, Lim et al (2004) experimentally 

characterized this element in detail It has a consensus of 5'-CSARCSSAAC-3 running 

from +18 to +27 with respect to A+1 in the Drosophila Inr (TCA+1KTY) Importantly 

however, the transcription starts from C , rather than A+1 in MTE containing promoters 

(Lim et al, 2004) The 3 -segment of MTE partially overlaps with the DPE However, 

the upstream half of MTE (+18 to +22) is most important as mutations in this part 

completely abolish MTE function There is no evidence of MTE overrepresentation m 

the computational analyses of human promoters even though there is some evidence 

to suggest that MTE or MTE-like elements are functional in human transcription Firstly, 

the human basal transcription machinery seems to recognize this element in nuclear 



extracts Secondly, the human sterol C5 desaturase-like (SC5DL / SC5D) promoter 

possesses an MTE-like element, the mutation of which reduces transcription m HeLa 

nuclear extracts Thirdly, the MTE was also not overrepresented m a subsequent 

analysis of 10,914 Drosophila promoters (FitzGerald et a/, 2006) even though it is 

functionally characterized in the same species as discussed above Moreover, like the 

human initiator it is possible that the MTE has a more degenerate consensus in human 

promoters as compared to Drosophila Concordantly, shorter motifs corresponding 

to the RCSS part of MTE consensus have been found positioned around +20 in 

computational analyses of human promoters (Χι et al, 2007, Frith et al, 2008) 

X core promoter element 1 and 2 (XCPE1, XCPE2) 

These elements were identified and characterized in the promoter of the hepatitis 

Β virus (HBV) X gene (Tokusumi et al, 2007, Anish et al, 2009) Both XCPE motifs 

are start site motifs located around the two start sites of the HBV X gene (-8 to 

~+2 for XCPE1 and -9 to ~+2 for XCPE2) The XCPE1 has a consensus sequence of 

5'-DSGYGGRAS+1 M-3' On its own, it has little activity, but it possesses significant 

promoter activity in combination with sequence specific activators It is present in 

about 1% of human promoters, most of which lack a TATA box but contain binding sites 

for sequence specific activators Sp-1, NF-1 and NRF-1 The XCPE2 has a consensus 

sequence of S'-VCYCRTTRCM^Y-B' Unlike the XCPE1, the XCPE2 possesses a basal 

level of transcriptional activity by itself It is present in a small subset (297 genes out 

of 15,262 in DBTSS feature an XCPE2 in -400 to +200 region) of human promoters 

Most of these genes have broad TATA-less promoters (Tokusumi et al, 2007, Anish 

et al, 2009) In vitro transcription assays using nuclear extracts immunodepleted for 

specific factors have shown that TBP-associated factors (TAFs) are dispensable for 

XCPE-dnven transcription (Tokusumi et al, 2007, Anish et al, 2009) 

Cooperativity among core promoter elements 

Multiple core promoter elements often reside in close proximity to each other and 

can be bound by the same protein or different subumts of the same complex For 

example, the TATA box, Inr, DPE and DCE elements are all bound by subumts of TFIID 

This arrangement should have a great potential for cooperativity among different core 

promoter elements Indeed, there are well characterized examples of synergy between 

the TATA box and the Inr, the Inr and the DPE and the Inr and the MTE A cooperative 

interaction in transcription initiation involving both the TATA box and the initiation site 

was already observed as early as 1984 (Concino et al, 1984) Later studies elaborated 

on this cooperativity, which dramatically increases basal promoter activity compared 

with the presence of either the TATA or the Inr alone (Smale and Baltimore, 1989, 

O'Shea-Greenfield and Smale, 1992, Zenzie-Gregory et al, 1992) The Inr shows the 

strongest synergy with the TATA box when both the elements are posit ioned 25-30 

bp apart In these cases the TATA box seems to be the major determinant of start 

site selection, because at suboptimal spacing the functional synergy is retained but 



transcription starts 25 bp downstream of the TATA box (O'Shea-Greenfield and Smale, 

1992). The DPE shows a high degree of cooperativity with the Inr both m the binding 

of TFIID as well as transcriptional activity (Burke and Kadonaga, 1996, 1997; Kutach 

and Kadonaga, 2000). The MTE also works synergistically with the Inr and requires a 

very strict spacing of the two elements. The MTE was also shown to have synergy with 

both the TATA box and the DPE (Lim et al., 2004). 

Apart from these experimentally characterized examples, statistical analyses of 

co-occurrence of these elements in human and Drosophila promoters has suggested 

that additional synergistic combinations are also pejfsible (Gershenzon and loshikhes, 

2005; FitzGerald et al., 2006; Jin et ai, 2006; Ohler, 2006). Furthermore, statistical 

analysis of mouse and human promoters denoonstrated that two ternary combinations, 

BRE-lnr-MTE and TATA-lnr-MTE, most likely work synergistically. 

The synergism between core promoter elements was further highlighted by the 

design of an artificial "super core promoter", which contains four core promoter 

elements, the TATA box, the Inr, the MTE and the DPE, optimally positioned relative to 

each other in a single promoter. This promoter possesses a very strong core promoter 

activity in vitro and in cultured cells and shows a very high affinity for TFIID (Juven-

Gershon et al., 2006a). 

Evolution of core promoter architecture 

The TATA box is the only core promoter element that is conserved from yeast to 

human with a more or less comparable consensus and prevalence (Table 1). The other 

core promoter elements are either restricted to one or two species or show a different 

prevalence in different species. The Inr is shared between human and fly, although 

the fly initiator has a stricter consensus and is more prevalent than the human Inr. 

Besides that yeast promoters lack Inr but possess other elements at their starts sites, 

which have the Inr function (at least m yeast) but have different sequences (Table 1). 

The MTE, which is present m 10% of Drosophila promoters, is not overrepresented 

in mammalian promoters (FitzGerald et al., 2006), however, it cannot be ruled out 

that a shorter and more degenerate version of MTE may be present m mammalian 

promoters (Χι et al., 2007; Frith et ai, 2008). On the other hand, the DCE and XCPE1 

motifs have only been identified in human promoters indicating that core promoter 

elements have different representations in different species. Our analysis of Xenopus 

promoters indicates that both DCE and XCPE1 are present in frog promoters, whether 

these are functionally relevant or not remains to be seen (Chapter 4) 

The core promoter and the fine control of gene regulation 

The precise function of enormous diversity of core promoters is unclear, however, 

accumulating evidence shows that the core promoter is an important layer of 

regulation in fine-tuning the ultimate output of regulatory signals and developmental 

cues. Below we describe different ways in which the core promoter can contribute to 

gene regulation. 



Table 1 : Prevalence of experimentally characterized core promoter elements in different species 

Motif Species Consensus Position %age Reference 

TATA Human -33 to-28 10 to (Gershenzon and loshikhes, 2005; 
box 20 Cammei et al, 2006, 

Cooper et al., 2006) 

Drosophila TATAWAAR -33 to -23 16 2 (Gershenzon et al., 2006) 

Arabidopsis -45 to-30 15 (Molina and Grotewold, 2005) 

yeast -120 to-40 19 (Basehoar et al., 2004) 

Initiator Human YYANWYY -5 to +6 49 (Gershenzon and loshikhes, 2005) 

Arab/dopsis YR -1,+1 77 (Yamamoto et al., 2007) 

Drosophila TCAKTY -1 to +9 66.5 (Gershenzon et al., 2006) 

yeast RRYRR -3 to+2 38 (Hahn et al., 1985, 
Mosch et al., 1992) 

TCRA 

CACT 

-2 to +3 

-2 to +2 

17 

NK 

(Hahn et al, 1985) 

(Ohishi-Shofudaeta/ . , 1999) 

YAW -1 to +2 NK (Zhang and Dietrich, 2005) 

DPE 

BREu 

BREd 

MTE 

DCE 

XCPE1 

XCPE2 

Drosophila 

Human 

Drosophila 

Human 

Drosophila 

Human 

Human 

Human 

RGWYV 

SSRCGCC 

RTDKKKK 

CSARCSSAAC 

S,: CTTC 

S,,. CTGT 

S,,,: AGC 

DSGYGGRASM 

VCYCRTTRCMY 

+27 to +36 

-42 to -32 

-9 to the 
centre of 
TATA 

-23 t o - 1 7 

+ 17 to +26 

+6 to +11 

+ 16 t o + 2 1 

+30 to + 34 

-8 to +2 

-9 to +2 

22 

24 5 

1.44 

6 % of 
TATA+ 

1 0 1 

>1 

0 72 

1 94 

(Gershenzon et ai, 2006) 

(Gershenzon and loshikhes, 2005) 

(Gershenzon et al, 2006) 

(Deng and Roberts, 2005) 

(Gershenzon et al., 2006) 

(Lee et al., 2005) 

(Tokusumi et al, 2007) 

(Anish et al., 2009) 

NK: not known 
*. This prevalence is based on a search made by the authors m a region from -400 to +200 with 
respect to the transcription start sites in DBTSS 

Modulation of core promoter binding factors 

Modulation of the activity of basal factors differentially affects promoters with 

different core promoter elements. A good example of this phenomenon is NC2, 

which binds to TBP rendering it unable to participate in transcription. NC2 represses 

TATA-dependent transcription, however it activates DPE-dependent transcription 

(Willy et ai, 2000; Hsu et al., 2008) (Fig. 3A). TATA-Iess Inr-dependent promoters 

are resistant to NC2-mediated repression. Furthermore, the addit ion of an Inr to a 

TATA-contammg promoter confers resistance to NC2-mediated repression (Malecova 



et al., 2007). Similarly, DPE-containing promoters require casein kinase2 (CK2) and 

positive coactivator 4 (PC4) but the DCE containing promoter do not. CK2-mediated 

phosphorylation of TAPI was suggested to serve as a specificity switch that changes 

the TFIID from a DCE-specific recognition function to a DPE-specific activity (Lewis et 

ai, 2005). 

Differential responsiveness to activators and enhancers 

Generally, cells respond to external signals by launching cascades of molecular events, 

which lead to the expression, or activation of a selected set of genes, including genes 

encoding transcription factors. To orchestrate a large number of gene expression 

patterns, genes are regulated at many levels by the concerted action of many factors. 

This is why there is a great variation in the amplitude to which different genes respond 

to various signaling inputs. The core promoter contributes to this multi-layered 

regulation at the cis-regulatory level of the gene. For example, the transcription 

factor Caudal activates transcription from DPE containing promoters but not from 

promoters containing a TATA box and a BRE (Juven-Gershon et ai, 2008a) (Fig. 3B). 

Core promoter architecture of p53 target genes makes a significant contribution t o 

the regulation of strength and dynamics of p53 response (Morachis et ai). The cell 

cycle arrest gene p27 responds rapidly with immediate TATA box dependent PIC 

assembly and transcription initiation. However, the reinitiation of transcription is poor 

A Modulation of the basal transcription factors 
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Figure 3. Core promoter 
based control of transcription 
regulation. (A) Modulation of TBP 
activity by NC2 has differential 
effects on transcription from 
TATA-containing promoter versus 
DPE-containing promoter. (B) 
Examples of core promoter based 

Β Differential responsiveness to activators and enhancers differences in responding to 

activators and enhancers. Caudal 

α 
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C Transition from initiation to elongation 

Γ* RNAP-ll Ή 
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activates transcription from DPE 
containing promoters but has 
no effect on TATA containing 
promoters specially those also 
featuring a BRE (top). Enhancer 
AE-I stimulates transcription 
from the TATA containing even 
skipped (eve) promoter but 
inhibits the activation of mini-
white promoter featuring the 
Inr and the DPE (bottom). (C) 
The transition from initiation to 
elongation can be controlled by 
the downstream core promoter 
motifs. 



and consequently the activation does not persist long. The proapoptotic genes FAS 

and APAF7, on the other hand, respond slowly but persistently with multiple rounds 

of efficient reinitiation. Interestingly, when the TATA box m p21 core promoter was 

inserted into the otherwise TATA-less FAS promoter, the chimeric promoter showed 

swift PIC assembly while sustaining the persistent reinitiation Conversion of a non-

canonical TATA element in the human osteocalcin gene into a canonical one reduces 

the glucocorticoid mediated repression of this gene (Meyer eta/ . , 1997). Alteration of 

the human hsp70 promoter TATA box (TATAAAA) into TATTTAT (corresponding to the 

TATA box of SV40 early promoter) results m loss of EIA activation even though heat 

shock mducibility is retained (Simon eta/. , 1988). Elf-1, a member of Ets family of DNA-

bmding proteins, activates transcription from the TdT promoter m an Inr-dependent 

manner If the Inr is mutated and a TATA box is added the basal transcription is 

unaffected, however, Elf-1 mediated activation is completely compromised (Ernst et 

al., 1996). Gal4-VP16and Spi exhibit differential activation of TATA and Inr-dependent 

promoters (Emami et al., 1995). 

In a similar way the core promoter structure contributes to the fine tuning of gene 

regulation by exhibiting differential preference for enhancers This is particularly 

important considering the fact that enhancer sites are often located large distances from 

the core promoter and one enhancer can potentially interact with many promoters (Zhao 

and Dean, 2005). A number of studies have demonstrated enhancer-core promoter 

specificity. An elegant analysis of 18 enhancers in Drosophila has demonstrated that 

some enhancers are strictly DPE-specific whereas others act m a TATA box-specific 

fashion (Butler and Kadonaga, 2001) Similarly, a recent high throughput analysis of 

more than 200 enhancer-promoter combinations m zebrafish demonstrated that the 

interactivity of enhancer-promoter combinations as well as their tissue specificity is 

highly dependent on the core promoter (Gehrig et al., 2009) Converting the TATA 

box of human myoglobin promoter into the non canonical TATA box of the SV40 

early promoter renders the promoter unresponsive to the muscle-specific enhancer 

(MSE), whereas the SV40 promoter which is otherwise non-responsive to the MSE, is 

activated by the MSE if its TATA box is changed into that of myoglobin (Wefald et al., 

1990). The Drosophila AE1 and IAB enhancers exhibit preference for the TATA box-

containing even-skipped promoter in comparison to the white promoter which lacks 

a TATA box but contains a weak DPE (Ohtsuki et al., 1998). It is important to note 

that not all enhancers show core-promoter specificity, suggesting that factors other 

than core promoter structure are in place to confer specificity to the function of those 

enhancers. 

Use of alternative promoters 

A third way m which core promoters contribute to the gene regulation is through 

alternative promoters. Genome-wide studies suggest that alternative promoters are 



highly prevalent (upto 50% of genes) m vertebrates (Kim et al., 2005; Kimura et al., 

2006; Baek et al., 2007). This high prevalence is strongly suggestive of an important 

regulatory role. Furthermore, a statistically significant number of alternative promoters 

have been found associated with highly regulated developmental genes (Baek et al., 

2007). A classical example of alternative core promoters with differential regulatory 

roles is the yeast his3 locus, which has two promoters. The upstream promoter lacks 

a canonical TATA box and is utilized under non-inducing conditions and promotes 

a basal level of transcription. The downstream promoter features a canonical TATA 

box. Upon induction by Gal4 or GCN4, transcription increases from the downstream 

promoter but the upstream promoter is insensitive to this mechanism (Mahadevan 

and Struhl, 1990). The mouse EIF1A (translation elongation factor 1A) gene has two 

promoters. The downstream TATA-contaming promoter is predominantly utilized in 

oocytes whereas m developing embryos the upstream TATA-less promoter is the major 

site of transcription initiation (Davis and Schultz, 2000). Similarly, the t u d o r a n d PCNA 

genes m Drosophila have tandem alternative core promoters recognized by distinct 

transcription initiation complexes (Holmes and Tjian, 2000; Hochheimer et a/., 2002). 

Control of the transition from initiation to elongation of transcription 
Transcription of many eukaryotic genes is controlled at the step of elongation. 

Transcription is initiated at these genes but then RNAP-II gets stalled after transcribing 

a few tens of nucleotides (Guenther et a/., 2007; Muse et a/., 2007; Tamkun, 2007; 

Zeitlmger et al., 2007; Core and Lis, 2008). Statistical analysis of stalled genes shows 

that these have peculiar sequence features in their promoters as compared to the 

genes regulated at the level of transcription initiation. These genes usually have a 

higher GC content and an over-representation of a particular set of sequence elements 

including the DPE and a similar motif, referred to as the "Pause Button" (Hendrix et 

a/., 2008). Although not experimentally verified, it is tempt ing to speculate that these 

elements are important in the control of productive elongation (Fig. 3C). Interestingly, 

these genes (with a stalled RNAP-II) mostly exhibit synchronous patterns of induction 

in contrast to genes regulated at initiation stage of transcription which show stochastic 

activation (Boettiger and Levine, 2009). Another example of core promoter based 

control of transcription elongation is that of NF-κΒ target genes. The TATA-less target 

genes are subject to DSIF mediated attenuation of NF-κΒ activation. The genes with a 

TATA box in their core promoter, on the other hand, are insensitive to DSIF action and 

their activity is dependent on the action of positive elongation factor P-TEFb (Amir-

Zilberstein et al., 2007). 

Diversity in core promoter recognition by a non-universal 

transcription machinery 



Selective communication between the core promoter and other regulators of 

transcription is most likely mediated through the factors that recognize the core 

promoter elements. This implies that like the core promoter itself, these factors must 

also be subject to a great deal of diversity. Indeed, in the past several years, it has 

been well appreciated that the transcription machinery is non-universal and highly 

versatile. 

TßP paralogs accommodate differential gene regulation 

For a long t ime after the discovery of the TATA box it was thought that TBP is the only 

factor that binds to it and thus mediates RNAP-II transcription on all promoters. Now we 

have ample evidence showing that TBP-independent Pol II transcription does occur. In 

vertebrates two TBP paralogs are present; TBP2 (also called TRF3) and TLF (also called 

TRF2, TLP or TBPL1) (see Fig. 4). These TBP related factors regulate specific subsets of 

genes during development (Jacobi et al., 2007; Rema and Hernandez, 2007). 

Variant TFIID complexes 

A variety of TFIID complexes with variant compositions as wells as TAF-containing 

complexes other than TFIID have been reported (see Fig. 4) (Muller and Tora, 2004). 

Genome wide occupancy analysis of TAF1 (Kim et ai, 2005), and knockdown and 

knockout studies of TAFs (Chen and Manley, 2000; Frontini et al., 2005; Indra et 

a/., 2005) clearly show that at many promoters transcription takes place without the 

involvement of TAFs and that different TAFs and TAF-containing complexes regulate 

different sets of promoters. In yeast there is a distinct set of TAF1-independent 

promoters (Kim et al., 2005). An even greater diversity of core promoter recognition 

complexes can potentially be achieved by presence of a complex with a particular 

subunit composit ion in different states by virtue of differential post translational 

modifications of its components. 

Furthermore, some recent studies do show that variant TFIID complexes have 

core promoter specificities (Wright et ai, 2006; Liu et al., 2008). The most striking 

example is the structural and functional comparison of a prototypic form of TFIID 

containing two copies of canonical TAF4, with a cell type-specific TFIID complex, in 

which one copy of TAF4 is replaced with its paralog TAF4b. TFIID containing TAF4b 

adopts a different and more open conformation as compared to the prototypic 

TFIID complex. More importantly this difference in conformation is translated into 

differences in the function of these two complexes. The TAF4b complex is more 

efficient in basal transcription on the c-jun and inhibin-BA promoters as well as in 

activated transcription on the c-jun promoter compared to the TAF4-only complex 

(Liu et ai, 2008). Cryo-electron microscopy studies of yeast and human TFIID have 

revealed that TFIID has a dynamic and flexible structure with distinct open and 

closed conformations (Grob et ai, 2006; Cler et al., 2009; Papai et al., 2009). It is 

not completely clear whether these forms represent different compositions, the same 

TAFs with different post-translational modifications, or structural flexibility of the 

complex. Even though the functional significance of these TFIID structural variants in 



TFIIDs with variant 
compositions of TAFs 
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Figure 4. Eukaryotic core transcription machinery is highly diversified. TBP has two paralogs in 
vertebrates, TBP2 and TLF. A number of TFIID complexes are present in different tissues and cell 
types. Some of them contain variant TAFs while others also contain proteins other than TAFs. TBP-
lacking TAF containing complex (TFTC) does not contain TBP whereas sperms contain a TFIID 
complex with sperm-specific TAFs. TFIIA comes in a somatic and a germ cell specific form (ALF). 

the context of PIC formation remains to be seen, they provide a conceptual framework 

according t o which co-activator mediated conformational changes in TFIID structure 

may specify core promoter requirements (Liu et ai, 2009). Alternatively core promoter 

induced conformational switches in the TFIID may change its responsiveness towards 

co-activators thus explaining the observed specificity of interactions between the 

core promoter and the enhancers (Ohtsuki et al., 1998; Butler and Kadonaga, 2001). 

More sophisticated functional experiments in combination with structural studies of 

promoter-bound TFIID will give deeper insight into the mechanistic details of core 

promoter recognition. Furthermore, like the core promoter elements, our knowledge 

about the promoter recognition factors and their versatility is far from complete. It 

is likely that yet to be discovered mechanisms of core promoter recognition are out 

there and still eluding our understanding. 

Somatic and Germ cell-specific forms of TFIIA 

The general transcription factor TFIIA is composed of three subunits α, β and γ, which 



are broadly expressed in somatic tissues and testis of mice (reviewed in Hoiby et al., 

2007). However, in germ cells of mice and frog a variant form of TFIIA, known as TFIIA-

like factor (ALF), is also present which contains the same TFIIA-γ subumt but different 

αβ subunits (see Fig. 4) (Han et al., 2003). In Xenopus oocytes, TFIIA is completely 

replaced by ALF very much like TBP2 replaces TBP, as the transcripts of both the TBP 

and the αβ subunits of TFIIA (both subunits are encoded by a single gene the product 

of which is cleaved into α and β) are translationally masked m frog oocytes (Han et 

al., 2003; Akhtar and Veenstra, 2009). It is likely that the collaborative activity of TBP2 

and ALF is essential for the transcription of key promoters involved in frog oogenesis 

The genome-wide transcriptional landscape 

Recently, a number of studies have dramatically changed the way we envision the 

process of transcription. The genome is transcribed more pervasively than was ever 

expected (Kim eta/., ; Bertone eta/., 2004; David eta/., 2006; Li eta/., 2006; Dutrow et 

ai, 2008; Lister et a/., 2008; Mortazavi et al., 2008; Nagalakshmi et a/., 2008; Wilhelm 

et al., 2008). Moreover, the development of genome-wide methods to identify the 

transcription start sites (Shiraki et a/., 2003; Ng et a/., 2005; Zhang and Dietrich, 2005; 

Gowda et al., 2006; Kodzius et ai, 2006) has revealed a complex transcriptional 

landscape (Sandelm et al., 2007; Hume, 2008) with a number of surprising properties. 

First, the majority of promoters in mammalian genomes are of a broad type giving 

rise to multiple closely spaced initiation sites rather than one sharply defined start 

site. Second, a high proport ion of mammalian promoters utilize a minimal initiator 

motif (YR) Third, there is an extensive use of alternative promoters in mammalian 

genomes (Kim et al., 2005; Cammei et al., 2006, Kimura et al., 2006; Baek et a/., 2007). 

Fourth, mammalian genomes are marked by the existence of transcription forests with 

transcriptional units overlapping with each other and extensive transcription from 

both strands (Cammei et a/., 2005; Katayama et al., 2005; Cammei et al., 2006) and 

widespread transcription of retrotransposons (Hume, 2008). All these studies pose 

significant challenges to our understanding of the core promoters. In the following 

paragraphs, we describe some of these challenges in detail. 

Definition of the core promoter 

Classically, a core promoter is a DNA sequence that directs the formation of a PIC. 

However, under physiological conditions DNA is wrapped around nucleosomes and 

may not always be as accessible as naked DNA. A massively growing body of evidence 

implies that chromatin structure and function is t ightly linked with gene regulation 

(reviewed m Li et ai, 2007). There is ample evidence that nucleosome positioning 

is governed by the underlying DNA sequences (loshikhes et al., 2006; Segal et 

al., 2006; Field et al., 2009; Jiang and Pugh, 2009; Kaplan et al., 2009) There is 

generally a depletion of nucleosomes at promoters giving rise to nudeosome-free 

regions (NFRs), which facilitate transcription by making the DNA accessible to general 

transcription factors. These NFRs have been reported as hallmarks of gene promoters 



(Yuan et al, 2005, Lee et al, 2007, Whitehouse et al, 2007, Shivaswamy et a/ , 2008, 

Field et al, 2009, Kaplan et al, 2009) So a function of core promoters is to evade 

nucleosomal repression as well as to attract PIC components Furthermore, a more 

complete definition of the core promoter needs also to include the epigenetic aspects 

of gene regulation Recognition of the H3K4 tn-methylation by TAF3 (Vermeulen et 

al, 2007) and of acetylated H4 tails by double bromodomam of TAF1 (Jacobson et al, 

2000) shows that m addit ion to the underlying core promoter sequence, nucleosomal 

arrangement as well as their modification status also plays an important role in the 

recruitment and stabilization of the PIC Thus an active core promoter may be a DNA 

sequence with a preference for an open nucleosomal arrangement, affinity for general 

transcription factors (directly or by interactions with other factors), and a particular 

status of post translational modifications on nucleosomes 

D/rect/ona//ty of transcription 

A very recent set of studies has shown that many eukaryotic promoters have short 

bidirectional transcripts diverging from the start of transcription in yeast (Neil et al, 

2009, Xu et al, 2009), mouse (Sella et al, 2008) and human (Core et al, 2008, He et 

al, 2008, Preker et al, 2008) The function of these short transcripts, if any, remains 

to be elucidated, but bidirectionality poses a challenge to our current thinking about 

how promoters contribute to (directional) regulation of transcription (Buratowski, 

2008) A key new concept that is emerging from these studies is that some eukaryotic 

promoters may be inherently bidirectional to some extent (Neil et al, 2009, Xu et 

a / , 2009) Directionality of transcription is not strictly controlled by core promoter 

elements, which more likely serve to nucleate transcription complexes, and a core 

promoter is potentially able to start transcription in either direction In that sense 

the core promoter provides a preferred site of nucleation of the PIC relative to 

random genomic sequence Once transcription starts, the polymerase may encounter 

a sequence (in only one of the directions) which affects productive elongation of 

transcription Widespread RNAP II stalling has been observed in eukaryotic genomes 

(Kim et al, 2005, Guenther et al, 2007, Muse et al, 2007, Tamkun, 2007, Zeitlmger 

et al, 2007, Core and Lis, 2008), and it is particularly intriguing that stalled genes 

have particular sequence motifs m their promoters as discussed above (par 4 4, cf 

Fig 3C) Future experiments analyzing the effect of mutations in these elements on 

RNAP-II stalling will shed more light on the functional significance of such elements in 

productive elongation as well as the bidirectionality of transcription 

Core P romo te r func t ion in broad promoters 

As described above many mammalian promoters are of a broad type featuring an 

array of closely spaced transcription start sites These promoters are usually CpG-

nch and contain binding sites for transcription activators such as Spi Even though a 

model whereby transcription factors such as Spi mediated recruitment of GTFs can 

be envisaged as a mechanism of controlling transcription activation, the mechanism 

behind the selective usage of particular start sites is poorly understood A plausible 



model could be that upon binding to their cognate sites, sequence-specific transcription 

factors recruit components of the PIC and bring them close to the promoter area. 

This first step is fol lowed by scanning of the RNAP-II over the promoter region for 

more preferred sites of initiation (Frith et al., 2008). This would require a considerable 

stretch of DNA that is nucleosome-free and is accessible for RNAP-II. 

Future perspective 

The structural and functional complexity of the core promoter makes it an important 

component of the transcription regulatory network in eukaryotes. However, our 

comprehension of the core promoter function is far from complete. Given the diversity 

of core promoters one can anticipate the discovery of additional core promoter 

elements in the t ime to come. It is likely that the elements still eluding our detection 

are relatively rare, have a special architecture such as the DCE, or have a fairly 

degenerate consensus sequence. Historically, core promoter elements have mostly 

been characterized and studied in a l imited number of model promoters using in vitro 

assays. Development of high throughput methods of systematic promoter analysis 

such as synthetic saturation mutagenesis (Patwardhan et al., 2009) complemented with 

in vivo approaches will facilitate the analysis of core promoters m the native context 

in a speedy manner. Another important area of investigation is the elucidation of the 

structure of TFIID bound to promoter DNA of a number of distinct core promoters This 

is essential in order to fully appreciate the mechanistic details of promoter recognition 

and to decipher the relative positions of different parts of core promoter with respect 

to TFIID components in a PIC. Furthermore, the characterization of the core promoter 

role in the context of bidirectional transcription and the generation of small RNAs will 

be an important area of investigation. 
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ABSTRACT 

TATA-box-bindmg protein 2 (TBP2/TRF3) is a vertebrate-specific paralog of TBP that 

shares with TBP a highly conserved carboxy-termmal domain and the ability to bind 

the TATA box TBP2 is highly expressed in oocytes whereas TBP is more abundant 

m embryos We find that TBP2 is proteolytically degraded upon meiotic maturation, 

after germinal vesicle breakdown relatively low levels of TBP2 expression persist 

Furthermore, TBP2 localizes to the transcriptionally active loops of lampbrush 

chromosomes and is recruited to a number of injected promoters in oocyte nuclei 

Using an altered binding specificity mutant reporter system we show that TBP2 

promotes RNA polymerase II transcription in vivo Intngumgly, TBP, which m oocytes 

is undetectable at the protein level, can functionally replace TBP2 when ectopically 

expressed in oocytes, showing that switching of initiation factors can be driven by 

changes m their expression Proteolytic degradation of TBP2 is not required for 

repression of transcription during meiotic maturation, suggesting a redundant role in 

this repression or a role m initiation factor switching between oocytes and embryos 

The expression and transcriptional activity of TBP2 m oocytes show that TBP2 is the 

predominant initiation factor in oocytes, which is substituted by TBP on a subset of 

promoters m embryos as a result of proteolytic degradation of TBP2 during meiotic 

maturation 

Waseem Akhtar, Gert Jan C. Veenstra 

Department of Molecular Biology, Faculty of Science, Nijmegen Centre for Molecular Life 
Sciences, Radboud University Nijmegen, The Netherlands 

BMC biology (2009) 7 45 



INTRODUCTION 

A key regulatory step in eukaryotic transcription initiation is the assembly of basal 

transcription apparatus at the core promoter. This apparatus includes RNA polymerase 

II (RNAP-II) and a set of basal transcription factors. For a long t ime the basal 

transcriptional machinery was thought to be universal and mainly invariant across 

different promoters. However, a growing body of evidence points towards a more 

dynamic and regulatory role for this machinery (reviewed in Dantonel et al., 1999; 

Veenstra and Wolffe, 2001 ; Hochheimer and Tjian, 2003; Rema and Hernandez, 2007). 

TATA-box binding protein (TBP) was once thought to be the general transcription 

factor involved m all transcription in eukaryotic cells. In higher eukaryotes, however, a 

number of TBP paralogs are present and there is clear evidence for TBP-mdependent 

transcription in a variety of model organisms (Veenstra et a/., 2000; Muller et al., 2001 ; 

Martianov eta/ . , 2002b; Bartfai eta/ . , 2004; Jallow eta/ . , 2004, Deato and Tjian, 2007; 

Hart et al., 2007; Jacobi et ai, 2007). So far three TBP paralogs have been described 

in metazoans; the insect-specific TBP-related factor 1 (TRF1) (Crowley eta/ . , 1993), the 

metazoan specific TBP-like factor (TLF, also known as TRF2, TLP or TBPL1) (Dantonel 

et al., 1999) and the vertebrate-specific factor TBP2 (also known as TRF3 or TBPL2) 

(Persengiev et al., 2003; Bartfai et ai, 2004; Jallow et a/., 2004). 

TBP2 is the most closely related TBP paralog sharing 95% sequence identity in 

the core domain (Persengiev et al., 2003; Bartfai et al., 2004, Jallow et ai, 2004). 

It can bind to the TATA box, interacts with TFIIA and TFIIB and promotes basal 

transcription in vitro. In addit ion, knockdown studies in fish and frog showed that TBP2 

is indispensable for embryonic development (Bartfai et ai, 2004, Jallow et ai, 2004) 

and is preferentially required for the transcription of embryonic vertebrate-specific 

genes and those involved in ventral specification during gastrulation in Xenopus 

(Jacobi et ai, 2007). TBP2 is also essential in differentiation pathways in zebrafish 

and mouse (Deato and Tjian, 2007; Hart et ai, 2007). Although some TBP2 is present 

and required in early Xenopus embryos, it is most abundant in oocytes, suggesting 

that TBP2 has an important role in oocyte transcription (Jallow et ai, 2004) Here we 

provide functional evidence for the role of TBP2 in RNAP-II transcription by examining 

its binding to oocyte chromosomes and RNAP-II promoters, and by employing in vivo 

transcriptional assays involving an altered binding specificity mutant reporter system. 

We show that TBP2 is localized to active promoters in oocytes and can promote 

RNAP-II transcription. TBP2 is degraded during meiotic maturation. Surprisingly, 

TBP, when exogenously expressed in oocytes, can substitute for TBP2, indicative of 

dynamic and rapidly adaptable nature of core transcription machinery. Together, these 

observations establish the involvement of TBP2 in transcription initiation of oocytes. 

Moreover, the proteolytic degradation of TBP2 during meiotic maturation is relevant 

for the initiation factor switching that occurs during the course of early development. 



RESULTS 

Regulated proteolytic degradation of TBP2 during meiotic 
maturation 

TBP accumulates due to regulated translation of TBP mRNA during cleavage stages 

of development (Veenstra et al , 1999), whereas it is not detectable in oocytes (Fig 

1 A, cf Veenstra et al, 1999, Jallow et al, 2004) TBP2, by contrast, is very abundant 

in oocytes but is expressed at very low levels in embryos, suggesting that TBP2 is a 

replacement core promoter factor for TBP in oocytes (Jallow et al, 2004, Gazdag et 

al, 2007) To examine the possibility that the lack of detect ion of TBP in oocytes is 

due to a modif ication of TBP m these cells that masks its epi tope, we probed oocyte 

(prophase of meiosis I arrested), egg (metaphase of meiosis ll-arrested) and late 

blastula (stage 9) embryo extracts with 58C9 antibody, which recognizes both TBP 

and TBP2, and three different TBP specific antibodies, SL27, SL30 and SL33 None 

of the antibodies detect TBP in oocytes (Fig 1 A) confirming that there is very little if 

any TBP present in Xenopus oocytes Low levels of TBP are detected in egg extracts, 

whereas it is very abundant in embryos (Fig 1 A), consistent with regulated translation 

of maternal TBP mRNA in cleavage stage embryos (Veenstra et al, 1999) TBP2 on 

the other hand is abundant m oocytes, whereas in eggs and early embryos very low 

levels of TBP2 are present This was also observed when oocyte germinal vesicle 

(GV) and embryonic nuclear extracts were probed with a TBP2 specific monoclonal 

antibody 3E6 (Fig IB) The mechanism of the decrease in TBP2 expression however 

is unknown To investigate this issue we fol lowed the TBP2 levels during the course of 

oocyte maturation This can be done m vitro by treating fully grown stage VI oocytes 

with progesterone The maturation is marked by the appearance of a spot on the 

animal pole of the oocyte as a result of germinal vesicle break down (GVBD) TBP2 

levels start to drop within 30 minutes after GVBD and by four hours the protein is 

hardly detectable (Fig 1C) This was further assessed by looking at some markers of 

meiotic maturation in oocytes including degradation of cytoplasmic polyadenylation 

element b inding protein (CPEB) and phosphorylation of MAPK and histone H3 

sermelO TBP2 down regulation coincides with the accumulation of Xenopus Mos 

protein (Fig 1C) The Mos protein is a kinase that plays an important role in oocyte 

maturation In response to progesterone treatment, the translation of Mos mRNA 

and the stability of Mos protein increases resulting m the gradual accumulation of 

the protein (Haccard and Jessus, 2006) To examine the kinetics of overexpressed 

TBP and TBP2 in maturing oocytes, oocytes were injected with mRNA encoding TBP 

and HA TBP2 (which can be distinguished from endogenous TBP2) and treated with 

progesterone The injected synthetic TBP mRNA lacks its native 5' and 3'-UTR and 

is translated m oocytes, in contrast to the endogenous maternal TBP mRNA which 

is translationally masked (Veenstra et al, 1999) The kinetics of overexpressed TBP 

and TBP2 are similar, although the levels of endogenous TBP2 tend to decrease 

more rapidly (Fig 1D), which may reflect differences in expression level at the start 
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Figure 1. TBP2 is actively down regulated upon meiotic maturation. (A) Western blot analysis of 
TBP expression in oocytes, eggs and late blastula (stage 9) embryos with four different antibodies; 
58C9, SL27, SL30and SL33. Asterisk indicates non-specific bands. (B) Western blot analysis of TBP2 
expression in oocyte germinal vesicles and embryonic nuclei with a TBP2 specific monoclonal 
antibody 3E6 (C) Stage VI Xenopus oocytes were incubated in MBSH buffer containing 1 μg/ 
ml progesterone. Batches of 15 oocytes were collected at indicated time intervals and analyzed 
by western blotting. (D) Stage VI Xenopus oocytes injected with TBP and HA-TBP2 mRNA were 
incubated in MBSH buffer containing 1 μg/ml progesterone. Batches of 15 oocytes were collected 
at indicated time intervals and analyzed by western blotting (E), Oocytes expressing exogenous 
TBP were treated with either progesterone (1 pg/ml) or cycloheximide (15 pg/ml). Batches of 
15 oocytes were collected four and 16 hr after the treatment and analyzed by western blotting. 
Asterisk indicates non-specific bands. 

of the experiment. To assess whether the decrease in TBP2 levels is due t o changes 

in translation or degradat ion, oocytes were treated with the translation inhibitor 

cycloheximide. To check translation efficiency under these condit ions oocytes were 

injected with TBP mRNA in the presence and absence of this inhibitor. After 16 hr of 

incubation with cycloheximide there is hardly any effect on TBP2 levels, showing that 

TBP2 protein is quite stable in oocytes, whereas in progesterone treated cells TBP2 

expression is lost (Fig. IE). Therefore, proteolytic degradat ion of TBP2 is markedly 

increased during meiotic maturation. TBP, when ectopically expressed in oocytes, 

is also degraded during maturation although residual levels after maturation are 

substantially higher, similar t o the situation when TBP2 is overexpressed (Figs. 



ID-Ε). Intriguingly, even well after GVBD, TBP2 is not completely degraded, which 

is consistent with the observation that some TBP2 persists in early Xenopus embryos 

(Fig 1A, cf. J a l l o w e t a / . , 2 0 0 4 ) . 

TBP2 decorates lampbrush chromosomes 

In the absence of TBP, TBP2 may be the major TATA box binding initiation factor in 

oocytes, and as such should localize to lampbrush chromosomes. These are partially 

condensed paired chromosomes present in the germinal vesicles of amphibian 

oocytes, arrested in the diplotene stage (prophase) of meiosis I. Transcriptional activity 

is accommodated by numerous laterally extended loops along the length of each of 

these chromosomes (Jamrich et a/., 1983; Gall et a/., 2004). GV spreads were prepared 

from stage VI oocytes and the chromosome axis and the lateral loops were visualized 

using DAPI. Interestingly, many loops are decorated with TBP2 (Fig. 2) as shown with 

two different TBP2 monoclonal antibodies. Nucleoli do not show any TBP2 staining, 

by contrast, Cajal bodies (CB) and B-snurposomes (BS), which are considered to be 

the depositories of transcription complexes and related proteins (Gall et al., 1999), 

stain positive. The two TBP2 antibodies used recognize different epitopes on TBP2 

(data not shown) and show a similar staining of TBP2 on lampbrush chromosomes and 

Cajal bodies (Fig. 2). The recruitment of TBP2 to transcriptionally active chromosomal 

loops is in line with a major role of TBP2 in transcription initiation in oocytes. 

Figure 2. TBP2 is recruited to transcriptionally active loops of lampbrush chromosomes. GV 
spreads were probed with TBP2 specific antibodies 1G6 (top panel) and 3E6 (bottom panel) as 
described in Methods. The inset shows a magnified chromosomal loop. Cajal bodies (CB) and 
B-snurposomes (BS) are indicated. 
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TBP2 is recruited to promoters in oocytes 

To characterize the binding of TBP2 at a higher resolution, promoter reporter constructs 

were injected into oocyte nuclei and analyzed by chromatin immunoprecipitation 

(ChlP). As a control for the activity of these promoters we also performed ChIP with a 

RNAP-II antibody. The results show that TBP2 is associated with these promoters (Fig. 

3A). Although the recruitment is variable, in all cases it is well above the recruitment 

to the background control (construct containing an intronic fragment of the WD 

repeat domain 42A (wdr42a) gene). Furthermore, TBP2 recruitment correlates with the 

occupancy of RNAP-II. TBP2 was also enriched on the endogenous amplified 5S rRNA 

loci, which recruited very little RNAP-II as expected for RNA polymerase-lll (RNAP-III) 

promoters. 

To further confirm the association of TBP2 with promoters in oocytes, we expressed 

an HA-tagged version of TBP2 in oocytes and tested the recruitment of TBP2 on these 

promoters with an anti-HA antibody. Oocytes injected with promoter constructs but 

lacking HA-TBP2 were used as a negative control. A similar pattern of recruitment was 

obtained (Fig. 38). Together, these ChIP results show that TBP2 is recruited to RNAP-II 

and RNAP-III promoters in oocytes. 

Β 

Figure 3. TBP2 is associated with active promoters in oocytes. (A) ChIP assay on GV-mjected 
promoters and endogenous 5S rRNA promoters using TBP2 and RNAP-II antibodies. Enrichment 
is the signal relative to background which in this case is the ChIP recovery from a non-promoter 
region (intron construct). (B) ChIP assay on GV-injected RNAP-II promoters and endogenous 5S 
rRNA promoter from oocytes injected with HA-TBP2 mRNA. Enrichment is the signal relative 
to background which in this case is the ChIP signal from oocytes not expressing HA-TBP2 but 
injected with the same promoter construct. Error bars in (A) and (B) represent the standard error 
of the mean from three independent experiments. 

Role of TBP2 in TATA box-dependent transcription in oocytes 

In order to further assess the role of TBP2 in oocyte transcription functionally, we 

applied an altered binding specificity mutant reporter system (Strubin and Struhl, 

1992). In this system, three point mutations in the carboxy terminal domain of TBP 



confer the ability to bind to a mutated TATA box (TGTAAAG) to which the wild type (wt) 

protein cannot bind. We introduced these altered binding specificity (abs) mutations in 

Xenopus TBP and TBP2. An electrophoretic mobility shift assay (EMSA) was performed 

to assess the binding specificity of wt and abs-mutant TBP and TBP2. To this end, 

rabbit reticulocyte extracts containing in vitro translated wt and abs-mutant versions of 

TBP or TBP2 were tested against regular and mutant TATA probes from the adenovirus 

major late promoter (Maldonado et al., 1990). Like TBP, both wt and abs-mutant TBP2 

proteins bind to a regular TATA box whereas only the abs-mutant proteins bind to the 

altered TATA box (Fig. 4A). Next, we analyzed the behavior of these proteins in oocyte 

transcription, for which we made use of the hsp70 promoter, which is known to be 

active m Xenopus oocytes and has a canonical TATA box upstream of its transcription 

start site (Landsberger and Wolffe, 1995b). The TATA box of this promoter was mutated 

to TGTA. Wild type and the mutant promoters were injected in the oocytes with and 

without mRNA encoding TBP-abs or TBP2-abs (Fig. 4B). Mutation of the TATA box 

reduces transcription from this promoter, although some transcription persists (Fig. 

4C) In the presence of TBP2-abs, transcription from the TGTA promoter is rescued. In 

contrast, wild type TBP2 is unable to promote transcription from the TGTA promoter 

confirming that the rescue is specifically carried out by the exogenously provided abs-

mutant proteins. Interestingly, TBP-abs, when expressed in oocytes, also rescues the 

transcription to the same extent (Fig. 4C) whereas the levels of exogenous abs proteins in 

both cases are comparable (Fig. 4D) We also tested the X tropicalis ZFP36L2 promoter, 

which has a canonical TATA box positioned 27 bp upstream of the transcription start 

site. We generated the TGTA mutant of this promoter and used it to test the activity of 

TBP and TBP2 on this promoter. The TGTA mutation significantly reduces transcription 

from this promoter (Fig. 4E). Both TBP-abs and TBP2-abs can rescue transcription, with 

TBP2-abs being slightly more efficient than TBP m this regard (Fig. 4E). Collectively, 

our findings show that TBP can substitute for TBP2 if provided artificially to the oocyte 

core transcription machinery. On the hsp70 and ZFP36L2 promoters, the relative 

expression levels of TBP and TBP2 appear to be a major determinant of initiation factor 

substitution. To analyze the behavior of TBP and TBP2 on promoters lacking a TATA 

box, we examined the recruitment of exogenously provided HA-TBP and HA-TBP2 

on two TATA-less promoters (TLF, polr2h) and two TATA box-containing promoters 

(hsp70, ZFP36L2). Oocytes injected with promoter constructs but lacking HA-TBP/2 

were used as a negative control Furthermore, a background control construct (intron) 

was injected. The results substantiate the notion that TBP, if ectopically expressed, can 

be recruited to these promoters in oocytes (Fig. 4G) 

Loss of TBP2-promoter association during meiotic maturation 

In addit ion to degrading TBP2, maturing oocytes globally repress transcription. This 

prompted us to ask whether the down regulation of TBP2 may be important for proper 

shut down of transcription as oocytes mature into eggs This is conceivable because 

TBP levels are extremely rate-limiting for transcription in egg extracts and precocious 
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Figure 4. Both TBP and TBP2 can p r o m o t e 

transcript ion f rom TATA box containing 

promoters injected in Xenopus oocytes. 

(A) Electrophoretic mobil ity shift assay 

showing the binding of wild type and 

abs-mutant TBP and TBP2 to a wild type 

and a mutant TATA box probe. In vitro 

translated abs-mutant and wild type TBP 

proteins were incubated in the presence 

of 25 ng recombinant TFIIA and run on a 

5% Polyacrylamide gel. (B) A scheme of 

the experiment shown in (C) is presented. 

TBP-abs or TBP2-abs mRNA was injected 

into stage VI oocytes. After injection, 

the oocytes were allowed to translate 

the mRNA for 4 hr. Oocytes were then 

injected with either wild type or TGTA 

mutant hsp-70 promoter. pCMV-CAT 

was injected as an internal control for 

injections. Groups of 20 healthy oocytes 

were collected after an overnight 

incubation. (C) For transcription analysis, 

a primer extension was performed as 

described in Methods. The positions 

of accurately initiated transcripts from 

the hsp70 (hsp-70) and CMV promoter 

(CMV) are indicated. Ctrl is RNA from 

un-injected oocytes. The bar graph 

below the gel shows the quantification of 

transcription signal from hsp-70 promoter 

normalized with that from CMV. The error 

bars represent standard error of mean 

from three independent experiments. (D) 

Western blot analysis of TBP2-wt, TBP-abs 

and TBP2-abs expression in oocytes for 

the experiment in (C). (E) Expression 

from the ZFP36L2 promoter with regular 

or mutant TATA box in the presence of 

TBP and TBP2 abs-mutants was analyzed 

by primer extension. The bar graph 

below the gel shows the quantification 

of transcription signal from ZFP36L2 

promoter normalized with that from 

CMV. The error bars represent standard 

error of mean from two independent 

experiments. (F) Western blot analysis 

of TBP-abs and TBP2-abs expression in 

oocytes for the experiment in (E). (G) ChIP 

assay on GV-injected promoters from 

oocytes injected with HA-TBP or HA-TBP2 

mRNA. Enrichment is the signal relative 

to background which in this case is the 

ChIP signal from oocytes not expressing 

HA-TBP or HA-TBP2 but injected with the 

same promoter construct. 



transcription can be induced in embryos before gene activation at the mid-blastula 

transition by simultaneous inhibition of chromatin assembly with competitor DNA and 

premature accumulation of TBP (Prioleau et al., 1994; Veenstra et al., 1999). To test this 

possibility, we overexpressed TBP2 in maturing oocytes. When TBP2 is overexpressed 

before maturation, the levels are also elevated after maturation (Fig. 5B, bot tom 

panel). Therefore, stage VI oocytes were injected with two different concentrations 

of TBP2 mRNA. The transcriptional shut-down was investigated on two distinct 

promoter constructs injected into oocytes either alone or in combination with high 

amounts of competitor DNA (Fig. 5A). The results show that repression of transcription 

was established even in the presence of highly abundant TBP2 in maturing oocytes 

(Fig. 5B, t o p panel). The overexpression of TBP2 or presence of competitor DNA, 
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Figure 5. Transcription rep

ression occurs in the presence 

of abundant TBP2. (A) A 

scheme of the experiment 

shown in (B) is presented. Either 

2 or 4 ng of TBP2 mRNA was 

injected into stage VI oocytes. 

After a delay of 12 hr oocytes 

were injected in the nucleus 

with 1.0 ng of hsp70 and 0.5 ng 

of Cyr61 promoter constructs 

either with or without 18 ng 

of competitor DNA. One hour 

after the nuclear injections 

oocytes were divided into 

two groups. One group was 

treated with progesterone 

(final concentration 2 pg/ml). 

After a further incubation of 12 

hr groups of 20 healthy oocytes 

were collected for RNA and 

protein analysis. (B) For 

transcription analysis, a primer 

extension was performed as 

described in Methods. The 

positions of accurately initiated 

transcripts from the hsp70 

(hsp-70) and Cyr61 promoter 

(Cyról) are indicated. The 
conditions used for each 
lane are described below the 
gel whereas at the bot tom 
expression of TBP2 has been 
shown for the corresponding 
lane. Phospho-MAPK was used 
as a marker for maturation 
while TFIIF served as a loading 
control. 



alone or in combination had little if any effect on the repression of transcription. To 

further examine this situation we compared the t iming of TBP2 degradation and the 

shutdown of transcription. Because of the variability between individual oocytes to 

undergo GVBD, batches of oocytes were synchronized depending on the appearance 

of the maturation mark at GVBD, and the promoter association of RNAP-II and TBP2 

was determined by ChIP at GVBD and five hours after GVBD (Fig. 6A). The results 

indicate that the repression of transcription is already established at GVBD, a point at 

which TBP2 degradation has not yet initiated. These observations (Figs. 5-6) rule out 

a causative role for TBP2 degradation in the global shutdown of transcription during 

oocyte maturation, suggesting that the primary role of TBP2 degradation is to facilitate 

initiation factor switching during subsequent development. Not TBP2 degradation but 

a loss of TBP2 association with the promoter coincides with transcriptional repression 

during meiotic maturation. 
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Figure 6. TBP2 degradation takes place after the establishment 
of transcriptional shut down. (A) A scheme of the experiment 
shown in (B) is presented. Oocyte nuclei were injected with 0.6 ng 
of hsp70 and 0.3 ng of Cyr61 promoter constructs. After a delay 
of 12 hr oocytes were divided into two groups and one group was 
treated with progesterone (final concentration 2 pg/ml). Oocytes 
were synchronized at GVBD. Some were processed immediately 
for chromatin immunoprecipitation and immunoblotting along with 
control oocytes (not treated with progesterone) whereas others were 
analyzed 5 hr after GVBD. (B) Recruitment of RNAP-II (upper graph) 
and TBP2 (lower graph) to hsp70 and Cyról promoters in control 
oocytes versus oocytes at GVBD and 5 hr after GVBD was assayed 
by chromatin immunoprecipitation. Below the graphs expression of 
TBP2 has been shown corresponding to each sample. TFIIF served as 
a loading control. 

DISCUSSION 

TBP2: the major TATA binding factor in oocyte transcription 

In the present study we show that Xenopus oocytes lack any detectable TBP, whereas 

TBP2 is abundant in oocytes. In eggs and early embryos relatively low levels of TBP2 



are present TBP starts to accumulate after meiotic maturation and during cleavage 

stages of development (Fig 1A) A similar expression profile of TBP and TBP2 has 

been observed in mouse oocytes as well (Gazdag et al, 2007), which suggests a major 

role for TBP2 in oocyte transcription Indeed, TBP2 is recruited to the transcriptionally 

active loops of lampbrush chromosomes (Fig 2) In addit ion, TBP2 also appears to 

be a part of Cajal bodies and B-snurposomes, which are considered to be involved 

in preassembly of transcription complexes (Gall et al, 1999) The association of TBP2 

with active promoters was further confirmed by ChIP on GV-mjected promoters and 

on endogenous 5S rRNA (Fig 3) Surrounding follicle cells outnumber the oocytes, 

therefore it is not possible to perform ChIP on single copy loci in oocytes Because of 

this l imitation, injected promoter constructs were used to model oocyte transcription 

This system has been used effectively to study the biochemistry of chromatin assembly 

and transcription during oogenesis and early embryogenesis (Landsberger and Wolffe, 

1995a) In order to examine the activity of TBP2 in oocytes, we utilized an altered 

binding specificity (abs) mutant reporter system (Strubm and Struhl, 1992) It cannot be 

ruled out that endogenous TBP2 behaves differently compared to its over-expressed 

abs mutant However, the involvement of TBP2 in RNAP-II mediated transcription in 

oocytes may be inferred from the ability of abs-TBP2 to rescue the deleterious effects 

of TGTA promoter mutations, likely due to binding of abs TBP2 to the TGTA sequence 

to which the endogenous TBP2 cannot bind (see Fig 4) These findings are congruous 

with the observation that only TBP2 is present in frog and mouse oocytes with no 

detectable TBP, which reinforces the notion that germ cell transcription is different 

from that of somatic cells (DeJong, 2006) 

TBP2 degradation and its biological significance 

We have found that during later stages of meiotic maturation TBP2 protein is actively 

degraded (Fig 1C) This could potentially achieve two biological goals First, it might 

be essential for proper shutdown of global transcription In early embryos transcriptional 

repression can be perturbed by premature accumulation of TBP together with disruption 

of chromatin assembly (Pnoleau et al, 1994, Veenstra et al, 1999) Second, this 

degradation of TBP2 in combination with the translational upregulation of TBP in embryos 

might be a mechanism to achieve switching of TATA binding factors between the oocyte 

and embryonic/somatic transcription machineries The results of our experiments do not 

support a role for TBP2 degradation in the shutdown of transcription as it occurs even 

in the presence of abundant TBP2 (Fig 5), although a redundant role in transcriptional 

repression cannot be excluded Furthermore, transcriptional repression is already 

established before TBP2 is degraded (Fig 6) TBP2 degradation is likely a mechanism 

that brings about the switching of TATA binding core transcription factors, facilitating the 

transition from a germ cell transcription apparatus to a somatic transcription machinery 

However, this switching is not yet complete in early embryos because of low levels of 

TBP2, as discussed below 



The transcription machinery is highly flexible 

The altered binding specificity mutant of TBP, when expressed m the oocytes, could 

also promote transcription from the hsp-70 and ZFP36L2 promoters (Fig 4). Earlier 

observations indicated that TBP and TBP2 can replace each other in initiating basal 

transcription in v/tro as well as in complexes with TFIIA/ALF and DNA (Jallow et 

al., 2004; Xiao et al., 2006; Deato et al., 2008). Intriguingly, many promoters that 

exclusively require TBP in embryos are also maternally expressed (Jacobi et ai, 2007) 

TBP protein, however, is not present m oocytes where these maternal transcripts initially 

were made, implying initiation factor switching on these promoters between oocytes 

and early embryos. Furthermore, TBP2 overexpression m TBP knockdown embryos 

significantly, although not completely, rescued the phenotype of TBP ablation (Jallow 

et al., 2004). On a similar note, it has been proposed that in cells heterozygous for TBP 

(tbp +/-), elevated levels of TBP2 compensate abnormally low levels of TBP at some 

but not all promoters (Bush et a/., 2008). This shows that on many promoters the two 

TATA binding proteins can act redundantly. 

A complicating matter is that both TBP and TBP2 are required for early 

development in fish and frog (Veenstra et al., 2000; Muller et al., 2001 ; Bartfai et ai, 

2004; Jallow et a/., 2004) and promoters that strictly require either TBP or TBP2 in 

embryos have been identi f ied (Hart et ai, 2007; Jacobi et ai, 2007). The molecular 

basis of TBP-TBP2 selectivity remains to be elucidated. The embryonic transcription 

machinery (abundant TBP, low levels of TBP2) is not yet fully switched to the 

common somatic machinery (abundant TBP, no TBP2), effectively leaving TBP and 

TBP2 to compete for interactions with embryonic activators and promoter elements 

Paradoxically, despite the relatively low levels of TBP2 m embryos, many genes 

depend on this factor, whereas ablation of TBP causes relatively moderate effects on 

gene expression (Jacobi et ai, 2007). TBP2 may be quite competit ive in embryonic 

gene regulation because of preferential interactions with embryonic activators or 

other maternal factors that - like TBP2 - still persist m early development, such 

preferential interactions would be analogous to the preference of the Caudal activator 

for a promoter nucleo-protem architecture with the downstream promoter element 

(Juven-Gershon et ai, 2008a). For example, TBP2 preferentially accommodates 

activation of vertebrate-specific embryonic and ventral-specific genes (Jacobi et 

ai, 2007). During later development core factor switching may be completed when 

TBP2 levels further decline (Xiao et ai, 2006). 

On the limited number of promoters tested in this study, TBP and TBP2 could 

replace each other depending on their relative expression levels, providing an 

experimental model for initiation factor switching. Our data suggest that the core 

transcription machinery is highly flexible and that changes in relative expression levels 

of TATA binding factors between oocytes and embryos can drive core factor switching. 

Based on these observations we propose a model (Fig. 7) according to which the core 

factor switching that occurs at many maternal-embryonic promoters is brought about 

by active degradation of TBP2 (Fig. 1) fol lowed by regulated translation of maternal 
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Figure 7. A model of the regulation of TATA-box binding proteins during early stages of 
embryogenesis. Oocytes express TBP2 which is involved in initiation of transcription. Upon 
meiotic maturation, global repression of transcription is established andTBP2 is actively degraded. 
During early cleavages after fertilization, maternal stores of TBP mRNA are translated (Veenstra 
et al., 1999) and by the mid-blastula transition (MBT) both TBP and residual TBP2 contribute to 
zygotic transcription (Jallow et al., 2004; Jacobi et al., 2007). 

stores of TBP mRNA before the onset of embryonic transcription at the mid-blastula 

transition (MBT) (Veenstra eta/ . , 1999). 

Our observations not only establish an important role of TBP2 in transcription of a 

highly specialized cell type that lacks any detectable TBP, but also provide evidence 

that the basal transcription machinery is highly flexible and can rapidly exchange 

factors depending on their expression. This leads to initiation factor switching on 

a subset of promoters that are active both in oocytes and embryos, whereas other 

promoters show factor-selectivity which accounts for their non-redundant function in 

early embryos (Jallow et ai, 2004). 

METHODS 

Constructs 

The Xenopus TBP (pSP64A-xTBP) (Veenstra et ai, 1999) and TBP2 (pT7TSA-xTBP2) 

(Jallow et ai, 2004) constructs were utilized to generate altered binding specificity 

mutant versions of these proteins by introducing three point mutations in the carboxy-

terminal domain of xTBP (I250F, V259T and L261V) and xTBP2 (I273F, V282T and L282V) 

using Quick Change site-directed mutagenesis kit (Stratagene). Capped mRNAs were 

transcribed by an in vitro RNA synthesis kit (Ambion, Austin, TX). pCMV-CAT and pG4-

hsp70-CAT have already been described (Landsberger and Wolffe, 1995b) whereas 

pG4-BLCAT-ZFP36L2, pG4-BLCAT-TLF, pG4-BLCAT-polr2h and pG4-BLCAT-Cyr61 



and pG4-BLCAT-intron (containing an mtromc fragment of the WD repeat domain 

42A (wdr42a) gene) were generated by cloning these promoters amplified from X. 

tropicalis genomic DNA, into pG4-BLCAT2 (Kass et al., 1997) at the BamHI and Xhol 

sites (cf. Chapter 4). 

GV spreads and Immunofluorescence 

GV spreads were prepared as described in (Gall et ai, 1999) with minor modifications. 

Defolliculated stage VI oocytes were transferred one at a t ime to isolation medium 

(83 mM KCl, 17 mM NaCI, 6.5 mM N a ^ P O , , 3.5 mM KH 2 P0 4 , 1 mM MgCI 2 , 1 mM 

dithiothreitol, pH 7.0). The GV was isolated, the nuclear membrane was removed and 

the contents of GV quickly transferred to 20 μΙ of spreading medium containing 1% 

paraformaldehyde and 0.15% Triton X-100 on a glass cover slip. The cover slips were 

kept at room temperature for 1 hr before storing them in PBS. GV spreads were rinsed 

in PBS containing 0.2% Tween and blocked with 0.5% BSA and 0.4% gelatin fol lowed 

by 1 hr incubations with primary and secondary antibodies at room temperature. TBP2 

antibody 1G6 has already been described (Jallow et ai, 2004) whereas 3E6 is a mouse 

monoclonal antibody raised against the amino-termmal domain of Xenopus TBP2. 

The secondary antibody was Alexa 488-labeled goat anti-mouse immunoglobulin G 

(IgG) in a 1:100 dilution also containing 4 pg/ml 4',6-diamidino-2-phenylindole (DAPI). 

Images were taken with Zeiss Axiophot2 Fluorescence microscope. 

Microinjections and primer extension 

Defolliculated oocytes were injected with 1 ng of in vitro transcribed TBP/2-abs RNA 

in the cytoplasm using a Drummond Nanoject microinjection apparatus (Drummond 

Scientific, Broomall, PA). After a delay of 4 hr, GVs of these oocytes were injected with 

different amounts of plasmid constructs as indicated in the text and figure legends. 

The next day the oocytes were collected and RNA was isolated using Trizol (Invitrogen) 

extraction and LiCI precipitation. The RNA equivalent to four oocytes was analyzed by 

primer extension as described m Kass et ai, 1997. 

Meiotic maturation and western blott ing 

Stage VI oocytes were incubated at 18°C in MBSH buffer containing 1 μg/ml 

progesterone (Sigma). Maturing oocytes were synchronized at germinal vesicle break 

down (GVBD) and then collected at different time points as indicated in the figure 

legends. Extracts from collected oocytes were prepared as previously described 

(Veenstra et ai, 1999). The antibodies used were anti-TBP 58C9, anti-TFIIB C-18, anti-

TFIIF RAP 74 C-18, anti-Mos C237 (Santa Cruz Biotechnology), anti-phospho-p44/42 

MAP Kinase (Cell Signalling Technology), anti-TBP SL27, SL30 and SL33 (Ruppert et 

ai, 1996) and anti-H3 core and anti-H3Ser10P (Abeam). 



Chromatin immunoprecipitation 

Stage VI oocytes were injected with promoter constructs (for amounts see the figure 

legends) in the nucleus. After overnight incubation at 18°C, oocytes were cross-linked 

and processed for chromatin immunoprecipitation as described previously (Jallow et 

al., 2004). For ChIP of HA-tagged TBP, 2 ng mRNA encoding HA-TBP2 was injected 

in the cytoplasm 4 hr prior to nuclear injections. The antibodies used were anti TBP-2 

1G6 (Jallow et ai, 2004), anti-RNA polymerase II (Diagenode) and anti-HA (Covance). 

Electrophoretic mobility shift assay 

Electrophoretic mobil i ty shift assay was performed essentially as described in refs 

(Maldonado et al, 1990) and (Mitsiou and Stunnenberg, 2000). 
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ABSTRACT 

Transcription initiation involves the recruitment of basal transcription factors to 

the core promoter. A variety of core promoter elements exists, however for most 

of these motifs the distribution across species is unknown. Here we report on the 

comparison of human and amphibian promoter sequences. To systematically predict 

regulatory elements we have developed a de novo motif discovery pipeline which 

incorporates a new motif similarity metric, the Weighted Information Content score, 

to cluster redundant motifs predicted by an ensemble of computational tools. Using 

3 this comprehensive pipeline, sequence elements enriched in Xenopus core promoters 

were identif ied, including the TATA box and other known core promoter elements. 

The presence and positioning of these motifs was confirmed in an independent 

experimental promoter dataset. A comprehensive comparison of motifs with positional 

bias in human promoters revealed both similarities and differences in core promoter 

-§ architecture between the two species. The nucleotide composit ion of Xenopus and 

human promoters is highly divergent. Whereas the distribution of some core promoter 

motifs is conserved independent of species-specific nucleotide bias, the prevalence of 

other motifs, including the well-known SPI motif, correlates with the single nucleotide 

frequencies. These differences are likely adaptive as Spi is known to recruit basal 

ö factors to CpG island promoters. In addit ion, we identified species-specific motifs 

η 

"D 

c 

n> 
TJ unrelated to general nucleotide bias, including two novel Xenopus elements. These 
ο 3 results highlight both conserved and diverged aspects of vertebrate transcription, 
ο 
Φ most notably showing an adaptation of motif usage to recruit the core transcriptional 

machinery to promoters with diverging nucleotide composit ion. 

Supplemental material is available online at http://www.ncmls.nl/gertjanveenstra/ 

FTP/Akhtar. The ChlP-seq data from this study have been submitted to the NCBI 

Gene Expression Omnibus (http://www.ncbi nlm.mh gov/geo) under accession no. 

GSE21482. 
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INTRODUCTION 

η 
ο 

An essential step in regulation of gene expression is initiation of transcription, which 

involves the recruitment of the basal transcription machinery to the core promoter. 

The core promoter is defined as the -100 bp sequence around the transcription 

start site (TSS) that is minimally required for the assembly of the core transcription 

machinery and initiation of transcription. A number of core promoter elements have 

been identified and their contribution to basal transcription has been documented 

(Smale and Kadonaga, 2003; Juven-Gershon et al., 2008b) Each of these motifs 

represents only a subset of core promoters and there are many core promoters, which ^ 

do not feature any of these motifs. Amongst the most studied motifs are the TATA ω 

box (Wasylyk et a/., 1980; Mathis and Chambon, 1981), the initiator (Inr) (Smale and ο 

Baltimore, 1989), TFIIB recognition elements (BREs) (Lagrange eta/., 1998; Deng and °, 

Roberts, 2005) and the downstream promoter element (DPE) (Kadonaga, 2002). m 

Recent large-scale promoter analyses have shown that the initiator is the most ·§ 

prevalent motif in Drosophila and mammalian promoters, whereas the TATA box is £ 

represented in 10-20% of promoters, most of which represent tissue-specific promoters CL 

with precise transcription start sites (TSSs) (Gershenzon et a/., 2006, Sandelm et ai, ^ 

2007). These core promoter motifs are specifically recognized by components of the ^ 

basal transcription machinery. TATA box binding protein (TBP) and TFIIB bind to the ο 
(0 

TATA box and the BREs respectively, whereas different subumts of TFIID interact with -a 

the Inr and the DPE (Smale and Kadonaga, 2003). These core promoter motifs work g 

cooperatively and exhibit synergy with each other (Juven-Gershon et al, 2008b). φ 

Other core promoter elements have also been identified which include the Motif 10 

Element (MTE) (Lim et a/., 2004) and the X core promoter element 1 and 2 (XCPE1 and 

XCPE2) (Tokusumi et al., 2007; Anish et al., 2009). Recent computational analyses have 

also identified a number of elements that cluster in promoters (FitzGerald et a/., 2004; 

Xie et ai, 2005; Carninci et al., 2006; FitzGerald et al., 2006; Gershenzon et ai, 2006; 

Vardhanabhuti et al., 2007; Frith et ai, 2008; Tharakaraman et ai, 2008; Yokoyama et 

ai, 2009). 

The TATA box is the only known core promoter element that is conserved from 

yeast to human. DPE and Inr elements are shared between human and fly, although 

the fly initiator has a stricter consensus than the human Inr. On the other hand, the 

DCE and XCPE1 motifs have only been identified in human promoters indicating that 

core promoter elements have different representations in different species. This raises 

the question of how promoter sequences compare among vertebrates. To date, most 

of the genome-wide promoter studies have focused on mammalian promoters, human 

and mouse in particular. To gain more insight into vertebrate promoter architecture 

we decided to systematically compare X. tropicalis and human core promoters The 

draft genome of the western clawed frog X. tropicalis, an important model organism 

for vertebrate development has recently been published. Xenopus is phylogenetically 

well positioned to compare to other vertebrates and its genome shows significant 

long-range synteny with the human genome (Hellsten et ai). For a comparative 
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o 

analysis of motifs, a systematic motif discovery and comparison pipeline is needed. 

As there is no collection of known promoter motifs from Xenopus, these need to be 

determined de novo. 

The identification of enriched sequence motifs from a set of sequences is 

computationally complex and a variety of tools and techniques have been developed 

to deal with this problem (reviewed in Das and Dai, 2007; Zhang, 2007). However, 

performance of these methods remains poor, especially when used on eukaryotic 

sequences (Tompa et al., 2005). It has been suggested that combining different 

η computational techniques, r^Jner than focusing on a single method should improve the 
3 effectiveness of motif prediction (Hu et a/., 2005). Indeed, several so-called ensemble 

= methods have been .shown to perform better than their individual components 

§ (Carlson et al., 2007; Wijaya et al., 2008). 

r* Transcription factor binding elements such as core promoter motifs are commonly 

§ represented as matrices that reflect the frequency of each nucleotide at every position 

"5 m the motif, the Position Frequency Matrix (PFM) One relatively straightforward 

™ approach to combine the results of different methods in an ensemble approach is to 

3- cluster the PFMs, however, this demands a sensitive motif similarity metric. Various 

3 metrics have been proposed (Mahony et a/., 2007), but one important aspect that 

^ most of these scoring systems do not take into account, is the relative importance 

5 of individual motif positions. Specifically, positions with nucleotide frequencies close 

"g to background have a similar contribution to the score as well-conserved, important 

^ positions that show a preference towards a single nucleotide. We propose a similarity 

? metric that incorporates the relative entropy or information content (Shannon, 1948, 

Schneider and Stephens, 1990) of the motif positions into the comparison. This 

Weighted Information Content (WIC) score compares favorably to existing methods. 

In order to compare the core promoter structure between Xenopus and human we 

obtained a collection of X. tropicalis promoters by analysis of the 5' end distributions 

of ESTs mapping to known genes This promoter collection was validated using 

various essays We developed a de novo motif discovery pipeline, which incorporates 

the new WIC motif similarity metric to cluster similar motifs. Using this pipeline, 

we have identified a number of sequence elements that are enriched in Xenopus. 

Most of these elements are also significantly enriched m a comparable collection 

of human promoters, highlighting the similarities in core promoter recognition 

between vertebrates. Contrasting with these similarities however, Xenopus promoters 

feature distinct sequence composition tendencies and sequence motifs around the 

TSS as compared to human promoters. The single nucleotide frequencies around 

the transcription start site are highly different in Xenopus and human promoters. 

Additionally, although the genomic GC content is similar, Xenopus promoters generally 

have a lower CpG dinucleotide frequency than human promoters. We highlight 

different behavior of motifs with respect to the nucleotide background. The frequency 

of some core promoter motifs, such as SP1, reflects the promoter sequence bias. 

Although abundance of these motifs differs between the two species, normalizing for 

the nucleotide bias results in similar corrected frequencies. This might reflect adaptive 
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usage of sequence-specific transcription factors and the transcription machinery to 

deal with differing nucleotide compositions of promoters. In contrast, the prevalence 

of other promoter motifs is conserved with similar distributions in Xenopus and human 

promoters despite differences in nucleotide composit ion. Finally, we identified several 

Xenopus-specific promoter motifs. Taken together, our findings reported here propose 

a novel nucleotide composition-linked aspect of core promoter evolution. 

RESULTS η 
ο 
3 

Τ) 

ο 

Selection of transcription start sites 

Gene regulatory regions are relatively hard to predict on the basis of sequence 

information alone. However, transcription start sites (TSSs) can be predicted reliably 

using the distribution of the 5' ends of ESTs over genomic sequences (Ohler et al., 

2002). We implemented a very similar approach by selecting spliced expressed 

sequence tags (ESTs) that overlap with the 5' exons of known genes and share the 

same orientation relative to genomic sequence (Fig. 1A). Using this approach we 

obtained 3,867 X. tropicalis TSSs, and a set of 6,761 human TSSs for comparison. As 

expected these TSSs cluster just upstream of the 5' end of annotated genes (Fig. 1B). 

A key issue in the analysis of core promoter sequences is the reliability and the s 

positional precision with which TSSs can be determined. Therefore, we decided to carry "g 

out experimental validation on the predicted Xenopus transcription start sites. The TSSs Q 

were tested by primer extension with sequence-specific primers using embryonic stage 5 

12 X. tropicalis RNA (for details of selected loci see Supplemental Table SIA1). For each 

locus two or more primers were used to check the specificity of the primers. In four 

out of five cases the predicted TSS is within 10 b p of the experimentally determined 

start site (Fig. 1C, Supplemental Fig. S1A), whereas in the fifth case the actual TSS 

is 26 bases upstream of the predicted TSS. Furthermore, we selected 11 TSSs from 

the Xenopus data set including three of the start sites tested by primer extension 

(for details see Supplemental Table SIB) and cloned - 5 0 0 bp of genomic sequence 

around these sites and tested them for promoter activity m Xenopus laevis oocytes. All 

the promoters tested showed transcriptional activity (Supplemental Fig. S1B) and the 

comparison of experimentally determined transcription start sites with the predicted 

ones (Fig. 1D) shows that in 9 out of 11 cases the predicted start site is within 15 bases 

of the actual TSS. Therefore, these experiments show that the sequences m our data 

set contain promoter activity and the predicted start sites are very close to actual sites 

of transcription initiation. As an additional validation of our approach, we compared the 

genomic positions of the TSSs in our human data set to published human cap analysis 

of gene expression (CAGE) data (Cammei et a/., 2006) and used this to assess the TSS 

selection. We performed this analysis on the human data set only, because CAGE tag 

1 Supplemental material is available online at http://www.ncmls.nl/gertjanveenstra/ 

FTP/Akhtar. 
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Figure 1. Selection and validation of Xenopus transcription start sites (TSSs). (A) Illustration of 
TSS selection on basis of clusters of spliced ESTs, The 5' ends of a minimum number of 6 spliced 
ESTs must lie within 100 bp of the 5' end of the most 5' extended EST. The number of ESTs within 
that window must comprise at least 20% of the total number of ESTs belonging to the EST cluster. 
(B) The distribution of all predicted TSSs relative to the annotated 5' of genes. (C) Comparison of 
experimentally determined start sites with five predicted TSSs by primer extension analysis with 
gene-specific primers. Each locus is represented by a horizontal bar and the shaded part on this 
bar shows the position of the primer used (see Supplemental Fig. SI for details). For each locus 
two or more primers were used to check the specificity of the primers, only promoters for which 
consistent results were obtained are shown. (D) Primer extension analysis of cloned promoters 
(for details see Supplemental Fig. SI) injected into X. laevis oocytes. The white portion of each 
bar represents the promoter sequence, the lightly shaded part depicts the plasmid DNA whereas 
darkly shaded part shows the position of the primers. (E) TBP ChlP-seq data, visualized using the 
UCSC Genome Browser. Shown is the eef iai gene locus. (F) The distribution of all TBP ChlP-seq 
reads relative to the annotated 5' of genes. 



data are currently not available for X. tropicalis. The CAGE tag frequency peaks at the 

+ 1 position, which shows that TSSs predicted on the basis of clusters of ESTs are very 

strongly enriched for true initiation sites (Supplemental Fig. S2). 

Although the predicted TSS dataset is reasonably accurate (Fig. 1B-D, Supplemental 

Figs. S1,S2), we cannot exclude any bias due to for instance the selection criteria used, 

incomplete and/or inaccurate gene annotation or EST coverage. Therefore we obtained 

an independent dataset for both the Xenopus and the human promoters to use as 

a validation set in our motif discovery and comparison pipeline. We downloaded all 

(1,870) human promoters from the Eukaryotic Promoter Database (EPD) (Schmid et al., ζ1 

2006). While the EPD does contain Xenopus laevis promoters, the numbers (28) are -^ 
ω 

not comparable to the other collections. Therefore we decided to use an experimental s 
ο 

dataset for Xenopus: chromatin immunoprecipitation (ChIP) of the TATA-bindmg protein 3 

(TBP) fol lowed by high-throughput sequencing (ChlP-seq). As TBP is a key factor in the J 

assembly of the transcription pre-imtiation complex it is expected to bind to the core g 

promoter. An example of the TBP ChlP-seq data is shown in Fig. IE for the eeflal c 

gene. The location of the TBP reads relative to all annotated TSSs of genes is visualized " 

in Fig. IF. This distribution clearly shows that the binding location of TBP is in the core 3" 

promoter just upstream of the TSS. Subsequently we called 7,675 peaks using the ^ 

peak finding algorithm MACS (Zhang et al., 2008), extended the peaks to 500 bp and 
o 

intersected them with gene annotation to determine the directionality of the transcript. <S 

o 

Systematic motif prediction and comparison o 

De novo prediction of eukaryotic regulatory elements remains a computational "" 

challenge and no single method achieves high all-round accuracy (Tompa et ai, 2005). 

However, different computational tools often show complementary behavior and 

ensemble approaches that incorporate several tools show improvement over single 

methods (Tompa et al., 2005; Carlson et al., 2007; Wijaya et al., 2008). Therefore, we 

chose to use a number of different motif prediction tools to obtain a comprehensive 

collection of Xenopus core promoter motifs. To reduce the large motif redundancy 

resulting from predictions of different methods we developed a new motif similarity 

metric based upon the Information Content (IC) (Shannon, 1948; Schneider and 

Stephens, 1990), the Weighted Information Content (WIC). The WIC score is a function 

of both the similarity of the two positions in terms of IC, as well as the similarity to the 

background nucleotide frequency (see Equations 1 and 2 in Methods), and compares 

favorably to other similarity metrics in several different benchmarks (Supplemental 

Figs. 3 and 4, Supplemental Methods). We implemented the novel WIC score and an 

iterative clustering approach into a de novo motif discovery pipeline (Figure 2). This 

pipeline uses the provided sequence data to predict as well as validate de novo motifs 

and is composed of the fol lowing steps: 

Split the data into two subsets: a prediction and a validation subset. The first 

subset is used for motif prediction, while the second subset is used t o independently 

determine the significance of the predicted motifs. 
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Figure 2. A schematic representation of the systematic de novo motif discovery pipeline. A set 
of input sequences is partitioned into two sets: a prediction set and a validation set. The prediction 
set is used as input for several different motif prediction algorithms. The validation set is used 
to produce a background set of random sequences generated with a 1st order Markov model 
trained on the validation sequences. All predicted motifs are filtered for significance based on 
the hypergeometnc distribution in the validation sequences compared to the random sequences. 
Only significant motifs with a positional bias, determined using the Clustering Factor, are kept. 
Subsequently this set of redundant motifs is clustered using an iterative procedure incorporating 
the new Weighted Information Content (WIC) motif similarity score. 

Predict motifs using four different de novo motif prediction algorithms: Weeder 

(Pavesi et a/., 2004), MDmodule (Liu eta/ . , 2002), MotifSampler (Thijs et a/., 2001) and 

MEME{Bailey eta/ . , 2009). 

Filter by significance: All predicted motifs are filtered using a hypergeometric 

enrichment test on the validation subset, compared to a random set of sequences 

generated by a 1st order Markov model (similar dinucleotide frequency). 

Filter by positional bias: As we expect core promoter motifs to be significantly 

enriched close to the TSS, all significant motifs from step 3 are filtered to select for 

motifs with a positional bias in the core promoter area as compared to the upstream 

sequence, based on the Clustering Factor (similar to FitzGerald et al., 2006). 

Cluster similar motifs: All significant motifs are clustered using our WIC based 

similarity metric, to provide a final set of non-redundant motifs. 
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Xenopus promoter elements 

We proceeded to predict the core promoter elements in our Xenopus TSS dataset 

using the newly developed motif prediction pipeline (see Methods for a detailed 

description and parameters). We first determined the CpG content of the promoters 

(-400 to +100 relative to the TSS). The promoters were divided into CpG-nch and 

non-CpG subsets (2,587 and 1,313 promoters respectively) according to the CpG 

island definition (Gardiner-Garden and Frommer, 1987). The sequences from -60 

to +40 relative to the TSS in each subset were subsequently used as input for the 

pipeline. All predicted motifs were filtered for positional preference in both the TSS ° 

as well as the TBP dataset. All significant motifs were clustered and a sequence logo "S 

(Schneider and Stephens, 1990; Crooks et al., 2004) was generated for each cluster g 

(Fig. 3). We found 27 unique motifs that are enriched m Xenopus core promoters ô  

(Fig. 3, Supplemental Tables S2,S3). In addit ion to the TATA box, several other well- ^ 

known promoter elements were identif ied, some of which are known to be enriched in -§ 

human but not Drosophila promoters (FitzGerald et al., 2004; FitzGerald et a/., 2006). ·" 

These include the cAMP-response element (CRE), Ets and Nrf-1 binding sites (Felmski o. 

and Quinn, 2001; Scarpulla, 2002; Buchwalter et al., 2004), as well as the YYI/Kozak |" 

consensus sequence, a motif which may act in both transcription and translation (Xi et " 

ai, 2007). The NF-Y motif, known to be enriched in human promoters (FitzGerald et o 
ni 

ai, 2004), also occurs in our Xenopus promoter data sets. In addit ion to these known -D 

elements we identified several novel motifs with no unambiguous match to known g 

promoter motifs. The xt7 motif enriched in Xenopus promoters is uncharactenzed, but £ 

was previously identif ied and called Clus l , because it clusters in human promoters 

(FitzGerald eta/., 2004). One identified motif (xt13) resembles the upstream stimulatory 

factor (USF) binding motif (FitzGerald et al., 2004), but more closely matches the 

consensus of the helix-loop-helix transcription factor CBF1, a yeast protein involved in 

nucleosome positioning (Kent et al., 2004). Two newly identif ied motifs with a distinct 

consensus do not match any known motif (xt8 and xt9). Furthermore, several purine-

nch motifs were identif ied (xtIO, x t11, xt12, xt14, xt17, xt18 and xt22). 

Some core promoter elements are known to function in a specific orientation. To 

evaluate this, we analyzed the difference m abundance and positional distribution of 

the newly identif ied motifs between the plus and the minus strand. The motifs with 

a different distribution between the two strands are shown in Fig. 4A. Actually, most 

motifs are not l imited to a specific orientation (see Supplemental Fig. S5 for all motifs). 

Both the TATA box and the YY1 element are truly directionally posit ioned relative to 

the TSS. Two novel Xenopus elements (xt8 and xt9) are also very specifically oriented, 

with almost no enrichment at the reverse orientation. The purme-nch motifs seem to 

behave differently depending on the orientation. One example (xt12) is shown in Fig. 

4A. The other purme-rich motifs behave similarly (Supplemental Fig. S5). These G/A 

containing motifs are enriched at and just after the TSS, while the reverse-complement 

of these motifs, (conversely C/T rich), generally peak around -70 relative to the TSS. 

To evaluate the motif distribution m CpG island and non-CpG promoters, we analyzed 
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Figure 3. Sequence motifs enriched in promoters. All significant Xenopus promoter motifs, 
predicted using the pipeline visualized in Fig. 2. 
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the differences between those two classes of promoters (Fig. 4B-C, Supplemental Fig. 

S6). As expected, all motifs containing at least one CG dmucleotide are much more 

prevalent in CpG island promoters (Fig. 4B). This includes the known motifs YY1, CRE 

and Nrf-1, as well as the newly identified motifs xt7, xt8 and x t l 6. Some motifs do not 

contain a CpG but are still more abundant in CpG promoters as compared to non-CpG 

promoters (NF-Y, x t l 5 and x t l 6). Only one motif, the TATA box, is specifically enriched 

in non-CpG promoters (Fig. 4C). 

Known core promoter elements η 

Some well-known human core promoter elements with degenerate consensus "g 

sequences were not found in Xenopus promoters by our analysis, including the human g 

initiator (Inr, consensus YYAtlNWYY), the human upstream TFIIB recognition element Q 

(BREu, consensus SSRCGCC), the downstream TFIIB recognition element (BREd, >< 

consensus STDKKKK), the human Downstream Promoter Element (DPE, consensus § 

RGWYV), the X Core Promoter Element 1 (XCPE1, consensus DSGYGGRAS+)M) ξ, 

and 2 (consensus VCYCRTTRCM+1Y) and the Motif 10 Element (MTE, consensus ^ 

CSARCSSAACGS). We looked specifically for these elements in Xenopus promoters g" 

(Fig. 5). The human Inr does not seem to be specifically enriched, while the stricter 5 

Inr element described as the Drosophila Inr is clearly present and precisely posit ioned g 

at the TSS (Fig. 5A). The Drosophila Inr has a similar distribution m human promoters ra 

(Supplemental Fig. S7). As described for human promoters, the BREu and BREd ο 

elements are enriched upstream and downstream of the TSS respectively in Xenopus S 

(Fig. 5B). However the frequency of BRE-u is much lower than that in human promoters S 

( 1 1 % and 34% respectively). The DPE is present in Xenopus and enriched downstream 

of the TSS. The XCPE1 motif peaks broadly around the start site, but the frequency 

is very low. Less than 3% of Xenopus promoters feature this element in the -60 +40 

region. This frequency and positional bias is similar to that observed previously in 

human promoters (Tokusumi et ai, 2007). For XCPE2 and MTE, we did not find any 

clustering in Xenopus promoters (Supplemental Fig. S7). It has been suggested that 

a downstream GC-rich sequence, also referred to as the gcg motif and similar to the 

YY1 motif enriched in Xenopus promoters, is the equivalent of the MTE in mammalian 

promoters (Frith et al., 2008; Juven-Gershon et al., 2008b). The YY1 motif does indeed 

show clear enrichment downstream of the TSS of Xenopus promoters and is specifically 

positioned (peaking at - + 10, Fig. 4). 

Nucleotide frequencies differ between human and Xenopus 

promoters 

To get more insight m the conservation of vertebrate core promoter evolution we 

compared motif distribution in Xenopus and human promoters. One complicating 

matter in this comparative analysis is the substantially different sequence composition 

of warm- and cold-blooded vertebrates. Although the overall GC percentage of 

Xenopus and human genomes is similar (40.1% vs. 40.9%), GC-rich isochores are 
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forward (green) and the reverse (red) orientation Only motifs for which the distribution is different 

are shown (see Supplemental Fig So for all motifs) (B) Predicted motifs preferentially enriched in 

CpG island promoters (blue) versus non-CpG promoters (orange) (C) The TATA-box is enriched in 

non-CpG promoters (orange) versus CpG promoters (blue) 
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very scarce in Xenopus as compared to mammals and birds, most likely due to 

the difference m body temperature (Costantini et al., 2009). Indeed, the relative 

nucleotide frequencies of the Xenopus and human promoter sets are clearly different 

(Fig. 6A). Additionally, the relative frequencies of most dmucleotides differ between 

Xenopus and human promoters, although the shape of the dinucleotide distribution 

patterns around the TSS is mostly similar (Supplemental Fig. S8). As expected, this 

has an effect on the DNA stability as predicted by the calculated 11 base pair melt ing 

temperature (Supplemental Fig. S9). The different promoter nucleotide frequencies 

between the two organisms have a large influence on motif distribution. While all 

predicted Xenopus motifs are overrepresented compared to randomly generated 

sequences with a similar dinucleotide composit ion, we wondered how exactly the 

nucleotide background would influence the spatial motif distribution around the TSS. 

As the single nucleotide frequencies were significantly different (Fig. 6A), we used 

these frequencies to normalize the motif distributions (see Methods for details). For 

every bin the motif frequency was corrected according to motif consensus and the 

average local nucleotide composition in that bin. This allowed us to examine how 

much the enrichment of a motif at a certain position could be explained by the 

sequence background. The effect of this normalization is shown for two examples, 
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Figure 6. Normalization by nucleotide frequencies. (A) The nucleotide frequency (mean nucleotide 

fraction in a 30 b p window) is p l o t t e d for Xenopus (left panel) and human (right panel) promoters 

(A green, C blue, G yellow, Τ red) (B) The effect of nucleotide frequency normalization on the 

distribution of the xt12 motif The distr ibution of the positions of the motif within a region from 

-400 to +100 relative to the TSS was determined by binning these positions at 20 b p resolution 

Shown is the unnormalized (left panel) and normalized (right panel) distr ibution in Xenopus (blue) 

and human (orange) promoters The frequencies m the right panel are normalized, based on 

the motif consensus, using the nucleotide frequencies in that bin (C) The effect of nucleotide 

frequency normalization on the distr ibution of the SPI motif 
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Category 

Conserved 

Adaptive 

Distribution before 
normalization 

Similar 

Different 

Distribution after 
normalization 

Similar or Different 

Similar 

Examples 

Nrf-1, NF-Y 

SP1,xtGA-r ich motifs 

xt12 (consensus GGGAG, Fig. 6B) and a well known human promoter element, the 

binding site for SPI (consensus GGGCGG, Fig. 6C). While xt12 has a higher frequency 

in human promoters, it strongly peaks around the TSS in Xenopus promoters. The 

normalized frequencies, on the other hand, arevery similar, with no apparent enrichment 

at the TSS. The SPI motif, known to be bound by the Spi family of transcriptional 

activators (Zhao and Meng, 2005), is highly enriched in human promoters compared to 

Xenopus. Strikingly, this difference disappears when taking the nucleotide frequencies 

into account, suggesting that these relative differences are reflective of the general 

sequence composition characteristics of promoters in both species with no apparent η 

selection against these trends. ^ 

In general, sequence motifs can be div ided in three groups according to their r 

distribution before and after normalization (Table 1). Promoter-enriched motifs that => 

have a similar frequency and distribution in both species before normalization can be J 

considered 'conserved'. Some of these motifs show differences after normalization 3 
ο 

for nucleotide composit ion, other motifs m this group have a similar frequency also "§ 

after normalization. In both cases the positional bias towards the core promoter and ^ 

the frequency are similar regardless of a changed nucleotide composit ion. A second ^ 

group of motifs has different motif frequencies before normalization, but is similar 3 

after correcting for the nucleotide background. Examples are the x t l 2 and SPI 

motifs shown in Fig. 6B and C. These motifs seem to have changed their frequencies s 

along with the nucleotide composit ion. Such a change in motif frequency could be ^ 

adaptive. Finally, the last group is comprised of motifs, which are selectively enriched § 

in one of the species both before and after normalization, and represents truly 

species-specific motifs. 

Comparison of human and Xenopus promoter elements 

To identify the elements preferentially enriched in either Xenopus or human core 

promoters we performed a comprehensive comparison. We combined 1,794 human 

promoter sequence motifs predicted in several promoter studies (FitzGerald et al., 

2004; Vardhanabhuti et ai, 2007; Tharakaraman et al., 2008; Yokoyama et al., 2009) 

with the Xenopus motifs predicted in this study and selected all positionally enriched 

motifs. This positional bias was required to be consistent in both the predicted 

TSS dataset, as well as the validation dataset (TBP or EPD for Xenopus and human 

Table 1: Motifs can be divided into different categories according to their distributions in 
Xenopus and human promoters before and after normalization of their frequencies according to 
the background nucleotide composition 

o 

ω 

Species-specific Different Different xt8, xt9 
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promoters respectively). For all positionally enriched elements identified in the first 

step, the frequency in the core promoter was determined (Supplemental Table S4). 

We then selected all motifs preferentially enriched in either Xenopus or human, with at 

least a 2-fold difference in the core promoter frequency, and clustered these motifs to 

obtain a set of non-redundant motifs. Finally, we normalized the motif frequencies of 

all these clustered, non-redundant motifs on basis of the single nucleotide frequencies 

in the core promoter, and checked for preferential enrichment using the normalized 

frequency (Supplemental Table S5). This resulted in a set of 9 non-redundant motifs, 

preferentially enriched in either Xenopus or human core promoters, independent of the 

nucleotide background (Fig. 7A-C). Six motifs are differentially enriched in Xenopus, 
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Figure 7. Comparison of Xenopus and human promoter elements (A) Distribution of motifs 
specifically enriched in Xenopus promoters relative to human promoters. The distribution of 
the positions of the motifs within a region from -400 to +100 relative to the TSS was determined 
by binning these positions at 20 bp resolution in Xenopus (blue) and human (orange) promoters 
The left panel for each motif shows the frequency per bin, the right panel shows the normalized 
frequency, based on the motif consensus, using the nucleotide frequencies in that bin (B) 
Distribution of motifs specifically enriched in human promoters relative to Xenopus promoters 
(C) Distribution of the TATA box 
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showing relatively low enrichment in human promoters (Fig. 7A). This includes the two 

novel motifs xt8 and xt9 identified in this study. The CRE motif does show positional 

enrichment in human promoters, but occurs with higher frequency in Xenopus 

promoters. Two motifs predicted m human promoter studies (tharakaraman_571 and 

vardhanabhuti_762) show much stronger enrichment in Xenopus promoters. Finally, 

the CBFI-like motif (xt13) occurs much more frequently in the Xenopus promoters. 

Two motifs appear to be preferentially enriched m human promoters (Fig 7B). Motif 

118 (consensus GGCnRnWCTTYS) was predicted by Xie et al. (2005) and Average_297 

(consensus TCCGATTGG) is a non-redundant motif based on two motifs identified £> 

by Tharakaraman et al. (2008). The TATA box (Fig. 7C) is a special case. This core -^ 

promoter motif is more prevalent in Xenopus promoters. However, after normalization ^ 

by nucleotide frequency this motif is preferentially enriched m human promoters. This D 

is the only motif for which the preferential enrichment before and after normalization is χ 

reversed. This suggests that the TATA box is conserved, even against the trend towards 

promoters with a higher CpG-content m human as a homeothermic vertebrate. 

DISCUSSION 

(0 

In this study we have analyzed a set of approximately 4,000 transcription start sites, g 

which was obtained by applying stringent criteria to the distribution of 5' ends of X. _£ 

tropicalis ESTs (Fig. 1). We have validated this approach by generating a comparable § 

human TSS data set and comparing this set with human CAGE data, as well as by S 

experimental validation of Xenopus TSSs by primer extension and promoter assays "· 

(Fig. 1, Supplemental Figs. S1,S2). Both validation approaches show that the 

predicted start sites are close to actual sites of transcription initiation. To be able to 

systematically predict eukaryotic motifs we developed a motif prediction pipeline (Fig. 

2). This pipeline uses an ensemble of different complementary motif prediction tools, 

to avoid being dependent on a single computational approach (Tompa et ai, 2005). 

To compare and cluster motifs we developed a new motif similarity metric based on 

the Information Content, the WIC score. This similarity metric compares favorably to 

current similarity metrics and performs well in an iterative motif clustering approach 

(Supplemental Figs. S3 and S4) 

A search for motifs enriched in the sequence surrounding the TSSs in Xenopus led 

to the identification of 27 significantly enriched motifs (Fig. 3, Supplemental Tables 

S2,S3). Though most of these are also present in human promoters, there are some 

that are specific to Xenopus, indicative of both similarities and differences between 

the two species. These results were validated using an experimental ChlP-seq dataset 

of the TFIID factor TBP. Some of the known core promoter motifs, CRE, Ets, Nrf-1, YY1 

and NF-Y, are also found de novo in this study. All these positionally enriched elements 

are shared with mammals but not fly most likely reflecting similarities in mechanisms of 

transcriptional regulation m vertebrates. The YY1 element plays a dual regulatory role 

m promoters (Χι eta/., 2007). It can function in transcriptional regulation by recruiting 
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ΥΥ1, but, if present m the plus-orientation downstream of the transcription start site 

it can act either as a Kozak consensus site in the transcribed mRNA for translation or 

as a binding site for YY1 (Χι et al, 2007) Concordant with this dual role, we find a 

positional bias of the element m both orientations in promoters downstream of the 

transcription start site in the plus orientation and a lower, upstream peak in the minus 

orientation (Fig 4) The Clusl element, xt7, identified previously (FitzGerald et al, 

2004) is one of the most well positioned motifs identified in Xenopus promoters No 

factor is known to bind to this motif, but the highly specific positioning relative to the 

Ο TBP binding peak could indicate that it is an important element for core transcription at 

3 a subset of promoters, warranting further investigation The mammalian Inr (consensus 

" YYA+1NWYY) (Smale and Baltimore, 1989) is weakly enriched in Xenopus promoters, 

3 however the more strict Drosophila Inr (consensus TCAGTY) (Ohler et al, 2002) shows 

clear positional enrichment m Xenopus promoters 

It is known that CpG and non-CpG island promoters are structurally and functionally 

different from each other CpG island promoters are associated with house-keeping 

genes, show a broad distribution of start sites, and seem to be particularly rapidly 

evolving in mammals (Cammei et al, 2006) There is also evidence for functional 

differences in the requirements of basal transcription factors between CpG and 

non-CpG island promoters (Demssov et al, 2007) Although the CpG dmucleotide 

S content of Xenopus promoters, and of the whole genome in general, is lower than that 

^ of homeothermic vertebrates (Costantini et al, 2009), we find that promoter elements 

ο are differentially enriched m these two classes of promoters Strikingly, only the TATA 

•J! box is specific to non-CpG promoters, all other predicted motifs with a difference 

between CpG and non-CpG island promoters are enriched m CpG-contammg 

promoters 

The single nucleotide frequencies are markedly different between Xenopus and 

human promoters (Fig 6A) The Xenopus promoter region is more AT-rich, while human 

promoters are more GC-nch In Xenopus, at and around the TSS, only G is enriched 

relative to the other nucleotides This nucleotide composition has a significant impact 

on the distribution of some motifs For instance, the differential distribution for SPI, a 

motif abundant in human promoters, is completely absent when the motif distribution 

is corrected for single nucleotide frequencies Other motifs in contrast, seem to be 

independent of the single nucleotide background frequency The TATA box has a 

higher frequency in Xenopus as compared to human promoters (8% versus 4% m 

-60 to +40 relative to TSS) However, when normalized, it shows significantly higher 

enrichment in human promoters (Fig 7C) This could indicate a strong conservation of 

this element, against the evolutionary trend of more GC-nch promoters 

The SPI motif is an interesting case The strong positional enrichment around the 

TSS m human promoters seems to be mostly a product of the nucleotide background, 

as the normalized motif frequency shows no such peak However, this motif can clearly 

function as a TF binding element for transcriptional activator Spi (Zhao and Meng, 

2005) Spi is essential for TFIID-lnr interaction in absence of a TATA box (Kaufmann 

and Smale, 1994) In addit ion, Sp1 motifs do not only recruit TBP, but these elements 
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also keep CpG islands methylation free (Brandeis et al, 1994, Macleod et al, 1994) 

Non methylated CpG islands recruit C f p 1 , which allows H3K4me3 deposition and 

promoter activity (Thomson et a/, 2010) This raises the interesting possibility that 

the evolution of GC-nch promoters m warm-blooded vertebrates, which seems to be 

particularly rapid m mammals (Cammei et al, 2006), might have driven the increased 

use of functional GC-nch motifs, such as Spi Further research should clarify if the 

GA-nch motifs m Xenopus fulfill a similar function 

We identified two Xenopus specific motifs (xt8, consensus CGAGATGAGA and xt9, 

consensus TGAGACTTG) These novel motifs match no known TF binding site Further ζ1 

investigation should clarify the role of these motifs, and if they can function as bona -o 

fide core promoter elements ^ 
r ο 

In conclusion, these data represent the first analysis of a large set of amphibian ^ 

core promoters and a first comparison of these promoters with human core promoter χ 

elements Although Xenopus promoters differ in nucleotide composition compared to ο 

human promoters, most likely reflecting differences between cold and wam-blooded Ç, 

vertebrates, most of the known core promoter motifs are shared, indicating a similar ^ 

vertebrate core promoter architecture However, the distributions of these motifs g" 

in promoters are specific for different groups of motifs Some motifs, such as SPI, ω 

seem to be adapted to the local nucleotide background, while other motifs, such g 

as the TATA box, are strongly conserved, despite different nucleotide background ™ 

frequencies This could indicate that, while there is a functionally conserved set of ° 

essential core transcription factors, the frequencies of the motifs of other transcription S 

factors might reflect an adaptive process t o deal with regulation of transcription from ω 

promoters with evolving trends of nucleotide composition 

METHODS 

Transcription start site selection 

The genome assembly versions used for analysis of ESTs and promoter sequences 

are Joint Genome Institute (JGI) 4 1 (August 2005) for the X tropicalis genome, and 

hg18 (March 2006) for the human genome BED files with the genomic positions 

of spliced ESTs were downloaded from the UCSC Genome Browser database The 

genomic locations of ESTs were intersected with the 5' exons of known genes, and 

these collections were subjected to a set of criteria regarding 5' end distribution and 

coverage, with at least 6 ESTs overlapping in a 100 b p window, comprising at least 

20% of the EST cluster 

Cloning and Primer Extension 

For experimentally determining the endogenous start sites 10 pg of total RNA from 

X tropicalis embryos (Nieuwkoop Faber stage 12) was reverse transcribed with locus 

specific radiolabelled primers Genomic positions of these loci and primer sequences 



are given in Supplemental Table SIA. Transcription start sites were assigned only if 

two or more primers targeting the same RNA showed consistent results. Genomic 

fragments flanking the selected TSSs were amplif ied by PCR from X. tropicalis 

genomic DNA and cloned into pG4-BLCAT2 (Kass et al., 1997) at BamHI-Xhol sites 

using In-Fusion™ Dry-Down PCR Cloning Kit (Clontech). Genomic coordinates of these 

fragments and primer sequences are given in Supplemental Table SIB. For analysis 

of promoter activity, 0.7 ng of each plasmid was injected into the nuclei of stage VI 

oocytes from X. laevis and RNA was isolated after overnight incubation of oocytes at 

16°C and analyzed by primer extension using the CAT30 primer (Kass et al., 1997). 

TBP ChlP-sequencing 

X. tropicalis embryos were obtained by natural mating, dejell ied in 3% cysteine, and 

collected at Nieuwkoop-Faber stage 12. Chromatin harvesting and ChIP using the 

cc-TBP antibody (SL33) was performed as described previously (Jallow et al., 2004) 

with minor modifications: 12.5 μΙ Prot A/G beads (Santa Cruz) were used, and during 

reversal of cross-linking, proteinase Κ was omitted from the buffer. Sequencing samples 

were prepared according to the manufacturer's protocol (Illumina). Shortly, adaptor 

sequences were linked to the generated ChIP sample, the library was size selected 

(200-250 bp), and amplif ied by PCR. The subsequent sequencing was carried out on 

a Genome Analyzer (Illumina). All 35-basepair reads were mapped to the X tropicalis 

genome, JGI, assembly version 4.1 (Klein et al., 2006) using ELAND (GAPipelme 

version 1.4, Illumina) allowing 1 mismatch. Peaks were called using MACS (Zhang et 

ai, 2008) with a p-value cutoff of 1e-7. 

The data have been deposited in NCBI's Gene Expression Omnibus (GEO) 

(Edgar and Barrett, 2006) and are accessible through GEO Series accession number 

GSE21482 (http://www.ncbi.nlm.nih gov/geo/query/acc.cgi?acc=GSE21482). 

WIC motif similarity score 

The WIC score reflects the comparison of two motif columns and is based on two terms. 

The first term is an indication of how informative the motif positions are, the second 

is a measure of their difference. A position with a strong preference for a specific 

nucleotide, will likely be more important for binding of the transcription factor to the 

DNA, and therefore be more informative. The score can be summarized as follows: 

WIC = Information - Difference. The WIC score will be higher for more informative 

positions, compared to positions that are not informative. Similarly, the WIC score 

will be lower for different positions, and higher for more similar positions. The first 

term is based on the Information Content (IC), while the second term expresses the 

differences between two positions similar to the IC, as detai led in the formulas below. 

The IC of a specific motif position is defined as: 

iC(XI)= E fa-logiiJf-ï (1) 

n<i{A,C,G,T} J H 
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where IC(X) is the IC of position ι of motif X, Ji,n is the frequency of nucleotide η at 

position ι and fb is the background frequency (0.25). 

The WIC score of position / m motif X compared to position j of motif Y is defined 

as: 

W/(:(X„Y,) - yjicix,) • IC(Y,) - c· οιαμ,,γ,) (2) 

where c is a scaling constant, and is a differential IC defined in equation 3. The 

constant c is set to 2.5. This value was based on optimal performance m benchmarks n 

of JASPAR data (Supplemental Fig. S3B), and was confirmed using other benchmarks 3 

(Supplemental Figs. S3C,D). 

The differential IC (DIC) of position 1 m motif X and position 7 m motif Y is defined 

Dic(xi,Yj)= L_Jfa ' ^ φ - · ^ 1ο*2^ (3) 
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n€{A,C,G,T} 

The WIC score of all individual positions in the alignment is summed to 

determine the total WIC score of two aligned motifs. To calculate the maximum 

WIC score of two motifs, all possible scores of all alignments were calculated and 

the maximum scoring alignment was kept. Optionally an empirical p-value can be S 

calculated based on the maximum WIC score and the length of the motif This was 3 

done according to the method of Sandelin and Wasserman, based on simulated o 

PFMs (Sandelin and Wasserman, 2004). 10,000 random PFMs were generated using 

the JASPAR website (http:// jasparcgb.ki se/) 

Motif clustering 

Similar motifs were clustered using an iterative procedure Pairwise comparisons 

were performed for all motifs using the WIC score. The two most similar motifs were 

merged, and an average motif was computed, weighted using the column frequencies 

of the PFMs. The pairwise scores of this new average motif to all other motifs were 

calculated, and the two most similar motifs are again merged. This procedure was 

repeated until the best scoring alignment did not reach a predefined threshold (WIC 

p-value < 0.05) 

Motif prediction on Xenopus TSS dataset 

The set of Xenopus promoters was split randomly in a prediction and a validation 

set (each containing 50% of the sequences). The former subset was used to predict 

motifs using four de novo motif prediction tools: Meme (Bailey et al., 2009), 

MotifSampler (Thijs et al., 2001), Weeder (Pavesi et al., 2004) and MDmodule (Liu 

et ai, 2002). Weeder performed generally well m a benchmark study (Tompa et al., 

2005), while MEME and MotifSampler showed complementary behavior (Tompa et 

al., 2005). MDmodule was specifically developed for ChlP-chip (ChIP fol lowed by 
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microarray hybridizations) applications and is able to take ranking information into 

account, which should translate well to ChlP-seq peaks with peak height as a ranking 

statistic Meme, MDmodule and MotifSampler were each used to predict 10 motifs 

for each of the widths between 5 and 12 We used the "medium" analysis setting for 

Weeder and the "zoops" distribution for MEME Where possible we specified strand-

specific motif prediction using only the + strand relative to the promoter orientation 

All other parameters were according to the default settings The significance of the 

predicted motifs was determined by scanning the validation subset, the remaining 

O 50% of the promoter sequences not used for motif prediction, and a background set 

3 of random sequences generated according to a 1st order Markov model, matching 

= the dmucleotide frequency of the promoter sequences P-values were calculated 

=> using the hypergeometric distribution with the Benjamim-Hochberg multiple testing 

^ correction (Benjamini and Hochberg, 1995) Motifs with a p-value < 0 001 and an 

3 absolute enrichment of at least > 1 5-fold compared to background were determined 

"^ as significant All significant motifs were passed through another level of filtering by 

^ looking at their enrichment as compared to the surrounding sequences To this end 

3- the positions of these motifs were determined m the complete TSS promoter data 

3 set from -400 to +100 relative to the TSS To determine if sequence motifs peak m 

^ the promoter region, a clustering factor (CF), similar to ref (FitzGerald et al, 2006) 

S was calculated A local background mean (xmean) and standard deviation (σ) was 

"g calculated for the bins of length 20 between positions -400 and -250 relative to the 

ο TSS The CF is calculated using the maximum bin value (xmax) between positions 

•S -250 and +50 CF = (xmax - xmean) / σ The CF values were used to determine if a 

sequence motif is clustering in the promoter-proximal region Only motifs with CF > 4 

were kept for further analysis 

Nucleotide frequency normalization 

First, the frequency of each motif was determined from -400 t o +100 relative to the 

TSS, and binned at 20 bp resolution For each of these 20 b p bins the mean single 

nucleotide frequency was calculated Subsequently, the motif frequency per bin was 

normalized depending on the motif consensus 

Λ ι ι Λ 2 Λ λ 
J norm J moti f 

0.25 0.25 " 0.25 
(4) 

where fmotif is the motif frequency for a specific bin, f is the nucleotide frequency 

(in that specific bin) of the nucleotide m position 1 of the motif consensus, f |2| is 

the nucleotide frequency of the nucleotide in position 2 of the motif consensus, etc 

and k is the motif length If the consensus was a degenerate symbol, the sum of the 

frequencies of the individual nucleotides was used For instance the frequency of S 

(the IUPAC symbol for either a G or a C) is the frequency of G plus the frequency of C 
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Comparison of human and Xenopus promoters 

All human promoter motifs predicted m four studies (FitzGerald et a/., 2004; 

Vardhanabhuti et al., 2007; Tharakaraman et al., 2008, Yokoyama et al, 2009) were 

retrieved and combined with the 27 Xenopus motifs determined in this study. The 

Clustering Factor (CF) for each of these motifs was calculated for human and Xenopus 

promoters, both in the predicted TSS set, as well as the validation set. All motifs with a 

consistent CF > 4 (Xenopus: TSS and TBP, human. TSS and EPD) were kept for further 

analysis. For each positionally enriched motif, the motif frequency was calculated for 

human and Xenopus promoters m the region between -150 and +50 relative to the TSS ο 

(Supplemental Table S4). All motifs with a frequency of at least 0.5% in either Xenopus "g 

or human promoters, and at least a 2-fold difference in frequency between Xenopus g 

and human promoters were clustered. For all the clustered motifs we determined the ο 
1
 -Η, 

frequency, the nucleotide normalized frequency and the CF (Supplemental Table S5) ^ 
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ABSTRACT 

The core promoter is an important module of multifaceted regulatory control of 

transcription initiation Core promoter function is usually carried out by one or more 

short sequences called core promoter elements No single sequence element is 

present m all promoters, and the highly diverse nature of core promoters requires 

identification and experimental characterization of all core promoter elements Here 

we describe a new core promoter element, the G3 box, which can direct transcription 

from the second start site of Xenopus weel promoter, whereas the first wee? start site 

is TATA box-dependent The essential core of the G3 box has the consensus sequence 

CVGGG+1V As few as 18 nucleotides around this consensus sequence are sufficient to 

promote basal transcription The TATA box and G3 box-dependent wee7 start sites 

respond differently to varying TBP concentrations, suggesting that they recruit the 

basal transcription machinery through different interactions 

Waseem Akhtar, Wilbert Bouwman, Simon van Heeringen, Gert Jan C. Veenstra 

Department of Molecular Biology, Faculty of Science, Nijmegen Centre for Molecular Life 
Sciences, Radboud University Nijmegen, The Netherlands 

Manuscript in preparation 



INTRODUCTION 

Recruitment of basal transcription factors and RNA polymerase II to the core promoter 

is an important step m eukaryotic transcription initiation (Thomas and Chiang, 

2006; Juven-Gershon et al., 2008b). A wide variety of core promoters exist which in 

combination with a diversified basal transcription machinery plays an important role 

in the regulation of transcription initiation (reviewed in Chapter 2). Core promoters 

contribute to transcription regulation in a number of ways. Firstly, core promoters 

feature short functional DNA elements called core promoter motifs which serve 

as recruitment signal for the binding of specific components of basal transcription 

machinery. This results in the formation of specific pre-initiation complexes at different 

promoters. Secondly, structural diversity of core promoters also contributes to gene 

regulation at the level of interaction between enhancers and core promoters (Butler 

and Kadonaga, 2001). However, our knowledge about different core promoters and 

the mechanism by which they contribute to gene regulation is l imited. To date only 

a limited number of core promoters have been experimentally characterized. The 

core promoter elements identif ied m this way include the TATA box (Wasylyk et al., 

1980; Mathis and Chambon, 1981), the initiator (Inr) (Smale and Baltimore, 1989), 

the downstream promoter element (DPE) (Kadonaga, 2002), the TFIIB recognition 

elements (BREs) (Lagrange et ai, 1998; Deng and Roberts, 2005), the downstream 

core element (DCE) (Lewis et al., 2000; Lee et al., 2005), the motif 10 element 

(MTE) (Lim et a/., 2004) and XCPE1 and 2 (Tokusumi et al., 2007; Anish et a/., 2009). 

Characterization of all the functional core promoter elements at the structural and 

functional level is a prerequisite for the understanding of transcription regulation at 

the systems level. Here we describe a new core promoter element present in the 

promoter of X. tropicalis weel homolog. By extensive mutagenesis we show that it is 

a bona fide core promoter element which does not only support transcription in the 

context of full length weeî promoter but can also support basal level of transcription 

all by itself. We also show that in contrast to another transcription start site of wee l 

promoter, the start site controlled by this new motif is not sensitive to the levels of TBP. 

RESULTS 

Xenopus wee7 core promoter features a G-rich element 

In our previous study (described in chapter 4), we have shown that a significant 

fraction of Xenopus core promoters features a group of purine-rich, and particularly 

G-nch motifs, which are positionally enriched at transcription start sites and are likely 

candidates for being elements involved m start site selection and possibly in directing 

preimtiation complex formation (Fig. 1A). In order to characterize the potential of 

such elements as bona fide core promoter motifs we looked for promoters featuring 

such an element. We found a G-nch motif a few bases upstream of the annotated 

5' end of the homolog of cell cycle regulator gene wee l (Kellogg, 2003). Analysis 
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Figure 1. Xenopus weel promoter initiates transcription from two distinct sites. (A) Sequence 
logos and the distributions of G-rich motifs in the frog core promoter sequences in the region 
from -400 to +100 relative to the start site. The distribution was determined by binning the start 
positions of the motif at 10 bp resolution. An arbitrary cutoff (red line) was set at four standard 
deviations above mean bin values between -400 to -150 relative to the TSS. The Y axis shows the 
frequency of the motif in each bin. (B) Mapping of endogenous transcription start sites for wee7 
promoter by primer extension using two different primers EPE-1 and EPE-2 (see methods for 
details). Bands corresponding to TSS1 and TSS2 are indicated. M: 10 bp ladder. (C) A schematic 
view of the promoter region of X. tropicalis weel. Location of EST starts and transcription start 
sites determined by primer extension (PE) and RACE are shown by flags. The size of the flag 
roughly corresponds to the relative strength of each start site (fraction of ESTs). The Green box 
indicates the region corresponding to a G-rich element. 

of expressed sequence tags (ESTs) at the locus showed that w e e l is particularly 

abundantly expressed in oocytes and transcription initiates further upstream of the 

annotated 5' end of the gene. The distribution of 5' ends of ESTs suggests that 

multiple start sites may be utilized some of which overlap with the G-rich motif (Fig 
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I C ) . To c o n f i r m th is w e d e t e r m i n e d t h e e n d o g e n o u s t r ansc r i p t i on star t s i te f o r t h e 

wee7 p r o m o t e r by p r i m e r ex tens ion o n t o ta l R N A i so la ted f r o m X. tropicalis o o c y t e s 

using t w o i n d e p e n d e n t w e e l - s p e c i f i c p r imers . Add i t i ona l l y , w e also d e t e r m i n e d t h e 5' 

ends o f w e e l m RN As by r a p i d a m p l i f i c a t i o n o f c D N A ends . The resul ts s h o w t h a t w e e î 

has t w o ma in e n d o g e n o u s t r ansc r i p t i on star t si tes w h i c h are 31 b p apa r t (F ig . 1B-C). 

The s e c o n d (downs t ream) star t si te is o v e r l a p p i n g w i t h t h e G-r ich mo t i f . 

An independent core promoter controls TSS2 of wee 7 promoter 

For the func t i ona l charac te r i za t ion o f co re p r o m o t e r e l e m e n t s in the weal p romo te r , 

w e c l oned -400 t o + 1 0 0 b p reg ion w i t h respec t t o t h e ups t r eam t r ansc r i p t i on start 

si te in f ron t o f a CAT repor te r . This cons t ruc t was used fo r s t u d y i n g t h e p r o m o t e r 

f unc t i on by in vitro t r ansc r i p t i on assays us ing X e n o p u s e g g ex t rac ts . W h e n t r a n s c r i b e d 

in X e n o p u s e g g ex t rac ts , t h e w i l d t y p e wee7 has t w o t r ansc r i p t i on start si tes (F ig. 2) 

cons is ten t w i t h e n d o g e n o u s star t si te usage . The t w o star t s i tes (TSS1 a n d TSS2), t h e 
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Figure 2. Xenopus w e e l promoter has two 
transcript ion start sites, one control led by 
the TATA box and the other independent 
of the TATA box. (A) Sequence of the wee 7 
promoter surrounding two transcription 
start sites, TSS1 and TSS2. Mutations 
introduced in the promoter have been 
shown in bold above and below the 
sequence. The TATA box is shaded. (B) In 
vitro transcription assay of wild type and 
mutant wee) promoters. For each reaction, 
1.2 pg of pBLCAT plasmid harboring 
either wild type or mutant weeî promoter 
was incubated with Xenopus egg extract 
supplemented with 100 ng of recombinant 
TBP and the transcription products were 
analyzed by primer extension. In each 
reaction 0.25 μg of pBLCAT-cyr61 was used 

as control (Ctrl). The primer extension 

products arising from two start sites and the 

control promoter (Ctrl) are indicated. Lane 

C and C+T: Maxam and Gilbert sequencing 

tracts, lane Ctrl: control plasmid only. 
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TATA box and the G-rich sequence of the second start site are indicated in Figure 2A. 

First, we mutated the TATA box (mut 1) and the residues around the two start sites 

(mut 2 and mut 4-6 respectively) and analyzed the transcription from wild type and 

mutant promoters. Mutation of TATA box to TGTA, which abolishes the ability of the 

TATA box binding protein to bind to it (Strubin and Struhl, 1992), severely affects the 

transcription from TSS1 but has no effect on TSS2, showing that TSS1 is dependent 

on the TATA box whereas TSS2 is independent (Fig. 2B). This was further shown by 

the fact that an insertion of seven nucleotides between the TATA box and TSS1 (mut 

3), shifts this start site seven bases upstream, confirming that start site selection from 

TSS1 but not TSS2 is indeed controlled by the upstream TATA box. The alteration 

of nucleotides directly downstream of TSS1 (mut 2) has no effect on transcription. 

At TSS2, on the other hand, mutations that change purines into pyrimidines or vice 

versa (mut4, 5 and 6) result in complete loss of transcription from this start site. This 

shows that the sequence around TSS2 is controlling the transcription from this site. 

Having established that transcription from TSS2 is independent of the TATA box and 

is controlled by the sequences flanking it, we introduced a series of point mutations 

r G G C C T G C A G G G A G T T G G A T C 
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Mut-IQ Mut-20 
TSS2 GACGCGT CCTGCA 

r TGÄTAAGCA,GGG.GGCvCTG.CAGGGAGTTGGAvTC(N l)TGG,GG 
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Mul-16 Mul-18 
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Figure 3. Region of wee 1 promoter immediately around TSS2 is most important for transcriptional 
activity from this start site. (A) Details of scanning mutations introduced in weel promoter region 
around TSS2. (B) In vitro transcription assay of wild type and mutant weel promoters. 0.8 μg of 
pBLCAT plasmid harboring either wild type or mutant weeî promoter was used in each reaction. 
The primer extension products arising from two starts sites are indicated. (C) Details of insertion 
mutations introduced in weel promoter region around TSS2. (D) In vitro transcription assay of wild 
type and mutant weel promoters. The primer extension products arising from two starts sites and 
the control promoter (Ctrl) are indicated. 
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scanning the region from -9 to +10 bp relative to TSS2 {mut7-13 in Fig. 3A-B). Effects 

of nucleotide substitutions on transcription suppression decrease as we move away 

from the start site. Substitutions beyond 5 bp downstream of TSS2 (mut 11-13) have no 

significant effect on transcriptional activity. Mutations in the sequence from -10 to -5 

relative to the start site reduce but not abolish transcriptional activity (Fig. 3B). Besides 

substitution mutations, we also introduced a series of 7 bp insertions in the region 

surrounding the TSS2 (mut 14-20 in Fig. 3C-D). The insertions downstream of TSS2 

shift the band on the gel 7 bp upwards because the distance of the primer used for 

primer extension changes from the start of transcription but the actual site of initiation 

is not changed. This shows that downstream sequences have no influence on TSS2 

start site selection. The same is true for upstream insertions as they do not change the 

site of transcription initiation. However, in case of upstream insertions, which are in 

close proximity of TSS2, loss of transcription occurs as these insertions break apart the 

minimal sequence required for normal 

transcription from TSS2. Any insertions 

further upstream from -13 bp (relative 

to TSS2) have no effect on transcription 

(Figure 3D), suggesting that upstream 

sequences are not an essential part 

of minimal promoter featuring the 

TSS2. These observations together 

with scanning substitution mutations 

show that the critical region for start 

site selection is located between -4 

and +3, with the sequence from -13 to 

+5 contributing to full transcriptional 

activity of this start. 

Consensus of the new motif 

To identify the most important 

nucleotides for the activity of the G-rich 

motif, we mutated the central seven 

nucleotides (-4 to +3) one by one into the 

other three nucleotides and determined 

the effects of these sequence alterations 

on the activity of the transcription 

from TSS2. We considered a particular 

nucleotide as an element of consensus 

if its mutation results in more than 50% 

loss in the transcriptional activity when 

compared to the wild type promoter. 

The results indicate that the consensus 

Figure 4. Importance of individual 
nucleotides in G3 box. The bar graphs show 
the quantification of in vitro transcription 
assays of wild type wee7 and point 
mutants. Percentage of transcriptional 
activity relative to the wild type promoter is 
shown here for each mutant. The error bars 
represent standard error of mean from three 
independent experiments. 



sequence of the essential core of this G-rich element is CVGGG+1V (Fig. 4). We called 

this element G3 box after the central tr iplet of guanidine residues that are essential 

for its activity. 

The G3 box is sufficient to direct transcription initiation 

To determine the minimal region around the G3 box that is sufficient to support basal 

transcription we generated truncated mutants of wee7 promoter and tested them 

for transcriptional activity (Fig. 5). The region of weeî promoter from -20 to +40 

(weel-trun. Î) with respect to TSS2 completely lacks the TATA box and the region 

corresponding to TSS1. As shown in Fig. 5B this fragment is sufficient to support a 

level of transcription from TSS2 that is comparable to the one in the context of full 

length promoter. Transcription from TSS2 was not significantly affected even when the 

wee7 promoter was reduced to 20 nucleotides on both sides of TSS2 (wee7-trun.2). 

In addition to these truncation mutants, we duplicated the region from -10 to +8 

with respect to TSS2 by making two small insertions several nucleotides downstream 

of TSS2 (mut-27 and 22 in Fig. 5A). This resulted in an additional copy of the TSS2 

sequence (dotted arrow in Fig. 5A; TSS2' in Fig. 5C). Remarkably, an additional 

start site was observed exactly corresponding to this artificially engineered TSS2 
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Figure 5. Minimal region of wee7 promoter that can independently promote transcription from 
TSS2. (A) Details of truncation mutants of weel promoter and the artificial introduction of -10 to 
+8 region 25bp downstream of TSS2. Dotted arrows indicate the position of start site from the 
ectopically introduced TSS2 region. (B) In vitro transcription assay of wild type and truncation 
mutants of weel promoter. The primer extension products arising from two start sites in wild type 
promoter, from TSS2 in truncated mutants and from the control promoter (Ctrl) are indicated. (C) 
In wtro transcription assay of wild type and insertion mutants of wee 7 promoter. The new start site 
artificially introduced is indicated by TSS2'. M: 10 bp ladder. 



region. Interestingly, when the original TSS2 was mutated (mut-22) in this construct, 

transcription from TSS2' was increased showing that the two sites compete with each 

other for the transcription machinery. Taken together, these observations demonstrate 

that as few as 18 nucleotides featuring the G3 box and the surrounding nucleotides 

are adequate to recruit the core transcription machinery, dictate start site selection 

and promote basal transcription. 

Transcription from the TATA box and G3 box differ in sensitivity to 
varying TBP levels 

It is well documented that TBP is required for the transcription both from TATA box-

containing and TATA-less promoters, where it is recruited via protein-protein interactions 

(Martinez et al., 1994; Kim and Iyer, 2004). Egg extracts contain all the components 

required for basal transcription, except for a TATA binding activity, the endogenous 

levels of which are very low, constraining the machinery in embryos before the mid-

blastula transition (Veenstra 

et al., 1999; Jallow et al., 

2004; Akhtar and Veenstra, 

2009). When supplemented 

with TBP, egg extracts are 

capable of transcribing TATA 

box promoters very efficiently 

(Veenstra et ai, 1999). To 

test this requirement for the 

G3 box, the weel promoter 

was tested without TBP 

supplement and with different 

amounts of recombinant 

TBP (Fig. 6). TBP addition 

results in strong stimulation 

of transcription from TSS1, consistent with the fact that TSS1 is strictly TATA box-

dependent (cf. Veenstra et al., 1999). For TSS2, however, there is a significant level 

of transcription in the absence of exogenous TBP, which is only modestly stimulated 

upon supplementing additional TBP. This suggests that the G3 box recruits the 

transcription machinery in a way that is different from that observed at TATA box-

dependent promoters. 
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Figure 6. TATA box binding 
protein is not as rate-
limiting for G3 box driven 
transcription (TSS2) as it is 
for TATA-box-dependent 
transcription (TSS1). In vitro 
transcription assay of wee? 
promoter in the absence of 
TBP supplement and in the 
presence of indicated amounts 
of TBP. The primer extension 
products arising from two start 
sites and the control promoter 
(Ctrl) are indicated. 

DISCUSSION 

Despite well documented appreciation of the role of core promoters in gene regulation 

(Smale and Kadonaga, 2003; Muller et ai, 2007; Juven-Gershon et ai., 2008b), our 

knowledge about the structure and function of these important genomic landmarks 

is very l imited. Core promoter elements, which are the functional units of core 



promoters, are still undefined for many promoters and to date a very limited number 

of such elements have been experimentally characterized (reviewed in Chapter 2) In 

the present study we describe a new core promoter element, which we call the G3 

box Previously, we showed that Xenopus core promoters feature a number of purine 

rich elements with positional enrichment around transcription start sites (Chapter 4) 

Here we study m detail one such element, the G3 box in the Xenopus weeî promoter 

and describe its structure and the architecture of the minimal promoter that utilizes 

this element to promote basal transcription and select the transcription start site We 

show that the G3 box is responsible for driving transcription from the downstream 

transcription start site of wee! By using a combination of mutational approaches we 

show that the full transcriptional activity of TSS2 lies from 13 to +5 whereas the critical 

region for start site selection is located between -4 and +3 The consensus of the 

G3 box is CVGGG+1V (Fig 4), which is not associated with any known core promoter 

element It is, however, important to note that this consensus corresponds only to 

the central most critical region corresponding to the G3 box and does not take into 

consideration the nucleotides surrounding the G3 box some of which influence the 

transcription from TSS2 (Fig 3) 

There is growing evidence that eukaryotes employ a variety of mechanisms for 

selecting sites of transcription initiation In mammals start site selection is fundamentally 

different between TATA box containing sharp promoters with single start site and 

CpG island promoters usually marked by an array of closely spaced initiation events 

(Cammei et al, 2006, Sandelin et al, 2007) The most well characterized start site motif 

is the Inr, which is conserved from fly to man, however, many fly and human promoters 

lack an Inr consensus Furthermore, the mammalian Inr has a more degenerate 

sequence compared to the fly initiator and appears to have diverged into a family of 

related motifs with distinct modes of action (Yarden et al, 2009) Besides, start site 

motifs other than Inr have been reported to function in human promoters (Tokusumi 

et al, 2007, Anish et al, 2009) In yeast, on the other hand, a totally different set of 

initiating motifs is utilized including RRYRR (Mosch et a / , 1992), TÇRA (Hahn et al, 

1985), YAWR (Zhang and Dietrich, 2005) and CACT (Ohishi-Shofuda et al, 1999) G3 

box is yet another motif m this series of elements that serve as initiating core motifs 

in eukaryotes Even though structurally different, the G3 box is functionally similar to 

the Inr and the XCPE2 in a sense that it not only directs the site of initiation but also 

supports basal level of transcription (Smale and Baltimore, 1989, Anish et al, 2009) 

It will be interesting to figure out which protein or protein complex recognizes the G3 

box as this would delineate how G3 box function differs mechanistically from other 

transcription initiating motifs 

Many mammalian promoters are of broad type consisting of an array of start sites 

(Cammei et al, 2006, Sandelin et al, 2007, Hume, 2008) The selection of these start 

sites is not random and is controlled by some mechanism likely involving the underlying 

sequence Although yet to be elucidated comprehensively, it can be envisaged that 

these sites are controlled by short sequences capable of independently directing the 

basal transcription machinery to initiate transcription from a particular site In support 



of this hypothesis, recently a short core promoter has been described which controls 

individual transcription start sites m some broad human promoters (Anish et al, 2009) 

The levels of TBP appear not to be greatly important for G3 box mediated 

transcription, whereas it is rate-limiting for TATA box-dependent transcription (Fig 

6) Xenopus egg extracts contain very little TBP and there is significant transcription 

from TSS2 under these conditions, which is only slightly increased upon addit ion of 

TBP This suggests that G3 box driven transcription is mechanistically different from 

TATA box mediated transcription It has been shown that TBP is not rate-limiting for 

some TATA-lacking promoters, whereas it is for TATA box containing promoters where 

TBP binding is the rate limiting step (Colgan and Manley, 1992, Zenzie-Gregory et al, 

1993) Further analysis is required to understand the mechanistic details of G3 box-

driven transcription 

Characterization of functional elements of all core promoters is an irrefutable 

prerequisite towards comprehensive understanding of transcription initiation process 

This study contributes towards this goal by identifying a new core promoter element 

and presenting its preliminary characterization 

METHODS 

Constructs 

Xenopus weeî and cyróï promoters were PCR amplified from X tropicalis genomic 

DNA using primers (weel-forward S'-CCCAGAGTAGTGTTGTCCCATACCC-S' and 

weel-reverse 5'-ACAGGCCTCAGATGAGCCACTTACT-3', cyróï- forward 5' 

-CTGCA-TCATTAGGTCTCTCCCTGAA-S' and cyr61-reverse S'-GGAACTAGGG-

AAACTCGTGTCTGCT-S') and cloned into BamHI-Xhol sites of pBLCAT2 (Kass et al, 

1997) The point mutants and small deletion insertion mutants of wee l promoter were 

generated using Quick Change site directed mutagenesis kit (Stratagene) Truncated 

versions of wee l promoter were generated by PCR amplifying shorter regions of weeî 

promoter and cloning them in pBLCAT2 

/n vitro transcription and primer extension 

In vitro transcription using Xenopus egg extracts was as described before (Veenstra 

et al, 1999) Unless stated otherwise, egg extract transcription reactions were 

supplemented with 100 ng of recombinant TBP The in vitro transcribed RNA was 

analyzed by primer extension using the CAT30 primer as described m (Kass et al, 

1997) For mapping the endogenous transcription start sites of wee l promoter, primer 

extension was performed on 12 pg of total RNA isolated from X tropicalis oocytes using 

two different primers EPE-1 (5'-GTCCAGACGCTGCGCCAACCCTCCTCCGCA 3') and 

EPE^tS'-AGTAGTCGCTACACGGGCTCAGCTCCTCCT-S') 



Rapid amplification of cDNA ends (RACE) 

RACE was performed on RNA isolated from X. tropicalis oocytes using SMART 

RACE cDNA Amplification Kit (Clontech). RACE ready cDNA was synthesized by 

using weel-specfic primer 5'- AGTAGTCGCTACACGGGCTCAGCTCCTCCT-3' 

and the SMART II ol igo from the kit. The RACE ready cDNA was PCR amplified 

using universal primer mix (Clontech) and a nested weel-specific primer 5'-

AATTCACAGGACTACCCCTCTGGTTGCTAT-S'. The amplified DNA was cloned into 

pGEM-T vector (Promega) and 30 independent clones were sequenced. 
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ABSTRACT 

The TATA binding protein 2 (TBP2) is a vertebrate specific paralog of TBP, a basal 

transcription factor involved in transcription by all three major RNA polymerases. TBP2 

is most abundantly expressed in oocytes where it plays an essential role in transcription 

of oocyte specific genes. However, the mechanism of TBP2 mediated transcription 

and nature and identity of TBP2 containing complexes is unknown. Here we describe 

our preliminary results of the purification of TBP2. Chromatographic fractionation 

of frog oocyte extract on phosphocellulose column fol lowed by size-exclusion 

chronflatography shows that TBP2 is a component of multiple protein complexes. 

Furthermore, immunoprecipitation and subsequent mass spectrometry of one of the 

phosphocellulose fractions shows that TBP2 interacts with the RNA polymerase Ill-

specific transcription factor Brfl 

Waseem Akhtar, Vikram Sharma, Zainab Jallow, Sarita Paranjpe, Hendrik G. 
Stunnenberg, Gert Jan C. Veenstra 

Department of Molecular Biology, Faculty of Science, Nijmegen Centre for Molecular Life 
Sciences, Radboud University Nijmegen, The Netherlands 



INTRODUCTION 

A key event m the transcription of eukaryotic genes is the formation of a preimtiation 

complex in which the general transcription machinery consisting of RNA polymerase 

and a set of basal transcription factors recognizes and binds to the core promoter 

region (Thomas and Chiang, 2006). Central to this process of promoter recognition 

is a family of initiation factors consisting of TATA binding protein (TBP) and a set of 

related factors including TBP-related factor 1 (TRF1) (Crowley et al., 1993), TBP-like 

factor (TLF, also called TRF2) (Dantonel et al., 1999) and TATA binding protein 2 (TBP2, 

also known as TRF3) (Bartfai et al., 2004, Jallow et a/., 2004). While TBP, the prototypic 

member of this family, is conserved from yeast to human, TRF1, TLF and TBP2 are 

restricted to insects, metazoans and vertebrates respectively (Persengiev et al., 2003). 

TBP2 closely resembles TBP with an almost identical core domain (95% sequence 

identity) and like TBP it is able to bind to the TATA box, interact with TFIIA and TFIIB and 

promote basal transcription in vitro (Persengiev et a/., 2003; Bartfai et a/., 2004; Jallow 

et al, 2004) Functional studies, however, showed that TBP2 has more specialized 

functions in vivo. It is essential for proper embryogenesis in frog and zebrafish where 

it controls transcription of a specific subset of genes (Bartfai et al., 2004; Jallow et 

al., 2004; Hart et ai, 2007; Jacobi et ai, 2007) Surprisingly, TBP2 is dispensable for 

embryogenesis in mouse and appears to be a core transcription factor specialized for 

female germ cell development (Gazdag et al., 2009) 

TBP2 is most abundantly expressed in oocytes where it is essential for proper 

transcription and oocyte development (Gazdag et al., 2007, Akhtar and Veenstra, 

2009; Gazdag et a/., 2009). Importantly, TBP is absent m oocytes and is dispensable 

for oogenesis in mice showing that TBP2 is the major TATA binding factor in female 

germ cells. However, nothing is known about the mechanistic details of TBP2 mediated 

transcription m these cells. An important step towards understanding the mechanism 

of TBP2 promoted transcription is to identify proteins that interact with TBP2. Xenopus 

oocytes offer a great system for biochemical purification of protein complexes owing 

to their abundance, large size and easy isolation. Here, we report on the fractionation 

of frog oocyte extracts and our efforts to identify TBP2 containing complexes. By 

chromatographic fractionation we show that TBP2 is part of multiple complexes in 

frog oocytes. Furthermore, immunoprecipitation coupled to mass spectrometry of 

one of these complexes shows that B r f l , an RNA polymerase-lll (RNAP-III) specific 

transcription factor, interacts with TBP2 in oocytes. 

RESULTS 

TBP2 forms multiple complexes in Xenopus oocytes 

TBP2 is most abundantly expressed in Xenopus oocytes where it is actively involved in 

transcription (Chapter 3). In an effort to understand the mechanism of TBP2-dependent 

transcription, we decided to identify proteins that interact with TBP2 m frog oocytes 
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For relative enrichment of TBP2 before immunoprecipitation with TBP2-specific 

antibodies, Xenopus laevis oocyte extract was fractionated on a phosphocellulose 

column (PC11). The bound proteins were eluted at three different salt concentrations, 

0.35 M, 0.6 M and 1.0 M. Interestingly, TBP2 is present in all three fractions suggesting 

thatTBP2 is part of more than one complex in these cells (Fig. 1A). In contrast to TBP2, 

both TFIIB and TFIIF elute only in 0.6 M and 0.35 M salt fractions respectively (Fig. 

IB). A major fraction of TBP2 protein in oocytes elutes at 0.35 M salt (PC-B fraction). 

In order to estimate the sizes of TBP2 complexes in different PC11 fractions, proteins 

from each fraction were subjected to size exclusion chromatography using superpose 

6 column. The results show that 0.35 M (PC-B) and 0.1 M (PCD) fractions contain 
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Figure 1. TBP2 forms multiple complexes in Xenopus oocytes. (A) Shown at the top is the scheme 
of elutions from phosphocellulose column loaded with oocyte extract. An immunoblot of TBP2 
using antibody 58C9 is shown at the bottom. (B) Immunoblot of PC-B, C and D fractions with 
antibodies against TFIIB and TFIIF. (C) Immunoblot by 58C9 of Superose 6 size-fractionation of 
PC-C (top) and PC-D fractions (bottom). 

106 



smaller complexes with sizes in the range of 150-250 KDa respectively whereas 0.6 M 

fraction (PC-C) contains a much larger complex (Fig. 1C and data not shown). 

Mapping the epitopes of TBP2-specific antibodies 

We decided to further investigate the TBP2 complex present in PC-B fraction. The 

proteins in this fraction were further purified and concentrated by passing them 

through DEAE column (Fig. 4A). We tested two TBP2 specific monoclonal antibodies, 

4H7 and 1G6 for immunoprecipitation (IP) of TBP2 from DEAE-purified PC-B fraction. 

Both antibodies completely deplete the extract of TBP2 (Fig. 2A and data not shown) 

showing that these antibodies are suitable for large scale immunoprecipitation of 

TBP2 containing complexes. To keep IP eluates free of antibody contamination for 

subsequent mass spectrometry, the antibody is covalently linked to beads prior to 

immunoprecipitation. However, when immunoprecipitation was performed after 

crosslinking the antibody to beads, hardly any TBP2 was pulled down in some 

experiments (Fig. 2B), which may indicate that crosslinking severely affects the epitope. 

Therefore peptide elution after immunoprecipitation was used as an alternative to 

minimize the antibody contamination. Therefore the epitopes of the TBP2 antibodies 

were determined. 

Both antibodies were raised against the 140 amino acid N-terminal domain 

of Xenopus TBP2. In order to locate the region harboring the epitopes of these 

antibodies, four overlapping fragments of TBP2 N-terminal domain were fused with 

GST and expressed in E. coli (Fig. 3A). Total protein extracts of £. coli, expressing 

these fusion proteins were probed with 4H7 and 1G6. As a control, the same extracts 

were also probed with another TBP2 antibody 3E6 as well as an α-GST antibody 

(Fig. 3B). The epitope for both 4H7 and 1G6 are present in the D fragment, which 

corresponds to core domain-proximal region of TBP2 N-terminal domain. Because 

these antibodies do not react with fragment C, their epitopes are most likely in the 
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Figure 2. Immunoprecipitation 
with 4H7 does not work 
under cross-linking conditions. 
(A) Immunoprecipitation of 
100 μ| of PC-B fraction using 
different amounts of 4H7, (B) 
Immunoprecipitation of PC-B 
fraction using 4H7 and 1G6 
under cross-linking conditions. 
Mock is beads only control. 
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region of fragment D that does not completely overlap with the fragment C. 3E6, on 

the other hand, reacts with fragment C but not with fragment D, showing that it has 

an epitope distinct from 4H7 and 1G6. Having found that the epitopes are present in 

the last - 3 0 amino acids of the N-terminal domain of TBP2, four overlapping peptides 

were designed and used for elution of TBP2 from 4H7 and 1G6 immunoprecipitates. 

The sequences of these peptides and the corresponding region in TBP2 are show in 

Fig. 3C. With the exception of peptide 1, all the other peptides can elute TBP2 from 

IP beads. Surprisingly, the results are almost identical for both antibodies showing 

that these antibodies either share the same epitope or their epitopes are very similar 

to each other (Fig. 3D-E). Based on results shown in Fig. 3D-E, it can be concluded 

that the epitopes for these antibodies contain the one or two PXT repeats. Adjacent 

sequences may contribute to affinity, as the antibodies do not bind very well to either 

Xenopus TBP or human TBP2 (Jallow et al., 2004 and data not shown) even though 

these proteins also contain PXT repeats. Nevertheless, peptides 3 and 4 efficiently 

elute TBP2 complexes from beads after immunoprecipitation by 4H7 and 1G6. 
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Figure 3. Mapping of epitopes of TBP2-specific monoclonal antibodies 4H7 and 1G6. (A) A 
schematic diagram showing the positions of four overlapping fragments of the N-terminal domain 
of Xenopus TBP2. (B) Immunoblotting of E. coli extracts expressing GST-fused fragments of the 
N-terminal domain of TBP2 with 4H7, 1G6, 3E6 and anti-GST antibodies. (C). Sequence of part of 
the N-terminal domain of TBP2 harboring the epitopes for 4H7 and 1G6 along with the sequences 
of the four overlapping peptides used for peptide elution in immunoprecipitation experiments 
shown in (D) and (E). (D) Immunoprecipitation of TBP2 containing extracts using 4H7 followed by 
elution with four different peptides shown in (C). Beads are Prot-A beads, which were boiled with 
Lamelle buffer after peptide elution and thus represent the fraction of TBP2 protein still bound to 
the beads after peptide elution. (E) Immunoprecipitation of TBP2 containing extracts using 1G6 
followed by elution with four different peptides shown in (C). 
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TBP2 interacts with RNA polymerase III subunit Brf l 

Af te r hav ing o p t i m i z e d t h e c o n d i t i o n s fo r i m m u n o p r e c i p i t a t i o n a n d p e p t i d e e l u t i o n , 

a large scale TBP2 IP e x p e r i m e n t was p e r f o r m e d . Ext rac t e q u i v a l e n t t o - 3 0 , 0 0 0 

X e n o p u s o o c y t e s was f r a c t i o n a t e d on p h o s p h o c e l l u l o s e . The PC-B f rac t i on was passed 

t h r o u g h a DEAE c o l u m n a n d i m m u n o p r e c i p i t a t e d w i t h TBP2 a n t i b o d y 4 H 7 (F ig. 4A) . 

W e s t e r n b l o t t i n g s h o w e d t h a t t h e s u p e r n a t a n t was c o m p l e t e l y d e p l e t e d o f TBP2 (F ig . 

4B). This T B P 2 - d e p l e t e d ex t rac t was used as a c o n t r o l (mock) in a s e c o n d IP reac t i on 

(F ig. 4C) . Us ing TBP2 p e p t i d e , a s ign i f i can t a m o u n t o f TBP2 c o u l d b e e l u t e d at 4°C 

(Pep. e l u . 1 in F ig . 4B) w i t h hard ly any a n t i b o d y c o n t a m i n a t i o n . S o m e a d d i t i o n a l TBP2 

can b e e l u t e d at 28°C (Pep. e lu . 2 in F ig . 4B) b u t n o t w i t h o u t subs tan t ia l a n t i b o d y 

c o n t a m i n a t i o n . T h e b e a d s sti l l had c o n s i d e r a b l e a m o u n t o f TBP2 b o u n d (F ig. 4B last 

lane). T h e p r o t e i n s e l u t e d at 4°C w e r e p r o c e s s e d fur ther . In o r d e r t o es t ima te t h e size 
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0.1M 0.35M 

i 
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0.1M 0.35M 
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i 
Mass Spec 
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Figure 4. Immunoprecipi tat ion of TBP2 complex in PC-B fract ion. (A) Scheme of purification of 
TBP2 complex from Xenopus oocyte extract. (B) Immunoprecipitat ion of TBP2 using 4H7. Pep. 
elu.1 is elution of IPed proteins with a TBP2 pept ide at 4'C, whereas Pep.elu.2 is elution with the 
same pept ide on the remaining beads at 28 C. Beads are Prot-A beads, which were boi led with 
Lamelle buffer after pept ide elution and thus represent the fraction of TBP2 protein still bound to 
the beads even after three rounds of pept ide elution. (C) 10% Polyacrylamide gel silver stained 
showing proteins immunoprecipi tated by anti-TBP2 antibody. Mock is immunoprecipitat ion from 
an equivalent extract, which was depleted of TBP2, by an earlier immunoprecipi tat ion. 



of the immunoprecipitated complex, the IP eluate was passed through a superose 6 

column. The result shows that most of the pulled down TBP2 is in the size range of 

- 350 KDa (Fig. 4D). Visualization by silver staining showed that although a number of 

bands seem to be common between IP and mock most likely representing non-specific 

proteins, there are a few bands which are clearly more enriched in IP as compared to 

mock. Both IP and mock lanes from the gel were divided into slices and after m-gel 

digestion with Trypsin the resultant peptides were analyzed by mass spectrometry (see 

Methods for details). Analysis with MaxQuant (see methods for details) showed that 

two proteins, TBP2 and the RNAP-III subunit Brfl were preferentially abundant m IP as 

compared to mock (Table 1). This shows that TBP2 is a part of a TFIIIB-like complex in 

oocytes most likely to promote RNAP-III mediated transcription in cells that contain no 

TBP (Gazdag et al., 2007; Akhtar and Veenstra, 2009). 

Table 1: Number of peptides and EmPAl scores for TBP2 and Brfl in mass spectrometer analysis 

Protein No of peptides EmPAl score 

TBP2 

Brfl 

Mock 

0 

3 

IP 

9 

29 

Mock 

-
0311134 

IP 

5.309573 

10.45048 

DISCUSSION 

TBP2 is a substitute for TBP in oocytes where it plays an essential role in transcription 

initiation (Jallow et al., 2004; Akhtar and Veenstra, 2009; Gazdag et al., 2009). Using 

a combination of chromatography, immunoprecipitation and mass spectrometry we 

show that TBP2 forms multiple low to high molecular weight complexes in Xenopus 

oocytes (Fig. 1). TBP is known to interact with a number of proteins in somatic cells. 

It is often associated with a set of 14-15 TBP-associated factors (TAFs) m a large 

protein complex called TFIID. This complex and some of its variants play a crucial 

role in core promoter recognition and transcription initiation (Cler et al., 2009). TBP 

also forms a distinct complex called B-TFIID, m which TBP interacts with a Swi2/Snf2-

related ATPase BTAF1 (Mot i m yeast) (Pereira et ai, 2003). Another well documented 

interaction of TBP is with negative cofactor 2 (NC2). These complexes play important 

roles in modulat ing TBP activity as well as in regulating its dynamics on TBP target 

promoters (Tora and Timmers, 2010; van Werven eta/ . , 2008; van Werven et al., 2009). 

In addit ion to these RNAP-II complexes TBP also interacts with basal transcription 

factors of other polymerases and is part of SL1 complex (interacting with at least three 

RNAP-I specific TAFs) (Russell and Zomerdijk, 2006) as well as the TFIIIB complex 

consisting of RNAP-III specific TAFs Brfl and Bdp l (Schramm and Hernandez, 2002). 

Just like TBP m somatic cells, TBP2 is also expected to interact with a number of 

proteins m oocytes to perform its function. Some of these interactions can in principle 

be oocyte versions of aforesaid complexes with TBP2 simply replacing TBP. This seems 



a likely scenario considering the fact that the two protiens are 95% identical in their 

core domain, which is known to mediate interactions with DNA, TFIIA, TFIIB and 

TFIIIB among others. Indeed it has been shown that TBP and TBP2 can replace each 

other m binding to DNA and interacting with TFIIA and TFIIB in vitro (Bartfai et al., 

2004; Jallow et ai, 2004; Xiao et al., 2006). Additionally, these proteins can replace 

each other on some but not all promoters in vivo (Jallow et al, 2004; Jacobi et al, 

2007; Akhtar and Veenstra, 2009). However, keeping in view that germ cells often 

appear to have transcription regulatory controls that are different from those utilized 

in somatic cells (DeJong, 2006 and references therein) it is very likely that TBP2 forms 

complexes specially tuned to work on TBP2 specific promoters both in oocytes and 

early embryos. In line with this, we find that native TBP2 m oocytes exists in a number 

of different complexes (Fig. 1). 

Our preliminary investigations point towards the existence of an oocyte version 

of TFIIIB complex in which TBP2 replaces TBP (Fig. 4 and Table 1). The anti-TBP2 

immunoprecipitates did not contain any peptides for B d p l , the third subunit of 

TFIIIB. However, Bdp l is very small and is known to have a week interaction with 

Brfl and TBP and disengages from the complex during chromatographic purifications 

(Kassavetis and Geiduschek, 2006). Presence of an oocyte-specific version of TFIIIB is 

not surprising as oocytes have little if any TBP, the more canonical component of this 

complex (Akhtar and Veenstra, 2009). In addit ion, the C-termmal domain of TBP, which 

is 95% identical to that of TBP2, is sufficient for proper transcription from RNAP-III 

promoters in vitro as well as m vivo (Kassavetis et al, 2005). It would be interesting to 

investigate if this TBP2-Brf1 interaction is retained during early Xenopus development 

as the levels of TBP2 drop considerably and TBP protein starts to accumulate in early 

embryos (Veenstra et al., 1999, Jallow et al., 2004). 

Although further experimentation is required to formally prove TBP2-Brf1 

interaction and to find the binding interfaces on both proteins, findings reported in 

this chapter strengthen our earlier observation that TBP2 occupies endogenous RNAP-

III promoters (Chapter 3). Furthermore, the presence of multiple TBP2 complexes m 

oocytes warrants detailed analysis of TBP2 mteractome m these cells. 

METHODS 

Constructs and antibodies 

The four DNA fragments coding for different partially overlapping parts of N-terminal 

domain of xTBP2 were PCR amplified using sets of primers shown m table 2. The 

fragments were subsequently cloned into pGEX.5X-1 vector using In-Fusion™ Dry-

Down PCR Cloning Kit (Clontech) TBP2-specific antibodes 4H7, 1G6 and 3E6 have 

already been described (Jallow et a/., 2004; Akhtar and Veenstra, 2009). Other 

antibodies used were anti-TBP 58C9, anti-TFIIB C-18 and anti-TFIIF RAP 74 C-18 

(Santa Cruz Biotechnology). 



Table 2: Sequences of primers used for amplifying DNA fragments from cDNA coding for 
N-termmal domain of xTBP2 The priming sequence is shown in block letters whereas the 
sequence in small letters corresponds to the sequence of plasmid pGEX5X-1 This sequence 
was used for cloning the fragments in the vector using In-Fusion™ Dry-Down PCR Cloning Kit 
(Clontech) 

S.No Primer Name Primer Sequence 

1 

2 

3 

4 

5 

6 

7 

8 

EM TBP2-N-AF 

EM TBP2-N-AR 

EM TBP2-N-BF 

EM TBP2-N-BR 

EM TBP2-N-CF 

EM TBP2-N-CR 

EM TBP2-N-DF 

EM.TBP2-N-DR 

cgtgggatccccgaattcATGGATGGAGAGTCTTCTTTGG 

tcagtcacgatgcggccGCTTAAAGTGGTTGTATTGCTAGATCG 

cgtgggatccccgaattcGCTTCCTCACATATGTTCACCC 

tcagtcacgatgcggccGCTTATTCTTGCTGATCCTCATTTTCT 

cgtgggatccccgaattcTCTGTGGATCTTAGTTTTCTTC 

tcagtcacgatgcggccGCTTAACATAGGTTAGATGAATCTTGG 

cgtgggatccccgaattcTCTCAGCCATTCACACCTTCTG 

tcagtcacgatgcggccGCTTAAGAACTCTCTGCAACTGGAGTC 

Preparation of oocyte extracts 

Defolliculated Stage VI X. laevis oocytes were washed with MBSH buffer (10 mM 

HEPES (pH 7.6), 88 mM NaCI, 1 mM KCl, 2.4 mM NaHCOj, 0.82 mM MgSO,, 0 41 

mM CaCI2 and 0.33 mM Ca(N03)2) homogenized in two volumes of whole cell extract 

low salt buffer (20 mM Tns-CI (pH 8), 70 mM KCl, 10% glycerol, 1mM EDTA, 0.125% 

NP40, 1 mM PMSF, 5 mM DTT and protease inhibitors). The homogenized mixture was 

spun at 11,000 rpm for 10 minutes at 4°C, the transparent aqueous layer was carefully 

removed, snap frozen in l iquid nitrogen and stored at -80°C. 

Relative purification of TBP2 from oocyte extract 

X. laevis oocyte extract (0.33 oocyte eq./μΙ) was di luted three fold with PC11 buffer (20 

mM Tns-CI (pH 7.3), 20% glycerol, 0.2 mM EDTA, 1 mM PMSF, 2 mM DTT and protease 

inhibitors) containing 0.1 M KCl and loaded onto a phosphocellulose column. After 

washing, the bound proteins were eluted with PC11 buffer containing 0 35 M (PC-B), 

0 6 M (PC-C) or 1.0 M (PC-D) KCl. The PC-B fraction was di luted three fold with dilution 

buffer (20 mM Tns-CI (pH 8.8), 10% glycerol, 0.2 mM EDTA, 1mM PMSF, 2 mM DTT 

and protease inhibitors) and loaded onto a DEAE column. After washing the bound 

proteins were eluted in DEAE buffer (20 mM Tns-CI (pH 8.0), 10% glycerol, 0.2 mM 

EDTA, 1mM PMSF, 2 mM DTT and protease inhibitors) containing 0.35 M KCl. This 

fraction was subsequently used for immunoprecipitation with anti-TBP2 antibodies. 

Immunoprecipitation 

400 μΙ of Protein A-Sepharose-CI-4B beads slurry swollen in PBS was incubated with 

1.0 ml of 4H7 hybridoma supernatant at 40C rotating for overnight. After washing 

three times with PBS the beads were incubated with PC-B extract m Ipp buffer (10 



mM Tris-CI (pH 8 0), O 5 mM EDTA, I m M PMSF, 1 mM DTT and protease inhibitors) 

containing 0 175 M KCl and 0 125% NP40 for 8 hrs at 4°C rotating After removing 

the supernatant (such a TBP2 depleted supernatant served as mock) the beads 

were washed with Ipp buffer containing 0 5 M KCl and 0 5% NP40 The TBP2 and 

interacting proteins were eluted thrice with 400 μΙ of peptide elution buffer (2 mg/ 

ml TBP2 peptide, 10% glycerol, 1mM PMSF, 2 mM DTT and protease inhibitors), two 

times at 4°C for 30 minutes and for the third time at 28°C for 30 minutes The first two 

eluates were pooled together and were used subsequently The immunoprecipitated 

proteins were separated on 10% Polyacrylamide gel and visualized by silver staining 

using ProteoSilver™ Plus Silver Stain Kit (Sigma) 

ln-gel digestion, liquid chromatography and mass spectrometry 

Peptide identification experiments were performed using a nano LC easy flow system 

(Proxeon) connected online to a 7-Tesla Linear Ion Trap Ion Cyclotron Resonance Fourier 

Transform (LTQ FT Ultra) mass spectrometer (Thermo Fisher, Bremen, Germany) 

Peptides were separated on a 15 cm 100 prn ID PicoTip columns (New Objective, 

Woburn, USA) packed with 3 μιτι Reprosil C I 8 beads (Dr Maisch GmbH, Ammerbuch, 

Germany), using a 30 mm gradient from 8% buffer Β to 27% buffer Β (buffer Β contains 

100% acetomtrile in 0 5% acetic acid) with a flow rate of 300 nl/mm Peptides elutmg 

from the column t ip were electrosprayed directly into the mass spectrometer with a 

spray voltage of 2 0-2 2 kV Data acquisition with the LTQ FT Ultra instrument was 

performed m a data-dependent mode to automatically switch between MS and 

MS2 Full scan MS spectra of intact peptides (m/z 350-1500) with an automated gam 

control (AGC) accumulation target value of 1,000,0000 ions were acquired in the 

Fourier transform ion cyclotron resonance cell with a resolution of 50,000 The four 

most abundant ions were sequentially isolated and fragmented m the linear ion trap 

by applying collisionally induced dissociation (CID) using an accumulation target value 

of 10,000, a capillary temperature of 100°C and a normalized collision energy of 35% 

All unassigned charge states and singly charged ions were excluded from sequencing 

A minimum of 500 counts was required for MS2 selection A dynamic exclusion of ions 

previously sequenced within 180 s was applied Dynamic exclusion feature enables 

acquisition of mass spectra m a non redundant manner thereby surveying as many 

spectra as possible from a complex sample 

Peptide identification by Mascot database searches 

The resulting raw spectrum files were loaded onto the MaxQuant version 1 0 13 13 

(http //www biochem mpg de/en/rd/maxquant/) converting them into Mascot generic 

peak lists Proteins were identified by searching peak lists containing fragmentation 

spectra with Mascot version 2 2 (Matrix Science) against a database constructed 

by combining X tropicalis and X laevis sequences along with frequently observed 

contaminants and concatenated with reversed copies of all entries Mascot search 

parameters for protein identification specified an initial mass tolerance of 7 ppm for 



the parental peptide and 0 5 Da for fragmentation spectra, and a trypsin specificity 

allowing up to 3 miscleaved sites Carbamidomethylation of cysteines was specified 

as a fixed modification, and oxidation of methionine, deamidation of glutamme 

were set as variable modifications The required minimal peptide length was set at 

6 ammo acids Internal mass calibration of measured ions and peptide validation by 

establishing false discovery rates (FDR) was performed by MaxQuant as described by 

Cox and Mann, 2008 A final absolute recalibrated mass tolerance for the parental 

pept ide was determined at 7 ppm FDR threshold for accepting protein identifications 

was set at 1 % based on the number of accepted identifications of the reversed protein 

sequences EmPAl values were calculated as described in (Ishihama et al, 2005) 
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GENERAL DISCUSSION 

The process of transcription initiation m eukaryotes requires the recognition of core 

promoter by the basal transcription machinery consisting of RNA polymerase II and 

general transcription factors (Thomas and Chiang, 2006) To match the regulatory 

complexity necessary for development and progression of life, higher organisms 

have evolved a whole spectrum of elaborate mechanisms to control this process The 

core promoter and the basal transcription machinery are active components of this 

regulatory program With increasing understanding of the fundamental concepts of 

molecular biology our appreciation of the diversity and complexity that both core 

promoter and the basal transcription machinery harbor has increased This changed 

our perspective from looking at these components as passive parts of transcription 

regulatory engines merely responding to signals from sequence specific transcription 

factors and chromatin modifiers to active regulatory modules, which provide additional 

control and selectivity in how transcription initiation is modulated in the cell This also Q 

increased the necessity to investigate the individual components of basal transcription =j 

machinery m more detail as well as to identify new core promoter elements The — 

aim of this project was to get further insight into this interplay of basal transcription g 

machinery and core promoters From the protein side we focused on TBP2, the most ^ 

recently identified paralog of TBP, and characterized its role as the major TATA binding =J 

activity in frog oocytes where it is most abundantly expressed (chapter 3) From the 

core promoter side we have generated a first genome wide collection of frequently 

occurring core promoter motifs m X tropicalis and compared this collection with 

that of human core promoters (chapter 4) In addition to that we provide preliminary 

characterization of a novel core promoter element involved m start site selection as 

well as in the recruitment of basal transcription machinery (chapter 5) 

TBP2 is the major TATA binding factor in oocyte transcription 

TBP2 is the most closely related TBP paralog sharing 95% sequence identity in the core 

domain Earlier studies showed that TBP2 is required for proper embryogenesis m frog 

and zebrafish (Bartfai et al, 2004, Jallow et al, 2004, Hart et al, 2007, Jacobi et al, 

2007) However, nothing was known about the function of TBP2 in oocytes, where it is 

most abundantly expressed (Jallow et al, 2004, Xiao et a / , 2006, Gazdag et ai, 2007) 

In chapter 3 we show that Xenopus oocytes lack any detectable TBP, which suggested 

a major role for TBP2 in oocyte transcription We went on to show that TBP2 is recruited 

to the transcriptionally active loops of lampbrush chromosomes and is associated 

with active GV-mjected promoters The transcriptional activity of TBP2 in oocytes was 

shown by a functional assay using an altered binding specificity mutant reporter system 

(Strubin and Struhl, 1992) A recent independent study in mouse also shows that TBP2 

is the major TATA binding activity m oocytes and that TBP2 is mdispensible for proper 

oogenesis (Gazdag et al, 2009) These findings are congruous with the observation 

that only TBP2 is present in frog and mouse oocytes with no detectable TBP (Gazdag 

et a/ , 2007) Furthermore, it also reinforces the notion that germ cell transcription is 
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different from that of somatic cells (DeJong, 2006). This difference can be attributed to 

the special status of germ cells and their development in the life cycle of an organism. 

The DNA and the chromatin undergo a phase of reorganization and the clock of life 

is reset to the start position. Interestingly, when TBP is ectopically expressed m frog 

oocytes, it can promote transcription from at least a couple of promoters tested in 

our study presented in chapter 3. Many promoters that exclusively require TBP m the 

embryos are also maternally expressed (Jacobi et al., 2007), indicative of initiation 

factor switching on these promoters between oocytes and early embryos. This shows 

that the promoters at which both TBP ^ p d TBP2 are redundant, relative expression 

levels of the two factors determine which of the factors functions at the promoter. 

On a similar note, it has been pjoposed that in cells heterozygous for TBP (tbp*'), 

elevated levels of TBP2 compensate abnormally low levels of TBP at some but not all 

a promoters (Bush et al., 2008). Moreover, both TBP and TBP2 can replace each other m 

initiating basal transcription in vitro (Jallow et ai, 2004; Deato et a/., 2008) as well as 

? in wtro assembled TBP/2-TFIIA/ALF-DNA complexes (Xiao et al., 2006) In contrast t o 

5 this, the promoters where the requirements of the specific TATA binding proteins are 

α strict, the relative expression levels of the factors do matter as is the case with strictly 

g TBP2-specific promoters m early frog embryos (Jacobi et al., 2007). 
ut 

I We observed that TBP2 is actively degraded during later stages of meiotic 

maturation. This might be essential for proper shutdown of global transcription In 

early embryos transcriptional repression can be perturbed by premature accumulation 

of TBP in combination with disruption of chromatin assembly (Pnoleau et al., 1994; 

Veenstra eta/., 1999). However during oocyte maturation shutdown of transcription is 

already established even in the presence of abundant TBP2 (chapter 3) suggesting that 

TBP2 degradation is more likely a mechanism which in concert with the translational 

upregulation of TBP in later stages brings about the switching of TATA binding factors. 

This switching facilitates the transition from a germ cell transcription apparatus to 

a somatic cell transcription machinery. In Xenopus, however this switching is not 

complete as low levels of TBP2 still persist and are essential for embryogenesis (Jallow 

et al., 2004; Jacobi et al., 2007). In mouse embryos, on the other hand, TBP2 is neither 

detectable nor required in early embryos (Gazdag et ai, 2007, Gazdag et al., 2009). 

Possibly, in mouse this switching from TBP2 to TBP is more complete than in frog 

where the embryonic transcription machinery (abundant TBP, low levels of TBP2) is not 

yet fully switched to the common somatic machinery (abundant TBP, no TBP2) (Jallow 

et ai, 2004). 

Based on the results described in chapter 3 and our earlier work, we propose a 

model (Fig. 1 ) according to which the core factor switching that occurs at many maternal-

embryonic promoters is brought about by active degradation of TBP2 fol lowed by 

regulated translation of maternal stores of TBP mRNA before the onset of embryonic 

transcription at the mid-blastula transition (MBT) (Veenstra et ai, 1999). In oocytes, 

some promoters do not discriminate between TBP and TBP2 (TBP-TBP2 switching), 

whereas TBP2-specific promoters are more responsive towards core transcription 

machinery that contains TBP2. TBP can function on TBP-TBP2 switching promoters if 
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Figure 1. A model of the regulation of TATA box binding proteins during early stages of frog 
embryogenesis. Oocytes only express TBP2, which promotes transcription at most promoters. 
These promoters can be broadly grouped into two classes; TBP2-specific and TBP-TBP2 switching 
promoters. Upon meiotic maturation, global repression of transcription is established and TBP2 
is actively degraded. During early cleavages after fertilization, maternal stores of TBP mRNA are 
translated (Veenstra et al., 1999) and by the mid-blastula transition (MBT) both TBP and residual 
TBP2 contribute to zygotic transcription (Jallow et al., 2004; Jacobi et al., 2007). In embryos 
promoters can be divided into at least three classes; TBP-specific, TBP2-specific and TBP-TBP2 
switching. The dashed arrow indicates that the influence of TBP2 on switching promoters in 
embryos is limited because of relatively high levels of TBP and low levels of TBP2. 

introduced in oocytes where it is normally absent. In transcriptionally active embryos, 

at least three types of promoters are present; TBP-specific, TBP2-specific and TBP-

TBP2 switching. Upon ablation of TBP, TBP-TBP2 switching promoters appear TBP-

dependent because TBP is the predominant initiation factor in embryos, but these 

promoters can be rescued by TBP2 overexpression. TBP-specific promoters, however, 

cannot be rescued by TBP2 overexpression, resulting in lethality at a larval stage in 

the cross-rescue embryos {Jallow et al., 2004). Similarly, a relatively large number of 

TBP2-specific promoters cannot be rescued by relatively high levels of endogenous 

TBP in embryos. 

Xenopus core promoter elements 

A wide variety of core promoter elements exist and this diversity plays an important role 

in the regulation of transcription. The structure and function of RNA polymerase II core 

promoter is extensively reviewed in chapter 2. A relatively less explored area of core 

promoter biology is the study of distribution of core promoter motifs across species. 

In chapter 4 we report on the comparison of human and amphibian core promoter 

sequences. We obtained a set of approximately 4,000 promoters of X. tropicalis by a 



global analysis of the EST coverage of 5' ends of known genes; an approach validated 

by primer extension, promoter assays and comparison of an identically generated 

collection of human core promoters with the published CAGE tag data. To the best 

of our knowledge this is the first genome wide promoter collection with start site 

information from an amphibian species. 

In order to systematically identify overrepresented sequence elements in frog 

core promoters we developed a pipeline featuring an ensemble of complementary 

motif prediction algorithms and a new motif similarity metric based on the Information 

Content, the WIC score. This similarity metric merges the redundant and similar 

elements into a single motif. Our analysis identified 27 distinct motifs significantly 

enriched in frog core promoters. The relevance of these core promoters was validated 

in an independent collection of Xenopus core promoters inferred from TBP bound 

sites in developing frog embryos. The identified motifs include some of the well known 

promoter elements as well as novel motifs. Some of the elements are directional 

whereas others show no particular preference for any orientation. In line with the 

established dual regulatory role of YY1 element (Χι et al., 2007), we find distinct 

positional enrichments of the element in both orientations in promoters (upstream 

of start site in minus orientation and downstream in plus orientation). We observed a 

differential enrichment of some elements between CpG and non-CpG island promoters 

which is congruent with the structural and functional differences of CpG and Non-CpG 

island promoters. CpG-island promoters are associated with house-keeping genes, 

show a broad distribution of start sites, and seem to be particularly rapidly evolving 

in mammals (Carninci et al., 2006). In addit ion, there is also evidence for differences 

in the requirements of basal transcription factors between CpG and non-CpG island 

promoters (Demssov et al., 2007). 

Evolution of vertebrate core promoter architecture 

A comparison of frog and human promoters demonstrated that majority of the motifs 

identified in frog are also present in human promoters. There are, however, some 

motifs that are specific to Xenopus including two novel motifs (Xt8 and Xt9) with no 

similarity to any known transcription factor binding site. Furthermore, many elements 

are differentially prevalent between the two species indicating that notable differences 

exist between the core promoter architecture of human and frog. Among these 

differentially prevalent elements we noticed a class of motifs the use of which appears 

to have co-evolved with the diverging nucleotide compositions of core promoters 

between the two species. These motifs are enriched in one of the two species when 

compared to random sequences with the same dmucleotide frequencies. Their 

enrichment, however, is proportional to the overall nucleotide bias of the species in 

which they are enriched. For instance the human core promoters are generally more 

GC-rich as compared to frog promoters. One consequence of this GC-nchness is 

that Spi binding site prevalence is comparatively much higher in human promoters 

and these sites are significantly enriched in the core promoters as compared to the 

O 
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surrounding regions. This suggests that the use of Spi motif has expanded in human 

as an adaptation to the increasing GC-nchness of these promoters. The G-nch motif 

Xt12 enriched in Xenopus promoters behaves similarly. Its enrichment in Xenopus 

core promoters appears to be an adaptation to the higher prevalence of G relative 

to other nucleotides m Xenopus core promoters. While the functional relevance 

of Xt12 is yet to be explored the Spi binding sites are known to be bound by the 

transcriptional activator Spi and are important in the recruitment of basal transcription 

machinery to TATA-less promoters (Kaufmann and Smale, 1994; Zhao and Meng, 

2005). Additionally, Spi binding protects CpG islands from methylation, which is 

important for the recruitment of Cfp1 and subsequent promoter activity (Thomson et 

a/., 2010; Brandeis et al., 1994; Macleod et al, 1994). This shows that utilization of 

certain elements (for example Spi) and hence their cognate binding factors correlates 

with the overall nucleotide frequency trends of promoters in that organism. This is 

particularly intriguing in l ight of the fact that CpG island promoters evolve rapidly in 

mammals (Cammei et ai, 2006; Sandelin et a/., 2007). This indicates that, while there Φ 

IS a functionally conserved set of essential core transcription factors, the frequencies ^ 

of some transcription factor binding sites might reflect an adaptive process to deal & 

with regulation of transcription from promoters with evolving trends of nucleotide c 

composition. Further research should clarify if the GA-rich motifs in Xenopus fulfill a ö 

similar function to accommodate higher G-content of frog promoters 

The TATA box behaves m a manner opposite to that of Spi motif. Frequency 

normalization significantly increases the enrichment of the TATA box in human 

promoters. This shows that the TATA boxes are tightly conserved against the 

evolutionary trend of GC-rich promoters. We propose that based on their evolutionary 

trends, the core promoter elements can be categorized into three groups; Conserved 

motifs, which are present in both species and are not influenced by the overall 

sequence composition of the promoters, Species-specific motifs, which are present 

only in frog or human promoters and Adaptive motifs the prevalence of which is a 

reflection of the overall nucleotide frequency trends of core promoters. 

These data represent the first analysis of a large set of amphibian core promoters 

and a comprehensive comparison of frog and human core promoter elements. The 

comparison indicates not only the similarities and the differences between the core 

promoter architecture of the two species but also highlights adaptive trends of 

transcription factor binding site usage during evolution. 

G3 box; a novel core promoter element 

Despite the great structural diversity of core promoters, to date only a l imited number of 

core promoter elements have been experimentally characterized (reviewed in chapter 

2). In chapter 5 we describe a new core promoter element, which we call the G3-box. A 

biomformatic survey of Xenopus core promoters (Chapter 4) revealed that a significant 

fraction of Xenopus core promoters feature purme-rich elements. We studied in detail 

one such element, the G3-box in the Xenopus weel promoter. We show that G3 box 
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is responsible for driving transcription from the downstream transcription start site 

of w e e l . By using a combination of different mutagenesis approaches we define the 

minimal region of wee l promoter that can independently direct transcription from 

TSS2. The fully functional region of the core promoter supporting TSS2 is located from 

-13 to +5 whereas the critical region for start site selection is located between -4 and 

+3. A comprehensive point mutation analysis of this region showed that the G3 box 

has a consensus sequence of CVGGG+1V, which does not match to any of the known 

core promoter elements. The G3 box works independently of a TATA box present 

upstream of TSS1 and in our in vitro assays appears to be less TBP-dependent. We 

cannot rule out the possibility that low amounts of TBP present m egg extracts are 

sufficient for transcription from TSS2. In any case, more experimentation is required 

a to understand the mechanistic details of G3 box driven transcription and to identify 

its cognate binding factor if any. Considering the fact that in a canonical transcription 

model TFIID footprints span the transcription start site (Nakajima et al., 1988, Purnell 

ra et a/., 1994), TAPI or another subunit of TFIID may be a likely candidate to bind G3 

2 box. Alternatively, a novel core transcription complex yet to be identified may serve 

9- the purpose. EST analysis and transcnptome/chromatm immunoprecipitation profiling 

£ in frog oocytes and early embryos shows that expression of wee) homolog is restricted 

5 to oocytes, although maternal transcript persists during early stages of development 

(data not shown). This suggests that the form of TATA binding activity that wee7 

promoter physiologically encounters is TBP2 (cf. Chapter 3). Thus G3 box may well 

be recognized by a novel TBP2 complex. Nevertheless extensive experimentation is 

required to test these speculations. 

Many mammalian promoters are of the broad type consisting of an array of start 

sites (Cammei et ai, 2006; Sandelin et al., 2007; Hume, 2008). It is conceivable that 

individual start sites in such promoters are controlled by short core promoters capable 

of independently directing the transcription machinery to a favorable site of initiation. 

This may be a subtle but important step after the recruitment of basal transcription 

machinery to the promoter region. In line with this, a short core promoter was recently 

shown to control individual transcription start sites in some broad human promoters 

(Amsh et al., 2009). 

TBP2 complexes in oocytes 

TBP2 possesses a core domain that is highly similarto TBP and both proteins can replace 

each other m several in vitro assays including binding to the TATA box, interaction with 

TFIIA and TFIIB and transcription from model promoters (Bartfai et al., 2004; Jallow 

et al, 2004; Xiao et al., 2006). This suggests that both TBP and TBP2 function in a 

mechanistically similar way. However, in vivo functional studies demonstrate that this 

is only partly true. TBP2 has specialized roles in oocytes and early embryos showing 

that it also functions via mechanisms that are distinct from those shared with TBP 

(Bartfai et a/., 2004; Jallow et al., 2004; Hart et ai, 2007; Jacobi et al., 2007; Gazdag 

et ai, 2009; Hart et al, 2009). One possible way to dissect these functions is to study 
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the complexes that TBP2 forms in oocytes and early embryos. Fractionation of oocyte 

extract over phosphocellulose showed that TBP2 forms multiple protein complexes 

of distinct sizes (Chapter 6). Partial characterization of one of these complexes by 

immunoprecipitation and mass spectrometry suggests that TBP2 replaces TBP m an 

oocyte version of the TFIIIB complex. This may reflect an adaptation to the fact that 

there is hardly any TBP in those cells and during the evolution of vertebrates from 

invertebrates when TBP2 became a specialized TATA binding factor for oocytes, the 

control of RNAP-III transcription was taken over by TBP2 in these cells. This appears 

plausible considering the observations that the core domain of TBP is sufficient for 

proper transcription from RNAP-III promoters in vitro as well as in vivo (Kassavetis et 

al., 2005; Kassavetis and Geiduschek, 2006). This is also in line with what we observed 

for a subset of RNAP-II promoters where the relative expression levels of the two 

factors determine which one of them controls the transcription initiation (Chapter 3). 

Alternatively, TBP2 may be especially suited for highly demanding rates of RNAP-III 

transcription during oocyte development. This, m principle, could be brought about Ό 

by small variations m the amino acid sequence on the convex surface of TBP2 or the ^ 

relatively more diverged N-terminal domain of TBP2, which may be more relevant for 9-

RNAP-III transcription in oocytes as compared to that of TBP m somatic cells. Further c 

investigation is required to clarify these issues as well as to identify the components of 5 

other TBP2 complexes in oocytes particularly those responsible for specialized roles 

of TBP2. 

Future perspective 

Establishment of TBP2 as the major TATA binding factor in oocytes raises the 

fundamental question why vertebrates need a specialized factor for oocyte 

transcription. A part of the answer lies in understanding the TBP2 function at a 

mechanistic level for which identification of functional TBP2 complexes in oocytes and 

early amphibian embryos is a vital prerequisite. It is conceivable that akin to specific 

TFIID complexes in some other tissues (Muller and Tora, 2004), oocytes also possess a 

specialized TFIID complex containing TBP2 and oocyte-specific TAFs such as TAF4b. 

Furthermore, in the absence of TBP .it is also probable that TBP2 replaces TBP in 

oocyte versions of other complexes like TBP-NC2, TBP-BTFIID ( M o t i ) , SL1 and TFIIIB. 

Indeed, the Brf 1, a TFIIIB subunit was found associated with TBP2 in oocytes (Chapter 

6). In addit ion, it is also possible that TBP2 is a part of a unique, novel oocyte-specific 

core transcription complex. Another important step towards complete understanding 

of TBP2 function and its biological significance is the identification of TBP2 specific 

promoters. The two promoters we tested m this study are responsive to both TBP and 

TBP2 and are thus not suitable models to study the functional differences between 

TBP and TBP2. After the identification of promoters with strict specificities for TBP 

or TBP2, the issue of differential mechanism can be studied m a number of ways. 

For instance, by swapping domains and parts of two proteins with each other, the 

modules conferring specificity can be uncovered. On the other hand, similar swapping 
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mutations between a TBP-specific and a TBP2-specific promoter would reveal the 

DNA encoded specificity signatures 

Presently, we have generated a set of computationally predicted core promoters 

from X tropicalis In future, it would be useful to experimentally determine the 

Xenopus transcription start sites using CAGE like strategies coupled to deep 

sequencing Comparison of transcription start site data from similar tissue types of 

human and frog would reveal important aspects of promoter evolution In addit ion, 

it would be interesting to study the evolution of promoters of the genes involved in 

particular pathways For instance, comparison of core promoters of genes involved 

in cell cycle regulation (or any particular process) between the two species can be 

very informative This strategy can also be extended to other vertebrate species to 

obtain a wider perspective on core promoter evolution akin to a recent chromatin 

immunoprecipitation profiling study of two transcription factors in livers of five 

vertebrates (Schmidt et al ) 

Further characterization of the new core promoter found m this study is 

important especially the factor requirements for this element and its interaction with 

other known core promoter elements such as the TATA box, DPE or MTE Further 

experimentation is also required to determine whether this short core promoter is 

orientation specific or functionally symmetrical Studying other examples of promoters 

possessing this element will be important to establish the generality of this motif's 

usage Characterization of functional elements of all core promoters in the context 

of basal transcription factor requirements is a prerequisite towards comprehensive 

understanding of transcription initiation process 
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SUMMARY 

The genetic information encoded in our DNA in the form of genes is extracted via 

a process called transcription. This process is carried out by a large consortium of 

proteins called basal transcription machinery consisting of RNA polymerase II and 

a set of basal transcription factors. Transcription initiation involves the binding of 

basal transcription machinery to a region of gene called core promoter. The core 

promoter surrounds the site of transcription initiation and controls the basal level of 

transcription. It consists of short sequence signatures called core promoter elements, 

which serve as docking sites for the components of the basal transcription machinery 

A growing body of research has shown that the basal transcription machinery and 

the core promoter harbor great diversity and actively participate in the regulation of 

transcription along with other well known gene regulators such as sequence specific 

transcription factors and chromatin remodelers and modifiers. In this thesis we have 

explored some novel aspects of basal transcription machinery function and core 

promoter architecture using Xenopus as a model organism. 

We studied a relatively less well characterized component of the basal transcription 

machinery, TATA binding protein 2 (TBP2), in the context of Xenopus oocyte 

transcription. TBP2 is a vertebrate-specific paralog of canonical TATA binding factor 

TBP and is abundantly expressed in oocytes. Frog oocytes do not contain any TBP, 

which prompted us to examine the role of TBP2 m these cells. Our investigations 

led to the discovery that TBP2 is the major TATA binding factor m frog oocytes and 

not only binds to the active promoters in oocyte nuclei but is functionally engaged 

in promoting transcription. To our surprise, however, ectopically expressed TBP 

could also promote transcription m these cells showing that the basal transcription 

machinery is dynamic in nature and relative expression levels of the two TATA binding 

proteins are an important determinant in their utilization at promoters. The expression 

of TBP2 is actively down regulated to very low levels as an oocyte matures into an 

egg This facilitates the partial switching of basal transcription machinery from an 

oocyte version (abundant TBP2 and no TBP) to an embryonic one (low TBP2, abundant 

TBP). Our preliminary investigations to identify TBP2 interacting proteins showed that 

TBP2 is part of several distinct complexes in oocytes. In one of these complexes TBP2 

interacts with the RNAP-III transcription factor Br f l . 

In an effort to explore the core promoter architecture of Xenopus and examine 

it m the context of vertebrate evolution, a large collection of core promoters was 

computationally generated from X. tropicalis expression sequence tags and genomic 

sequence information. For the identification of frequently occurring sequence 

elements m frog promoters we established an elaborate computational pipeline 

Using this pipeline we identified 27 core promoter elements including some novel 

motifs, which are specific to Xenopus. A comparison of these and a large collection 

of positionally enriched human promoters published m a number of earlier studies 

showed that similarities and differences in the occurrence and prevalence of 

core promoter elements exist between the two species. Interestingly, some of the 



differences correlate with the differential trends of overall nucleotide composition 

of core promoters between man and frog This is especially relevant for the high 

prevalence of Spi binding site (consisting of only Cs and Gs) in GC rich human 

promoters and G rich elements in frog promoters, which contain a relatively higher 

frequency of G nucleotides This shows that evolution of human promoters towards 

higher GC content was accompanied by an expanded use of transcription factor 

binding sites with similar nucleotide frequencies Other core promoter elements such 

as the TATA box, on the contrary, appear to be resistant against nucleotide frequency 

trends and show strong conservation Enrichment of a number of novel purme-nch 

(particularly G-rich) motifs m frog promoters prompted us to look further into such 

motifs We identified one such element in the promoter of a cell cycle regulator gene 

weeî A combination of mutations and transcription assays revealed that this element 

is involved m start site selection and basal transcription machinery recruitment It has 

a consensus sequence of CVGGG+1V and was thus named G3 box 

Our findings presented in this thesis further strengthen the notion that basal 

transcription machinery and core promoter are active ingredients of eukaryotic gene 

regulatory program New insights are gained into the switching of basal transcription 

3 machinery between frog oocytes and early embryos Exploration of the structural 

"̂  design of frog core promoters provides some preliminary but intriguing insights into 

vertebrate core promoter evolution 
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SAMENVATTING 

Transcriptie is een proces waarbij de genetische informatie van het DNA in de cel wordt 

Overgeschreven' m de vorm van RNA. Dit RNA kan vervolgens 'vertaald' worden naar 

eiwit. Voor een correct en ti jdig gebruik van deze genetische informatie, is het proces van 

transcriptie strikt gereguleerd. Echter, onze kennis over deze regulatie van transcriptie 

is verre van compleet Om te kunnen begrijpen hoe een volgroeid organisme ontstaat 

uit een enkele cel, en ook om het mechanisme van het ontstaan van kanker beter te 

begrijpen, is volledig begrip van deze regulatie erg belangrijk. Het proces van transcriptie 

wordt uitgevoerd door een grote groep van eiwitten bekend als de basale transcriptie 

machine. Deze groep kan worden onderverdeeld in een groot enzym, RNA-polymerase 

II, en een set van eiwitten genaamd basale transcriptiefactoren. Wanneer een bepaald 

gen wordt "aan" geschakeld in een cel, bindt deze machine aan een regio van het gen, 

de zogenaamde core promotor en begint een biochemische reactie die resulteert in 

de productie van een RNA-versie van de informatie gecodeerd in het gen. De binding 

van de basale transcriptie machine aan de core promotor wordt verzorgd door korte 

stukjes van DNA met een specifieke nucleotide (A, C, Τ en G, de bouwstenen van DNA) çn 

volgorde, de core promotor elementen. De TATA-box met een nucleotidevolgorde van φ 

TATAAAT is een voorbeeld van een dergelijk core promotor element. Verschillende S 

genen hebben verschillende elementen; het resultaat is een verschillende 'architectuur' 5' 

van DNA met de daaraan gebonden eiwitten. In dit proefschrift hebben we enkele 

nieuwe aspecten van de basale transcriptie machine en de core promotor architectuur 

onderzocht in het Xenopus model systeem; Xenopus laevis en Xenopus tropicalis, twee 

paddensoorten uit Afrika (ook wel kikkers genoemd). 

Een zeer belangrijke basale transcriptie factor die bij transcriptie betrokken is 

in alle organismen behalve bacteriën, is het TATA-box bindende eiwit (TBP). Zoals 

de naam aangeeft participeert het TBP in het proces van transcriptie door zich te 

binden aan de kern promoter element TATA-box. Vóór de start van dit proefschrift, 

werd een soortgelijk eiwit genaamd TBP2 ontdekt in gewervelde dieren en werd zijn 

rol beschreven in de controle van genregulatie tijdens de vroege ontwikkeling van 

kikkers en vissen. TBP2 komt sterk tot expressie m vrouwelijke geslachtscellen van 

kikker genaamd oocyten. Uit onze experimenten bleek vervolgens dat kikker oocyten 

geen TBP bevatten, wat voor ons aanleiding gaf om de rol van TBP2 in deze cellen 

te onderzoeken. Dit heeft geleid tot de ontdekking dat TBP2 een belangrijke basale 

transcriptiefactor m de vrouwelijke geslachtscellen is en een belangrijke rol speelt m 

de transcriptie in deze cellen. Tot onze verbazing echter, kon exogeen toegevoegde 

TBP (van buitenaf toegevoegd, omdat dit gewoonli jk afwezig is in deze cellen) 

ook transcriptie m deze cellen bevorderen, waaruit blijkt dat de basale transcriptie 

machine dynamisch van aard is en dat de relatieve expressie niveaus van de twee TATA 

bindende eiwitten belangrijke determinanten zijn in het gebruik van deze eiwitten bij 

transcriptie. Uit onze experimenten bleek dat wanneer de oöcyt rijpt tot een eicel 

(geovuleerde oöcyt), de hoeveelheid TBP2 sterk verminderd wordt tot een zeer 

laag niveau. Dit faciliteert de gedeeltelijke omschakeling van de basale transcriptie 
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machine in oocyten (overvloedig TBP2 en geen TBP) naar een embryonale versie 

(lage TBP2, overvloedig TBP). Uit ons verkennend onderzoek om andere eiwitten die 

mteracteren met TBP2 m oöcyt te identificeren bleek dat TBP2 deel uit maakt van een 

aantal verschillende complexen in oócyten In één van deze complexen mteracteert 

TBP2 met een andere basale transcriptiefactor genoemd Brfl die een belangrijke rol 

speelt m een specifiek type van transcriptie uitgevoerd door RNA-polymerase III, het 

enzym dat betrokken is bij de synthese van kleine met-coderende RNAs. 

Een ander belangrijk doel van deze studie was om de core promotor architectuur 

van Xenopus genen te ontdekken en te onderzoeken in het kader van gewervelde 

evolutie. We hebben een grote collectie van Xenopus core promotoren geïdentificeerd 

door middel van computeranalyse. We ontwikkelden een uitgebreide analysemethode 

om veel voorkomende nucleotidesequentie patronen (core promoter elementen) 

te identificeren m deze collectie van core promotors. Dit resulteerde m 27 veel 

3
voorkomende core promotor elementen in Xenopus core promotoren. Sommige 

van deze elementen zijn specifiek voor Xenopus en zijn niet aanwezig in andere 

diersoorten. Uit een vergelijking van deze en een grote verzameling van eerder 

^ beschreven menselijke promotor elementen is gebleken dat er overeenkomsten 

3 en verschillen bestaan in het vóórkomen en de prevalentie van de belangrijkste 

H promotor elementen tussen de twee soorten. Interessant is dat sommige verschillen 

(o terug te voeren zijn op de verschillen in de totale DNA-structuur (nucleotidesequentie 

en samenstelling) van de core promotoren tussen de twee soorten. Een bijzonder 

voorbeeld van dit fenomeen is de SPI-bmdingsplaats Dit element bevat alleen C en 

G nucleotiden en is zeer wijd verspreid in menselijke core promotoren, die rijk zijn 

aan C en G nucleotiden. Ook een paar elementen met verschillende G nucleotiden 

die vaak aanwezig zijn in de kikker core promotoren, bevatten een relatief hogere 

frequentie van G nucleotiden. Dit toont aan dat de evolutie van core promotoren 

in de richting van een hogere CG inhoud vergezeld was van een uitgebreid gebruik 

van transcriptie factor bindmgsplaatsen met soortgelijke nucleotide frequenties. Op 

basis van bekende gegevens lijkt het om functionele aanpassingen te gaan m het 

gebruik van specifieke factoren bij de regulatie van transcriptie. Andere core promotor 

elementen zoals de TATA box daarentegen, lijken resistent te zijn tegen nucleotide 

frequentie trends. Eén van de G-njke promotor elementen m dit project werd verder 

m detail bestudeerd. Een serie van analyses toonden aan dat dit nieuwe element 

betrokken is bij de initiatie van het transcriptie proces bij kikkers Het element werd 

genoemd als G3-box, omdat het bestaat uit een nucleotidesequentie waarin drie 

opeenvolgende nucleotiden G absoluut vereist zijn voor zijn functie. 

De bevindingen m dit proefschrift geven nieuwe inzichten over de rol van de 

basale transcriptie machine en de core promotor m genregulatie in eukaryote 

organismen. Een erg belangrijke rol van TBP2 is ontdekt m geslachtscellen welke het 

onderscheidende karakter van de basale transcriptie machine laat zien, m vergelijking 

tot de somatische cellen. Verkenning van het structurele ontwerp van de kikker core 

core promotoren biedt een aantal intrigerende inzichten in de evolutie van de core 

promotoren m gewervelde organismen. 
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